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This  book,  which  is  authored  by  numerous  authorities,  presents  as  a  stand-alone 
handbook for those working in the field of human biochemical genetics. It is a far 
cry from the day when there were rather simple descriptions of “side room tests”, as 
Garrod called them.

Garrod  recognized  patients  in  whom  there  were  disruptions  of  dynamic  bio-
chemistry, that is of pathways, as we now know them. He also recognized that the 
disruption could be inherited; hence his descriptive term “inborn errors of metabo-
lism”. Garrod used his  tests  to  reveal  “chemical  individuality”,  a  theme  that domi-
nated his writing and thinking throughout his lifetime. Garrod described chemical 
phenotypes as they were revealed in his patients with inborn errors of metabolism. 
Garrod’s observations introduced a new paradigm in medical thinking.

The range and sophistication of the methods used to describe the chemical phe-
notype at the beginning of the 21st century are very different from those that were 
available to Garrod at the beginning of the 20th century. This new book describes a 
spectrum of tests, from simple screening methods that we could all do, to analytical 
methods that are dependent on technologies that very few of us will ever use.

Behind the chemical phenotype is a “biochemical phenotype”. The latter describes 
disorder in a dynamic function; any function that modifies a molecule or moves it 
from here to there. How to measure a function that can be disrupted by a mutant 
gene is an important part of this laboratory guide.

The present  laboratory guide goes beyond the chemical phenotype, beyond the 
biochemical  phenotype,  to  examine  the  genotype,  where  instructions  to  maintain 
normal biochemical function and the normal metrical trait values begin. In my own 
experience, for example, I have witnessed the power of methods that can identify a 
novel  chemical  phenotype  by  chromatography,  then  confirmed  the  corresponding 
biochemical phenotype by using the appropriate functional analysis, and finally re-
vealed the actual mutant allele in the gene in question.

Authors of this book, and certainly many of its readers, will recall the series called 
“Methods  in  Enzymology”;  this  laboratory  guide  could  become  a  counterpart.  In 
the post-genome era, when one can talk about the metabolome and the phenome, 
or refer to networks, nodes, hubs, edges and exemplars, it is likely that this labora-
tory  guide  only  begins  to  describe  the  methods  we  will  soon  be  using  in  human 
biochemical genetics. And surely we will need to have colleagues who can create the 
mathematical models and algorithms to describe the complexity of the phenotype.

    Foreword



Last, but not least, there is always the need for interpretation of results and assess-
ment of outcomes, particularly now that tandem mass spectrometry is increasingly 
embedded  in newborn screening. This  laboratory guide  serves  the expertise upon 
which interpretation depends. Accordingly, the correct use of a laboratory guide is 
certain to be multidisciplinary, and at the end of the inquiry and analysis, one will 
know better why this person has this disease, now.

Charles R. Scriver
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Experienced chefs may harbor several recipes for delicious entrees in their memory 
banks. The rest of us, who cook either for enjoyment or sustenance, often follow reci-
pes, where lists of ingredients are meticulously described, accompanied by details for 
mixing and baking that are key to a successful outcome. Which of us hasn’t realized 
that the omission of one small item such as baking powder can lead to a very “flat” 
cake? We learn that adherence to the recipe is the key to good results, and this is the 
basis of the usefulness of “cookbooks.”

So follows the current tome entitled “Laboratory Guide to the Methods in Bio-
chemical  Genetics”.  The  last  methodology-driven  book  on  this  subject  was  edited 
by Dr. Frits Hommes in 1991, a comprehensive and well-referenced manual that is 
found in the laboratories of most biochemical geneticists and clinical biochemists. 
While a stalwart in the laboratory, Hommes’ tome has become dated due to meth-
odological  advances  and  the  addition  of  high-throughput,  high-sensitivity  equip-
ment. The current endeavor is geared to fill the “methodological” gap in laboratory 
techniques that has developed over the last several years. Together with two previous 
books “Physician’s Guide  to  the Diagnosis of Metabolic Diseases” and “Physician’s 
Guide to the Treatment and Follow-Up of Metabolic Diseases”, this book completes 
the trilogy.

In  recent  years,  biochemical  genetics  has  witnessed  enhanced  exposure  as  a 
laboratory discipline because of the advent of expanded newborn screening around 
the world. Sample numbers in most biochemical genetics  laboratories are growing 
because of  the required evaluation of positive newborn screening results. Accord-
ingly, it  is in everyone’s interest (physician, patient, metabolic specialist, and other 
healthcare  providers)  that  biochemical  genetics  laboratories  have  the  most  up-to-
date methods available on their test menu.

The editors of this new book have thereby attempted a compilation of laboratory 
tests  that will be useful  in most  laboratories. Each chapter has been developed by 
experts, with the goal of making each chapter “self-sufficient.” The utility of such a 
structure will prevent the need to reference other technique papers, enabling a more 
rapid  implementation of  techniques  in the  laboratory. The majority of methods  in 
biochemical  genetics  are  labor-intensive  and  complex,  especially  when  compared 
to the automated testing laboratory, and therefore a laboratory-based compendium 
should be a useful and valuable adjuvant. This has been our goal in compiling this 
edition.

    Preface



To those of our readers and colleagues who are well-versed  in  the biochemical 
genetics laboratory, we hope that this book will serve to augment already established 
protocols or to fill gaps in the test menu. To others just starting a laboratory, we wish 
you happy biochemical cooking!

Nenad Blau
Marinus Duran
K. Michael Gibson
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1.1.1	 Introduction

For the first 50 years after Archibald Garrod outlined the concept of an inborn error 
of metabolism in 1904 the number of such conditions identified grew only slowly. 
Thereafter, the pace of discovery quickened, powered by the successive emergence of 
new laboratory techniques such as paper chromatography, gas chromatography and 
gas chromatography-mass spectrometry (GC-MS), techniques that were all rapidly 
taken up by routine diagnostic laboratories. Simultaneously, laboratory automation 
and the commercial availability of a wider variety of biochemicals were bringing 
enzyme assays, for lysosomal disorders in particular, within the range of a routine 
service. In the last decade the application of electrospray ionisation tandem mass 
spectrometry (MS/MS) has opened up additional prospects. Even more recently, the 
automation of DNA analysis has developed to the stage where it is practicable to 
use gene sequencing for primary diagnosis. A quick glance at the contents page of 
this book indicates the scope of what is now possible. The problem is how to in-
corporate these new capabilities into routine healthcare provision in a rational and 
cost-effective manner. This entails both an informed approach to test requesting and 
a laboratory service organised appropriately for the range and volume of work thus 
generated.

1.1.2	 Selection	for	Investigation

Unless there is a population-wide screening programme in place, the first steps in the 
diagnosis of an inherited metabolic disease are clinical suspicion and putting in train 
the appropriate laboratory investigations. The number of samples submitted and the 
range of tests being requested are both increasing.

In some disorders there is a clearly recognisable phenotype, often a named syn-
drome that has later been linked to a specific biochemical cause. However, once the 
biochemical basis of such a syndrome has been recognised it often becomes apparent 
that milder variants, formes frustes showing only some of the features of the classical 
syndrome, are relatively common. The diagnostic assay then changes from being a 
rarely used confirmatory test to one that is requested relatively frequently for a va-
riety of less specific indications. The same phenomenon is seen where the abnormal 
phenotype develops progressively, as in most of the lysosomal disorders, and a bat-
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tery of specific enzyme assays may be requested for any child showing possible early 
signs.

At the other end of the scale, many of the acutely presenting metabolic disorders 
give few clinical indicators of their underlying biochemical cause, and a rather non-
selective approach to laboratory investigation is appropriate. Where time is of the 
essence, there is a natural tendency to order broad-spectrum “screening” tests and 
more specific investigations simultaneously, with little attempt to follow a logical 
diagnostic sequence. There is particular pressure with investigations such as organic 
acid or amino acid chromatography where results may be required “immediately”, 
but most laboratories find that the proportion of samples giving a diagnostic result 
is extremely low. However, suggestions that such investigations should be performed 
in an acutely ill child only if other biochemical indications such as hypoglycaemia or 
hyperammonaemia are present have been strongly opposed [1]. Another approach 
to limiting demand is to proscribe common clinical presentations where metabolic 
investigations are usually unproductive. In the opening page of their “Vademecum 
Metabolicum” [2], Zschocke and Hoffmannn list six categories of patient where 
special metabolic investigations are not required. The trouble with either of these 
proposals is that they will result in a small proportion of cases being diagnosed late 
or not at all. This may not only compromise the effective treatment of the patient 
concerned, but also result in further affected children being unwittingly born into 
the family.

A more structured approach has been devised by Saudubray and Charpentier 
[3] that is based on the careful consideration of clinical detail and uses an extensive 
series of diagnostic algorithms. However, the editors’ note that accompanies that 
article warns that the chapter is “an experiment”, that patients have derangements 
in complex, overlapping, “non-categorical biological systems”, and that we are “cur-
rently faced with the classical dilemma of balancing the practicality of categorical 
thinking against the reality of biologic variation”. Perhaps clinical judgement is still 
as much an art as a science, and therefore any attempt on the laboratory’s part to 
manage work-load by systematically restricting access would be highly problemati-
cal. A better solution is to increase laboratory capacity, although, depending on the 
financial structures in place, this may not always be a practical proposition.

1.1.3	 Choosing	the	Biological	Level

In classical inborn errors of metabolism there is a causal thread linking the defect 
in the gene with defective function or absence of an enzyme or transporter protein, 
the consequent excess or lack of one or more metabolites, and the clinical pheno-
type. Correspondingly, laboratory investigation can be at the nucleotide, protein or 
metabolite levels. Selecting the appropriate level at which to begin an investigation 
is an important component of the dialogue that should exist between laboratory and 
clinical services. In general (the lysosomal disorders being a notable exception), the 
metabolite level is to be preferred because a single analysis of urinary organic acids 
or plasma steroids, for example, has the potential to uncover many different dis-
orders. Measurement of overall metabolite flux through a pathway using cultured 
cells can also be a useful group test, as in fatty acid oxidation disorders. Assays of 
enzymic activity are specific to individual disorders and are often most useful as con-
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firmatory tests. Analysis at the DNA/RNA level is even more specific. Most disorders 
are heterogeneous with many disease-causing mutations, only a small proportion 
of which are covered by commercially available test kits. One can readily confirm 
a diagnosis by analysing for such mutations, but total exclusion is seldom possible. 
However, techniques that can quickly check for mutations in long stretches of DNA 
are passing into routine diagnostic use and will overcome this problem. In some of 
the glycogenoses, where the metabolic indicators are rather non-specific and enzyme 
assays are difficult and require a liver sample, gene sequencing is proving to be a 
practicable alternative, even though there are sometimes several candidate genes to 
be investigated.

The apparent simplicity of the one gene, one protein, one disease paradigm has 
long been discounted, but we are only now beginning to appreciate fully the com-
plexity of the biological systems involved. Interpretational problems abound. A priori 
prediction of the clinical effect of a new mutation may be difficult, as apparently be-
nign mutations can affect gene splicing or exert other effects. Even with well-known 
mutations there are limitations. Databases linking genotype to phenotype are avail-
able for several disorders, but there is often a considerable range of clinical expres-
sion. Siblings concordant for the same mutant genes may be affected to very different 
degrees and we have only slight inklings as to what the modifying factors might be. 
Newborn screening for cystic fibrosis or for medium-chain acyl-CoA dehydrogenase 
deficiency both suffer from the resulting uncertainty. In both disorders “mild” and 
“severe” genotypes have been identified, correlating with phenotype in cystic fibrosis 
and with varying degrees of residual enzyme activity in vitro in medium-chain acyl-
CoA dehydrogenase deficiency, respectively. In theory, this additional information 
should help to refine the screening process. In practice, defining appropriate man-
agement schemes for presymptomatic cases with “mild” genotypes presents a major 
challenge. Similar problems arise in some disorders that are normally diagnosed and 
characterised only at the metabolite level, phenylketonuria being a prime example.

It is important that molecular genetic tests are integrated properly with other 
investigations and it is unfortunate that in some health systems molecular genet-
ics has evolved in isolation from other diagnostic services. Some molecular genet-
ics laboratories offer highly specific tests, for the common 985A>G mutation of the 
medium-chain acyl-CoA dehydrogenase gene in cases of unexplained infant death, 
for example, without any assurance that appropriate preliminary investigations have 
been performed and they are at least examining the right gene. In unselected cases of 
sudden infant death, for every definitive diagnosis (two copies of the 985A>G muta-
tion) there will be approximately two cases where only one copy of the mutant gene 
is found. In only a minority of the latter will a second disease-causing mutation be 
present; most will be unaffected carriers – a situation that must be explained to the 
parents and requires very delicate handling.

The undoubted successes of molecular genetics have lead to exaggerated percep-
tions of its predictive powers.1 The resulting sensitivity that legislators and the gen-
eral public now attach to “genetic information” is an additional, extraneous com-
plication when investigating metabolic disease. Genetic testing has been variously 

1  “A smudge of spit on a beer glass leaves a person as vulnerable as if they had left their medical dossier, 
business card and personal journal lying on the bar top.” Science correspondent – The Guardian (UK), 
February 2002
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defined, from the very general “tests that provide information used for diagnosing 
an inherited disorder” to the more specific “a test to detect the presence or absence 
of, or change in, a particular gene or chromosome”. Thus, even amino acid chroma-
tography could be classed as a genetic test and, according to some official guidelines, 
be the subject of a formal informed consent process before the sample is collected, 
seemingly out of place in the context of emergency investigation of an acutely ill 
child. In practice, attention is generally focussed on analysis of the gene itself; equally 
specific information at the protein level, in sickle cell anaemia for example, is seen 
as less threatening – a good example of “genetic exceptionalism”. Legal requirements 
vary from country to country, but in most it would be unwise to proceed to DNA 
analysis without explicit patient or parental permission.

1.1.4	 Laboratory	Provision

There is huge diversity in the way that specialist laboratory services in biochemical 
genetics are provided. Configurations often owe as much to historical chance as to 
rational planning. At one time, most laboratories serving the larger hospital centres 
would offer a selection of test-tube and chromatographic tests for the classical inborn 
errors of metabolism. With the growing sophistication and complexity of the field, 
the introduction of external quality-assessment schemes, and an ever-increasing 
workload in other areas, such investigations have tended to migrate progressively to 
more specialised biochemical genetics centres. However, clinical chemistry depart-
ments serving acute paediatric units still need to perform at least a limited range of 
tests, such as ammonia or lactate in plasma, on a 24 h/day emergency basis. A rapid 
turn-around service for plasma amino acids and urinary organic acids chromato-
graphy would also be advantageous. However, adequate local provision is not always 
feasible and external quality assessment has shown that laboratories carrying out 
such work on an occasional basis often perform poorly. It is usually better to have a 
more comprehensive service organised on a regional basis with rapid courier trans-
port of samples.

Regional centres need to be of a certain size with sufficient sample throughput to 
justify the capital investment required, the effort needed to ensure technical reliabil-
ity of the assays offered, and to give staff sufficient on-going experience of specialist 
interpretation. As a minimum, each centre requires a quantitative amino acid analy-
ser, GC-MS for organic acids analysis and, increasingly, a tandem mass spectrometer 
with an electrospray ion source. Mixed usage, combining paediatric work with a 
toxicology service, for example, has in general not proved a satisfactory solution. 
The larger biochemical genetics laboratories will cover a wider range of activities in-
cluding newborn screening, tissue culture, enzymatic assays, and molecular genetics, 
although few, if any, will offer the full range of investigations described in this “Labo-
ratory Guide”. Thus, at all levels, a collaborative networking approach is required.

Many of the larger biochemical genetics laboratories are in academic medical 
centres and make a significant contribution to research. They have collectively been 
responsible for much of the progress made in recent years. However, there is always 
a tension between research, where data need to be accumulated into publishable 
packets and a degree of secrecy prevails, and clinical care, where results need to re-
ported immediately, perhaps to distant clinicians with their own publication needs. 
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The belief in some quarters that patients have proprietary rights over their samples 
and any information generated therefrom, and that even anonymised data should 
not be divulged without permission may cause difficulties even for routine services 
with no overt research brief, putting interlaboratory audits and external quality as-
sessment schemes at risk.

Particular problems arise when a laboratory attached to some other academic 
discipline such as paediatrics or pure biochemistry has become the world centre for 
investigating some extremely rare or difficult disease. Such laboratories are unlikely 
to satisfy the increasingly arduous demands of accreditation and are by nature evan-
escent, depending on the research interests of the academic head and supported by 
time-limited research funds. They tend to work at a different tempo to the routine 
service and new information, perhaps obtained months or years after the sample was 
first received, does not always find its way back into the patient’s clinical notes. At 
some stage in the life cycle of such projects the balance will have shifted from new, 
cutting-edge research to routine service provision, calling for some form of technol-
ogy-transfer partnership with a larger diagnostic centre.

1.1.5	 Impact	of	New	Technologies

The workload is increasing in both volume and scope in all branches of laboratory 
medicine. In mainstream clinical chemistry, the past 25 years have seen astonishing 
developments in assay technology and instrumentation; assays that were performed 
manually with a few dozen assays a day can now be accomplished automatically by 
the thousands. In biochemical genetics (molecular genetics aside), automation has 
had a less dramatic impact.

Instrumental developments in GC-MS have brought this technique into routine 
diagnostic service. It is no longer necessary, as in the early 1970s, to sit by the ma-
chine and press a button when a mass scan is required, but sample preparation and 
interpretation of the output remain labour-intensive. For urinary organic acids, for 
example, the maximum daily throughput is still only a dozen or so samples per in-
strument, and attempts to automate interpretation of the resulting profiles by pat-
tern recognition [4] or deviation of prescribed metabolites from a defined range [5] 
have so far have not resulted in general use. Other more traditional investigations, 
qualitative and quantitative amino acid chromatography, for example, also remain 
low-volume and labour-intensive investigations.

More recently, MS/MS and related ion-trap techniques have opened up groups 
of metabolites that have previously been difficult to analyse, acylcarnitines being the 
prime example. High throughput (40 or more samples per hour) is achievable and 
very little sample preparation is required. However, this will do little to reduce the 
workload elsewhere in the laboratory, as plasma acylcarnitine analysis is comple-
mentary to urinary organic acid analysis rather than replacing it. Amino acids are 
also amenable to MS/MS, but the technique has significant limitations for this group 
of metabolites and can not completely replace the more time-consuming traditional 
methods.

High-resolution nuclear magnetic resonance spectroscopy also has the potential 
for rapid sample throughput and could expand the range of metabolites readily de-
tectable. The instrumentation is expensive and interpretation requires considerable 
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experience, restricting the technique at present to a few academic centres. If this 
technique does become affordable for routine diagnostic laboratories it, like GC-MS 
and MS/MS, is likely to increase the overall workload rather than reduce it.

Newborn screening is a special case where automation has considerable potential. 
In several countries screening is being concentrated in laboratories screening be-
tween 50,000 and 100,000 births per year, this being regarded as the optimum range 
for economical operation of a single-tandem mass spectrometer. Such a throughput 
has only become achievable through automatic data handling; specimens where a 
metabolite concentration or a particular concentration ratio falls outside the speci-
fied range are flagged for individual attention. Microarray technology is also be-
ing introduced into newborn screening, with a commercial laboratory in the USA 
screening over 300,000 babies per year, making extensive use of microarray mutation 
analysis as a second-tier screen.

Centralisation on this scale is out of the question for most biochemical genetics 
investigations, as the cost of developing the systems required can not be supported 
by the overall level of demand. There may be some scope for laboratory networks 
to rationalise test repertoires and invest in a more limited degree of automation, an 
approach most suited to assays giving simple, readily interpretable, numerical re-
sults. More complex tests, particularly related group tests such as organic acids, acyl-
carnitines and amino acids, are best performed and evaluated together in the same 
centre. The range of options available will vary with the healthcare environment in 
which laboratories operate; only free-standing commercial laboratories are able to 
adopt an outright business-lead approach. Many existing laboratories are embedded 
within hospitals that provide tertiary paediatric services and, as discussed in the pre-
vious section, would need to maintain a substantial core of investigations for urgent 
use. The quest for micro-economic “efficiency” should not be allowed to destroy the 
essentially interactive nature of biochemical genetics, where relationships between 
clinic and laboratory at different levels provide not just a more effective service, but 
also the intellectual and emotional stimulation that has made this such a rewarding 
field in which to work.
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1.2.1	 Introduction

When using medical laboratories, physicians frequently assume that the results pro-
vided are accurate and precise. Those working in the laboratory environment know 
that this is true only within the constraints of the methods, technology and processes 
available. In this chapter we will explore how internal quality control (IQC) and 
external quality assurance (EQA) procedures can inform both the analyst and the 
physician about the limitations of laboratory testing and permit a more intelligent 
use of laboratory data, while at the same time indicating areas where improvement 
is required.

1.2.2	 Laboratory	Accreditation

While the specialist physician may develop an in-depth knowledge of the strengths 
and limitations of the laboratory that they use regularly, the occasional user and the 
patient require the reassurance offered by accreditation systems. In general, accredi-
tation systems follow the principles of healthcare assessment described by Donabe-
dian [5]:
1. Providing guidance concerning the appropriate structures to be in place, for ex-

ample staffing, equipment and buildings.
2. Ensuring that suitable processes are employed to guarantee reliable testing, for 

example the use of standard operating procedures, the conduct of IQC and par-
ticipation in EQA.

3. Requiring examination of outcomes, for example audit and user survey.

The way in which accreditation is organised varies in different countries with organ-
isations such as the Clinical Pathology Accreditation (CPA UK) in the UK and CCKL 
Test in The Netherlands. Accreditation may be optional or may be mandatory, as in 
the USA, and mediated by “deemed authorities” such as the College of American 
Pathologists. However, the standards to which these accreditation bodies operate are 
usually cross referenced to internationally agreed formulae such as:
1. ISO 9001:2000, which covers: the design of quality management systems; the role 

and practice of management; equipment, infrastructure and staffing; product re-
alisation; monitoring, including audit and incident reporting. It is worth noting 
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that ISO 9001:2000 does not provide specifications relevant to reporting or pre-or 
post-analytical aspects of service provision.

2. ISO 17025:1999, which covers the general requirements for the competence of 
testing and calibration laboratories, or ISO 15189:2002, which includes particular 
requirements for quality and competence in medical laboratories extending to 
post-analytical aspects including the reporting of results.

In complying with the ISO 17025:1999, it is assumed that the organisation will also 
adopt quality management systems that ensure compliance with ISO 9001:2000.

Member states within the European Union are committed to ensuring a uniform-
ity of laboratory-based diagnostic quality in biochemical genetic testing and consider 
that laboratory accreditation is the main route by which this may be accomplished. 
The current Eurogentest project (www.eurogentest.org) seeks to facilitate this ap-
proach by providing resources, guidelines and procedures that could ensure a greater 
degree of harmony and facilitate more rigorous and relevant accreditation standards. 
As part of this approach, the project will develop EQA provision and uptake and will 
consider aspects of laboratory reporting, seeking to ensure that results are both reli-
able and clearly understood.

1.2.3	 EQA	and	IQC	in	Biochemical	Genetics

The purposes of laboratory testing in Biochemical Genetics are usually either:
1. To diagnose or exclude inherited metabolic disorders in individual patients. In 

this situation the increased concentration of the key metabolite may be quite 
prominent and is typically at least one order of magnitude greater than the refer-
ence range (e.g. phenylalanine > 1000 μmol/l compared with a reference range of 
42–110 μmol/l [4].

2. To monitor patients who have already been diagnosed and are receiving treat-
ment designed to avoid the accumulation of key compounds to toxic concentra-
tions while ensuring nutritional adequacy. In this situation, a patient’s diet may be 
modified if the concentration of phenylalanine changes from 200 to 400 μmol/l. 
Clearly, the requirements of the analytical systems used to quantify the compounds 
of interest may be quite different in these two situations and this must be consid-
ered when designing suitable quality monitoring systems.

The unusual demands placed upon biochemical genetic laboratories make it particu-
larly important to have robust quality management systems in place. In particular:
1. Samples are often only analysed once in a particular patient, unlike the serial or 

repeated analyses undertaken when monitoring urea and electrolytes in some pa-
tients. On the basis of that single result, the possibility of a metabolic disorder in 
a particular patient is often excluded and the test may not be repeated.

2. It is often unclear which key compounds may prove important at the time when 
the analysis is requested. Consequently, chromatographic techniques such as gas 
chromatography, thin-layer chromatography or high-performance liquid chroma-
tography are frequently employed, as these provide a means of “profiling” several 
functionally or structurally related compounds in a complex biological matrix as 
part of a single analytical process. Unfortunately, it may be impossible to optimise 
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the technique for individual compounds of interest while maintaining the ability 
to detect the range of metabolites required.

3. The analyses are often qualitative rather than quantitative and the interpretation 
is therefore somewhat subjective.

4. The conditions to be diagnosed are frequently heterogeneous in their biochemical 
expression as a result of varying residual enzyme activity and other confounding 
genetic and environmental factors.

5. The amount of sample available is very often limited when the patient, often a 
young child or neonate, is ill.

6. The results are frequently required urgently to guide important clinical manage-
ment decisions.

7. The conditions to be diagnosed are rare and few laboratories can maintain exten-
sive experience in all of the conditions that they may occasionally encounter.

8. Many samples are received from non-specialist physicians who may not be famil-
iar with the limitations of testing.

In these circumstances, rigorous adherence to IQC procedures and membership of 
relevant EQA or proficiency schemes are essential to provide both education and as-
surance of competent performance.

1.2.4	 The	Conduct	of	IQC

1.2.4.1	 Quantitative	Assays	–	Defining	the	Goals

There are three main approaches to setting the goals for the quality that must be 
achieved. First, a consensus agreement [7] formulated at the 1999 conference “Strat-
egies to Set Global Analytical quality Specifications in Laboratory Medicine” gave 
primacy to variation in analytical performance that would affect clinical outcomes 
in specific clinical settings as the highest level indicator on which to base analytical 
requirements. In the context of biochemical genetics, this may be the performance 
required to reliably achieve diagnosis. In the newborn with phenylketonuria this 
would not demand a high level of performance from the phenylalanine assay. How-
ever, the performance required to detect reliably significant changes in response to 
treatment for the patient with phenylketonuria on diet would require a much higher 
standard of performance. In practice it is difficult to achieve reliable information to 
define a clinically significant change during patient monitoring in most situations. 
Many of the action limits used to modify treatment are somewhat arbitrary and re-
flect local practice without a good evidence base. In my own laboratory we would 
attempt to review and intervene in a patient with classical homocystinuria whose 
plasma total homocysteine exceeded 100 μmol/l, whereas a similar patient whose 
homocysteine was 90 μmol/l may be treated in a more relaxed way. Clearly, it is im-
portant that where possible the locally agreed rules should be based upon evidence 
and that the reliability of the analytical results should support the validity of the 
planned clinical action.

The second level used to define the requirement for analytical quality is often cited 
as the Cotlove model [2], defining acceptable analytical imprecision as less than 0.5 
times the within-subject biological variation measured as the coefficient of variation 
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(CV, %). The difficulty in applying this in the context of biochemical genetics is that 
the concentration required to diagnose disease, or indeed the maximum concentra-
tion considered as an acceptable control, may far exceed the mean in the normal 
population, and the within-subject variation in metabolically ill patients, even with 
the same condition, is difficult to define. For example, the patient with homocys-
tinuria receiving treatment may exhibit total homocysteine values of 70–80 μmol/l, 
whereas the normal population mean may be 7–8 μmol/l. Consequently, the require-
ments based on a within-subject variation of 8.1% [14] at “normal” concentrations 
may exceed clinically acceptable changes at a mean of 75 μmol/l. It is useful, how-
ever, to know both the usual biological variability in the patient being monitored and 
the characteristics of the assay to guide interpretation.

The third means often used to define acceptable analytical performance is the 
total error allowable (TEa), which is determined from external quality assessment 
programs. As an example, a TEa based on retrospective EQA analysis for choles-
terol has been agreed as 10% by the United States Clinical Laboratory Improvement 
Amendments regulations. Such approaches have the virtue of providing clearly 
defined and achievable targets, but may lack, or in some cases needlessly exceed 
clinically driven targets. It is possible to identify these targets from inspection of the 
modal variation of individual analytes at varying concentrations included within the 
European Research Network for evaluation and improvement of screening, Diag-
nosis and treatment of Inherited disorders of Metabolism (ERNDIM) EQA system 
(www.erndimqa.nl).

1.2.4.2	 Quantitative	Assays	–	Monitoring	Performance

It is assumed that before the analyst has considered using the assay for patient sam-
ples, it has been analytically validated (i.e. the recovery, sensitivity, linearity and re-
producibility have been determined) and that the method is able to reproduce re-
sults, under ideal conditions, so that its variation is sufficiently predictable to apply 
statistical quality control.

Subsequently, at least two “control” samples are usually included in each batch, 
one with a concentration in the physiological range and one in the pathological 
range. The results obtained can be used in real time to determine whether any par-
ticular batch of results can be reported safely. The initial description of “charting” 
such results graphically as a tool for control was made in 1950 by Levey and Jennings 
[12]. Stable performance is first established by assaying the control materials over a 
period of time, then calculating the mean and standard deviation (s.d.). Subsequent 
results are then plotted in relation to the mean, plus or minus 2 or 3 s.d.s. The crucial 
design feature when monitoring performance is the definition of the control rules 
(i.e. the set of conditions must be met for a run to be rejected). If a simplistic rule 
is used where the run is rejected, if any one of two controls falls outside the 2-s.d. 
limit then this will result in a high false run rejection rate (9%); conversely, if 3-s.d. 
limits are used, the false rejection rate will be less than 1%. However, by using the 
wider 3-s.d. limits, the probability of “true” error detection will fall from 85% to 45% 
for the same “critical systematic error”, a performance measure calculated from the 
assay bias, reproducibility and the total error allowable [15]. It is generally accepted 
that a rule should be used that will ensure a probability of 90% of detecting medically 
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important errors combined with a probability of 5% or less that a run will be rejected 
falsely [15]. It may not be possible to achieve these performance criteria without 
using a combination of rules when analysing quality control results. This generally 
includes combining rules that are sensitive to random error (e.g. x > 2 s.d. and x1< –2 
s.d. in the same run when these are consecutive control measurements) with those 
rules that would more sensitively identify systematic error (e.g. x, x1, x2, x3 exceeds + 1 
s.d. or is less than –1 s.d. when these are consecutive measurements, or x1 x2……..x9  
all fall on the same side of the mean when these are consecutive). Using this multi-
rule approach it is possible to reduce the false run rejection rate, thereby increasing 
efficiency while maintaining a high level of true error detection. Whatever approach 
is adopted, it is important that:
1. The specific quality requirement for the test is properly understood and defined.
2. The method precision and bias is known.
3. The goals for assay performance are established.
4. The appropriate IQC procedure and rules are used.

It is extremely unlikely that all quantitative tests in a laboratory will be appropriately 
serviced by a single rule for IQC and this should not be attempted. Properly trained 
analysts can adapt readily to differing control rules for different tests; this also re-
inforces the particular requirements of individual tests related to their clinical use.

1.2.4.3	 Qualitative	Assays	–	Monitoring	Performance

Qualitatively interpreted assays such as mucopolysaccharide electrophoresis (MPS-
EP), urinary organic analysis and amino acid thin-layer chromatography (AA-TLC) 
are extremely important in biochemical genetics and yet are difficult to quality con-
trol. Some useful control measures often used include:
1. The use of known normal samples and samples from patients with proven dis-

orders contained within the run. This can add considerably to the analytical work-
load, but it is the author’s view that at least one “normal” and one “pathological” 
sample should be included at least once per week. In practice, some of these assays 
(e.g. MPS-EP and AA-TLC) may only be run once per week and this would mean 
inclusion within each batch. It is increasingly easy to record and store the results 
as dated sequential digital images (e.g. MPS-EP or AA-TLC), recording changes 
in the results obtained from aliquots of a single normal pooled urine or a range 
of pathological samples that have been repeatedly tested. This can then be used to 
track changes related to the stain, media or operator, for example, and can guide 
the analyst regarding whether a particular batch falls within or outside acceptable 
variation. It may also be a useful training resource.

2. The inclusion of known quantities of non-naturally occurring internal standards 
with varying extraction and analytical characteristics (e.g. heptoanoylglycine and 
margarate as “internal standards” in urinary organic acid analysis). The abun-
dance of the resulting peaks (corrected for any changes in extraction volume and 
loading) can be assessed and charted using quantitative quality control proced-
ures.

3. Visual inspection of key naturally occurring peaks from a gas chromatograph 
trace in relation to the usual baseline variation, reflecting the sensitivity or the 
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shape and size of bands on thin-layer chromatography, in turn reflecting the skill 
of application, are also valuable indicators of analytical performance.

The subjectivity of qualitative assays and the unavailability of rigorous IQC pro-
cedures place additional demands on the analyst and on laboratory organisation. 
Consequently:
1. All equipment used should be checked regularly and monitored carefully to re-

duce random and systematic errors. The checking and maintenance should be 
documented and reviewed regularly.

2. Detailed standard operating procedures should be in place, reviewed regularly 
and followed carefully in practice.

3. Analysts should be adequately trained and experienced before undertaking and 
interpreting these assays.

4. A two-step process (i.e. analysis followed by interpretation by a different person) 
provides an important and practical way of monitoring both analytical and inter-
pretive quality.

5. Rotation of staff, provided that this is not too frequent, can help identify practices 
that have diverged from those first established.

6. Continual professional development including attendance at scientific meetings 
helps to maintain and improve both analytical and interpretive competence and 
quality.

The lack of adequate IQC for subjectively interpreted qualitative assays is a real cause 
for concern, but with properly documented methods, carefully maintained infra-
structure and good training, clinically reliable results are achievable, and we will 
explore this further in the following section on EQA.

1.2.5	 The	Conduct	of	EQA

While IQC can be operated in “real time” to provide a means of deciding whether 
or not to report a given set of analytical results, EQA is, by its nature, retrospective. 
While IQC can provide valuable data on imprecision and may indicate its potential 
causes, EQA compares performance between laboratories and provides information 
about the accuracy and bias of the results obtained. This additional information can 
be used to:
1. Aid method selection.
2. Assess linearity, calibration and recovery.
3. Identify changes in bias dependant upon concentration.
4. Reveal imprecision shown as a lack of consistency of bias by including in the 

scheme design multiple pairs of samples.
5. Reveal constant blanking errors, resulting in a consistent bias.

Participation in EQA schemes with adequate performance is usually one of the cri-
teria required by external accreditation bodies assessing the competence of labora-
tories to provide a service. It is also a powerful educational tool that has improved 
both the awareness of potential problems and the overall performance of laboratories 
since its inception in the 1950s.
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1.2.5.1	 EQA	for	Quantitative	Assays

The concept underlying most quantitative EQA schemes is straightforward.
1. The same sample in a stable form is sent simultaneously to all participating labo-

ratories.
2. The laboratories analyse the sample in the same way as a patient sample and re-

port the results within a predefined timescale.
3. The results are analysed to reveal individual variation from a target value.

In practice this is often shown graphically as a histogram illustrating the distribution 
of results in which the result submitted by the individual participant is clearly shown. 
This is often refined further into method related groups. It is then possible to begin 
the mathematically manipulate this data and use it to assess performance over time. 
One popular approach is to:
1. Determine the percentage bias (for a given result) = (result–target)

target
 × 100

2. Use the result, when normalised against an assumed coefficient reflecting the dif-
ficulty of the assay, to provide an accuracy index that allows a comparison be-
tween analytes and laboratories. In the UK National External Quality Assessment 
Service (NEQAS; www.ukneqas.org.uk) system, 100 is arbitrarily set as average, 
with a lower score indicating better performance. Using this approach it is pos-
sible to compare directly, on a similar scale, assays with widely differing inherent 
imprecision, for example thyroid stimulating hormone, where a bias of 5% may be 
acceptable, and plasma sodium, where 1% would be more usual.

The accuracy index, the untransformed average bias and the statistical variation in 
bias can be displayed as a running average to reveal trends in performance with time 
or can be shown in relation to concentration to reveal concentration-dependent ana-
lytical performance.
An effective EQA scheme design requires:
1. Reliable and stable samples with target values relevant to the clinical situation.
2. Sufficiently frequent distributions to ensure an adequate data record and regular 

testing; this is usually defined as a least 12 samples per year.
3. Rapid turnaround of reports to maintain interest and momentum.
4. A formally constituted steering committee to assess scheme design and reporting 

arrangements.
5. Systems for ensuring the identification and notification of poor performers.
6. Informative and intelligible reports with clear information for the participant ex-

plaining the way in which the data is handled and manipulated. Any interpretative 
comments should be clearly presented and explained.

7. EQA scheme accreditation.

Most of these requirements are explicit or implicit within ISO 43–1:1997-Develop-
ment and operation of proficiency testing schemes and in the Standards for EQA 
Schemes in Laboratory Medicine, issued by CPA (UK) [3]. It is appropriate for 
participants to ensure that the schemes to which they belong, or are considering 
membership, comply with these basic requirements.
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1.2.5.2	 Scheme	Availability

In Europe, quantitative schemes exist for most common metabolites measured in 
biochemical genetics laboratories (see Table 1.2.1).

1.2.5.3	 Performance	Within	the	Schemes

Amino Acids (2005 Data)

Typical median recovery is 97% and is satisfactory for most of the 26 amino ac-
ids analysed, ranging from 92 to 110%. Two amino acids fall outside these limits: 
cystine (75%) and proline 89%. The median intra-laboratory imprecision is 6.0% 
(range 4.0–10.5 for the commonly measured amino acids, excluding cystine). Phe-
nylalanine shows a median intra-laboratory imprecision of 4.0% at a concentra-
tion of 347 μmol/l and a median inter-laboratory imprecision of CV = 12.8% (range 
6.4–32.7). These results underline the difficulty in applying literature values to local 
use; a phenylalanine result of 400 μmol/l in one laboratory and 300 μmol/l in an-
other are within the 95% confidence limits revealed by this survey.

Special Assays (2005 Data)

The range of recovery and the inter- and intra-laboratory imprecision in some assays 
is listed in Table 1.2.2. It is salutary to note that when measuring homocysteine in a 
patient whose true concentration may be 64.0 μmol/l, within the same laboratory the 
results obtained may range from 55 μmol/l to 73 μmol/l and that in different centres 
the same patient could be given results ranging from 50 to 78 μmol/l. This perfor-

Table 1.2.1  Examples of quantitative external quality assurance (EQA) schemes available in Europe 
in biochemical genetics

Scheme Scheme 
organiser

Samples per year Participants

Amino acids ERNDIM 8 172

Special assays (urine and plasma):
lactate, orotidine, thiosulphate, carnitine, succinylacetone, 
hydroxyproline, urate, orotate, sialic acid, MPS, guanidino-
acetate, HVA, pyroglutamate, 5H1AA, pipecolate, pyruvate, 
3-hydroxybutyrate, phytanate, VLCFA, homocysteine,  
7-dehydrocholesterol, phenylalanine

ERNDIM 8 148

Quantitative organic acids ERNDIM 8 56

Purines and pyrimidines ERNDIM 8 40

Cystine in white blood cells ERNDIM 8 27

Orotic acid UKNEQAS 18 11
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mance fails to meet the notional target of 0.5 times the within-subject variation pro-
posed by Cotlove et al. [2]. The lack of agreement between laboratories, reflected in 
the poor inter-laboratory imprecision may impair international multi-centre clinical 
trials or research. This is perhaps a useful reminder that the design of any multi-
centre study should include a component assessing EQA in the participating centres 
during the period of study.

Quantitative Organic acids (2005 Data)

Many laboratories use quantitative urinary organic acid analysis as an alternative to 
a qualitative approach and may not use stable isotope dilution as a more rigorous 
means of quantitation. The results from EQA schemes in the area reflect this vari-
ability of practice and the lack of internationally agreed standardisation.

Intra-laboratory CVs range from 9.9% for ethylmalonate (at 102 μmol/l) to 40.7% 
for suberylglycine (at 48.6 μmol/l) and inter-laboratory CVs from 42.5% for ethyl-
malonate (at 102 μmol/l) to 757.4% for tiglyglycine at 83.5 μmol/l. This wide variation 
is also accompanied by marked variability in the reference ranges used by different 
laboratories; an example is shown (Fig. 1.2.1) for a single return from 18 respondents 
who quantitated ethylmalonate in a single sample (sample 109) and reported both 
the result and the upper limit of normal used by their laboratory. Clearly the clinical 
significance of this apparently extreme variability depends upon the clinical context 

Table 1.2.2  Recovery and laboratory imprecision in quantitative EQA 
schemes

Metabolite Mean 
concentration

Mean 
recovery 
(%)

Mean intra-
laboratory 
imprecision 
(%)

Mean inter-
laboratory 
imprecision 
(%)

Urine

Free carnitine 246 μM 99 7.4 12.7

Lactate 5.1 mM 100 8.0 59.0

Orotate 46.3 μM 99 7.0 90.4

Thiosulphate 11.1 μM 52 94.4 197.9

Succinylacetone 11.7 μM 65 46.6 80.4

Serum

Free carnitine 90.0 μM 104 6.4 11.4

Homocysteine 64.0 μM 103 7.1 11.0

Lactate 5.9 mM 109 3.5 6.4

Pyruvate 250 μM 81 8.9 15.1

3-Hydroxybutyrate 2.48 mM 123 5.3 21.7

7-Dehydrocholesterol 122 μM 127 16.8 116.3
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and may be less problematic than the results would suggest. Nevertheless, it is a re-
minder that these limitations should be considered when viewing results from the 
literature.

Purines and Pyrimidines (2005 Data)

The mean recovery of 100% (range 63% for orotidine to 124% for 2,8 dihydroxy-
adenine) is probably acceptable; similarly, the mean intra-laboratory imprecision 
(CV = 11.9%, range 6.0 for pseudouridine to 21.9% for succinyl adenosine) is likely to 
be adequate for most clinical applications. However, the interlaboratory imprecision 
is somewhat disturbing: mean CV = 126% (range 16.8% for pseudouridine to 295% 
for orotidine). This variation indicates the need to harmonise standardisation.

White Cell Cystine (2005 Data)

The mean recovery is 99% and the inter-laboratory CV for cystine is 10%. The mean 
inter-laboratory CV for cystine expressed per gram of protein is 26.8%. This may 
reflect a lack of standardisation, but may be acceptable to meet the needs of current 
clinical practice.

Urinary Orotate (2005 Data)

The range of results returned by participants near to commonly used “cut-off ” values 
is quite wide (e.g. mean 4.8 μmol/mmol creatinine, range 3.5–6.5 μmol/mmol creati-
nine; mean 5.8 μmol/mmol creatinine, range 3.0–7.0 μmol/mmol creatinine). When 
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participants were asked to classify the results as “normal”, “equivocal” or “high”, as-
suming that they were obtained in a 1-year-old child, then perhaps not surprisingly 
there is an unwelcome degree of variability. In the first example, three participants 
considered their results normal, six equivocal and two high, and in the second ex-
ample, four participants considered their results normal, six equivocal and one high. 
This variability probably reflects differences in methods, standardisation and refer-
ence ranges, but clearly may adversely affect patient care.

1.2.5.4	 EQA	for	Qualitative	Assays

Some important assays commonly used in biochemical genetics laboratories do not 
provide quantitative data (e.g. MPS-EP, qualitative urinary organic acid analysis, 
AA-TLC). In addition, all successful investigations depend heavily upon selection 
of the correct analytes to measure and the appropriate interpretation of the quan-
titative or qualitative results in their clinical context. These challenges suggest a re-
quirement for external quality assessment or proficiency testing schemes that can 
inform participants about their performance in these areas when compared with 
other centres.

1.2.5.5	 Scheme	Availability

Several such schemes exist (Table 1.2.3). The design of these schemes share some 
common features:
1. All use genuine patient urine or blood samples.
2. In all of these schemes participants are invited to report significant analytical 

findings, comment upon their significance, determine a likely diagnosis from the 
findings and indicate the need for further testing or investigation.

3. All schemes attempt to “score” the response of the participants, paying attention 
to these categories.

Table 1.2.3  Examples of qualitative EQA schemes available in Europe in 
biochemical genetics

Scheme Scheme 
organiser

Samples per year Participants

Urinary organic acid analysis ERNDIM 9 137

Diagnostic proficiency testing ERNDIM

Northern Europe 6 26

Southern Europe 6 20

Eastern Europe 6 24

Central Europe 6 22

Acylcarnitine analysis ERNDIM 9 67
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The diagnostic proficiency testing schemes offer the additional feature of test selec-
tion. Participants are provided with brief clinical details and are required to select the 
investigations to undertake and when completed, report their findings.

1.2.5.6	 Performance	Within	the	Schemes

Urinary Organic Acid Analysis (1997–2004 Data)

Nine samples are distributed to participants each year and results scored on the 
basis: 2 satisfactory; 1 helpful but incomplete; 0 unhelpful; –1 slightly misleading; 
–2 misleading. It is therefore possible for the best-performing laboratories to achieve 
an annual score of 18.

Experience over an 8-year period (Fig. 1.2.2) suggests that several laboratories 
perform consistently well, with average annual scores ranging from 16 to 18 and 
with little variability of performance from year to year (s.d. = 1; eight laboratories). 
At the other extreme, some participants (six laboratories) consistently perform sig-
nificantly less well, with mean annual scores of 5–12 and with considerable year to 
year variation (s.d. = 5; Fig. 1.2.2). The majority (n = 39) perform in the mid-range, 
with an average score of approximately 15 but with some variation in performance 
year to year (mean s.d. = 3).

It is tempting to scrutinise different aspects of laboratory practice in this spec-
trum to determine whether key factors can be identified that predict or are cor-
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Fig.	1.2.2	 The average annual score obtained by participants in the qualitative  
organic acid scheme and their year-to-year variation shown as standard deviation 
(SD)



related with performance. While retrospective group analysis of the methods used 
by participants does not demonstrate a convincing link between performance and 
equipment, staffing, or analytical approach, it is possible to identify some important 
factors that do influence performance:
1. Poor performance, signified by an average annual score of < 9 (< 50%) was ob-

served only among those participants who performed fewer than 500 analyses per 
year; this may reflect experience [1].

2. The total number of peaks annotated per sample showed a highly significant cor-
relation with performance, p = 0.002, r = 0.62; this reflects the degree of attention 
to detail shown by the analyst [1].

3. Attendance at scientific meetings (exemplified by attendance at the International 
Society for the Study of Inborn Errors of Metabolism Symposium) showed a cor-
relation with performance (p = 0.08, Student’s t-test); this reflects scientific aware-
ness and the commitment to training shown by the participating laboratory [1].

The educational role fulfilled by active participation in EQA is demonstrable. Redis-
tribution of the same sample following a gap of several years indicated a detection 
rate that improved by 20% for mevalonic aciduria, L-2-hydroxyglutaric aciduria, 
Canavan disease, 4-hydroxybutyric aciduria and long-chain hyroxy-acyl CoA de-
hydrogenase deficiency [6]. These results probably reflect the fact that many partici-
pants encounter rarer conditions for the first time as a member of an EQA scheme. 
Stored residual samples from such EQA schemes and unlabelled chromatograms can 
also be used as a valuable training aid or even a competency test for analysts.

Diagnostic Proficiency Testing

The proportion of laboratories correctly diagnosing a range of disorders when sup-
plied with a urine sample and relevant clinical details is shown in Table 1.2.4 from 
the Northern European experience. The results indicate that even in situations when 
centres are provided with an adequate sample volume and up to 2 weeks in which to 
undertake testing, not all achieve a diagnosis. Clearly, the prior index of suspicion of 
abnormality is high in EQA samples and most analysts would be alerted to the pos-
sibility of a disorder. These results therefore probably represent the best performance 
achievable. The findings suggest that the best results are obtained for those disorders 
with a relatively high incidence and prominent biochemical findings (e.g. methyl-
malonic aciduria, medium-chain acyl CoA dehydrogenase deficiency and isovaleric 
aciduria); the worst performance is obtained for rare disorders or those in which 
the biochemical abnormalities are more subtle (e.g. fumarase deficiency, prolidase 
deficiency and sialidosis).

1.2.6	 Current	and	Future	Development

The ease with which laboratories can share information over a wide geographical 
area has improved with the development of the Internet. A greater number of for-
mal and informal national and international networks are developing and seeking 
to establish best-practice guidelines to achieve consensus agreement concerning test 
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selection in the investigation of common conditions such as hypoglycaemia, hyper-
ammonaemia and seizures (www.metbio.net).

Similarly, there is an increasing degree of consistency of methodological approach 
between laboratories. For instance, a recent survey of those undertaking qualitative 
urinary organic acid analysis revealed that more than 90% (83 of 91) of laborato-
ries indicated that they extracted the samples with ethylacetate or ethylacetate/ether, 
formed trimethylsilyl derivatives and employed gas chromatography-mass spec-
trometry as a means of analysis.

Post-analytically, schemes are beginning to emerge specifically to compare prac-
tice and performance between laboratories pertaining to the interpretation of test 
results. For instance, in the UK, NEQAS in conjunction with the National Biochemi-
cal Genetic network, MetBio.Net, are offering a scheme that provides the opportu-
nity, when given relevant clinical details, to interpret quantitative amino acid results. 
This proficiency scheme can compare interpretive skills without the need to circulate 
scarce clinical samples.

The Internet, perhaps, has most to offer in facilitating the organisation and con-
duct of EQA schemes. Participants can return results electronically and the resulting 
data can be analysed and displayed with a very short turnaround time. This could 

Table 1.2.4  The proportion of laboratories reporting a “correct” diagnosis as part of the participation 
of a diagnostic proficiency scheme (Northern Europe Diagnostic Proficiency Scheme)

Disorder Proportion of 
laboratories giv-
ing the correct 
diagnosis

Disorder Proportion of laborato-
ries giving the correct 
diagnosis

Methylmalonic aciduria 100% 2-OH glutaric aciduria 92%

Medium-chain acyl CoA dehydrogenase 
deficiency

100% Malonic aciduria 92%

Isovaleric aciduria 100% Morquio disease 92%

Ornithine aminotransferase deficiency 100% 4-hydroxybutyric aciduria 91%

Hunter disease 100% Tyrosinaemia type 1 89%

Alkaptonuria 100% Multiple acyl CoA dehydro-
genase deficiency

88%

Ethylene glycol ingestion 96% Hurler disease 87%

Tyrosinaemia type 2 96% Homocystinuria 82%

Mevalonic aciduria 96% Biotinidase deficiency 82%

Maple syrup urine disease 96% Hypophosphatasia 69%

Glutaric aciduria type 1 94% Fumarase deficiency 53%

Cystinuria 93% Peroxisomal disorder 46%

D-glyceric aciduria 93% Prolidase deficiency 38%

Phenylketonuria 92% Sialidosis 27%
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even be used to merge some aspects of internal quality control and EQA and should 
also serve to make EQA schemes more accessible and more cost effective to operate.

1.2.7	 Conclusions

There is convincing evidence that the proper use of IQC and participation in EQA 
schemes improve laboratory performance [13] and can help avoid interpretive errors. 
However, the ultimate goals for quality need to be carefully and properly defined and 
linked more closely to clinical objectives. It seems that those offering analytical ser-
vices are keen to participate in EQA schemes regardless of whether these are manda-
tory or voluntary; this reflects the valuable educational nature of these schemes for 
those working the field of biochemical genetics. However, while it is encouraging 
that the rate of participation is high and that performance is improving, the lack 
of agreed reference methods, reference ranges or commercially available standard 
material is a serious drawback that limits the accuracy and interpretive reliability for 
some metabolites.

Widespread consensus agreement on analytical approach, the adoption of peer-
reviewed investigational guidelines and the dissemination of standard operating 
procedures should, together with the drive to laboratory accreditation, improve the 
consistency of practice in biochemical genetics. It is important that this harmonisa-
tion is appropriate and does not inhibit innovation; it is essential that it is under-
taken in the service of the clinical needs of the patient and not solely for the sake 
of governmental regulation. This will be best achieved by the continued growth of 
professionally organised EQA schemes in which laboratories are encouraged to par-
ticipate on a voluntary basis.

References

1. Bonham JR, Downing M, Pollitt RJ, Manning NJ, Carpenter KH, Olpin SE, Allen JC, Worthy 
E (1994) Quality assessment of urinary organic acid analysis. Ann Clin Biochem 31:129–133

2. Cotlove E, Haris EK, Williems GZ (1970) Biological and analytical components of variation 
in long-term studies of serum constituents in normal subjects. 3, Physiological and medical 
implications. Clin Chem 16:1028–1032

3. CPA (UK) Ltd. Standards for EQA schemes in Laboratory Medicine 2004. Version 4.02, 45 
Rutland Park, Sheffield, S10 2PB, United Kingdom

4. Dickenson JC, Rosenblum H, Hamilton PB (1965) Ion exchange chromatography of the free 
amino acids in the plasma of newborn infants. Pediatrics 36:2–13

5. Donabedian A (1998) The quality of care. How can it be assessed? J Am Med Assoc 260:1743–
1748

6. Downing M, Bonham JR, Allen JC, Heap SJ, Manning NJ, Olpin SE, Pollitt RJ (1999) Is quality 
assurance for quality urinary organic acid analysis improving performance? J Inherit Metab 
Dis 22:148

7. Fraser CG, Kallner A, Kenny D, Peterson PH (1999) Strategies to set global analytical quality 
applications in laboratory medicine. Scand J Clin Lab Invest 59:477–478

8. ISO9001:2000 Quality management systems – Requirements. International Organization for 
Standardization (ISO), 1, Rue de Varentie, Case Postals 56, CH–2111 Geneva 20, Switzer-
land

21References



9. ISO/IEC 17025:1999 General requirements for the competence of testing and calibration 
laboratories. International Organization for Standardization (ISO), 1, Rue de Varentie, Case 
Postals 56, CH–2111 Geneva 20, Switzerland

10. ISO 15189:2002 Medical laboratories – Particular requirement for quality and competence. 
International Organization for Standardization (ISO), 1, Rue de Varentie, Case Postals 56, 
CH–2111 Geneva 20, Switzerland

11. ISO/IEC 43–1:1997 Proficiency testing by interlaboratory comparisons – Part 1. Develop-
ment and operations and proficiency testing schemes. International Organization for Stand-
ardization (ISO), 1, Rue de Varentie, Case Postals 56, CH–2111 Geneva 20, Switzerland

12. Levey S, Jennings ER (1950) The use of control charts in the clinical laboratory. Am J Clin 
Path 20:1059–1066

13. McGovern MM, Benach M, Wallenstein S, Boone J, Lubin IM (2003) Personnel standards and 
quality assurance practices of biochemical genetic testing laboratories in the United States. 
Arch Path Lab Med 127:71–76

14. Rasmussen K, Maller J, Lyngbak M (1999) Within person variation of plasma homocysteine 
and effects of posture and tourniquet application. Clin Chem 45:1850–1855

15. Westgard JO (2003) Internal quality control: planning and implementation strategies. Ann 
Clin Biochem 40:593–611

1.2 Quality Control and Quality Assurance in the Biochemical Genetic Laboratory22



1.3.1	 Cyanide	Nitroprusside	Test

1.3.1.1	 Principle

The cyanide nitroprusside test determines the presence of free sulfhydryl or disul-
fide compounds in urine samples [1, 3, 4]. During the first step of the assay, cyanide 
reduces any disulfides that are present to free sulfhydryl compounds. In the second 
step, a reddish color reaction results when the free sulfhydryl groups complex with 
nitroprusside. A positive result is most usually due to cystine in the urine. Familial 
cystinuria is among the most common aminoacidurias. Disulfides are also excreted 
in other metabolic disorders such as homocystinuria and β-mercaptolactate-cysteine 
disulfiduria. Both will also produce positive results according to the following reac-
tion: RSH + Na2Fe(CN)5NO (sodium nitroprusside) → chromophore + NO.

1.3.1.2	 Specimen	Requirements

The specimen requirements for this test are as follows:
1. 1.0 ml of clear urine.
2. Store and transport specimen frozen.
3. Gloves and a laboratory coat should be worn. Use the proper technique to avoid 

aerosols.

1.3.1.3	 Reagents

1. Sodium cyanide (NaCN), 5% in H2O. Weigh out 25 g of NaCN carefully; avoid 
creating dust. Add NaCN to 500 ml H2O and stir. Store the reagent in a plastic 
bottle at room temperature under a fume hood. This reagent is stable for up to 
1 year. The reagent bottle must be stored in a container large enough to hold the 
bottle’s contents. Dispose of any unused 5% solution appropriately. Always per-
form the assay in a fume hood; protect the eyes and skin with glasses and gloves. 
Discard any completed assay mixture (liquid in tubes) down the drain in the fume 
hood after adding 70/30 (v:v water) bleach solution into each tube and allowing 
it to stand for 1 h. Avoid inhalation, contact with skin/mucous membranes, and 
ingestion.
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2. Sodium nitroprusside (sodium nitroferricyanide), 0.5% in H2O. Carefully weigh 
out 0.5 g of the reagent; avoid creating dust. Add the reagent to 100 ml H2O. The 
reagent is light sensitive, so store it in a dark bottle at + 4°C. The solution is stable 
for up to 4 months. Dispose of any unused standard reagent appropriately. Always 
perform the assay in a fume hood; protect the eyes and skin with glasses and 
gloves. Discard any completed assay mixture (liquid in tubes) down the drain in 
the fume hood after adding 70/30 (v:v water) bleach solution into each tube and 
allowing it to stand for 1 h.

1.3.1.4	 Procedure

1. Set up one 12 × 100 mm test tube per patient. Label the tubes with the patient 
number/name. Thaw one tube each of pre-made positive and negative controls.

2. Aliquot 1.0 ml of clear patient urine to the corresponding test tubes. If the urine 
is not clear, spin at ~ 500 × g for 3 min.

3. In the fume hood, add 0.4 ml NaCN to each patient’s specimen and control tube 
and vortex.

4. Incubate at room temperature for 20 min.
5. After 20 min, add 0.2 ml sodium nitroprusside to each patient’s specimen and 

control tube one at a time, vortex, and read the results immediately.
6. Note that color develops immediately and fades quickly. A pink to red, or beet 

color, indicates a positive. Grade the positives on a scale of trace to 4 +.
7. Record the results.
8. Add 70/30 bleach solution into each tube and allow to stand for 1 h to ensure that 

the sodium cyanide will not be reactive when disposed of down the drain.

1.3.1.5	 Linearity/Calculations

Not applicable for this test.

1.3.1.6	 Interference

The urine sample used should be at neutral pH. If the sample has been preserved 
with acid, a false positive may occur. Drugs such as N-acetylcysteine, 2-mercapto-
ethanesulfonate, 2-mercaptopropionylglycine, captopril, penicillamine, and large 
amounts of synthetic penicillin metabolites and acetoacetate will give positive re-
sults. Bacterial contamination may also give a false positive.

1.3.1.7	 Quality	Control

Positive and negative controls (pooled urine supplemented with and without cys-
teine, respectively; 50 mg/dl) are run with each batch of patient samples.
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1.3.1.8	 Normal/Therapeutic	Ranges

A slight pink color may be detected from a normal urine that is concentrated; how-
ever, the detection of any positive result warrants further investigation.

1.3.1.9	 Notes

Cystathionine, methionine, and taurine are not detected by this assay. In addi-
tion, this assay may be helpful for the detection of heterozygotes of cystinuria types 
2 and 3.

1.3.2	 Ehrlich’s	Aldehyde	Reagent

1.3.2.1	 Principle

Ehrlich’s test is used to identify the presence of porphobilinogen (PBG) or urobilino-
gen in the urine [1–3]. PBG in urine reacts with Ehrlich’s aldehyde reagent to give a 
red color in samples with acute porphyria. Except for PBG-synthase deficiency, acute 
porphyria is generally associated with increased urinary excretion of PBG. Urobi-
linogen, a component of heme degradation, results when bilirubin derivatives are 
secreted in the bile and further degraded by bacterial enzymes in the large intestine. 
In the normal patient, some of the urobilinogen is reabsorbed and transported to 
the kidneys where it is converted to urobilin (yellow) and excreted. However, the 
majority of urobilinogen is converted microbially to sterobilin (deep red-brown). 
Urobilin is responsible for the characteristic color of urine, while sterobilin is the 
main pigment of feces.

1.3.2.2	 Specimen	Requirements

The specimen requirements for this test are as follows:
1. 1.0 ml of urine.
2. Store and transport the specimen frozen.
3. Gloves and a laboratory coat should be worn. Use the proper technique to avoid 

aerosols.

1.3.2.3	 Reagents

1. 2% (w/v) p-dimethylaminobenzaldehyde (p-DABA) in 2N HCL. Mix 2 g p-DABA 
in 100 ml 2N HCl. Store in a brown bottle at 4°C. Note: this reagent is an irri-
tant and is corrosive; avoid inhalation and contact with skin/mucous membranes. 
Dispose of the reagent in the drain at a concentration below 10% in an aqueous 
solution.

2. Reagent-grade chloroform and butanol.
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1.3.2.4	 Procedure

1. Set up one 12 × 100 mm test tube per patient and a control. Label each tube with 
the patient’s number/name or control name.

2. Aliquot 1.0 ml each of well-mixed patient and control urine to the corresponding 
tubes.

3. Add 0.1 ml p-DABA reagent to each tube and vortex.
4. Incubate at room temperature for 10 min.
5. After 10 min, examine the color of tube mixture. A deep orange, pink, or red 

color is considered positive.
6. If positive, add 1.0 ml chloroform to the tube, vortex, and allow to settle for a few 

minutes.
7. After it has settled, if the bottom layer is pink, the sample is urobilinogen positive 

and PBG negative. Grade the color intensity (trace, 1 +, 2 +, 3 +, 4 +) and record 
the results.

8. If the top layer is pink, pipette it out and place it into a clean tube.
9. Extract by adding 1.0 ml butanol to the removed layer (top layer). Vortex and 

allow the suspension to settle for a few minutes.
10. Upon settling, if the bottom layer in the tube is pink, the sample is PBG positive. 

Grade the color intensity (trace, 1 +, 2 +, 3 +, 4 +) and record the results.

1.3.2.5	 Linearity/Calculations

Not applicable for this assay.

1.3.2.6	 Interference

Clinical samples often contain complex mixtures of different porphyrins. Porphyrin 
solubility in organic solvents is inversely proportional to the number of acid side 
chains. Indoles in the urine may also give a positive result.

1.3.2.7	 Quality	Control

A negative and positive control sample (pooled urine, spiked with urobilinogen/
PBG) is run with each batch of patient samples.

1.3.2.8	 Normal/Therapeutic	Ranges

The range is determined visually by observing the mixture color. A deep orange, 
pink, or red color is considered positive and is graded on a scale of trace to 4 +. 
A grade of 3–4 + should be acted on immediately. The range for normal tube test re-
sults may include results of negative to 1 + potentially due to the natural occurrence 
of small amounts of urobilinogen/PBG in urine, and/or interfering substances.
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1.3.2.9	 Notes

Individuals affected with porphyria present with acute attacks, skin lesions, or both. 
The onset of these attacks rarely occurs before puberty. An attack usually consists of 
severe abdominal pain and often neurological sequelae. During and after such at-
tacks, excessive amounts of aminolevulinic acid and PBG are excreted in the urine. 
The most common porphyria is PBG deaminase deficiency (acute intermittent por-
phyria), which primarily affects liver function. A positive result coupled with a clini-
cal indication of hepatosplenomegaly suggests that evaluation for tyrosine metab-
olites in the urine should be pursued (using the nitrosonaphthol test).

1.3.3	 Dinitrophenylhydrazine	Assay

1.3.3.1	 Principle

The dinitrophenylhydrazine (DNPH) assay detects α-keto acids in the urine [1, 4]. 
2,4-DNPH reacts with α-keto acids to form hydrazones, which precipitate out of 
solution. Several metabolic disorders can be detected, including phenylketonuria 
(PKU), maple syrup urine disease (MSUD), tyrosinosis, tyrosyluria, histidinemia, 
and methionine malabsorption (Oasthouse syndrome). The presence of acetone also 
gives a positive result and may suggest a metabolic disorder. A positive result due to 
acetone is consistent with the diagnosis of disorders such as hyperglycinemia, iso-
valeric acidemia, and glycogen storage diseases. A 2N HCl test is performed on all 
DNPH positives to determine the presence of false-positive results.

1.3.3.2	 Specimen	Requirements

For this assay, 1.0 ml of random, void urine (morning void preferable) is required, 
stored and transported frozen.

1.3.3.3	 Reagents

1. 0.2% 2,4-DNPH in 2N HCL. Store at 4°C. Stable for 1 year. This reagent is cor-
rosive.

2. 2N HCl. Store at room temperature in an acid storage area. Use in a fume hood.
3. 2-Ketoacid standard (3-methyl-2-oxobutyric acid, 2-ketoisovaleric); mix 50 mg 

in 25 ml (2 mg/ml) deionized water. Store the solution at 4°C.

1.3.3.4	 Procedure

1. Label one 13 × 100 mm test tube with the patient’s number or name. Add 1.0 ml 
clear urine. If the urine is turbid, spin at 500 × g for 3 min.

2. Prepare a positive control of 20 mg/dl. For this, add to a 13 × 100 mm test tube, 
100 µl of 2-ketoacid standard and 900 µl of H2O. The amount of precipitate that 
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will occur in this positive control is considered to be approximately 2 +. This aids 
in judging the amount of precipitate in patient samples.

3. Add 1 ml DNPH reagent to each patient and control tube and vortex. Incubate at 
room temperature for 10 min.

4. After 10 minutes, examine the samples. The presence of a yellow or whitish pre-
cipitate indicates a positive result.

5. If no precipitate occurs, the patient sample is recorded as negative. Grade the 
samples with a precipitate on a trace–4 + scale and record the results

6. For positive samples, test to ensure that the reaction did not produce a false posi-
tive. Label a clean 13 × 100 mm test tube with the patient’s name or number and 
place 1 ml of the patient’s clear urine into the tube. Add 1 ml of 2N HCl, vortex, 
and allow to incubate at room temperature for 10 min.

7. The presence of a precipitate after 10 min indicates a positive result. This suggests 
that the original positive DNPH result observed was probably a false positive.

8. Record the 2N HCl results as either negative, or grade on a trace–4 + scale if a 
precipitate is present. Generally, results of 2 + or more are considered a concern.

1.3.3.5	 Interfering	Substances

Substances with low solubility in acid can interfere with the DNPH assay. Mandel-
amine (methenamine mandelate), an antibacterial medication, and radiopaque 
contrast material will form a precipitate immediately upon addition of the DNPH 
reagent. The color and immediacy of formation of this precipitate distinguishes it 
from the yellowish precipitate of α-keto acid hydrazones. It is very important to have 
information on patient medications prior to evaluation of the DNPH test.

1.3.3.6	 Quality	Control

Control urines are run with each batch of patient samples, consisting of pooled nega-
tives (no appreciable precipitate) in addition to a spiked pool urine containing sig-
nificant exogenous α-keto acid standard.

1.3.3.7	 Affected/Unaffected	Values

An unaffected patient will have a negative DNPH result. Mildly affected or partially 
treated patients may also yield negative results. Patients with a blood phenylalanine 
level (indicative of PKU) over 1 mmol/l should generate positive DNPH results. Pa-
tients with a blood leucine level (indicative of MSUD) of 0.8 mmol/l or higher usu-
ally show a positive DNPH result. Patients with pyruvate metabolic disorders may 
also give positive results, as will patients with true and transient disorders of tyrosine 
degradation.
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1.3.4	 Multistix	Reagent	Strips	for	Urinalysis

1.3.4.1	 Principle

Multistix 10 SG and Multistix PRO 11 (Bayer HealthCare, Elkhart, IN, USA) are re-
agent test strips that provide qualitative colorimetric analysis of several intermediates 
in urine, including protein, blood, leukocytes, nitrite, glucose, ketones (acetoacetic 
acid), pH, specific gravity, creatinine, bilirubin, and urobilinogen. The methodology, 
interpretation, and characteristics of the approximate linearity of these procedures 
are provided in the package insert with each reagent bottle. In addition, for each 
test, sensitivity parameters, expected values, limitations, and interfering substances 
in urine are described. Results obtained from this screening procedure can provide 
insight into the status of a patient’s kidney and liver function, acid-base balance, 
and/or carbohydrate metabolism.

1.3.4.2	 Specimen	Requirements

Fresh void urine is the sample of choice for this analysis, enough to saturate all re-
agent patches on one strip; the minimum requirement is 1.0 ml of urine. The sample 
should be stored and transported frozen.

1.3.4.3	 Reagents

Reagent strips for urinalysis, manufactured by Bayer HealthCare. Each strip contains 
reagent patches for the testing of glucose, bilirubin, ketone (acetoacetic acid), blood, 
pH, and protein. See the package insert for exact reagent compositions.

1.3.4.4	 Procedure

1. Dip one strip into well-mixed, thawed urine to ensure saturation of reagent patches, 
then remove the strip from the urine. The strip should remain in the urine only 
briefly to reduce the potential for leaching of reagents from the patches.

2. Place the strip onto a paper towel (reagent patch side facing up) and allow it to 
develop for an appropriate time period; the development times of the specific 
patches are listed on the package insert.

1.3.4.5	 Interferences

Certain medications may induce discoloration of the urine sample, which may inter-
fere with the results. The colorimetric reaction may be affected by riboflavin or drugs 
containing azo dyes, or by nitrofurantoin. Other interferences may include:
1. Glucose: False negatives may occur when the urine contains small amounts of 

glucose (75–125 mg/dl) and/or ascorbic acid concentrations of 50 mg/dl or more. 
Sensitivity may also be decreased by the presence of ketone bodies.
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2. Bilirubin: A false negative may occur when the sample contains ascorbic acid con-
centrations of 25 mg/dl or more. The yellow/orange-to-red color produced by the 
presence of indican (indoxyl sulfate) is also problematic.

3. Ketone: False positive results may occur in highly pigmented samples, samples 
containing levodopa metabolites, or samples containing significant amounts of 
sulfhydryls.

4. Blood: False positives may arise from oxidizing contaminants (such as hypochlor-
ite), or microbial peroxidase (e.g., as a result of a urinary tract infection).

5. Protein: False positives may occur with highly buffered or alkaline samples or 
from contamination with quaternary ammonium compounds (antiseptics, deter-
gents).

1.3.4.6	 Quality	Control

A control urine is run with each batch of patient samples. In most instances, this is a 
pooled control urine that has been aliquoted.

1.3.4.7	 Normal/Therapeutic	Ranges

1. Glucose: The small amount of glucose excreted normally by the kidneys generally 
produces a result considered negative to trace.

2. Bilirubin: The detection of even trace amounts of bilirubin in the urine is abnor-
mal.

3. Ketone: A negative result is typical. Positive results can indicate physiological 
stress (e.g., fasting, pregnancy). Ketoacidosis and other abnormalities of carbo-
hydrate, lipid, and amino acid metabolism may yield high levels of ketones in the 
urine and positive strip results.

4. Blood: The development of nonhemolyzed blood (intact erythrocytes) or a green 
color (free hemoglobin/myglobin) on the strip is not typically normal and may 
warrant further investigation.

5. pH: Urinary pH may range from 5 to 9 for both normal and abnormal samples.
6. Protein: A result beyond trace amounts is suggestive of proteinuria and renal dys-

function.

1.3.4.8	 Notes

Refer to the package insert for details concerning the chemical principles of each re-
agent patch. If samples are allowed to sit at room temperature for prolonged periods 
before testing, microbial proliferation may occur and alter the results.
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1.3.5	 Tyrosine	Metabolites	–	the	Nitrosonaphthol	Test

1.3.5.1	 Principle

In the presence of nitric acids, 4-hydroxylated phenolic acids (and to some extent 
also hydroxylated indoles from tryptophan) conjugate with 1-nitroso-2-naphthol to 
yield orange/red chromophores [4]. The structure of 1-nitroso-2-naphthol is shown 
in Fig. 1.3.1.

1.3.5.2		Specimen	Requirements

This test requires 1 ml of clear voided urine that is free of particulate matter. If pres-
ent, any precipitate is removed by centrifugation for 5 min at 3,000 × g. The urine 
sample is stored frozen.

1.3.5.3	 Reagents

1. Reagent A: 2.63N nitric acid (one volume of concentrated nitric acid in five vol-
umes of deionized H2O). Store the solution at 4°C; it is stable for 1 year. Avoid 
inhalation and contact with skin or mucous membranes.

2. Reagent B: 2.5 g sodium nitrite dissolved in 100 ml H2O. Store at 4°C. Avoid inha-
lation and contact with skin or mucous membranes.

3. Reagent C: 100 mg 1-nitroso-2-napthol dissolved in 100 ml 95% ethanol. Store at 
4°C in a brown glass bottle; it remains stable for 3 months. Avoid inhalation and 
contact with skin or mucous membranes. This reagent is an irritant and possible 
carcinogen.

4. Standard: 0.01M N-acetyl-l-tyrosine in 1M HCl: 40 mg/100 ml 1M HCl. Use only 
l-tyrosine (human form). Store at 4°C.

1.3.5.4	 Procedure

1. Label a 13 × 100 mm test tube with the patient’s number or name. Add three drops 
of their urine to the test tube.

2. Prepare the positive controls. Label four 13 × 100 mm test tubes as “10”, “20”, “40”, 
and “60”, respectively. These correspond to the amount of standard in microliters 
added to the tubes and provide a range of positive controls from trace to 4 +.

3. Add 10 µl standard to the tube labeled “10”, 20 µl to that labeled “20” tube, 40 µl 
to the “40” tube, and 60 µl to the “60” tube.

4. Add three drops of water to each control tube.

Fig.	1.3.1	 Structure of 1-nitroso-2-naphthol
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5. Add 1 ml of reagent A to each patient and control tube.
6. Quickly add 1 drop of reagent B to each tube.
7. Quickly add 200 µl of reagent C to each tube.
8. Vortex all tubes and incubate them at room temperature for 15 min.
9. After 15 min, observe the color in each tube. The “10” control tube yields the 

color intensity of a trace positive. Any patient tube color that is less intense than 
the “10” control tube is a negative result. Grade any positives according to the 
range given by the control tubes. Positive controls should yield results as listed in 
Table 1.3.1.

1.3.5.5	 Quality	Control

A control urine is run with each batch of patient samples. As for other control sam-
ples in this section, this is generally a pooled urine sample that has been aliquoted 
and stored frozen.

1.3.5.6	 Normal/Therapeutic	Ranges	and	Interpretations

An orange-red color suggests the presence of hydroxylated tyrosine analogs (e.g., 
4-hydroxyphenylpyruvate, 4-hydroxyphenyllactate, and 4-hydroxyphenylacetate), as 
well as tyrosine. A key limitation is the occurrence of transient tyrosinemia of the 
newborn, a not uncommon finding as the hepatic enzymes involved in tyrosine me-
tabolism are not well developed in the newborn. 4-Hydroxyphenylacetate levels may 
be elevated due to intestinal bacterial metabolism, malabsorption, and other disor-
ders, and may lead to false positives. Some disorders of carbohydrate metabolism, 
and unassociated liver dysfunction, may alter tyrosine metabolism with artifactual 
results. Patients undergoing parenteral nutrition are often supplemented with tyro-
sine analogs, which can lead to difficulties in the interpretation of this test. Patients 
with tumors may excrete increased homovanillic acid and/or 5-hydroxyindoleacetic 
acids (end products of dopamine and serotonin metabolism, respectively), which 
produce pink and purple colorimetric reactions in the nitrosonaphthol reaction. Any 
positive should be correlated with clinical history and/or followed-up with more 
specialized testing (blood amino acids/urine organic acids).
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Table 1.3.1  Nitrosonaphthol test results

Tyrosine control Qualitative grade Color

40 Trace Light orange-red

80 1 + Orange-red

120 2 + Deep orange-red

240 3 +/4 + Red/immediate red
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1.4.1	 Introduction

Lactate, pyruvate, acetoacetate (ACAC) and 3-hydroxybutyrate (3OHB) are inter-
mediary metabolites that normally occur in blood and play an essential role in en-
ergy production. Their accumulation in blood is a frequent cause of metabolic aci-
dosis in children. The determination of these metabolites in biological fluids is useful 
in the early detection, diagnosis and treatment follow-up of abnormalities such as 
those of:
1. Enzymes of pyruvate “metabolism” (pyruvate dehydrogenase, PDH, or pyruvate 

carboxylase, PC, defects).
2. Enzymes of the Krebs cycle.
3. Enzymes of gluconeogenesis.
4. Liver glycogenolysis.
5. Oxidation of fatty acids.
6. Ketogenesis, ketolysis.
7. Mitochondrial respiratory chain.

Their relative blood concentrations are an expression of nutritional balance, provid-
ing a view of the metabolic disturbances arising in a patient. In conjunction with the 
measurement of unesterified fatty acids (UEFA) and glucose, they are useful tools 
with which to investigate intermediary metabolism in health and disease, particu-
larly in inherited metabolic diseases.

During fasting, hormonal or metabolic modifications mobilise energy stored in 
adipose tissue as fat. Evaluation of different metabolite concentrations in blood pro-
vides insight into the different steps of fat metabolism.

Determinations of lactate, pyruvate, 3OHB and ACAC in biological fluids are run 
at different times during the day according to different periods of fasting. They are 
usually performed before and after meals (1 h). They are also performed after load-
ing tests (e.g. glucose, proteins or triglycerides.)

1.4.2	 Properties	of	Analytes

The plasma lactate (CH3-CHOH-COOH) levels reflect the equilibrium between its 
production and its consumption by different tissues. Lactate is the end product of 
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anaerobic glycolysis, which is the main energy source for tissues such as the heart, 
muscles and kidney. Accumulation of lactate in blood to levels higher than 7 mmol/l 
leads to lactic acidosis. Hyperlactataemia can be observed either in ischaemic condi-
tions or in many inherited metabolic diseases (e.g. PDH deficiency, PC deficiency).

During fasting, lactate is used by the liver and kidneys to provide glucose (gluco-
neogenesis). Blood lactate decreases during the first 15 h of fast (about 30% regard-
less of age). In the postprandial period, lactate is oxidised in mitochondria, produc-
ing energy for the heart, muscles and kidneys. The different metabolic pathways of 
pyruvate and lactate interconversion are shown in Fig. 1.4.1. The ratio of lactate to 
pyruvate remains unchanged independent of the fasting state.

Lactate and pyruvate are interconverted within the cytoplasm, depending upon 
the NAD:NADH ratio. In the cytoplasm, the ratio of lactate to pyruvate reflects the 
oxidoreduction state.

Pyruvate (CH3-CO-COOH) is an intermediate metabolite, the product of car-
bohydrate, fat or protein metabolism. Pyruvate is the end point of glycolysis. In 
mitochondria, pyruvate may be oxidized to CO2 and H2O, reduced to acetyl coen-
zyme A (acetyl CoA) by PDH, or carboxylated by PC into oxaloacetate (Fig. 1.4.2). 
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Pyruvate is transformed to lactate by lactate dehydrogenase (LDH) under anaerobic 
conditions.

Ketone bodies (KBs) circulate in the blood as 3OHB (CH3-CHOH-CH2-COOH) 
and ACAC (CH3-CO-CH2-COOH). The blood concentrations of these two metabol-
ites depend upon the equilibrium between their production by the liver (ketogen-
esis) and consumption at the peripheral level (ketogenolysis). Abnormalities of KB 
metabolism manifest as ketosis, hypoketotic hypoglycaemia and inversion of the 
3OHB:arachidonic acid (AA) ratio [12].

In the fed state, the KB concentrations do not usually exceed 0.2 mmol/l, except 
during the neonatal period, where higher concentrations are observed. The level of 
ACAC increases more quickly than that of 3OHB. The blood concentration of KBs 
increases during the fasted state, with an associated increase in the 3OHB:ACAC 
ratio, the result of PDH inhibition by mitochondrial acetyl CoA and NADH. KBs 
are primarily synthesised in the liver from acetyl CoA, the product of fatty acid 
oxidation.

Interconversion between ACAC and 3OHB is dependent upon the NAD:NADH 
ratio. Hydroxybutyrate dehydrogenase (HBDH) is localised mainly in the mito-
chondria. During fasting, fatty acids are transported to the liver to undergo beta 
oxidation.

Acyl coenzyme As are introduced into mitochondria following coenzyme A 
esterification in the cytoplasm. Mitochondrial entry depends upon a double mem-
brane transport involving carnitine acyltransferases II and I. Excess acetyl CoA is 
used for KB synthesis. KBs are transported in the blood and ultimately metabolized 
via the Krebs cycle. KBs are necessary to provide energy to the brain during fasting, 
a true alternative substrate to glucose.

Fig.	1.4.2	 Pyruvate pathways
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1.4.3	 Methods

1.4.3.1	 Principle

For simultaneous blood measurement of the four metabolites (lactate, pyruvate, 
ACAC and 3OHB), blood that has been deproteinised with perchloric acid is used 
as a sample. Spectrophotometric enzymatic methods according to reactions given in 
Fig. 1.4.3 were developed for automated analysers to minimise sample volume and 
improve precision [1, 10, 11, 17].

1.4.3.2	 Pre-analytical

Specimen

Lactate and 3OHB can be measured in blood, plasma, urine and the cerebrospinal 
fluid (CSF). Pyruvate and ACAC are highly unstable, so deproteinisation is performed 
immediately after sampling. Lactate, pyruvate, 3OHB and ACAC determination can 
be measured in the same sample after deproteinisation using perchloric acid [17].

Patient Preparation

Patient preparation includes evaluation of clinical indications, and nutritional condi-
tions (i.e. fed state, fast state, fasting duration) must be precisely defined. The patient 
must be fully informed of all procedures and at rest prior to blood sampling or inva-
sive procedure. If fasting is required, the fast is scheduled for 24 h, but can be inter-
rupted. Beginning at night, sampling is performed at 2, 15, 20 and 24 h of the fast.

Blood collection

Blood is collected as follows:
1. Blood sampling (venipuncture) must be performed without tourniquet, venestasis 

or muscular hand activity. Use of a catheter is recommended. Once the catheter 
(Cathelon; Critikon, Tampa, Florida, USA) is installed, the first milliliter (1 to 2 
volumes of the catheter) should be discarded before a blood sample is taken.

2. Blood volume: 0.6–1 ml is collected into a heparinised tube.
3. The period of the blood collection is determined according to the diagnostic and 

therapeutic processes chosen, in accord with the suspected disease (i.e. before 
meals, after meals, fasting state, fasting test, loading test). For example, when 
screening for mitochondrial cytopathy, redox has to be evaluated in the fed state 
or after a glucose loading test, and after 10 h of fast.

4. Document in the patient’s charts and requests the exact time of sampling and 
delays after last meals.

5. Avoid capillary blood.
6. Choose venous or arterial blood and document which has been taken.
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Sampling volume

Blood lactate, pyruvate, ACAC, 3OHB, glucose and redox ratio should be measured 
using the same sample for a reliable calculation of redox status.

Blood Pre-treatment

Deproteinisation using acids is required to avoid glycolysis, but has to be performed 
as soon as possible after sampling (within 5 min). Simultaneous determination of 
lactate, pyruvate, ACAC and 3OHB is possible using this sample.

Different procedures are described for pre-treatment of blood, but perchloric acid 
is the most widely used agent: blood collected in a tube containing heparin is imme-
diately deproteinised with a perchloric acid solution (1 mol/l) that has been refriger-
ated at + 4°C (two volumes for one volume of blood). Deproteinised samples may be 
frozen for up to 5 days.

Plasma Lactate and 3OHB

Lactate and 3OHB can be measured in plasma. Blood is collected in a tube with an 
anticoagulant (heparin, EDTA, oxalate) and antiglycolytic agent (fluoride – without 
which there is an artefactual increase in lactate levels). The tube is transported in ice 
water and plasma is separated from the blood within 15 min following sampling.

Lactate levels in plasma sampled according to the aforementioned conditions are 
stable for up to 1 week at + 4°C and for up to 1 month at –20°C.

Lactate in CSF

CSF sampling is performed by lumbar puncture, avoiding haemolysis. No pre-treat-
ment of the sample thus obtained is necessary.

Fig.	1.4.3	 Reactions involved in the enzymatic measurement of 3-hydroxybutyrate, acetoacetate, 
lactate and pyruvate
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Specimen Preparation Procedure

Deproteinisation

Deproteinisation is carried out immediately after collection (< 5 min) as follows:
1. Measure accurately 1 ml (0.5 ml) blood collected in a tube containing heparin; 

transfer this to a tube containing 2 ml (1 ml) perchloric acid 1 M (which was meas-
ured accurately and refrigerated at 4°C previously).

2. Agitate the blood/perchloric acid mixture thoroughly to obtain a brown coagu-
lum.

3. Keep the tube frozen (–20°C) for a period less than 5 days.

Neutralisation

1. After thawing, deproteinised samples are centrifuged (+ 4°C) for 10 min at 
3000 × g.

2. Mix 1 ml of the supernatant with 0.5 ml of phosphate buffer. If the volume of the 
supernatant available is < 1 ml, keep the ratio at one volume of supernatant to half 
a volume of buffer.

3. Mix. Place the tubes for 10 min at –20°C.
4. Check that the pH is 7 with pH paper (range 1–14.).
5. If needed, adjust pH as follows, noting the added volume for future calculation:

a. if pH< 7 add phosphate buffer M (50 µl to 100 µl) (see reagent preparation)
b. if pH> 7add HCl04 M (50 µl to100 µl).

6. Centrifuge for 5 min at 3500 × g at + 4°C.
7. The deproteinised sample is thawed and centrifuged and the supernatant has to be 

neutralised using tripotassium phosphate buffer.

The stability in the filtrate of lactate, pyruvate, 3OHB and ACAC is 5 days at –20°C.

Reagents and Chemicals

Lists of reagents, and recipes for working solutions and reagents are provided in 
Tables 1.4.1 and 1.4.2, respectively. The lactate reagent is prepared as per the manu-
facturer’s instructions. The reagent required for the deproteinisation step is a solution 
of perchloric acid 1 mol/l (dilute 8.6 ml of HCLO4 70% in 100 ml distilled water or 
11 ml of HCLO4 60% in 100 ml distilled water). That required for the neutralisation 
is phosphate tripotassic buffer 1 mol/l: add 5.3 g of phosphate tripotassic in 25 ml 
distilled water. This solution will be stable for 1 year at 25°C.

Instrumentation and Calibration

An automated method can be run after validation using multiparametric open analy-
sers [1, 11, 17], For example, KONELAB 30 (Thermo Fisher Scientific, Waltham, 
USA). There is no standard for pyruvate, ACAC or 3OHB. The results are calculated 
taking into account the molecular extinction coefficient of NADH (6.3 mmol–1 · cm–1). 
A lactate standard is provided in the kit.
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Table 1.4.2  Reagent preparation and working solutions. Lactate reagent was prepared 
according to the manufacturer’s instructions

ACAC 3OHB Pyruvate

Tris 0.1 mol/l buffer

Stability at + 4°C

pH 6.98: dissolve 3.0285 g of 
Tris buffer into 200 ml distilled 
water. Adjust pH to exactly 6.98 
with 1.2 M HCl, then adjust the 
volume to 250 ml.

1 month

pH 9.5. dissolve 3.0285 g of 
Tris buffer into 200 ml distilled 
water. Adjust the pH to exactly 
9.5 with 1.2 M HCl, then adjust 
the volume to 250 ml.

1 month

pH 7.4: dissolve 3.082 g of Tris 
buffer into 200 ml distilled 
water. Adjust the pH to exactly 
7.4 with 1.2 M HCl, then adjust 
the volume to 250 ml.

1 month

β NADH reduced, 
stock solution, 
0.6 mmol/l

Stability

Dissolve 0.85 mg of NADH into 
2 ml NaHCO3 5%

7 days at + 4°C

Working solutions:
R1

β NADH reduced solution at 
0.4 mmol/l:
dissolve 2.8 mg of NADH in 
10 ml of Tris buffer (pH 6.98)

Solution of NAD 12 mmol/l: 
dissolve 80 mg of NAD in 
10 ml of Tris buffer (pH 9.5)

Solution of NAD 0.12 mmol/l: 
dilute 1.2 ml stock solution 
NADH in 4.8 ml Tris buffer 
pH 7.4

R2 Mix:
750 µl Tris pH 6.98 + 250 µl 
HBDH (> 15 U/ml)

Mix:
750 µl Tris buffer pH 
9.5 + 250 µl HBDH  
(> 15 U/ml)

Mix:
80 µl of LDH solution (7500 U/
ml) + 4720 µl of Tris buffer 
pH 7.4



Table 1.4.1  List of reagents. 3OHB 3-Hydroxybutyrate, ACAC acetoacetate, 
HBDH hydroxybutyrate dehydrogenase, LDH lactate dehydrogenase

Name Provider Reference Storage temperature

Perchloric acid 70–72% Merck 100591000 20–25°C

Lactic acid Sigma L2250 + 4°C

ß NAD grade I Sigma N 1511 –20°C

ß NADH grade II Sigma N 8129 + 4°C

Lactate Randox LC 2389 + 4°C

Phosphate tripotassic buffer Sigma 04347 20–25°C

Tris buffer Merck 1083820500 20–25°C

Paper pH 1–14 MN 902 04 20–25°C

ACAC powder Sigma A8509 –20°C

d,l-3OHB powder Sigma H6501 + 4°C

3-HBDH Roche 127841 + 4°C

LDH Roche 107069 + 4°C

NaHCO3 Merck 1063290500 + 4°C

Pyruvate powder Sigma P8574 + 4°C
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Quality Control

The quality control samples are prepared as described in Table 1.4.3. Target values 
are calculated according to the amount of weighed product, and values obtained 
must be within  ± 15% of the target value.

1.4.4	 Analytical

1.4.4.1	 Methods

The same deproteinised blood as used for lactate, pyruvate, 3OHB, and ACAC assays 
described above is used for enzymatic methods employing spectrophotometric mea-
surement (Fig. 1.4.3) [10, 17]. The enzymes involved are LDH for pyruvate, lactate 
oxidase for lactate and HBDH for ACAC and 3OHB.

Procedure

The operating procedure for this method is given in Table 1.4.4. Note that lactate is 
quantified according to the manufacturer’s instructions.

Calculation

For the filtrate samples, results have to be recalculated according to the dilution ratio 
(e.g. × 4.5). If acid base or buffer was added to correct the pH, an additional correc-
tion must be made according to the following equation:

observed result × final volume
initial volume

Validation of the Methods

The results of method validation are given in Table 1.4.5.

1.4.4.2	 Post-analytical

Interpretation – Biological Variation

Blood lactate values are usually lower than plasma levels (–15 %) depending upon 
haematocrit values. KB concentration depends on whether the patient is in a fed 
or fasted state and age; the concentration is low in the fed state, increasing as the 
fasting period increases, with some variability according to age in children (e.g. KB 
elevations are higher in younger, more precocious children; see Fig. 1.4.4) [7]. In the 
fed state, KB levels are less than 0.2 mmol/l and the ratio 3OHB:ACAC is less than 
1. The blood concentration of KBs increases during fasting. The 3OHB:ACAC ratio 
increases with the concentration of KBs during fasting (2.5–3.5). Plasma values of 
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Table 1.4.3  Preparation of quality control samples

Lactate Pyruvate ACAC 3OHB

Stock solution 50 mmol/l 10 mmol/l 20 mmol/l 10 mmol/l

Dissolve into 10 ml 
albumin 50 g/l 
solution

0.048 g of lactate 
(sodium salt)

11 mg of pyruvate 
(sodium salt)

25.5 mg ACAC 25.7 mg of d-l, 3OHB 

Stability 6 months at – 20°C 6 months at – 20°C 6 months at – 20°C 6 months at – 20°C

Prepare three differ-
ent level solutions

Level 1
Level 2
Level 3

10 µmol/l
50 µmol/l

100 µmol/l

100 µmol/l
200 µmol/l
400 µmol/l

10 µmol/l 
50 µmol/l

100 µmol/l

0.25 mmoll
0.5 mmol/l
1 mmol/l

Stability Do not store Do not store Do not store Do not store

Target values and 
acceptable limits

10 µmol/l ± 1.5
50 µmol/l ± 7.5

100 µmol/l ± 15

100 µmol/l ± 15
200 µmol/l ± 30
400 µmol/l ± 60

10 µmol/l ± 1.5
50 µmol/l ± 7.5

100 µmol/l ± 15

0.25 mmol/l ± 0.03
0.5 mmol/l ± 0.075

1 mmol/l ± 0.15



Table 1.4.4  Operating procedure

Pyruvate ACAC 3OHB

Sample (neutralised supernatant) 60 µl 60 µl 40 µl

R1 (buffer + coenzyme) 100 µl 105 µl 120 µl

Mix thoroughly, incubate at 37°C, measure absorbance at 340 nm A1

R2 (enzyme) 20 µl 12 µl 10 µl

Wait time at 37°C 300 s 450 s 600 s

Measure absorbance at 340 nm A2

Calculation factor (µmol/l) taking into 
account the sample dilution (× 4.5)

475
2142

466
2686

671
3019



Table 1.4.5  Analytical performances of the methods [17]. CV Coefficient 
of variation

Lactate Pyruvate ACAC 3OHB

Reproducibility within run (CV%) < 3 < 3 < 3 < 3

 range (mmol/l) 0.8–8 0.1–0.5 01–2 0.4–5

Reproducibility run to run (CV%) < 5 < 5 < 5 < 5

 range (mmol/l) 0.8–8 0.1–0.5 0.1–2 0.4–5

Linearity limits (mmol/l) 0–15 0–15 0–15 0–9

Detection limit (mmol/l) 0.1 0.01 0.02 0.02
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KBs are 10–20% higher than blood values. No difference has been observed between 
venous and arterial blood in this regard.

Interpretation – Reference Values

Reference values are given according to age, fed state, fasting state, diet and nutri-
tional status (Table 1.4.6). Figure 1.4.4 shows the evolution of KB level as a function 
of fasting time and age [4, 17]. The reference values for lactate/creatinine/pyruvate 
are as follows:
1. Urine: lactate: creatinine ratio < 0.2 mmol/mmol creatinine.
2. CSF [2, 9]:

a. Lactate: 1.1–2.2 mmol/l
b. Pyruvate: 0.05–0.15 mmol/l
c. Lactate:pyruvate ratio: 15–20

Fig.	1.4.4	 Ketone body levels according to fasting time and age

Table 1.4.6  Reference values for blood lactate, pyruvate, ACAC and 3OHB according to age, fed state 
and fasting state. L:P lactate:pyruvate ratio

Lactate (L) 
(mmol/l)

Pyruvate (P)
(mmol/l)

L:P 3OHB 
(mmol/l)

ACAC 
(mmol/l)

Ketone bodies
(mmol/l)

Ratio
3OHB:
ACAC

Children (0–1 year)

Fed state, 1 h after meals 0.6–2.2 0.04–0.14 6–14 0.10–0.2 0.10–0.25 0.10–0.30 < 1

Children (1–7 years)

Fasting 10 h 0.7–1.8 0.09–0.17 6–14 0.02–0.3 0.04–0.20 0.02–0.6 < 2.5

Fed state 0.9–1.8 0.08–0.17 6–14 0.02–0.1 0.04–0.13 0.02–0.2 < 1

Children (7–15 years) and adults

Fasting 10 h 0.7–0.9 0.04–0.12 6–14 0.02–0.3 < 0.2 0.1–0.4 0.4–2.3

Fed state 1.0–1.55 0.08–0.16 6–14 0.02–0.1 0.04–0.13 < 0.20 < 1
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1.4.4.3	 Main	Causes	of	Hyperlactataemia,	
Hyperketonaemia	and	Hypoketonaemia

The main causes of acquired hyperlactataemia and hereditary hyperlactataemia are 
given in Tables 1.4.7 and 1.4.8, respectively. The main causes of hyperketonaemia 
and hypoketonaemia are given in Tables 1.4.9 and 1.4.10, respectively.

Table 1.4.7  Main aetiologies for hereditary hyperlactataemias [3]

Primary hyperlactataemias Secondary hyperlactataemias

Glycogen metabolism disorders
 Amylo-1,6-glucosidase defect
 Liver phosphorylase defect
 Glycogen synthetase defect

Organic acidaemias
 Methylmalonic aciduria
 Propionic aciduria
 Isovaleric aciduria

Gluconeogenesis defects
 Glucose-6-phosphatase defect
 Fructose-1,6-biphosphatase defect
 Phosphoenol pyruvate carboxykinase defect

Congenital hyperammonaemia: 
citrullinaemia
 Fat oxidation disorders

Pyruvate disorders
 Pyruvate carboxylase defect
 Pyruvate dehydrogenase defect

Krebs cycle abnormalities
 Ketoglutarate dehydrogenase defect
 Fumarase defect

Respiratory chain abnormalities
 NADH coenzyme Q reductase defect (complex I)
 Succinate coenzyme Q reductase defect (complex II)
  Coenzyme Q cytochrome C reductase defect  

(complex III)
 Cytochrome oxidase C defect (complex IV)
 ATPase defect (complex V)



Table 1.4.8  Main causes for acquired hyperlactataemia [3, 6]

With anoxia, resulting in tissue 
hypoperfusion

Without anoxia

Heart stroke, endotoxins or haemorrhagic Diabetes

Serious anaemia Renal insufficiency

Intensive muscular disease Intoxications: salicylate, cyanide, alcohol, 
antiretroviral drugs, biguanides

Left ventricular insufficiency

Convulsions

Hypocapnia
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1.4.4.4	 Typical	Pathological	Values

Respiratory Chain Abnormalities

Data from a patient affected with mitochondrial respiratory chain abnormalities 
(complex I, III and IV deficiencies) are given in Table 1.4.11. Permanent hyperlac-
tataemia is associated with an increased lactate:pyruvate ratio and postprandial keto-
sis with an increased 3OHB:AA ratio. Pyruvate, the product of glycolysis, is metabo-
lised in the mitochondria to acetyl CoA by PDH. Pyruvate can be reduced to lactate 
by LDH or may be utilized for gluconeogenesis. Mitochondrial respiratory chain 
dysfunction results in decreased acetyl CoA metabolism. Pyruvate metabolism shifts 
towards other metabolic routes, including reduction to lactate and gluconeogenesis. 
Lactate cannot be cleared as rapidly as it is being produced, resulting in acidosis. 
Increased gluconeogenesis results in hyperglycaemia.

A fully functional PDH complex leads to acetyl CoA accumulation. Overproduc-
tion of acetyl CoA, without utilisation in the respiratory chain complex, results in 
accumulation of acetyl CoA in the cytoplasm, where it serves as a substrate for fat 
production. An inability to metabolise acetyl CoA also leads to increased circulating 
levels of ACAC and 3OHB [8, 13].

Table 1.4.9  Causes for hyperketonaemias

Over-production Decreased ketone body utilisation at the peripheral 
level

Diabetes – insulin dependent Ketolysis defects:
 Succinyl coenzyme A:3-keto acid transferase
 ACAC coenzyme A thiolase

Methyl malonic, propionic or isovaleric acidaemias

Pyruvate carboxylase and multiple carboxylase deficiency

Gluconeogenesis enzyme deficiency: glucose-6-phosphatase, 
fructose-1,6-diphosphatase or abnormality of glycogen synthesis 
(glycogen synthase)



Table 1.4.10  Hypoketonaemic states

Hyperinsulinism
Multiple acyl coenzyme A dehydrogenase
 Long chain fatty acid oxidation defect
 Carnitine palmitoyl transferase I and II
 Systemic carnitine deficiency
 Long-chain acyl coenzyme A dehydrogenase defect
 Long-chain 3-hydroxy-acyl coenzyme A dehydrogenase defect
Medium chain acyl coenzyme A dehydrogenase deficiency
Hydroxymethyl glutaryl coenzyme A lyase defect
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PC Defect

In the initial step of gluconeogenesis, pyruvate is carboxylated to oxaloacetate by PC 
(Fig. 1.4.2). Two forms of PC deficiency are observed. Patients with type B disease 
develop symptoms in the neonatal period, including severe lactic acidaemia, hypoto-
nia, seizures, failure to thrive, psychomotor retardation and hepatomegaly. The lac-
tate:pyruvate ratio is increased due to a deficiency in aspartate, which is involved in 
maintaining the mitochondrial redox status. Hypoglycaemia is mild and helps to dis-
tinguish this condition from type I glycogen storage disease (glucose-6-phosphatase 
deficiency), which also produces lactic acidosis. Most patients with type B disease 
do not synthesize any PC protein. Death usually occurs within the first 6 months of 
life. Type A disease manifests as less severe lactic acidaemia (3–6 mmol/l) with acute 
metabolic decompensation usually observed in association with an illness or fasting. 
These patients demonstrate low muscle tone and developmental delays, mental retar-
dation with cerebral atrophy, and abnormalities of brain myelinisation.

Metabolically, acetyl CoA that is generated is diverted to ketogenesis, and urea 
cycle activity is decreased, leading to hyperammonaemia associated with fasting 
hypoglycaemia, increased lactataemia associated with an increased lactate:pyruvate 
ratio, and increased ketonaemia with a 3OHB:AA ratio < 1. Data from a patient af-
fected with a PC defect are presented in Table 1.4.12.

PDH Defect

Data from a patient affected with a PDH defect are presented in Table 1.4.13. In 
general, hyperlactataemia (increasing with meals) associated with a normal 
lactate: pyruvate ratio and normal ketonaemia is observed. The ketogenic diet is a 
rational treatment for PDH complex deficiency.

Table 1.4.11  Data from a patient affected with a complex I, III  
and IV deficiency

Lunch Dinner

Before 
meals

After meals Before 
meals

After meals

Lactate (mmol/l) 6.00 8.50 5.00 8.90

Pyruvate (mmol/l) 0.24 0.31 0.18 0.28

L:P 24.00 27.50 28.00 32.00

ACAC (mmol/l) 0.22 0.14 0.16 0.20

3OHB (mmol/l) 1.53 0.90 1.10 1.27

Ketone bodies (mmol/l) 1.75 1.04 1.26 1.45

3OHB:AA 7.00 6.40 6.90 6.40

Glycaemia (mmol/l) 5.00 5.80 3.30 5.20
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Beta Oxidation Defect

Hypoketotic hypoglycaemia was observed in a patient with consanguinity and a his-
tory of hypotrophy and neonatal hypoglycaemia. She was hospitalised at 6 months of 
age for anorexia, hypotonia, progressive asthenia and failure to thrive [15, 16]. As-
sociated findings included liver insufficiency, icterus and hepatomegaly. Metabolic 
evaluation of lactate, pyruvate, ACAC and 3OHB (associated with increased UEFA; 
Table 1.4.14) resulted in an evaluation of a fatty acid oxidation defect. Characteriza-
tion of plasma acylcarnitines and oxidation of long-chain fatty acids (myristic and 
palmitic acid) in cultured fibroblasts demonstrated a long-chain 3-hydroxyacyl-co-
enzyme A dehydrogenase defect.

Table 1.4.12  Fed and fasting state for a patient affected with a pyruvate 
carboxylase defect (type B)

Before meals After meals

Lactate (mmol/l) 22.00 11.00

Pyruvate (mmol/l) 0.55 0.22

L:P 40.00 50.00

ACAC (mmol/l) 0.80 0.50

3OHB (mmol/l) 0.35 0.25

Ketone bodies (mmol/l) 1.15 0.80

3OHB:AA 0.40 0.50

Glucose (mmol/l) 2.40 5.60



Table 1.4.13  Data from a patient affected with a pyruvate dehydrogenase 
defect

Breakfast Lunch

Before meals After meals Before meals After meals

Lactate (mmol/l) 9.30 13 8.80 10.00

Pyruvate (mmol/l) 1.07 1.50 0.66 0.90

L:P 8.70 8.70 13 11.00

ACAC (mmol/l) 0.07 0.03 0.04 0.06

3OHB (mmol/l) < 0.02 < 0.02 < 0.02 < 0.02

Ketone bodies (mmol/l) < 0.20 < 0.20 < 0.20 < 0.20

3OHB:AA < 1 < 1 < 1 < 1
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Ketolysis Disorder

Succinyl Coenzyme A:3-Oxo Acid Transferase Defect

Succinyl coenzyme A:3-oxo acid transferase catalyses the transformation of ACAC 
into acetoacetyl coenzyme A in the mitochondria of extra-hepatic tissues. This 
enzyme defect may be suggested in cases of severe ketoacidosis often associated with 
neurologic dysfunction [16].

The data presented in Table 1.4.15 are derived from a 2-year-old child in the fed 
and fasting states and document the results of a metabolic evaluation of this patient. 
Permanent hyperketonaemia increased with fasting, in comparison to UEFA, which 
are lower in comparison to the KB concentration, suggests a defect in utilizing KBs 
in the periphery, not overproduction of KBs from UEFA.

Table 1.4.14 Data from a patient affected with a long-chain 3-hydroxyacyl 
coenzyme A dehydrogenase defect. UEFA Unesterified fatty acids

Before meals 1 h after 3 h after 4 h after

Lactate (mmol/l) 1.50 2.20 1.50 2.30

Pyruvate (mmol/l) 0.15 0.18 0.15 0.18

L:P 10.00 12.00 10.00 13.00

ACAC (mmol/l) 0.06 0.07 0.07 0.05

3OHB (mmol/l) 0.05 0.02 0.04 0.04

Ketone bodies (mmol/l) < 0.20 < 0.20 < 0.20 < 0.20

3OHB:AA < 1 < 1 < 1 < 1

UEFA (mmol/l) 1.00 0.07 1.20 3.50

Glucose (mmol/l) 4.00 5.80 2.50 2.40



Table 1.4.15  Data from a patient affected with succinyl coenzyme A:3-oxo 
acid transferase deficiency

Fed state After 20 h fasting

Lactate (mmol/l) 1.50 1.30

Pyruvate (mmol/l) 0.15 0.11

L:P 10.00 12.00

ACAC (mmol/l) 0.25 4.20

3OHB (mmol/l) 0.20 6.00

Ketone bodies (mmol/l) 0.45 10.00

3OHB:AA < 1 1.40

UEFA (mmol/l) 0.10 3.00

Glucose (mmol/l) 4.50 3.00
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1.4.5	 Pitfalls

1.4.5.1	 Pre-analytical	Pitfalls

The main sources of variation are linked to the time of collection, conditions of treat-
ment and the transport and storage of the sample [5, 14].

Deproteinisation

1. An increased lactate:pyruvate ratio is observed when the delay between the mo-
ment of blood collection and deproteinisation exceeds 5 min (Fig. 1.4.5).

2. Inappropriate volume of the deproteinised sample will lead to errors in measure-
ment.

3. Inappropriate pH of the filtrate may reflect a non-uniform dilution ratio between 
the blood sample volume and HClO4 volume, or can be due to errors in HClO4 
molarity or instability due to inappropriate storage of the acid.

4. Lactate, pyruvate, 3OHB and ACAC must be measured using the same deprotein-
ised sample; if not, the lactate:pyruvate ratio may be incorrect.

Sample Stability

Pyruvate and ACAC are not stable at 20–25°C.

Fig.	1.4.5	 Effects of blood storage temperature and delay be-
tween sample preparation and measurement on the lactate:
pyruvate ratio
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2.1.1	 Introduction

Amino acids constitute the building blocks of our proteins and peptides and, as such, 
they are the most important low-molecular-weight substances in the human organ-
ism. The name amino acid stems from its chemical structure: in general these sub-
stances contain one or two primary amino groups and one or two carboxyl groups. 
For almost a century the detection of amino acids in biological fluids depended on 
its reaction with ninhydrin: the colored reaction product can be visualized on fil-
ter paper or quantified by its light absorption at 400–600 nm. The invention of the 
amino acid analyzer (AAA) in the 1950s marked the start of large-scale investiga-
tions into inborn errors of metabolism and constituted a scientific development that 
is still going on. From that time onwards it also became possible to monitor the 
dietary therapy of amino acid disorders, thereby improving the quality of life for the 
patients. Furthermore, sensitive amino acid analysis of amniotic fluid enabled the 
prenatal diagnosis of selected disorders, an important preventive action.

Protein consists of some 20 different amino acids, of which half can be synthe-
sized endogenously; the other half (the essential amino acids) are derived from the 
diet. Protein synthesis then takes place for a large part in the liver; every protein 
has a highly constant amino acid composition. Although there are only 20 protein 
amino acids, numerous alternative reactions take place, resulting in the formation 
of “unusual” amino acids. The classic book of Bremer et al. [2] mentions more than 
100 amino acids occurring in human urine, and the actual number may even be 
higher. The recent application of tandem mass spectrometry (MS/MS) analysis of 
human amino acids [8] tells us to take at least 76 amino acids of biological interest 
into account.

Inherited defects of amino acid catabolism, biosynthesis, or transport have been 
known for many years; the number of novel defects is only slowly increasing [1, 3, 4, 
10, 12]. In this respect, cystinuria was among the first four inherited metabolic dis-
eases described by Garrod 100 years ago. The disease with the highest impact on the 
community – phenylketonuria (PKU) – was discovered as early as the 1930s. Despite 
its early discovery, PKU remains a mysterious disease in several aspects, and patient-
oriented research of this condition continues today.

Amino acids are precious components of the human organism and therefore 
urinary losses are small due to an efficient renal tubular reabsorption system. Be-
cause of this, and because the analytical approach is aimed at detecting catabolic 
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disorders and anabolic disorders, there is a necessity to correctly identify increased 
and decreased amino acid levels. The low levels of amino acids in the cerebrospinal 
fluid (CSF) and the neurotransmitter action of several amino acids adds an extra 
dimension to this analytical problem.

Amino acids are not only associated with inborn errors of metabolism; they may 
also serve as sensitive markers of the nutritional state and of the function of various 
organs such as the liver, the kidneys, the intestine, and the muscles. The changes 
in amino acid concentrations in (acquired) malfunctioning of these organs may be 
subtle, therefore the amino acid analysis should have a fairly high level of accuracy 
in order to interpret these changes. Internal and external quality assurance programs 
such as the ones offered by European Research Network for evaluation and improve-
ment of screening, Diagnosis and treatment of Inherited disorders of Metabolism 
(ERNDIM) are an indispensable aid in the improvement of one’s analytical systems 
in this area.

2.1.2	 Properties	of	Analytes

Amino acids are by definition low-molecular-weight mono- or dicarboxylic acids 
with one or more amino groups. A few imino acids (proline, hydroxyproline, pipe-
colic acid) are also considered to belong to this group of biologically important 
substances.
The carboxylic acid group of the amino acid has a loosely bound proton and thus 
tends to have a slightly negative electric charge. On the other hand, the amino 
group – having a free electron pair at the nitrogen atom – is prone to bind a proton, 
thereby becoming positively charged. The net effect is a neutral substance with a 
bipolar, extremely hydrophilic character (“Zwitterion”). In spite of the hydrophilic 
nature of the amino acids, some of them are only slightly soluble in water. These 
amino acids are cystine and tyrosine, and care should be taken to fully dissolve these 
substances in the urine prior to amino acid analysis.
Amino acids with two carboxylic groups or those with two amino groups behave 
slightly differently in that they are not entirely neutral, but may be acidic or basic. All 
amino acids therefore have a different isoelectric point (see Table 2.1.1). These differ-
ences in polarity form the basis of the separation of amino acids: the neutral amino 
acids are in the middle part of the chromatogram and the dibasic amino acids elute 
late. In addition, the length of the aliphatic chain of the molecule makes the amino 
acid less polar, causing later elution (e.g., ornithine, which has five carbon atoms, 
elutes before its homolog lysine, which has six carbon atoms).

None of the amino acids are bound to protein, with exception of the sulfur amino 
acids cysteine and homocysteine and the heterocyclic amino acid tryptophan. Care 
should be taken in the deproteinization of biological samples in order to preserve 
these amino acids.

The ionic and hydrophilic nature of the amino acids precludes their isolation from 
biological fluids by solvent/solvent extraction. Modification of the amino group, for 
example the formation of an N-acetyl group, makes solvent extraction accessible.

There is a way of bringing amino acids from the biological matrix into an aque-
ous/organic surrounding – by deproteinization with acetonitrile or alcohol. This is 
the preferred method of preparing samples for MS/MS.
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Table 2.1.1  Some properties of the most relevant amino acids. m.w. Molecular weight, pI isoelectric 
point

Amino acid Structure m.w. pI

S-Adenosylhomocysteine 4-(adenosylthio)-2-aminobutanoic acid 384.4

S-Adenosylmethionine 4-(adenosyl-methylthio)-2-aminobutanoic acid 399.4

Alanine 2-aminopropanoic acid 89.1 6.00

β-Alanine 3-aminopropanoic acid 89.1

Alloisoleucine (2S,3R)-3-methyl-2-aminopentanoic acid 131.2

α-Aminoadipic acid 2-aminohexanedioic acid 161.1

α-Aminobutyric acid 2-Aminobutanoic acid 103.1 6.08

γ-Aminobutyric acid 4-aminobutanoic acid 103.1 9.20

β-Aminoisobutyric acid 3-amino-2-methylpropanoic acid 103.1

Arginine 5-guanidino-2-aminopentanoic acid 174.2 11.15

Argininosuccinic acid (N-4-amino-4-carboxybutyl) carbamimidoyl-aminobutanedioic acid 290.3 3.50

Asparagine 2-amino-3-carbamidopropionic acid 132.1 5.41

Aspartic acid 2-aminobutanedioic acid 133.1 2.77

Citrulline 5-(carbamoylamino)-2-aminopentanoic acid 175.2 5.92

Cystathionine 4-(S-2-aminocarboxypropyl)-2-aminobutanoic acid 222.3

Cystine 3,3-dithiobis-(2-aminopropionic acid) 240.3

Ethanolamine 2-hydroxyethylamine 61.1

FIGLU 2-(iminomethylamino)pentanedioic acid 174.2

Glutamic acid 2-aminopentanedioic acid 147.1 3.22

Glutamine 2-amino-4-carbamidobutanoic acid 146.2

Glycine Aminoacetic acid 75.1 5.97

Histidine 1-H-imidazole-4-(2-aminopropionic acid) 155.2 7.47

Homoarginine 2-amino-6-guanidinohexanoic acid 188.2

Homocarnosine N2-(4-aminobutanoyl) histidine 240.3

Homocitrulline 2-amino-6-ureidohexanoic acid 189.2

Homocystine 4,41-Dithiobis(2-aminobutanoic acid) 268.3 5.58

Hydroxylysine 2,6-diamino-5-hydroxyhexanoic acid 162.2 9.15

Hydroxyproline 4-hydroxy-2-pyrrolidinecarboxylic acid 131.1 5.74

Isoleucine (2S,3S)-3-methyl-2-aminopentanoic acid 131.2 5.94

Leucine 4-methyl-2-aminopentanoic acid 131.2 5.98

Lysine 2,6-diaminohexanoic acid 146.2 9.59

Methionine 4-methylthio-2-aminobutanoic acid 149.2

Ornithine 2,5-diaminopentanoic acid 132.1

Phenylalanine 3-phenyl-2-aminopropanoic acid 165.2 5.48
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2.1.3	 Specimens	for	Analysis

As indicated earlier, amino acids are transported across various membranes by a 
variety of specific transporters. In order to gain insight into defects affecting any of 
these transporters, one may have to analyze different body fluids, cells, or tissues. 
However, the initial samples for investigation disorders of amino acid metabolism 
are a fasting plasma sample combined with a 24-h urine. In daily practice one will 
observe that many blood samples will be taken in an outpatient clinic situation dur-
ing mid-morning or after lunch. This may result in mildly increased levels of a range 
of amino acids; the pattern is considered non-specific. It should be emphasized here 
that the diagnosis of amino acid biosynthesis defects (glycine, serine, methionine, 
proline, citrulline) does require testing of a fasting plasma sample to avoid erroneous 
interpretations.

2.1.3.1	 Plasma

Plasma should be separated from the blood cells within a few hours. For most amino 
acids the levels in plasma and red cells are comparable, but glutamate, aspartate, and 
taurine have extremely high intracellular levels and thus tend to rise in plasma upon 
hemolysis. A second effect of red cell degradation is the liberation of the enzyme 
arginase, which will convert arginine into ornithine.

Sulfur-containing amino acids such as cystine and homocystine tend to bind to 
plasma proteins. This binding is irreversible; hence, these amino acids will be sev-
erely underestimated unless the plasma is deproteinized immediately following its 
separation from red cells. Blood should be left standing for as short a time as possible 
to avoid binding of cystine to proteins and hemolysis.

Table 2.1.1  (continued) Some properties of the most relevant amino acids. m.w. Molecular weight, 
pI isoelectric point

Amino acid Structure m.w. pI

Phosphoethanolamine 2-aminoethane-1-phosphoric acid 141.1

Pipecolic acid 2-piperidinecarboxylic acid 129.1

Proline 2-pyrrolidinecarboxylic acid 115.1 6.30

Saccharopine N6-(glutar-2-yl)-2,6-diaminohexanoic acid 276.3

Sarcosine N-methylaminoacetic acid 89.1 6.12

Serine 3-hydroxy-2-aminopentanoic acid 105.1 5.68

Sulfocysteine S-(3-amino-3-carboxypropane)sulfonic acid 201.2

Taurine 2-aminoethanesulfonic acid 125.2

Tryptophan 3-indole-2-aminopropanoic acid 204.2 5.89

Tyrosine 3-(4-hydroxyphenyl)-2-aminopropanic acid 181.2 5.66

Valine 3-methyl-2-aminobutanoic acid 117.2 5.96
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Tryptophan is another amino acid that tends to bind with protein; it is also sensi-
tive to the deproteinization process. The use of sulfosalicylic acid (SSA) in particular 
is contraindicated. Trichloroacetic acid, on the other hand, leaves tryptophan unaf-
fected.

Plasma that cannot be analyzed instantaneously should be kept frozen at –20°C. 
Glutamine is particularly liable to decomposition, thereby yielding glutamic acid, 
but also the ninhydrin-negative pyroglutamic acid. It has even been claimed that γ-
aminobutyric acid can be formed from glutamine. Even at –20°C the decomposition 
of glutamine cannot be stopped completely.

2.1.3.2	 Urine

Amino acids in urine may be preserved by a bacteriostatic such as chloroform or 
toluene during the 24-h collection. Aliquots of urine should be stored subsequently 
at –20°C. Heat inactivation at 55°C for 20 min has proven to be effective in sup-
pressing bacterial activity; consequently, the sample can be shipped at room tem-
perature.

2.1.3.3	 Cerebrospinal	Fluid

CSF should be free of any blood contamination because of the marked differences 
between plasma and CSF amino acid levels. Usually the first milliliter of CSF is used 
for routine measurements and the second milliliter is used for amino acid analysis. 
CSF samples are routinely stored at – 80°C.

2.1.4	 Tandem	Mass	Spectrometry

Liquid chromatographic separation of amino acids is one thing, but specific and ac-
curate detection of the column effluent is equally important for the performance of 
the analytical system. In this respect, the electrospray MS/MS approach is extremely 
powerful. It allows the unequivocal identification of not only the 20 protein amino 
acids, but also a variety of other characteristic substances. Careful selection of a high-
performance liquid chromatography (HPLC) technique has enabled Piraud et al. [8] 
to separate 79 diagnostically important amino acids. Their method should be appli-
cable to all body fluids. One of the limitations of the detailed method is the amount 
of time involved in the analysis and the amount of work associated with the inter-
pretation of the mass chromatograms (C. Vianey-Saban, personal communication). 
The other end of the spectrum of analytical approaches is the analysis of amino acids 
in dried blood spots, such as performed in neonatal population screening programs 
[9]. High-throughput analysis requires speed of analysis, hence no chromatographic 
separation of analytes and detection by making use of a common fragmentation re-
action (neutral loss).

Here we describe a concise method for the analysis of the 20 or so most important 
plasma amino acids by positive-ion liquid chromatography-(MS/MS). The method is 
especially useful for the follow-up of dietary treatment.
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2.1.4.1	 Principle	of	Assay

Following extractive deproteinization of the plasma, the amino acids (and their sta-
ble-isotope-labeled internal standards) are separated by HPLC and introduced into 
the mass spectrometer. Electrospray ionization results in the formation of electri-
cally charged molecules, which are separated on the basis of their mass/charge (m/z) 
ratio in the first quadrupole. Following fragmentation in the collision cell, the char-
acteristic fragment for each amino acid is selected in the second quadrupole. This 
process is named multiple reaction monitoring.

2.1.4.2	 Specimen

A minimum volume of 100 µl plasma is needed.

2.1.4.3	 Reagents	and	Chemicals

All chemicals should be of the highest purity available or HPLC-grade. The following 
reagents and chemicals are required:
1. Amino acid standard (Pierce 20088); this is diluted tenfold with water prior to 

use.
2. Glutamine (Merck 289).
3. Asparagine (Merck 1566).
4. Tryptophan (Sigma T-0254).
5. 2H3-Serine (ARC lab DLM-1073).
6. 2H4-Alanine (ARC lab DLM-1276).
7. 2H5-Phenylalanine (ARC lab DLM-1258).
8. 2H4-Tyrosine (ARC lab DLM-451).
9. 2H3-Methionine (ARC lab DLM-431).
10. 2H3-Tryptophan (ARC lab DLM-1092).
11. Acetonitrile (Merck M30).
12. Heptafluorobutyric acid (HFB; Pierce 25003).
13. MilliQ water (Millipore).
14. HCl 35% (Merck 316).
15. Eluent A: prepared by adding water to 1 ml of HFB to a final volume of 1 l.
16. Eluent B: prepared by mixing eight parts of acetonitrile and two parts of water. 

The mixture is sonicated for 15 min.
17. 0.1 M HCl: made by diluting 13 ml 35% HCl with water to a final volume of 1 l.
 The internal standard mixture is made up in such a way as to enable normal 

plasma level determinations.

2.1.4.4	 Instrumentation

The analysis is carried out on a Micromass Quattro II tandem mass spectrometer, 
coupled to a Hewlett Packard HP1100 HPLC system. All other laboratory equipment 
is standard equipment,with exception of a Centrivap vacuum concentrator (Lab-
conco).
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Separation of the amino acids is achieved on a Synergy Hydro-RP column 
(250 × 4.6 mm, 4-µm particles; Phenomenex 00G-4375-E0) with a 20 × 4.0 mm C18-
DB guard column (Supelco 59565).

2.1.4.5	 Procedure

A 50-µl aliquot of plasma, control plasma, or calibration standard is pipetted into an 
Eppendorf vial. Add 20 µl of the internal standard mixture and 500 µl of acetonitrile. 
Mix on a Vortex mixer and allow deproteinization at 4°C for 15 min. Centrifuge at 
12,000 rpm (12,000 × g) in a refrigerated microcentrifuge for 10 min. Transfer the 
supernatant to a glass vial and evaporate the solvent in the Centrivap vacuum con-
centrator (50°C, 60 min). Redissolve the residue in 200µl of water and mix. Finally, 
add 20 µl of 0.1% HFB, mix again, and transfer the sample to an autosampler vial. 
The sample is ready for injection and can be kept in the refrigerator for 3 days. Ten 
microliters of the sample are injected into the HPLC equipment. Gradient elution of 
the amino acids is carried out as shown in Table 2.1.2.

The electrospray -MS/MS instrument is set in such a way that pairs of ions are 
recorded, each with a dwell time of 0.05 s with an interchannel delay of 0.03 s. The 
collision energy and the cone voltage are adjusted for each analyte (Table 2.1.3). An 
example of an MS/MS profile is shown in Fig. 2.1.1.

2.1.4.6	 Quality	Control

Each series of analyses has one control plasma (a mix of anonymized plasmas), 
which is also being used for the AAA approach. The observed values of ten indi-
vidual amino acids are displayed in a Shewhart-card and thus constitute the internal 
quality control system.

External quality control involves participation in the ERNDIM scheme for quan-
titative amino acids in plasma. Four pairs of samples with four concentration levels 
are analyzed throughout the year and their results give an indication of accuracy, 
precision, linearity, and recovery.

Table 2.1.2  Gradient elution of the amino acids for tandem mass 
spectrometry

Time (min) %A %B Flow (ml/min)

0 100 0 1.2

2 95 5 1.2

10 50 50 1.2

11 0 100 1.2

12 0 100 1.2

12.01 100 0 1.2

13 100 0 1.2
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Table 2.1.3  Multiple reaction monitoring of amino acids for their tandem mass spectrometry 
quantitation. In daily practise not all mentioned amino acids are measured in one run, but a set 
of ten dedicated evaluation programs has been developed, covering groups of amino acids associated 
with groups of disorders. Amino acids presented in italics indicate stable-isotope-labeled internal 
standards

Amino-acid Parent Daughter Cone voltage (V) Collision energy 
(eV)

Glycine 76.05 30.40 20 10
2H5-Glycine 81.05 35.40 20 10

Alanine 90.05 44.30 20 20

Sarcosine 90.10 44.30 20 15

β-Alanine 90.10 72.20 20 10
15N-β-alanine 91.10 73.20 20 10
2H4-alanine 94.05 48.30 20 20

β-Amino-isobutyric 
acid

104.05 86.00 20 5

Serine 106.00 60.30 20 15
2H3-Serine 109.00 63.30 20 15

Proline 116.00 70.15 20 15

Valine 118.00 72.15 20 10

Threonine 120.10 74.25 20 15
2H7-Proline 123.00 77.15 20 15
2H8-Valine 126.00 80.15 20 10

Taurine 126.10 108.05 30 10
13C2-Taurine 128.10 110.05 30 10

Leucine 132.05 43.25 20 30

Alloisoleucine 132.05 69.10 20 20

Isoleucine 132.05 86.15 20 15

δ-Amino-laevulinic 
acid

132.05 114.15 20 10

Ornithine 133.05 70.20 20 20

Asparagine 133.05 74.15 20 20

Aspartic acid 134.20 74.20 20 20
2H3-Leucine 135.05 46.25 20 30

Homocysteine 135.95 90.05 20 10
2H3-Aspartic acid 137.20 77.20 20 20
2H6-Ornithine 139.05 76.20 20 20
2H4-Homocysteine 139.95 94.05 20 10
2H10-Isoleucine 142.05 96.15 20 15
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Table 2.1.3  (continued) Multiple reaction monitoring of amino acids for their tandem mass 
spectrometry quantitation. In daily practise not all mentioned amino acids are measured in one run, 
but a set of ten dedicated evaluation programs has been developed, covering groups of amino acids 
associated with groups of disorders. Amino acids presented in italics indicate stable-isotope-labeled 
internal standards

Amino-acid Parent Daughter Cone voltage (V) Collision energy 
(eV)

Lysine 147.10 84.15 20 20

Glutamine 147.15 129.95 20 10

Glutamic acid 148.05 84.15 20 20

Methionine 150.00 104.10 20 10
2H3-Glutamic acid 151.05 87.15 20 20
2H4-Lysine 151.10 88.15 20 20
2H5-Glutamine 152.15 134.95 20 10
2H3-Methionine 153.00 107.10 20 10

Histidine 156.20 110.10 25 15

α-Amino-adipic acid 162.10 98.10 20 10

Phenylalanine 166.10 120.15 20 15
2H5-Phenylalanine 171.10 125.15 20 15

Arginine 175.15 70.20 25 30

Citrulline 176.10 159.00 15 10
13C-Citrulline 177.10 160.00 15 10

Tyrosine 182.10 165.05 20 10
2H7-Arginine 182.15 77.20 25 30
2H4-Tyrosine 186.10 169.05 20 10

Homocitrulline 190.10 173.05 20 10

Tryptophan 205.25 188.05 20 10

Kynurenine 209.15 192.10 20 10
2H5-Tryptophan 210.25 193.05 20 10

3-OH-Kynurenine 225.00 208.00 20 10

Cystathionine 222.95 134.00 20 15

Cystine 241.00 74.05 25 30

Argininosuccinic acid 291.05 70.10 30 40
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2.1.4.7	 Validation	Data

The lower detection limit in plasma of the aromatic amino acids was at a level of 
1 µmol/l, whereas those for alanine and glycine were 5 µmol/l and 10 µmol/l, respec-
tively. The interassay variation was established by analyzing the pool plasma on seven 
consecutive days. The coefficient of variation ranged from 1.9% for phenylalanine (at 
a level of 50 µmol/l) to 11.9% for glycine at a level of 230 µmol/l.

The recovery of added amino acids ranged from 91 to 116%, based on the results 
of the analyses of ERNDIM quality assurance samples. In general there was good 
agreement between the MS/MS data and the results obtained with the AAA.

2.1.4.8	 Postanalysis

Reference values of this approach are not different from those for other amino acid 
analyses. An example of a mass chromatogram, representing the plasma of a PKU 
patient, is shown in Fig. 2.1.1. When evaluating the results of MS/MS amino acid 
analyses, one has to realize that the liquid chromatographic separation is by far less 
efficient that the AAA separation. For this reason, any amino acid may (partly) co-
elute with other amino acid(s), which potentially interferes with its mass spectromet-
ric behavior. This effect is known as quenching. In order to overcome this as much 
as possible, stable-isotope-labeled internal standards (as many as possible) should be 
used. However, this matrix effect of ion suppression is the major pitfall in the MS/MS 
analysis of amino acids. Consequently, the MS/MS analysis of amino acids cannot be 
regarded as a reference method, similar to all other amino acid analytical methods.

2.1.5	 Amino	Acid	Analyzer

Amino acids can be separated without prior derivatization on a cation-exchange 
resin column. The elution buffers are classically lithium citrate buffers with differ-
ent pH values and salt concentrations, which are applied stepwise. There is usually 
a programmed increase in column temperature. Consequently, there are numerous 
variables affecting the separation of the individual amino acids [6]. For the detec-
tion of the amino acids, the column effluent is mixed with the ninhydrin reagent. 
Nowadays there are only very few manufacturers of AAAs left. The considerable cost 
of purchase and the operation costs are a potential threat to the widespread applica-
tion of this technique, although it is still considered to be the definitive method for 
diagnosing disorders of amino acid metabolism.

The basis of the separation of amino acids by AAA lies in the interaction between 
acids – present in the elution buffer – and the stationary phase. This resin is made 
up of small sulfonated polystyrene particles. The negative charge of the sulfonic acid 
residues is counterbalanced by the Li+ -cations of the elution buffer. As the whole 
separation process takes place at a weakly acidic pH, the carboxylic acid residues are 
protonated and the interaction with the stationary phase of the column is achieved 
by the protonated (and thus positively charged) amino group(s) of the amino acids. 
The more basic the amino acid is, the stronger the interaction with the stationary 
phase and – consequently – the longer the retention time. So it is easily understood 
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that lysine, having two amino groups, elutes much later than the structurally related 
leucine, which only has one amino group. The general order of elution is: acidic, 
neutral, basic. Modification of the predicted order of elution is mainly caused by 
the nonpolar interaction between the column beads and the secondary functional 
groups of the amino acids.

2.1.5.1	 The	Column

Quality of the resin is the basis of good separation and reproducibility of the reten-
tion times. In this respect one is highly dependent upon the manufacturer of the 
instrument, who also supplies the column (and sometimes the resin). During the 
analysis, the resin is confronted with various buffers of increasing strength and tem-
perature, a fierce regeneration step, and trace amounts of protein that cannot be 

Fig.	2.1.1	 Tandem mass spectrometry analyses of plasma phenylalanine (phe) and tyrosine (tyr) 
in a patient with phenylketonuria (PKU; left panel: phe 793 µmol/l, tyr 70 µmol/l) and in a con-
trol (right panel: phe 27 µmol/l, tyr 28 µmol/l). The stable-isotope-labelled internal standards are 
D4-tyrosine (D4-tyr), containing four deuterium atoms and D5-phenylalanine (D5-phe), which 
has five deuterium atoms.
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totally removed from the biological sample. It is not surprising that the performance 
of the column seriously deteriorates after some 2000 injections. Cleaning and re-
generation procedures have always been popular, but modern column technology 
often requires a complete replacement of the column, similar to the HPLC approach. 
A good separation is characterized by 100% valley separation between threonine 
and serine as well as a clear distinction of the peaks representing alanine and citrul-
line (the sizes of which differ enormously). Separation problems are usually tackled 
by modulating the temperature of the column and the switch time of the buffers, 
as individual changes of the buffer composition have become virtually impossible 
nowadays.

2.1.5.2	 The	Buffers

The buffers are uniformly made up of lithium citrate solutions of various pH and 
salt concentrations. The composition of the buffers is absolutely essential for a repro-
ducible analysis and the supply companies are expected to meet the highest criteria 
in this respect. Due to impurities in the chemicals, the water, and the mixing devices, 
different lot numbers of buffers may have slightly different properties. A few tricks 
have been added over the years to improve the quality of the analysis, including the 
addition of methylcellosolve (methoxy ethanol) to the first buffer, and antioxidants 
to preserve methionine from oxidation to methionine sulfoxide.

Temperature changes will result in a shift of the pH of the buffer, and the AAA 
readily makes use of this property for improving separations. This is applicable 
mainly to the later part of the analysis. An increase of the column temperature may 
also influence the binding characteristics of the amino acids with the resin.

So, the analyst has several opportunities to intervene with separation problems. 
Needless to say, long-standing experience with an AAA is of great value for the con-
tinuing quality of the analytical results.

Quantitation of the amino acids proceeds through the postcolumn reaction with 
ninhydrin at 120–135°C, yielding a purple complex for the primary amino acids (ab-
sorbance measured at 570 nm) and a yellow complex for the amino acids proline and 
hydroxyproline (absorbance at 440 nm).

Secondary amino acids such as sarcosine have some color development with nin-
hydrin, but its sensitivity is considerably less than that of the primary amino acids.

The AAA thus has two photometers in series. Since for every eluting amino acid 
both signals are recorded, the so-called 570/440 absorbance ratio may be of help in 
the identification process. As an example the “simple” primary amino acids have 
a 570/440 ratio of approximately 6, whereas the sulfur amino acids (cystine, sul-
focysteine) have much lower ratios, approaching a value of 1. Small peptides and 
glycyl-amino acids will react with ninhydrin, an important fact for the diagnosis of 
prolidase deficiency and aspartylglycosaminuria.

Reduced ninhydrin in solution tends to be unstable, therefore all kinds of precau-
tions have to be taken, such as storage in the cold, in the dark, with a reducing agent 
added, and exclusion of oxygen. The condition of the ninhydrin solution has to be 
checked at regular intervals by running an aqueous amino acid standard mixture 
(Sigma) and adjustment of the response factors.
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2.1.5.3	 Principle	of	the	Assay

As described above, the amino acids are separated at a constant flow on a high-reso-
lution cation-exchange column using buffer and temperature gradients. The postcol-
umn reaction with the ninhydrin reagent is carried out at 135°C and the absorbances 
of the reaction products are read at both 570 and 440 nm. Amino acids are identified 
by comparing their retention time and 570/440 ratio with that of authentic reference 
substances (see Fig. 2.1.2).

2.1.5.4	 Specimen

See section 2.1.3 for general considerations. The AAA requires a minimum amount 
of 300 μl plasma or urine; other body fluids can also be used.

Fig.	2.1.2a–c	 A Urine amino acids in a patient with cystinuria; assayed by an amino acid ana-
lyzer (AAA). The indicated peaks are: 1 glycine, 2 cystine, 3 ammonia, 4 ornithine, 5 lysine, 6 
arginine, i.s. internal standard (S-amino thyl-cysteine). Cystinuria treatment is best followed-up 
by analyzing an early morning urine specimen, which usually shows the highest amino acid con-
centrations. b–c see next page
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2.1.5.5	 Reagents	and	Chemicals

All chemicals should be of the highest purity available or HPLC grade. The following 
chemicals and reagents are required:
1. Sulfo-5-salicylic acid dihydrate (Merck 691).
2. Standard amino acids (Sigma A9906).
3. Lithium citrate buffer 1 (P-21 pH 2.98; Jeol).
4. Lithium citrate buffer 2 (P-12 pH 3.28; Jeol).
5. Lithium citrate buffer 3 (P-13 pH 3.46 - Jeol).
6. Lithium citrate buffer 4 (P-14 pH 2.83; Jeol).
7. Lithium citrate buffer 5 (P-15 pH 3.65; Jeol).
8. Lithium hydroxide 0.4 M (P-19; Jeol).
9. Ninhydrin reagent (WAKO 142-04711; includes acetate buffer): this is prepared 

by first mixing three flasks of acetate buffer for 10 min and bubbling with nitro-
gen, then adding the flask with ninhydrin and repeat the flushing with nitrogen. 
This solution is stable for 2 weeks.

10. Methanol (Merck 6007).
11. Sodium bisulfite (Merck 6528).
12. HCl 25% (Merck 316).
13. HCl 37% (Merck 314).
14. Nitrogen gas.
15. Brij-35 30% (polyoxyethylene lauric ether; Sigma 430AG-6).
16. SSA 15%: dissolve 15 g SSA in water and make up to 100 ml.
17. HCl 0.1M: dilute 13 ml HCl 25% with water to 1 l.
18. Internal standard: dissolve 156.1 mg S-2-aminoethylcysteine (AEC) HCl in 10 ml 

SSA 15%. This solution is stable for 2 years in a refrigerator. For daily use, this 
standard is diluted 1:25 with SSA 15%

2.1.5.6	 Instrumentation

A Jeol Aminotac AAA is used in the author’s laboratory. There are several other 
brands of instruments available that may give comparable results. In general the in-
strument is equipped with a PC-based operating system that controls the order of 
the buffers and the temperature of the column. The manufacturer will supply a ba-
sic separation program for physiologic fluids, which has to be adapted personally 

9 Fig.	2.1.2a–c	 (continued) b AAA analysis of urine amino acids in a patient with lysinuric pro-
tein intolerance. The denoted peaks are: 1 glutamine, 2 glycine, 3 alanine, 4 cystine, 5 homoc-
itrulline, 6 ornithine, 7 lysine, 8 arginine. Note that the level of cystine is entirely normal. The 
malfunctioning of the urea cycle in this defect causes ammonia to accumulate. This neurotoxin 
is subsequently disposed of by the formation of glutamine and alanine. c AAA analysis of plasma 
amino acids in a patient with lysinuric protein intolerance. The denoted peaks are: 1 glutamine, 
2 glycine, 3 alanine, 4 citrulline, 5 ornithine, 6 lysine, 7 arginine. Note that levels of the dibasic 
amino acids lysine, ornithine, and arginine are decreased, whereas that of citrulline is moderately 
increased
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according to the quality of the column. The order of elution of the amino acids is 
virtually the same in all systems, hence it is possible for the experienced analyst to 
interpret results of “foreign” instruments.

Computation of the results will be achieved by a chromatography data system 
such as the Chromeleon system by Dionex.

2.1.5.7	 Procedure

All physiological fluids have to be deproteinized prior to application on the column 
as the resin is extremely sensitive to pollution by protein. The most useful procedure 
combines deproteinization with the addition of the internal standard. In brief as fol-
lows:
1. Plasma: Put 300 μl of plasma and 30 μl of the internal standard AEC in 35% SSA 

into an Eppendorf tube. Vortex and put the mixture into a refrigerator for 30 min. 
Centrifuge at 11000 × g in the cold for 10 min. Filter the supernatant through a 
0.2-μm filter and subsequently mix 140 μl of the filtrate with 140 μl of lithium ci-
trate buffer 1 (P-21). Mix on a Vortex mixer and place the sample into the refriger-
ated autosampler, where it is stable for 3 days.

2. Urine/CSF: A 500-μl aliquot of urine or CSF is mixed with 50 μl of internal stand-
ard AEC in 15% SSA. Following mixing on a Vortex, the deproteinization pro-
ceeds at 4°C for 30 min. The remainder of the procedure is identical to that for 
plasma.

2.1.5.8	 Calibration

The response of the system is calibrated using a commercial standard solution (Sigma) 
to which known amounts of freshly made solutions of some of the unstable amino 
acids are added (glutamine, asparagine, tryptophan). In special circumstances, all 
kinds of other amino acids can be added. It is good practice to check the perfor-
mance of the system at the end of a series with another commercial standard mix 
(e.g., Pierce).

Calibration is essential every time a new ninhydrin batch is taken or when the 
results of the internal quality control samples (see below) are out of range.

2.1.5.9	 Quality	Control

A pool of plasma is composed by mixing residual amounts of plasma left over from 
analyses, thereby ensuring the anonymity of the pool sample. Each series of analyses 
should contain at least one pool plasma sample. The results of 8–10 selected amino 
acids of the pool are plotted in a Shewhart plot to make deviations from the previ-
ously established target values visible. Actions following these deviations will have to 
be devised by the laboratory staff according to standard quality control rules.

National or international quality control schemes for plasma amino acids exist, 
such as the ERNDIM scheme. Virtually all schemes use consensus values as the most 
likely target values and an intelligent scheme adds to that information about repro-
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ducibility, recovery, and linearity. This will enable the laboratory to adapt its proce-
dures for individual amino acids. Since the discovery of defects in the biosynthesis 
of amino acids it has become important to be able to quantify amino acids not only 
at the supraphysiological level, but also at the subphysiological level. Furthermore, 
the addition of unusual amino acids to the scheme will force the lab to be more than 
careful in its interpretations.

2.1.5.10	 Validation	Data

The linearity of the AAA was tested with an aqueous mixture. In general the assay 
was linear up to 2500 µmol/l, for glutamine even 5000 µmol/l. Some amino acids 
were tested at a lower level (cystine, taurine, citrulline) and were found to be linear 
up to 625–1250 µmol/l.

The interassay variation was assessed in a plasma pool, which was stored at –20°C 
and analyzed 26 times over an 8-month period. The coefficients of variation (CVs) 
ranged from 6.1 to 8.9% with the following exceptions: glutamine decreases steadily 
from 587 to 447 µmol/l with a concomitant increase of glutamic acid from 62 to 
164 µmol/l. Cystine decreased from 35 µmol/l to undetectable. Tryptophan, argi-
nine, methionine, asparagine, and proline had CVs slightly in excess of 10%.

The intra-assay variation for plasma was performed in a tenfold analysis and gave 
CVs of 0.8–4.1% with the exception of tryptophan, methionine, and the imino acids 
(6.7–8.9%). Urine behaved similarly to plasma in the sense of reproducibility, with 
CVs between 3.6 and 8.6% in 23 analyses over a 6-month period. Exceptions in this 
respect were the amino acids with a low ninhydrin color yield, such as β-alanine and 
sarcosine.

2.1.6	 High-Performance	Liquid	Chromatography

The use of HPLC for amino acid analysis was taken up more than 30 years ago and 
has resulted in applications that are faster, more reproducible, and more sensitive 
than the classical AAA –approach [5, 11]. However, there are considerable draw-
backs when analyzing physiological fluids. In particular, the wide variation in the 
composition of urine, with contributions from diet and drugs, has precluded a sat-
isfactory use of the method. In addition, most derivatizing agents do not react in a 
quantitative way with all amino acids. One major advantage of the HPLC system for 
amino acids is its cost of operation. A regular HPLC instrument with a run-of-the-
mill reversed-phase column and a fluorescence detector will do the job. The sensi-
tivity of the detection makes it ideally suited for CSF analysis, although most of the 
reported applications deal with plasma.

Orthophthalaldehyde (OPA) in combination with a thiol is the reagent of choice 
for derivatization, despite its inability to react with proline, hydroxyproline, and the 
sulfur-containing amino acids. Another drawback of the reagent is the instability 
of the reaction products, making an automated derivatization system coupled to an 
automated injector, and constant retention times an absolute necessity. Taking into 
account these considerations, the HPLC analysis will be of use to every biochemi-
cal genetics laboratory for biological fluids other than urine. The system has also a 
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role as a back-up for the AAA when there are mechanical problems. Several well-
established laboratories prefer the HPLC approach for the CSF analysis because of 
the high sensitivity enabling the detection of lowered levels of glycine, serine, and 
homocarnosine (see Fig. 2.1.3).

2.1.6.1	 Specimens

The same specimen is needed for HPLC as for MS/MS (see section 2.1.4.2.

2.1.6.2	 Reagents	and	Chemicals

1. OPA 97% (Aldrich): prepared by dissolving 20 mg of the salt in 0.5 ml methanol. 
Add to this solution 3 ml of the potassium borate buffer and 2 ml H2O, followed 
by 30 µl mercaptoethanol. This reagent is stable for 1 week when stored in the 
dark.

2. Methanol 99.8% (Merck)
3. Potassium borate buffer 1.0 M (Pierce)
4. 2-mercaptoethanol (BioRad)
5. Sodium acetate p.a. (Merck): stock solution sodium acetate (1 M) is prepared by 

dissolving 82 g of sodium acetate and 375 mg ethylenediaminetetraacetic acid 
(EDTA) in 1000 ml H2O.

6. Acetic acid 100% (Merck).
7. Lithium citrate buffer B (Pharmacia).
8. HCl 35% (Merck).
9. Isopropanol (Merck).
10. EDTA (Merck).
11. 5-SSA (Merck): 5-SSA 5% is made by dissolving 5 g of the solid in 100 ml H2O.
12. Eluent A: 0.01 M sodium acetate + 9.1% methanol, pH 5.75 is prepared by dilut-

ing 100 ml of the stock sodium acetate to 1 l and adding 100 ml of methanol; the 
pH is adjusted to 5.75 with acetic acid. This solution is stable at room tempera-
ture under helium for 2 weeks.

13. Eluent B: methanol (1 l) with 20 ml isopropanol and 100 ml H2O. Stable for 
4 weeks.

The internal standard is carboxymethylcysteine (10 mg in 10 ml SSA 5%). This should 
be diluted 1:20 prior to use. Calibration standards containing the usual physiologi-
cal amino acids may be purchased from Sigma or Pierce. Labile amino acids such as 
tryptophan, glutamine, asparagine, and homocarnosine should be prepared fresh at 
each calibration step, but can be stored at –20°C for at least 4 weeks.

2.1.6.3	 Procedure

As a consequence of the limited stability of the OPA derivatives, the derivatization pro-
cedure should be carried out in an intelligent autosampler such as the Gilson 231XL 
sampler, equipped with a temperature-controlled sample holder (Gilson 832).
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Fig.	2.1.3	 a Cerebrospinal fluid amino acids assayed by high-performance liquid chromatography (HPLC) in a patient with 
argininosuccinate lyase deficiency. Note the extremely high level of argininosuccinate (ASA), which is higher than the plasma 
level. In addition, the concentration of citrulline, a precursor of ASA in the urea cycle, was increased. The patient was on argi-
nine supplementation treatment, hence the increased level of that amino acid in this fluid. b Cerebrospinal fluid (CSF) amino 
acids analyzed by HPLC in a patient with nonketotic hyperglycinemia (NKH). Levels of glycine (peak 1) were extremely high 
(~100 µmol/l); no other changes were observed. CSF is the fluid of choice for the diagnosis of NKH. c CSF levels of amino acids 
assayed by HPLC in a patient with maple syrup urine disease (untreated). High levels of leucine (peak 3), isoleucine (peak 2), and 
valine (peak 1) are the hallmarks of this disorder. The HPLC approach is unable to separate isoleucine and alloisoleucine
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In brief, a 200-µl sample will be deproteinized with 20 µl 5% SSA containing in-
ternal standard. Following precipitation and centrifugation, 150 µl supernatant is 
diluted with 150 µl of the lithium citrate buffer and placed in the autosampler. The 
derivatization step takes 40 µl of sample and 20 µl of the OPA reagent, which are 
mixed and left to react for 30 s. A 20-µl aliquot is injected.

HPLC separation is achieved on an Alltech OPA-HR LC-8 column (5 µm; 
150 × 4.6 mm) protected by a Supelco LC-18 pellicular guard column (20 µm; 
20 × 4.6 mm). Fluorescence detection (Jasco FP-1520) comprises an excitation wave-
length of 330 nm and an emission wavelength of 450 mm. A good separation is 
achieved at 21°C using the elution program provided in Table 2.1.4

2.1.6.4	 Validation	Data

A CSF sample was analyzed 11-fold. The within-run variation coefficient ranged 
from 1 to 3.5% with two exceptions: tryptophan (5%) and methionine (7%), which 
partially coeluted. The interassay coefficients of variation were calculated from a ser-
ies of 11 analyses over a 7-month period. The median CV was 8%; only taurine, argi-
nine, and glutamate had CVs slightly in excess of 10%. The recovery of added amino 
acids to three CSF samples ranged form 83% (taurine) to 101% (isoleucine). Most 
recoveries were between 90 and 100%. At the lower end of the concentration range 
for CSF, a level of 1 µmol/l can be safely detected.

2.1.7	 Interpretation	and	Follow-Up

The analysis of amino acids has been the first-line approach for the diagnosis of in-
born errors of metabolism in most laboratories ever since the end of the 1950s, and 
it is expected to continue to play this role for a long time. Both the plasma and the 
CSF amino acid profile are now well known and interpretation should not pose any 
problems. A correct diagnosis requires adequate pattern recognition [7].

Table 2.1.4  High-performance liquid chromatography elution program

Step Time (min) Flow (ml/min) %A %B

0 0 0.5 95 5

Injection

1 8 1.0 95 5

2 17 1.0 65 35

3 15 0.6 20 80

4 1 1.0 10 90

5 2 1.0 0 100

6 8 1.0 95 5
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Urine amino acid profiles may suffer from the interference of drugs and dietary 
constituents and, more seriously, knowledge about unusual metabolic products such 
as formiminoglutamic acid tends to get lost as less and less laboratories have the 
facility to perform secondary, but highly informative techniques such as thin-layer 
chromatography or high-voltage paper electrophoresis. New laboratories should not 
hesitate to collect a fairly large amount of old amino acid literature as the informa-
tion contained therein is invaluable.

Every amino acid concentration in a given body fluid should be matched against 
the relevant reference range, preferably constructed within the same laboratory envir-
onment. However, the reference ranges in the literature are reassuringly consistent, 
enabling the correct identification of major abnormalities.

2.1.8	 Normal	Profiles/Physiological	Changes

Amino acids are preferably analyzed in plasma taken after an overnight fast and in 
a 24-h urine collection. The fasting plasma amino acids levels have a quite narrow 
range and are somewhat dependent on the general nutritional status of the subject 
and his/her age (Table 2.1.5)

2.1.8.1	 Age

Age does not have a major influence on amino acid levels, with exception of the neo-
natal period. Premature babies may have underdeveloped hepatic and renal function, 
leading to increased tyrosine and methionine in their plasma as well as enhanced 
urinary losses of cystine, lysine, glycine, proline, hydroxyproline, and cystathionine. 
Taurine levels are generally increased in the first days of life.

2.1.8.2	 Nutrition

Nutrition may have a considerable effect. A high intake of milk protein in neonates 
will result in an increase in most plasma amino acids, especially methionine and 
tyrosine. Canned infant formulae may contain homocitrulline, which may appear 
in the patient’s urine. White meat (chicken!) will contain carnosine, anserine, and 
3-methylhistidine; these substances will appear unchanged in the patient’s urine fol-
lowing the ingestion of this type of meat.

Severe protein malnutrition (kwashiorkor) leads to decreased plasma levels of 
the essential amino acids (branched-chain, phenylalanine, tyrosine, lysine) with a 
concomitant increase in glycine, serine, and proline. The amino acid gradient across 
the placenta is such that the fetus in utero does not suffer from amino acid imbalance 
of an undernourished mother. As an example, fetal plasma phenylalanine is twice as 
high as maternal plasma phenylalanine. This positive effect has a negative side for 
pregnant PKU patients, who, unless they maintain a strict diet, will cause brain dam-
age to their unborn children as a result of continuously high phenylalanine during 
pregnancy.
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Table 2.1.5  Reference values for plasma amino acids in different age groups (µmol/l)

Plasma

Amino acid 1st week 1 week–1 month 1–4 months 4 months–
2 years

2–10 years 10–18 years >18 years

Taurine 14–238 9–201 19–139 19–139 24–92 10–162 6–126

Aspartate 1–21 5–37 6–30 0–16  3–15 4–28 1–9

Hydroxypro-
line

18–66 20–72 22–54 6–30  0–16 0–44 0–33

Threonine 53–141 55–187 66–182 36–136 48–140 72–192 102–190

Serine 62–206 60–240 85–221 42–174 77–169 75–175 68–160

Asparagine 38–114 22–94 28–80 26–70 24–64 32–64 35–63

Glutamate 32–104  0–109 29–81 24–68 11–51 11–59 1–57

Glutamine  198–886 178–670 368–652 337–709 373–709 396–740 435–721

Proline  120–344 65–457 98–254 53–201 93–221 75–307 88–290

Glycine  101–317 20–356 73–241 74–290 113–261 148–324 123–319

Alanine  108–448 116–376 182–378 144–348 158–314 192–508 182–552

Citrulline 5–33 10–50 16–32 6–34 18–50 17–49 16–46

2-Aminobu-
tyrate

3–39 10–26  9–33 10–46 12–40 10–38 7–32

Valine 65–201 59–199 96–228 79–267 133–273 142–278 144–269

Cystine 20–60 28–52 33–57 43–67 24–52 32–64 35–63

Methionine 6–50 13–53 19–51 9–29 11–27 16–36 12–32

Isoleucine 22–82 22–94 28–84 32–92 31–83 38–94 34–84

Leucine 47–175 47–167 55–155 53–149 64–164 76–168 78–160

Tyrosine 38–178 40–160 31–115 14–114 34–82 40–92 35–84

Phenylala-
nine

21–85 21–93 29–85 26–70 35–67 38–78 39–74

Ethanol-
amine

26–93 10–50 5–25 1–9  0–10  0–12 0–11

Ornithine 31–207 10–214 51–123 9–105 24–64 20–84 27–98

Histidine 25–113 33–121 55–115 30–110 54–106 58–106 67–109

Lysine 67–291 42–242 56–172 56–148 77–181 105–221 111–248

Tryptophan 16–72 25–65 32–92 27–59 5–57 27–75 30–95

Arginine 12–116 12–104 38–102 18–78 38–98 45–125 46–128
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2.1.8.3	 Starvation

Starvation for more than a few hours will cause upregulated gluconeogenesis from 
muscle amino acids. As a consequence, most amino acids will show a steady decrease 
during prolonged fasting, with the exception of the branched-chain amino acids. The 
latter substances may even increase. Fasting also induces the breakdown of nucleo-
tides. Beta-aminoisobutyric acid is a nucleotide breakdown marker and will always 
be increased in the urine following a period of fasting.

2.1.8.4	 Gender

Gender is not an important determinant of plasma amino acid levels. Females have a 
tendency toward small changes of their amino acid levels during the menstrual cycle. 
However these changes are barely distinguishable from the normal diurnal changes 
and dietary influences.

2.1.8.5	 Muscle	Activity

Muscle activity involves processes such as aerobic and anaerobic glycolysis and is 
therefore accompanied by an increased pyruvate production. Consequently, the py-
ruvate transamination product alanine will be increased after exercise. Heavy exer-
cise may be associated with an increased need of creatine biosynthesis from arginine. 
Ornithine is a by-product of this pathway and may be increased under these condi-
tions.

2.1.8.6	 Urine

Reference values for amino acids in the urine show a rather sharp decrease from 
the neonatal period to adulthood (Table 2.1.6). This is mainly due to the maturation 
of the renal tubular reabsorption system, but is also the result of increasing muscle 
mass with age, giving rise to increasing creatinine production.

2.1.8.7	 Cerebrospinal	Fluid

CSF amino acids do not show an important age dependence (Table 2.1.7). Levels 
of most amino acids in the CSF are much lower than in the plasma, the exception 
being glutamine. The low CSF values bear a certain analytical risk: a traumatic lum-
bar puncture will result in the presence of small amounts of blood in the CSF. This 
readily influences the CSF amino acid levels and should be interpreted with care. In 
contrast with some of the neurotransmitter metabolites, no ventral/dorsal gradient 
for the amino acid is observed.
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Table 2.1.7  Reference values for amino acids in cerebrospinal f luid 
of subjects of different age groups (µmol/l)

Cerebrospinal fluid

Amino acid 0–1 year 1–18 years >18 years

Taurine 4–14 4–14 4–14

Aspartate 3.7–10.5 2–4.4 1–5

Threonine 15–130 14–50 14–50

Serine 29.6–86 21.44 21–44

Asparagine 4.5–16.4 3–9 3–17

Glutamate 0.8–11 1.2–11 1.2–11

Glutamine 390–824 352–680 352–680

Glycine 3–8.3 3–8.3 1–14

Alanine 13.–48 13–48 13–48

Citrulline 1.2–7.8 1–6 1–6

2-Aminobutyrate 1–7 1–7 1–7

Valine 12–29 9–18 5–38

Methionine 1.6–7.4. 1–5 1–9

Isoleucine 5–12 2.5–6.5 3.4–13.4

Leucine 12.4–20 6.5–16 4.2–27

Tyrosine 7–25 8–14 8–14

Phenylalanine 5–22.5 4–14 24–19

Ethanolamine 3.3–32 9–26 9–26

Ornithine 2.8–19 2.4–9 2.4–9

Histidine 10.5–30 9–22 9–22

Lysine 12–36 10–28 15–43

Tryptophan 2.1–7.5 1–4 1–4

Arginine 12–32 13–35 13–35

β-Alanine 0.025–0.09 0.008–0.05 0.008–0.035

β-AIB 0–0.06 0–0.03 0–0.03

γ-Aminobutyric acid 0.02–0.3 0.02–0.5 0.02–0.6

Homocarnosine 5.5–12 2.5–10.6 2.5–10.6
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Table 2.1.8  The primary defects of amino acid metabolism 
and the corresponding changes of plasma or urine amino 
acid levels. AA amino acid, AAA α-amino-adipic acid, 
AASA α-aminoadipic semialdehyde, AdoHcy S-adenosylhomocysteine, 
AdoMet S-adenosylmethionine, Ala alanine, Arg arginine, 
aIle alloisoleucine, Apo aminopiperidone, ASA argininosuccinate, 
Asn asparagine, Asp aspartate, BAIB β-aminoisobutyric acid, 
Carn carnosine, Cbl cobalamin, CBS cystathionine β-synthase, 
Cit citrulline, csf cerebrospinal f luid, Cysta cystathionine, 
FIGLU formiminoglutamate, GABA γ-aminobutyric acid, Gln 
glutamine, GlcNAc N-acetylglucosamine, Glu glutamate, GSH reduced 
glutathione, GSSG oxidised glutathione, Haw hawkinsin, Hcar 
homocarnosine, Hcit homocitrulline, Hcy homocysteine, HHH 
hyperornithinemia-hyperammonemia-homocitrullinemia, His histidine, 
Hkyn 3-OH-kynurenine, Hyl hydroxylysine, Hyp hydroxyproline, Ile 
isoleucine, Kyn kynurenine, Leu leucine, Lys lysine, Met methionine, 
MTHFR 5,10-methylene tetrahydrofolate reductase, Orn ornithine, p 
plasma, P5C pyrroline-5-carboxylic acid, PEA phosphoethanolamine, 
Phe phenylalanine, P-Hyl O-phosphohydroxylysine, Pip pipecolic 
acid, Pro proline, Sacch saccharopine, Sar sarcosine, Ser serine, 
Sulfocys sulfocysteine, Thr threonine, Tyr tyrosine, u urine, Val valine

1. N-Acetylglutamate synthase deficiency p: Glu↑, Cit↓, Arg↓, Lys↑

2. S-Adenosylhomocysteine hydrolase deficiency p: Met↑, AdoHcy↑, Adomet↑

3. α-Aminoadipic semialdehyde dehydrogenase 
deficiency

u,p: AASA↑, Pip↑

4. α-Aminoadipic aciduria u,p: AAA↑

5. Argininemia u,p: Arg↑

6. Argininosuccinic aciduria p: ASA↑, Cit↑, Gln↑, Arg↓

7. Aspartylglucosaminuria u: GlcNAc-Asn↑

8. γ-Aminobutyric acid transaminase deficiency u,p,csf: GABA↑

9. β-Aminoisobutyric aciduria u: BAIB↑

10. ∆-Aminolevulinate dehydratase deficiency u: ∆-aminolevulinic acid ↑

11. Carbamyl phosphate synthase deficiency p: Gln↑, Cit↓, Ala↑, Lys↑

12. Carnosinemia u: Carn↑

13. Citrullinemia type 1 p: Cit↑, Gln↑, Ala↑, Arg↓

14. Citrullinemia type 2 (citrin) p: Cit↑, Met↑, Thr↑, Tyr↑

15. Cystathioninuria u: Cysta↑

16. Cystinosis u: All AA↑ (renal Fanconi)

17. Cystinuria u: Cys↑, Lys↑, Arg↑, Orn↑

18. Dicarboxylic aminoaciduria u: Glu↑, Asp↑

19. Formiminoglutamic aciduria u: FIGLU↑

20. γ-Glutamylcysteine synthase deficiency u: All AA↑

21. γ-Glutamyl transpeptidase deficiency u: GSH/GSSG↑
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Table 2.1.8  (continued) The primary defects of amino acid 
metabolism and the corresponding changes of plasma or urine 
amino acid levels. AA amino acid, AAA α-amino-adipic acid, 
AASA α-aminoadipic semialdehyde, AdoHcy S-adenosylhomocysteine, 
AdoMet S-adenosylmethionine, Ala alanine, Arg arginine, aIle 
alloisoleucine, Apo aminopiperidone, ASA argininosuccinate, 
Asn asparagine, Asp aspartate, BAIB β-aminoisobutyric acid, 
Carn carnosine, Cbl cobalamin, CBS cystathionine β-synthase, 
Cit citrulline, csf cerebrospinal f luid, Cysta cystathionine, 
FIGLU formiminoglutamate, GABA γ-aminobutyric acid, Gln glutamine, 
GlcNAc N-acetylglucosamine, Glu glutamate, GSH reduced glutathione, 
GSSG oxidised glutathione, Haw hawkinsin, Hcar homocarnosine, 
Hcit homocitrulline, Hcy homocysteine, HHH hyperornithinemia-
hyperammonemia-homocitrullinemia, His histidine, 
Hkyn 3-OH-kynurenine, Hyl hydroxylysine, Hyp hydroxyproline, 
Ile isoleucine, Kyn kynurenine, Leu leucine, Lys lysine, Met methionine, 
MTHFR 5,10-methylene tetrahydrofolate reductase, Orn ornithine, 
p plasma, P5C pyrroline-5-carboxylic acid, PEA phosphoethanolamine, 
Phe phenylalanine, P-Hyl O-phosphohydroxylysine, Pip pipecolic 
acid, Pro proline, Sacch saccharopine, Sar sarcosine, Ser serine, 
Sulfocys sulfocysteine Thr threonine, Tyr tyrosine, u urine, Val valine

22. Glutamine synthetase deficiency p: Gln↓

23. Glycine N-methyltransferase deficiency p: Met↑, AdoMet↑

24. Hyperglycinemia u,p,csf: Gly↑

25. Hartnup disorder u: All neutral AA↑

26. Histidinemia u,p: His↑

27. Homocarnosinosis csf: Hcar↑

28. HHH-syndrome p: Orn↑
u: Hcit↑

29. Hawkinsinuria u: Haw↑

30. Homocystinuria/CBS p: Hcy↑, Met↑, Cys↓, AdoMet↑, 
AdoHcy↑

31. Homocystinuria/MTHFR p: Hcy↑, Met↓

32. Homocystinuria/Cbl E or G p: Hcy↑, Met↓
u: FIGLU↑

33. Hydroxykynureninuria u: Kyn↑, Hkyn↑

34. Hydroxylysinuria u,p: Hyl↑

35. Hypophosphatasia u: PEA↑

36. Iminoglycinuria u: Pro↑, Hyp↑, Gly↑

37. Iminopeptiduria (prolidase deficiency) u: prolylpeptides↑

38. Lowe syndrome u: most AA↑

39. Hyperlysinemia u,p: Lys↑, Acetyllys↑
u: Hcit↑

40. Lysinuric protein intolerance u: Lys↑, Arg↑, Orn↑
p: Lys↓, Arg↓, Orn↓
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Table 2.1.8  (continued) The primary defects of amino acid 
metabolism and the corresponding changes of plasma or urine 
amino acid levels. AA amino acid, AAA α-amino-adipic acid, 
AASA α-aminoadipic semialdehyde, AdoHcy S-adenosylhomocysteine, 
AdoMmet S-adenosylmethionine, Ala alanine, Arg arginine, aIle 
alloisoleucine, Apo aminopiperidone, ASA argininosuccinate, 
Asn asparagine, Asp aspartate, BAIB β-aminoisobutyric acid, 
Carn carnosine, Cbl cobalamin, CBS cystathionine β-synthase, 
Cit citrulline, csf cerebrospinal f luid, Cysta cystathionine, 
FIGLU formiminoglutamate, GABA γ-aminobutyric acid, Gln glutamine, 
GlcNAc N-acetylglucosamine, Glu glutamate, GSH reduced glutathione, 
GSSG oxidised glutathione, Haw hawkinsin, Hcar homocarnosine, 
Hcit homocitrulline, Hcy homocysteine, HHH hyperornithinemia-
hyperammonemia-homocitrullinemia, His histidine, 
Hkyn 3-OH-kynurenine, Hyl hydroxylysine, Hyp hydroxyproline, 
Ile isoleucine, Kyn kynurenine, Leu leucine, Lys lysine, Met methionine, 
MTHFR 5,10-methylene tetrahydrofolate reductase, Orn ornithine, 
p plasma, P5C pyrroline-5-carboxylic acid, PEA phosphoethanolamine, 
Phe phenylalanine, P-Hyl O-phosphohydroxylysine, Pip pipecolic 
acid, Pro proline, Sacch saccharopine, Sar sarcosine, Ser serine, 
Sulfocys sulfocysteine Thr threonine, Tyr tyrosine, u urine, Val valine

41. Methionine adenosyltransferase deficiency p: Met↑, Hcy(↑)

42. β-mercaptolactate-cysteine disulfiduria u: β-mercaptolactate cysteine 
disuflide↑

43. MSUD p: Leu↑, Ile↑, Val↑, aIle↑

44. Ornithine carbamoyltransferase deficiency p: Gln↑, Cit↓, Ala↑, Lys↑, Arg↓

45. Ornithinemia p: Orn↑, Apo↑

46. Hyperphenylalaninemias p: Phe↑, Tyr (↓)

47. 3-Phosphoglycerate dehydrogenase defi-
ciency

p,csf: Ser↓, Gly↓

48. Phosphohydroxylysinuria u: P-Hyl↑

49. Prolinemia type 1 p: Pro↑
u: Pro↑, Hyp↑, Gly↑

50. Prolinemia type 2 p: Pro↑, ∆1P5C↑
u: Pro↑, Hyp↑, Gly↑, ∆1P5C↑

51. Pyrroline-5-carboxylate synthase deficiency p: Pro↓, Orn↓, Cit↓, Arg↓

52. Saccharopinuria u,p: Lys↑, Sacch↑

53. Sarcosinemia u,p: Sar↑

54. Sulfite oxidase deficiency (+Mo-cofactor) u: Sulfocys↑, Tau↑

55. Tyrosinemia type 1 p: Tyr↑, Met↑
u: all AA, ∆-aminolevulinec acid ↑

56. Tyrosinemia type 2 p: Tyr↑
u: Tyr↑

57. Tyrosinemia type 3 p: Tyr↑
u: Tyr↑
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2.1.9	 Primary	and	Secondary	Defects;	Interference

Some 57 different primary inherited defects of amino acid metabolism that result in 
changes of plasma or urine amino acid levels have been distinguished thus far (see 
Table 2.1.8.). These encompass not only defects of the catabolic and anabolic path-
ways, but also defective transport systems. In this respect, no general rules for the 
preferred first-line diagnostic fluid can be given. Both plasma and urine have their 
advantages: moderate metabolic amino acid degradation defects will give elevations 
of plasma amino acid levels, but as a consequence of the efficient tubular reabsorp-
tion, the urine profile may be normal. On the other hand, transport defects usually 
affect renal function and are best picked up by urine analysis.

Not all disorders of amino acid metabolism are associated with clinical symp-
toms. Only clinically preselected patients are enrolled in selective screening pro-
grams. This led to the erroneous conclusion in the 1960s that conditions such as 
cystinuria and histidinemia are associated with mental retardation. It was only after 
the introduction of newborn screening programs that the medical community real-
ized that histidinemia is a harmless condition, a nondisease. For several amino acid 
disorders the clinical/biochemical relationship has not been resolved, as there are 
as many clinically affected as “healthy” patients. Examples are the hyperlysinemias, 
α-aminoadipic aciduria, and formiminoglutamic aciduria.

Table 2.1.9 lists the usual amino acids and their concentration changes in primary 
inherited defects, but also secondary changes in various conditions such as ketosis. 
In addition, there are several endogenous or exogenous toxins that may interfere 
with amino acid catabolizing enzymes or transport systems. Good examples are the 
short-chain fatty acids (propionic acid), which interfere with the glycine cleavage 
system and cause ketotic hyperglycinemia. The same effect is exerted by the antiepi-
leptic drug sodium valproate (dipropyl acetate).

Sugar phosphates such as fructose-1-phosphate in fructose intolerance and ga-
lactose-1-phosphate in galactosemia are nephrotoxic and cause a renal Fanconi syn-
drome with a generalized aminoaciduria. Identical findings can be seen in Wilson 
disease (copper toxicity) and ifosfamide therapy of solid tumors. Lactic acid inhibits 
proline oxidase, hence patients with lactic acidosis will show secondary hyperpro-
linemia in addition to the hyperalaninemia. The first step of lysine catabolism re-
quires one molecule of 2-ketoglutaric acid. Consequently, hyperammonemic patients 
sequestering 2-ketoglutaric acid in the formation of glutamic acid and glutamine will 
develop a moderate hyperlysinemia.

The liquid chromatography profile of amino acids, especially that of urine, may 
reveal all kinds of unusual peaks. Table 2.1.10. lists a series of unusual amino acids 
and their approximate positions in the AAA chromatogram. Many of these unusual 
substances are not commercially available. In order to establish an idea about the 
occurrence of these substances, it is advisable to analyze samples from patients with 
proven defects. Not every laboratory has access to all proven defects, but small ali-
quots may be available from the Quality Assurance (Diagnostic Proficiency Testing) 
schemes or from laboratories that have a long-standing experience. The diagnostic 
work in the area of inborn errors benefits greatly from the experience of having seen 
“true patient samples”.

2.1 Amino Acids82



Table 2.1.9  Changes of blood amino acids in various primary inherited 
defects and as a result of secondary changes. ASA Argininosuccinic acid, 
CPS carbamoyl phosphate synthase, LPI Lysinuric protein intolerance, 
MAD multiple acyl-CoA dehydrogenation, MSUD maple syrup 
urine disease, NAGS N-acetylglutamate synthase, NKH nonketotic 
hyperglycinemia, NTBC 2-(2-nitro-4-3 trif luoro-methylbenzoyl)-
1,3-cyclohexanedione, OCT Ornithine carbamoyltransferase, 
SAH S-adenosylhomocysteine

Blood physiological
Amino acid

Increase in: Decrease in:

S-Adenosylhomocysteine CBS deficiency

S-Adenosylhomocysteine SAH hydrolase deficiency

S-Adenosylmethionine CBS deficiency

S-Adenosylmethionine SAH hydrolase deficiency

S-Adenosylmethionine Glycine N-methyltransferase 
deficiency 

Alanine Pyruvate/lactate defects Fasting
Prolonged fasting, ketosis

Hyperammonemias

β-Alanine GABA-transaminase defi-
ciency

Ureidopropionase deficiency

Vigabatrin treatment*

Alloisoleucine MSUD

α-Aminoadipic acid α-Ketoadipic aciduria

β-Aminoisobutyric acid Fasting, catabolism * Pyrimidine degradation 
defects

Arginine Hyperargininemia LPI

Urea cycle defects, HHH 
syndrome

Hemolytic plasma*

Argininosuccinic acid ASA-lyase deficiency

Aspartic acid Hemolytic plasma*

Citrulline Citrullinemia 1 and 2 NAGS, CPS, OCT deficiency

ASA-lyase deficiency Pyrroline-5-carboxylate 
synthase deficiency

Pyruvate carboxylase defi-
ciency*

LPI

Cystathionine Cystathionase deficiency

Cystine Sulfite oxidase deficiency
homocystinuria

* Secondary change
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Table 2.1.9  (continued) Changes of blood amino acids in various primary 
inherited defects and as a result of secondary changes. ASA Argininosuccinic 
acid, CPS carbamoyl phosphate synthase, LPI Lysinuric protein 
intolerance, MAD multiple acyl-CoA dehydrogenation, MSUD maple 
syrup urine disease, NAGS N-acetylglutamate synthase, NKH nonketotic 
hyperglycinemia, NTBC 2-(2-nitro-4-3 trif luoro-methylbenzoyl)-
1,3-cyclohexanedione, OCT Ornithine carbamoyltransferase, 
SAH S-adenosylhomocysteine

Blood physiological
Amino acid

Increase in: Decrease in:

GABA GABA transaminase defi-
ciency

Glutamic acid Hemolytic plasma *

Stored plasma*

Ca-levulinate treatment

Glutamine Hyperammonemias Glutamine synthase defi-
ciency

Glycine NKH Serine bosynthesis defects

Ketotic hyperglycinemia * 
Valproate treatment

Hypoglycinemia (?)

Histidine Histidinemia

Homocyst(e)ine CBS deficiency Sulfite oxidase deficiency

Cobalamin defects/defi-
ciency

MTHFR deficiency

Methionine adenosyltrans-
ferase deficiency

Hyperhomocysteinemia

Hydroxylysine Hydroxylysinemia

Hydroxyproline Prolinemia type 2

Isoleucine MSUD Severe protein malnutrition

Lipoamide dehydrogenase 
deficiency

Leucine MSUD Severe protein malnutrition

Lipoamide dehydrogenase 
def.

Lysine Hyperlysinemia 1 and 2 LPI

Saccharopinuria HHH syndrome

Lysine Urea cycle defects * Hyperornithinemia

Organic acidemias *

* Secondary change
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Table 2.1.9  (continued) Changes of blood amino acids in various primary 
inherited defects and as a result of secondary changes. ASA Argininosuccinic 
acid, CPS carbamoyl phosphate synthase, LPI Lysinuric protein 
intolerance, MAD multiple acyl-CoA dehydrogenation, MSUD maple 
syrup urine disease, NAGS N-acetylglutamate synthase, NKH nonketotic 
hyperglycinemia, NTBC 2-(2-nitro-4-3 trif luoro-methylbenzoyl)-
1,3-cyclohexanedione, OCT Ornithine carbamoyltransferase, 
SAH S-adenosylhomocysteine

Blood physiological
Amino acid

Increase in: Decrease in:

Methionine Methionine adenosyltrans-
ferase deficiency

Cobalamin defects

Glycine N-methyltransferase 
deficiency

MTHFR deficiency

SAH hydrolase deficiency Severe protein malnutrition

CBS deficiency

Tyrosinemia type 1 *

Liver disease *

Ornithine Hyperornithinemia Urea cycle defects

HHH syndrome P5C synthase deficiency

Hemolytic plasma *

Phenylalanine PKU and BH4-defects NTBC treatment *

Severe liver disease *

Pipecolic acid Peroxisomal disease

AASA dehydrogenase 
deficiency

Hyperlysinemia

Proline Prolinemia type 1 and 2 P-5-C synthase deficiency

Lactic acidemias *

Saccharopine Saccharopinuria

Sarcosine Sarcosinemia

MAD defect

Serine Serine biosynthesis defects

Taurine Sulfite oxidase deficiency

Mo-cofactor deficiency

Hemolytic plasma *

Tryptophan Tryptophanemia (?)

Tyrosine Tyrosinemia type 1,2,3 PKU

Liver disease *

Prematurity *

* Secondary change
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Table 2.1.10  Unusual (mainly urinary) amino acids and related 
substances that may be encountered in metabolic disease. The position 
of the neighboring components is not always well defined for each 
instrument, therefore the analytical biochemist will try and collect as many 
reference substances as possible

Usual component Neighboring/coeluting component(s)

Cysteic acid Sulphocysteine
Phosphoserine
Cysteine-2-mercaptoethanesulfonic acid 
disulfide

Taurine Hypotaurine

Phosphoethanolamine

Urea Hawkinsin
AADG (aspartylglucosaminuria)
Reduced glutathione

Aspartic acid ∆1-Pyrroline-3-hydroxy-5-carboxylic acid

4-Hydroxyproline Methionine sulfoxide
Methionine sulfone

Threonine

Serine Phosphohydyroxylysine
Cysteine-β-mercaptolactate disulfide

Asparagine



Table 2.1.9  (continued) Changes of blood amino acids in various primary 
inherited defects and as a result of secondary changes. ASA Argininosuccinic 
acid, CPS carbamoyl phosphate synthase, LPI Lysinuric protein 
intolerance, MAD multiple acyl-CoA dehydrogenation, MSUD maple 
syrup urine disease, NAGS N-acetylglutamate synthase, NKH nonketotic 
hyperglycinemia, NTBC 2-(2-nitro-4-3 trif luoro-methylbenzoyl)-
1,3-cyclohexanedione, OCT Ornithine carbamoyltransferase, 
SAH S-adenosylhomocysteine

Blood physiological
Amino acid

Increase in: Decrease in:

Valine MSUD Severe protein malnutrition

Lipoamide dehydrogenase 
def.

Prolonged fasting, ketosis *

Leucine, isoleucine

* Secondary change
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Table 2.1.10  (continued) Unusual (mainly urinary) amino acids 
and related substances that may be encountered in metabolic disease. 
The position of the neighboring components is not always well defined 
for each instrument, therefore the analytical biochemist will try and collect 
as many reference substances as possible

Usual component Neighboring/coeluting component(s)

Glutamic acid

Glutamine ∆1-P5C
S-carboxyisopropylcysteine (isobuteine)

Sarcosine

2-Aminoadipic acid Oxidized glutathione
Cysteine

Proline Penicillamine

Glycine

Alanine

Citrulline Formiminoglutamic acid
Galactosamine

2-Aminobutyric acid Nε-acetyllysine
Lanthionine

Valine

Cystine Saccharopine
Pipecolic acid
γ-Glutamylphenylalanine

Methionine Homocitrulline
Alloisoleucine
Penicillamine-cysteine disulfide

Isoleucine Dihydroxyphenylalanine
Nε-carboxylmethyllysine

Leucine Argininosuccinic acid
Glycylproline

Tyrosine Cysteine-homocysteine disulfide
3-Methoxytyrosine
Erythromycin glucoheptonate

Phenylalanine Nα-acetyllysine
Acetaminophen metabolite

β-Alanine Δ-Aminolevulinic acid

β-Aminoisobutyric acid GABA
ASA-anhydride 1
ASA-anhydride 2
Homocystine
Ethanolamine
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2.2.1	 Introduction

Homocysteine (Hcy) metabolism is closely linked to that of the essential amino acid 
methionine and thus plays a central role in several vital biological processes. Me-
thionine itself is needed for protein synthesis and donates methyl groups for the 
synthesis of a broad range of vital methylated compounds. It is also a main source of 
sulphur and acts as the precursor for several other sulphur-containing amino acids 
such as cystathionine, cysteine and taurine. In addition, it donates the carbon skel-
eton for polyamine synthesis [1, 2]. Hcy is also important in the metabolism of folate 
and in the breakdown of choline. Hcy levels are determined by its synthesis from 
methionine, which involves several enzymes, its remethylation to methionine and its 
breakdown by trans-sulphuration.

The metabolism of Hcy-related pathways in man are shown in Fig. 2.2.1. Methio-
nine is converted to its active form S-adenosylmethionine (AdoMet) by methionine 
adenosyltransferase (MAT). AdoMet is the compound donates a methyl group as 
co-substrate for at least 39 methyltransferases involved in the formation of important 
methylated compounds, for example creatine, epinephrine, dopamine, phosphati-
dylcholine, methylated proteins and methylated DNA [3]. The highly abundant gly-
cine methyltransferase, which transfers a methyl group to glycine, forming sarcosine 
(N-methylglycine) [4], is a particularly important methyltransferase that fulfils the 
need for a high-capacity utilisation of AdoMet and is considered to be an integral 
enzyme in the trans-sulphuration sequence.

The loss of a methyl group from AdoMet in each of the reactions yields S-ad-
enosylhomocysteine (AdoHcy) and this is subsequently hydrolysed to adenosine 
and Hcy by AdoHcy-hydrolase. Hcy sits at a metabolic branch point and can be re-
methylated to methionine by way of two reactions. One is the 5-methyltetrahydrofo-
late dependent reaction catalysed by methionine synthase, which itself is reductively 
methylated by cobalamin (vitamin B12) and AdoMet, requiring methionine synthase 
reductase. 5-Methyltetrahydrofolate is generated from 5,10-methylenetetrahydrofo-
late (MTHF) by MTHF reductase. The second remethylation reaction is catalysed by 
betaine methyltransferase, which is restricted to the liver, kidney and brain, while 
methionine synthase is widely distributed.

As well as remethylation, Hcy can be degraded in the trans-sulphuration path-
way, which first involves condensation of Hcy with serine forming cystathionine, 
then breakdown of this compound to cysteine and α-oxo-butyrate. These reactions 
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are catalysed by cystathionine β-synthase and γ-cystathionase, respectively, both re-
quiring pyridoxal 5’phosphate (vitamin B6) as a coenzyme. Cysteine is needed for 
both protein synthesis and as the precursor of the important antioxidant glutathione. 
Several enzymatic reactions [5] lead to oxidation of the sulphur atom and further 
breakdown of cysteine, ultimately forming inorganic sulphate.

The metabolic control of methionine metabolism is complex and involves, for 
example, changes of enzyme levels in particular tissues, mechanisms linked to the 
kinetic properties of the various enzymes and their interaction with metabolic 
effectors [6, 7]. A particularly important metabolic effector is AdoMet. This inhibits 
the low Km isoenzymes of MAT, and MTHF reductase, inactivates betaine meth-
yltransferase, but activates MAT III (the high-Km isoenzyme) and cystathionine 
β-synthase. Therefore, high methionine intake and thus higher AdoMet levels favour 
trans-sulphuration, and when levels are low methionine is conserved. AdoHcy po-
tently inhibits AdoMet-dependent methyltransferases and both Hcy remethylating 
enzymes. Another important control mechanism is the export of Hcy from cells into 
the extracellular space and plasma, which occurs as soon as intracellular levels in-
crease [8].
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Fig.	2.2.1	 Outline of homocysteine metabolism in man. BMT Betaine methyltransferase, cblC 
cobalamin defect type C, cblD cobalamin defect type D, GNMT def glycine N-methyltransferase 
deficiency, MAT methionine adenosyl transferase, MeCbl methylcobalamin, Met Synth methio-
nine synthase, MTHFR methylenetetrahydrofolate reductase, SAH Hyd def S-adenosylhomocys-
teine hydrolase deficiency



Elevated Hcy occurs in a wide range of disease processes. This is not surprising 
bearing in mind the central role of this metabolite in several closely related pathways 
and because of its links to processes such as polyamine synthesis, methylation and 
redox potential.

A large elevation of Hcy in body fluids and tissues is found in several genetic 
enzyme deficiencies, the homocystinurias. These include cystathionine β-synthase 
deficiency [9], the remethylation defects due to deficiency of MTHF reductase [10], 
methionine synthase and methionine synthase reductase deficiencies, as well as de-
fects of intracellular cobalamin metabolism [11], namely the cblF, cblC and cblD 
defects. It is noteworthy that low levels of total Hcy (tHcy) have been described in 
sulphite oxidase deficiency [12].

Elevated Hcy levels can also occur in nutritional deficiencies of vitamin B12 (co-
balamin) and folate. Folate or vitamin B12 deficiency can even lead to tHcy levels as 
high as those seen in the genetic homocystinurias [13]. In addition, a reciprocal re-
lationship between blood levels or intake of these vitamins and tHcy concentrations 
[14] has been shown in many studies.

Several drugs, such as the antifolate compound methotrexate or the anaesthetic 
gas nitrous oxide, may interfere with methionine metabolism and lead to mild in-
creases of Hcy [2]. Abnormal renal function has been shown to lead to increased 
plasma Hcy, for example, in end-stage renal disease patients [15].

During the last two decades, much evidence has emerged linking moderately ele-
vated Hcy to several diseases, particularly various forms of vascular disease [16]. 
Less strong links have also been shown with neural-tube defects, neuropsychiatric 
disorders, impaired cognitive function, dementia, cancer and osteoporosis. The 
scope and relevance of the measurement of Hcy has been recently reviewed by Ref-
sum et al. [17].

Because of these ever-widening interests, the measurement of plasma tHcy is un-
dertaken in many clinical chemistry and routine laboratories. Various methods are 
employed, including high-performance liquid chromatography (HPLC) assays, con-
ventional amino acid analysis, capillary electrophoresis, gas chromatography with or 
without mass spectrometry, liquid chromatography with tandem mass spectrometry, 
and in many routine clinical chemistry laboratories immunoassays. In this chapter, 
those methods that are often available in laboratories involved in the investigation 
of inborn errors of metabolism are described, namely HPLC and tandem mass spec-
trometry.

The laboratory measurement of AdoMet and AdoHcy is not routinely performed, 
but plays an increasing role in studies of pathogenesis of elevated Hcy as well as 
the differential diagnosis of hypermethioninaemia due to deficiency of MAT, glycine 
methyltransferase or AdoHcy hydrolase.

Until the middle 1990s, AdoMet and AdoHcy had been studied almost exclusively 
in tissues or cerebrospinal fluid (CSF). Recent studies have shown that AdoMet and 
AdoHcy are readily detectable in isolated erythrocytes or whole blood, and reduced 
levels of AdoMet have been reported in whole blood from patients with coronary 
artery disease [18]. Application of HPLC with fluorescence detection has allowed 
the detection of these two compounds in plasma, although levels are in the nano-
molar range and clearly much lower than those in tissues [19, 20]. Clear increases 
were shown in normal subjects following the administration of methionine [20] or 
AdoMet [21]. Subsequently, several studies have confirmed the ability to measure 
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these two key compounds in plasma [22, 23]. The measurement of both compounds 
in CSF can also be useful in the diagnosis of remethylation defects as well as in moni-
toring their treatment.

2.2.2	 Properties	of	Hcy,	AdoMet	and	AdoHcy

Hcy is a sulphydryl amino acid of molecular weight 135.2. It oxides readily to its 
disulphide form homocystine, and can be converted to the thiolactone form in acid 
solution. In normal plasma, Hcy exists in various forms: the sulphydryl form (ap-
proximately 1%), bound to the cysteine residues of proteins (approximately 70%), 
and bound to free cysteine as cysteine-Hcy mixed disulphide (approximately 30%). 
When levels are elevated, the disulphide form homocystine is formed. All of these 
forms can be converted to Hcy by chemical reduction and then measured as tHcy.

AdoHcy comprises an adenosyl moiety attached to Hcy through the latter’s S atom. 
Its molecular weight is 384.4 and it absorbs ultraviolet light strongly with a maximum 
absorbance (λmax) at 260 nm at pH 7.

AdoMet comprises an adenosyl moiety attached to methionine at the sulphur 
atom. The presence of three substituent groups on the sulphur atom produces a posi-
tively charged sulphonium compound that is thermodynamically unstable, resulting 
in high reactivity of AdoMet. Its molecular weight is 399.4 and it absorbs ultraviolet 
light strongly with a λmax of 260 nm at pH 7. The compound is unstable under many 
conditions. Stable solid forms include the hydrogen sulphate and disulphate di-p-tol-
uene sulphate salts. Four stereoisomers exist and the active form is l at the 2-carbon 
and – at the sulphonium centre.

2.2.3	 Methods

2.2.3.1	 Measurement	of	tHcy	in	Plasma	Using	Isocratic	
HPLC-Fluorescence	Detection

Principle of Assay

Thiols exist in biological systems in various oxidised and reduced forms. Very little 
Hcy in the free sulphydryl form is found in plasma and it exists mainly as cysteine-
Hcy mixed disulphide, bound to cysteine residues of plasma proteins, or as its di-
sulphide homocystine, but the latter only when levels are high. Routinely measured 
tHcy constitutes all of these forms together and is produced by chemical reduction.

The method described here is based on two reactions: first, the reduction of the 
disulphide bond between Hcy and other thiols or the cysteine residue of proteins 
by the reducing compound tri-n-butylphosphine (Fig. 2.2.2a) followed by the reac-
tion of Hcy and other thiols with the flourogenic thiol-specific reagent ammonium 
7-fluorobenzo-2-oxa-1,3-diazole-4-sulphonate (SBDF; see Fig. 2.2.2b). The deriva-
tives are separated by reverse-phase HPLC using isocratic elution, and detection and 
quantification by fluorescence [24, 25].
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Pre-analytical

Specimen

A minimum volume of 400 µl plasma is required. Ethylenediaminetetraacetic acid 
(EDTA) blood, collected after overnight fasting, is separated within 30 min by cen-
trifugation at 2000 × g for 10 min at 4°C. If separation cannot be performed within 
30 min, blood can be kept on ice for a maximum of 1 h. Plasma is stored frozen at 
–20°C until analysis. Hcy is stable in plasma at room temperature for 24 h, at 4°C for 
1 week and at –20°C for many years. Serum should not be used, since allowing blood 
to coagulate leads to a delay in centrifugation.

Pooled plasma collected from healthy subjects is used for standards preparation 
to avoid matrix effects and for internal control. Pooled plasma is kept in 0.5-ml ali-
quots at –20 C until required.

Reagents and Chemicals

All chemicals should be of the highest purity available or HPLC grade. Solutions for 
reduction and derivatisation are:
1. Reduction buffer (0.1 mol/l borate, pH 9.5): Dissolve 6.11 g K2B4O7·4 H2O (Sigma, 

O-5754) in H2O. Adjust the pH to 9.5 with 2 mol/l NaOH and make up to 20 ml 
with demineralised water.

2. Internal standard (0.25 mmol/l cysteamine in 0.1 mol/l borate buffer): Dissolve 
3.78 mg cysteamine (Sigma, M-6500) and 93.55 mg NaEDTA (2 mmol/l, Merck 
1.08418) in 0.1 mol/l borate buffer in a final volume of 125 ml.

3. Tri-n-butylphosphine, 10%: one volume of tri-n-butylphosphine (Sigma P-6918) 
is added to nine volumes of N,N-dimethylformamide (Aldrich 31,993-7). This 
solution must always be freshly prepared.

4. Perchloric acid 0.6 mol/l: 5 ml 70% HClO4 (Merck, cat. no. 519) and 37.2 mg 
NaEDTA are made up to 100 ml with demineralised water.

5. Derivatising buffer (0.2 mol/l borate, pH 10.5): Dissolve 6.11 g K2B4O7·4 H2O and 
186 mg NaEDTA in H20. Adjust the pH to 10.5 with 1 mol/l NaOH and make up 
to 100 ml with demineralised water.

Fig.	2.2.2	 a Reaction of tri-n-butylphosphine as a reducing agent. b Reaction of the derivatisa-
tion of Hcy with ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate (SBDF), which is a 
fluorescent derivatising reagent
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6. SBDF: Dissolve 1 mg SBDF ammonium salt (Sigma F-4383) in 1 ml of borate buf-
fer, 1 mol/l, pH 9.5 made up by dissolving 61.1 g K2B4O7·4 H2O, adjusting the pH 
to 9.5 with 2 mol/l NaOH and making up to 200 ml with demineralised water.

Mobile phase for HPLC:
1. Dissolve 13.61 g KH2PO4 in about 900 ml H2O and add 45 ml acetonitrile ( = 45%). 

Adjust the pH to 2.1 with about 6 ml of 85% orthophosphoric acid and make up to 
1 l with demineralised water. Vacuum filter the solution (0.45 µM filter, Schleicher 
and Schuell, reference 10410212).

2. Hcy standards: Both stock and working standards are stable for at least 1 year 
stored in aliquots at –20°C:
a. Hcy stock solution, 4 mmol/l: dissolve 5.4 mg dl-Hcy (Fluka 54501) in 10 ml 

0.1 mol/l borate buffer solution containing internal standard.
b. Standards of 6.3–400 µmol/l are prepared by serial dilution of the stock solu-

tion in internal standard solution.

Instrumentation

1. General laboratory equipment.
2. Heating block at 60°C for sample derivatisation.
3. Laboratory centrifuge, microcentrifuge, vortex mixer.
4. HPLC system consisting of a buffer pump, preferably with degasser, autosampler 

with cooling system, fluorescence detector (excitation 384 nm, emission 516 nm) 
and an integration and data handling system.

5. HPLC column: Nucleosil 120 C18, 5 µm (4.6 × 250 mm) with a guard column 
(4.6 × 20 mm) containing the same column packing material.

Calibration

Calibration is performed using three standards selected to cover the range expected 
in the sample batch (usually 4.2, 8.4 and 33.6 µmol/l), together with pooled plasma 
to allow for any matrix effect, plus a pooled plasma blank.

Quality Control

Quality assessment is performed by including pooled plasma as an internal control 
in every run. External quality control is achieved using samples obtained from the 
European Research Network for evaluation and improvement of screening, Diagno-
sis and treatment of Inherited disorders of Metabolism (ERNDIM) Special Assays 
Scheme, run according the scheme schedule.

Commercially available control plasma samples level I + II obtained from Chro-
mosystems München are included with each batch of samples.

Detection Limit
Sample concentration of 1 µmol/l.
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Precision
The within-run coefficient of variation (CV; n =  10) was shown to be 4.5% and 2.5% 
for standards of 16 and 67 µmol/l, respectively. The between-run CV (n =  20) was 
6.1% and 1.9% for standards of 16 µmol/l and 67 µmol/l, respectively.

Recovery
Over a concentration range of 4–67 µmol/l, the recovery was 98.9%±6.0.

Analytical

Procedure

The reduction reaction is carried out in 1.5-ml Eppendorf tubes. Frozen samples are 
thawed out, thoroughly mixed and, if necessary, centrifuged to remove particulate 
material. For samples and the pooled plasma blank, 150 µl plasma and 50 µl internal 
standard in 0.1 mol/l borate buffer are added to 20 µl of 10% tri-n-butylphosphine. 
For each Hcy standard, 150 µl of pooled plasma and 50 µl of Hcy standard (internal 
standard is included) are mixed with 20 µl of tri-n-butylphosphine. Tubes are left 
to stand on ice for 30 min. Samples are deproteinised by the addition of 125 µl of 
0.6 mol/l perchloric acid, thorough vortex mixing and centrifugation at 13,000 rpm 
(11,000 × g) for 5 min (Eppendorf centrifuge). The supernatant is reserved for fur-
ther processing.

Derivatisation is performed in 5-ml glass tubes by mixing 100 µl of the super-
natant with 200 µl of 0.2 mol/l, pH 10.5, borate buffer and 100 µl freshly prepared 
SBDF solution. After thorough vortex mixing, the tubes are sealed with plastic stop-
pers and incubated at 60°C for 60 min in a heating block. The reaction is stopped by 
placing tubes on ice. Samples are filtered through a 0.45-µm membrane (4 mm, Titan 
PVDF filters, Infochroma, reference 8804-PV-4) using a 1-ml plastic syringe filters, 
and used for HPLC analysis. If the analysis is not performed immediately, samples 
can be stored at –20°C.

HPLC conditions

The HPLC analysis is performed isocratically with a flow rate of 2.0 ml/min and a 
run time of 10 min. The usual pressures are between 22 and 24 MPa (230–240 bar). 
The injection volume is 25 µl. The fluorimeter is set with an excitation wavelength of 
384 nm and emission at 516 nm.

Calculation

A four-point linear regression plot is constructed for calibration, where the x-axis 
represents added Hcy concentration (µmol/l) and the y-axis represents the ratio of 
areas of added Hcy:internal standard (IS). Concentrations of Hcy in samples are cal-
culated by dividing the ratio of the area of Hcy:IS area by the slope of the calibration 
line. Thus, tHcy concentration = Hcy:IS/slope (Fig. 2.2.3).
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Post-analytical

Interpretation

The separation obtained with a normal plasma sample is shown in Fig. 2.2.4. The or-
der of elution is cysteine (3.5 min), cysteamine (4.0 min), cysteinylglycine (5.0 min) 
and Hcy (6.5 min) with a peak width of under 1 min and complete resolution of 
peaks.

Fig.	2.2.3	 Standard curve of total homocysteine (tHcy) in human 
plasma. IS Internal standard

Fig.	2.2.4	 Chromatogram of SBDF-derivatised thiols in human plasma. a Cysteine, b cysteamine, 
c cysteinylglycine, d Hcy
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Chromatogram
An HPLC chromatogram of SBDF-derivatised thiols in human plasma is shown in 
Fig. 2.2.4.

Reference and Pathological Values of tHcy
Ideally, each laboratory should obtain it’s own reference values. Those obtained in 
our own laboratory are summarised in Table 2.2.1. Typical pathological values of 
tHcy are given in Table 2.2.2.

Pitfalls
1. There is a time- and temperature-dependent increase of plasma tHcy in the pres-

ence of erythrocytes; for example 5–15% per hour at room temperature [27]. Thus, 
delay in separation of the plasma after blood drawing must be avoided to prevent 
a falsely elevated Hcy level.

2. Low purity of N,N-dimethylformamide may result in the presence of a negative 
peak immediately preceding the cysteine peak, although this should not interfere 
with integration.







Table 2.2.1  Reference values. tHcy Total homocysteine

tHcy (µmol/l)

n mean SD Range

Men and women age 21–64 years 65 8.1 2.5 3.3–13.3

Men a 8–18

Pre-menopausal women a 6–15

Post-menopausal women a 6–19

Children aged 2 months to 18 years b 3.3–8.3

Children aged 11–15 years b 4.7–10.3

a Values from Dr. Ries Duran 
b Reference [26]



Table 2.2.2  Typical pathological values of tHcy

Pathological state tHcy (µmol/l)

Vitamin B12 deficiency 40–100

Folate deficiency 25–65

Renal failure 23–30

Severe renal failure                      30–100

Cystathionine-beta-synthase defect 100–500

MTHF reductase defect 100–250

Methionine synthase deficiency (cblC, cblD, cblF, cblE, cblG defects) 100–250
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2.2.3.2	 Measurement	of	tHcy	in	Plasma	using	HPLC	
and	Tandem	Mass	Spectrometry

Principle of Assay

As described in 2.2.3.1, “Principles of Assay”, tHcy must be produced by chemical 
reduction, which is achieved in the method described here by dithiothreitol. tHcy is 
analysed by HPLC separation followed by electrospray ionisation and then separa-
tion of the ionised molecule in the first mass spectrometer, then fragmentation into 
a specific ion fragment in the second. Quantification is based on comparison of the 
signal from natural Hcy (transition m/z 135.9 → m/z 89.9) with that of the stable 
isotope internal standard (transition m/z 139.9 → m/z 93.9).

Pre-analytical

Specimen

This is as in 2.2.3.1, “Specimen”, except that a minimum volume of 300 µl plasma is 
required.

Reagents and Chemicals

All chemicals should be of the highest purity available or HPLC grade.

1. Reducing reagent: dissolve 77 mg dithiothreitol (Roche 708984) in 1 ml demin-
eralised water.

2. Deproteinising solution: mix 800 ml acetonitrile (Merck 10030) with 200 ml de-
mineralised water and add 1 ml of 98–100% formic acid (Merck 122).

3. HPLC mobile phase: mix 70 ml acetonitrile (Merck 10030) with 20 ml demin-
eralised water and add 0.1 ml of 98–100% formic acid (Merck 122).

4. Internal standard: d8-dl-homocystine: weigh out 5.56 mg d8-dl-homocystine 
(ARC/CLI DLM 3619) and dissolve in 20 ml demineralised water, adding one 
drop of formic acid (1.007 mmol/l). A 2-ml aliquot of this solution is made up to 
20 ml with water (100 µmol/l). This is then diluted 1 in 4 (25 µmol/l) with demin-
eralised water (stable for at least 1 year at 4°C).

5. Calibration standard, 25 µmol/l homocystine: accurately weigh out 33.6 mg l-ho-
mocystine (Sigma H-6010) and dissolve in 50 ml demineralised water. This stock 
is diluted 1 in 100 with phosphate-buffered saline and stored at –20°C in 150-µl 
aliquots; it is stable for at least 1 year.

Instrumentation

1. General laboratory equipment, laboratory centrifuge, vortex mixer.
2. Tandem mass spectrometer with an HPLC pump, pre-column (Phenomex CN; 

Bester, AJO-4304), column (LC-CN; Supelco 58979), autosampler and data-hand-
ling system. Standard instrumentation such as the Micromass micro (Waters, Mil-
ford MA, USA) has sufficient sensitivity.

Calibration

Calibration is performed according to the manufacturer’s instructions
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Quality Control

Quality assessment is performed by including three control plasmas (low, normal, 
high levels) as internal controls in every run. External quality control is achieved 
using samples obtained from the ERNDIM Special Assays Scheme, run according to 
the scheme schedule.

Detection Limits
2–150 µmol/l

Precision
The within-run CV (n = 12) was shown to be 8.8%, 3.6% and 1.7% for standards of 
concentrations 0.9, 10.1 and 51.5 µmol/l, respectively. The between-run CV (n = 50) 
was 9.1%, 6.4% and 6.4% for plasma control samples with average values of 0.9, 9.1 
and 48.8 µmol/l, respectively.

Recovery
The recovery of Hcy standard of 20 µmol/l added to normal plasma containing 
14 µmol/l was 96% (n = 10, CV = 5%).

Analytical

Procedure
Samples of 50 µl plasma, standard or control plasma, 20 µl internal standard and 
10 µl dithiothreitol solution are thoroughly mixed (vortex) in 1-ml Eppendorf tubes. 
The tubes are left to stand at room temperature for 15 min. Samples are then depro-
teinised by the addition of 500 µl deproteinising acetonitrile solution, with thorough 
vortex mixing followed by centrifugation at 14,000 rpm (11,000 × g) for 5 min (4°C). 
Tandem mass spectrometry analysis is performed on 200 µl of the supernatant re-
served in appropriate vials. If the analysis is not performed immediately, samples can 
be stored at –20°C until analysis.

The instrument is used in the positive ion mode. Multiple-reaction monitoring of 
the ions 135.9 → 89.9 and 139.9 → 93.9 is used for the quantitative evaluation of Hcy 
and d4-Hcy, respectively.

Calculation

Calculation of the Hcy concentration is performed using the internal standard 
method:

Conc. (Hcy) = Area (Hcy) s
Area (IS) s.

 × Area (IS) std.
Area (Hcy) std.

 × Conc. (Hcy) std. in µmol/l

Where Conc. is concentration, s is sample chromatogram, IS is the internal standard 
and std. is the standard chromatogram.
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Post-analytical

Interpretation

As this is a single-peak/one-analyte procedure, there are no interpretational com-
plications.

Chromatogram
See Fig. 2.2.5

Reference Values and Typical Pathological Values
See Tables 2.2.1 and 2.2.2

Pitfalls
The pitfalls are the same as those for HPLC with fluorescence detection (see 2.2.3.1, 
“Pitfalls”).







Fig.	2.2.5	 Upper panel: transition 139.9 → 93.9 for d4-Hcy. Lower panel: transition 135.9 → 89.9 
for Hcy (Figure courtesy of Dr. Ries Duran, Amsterdam)
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2.2.3.3	 Measurement	of	AdoMet	and	AdoHcy	in	Plasma	
and	CSF	by	HPLC	with	Fluorescence	Detection

Principle of Assay

The reaction of AdoMet and AdoHcy with monochloroacetaldehyde produces the 
etheno derivatives, which are strongly fluorescent (Fig. 2.2.6). These derivatives 
are separated by isocratic HPLC and detected and quantified by fluorescence. Our 
methods have been modified from those of Wagner et al. [28].

Pre-analytical

Specimen

A minimum of 2 ml EDTA blood is placed immediately on ice and centrifuged 
within 30 min at 2000 × g for 5 min at 4°C. Plasma is immediately deproteinised by 
adding 1 ml to 0.625 ml of 10% HClO4 and mixing thoroughly by vortex. The mix-
ture is frozen and stored at –70°C until analysis. 1-ml aliquots of pooled plasma col-
lected from healthy subjects are prepared and stored in the same way and are used 
to prepare AdoMet and AdoHcy calibration standards to allow for matrix effects and 
also as an internal quality control. CSF is collected in plain tubes and kept at –70°C 
until analysis.

Fig.	2.2.6	 Mechanism of the derivatisation of S-adenosylmethionine (AdoMet), S-adenosylho-
mocysteine (AdoHcy) and chloroacetaldehyde
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Reagents and Chemicals

All chemicals should be of the highest purity available or HPLC grade. Solutions for 
derivatisation and deproteinisation:
1. 55% Chloroacetaldehyde: mix 55 ml chloroacetaldehyde (Fluka, cat. no. 22760) 

with 45 ml demineralised water.
2. 3 mol/l sodium acetate buffer: dissolve 40.82 g sodium acetate trihydrate (Merck 

cat. no. 1.06267) in 100 ml demineralised water
3. 10% perchloric acid: make 14.28 ml of of 70% HclO4 (Merck, cat. no. 519) up to 

100 ml with demineralised water.
4. 0.4 mol/l perchloric acid: make 3.33 ml of 70% HClO4 (Merck, cat. no. 519) up to 

100 ml with demineralised water.
5. Mobile phases for HPLC:

a. for AdoMet. 0.1 mol/l sodium acetate/2.3% acetonitrile with 10 mmol/l hep-
tanesulphonic acid. Dissolve 13.61 g sodium acetate trihydrate GR (Merck cat. 
no. 1.06267) in 900 ml demineralised water and add 2 g 1-heptanesulfonic 
acid, sodium salt (Sigma, cat. no.H2766/H8109) and 23 ml acetonitrile (Fisher 
Scientific A/0630/PB15). Adjust the pH to 4.3 with 100% glacial acetic acid, 
make up to 1000 ml with demineralised water and vacuum filter as above.

b. for AdoHcy. 0.1 mol/l sodium acetate/2.5% acetonitrile: Dissolve 13.61 g so-
dium acetate trihydrate GR (Merck cat. no. 1.06267) in 900 ml demineralised 
water and add 25 ml acetonitrile. Adjust the pH to 4.2 with glacial acetic acid, 
make up to 1000 ml with demineralised water and vacuum filter as above.

AdoMet and AdoHcy Standards

AdoMet/AdoHcy Stock Solutions
Accurately weigh 1.18 mg of S-adenosylmethionine hydrogen sulphonate (Boeh-
ringer Mannheim, cat. no. 102 407, MW: 496.2 g/mol) or 1.32 mg of S-adenosyl-
homocysteine (Sigma cat. no. A 9384, MW 384.4 g/mol). These are dissolved in de-
mineralised water (usually approximately 5 ml) to give a concentration for AdoMet 
of 0.342 mmol/l (after correction for the purity declared for the particular batch) 
and for AdoHcy of 0.686 mmol/l. These solutions are immediately diluted ten-fold 
with 0.4 mol/l perchloric acid and can be stored in aliquots at –20 C for at least 
6 months.

Calibration standards are prepared fresh by serial dilution of the stock solutions 
in 0.4 mol/l perchloric acid (3.43–0.0267 µmol/l). Standards are stable for at least 
6 months at –20°C.

Instrumentation

1. General laboratory equipment.
2. Heating block at 60°C for sample derivatisation.
3. Laboratory centrifuge, micro centrifuge.
4. HPLC system consisting of two separate HPLC pumps or a single pump with gra-

dient-forming facility, preferably with degasser, autosampler with cooling system, 
fluorescence detector (excitation 270 nm, emission 410 nm) and an integration 
and data-handling system.
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HPLC columns
1. AdoMet: Hydrosphere C-18, 3 µm (150 × 3 mm) with a guard column (10 × 3 mm) 

containing the same packing material.
2. AdoHcy: Phenomenex, Gemini C-18, 3 µm (150 × 3 mm) with a guard column 

(4 × 2 mm) containing the same packing material.

Calibration

For both AdoMet and AdoHcy, calibration is performed using three standards: 53, 
106 and 210 nmol/l for AdoMet and 40, 80 and 160 nmol/l for AdoHcy, each added 
to pooled plasma supernatant fluid, plus a pooled plasma blank. Higher concentra-
tions can be used if sample levels are expected to be high.

Quality Control

Neither AdoMet nor AdoHcy have so far been included in any external quality con-
trol scheme. Control samples are not commercially available. A pooled plasma sam-
ple is included in each batch as internal quality control.

Detection Limit
This depends greatly on the sensitivity of the fluorimeter used, but the following 
levels should be achievable: AdoMet and AdoHcy, 2–5 nmol/l per sample.

Precision
1. For AdoMet standards of 27 nmol/l and 107 nmol/l, the within-run CV (n =  10) 

was shown to be 5.5% and 2.5%, respectively, with a between-run CV (n = 20) of 
7.1% and 1.8%, respectively.

2. For AdoHcy standards of 20 nmol/l and 81 nmol/l, the within-run CV (n =  10) 
was 3.6% and 2.0%, respectively, and the between-run CV (n =  20) was 8.2% and 
1.7%, respectively.

Recovery
1. AdoMet: 103 ± 9.8% over a concentration range of 27–528 nmol/l.
2. AdoHcy: 92 ± 3.0% over a concentration range of 20–160 nmol/l.

Analytical

AdoMet and AdoHcy are separated and measured as their etheno derivatives using 
reverse-phase HPLC with isocratic elution in separate runs, using ion-pairing for 
AdoMet. In both runs the column is flushed with 100% acetonitrile followed by re-
equilibration with the mobile phase between sample injections.

Procedure
Derivatisation Procedure for AdoMet and AdoHcy

Frozen deproteinised samples are thawed out, thoroughly mixed and then centri-
fuged at 2000 × g for 5 min at 4°C. If the supernatant is turbid it should be clarified 
by filtration as described earlier. Derivatisation is performed in 5-ml Pyrex tubes. 
For plasma samples, 200 µl supernatant is added to 50 µl chloracetaldehyde and 
thoroughly mixed, followed by addition of 45 µl of 3 mol/l sodium acetate to ad-
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just the pH to 3.5–4.0. Standards are prepared by adding 100 µl of pooled plasma 
supernatant to 100 µl of each standard solution or 100 µl of 0.4 mol/l perchloric acid 
for the blank. To each tube is added 50 µl of 55% chloracetaldehyde with thorough 
mixing, followed by addition of 45 µl of 3 mol/l sodium acetate to adjust the pH to 
3.5–4.0. Tubes are sealed with plastic stoppers and incubated at 39°C for 8 h in a 
heating block. The reaction is stopped by placing the tubes on ice. The samples can 
be immediately analysed by HPLC or kept at –20°C until analysis.

HPLC Conditions for AdoMet
The HPLC analysis is performed by pumping 100% mobile phase for 54 min at 
0.45 ml/min then changing to 100% acetonitrile for 9 min. The column is re-equili-
brated with mobile phase for 8 min prior to the subsequent injection. Usual pressures 
are between ~20 and 21 MPa (210 bar). Samples of 25 µl are injected. The fluorimeter 
is set with an excitation wavelength of 270 nm and emission at 410 nm.

HPLC Conditions for AdoHcy
The HPLC analysis is performed isocratically with a flow rate of 0.5 ml/min and a run 
time of 71 min. Usual pressures are between ~20 and 21 MPa (210 bar). Samples of 
25 µl samples are injected. The fluorimeter is set with an excitation wavelength of 
270 nm and emission at 410 nm.

Calculation

Concentrations of AdoMet or AdoHcy in plasma samples are determined by di-
viding the peak area in the unknown run by the slope of the calibration line and 
multiplying by 1.625 to allow for the dilution of plasma. Thus, AdoMet or AdoHcy 
concentration = Area/slope  ×  1.625. (see Fig. 2.2.7).

Post-analytical

Interpretation
Chromatogram: Peak Identification

Chromatography of one or two samples spiked with AdoMet (210 nmol/l) and Ado-
Hcy (160 nmol/l) is performed within each batch to aid in identification of peaks. 
Typical elution times are 28–34 min for etheno-AdoMet and 8–10 min for etheno-
AdoHcy. The separations obtained for AdoMet and AdoHcy obtained with a normal 
plasma sample are shown in Fig. 2.2.8.

Reference Values

These have been reported by several groups, but it is preferable to produce own val-
ues in each laboratory. Our control values are listed in Table 2.2.3.

Typical Pathological Values

A list of typical values for several pathological conditions is given in Table 2.2.4.

Pitfalls

1. AdoMet and AdoHcy are unstable in neutral and alkaline solution; they must be 
kept acidified.
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2. Collected plasma has to be immediately deproteinised with 10% perchloric acid.
3. Delayed deproteinisation may result in decomposition of AdoMet/AdoHcy.
4. To achieve optimal pH, which is crucial for the derivatisation step, control the pH 

with the indication paper after adding 3 mol/l sodium acetate.
5. Care needs to be taken in distinguishing the true AdoMet and AdoHcy peaks 

from closely eluting substances.

2.2.3.4	 Measurement	of	AdoMet	and	AdoHcy	Using	Plasma	
HPLC	and	Tandem	Mass	Spectrometry

Principle of Assay

AdoMet and AdoHcy are separated by HPLC and analysed by electrospray ionisa-
tion-tandem mass spectrometry. Quantification is based on comparison of the signal 
from natural AdoMet (transition m/z 399 → m/z 250) and AdoHcy (transition m/z 
385 → m/z 135 and 134) with that from analogous transitions of the stable isotope 
internal standards.

Fig.	2.2.7	 a Standard curve of AdoMet in human plasma. b Standard 
curve of AdoHcy in plasma
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Fig.	2.2.8	 a Chromatogram of etheno-AdoMet (a) in plasma (a). b Chromatogram of etheno-
AdoHcy (a) in plasma

Table 2.2.3  Control values for S-adenosylmethionine (AdoMet) and  
S-adenosylhomocysteine (AdoHcy) in plasma

Plasma AdoMet (nmol/l) Plasma AdoHcy (nmol/l)

Range 29.6–118.2 9.6–48.7

mean  ±  SD 56.4 ± 17.4 25.5 ± 7.9

n 64 66
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Pre-analytical

Specimen

A minimum volume of 300 µl plasma obtained from EDTA or heparinised blood 
is required. Plasma must be frozen as soon as possible after collection (–20°C for 
a maximum of 1 month, longer at –80°C). Since AdoMet is rapidly degraded in 
plasma, immediate deproteinisation with perchloric acid is recommended.

Reagents and Chemicals

All chemicals should be of the highest purity available or HPLC grade.
1. HPLC mobile phase A: Make 1 ml n-heptafluorobutyric acid (Pierce, 25003) up to 

1000 ml with demineralised water.
2. HPLC mobile phase B: Methanol gradient grade (Merck, M6007). Check that no 

turbidity is present.
3. 5 mol/l K2CO3: Dissolve 691 g K2CO3 (Sigma, 5833) in 1000 ml demineralised wa-

ter. (take care because of heat production).
4. 1 mmol/l HCl: Make up 0.083 ml concentrated HCl (Merck, M100317) to 1000 ml 

with demineralised water.
5. Stock standard solutions: weigh out accurately about 5–10 mg AdoMet (Sigma 

A7007) and AdoHcy (Sigma A9384) and dissolve in 1 ml of 1 mmol/l HCl. These 
can be stored at –20°C for at least 2 years. Sonication may be needed to ensure 
complete dissolution. Note that AdoMet can break down into AdoHcy and this 
can be tested by HPLC with either ultraviolet or tandem mass spectrometry de-
tection.

6. Calibration standards: Prepare serial dilutions of stock standards in 1 mmol/l HCl 
to give concentrations of 0, 25, 50, 100, 250 and 500 nmol/l, and in the case of 
samples with very high levels also 1000 nmol/l.

7. Stable isotope internal standard stock solutions:
a. AdoMet: weigh out accurately about 5–10 mg of AdoMet-methl-D3 (CDN iso-

topes, D4903) in 1 ml of 1 mmol/l HCl. Store at –20°C, at which temperature 
it is stable for at least 2 years. Note that breakdown of AdoMet-D3 produces 
unlabelled AdoHcy, but this is unlikely to influence the results since 1% con-
tamination of the 200-nmol/l AdoMet-D3 used would lead to an increase of 
AdoHcy of only approximately 2 nmol/l, compared with endogenous levels of 
about 18–39 nmol/l.

Table 2.2.4  Typical pathological values for AdoMet and AdoHcy

Pathological condition AdoMet (nmol/l) AdoHcy (nmol/l)

Renal disease   220–840 530–1590

Methionine:S-adenosyltransferase deficiency   48–120  10–15

Glycine n-methyltransferase deficiency 1000–4000 Normal

S-adenosyl-homocysteine hydrolase deficiency  800–3000 330–5000

Cystathionine β-synthase deficiency  900–2000 150–1700
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b. AdoHcy: 13C5-labelled AdoHcy was synthesised from [ribo-13C5]-adenosine 
(Ado) by mixing 1 ml of 3.6 mM 13C5-Ado with 250 µl of 72.5 mM Hcy, 100 µl 
AdoHcy hydrolase (22 U/ml) and 13 µl 0.1 M dithiothreitol. The reaction is 
complete after 5.5 h at 37°C. The 13C5-AdoHcy solution is deproteinised by pass-
ing the mixture through a 10 KD filter. The yield is approximately 35%. Purifi-
cation of the standard is carried out by preparative HPLC on a 10 cm × 4.6 mm 
LC-18S column using a 0.1% heptafluorobutyric acid/methanol gradient. The 
combined fractions are evaporated and the residue taken up in 0.5 ml H2O.

8. Internal standards working solution: Prepare a solution containing 2 µmol/l of 
each internal standard in 1 mmol/l HCl from the stock solutions. Store in 2-ml 
aliquots at –20°C.

Instrumentation

1. General laboratory equipment, laboratory centrifuge, vortex mixer.
2. Tandem mass spectrometer with HPLC pump, analytical column (LC-18S, 

200 × 4.6 mm; Supelco 59630), autosampler and data-handling system.

Calibration

Calibration standards of 0, 25, 50, 100, 250 and 500, and possibly 1000 nmol/l, prepared 
by serial dilution of the stock solutions, are included with each batch of samples.

Quality Control
Internal Quality Control

1. The area of the internal standard peaks must remain constant throughout a series. 
If not, the cause must be determined and corrected and, if necessary, the analysis 
repeated. One possible cause is quenching due to incorrect injection. If the signal 
of the internal standard is more than 50% reduced, the sample can be re-injected 
as soon as possible after dilution. Note that the AdoMet-D3 signal in samples is 
usually 1.5 times higher than that in standard runs.

2. If the measured concentration is far removed from the reference range, the original 
sample should be accordingly diluted and re-analysed.

3. The retention times of AdoMet and AdoHcy must remain constant throughout 
a series. Variations of retention times may indicate deterioration of the column 
packing material.

4. Quality assessment is performed by including three control plasmas (low, normal 
and high levels) as internal controls in every run.

External Quality Control
None is available.

Detection Limits
The lower limit of detection is 1 nmol/l for AdoMet and 3 nmol/l for AdoHcy, and 
the linear range is up to 500 nmol/l for both compounds.

Precision
The within-run CV ranged from 0.6 to 5% for AdoMet and from 2 to 6% for AdoHcy 
for five injections of a plasma sample spiked with 0, 25, 50 and 100 nmol/l of each 
standard. The between-run CV ranged from 9 to 12% for AdoMet and from 8 to 
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11% for AdoHcy for ten measurements of a plasma sample spiked with 0, 25, 50 and 
100 nmol/l of each standard.

Recovery
Recovery of AdoMet and AdoHcy added to six different plasmas at concentrations of 
0, 25, 50 and 100 nmol/l was 94–102% and 102–105%, respectively.

Analytical

Procedure

Each working standard is prepared for HPLC-tandem mass spectrometry analysis 
by adding 10–100 µl of working internal standard mixture in an HPLC vial. Plasma 
samples (100 µl) are added to 10 µl of internal standard in 1.5-ml Eppendorf tubes. 
Samples are deproteinised by addition of 5 µl of 70% perchloric acid (Merck, M514) 
with vortex mixing, then centrifuged at 14,000 rpm (11,000 × g) at 4°C. A 3-µl aliquot 
of 5 mol/l K2CO3 is added to the supernatant to partially neutralise the solution, and 
precipitated KClO4 is removed by re-centrifugation for 1 min at 14,000 rpm (4°C). 
Supernatant is transferred to an HPLC vial and 50 µl is injected into the HPLC-tan-
dem mass spectrometry system. Samples can be stored at –20°C for at least 10 days. 
If insufficient sample is available and analyses with smaller volumes are performed, 
the same ratio of sample to internal standard must be maintained.

The analysis is performed on a Thermo TSQ Quantum AM instrument. The total 
analysis time is 8 min. The analytes are quantified by selected reaction monitoring 
using the decays listed in Table 2.2.5 (See Fig. 2.2.9).

Calculation

Calculation of the AdoMet and AdoHcy concentration is performed using the 
internal standard method:

Conc. (X) = Area (X) s
Area (IS) s

 × Area (IS) std.
Area (X) std.

 × Conc. (X) std. in µmol/L

Where Conc. is concentration, X is AdoMet or AdoHcy, s is the sample chromato-
gram, IS is the internal standard and std. is the standard chromatogram.



Table 2.2.5  Decays used for the quantification of analytes

Sample Decay (m/z ratio)

AdoMet 399 → 250
2H3-AdoMet 402 → 250

AdoHcy 382 → 134
2H5-AdoHcy 390 → 134
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Post-analytical

Interpretation
Chromatograms

Please refer to Fig. 2.2.9.

Reference Values
See Table 2.2.3

Typical Pathological Values
Changes of AdoMet and AdoHcy may be associated with any of the defects of methi-
onine and Hcy metabolism (see 2.2.3.3 and Table 2.2.5). As such, the measurement 
of these two metabolites cannot be detached from the Hcy assay.
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2.3.1	 Introduction

γ-Aminobutyric acid (4-aminobutyric acid, GABA), β-alanine (2-aminopropanoic 
acid), and homocarnosine (γ-aminobutyryl-l-histidine) represent bioactive amines 
with diverse roles in intermediary metabolism and central neurotransmission. In 
adults, GABA is the primary central inhibitory neurotransmitter derived from ex-
citatory glutamate in a reaction that is catalyzed by glutamic acid decarboxylase. 
Its neuronal disposal is mediated by GABA transaminase (GABA-T) and succinate 
semialdehyde dehydrogenase (SSADH) [8]. In the transamination step, 2-oxogluta-
rate serves as a nitrogen acceptor to generate glutamate, thus forming what is his-
torically referred to as the “GABA shunt” pathway. Perhaps one-third of mammalian 
synapses employ GABA as neurotransmitter, but it also has a pronounced role in 
nonneural tissues [22]. In the developing central nervous system (CNS), GABA acts 
trophically in an excitatory fashion, with important roles in synapse formation, den-
dritic outgrowth and maturation, and synaptic developmental roles [18].

β-alanine is derived from uracil and the decarboxylation of aspartic acid, and is 
a precursor of acetyl-CoA [7]. It may also be found as the β-alanyl-l-histidine conju-
gate carnosine (an antiglycation agent), in analogy to the GABA-histidine conjugate 
homocarnosine (see below) [16]. A preponderance of data (presynaptic localization, 
calcium-dependent release and/or transmitter-induced release, and postsynaptic re-
ceptors) suggest that β-alanine is also a neurotransmitter in mammals, but it is pres-
ent in much lower concentrations in the brain than is GABA [7]. Recent evidence 
indicates that quantities of β-alanine are modulated by the stress response, with 
a resultant downstream effect on excitotoxic and antiapoptotic responses [16].

Homocarnosine is a brain-specific dipeptide that is synthesized by carnosine syn-
thetase in glial cells and hydrolyzed by carnosinase. In some brain regions, concen-
trations exceed 1 mM, and there is evidence that specific neuronal tracts employ 
homocarnosine as a storage form of GABA [7]. The specific function of homocarno-
sine in brain has been widely explored, and the predominance of data suggest a role 
as an osmoregulator [23]. However, other studies have suggested that homocarno-
sine is neuroprotective (e.g., similar to β-alanine), especially with respect to isch-
emic damage, antioxidant damage, and protection from carbonyl toxicity [9]. The 
mechanism(s) by which these functions occur remain largely undefined.
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2.3.2	 Analyte	Properties	and	Formulae

The analytes quantified in this chapter (Fig. 2.3.1) are bifunctional, with both amine 
and carboxyl moieties, which lend themselves to derivatization with several com-
pounds. The physiological fluid of choice for determination is cerebrospinal fluid 
(CSF) although all species can be quantified in plasma, sera, urine, and even tissue 
extracts when necessary [9]. It is still unclear as to whether GABA and β-alanine 
share the same transaminase and nitrogen acceptor (2-oxoglutarate, pyruvate, etc), 
or if there are different enzymes with distinct specificities [7]. However, arguing in 
favor of only a single transaminase is the observation that body fluids from a docu-
mented patient with GABA-T deficiency had significantly increased β-alanine in ad-
dition to GABA [10].

GABA is significantly increased in both GABA-T and SSADH deficiencies; thus, 
quantitation in CSF has diagnostic importance [8, 11]. GABA levels in CSF derived 
from SSADH-deficient individuals may also have therapeutic ramifications in gaug-
ing the biochemical response to treatment [6]. Quantitation of β-alanine in CSF has 
diagnostic value for detecting GABA-T deficiency, but this disorder is rare. Isolated 
homocarnosinemia/homocarnosinosis has been detected in two families, a rare 
disorder linked to serum carnosinase deficiency [7, 14]. Homocarnosine is also in-
creased in CSF derived from SSADH-deficient individuals (see below).

Fig.	2.3.1	 Structures of the metabolites γ-aminobutyric acid (GABA), β-alanine, and homocar-
nosine
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2.3.3	 Methods

2.3.3.1	 Quantification	of	GABA	and	β-alanine	in	CSF

Principle

GABA and β-alanine occur in CSF in their free and peptide-linked forms. Hydrolysis 
of peptide-linked forms of GABA- and β-alanine-conjugates yield the free amino 
acids. To isolate the amino acids from CSF and achieve good separation on gas chro-
matography (GC), the amino groups are derivatized with methylchloroformate un-
der basic conditions. Methylchloroformate derivatives are extracted into ethylacetate 
after acidifying the sample to a pH below 2. Following evaporation, carboxyl moieties 
(Fig. 2.3.2) are derivatized with pentafluorobenzylbromide (PFB-Br). The resulting 

Fig.	2.3.2	 Formation of GABA/β-alanine-methylformate and GABA/β-alanine-methylfor-
mate-pentafluorobenzyl derivative
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methylformate-pentafluorobenzyl derivatives of GABA and β-alanine are quantified 
using GC electron-capture negative-ion mass fragmentography. Utilizing single ion 
monitoring (SIM), the response of the unlabeled components at m/z 160 (160.06) for 
GABA and m/z 146 (146.05) for β-alanine and the labeled internal standards at 162 
(162.07) for 2H2-GABA and 149 (149.06) for 13C3-β-alanine are quantified.

Pre-analytical

Specimen

Lumbar CSF (1–2 ml) is collected and immediately stored at –20°C. Since there 
is a rostrocaudal gradient for CSF, the first 2 ml that emerges from the spinal tap 
is not suitable for quantification of GABA and β-alanine. Otherwise, false negative 
values can occur.

Reagents and Chemicals

1. 1 M phosphate buffer pH = 11.5:
a. Solution A: 17.8 g Na2HPO4·2H2O dissolved in 100 ml demineralized water 

(1 mol/l).
b. Solution B: 10.6 g Na2CO3 dissolved in 100 ml demineralized water (1 mol/l).

 Mix solutions A and B and adjust the pH to 11.5 with 4 M NaOH; store at 4°C.
2. Methylchloroformate.
3. 6 M HCl.
4. 12 M NaOH.
5. Ethylacetate, p.a. (analytical purity).
6. Triethylamine.
7. Pentafluorobenzylbromide in acetonitrile (7% v/v).
8. 0.05 M HCl.
9. Hexane, p.a.
10. Standard mixture GABA/β-alanine 0.01 mmol/l:

a. GABA (99%; MW = 103.1): weigh 4-aminobutyric acid and make a dilution of 
0.1 mmol/l in demineralized water.

b. β-alanine (99%,;MW = 89.09): weigh β-alanine and make a dilution of 
0.1 mmol/l in demineralized water.

 Mix 1 ml of 0.1 mmol/l GABA and 1 ml of 0.1 mmol/l β-alanine and adjust the 
volume to 10 ml with demineralized water.

11. Fill Eppendorf tubes with 400 µl of the 0.01 mmol/l standard mixture and store at 
–20°C.

12. Internal standard (IS) mixture 2H2-GABA/13C3-β-alanine 0.001 mmol/l:
a. 2H2-4-aminobutyric acid (2H2-GABA; 98%, MW = 105.1): weigh 2H2-4-amino-

butyric acid and make a dilution of 0.2 mmol/l in demineralized water.
b. 62 mmol/l 13C3-β-alanine (MW =  92.1): dilute 62 mmol/l 13C3-β-alanine in de-

mineralized water, resulting in a solution of 0.3 mmol/l.
 Mix 100 µl of 0.2 mmol/l 2H2-GABA and 67 µl of 0.3 mmol/l 13C3-β-alanine and 

adjust the volume to 20 ml with demineralized water.
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Instrumentation

1. Gas-chromatograph mass spectrometer operating in the negative chemical ion-
ization mode.

2. GC-column: CP-Sil-88-coated WCOT fused silica 25 m × 0.25 mm inner diam-
eter (i.d.) column (df = 0.2; Varian/Chrompack).

Calibration

A calibration curve is established and quantified for each batch of samples. The 
calibration curve for free GABA/β-alanine: 0 nmol, 0.02 nmol, 0.05 nmol, 0.1 nmol, 
and 0.2 nmol. The calibration curve for total GABA/β-alanine: 0 nmol, 0.1 nmol, 
0.2 nmol, 0.5 nmol, and 1.0 nmol. The curves are plotted and results are calculated. 
The calibration curve is linear up to 1.0 nmol. Linearity beyond these concentrations 
has not been established.

Quality Control

A CSF pool is analyzed for internal control in every batch of samples.

Analytical

Procedure

The procedure is fully described by Kok et al. [13]. Bring the 1 M phosphate buf-
fer pH 11.5 to room temperature and redissolve the crystals. Add to every tube 
0.2 nmol 2H2-GABA and 13C3-β-alanine (200 µl of 0.001 mmol/l IS mixture). Make 
a 0.001-mmol/l solution of the GABA/β-alanine standard mixture by mixing 100 µl 
of the 0.01 mmol/l standard mixture and 900 µl demineralized water. Make calibra-
tion curves with the amounts of GABA/β-alanine listed in Table 2.3.1.

The samples and the CSF pool (quality control) are thawed and placed on ice 
water. Apply a CSF pool at the beginning of a batch as well as at the end of a batch 
of samples. Add 1 ml of sample for free GABA/β-alanine and, if necessary, add de-
mineralized water to obtain a final volume of 1 ml. Add 50 µl of sample for the de-
termination of total GABA/β-alanine and add demineralized water to obtain a total 
volume of 400 µl.

Free GABA/β-Alanine Samples
1. Directly add 800 µl of 1 M phosphate buffer pH 11.5 and 50 µl methylchlorofor-

mate. Gently shake the mixture for 10 min.
2. Add 150 µl of 6 M HCl and extract the samples with 4 ml of ethylacetate for at 

least 1 min. Centrifuge for 2 min at 3300 × g.
3. Pipette the organic layer (upper layer) into a new tube.

Total GABA/β-Alanine Samples
1. Acidify the samples by adding 400 µl of 6 M HCl.
2. Hydrolyze at 110°C for 4 h (longer heating leads to conversion of 2H2-GABA into 

GABA).
3. After cooling, neutralize the samples by adding 200 µl of 12 M NaOH.
4. Add 800 µl of 1 M phosphate buffer pH 11.5 and 50 µl methylchoroformate. Check 

the pH at random after adding the phosphate buffer. The pH must have a value of 
> 10. Add more 12 M NaOH if necessary. Gently shake the mixtures for 10 min.
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5. Add 150 µl of 6 M HCl and check the pH randomly.
6. Extract with 4 ml ethylacetate for at least 1 min. Centrifuge at 3300 × g for 2 min.
7. Pipette the organic layer into a new tube.
Evaporate the organic layers of the “free” and “total” samples to dryness at 40°C 
under a gentle stream of nitrogen. Add 10 µl triethylamine and 100 µl of 7% penta-
fluorobenzylbromide in acetonitrile and derivatize at room temperature for 15 min. 
Add 150 µl of 0.5 M HCl and extract with 1 ml hexane for at least 1 min. Centrifuge 
the samples for 2 min at 835 × g. Pipette the hexane into a sample vial and evaporate 
to dryness at 40°C. Add 50 µl hexane and redissolve the residue. Samples are ready 
for quantification with GC-mass spectrometry (GC-MS).

GC-MS Methodology
Under negative chemical ionization conditions, methane or ammonia is used as 
a moderating gas. A 1- to 2-µl aliquot of sample is injected onto the GC-MS and 
separation of GABA and β-alanine from other compounds is achieved by employing 
a CP-Sil 88-coated WCOT fused silica 25 m × 0.25 mm i.d. column (df = 0.2; Varian/
Chrompack). The injection temperature of the GC-MS is 220–240°C and the temper-
ature program of the GC is as follows: start temperature 60–80°C, rate of increase in 
temperature 5–30°C/min to a final temperature of 240°C. The temperature program 
of the GC should be changed if GABA and β-alanine are not separated well from coe-
luting components. The temperature of the source is 150–250°C and the temperature 
of the interface is set to 240°C.



Table 2.3.1  Calibration curve for free γ-aminobutyric acid (GABA)/
β-alanine and total GABA/β-alanine

Free GABA/β-alanine

Amount Volume Standard solution Demi. water

blank  – – 1000 µl

0.02 nmol  20 µl 0.001 mmol/l  980 µl

0.05 nmol  50 µl 0.001 mmol/l  950 µl

0.1 nmol 100 µl 0.001 mmol/l  900 µl

0.2 nmol 200 µl 0.001 mmol/l  800 µl

Total GABA/β-alanine

Amount Volume Standard solution Demi. water

blank  – – 400 µl

0.1 nmol 100 µl 0.001 mmol/l 300 µl

0.2 nmol 200 µl 0.001 mmol/l 200 µl

0.5 nmol  50 µl 0.01 mmol/l 350 µl

1.0 nmol 100 µl 0.01 mmol/l 300 µl

Abbreviation: demi, demineralized
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Calculation

The concentration of the CSF analyte is calculated by interpolation of the observed 
analyte:IS peak-area ratio into the linear regression line for the calibration curve, 
which is obtained by plotting the peak-area ratios against analyte concentration.

Post-analytical

Interpretation

Calculated concentrations of GABA and β-alanine are compared with the reference 
values. Increased quantities of GABA, β-alanine, and/or homocarnosine may suggest 
a defect in the catabolic pathway of GABA (e.g., GABA-T and/or SSADH deficien-
cies). Elevated levels of β-alanine may also suggest the rare disorder hyper-β-alani-
ninemia, which may be a specific transamination disorder (GABA-T?) or a transport 
disorder, but this is very rare [7]. Hyper-β-alaninemia is also variably associated with 
Cohen syndrome [17]. SSADH deficiency may be treated by inhibition of GABA-T 
with γ-vinyl-GABA (vigabatrin; Sabril), which may lead to artifactual increases in 
free and total GABA in the CSF.

Chromatograms
See Fig. 2.3.3.

Reference Values
Reference values of GABA and β-alanine are age-dependent (see Table 2.3.2).





Fig.	2.3.3	 Chromatogram of a pooled cerebrospinal fluid (CSF) sample (free β-alanine and free 
GABA). Trace m/z = 146 represents unlabeled β-alanine (retention time 6.7 min); trace m/z = 149 
for 13C3-β-alanine (retention time 6.7 min); trace m/z = 160 for unlabeled GABA (retention time 
7.07 min); trace m/z = 162 for 2H2-GABA (retention time 7.06 min)
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Pitfalls
Following collection of CSF, and during storage and thawing of the sample, bound 
GABA may be converted into free GABA yielding false positive values. Freezing of 
the sample immediately after collection, and thawing just prior to extraction, is ne-
cessary for reliable values of free GABA. Heating 2H2-GABA in the presence of HCl 
can cause exchange between 2H and 1H, resulting in 1H-GABA and unlabeled GABA. 
This results in artifactually high blanks. Thus, do not heat for longer than necessary 
during the hydrolysis step.

2.3.3.2	 Quantification	of	Homocarnosine	in	CSF

Principle

Homocarnosine is a dipeptide of GABA and l-histidine. After deproteinizing the 
sample with ethanol, the mixtures are centrifuged. The clear supernatant is evapo-
rated to dryness and derivatized with butanol. The sample is evaporated to dryness 
and redissolved in the mobile phase. The homocarnosine-butyl derivatives (Fig. 2.3.4) 
are quantified using liquid chromatography mass spectrometry/mass spectrometry 
(LC-MS/MS) operating in the positive mode. With multiple reaction monitoring 
(MRM), the transitions of m/z 297.0 to m/z 212.0 for homocarnosine and m/z 299.0 
to m/z 212.0 for 2H2-l-homocarnosine are quantified.

Pre-analytical

Specimen

Lumbar CSF (0.5 ml) is collected and subsequently stored at –20°C.

Reagents and Chemicals

1. Ethanol (minimum 99%).
2. Methanol (HPLC grade).
3. Ammonium acetate.



Table 2.3.2  Reference values of GABA and β-alanine according to age

GABA Free < 2 years 0.017–0.067 µmol/l

≥ 2 years 0.032–0.167 µmol/l

Total < 2 years 4.2–13.4 µmol/l

≥ 2 years 3.3–12.2 µmol/l

β-Alanine Free < 2 years 0.049–0.108 µmol/l

≥ 2 years 0.021–0.058 µmol/l

Total < 2 years 2.08–4.64 µmol/l

≥ 2 years 0.91–3.47 µmol/l
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4. 10% 6 M HCl in butanol solution.
5. γ-Aminobutyryl-l-histidine (l-homocarnosine; MW = 240.3).
6. 2H2-l-Homocarnosine (93%; MW = 242.3).

Instrumentation

1. Cooled centrifuge.
2. HPLC system with triple quadrupole tandem mass spectrometer.
3. Symmetry C18 analytical column (3.9 × 150 mm; 5 µm bead size, Waters)

Calibration

A calibration curve with aqueous calibrators containing 0, 0.1, 0.5, 1.0, and 5.0 nmol 
homocarnosine are measured. The curve is plotted and results determined. The cali-
bration curve is linear to at least 5.0 nmol.

Quality Control

A CSF pool is measured for internal control in every batch of samples.

Analytical

Procedure

The procedure is well described by Jansen et al. [12]. Prepare a calibration curve 
by adding the amounts of homocarnosine listed in Table 2.3.3. Add to 100 µl CSF, 
10 µl of 0.1 mM 2H2-l-homocarnosine in water. Deproteinize the samples by adding 
300 µl ethanol (99%). Mix the mixtures thoroughly and centrifuge at 20,000 × g for 

Fig.	2.3.4	 Formation of the homocarnosine-butyl derivative from homocarnosine and 1-bu-
tanol
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5 min at 4°C. Transfer the clear supernatant to a vial and evaporate to dryness under 
a gentle steam of nitrogen at 40°C. Add 100 µl of 10% 6 M HCl in butanol solution 
and derivatize the samples at 60°C for 15 min. After cooling, evaporate the samples 
to dryness at 40°C under a stream of nitrogen. Redissolve the residues in 100 µl 
mobile phase consisting of H2O-methanol (50:50, by volume) containing 25 mM 
ammonium acetate. Transfer the solutions to new tubes and centrifuge for 5 minutes 
at 10,000 × g at 4°C. Approximately 1–10 µl of the clear supernatant is injected onto 
the LC-MS/MS system.

LC-MS/MS Methodology
Separation of homocarnosine is achieved employing a Symmetry C18 analytical col-
umn (3.9 × 150 mm; 5-µm bead size; Waters) using H2O-methanol (50:50, by vol-
ume) containing 25 mM ammonium acetate as the mobile phase. The flow rate is set 
to 0.9 ml/min and is split into a ratio of 1:4, producing an inlet flow of 180 µl/min 
into the mass spectrometer. Detection of the homocarnosine-butyl derivatives is per-
formed on a triple quadrupole tandem mass spectrometer with the turbo ion elec-
trospray source operating in the positive mode. The temperature of the source is set 
to 400°C; turbo ion gas (nitrogen) is used at a flow rate of 8 l/min and the ion spray 
voltage is set at 4,200 V; the declustering potential is set at 30 V and the collision en-
ergy is 20 V. Data is acquired and processed using Analyst for Windows NT (version 
1.3.1). For the MRM, the following transitions are performed: m/z 297.0 to m/z 212.0 
for homocarnosine and m/z 299.0 to m/z 212.0 for 2H2-l-homocarnosine.

Calculation

The CSF homocarnosine concentration is calculated by interpolating the observed 
analyte:IS peak-area ratio into the linear regression line for the calibration curve, 
which is obtained by plotting the peak-area ratios against analyte concentration.

Post-analytical

Interpretation

Calculated homocarnosine concentrations are compared with the reference values. 
Large quantities of GABA and GABA conjugates, including homocarnosine, are 



Table 2.3.3  Calibration curve for homocarnosine

Amount Volume of standard 
solution

Concentration of standard 
solution

Blank –

0.1 nmol 10 µl 0.01 mmol/l

0.5 nmol 50 µl 0.01 mmol/l

1.0 nmol 100 µl 0.01 mmol/l

5.0 nmol 50 µl 0.10 mmol/l
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found in CSF derived from patients with GABA-T and SSADH deficiencies. CSF 
homocarnosine can also be elevated in patients with homocarnosinosis.

Chromatograms
See Fig. 2.3.5.

Reference Values
No significant gender difference is observed in CSF homocarnosine concentrations. 
Homocarnosine concentration is highly age-dependent. A comparison between two 
control groups should be made, individuals < 10 years and individuals > 10 years of 
age (Fig. 2.3.6).





Fig.	2.3.5	 Chromatograms of a pooled CSF sample (a) and from a succinate-semialdehyde-dehy-
drogenase-deficient patient aged 4 years (b). Transition m/z 297.0 → m/z 212.0 for homocarno-
sine; transition m/z 299.0 → m/z 212.0 for 2H2-l-homocarnosine

Fig.	2.3.6	 Reference values for homocarnosine: at < 10 years = 1.12–9.84 µmol/l (n = 21); 
at > 10 years = < 0.02–5.06 µmol/l (n = 52)
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Pitfalls
The same pitfalls for homocarnosine determination may be applied as for the case of 
total GABA. Avoid excessive freeze-thaw cycles for CSF; thaw only prior to aliquot-
ing for measurement, and freeze CSF immediately upon isolation.

2.3.3.3	 Alternative	Methodology:	the	Amino	Acid	Analyzer

GABA, β-alanine, and homocarnosine may be quantified with the amino acid ana-
lyzer [21]. Sensitivity is much lower (µmol/l vs nmol/l for the methods described in 
this chapter). GABA and β-alanine are quantified directly. Conversely, homocarno-
sine is not easily quantified because of its size and hydrophobicity. Following acid 
hydrolysis, however, homocarnosine content may be estimated via measurement of 
free histidine and GABA [2].

2.3.3.4	 Follow-Up	Enzyme	Assays

GABA-T and SSADH enzyme activities may be reliably quantified in leukocytes iso-
lated from whole blood. In both disorders, GABA elevation is expected in CSF, while 
in GABA-T deficiency, β-alanine and homocarnosine are also elevated [10].

GABA-T has been previously quantified by employing a radiometric analysis and 
HPLC quantification [15]. In this system, 14C-GABA is incubated with cell extract in 
the presence of α-ketoglutarate to conjugate NH4

+ ion. Radiolabeled 14C-succinate 
semialdehyde is converted to the methoxime derivative and quantified following 
HPLC separation by liquid scintillation spectrometry. More recently, Schor and col-
leagues [20] developed an elegant stable isotope dilution GC-MS assay for quantifying 
GABA-T activity. These investigators employed 15N-GABA with cell extracts in the 
presence of α-ketoglutarate as an acceptor for 15N. The resulting 15N-glutamate was 
quantified by GC-MS employing 2H5-glutamate as the IS. Of interest, in these studies 
Schor and coworkers provided evidence that β-alanine and GABA transaminases are 
identical. SSADH activity is readily measured by fluorometric enzyme analysis, using 
unlabeled succinate semialdehyde as the substrate and NAD+ as a cofactor. Produc-
tion of NADH in the reaction is quantified fluorometrically using the NAD+/NADH 
couple at excitation 355 nm/emission 470 nm [3]. Prenatal diagnosis of SSADH de-
ficiency may also be reliably performed in chorionic villus and cultured chorion tis-
sue, and mutation analysis is available in cDNA and genomic DNA samples [1, 5].

β-Alanine occupies a central role in intermediary metabolism, primarily as the 
metabolic breakdown product of pyrimidine (uracil, cytidine) metabolism [7]. In-
creases in β-alanine may also be detected in hyper-β-alaninemia, GABA-T defi-
ciency (see above), and putative combined semialdehyde dehydrogenase deficiency 
[4]. Serum carnosinase activity is readily measured as a marker for carnosinosis, 
homocarnosinosis and in instances of β-alanine elevation in physiological fluids [7]. 
For quantification, carnosine is incubated with sera samples, and the histidine lib-
erated in the reaction is quantified as the fluorescent o-phthalaldehyde derivative 
[19]. To estimate the activity of methylmalonate semialdehyde dehydrogenase (di-
rect enzyme determination methods have not been reported), fibroblast extracts are 
incubated with 1-14C-β-alanine and trapping of 14CO2.
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2.4.1	 Introduction

The essential amino acid lysine (2,5-diaminohexanoic acid) can be degraded via two 
pathways, viz. the so-called saccharopine pathway and the pipecolic acid (PA) path-
way. Both pathways merge at the level of α-aminoadipic acid semialdehyde (AASA). 
It is generally accepted that the saccharopine pathway constitutes the major break-
down pathway. However, the PA pathway has attracted much attention since the dis-
covery of the association between the presence of elevated PA levels and Zellweger 
syndrome almost 40 years ago. Mainly because the analysis of amino acids was the 
primary biochemical approach for studying presumed inborn errors of metabolism, 
PA in Zellweger syndrome was discovered even before it was realized that this disor-
der was based on a defect of peroxisomal functions.

The clinical importance of PA remained limited for a long time until it was real-
ized that this imino acid was elevated in all patients with so-called pyridoxine-re-
sponsive convulsions. Following the discovery of a genetic defect of AASA dehydro-
genase as the underlying cause of this disorder – leading to a secondary increase of 
PA – the analysis of this imino acid again became an important diagnostic tool.

Historically, PA was analyzed with the aid of the amino acid analyzer. The sensi-
tivity of this method is insufficient for reliable determinations in plasma or cerebro-
spinal fluid (CSF); therefore, more specific and sensitive methods were developed.

2.4.2	 Properties	of	the	Analyte

PA (piperidine-2-carboxylic acid) is a nitrogen-containing heterocyclic compound 
with a molecular weight of 129.2. Its structure is shown in Fig. 2.4.1.

	 2.4	 	 Pipecolic	Acid
Marinus Duran

Fig.	2.4.1	 Chemical structure of pipecolic acid



2.4.3	 Specimens	for	Analysis

PA can be analyzed in urine, plasma, and CSF. The conditions for sampling are simi-
lar to those of the other amino acids (see Chap. 2.1). As PA is a stable compound, no 
special precautions for its preservation have to be taken.

2.4.4	 Tandem	Mass	Spectrometry	Assay

2.4.4.1	 Introduction

The availability of stable isotope-labeled PA makes an accurate quantitative determi-
nation of this imino acid possible. A short high-performance liquid chromatography 
(HPLC) run prior to the mass spectrometer inlet will result in a discrete peak of 
PA. For the definitive diagnosis of AASA dehydrogenase deficiency, a simultaneous 
determination of AASA would be preferred. The absence of a commercially available 
labeled standard leaves this analysis in the experimental stage.

2.4.4.2	 Principle	of	the	Assay

Following the extractive deproteinization of the plasma, urine, or CSF, PA is de-
rivatized with methyl chloroformate. The analyte is measured in the tandem mass 
spectrometer in the positive ion mode using multiple reaction monitoring (MRM; 
Fig. 2.4.2).

2.4.4.3	 Sample

A minimum volume of 50 µl plasma/urine or 200 µl CSF is required.

2.4.4.4	 Reagents	and	Chemicals

1. Acetonitrile (Merck M30).
2. Acetic acid (Merck 100063).
3. Disodiumhydrogenphosphate-dihydrate (Merck 106580).
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Fig.	2.4.2	 Derivatization of pipecolic acid with methyl chloroformate (MCF)



4. Methyl chloroformate (Merck 802357).
5. Sodium hydroxide (Merck 106842).
6. Pipecolic acid (Sigma/Aldrich 80615).
7. 2H9-Pipecolic acid (CDN Isotopes D5087).
8. HCl 37% (Merck 100317).
9. MilliQ water (Millipore).
10. Eluent A: 1% acetic acid in water, mix 1 part acetic acid with 99 parts of MilliQ.
11. Eluent B: acetonitrile.
12. Standards: PA 500 µmol/l (6.5 mg in 100 ml water).
13. Make dilutions in a range of 0.5–100 µmol/l.
14. Internal standard 2H9-PA 100 µmol/l (1.4 mg in 100 ml water).
15. 12 M NaOH: dissolve 4.8 g NaOH in 10 ml water.
16. 6M HCl: add slowly one part HCl 37% to one part water.
17. NA2HPO4 buffer pH 11.0: dissolve 7.0 g Na2HPO4 in 100 ml water and adjust the 

pH to 11.0 with 12 M NaOH.

2.4.4.5	 Instrumentation

1. TSQ Quantum AM tandem mass spectrometer (Thermo Finnigan).
2. Surveyor autosampler (Thermo Finnigan).
3. Surveyor liquid chromatography pump (Thermo Finnigan).
4. Hydrosphere C18 column (250 × 2.1 mm, 3 µm particles; YMC).
5. DB-3 sample concentrator (Techne).

2.4.4.6	 Procedure

Pipette plasma, urine (both 50 µl), or CSF (200 µl) into an Eppendorf tube. Add 
50 µl internal standard. Add twice 250 µl acetonitrile while vortexing. Spin down 
the protein at 12,000 rpm (12,000 × g) in the refrigerated microcentrifuge for 10 min. 
Transfer the supernatant to an evaporation vial and blow nitrogen at 37°C until dry. 
The residue is taken up in 200 µl buffer and vortexed. Check the pH (11). Transfer to 
another Eppendorf vial, add 20 µl methyl chloroformate, react at ambient tempera-
ture for 5 min (check pH > 6). Stop the reaction with 20 µl 6 M HCl (check pH=1). 
Centrifuge again at 12,000 rpm (12,000 × g) and 4°C for 10 min (two layers will 
form). The upper layer is transferred to an autosampler vial.

Ten microliters are injected onto the HPLC column. Elution is performed at a 
flow rate of 200 µl/min with a gradient of 70% A/30% B to 1%A/ 99% B in 10 min. 
The total analysis time is 12 min. PA is monitored at the transition 188 → 142, the 
internal standard 2H9-PA disintegrates from 197 → 151. The tandem mass spec-
trometer is in the positive ion mode; the collision energy is 20 eV (see Fig. 2.4.3).

2.4.4.7	 Quality	Control

Plasma, urine, and CSF pool samples, both native physiological and spiked patho-
logical, are implemented in each series. The results of these analyses are displayed 
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in a Shewhart plot. External quality assurance is accomplished by participa-
tion in the quantitative European Research Network for evaluation and improve-
ment of screening, Diagnosis and treatment of Inherited disorders of Metabolism 
(ERNDIM) schemes. Both special assays schemes for plasma and urine contain PA. 
Eight samples (four pairs at four concentration levels) are analyzed throughout the 
year.

Validation Data

All calculations were made on three concentration levels. The intra-assay coeffi-
cient of variation (CV) for plasma ranged from 3.8 to 7.6%, the latter at a level of 
1.4 µmol/l. For urine, the CVs ranged from 4.4 to 18%, the latter at 0.7 µmol/l. CSF 
had CVs of 4.2–5.0%.
Inter-assay CVs range from 1.6 to 3.7% for plasma; the respective data for urine and 
CSF were 1.9–5.8% and 2.5–4.2%.

The recovery throughout the whole procedure was tested in standard addition 
experiments and averaged 92% for urine and plasma and 114% for CSF.

Fig.	2.4.3	 Tandem mass spectrometry analysis of pipecolic acid in plasma and the internal  
standard 2H9-pipecolic acid. Both substances elute at approximately 6.9 min
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2.4.5	 Gas	Chromatography/Mass	Spectrometry	Assay

2.4.5.1	 Introduction

In the absence of tandem mass spectrometry equipment, almost equally reliable es-
timations of the PA concentrations can be made using gas chromatography-mass 
spectrometry (GC-MS). A standard quadrupole instrument, such as the one used 
for organic acid analysis, will be sufficient. Depending on the derivative, a choice 
between positive and negative ionization will have to be made. In general, a more 
extensive prepurification of the biological samples, will have to be realized.

2.4.5.2	 Principle	of	Assay

Urine, plasma, or CSF, to which a 2H-labeled PA internal standard has been added, is 
deproteinized with sulfosalicylic acid (SSA). PA is subsequently isolated on a cation-
exchange column, derivatized with N-methyl-N-(tert-butyldimethylsilyl) trifluoro-
acetamide (MTBSTFA) and analyzed by GC-MS using selected ion monitoring.

2.4.5.3	 Sample

A 100-µl sample of urine or plasma, or alternatively 200 µl of CSF, is used for the 
assay.

2.4.5.4	 Reagents	and	Chemicals

1. SSA (Merck M691).
2. AG50W-X8 cation-exchange resin 200–400 mesh (BioRad 142–1451).
3. Ammonia (Merck 5432).
4. HCl 37% (Merck 317).
5. Methanol (Merck 6007).
6. Acetonitrile (Merck 30).
7. MTBSTFA (Pierce 48920).
8. PA (Sigma P2519).
9. 2H9-PA (CDN Isotopes D-5087).
10. MilliQ water (Millipore).
11. Standards: internal standard 2H9-PA (100 µmol/l; 1.4 mg/100 ml water).
12. SSA 12% (12 g/100 ml water).
13. Ammonia 4 M: dilute the concentrated ammonia 3.3-fold.
14. HCl 0.1 M: dilute the concentrated HCl 76-fold.

2.4.5.5	 Instrumentation

1. HP6890 Gas chromatograph (Agilent).
2. MSD5973 Mass selective detector (Agilent).
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3. HP 7683 Autosamplet (Agilent).
4. HP Chemstation software (Agilent).
5. CPSil-5CB low-bleed capillary column (25 m×0.25 mm×0.25 µm; Chrompack).
6. All glassware standard laboratory equipment.

2.4.5.6	 Procedure

Take 100 µl plasma or urine (or 200 µl CSF) and add 100 µl internal standard solu-
tion. While vortexing, add 400 µl of 12% SSA; subsequently add 1 ml of water and 
allow protein precipitation at 4°C for 30 min. Spin down at 1500×g for 10 min.

The ion-exchange columns (6 g resin for ten columns with 6 ml water) are condi-
tioned by washing with 5 ml of 4 M NH4OH and water until neutral, followed by 5 ml 
of 0.1 M HCl and water until neutral. The deproteinized supernatant is applied to the 
column and washed with 3 ml of 0.1 M HCl and 10 ml water. Elution of PA is achieved 
with 10 ml of 4 M NH4OH. The solvent is evaporated on a rotary evaporator.

The residue is transferred to a reacti-vial with methanol, evaporated to dryness, 
and derivatized with 50 µl MTBSTFA in 50 µl acetonitrile under nitrogen at 110°C 
for 2 h.

Two microliters of the sample are injected by splitless injection (290°) and sepa-
rated with a constant helium flow of 1.5 ml/min while programming the oven tem-
perature from 80–290°C in approximately 10 min.

The mass spectrometer is set at m/z 198.2 (PA) and 207.2 (2H9-PA), both represent-
ing the [M-57] fragment of the derivatized molecule (loss of a tertiary butyl group).

A control plasma is analyzed in each series and serves as the internal quality con-
trol sample. Analysis of plasmas and urines of the ERNDIM special assays schemes 
(eight samples per year, four pairs at four concentration levels) serves as the external 
quality control program.

2.4.5.7	 Validation	Data

Plasma PA (mean value 9.3 µmol/l) was analyzed tenfold; the CV was 2.5%. Another 
plasma (PA level 25 µmol/l) was analyzed in ten different series; the interassay CV 
reached 7.6%.

2.4.6	 Interpretation,	Normal/Pathological	Values,	and	Pitfalls

Increased PA may be encountered in several inherited conditions:
1. Generalized peroxisomal dysfunction (Zellweger syndrome and variants).
2. AASA dehydrogenase deficiency (pyridoxine-responsive convulsions).
3. Hyperlysinemia types 1 or 2.
4. Defects of proline metabolism.
5. Generalized aminoaciduria.

The presence of PA in patients with defective peroxisomal metabolism may be a diag-
nostic tool in distinguishing the peroxisome biogenesis defects from isolated enzyme 
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defects such as D-bifunctional protein deficiency. The latter condition has no PA 
involvement.

PA is secondarily increased in AASA dehydrogenase deficiency and may be an 
important diagnostic criterium. The primary accumulating AASA – the toxic sub-
stance inactivating pyridoxine – is still difficult to analyze.

The hyperlysinemias are characterized by a block in the saccharopine pathway. 
Subsequently, the PA pathway is overloaded. It is assumed that the capacity of the 
latter pathway is not sufficient to tackle all lysine molecules.

Because of the structural similarity between PA and proline, it can easily be un-
derstood that the two imino acids may share the same transport mechanism(s). 
Therefore it is not surprising to see increased PA in prolinemia type 2 patients.

Theoretically, patients with an isolated defect of PA oxidase will exist. No good 
description of this condition has appeared; there is one report on an adult with iso-
lated hyperpipecolic acidemia. Unfortunately, no clinical symptoms appear to be as-
sociated with this condition.

Patients with severe hepatocellular dysfunction may have elevated PA levels. Thus 
far this is unexplained.

PA reference values for plasma, urine, and CSF are: 2.5±1.25 µmol/l, 0–6 mmol/
mol creatinine, and <0.12 µmol/l, respectively. Pathological values may cover a very 
wide range; as an example, patients with the Zellweger syndrome may have plasma 
PA levels up to 170 µmol/l; the CSF of a AASA-dehydrogenase-deficient patient may 
show PA levels as high as 3 µmol/l.
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This chapter is dedicated to the memory of Dr. Kay Tanaka (1929–2005)

3.1.1	 Introduction

More than 40 years ago, Dr. Kay Tanaka began his journey to characterize the clinical, 
biochemical, and molecular basis of a distal disorder of leucine catabolism caused by 
a deficiency of the enzyme isovaleryl-coenzyme A (CoA) dehydrogenase [36]. He 
did so by first recognizing the diagnostic importance of organic acid profiling in 
urine, and by seeking one of the earliest applications of mass spectrometry to the 
study of an inborn error of metabolism. The impact of his seminal contributions was 
best illustrated by Chalmers and Lawson in their classic monograph of 26 years ago 
[9], in which a compelling figure (see page 3) showed the virtually linear expansion 
of the number of known disorders of organic acid metabolism for almost 20 years 
following the discovery of isovaleric acidemia. Dr. Tanaka passed away in the sum-
mer of 2005 [31], and this chapter is dedicated to his memory; a small tribute to one 
of the founding fathers and most distinguished scientists devoted to the study of 
inborn errors of metabolism.

Organic acidemias are a heterogeneous group of inborn errors of metabolism that 
are characterized biochemically by the accumulation of organic acids in urine and, 
to a lesser extent, in other body fluids. Some organic acids are essentially undetect-
able under physiological conditions, deriving from alternative pathways activated 
in response to the loss of a given enzyme function, for example 2-methylcitric acid 
in defects of propionate metabolism [9]. Several of the clinically significant organic 
acids are otherwise normal components of urine profiles that accumulate under 
pathologic conditions.

Table 3.1.1 shows a summary of known disorders of organic acid metabolism 
[32]. Available data on the rate of detection by clinical ascertainment and expanded 
newborn screening indicate a collective incidence of between 1:10,000 and 1:30,000 
live births [16, 17, 36, 37]. These estimates are not inclusive of other inborn errors 
of metabolism (i.e., fatty acid oxidation disorders, primary lactic acidemias, primary 
amino acid disorders) in which there is also a significant accumulation and urinary 
excretion of specific organic acid species. Although not systematically addressed in 
this chapter, some of the figures herein use as examples findings related to fatty acid 
oxidation disorders such as medium-chain acyl-CoA dehydrogenase deficiency and 
long-chain L-3-hydroxy acyl-CoA dehydrogenase deficiency [32].
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Table 3.1.1  Disorders of organic acid metabolism (in alphabetical order). 
This table does not include disorders with primary accumulation of amino 
acids, disorders of mitochondrial fatty acid oxidation, or primary lactic 
acidemias. CoA Coenzyme A, FAD f lavin adenine dinucleotide

Disorder Defective enzyme

2-Keto adipic aciduria 2-Keto adipic dehydrogenase

2-Keto glutaric aciduria 2-Keto glutaric dehydrogenase

2-Ketothiolase deficiency 2-Methylacetoacetyl-CoA thiolase

2-Methyl 3-hydroxy butyric aciduria 2-Methyl 3-hydroxy butyryl-CoA dehydrogenase

2-Methylbutyrylglycinuria 2-Methylbutyryl-CoA dehydrogenase

3-Hydroxy 3-methyl glutaric aciduria 3-Hydroxy 3-methyl glutaryl-CoA lyase

3-Methylcrotonylglycinuria 3-Methylcrotonyl-CoA carboxylase

3-Methylglutaconic aciduria 3-Methyl glutaconyl-CoA hydratase

4-Hydroxy butyric aciduria Succinic semialdehyde dehydrogenase

Alkaptonuria Homogentisic dioxygenase

Canavan disease N-Aspartoacylase

D-2-Hydroxy glutaric aciduria D-2-Hydroxyglutaric dehydrogenase

Ethylmalonic encephalopathy Unknown (ETHE1 gene)

Fumaric aciduria Fumarase

Glutaric aciduria type I Glutaryl-CoA dehydrogenase

Glyceroluria (X-linked) Glycerol kinase

Hawkinsinuria (autosomal dominant) 4-Hydroxy phenylpyruvic acid dioxygenase

Hyperoxaluria type I Alanine:glyoxylate aminotransferase

Hyperoxaluria type II D-Glyceric dehydrogenase

Isobutyrylglycinuria Isobutyryl-CoA dehydrogenase

Isovaleric aciduria Isovaleryl-CoA dehydrogenase

L-2-Hydroxy glutaric aciduria L-2-Hydroxy dehydrogenase (Duranin)

Malonic aciduria Malonyl-CoA decarboxylase

Methylmalonic acidurias Methylmalonyl-CoA mutase, other defects

Mevalonic aciduria Mevalonate kinase

Multiple carboxylase deficiency Holocarboxylase synthase

Propionic aciduria Propionyl-CoA carboxylase

Pyroglutamic aciduria Glutathione synthase





3.1.2	 Properties	of	Analytes

Organic acids are water-soluble compounds containing one or more carboxyl groups 
and other nonamino functional groups (Fig. 3.1.1). They originate from the interme-
diary metabolism of all major groups of organic cellular components. Primary pre-
cursors are amino acids, lipids, carbohydrates, nucleic acids, and steroids. Table 3.1.2 
shows the basic nomenclature of common monocarboxylic and dicarboxylic acids 
with a chain length between C2 and C10. Familiarity with the basic information 
shown in Fig. 3.1.1 and Table 3.1.2 should be sufficient to visualize the chemical 
structure of the vast majority of organic acid species encountered in laboratory prac-
tice. Such knowledge is particularly helpful to individuals interested in developing 
interpretive skills based on identification of mass spectra and pattern recognition of 
organic acid profiles.

Also detected by organic acid analysis is a distinct group of compounds called 
acylglycines. The metabolites listed on Table 3.1.3 are formed by the conjugation of 
a diverse group of acyl-CoA species to glycine, a reaction catalyzed by the mitochon-
drial enzyme glycine N-acylase [5]. Although acylglycines are important biochemi-
cal markers of several metabolic disorders, they may not be readily recognized in 
a routine organic acid profile of trimethylsilyl derivatives because of low levels of 
excretion (often below 10 mmol/mol creatinine) and appearance of multiple peaks 
due to inconsistent derivatization of the amino group on the glycine molecule [29].

3.1.3	 Methods

Because of their relatively low molecular weight, solubility, and other physical char-
acteristics, most organic acids are readily excreted in urine, where their detection is 

Table 3.1.2  Nomenclature of most common C2–C10 organic acids

Chain length Monocarboxylic acid Dicarboxylic acid

C2 Acetic acid Oxalic acid

C3 Propionic acid Malonic acid

C4 Butyric acid 
Isobutyric acid

Succinic acid

C5 Valeric acid 
Isovaleric acid 
2-Methylbutyric acid

Glutaric acid

C6 Hexanoic (caproic) acid Adipic acid

C7 Heptanoic (enanthic) acid Pimelic acid

C8 Octanoic (caprylic) acid Suberic acid

C9 Nonanoic (pelargonic) acid Azelaic acid

C10 Decanoic (capric) acid Sebacic acid
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almost universally achieved using gas chromatography-mass spectrometry (GC-MS) 
[12, 15, 23, 35]. Other methods for organic acid profiling, but of limited application 
in routine practice, include capillary electrophoresis [4, 10], high-resolution proton 
nuclear magnetic resonance [34], and electrospray ionization tandem mass spec-
trometry (MS/MS) [6, 27]. The latter is faster and to some extent less labor intensive, 
but is limited to the detection of analytes included in a pre-determined list of targets, 
the inability to separate some isomers, and a poor response of several compounds 
that are significant for the detection of specific disorders. On the other hand, MS/MS 
is clearly emerging as the platform of choice for the rapid and accurate determina-
tion of single analytes, including several organic acids and related compounds [1, 19, 
24, 25, 28].

3.1.3.1	 Principle

The GC-MS methods described here reflect the practice in the laboratory of the 
author. Organic acids are extracted from biological fluids by liquid-liquid extraction 
after mixing the specimen with an internal standard solution and a small amount 
of mineral acid (HCl) to bring the pH to ≤ 2. Oximation of 2-keto acids with hy-
droxylamine hydrochloride is not performed routinely, but only as a repeat analysis 
when the primary analysis reveals an abnormal excretion of 2-keto acids (e.g., lactic 
acidemia, ketonuria) and the potential presence of other compounds (e.g., glyoxylic 
acid, succinylacetone).

An equal volume of organic solvent (ethyl acetate, ether) is added and the tube is 
capped and vigorously mixed by shaking. Organic acids, which are in their neutral 
(protonated) state due to the acidification, will selectively favor the organic portion 
of the mixture. This liquid-liquid extraction is performed multiple times, each time 
removing the upper organic solvent layer to a clean test tube. The pooled layers are 
dried over sodium sulfate, and evaporated in a water bath under a gentle stream 
of nitrogen. After evaporation, organic acids are converted to their corresponding 
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trimethylsilyl (TMS) ethers with N,O,-bis-(trimethylsilyl)trifluoroacetamide 
(BSTFA) containing 1% trimethylchlorosilane (TMCS). The derivatization imparts 
volatility to the organic acids, necessary for the GC-MS analysis. The organic acid-
TMS ethers are separated in a capillary gas chromatography column containing an 
immobilized, nonpolar stationary phase. After chromatographic separation, organic 
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Table 3.1.3  Pathologic acylglycine species detected by organic acid analysis. 
CoA coenzyme A, FAO fatty acid oxidation, ILE isoleucine, LEU Leucine, 
MCAD medium-chain acyl-CoA dehydrogenase, MET methionine, 
PHE phenylalanine, SCAD short-chain acyl-CoA dehydrogenase, 
THR threonine, VAL valine

Name Chain 
length 
(acyl)

Precursors Conditions with abnormal urinary 
excretion

Propionylglycine C3 LEU MET 
THR VAL

Propionic acidemia 
Methylmalonic acidemias

Butyrylglycine C4 Butyryl-
CoA 
(FAO)

SCAD deficiency 
Glutaric acidemia type II

Isobutyrylglycine C4 VAL Isobutyryl-CoA dehydrogenase 
deficiency 
Glutaric acidemia type II 
Ethylmalonic encephalopathy

Tiglylglycine C5:1 ILE Propionic acidemia 
Methylmalonic acidemias 
Ketothiolase deficiency

3-Methyl crotonylglycine C5:1 LEU 3-Methylcrotonyl-CoA carboxylase 
deficiency 
Multiple carboxylase deficiency

Isovalerylglycine C5 LEU Isovaleric acidemia

2-Methylbutyrylglycine C5 ILE 2-Methylbutyryl-CoA dehydrogenase 
deficiency 
Glutaric acidemia type II 
Ethylmalonic encephalopathy

Hexanoylglycine C6 Hexanoyl-
CoA 
(FAO)

MCAD deficiency 
Glutaric acidemia type II

Octanoylglycine C8 Octanoyl-
CoA 
(FAO)

MCAD deficiency

Suberylglycine C8 Suberyl-
CoA

MCAD deficiency 
Glutaric acidemia type II

Phenylpropionylglycine C9 PHE MCAD deficiency

Trans-cinnamoylglycine C9:1 PHE No known defect
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acids are routinely detected by electron impact mass spectrometry performed in the 
scan mode with a mass range between m/z 50 and 550. Identification is achieved by 
comparison to published spectra of bona fide compounds, or spectra generated by 
in-house analysis of pure standard compounds. Quantification is by comparison to 
calibration of pure standard compounds in ratio to an internal standard.

Alternative extraction methods [20, 35], oximation [9, 35], and derivatization 
agents [26] are available, but will not be discussed further in this chapter.

3.1.3.2	 Pre-analytical

Listed below are specimen requirements, reagents, and the procedures used for sam-
ple preparation.

Specimen

The preferred specimen is a random urine collection (approximately 10 ml, mini-
mum volume 2 ml) collected without addition of preservative. No particular patient 
preparation is required. Transport of a refrigerated (wet ice) specimen to a local 
laboratory is acceptable, but specimens should be frozen when sent to an outside 
laboratory. Alternatively, spotting and drying urine on filter paper is possible when 
shipment on dry ice is either problematic or too expensive. Urine spotted on filter 
paper has been used successfully for large-scale population screening programs for 
neuroblastoma [3]. Upon receipt, the filter paper could be soaked in reverse osmosis 
(RO) water for several hours with gentle shaking, and treated afterwards as a conven-
tional urine specimen. Collection of urine at autopsy is often unsuccessful. However, 
minute amounts of urine could be obtained by use of cotton swabs applied to the 
posterior wall of the bladder during the postmortem examination [30].

Organic acid analysis could be performed in other biological specimens [14, 22] 
when targeting specific analyte(s) in previously diagnosed patients, or fetuses at risk 
for a specific condition. Plasma/serum profiling is not helpful in the laboratory evalu-
ation of patients without a specific diagnosis, and should be avoided [2].

Recommended specimen information, in addition to mandatory patient identi-
fiers, include age, date and time of collection, reason for the request (i.e., confirma-
tory testing following an abnormal newborn screening result), and clinical status. 
Knowledge of clinical status at the time of specimen collection is essential when 
a STAT analysis is requested (i.e., when results are required within 2–3 h), because 
specimens for metabolic investigations may not have been secured ahead of aggres-
sive therapeutic intervention. Specimens collected even after a partial recovery may 
not reveal diagnostic abnormalities that are more readily detectable, under acute 
conditions.

Reagents and Chemicals

In this chapter, two separate methods are described, one for the standard analysis of 
organic acids by GC-MS in total ion current (TIC) mode (GC-MS TIC) and another 
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for the determination in selected ion monitoring (SIM) mode of a limited number of 
acylglycine and organic acid species (GC-MS SIM).

GC-MS TIC Analysis

1. Pentadecanoic acid (PDA; internal standard), stock solution 1 mg/ml in metha-
nol. Dissolve 100 mg of PDA in 100 ml of methanol in a volumetric flask. Store 
refrigerated. Stable for 1 month.

2. Pure standards of organic acids are obtained from several commercial sources. 
Storage is according to manufacturer specifications (–20°C, refrigerated under 
desiccant, room temperature). Stock solutions are prepared in methanol 1 mg/ml 
solutions and are stored refrigerated.

3. BSTFA + TMCS (Pierce 38831 J; 10 × 1 ml ampules). BSTFA + TMCS (CAS-NO 
25561-30-2 and 75-77-4) is a clear, colorless liquid that is highly sensitive to 
moisture. It is packaged under nitrogen in 1-ml ampules. Upon contact with wa-
ter or water vapor, it hydrolyzes to form N-(trimethylsilyl)trifluoroacetamide, 
trifluoroacetamide, HCl, and hexamethyldisiloxane (reactivity rating: 1). BST-
FA + TMCS is flammable (rating: 3) and harmful by inhalation (rating: 2), with 
danger of cumulative effects resulting in irritation of eyes, airways, and skin.

4. Sodium hydroxide (NaOH), aqueous, 6 mol/l: 48 g of NaOH is dissolved in RO 
water, the final volume made to 200 ml. Stable at room temperature.

5. HCl, concentrated: HCl, 6 mol/l. Mix 250 ml of RO water and 250 ml of HCl. 
Stable at room temperature.

6. Ethyl acetate, high-performance liquid chromatography (HPLC) grade.
7. Sodium sulfate, Na2SO4, anhydrous.
8. Methanol, HPLC grade.
9. Hydroxylamine hydrochloride, NH2OH-HCl: 2.5% NH2OH-HCl aqueous for 

oximation; 25 g of NH2OH-HCl is diluted with 1 l RO water. Store at room tem-
perature in a dark bottle. Stable at room temperature.

10. Nitrogen, compressed.
11. Helium, compressed, research grade.
12. Sodium chloride, NaCl.

GC-MS SIM Analysis (only if not mentioned above)

1. Stock standard solutions (labeled internal standards and unlabeled compounds) 
and working solution amounts are shown in Table 3.1.4. The internal standard 
working solution is a mixture of 11 stable-isotope-labeled compounds in metha-
nol. Butyrylglycine, isobutyrylglycine, n-hexanoylglycine, 3-phenylpropionylg-
lycine, trans-cinnamoylglycine, isovalerylglycine, n-octanoylglycine, 2-methyl-
butyrylglycine, suberylglycine, and all the labeled acylglycine internal standards 
have been synthesized in the author’s laboratory. The synthesis principle is the 
Schottent-Baumann reaction involving the addition of an acyl chloride to an 
amine under cold, basic conditions to yield an amide (procedure available upon 
request). Labeled C12:0, C14:0, and C16:0 dicarboxylic acids were purchased after 
custom synthesis from Cambridge Isotope Laboratories. All other standards are 
commercially available.

2. 3.0 N HCl in n-butanol (Regis 201009).
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Table 3.1.4  Preparation of stock and working solutions for gas chromatography-mass spectrometry 
(GC-MS) selected ion monitoring (SIM) analysis. 2MBG 2-methylbutyrylglycine, BG butyrylglycine, 
DCA dicarboxylic acid, EMA ethylmalonic acid, GLUT glutaric acid, HG hexanoylglycine, 
IBG isobutyrylglycine, IVG isovalerylglycine, MW Molecular weight, MSA methylsuccinic acid, 
OG n-octanoylglycine, PPG 3-phenylpropionylglycine, SG suberylglycine, tCG trans-cinnamoylglycine

Compound MW mg/10 ml Stock Working nmol/100 µl µg/100 µl

EMA 132 7.92 6.0 0.3 30 3.96

MSA 132 7.92 6.0 0.30 30 3.96

[D3]EMA 135 8.10 6.0 0.30 30 4.05

GLUT 132 7.92 6.0 0.30 30 3.96

[D4]GLUT 136 8.16 6.0 0.30 30 4.08

IBG 145 14.50 10.0 0.50 50 7.25

BG 145 14.50 10 0.50 50 7.25

[1,2-13C]BG 147 14.70 10 0.50 50 7.35

2MBG 159 11.13 7.0 0.35 35 5.57

[1,2-13C]2MBG 161 11.34 7.0 0.35 35 5.67

IVG 159 11.13 7.0 0.35 35 5.57

[1,2-13C]IVG 161 11.34 7.0 0.35 35 5.67

HG 173 10.38 6.0 0.30 30 5.19

[1,2-13C]HG 175 10.50 6.0 0.30 30 5.25

OG 201 16.08 8.0 0.40 40 8.04

[1,2-13C]OG 203 16.24 8.0 0.40 40 8.12

PPG 207 16.56 8.0 0.40 40 8.28

[1,2-13C]PPG 209 16.72 8.0 0.40 40 8.36

SG 231 57.75 25.0 1.25 125 28.88

[1,2-13C]SG 233 58.25 25.0 1.25 125 29.13

tCG 205 20.50 10.0 0.50 50 10.25

[1,2-13C]tCG 207 20.70 10.0 0.50 50 10.35

C12:0 DCA 230 23.00 10.0 0.50 50 11.50

[D20]C12:0 250 25.00 10.0 0.50 50 11.60

C14:0 DCA 258 25.80 10.0 0.50 50 12.90

[D24]C 14:0 282 28.20 10.0 0.50 50 13.00

C16:0 DCA 286 28.60 10.0 0.5 50 14.30

[D28]C16:0 314 31.40 10.0 0.5 50 14.40
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Sample Preparation Procedure

GC-MS TIC Analysis

1. Obtain the creatinine concentration (mg/dl) on the specimen to be analyzed. 
Determine the amount of urine equivalent to 0.25 mg creatinine. If the creatinine 
value is <8 mg/dl, extract 3.0 ml of urine.

2. Transfer the urine sample to a clean standard glass tube. If necessary, add RO wa-
ter to a final volume of 3.0 ml. Add 100 µl of internal standard solution. Cap the 
tube tightly and mix carefully. If oximation is not required, proceed to step 4.

3. If oximation is required (stabilization of 2-keto acids):
a. Adjust the pH to 7.0 (dropwise addition of 6 mol/l HCl or 30% NaOH as 

needed; verify with pH paper).
b. Add 0.5 ml of 2.5% aqueous NH2OH-HCl. Allow to react in a 60°C water bath 

for 30 min. Cool the capped tubes at room temperature.
4. Add one scoop of NaCl (equal to about 1.0 g) and 250 µl of 6 mol/l HCl to each 

tube. Shake and mix carefully.
5. Liquid-liquid extraction: Add 3.0 ml of ethyl acetate using an automatic dis-

penser. Cap tightly, shake and mix vigorously. Centrifuge for 1 min at 2000 rpm 
(470 × g).

6. Transfer the top solvent phase to a second appropriately labeled glass tube using 
a Pasteur pipette.

7. Repeat steps 5–6 three more times. Pool all four ethyl acetate phases in the same 
tube for each sample.

8. Add one scoop of Na2SO4 (equal to about 1.0 g) to each tube. Shake and mix care-
fully. Let tubes stand undisturbed for 5–10 min.

9. Centrifuge for 1 min at 2000 rpm (470 × g). Pour the solvent phase to a clean ap-
propriately labeled glass tube.

10. Evaporate each sample just to dryness under a gentle nitrogen flow.
11. Add 100 µl of BSTFA+TMCS to each tube. Open ampules fresh daily. Mix care-

fully, cap, and allow to react in a heating block for 30 min at 80°C. Discard any 
left-over reagent.

12. Remove tubes from the heating block and allow to cool to room temperature. 
Remove the caps and transfer the contents of each tube to a clean GC-MS auto-
sampler vial. Cap the vials. Samples may be stored in the refrigerator until analy-
sis for up to 24 h.

GC-MS SIM Analysis

1. Establish the creatinine concentration (mg/dl) on the specimen to be analyzed. 
Determine the amount of urine equivalent to 0.50 mg creatinine. If the creatinine 
value is <4 mg/dl, extract 3.0 ml of urine.

2. Transfer the urine sample to a clean standard glass tube. If necessary, add RO 
water to a final volume of 3.0 ml. Add 100 µl of internal standard solution. Cap 
the tube tightly and mix carefully.

3. Add one scoop of NaCl (equal to about 1.0 g) and 250 µl of 6 mol/l HCl to each 
tube. Shake and mix carefully.

4. Liquid-liquid extraction: Add 3.0 ml of ethyl acetate using an automatic dis-
penser. Cap tightly, shake, and mix vigorously. Centrifuge for 1 min at 2000 rpm 
(470 × g).
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5. Transfer the top solvent phase to a second appropriately labeled glass tube using 
a Pasteur pipette.

6. Repeat step 4–5 three more times. Pool all four ethyl acetate phases into the same 
tube for each sample.

7. Add one scoop of Na2SO4 (equal to about 1.0 g) to each tube. Shake and mix care-
fully. Let the tubes stand undisturbed for 5–10 min.

8. Centrifuge for 1 min at 2000 rpm (470 × g). Pour the solvent phase to a clean ap-
propriately labeled glass tube.

9. Evaporate each sample just to dryness under a gentle nitrogen flow.
10. Pipette 100 µl of 3.0 N HCl in n-butanol to each tube under hood. Cap, vortex, 

and place in 65°C heating block for 15 min.
11. Remove the tubes from the heating block and let them cool to room temperature.
12. Evaporate the 3 N HCl in n-butanol at 40°C until dry.
13. Add 100 µl of hexane to each tube and vortex to mix. Transfer to a glass gas chro-

matography vial and cap.

Calibration

The setup of a calibration curve is not always feasible because pure standards of many 
clinically significant organic acids are not available commercially. This limitation un-
derscores the importance of qualitative profile interpretation as the primary means 
by which to report organic acid results in clinical practice, rather than generating 
extensive lists of quantitative measurements of individual analytes.

When a reference standard is available and is calibrated against an internal stand-
ard in the TIC mode, six-point calibration curves of either individual or closely re-
lated analytes (for example, the isomers ethylmalonic acid, 2-methylsuccinic, and 
glutaric acid) are run according to the standard/internal standard amount ratio 
shown in Table 3.1.5. Variations of this basic scheme may be indicated depending 
on the intensity of target ions ([M-15]+ species), the level of excretion in normal and 
disease states, and the linearity limit.

A new calibration curve must be implemented every time a new stock of internal 
standard solution is prepared, and at least twice per year. New calibration curves 
are validated by the following criteria for acceptability: point-to-point comparison 
(<10% difference from the previous calibration curve), coefficient of linear regres-
sion (>0.99), intercept and slope (<10% difference from previous calibration curve). 
Normal and abnormal control samples are calculated against the new and the old 
curve and compared to the current quality control (QC) mean as the final step in the 
validation of the new curve. The new calibration curve is then used with subsequent 
runs if the curve validation is acceptable. Curves are unique to each instrument and 
therefore must be established for each instrument prior to clinical use.

Quality Control

Every sample is evaluated for the presence and intensity of the internal standard 
peak and abnormalities of the baseline. Any evidence of interference requires the 
extraction of that particular sample to be repeated. Every batch of clinical specimens 
includes a normal and abnormal control QC sample.
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Normal Control

A volume equivalent to 0.25 mg of creatinine from 500 mL of urine of a healthy adult 
donor is analyzed to exclude unusual findings or presence of drugs and/or other 
interfering compounds in the organic acid profile. If the specimen is deemed free of 
interference and suitable to be used as a QC normal control, the collection is diluted 
with RO water so that 3 ml equals 0.25 mg creatinine equivalent, and aliquoted into 
screw-cap vials during continued mixing; then stored frozen.

Abnormal Control

A volume equivalent to 0.25 mg of creatinine from 500 mL of urine of a healthy adult 
donor is analyzed as described above. The collection is then spiked with up to ten or-
ganic acids (1 mg/ml stock solutions), selected from those with an active calibration 
curve by GC-MS TIC, to mimic a concentration of 100 µg acid/mg creatinine. The 
spiked collection is aliquoted into screw-cap vials during continued mixing, then 
stored frozen. For GC-MS SIM analysis, all compounds listed in Table 3.1.5 are in-
cluded in the abnormal control, at a concentration matching the fourth point of the 
calibration curve (1:1 molar ratio to the labeled internal standard, see Table 3.1.5).

The means and standard deviations (SD) for the organic acids in the QC samples 
are calculated from ten interassay values for each control, and used for QC purposes 

Table 3.1.5  Analyte concentrations for the calibration curve used 
in the GC-MS SIM method. ISTD Internal standard

Analyte Calibration number/[Analyte]:[ISTD] ratio a

1/0.25 2/0.50 3/0.75 4/1.00 5/1.50 6/2.00

EMA 0.99 1.98 2.97 3.96 5.94 7.92

MSA 0.99 1.98 2.97 3.96 5.94 7.92

GLUT 0.99 1.98 2.97 3.96 5.94 7.92

IBG 1.81 3.63 5.44 7.25 10.87 14.50

BG 1.81 3.63 5.44 7.25 10.87 14.50

2MBG 1.39 2.78 4.18 5.57 8.34 11.14

IVG 1.39 2.78 4.18 5.57 8.34 11.14

HG 1.30 2.59 3.89 5.19 7.78 10.38

OG 2.01 4.02 6.30 8.04 12.60 16.08

PPG 2.07 4.14 6.21 8.28 12.42 16.56

SG 7.22 14.44 21.66 28.88 43.32 57.76

tCG 2.56 5.12 7.69 10.25 15.37 20.50

C12DCA 2.87 5.75 8.62 11.50 17.25 23.00

C14DCA 3.22 6.45 9.67 12.90 19.35 25.80

C16DCA 3.57 7.15 10.72 14.30 21.45 28.60

a These ratios are used for all calibration curves (TIC or SIM; see text)
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for the duration of the lot (approximately 3 months). Routine assay control values 
are entered into a spreadsheet that automatically plots the value in relation to the 
mean. Control values that fall within ± 2 SD of the mean are acceptable and require 
no further action. Shifts or trends in the control values as determined by control 
values that are >2 SD from the respective target value in more than three consecutive 
batches require corrective action. Any control values that are >3 SD require immedi-
ate corrective action.

3.1.3.3	 Analytical

Most vendors of GC-MS systems provide software capable of autotuning. Although 
highly reliable, it is a requirement for accreditation by the American College of Pa-
thologists (CAP) to maintain documentation of the specific criteria being met. For 
users of Agilent systems, tuning with perfluorotributylamine should be performed 
at least after any hardware manipulation, possibly daily, and meet the criteria illus-
trated in Table 3.1.6. A practical example of an unbalanced tuning is the failure to 
detect low-intensity [M-15]+ ion species such as in the case of unsaturated C12–C14 
3-hydroxy dicarboxylic acids.

Different capillary columns are available for organic acid separation and analy-
sis. In our laboratory, the gas chromatography column in all GC-MS applications 
is crosslinked 5% phenyl (poly)methyl silicone, 25 m; internal diameter 0.20 mm; 
stationary phase film thickness 0.33 μm (Agilent HP-5, DB-5, or equivalent). Several 
instrument configurations are commercially available, which allow for positive iden-
tification of compounds by their mass spectra obtained in the electron impact ion-
ization mode. A commercially available bench-top GC-MS system with autosampler 
(Agilent 6890/5973, or equivalent) is suitable. Software for data analysis is available 
and recommended. The use of a computer library of mass spectra for comparison 
and visualization of the printed spectra is required for definitive identification and 
interpretation of each patient specimen.

Instrumentation

GC-MS (TIC)

Agilent GC-MS ChemStation System equipped with capillary gas chromatograph 
HP 5972,5973, or 6890 series; Agilent 6890 series autosampler. The GC-MS system 
is operated in the positive-ion, electron-impact ionization mode. Chromatographic 
parameters of the acquisition method are listed in Table 3.1.7. TIC is recorded over 
the mass range m/z 50–550, and the total run time is 33 min.

GC-MS (SIM)

Agilent GC-MS ChemStation System equipped with capillary gas chromatograph 
HP 5972,5973, or 6890 series; Agilent 6890 series autosampler. The GC-MS system is 
operated in the positive-ion, chemical-ionization mode; the reagent gas is ammonia. 
The chromatographic parameters of the acquisition method, the sequence of SIM 
windows, and the ion species being monitored are listed in Tables 3.1.8 and 3.1.9. 
The total run time is 17.88 min.
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Table 3.1.6  Tuning criteria  
(Agilent Technologies systems, perfluorotributylamine)

Parameter Optimal value

Peak width at half height

m/z 69, 219, 502 0.5 ± 0.15

Peak intensity ratios

m/z 69 100%

m/z 219 > 40%

m/z 502 > 2%

m/z 614 Detected

Isotopic mass ratios

m/z 70 0.5–2.0%

m/z 220 3.5–5.0%

m/z 503 9.0–11.0%

Air peaks

m/z 28, 32 < 5%

Voltages

Ion focus lens < 100 V

Electron multiplier < 2000 V



Table 3.1.7  Acquisition parameters of the GC-MS TIC method. GC Gas chromatograph,  
MS mass spectrometer

Parameter Temperature Time Other

Carrier gas – – Helium

Column head pressure – – 30 psi (207 Pa)

Injection volume – – 2 μl

Injection mode – – Split (50:1 ratio)

Injector temperature 250°C – –

Initial GC temperature 80°C 4 min –

GC ramp rate 8°C/min 26.25 min –

Final GC temperature 290°C 2.75 min –

Transfer line temperature 290°C – –

MS source temperature 230°C – –

Quadrupole temperature 150°C – –
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Table 3.1.8  Acquisition parameters of GC-MS SIM method

Parameter Temperature Time Other

Carrier gas – – Helium

Column head pressure – – 30 psi (207 Pa)

Injection volume – – 1 μl

Injection mode – 0.25 min Splitless

Injector temperature 250°C – –

First GC temperature 130°C 0 min –

GC Ramp rate 1 8°C/min 8.1 min –

Second GC temperature 195°C 0 min –

GC Ramp rate 2 20°C/min 4.8 min –

Final GC temperature 290°C 5 min –

Transfer line temperature 280°C – –

MS source temperature 250°C – –

Quadrupole temperature 116°C – –

Ammonia source pressure – – 1.0 torr (133.3 Pa)



Table 3.1.9  Acquisition windows and ion species monitored by the GC-MS 
SIM method. The window start times may vary slightly and are column 
and instrument specific

Analytes per window Start time 
(min)

Ion species (m/z) Dwell time 
(ms)

IBG, BG EMA, MSA 4.5 201.1, 204.1, 219.1, 221.1, 
245.1, 248.2, 262.2, 265.2

50

2MBG, IVG 6.06 216.1, 218.1, 233.2, 235.2 100

GLUT 6.7 245.1, 262.2, 249.2, 266.2 100

HG 7.6 230.1, 232.1, 247.2, 249.2 100

OG 9.2 258.2, 260.2, 275.2, 277.2 100

PPG 10.7 264.1, 266.1, 281.1, 283.1 100

C12DCA, tCG 11.8 262.1, 264.1, 279.2, 281.2, 
343.3, 360.3, 363.4, 380.4

50

SG, C14DCA 12.75 344.2, 346.2, 361.3, 363.3, 
371.3, 388.3, 395.4, 412.5

50

C16DCA 13.8 399.3, 416.4, 427.5, 444.6 100
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Other Instrumentation

1. Water bath with nitrogen supply (Zymark Turbo Vap LV or equivalent).
2. Centrifuge (IEC Centra CL2 or equivalent).
3. Dry heating block (Pierce Reacti-Therm III or equivalent).

Calculations

A post-run custom analysis program generates a report listing organic acids and 
acylglycines in amounts expressed as μg/mg creatinine, flagged abnormal if outside 
the corresponding reference range. An example of a report generated using commer-
cially available software is shown in Fig. 3.1.2.

3.1.3.4	 Postanalytical

Organic acid analysis is one of the most challenging tests applied to the diagnosis 
of inborn errors of metabolism. Several hundreds of compounds are excreted in the 
urine of individuals free of apparent disease, and the excretion of informative mark-
ers could be marginal depending on clinical status. Therefore, pattern recognition 
and descriptive interpretation are essential for proper utilization of this test.

The conventional approach is to extract from the TIC profile the mass spectra 
of all peaks above a predetermined intensity and to perform either manual or com-
puter-assisted [39] identification of each mass spectrum. Analysis of mass spectra 
should be carried out only by properly trained technologists, under the supervision 
of a qualified laboratory director. Libraries of mass spectra should be available for 
identification of peaks that are not readily recognized. This library should be user-
created, indexed by retention time and molecular weight, and have the capacity to be 
expanded and edited.

Interpretation

As recommended in the standards and guidelines issued by the American College of 
Medical Genetics (ACMG) [2], the extent of interpretation that is necessary to make 
organic acid results meaningful to the ordering clinician is the defining characteris-
tic of the high-complexity procedures provided by a biochemical genetics laboratory. 
When no significant abnormalities are detected, an organic acid analysis may be 
reported in qualitative terms only. However, if a specific reason for referral was pro-
vided, the interpretation should include a reference to what organic acid species were 
not detected or elevated, and an indication of what conditions(s) were not possible 
to confirm. This is particularly indicated when the test was ordered as part of the 
follow up of an abnormal newborn screening result. Similarly, it should be recorded 
in the report when a repeat analysis is being performed to follow up a previously 
inconclusive result.

When pathologic species or amounts are detected, the interpretation should in-
clude a list of positive and negative results (for example, ketotic vs nonketotic dicar-
boxylic aciduria) organized in a logical sequence, because interpretation is based on 
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Fig.	3.1.2	 Example of customized report of gas chromatography-mass spectrometry (GC-
MS) selected ion monitoring (SIM) method. The profile corresponds to a case with medium-
chain acyl-CoA dehydrogenase (MCAD) deficiency. This report is generated automatically 
at the end of each acquisition using an Excel template. The file can be customized offline to 
meet virtually any requirement, including plots (total ion current – TIC – and/or extracted 
ion chromatograms), calculations, ratios, formulas, and flagging when values are not within a 
predetermined reference range. 2MBG 2-methylbutyrylglycine, BG butyrylglycine, C12 dodec-
anedioic acid, C14 tetradecanedioic acid, C16 hexadecanedioic acid, EMA ethylmalonic acid, 
GLUTARIC glutaric acid, H high value, HG hexanoylglycine, IBG isobutyrylglycine, IS internal 
standard, IVG isovalerylglycine, MSA methylsuccinic acid, OG octanoylglycine, PPG 3-phenyl-
propionylglycine, R.T. retention time, SG suberylglycine, tCG trans-cinnamoylglycine
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pattern recognition and correlation of all relevant findings rather than on individual 
abnormal values. Other required components of an interpretive comment are a cor-
relation to available clinical information, elements of differential diagnosis, and rec-
ommendations for additional biochemical testing and in vitro confirmatory studies 
(enzyme assay, molecular analysis). As in the case of virtually all biochemical tests, 
an abnormal organic acid analysis is not sufficient to establish a definite diagnosis of 
a particular metabolic disorder. Therefore, it should be recommended to seek con-
firmation by an independent method, typically by in-vitro enzyme assay (blood or 
cultured cells, tissue biopsy) or molecular analysis. Finally, a report should provide 
the location and contact information of laboratories that may provide these studies, 
and a phone number to reach the reporting laboratory in case the referring physician 
has additional questions.

3.1.4	 Chromatograms

Figure 3.1.3a shows a normal urine organic acid profile. Panel B represents an ex-
pansion of the same profile (5% of original abundance) to emphasize the underlying 
complexity of the urine organic acid fraction and the need to appreciate how infor-
mative findings could be hidden within a background of comparable intensity (see 
section 2.1.8.3). For this reason, exclusive reliance on computer-driven identification 
is not a safe option because visual evaluation is required, for example in the case of 
the critical overlaps discussed later in this chapter.

On the other hand, the SIM analysis of a predefined set of analytes (Fig. 3.1.4a) 
require visual inspection, but only to exclude unexpected interferences in the signal 
of a target compound. For the purpose of detecting unexpected interferences, it is 
necessary, and is also a CAP accreditation requirement, to monitor at least two ion 
species per compound (Fig. 3.1.4b and c), so as to recognize artificial variations in 
the intensity ratios between two ion chromatograms. Figure 3.1.5 shows examples of 
characteristic organic acid profiles in patients with selected conditions [32].

3.1.5	 Reference	Values

Urine reference values of several organic acids are characteristically age-depend-
ent, particularly in the newborn period. Reporting of quantitative results requires 
matching against a properly defined age group. Table 3.1.10 shows a summary of the 
reference ranges established in the author’s laboratory [32]. More comprehensive 
lists have been published elsewhere [7, 13, 15]. As mentioned previously (see sec-
tion 3.1.3.4, subheading “Interpretation”), pattern recognition cannot be replaced by 
a listing of analytes matched against reference ranges, even when properly defined. 
When dealing with complex profiles, the likelihood of coincidental, nonsignificant 
findings is high, and if they are not properly interpreted they could lead to labeling of 
patients with a questionable “diagnosis,” resulting in unnecessary work up that may 
include invasive and/or expensive procedures.
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3.1.6	 Typical	Pathological	Values

The excretion of diagnostic markers in organic acidurias may vary from minimal 
(< 10 mmol/mol creatinine) to massive (> 10,000 mmol/mol creatinine) even in the 
same patient in response to diverse genetic and environmental factors, including the 
residual catalytic activity of the defective enzyme, the dietary load of precursors, and 
especially the clinical status at the time of specimen collection. For these reasons, 
ranges of pathologic values for urinary organic acids [15, 35] may have only limited 
utility in clinical practice, as they can span several orders of magnitude.

Fig.	3.1.3	 a Normal urine organic acid profile of a healthy newborn, as assessed by GC-MS TIC 
analysis. The total run time is 33 min. b Same profile shown in panel A scaled to 5% of the original 
signal intensity. Peak legend as follows: 1 lactic acid; 2 oxalic acid; 3 sulfate; 4 urea; 5 phosphate 
(overlapping with ethylmalonic acid); 6 succinic acid; 7 fumaric acid; 8 malic acid; 9, adipic acid; 
10 3-hydroxy-3-methylglutaric acid; 11 2-keto glutaric (not oximated); 12 4-hydroxy phenylace-
tic acid; 13 cis-aconitic acid; 14 homovanillic acid; 15 citric acid; IS pentadecanoic acid
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3.1.7	 Pitfalls

Organic acid analysis is probably the most complex test performed in a biochemical 
genetics laboratory [2]. Errors and oversights may happen at all stages of the testing 
process and can be categorized as shown in Table 3.1.11.

3.1.7.1	 Pre-analytical	Pitfalls

Specimen contamination may not be immediately apparent on visual inspection. 
A large peak of glycerol, especially in a female newborn or infant, should be consid-
ered an artifact at first and verified by a repeat specimen before raising the possibility 
of glycerol kinase deficiency. Medium- and long-chain monocarboxylic fatty acids 
(C10–C18) could be very prominent peaks in a urine profile following contamination 

Fig.	3.1.4	 a GC-MS SIM profile of a healthy patient; peak legend as follows (*indicates coelu-
tion with a stable-isotope-labeled IS): 1 IBG; 2, EMA*; X interference; 3 BG*; 4 MSA; 5 2MBG*; 
6 IVG*; 7 d4-glutaric acid; 8 glutaric acid; 9 HG*; 10 OG*; 11 PPG*; 12 tCG*; 13 C12*; 14 SG*; 
15 C14*; 16 C16*. b Extracted ion chromatograms of [M+H]+ and [M+NH4]+ species of 2MBG, 
IVG (m/z 216.1 and m/z 233.2), and their respective IS (m/z 218.1 and m/z 235.2) of the profile 
shown in a. Peaks are scaled on the most intense signal ([M+H]+ of [1,2-13C]IVG; c Extracted ion 
chromatograms of 2MBG, IVG, and their respective IS in a patient with 2-methylbutyryl-CoA 
dehydrogenase deficiency. In this sample, the excretion was 18 μg/mg creatinine
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98Fig.	3.1.5a–f	 Examples of GC-MS TIC organic acid profiles in patients with organic acid-
urias. aPropionic aciduria. b Methylmalonic aciduria. c Isovaleric aciduria. d Glutaric aciduria 
type I. e Ethylmalonic encephalopathy. f LCHAD deficiency (EIC extracted ion chromatogram). 
Peak labeling is common to all panels and is as follows: 1 Lactic acid, 2 3-hydroxy propionic acid, 
3 3-hydroxy butyric acid, 4 2-methyl 3-hydroxy butyric acid, 5 acetoacetic acid (peak I), 6 3-hy-
droxy valeric acid, 7 methylmalonic acid, 8 3-hydroxy valeric acid, 9 acetoacetic acid (peak II), 
10 EMA, 11 IBG (di-TMS), 12 glutaric acid, 13 2MBG (di-TMS), 14 propionylglycine (di-TMS), 
15 3-methylglutaconic acid (peak I), 16 3-methylglutaconic acid (peak II), 17 3-hydroxy adipic 
lactone, 18 IVG (di-TMS), 19 IVG (mono-TMS), 20 adipic acid, 21 tiglylglycine (di-TMS), 22 
tiglylglycine (mono-TMS), 23 3-hydroxy glutaric acid, 24 octenedioic acid, 25 3-hydroxy adipic 
acid, 26 suberic acid, 27 methylcitric acid (peak I), 28 methylcitric acid (peak II), 29 decenedioic 
acid (multiple isomers), 30 3-hydroxy octanedioic acid, 31 3-hydroxy suberic acid, 32 sebacic 
acid, 33 3-hydroxy decenedioic acid, 34 3-hydroxy sebacic acid, 35 3-hydroxy C12 (C12:2), 36 
3-hydroxy C12, 37 3-hydroxy C12, 38 3-hydroxy C14 (C14:2), 39 3-hydroxy C14, 40 3-hydroxy 
C14. The symbol * marks the IS (pentadecanoic acid), signal abundance is normalized to the 
intensity of the IS peak. Reproduced from [32], with permission
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Table 3.1.10  Reference ranges of organic acids and acylglycines in 
urine in children of different ages. Values are presented as mmol/mol 
creatinine. TIC average detection limit: 0.1 mmol/mol creatinine; 
SIM average detection limit (with stable-isotope-labeled internal standard: 
0.01 mmol/mol creatinine. Reproduced from reference [32], with permission. 
nd Not detected

Analyte Age group

0–1 Month 1–6 Months 6 Months–5 years > 5 Years

Acetylaspartic acid nd–13 nd–13 nd–13 nd–13

cis-Aconitic acid 5–31 10–97 10–97 3–44

Adipic acid 9–37 9–37 nd–15 nd–5

Azelaic acid nd–1 nd–1 nd–1 nd–1

BG 0.1–2 0.1–2 0.1–2 0.1–2

tCG * 0.1–8 0.1–8 0.1–8 0.1–8

Citric acid nd–1045 104–268 0–656 87–639

C12DCA₁₂ * nd–0.05 nd–0.05 nd–0.05 nd–0.05

EMA * 0.4–17 0.4–17 0.4–17 0.4–17

Fumaric acid 10–45 4–45 1–27 2–4

Glutaric acid * 0.5–13 0.5–13 0.5–13 0.5–13

Glyceric acid * nd–39 nd–184 nd–70 0–60

Glycolic acid * nd–62 nd–104 3–121 nd–166

Glyoxylic acid * nd–13 0–16 nd–7 nd–9

C16DCA₁₆ nd–0.4 nd–0.4 nd–0.4 nd–0.4

HG * 0.1–1.2 0.1–1.2 0.1–1.2 0.1–1.2

Homogentisic acid nd–10 nd–10 nd–10 nd–10

Homovanillic acid * nd–22 nd–22 nd–8 nd–7

3-Hydroxy butyric acid nd–5 nd–5 nd–5 nd–10

2-Hydroxy glutaric acid nd–15 nd–15 nd–15 nd–15

5-Hydroxy indoleacetic 
acid *

nd–12 nd–12 nd–12 nd–9

4-Hydroxy phenyllactic 
acid

nd–50 nd–10 nd–10 nd–10

4-Hydroxy phenylpyru-
vic acid

nd–20 nd–5 nd– nd–5

IBG* nd–9 0–9 0–9 0–9

Isocitric acid 0–368 0–67 0–77 16–99

IVG * 0.2–10 0.2–10 0.2–10 0.2–10 

2-Ketoglutaric acid 22–567 63–552 36–103 41–82

Lactic acid 46–348 57–346 21–38 20–101
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Table 3.1.10  (continued) Reference ranges of organic acids and 
acylglycines in urine in children of different ages. Values are presented as 
mmol/mol creatinine. TIC average detection limit: 0.1 mmol/mol creatinine; 
SIM average detection limit (with stable-isotope-labeled internal standard: 
0.01 mmol/mol creatinine. Reproduced from reference [32], with permission. 
nd Not detected

Analyte Age group

0–1 Month 1–6 Months 6 Months–5 years > 5 Years

Malic acid 0–52 8–73 4–57 17–47

2MBG * 0.2–5 0.2–5 0.2–5 0.2–5

Methylmalonic acid * nd–3.6 nd–3.6 nd–3.6 nd–3.6

MSA * 0–12 0–12 0–12 0–12

OG * 0.1–1.2 0.1–1.2 0.1–1.2 0.1–1.2

Orotic acid 1.4–5.3 1–3.2 0.5–3.3 0.4–1.2

Oxalic acid * 51–931 7–567 7–352 nd–187

PPG * nd–0.6 nd–0.6 nd–0.6 nd–0.6

Pimelic acid nd–1 nd–1 nd–1 nd–1

Pyroglutamic acid nd–61 nd–61 nd–61 nd–61

Pyruvic acid 24–123 8–90 3–19 6–9

Sebacic acid 3–16 3–16 nd–8 nd–8

Suberic acid 4–20 4–20 nd–8 nd–8

SG * nd–5.4 nd–5.4 nd–5.4 nd–5.4

Succinic acid 35–547 34–156 16–118 29–87

C14DCA₁₄ * nd–0.40 nd–0.40 nd–0.40 nd–0.4

Uracil * nd–32 nd–32 nd–21 nd–17

Uric acid * 359–2644 359–2644   185–1134 199–1034

Vannillylmandelic acid * nd–15 nd–10 nd–7 nd–5

* Measured using a stable-isotope-labeled internal standard
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with skincare products; other species may also be detected (for example pimelic acid 
and azelaic acid). The presence of any of these compounds is not necessarily a reason 
to discard the specimen, as clinically significant findings could be detected indepen-
dently, if present.

Avoidance of errors in sample preparation (extraction, derivatization) could be 
minimized by rigorous training of laboratory personnel, including appreciation of 
the patient behind each anonymous test tube. An environment free of noise and dis-
tractions is required to minimize the risk of serial solvent extractions being pooled 
in the wrong tube; redundant labeling of glassware and step-by-step checklists are 
also critical elements of error prevention and detection.

3.1.7.2	 Analytical	Pitfalls

The analytical parameters for GC-MS TIC analysis of organic acids listed in 
Table 3.1.7 represent a reasonable compromise between degree of separation and 
analytical time, resulting in the profile shown in Fig. 3.1.3. A faster run time, usually 
achieved by increasing the ramp rate (°C/min) of the chromatographic method, may 

Table 3.1.11  Common pitfalls in organic acid analysis

Pitfall Underlying reason

Pre-analytical

Specimen contamination Fecal material 
Skin care products 
Plasticizers

Extraction Skipped/inadequate acidification 
Cross-contamination of solvent pools

Derivatization Residual moisture (incomplete evaporation to dryness)

Analytical

Instrument out of tune

Inadequate chromatographic 
separation

Peak saturation

Postanalytical

Missed identification Oversight (low excretion) 
Overlap

Misidentification “Look-alike” compounds

Incomplete pattern recognition

Handling of unknown compounds

Inadequate interpretive report



3.1 Organic Acids160



lead to failure to detect critical findings because of either peak oversight or overlap-
ping mass spectra (see below). Similarly, use of a larger than necessary sample size 
(determined by volume rather than a creatinine equivalent) and injection volume 
(for example, use of a splitless injection mode) may easily yield excessively complex, 
overlapping, and hence un-interpretable profiles.

Capillary columns are easily overloaded by the level of excretion detectable in 
acutely ill patients. Any profile with the characteristic appearance of oversaturated 
peaks (see Fig. 3.1.5a and b) should be repeated after proper dilution when quantita-
tion has to be provided using a GC-MS TIC method (Fig. 3.1.6).

3.1.7.3	 Postanalytical	Pitfalls

Missed detection of informative organic acids is unfortunately a frequent problem, 
as reflected by the high rate of incorrect responses in proficiency testing programs 
like the one administered in the United States by the Biochemical and Molecular 
Genetics Resource Committee, formed jointly by CAP and the ACMG [8]. The root 
causes of missed identification are oversight of organic acids and acylglycines ex-

Fig.	3.1.6	 GC-MS TIC organic acid profile of a patient with methylmalonic acidemia. a sample 
volume corresponding to 0.25 mg creatinine (standard procedure). b 10 ×  dilution (0.025 mg 
creatinine). Peak legend: 1 methylmalonic acid (note the characteristic broad shape and spike, 
2 urea, 3 citric acid, 4 2-methylcitric acid (two peaks). There was a fourfold difference in the mea-
surement of methylmalonic acid excretion between the two analyses, with a substantial under-
estimation in the undiluted specimen
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creted in low amounts (Fig. 3.1.7), and failure to appreciate the presence of a diag-
nostic compound coeluting with a normal, often abundant component of the urine 
matrix. Coelution is clearly dependent on the choice of column and acquisition pa-
rameters, so the examples listed in Table 3.1.12 are specific to the method used in the 
author’s laboratory. However, there is little doubt that similar situations may occur 
under any set of conditions applied in laboratory practice.

Misidentification is a potential risk when the library of mass spectra is relatively 
incomplete. Lacking the availability of a comprehensive, commercially available li-
brary, laboratories resort to make their own and it could take several years to de-
velop a comprehensive tool, although hardly ever complete. Lack of reference spectra 
could lead to incorrect identification of isovalerylglycine (pivalic acid conjugates), 
3-methylglutaconic acid (cyclohexanedioic acid) [33], and orotic acid (2-octenylsuc-
cinic acid) [11, 18], just to name a few. The existence of at least six isomers of hydroxy 
butyric acid could represent a problem, especially when the presence of 3-hydroxy 
isobutyric acid is overlooked because of a coeluting peak of 3-hydroxy butyric acid 
(Fig. 3.1.8).

Incomplete pattern recognition is intimately related to the need to provide a com-
plete and informative interpretation of all abnormal results (see section 2.1.4.4, sub-
heading “Interpretation”). Not only critical information may not be reported (for ex-

Fig.	3.1.7	 Detection of HG by the GC-MS TIC method in the urine of patients with MCAD de-
ficiency collected at different clinical statuses. A, left panel: Organic acid profile of an acutely ill 
patient. The arrow indicates the portion of the chromatogram shown in the middle panel. Peak 
labeling: 1 HG, 2 4-hydroxyphenylacetic acid. Right panel: extracted ion chromatograms of the 
[M-15]+ ion of HG (m/z 230; red) and 4-hydroxyphenylacetic acid (m/z 281). B Patient recov-
ering from an acute episode. C Asymptomatic patient. The latter profile represents a situation 
where there is a high probability that HG may not be detected by a GC-MS TIC method
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Table 3.1.12  Critical overlaps. on species included in this table correspond to the most informative 
ion chromatograms to be displayed for visual inspection and resolution of the overlapping compounds

Informative marker Ion species (m/z) Overlapping compound Ion species (m/z)

3-Hydroxy isobutyric acid 177 233 3-Hydroxy butyric 191 233

4-Hydroxy butyric acid 204 233 Urea 189 204

Ethylmalonic acid 261 217 Phosphoric acid 299 314

3-Methylglutaconic acid (peak II) 273 198 3-Hydroxy adipic lactone 157 201

Hexanoylglycine 230 158 4-Hydroxy phenylacetic acid 281 296

Orotic acid 254 357 Cis-aconitic acid 229 375



Fig.	3.1.8	 Example of a postanalytical pitfall: GC-MS TIC profile showing coelution of 3-hy-
droxy isobutyric acid and 3-hydroxy butyric acid. a Complete organic acid profile; b Electron 
impact mass spectrum of coeluting peaks, showing the common [M-15]+ ion (m/z 233) and the 
unique fragments of 3-hydroxy isobutyric acid (m/z 177) and 3-hydroxybutyric acid (m/z 191); 
c magnification of the coeluting peaks (boxed in a) showing no distortion of peak shape, a find-
ing that could lead to the assumption of no interference. d EIC showing partial but recognizable 
separation between the two isomers. Visual verification of the two ion chromatograms is recom-
mended in all cases with an apparent increased excretion of 3-hydroxy butyric acid
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ample a report of dicarboxylic aciduria without mention of the presence or absence 
of concurrent ketonuria), but there is also the situation where all possible conditions 
are not included in the differential diagnosis because of a postanalytical oversight. 
For example, the presence of a large peak of ethylmalonic acid could be incorrectly 
attributed either to short-chain acyl-CoA dehydrogenase deficiency or to glutaric 
acidemia type II, an error that could be prevented by looking for small amounts of 
isobutyrylglycine and 2-methylbutyrylglycine, findings that suggest a diagnosis of 
ethylmalonic encephalopathy [32].

Unknown compounds are detected frequently, and laboratories eventually de-
velop some level of comfort in recognizing them as artifacts that are not significant 
clinically, at least for the purpose of ruling out a possible inborn error of metabolism 
[21]. However, there are instances when an unknown compound is found in multiple 
specimens from the same patient and cannot be associated with ongoing drug and 
known dietary intake. This was the set of circumstances that led to the identifica-
tion of 2-octenylsuccinic acid as the compound referred to by some laboratories as 
“pseudo-orotic acid” [11, 18]. On the other hand, the spectrum shown in Fig. 3.1.10, 
tentatively identified as 4-hydroxy 2-hexenoic acid by GC-MS/MS, belongs to 
a compound that appears in the urine of patients with disorders of propionate me-

Fig.	3.1.9	 Mass spectra of succinylacetone. a,b Peaks I and II, with oximation (reagent: hydroxyl-
amine hydrochloride). The insert shows the characteristic appearance of the two chromatographic 
peaks [32]; c–e see next page
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tabolism when acutely ill. Likely to be a minor finding under those circumstances, 
this compound has been detected alone and in very large amounts in multiple urine 
specimens of a patient under evaluation for a possible, still unrecognized metabolic 
disorder (Ubaldo Caruso, Genova, Italy, personal communication).

Other pitfalls worth mentioning are the potential failure to recognize the mul-
tiple peaks of succinylacetone in a patient with tyrosyluria when oximation is not 
performed (Fig. 3.1.9) and the excretion of 2-cystein-S-yl-1,4-dihydroxycyclohex-5-
en-1-yl) acetic acid (hawkinsin; Fig. 3.1.11), the biochemical marker of 4-hydroxy-
phenylpyruvate dioxygenase deficiency, a rare example of an autosomal dominant 
inborn error of metabolism [38]. This compound is another example of a past pro-
ficiency-testing challenge that resulted in a large number of incorrect responses. 
Therefore, it seems appropriate to include it in this chapter to facilitate its prospec-
tive recognition in clinical specimens.

Fig.	3.1.9	 (continued) c–e, peaks I–III without oximation; chromatographic separation shown 
in insert
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3.2.1	 Introduction

Carnitine and its esters are physiologically present in all biological fluids, but car-
nitine is most abundant in tissues with high energy requirements, particularly skel-
etal and cardiac muscle [1]. Carnitine was discovered early in the last century by 
Gulewitsch and Krimberg when studying meat extracts [2]. Because its function was 
unknown, and considering the source of this compound, they suggested naming it 
“carnitine”. The chemical structure was determined in 1927 [3] and in 1952 it was 
categorized as a B vitamin when studies in the meal worm Tenebrio molitor suggested 
a role of carnitine as a growth factor (Vitamin BT) [4, 5].

In 1955, Fritz determined that carnitine plays an essential role in fatty acid 
β-oxidation (FAO), and in 1973 the first two clinically relevant disorders affecting 
this pathway were described: primary carnitine deficiency by Engel and Angelini, 
and carnitine palmitoyltransferase (CPT) type II (CPT-II) deficiency by DiMauro 
and DiMauro [6, 7]. To date, more than 20 different enzyme deficiency states affect-
ing fatty acid transport and mitochondrial β-oxidation have been described [8] and 
additional enzymes involved in this pathway are still being discovered [9, 10].

Carnitine is not only involved in the metabolism of long-chain fatty acids, but 
also in branched-chain amino acid metabolism. Most of the classic organic acidurias 
resulting from defects in the latter metabolic pathway are associated with second-
ary carnitine deficiency. In fact, the clinical utility of acylcarnitine analysis was first 
identified for organoacidopathies such as propionic, methylmalonic, and isovaleric 
acidemias [11–16]. In these early studies, urine was the preferred specimen. How-
ever, plasma quickly became the specimen of choice because acylcarnitine profiles 
even in healthy probands are generally less complex in plasma than in urine, and 
because it was felt that the sensitivity of acylcarnitine analysis is higher when plasma 
is analyzed as opposed to urine, especially for the diagnosis of long-chain FAO disor-
ders [17]. It is only recently that the analysis of urine has been revisited [18]. It now 
appears that urine acylcarnitine analysis can add diagnostic value to the metabolic 
work up of patients with organic acidemias but inconclusive or borderline abnormal 
urine organic acid and plasma acylcarnitine profiles [19–21].

Acylcarnitine analysis for the diagnosis of organic acidemias and particularly of 
FAO disorders plays an increasingly prominent role in all venues of clinical bio-
chemical genetics: prenatal diagnosis, newborn screening, evaluation of symptom-
atic patients, and postmortem screening. Almost exclusively performed by tandem 
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mass spectrometry (MS/MS), plasma/serum is the primary specimen type in diag-
nostic settings. Blood dried on filter paper is analyzed for newborn screening and 
together with bile in the postmortem evaluation of cases of sudden and unexpected 
death [8, 22, 23]. Cell-free supernatant of amniotic fluid is used for the prenatal di-
agnosis of selected inborn errors of metabolism [24–27].

Cultured fibroblasts or amniocytes can be probed with FAO substrates and car-
nitine. Cell cultures deficient of an FAO enzyme will accumulate specific acylcarni-
tine species when incubated with substrates such as palmitate, allowing for the di-
agnosis of FAO disorders [28–37]. Modifications of this assay system have also been 
developed for the diagnosis of defects affecting the metabolism of branched-chain 
amino acids [20, 31, 34]. Recently, this approach was also adapted for the study of 
peripheral blood mononuclear cells [38].

Acylcarnitine analysis using stable-isotope-labeled internal standards provides 
quantitative data for acylcarnitine species [14]. However, to provide meaningful re-
sults to referring healthcare providers, it is critical to complement analytical profi-
ciency with in-depth interpretation of results, as is true for many other examples of 
complex metabolic profiles [39].

3.2.2	 Carnitine	and	Acylcarnitines

Carnitine, l-3-hydroxy-4-(trimethylammonium)butyrate, is a water-soluble, tri-
methylammonium derivative of γ-amino-β-hydroxybutyric acid, which is formed 
from trimethyllysine via γ-butyrobetaine [40]. About 75% of carnitine is obtained 
from dietary intake of meat, fish, and dairy products containing proteins with tri-
methyllysine residues. Under normal conditions, endogenous synthesis from lysine 
and methionine plays a minor role, but can be stimulated by a diet low in carni-
tine. Carnitine is not further metabolized and is excreted in urine and bile as free 
carnitine or as conjugated carnitine esters [1, 41, 42]. Adequate intracellular levels 
of carnitine are therefore maintained by mechanisms that modulate dietary intake, 
endogenous synthesis, reabsorption, and cellular uptake.

Under physiologic conditions, carnitine is primarily required to shuttle long-
chain fatty acids across the inner mitochondrial membrane for FAO and products 
of peroxisomal β-oxidation to the mitochondria for further metabolism in the citric 
acid cycle [40, 43]. Acylcarnitines are formed by conjugating acyl-CoA moieties to 
carnitine, which in the case of activated long-chain fatty acids is accomplished by 
CPT type I (CPT-I) [8, 44]. The acyl-group of the activated fatty acid (fatty acyl-
CoA) is transferred by CPT-I from the sulfur atom of CoA to the hydroxyl group of 
carnitine (Fig. 3.2.1). Carnitine acylcarnitine translocase (CACT) then transfers the 
long-chain acylcarnitines across the inner mitochondrial membrane, where CPT-II 
reverses the action of CPT-I by the formation of acyl-CoA and release of free un-
esterified carnitine.

In pathologic conditions, such as FAO disorders or organic acidemias due to 
acyl-CoA dehydrogenase deficiencies, the functions of carnitine as a regulator of 
substrate flux and energy balance across cell membranes and as a modulator of intra-
cellular concentrations of free CoA become crucial. In such conditions, acyl-CoAs 
accumulate within the mitochondrial matrix and carnitine is utilized to shuttle these 
compounds out of the mitochondria as acylcarnitines, providing for free CoA at the 
same time.
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Carnitine and its esters are present in all biological fluids, and depending on the 
enzyme defect, a particular acylcarnitine pattern becomes apparent where those acyl-
carnitine species serving as direct substrates for the defective enzyme accumulate 
disproportionately to the down- and upstream metabolites (Table 3.2.1).

3.2.3	 Methods

Several techniques have been described to differentiate and eventually quantify spe-
cific carnitine esters. In 1977, Bieber and Choi demonstrated the presence of short-
chain acylcarnitine species in several animal tissues by use of gas chromatography 
(GC) and mass spectrometry (MS) [45]. This approach was improved over time and 
as recently as 1997, new protocols for quantitative GC-MS analysis of acylcarnitines 
were published [46]. Additional methods described and which do not require vola-
tile samples include thin-layer chromatography and radioisotopic exchange/high-
performance liquid chromatography (HPLC) [47], as well as liquid-chromatography 
(LC)-MS. HPLC thermospray MS and fast atom bombardment-MS were first ap-
plied to acylcarnitine analysis by Alfred Yergey, David Millington, Charles Roe, and 
colleagues in the early 1980s [12, 48, 49]. This group later applied MS-MS to the 
analysis of selected amino acids [50], then to acylcarnitine analysis [51]. The advan-
tage of MS-MS over other methods lies in its sensitivity, which allows for efficient 
preparation procedures of small sample volumes and fast analytical times, therefore 
providing for rapid throughput of even large numbers of samples. However, the sig-
nificant cost and sophistication of MS-MS instruments delayed the adoption of this 
technology in other than highly specialized, often research laboratories. It was only 
in the late 1990s that instruments became commercially available that are affordable, 
robust, computer-driven, and increasingly user-friendly [52]. Today, acylcarnitines 
are analyzed by a large number of laboratories and for the most part by MS/MS. The 
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Fig.	3.2.1	 Structures of carnitine, acylcarnitine and butylated acylcarnitine. The R represents 
the acylcarnitine species with up to 18 carbons, which are typically the aim of an acylcarnitine 
analysis

3.2.3 Methods
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Table 3.2.1  Clinically relevant acylcarnitine species included in a typical acylcarnitine analysis 
and their relevance when abnormally elevated (unless otherwise noted). BKT β-ketothiolase, 
CACT carnitine-acylcarnitine translocase, CPT carnitine palmitoyltransferase, DCR 24-dienoyl-CoA 
reductase, EE ethylmalonic encephalopathy, FIGLU formiminoglutamate, GA-1 glutaric acidemia 
type I (glutaryl-CoA dehydrogenase deficiency), GA-2 glutaric acidemia type II (multiple acyl-CoA 
dehydrogenase deficiency), HMG 3-hydroxy 3-methylglutaryl-CoA lyase, IBDH isobutyryl-CoA 
dehydrogenase, IVA isovaleric acidemia (isovaleryl-CoA dehydrogenase deficiency), LCHAD long-
chain 3-hydroxy acyl-CoA dehydrogenase, MCAD medium-chain acyl-CoA dehydrogenase, 
MCC 3-methylcrotonyl-CoA carboxylase, MCD multiple carboxylase (holocarboxylase), MGA 
3-methylglutaconic aciduria type I (3-methylglutaconyl-CoA hydratase deficiency), MKAT medium-
chain 3-ketoacyl-CoA thiolase, MMA methylmalonic acidemias, MHBD 2-methyl 3-hydroxy butyryl-
CoA dehydrogenase, PA propionic acidemia (propionyl-CoA carboxylase deficiency), SBCAD short-
branched-chain acyl-CoA dehydrogenase, SCAD short-chain acyl-CoA dehydrogenase, SCHAD 
short-chain 3-hydroxy acyl-CoA dehydrogenase, SUCLA2 ATP-dependent-proteolysis-factor-forming 
succinyl-CoA synthetase, TFP mitochondrial trifunctional protein, VLCAD very long-chain acyl-CoA 
dehydrogenase

Mass a Acylcarnitine species Disorder/ Condition

218 C0 Free carnitine Carnitine supplementation (deficiency if low)

260 C2 Acetyl- Carnitine supplementation or ketosis (deficiency if low)

274 C3 Propionyl- PA, MMA, SUCLA2 deficiency [66], treatment with heptanoic acid [67]

287 FIGLU [64] Glutamate formimino-transferase deficiency

288 C4 Butyryl-/
Isobutyryl-

SCAD deficiency, IBDH deficiency, GA-2, EE

300 C5:1 Tiglyl- BKT deficiency, MCC deficiency, MHBD deficiency

302 C5 Isovaleryl-/
2-Methylbutyryl-/
Pivaloyl-

IVA, SBCAD deficiency, GA-2, EE, antibiotics-derived artifact [60], 
treatment with heptanoic acid

304 C4-OH 3-Hydroxy butyryl- SCHAD deficiency, ketosis

314 C6:1 3-Methylglutaconyl- MGA

316 C6 Hexanoyl- MCAD deficiency, MKAT deficiency, GA-2

318 C5-OH 3-Hydroxy isovaleryl- Biotinidase deficiency, HMG deficiency, MCC deficiency, MCD defi-
ciency, MGA deficiency

2-Methyl 3-hydroxy 
butyryl-

BKT deficiency, MHBD deficiency

330 C7 Heptanoyl- Treatment with heptanoic acid

342 C8 Octanoyl- MCAD deficiency, M/SCHAD deficiency, MKAT deficiency, GA-2

360 C3-DC Malonyl- Malonic aciduria

C8-OH 3-Hydroxy octanoyl- MKAT deficiency

368 C10:2 Decadienoyl- DCR deficiency

370 C10:1 Decenoyl- MCAD deficiency

372 C10 Decanoyl- MCAD deficiency, GA-2

374 C4-DC Methylmalonyl-/succinyl MMA b, SUCLA2 deficiency [66]

388 C5-DC Glutaryl- GA-1

C10-OH 3-Hydroxy decanoyl- M/SCHAD deficiency, MKAT deficiency
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Table 3.2.1  (continued) 

Mass a Acylcarnitine species Disorder

400 C12 Dodecanoyl- GA-2

402 C6-DC 3-Methylglutaryl- HMG deficiency

416 C12-OH 3-Hydroxy dodecanoyl- LCHAD/TFP deficiency

424 C14:2 Tetradecadienoyl-

426 C14:1 Tetradecenoyl- CACT deficiency, CPT type II deficiency, GA-2,  
VLCAD deficiency, LCHAD/TFP deficiency

428 C14 Myristoyl- CACT deficiency, CPT type II deficiency, GA-2,  
VLCAD deficiency, LCHAD/TFP deficiency

444 C14-OH 3-Hydroxy tetradecanoyl- LCHAD/TFP deficiency

456 C16 Palmitoyl- CACT deficiency, CPT type II deficiency, VL-
CAD deficiency, LCHAD/TFP deficiency; CPT 
type I deficiency c

470 C16:1-OH 3-Hydroxy hexadecenoyl- Antibiotics derived artifact [63]

472 C16-OH 3-Hydroxy hexadecanoyl- LCHAD/TFP deficiency

480 C18:2 Linoleyl- CACT deficiency, CPT type II deficiency, VLCAD 
deficiency, LCHAD/TFP deficiency

482 C18:1 Oleyl- CACT deficiency, CPT type II deficiency, VLCAD 
deficiency, LCHAD/TFP deficiency; CPT type I 
deficiency c

484 C18 Stearoyl- CACT deficiency, CPT type II deficiency, VLCAD 
deficiency, LCHAD/TFP deficiency

498 C18:1-OH 3-Hydroxy oleoyl- LCHAD/TFP deficiency

500 C18-OH 3-Hydroxy stearoyl- LCHAD/TFP deficiency

a Mass of the molecular ion of the butylated acylcarnitine esters 
b Respective analyte is not consistently elevated in MMA 
c CPT type I is suggested by low concentrations of long-chain acylcarnitine species and relatively high free carnitine
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primarily used instruments are triple quadrupole analyzers combined with electro-
spray ionization (ESI) sources. With ESI-MS/MS, the liquid sample is introduced 
into the ion source through a capillary tube and exposed to a strong electric field and 
a counter flow of nitrogen gas, which in combination produce the electrospray (see 
Chap. 8.1). The solvent evaporates and eventually desorption of charged ions occurs 
into the mass analyzer. ESI occurs under atmospheric pressure, allowing efficient 
ionization, and the mass analyzers operate at very low pressure. The combination 
is possible by introducing the ions into the analyzers through a very small orifice 
(< 1 mm) and using powerful vacuum pumps.

This chapter focuses on acylcarnitine analysis in various sample types following 
derivatization to butyl- or methylesters and flow injection ESI-MS/MS. Capillary 
electrophoresis MS/MS and LC-MS/MS methods have also been described in recent 
years with the noted benefits of isomer separation and further simplification of the 
sample preparation steps, although at the cost of larger sample volume requirements 
and longer analytical times [53, 54].

3.2.4	 Acylcarnitine	Analysis	of	Plasma	or	Serum	by	MS/MS

3.2.4.1	 Principle

Acylcarnitines are extracted from the sample by mixing with methanol or an acidi-
fied acetonitrile solution containing isotopically labeled acylcarnitines of various 
chain lengths at defined concentrations as internal standards. Following centrifuga-
tion, the supernatant is evaporated and the residue derivatized with either n-butanol 
HCl or n-methanol HCl, yielding the acylcarnitines for analysis by flow injection 
ESI/MS-MS. Following analysis, a graphical acylcarnitine profile is generated by the 
software provided by the MS-MS vendor, which can be interpreted qualitatively. Ad-
ditional vendor-provided software allows semiquantitative calculation of the con-
centration of each individual acylcarnitine species based on the abundance of the 
assigned internal standard.

3.2.4.2	 Pre-analytical

Specimen

A variety of body fluids can be used for acylcarnitine analysis. While initially the 
favored specimen, urine acylcarnitine analysis is the least appropriate when an FAO 
disorder is under diagnostic consideration. Heparinized plasma or whole blood 
spotted on filter paper are preferred in this context.

Most informative results are generally achieved when samples are obtained dur-
ing acute illness. Because inborn errors of metabolism are traditionally not entered 
early into differential diagnostic considerations, sample collection should alterna-
tively be timed before a meal, preferably after an overnight fast. A prolonged fasting 
challenge, however, should not routinely be undertaken, as these require close sur-
veillance typically not possible in an outpatient setting.
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All sample types, except for dried blood and bile spots (which can be sent at room 
temperature), should be kept frozen until analysis. Reliable results, particularly for 
short-chain acylcarnitine species, for any sample, liquid or dried on filter paper, can 
not be achieved following long-term storage at ambient temperatures [55].

Reagents and Chemicals

Standards

The following standards are used in our laboratory:
1. Acetylcarnitine (C2).
2. Propionylcarnitine (C3).
3. Butyrylcarnitine (C4).
4. Isovalerylcarnitine (C5).
5. Hexanoylcarnitine (C6).
6. Octanoylcarnitine (C8).
7. Decanoylcarnitine (C10).
8. Dodecanoylcarnitine (C12).
9. Tetradecanoylcarnitine (C14).
10. Hexadecanoylcarnitine (C16).
11. Octadecanoylcarnitine (C18).

Isotopically labeled standards (internal standards) include:
1. Acetyl-d3-carnitine (C2).
2. Propionyl-d3-carnitine (C3).
3. Butyryl-d3-carnitine (C4).
4. Octanoyl-d3-carnitine (C8).
5. Dodecanoyl-d3-carnitine (C12).
6. Palmitoyl-d3-carnitine (C16).

The internal standards are dissolved in methanol. The final working internal stan-
dard solution is prepared in acetonitrile at the following concentrations:
1. 1.330 μmol/l acetyl-d3-carnitine.
2. 0.266 μmol/l propionyl-d3-carnitine.
3. 0.266 μmol/l butyryl-d3-carnitine.
4. 0.266 μmol/l octanoyl-d3-carnitine.
5. 0.266 μmol/l dodecanoyl- d3-carnitine.
6. 0.543 μmol/l palmitoyl-d3-carnitine.

Additional or different internal standards can be used. Labeled and unlabeled acyl-
carnitine standards are available from Dr. Herman J. ten Brink, VU University 
Medical Center, Amsterdam, The Netherlands (http://www.vumc.nl/metabool/in-
dex.html) or from Cambridge Isotope Laboratories, Andover, Massachusetts, USA 
(http://www.isotope.com).
1. 3N HCl in n-butanol (butanolic-HCl; # 201009, Regis Chemical, Morton Grove, 

IL, USA)
2. Methanol
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3. 80% Acetonitrile:water 1.
4. Nitrogen gas, in-house, scrubbed with the Big Hydrocarbon Trap (BHT)-1 

(Chrom Tech, Apple Valley, MN, USA).
5. Air, compressed.
6. Air, zero grade (filtered by a Balston filter unit).
7. Formic acid, 98–100%.

Equipment and Supplies

1. Pierce Reacti-Therm heating module.
2. Pierce Reacti-Vap evaporating unit.
3. Chrom Tech React vials, #402001.
4. 1-ml Screw-cap micro vial, Chrom Tech.
5. Thermolyne MaxiMix 2 Type 37600 vortex mixer.
6. Centrifuge, Abbott, #3531 X Systems.
7. 1.5-ml Micro tube, Sarstedt, 39 × 10 mm.
8. Autosampler vials, Fisher #0334064.
9. Autosampler caps, Fisher #0337749.
10. Applied Biosystems/MDS SCIEX API 3000 MS-MS system.
11. PE Series 200 isocratic LC pump.
12. PE Series 200 LC autosampler.
13. 0.5-U Peek filter end fitting, Chrom Tech A-428X.
14. 0.5-U filters, Chrom Tech A-431.
15. Back pressure column, BDS Hypersil C18, 3 µm, 50 × 1, Keystone Scientific, 

#053-46-1.

Calibration

Mass calibration of the quadrupole mass spectrometers, Q1 and Q3, is based on 
poly(propylene)glycol in methanol as supplied by the instrument manufacturer and 
following instructions on calibration and tuning provided in the instrument operat-
ing manual.

QC

Quality Control Samples

A quality control (QC) standard mixture, a normal control and an abnormal control 
are run with each batch. The normal control is made by aliquoting 100-µl portions 
of a normal range pooled plasma into screw-cap vials. The abnormal control is made 
by spiking 50 ml of normal pooled plasma with defined concentrations of unlabeled 
acylcarnitine standards spanning the mass range covered by the analysis (see Re-
agents and Chemicals). The concentration for each standard should be chosen based 
on the upper limit of the reference range for the respective acylcarnitine species. The 

1  Use of reverse osmosis or HPLC grade water in every step requiring water is recommended.
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100-µl portions are aliquotted into screw-cap vials and stored frozen. The mean and 
standard deviation for each QC sample is calculated with a minimum of 20 between-
run values.

In our laboratory, control values that fall within ±2 standard deviations of the 
mean are considered acceptable and require no further action. Any control values 
that are either greater than 2 standard deviations or trends require review by a labo-
ratory director. The laboratory director decides whether the analysis of the complete 
batch or of specific samples needs to be repeated and initiates troubleshooting.

3.2.4.3	 Analytical

Sample Preparation

Formic acid is added to the working internal standard solution to achieve a concen-
tration of 0.3% formic acid. Aliquots of 300 µl are then pipetted into labeled Eppen-
dorf tubes before 20 µl of thawed plasma sample is added. After thorough vortexing 
and centrifugation for 2 min at 13,000 rpm (11,337 × g), the supernatant is trans-
ferred to clean Reacti-Vials and dried under a gentle stream of warm nitrogen. The 
samples are then derivatized to butylesters by the addition of 100 µl 3N butanol-HCl 
and heating at 65°C in a Reacti-Therm system for 15 min. The vials are allowed to 
cool before they are again dried down under warm nitrogen. The dried samples are 
redissolved in 100 µl of 80% acetonitrile:water and briefly vortexed. After transfer 
of the solution to LC autosampler vials, the samples are ready for MS-MS analy-
sis, which should proceed promptly. If necessary, prepared samples can be stored 
refrigerated for up to 24 h prior to analysis.

Instrument Setup

LC system

Controlled by the MS-MS software, the PE Series 200-micro LC pump operates iso-
cratically using 80% acetonitrile:water at 40 µl/min. A 50 × 1 mm C18 column (Key-
stone) is used between the pump and autosampler to provide back-pressure. The 
syringe/system flush solution is the 80% acetonitrile:water used as the mobile phase. 
The autosampler is connected directly to the MS-MS TurboIon Spray source. The 
injected sample volume is 20 µl.

A 0.5-U Peek filter is installed between the autosampler and TurboIon Spray 
APCI electrospray interface source. The filter end fitting is discarded and replaced 
after approximately 200 injections.

MS-MS system

Acylcarnitine analysis is performed as a precursor scan in positive ion mode. Q1 is 
set to scan a mass range from m/z 200 to 500, while Q3 is set to determine a precur-
sor ion of m/z 85. The method is optimized for a mixture of butylesters containing 
d3-C2, d3-C3, d3-C4, d3-C8, d3-C12, and d3-C16 acylcarnitine.

The sample queue is entered into the MS-MS instrument’s software (Analyst for 
SCIEX instruments) according to the manufacturer’s instructions. Samples can be 
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given specific designations that allow for the correct QC and reference range assign-
ment. Prior to analysis, the method should be equilibrated and the system purged if 
necessary. The LC line should be attached to the sprayer after proper equilibration 
for approximately 30 min.

Calculation

A datafile is generated for each sample and presented as a mass profile. All ion spe-
cies in a mass range from 200 to 500 Da that generate a product m/z of 85 Da are 
represented in this profile based on their detected abundance.

Calculation of the molecular weights of the n-butyl esters of acylcarnitines, ex-
pressed as (M+H)+ molecular ions, allows the designation of each peak (Table 3.2.1). 
Quantitation software provided by the instrument vendor (i.e., Chemoview for 
SCIEX instruments) allows calculation of quantitative and semiquantitative concen-
trations for these acylcarnitines by comparison of the detected abundance of each 
acylcarnitine versus that of a designated internal standard with a known concentra-
tion. The results for each sample are further compared to age-appropriate reference 
ranges (Table 3.2.2).

3.2.4.4	 Post-analytical:	Interpretation	and	Reference	Ranges

The laboratory director, typically a board-certified clinical biochemical geneticist, 
reviews all profiles and provides an interpretation based on pattern recognition and 
not simply on single abnormal values (Table 3.2.2). The laboratory director also de-
termines the need for sample dilutions and carryover checks.

Simple reporting of numeric results is not appropriate because most physicians 
are not familiar with pattern recognition. A comprehensive interpretation takes into 
consideration any available clinical and dietary information and other laboratory 
results, provides possible differential diagnoses, recommendations for additional 
biochemical testing and confirmatory studies if indicated, as well as contact informa-
tion for the laboratory director in case the referring physician has additional ques-
tions.

3.2.4.5	 Pitfalls

Acylcarnitine profiles are dependent on the clinical status of the patient at the time 
of sample collection [56, 57]. It is therefore important to provide the biochemical 
genetics laboratory with information regarding the clinical context during which the 
sample was collected. The laboratory must be conscientious of the fact that carnitine 
deficiency states can be associated with acylcarnitine profiles that lack any acylcar-
nitine species that are elevated above the reference range. Therefore, it is essential 
that the complete profiles are reviewed and even borderline elevated acylcarnitines 
should prompt further follow up in the presence of abnormally low free acetylcar-
nitine (Fig. 3.2.2). If clinically indicated, a repeat sample should be collected at least 
24 h after l-carnitine supplementation.
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Table 3.2.2  Reference ranges for plasma acylcarnitine species (µmol/l) 
in different age groups

Acylcarnitine 
species

≤7 days (n = 36) 8 days–7 years 
(n = 139)

>7 years (n = 140)

C0 6.08–22.21 6.29–27.73 5.55–20.88

C2 2.14–15.89 2.00–27.57 2.00–17.83

C3 0.07–0.54 0.08–1.77 0.10–0.87

C4 0.06–0.45 0.06–1.05 0.04–0.82

C5:1 0.00–0.04 0.00–0.10 0.00–0.10

C5 0.06–0.37 0.05–0.62 0.06–0.50

C4-OH 0.01–0.12 0.01–0.50 0.01–0.17

C6 0.01–0.13 0.01–0.22 0.02–0.16

C5-OH 0.01–0.07 0.01–0.11 0.00–0.09

C7 0.00–0.04 0.00–0.04 0.00–0.05

C6-OH 0.00–0.07 0.00–0.18 0.00–0.08

C8:1 0.03–0.47 0.02–0.90 0.04–0.87

C8 0.03–0.18 0.01–0.44 0.02–0.77

C3-DC 0.01–0.08 0.00–0.13 0.00–0.25

C10:2 0.01–0.10 0.00–0.11 0.00–0.25

C10:1 0.03–0.24 0.01–0.45 0.03–0.46

C10 0.02–0.26 0.02–0.90 0.03–0.87

C4-DC 0.00–0.04 0.00–0.04 0.00–0.04

C10:1-OH 0.00–0.11 0.00–0.11 0.00–0.12

C5-DC 0.00–0.05 0.00–0.09 0.00–0.10

C12:1 0.01–0.18 0.00–0.36 0.00–0.34

C12 0.02–0.17 0.02–0.34 0.01–0.25

C12:1-OH 0.00–0.06 0.00–0.05 0.00–0.08

C12-OH 0.00–0.05 0.00–0.08 0.00–0.07

C14:2 0.01–0.08 0.01–0.12 0.01–0.17

C14:1 0.00–0.15 0.01–0.34 0.00–0.23

C14 0.01–0.10 0.01–0.14 0.00–0.11

C14:1-OH 0.01–0.05 0.00–0.17 0.00–0.12

C14-OH 0.00–0.03 0.00–0.04 0.00–0.07

C16:1 0.01–0.14 0.00–0.20 0.00–0.09

C16 0.06–0.35 0.04–0.51 0.03–0.22

C16:1-OH 0.00–0.77 0.00–0.35 0.00–0.05

C16-OH 0.00–0.09 0.00–0.06 0.00–0.05

C18:2 0.01–0.11 0.00–0.30 0.02–0.23
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Table 3.2.2  (continued) Reference ranges for plasma acylcarnitine species 
(µmol/l) in different age groups

Acylcarnitine 
species

≤ 7 days (n = 36) 8 days–7 years 
(n = 139)

> 7 years (n = 140)

C18:1 0.02–0.24 0.03–0.44 0.02–0.38

C18 0.01–0.09 0.01–0.11 0.01–0.13

C18:2-OH 0.00–0.03 0.00–0.05 0.00–0.05

C18:1-OH 0.00–0.02 0.00–0.03 0.00–0.05

C18-OH 0.00–0.02 0.00–0.04 0.00–0.02



Fig.	3.2.2	 Profiles of acylcarnitines as their butyl esters in plasma (precursor of m/z 85 scan) 
of a normal control (a), a patient with glutaric acidemia type I and low carnitine levels (b), and 
a patient with glutaric acidemia type I and normal carnitine status (c). Peak 1 free carnitine 
(m/z 218), peak 2 acetylcarnitine (C2; m/z 260), peak 3 glutarylcarnitine (C5-DC; m/z 388). The 
asterisks represent the internal standards (from left to right): d3-acetylcarnitine (C2; m/z 263), 
d3-propionylcarnitine (C3; m/z 277), d3-butyrylcarnitine (C4; m/z 291), d3-octanoylcarnitine (C8; 
m/z 347), d3-dodecanoylcarnitine (C12; m/z 403), and d3-palmitoylcarnitine (C16; m/z 459)
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While MS-MS allows for unequivocal identification of most metabolites, there 
are a few exceptions. In particular, the short-chain acylcarnitines of 4 and 5 carbons 
represent more than one analyte. C4-Acylcarnitine is known to be a mixture of bu-
tyrylcarnitine derived from fatty acid metabolism and isobutyrylcarnitine derived 
from the metabolism of valine (Fig. 3.2.3) [21, 58]. C5-Acylcarnitine is a mixture of 
isovalerylcarnitine and 2-methylbutyrylcarnitine derived from leucine and isoleu-
cine degradation, respectively (Fig. 3.2.4) [20, 59]. Samples of patients treated with 
antibiotics containing pivalic acid may contain pivaloylcarnitine another C5 species 

Fig.	3.2.3	 Profiles of acylcarnitines as their butyl esters in plasma (precursor of m/z 85 scan) of a 
normal control (a) and three patients with elevated C4-acylcarnitine (m/z 288; peak 4) that repre-
sents primarily butyrylcarnitine in a patient with short-chain acyl-CoA dehydrogenase (SCAD) 
deficiency (b), isobutyrylcarnitine in a patient with isobutyryl-CoA dehydrogenase (IBDH) de-
ficiency (c), and a natural isotope of formiminoglutamate (FIGLU; m/z 287; peak 3) in a patient 
with glutamate formimino-transferase deficiency (d). Peak 1 free carnitine (m/z 218), peak 2 
acetylcarnitine (C2; m/z 260). The asterisks represent the internal standards (from left to right): 
d3-acetylcarnitine (C2; m/z 263), d3-propionylcarnitine (C3; m/z 277), d3-butyrylcarnitine (C4; 
m/z 291), d3-octanoylcarnitine (C8; m/z 347), d3-dodecanoylcarnitine (C12; m/z 403), and d3-pal-
mitoylcarnitine (C16; m/z 459)
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[60]. Differentiation is of clinical importance and most efficiently achieved by urine 
acylglycine and organic acid analyses. Patients with short-chain acyl-CoA dehydro-
genase (SCAD) deficiency, for example, will reveal an abnormal excretion of ethyl-
malonic acid, suggesting that an elevated C4-acylcarnitine represents primarily bu-
tyrylcarnitine. Patients with isobutyryl-CoA dehydrogenase deficiency, on the other 
hand, will demonstrate an elevated C4-acylcarnitine in plasma and urine and either 
normal acylglycines or an elevated excretion of isobutyrylglycine [21]. The detection 
of an overexcretion of either isovalerylglycine or 2-methylbutyrylglycine will deter-
mine the origin of a C5-acylcarnitine elevation as either due to isovaleric acidemia or 
2-methylbutyrylglycinuria as opposed to an antibiotics-derived artifact [59].

Several other metabolites are also nonspecific markers for several disorders. For 
example, C5-OH acylcarnitine, which represents 3-hydroxy isovalerylcarnitine and 
2-methyl 3-hydroxybutyrylcarnitine, can be elevated in seven different organic aci-
demias (Table 3.2.1; Fig. 3.2.5). The interpretation of elevated C5-OH acylcarnitine 
in newborns or breast-fed infants is further complicated by the fact that it can indi-
cate maternal 3-methylcrotonylglycinuria in an unaffected carrier infant [61].

The long-chain FAO disorders of CACT deficiency and CPT-II deficiency can not 
be differentiated because both cause accumulation of the same long-chain acylcar-
nitine species, which is explained by the fact that neither enzyme is involved in the 
chain-shortening action of FAO (Table 3.2.1; Fig. 3.2.6e and f). Isolated long-chain 
3-hydroxy acyl-CoA dehydrogenase (LCHAD) deficiency and complete mitochon-
drial trifunctional protein (TFP) deficiency also can not be differentiated by routine 
acylcarnitine analysis [55, 57, 62]. When such profiles are encountered, delineation 
of the correct defect is only possible by either specific enzyme assay in cell cultures or 
molecular genetic analysis of the relevant genes, the latter of which is often only avail-
able in research laboratories. Isolated elevations of propionylcarnitine (C3) are not 
specific for propionic acidemia, but are also observed in methylmalonic acidemias 
of various etiologies (Table 3.2.1; Fig. 3.2.5b and c). Because methylmalonylcarnitine 
(C4-DC) is not consistently elevated in methylmalonic acidemias, elucidation of the 
correct diagnosis requires at a minimum, urine organic acid analysis.

Fig.	3.2.4	 Structures of the isomers 2-methylbutyryl- and isovalerylcarnitine. These isomers can 
not be differentiated by acylcarnitine analysis as described here because both appear as butylated 
C5-acylcarnitine esters at m/z 302. Differentiation would require an additional chromatography 
step prior to tandem mass spectrometry analysis
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Another antibiotic that may cause problems in the interpretation of butylated 
acylcarnitines is cefotaxime (Fig. 3.2.5d) [63]. This antibiotic, or metabolites thereof, 
reveals itself by acylcarnitine analysis at m/z 470, which is otherwise considered to 
represent the monounsaturated form of 3-hydroxy hexadecenoylcarnitine (C16:1-
OH). In poorly resolved scans this may be difficult to differentiate from m/z 472, 
which is a marker for LCHAD and TFP deficiencies. However, whereas m/z 472 (C16-
OH) is more abundant than C16:1-OH in these FAO disorders, the profile of a patient 
treated with cefotaxime usually reveals an m/z 470 to m/z 472 ratio that is greater 
than 1. Furthermore, and in contrast to cefotaxime treatment, both LCHAD and 
TFP deficiencies are usually accompanied by elevations of other long-chain species 
(Table 3.2.1) [57].

Formiminoglutamate (FIGLU), a marker for glutamate formimino-transferase 
deficiency, was recently also shown to be detectable by acylcarnitine analysis; re-
presented as a peak with m/z 287 (Fig. 3.2.3d) [64]. In poorly resolved acylcarnitine 
profiles, this peak may be confused with iso-/butyrylcarnitine (m/z 288). To avoid 
the incorrect interpretation of acylcarnitine profiles, we recommend performing the 
analysis in product scan mode as opposed to multiple reaction monitoring (MRM) 
mode. For example, the FIGLU peak at m/z 287 would not have been correctly iden-
tified in MRM mode because the transition of 287 to 85 is typically not selected. 
However, the 288/85 transition would reveal abnormal results, but in fact not repre-
sent either butyryl- or isobutyrylcarnitine, but another FIGLU related ion species.

3.2.5	 Acylcarnitine	Analysis	in	Urine	by	MS/MS

3.2.5.1	 Principle

Acylcarnitine analysis was first performed in urine specimens in the evaluation of 
patients with organic acidemias. However, because it was found that acylcarnitine 
analysis of plasma is more informative for the diagnosis of FAO disorders than analy-
sis of urine specimens, plasma has become the preferred specimen [17]. It is only 
recently that it was shown that urine acylcarnitine analysis still has a role in the diag-
nostic evaluation of patients with organic acidurias but uninformative or borderline 
abnormal results of plasma acylcarnitine and urine organic acid analysis [18–21]. In 
our laboratory, sample preparation and analysis is identical to that of plasma once 
a urine aliquot has been prepared that is based on the creatinine concentration.

3.2.5.2	 Specimen

Urine is collected from patients suspected to have an organic acidemia preferably 
during an acute metabolic decompensation. As this is often not possible, an early 
morning specimen should be collected. The sample should be sent frozen and with-
out preservatives.
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3.2.5.3	 Procedure	and	Calculation

The creatinine concentration is measured in the sample using routine methods (i.e., 
the Jaffe reaction). A urine volume equivalent to 0.25 mg creatinine is diluted to 
300 µl with deionized water (if the creatinine equivalent exceeds 300 µl, no dilution 
is made). A 20-µl aliquot of the diluted or undiluted urine is then analyzed following 
the procedure described above for plasma acylcarnitine analysis (section 3.2.4). The 
final result is expressed as mmol/mol creatinine.

3.2.5.4	 Interpretation

As is true for plasma acylcarnitine analysis, the interpretation of urine acylcarnitine 
profiles is based on quantitative reference ranges and pattern recognition. The refer-
ence ranges used in our laboratory for urine are provided in Table 3.2.3.

3.2.5.5	 Pitfalls

Aside from the aforementioned potential problems (see 3.2.4, subheading “Pitfalls”), 
such as the inability to discriminate isomers and interfering metabolites of antibiot-
ics, the interpretation of urine acylcarnitine profiles is inherently more complex and 
overinterpretation must be avoided. Therefore, urine acylcarnitine analysis should 
not be included in the first-line screening investigations, but be targeted to specific 
diagnostic considerations, in particular organic acidemias. A role of urine acylcarni-
tine analysis for the diagnosis of FAO disorders has not been established to date.

9 Fig.	3.2.5	 Profiles of acylcarnitines as their butyl esters in plasma (precursor of m/z 85 scan) 
of a normal control (a) and patients with various organic acidemias. Propionylcarnitine (C3; m/z 
274; peak 3) is the primary marker for both propionic acidemia (b) and methylmalonic acide-
mias (c). Note that an elevation of methylmalonylcarnitine (C4-DC; m/z 374) is not typically 
found in patients with methylmalonic acidemias. In the three cases of ethylmalonic encepha-
lopathy (d) analyzed in our laboratory, elevations of C4- (m/z 288; peak 4) and C5-acylcarnitine 
(m/z 302; peak 5) species were noted. Isolated C5-acylcarnitine elevations are encountered in 
patients with isovaleric acidemia (e), where it represents isovalerylcarnitine. C5-Acylcarnitine is 
also elevated in patients with short/branched chain acyl-CoA dehydrogenase deficiency, where it 
represents 2-methylbutyrylcarnitine (see Fig. 3.2.4), and in patients treated with antibiotics that 
contain pivalic acid, where it represents pivaloylcarnitine [20, 59, 60]. Patients with β-ketothio-
lase deficiency (f) present with elevations of tiglylcarnitine (C5:1; m/z 300; peak 6) and C5-OH 
acylcarnitine (m/z 318; peak 7). In most cases of 3-methylcrotonyl-CoA carboxylase deficien-
cy (g) C5-OH acylcarnitine is the only abnormal acylcarnitine species present. The differential 
diagnosis of C5-OH acylcarnitine elevations includes eight different conditions (Table 3.2.1). Also 
note that C5-OH acylcarnitine represents 3-hydroxy isovalerylcarnitine in 3-methylcrotonyl-CoA 
carboxylase deficiency (g), and 2-methyl 3-hydroxy butyrylcarnitine in β-ketothiolase deficiency 
(f). The arrow in D represents an artifact at m/z 470 (the same mass as C16:1-OH acylcarnitine) 
secondary to the patient being treated with cefotaxime [63]. The asterisks represent the internal 
standards (from left to right): d3-acetylcarnitine (C2; m/z 263), d3-propionylcarnitine (C3; m/z 
277), d3-butyrylcarnitine (C4; m/z 291), d3-octanoylcarnitine (C8; m/z 347), d3-dodecanoylcarni-
tine (C12; m/z 403), and d3-palmitoylcarnitine (C16; m/z 459)

1873.2.5 Acylcarnitine Analysis in Urine by MS/MS



3.2 Acylcarnitines, Including In Vitro Loading Tests188



3.2.6	 Acylcarnitine	Analysis	in	Dried	Blood	and	Bile	Spots	by	MS/MS

3.2.6.1	 Principle

Acylcarnitine analysis of dried blood or bile spots is very similar to the analysis of 
plasma. A small disk (diameter typically 5 mm or less) is punched out of the blood 
spot and the acylcarnitines extracted by the addition of methanol and known con-
centrations of isotopically labeled acylcarnitines, which function as internal stan-
dards. The extract is dried under a stream of nitrogen, and derivatized by the addi-
tion of either n-butanol HCl or n-methanol HCl. The acylcarnitines are measured 
as their butyl or methyl esters by MS-MS. The concentrations of the analytes are 
established by computerized comparison of ion intensities of these analytes to that 
of the internal standards.

3.2.6.2	 Pre-analytical

Specimen

For postmortem analysis, blood and bile are collected at the latest at the time of 
autopsy. Otherwise, as is true for plasma samples, the most informative results are 
obtained when blood samples are collected during acute illness or at least prior to 
a meal (see 3.2.4, subheading “Specimen”). Blood should be obtained by capillary 
stick of well-perfused skin (heels in young infants or fingers) and free dripping of 
a few drops of blood directly on the filter paper card. Following complete drying at 
room temperature for at least 3 h, the sample can be sent ambient. Analysis should be 

9 Fig.	3.2.6a–g	 Profiles of acylcarnitines as their butyl esters in plasma (precursor of m/z 85 
scan) of a normal control (a) and patients with various fatty acid β-oxidation disorders. A typical 
profile observed in patients with medium-chain acyl-CoA dehydrogenase deficiency is shown in 
b, where octanoylcarnitine (C8; m/z 344; peak 8) is greater than both hexanoylcarnitine (C6; m/z 
316; peak 6) and decenoylcarnitine (C10:1; m/z 370; peak 9). In long-chain 3-hydroxy acyl-CoA 
dehydrogenase (LCHAD; c) and very long-chain acyl-CoA dehydrogenase (VLCAD; d) deficien-
cies long-chain acylcarnitines (C12 [m/z 400; peak 10], C14:1 [m/z 426; peak 11], C16 [m/z 456; peak 
13], C18:1 [m/z 482; peak 15]) are elevated including long-chain 3-hydroxy species (C14-OH [m/z 
444; peak 12], C16-OH [m/z 472; peak 14], and C18:1-OH [m/z 498; peak 16]) in LCHAD deficien-
cy. Carnitine palmitoyltransferase type II (e) and carnitine-acylcarnitine translocase (f) deficien-
cies are indistinguishable by acylcarnitine analysis. Patients with severe glutaric acidemia type II 
(g) reveal elevations of most acylcarnitine species with chain-length of C4 (m/z 288; peak 4) and 
longer. Note that the samples represented in panels e, f, and g have low levels of free carnitine (m/
z 218; peak 1) and acetylcarnitine (C2; m/z 260; peak 2) indicating relative carnitine deficiency. 
Also note that the patient with VLCAD deficiency (d) reveals only moderate elevations of long-
chain acylcarnitine species while free carnitine (m/z 218) is relatively high, suggesting ongoing 
l-carnitine supplementation. Furthermore, the odd-chain species C3- (m/z 374; peak 3), C5- (m/z 
302; peak 5), and C7-acylcarnitine (m/z 330; peak 7) are elevated which represent dietary artifacts 
secondary to the patient being supplemented with triheptanoin [66]. The asterisks represent the 
internal standards (from left to right): d3-acetylcarnitine (C2; m/z 263), d3-propionylcarnitine (C3; 
m/z 277), d3-butyrylcarnitine (C4; m/z 291), d3-octanoylcarnitine (C8; m/z 347), d3-dodecanoyl-
carnitine (C12; m/z 403), and d3-palmitoylcarnitine (C16; m/z 459)
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completed within a few days. While diagnostic results can be obtained in most cases of 
medium- and long-chain FAO defects even after prolonged storage time at room tem-
perature, samples should be stored frozen because short-chain acylcarnitine species 
in particular are not reliably measurable several months after collection [55].

Materials

The reagents used for filter paper analysis are the same as for plasma acylcarnitine 
analysis except for the internal standard/extraction solution, which is prepared using 
methanol as opposed to acetonitrile.

The samples are typically collected on  Whatman 903 Protein Saver paper (Florh-
man, NJ, USA) and punched using automatic (i.e., Wallac DBS Puncher, PerkinEl-
mer Life And Analytical Sciences, Wellesley, MA, USA) or manual punchers (i.e., 
M.C. Mieth Manufacturing, Port Orange, FL, USA), depending on testing volume.

Table 3.2.3  Reference ranges for urine acylcarnitines based on samples with 
normal organic acid results (n = 40)

Acylcarnitine 
species

(µmol/l) Acylcarnitine 
species

(µmol/l)

C0 0.35–31.60 C12 < 0.19

C2 < 16.46 C6-DC < 0.81

C3 < 1.20 C12:1-OH < 0.27

C4 < 2.74 C12-OH < 0.16

C5:1 < 0.34 C14:2 < 0.02

C5 < 1.53 C14:1 < 0.21

C4-OH < 0.26 C14 < 0.39

C6 < 0.16 C14:1-OH < 0.14

C5-OH < 0.52 C14-OH < 0.09

C6-OH < 0.32 C16:1 < 0.04

C8:1 < 4.30 C16 < 0.18

C8 < 0.61 C16:1-OH < 0.02

C3-DC < 0.50 C16-OH < 0.05

C10:2 < 0.48 C18:2 < 0.02

C10:1 < 0.65 C18:1 < 0.02

C10 < 0.21 C18 < 0.05

C4-DC < 0.57 C18:2-OH < 0.01

C10:1-OH < 0.26 C18:1-OH < 0.03

C5-DC (C10-OH) < 0.37 C18-OH < 0.02

C12:1 < 0.07



3.2 Acylcarnitines, Including In Vitro Loading Tests190



QC samples

A QC standard, normal blood, and normal bile spots are run with each assay. The 
controls are made by pooling normal blood or bile and spotting it onto filter paper.

3.2.6.3	 Sample	Preparation	and	Calculation

One 5-mm blood or bile spot is punched out and placed into a labeled Eppendorf 
tube, together with 300 µl internal standard/extraction solution. Following agi-
tation for 30 min on a plate rotator, the liquid is transferred to clean Reacti-Vials 
and dried under a gentle stream of warm nitrogen. Butylesters are then formed 
and the analysis performed as described for plasma samples (see 3.2.4, subhead-
ing “Sample Preparation”).

When large sample volumes need to be analyzed, automation of the sample prep-
aration should be considered by using pipette robots and a 96-well plate format as 
opposed to single vials.

3.2.6.4	 Interpretation

As noted for acylcarnitine analysis of other specimen types, the interpretation of re-
sults for blood and bile spots is based on quantitative reference ranges and ultimately 
pattern recognition by a trained biochemical geneticist. The reference ranges used in 
our laboratory for postmortem blood and bile spots represent prospectively updated 
percentile ranks (Table 3.2.4).

3.2.7	 In	vitro	Probe	Assay	for	the	Diagnosis		
of	FAO	Disorders	and	Selected	Organic	Acidemias	
in	Fibroblast	Cultures	Utilizing	MS/MS

3.2.7.1	 Principle

Most FAO disorders have a rather similar presentation and their biochemical diag-
nosis can at times be difficult. Commonly used metabolite screens, such as urine 
organic acids, plasma acylcarnitines and fatty acids are influenced by dietary fac-
tors and the clinical status of the patient [57]. This often leads to incomplete diag-
nostic information or even false negative results [56]. Enzyme assays are limited to 
one enzyme per assay, and molecular assays for common mutations are limited by 
the frequent occurrence of compound heterozygous patients with an uncommon, 
private mutation that must be distinguished from unaffected carriers. Furthermore, 
neither specific enzyme assays nor molecular genetic testing are available for each 
of the known defects. The purpose of the in vitro probe assay is to offer screening 
for several defects of FAO and organic acid metabolism under controlled laboratory 
conditions using fibroblast cultures (Table 3.2.5). This assay is not informative if the 
deficient enzyme is not expressed physiologically in skin fibroblasts.

As indicated in the introduction to this chapter (section 3.2.1), several differ-
ent approaches to the in vitro probing of mitochondrial FAO have been published 
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Table 3.2.4  Percentile ranks of acylcarnitine species in postmortem dried 
blood and bile spots

Acylcarnitine 
species

Blood spots (n = 1480) Bile spots (n = 1590)

5th percentile 95th percentile 5th percentile 95th percentile

C0 36.71–268.8 25.04–263.8

C2 25.87–236.8 23.59–313.5

C3 – 9.11 –  11.00

C4 – 16.46 –  6.20

C5:1 –  0.25 –  0.54

C5 –  2.35 –  3.30

C4-OH –  7.21 –  2.52

C6 –  1.62 –  2.78

C5-OH –  0.73 –  0.71

C7 –  0.14 –  0.63

C6-OH –  0.45 –  0.64

C8:1 –  0.56 –  34.37

C8 –  0.84 –  5.81

C3-DC –  0.35 –  0.89

C10:2 –  0.10 –  3.56

C10:1 –  0.17 –  9.97

C10 –  0.46 –  6.55

C4-DC –  0.79 –  0.81

C10:1-OH –  0.13 –  1.54

C5-DC –  0.20 –  1.14

C12:1 –  0.11 –  9.14

C12 –  0.48 –  6.77

C12:1-OH –  0.13 –  2.96

C12-OH –  0.15 –  1.46

C14:2 –  0.22 –  7.25

C14:1 –  0.24 –  10.64

C14 –  0.41 –  3.34

C14:1-OH –  0.11 –  2.26

C14-OH –  0.09 –  0.88

C16:1 –  0.29 –  2.41

C16 –  2.02 –  3.35

C16:1-OH –  0.18 –  1.31
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and are in use in an increasing number of biochemical genetic laboratories around 
the world [30–38]. The method described here is based on that published by Shen 
et al., [31] and was further modified to allow for the diagnosis of several defects of 
branched chain amino acid metabolism [20, 21].

The principle of this assay relies on the assumption that skin fibroblasts of pa-
tients affected with an FAO deficiency will accumulate certain species of acyl-CoA 
esters, reflecting the metabolic defect, when the cell medium is supplemented with 

Table 3.2.4  (continued) Percentile ranks of acylcarnitine species in 
postmortem dried blood and bile spots

Acylcarnitine 
species

Blood spots (n = 1480) Bile spots (n = 1590)

5th percentile 95th percentile 5th percentile 95th percentile

C16-OH < 0.12 < 1.27

C18:2 < 0.66 < 2.70

C18:1 < 1.95 < 3.68

C18 < 1.39 < 2.25

C18:2-OH < 0.09 < 0.60

C18:1-OH < 0.13 < 0.93

C18-OH < 0.09 < 0.60



Table 3.2.5   Disorders detectable by the in vitro probe assay. ETF Electron 
transfer f lavoprotein, MADD multiple acyl-CoA dehydrogenase deficiency

Disorder Deficiency

Fatty acid β-oxidation disorders SCAD

MCAD

LCHAD

TFP

VLCAD

CPT-II

CACT

Organoacidopathies ETF 
ETF-dehydrogenase (MADD; glutaric acidemia type II)

Isovaleric acidemia

SBCAD (2-methylbutyrylglycinuria)

IBDH
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a long-chain fatty acid. This in turn leads to the accumulation of acylcarnitine spe-
cies through the action of carnitine acyltransferases. The formation of acylcarnitines 
from acyl-CoA esters in an equilibrium process can be driven by the addition of 
excess l-carnitine in the medium. Metabolites of branched-chain amino acids can be 
differentiated by the addition of isotopically labeled branched-chain amino acids to 
the incubation medium (Fig. 3.2.7). Acylcarnitine profiles in the cell medium follow-
ing incubation are easily obtained by MS-MS as for the other sample types described 
above.

Fig.	3.2.7a–c	 Profiles of acylcarnitines as their methyl esters in cell culture medium (precur-
sor of m/z 99 scan) following the in vitro probe assay in fibroblast cultures of a normal control 
(a) and a patient with SCAD deficiency (b) and isobutyryl-CoA dehydrogenase deficiency (c). 
Peak 1: unlabeled C4-acylcarnitine (m/z 246), representing butyrylcarnitine accumulating due to 
SCAD deficiency causing a block in fatty acid β-oxidation of unlabeled palmitate. Peak 2: isotopi-
cally labeled (13C) C4-acylcarnitine (m/z 250), representing isobutyrylcarnitine accumulating in 
c due to IBDH deficiency causing a block in the degradation of isotopically labeled l-valine. The 
asterisks represent the internal standards (from left to right): d3-acetylcarnitine (C2; m/z 221), 
d9-isovalerylcarnitine (C5; m/z 269), d3-octanoylcarnitine (C8; m/z 305), d3-dodecanoylcarnitine 
(C12; m/z 361), and d3-palmitoylcarnitine (C16; m/z 419).
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3.2.7.2	 Pre-analytical

Specimen

Fibroblasts are typically grown from a small skin biopsy sample collected during an 
outpatient visit or as part of a planned surgical procedure following routine cultur-
ing techniques. Cell cultures may also be derived from umbilical cord or, for prenatal 
diagnostic purposes, from amniocytes obtained by amniocentesis. In our laboratory 
the analysis for each patient is performed in triplicate.

Reagents and Chemicals

Isotopically labeled standards (internal standards) include:
1. Acetyl-d3-carnitine (d3-C2).
2. Isovaleryl-d9-carnitine (d9-C5).
3. Octanoyl-d3-carnitine (d3-C8).
4. Dodecanoyl-d3-carnitine (d3-C12).
5. Palmitoyl-d3-carntitine (d3-C16).

The internal standards are dissolved in methanol and a final working internal stand-
ard solution is prepared in methanol at the following concentrations:
1. 131.1 nmol/l acetyl-d3-carnitine.
2. 25.3 nmol/l isovaleryl-d9-carnitine.
3. 25.0 nmol/l octanoyl-d3-carnitine.
4. 24.6 nmol/l dodecanoyl- d3-carnitine.
5. 48.5 nmol/l palmitoyl-d3-carnitine.

Standards (unlabeled) include:
1. Acetylcarnitine (C2).
2. Isovalerylcarnitine (C5).
3. Octanoylcarnitine (C8).
4. Dodecanoylcarnitine (C12).
5. Palmitoylcarntitine (C16).

Standards are dissolved in methanol at the same concentrations as the internal stand-
ards (see above).

Additional or different labeled and unlabeled standards can be used. However, 
note that the incubation as described here includes isotopically labeled l-valine 
and l-isoleucine and that the metabolites of these branched chain amino acids can 
interfere with isotopically labeled internal standards for butyrylcarnitine or propi-
onylcarnitine.
1. Methanol.
2. 80% Acetonitrile: water2.
3. Nitrogen gas, in-house, scrubbed with BHT-1 hydrocarbon trap (Chrom Tech, 

Apple Valley, MN, USA).

2  Use of reverse osmosis or HPLC grade water in every step requiring water is recommended.
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4. Minimal essential medium (MEM) with Earl’s salts and l-glutamine (Sigma 
M4655). Note: complete MEM is used during fibroblast culturing, but the in vitro 
probe medium (IVPM; see below) is used during the 72-h incubation described 
in the procedure.

5. Palmitic acid (16:0) 200 mmol/l (molecular weight, MW = 256.4; Sigma P-5585).
6. Dissolve 104 mg of palmitic acid into 2 ml of absolute ethanol.
7. l-carnitine inner salt 400 mmol/l (MW = 161.2; Sigma C-0158).
8. Dissolve 128 mg l-carnitine into 2 ml water.
9. 18% Bovine serum albumin (BSA) solution essentially fatty acid free 

(MW = 66,200; Sigma A-6003): To make 5 ml BSA solution, 0.9 g BSA is added to 
a 50 ml conical tube containing 5 ml phosphate-buffered saline (PBS; Dulbecco’s 
1 ×  PBS, Gibco Laboratories, 14190-144).

10. Antibiotic antimycotic solution 100 ×  (Invitrogen 15240-062): 6 ml of genta-
micin reagent solution (10 mg/ml; Sigma G1272) are added to a 100-ml bottle 
of antibiotic solution, which is then sterilized using a 0.2-µm Nalgene filtration 
flask.

11. l-Valine-U-13C5 (Cambridge Isotope Laboratories, CLM-2249): 48 mg is added 
to a 10-ml volumetric flask, which is then filled to 10 ml with water.

12. L-Isoleucine-U-13C6 (Cambridge Isotope Laboratories, CLM-2248): 54 mg is 
added to a 10-ml volumetric flask, which is then filled to 10 ml with water.

13. Unlabeled amino acid solution (10 ×  stock): See Table 3.2.6. These amino acids, 
which are included in the natural l-amino acid kit (ICN Biomedical, #100586), 
except for the two alkaline amino acids (cystine and tyrosine), are mixed into a 
100-ml volumetric flask. Then, 10 ml of l-glutamine (200 mM, Sigma G7513; 
must be in solution before use) and 50 ml water are added and the solution 
stirred until all components are dissolved. For l-cystine and l-tyrosine, the indi-
cated amount is added to a 10-ml volumetric flask and the pH adjusted to > 8.0 by 
adding 2N NaOH drop by drop until the amino acids are dissolved. Then water is 
added to the 10-ml mark and the solution transferred to a 100-ml flask to com-
plete the solution. Aliquots of 10 ml are prepared using 15-ml conical screw-top 
tubes and stored at –80°C.

14. IVPM (incomplete): For each 100 ml of medium needed, the following compo-
nents are mixed and the pH adjusted to 7.0–7.2 using 1N NaOH or 1N HCl as 
needed. The medium is then filter sterilized using a 0.2-µm Nalgene filter flask, 
which causes an increase of the final pH by approximately 0.18:
a. 70.8 ml water
b. 10.0 ml Earle’s balanced salt solution 10 ×  (Sigma E-7510).
c. 1.0 ml MEM vitamin solution 100 ×  (Sigma M-6895).
d. 2.9 ml Sodium bicarbonate solution 7.5% (w/v; Invitrogen 25080-094).
e. 2.0 ml l-Valine-U-13C5 solution (see above).
f. 2.0 ml l-Isoleucine-U-13C6 solution (see above).
g. 10.0 ml Unlabeled amino acid solution (see above).
h. 1.2 ml Complete antibiotic antimycotic solution 100x (see above).
i. 0.1 ml l-carnitine (see above).

16. IVPM (complete; made fresh each time assay is performed): For 50 ml of me-
dium, first 1.0 ml of BSA solution (see above) is added to a 15 × 85 mm glass test 
tube and prewarmed to 37°C. While vortexing, 50 µl palmitic acid (see above) 
is added and this solution is then, also under vortexing, added to the 50 ml of 
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incomplete IVPM (see above) that has been pre-warmed to 37°C. The complete 
IVPM is mixed well and sterilized via a 0.2-µm filtration flask.

Equipment and Supplies

1. Sonicator/cell disruptor (Misonics, Farmingdale, NY, USA).
2. SPE Dry-96, plate sample concentrator (Argonaut, Charlottesville, VA, USA).
3. Six-well cell culture plates (Corning Life Sciences, Acton, MA, USA).
4. Cluster Tubes 96 tubes per rack 
 (Corning Life Sciences, Acton, MA, USA; #4410).
5. Cluster tubes, 8-Cap Strips-Costar 4418.
6. Filter paper – Schleicher and Schuell (UK) #900.
7. Micromat Clear 96-well, 7-mm preslit, plate cover mat 
 (Sun International #300005).
8. Microtest lid for 96-well assay plate (Falcon #353071).
9. Assay plate, 96-well, U-bottom (Falcon #353918).
10. Nalgene 0.90-mm, 0.2-µm filter flask (500 ml).
11. Applied Biosystems/MDS SCIEX API 5000 MS-MS system.
12. PE Series 200 isocratic LC pump.
13. PE Series 200 LC autosampler with 96-well plate sample tray insert.
14. Back pressure column, BDS Hypersil C18 Low Pressure Column 
 (Keystone Scientific, PA, USA; 053-46-1).

Calibration

Please refer to section 3.2.4, subheadings “Pre-analytical”, “Calibration”.

Table 3.2.6  Unlabeled amino acid solution (10 × stock)

Amino acid Concentration of 10 ×  
stock

Concentration in 
medium

l-Arginine-HCl 0.126 g/100 ml 126 mg/l

l-Cystine-2HCl 0.031 g/100 ml 31 mg/l Alkaline pH

l-Histidine HCl-H2O 0.042 g/100 ml 42 mg/l

l-Leucine 0.052 g/100 ml 52 mg/l

l-Lysine-HCl 0.073 g/100 ml 73 mg/l

l-Methionine 0.015 g/100 ml 15 mg/l

l-Phenylalanine 0.032 g/100 ml 32 mg/l

l-Threonine 0.048 g/100 ml 48 mg/l

l-Trytophan 0.010 g/100 ml 10 mg/l

l-Tyr-2Na-2H2O 0.052 g/100 ml 52 mg/l Alkaline pH
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QC

QC samples

Cell medium is pooled after incubation of several negative cell lines and added to the 
acylcarnitine analysis of each batch as controls. The mean and standard deviation is 
calculated with a minimum of ten between-run values. A standard solution made 
up of equimolar amounts of standard and internal standard solution will undergo 
acylcarnitine analysis with each batch (standard control). The expectation is that the 
standard and corresponding internal standard peaks are of equal abundance in the 
acylcarnitine profile and that no other acylcarnitine peaks are present.

In addition, at least one cell line from a proband not affected with an FAO disor-
der will be analyzed with each run as a normal control. At least two cell lines from 
patients with different, previously established FAO disorders are also analyzed simul-
taneously. The latter cell lines act as abnormal controls.

Control values for the pooled QC sample that fall within ±2 standard deviations 
of the mean are considered acceptable and require no further action. Any control 
values that are either greater than 2 standard deviations or trends require review 
by a laboratory director. The results for the normal and abnormal control cell lines 
and the control samples are reviewed by the laboratory director, who determines 
whether the analysis of the complete batch or of specific samples needs to be re-
peated.

3.2.7.3	 Analytical

Cell Culture and Pre-incubation

Fibroblast cultures for each patient and control are grown to confluency in T-75 cul-
ture flasks. The assay is then performed in triplicate using six-well plates. First, 1 ml 
of 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) solution (Sigma T4049) 
is added to each T-75 flask. After the cells have lifted from the flask, they are resu-
spended in 6 ml complete MEM. A 1-ml aliquot of the cell suspension is transferred 
to a 50-ml conical tube containing 14 ml of MEM complete medium (see above). 
Following further resuspension, 4 mL is plated into each of three wells in a six-well 
culture plate and placed into an incubator. Once the cells have attached to the seeded 
plates and are approximately 90–100% confluent (3–4 days), complete MEM is re-
placed with 1.5 ml of complete IVPM (see above).

Incubation and Harvesting

After 72 h incubation at 37°C, 1.0 ml of medium is removed for acylcarnitine analy-
sis. It can be spotted on filter paper immediately or stored frozen for later acylcar-
nitine analysis. The remaining medium is discarded. Then, 2.0 ml of 0.85% sterile 
saline solution is added to each well and each flask gently washed. The saline solu-
tion is then replaced by 0.2 ml of 0.25% Trypsin-EDTA solution. After 3–5 min the 
cells will lift off the plate bottom, which should be confirmed by light microscopy. 
To bring the cells back into suspension, 1.0 ml Dulbecco’s 1 ×  PBS (Gibco Labo-
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ratories, 14190-144) is added to each trypsinized well, and cell clumps are broken 
up by careful pipetting. The cell suspension is then transferred to 1.5-ml microfuge 
tubes and centrifuged at 3000 rpm (800 × g) for 10 min. Afterwards, the supernatant 
is carefully removed without disrupting the cell pellet, to which 75 µl of water is now 
added. Without further manipulation, the cell pellet and water are stored frozen at 
–20°C until protein analysis.

Protein Analysis of Cell Pellet

Cell pellets are thawed at room temperature. Then each tube is sonicated twice for 
at least 10 s, with cooling on ice between each 10-s burst. The protein concentration 
is determined by a routine method (i.e., the Lowry method) and the result recorded 
for each cell pellet.

Preparation of Cell Medium for Acylcarnitine Analysis

Into each well of a 96-well flat bottom plate, one 6-mm filter paper disc (Schleicher 
& Schuell #900) is placed using a paper puncher (i.e., M.C. Mieth Manufacturing). 
For each patient and control, 50 µl of collected cell culture medium is dripped onto a 
filter disc. In addition, 50 µl of complete IVPM is added to one disk as a blank. After 
the samples have dried over night, 300 µl labeled internal standard/extraction solu-
tion (see above) is added to each well and the plate agitated on an orbital mixer for 
30 min. Then, 100 µl of the extract is transferred to a clean U-bottom 96-well plate 
and dried under nitrogen. To derivatize the acylcarnitines to methylesters, 100 µl 
of 3N methanolic-HCl (TCI America X0041) is added to each well and the covered 
plate heated at 50°C for 15 min before the samples are dried again under warm ni-
trogen. After reconstitution of the dried residue in 100 µl of 80:20 acetonitrile:water 
(mobile phase) the samples are ready for acylcarnitine analysis.

Instrument Setup

LC System

Controlled by the MS-MS software, the PE Series 200-micro LC pump operates 
isocratically using 80% acetonitrile:water at 40 µl/min. A 500 × 1 mm C18 column 
(Keystone) is used between the pump and autosampler to provide back pressure. The 
syringe/system flush solution is the 80% Acetonitrile:water used as the mobile phase. 
The autosampler is connected directly to the MS-MS TurboIon Spray source. The 
injected sample volume is 20 µl.

A 0.5-U Peek filter is installed between the autosampler and TurboIon Spray 
APCI electrospray interface source. The filter end fitting is discarded and replaced 
after approximately 200 injections.

MS-MS System

Acylcarnitine analysis is performed as precursor scan in positive ion mode. Q1 is set 
to scan a mass range from m/z 200 to 500 m/z, while Q3 is set to determine a precur-
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sor ion of m/z 99. The method is optimized for a mixture of methylesters containing 
d3-C2, d9-C5, d3-C8, d3-C12, and d3-C16 acylcarnitine.

The sample queue is entered into the MS-MS instrument’s software (Analyst for 
SCIEX instruments) according to the manufacturer’s instructions. Samples can be 
given specific designations that allow for correct QC and reference range assign-
ment. Prior to analysis, the equipment should be equilibrated and the system purged 
if necessary. The LC line should be attached to the sprayer after proper equilibration 
for approximately 30 min.

Calculation

A datafile is generated for each sample and presented as a mass profile. All ion spe-
cies in a mass range from 200 to 500 Da that generate a product m/z of 99 are repre-
sented in this profile based on their detected abundance. Calculation of the molecu-
lar weights of the n-methyl esters of acylcarnitines, expressed as (M+H)+ molecular 
ions, allows the designation of each peak (Table 3.2.7). Quantitation software pro-
vided by the instrument vendor (i.e., Chemoview for SCIEX Instruments) allows the 
calculation of quantitative and semiquantitative concentrations for these acylcarni-
tines by comparison of the detected abundance of each acylcarnitine versus that of 
a designated internal standard with known concentration. The final results for each 
acylcarnitine species are normalized to the protein concentration determined in the 
cell pellet (see “Protein Analysis of Cell Pellet” above). The results for each sample 
and analyte are compared to previously established reference ranges (Table 3.2.7).

3.2.7.4	 Post-analytical:	Interpretation	and	Reference	Ranges

As always, the interpretation of metabolite profiles is aided by the comparison of 
analytes to quantitative reference ranges established during implementation and 
validation of the assay. Ultimately, however, the interpretation is based on pattern 
recognition by a trained biochemical geneticist.

3.2.7.5	 Pitfalls

The in vitro probe assay is performed under standardized conditions and is inde-
pendent of the patient’s status at the time the skin biopsy sample is obtained. The 
accumulation of acylcarnitines in this assay system appears to be dependent on 
potentially present residual enzyme activity and therefore provides information re-
garding the severity of an enzyme deficiency state for some disorders. This has been 
well documented for VLCAD deficiency (Fig. 3.2.8) [34]. In our experience, this also 
seems to hold true for the different SCAD genotypes. Cells lines homozygous or 
compound heterozygous for mutations that abolish SCAD activity accumulate larger 
amounts of butyrylcarnitine than those that are homozygous or compound hetero-
zygous for only the SCAD variants, 625G >A and 511C >T. Furthermore, as is true 
for acylcarnitine analysis of other sample types, CPT-II and CACT deficiencies can 
not be differentiated using this assay system. However, recent work by Roe et al. sug-
gests that there are specific metabolite ratios that may facilitate this differentiation 
[65]. Finally, the analysis of fibroblasts does not allow for the diagnosis of enzyme 
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Table 3.2.7  Mass assignment and reference range for acylcarnitine species 
accumulating in fibroblast cultures following incubation with palmitate, 
13C5-valine, 13C6-isoleucine, and l-carnitine

Massa Acylcarnitine species (µmol/g protein)

218 C2 Acetyl- < 1.850

221 d3-C2 Internal standard

232 C3 Propionyl- < 0.074

235b 13C3 Propionyl- < 0.532

246 C4 Butyryl- < 0.125

250b 13C4 Isobutyryl- < 0.025

260 C5 Isovaleryl- < 0.035

265 b 13C5 2-Methylbutyryl- < 0.122

269 d9-C5 Internal standard

274 C6 Hexanoyl- < 0.084

302 C8 Octanoyl- < 0.098

304 C5-DC Glutaryl- < 0.026

305 d3-C8 Internal Standard

326 C10:2 Decadienoyl- < 0.003

328 C10:1 Decenoyl- < 0.009

330 C10 Decanoyl- < 0.147

358 C12 Dodecanoyl- < 0.035

361 d3-C12 Internal standard

374 C12-OH 3-Hydroxy dodecanoyl- < 0.006

384 C14:1 Tetradecenoyl- < 0.008

386 C14 Myristoyl- < 0.034

402 C14-OH 3-Hydroxy tetradecanoyl- < 0.005

456 C16 Palmitoyl- < 0.271

459 d3-C16 Internal standard

430 C16-OH 3-Hydroxy hexadecanoyl- < 0.013

438 C18:2 Linoleyl- < 0.003

440 C18:1 Oleyl- < 0.018

442 C18 Stearoyl- < 0.020

458 C18-OH 3-hydroxy stearoyl- < 0.009

a Mass of the molecular ion of the methylated acylcarnitine esters 
b Mass corresponds to analyte derived from incubation with isotope-labeled valine and isoleucine
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deficiency states that are not expressed in this tissue (for example, the liver-specific 
short-chain 3-hydroxy acyl-CoA dehydrogenase deficiency). In conclusion, the 
ordering physician must be aware of the limitations of this assay system and should 
consider involving the biochemical genetics laboratory in discussions regarding the 
most appropriate diagnostic work up of patients.

Fig.	3.2.8a–c	 Profiles of acylcarnitines as their methyl esters in cell culture medium (precursor 
of m/z 99 scan) following the in vitro probe assay in fibroblast cultures of a normal control (a) 
and a patient with the milder (b) and the more severe variant (c) of VLCAD deficiency. Note the 
more prominent elevation of dodecanoyl- (C12; m/z 358; peak 1) and myristoylcarnitine (C14; m/z 
386; peak 2) compared to a relatively normal accumulation of palmitoylcarnitine (C16; m/z 416; 
peak 3) in the milder VLCAD variant compared to the severe variant, where palmitoylcarnitine 
is markedly elevated. The asterisks represent the internal standards (from left to right): d3-acetyl-
carnitine (C2; m/z 221), d9-isovalerylcarnitine (C5; m/z 269), d3-octanoylcarnitine (C8; m/z 305), 
d3-dodecanoylcarnitine (C12; m/z 361), and d3-palmitoylcarnitine (C16; m/z 419)
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3.3.1	 Introduction

Long-chain fatty acids constitute the major chemical content of various lipids such 
as triglycerides, cholesterol esters and phospholipids. These substances are the most 
important constituents of the cellular membranes, which are basically composed of 
lipid bilayers. The human organism is capable of synthesising saturated fatty acids 
from acetyl-CoA, but the (poly)unsaturated fatty acids, also called essential fatty 
acids, are derived from the diet. In this respect three series of fatty acids are distin-
guished, the ω-3, ω-6 and ω-9 series. The number attached to the omega denotes the 
number of carbon atoms removed from the tail end of the molecule in the position 
of the first double bond. Oleic acid belongs to the ω-9 series, linoleic acid to the ω-6 
series and the trienoic acid linolenic acid to the ω-3 series. These three fatty acids 
form the basis of the synthesis of all other essential fatty acids through elongation 
and desaturation (see Fig. 3.3.1) [5].

The most important biologically active essential fatty acids are arachidonic acid 
(AA, 20:4ω6), eicosapentaenoic acid (EPA, 20:5ω3) and docosahexaenoic acid (DHA, 
22:6ω3) [1]. These fatty acids play an important role in cell membrane composi-
tion, thereby influencing cell surface biochemical signalling. They may also serve as 
natural ligands for nuclear receptors affecting gene expression [12]. Furthermore, 
AA and EPA act as precursors of eicosanoids and prostanoids. The end products of 
AA transformation include leucotrienes and prostaglandins, their formation being 
catalysed by 5-lipoxygenase and cyclo-oxygenase enzymes. DHA also gives rise to 
the formation of protective metabolites, which are especially active in liver disease. 
In short, the ω-6 fatty acids exert a pro-inflammatory action whereas the ω-3 series 
gives rise to anti-inflammatory actions, the mechanisms underlying which are not 
yet completely understood [8].

To date there are no true inborn errors associated with essential fatty acid me-
tabolism. However, we do know that the final step of DHA formation is the peroxi-
somal beta-oxidation of a homologous C24 fatty acid [7]. Consequently, patients 
with a generalised defect of peroxisomal function, such as Zellweger syndrome, are 
prone to develop deficiencies of essential fatty acids including DHA [9].

In addition, many different psychiatric conditions such as schizophrenia, depres-
sion and post-traumatic stress syndrome have been associated with changes in the es-
sential fatty acid levels that can easily be measured in erythrocytes or plasma [2, 3].
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Fig.	3.3.1	 Pathways of essential fatty acid formation from the dietary (poly)unsaturated fatty 
acids. The total set of elongases and desaturases has not been completely clarified. The notation 
(n-3) and (n-6) are alternatives for (ω-3) and (ω-6), respectively



Fish oil has been one of the hottest topics in general nutrition and health care over 
the past few years, mainly because it is primarily composed of ω-3 fatty acids. The 
benefits of fish oil have a strong foundation in well-documented scientific studies, the 
most important ones dealing with the treatment of heart disease. Treatment of any 
condition associated with essential fatty acid changes inevitably involves the use of 
fish oil or more specific mixtures of the primary important essential fatty acids [14].

While the fatty acids are present as esters of glycerol or phosphoglycerol, other 
glycerol derivatives are known, such as the glycerol ethers, which are known as plas-
malogens. These substances are equally important as building blocks of all kinds of 
membranes and structures with a high fat content such as myelin. The plasmalogens 
have an unsaturated alkane as the functional group attached to the glycerol back-
bone. Plasmalogen synthesis takes place through a series of enzyme reactions, some 
of which are confined to the peroxisome. Consequently, patients with an inability to 
form peroxisomes (Zellweger spectrum) will end up with a deficiency of plasmalo-
gens, most probably contributing to the complex of clinical signs and symptoms.

The analysis of essential fatty acids involves hydrolysis of the ester bonds and 
subsequent formation of the fatty acid methyl esters, which can be separated by gas 
chromatography (GC) [10]. By accident, the plasmalogens are hydrolysed in the 
same reaction and the methylation reaction transforms them into dimethylacetals, 
which appear in the GC run of the fatty acid methyl esters [4].

3.3.2	 Properties	of	Analytes

Long-chain fatty acids are hydrophobic substances; in plasma they occur in the 
esterified state or bound to protein (mainly albumin). As a consequence, long-chain 
fatty acids are not excreted into the urine and are measured either in the plasma or 
in erythrocytes, where they are part of the membrane. Erythrocyte levels of poly-
unsaturated fatty acids (PUFA) are fairly constant and may reliably reflect the long-
term availability or deficiency of the essential fatty acids. A list of fatty acids that can 
be separated and analysed by GC is shown in Table 3.3.1.

PUFA are prone to decomposition or modification through the action of oxygen. 
Various substances can be formed in this way, among which are the epoxy acids. 
In order to minimise these processes, it is advised to protect the acids by adding 
an anti-oxidant to the samples of interest such as 2,6-di-tert.butyl-4-hydroxytoluene 
(BHT).

3.3.3	 Specimens	for	Analysis

The most logical material for the analysis of PUFA and plasmalogens are the erythro-
cytes. Fatty acids can also be quantitated in plasma. The plasmalogens are also easily 
detectable in homogenates of cultured fibroblasts and may add to the definitive diag-
nosis of patients with a generalised or isolated peroxisomal dysfunction.

A 1-ml ethylenediaminetetraacetic acid (EDTA)-treated blood sample is suffi-
cient for both analyses. Blood is usually transported to the laboratory within a day, 
at which point the cells are separated from the plasma. The latter is stored at – 20°C, 
whereas the red cells are stored at 6°C for a maximum of 3 weeks. Should the red 
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Table 3.3.1  The following fatty acids can be separated and quantitated 
using the gas chromatography method

Chain length Name

C14:0 Myristic acid

C15:0 Pentadecanoic acid

C16:0 Palmitic acid

C18:0 Stearic acid

C20:0 Arachidic acid

C22:0 Behenic acid

C24:0 Lignoceric acid

C18:3ω3 Linolenic acid

C18:4ω3 Octadecatetraenoic acid

C20:5ω3 Eicosapentaenoic acid

C22:5ω3 Docosapentaenoic acid

C22:6ω3 Docosahexaenoic acid

C14:1ω5 Myristoleic acid

C18:2ω6 Linoleic acid

C18:3ω6 Gamma-linolenic acid

C20:2ω6 Eicosadienoic acid

C20:3ω6 Homogamma-linolenic acid

C20:4ω6 Arachidonic acid

C22:2ω6 Docosadienoic acid

C22:4ω6 Docosatetraenoic acid

C22:5ω6 Docosapentaenoic acid

C16:1ω7 Palmitoleic acid

C18:1ω7 Vaccenic acid

C20:1ω7 13-Eicosenoic acid

C16:1ω9 Hypogeic acid

C18:1ω9 Oleic acid

C20:1ω9 Gondoic acid

C20:3ω9 Eicosatrienoic acid

C22:1ω9 Erucic acid

C24:1ω9 Nervonic acid





cells be stored for a longer period of time, then a cell count has to performed, after 
which the pellet can be stored at –80°C, which results in a complete haemolysis of 
the cells.

3.3.4	 GC	Assay

3.3.4.1	 Introduction

An optimum separation of fatty acids is achieved by the GC analysis of the methyl es-
ters on a suitable column. Authentic reference methyl esters are commercially avail-
able and the order of elution as well as the retention times can be kept constant [6]. 
There is no need for mass spectrometric verification of the structures and in general 
no major exogenous interfering compounds will be present. The flame ionisation 
detector of the GC instrument has an extremely wide linear range enabling the quan-
titative evaluation of the whole range of fatty acids, with thousand-fold differing 
concentrations, in one run. The fatty acid extract will contain less volatile substances 
such as cholesterol, thereby necessitating a careful cleaning procedure for the GC 
column after each injection.

3.3.4.2	 Principle	of	Assay

The fatty acid glycerol esters and the plasmalogens are transmethylated by adding 
methanolic HCl to the sample and heating the mixture in a closed vial at 90°C for 
4 h. After cooling the sample, the fatty acid methyl esters and the dimethylacetals 
are extracted with hexane. The concentrated hexane solution is ready for analysis by 
GC.

3.3.4.3	 Sample

A minimum of 50 µl of plasma or red-cell haemolysate is needed. Usually approxi-
mately 1 ml of EDTA-blood will be drawn. The erythrocytes are separated from the 
plasma by centrifugation (3000 rpm, 1500 × g, for 10 min) and washed with an equal 
volume of saline. Following the removal of the saline, the cells are diluted 1:1 with sa-
line and stored in a freshly-BHT-treated Eppendorf vial (see below). A small sample 
is taken from the cell suspension for counting of the erythrocytes.

Plasma is stored at –20°C, in which condition the fatty acids are stable for 1 year; 
in the authors’ laboratory the red cell suspension will be stored at 6°C for a maxi-
mum of 3 weeks, after which they are kept at –80°C for a maximum of 1 year.

3.3.4.4	 Reagents	and	Chemicals

The fatty acids are purchased in the form of methyl esters (see Table 3.3.2).
1. Internal standard stock solution: weigh 33 mg of the 18-methyl-C19:0 methylester 

and dissolve it in 50 ml of chloroform (approximately 2 mmol/l, store at 6°C).
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Table 3.3.2  Sources of the required reagents. BHT 2,6-di-tert.Butyl-4-
hydroxytoluene

Reagent Source

C14:0 Sigma M3378

C16:0 Sigma P5177

C18:0 Sigma S5376

C20:0 Sigma A3881

C22:0 Sigma B3271

C24:0 Sigma L6766

C18:3ω3 Sigma L2626

C18:4ω3 Sigma O5130

C20:5ω3 Sigma E2012

C22:5ω3 Sigma D5679

C22:6ω3 Sigma D2659

C14:1ω5 Sigma M8380

C18:2ω6 Sigma L1876

C18:3ω6 Sigma L6503

C20:2ω6 Sigma E7877

C20:3ω6 Sigma E3511

C20:4ω6 Sigma A9298

C22:2ω6 Sigma D4034

C22:4ω6 Sigma D3534

C22:5ω6 Larodan qualmix fish 89-5550

C16:1ω7 Sigma P6087

C18:1ω7 Sigma V1256

C20:1ω7 Sigma E3512

C16:1ω9 Sigma 

C18:1ω9 Sigma O4754

C20:1ω9 Sigma E6885

C20:3ω9 Sigma E6013

C22:1ω9 Sigma E3510

C24:1ω9 Sigma N6767

C16 dimethylacetal Sigma H7391

18-methyl-C19:0 Sigma M5906

Saline solution NPBI 39-208/1

Methanolic HCl (3N) Supelco 3-3050

Hexane Merck 4391
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2. Internal standard working solution: dilute the stock solution 28-fold with chloro-
form. The final concentration is 72 µmol/l.

3. PUFA mix: accurately weigh each of the fatty acid methylesters and dissolve these 
in 50 ml chloroform, reaching a concentration level that is identical to that of the 
internal standard. Add 200 mg BHT to the solution in order to prevent oxidation 
of the fatty acids.

4. BHT solution: dissolve 1.0 g BHT in 100 ml ethanol. Store the solution in a dark 
bottle at 6°C. Stable for 1 year. Immediately prior to handling of the erythrocytes, 
100 µl BHT is put into an Eppendorf tube and dried under a stream of nitrogen at 
40°C.

3.3.4.5	 Instrumentation

A gas chromatograph of the Hewlett-Packard 5890 series with a HP 7673A injec-
tor and a flame ionisation detector can be used. A capillary free fatty acid phase 
(Hewlett-Packard FFAP 19091F-105) column (50 m × 0.20 mm × 0.33 µm) is cut into 
two equal 25-m lengths, which are used for the separation, provided that a capillary 
pre-column (J&W Scientific Altech 93493) with a 50% phenyl silicone DB 17 coating 
(1.35 m of a 15 m × 0.25 mm × 0.25 µm column) is installed.

3.3.4.6	 Procedure

Erythrocyte suspensions are frozen at –20°C overnight prior to analysis. Pipette 
100 µl of the internal standard working solution in a 4-ml glass vial. Add 50 µl of 
plasma or erythrocyte suspension. Add 1 ml of 3N methanolic HCl, close the vial 
with a screw cap and Teflon insert and allow the transmethylation to proceed at 90°C 
for 4 h.

After cooling the vials to room temperature, add 2 ml hexane, close the vial again 
and vortex for 10 s. Transfer the upper (hexane) layer to a glass tube with a cone 
bottom and carefully evaporate the hexane with a gentle stream of nitrogen at room 
temperature. Finally, dissolve the residue in 100 µl (plasma) or 80 µl (erythrocytes) 
of hexane and transfer the sample to a GC injection vial with a crimp cap or a screw 
cap. Inject 1 µl into the GC.

Because of the sensitivity of the PUFA towards oxidation, the glass wool in the 
liner of the GC system should be replaced prior to each series of erythrocyte analy-

Table 3.3.2  (continued) Sources of the required reagents. BHT 2,6-di-tert.
Butyl-4-hydroxytoluene

Reagent Source

Chloroform Merck 2444

BHT Merck 822021

Ethanol Merck
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ses. The plasmalogen dimethylacetals are even more sensitive to decomposition in 
“active spots” in the injection system. Accordingly, the inertness of the injection sys-
tem should be checked with every series by analysing a “plasmalogen extract” (see 
3.3.4.7). Samples that are primarily to be analysed for plasmalogen levels are posi-
tioned in the first part of the sample queue in order to minimise the risk of “active 
spot” formation.

Injection of a blank hexane sample will show the presence of any high-boiling 
artefacts that have remained on the column since the previous series and emerge 
with the hexane.

Samples are injected (1 µl) using the splitless mode, and helium is used as a car-
rier gas with an inlet pressure of 2.5 Bar (250 kPa). The temperature programme 
starts at 50°C and is maintained for 1.5 min, followed by an increase to 190°C at 
a rate of 30°C/min. After holding the temperature at this level for 5 min, the gradi-
ent continues at a rate of 8°C/min until a final level of 230°C. This will be sufficiently 
maintained to allow all high-boiling substances (cholesterol!) to be eluted. The total 
analysis time will be approximately 45 min. An example of a chromatogram of con-
trol erythrocytes is shown in Fig. 3.3.2.

3.3.4.7	 Quality	Control

Three different internal quality control samples are used. These are:
1. A pool of erythrocyte samples. This is made up of erythrocytes from left-over 

EDTA-blood of a large number of different patients. Aliquots of 300 µl suspen-
sion are stored in BHT-treated Eppendorf vials at –20°C for a maximum period 
of 1 year. One of these samples is included in each weekly series of analyses. The 
results of ten selected fatty acids are plotted on an electronic Shewhart chart.

2. A mixture of EDTA-plasma samples of left-over blood of a large number of pa-
tients. Samples of 150 µl plasma are stored in Eppendorf vials at –20°C for a maxi-
mum of 1 year. Every series of analyses includes one pool plasma sample. Ten fatty 
acid results are plotted on an electronic Shewhart chart.

3. A so-called plasmalogen extract. This is a pool of extracted and derivatised 
erythrocyte samples. It is used solely to check for the detector response of the 
plasmalogens, thereby identifying “active spots” in the injection system.

No external quality control scheme is available for this analysis.

3.3.4.8	 Validation	Data

The best indicator of the reliability of the assay is the precision, expressed as the mean 
and coefficient of variation (CV), of a series of analyses carried out on consecutive 
days (the between-run variation). In the authors’ laboratory the internal quality con-
trol samples were run in ten series of analyses over a 2-month period. The calculated 
mean, standard deviation and coefficient of variation are shown in Table 3.3.3.

It can readily be seen that most fatty acids have CV scores between 5 and 8%. 
Those acids that are present at much lower levels, such as some of the acids of the ω-9 
series, have considerably higher CVs.
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3.3.5	 Interpretation:	Normal/Pathological	Values	and	Pitfalls

3.3.5.1	 Reference	Values	for	Plasmalogens	and	Pathological	Values

The plasmalogen values are not expressed in absolute values, but as a percentage of 
the level of the corresponding fatty acid. Hence, the C16:0 dimethylacetal is com-
pared with the C16:0 fatty acid methylester. The lower limit of reporting is 0.2%. 
Thirty random control erythrocyte samples were analysed. The lowest and highest 
percentages were chosen as cut-off values. For plasmalogen, this range for C16:0 and 
C18:0 is 6.8–11.9% and 10.6–24.9, respectively. The respective patient groups are 
characterised by the values listed in Table 3.3.4. Please note that this is the experience 
of the authors’ laboratory; novel variants are currently being identified, and these 
may have somewhat different values.

The Zellweger spectrum is quite wide, ranging from the severe neonatal type, 
with characteristic dysmorphic signs and extreme hypotonia, to the milder types, 
with prolonged survival characterised by psychomotor retardation, hypotonia, and 

Fig.	3.3.2	 Gas chromatography trace of essential fatty acid methyl esters and plasmalogen di-
methylacetals in control erythrocytes. The plasmalogens are eluted adjacent to their correspond-
ing fatty acid methyl esters
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Table 3.3.3  Precision of the polyunsaturated fatty acid analysis assessed in control samples analysed 
over a 10-week-period. AVG Average, SD standard deviation, CV coefficient of variation

Plasma (N = 10)   Erythrocytes (N = 10)

Fatty acid AVG SD CV (%)   Fatty Acid AVG SD CV (%)

C14:0 165 12 7   C14:0 3.0 1.4 46.0

C15:0 32 2 6   C15:0 0.8 0.2 29.4

C16:0 2898 174 6   C16:0 126.3 9.2 7.3

C18:0 725 40 5   C18:0 84.9 5.1 6.0

C20:0 24 1 6   C20:0 2.0 0.1 4.6

C22:0 54 3 6   C22:0 7.0 0.3 4.6

C24:0 33 3 9   C24:0 15.1 1.0 6.4

C18:3w3 57 3 6   C18:3w3 0.7 0.1 10.6

C18:4w3 2 1 66   C18:4w3 0.3 0.0 14.2

C20:5w3 65 5 8   C20:5w3 2.0 0.2 8.3

C22:5w3 28 2 8   C22:5w3 6.8 0.6 8.8

C22:6w3 113 9 8   C22:6w3 11.8 1.1 9.0

C14:1w5 11 1 7   C14:1w5 0.4 0.1 35.4

C18:2w6 2885 214 7   C18:2w6 48.2 3.5 7.2

C18:3w6 49 3 6   C18:3w6 0.6 0.2 39.1

C20:2w6 19 1 7   C20:2w6 1.1 0.1 8.0

C20:3w6 146 10 7   C20:3w6 5.7 0.3 5.7

C20:4w6 546 36 7   C20:4w6 60.9 4.0 6.6

C22:4w6 14 1 6   C22:4w6 10.8 0.7 6.9

C22:5w6 10 1 14   C22:5w6 1.7 0.2 12.2

C16:1w7 284 20 7   C16:1w7 1.9 0.2 12.0

C18:1w7 173 12 7   C18:1w7 6.1 0.6 9.9

C20:1w7 9 7 74   C20:1w7 0.2 0.0 0.0

C16:1w9 52 4 7   C16:1w9 0.6 0.2 41.1

C18:1w9 2211 136 6   C18:1w9 61.8 4.3 6.9

C20:1w9 16 2 10   C20:1w9 1.0 0.1 9.8

C20:3w9 12 1 5   C20:3w9 0.4 0.1 27.2

C22:1w9 12 5 42   C22:1w9 1.5 0.5 35.4

C24:1w9 61 5 9   C24:1w9 14.5 1.1 7.4



3.3 Plasmalogens and Polyunsaturated Fatty Acids216



visual and hearing problems. Mildly affected patients with a proven defect of one of 
the peroxisome assembly genes may have entirely normal plasmalogen levels.

Classical rhizomelic chondrodysplasia punctata (RCDP) patients have a marked 
shortening of their proximal extremities, calcified stippling of the epiphyses and cat-
aracts in addition to their absent psychomotor development. Patients with a variant 
form of RCDP have normal bones, but will have cataracts and some degree of mental 
retardation. Patients with a deficiency of dihydroxyacetone phosphate acyltransfer-
ase are clinically indistinguishable from the classical RCDP phenotype.

Increased plasmalogen levels have not been observed. Erroneously low red cell 
levels can be encountered when the transmethylation process has not been com-
pleted. Breaking the ether lipid bond of the plasmalogens requires more energy than 
hydrolysis of the fatty acid esters. Evaluation of the plasmalogen levels should not be 
done after a blood transfusion. Donor erythrocytes will be present for up to 120 days 
following a transfusion.

Attempts to raise the plasmalogen levels in RCDP patients involve the admin-
istration of shark liver extracts, which may contain appreciable amounts of batyl 
alcohol, a C16:0 precursor. By doing this, the balance between the C16:0 and C18:0 
plasmalogens will be perturbed. It is still unknown whether there is clinical efficacy 
from such treatment.

3.3.5.2	 Reference	Values,	Pathological	Values	and	Pitfalls	for	PUFA

Levels of PUFA in plasma are subject to multiple different dietary influences. The 
plasma PUFA profile may be determined not only by the time elapsed between the 
ingestion of fat-containing foods, but also by the type of dietary lipid ingested. In 
this respect, the red cells are more stable, as it is generally believed that these cells 
keep their PUFA distribution throughout their life. Erythrocyte levels of PUFA may 
reflect the long-term essential fatty acid intake. Although humans are capable of syn-
thesising all PUFA from oleic acid, linoleic acid and linolenic acid, a growing num-
ber of food constituents are currently fortified with the prime essential fatty acids 
AA, DHA and EPA.

Table 3.3.4  Pathological plasmalogen levels: all figures represent 
the percentage of the corresponding fatty acid. DHAPAT Dihydroxyacetone 
phosphate acyltransferase, RCDP rhizomelic chondrodysplasia punctata

Disorder C16:0 Plasmalogen C18:0 Plasmalogen

Classical Zellweger syndrome 2.2–4.6 3.6–7.1

Variant Zellweger syndrome 6.4–8.5 8.0–13.5

Classical RCDP (PEX 7) 0.2–0.6 0–0.2

Variant RCDP (PEX 7) 2.4–5.9 6.5–13.6

DHAPAT-deficiency 0.3 1.2
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Our normal values were obtained from a group of 20–30 volunteers. Blood sam-
ples were taken at mid-morning after a self-chosen simple breakfast. The individual 
values are listed in Table 3.3.5.

Pathological values invariably refer to decreased levels of the essential fatty acids, 
either in erythrocytes or in plasma. For a correct understanding of the mechanisms 
resulting in lowering of the fatty acid levels, one has to take note of the source of the 
fatty acids and their interconversion.

Dietary intake is of great importance. Linoleic acid (C18:2ω6) and α-linolenic 
acid (C18:3ω3) are the parent essential fatty acids for humans. Both fatty acids derive 
from vegetable oils. Higher fatty acids are then produced by chain elongation and de-
saturation. In addition, some of the prime essential fatty acids, AA (C20:4ω6), EPA 
(C20:5ω3) and DHA (C22:6ω3), can be obtained directly from the diet. Meat and 
eggs are rich in AA, whereas fish is a rich source of EPA and DHA [14].

As outlined herein, humans are unable to synthesise DHA from its precursor 
C22:5ω3. The latter is therefore first converted into its C24 analogue, followed by 
desaturation and subsequent chain-shortening by peroxisomal β-oxidation [7].

It has been shown that flux through the peroxisomal β-oxidation pathway is lim-
ited [5], mainly as a result of the relatively small oxidative capacity of peroxisomes. 
Subjects on a vegan diet have considerably lower DHA levels compared to omni-
vores.

Patients with a peroxisome biogenesis defect (Zellweger syndrome) are especially 
low in DHA for two reasons: (1) they have no peroxisomal fatty acid β-oxidation and 
(2) they do not produce the C24-bile acids that are essential for the intestinal resorp-
tion of fatty acids. Patients with isolated defects of peroxisomal β-oxidation such as 
D-bifunctional protein deficiency may have similarly low levels of DHA and AA. 
There seems to be an adequate response to dietary supplementation of these fatty 
acids.

In contrast to the general peroxisome biogenesis defects, patients with X-linked 
adrenoleucodystrophy, whose very-long-chain fatty acid oxidation is impaired as a 
result of an uptake defect, show minimal abnormalities of their DHA levels.

Severe deficiency of all essential fatty acids can be observed in patients suffer-
ing from β-lipoproteinaemia and related defects affecting the handling of lipids. An 
equally impressive shortage of fatty acids occurs in patients who rely on a synthetic 
diet, such as an amino acid mixture replacing natural protein. This is exemplified by 
diets of patients with phenylketonuria, maple syrup urine disease and the organic 
acidaemias including glutaric aciduria type 1. In addition, numerous metabolic and 
non-metabolic conditions affecting the essential fatty acid changes have been de-
scribed, including disorders such as hypothyroidism [13] and behavioural effects 
(e.g. smoking) [11].

The ω-3 fatty acids have numerous important functions, especially in the brain. 
Accordingly, a deficiency of DHA and EPA may cause dysfunction of the central 
nervous system and probably also the retina, thereby resulting in impaired vision. In 
addition, there is a variety of neurological and psychiatric disorders that have been 
associated with decreased levels of especially DHA and AA, such as, for example, 
schizophrenia and depression [3], post-traumatic stress syndrome, autism and atten-
tion deficit hyperactivity disorder. Since no primary inherited defect of essential fatty 
acid interconversion has yet been described, no specific explanations for the essential 
fatty acid concentration changes are readily available.

3.3 Plasmalogens and Polyunsaturated Fatty Acids218



Table 3.3.5  Reference values for total ( = bound + free) fatty acids in plasma 
and erythrocytes. The plasma values are expressed as µmol/l, those for 
erythrocytes as pmol/106 cells

Fatty acid Plasma (N = 29) 
5–90% Confidence interval

Erythrocytes (N = 20) 
Lowest–highest values

C14:0 50–145  0.7–6.9

C16:0 1465–2790 113–193

C18:0 465–755 81–141

C20:0 15–30  2–3.4

C22:0 40–100  6.3–13.7

C24:0 35–75 16.3–33.1

ω3-series

C18:3ω3 30–70  0.1–1.8

C18:4ω3  0–10  0–0.9

C20:5ω3 15–95  1.1–7.7

C22:5ω3 20–50  7.6–23

C22:6ω3 75–180 15.2–37.6

ω5-series

C14:1ω5  0–10  0–3

ω6-series

C18:2ω6 1950–3500 52–89

C18:3ω6 15–50  0–0.4

C20:2ω6 10–40  0.2–2.4

C20:3ω6 70–190  6–19.6

C20:4ω6 300–650 67–107

C22:2ω6  0–5  0–4

C22:4ω6 10–25  9.5–26.6

C22:5ω6  5–20  1.4–6.2

ω7-series

C16:1ω7 85–330  2.1–12.9

C18:1ω7 130–250  0.2–10

C20:1ω7 0–5  0–3

ω9-series

C16:1ω9 15–90 0–7.2

C18:1ω9 1035–2025 58–115

C20:1ω9 10–25 0–3.5

C20:3ω9 10–20 1–4.1

C22:1ω9 0–8 0.2–8.3

C24:1ω9 55–85 15.5–35.8

Total fatty acids 5950–11600 535–840
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3.4.1	 Introduction

Peroxisomes are subcellular organelles, just like, for example, mitochondria, lyso-
somes and endosomes. Recent evidence suggests that peroxisomes, which lack their 
own DNA, are semi-autonomous organelles that are able to grow and divide into 
daughter peroxisomes, but are originally derived from a special subdomain of the 
endoplasmic reticulum. It is well established now that peroxisomes catalyse several 
essential metabolic functions that cannot be carried out by other organelles. From 
the perspective of genetic diseases in humans, the following functions are of special 
interest: (1) fatty acid beta-oxidation, (2) etherphospholipid biosynthesis, (3) fatty 
acid alpha-oxidation and (4) glyoxylate detoxification. Although peroxisomes were 
originally thought to play a major role in the biosynthesis of isoprenoids, including 
cholesterol, recent data strongly suggest otherwise.

In order to carry out all of these different functions, peroxisomes are equipped 
with a unique set of enzyme proteins, catalysing the different reactions involved. 
In addition, the peroxisomal membrane contains specific transporters in order to 
take up substrates from the cytosol and release the end products of peroxisomal 
metabolism. Since peroxisomes lack a citric acid cycle as well as a respiratory chain, 
the end products of peroxisomal metabolism, such as acetyl-CoA, propionyl-CoA 
and a range of other acyl-CoA esters predominantly derived from fatty acid beta-
oxidation, are exported from the peroxisomal interior and shuttled to mitochondria 
for full oxidation to CO2 and H2O. The same applies to the NADH produced during 
beta-oxidation, which is reoxidised via redox-shuttles so that the NADH generated 
in peroxisomes is ultimately reoxidised in the mitochondrial respiratory chain at the 
expense of molecular oxygen.

Both the integral membrane proteins of peroxisomes as well as the peroxisomal 
matrix proteins are synthesised on free polyribosomes and are specifically targeted 
to peroxisomes via dedicated peroxisomal targeting signals. The biogenesis of per-
oxisomes follows a sequential pattern, which involves first the insertion of peroxi-
somal membrane proteins into the membrane of the pre-peroxisomal structure, der-
ived from the endoplasmic reticulum, followed by insertion of the various matrix 
proteins.
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3.4.1.1	 Peroxisomal	Disorders

The peroxisomal disorders so far recognised are usually subdivided into two groups: 
(1) the peroxisome biogenesis disorders and (2) the single peroxisomal enzyme defi-
ciencies. Group 1 contains two distinct subgroups including the Zellweger spectrum 
disorders (ZSDs), and rhizomelic chondrodysplasia punctata (RCDP) type 1. In the 
ZSDs with Zellweger syndrome, neonatal adrenoleukodystrophy (ALD) and infan-
tile Refsum disease as main representatives [16], peroxisome biogenesis is fully im-
paired, although to variable extents, whereas in RCDP type 1, peroxisome biogenesis 
is only partially deficient. This explains why in ZSDs basically all peroxisomal func-
tions are impaired, which leads to the accumulation of a whole series of peroxisomal 
metabolites in plasma, whereas in RCDP type 1 only etherphospholipid biosynthesis 
and phytanic acid alpha-oxidation are affected.

Group 2 contains the single peroxisomal enzyme deficiencies [14]. This group is 
also subdivided in different classes, including the peroxisomal beta-oxidation defi-
ciencies (X-linked adrenoleucodystrophy, X-ALD), acyl-CoA oxidase 1 deficiency 
[4], D-bifunctional protein deficiency [5], 2-methyl acyl-CoA racemase (AMACR) 
deficiency [3] and sterol carrier protein (SCP-x) deficiency [6], the disorders of 
etherphospholipid biosynthesis (dihydroxyacetone phosphate acyltransferase and 
alkyl- dihydroxyacetone phosphate synthase deficiency) [2], the disorders of phy-
tanic acid alpha-oxidation (Refsum disease) [15], and the disorders of glyoxylate 
detoxification with hyperoxaluria type 1 as caused by alanine glyoxylate aminotrans-
ferase deficiency as a sole representative.

Table 3.4.1 depicts the different peroxisomal disorders and the very-long-chain, 
pristanic and phytanic acid levels in each of these disorders. The results clearly show 
that very-long-chain fatty acids (VLCFA) are increased in the ZSDs as well as in 
X-ALD, acyl-CoA oxidase 1 deficiency, and D-bifunctional protein deficiency, but 
normal in all other disorders, including SCP-x deficiency, and AMACR deficiency. In 
the latter two disorders, however, pristanic acid accumulates as well as the bile acid 
intermediates di- and trihydroxycholestanoic acid. Phytanic acid is elevated in the 
ZSDs, in RCDP type 1, and also in Refsum disease. The data of Table 1 clearly show 
that combined analysis of VLCFA, pristanic acid and phytanic acid is a powerful 
method to diagnose patients affected by a peroxisomal disorder, although the disor-
ders of etherphospholipid biosynthesis, notably RCDP type 2 and 3, as well as hyper-
oxaluria type 1 require testing of other metabolites, including plasmalogen levels in 
erythrocytes, and glyoxylate, glycolate and oxalate levels in urine, respectively.

3.4.2	 Properties	of	Analytes

The VLCFA as well as the branched-chain fatty acids phytanic acid and pristanic 
acid are extremely hydrophobic and practically insoluble in water. Their intracellular 
presence is in the form of coenzyme A esters. These acids are usually stored in lipid-
containing tissues such as adipose tissue, but they may also be constituents of various 
physiologically important lipids such as myelin. In this respect, the VLCFA and the 
branched-chain fatty acids are abundant in many tissues/organs.

Circulating VLCFA and branched-chain fatty acids are mainly present in an 
esterified form such as triglycerides, phospholipids, cholesterol esters and even car-
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nitine esters [9]. The free forms of the VLCFA are hardly detectable: if any, they will 
be bound to plasma proteins such as albumin. Consequently, the VLCFA are not 
filtered by the kidneys and do not appear in the urine.

The saturated VLCFA and branched-chain fatty acids are stable compounds: they 
are not likely to be destroyed by oxidative processes. In this respect, storage of sam-
ples does not require more precautions than freezing.

Various VLCFA may occur as constituents of industrial waxes or grease. In the 
light of the low level of especially the C26-fatty acid in plasma, one should clean all 
glassware used in the analytical procedure meticulously.

Although patients with impaired peroxisomal function will accumulate VLCFA 
with chain lengths in excess of 26 [7], the diagnostic process can be carried out safely 
using C22, C24 and C26 fatty acids and their ratios [8].
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Table 3.4.1  Levels of very-long-chain fatty acids (VLCFA), pristanic acid 
and phytanic acid in the different peroxisomal disorders. AMACR 2-methyl 
acyl-CoA racemase, N normal, RCDP rhizomelic chondrodysplasia 
punctata, SCP-x sterol carrier protein, ZSDs Zellweger spectrum disorders, 
↑ elevated

Group 1 VLCFA Pristanic 
acid

Phytanic 
acid

 ZSDs ↑ N-↑ a N-↑ a

 RCDP type1 N ↓-N N-↑ a

Group 2

Peroxisomal beta-oxidation deficiencies

 X-linked adrenoleucodystrophy ↑ N N

 Acyl-CoA oxidase deficiency ↑ N N

 D-bifunctional protein deficiency ↑ N-↑ a N-↑ a

 SCP-x deficiency N N-↑  a N-↑ a

 AMACR deficiency N N-↑ a N-↑ a

Etherphospholipid biosynthesis deficiencies

 RCDP type 2 N N N

 RCDP type 3 N N N

Phytanic acid alpha-oxidation deficiencies

 Refsum disease N N N-↑ a

Glyoxylate detoxification deficiencies

 Hyperoxaluria type 1 N N N

a Levels may vary from normal to (markedly) elevated, which depends on the diet and on age
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3.4.3	 Specimens	for	Analysis

A 2- to 5-ml venous blood sample is taken, preferably using EDTA as anti-coagulant, 
centrifuged for 10 min at 1000 × g, preferably within 1 h of sample collection, and the 
plasma is collected by aspiration and stored at –20° C. If possible, samples should be 
collected before breakfast after an overnight fast. However, since at least the levels of 
VLCFA show only minimal diurnal variation upon consumption of a usual Western 
diet, postprandial samples are also acceptable. Although EDTA samples are preferred, 
heparinised samples give equivalent results. Importantly, since the levels of VLCFA, 
phytanic acid and pristanic acid are not affected by storage at room temperature for 
up to several days, samples may be sent at ambient temperature, although we recom-
mend that samples be sent frozen, especially when transit times exceed 48 h. The 
levels of the analytes in frozen plasma are stable for 2 years.

3.4.4	 Stable	Isotope	Dilution	Gas	Chromatography/Mass	Spectrometry

3.4.4.1	 Principle

Several techniques have been described in the past for the analysis of VLCFA, pris-
tanic acid and phytanic acid [1, 10]. In our hands gas chromatography-mass spec-
trometry (GC-MS) analysis after derivatisation with N-methyl-N-(tert-butyldi-
methylsilyl) trifluoroacetamide (MTBSTFA), is a robust and reliable method for the 
quantitative analysis of VLCFA, pristanic acid and phytanic acid, especially when 
combined with stable isotopes for C26:0, C24:0, C22:0, phytanic acid and pristanic 
acid [13]. In order to allow measurement of the total pool of VLCFA, pristanic acid 
and phytanic acid, samples need to be subjected to both acidic and alkaline hydroly-
sis, followed by extraction into hexane. After the hexane phase is washed once more, 
the sample is dried under nitrogen followed by addition of pyridine and MTBSTFA 
and heating of the samples at 80°C. The sample is subsequently dried again under 
nitrogen and taken up in hexane, followed by GC-MS analysis.

In recent years, alternative methods for analysis of VLCFA have gone into devel-
opment. These include the application of electrospray tandem mass spectrometry 
[12]. Although this method looks promising concerning the aspect of speed of analy-
sis, it has not yet been applied diagnostically.

3.4.4.2	 Standards	and	Chemicals

The following internal standards suitable:
1. C26:0-d4 (3,3,5,5-2H4-hexacosanoic acid).
2. C24:0-d4 (3,3,5,5-2H4-tetracosanoic acid).
3. C22:0-d4 (3,3,5,5-2H4-docosanoic acid).
4. Pristanic acid-d3 (2-methyl-2H3-6,10,14-trimethyl) pentadecanoic acid).
5. Phytanic acid-d3 (3-methyl-2H3-7,11,15-trimethyl) hexadecanoic acid.

All labelled and unlabelled standards can be obtained from Dr. Herman ten Brink, 
VU Medical Centre, Amsterdam, The Netherlands (http://www.vumc.nl/metabool/
index.html) or from other sources.
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Other Materials/Chemicals

1. Acetonitrile (Merck).
2. HCl 37% (Merck).
3. HCl 25% (Merck).
4. Sodium hydroxide (NaOH; Merck).
5. Potassium hydroxide (KOH; Merck).
6. n-Hexane (Merck).
7. Pyridine (Merck).
8. Toluene analytical grade (Merck).
9. MTBSTFA (Aldrich).
10. Double-distilled water (Millipore).
11. Nitrogen gas.
12. Phosphate-buffered saline, produced in-house.
13. Acid hydrolysis reagent: Mix 1 part of 37% HCl with 23 parts of acetonitrile. 

Prepare freshly before each series of analyses.
14. Alkaline hydrolysis reagent: Dissolve 8.0 g of NaOH in approximately 10 ml wa-

ter and dilute to 200 ml. The solution is stable for 1 year when stored at room 
temperature.

15. 1 M KOH: Dissolve 56 g of KOH in 1 l of water. Stored at room temperature. The 
solution will remain suitable for us for one year.

The internal standard solution is made up in toluene. All labelled fatty acids are care-
fully weighed in such a way that the following concentrations are reached:
1. 2H3-pristanic acid: 1 µmol/l.
2. 2H3-phytanic acid: 4 µmol/l.
3. 2H4-C22:0: 50 µmol/l.
4. 2H4-C24:0: 50 µmol/l.
5. 2H4-C26:0: 1 µmol/l.

3.4.4.3	 Instrumentation

Measurements are performed on a bench-top GC-MS (Hewlett Packard Gas Chro-
matograph type 6890N) operating in the electron impact mode, and the acquired 
data are processed by the accompanying GC-MS software (Chemstation). The GC 
is equipped with a CPSil19 capillary column (25 m×0.25 mm×0.20 µm; Varian); the 
injection system is used in the splitless mode and kept at 300°C. The interface to the 
mass selective detector is set at 290°C. GC separation of the analytes is achieved us-
ing the following column temperature program: initial temperature 60°C for 1 min; 
increase to 240°C at a rate of 30°C/min; further increase to 270°C at a rate of 10°C/
min; final increase to 300°C at 4°C/min, and 5 min isothermal at the latter level. Fig-
ure 3.4.1 shows the mass fragmentogram of a control, a Refsum patient, and a patient 
with Zellweger syndrome.
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Fig.	3.4.1	 Mass fragmentogram of the plasma very-long-chain fatty acids, phytanic acid and pris-
tanic acid in a control, a patient with Refsum disease and a patient with a peroxisome biogenesis 
defect (Zellweger syndrome). Plots represent the (m-57)-fragments of the tertiarybutyl-dimethyl-
silyl derivatives. Numbered peaks represent: (1) 2H3-pristanic acid; (2) native pristanic acid; (3) 
2H3-phytanic acid (4) native phytanic acid; (5) 2H4-C22:0 fatty acid; (6) native C22:0 fatty acid; (7) 
2H4-C24:0 fatty acid; (8) native C24:0 fatty acid; (9) 2H4-C26:0 fatty acid; (10) native C26:0 fatty acid. prist 
Pristanic acid, phyt phytanic acid, 22:0 C22:0 fatty acid, 24:0 C24:0 fatty acid, 26:0 C26:0 fatty acid
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3.4.4.4	 Procedure

1. Thaw plasma or serum and internal standard mixtures on ice.
2. Set heating block at 110°C.
3. Collect and label 4-ml standard glass tubes equipped with screw caps and Teflon 

liner (Alltech).
4. Transfer 100 µl plasma/serum into a 4-ml glass tube.
5. Add 100 µl internal standard solution plus 2 ml acid hydrolysis reagent. Cap the 

tubes tightly, mix carefully and put the tubes in the heating block for 45 min.
6. Remove the tubes from the heating block and allow to cool down to room tem-

perature.
7. Remove the screw caps and add 2 ml of alkaline hydrolysis reagent.
8. Cap the tubes tightly, mix carefully and put the tubes in the heating block again 

for 45 min at 110°C.
9. Remove the tubes from the heating block and allow to cool down to room tem-

perature.
10. Remove the screw caps and add 0.5 ml of 25% hydrochloric acid.
11. Add 4 ml hexane, screw the tubes tightly and mix for about 60 s by hand.
12. Allow phase separation, collect the upper hexane layer with the aid of a glass Pas-

teur pipette and transfer the sample into a glass 10-ml tube equipped with a screw 
cap.

13. Add 3.5 ml 1M KOH to the tubes, screw the tubes tightly and mix the samples by 
hand.

14. Remove the upper hexane phase with the aid of a glass pipette attached to a water 
pump.

15. Add 0.6 ml of 25% hydrochloric acid (HCl).
16. Add 4 ml hexane again and mix the samples by hand
17. Transfer the upper hexane layer in a glass 4-ml tube with the aid of a glass Pasteur 

pipette; dry the samples under nitrogen in a heating block set at 50°C.
18. Rinse the tubes with 50 µl pyridine and add 100 µl MTBSTFA reagent.
19. Cap the tubes tightly and allow derivatisation at 80°C for 30 min.
20. Dry the samples under nitrogen in a heating block set at 50°C.
21. Rinse the tubes with 200 µl hexane and transfer the contents into a 1-ml injection 

vial.
22. Samples are now ready for analysis by GC-MS

3.4.5	 Quality	Control

A pool of a large number of left-over plasma samples of patients is thoroughly mixed. 
Aliquots of 150 µl are put into Eppendorf vials and stored at –20°C. These samples 
are stable for 1 year. Each series of analyses has one pool plasma sample. The concen-
trations of the five analytes are introduced into an electronic Shewhart chart, which 
is renewed each year.

External quality control samples are provided by European Research Network for 
the evaluation and improvement of screening, Diagnosis and treatment of Inherited 
disorders of Metabolism in its Special Assays Serum scheme. Eight lyophilised sam-
ples are distributed each year, consisting of four pairs of samples with increasing 
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fatty acid levels, from physiological to pathological concentrations. This gives a good 
indication of the precision, linearity and recovery of the laboratory’s analytical 
performance. Comparison of the results with the mean of all participating laborato-
ries gives an indication of the accuracy.

3.4.6	 Validation	Data

The intra- and inter-assay variation is determined in tenfold analyses of a pool 
plasma sample. Table 3.4.2 shows the results of these measurements. The linearity 
of this method should be assessed for all analytes. Pristanic acid and the C26:0 fatty 
acid were linear up to 16 µmol/l, phytanic acid to 100 µmol/l and the C22:0 and 
C24:0 fatty acid to 200 µmol/l. The lower detection limit for all analytes was at a level 
of less than 0.01 µmol/l, for the lower reporting levels (LOQ), an analysis of a blank 
solution was taken into account. The blank levels of the analytes phytanic acid, pris-
tanic acid, and fatty acids C22:0, C24:0 and C26:0 were 0.04, 0.01, 0.41, 0.68 and 
0.18 µmol/l, respectively.
It was agreed to set the LOQ at twice the blank level. This may render occasional 
problems for the C26:0 fatty acid as the LOQ of 0.336 µmol/l is close to the lower end 
of the physiological concentration range. Glassware should be ultra-pure to reduce 
the blank values as much as possible.

3.4.7	 Reference	Values,	Pathological	Values	and	Pitfalls

The VLCFA are produced in the peroxisomes. These cellular organelles do not show 
an appreciable variation of enzyme activities over the day or with age. Consequently, 
reliable reference values are available and it is our experience that approximately the 
same values are used in most experienced laboratories.

Our reference values for the straight-chain fatty acids were established using 157 
controls (see Table 3.4.3). The concentrations of VLCFA in controls were indepen-
dent of age. Phytanic and pristanic acid – or their precursor phytol – are exclusively 
derived from the diet. Accordingly, the reference values for these substances are 
somewhat age-dependent, especially below the age of 2 years [11]. The upper refer-

Table 3.4.2   Validation data calculated from ten-fold analyses of a 
low-pool (left two data panels) and a high-pool (right two data panels); 
all concentrations are given in µmol/l. CV Coefficient of variation

Compound Intra-assay 
average

Intra-assay CV 
(%)

Inter-assay 
average

Inter-assay 
CV(%)

Pristanic acid 0.44 1.7 2.8 4.6

Phytanic acid 2.9 1.7 10 5.6

C22:0 61 3.0 40 3.8

C24:0 48 3.0 54 3.0

C26:0 0.52 8.0 3.1 6.4
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ence level for phytanic acid is 10 µmol/l, whereas that for pristanic acid is 3 µmol/l 
for subjects aged 2 years or more.

Pathological values may vary in the different inherited defects of peroxisomal 
function. It is important to correlate the findings of as many peroxisomal functions 
as possible. In our laboratory a selective screening for peroxisomal dysfunction may 
include the assay of VLCFA, phytanic acid, pristanic acid, bile acids and pipecolic 
acid in plasma as well as plasmalogens in erythrocytes. This does not only apply to 
the infant with hypotonia and the characteristic dysmorphic signs of the Zellwe-
ger syndrome, but also to the adult (both male and female) with an unexplained 
leucodystrophy. It seems attractive to limit oneself to VLCFA analysis for adult pa-
tients – aimed at X-ALD or adrenomyeloneuropathy (AMN) – but the recent de-
scriptions of AMACR – and SCP-x-defects warrant a broader screening as other 
pathways are equally affected in these patients [6].

Concerning the pathological values of VLCFA, the C26:0 fatty acid is the most 
informative. Classical Zellweger patients have C26:0 values of 3–12 µmol/l, still only 
three- to ten-fold the upper reference range. In comparison, the male ALD or AMN 
patients generally have C26:0 values of 2–4 µmol/l. False negative male ALD/AMN 
results are extremely rare, in contrast to the values of C26:0 in female ALD carriers, 
which range from 1.1 to 2.9 µmol/l and thus may be entirely normal. The situation 
for the C24:0 fatty acid is slightly different: there is a considerable overlap between 
patient values and control values. However, the C24:C22 ratio, which is < 0.92 in 
controls, will be in excess of 1.06 in virtually all patients, with the exception again of 
female ALD carriers, who may have C24:C22 ratios as low as 0.8. Exclusion of the 
ALD carrier status cannot be achieved by VLCFA analysis alone; a normal result of 
this test will have to be followed up by DNA testing.

Patients with an inherited defect of peroxisomal function usually have both an 
increased C26:0 level and an increased C24:C22 ratio. An isolated moderate increase 
of C26:0 has only rarely led to a true diagnosis. Nevertheless, every persistent abnor-
mality of VLCFA levels and/or ratios should be checked by studies in fibroblasts in 
order to arrive at an accurate diagnosis so that genetic counselling of the family can 
be arranged. Erroneously increased VLCFA levels are rare; a ketogenic diet is the 
only well-known example.

Phytanic and pristanic acid results should always be interpreted in conjunction 
with each other. In general, patients with a peroxisome biogenesis defect or a de-

Table 3.4.3  Concentrations of VLCFA in the plasma of 157 controls. 
All values are presented in µmol/l

Analyte Median value 5–95% Confidence interval

C22:0 75 40–119

C24:0 56 33–84

C26:0 0.79 0.45–1.32

C24/C22 0.75 0.57–0.92

C26/C22 0.01 0.01–0.02
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fect in the peroxisomal beta-oxidation system will show increases of both branched-
chain fatty acids in variable ratios. Exceptions are of course patients with ALD/AMN 
or acyl-CoA oxidase deficiency having normal branched-chain fatty acid levels.

Patients with Refsum disease may have extremely high phytanic acid levels, up 
to 1500 µmol/l, whereas pristanic acid is low (< 1 µmol/l) as a consequence of the 
phytanoyl-CoA hydroxylase deficiency. Less pronounced phytanic acid elevations 
will be observed in RCDP type 1 patients, which applies to both the classical form 
as well as the variant forms. Values may range from 200 to 900 µmol/l, somewhat 
depending on age. There is some discussion on the time of onset of phytanic acid 
accumulation in the classical neonatal RCDP-patients. Normal plasma phytanic acid 
levels (0.7–5.8 µmol/l) were recorded in the authors’ laboratory in patients aged less 
than 1 week. Two- to three-week-old RCDP patients had increased phytanic acid 
levels of 9.1–13.2 µmol/l. Classical patients invariably had undetectable plasmalogen 
levels of the erythrocytes at any age.

Isolated mild increases of phytanic acid are occasionally observed, with levels of 
15–25 µmol/l. So far no explanation has been found for this phenomenon despite 
extensive fibroblast studies in several patients.

The dietary origin of phytanic acid makes the conditions associated with phytanic 
acid accumulation accessible to dietary treatment. Refsum patients should be able to 
reach near-normal plasma phytanic acid levels with a strict diet, assisted by plasma-
pheresis, when needed.

Unfortunately, a minority of the patients with peroxisomal dysfunction cannot be 
diagnosed using plasma parameters. In the authors’ laboratory, patients have been 
seen with peroxisome biogenesis defects, D-bifunctional protein deficiency, and 
acyl-CoA oxidase deficiency in whom no abnormalities of plasma VLCFA, phytanic 
acid, pristanic acid or bile acids could be established. Hence, a strong clinical sus-
picion of peroxisomal disease should always be verified by fibroblast investigation, 
regardless of the outcome of plasma analyses.
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3.5.1	 Introduction

Measurement of oxalate in urine is important for the diagnosis of primary hyperoxalu
ria (McKusick 259900) and the secondary forms resulting from excessive intake or 
abnormal intestinal absorption of oxalate [1]. Determination of glycolic acid is es
sential for the diagnosis of primary hyperoxaluria type I (PHI), caused by low or ab
sent activity of the liverspecific peroxisomal alanine:glyoxylate aminotransferase. In 
addition, to estimate the risk of stone formation in calcium oxalate urolithiasis and 
nephrocalcinosis, simultaneous determination not only of calcium, but also of citrate 
(a potent inhibitor of calcium oxalate and calcium phosphate crystallization) and 
other constituents (electrolytes, phosphate, and sulfate) are required to calculate the 
urinary calcium saturation [2]. Primary hyperoxaluria type II (PHII) is caused by low 
or absent activity of dglycerate dehydrogenase and hydroxypyruvate reductase ac
tivity, leading to elevated urinary excretion of both oxalate and lglyceric acid [1].

Ion chromatography highperformance liquid chromatography (HPLC) is the 
method of choice for the quantification of oxalate, glycolate, and glycerate [3, 4]. In 
addition, preservation and storage of the liquid samples may influence the stability 
of oxalate and glycolate. Use of urinary filter spots is a practical alternative approach 
for the collection and safe transport of samples to be analyzed for many metabolic 
disorders [5].

3.5.2	 Properties	of	Oxalate,	Glycolate,	and	Glycerate

Oxalic acid (or ethanedioic acid, H2C2O4; molecular weight, MW = 90.03) is a dicarbo
xylic acid with structure HOOCCOOH (Fig. 3.5.1). Because of the joining of two 
carboxyl groups, this is one of the strongest organic acids. It is also a reducing agent. 
The anions of oxalic acid, as well as its salts, and esters are known as oxalates. The 
root and leaves of rhubarb contain dangerously high concentrations of oxalic acid. 
Foods that are edible, but still contain significant concentrations of oxalic acid in
clude – in decreasing order – buckwheat, star fruit (carambola), black pepper, pars
ley, poppy seed, rhubarb stalks, amaranth, spinach, chard, beets, cocoa, chocolate, 
most nuts, most berries, and beans. Bodily oxalic acid may also be synthesized via 
the metabolism of either glyoxylic acid or unused ascorbic acid (vitamin C).
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Glycolic acid (or hydroxyacetic acid; C2H4O3; MW = 76.05) is the smallest αhy
droxy acid (Fig. 3.5.2). In its pure form, glycolic acid is a colorless, crystalline solid. It 
is very soluble in water (0.1 g/ml), alcohols, acetone, and ethyl acetate. Glycolic acid 
is isolated from sugarcane, sugar beets, and unripe grapes.

dGlyceric acid (or d2,3dihydroxypropanoic acid; C3H6O4, MW = 125.10) is 
a hydroxy acid derived from the oxidation of C1 of glycerol or glyceraldehyde to 
a carboxyl group; various phosphorylated derivatives of lglycerate are important 
intermediates in glucose metabolism (Fig. 3.5.3).

3.5.3	 Methods

All three analytes oxalate, glycolate, and glycerate are analyzed using ionexchange 
chromatography (HPIC) with conductivity detection. Oxalate, sulfate, and citrate 
are measured in the same run and glycolate and glycerate are measured on the same 
system, but under different conditions. The background conductivity is minimized 
using an anion suppressor unit.

3.5.3.1	 Pre-analytical

Specimen

Ascorbic acid is the main endogenous precursor of oxalic acid and in healthy persons 
up to 30% of urinary oxalate can originate from ascorbate. Ascorbate is extremely un
stable in neutral and alkaline solutions and degrades to oxalate nonenzymatically [6]. 
Acidification to pH 1–2 is required to prevent deposition of insoluble Caoxalate.

Fig.	3.5.1	 Structure of oxalic acid

Fig.	3.5.3	 Structure of glyceric acidFig.	3.5.2	 Structure of glycolic acid
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Urine

Twentyfourhour or spot urine should be collected in the presence of HCl. Add 
10 ml of 20% (v/v) HCl per liter of urine. Keep samples frozen at – 20°C. Before 
injection into the HPLC system, dilute the urine: (1) for oxalate 0.2 ml of centri
fuged (3000 × g for 5 min) urine with 1.8 ml of 0.3 M boric acid (see below); (2) for 
glycolate and glycerate 0.2 ml of centrifuged (3000 × g for 5 min) urine with 1.8 ml 
of water.

Alternatively, acidified urine can be collected on a filter paper. The urine is pre
served with 20% HCl as described above. Filter paper strips (3 × 5 cm filter paper 
backing, cat. No. 1650921, BioRad) are dipped into urine to 1 cm below the upper 
edge. Excess urine is wiped off, and the filter is left to dry at room temperature. Urinary 
filter paper spots are then cut into small pieces, shaken in 3 ml of water for 15 min 
at room temperature, and sonicated for 5 min at room temperature. The extracts are 
filtered through an UltrafreeMC filter with 10kDa cutoff (Millipore, USA) at 2000g 
for 10 min at room temperature. The clear supernatant is analyzed by HPIC.

Plasma

Place Liheparinized blood (3–5 ml) directly on ice and immediately centrifuge at 
1000 × g for 5 min at 4°C. This procedure should be completed within 10 min of vein 
puncture. Plasma is then ultrafiltered at 1500 × g for 30 min at 4°C using a Centrisart 
I ultrafiltration vial (Sartorius, NY, USA). Plasma is placed in the outer chamber 
and 40 ml of 1 M HCl per milliliter plasma is added in the inner chamber to en
sure simultaneous acidification of the ultrafiltrate. Ultrafiltrate should be analyzed 
immediately or frozen at – 20°C. Before injection into the HPIC system, dilute the 
ultrafiltrate as follows:
1. For oxalate: 0.2 ml ultrafiltrate with 0.2 ml of 0.3 M boric acid; for patients with 

PHI, dilute 0.1 ml ultrafiltrate with 0.4 or 0.9 ml of 0.3 M boric acid.
2. For sulfate and citrate: 0.1 ml of ultrafiltrate with 0.4 ml of 0.3 M boric acid.

Reagents and Chemicals

Oxalate, Sulfate, and Citrate

The chemicals required are:
1. Water, HPLC quality.
2. HCl, 37% (MW; 36.46).
3. NaOH, 50% (MW; 40.00).
4. Boric acid (H3BO3, MG; 61.83;v Merck, no. 165.1000).
5. Sodium sulfate, water free (Na2SO4, MW; 142.04; Merck no. 1.06649.1000).
6. Citric acid monohydrate (C6H8O7.H2O, MW; 210.14; Merck no. 242.1000).
7. Sodium oxalate (C2O4Na2, MW; 134.0; Fluka no. 71800).

Stock solutions:
1. 20% (v/v) HCl: dilute 541 ml of 37% HCl with water to 1000 ml. Store at room 

temperature.
2. 1 M HCl: dilute 8.26 ml of 37% HCl with water to 100 ml. Store at room tempera

ture.
3. 2 mM sulfate standard: dissolve 14.2 mg Na2SO4 in 10 ml of water and dilute 2 ml 

of the resulting solution with 8 ml of water. Store at – 20°C.
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4. 2 mM oxalate standard: dissolve 13.4 mg sodium oxalate in 10 ml of water and 
dilute 2 ml of the resulting solution with 8 ml of water. Store at – 20°C.

5. 2 mM citrate standard: dissolve 21.0 mg citric acid monohydrate in 10 ml of water 
and dilute 2 ml of the resulting solution with 8 ml of water. Store at – 20°C.

6. 0.3 M boric acid: dissolve 18.56 g of boric acid in 1000 ml of water. Store at 4°C.

Standard mixtures:
1. Standard mixture I for urine: 50 µM oxalate, 100 µM glycolate, 100 µM sulfate, 

100 µM citrate. Pipette the stock solutions (1.25 ml oxalate, 2.5 ml glycolate, 
2.5 ml sulfate, and 2.5 ml citrate) into a 50ml flask and add 0.3 M boric acid to 
the mark. Store in aliquots at – 20°C.

2. Standard mixture II for plasma: 10 µM oxalate, 20 µM glycolate, 20 µM sulfate, 
20 µM citrate. Dilute 200 µl of the standard mixture I with 800 µl of 0.3 M boric 
acid. Prepare fresh before running the assay.

For the urine control sample, dilute 0.2 ml of control urine with 1.8 ml of 0.3 M boric 
acid.

Glycolate and Glycerate

The following chemicals are required:
1. Water, HPLC quality.
2. HCl, 37% (MW 36.46).
3. NaOH, 50% (MW 40.00).
4. Disodium tetraborate (Na2B4O7.10 H2O; MW 381.37; Merck, no. 1.0037.1000).
5. Sodium carbonate, water free (Na2CO3; MW 105.99; Merck, no. 6392).
6. Glycolic acid (C2H4O3; MW 76.05) (Sigma, no. G1884).
7. Glyceric acid (C3H5O4.1/2 Ca; MG, 125.1; Sigma, no. G1144).

Stock solutions:
1. Water, twice distilled, 18.2 mΩ quality, degassed.
2. 20% (v/v) HCl: dilute 541 ml of 37% HCl with water to 1000 ml. Store at room 

temperature.
3. 0.1 M NaOH: dilute 10.4 ml of 50% NaOH with water to a final volume of 2000 ml. 

Store at room temperature.
4. 50 mM Sodium tetraborate: dissolve 38.1 g of sodium tetraborate in 2000 ml of 

water. Store at room temperature.
5. 50 mM Sodium carbonate: dissolve 10.6 g sodium carbonate in 2000 ml of water. 

Store at room temperature.
6. 2 mM Glycolate standard: dissolve 7.61 mg glycolic acid in 10 ml of water and 

dilute 2 ml of the resulting solution with 8 ml of water. Store at – 20°C.
7. 2 mM Glycerate standard: dissolve 12.5 mg glyceric acid in 10 ml of water and 

dilute 2 ml of the resulting solution with 8 ml of water. Store at – 20°C.
Standard mixtures (100 µM glycolate, 100 µM glycerate): pipette stock solutions 
(2.5 ml glycolate, 2.5 ml glycerate) into a 50ml flask and add water to the mark. 
Store at aliquots at – 20°C.
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Instrumentation (HPIC system)

Dionex Liquid Chromatograph DX600 with a conductivity detector, suppressor 
ASRS Ultra II, and Waters Autosampler 717 +.

Oxalate, Sulfate, and Citrate

1. IonPac AG11 guard column (4 × 50 mm, Dionex).
2. IonPac AS 11 analytical column (4 × 250 mm, Dionex).
3. Eluent A: H2O.
4. Eluent B: 100 mM NaOH.
5. LO LIMIT: 0 psi (0 Pa).
6. HI LIMIT: 2800 psi (19,305 kPa).
7. Flow: 2.0 ml/min.

See Table 3.5.1.

Glycolate and Glycerate

1. CarboPac PA1 guard column (4 × 50 mm, Dionex).
2. CarboPac PA1 analytical column (4 × 250 mm, Dionex).
3. Eluent A: H2O.
4. Eluent B: 100 mM NaOH.
5. Eluent C: 50 mM sodium tetraborate.
6. Eluent D: 50 mM sodium carbonate.
7. LO LIMIT: 0 psi (0 Pa).
8. HI LIMIT: 2800 psi (19,305 kPa).
9. Flow: 2.2 ml/min.

See Table 3.5.2.

3.5.3.2	 Analytical

Fill the autosampler vials with the corresponding standard mixtures, quality control 
sample, and patient samples. For plasma ultrafiltrates use lowvolume inserts. Inject 
50 µl of the sample.

Calculation

•	 For the external standard method, measure creatinine in the urine samples and 
calculate the results per mol of creatinine (oxalate, citrate, glycolate, and glycerate 
= mmol/mol creatinine; sulfate = mol/mol creatinine).

Performance

Linearity: 10–600 µmol/l. The detection limits for urine and plasma are 10 µmol/l 
and 1 µmol/l, respectively.
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3.5.3.3	 Post-analytical

Reference Values

The reference values for urine and plasma are given in Table 3.5.3.

Pathological Values

Figures 3.5.4 and 3.5.5 show chromatograms of healthy controls, and patients with 
PHI and PHII. Tables 3.5.4 and 3.5.5 summarize the laboratory findings for pa
tients with PHI and PHII, respectively.

Table 3.5.2  Timetable for glycolate and glycerate

Time (min) H2O (%A) NaOH (%B) Na2CO3 (%C) 
(Na-carbonate)

Na2B4C7 (%D) 
(Na-tetraborate)

 0 63 35 0 2

20.0 63 35 0 2

20.1 0 0 100 0

30.0 0 0 100 0

30.1 0 0 0 100

40.0 0 0 0 100

40.1 63 35 0 2

60.0 63 35 0 2



Table 3.5.1  Timetable for oxalate, sulfate, and citrate

Time (min) H2O (%A) NaOH (%B)

0 94 6

4 94 6

12 100 30

17 100 30

18 94 6

25 94 6
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Table 3.5.3  Reference values for urinary oxalate, glycolate, citrate, 
glycerate (given in mmol/mol creatinine), and sulfate (given in mol/mol 
creatinine), and plasma oxalate, citrate, and sulfate (given in µmol/l)

Age Oxalate Glycolate Citrate Glycerate Sulfate

Urine

< 6 months 141–360 11–109 129–2222 trace 0.96–5.08

6 months–3 years 61–162 22–139 84–1436 trace 1.22–8.03

3–8 years 35–126 17–103 150–1007 trace 1.45–3.86

8–16 years 19–76 18–92 66–763 trace 0.70–4.97

>16 years 15–32 6–80 107–653 trace 0.63–4.78

Plasma

<16 years 4.31–8.55 24.5–134.1 64.4–405.6



Table 3.5.4  Laboratory findings for patients with primary hyperoxaluria 
type I (modified from Schnakenburg and Latta [1]). N Normal, P plasma, 
U urine

Renal 
failure 
(all ages)

Neonate Infant Children Adolescent Adult

Creatinine ++ N↑ N↑ N↑ N↑ N↑

Urea ++ N↑ N↑ N↑ N↑ N-↑

Oxalate (U) N↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑

Glycolate 
(U)

N↑ N↑ N↑ N↑ N↑ N↑

Oxalate (P) ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑

Glycolate (P) ↑↑↑ N↑ N↑ N↑ N↑ N↑
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Fig.	3.5.4a–c	 Chromatographic separation of glycolate, chloride, sulfate, oxalate, phosphate, and 
citrate. a Standard mixture; b nondiseased urine; C urine from a patient with primary hyperoxal
uria type I. In this system, glycolate coelutes with fluoride
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Fig.	3.5.5a–d	  Chromatographic separation of glycolate and glycerate. a Standard mixture; 
b nondiseased urine; c,d see next page 
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Fig.	3.5.5a–d	 (continued) c urine from a patient with primary hyperoxaluria type 1; d urine from 
a patient with primary hyperoxaluria type II
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Oxalate 
(U)
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(U)

? ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑

Oxalate (P) ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑
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3.6.1	 Introduction

Disorders of glycerol metabolism include glycerol kinase (GK) deficiency (GKD) 
and glycerol intolerance syndrome (GIS). Of these, only GKD is well characterized 
and has a defined biochemical defect [1].

GKD is due to mutations, insertions, or deletions within the GK gene on Xp21. 
There are two distinct forms of GKD [1, 5]. The complex form (cGKD) involves large 
deletions and other genes in this region including the adrenal hypoplasia congenita, 
and Duchenne muscular dystrophy loci. The isolated form (iGKD) can be either 
symptomatic or asymptomatic and is due only to mutations, insertions, or deletions 
within the GK gene on Xp21.

Patients with both forms of GKD have hyperglyceroluria and hyperglycerol-
emia [1, 5]. The glyceroluria is detected on routine gas chromatography-mass spec-
trometry (GC-MS) of urine done as part of the metabolic work-up (see Chap. 3.1). 
The hyperglycerolemia is detected by routine clinical laboratory testing either as 
pseudo-hypteriglyceridemia or elevated glycerol. In addition, glycerol can be quan-
tified using isotope dilution methods or commercially available kits.

Glycerol kinase activity can be determined from leukocytes, fibroblasts, trans-
formed lymphoblastoid cell lines, or liver tissue [11]. Individuals with GKD also 
have decreased GK activity in other tissues including kidney, small intestines, and 
adrenal glands [5]. The kinase activity can be assessed directly by measuring glycerol 
phosphorylation, or indirectly by incorporation or oxidation.

3.6.2	 Properties	of	Analyte

Glycerol is a neutral, hygroscopic, colorless, clear liquid [5]. Its chemical name is 
1,2,3-propanetriol and its chemical formula is C3H803 (Fig. 3.6.1a). It has a molecular 
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Fig.	3.6.1	 Structure of glycerol (a) 
and sn-glycerol-3-phosphate (b)



mass of 92.0 grams per mole. It is a neutral compound; however, since it is often 
detected by GC-MS of urine done during the work-up of a metabolic crisis, GKD is 
often considered together with the organic acidemias [5].

Glycerol is phosphorylated to glycerol-3-phosphate (G-3-P) by glycerol kinase 
(ATP:glycerol-3-phosphotransferase, EC 2.7.1.30) [5]. G-3-P is also known as sn-
glycerol 3-phosphate, glycerophosphoric acid, phosphatidyl glycerol, and sn-Gro-
1-P (Fig. 3.6.1b). It has a chemical formula of C3H9O6P and a molecular mass of 
172.07 grams per mole (http://pubchem.ncbi.nlm.nih.gov).

3.6.3	 Methods

3.6.3.1	 Glyceroluria

Principle

Because glycerol is a neutral compound, it can be detected by GC-MS of urine per-
formed by the usual protocols (see Chap. 3.1) if a solvent extraction procedure is 
used [2, 5, 6]. If, however, the sample for urine organic acid analysis is treated by 
an ion-exchange procedure, then glycerol will be in the column wash fraction with 
other neutral compounds and not in the organic acid fraction. Glycerol is not well 
extracted by organic solvents, but it is so highly abundant in patients with GKD 
that it is therefore easily detected by GC-MS [2]. In addition, glycerol concentration 
can also be determined from commercially available kits such as the Sigma serum 
triglyceride determination kit (TR0100, Sigma, St. Louis MO, USA) or an isotope 
dilution protocol as detailed below for glycerolemia [9].

Glycerol is present in many medications, ointments, suppositories, and emol-
lient solutions. Therefore, many cases of glyceroluria are due to contamination of the 
sample by exogenous sources [5].

Pre-analytical

Specimen

Urine is obtained using standard techniques including sterile midstream catch or 
catheterization. In infants, urine specimens obtained by placing a bag in the genito-
urinary region is undesirable due to contamination of glycerol from ointment and 
glycerin suppositories, unless the perineum is washed and rinsed well and no sup-
positories have been used recently [2, 5].

Reagents and Chemicals

These must be glycerol free. A solvent extraction procedure must be used prior to 
GC-MS [2, 5, 6]. If the sample is prepared with ion-exchange chromatography, the 
glycerol will remain in the neutral fraction and not be detected by GC-MS [2, 5]. 
Hydrochloric acid (5 N), pH paper, sodium sulfate (anhydrous), ethyl acetate (free 
of contaminants ), diethyl ether (anhydrous, peroxide-free, and free of contaminants 
except 2,6-ditertbutylcresol, which is an antioxidant found in all ether), and malonic 
acid (26.25 mg/50 ml methanol).
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Instrumentation

Standard GC-MS used for organic acid analysis (see Chap. 3.1). Data re-
garding calibration and quality control in this procedure can be found in 
Chap. 3.1 of this book.

Analytical

Procedure: the Solvent Extraction Method

This method is based on the protocol described by Goodman and Markey [2]. Deter-
mine urine creatinine using standard methods. Add malonic acid (26.25 mg/50ml) 
to 1 ml urine in a 12- to 13-ml round-bottom, glass-stoppered test tube as indicated 
in Table 3.6.1. Add two to three drops of 5 N HCI until the pH is 1, as determined by 
pH paper. Add 3 ml ethyl acetate, stopper, shake vigorously (1 min), and centrifuge 
briefly. Transfer the upper (ethyl acetate) phase to a clean tube. Re-extract the lower 
(urine, aqueous) phase with 3 ml diethyl ether, stopper, and shake (1 min). Take the 
upper (ether) phase and combine with the previous ethyl acetate extract. Repeat the 
diethyl ether extraction. Take the upper ether phase and pool the extracts. Discard 
the lower (aqueous) phase. To the extracts, add 2 g sodium sulfate, stopper, shake 
vigorously (1 min), then centrifuge (5 min). Transfer the anhydrous extract into a 
12- to 13-ml conical, glass-stoppered tube and evaporate to dryness at 37°C under 
nitrogen. The sample is now ready for derivatization and injection into the GS-MS as 
described in Chap. 3.1 of this book.

Post-analytical

Interpretation/Chromatograms

The interpretation of results and chromatograms are described in Chap. 3.1 of this 
book.

Reference Values

In urine the normal values of glycerol are ≤ 0.2 mM; not detectable as mmole/mmole 
creatinine; or ≤1 mmole/24 h [5].
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Table 3.6.1  Malonic acid needed for solvent extraction of urine

Creatine a (mg/100 ml) Urinary Malonic acid (26.25 mg/50 ml methanol) (µl)

 1–5
 6–10
11–20
21–40
41–60
61–80
81–100

25
50

100
200
300
400
500

a If >100 mg/100 ml, use 0.5 ml of urine for solvent extraction and use the volume of ma-
lonic acid corresponding to one-half of the creatine concentration. Adapted from [2]
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Typical Pathological Values

Typical pathological values in urine are 41–345 mM; 90– 193 mmole/mmole creati-
nine; or 11–360 mmole/24 h [5].

Pitfalls

Glycerol contamination from exogenous sources such as lotions, medications, and 
suppositories is quite common [5]. A solvent extraction procedure must be used to 
detect the glycerol [2, 5, 6]. If, however, the sample for urine organic acid analysis is 
treated by an ion-exchange procedure, then glycerol will be in the column wash frac-
tion and therefore not detected. Overevaporation during the solvent extraction will 
lead to loss of organic acids [2].

3.6.3.2	 Glycerolemia

Principle

In the blood, hyperglycerolemia is detected by routine clinical laboratory work up 
and is often misdiagnosed as pseudo-hypertriglyceridemia [3, 5] primarily because 
the clinical laboratory work ups do not perform a blank to account for the high 
levels of glycerol in the patient’s blood secondary to the GKD. If the clinical labora-
tory measures triglycerides as the glycerol released after lipolysis, the individual with 
GKD will be identified secondary to the hypertriglyceridemia [5]. This is pseudo-hy-
pertriglyceridemia [3]. However, if the clinical laboratory uses a solvent extraction 
and colorimetry method, there is no interference from the free glycerol secondary to 
GKD [5, 8]. Glycerol can be detected by many routine methods including oxidation, 
esterification, dehydration reactions, ether formation, enzymatic determination, 
and chromatographic methods [13]. Alternatives include determination of glycerol 
concentration using an enzymatic-based isotope-dilution method, as described here 
[10], or commercially available kits such as the Sigma serum triglyceride determina-
tion kit (TR0100, Sigma-Aldrich).

Pre-analytical

Specimen

Blood is drawn using standard techniques in a non-glycerol containing collection 
tube.

Reagents and Chemicals

These must be glycerol free. One potential source is the lubricant used between the 
stopper and tube of some Vacutainer collection devices. Glycerol standards (3–
10mM), ethanol (100 % chilled), GK solution (0.2 ng/µl; made from dry Escherichia 
coli GK, G4509, Sigma-Aldrich, in 1 M Tris/10 mM ethylenediaminetetraacetic acid 
– EDTA – pH 7.4), ATP (100 mM), magnesium sulfate (40 mM), sodium fluoride 
(62.5 mM), 1 M Tris/10 mM EDTA pH 7.4, β-mercaptoethanol (200 mM made from 
14.3 M standard solution), 14C glycerol, diethylaminoethyl (DEAE) cellulose, water, 
glycerol (1 M), and scintillation vials.
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Instrumentation

Standard scintillation counter and water baths.

Calibration

Standard curve using glycerol standards.

Analytical

Procedure

Prepare a cocktail containing 6 µl of 100 mM ATP, 10 µl of 40 mM MgSO4, 10 µl 
of 62.5 mM NaF, 10 µl of 1 M Tris/10 mM EDTA pH 7.4, and 10 µl of 200 mM β-
mercaptoethanol per sample needed (total volume of cocktail is 46 µl per sample). 
Prepare a 1.5-ml microfuge tube for each sample and four standards (0, 3, 8, and 
10 mM glycerol) and put 4 6µl of cocktail into each tube. Add 14C glycerol (to final 
concentration of 25 µM in a final total volume of 100 µl). Add water to make the 
volume of 14C-glycerol 24 µl. Add 10 µl of sample or standard. Add 20 µl of GK so-
lution, mix, and incubate at 37°C in a water bath for 20 min. Stop the reaction by 
adding 100 µl of chilled 100% ethanol and place on ice for at least 5 min. Centrifuge 
on maximum speed for 5 min. Spot 100 µl of sample onto DEAE cellulose. Allow 
the discs to dry fully then wash them in water for 5 min using very gentle agitation. 
Discard the water in radioactive waste and the wash filters with 1 M glycerol. Repeat 
and the discard waste in the radioactive waste. Repeat the water wash twice. Place the 
discs briefly on a paper towel and then put them into scintillation vials containing 
scintillation fluid. Vortex vigorously until the paper is dispersed. Quantify 14C using 
a scintillation counter.

Calculation

Prepare a standard curve using the glycerol concentrations and the radioactivity on 
the filter paper.

Post-analytical

Interpretation

Use the standard curve to determine the concentration of the samples.

Reference Values

In serum and plasma, normal glycerol levels are 0.02–0.27 mM [5] or less than 
1.6 mg/dl [2].

Typical Pathological Values

Typical pathological values range from 1.8 to 8.3 mM [5].
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Pitfalls

If 3H-labeled glycerol-3-phosphate is used, the radioactivity is self-absorbed by the 
DEAE cellulose, and must be acid-eluted for scintillation counting. DEAE cellulose 
breaks very easily so washes must be very gentle.

3.6.4	 Follow-up	Enzyme	Assays

Glycerol kinase activity can be measured directly or indirectly; however, these assays 
are not available as a clinical test and are done exclusively on a research basis. The 
direct method is as has been described previously [4, 6] and is used in the isotope di-
lution method indicated above. The amount of protein and the incubation time vary 
between cell types and it is important to be within the linear range of the assay for 
the given cell type. The indirect methods involve incorporation of 14C from glycerol 
into macromolecules and its subsequent oxidation to 14C02 [7, 11].

3.6.5	 DNA	Testing

Deletions causing cGKD can be detected using fluorescence in situ hybridization 
analysis or by genomic array hybridization, which are available as clinical tests (www.
genetests.org). In addition, cGKD can be detected and the break points of the indi-
vidual’s deletion determined by single nucleotide polymorphism mapping arrays on 
a research basis [12]. For iGKD, the causative mutation can be determined by direct 
DNA sequencing; however, this remains available on a research basis only [14].
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3.7.1	 Introduction

Biotinidase (EC 3.5.1.12) is required for the recycling of biotin and for the utilization 
of protein bound biotin from the diet. Biotin (vitamin H) functions as a prosthetic 
group of four carboxylases in man: the mitochondrial propionyl-CoA carboxylase, 
3-methylcrotonyl-CoA carboxylase and pyruvate carboxylases, and the cytosolic 
acetyl-CoA carboxylase, which are involved in central processes in protein, carbo-
hydrate and fatty acid metabolism [2, 30]. Biotin is covalently bound by the enzyme 
holocarboxylase synthetase (HCS) to a conserved lysine residue of the carboxylases, 
and after proteolytic degradation during natural turnover of endogenous enzymes or 
during digestion of food, biotin remains bound to this lysine residue in the form of 
biocytin (biotinyl-ε-lysine) or short biotinyl-peptides. Biotinidase is the only enzyme 
that can release biotin from this linkage to make it available for use in the body.

Biotinidase deficiency is an autosomal recessively inherited disorder (MIM 
253260). Patients are usually classified as having profound (residual activity 0–10 % 
of the mean normal value) or partial (residual activity 10–30%) biotinidase defi-
ciency with incidences of about 1:112,000 and 1:129,000, respectively [30]. Hetero-
zygous individuals show activities intermediate between the deficient and normal 
activity. Biotinidase-deficient patients lose biotin by excretion in urine, mainly in 
the form of biocytin [24]. They become progressively biotin deficient, which results 
in reduced activity of all biotin-dependent carboxylases and severe life-threatening 
illness [3, 4]. Typical symptoms are hypotonia, seizures, ataxia, developmental delay, 
skin rash and alopecia [2, 30]. Deficiency of the mitochondrial carboxylases due to 
either biotinidase deficiency or HCS deficiency is associated with typical organic 
aciduria including elevated excretion of 3-hydroxyisovaleric acid, 3-methylcrotonyl-
glycine, methylcitrate and lactate, which can be an important clue for the diagnosis. 
However, in biotinidase deficiency the brain becomes biotin deficient earlier and 
more severely than, for example, the liver and kidney, and therefore patients may 
present with serious neurological disease without showing clear abnormalities of or-
ganic acid excretion [4].

Patients with complete biotinidase deficiency usually present between 3 and 
6 months of age, but severe illness has already been noted at the 2nd and 3rd week 
of life [9]. On the contrary, patients defined as having profound biotinidase defi-
ciency, who have levels of residual activity as low as 1–3%, may never develop ob-
vious clinical symptoms [17, 33], but may suffer from moderate biotin deficiency 
when carefully evaluated [25]. Biotin deficiency can be effectively avoided by oral 
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administration of pharmacological doses of biotin. All patients with biotinidase de-
ficiency have responded to biotin therapy. However, delayed treatment may result in 
irreversible damage, such as sensorineural hearing loss, optic atrophy and persisting 
ataxia. Therefore, biotinidase deficiency is detected optimally by neonatal screening 
followed by prompt introduction of biotin therapy.

The natural substrate of biotinidase is biocytin, but it also readily cleaves an 
amine bond between biotin and a variety of different compounds, allowing the use 
of artificial substrates for the quantitation of biotinidase activity. The most common 
method is the colorimetric assay described by Knappe and coworkers in 1963 [14, 
32], which uses biotinyl-p-aminobenzoic acid (B-PABA) as substrate. The assay of 
plasma biotinidase activity by this method allows rapid detection of individuals with 
biotinidase deficiency.

The disadvantage of the colorimetric assay is its low sensitivity with a lower limit 
of reliable detection of residual plasma biotinidase activity of about 3% of the mean 
normal value [25]. Differentiation of patients with residual activity of less than 3% 
from those with complete deficiency, assay of activity in tissues, cells (cultured skin 
fibroblasts, white blood cells) and body fluids other than plasma as well as the deter-
mination of kinetic parameters require a more sensitive method. Thus, fluorometric 
assays have been described that use biotinyl-6-aminoquinoline as the substrate, and 
can be used also for kinetic studies [28]. This fluorometric as well as the colorimet-
ric assay with B-PABA as the substrate have been adapted for testing of biotinidase 
activity in dried blood spots on filter paper (Guthrie card) for neonatal screening 
[5, 11]. Sensitive radioassays that employ 14C-biocytin [27], 14C-B-PABA [34] or 
a radioiodinated biotinylamide analogue [16] have been described, but none of these 
substrates is commercially available. Assays with the natural unlabelled substrate, 
biocytin, have also been described but they are all cumbersome. Bioassays have been 
described in which the liberated biotin is estimated by activation of apocarboxylases 
in fibroblasts [29] or by monitoring the growth of biotin-dependent bacteria or pro-
tozoa [1, 15, 35]. In our laboratory we have employed an assay in which liberated bio-
tin is separated from biocytin by high-performance liquid chromatography (HPLC) 
and quantitated in collected fractions by a radioisotopic avidin-binding assay [25]. 
This method is time consuming but sensitive enough to allow the reliable differentia-
tion of patients with complete deficiency of plasma biotinidase from those with 0.5% 
or more residual activity as well as determination of the Michaelis–Menten constant 
(Km) for biocytin in plasma of patients or in homogenates of their cultured skin fi-
broblasts [25, 26].

Since the colorimetric assay is inexpensive, reproducible and easy to perform, 
and can be adapted to detect biotinidase Km variants [26], we recommend the use of 
this assay for routine determination of biotinidase activity in plasma and describe 
here its use for diagnosis of patients with different forms of biotinidase deficiency.

3.7.2	 Properties	of	Biotinidase

Human biotinidase is a monomeric glycoprotein with a molecular mass of 76 kDa 
when analysed by sodium dodecylsulphate-polyacrylamide gel electrophoresis [7]. 
The cDNA for human biotinidase was isolated and sequenced in 1994 by Cole and 
coworkers [6]. The deduced protein contains 502 amino acids, has a molecular mass 
of 57 kDa and contains 6 potential N-linked glycosylation sites. The biotinidase gene 
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is located on human chromosome 3p25 and is over 23 kb long [6]. Serum biotinidase 
originates from the liver [8], and at least nine different isoforms were detected by 
isoelectric focusing of human serum biotinidase [10].

In addition to its hydrolase activity with maximal velocity at acidic pH, biotini-
dase also possesses biotinyl-transferase activity at physiological pH, resulting in the 
biotinylation of nucleophilic compounds such as histones [13]. This activity may 
play an important role in the regulation of gene expression [30]. Both hydrolase and 
transferase activities are affected in patients with biotinidase deficiency [13].

Biotinidase has been detected in all tissues and body fluids investigated so far [6, 
20] with highest specific activities measured in kidney, liver and adrenal gland, and 
also plasma, allowing the use of this easily available and minimally invasive material 
for diagnostic purposes.

3.7.3	 Method

3.7.3.1	 Principle

Biotinidase activity in plasma is quantitated by a simple colorimetric assay that uses 
the artificial substrate B-PABA. Biotinidase cleaves the amide bond of B-PABA form-
ing free biotin and p-aminobenzoic acid (PABA). PABA is then converted to a purple 
azo dye and quantitated spectrophotometrically. No colour develops when biotini-
dase is inactive. Biotinidase with reduced affinity for the substrate (Km variant) can 
be detected by simultaneous assay of the activity with two substrate concentrations, 
a saturating standard concentration of 0.15 mM and a ten-times higher concentra-
tion of 1.5 mM [26]. Greater than 1.2 times higher activity with the higher substrate 
concentration indicates a Km defect.

3.7.3.2	 Pre-analytical

Specimen

Quantitative assay of biotinidase activity including evaluation for the presence 
of a Km defect requires 1 ml of plasma. Serum samples can be also used. Biotin ther-
apy does not affect the assay [32]. The activity in plasma may decrease during storage 
(see “Pitfalls and Limitations”, below). We recommend the use of ethylene-diami-
netetraacetic acid (EDTA)-plasma separated from whole blood and assayed within 
4–6 h, or if not processed within this time plasma can be stored at – 20°C for up to 
2 months or at – 70°C. If samples are sent to a reference laboratory they can be trans-
ported as whole EDTA-blood at room temperature within 4 h, or as plasma that has 
been stored at – 70°C or at – 20°C for a maximum of 2 months, on dry ice.

Reagents and Chemicals

For the enzyme reaction:
1. Assay buffer (0.4 M K-phosphate buffer pH 6.0): Dissolve 13.93 g K2HPO4 (Cat. 

No. 5101, Merck, Dietikon, Switzerland) in 200 ml demineralised water. Dissolve 
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5.44 g KH2PO4 (Cat. No. 4873, Merck) in 100 ml demineralised water. Adjust the 
pH of the K2HPO4  solution to 6.0 with the KH2PO4  solution. Store at + 4°C.

2. Substrate N(+)-biotinyl-4-aminobenzoic acid (B-PABA) (Cat. No. 14408, Fluka, 
Buchs Switzerland); molecular weight 363.43. Prepare the following stock solu-
tions and store at –20°C:
a. 10 × substrate stock solution (10 × S), 15 mM B-PABA. Example for a batch 

with 98% purity: Dissolve 55.63 mg B-PABA in about 8 ml demineralised wa-
ter by adjusting the pH to 7.8 with 1 N NaOH, then make up to a final volume 
of 10 ml.

b. 1 × substrate stock solution (1 × S), 1.5 mM B-PABA: dilute from 10 × S with 
demineralised water.

 It is important to adjust the pH of the 15-mM stock solution carefully and check 
that all substrate is dissolved. Add NaOH drop by drop, mix using a magnetic stir-
rer and monitor the pH with a pH electrode. Stock-solutions with a lower pH than 
7.8 may form a precipitate when added to the assay mixture at room temperature 
turning the reaction mixture turbid. However, during incubation at 30°C the sub-
strate is re-dissolved and obtained activity is at the expected level.

3. Dithiothreitol (DTT) (Cat. No. 20710, Serva , Heidelberg, Germany); molecular 
weight 154.3: Prepare 10 mM solution fresh before use: dissolve 1.54 mg DTT in 
10 ml demineralised water.

4. Standard: 4-aminobenzoic acid (PABA) (Cat. No. 06930, Fluka); molecular weight 
137.14.
a. 10 × PABA stock solution, 3.0 mM: dissolve 4.12 mg in 10 ml demineralised 

water; store at – 20°C (it is not necessary to neutralize the standard as with the 
substrate).

b. PABA working-solution, 0.3 mM: dilute fresh from the 10 ×  PABA stock solu-
tion in demineralised water.

5. Bovine serum albumin (BSA) (Cat. No. A-2153, Sigma, Buchs, Switzerland): dis-
solve 60 mg BSA in 1 ml demineralised water; store at – 20°C.

6. Trichloroacetic acid (TCA) 30% (w/v); store at room temperature in a dark glass 
bottle.

For the colour reaction prepare fresh each day:
1. Sodium nitrite 0.1% (w/v; Cat. No. 106549, Merck): dissolve 10 mg in 10 ml de-

mineralised water.
2. Ammonium sulphamate 0.5% (w/v; Cat. No. 09960, Fluka): dissolve 50 mg in 

10 ml demineralised water.
3. N-(1-Naphtyl)ethylendiamine dihydrochloride monomethanolate (NEDD) 0.1% 

(w/v; Cat. No. 70720, Fluka): dissolve 10 mg in 10 ml demineralised water; if not 
immediately used, protect from light by storing in a vessel wrapped in aluminium 
foil.

Instrumentation

Routine laboratory equipment: Vortex mixer, 30°C shaking water bath, laboratory 
centrifuge, analytical balance and ultraviolet/visible spectrophotometer.
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Calibration

1. Calibration is performed for each plasma sample by omitting the substrate and 
adding 15 nmol PABA/assay tube (Table 3.7.1; tubes 7 and 8).

2. Background tubes are prepared for each plasma sample separately by omitting the 
substrate (Table 3.7.1; tubes 1 and 2; also see “Pitfalls and Limitations” below).

3. Nonenzymatic hydrolysis of substrate is measured by replacing plasma with BSA 
(Table 3.7.1; tubes 9–12).

Assay of the PABA standard individually in the presence of each plasma sample is 
necessary (Table 3.7.1; tubes 7 and 8) since some heparin-based anticoagulating 
agents sometimes used to prepare plasma may diminish the colour development, 
thus reducing the intensity of the colour. Falsely low activities would be measured 
in such a sample if the standard factor required to convert the absorbance units to 
nanomoles (see “Calculation”, below), is determined in the absence of the plasma.

Quality Control

Biotinidase has not been included in external quality control programs, and no con-
trol samples are commercially available. Assessment of quality is performed by in-
cluding a plasma sample of an individual with normal biotinidase activity in each 
assay set. Such a sample is ideally stored at – 70°C in aliquots and thawed just once 
(see “Pitfalls and Limitations”, below).

3.7.3.3	 Analytical

Biotinidase activity is assayed at 30°C for 60 minutes in a final volume of 1 ml in an 
assay mixture containing 50 µl plasma, 0.1 M K-phosphate buffer pH 6.0, 0.5 mM 

Table 3.7.1  Colorimetric assay of plasma biotinidase activity: pipetting schedule and typical 
absorbance values obtained with normal plasma. B-PABA biotinyl-p-aminobenzoic acid, BSA bovine 
serum albumin, DTT dithiothreitol, PABA p-aminobenzoic acid, S substrate stock solution

Tube
No 

Water
µl

Buffer
µl

DTT
µl

PABA
µl

B-PABA
solution µl

BSA
µl

Plasma Typical
A546 a

1,2 Background 650 250 50 – – – – 50 0.010

3,4 Reaction (1 × S) 550 250 50 – 1 × S 100 – 50 0.461

5,6 Reaction (10 × S) 550 250 50 – 10 × S 100 – 50 0.467

7,8 Standard 600 250 50 50 – – – 50 0.406

9,10 Blank (1 × S) 550 250 50 – 1 × S 100 50 – 0.011

11,12 Blank (10 × S) 550 250 50 – 10 × S 100 50 – 0.017

a Typical absorbance values obtained with a normal plasma sample after setting the absorbance to zero with demineralised water
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DTT, and either 0.15 mM or 1.5 mM B-PABA (final concentrations in the assay mix-
ture). The reaction is terminated by the addition of TCA, the precipitated proteins 
are removed by centrifugation, and liberated PABA in an aliquot of the supernatant 
is converted in a simple colour reaction to a purple compound, which is quantitated 
by measuring the absorbance at 546 nm.

This assay was developed using an incubation temperature of 30°C, although 37°C 
is used in other centres [32]. The assay at 30°C is linear with 50 µl plasma/assay tube 
for at least 60 min, and with a assay time of 60 min with at least 100 µl plasma/assay 
tube. When insufficient plasma is available, the assay can be performed with 25 µl 
plasma/assay tube (+ 25 µl demineralised water) for 120 min. If an assay temperature 
of 37°C is preferred, the assay time with 50 µl plasma/assay tube should be reduced 
to 30 min. Normal values measured at 37°C [31, 32] are higher (theoretically 1.7 
times) than those measured at 30°C (Table 3.7.2).

Procedure

1. Prepare 5-ml plastic tubes in duplicate for each assay condition (background, 
reaction with 1 × S, reaction with 10 × S, standard), that is eight tubes for each 
plasma sample (include one control plasma as quality control for each assay set), 
and four additional tubes for each assay set as shown in Table 3.7.1.

2. Allow reagents to reach room temperature and prepare DTT and PABA working-
solutions.

3. Thaw plasma samples if stored frozen, mix carefully and centrifuge to remove 
particulate material.

4. Pipette water, assay buffer, DTT solution, PABA working solution, BSA and the 
B-PABA substrate solutions (1 × S and 10 × S) into assay tubes according to the 
schedule in Table 3.7.1.

5. Start the reaction by adding 50 µl of plasma sample to the appropriate assay tubes, 
pulse mix by Vortex and place the tubes in a 30°C water bath.

6. Incubate for 60 min and stop the reaction by adding 100 µl of 30% TCA. Mix by 
Vortex then allow the tubes to stand at room temperature for about 15 min to 
precipitate the protein.

7. Centrifuge the tubes for 10 min at about 3000 rpm (1800 × g) in a routine labora-
tory centrifuge to sediment the precipitate.

8. Weigh and dissolve the reagents required for the colour reaction.
9. Prepare a new set of 5-ml plastic tubes and pipette 750 µl of clear supernatant and 

250 µl demineralised water into each tube.
10. Perform the colour reaction as follows:

a. Add 100 µl of 0.1% sodium nitrite, mix by Vortex.
b. After exactly 3 min add 100 µl of 0.5% ammonium sulphamate, mix by Vor-

tex.
c. After exactly 3 further min add 100 µl of 0.1% NEDD, mix by Vortex.
d. Allow the colour to develop for a further 6–10 min at room temperature.
e. Measure the absorbance at 546 nm within 30 min.

Table 3.7.1 shows typical absorbance values obtained with a normal plasma sample 
after setting the absorbance zero with demineralised water.
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Table 3.7.2  Biotinidase activity in plasma from normal subjects, patients with different forms 
of biotinidase deficiency and in obligate heterozygotes (parents) measured at 30°C by colorimetric 
assay using two different substrate concentrations. Km Michaelis–Menten constant, n number of 
individuals

Biotinidase activity in plasma (nmol/min/ml plasma) a 

Substrate concentration Activity ratio

Phenotype 0.15 mM 1.5 mM 1.5/0.15 b

Normal individuals

n = 269 5.97 ± 1.07 5.97 ± 1.09 1.00 ± 0.03

(3.94–9.16) (4.00–9.57) (0.84–1.11)

Families with profound biotinidase deficiency

Patients c, n = 59 0.25 ± 0.15 0.23 ±  0.16 0.88 ± 0.22

(0.08–0.57) (0.02–0.65) (0.20–1.16)

Parents, n = 56 2.93 ± 0.45 2.90 ± 0.45 0.99 ± 0.03

(28 mothers, 28 fathers) (2.06–4.02) (2.07–3.94) (0.91–1.05)

Families with partial biotinidase deficiency

Patients, n = 85 1.11 ± 0.25 1.10 ± 0.25 1.00  ± 0.06

(0.62–1.77) (0.60–1.75) (0.85–1.11)

Parents, n = 30 3.53 ± 0.82 3.52 ± 0.81 1.00 ± 0.02

(17 mothers, 13 fathers) (2.37–5.32) (2.33–5.27) (0.93–1.06)

Examples of patients with a biotinidase Km defect d

Patient 1 0.16 0.28 1.75

Patient 2 0.24 1.01 4.21

Patient 3 0.22 0.68 3.09

Patient 4 1.04 1.46 1.40

Patient 5 1.23 1.57 1.28

a  Values are the mean ± SD and (range) of activities in different individuals, except for individual patients with a bio-
tinidase Km defect in whom the activities are the mean of parallel determinations in a single experiment

b  The ratio of activity with 1.5 mM substrate divided by activity with 0.15 mM substrate
c  Families with complete biotinidase deficiency, estimated by a sensitive high-performance liquid chromatography assay [25], 
were excluded

d For more details see reference[26]
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Calculation

Biotinidase activity is expressed as nmol PABA liberated per minute and millilitre of 
plasma. Calculate as follows:
1. Background: the mean absorbance of the tubes in which substrate is omitted 

(Table 3.7.1; tubes 1 and 2). Calculated for each plasma sample separately.
2. Standard factor: subtract the background absorbance from the absorbance of the 

standard tubes (Table 3.7.1; tubes 7 and 8), divide by 15 (15 nmols PABA added 
in standard tubes) and calculate the mean value. The standard factor expresses 
how many absorbance units (AU) correspond to 1 nmol PABA. In the example in 
Table 3.7.1, a standard factor of 0.0264 AU is obtained.

3. Blank value for 1 × S and 10 × S (reagent controls):
a. For 1 × S the mean absorbance of the tubes with 1 × S in which plasma is re-

placed by BSA (Table 3.7.1; tubes 9 and 10).
b. For 10 × S the mean absorbance of the tubes with 10 × S in which plasma is 

replaced by BSA (Table 3.7.1; tubes 11 and 12).
4. Activity with 1 × S: subtract the corresponding blank value (or the individual 

background value if this is higher than the blank value) from the absorbance 
values of both reaction tubes with 1 × S (Table 3.7.1; tubes 3 and 4). Divide by the 
standard factor to obtain nmols/assay. Further divide by 60 min (assay time) to 
obtain nmol/min/assay. Multiply by 20 (1 ml/0.050 ml) to obtain nmol/min/ml 
plasma. Calculate the mean value of activity with 1 × S.

5. Activity with 10 × S: As for 1 × S, similarly calculate the activity with 10 × S by first 
subtracting the corresponding blank value (or the individual background value if 
this is higher).

6. Calculate the activity ratio by dividing the mean activity with 10 × S by the mean 
activity with 1 × S.

3.7.3.4	 Post-analytical

Interpretation

Reference Values

Table 3.7.2. shows the mean ± SD and (range) of plasma biotinidase activities as well 
as the activity ratio with 1.5 mM and 0.15 mM substrate obtained in our labora-
tory. The values in normal individuals (age: 2 months to adult) are used as reference 
values, with the mean activity in the presence of 0.15 mM substrate used as the 100% 
value in calculations. These plasma samples were stored at – 20°C and assayed within 
1 day to 2 months. Since mutation analyses were not performed, these controls may 
include individuals heterozygous for a mutation in the biotinidase gene.

Typical Pathological Values

Activities obtained in plasma of (1) patients with profound biotinidase deficiency 
(less than 10% residual activity), (2) subjects with partial biotinidase deficiency (10–
30% residual activity), (3) some of their parents (obligate heterozygotes) and (4) in-
dividual patients with a biotinidase Km defect are also shown in Table 3.7.2. Patients 
with complete biotinidase deficiency defined by assay with a sensitive HPLC method 
[25] were excluded due to large variation of the activity ratio.
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Heterozygous individuals usually have intermediate enzyme activity, especially in 
families with a profound deficiency, with some overlap with the normal range. Thus, 
biotinidase activity with 0.15 mM substrate was within the normal range in 6 (5%) 
out of 117 parents from families with a profound deficiency, and in 15 (20%) out of 
75 parents from families with a partial deficiency.

Individuals with a Km defect show at least 1.2 times higher activity with the higher 
substrate concentration compared with the standard substrate concentration. These 
individuals include both those with a single elevated Km (patients 1 and 2) and those 
with biphasic enzyme kinetics due to simultaneous presence of biotinidase with ele-
vated Km and with normal Km (patients 3–5; for details see reference [26]).

Of interest is the observation that markedly elevated plasma biotinidase activity 
may indicate glycogen storage disease type 1a [31].

Differential Diagnosis

It is important to note that normal plasma biotinidase activity does not exclude that 
the patient has another cause of multiple carboxylase deficiency (i.e. HCS deficiency 
or acquired biotin deficiency) [2, 30].

Patients with HCS deficiency (MIM 253270) can show severe illness very early, 
within the first hours or days of life, but they can also present later with clinical 
findings similar to those seen in biotinidase deficiency. The majority of HCS-defi-
cient patients show reduced affinity of HCS for biotin and respond well to oral biotin 
therapy, but usually require higher doses (20–100 mg/day) than are required for bio-
tinidase deficiency. A few patients respond only partially to high-dose biotin therapy 
[2]. Diagnosis of HCS deficiency can be made by showing multiple carboxylase defi-
ciency in skin fibroblasts cultured in low biotin medium but normal or clearly higher 
activities in high biotin medium [2, 30].

Acquired biotin deficiency is extremely rare but may occur in special conditions 
such as long-term parenteral nutrition without biotin supplementation, short bowel 
syndrome and after excessive intake of raw egg white, which contains the potent bio-
tin-binding protein avidin. The main symptoms are alopecia and skin abnormalities 
which resolve after administration of biotin [2, 30].

Pitfalls and Limitations

Sensitivity

The sensitivity of the colorimetric assay is limited, allowing reliable determination of 
residual activities of 3% or more of the mean normal value. A more sensitive assay 
method is required to differentiate patients with complete deficiency from those with 
low residual activity [25].

Stability

Biotinidase activity in blood and plasma samples can decrease, often in an unpre-
dictable manner, during storage at room temperature or at + 4°C, but also during 
prolonged storage at – 20°C, whereas no decrease has been observed at – 70°C [5, 
15, 32, 35]. However, storage at – 70°C is not possible in many centres or practises 
that send samples for biotinidase assay. Addition of a sulphydryl compound to the 
assay mixture has been shown to restore activity in blood samples stored at room 
temperature [35]. Using our assay, which includes 0.5 mM DTT in the assay mix-
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ture, biotinidase activity remained stable in plasma samples separated from whole 
blood within 6 h and stored at – 20°C for up to 2 months. Activity in 18 such samples 
assayed after storage at – 20°C was 99 ± 9% (mean ± SD; range: 88–118%) of the activ-
ity in a fresh sample.

Conditions that Can Cause Falsely Low Plasma Biotinidase Activity

1. Lower-than-normal activities are often obtained in newborns and in preterm 
and small-for-age infants [12, 23], especially if they have neonatal jaundice [22]. 
Plasma biotinidase activity increases with advancing age, reaching maximum val-
ues at between 20 and 40 days [23].

2. Biotinidase activities in the plasma of children and adults with chronic liver dis-
ease may be reduced to below 30% of the mean normal value [8, 18, 19].

3. Severe plasma turbidity due to hyperlipidaemia, as found in lipoprotein lipase 
deficiency, was shown to result in false-positive newborn screening results when 
dried blood spots on filter paper are used, but does not usually affect the quantita-
tive colorimetric assay employing plasma samples (reference [21] and our own 
unpublished experience).

Conditions that Can Cause Falsely High Plasma Biotinidase Activity

1. Blood samples collected shortly after blood transfusions can contain significant 
levels of biotinidase activity in patients with biotinidase deficiency.

2. Plasma samples obtained during medication with drugs containing primary aro-
matic amides, such as sulphonamides, develop the purple colour in the absence 
of PABA [11]. The intensity of the colour can be higher than after a reaction with 
normal plasma. Therefore, it is essential to assay the background absorbance of 
each plasma sample (Table 3.7.1; tubes 1 and 2). In cases with clearly elevated 
background values, a repeat sample should be obtained after stopping medica-
tion.

3.7.4	 Follow-up	Enzyme	Assays

Biotinidase activity in plasma of some newborns may be lower than that in adults 
(see “Pitfalls and Limitations”) [12, 23]. Therefore when activities within the par-
tially deficient or heterozygous range are obtained in newborns, this finding should 
be confirmed by repeating the assay at the age of about 6 months or later.

Family studies often reveal older siblings or parents with partial or profound bio-
tinidase deficiency [17, 25, 33]. These individuals are usually asymptomatic but may 
suffer from moderate biotin deficiency [23] and might benefit from biotin therapy. 
Therefore, all family members should be investigated.

References

1. Baker H, DeAngelis B, Frank O (1989) Plasma biotinidase assay using the protozoan Ochromo-
nas danica. Nutr Rep Int 39:243–251

2. Baumgartner ER, Suormala T (1997) Multiple carboxylase deficiency: inherited and acquired 
disorders of biotin metabolism. Int J Vitam Nutr Res 67:377–384

3.7 Biotinidase262



3. Baumgartner ER, Suormala T. Wick H, Bausch J, Bonjour JP (1985) Biotinidase deficiency 
associated with renal loss of biocytin and biotin. Ann N Y Acad Sci 447:272–287

4. Baumgartner ER, Suormala TM, Wick H, Probst A, Blauenstein U, Bachmann C, Vest M 
(1989) Biotinidase deficiency: a cause of subacute necrotizing encephalomyelopathy (Leigh 
Syndrome) Report of a case with lethal outcome. Pediatr Res 26:260–266

5. Broda E, Baumgartner ER, Scholl S, Stopsack M, Horn A, Rhode H (2001) Biotinidase de-
termination in serum and dried blood spots – high sensitivity fluorometric ultramicro-assay. 
Clin Chim Acta 314:175–185

6. Cole H, Reynolds TR, Lockyer JM, Buck GA, Denson T, Spence JE, Hymes J, Wolf B (1994) 
Human serum biotinidase. cDNA cloning, sequence, and characterization. J Biol Chem 
269:6566–6570

7. Craft DV, Goss NH, Chandramouli N, Wood HG (1985) Purification of biotinidase from hu-
man plasma and its activity on biotinyl peptides. Biochemistry 24:2471–2476

8. Grier RE, Heard GS, Watkins P, Wolf B (1989) Low biotinidase activities in the sera of patients 
with impaired liver function: evidence that the liver is the source of serum biotinidase. Clin 
Chim Acta 186:397–400

9. Haagerup A, Andersen JB, Blichfeldt S, Christensen MF (1997) Biotinidase deficiency: two 
cases of very early presentation. Dev Med Child Neurol 39:832–835

10. Hart PS, Hymes J, Wolf B (1991) Isoforms of human serum biotinidase. Clin Chim Acta 
197:257–264

11. Heard GS, Secor McVoy JR, Wolf B (1984) A screening method for biotinidase deficiency in 
newborns. Clin Chem 30:125–127

12. Heard GS, Wolf B, Jefferson LG, Weissbecker KA, Nance WE, Secor McVoy JR, Napolitano A, 
Mitchell PL, Lambert FW, Linyear AS (1986) Neonatal screening for biotinidase deficiency: 
results of a 1-year pilot study. J Pediatr 108:40–46

13. Hymes J, Fleischhauer K, Wolf B (1995) Biotinylation of histones by human serum biotini-
dase: assessment of biotinyl-transferase activity in sera from normal individuals and children 
with biotinidase deficiency. Biochem Mol Med 56:76–83

14. Knappe J, Brümmer W, Biederbick K (1963) Reinigung und Eigenschaften der Biotinidase aus 
Schweinenieren und Lactobacillus casei. Biochem Z 338:599–613

15. Kumasaka K, Muratsuga M, Fukui T, Kimura M, Takagi Y, Hashizume N (2001) A new quan-
titative analytical method of serum biotinidase activity using biocytin as a substrate and its 
clinical significance in Japan. Clin Chim Acta 306:71–77

16. Livaniou E, Evangelatos GP, Ithakissios DS (1987) Biotin radioligand assay with an 125I-labeled 
biotin derivative, avidin, and avidin double-antibody reagents. Clin Chem 33:1983–1988

17. Möslinger D, Stöckler-Ipsiroglu S, Scheibenreiter S, Tiefenthaler M, Mühl A, Seidl R, Strobl 
W, Plecko B, Suormala T, Baumgather ER (2001) Clinical and neuropsychological outcome 
in 33 patients with biotinidase deficiency ascertained by nationwide newborn screening and 
family studies in Austria. Eur J Pediatr 160:277–282

18. Nagamine T, Saito S, Yamada S, Arai T, Takehara K, Fukui T (1993) Biotinidase activity in 
patients with liver disease. Scand J Gastroenterol 28:899–906

19. Pabuccuoglu A, Aydogdu S, Bas M (2002) Serum biotinidase activity in children with chronic 
liver disease and its clinical significance. J Pediatr Gastroenterol Nutr 34:59–62

20. Pispa J (1965) Animal biotinidase. Ann Med Exp Biol Fenn 43:1–39
21. Santer R, Gokcay G, Demirkol M, Gal A, Lukacs Z (2005) Hyperchylomicronaemia due to 

lipoprotein lipase deficiency as a cause of false-positive newborn screening for biotinidase 
deficiency. J Inherit Metab Dis 28:137–140

22. Schulpis KH, Gavrili S, Tjamouranis J, Karikas GA, Kapiki A, Costalos C ( 2003) The effect of 
neonatal jaundice on biotinidase activity. Early Hum Dev 72:15–24

23. Suormala T, Wick H, Baumgartner ER (1988) Low biotinidase activity in plasma of some pre-
term infants: possible source of false-positive screening results. Eur J Pediatr 147:478–480

263References



24. Suormala TM, Baumgartner ER, Bausch J, Holick W, Wick H (1988) Quantitative determi-
nation of biocytin in urine of patients with biotinidase deficiency using high-performance 
liquid chromatography (HPLC). Clin Chim Acta 177:253–270

25. Suormala TM, Baumgartner ER, Wick H, Scheibenreiter S, Schweitzer S (1990) Comparison 
of patients with complete and partial biotinidase deficiency: biochemical studies. J Inherit 
Metab Dis 13:76–92

26. Suormala T, Ramaekers VTH, Schweitzer S, Fowler B, Laub MC, Schwermer C, Bachmann J, 
Baumgartner ER (1995) Biotinidase Km-variants: detection and detailed biochemical investi-
gations. J Inherit Metab Dis 18:689–700

27. Thuy LP, Zielinska B, Sweetman L, Nyhan WL (1985) Determination of biotinidase activity in 
human plasma using (14C)-biocytin as substrate. Ann N Y Acad Sci 447:434

28. Wastell H, Dale G, Bartlett K (1984) A sensitive rate assay for biotinidase using a new deriva-
tive of biotin, biotinyl-6-aminoquinoline. Anal Biochem 140:69–73

29. Weiner DL, Grier RE, Wolf B (1985) A bioassay for determining biotinidase activity and 
for discriminating biocytin from biotin using holocarboxylase synthetase-deficient cultured 
fibroblasts. J Inherit Metab Dis 8:101–102

30. Wolf B (2001) Disorders of biotin metabolism. In: Scriver CR, Beaudet AL, Sly VS, Valle D 
(eds) The Metabolic and Molecular Basis of Inherited Disease. McGraw-Hill, New York, pp 
3935–3962

31. Wolf B, Freehaus CL, Thomas JA, Gordon PL, Greene CL, Ward JC (2003) Markedly elevated 
serum biotinidase activity may indicate glycogen storage disease type 1a. J Inherit Metab Dis 
26:805–809

32. Wolf B, Grier RE, Allen RJ, Goodman SI, Kien CL (1983) Biotinidase deficiency: the enzy-
matic defect in late-onset multiple carboxylase deficiency. Clin Chim Acta 131:273–281

33. Wolf B, Norrgard KJ, Pomponio RJ, Mock DM, McVoy JRS, Fleischhauer K, Shapiro S, Blitzer 
MG, Hymes J (1997) Profound biotinidase deficiency in two asymptomatic adults. Am J Med 
Genet 73:5–9

34. Wolf B, Secor McVoy J (1983) A sensitive radioassay for biotinidase activity: deficient activity 
in tissues of serum biotinidase-deficient individuals. Clin Chim Acta 135:275–281

35. Wright LD, Driscoll CA, Boger WP (1954) Biocytinase, an enzyme concerned with hydrolytic 
cleavage of biocytin. Proc Soc Exp Biol Med 86:335–337

3.7 Biotinidase264



3.8.1	 Introduction

In the last decade, the number of human diseases recognized to originate from a dys-
function of the mitochondrial respiratory chain (MRC) has simply exploded [1, 2]. 
In addition to an increasing number of either pure neurological or neuromuscular 
diseases, several additional conditions have been ascribed to MRC dysfunction, spe-
cifically involving one or two organs, or widespread to the organism [3]. Although 
MRC dysfunction often results in cell loss, ultimately impairing organ function, an 
abnormal proliferation of cells leading to tumor formation has also been reported 
to originate from such defects, for example paraganglioma [4,5]. To this, one should 
add the observation that several drugs, because they readily accumulate into the 
charged mitochondria, producing dramatic side effects. This is exemplified by the 
electrically case of AIDS patients treated with nucleoside analogs [6]. Zidovudine, 
yet a precious and irreplaceable tool that is being used to counteract HIV-1 progres-
sion, has been proved to target the mitochondrion and its genome. Finally, the long-
standing idea that MRC dysfunction could play an instrumental role in the aging 
process and possibly in several age-associated diseases has received strong support 
from animal model studies [7]. All of these findings make it worthwhile to be in a 
position to successfully assay MRC activity in a large number of conditions.

The striking variety of human diseases associated with MRC dysfunction reflects 
the many fundamental roles of mitochondria in mammal cells. In addition to the 
control exerted on countless metabolic pathways, mitochondria are recognized to 
play a central role in a subset of death pathways but, conversely, to also affect cell 
proliferation signaling [8]. These multiple roles are echoed by the genetic complexity 
of the processes ensuring the biogenesis and the functioning of the mitochondria 
(Fig. 3.8.1). Up to 3000 genes (not far from 10% of human genes) might be involved 
in this process. A subset of about 100 of these nuclear genes directly encodes com-
ponents of the MRC (Fig. 3.8.1). This takes place in a concerted manner with the 
expression of the mitochondrial genomes. The number of mitochondrial genomes 
per cell varies from a few hundreds to several thousands, with the possibility of an in-
tracellular genetic heterogeneity, with more than one mitochondrial DNA (mtDNA) 
type in the same cell (better known as heteroplasmy), but also functional heterogene-
ity, opening the way to an unimaginable complexity in the regulatory processes [9]. 
Finally, the plasticity of the mitochondrial compartment, in terms of both structure 
and function, implies careful consideration if one has to quantify any parameter that 
may be related to mitochondrial activity, as is, obviously, the MRC.

	 3.8	 	 Mitochondrial	Respiratory	Chain
Pierre Rustin



Given the genetic and functional complexity and the fundamental role of mito-
chondria depicted above, it is not surprising that MRC disorders, or oxidative phos-
phorylation (OXPHOS) disorders, encompass a huge number of clinical presenta-
tions, possibly affecting any of the different body systems.

Central and/or peripheral nervous system involvement is one of the most fre-
quent features, often resulting in the neonatal period in drowsiness, poor sucking, 
severe hypotonia, abnormal movements, seizures, respiratory distress, and fatal keto-
acidotic coma with lactic acidosis [3]. To these severe conditions echo late-onset 
diseases now frequently attributed to or associated with mitochondrial OXPHOS de-
fects, such as Alzheimer’s or Parkinson’s disease [10]. Major neurological symptoms, 
in variable combinations, involve trunk hypotonia, cranial nerve and brainstem 
involvement (with abnormal eye movements, ophthalmoplegia, recurrent apneas), 
cerebellar ataxia, myoclonia, seizures, pyramidal syndrome, peripheral neuropathy, 
poliodystrophy, and leukodystrophy infections [27, 28]. A diffuse impairment of the 
cerebral white matter (leukodystrophy) mostly results in motor disturbance with 
mental retardation and low incidence of seizures.

Fig.	3.8.1	 The genetic complexity of the mitochondrial respiratory chain biogenesis. CI–V Respi-
ratory chain complexes I–V, mtDNA mitochondrial DNA
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Muscle involvement varies from fatal infantile myopathy to progressive muscle 
weakness in childhood and adulthood [27]. While infantile myopathy can be fatal, 
spontaneous remissions have also been reported [29]. Myopathy may become asso-
ciated with symptoms such as retinal dystrophies, ophthalmoplegia, or other organ 
involvement. Few cases have been reported, with recurrent attacks of trunk and limb 
hypotonia, myalgias, muscle stiffness, lethargy, and iterative episodes of myoglobin-
uria ascribed to MRC deficiency [30, 31]. OXPHOS disorders are responsible for a 
significant number of cases of cardiomyopathy in children [32, 33]. Most patients 
have concentric hypertrophic cardiomyopathy frequently followed by dilatation of 
the myocardium [34]. Endomyocardial biopsy sampling is a reliable diagnostic tool 
in cardiomyopathy [33]. Barth syndrome is an important subtype of syndromic mi-
tochondrial cardiomyopathy with cyclic neutropenia and a rapidly fatal outcome 
[12, 35]. It is reasonable to consider heart transplantation in slowly progressive forms 
limited to the myocardium. OXPHOS disorders frequently involve the kidney. The 
most common manifestation is a proximal tubulopathy, with de Toni-Debré-Fanconi 
syndrome characterized by an impairment of proximal tubular reabsorption, lead-
ing to urinary loss of amino acids, glucose, proteins, ions, and water [36]; in MRC 
deficiency it is frequently limited to mild aminoaciduria, and is rarely responsible for 
metabolic acidosis.

While affected neonates are often small for gestational age [37], postnatal growth 
failure may occur at any age, after apparently normal development. Severe anorexia, 
recurrent vomiting, chronic diarrhea with villous atrophy, and/or exocrine pan-
creatic dysfunction occasionally occur [38]. In adulthood, chronic intestinal pseudo-
obstruction has been occasionally ascribed to MRC deficiency [21].

A neonatal form of hepatic failure has a rapidly fatal course and frequently in-
cludes severe hypotonia, myoclonus epilepsy, and psychomotor retardation [39]. 
Another type (found in children aged 2–18 months) has a milder clinical course 
with infrequent fatal outcome [11]. Abnormal histology (steatosis, micro and macro-
nodular cirrhosis) and elevated plasma or cerebrospinal fluid (CSF) lactate are con-
sistent features of the disease, regardless of the clinical subtype. The brain is often 
involved in these presentations, but other organs could also be involved. Dwarfism 
[40], diabetes mellitus [41], hypoparathyroidism [42], and rarely hypothyroidism 
and adrenocorticotropic hormone deficiency have been ascribed to the endocrine 
presentation of OXPHOS diseases. Diabetes mellitus (either insulin dependent or 
independent) can occur at very early stages of the disease. The main clinical feature 
of mitochondrial diabetes is its nearly constant association with other symptoms: 
e.g., deafness and heart and renal failure. In Japan, the prevalence of the tRNALeu 
mutation is 6% in familial and 0% in sporadic-type I diabetes mellitus, respectively 
and 2% in familial-type II diabetes [43]. Myelodysplasia occasionally occurs as the 
initial symptom of an MRC deficiency [44]. Refractory anemia with ring sideroblasts 
and vacuolization of marrow precursors is usually associated with variable degrees of 
neutropenia and thrombopenia [45]. Nonsyndromic sensorineural hearing loss fol-
lowing aminoglycoside exposure has been described in individuals carrying specific 
mitochondrial mutations that presumably render the RNA more similar to the bacte-
rial RNA involved in aminoglycoside-induced bactericidal activity. Yet, inbred pedi-
grees have been reported with family members being deaf without drug exposure 
[46]. A two-hit model of development has therefore been proposed. Heteroplasmic 
mtDNA mutation represents the first hit, the second hit consisting of either ami-

2673.8.1 Introduction



noglycoside exposure (nontoxic doses) or homozygosity for an autosomal recessive 
mutation, altering a putative cochlear-specific rRNA subunit [47].

The ophthalmologic manifestations of OXPHOS disorders involve the retina 
(pigmentary degeneration), optic nerve (optic atrophy), anterior chamber (cata-
ract, corneal opacities), and the extraocular muscles (limitation of eye movements, 
ophthlamoplegia, diplopia, lid ptosis). Hair and skin anomalies include mottled 
pigmentation of photoexposed areas, acrocyanosis, hypertrichosis, alopecia, and 
abnormal hairs [48]. Palmoplantar keratoderma affecting the plantar surfaces has 
been reported in association with deafness in large pedigrees segregating with the 
mitochondrial A7445G mutation [49].

Mitochondrial disorders are not commonly regarded as causes of malforma-
tions. Facial features included round face, high forehead, small nose, and long flat 
philtrum, reminiscent of the fetal alcohol syndrome. Limb and trunk involvements 
included short hands, brachydactyly, hypoplasia of the distal and middle phalanges, 
hypoplastic nails, and the VACTERL [vertebral anomalies, anal atresia, cardiovascu-
lar anomalies, tracheoesophageal fistula, esophageal atresia, renal (kidney) and/or 
radial anomalies, and preaxial limb anomalies (in front of or above the central axis 
of the limb)] association [50].

Some specific clinical associations have been occasionally recognized as distinct 
syndromes (Table 3.8.1), although attempts to delineate tight boundaries between 
syndromes are questionable, especially as the nature, clinical course, and severity of 
recruited symptoms vary among affected individuals.

3.8.2	 Methods

Except perhaps for few well-defined syndromes (see Table 3.8.1), no single method 
actually allows the unequivocal prediction or preclusion of an OXPHOS defect in 
a patient at risk. Clinical features, biochemical markers in body fluids, enzyme as-
says, histochemical or enzymological study, immunodetection study, or molecular 
study: all might be informative and necessary at the end to reach a definite conclu-
sion. An additional difficulty arises from the fact that there is no general agreement 
on how to proceed. Direct molecular study targeting mtDNA or a given nuclear gene 
can be sometimes indicated by the clinical presentation. However, except for syn-
dromic presentations, the whole set of approaches may be necessary, each with its 
particular drawback(s). However, enzyme studies, as detailed below, are probably 
still the most appropriate approach for the detection of an OXPHOS defect in be-
tween 20 and 30% of cases.

3.8.3	 Screening	of	Patients	at	Risk

3.8.3.1	 Clinical	Indications

In view of the various clinical presentations possibly associated with OXPHOS 
diseases, it is becoming increasingly important for clinicians to recognize at least 
the syndromic presentations that are strongly suggestive of a mitochondrial disor-
der. In addition, however, any unexplained combination of neuromuscular and/or 
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Table 3.8.1  The clinical presentation of the most important syndromes recognized so far in humans 
as resulting from mitochondrial oxidative phosphorylation defect. DIDMOAD Diabetes mellitus 
and insipidus with optic atrophy and deafness; FRDA Friedreich’s ataxia; MELAS mitochondrial 
encephalomyopathy with lactic acidosis and stroke-like episodes; MERRF myoclonus epilepsy with 
ragged red fibers; MNGIE mitochondrial myopathy, peripheral neuropathy, encephalopathy and gastro 
intestinal disease; mtDNA mitochondrial DNA; NARP Neurogenic muscle weakness, ataxia, retinitis 
pigmentosa; PEO progressive external ophthalmoplegia; RC respiratory chain; SDHB, C, D succinate 
dehydrogenase complex subunits B, C and D, respectively; 

Alpers’ progressive 
sclerosing poliodystro-
phy [11]

RC deficiency has been found in the liver of children meeting the criteria of Alpers’ poliodystro-
phy. Children suffered myoclonus epilepsy related to the gradual involvement of the grey matter 
and developed delayed-onset hepatic involvement that was frequently triggered by valproate intake. 
Liver enlargement with mild cytolysis and steatosis were noted and patients frequently died shortly 
thereafter.

Barth syndrome [12] An X-linked dilated cardiomyopathy with cyclic neutropenia, and skeletal myopathy and abnormal 
mitochondria. This condition has been ascribed to mutations of the tafazzin gene. This gene might 
also account for nonsyndromic forms of X-linked cardiomyopathy and isolated noncompaction of 
the left ventricle myocardium.

Dominant optic atrophy 
[13, 14]

The most prevalent hereditary optic atrophy resulting in a progressive loss of visual acuity, centro-
cecal scotoma and bilateral temporal atrophy of the optic nerve. It has been ascribed to mutations in 
the OPA1 gene encoding a dynamin-related protein localized to mitochondria. Anomalies of mito-
chondrial integrity and distribution are suspected to result from impairment of protein function.

FRDA [14] The most frequent autosomal recessive degenerative disease, characterized by cerebellar ataxia with 
progressive gait and limb ataxia, dysarthria, lack of tendon reflexes, and pyramidal weakness of 
the inferior limbs and hypertrophic cardiomyopathy. FRDA is caused primarily by a GAA repeat 
expression in the first intron of the frataxin gene on chromosome 9q13. Loss of frataxin triggers 
iron-sulfur cluster-containing mitochondrial respiratory enzyme deficiency (complexes I, II, and 
III) and aconitase deficiency in the heart and brain of FRDA patients.

Hereditary paragan-
glioma [15]

Benign or malignant vascularized tumors in the head and neck, with the most common tumor site 
found in the carotid body, a chemoreceptive organ sensing blood oxygen level. Mutations in the 
SDHB, SDHC, and SDHD genes have been reported to cause hereditary paraganglioma.

Hereditary spastic 
paraplegia [16]

A progressive weakness and spasticity of the lower limbs due to degeneration of the corticospinal 
axons. An autosomal recessive form has been mapped to chromosome 16q24.3. The gene, SPG7, 
encodes paraplegin, a protein that localizes to mitochondria and is highly homologous to the yeast 
metalloproteases with proteolytic and chaperone-like activities at the inner mitochondrial mem-
brane.

Kearns-Sayre syndrome 
[17]

A multisystem disorder characterized by the invariant triad: onset before age 20 years, PEO, pig-
mentary retinal degeneration plus at least one of the following: complete heart block, cerebrospinal 
fluid protein above 100 mg/dl, cerebellar ataxia. Large-scale heteroplasmic mitochondrial DNA de-
letions are frequently detected in skeletal muscle (rarely in other tissues).

Leber hereditary optic 
neuroretinopathy [18]

A rapid bilateral central vision loss due to optic nerve death. The disease has been associated with 
several missense mutations in the mtDNA that can act autonomously or in association with each 
other to cause the disease.

Leigh and Leigh-like 
[19]

A devastating subacute necrotizing encephalopathy characterized by recurrent attacks of psycho-
motor regression with pyramidal and extrapyramidal symptoms, leukodystrophy, and brainstem 
dysfunction The pathological hallmark consists of focal, symmetrical, and necrotic lesions in the 
thalamus, brainstem, and posterior columns of the spinal cord. Microscopically, these spongiform 
lesions show demyelination, vascular proliferation, and astrocytosis. Mutations in both mtDNA 
and nuclear genes encoding mitochondrial proteins have been shown to cause the disease.
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nonneuromuscular symptoms, a progressive course, and the involvement of seem-
ingly unrelated organs or tissues, should also draw attention. The symptoms, isolated 
or in combination, may occur at any age, an increasing number of organs involved 
in the course of the disease being often observed [3]. Finally, the symptoms may 
infrequently improve as other organs become involved [51]. As a consequence, a mi-
tochondrial disorder is often evoked after the elimination of other causes, resulting 
in extensive/expensive laboratory works on patients with poor indications.

Table 3.8.1  (continued) The clinical presentation of the most important syndromes 
recognized so far in humans as resulting from mitochondrial oxidative phosphorylation defect. 
DIDMOAD Diabetes mellitus and insipidus with optic atrophy and deafness; FRDA Friedreich’s 
ataxia; MELAS mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes; 
MERRF myoclonus epilepsy with ragged red fibers; MNGIE mitochondrial myopathy, peripheral 
neuropathy, encephalopathy and gastro intestinal disease; mtDNA mitochondrial DNA; 
NARP Neurogenic muscle weakness, ataxia, retinitis pigmentosa; PEO progressive external 
ophthalmoplegia; RC respiratory chain; SDHB, C, D succinate dehydrogenase complex subunits 
B, C and D, respectively; 

MELAS [20] Early-onset disease with intermittent hemicranial headache, vomiting, proximal limb weakness, 
and recurrent neurological deficit resembling strokes (hemiparesis, cortical blindness, hemianop-
sia), lactic acidosis, and occasionally ragged red fibers in the muscle biopsy. Computed tomography 
brain scan shows low-density areas (usually posterior) that may affect both the white and grey mat-
ter. The disease is most frequently caused by a mutation in the tRNALeu gene (A3243G).

MNGIE [21] Intermittent diarrhea and intestinal pseudo-obstruction (myoneurogastrointestinal encephalopa-
thy). Mutations in the thymidine-phosphorylase-encoding gene leads to multiple mtDNA deletion 
and anomalies in mtDNA synthesis.

MERRF [22] An encephalomyopathy with myoclonus, ataxia, hearing loss, muscle weakness, and generalized sei-
zures. A missense mutation in the mt tRNALys gene (A8344G) accounts for 80% of MERRF cases.

NARP [23] Variable sensory neuropathy, seizures, and mental retardation due to an amino-acid change in the 
 (T8993G).

Pearson syndrome [24] A refractory sideroblastic anemia, with variable neutropenia and thrombocytopenia, vacuolization 
of marrow precursors, and exocrine pancreatic dysfunction. Severe transfusion-dependent macro-
cytic anemia begins in early infancy (before 1 year) and the disease is fatal before 3 years in 62% 
of cases. Large-scale heteroplasmic deletions/duplications of mtDNA are constantly observed in 
affected and nonaffected organs.

PEO [25] A myopathy with progressive muscle weakness and external ophthalmoplegia. Ataxia, episodic ke-
toacidotic coma, and early death have been reported associated with single or multiple DNA dele-
tions. Mutations in the gene encoding the muscle isoform of the adenylate carrier (ANT1) have 
been reported to cause PEO, presumably due to abnormal nucleotide availability for mtDNA syn-
thesis.

Wolfram syndrome [26] A syndrome of DIDMOAD. While most cases have been ascribed to an autosomal recessive gene 
mapping to chromosome 4p16, some cases of early-onset DIDMOAD might result from mtDNA 
mutations or deletions.
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3.8.3.2	 Assay	of	Metabolites	In	Vivo

Among the recognized hallmarks for OXPHOS disorders is the determination of 
plasma lactate, pyruvate, ketone bodies and their molar ratios, as indexes of oxida-
tion/reduction status in cytosol and mitochondria, respectively. In order to avoid 
artifactual elevations of lactic acid, blood samples should be taken from the patient 
at rest through a heparinized venous catheter and immediately deproteinized by per-
chloric acid [52]. Samples should be immediately processed or immediately frozen. 
Blood glucose and nonesterified fatty acids should also be monitored. Investigation 
of the redox status in plasma can help discriminate between the different forms of 
congenital lactic acidosis. A significant impairment of OXPHOS usually results in 
lactate:pyruvate ratios above 20 and ketone body ratios above 2, whereas a defect 
of the pyruvate dehydrogenase complex results in low lactate:pyruvate ratios (be-
low 10). When basal screening tests are inconclusive, a glucose-loading test (2 g/
kg, orally) can unmask latent hyperlactatemia and/or paradoxical hyperketonemia 
[53]. The urinary excretion of Krebs cycle intermediates and/or 3-methyl-glutaconic 
aciduria has a good diagnostic value but is nonspecific [54]. When the redox status of 
plasma is not altered, determination of the redox status in the CSF can be performed. 
Amino acid chromatography shows indirect evidence of hyperlactatemia (i.e., ele-
vated plasma α-alanine and proline) and occasionally hypermethioninemia.

Pitfalls associated with metabolic screening are numerous. They can result from 
proximal tubulopathy, causing a reduction in blood lactate and an increase in uri-
nary lactate; from diabetes mellitus, hampering entry of pyruvate into the citric acid 
cycle; from tissue-specific involvement or partial deficiency, which may barely alter 
the redox status in plasma. When metabolic tests are negative, respiratory chain de-
ficiency may be misdiagnosed.

3.8.4	 Tissue-Specific	Investigation

Dealing with diseases ranging from tissue-specific to pluriorgan diseases, the ques-
tion of what tissue to study should be paid particular attention. In principle, a rele-
vant tissue is one that is clinically involved. When faced with a muscle weakness, the 
appropriate material to study is a skeletal muscle microbiopsy sample (e.g., deltoid). 
When the hematopoietic system expresses the disease (i.e., Pearson syndrome), tests 
should be carried out on circulating lymphocytes, polymorphonuclearcytes or bone 
marrow. In the case of liver disease, a needle biopsy of the liver, or in case of a car-
diomyopathy an endomyocardial biopsy can be unavoidable [55]. When the disease 
is essentially expressed in a barely accessible organ (brain, retina, endocrine, smooth 
muscle), peripheral tissues should be tested extensively (including skeletal muscle, 
cultured skin fibroblasts, and circulating lymphocytes). Whatever the affected organ, 
it is mandatory to take a patient skin biopsy for subsequent investigations on cul-
tured fibroblasts (even post mortem). Various culture media can be used for growing 
fibroblasts designated to investigate OXPHOS function, but one should be aware 
that the presence of uridine (200 µM) and pyruvate (2 mM) is a requisite to ensure 
optimal growth or even survival of some cells with OXPHOS defect [56]. Any cells 
endowed with mitochondria without functional quinone, or complex III, IV, or V, 
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will encounter difficulties in synthesizing uridine, the biosynthesis of which is linked 
to MRC function. Similarly, addition of pyruvate is required to ensure cell redox 
equilibrium in any severe case of OXPHOS defect.

It should be born in mind that normal MRC activity can be found in an organ 
or a tissue that does not clinically express the disease. One might deal with a tis-
sue-specific organ deficiency, as observed in Friedreich’s ataxia where iron-sulfur 
deficiency is barely detectable in skeletal muscle or skin fibroblasts [57]. Tissue specif-
icity is far from being understood; it is often observed even in the case of patients 
harboring deleterious mutation in nuclear genes with widespread expression in the 
organism [9].

3.8.5	 Assay	of	Mitochondrial	OXPHOS	Function

The activity of OXPHOS can be first assayed as an integrated ensemble either through 
oxygen consumption [55] or through ATP production [58]. A limitation of these 
somewhat irreplaceable approaches is that both require the use of intact mitochon-
dria, thus requiring the study of fresh material only. Indeed, frozen tissues present 
variable and incontrollable loss of cellular/intracellular membrane integrity. For ob-
vious reasons, the isolation of a pure mitochondrial fraction should be proscribed 
since it could readily result in the isolation of a subset of the mitochondrial popula-
tion, defective mitochondria being possibly more fragile or could present significant 
differences in either charge or density.

3.8.5.1	 Polarography

The polarographic method using a Clark oxygen electrode (Fig. 3.8.2) is a well-es-
tablished method that dates back to the middle of the 20th century. This method 
can provide insights to numerous properties of cell respiration and mitochondrial 
substrate oxidation [59]. It is based on the recording of a current generated at the 
cathode of an amperometric oxygen sensor, that current being proportional to the 
oxygen reduced (consumed). This oxygen is in equilibrium through a Teflon mem-
brane with the oxygen dissolved in a small volume of respiratory medium containing 
cells or mitochondria (Fig. 3.8.2).
In the Clark cell, the voltage of approximately 800 mV necessary to reduce the oxy-
gen is provided externally by a battery source. The Clark electrode makes use of an 
Ag/AgCl half-cell and a cathode, best made of platinum. Using KCl as an electrolyte, 
the reaction catalyzed at the anode is: 2Ag + 2Cl– →2AgCl + 2e–, while the reaction 
catalyzed at the cathode is: 2e– + ½O2 + H2O → 2 OH–, the net result of the two reac-
tion being: 2Ag + 2e– + ½O2 + H2O + 2Cl– → 2AgCl + 2OH– + 2e–. Noticeably, because 
the net result of the chemical reaction is AgCl, there will be a progressive build up 
of AgCl coating the anode. When the whole area of the anode is covered, the reac-
tion stops because the oxygen probe has stopped working. This necessitates regular 
cleaning of the anode to remove the AgCl deposit, allowing reactivation of the probe. 
The OH– ions produced at the cathode initially tend to alkalinize the KCl electrolyte 
at around the neutral pH value. This shifts the electrolyte potential into the negative 
range, causing a zero shift. This shift occurs consistently and, over time, the electro-
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lyte needs to be changed. The electrolyte also needs to be changed because of pro-
gressive Cl– consumption. The sensor is extremely sensitive to shifts in temperature, 
which therefore have to be tightly controlled. In particular, on connecting the probe, 
the user must wait for it to be polarized and its temperature stabilized. This warm 
up time may take as long as a few minutes (5–10 min). Measuring during this time 
results in falsely higher values displayed.
Although several parameters can be quantified using a polarographic device, we es-
tablished that two traces (two recordings) are sufficient to gain most of the informa-
tion on the OXPHOS capacities of the cells/mitochondria [55]. These two traces are 
depicted in detail in Fig. 3.8.3. In the context of screening procedures, we recom-
mend the use of two polarographic cells, one devoted to studies requiring the use of 
rotenone (a specific inhibitor of complex I that tends to tightly bind to plastic parts 
of polarographic cells).

Studying cells (e.g., circulating lymphocytes, cultured skin fibroblasts, cultured 
myoblasts), the first trace consists of the initial recording of intact cell respiration for 
a few minutes (Fig. 3.8.3a), after which cells are made permeable by a tiny amount 
of digitonin (or saponin), which binds membrane cholesterol [60]. Because the cho-
lesterol content of plasmalemma is much higher than that of mitochondrial mem-
branes [61], this specifically destabilizes the plasmalemma, allowing small molecules 
of the cytosol such as respiratory substrates to leak out and be diluted in the medium. 
As a consequence, the respiration gradually stops. Then, any respiratory substrate 
can be added to these permeable cellular “ghosts” containing intact mitochondria. 
These latter can be studied further, as would be isolated mitochondria for most of 
their characteristics. Using digitonin-permeabilized cells or mitochondria-enriched 

Fig.	3.8.2		 Standard polarographic device with a Clark oxygen electrode
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fractions, the addition of pyruvate plus a trace of malate triggers oxygen uptake 
through complex I–IV of the MRC. Pyruvate is oxidized by the coenzyme A (CoA)-
dependent pyruvate dehydrogenase, generating acetylCoA and NADH. Malate is 
simultaneously oxidized by malate dehydrogenase, producing the small amount of 
oxaloacetate necessary to regenerate CoA by condensing with acetylCoA to form ci-
trate. A subsequent addition of ADP triggers a maximal flux of electrons through the 
MRC, thanks to the dissipation of the proton gradient by the ATPase reaction. No-
ticeably, in most cell and nonpurified mitochondria preparations, the ATP formed is 
rapidly hydrolyzed by nonmitochondrial ATPases, prohibiting confident determina-
tion of the yield of the phosphorylation process, the so-called ADP:O ratio. This first 
trace may allow the detection of any significant defect in the activity of the compo-
nents of the MRC, except complex II. In addition, it represents a quite sensitive assay 
for pyruvate dehydrogenase and import carriers (pyruvate, ADP).

Fig.3.8.3	 Oxygen uptake by intact (a) and digitonin-permeabilized (b) fibroblasts. I–V Respi-
ratory chain complexes I–V, AcCoA acetylcoenzyme A, BSA bovine serum albumin, CCP car-
bonyl cyanide m-chlorophenylhydrazone, Cit citrate, CoA coenzyme A, CS citrate synthase, Dig 
digitonin, Fo & F1 the ATPase components, Fum fumarase, G3P glycerol-3-phosphate, im in-
ner membrane, Mal malate, Malo malonate, MDH malate dehydrogenase, OAA oxaloacetate, om 
outer membrane, PDH pyruvate dehydrogenase, Pi inorganic phosphate, Pyr pyruvate, Q ubiqui-
none, Rot rotenone, Succ succinate, t time
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The second trace is carried out in the presence of rotenone to avoid any function-
ing of complex I, which could result in the production of oxaloacetate by malate dehy-
drogenase during succinate oxidation (Fig. 3.8.3B). Oxaloacetate is a potent inhibitor 
of complex II and its production should be absolutely avoided to allow for sustained 
succinate oxidation [62]. After addition of cells plus digitonin or mitochondria, ro-
tenone and succinate are added, triggering oxygen uptake, which is increased by the 
addition of ADP, allowing measurement of the maximal rate of succinate oxidation. 
Adding oligomycin, which inhibits the mitochondrial ATPase through binding to its 
oligomycin-sensitivity-conferring protein subunit [63], should significantly reduce 
oxygen uptake. A large decrease reflects a good quality of the coupling between the 
phosphorylation process and the electron flow. The addition of an uncoupler such as 
m-chlorophenylhydrazone carbonyl cyanide permits the protons to re-enter the mi-
tochondrial matrix so that maximal electron flow through the MRC recommences. 
Succinate oxidation can then be fully stopped by malonate, a specific inhibitor of 
complex II. Addition of duroquinol in the presence of ethylenediaminetetraacetic 
acid (EDTA) allows the measurement of cyanide-sensitive complex III plus IV activi-
ties. Conversely, adding glycerol-3-phosphate permits measurement of electron flow 
capacity by the glycerol-3-phosphate dehydrogenase (limiting the rate), and com-
plexes III plus IV.

Polarographic studies can also be used to screen for much more specific de-
fects suspected in some patients, such as impaired mitochondrial glutamate trans-
port in cultured skin fibroblasts from patients presenting with neonatal myoclonic 
epilepsy [64].

3.8.5.2	 ATP	Synthesis

Rather than measuring the oxygen consumed by cells/mitochondria oxidizing sub-
strates, it is also possible to quantify ATP synthesis by the luciferin/luciferase lu-
minescence-based assay in the presence of the substrate and ADP [58]. Firefly luci-
ferase is an enzyme that catalyzes the two-step oxidation of luciferin, which yields 
light at 560 nm (Fig. 3.8.4). The first step involves activation of the protein by ATP 
to produce a reactive mixed anhydride intermediate. Then, the intermediate reacts 
with oxygen to yield dioxetane, which quickly breaks down to the oxidized prod-
uct oxyluciferin and carbon dioxide along with a burst of light. When ATP is the 
limiting component, the intensity of light is proportional to the concentration of 
ATP. Thus, the measurement of the light intensity using a luminometer allows the 
quantitation of ATP. Using a combination of substrates similar to those described for 
polarography, this method also allows an overview of the integrated functioning of 
the MRC to be obtained, but as with polarographic studies, it requires preservation 
of an intact mitochondrial membrane, necessitating the use of fresh tissues/cells. 
The recent re-investigation of this rather tedious method has shown that inorganic 
phosphate concentration is critical to obtain a maximal rate for ATP measurement. 
It has been successfully applied to study ATP production by isolated mitochondria, 
but the method might be more difficult to use in the case of whole-cell studies (cir-
culating lymphocytes, skin fibroblasts) where it has not been reported in the context 
of a screening procedure.
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3.8.6	 Determination	of	Enzyme	Activity

3.8.6.1	 General

The determination of OXPHOS activity is best made with the aid of spectrophoto-
metric assays [55, 65]. Using a judicious set of electron donors and acceptors, it is 
possible to measure the activity of MRC complexes either isolated or in combina-
tion, as described below. Beside the residual activity of each complex, ratios of their 
respective activities are of fundamental importance. Indeed, the balance between 
complexes (the ratio between their activities) determines on the one hand the rela-
tive access of each dehydrogenase to the MRC, and on the other hand the amount 
of superoxides possibly escaping the chain [55]. It is therefore quite important to 
both analyze residual activities corrected for the variable amount of mitochondria 
using the citrate synthase as reference enzyme, and the various ratios inside the MRC 
[66,67]. It is also important to note that enzyme determination is (supposedly at 
least) done under maximal rate (Vmax) conditions only, often leaving aside any dis-
crete anomalies possibly affecting affinity and regulatory properties.

Several different experimental conditions are used, depending on the laboratory, 
without any consensus agreement on which of these should be used for screening. 
This in part renders difficult comparison of results between laboratories. However, 
whatever the recipes used, one has to fully understand the complex regulatory prop-
erties of each of these activities before proceeding. These are presented below for 
each MRC complex routinely measured in the context of screening procedures. It 
is preferable to use a (pseudo-)double-wavelength spectrophotometer, since such 
a machine can now be obtained at a reasonable price and results in better, more 

Fig.	3.8.4	 The principle of luminometric measurement of mitochondrial (mt) ATP using 
the luciferin/luciferase assay. PPi Pyrophosphate
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specific signals by using a reference wavelength along with the measurements. This 
is done by selecting isosbestic points (wavelength values where the absorbance is not 
affected by the redox status of the probe) for each of the probe used.

3.8.6.2	 Complex	I	(EC	1.6.5.3)

The activity of complex I is measured by following the oxidation of NADH at 340 nm 
(ε: 4870·M–1·cm–1; isosbestic point: 380 nm) in the presence of an exogenous short-
chain quinone analog (e.g., decylubiquinone; Fig. 3.8.5). The activity is checked to 
be specifically catalyzed by MRC complex I by controlling its rotenone sensitivity. 
Several difficulties can be encountered in measuring this activity. First, it should be 
known that NADH is not perfectly stable, and that its degradation products (yield-
ing to a more yellowish color of the solution) have a rather equivalent absorption 
at 340 nm as NADH. This depends on the batch and conservation procedure. High 
temperature and alkaline conditions have recently been shown to result in even more 
active degradation of NADH into an inhibitory compound [68]. Small aliquots of 
NADH can be prepared and kept deep frozen at – 80°C, but should be discarded after 
thawing. Decylubiquinone is readily soluble in dimethyl sulfoxide (DMSO) and can 
be kept frozen for months. Rotenone is not a very stable compound (it metabolizes to 
elliptone in vivo, and is an active complex I inhibitor); however, at the concentration 
recommended the low inhibitory constant (Ki) of complex I for rotenone, this does 
not lead to a problem in its laboratory utilization. Most of the difficulties estimating 
complex I activity arise (depending on the nature of the samples) from either the 
occurrence of unspecific activities (however reduced for NADH-quinone reductase 
as compared to NADH-cytochrome c reductase) or from the poor ability of the ex-
ogenous quinone to interact with the membranous complex, or finally the ability of 
NADH to enter the mitochondrial vesicles necessarily used to measure complex I 
(an intact endogenous membrane being totally impermeable to NADH) [69]. The 
conditions proposed here (see Fig. 3.8.5) are still not totally satisfying, since they 
yield rates just lower than the maximal rates of oxygen consumption calculated for 
NADH-generating substrates by intact mitochondria, as measured by polarographic 
method (see above).

3.8.6.3	 Complex	II	(EC	1.3.5.1)

The activity of complex II (succinate dehydrogenase) is measured as the succi-
nate-dependent reduction of decylubiquinone, which is in turn recorded spectro-
photometrically through the reduction of dichlorophenol indophenol at 600 nm 
(ε: 19,100·M–1·cm–1; Fig. 3.8.5). In order to ensure a linear rate for the activity, the 
medium is added with rotenone, ATP, and a high concentration of succinate. As 
noticed previously for complex I, decylubiquinone is not a perfect acceptor for elec-
trons from the membrane-inserted complex II [70]. Malonate, a competitive inhib-
itor of the enzyme, is used to inhibit it. Rather than decylubiquinone, phenazine 
methosulfate can be utilized, which diverts the electrons from the complex before 
they are conveyed through subunits C and D, therefore allowing measurement of the 
activity of subunits A and B.
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Fig.	3.8.5	 Spectrophotometric assays of the activities of complexes I–IV. CI Com-
plex I, CII complex II, CIII complex III, CIV complex IV, Cyt cytochrome, DCPIP 
di-chlorophenol-indophenol, DQ oxidized form of decylubiquinone, DQH2 reduced 
form of decylubiquinone, EDTA ethylenediaminetetraacetic acid, MA medium A, MB 
medium B, MC medium C, MD medium D, ox oxidized, red reduced, S sample
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3.8.6.4	 Complex	III	(EC	1.10.2.2)

The activity of complex III is measured as quinol (decylubiquinol) cytochrome c re-
ductase activity by recording cytochrome c reduction at 550 nm (ε: 19,100·M–1·cm–1; 
isosbestic point: 540 nm; Fig. 3.8.5). The activity is fully sensitive to antimycin. Cy-
tochrome c is prepared daily, or alternatively kept as small aliquots deep frozen at 
– 80°C. The preparation of decylubiquinol is more delicate. First dilute 25 mg of 
decylubiquinone (oxidized powder commercially available) with 2.5 ml DMSO in 
a 10-ml Becher. While stirring the solution magnetically, add 450 µl of acidified 
water (400 µl H2O + 50 µl HCl 1/10 N) and progressively about half a tea-spoon of 
dithionite (sodium hydrosulfite). This latter has to be in very large excess. The ini-
tially yellow solution/suspension should gradually turn to transparency in about 1 h 
depending on the temperature. When the solution is colorless/white, allow it sedi-
ment and dispatch the supernatant into 1.5-ml centrifugation tubes. After centrifu-
gation for 5 min at 10,000 rpm (9300 × g), the supernatants are poured into a 10-ml 
Becher and stirred again for 10 min. All steps should be carried out using a chemical 
hood. Store small samples (less than 50 µl) at – 80°C and upon thawing carefully re-
suspend the crystal, which is generally present at the bottom of the tube. The various 
redox reactions between the components of the assay (Fig. 3.8.5) have been studied 
in great detail and largely determine the rate of the antimycin-insensitive decylubi-
quinol cytochrome c reduction [71]. Unfortunately, some batches of purified cyto-
chrome c appear to contain traces of contaminants, possibly free iron, which may 
catalyze a high rate of decylubiquinol autooxidation, triggering antimycin-resistant 
cytochrome c reduction. Addition of a chelator such as EDTA reduces, but does not 
prevent, iron-induced decylubiquinol auto-oxidation.

3.8.6.5	 Complex	IV	(EC	1.9.3.1)

Complex IV (cytochrome c oxidase) activity is measured by following at 550 nm 
(ε: 19,100·M–1·cm–1; isosbestic point: 540 nm) the oxidation of cytochrome c 
(Fig. 3.8.5). It could be calculated as a first-order rate constant, or by estimat-
ing the pseudolinear initial rate of the reaction. Noticeably as a check, this initial 
rate should represent about double the rate measurable when 50% of the added 
cytochrome c has been oxidized (Fig. 3.8.5). Indeed, the affinity constant (Km) for 
reduced cytochrome c is about equivalent to the Ki for oxidized cytochrome c. Re-
duced cytochrome c is easily prepared by adding a few crystals of dithionite to a 
solution of oxidized cytochrome c. After the immediate color change (from deep red 
to light orange-red), the solution should be carefully stirred to eliminate any trace of 
dithionite and should be totally odorless.

3.8.6.6	 Complex	V	(EC	3.6.1.34)

The activity of complex V (ATP synthase) can be conveniently measured in the 
reverse direction, ATP hydrolysis with a coupled assay thereafter described [72] 
(Fig. 3.8.6). The use of oligomycin, a specific inhibitor of the enzyme, allows dis-
crimination of the mitochondrial enzyme from any nonmitochondrial ATPases. 
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The ADP produced by the hydrolysis of ATP is continuously used up by added puri-
fied pyruvate kinase, which in the presence of phosphoenol pyruvate produces pyru-
vate and ATP (Fig. 3.8.6). Pyruvate is then utilized by added lactate dehydrogenase, 
which in the presence of NADH produces lactate and NAD+. Complex V activity is 
estimated from the rate of NADH oxidation at 340 nm (ε: 4870·M–1·cm–1; isosbestic 
point: 380 nm), after subtracting the oligomycin-resistant activity. It should be kept 
in mind that oligomicyn sensitivity requires the preserved attachment of the F1 com-
ponent of the enzyme to the membranous F0 component. The attachment is readily 
lost upon freeze-thaw cycles. Consequently, it is reasonable to measure the activity 
on fresh material only.

3.8.6.7	 Complexes	I–III	(EC	1.6.99.3)

The activity of this segment of the MRC, NADH-cytochrome c reductase, is often 
difficult to measure due to the presence of contaminating activity, which may re-
present as high as 90% of the activity depending on the type of tissues/cells studied 
[73]. Incubation for a few minutes of the biological samples in pure distillated water 
in the spectrophotometer cuvette just before commencing activity has been shown 
to destabilize part of the contaminating activity [73]. The activity is of cytochrome 
c reduction recorded at 550 nm (ε : 19,100·M–1·cm–1; isosbestic point: 540 nm) is 
linear and should be sensitive to rotenone for a part significant enough to have a 
confident estimation (Fig. 3.8.6). The rate-limiting factor when measuring this MRC 
segment is complex I.

3.8.6.8	 Complexes	II–III	(EC	1.3.99.1)

Succinate-cytochrome c reductase has to be measured under conditions ensuring 
a maximal activity of the succinate dehydrogenase (see section 3.8.7.3; Fig. 3.8.6). 
The activity of cytochrome c reduction recorded at 550 nm (ε: 19,100·M–1·cm–1; isos-
bestic point: 540 nm) is linear for several minutes. Noticeably, as frequently observed 
when an oxidized redox compound is added to a biological extract, a part of the ini-
tial reducing activity can be triggered by reducing substances present in the tissues. 
This is particularly true in the case of tissues harboring defective mitochondria or 
that are maintained in a hypoxic condition. Adding malonate allows the determina-
tion of any activity not associated with succinate utilization by succinate dehydroge-
nase. The activity of this segment of the MRC is limited by complex II activity. It is 
only partially affected in the case of ubiquinone deficiency [74] and because adding 
exogenous oxidized quinone changes sensitivity to malonate, it is not very conve-
nient to test for ubiquinone pool dysfunction.

3.8.6.9	 Glycerol-3-Phosphate-Dehydrogenase-Associated	Activities

Glycerol-3-phosphate may be used as a substrate for the MRC in a subset of tissues. 
It is conveniently added after malonate when measuring either complex II (allowing 
measurement of glycerol-3-phosphate dehydrogenase; EC 1.1.95.5) or complex II–III 
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(allowing measurement of glycerol-3-phosphate cytochrome c reductase). No potent 
inhibitors of the enzyme are available. The measurement of glycerol-3-phosphate is, 
however, a very sensitive tool for detecting ubiquinone deficiency [75]. Similarly to 
dehydro-orotate dehydrogenase, the link between this externally located dehydro-
genase and the quinol oxidizing site of CIII appears to rely on the pool function of 

Fig.	3.8.6		 Spectrophotometric assays of complexes V, I–III, II–III, and citrate synthase 
activity. DTNB Dithio-nitrobenzoic acid, LDH lactic dehydrogenase, ME medium E, MF 
medium F, MG medium G, MH medium H, PEP phosphoenol pyruvate, PK Pyruvate 
kinase, TNB thio-nitrobenzoic acid
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ubiquinone, and is therefore extremely sensitive to any significant decrease of the 
ubiquinone content of the mitochondrial membrane.

3.8.6.10	 Marker/Reference	Enzymes

Because the number/ activity of the mitochondria in a given tissue readily varies 
under several conditions, particularly in the case of an OXPHOS deficiency, it is 
generally a good idea to quantify the activity of several marker enzymes. Krebs cycle 
enzymes have often been measured as reference enzymes to estimate variation in the 
number of mitochondria and it has been widely assumed that the activity of these 
enzymes are not affected in the case of an OXPHOS deficiency. Citrate synthase (EC 
2.3.3.1) is conveniently measured by analyzing the CoA liberated during the conden-
sation of acetylCoA and oxaloacetate (Fig. 3.8.6). Reduced thiol from CoA readily 
reduces the blue dithio-nitrobenzoic acid (ε: 13,600·M–1·cm–1) to the colorless thio-
nitrobenzoic acid, which can be recorded spectrophotometrically at 412 nm. Oxalo-
acetate is very fragile, particularly at neutral pH or above, being decarboxylated into 
pyruvate. Fumarase (EC 4.2.1.2), with both a mitochondrial and a cytosolic form in 
most human tissues but the brain, is also easily measured spectrophotometrically in 
the far ultraviolet at 250 nM by analyzing fumarate (ε: 5090·M–1·cm–1) production 
from malate. Because its activity only requires using a minute amount of biological 
sample, lactic dehydrogenase (EC 1.1.1.27) can be measured by analyzing NADH 
oxidation in the presence of pyruvate.

It should be noticed, however, that the activity of all of the redox enzymes used as 
marker/reference enzymes can be affected by a disease condition and therefore more 
than one should be measured, if possible.

3.8.7	 Alternative	Methods

A very useful complement to enzyme assays as described above is histochemical 
study, which can provide additional information [76]. In particular, because it is 
possible to measure the activity cell per cell, histochemistry permits, in the case of 
a heteroplasmic population of mitochondria, the detection of even a small num-
ber of affected cells, which may have remained undetected by biochemical assays. 
Spectacular images showing, side-by-side, cells endowed with either high or absent 
enzyme activity can be obtained. The limitation of the method is in part due to the 
few activities possibly measured (essentially complex IV, succinic dehydrogenase, 
and less specifically, ATPase and NADH reductase) and to the fact that it is poorly 
quantitative. Histochemical investigations are performed under selected conditions 
(e.g., substrate concentrations, pH), which often differ from those used for enzyme 
assays, thus possibly introducing discrepancy between the two approaches.

Immunological studies are not yet widely used in the context of screening proce-
dures, but they are becoming easier to perform [77]. Their use is rendered possible 
by the observation that at least a subset of the OXPHOS defects originates from, or 
results in, anomalies in complex assembly with increased protein degradation. As 
a result, a net decrease of the immunoreactive material can be used to trace some 
OXPHOS deficiencies. The large number of antibodies available makes this approach 
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a useful complement, despite the obvious drawback to only detect OXPHOS defects 
associated with protein loss.

3.8.8	 Molecular	Analyses

Because of the dual genetic origin of the OXPHOS system, of the number of genes 
involved, and also of the high number of cell processes that can result in second-
ary OXPHOS dysfunctions, establishing the molecular basis of OXPHOS defects has 
proved to be a very difficult task [78], yet of utmost importance for the affected fam-
ilies. Unfortunately, in most cases the enzyme assays or the immunological studies 
do not indicate which of the subunits of a given deficient complex is mutated. The 
first deleterious deletions causing an OXPHOS defect were identified in the mtDNA 
[22, 79]. Then, a series of mutations of the mtDNA were described as causing sev-
eral defined syndromes, often with overlapping symptoms [78]. All of the informa-
tion on mtDNA mutations can now be found through regularly updated specialized 
web sites (e.g., http://www.mitomap.org/). Nuclear gene mutations were thereafter 
reported, the very first in 1995 in the gene encoding the subunit A of complex II 
[80]. It is not easy to obtain figures for the respective proportions of mutations af-
fecting either the mitochondrial component compared to the nuclear genome caus-
ing an OXPHOS defect. But, the former might represent up to 10–15% of the cases. 
Anyway, leaving aside well-defined syndromes known to originate from a given mol-
ecular event, because of the tedious work and the high cost/low yield of systematic 
sequencing of the mitochondrial genome, it appears reasonable to seek for a rational 
approach to better direct the molecular investigations. With this aim, it should be 
stressed that mitochondrial mutations being most frequently heteroplasmic, a histo-
chemical picture showing a patchy distribution of mitochondrial activities between 
cells, or a normalization of mitochondrial activity along the culture of defective cells 
(skin fibroblasts) grown in a medium selective for a functional respiratory chain (i.e., 
grown in the absence of glucose, uridine, and pyruvate), are strongly suggestive of 
a mtDNA alteration. The available tools have also been recently enriched by the in-
creasingly expanding remarkable panoply of both antibodies against MRC subunits, 
bound to various supports [77], and retroviruses endowed with specific genes encod-
ing proteins of the MRC or required for its biogenesis/maintenance [81].

The recognized associations between a subset of nuclear genes and some clinical 
features have also to be known. A permanent update of these associations defining 
candidate genes for a subset of patients can now be easily found through web sites 
devoted to mitochondria/mitochondrial pathology related to the nuclear genome 
(e.g. http://www-lecb.ncifcrf.gov/mitoDat). The candidate gene approach is also fa-
cilitated by the knowledge of MRC biogenesis in other aerobic organisms, particu-
larly yeast. Finally, the linkage analyses in large families (segregation of microsatellite 
markers with deleterious traits) can allow determination of genomic regions poten-
tially harboring the mutant gene. This latter can be further identifird by a candi-
date gene approach or systematic sequencing of genes located in the selected region. 
Noticeably, an absolute prerequisite to these linkage analyses is to obtain samples 
(e.g., blood) from the maximal number of family members, affected or not.
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4.1.1	 Introduction

“Advance of knowledge in a field tends to cloud it for a time and an area which had 
seemed very simple becomes temporarily confused, and then again becomes simple 
when knowledge advances even further.” – V.A. McKusick, 1969 [48]

The understanding of mucopolysaccharidoses (MPSs) as a group of disorders has 
greatly advanced since Brante first demonstrated storage of mucopolysaccharide in 
the liver of a patient with MPS type I (MPS I) [6]. Nowadays, the enzymatic and gen
etic causes of the disorders have been elucidated. In that process, MPS type V (MPS 
V, Scheie syndrome) has been recognized to be genetically identical to MPS I (Hurler 
syndrome), despite its different phenotype. Therefore, both, Hurler and Scheie syn
dromes are assigned to MPS I, and MPS V is no longer used.

Frantantoni et al. first recognized that MPSs are disorders of lysosomal degrada
tion of glycosaminoglycans (GAGs), a group of polysaccharides derived from the 
hydrolytic cleavage of proteoglycans [22]. The undegraded material is stored in the 
lysosomes of mesenchymal and parenchymal tissues. The classification of the disor
ders is still based on historically derived names and numbers (Table 4.1.1). All MPSs 
represent chronic progressive disorders, which usually exhibit a wide variety in clin
ical manifestations. MPS I (Hurler/Scheie syndrome), a disorder characterized by 
missing αliduronidase activity, stresses this point. The severe phenotype (Hurler 
syndrome) has an early onset and patients may show skeletal deformities (dysosto
sis multiplex), coarse facial features, hepatosplenomegaly, an enlarged tongue and 
head, cardiomyopathy, hearing loss, macroglossia, and respiratory tract infections. 
Developmental delay is usually apparent between 12 and 24 months of age. Death 
occurs usually before the age of ten years. In contrast, the phenotype designated as 
Scheie syndrome is characterized by normal intelligence and stature. However, joint 
involvement, visual impairment, and obstructive airway disease persist. The age of 
onset is commonly beyond 5 years. An intermediate phenotype (Hurler/Scheie) can 
also be found in the literature. MPS type II (MPS II, Hunter syndrome) is the only X
linked disorder among the MPSs, which are usually autosomal recessive traits. How
ever, a few female patients who are affected by MPS II are also known [63]. Generally, 
the phenotype is similar to MPS I with a lack of corneal clouding and slower so
matic and central nervous system involvement. Once again, less severe forms do not 
demonstrate intellectual impairment. Pebbly, ivorycolored skin lesions unique to 
Hunter syndrome are sometimes observed and may aid in its diagnosis. MPS type III 
(MPS III, Sanfilippo syndrome) constitutes a group of disorders with similar clinical 
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features. Four types are distinguished according to the underlying defect of hepa
ran sulfate degradation. Diagnosis is often not straightforward as somatic features 
are frequently rather mild and hallmarks of the other MPS disorders, like coarse 
facial features and skeletal abnormalities may easily be missed. Clinical symptoms 
are usually noticed between the age of 2 and 6 years. At first, behavioral problems 
and delayed development may become apparent. Later, severe neurological degen
eration leads to loss of intellectual and motor skills. Death most often occurs in the 
second decade of life. As Sanfilippo types A–D are clinically indistinguishable, en
zyme activity measurements are required to elucidate the cause of the disorder. MPS 
type IV (MPS IV, Morquio syndrome) is a disorder of the degradation of keratan 
sulfate, found in cartilage and cornea, and thus explains the unique clinical features 
of the disease. Either Nacetylgalactosamine6sulfatase (Morquio A) or βgalacto
sidase (Morquio B) is deficient. Complete deficiency of the latter gives rise to GM1
gangliosidosis, while specific mutations that affect keratan sulfate metabolism are 
supposed to cause Morquio syndrome B. The predominant features of patients with 
that disorder are severe skeletal abnormalities and shorttrunk dwarfism, in severe 
cases giving rise to neurological abnormalities. Mild corneal clouding and coarse 
facial features are also noted. Intellectual development is not usually impaired [52]. 
MPS type VI (MPS IV, MaroteauxLamy syndrome) is caused by deficiency of aryl
sulfatase B. It is characterized by dysostosis multiplex, corneal clouding, clawhand 
deformities, and carpal tunnel syndrome. Growth, which is normal at first, virtually 
stops at the age of 6–8 years. Hepatosplenomegaly is also always present after that 
age. In general, symptoms are similar to Hurler syndrome, while normal intelligence 
is preserved. MPS type VII (MPS VII, Sly syndrome) occurs less frequently than the 
other MPSs. It is caused by a deficiency of βglucuronidase and varies significantly 
in clinical severity among the patients described so far. Early onset of the disease is 
often accompanied by Hurlerlike features, while later onset is characterized by nor
mal intelligence and no corneal clouding [51, 71].

The recognition of increased GAG excretion in urine of patients with Hurler syn
drome by Dorfman et al. facilitated its diagnosis and is still used as a diagnostic 
marker [21]. Generally, diagnosis should be based on firm clinical observations be
fore biochemical tests are initiated. A fourstep process is then recommended, with 
the first step being a rather unspecific screening test for urinary GAG excretion. 
The second step should be the differentiation of urinary GAGs, usually by electro
phoresis or thinlayer chromatography (TLC). At this point, the disease type can 
already be suggested. Proceeding along these lines, the enzyme deficiency should be 
demonstrated in the third step. In conjunction with the clinical features, this can be 
regarded as a final confirmation of the diagnosis. However, for future genetic coun
seling, the identification of the distinct genetic mutations in both alleles should be 
considered.

In this chapter, the dimethylenblue method as a urinary screening assay, electro
phoresis, and TLC for GAG differentiation and the enzyme assays will be introduced. 
Furthermore, pitfalls will be discussed and a short survey of alternative methods will 
be given.
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4.1.2	 Glycosaminoglycans

GAGs (in older literature: mucopolysaccharides) are found in the extracellular ma
trix and are also associated with proteoglycans within the plasma membrane of most 
mammalian cells. Functionally, they are attached to proteins that channel the flow of 
water and nutrients through dense connective tissues. Furthermore, certain domains 
can bind to biologically active compounds like, for example, fibroblast growth fac
torβ or chemokines [8, 49, 57]. Initial cleavage of the proteinbound GAGs results 
in sulfated polysaccharide chains, which are subsequently degraded within the lyso
somes starting from the nonreducing end of the molecule. They reach the lysosome 
via adsorptive pinocytosis and fusion of endocytic vessels with the organelle. There 
are also some endoglycosidases within certain tissues that can hydrolyze GAGs to 
oligosaccharide products. Contribution of the latter pathway to degradation of the 
polymer seems to be of minor importance, as diseases resulting from deficiency of one 
lysosomal enzyme cannot be counteracted by increased endoglycosidase activity.

In general GAGs are polysaccharides, which consist of repeating disaccharide 
units. However, a large degree of heterogeneity exists within the subunits regarding 
individual degrees of sulfatation, acetylation, and insertion of other monosaccha
rides. Therefore, the structures shown below will provide a general idea about the 

Table 4.1.1  Summary of the different types of mucopolysaccharidosis (MPS)

MPS type Eponym McKusick No. Enzyme Incidence a

I Hurler/Scheie 607014 αlIduronidase 1:76,000–144,000

II Hunter 309900 Iduronate2sulfatase 1:34,000–132,000

III Sanfilippo 1:280,000b

IIIA Sanfilippo A 252900 HeparanNsulfatase

IIIB Sanfilippo B 252920 αNacetylglucosaminidase

IIIC Sanfilippo C 252930 Acetyltransferase  c

IIID Sanfilippo D 252940 Nacetylglucosamine6sulfate

IV Morquio

IVA Morquio A 253000 Nacetylgalactosamine6sulfate 1:76,000–216,000 
1:40,000–50,000 d

IVB Morquio B 253010 βdgalactosidase

VI MaroteauxLamy 253200 Arylsulfatase B e 1:840,000–1,300,000 
1:248,000 f

VII Sly 253220 βdglucuronidase 1:840,000–1,300,000

a Estimated incidence according to Neufeld [51] unless otherwise noted 
b For Sanfilippo A and B in Northern Ireland (see a) 
cAcetyl CoA:αglucosaminideNacetyltransferase 
d

    Northover [52] 
e Nacetylgalactosamine4sulfatase 
f Hein [30]
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most important GAGs. The complexity of the structures also complicates biochemi
cal analysis and structure elucidation.

Quantitatively, the most important GAG is chondroitin sulfate, which comprises 
alternating units of glucuronic acid and Nacetylgalactosamine (Fig. 4.1.1). Cleav
age sites for the enzymes, which are important for MPS disorders, are indicated in 
the figures. Dermatan sulfate consists of chains of iduronic acid and Nacetygalac
tosamine (Fig. 4.1.2). In addition, variable amounts of iduronic acid are epimerized 
to glucuronic acid, which may be sulfated at C2. Heparan sulfate degradation is 
mainly affected in MPS III. The polymer contains iduronic acid, glucosamine, gluc
uronic acid, and Nacetylgalactosamine in varying amounts (Fig. 4.1.3). Interest
ingly, the amino group of the glucosamine may be sulfated, resulting in a sulfamate 
group. Cleavage by the respective enzyme yields the free amino group. However, this 
compound cannot be digested so that acetylation by an acetyltransferase is required 
before further degradation can occur. Finally, keratan sulfate is found mainly in car
tilage and the cornea. It consists of alternating galactose and Nacetylglucosamine 
subunits (Fig. 4.1.4).

Failure to cleave certain monosaccharides or functional groups from the non
reducing end prevents further degradation. The resulting polymer will be stored 
within the lysosome and some excessive oligo and polymers will also be found in 
urine [40]. Comparison of urinary GAGs and the polymers stored in the kidney has 
revealed significant differences, so that it seems most likely that the urinary GAGs 
reflect a mixture of the pattern found in all tissues of the body [8]. Storage of hepa

Fig. 4.1.1	 Structure of chondroitin sulfate. Cleavage sites for lysosomal enzymes are also indi
cated (arrows). MPS Mucopolysaccharidosis

Fig. 4.1.2	 Structure of dermatan sulfate. Cleavage sites for lysosomal enzymes are also indicated 
(arrows)
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ran sulfate seems to be related to neurodegeneration, while the other GAGs mainly 
contribute to skeletal or other physical problems [37].

4.1.3	 Methods

4.1.3.1	 Screening	Assays	for	GAGs

Berry Spot Test

Principle

The Berry spot test provides a rapid qualitative evaluation of urine. GAGs react with 
toluidine blue, a cationic dye, to yield a pinkcolored compound. Alternative spot 
tests have been published but suffer from the same drawbacks regarding falsenega
tive and falsepositive specimens [2, 10, 15, 34]. Nevertheless, this fast procedure 
may pick up patients who have been referred to a laboratory for other metabolic 
examinations. For specific, initial MPS testing, the 1,9dimethylene blue (DMB) as
say, described below, is recommended.

Fig. 4.1.4	 Structure of keratan sulfate. Cleavage sites for lysosomal enzymes are also indicated 
(arrows)

Fig. 4.1.3	 Structure of heparan sulfate. Cleavage sites for lysosomal enzymes are also indicated 
(arrows)
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Pre-analytical
Specimen

Untimed urine specimens are used for this assay. Earlymorning urine should be 
discarded because GAG excretion referred to creatinine concentration is increased 
during the night. During the day, the GAG:creatinine ratio remains fairly constant 
[54]. It is not usually necessary to add preservative unless bacterial contamination 
is suspected (e.g., urinary tract infections). A few drops of chloroform do not nega
tively affect the assay and can be evaporated once the sample is received at the labo
ratory; however, tubes that withstand organic solvents should then be used. When 
the expected delay between receipt of the samples and measurement does not exceed 
2–3 days, storage at 4°C is preferred over –20°C. Frozen urine should be thawed in a 
water bath at 37°C and carefully vortexed prior to analysis.

Reagents and Chemicals
1. Toluidine blue solution: a 0.4mM solution is prepared by dissolving 1.22 g tolu

idine blue 0 in 800 ml acetone under continuous stirring. The solution is acidified 
with few drops of H2SO4 (1 M). The volume is adjusted to 1000 ml with demin
eralized water. The reagent is stable for 1 year at room temperature. As commer
cial dyes can be of varying quality, the mixture should be tested with known stand
ards.

2. Standard solution/positive control: chondroitin sulfate (50 mg/l) in demineralized 
water.

3. Wash solution: 1.8 M acetic acid.

Instrumentation
None required.

Calibration
None required.

Quality Control
Chondroitin sulfate (10 µl) and a negative control (50 µl of urine from a healthy 
subject) are spotted on each filter paper strip according to the procedure below. The 
test can be accepted when the negative control remains blue after staining, while the 
positive control turns into a pinkcolored spot.

Analytical
Procedure

Quality controls (10 µl) and patient urines (50 µl) are spotted onto filter paper strips 
(Whatman 903 paper, Whatman, Dassel Germany) in 5 to 10µl increments using 
a gas chromatography syringe (10 or 25µl volume). Allow each spot to dry before 
adding the next amount of material. Automatic spotters for TLC plates may also be 
used. The paper is then dipped into toluidine blue solution for 2 min. Discard used 
solution afterwards. Allow the paper to dry. Excessive dye is removed by washing the 
strip in 1.8 M acetic acid (3 ×) and demineralized water (1 ×), for 5 min each. Posi
tive samples will be purple against a bluish background [3, 4].
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Calculation
None required.

Post-analytical
Interpretation

The spots are rated according to the intensity of their color. The positive control 
should be taken as an orientation point. Blue specimens are rated as negative, dis
tinctly colored samples are considered positive (Fig. 4.1.5), while intensely pink 
specimens are rated strongly positive. The latter are highly suspicious of MPSs and 
followup examinations are recommended. Positive specimens (rating 2) should be 
discussed with the patient’s physician. Depending on the clinical symptoms, further 
evaluations may be indicated.

Pitfalls

The spot test may yield falsenegative results for certain patients as it does not return 
quantitative results, despite the agedependence of urinary GAG excretion. In ad
dition, neonatal samples, especially in the first few weeks of life, may give positive 
results due to elevated normal GAG excretion during this period [3]. These samples 
should not be run with the Berry spot test because ambiguous results can be ex
pected. The limit of detection for the Berry spot test is generally 0.1 mg/ml. The 
moderate excretion of GAGs in MPS III and MPS IV, particularly for patients who 
are several years of age, provides another challenge. It can be expected that about 
50% of such patient samples will be negative [13].

4.1.3.2	 Spectrophotometric	Assay	Using	DMB

Principle

A first linescreening assay for MPSs is useful to evaluate the possibility of an MPS 
and to avoid tedious and expensive further laboratory testing of patients. The spot 
test described above can be used for a more general screening, for example when or
ganic acids are requested from urine. However, GAG excretion is related to age, and 





Fig. 4.1.5	 Examples of a positive (a) and a negative (b) Berry spot test from urine. The filter pa
per will remain light blue after washing. The pink spot is typical for elevated glycosaminoglycan 
(GAG) excretion
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therefore quantitative tests are superior to qualitative assays when MPS testing is spe
cifically requested., Numerous methods have been developed for that purpose. The 
turbidity test exploits the interaction of GAGs with cationic detergents or albumin. 
Its sensitivity depends on the GAG type and may result in falsenegative samples, 
especially in the case of MPS III and MPS IV patients. The uronic acidcarbazole test 
visualizes uronic acids that are a part of many GAGs [5]. It requires timeconsum
ing precipitation of the GAGs from urine [20]. In addition, keratan sulfate, the main 
storage material in MPS IV, does not contain uronic acid residues. Consequently, 
another test has to be run to detect this compound. Thus, direct spectrophotometric 
assays have gained popularity and are nowadays used by many laboratories. Alcian 
blue was among the first dyes used in that manner [25, 26]. Today, DMB is more fre
quently applied due to its higher sensitivity (Fig. 4.1.6) [17]. It forms a complex with 
sulfated GAGs present in urine that can be measured at 520 nm [14, 16, 53, 70].

Pre-analytical
Specimen

The specimen requirements are the same as for the Berry spot test.

Reagents and Chemicals
Standard method:
1. Formiate buffer (55 nmol/l): 2.13 ml formic acid is dissolved in 1000 ml demin

eralized water. The pH is adjusted to 3.3 with 2 M NaOH.
2. DMB reagent: 3.2 mg DMB (pure substrate available from Aldrich, cat. no. 341088, 

Taufkirchen, Germany) is dissolved in 150 ml formiate buffer. The solution can be 
stored at 4°C for up to 3 weeks.

3. Standard solution: 0.5 mg heparan or chondroitin sulfate is dissolved in 10.0 ml 
demineralized water (final concentration: 50 µg/ml). Aliquots (500 µl) are kept at 
–20°C until required.

Alternative method:
1. Formiate buffer: see above.
2. DMB reagent (31 µMol): 10.7 mg DMB is dissolved in 1000 ml of formiate buf

fer.
3. Tris base: 2 mol/l Tris base in demineralized water.
4. Standard solution: see above.





Fig. 4.1.6	 Structure of 1,9dimethylene blue
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Instrumentation
Spectrophotometer for cuvettes, or microtiter plates that can measure wavelengths 
between 500 and 700 nm.

Calibration
A calibration curve is recorded for each batch of samples (e.g., 100 µl, 50 µl, 25 µl, 
and 0 µl standard solution). The curve is plotted and results are calculated. Urines 
with absorptions exceeding the highest standard are diluted and remeasured.

Quality Control
For internal quality control, urine from a known MPS patient and a solution con
taining chondroitin sulfate (50 µg/ml) are used. Results for urine and the artificial 
control should not exceed 3 standard deviations when plotted over time; if it does, 
the test has to be repeated. In addition, absolute absorption values, the slope of the 
calibration curve, and the coefficient of variance (CV) of duplicates have to be within 
certain limits defined by the laboratory.

For external quality control, laboratories running the DMB assay should regularly 
exchange samples and discuss problematic cases. Currently, there is no official qual
ity control scheme/proficiency testing available.

Analytical
Procedure

Standard Method
Add 1 ml of DMB reagent to 100 µl of demineralized water (blank) or 100 µl of urine 
in a cuvette. In addition, 100 µl of each urine should be added to 1 ml of formiate buf
fer to assess the absorbance of the pure sample (sample blank). Each sample should 
be measured against pure formiate buffer (buffer blank, when measured separately). 
The color of the GAGDMB complex is not stable over time, so that assay conditions 
have to be strictly standardized. Urine, standard, or water is added to all cuvettes 
first. The DMB reagent must then be added swiftly. All cuvettes are mixed with a 
spatula (10 ×) and after 3 min samples are measured at 520 nm. When the absor
bance exceeds the linear range, the urine has to be diluted. It is also recommended to 
measure all samples in duplicate using 50 and 100 µl of urine. This allows an evalua
tion of the plausibility of results.

Alternative Method
According to de Jong et al. [16] and Piraud et al. [55] urinary protein suppresses 
DMBGAG complex formation and results in lower total GAG concentrations. An 
alternative assay has been developed that avoids problems with GAGprotein inter
actions. The main difference is that measurements are carried out at basic pH.

In general, most procedures are like the ones described above. For the modified 
method, an alternative DMB reagent is used and ten parts of this reagent are added 
to one part of Tris buffer to yield a reagent with a pH of 8.7–8.8. The reagent – Tris 
mixture is not stable and has to be prepared just prior to analysis. First, 20 µl of urine 
(sample) or water (blank) is added to the cuvettes or microtiter plates. The volume 
of standards, samples, and blanks are adjusted to 50 µl with demineralized water. 
Then, 275 µl of DMBTris reagent is added to each cuvette/well. Either all samples 
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are measured against formiateTris buffer (10 + 1) or this buffer mixture is measured 
separately (buffer blank). Absorbance is read 70 s after mixing.

Withinrun CVs of 2–6% were obtained, while betweenrun CVs range 
from 6 to 7%.

Calculation
The standard curves are plotted and results are calculated using the curve. Absor
bance of the sample is corrected for background absorbance as follows:
1. Measurements against buffer:
 Sample absorbance = measured absorbance – (blank + sample blank)
2. Measurement against water or air:
 Sample absorbance = measured absorbance – [(blank + sample blank) – buffer blank)]

To eliminate variations in urinary excretion of GAGs, the results are referred to cre
atinine content of the sample. As an alternative to measuring the increase of absorp
tion at 520 nm, the assessment of decreased absorption at 596 nm may be advanta
geous [61].

Post-analytical
Interpretation

Excretion of urinary GAGs is related to the age of the patients. Each laboratory 
should assess its own reference range, as minor differences may already alter re
sults. Therefore, the reference ranges given below can only offer some guidance. It is 
also useful to calculate the Zscore of the results (i.e., to assess the deviation of the 
result from the mean expressed in multiples of the standard deviation for that age 
group). Results exceeding two standard deviations are usually considered as poten
tially pathological and further clinical and biochemical workup is recommended. 
Generally, due to the many pitfalls, reports should emphasize that a certain percent
age of MPS patients excrete normal concentrations of urinary GAGs and if clinical 
symptoms are indicative of an MPS, further studies should be initiated regardless of 
the total GAG measurement.

Spectra

Pure DMB displays maxima at 596 nm and 648 nm (Fig. 4.1.7). GAGDMB com
plexes show an increase in absorption at around 525 nm. As the purity of DMB is 
crucial for meaningful results, each new batch should be checked for a constant ratio 
of the peak at 648 nm to the peak at 596 nm. In its purest form, this ratio should be 
1:1.5 and will be reduced with sulfate contaminations [61]. After addition of GAG
containing urine, the decrease in absorption at 596 nm will be more pronounced 
than that at 648 nm.

Reference Values

Reference values for the standard and alternative methods are given in Tables 4.1.2 
and 4.1.3, respectively (the latter adapted from de Jong et al. 1992 [16]).

Typical pathological values
A list of typical pathological values is given in Table 4.1.4.
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Pitfalls

It is crucial to establish agedependent reference ranges for this method. During the 
first few weeks/months of life in particular, rapid changes in urinary GAG excretion 
are observed. In the case of low creatinine, another sample should be requested. For 
this method, Mabe et al. reported a sensitivity of 100%, while 25% of samples came 
out as false positives [45]. In our experience, the falsepositive rate is significantly 
lower. A pilot quality assurance study in the UK found a falsepositive rate of 5.1% 
for the Alcian blue method, which should be comparable to the DMB assay [7]. Pa
tients with excessive connective tissue destruction may give positive results [54]. 
Among these are patients with rickets, malabsorption syndrome with gross osteoma
lacia, malignant disorders with extensive secondary deposits (including leukemia), 
patients with disseminated lupus erythematosus, some patients with rheumatoid ar

Fig. 4.1.7	 Spectra of 1,9dimethylene blue dissolved in formiate/tris buffer without (a) and with 
(b) the addition of chondroitin sulfate
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Table 4.1.2  Age-dependent reference ranges for glycosaminoglycan 
(GAG) concentrations in urine (healthy controls) using the standard 
1,9-dimethylene blue (DMB) method

Age Mean (mg/g creatinine) Reference range (mg/g creatinine)

 0–1 month 13.0 0–21.7

 1–3 months 12.2 0–19.2

 4–6 months 17.1 0–25.2

 7–12 months 13.6 0–19.6

 1–2 years 15.7 0–21.6

 2–5 years 9.7 0–14.5

 5–9 years 6.1 0–10.1

 9–16 years 5.2 0–8.4

16–18 years –  –

Above 18 years 2.0 0–2.8

Table 4.1.3  Age-dependent reference values for GAG concentrations 
in urine (healthy controls) for the alternate DMB assay [16]. SD Standard 
deviation

Age Mean (mg/mmol creatinine) SD (mg/mmol creatinine)

 0–5 months 33.6 9.2

 6–12 months 23.3 4.1

 1 year 19.5 5.2

 2–3 years 14.4 3.4

 4–5 years 11.0 1.7

 6–7 years 9.3 1.8

 8–9 years 8.4 1.6

10–14 years 7.0 1.8

15–19 years 4.1 1.3

Above 20 years 3.3 0.9
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thritis, and some patients with Marfan syndrome. In addition, heparin and acrylic 
acid polymer used in paper diapers will interfere with the assay [36]. In all of these 
cases, followup analysis by TLC or electrophoresis will reveal a normal GAG pat
tern. Unfortunately, falsenegative results are also inevitable, especially in cases of 
MPS III and MPS IV, and results should be communicated noting this fact [14].

4.1.3.3	 Differentiation	of	GAGs

The pattern of urinary GAGs should be assessed in a case of a positive urinary MPS 
screening result or when clinical symptoms are suggestive of MPS despite normal 
GAG excretion. This also facilitates the choice of further enzymatic studies. In addi
tion, approximately 5–6% of abnormal samples in the quantitative DMB method are 
falsepositive results that can usually be identified as such by checking the distribu
tion of GAG excretion [16].

Thin-Layer Chromatography

Principle

Urinary GAGs are precipitated before TLC is performed. Separation of the GAGs is 
achieved by exploiting the different solubility of their calcium salts in various con
centrations of ethanol [18, 35, 42]. TLC can provide an inexpensive alternative to 
electrophoretic techniques, especially when such equipment is not available.

Pre-analytical
Specimen

The specimen requirements are the same as for the Berry spot test.

Reagents and Chemicals
1. Precipitation buffer: sodium citrate solution (0.2 M) in demineralized water. The 

pH is adjusted to pH 4.8 and 1 g/l cetylpyridinium chloride (CPC) is dissolved in 
this buffer.

2. Aqueous 2 M LiCl solution.





Table 4.1.4  Pathological values for urinary GAG concentrations using the 
alternate method described in 4.1.3.2 (values adapted from Chih-Kuang 
et al. [13])

MPS type Mean(mg/mmol creatinine) SD(mg/mmol creatinine)

I 39.6 11.8

II 54.3 23.3

III 34.5 17.8

IV 33.4 11.0

VI 35.8 5.7
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3. Solvents for TLC:
1. 70% ethanol and 2.5% calcium acetate in 0.5 M acetic acid.
2. 50% ethanol and 5.0% calcium acetate in 0.5 M acetic acid.
3. 40% ethanol and 5.0% calcium acetate in 0.5 M acetic acid.
4. 30% ethanol and 5.0% calcium acetate in 0.5 M acetic acid.
5. 20% ethanol and 5.0% calcium acetate in 0.5 M acetic acid.
6. 10% ethanol and 5.0% calcium acetate in 0.5 M acetic acid.
 All solutions have to be prepared on a daily basis.
7. Staining solution: 1% Alcian blue in 70% ethanol/acetic acid (95:5 v/v).
8. Acetic acid (10%).
9. Standard mixtures of keratan sulfate, dermatan sulfate, heparan sulfate, and 

chondroitin sulfate (1.0 mg/ml) in 0.05 M NaOH.
10. Ethanol p.a.

Instrumentation
1. Tanks for TLC.
2. Cellulose TLC plates (20 × 20 cm). Plates should be run with demineralized water 

and dried at –80°C overnight before using them for GAG analysis. This cleaning 
procedure improves the separation of urinary GAGs (Professor Paschke, personal 
communication).

3. If possible: automatic spotter, or a syringe for volumes between 10 and 25 µl.

Calibration
The standard mixture (5–10 µl) is spotted onto the TLC plate, approximately 4 cm 
from the lower edge and at least 3 cm from the side. The migration pattern is used as 
a reference to assess patient urines.

Quality Control
The standard mixture will also serve as a quality control for the separation of the 
GAGs. Exchange of positive patient samples as an external quality control and 
a means to gain experience concerning the interpretation of patterns is highly rec
ommended.

Analytical
Procedure

The procedure was first described by Lippiello et al. [42] and applied to urinary 
GAGs by Humbel and Chamoles [35]. The slightly modified method by Pennock 
[54] is described here.

Precipitation of GAGs
Urine is centrifuged at 1500 × g (25°C/10 min). A volume of the supernatant that is 
equivalent to 10 µmol creatinine is mixed with an equal volume of 0.2 M precipita
tion buffer. This mixture is incubated for 30 min at 37°C in a water bath, once again 
centrifuged at 1500 × g (10 min) and the supernatant is discarded. In addition, the 
tube is drained for 30 min by inversion. The pellet is dissolved in 150 µl aqueous 
LiCl solution (2 M) and mixed with 800 µl ethanol. This solution is transferred to 
a  centrifuge tube and spun at 1500 × g (10 min). The supernatant is aspirated and the 
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resulting pellet is dried in a stream of nitrogen at room temperature [32]. Urine from 
healthy individuals will provide a recovery of 10–40% of GAGs present [39].

TLC
Aqueous solutions (10 µl) of approximately 5–50 µg GAGs/5 µl are spotted onto a TLC 
plate 3–4 cm from its lower edge. To achieve good reproducibility, automatic spot
ters are recommended, but manual spotting with a syringe is also feasible. Starting 
with the origin every 2 cm, six lines are drawn with a soft pencil. These indicate the 
borders for each solvent system. The plate is subsequently placed into six different 
tanks that contain decreasing amounts of ethanol. After removal of the plate from 
one tank, the bottom is swiftly blotted with filter paper and placed into the next tank. 
Each solvent system is allowed to proceed to the line assigned to it (i.e., tank one is 
developed until the solvent reaches line 1, tank 2 until it reaches line 2, and so on). 
One complete run requires approximately 1 h. The plate is allowed to dry and then 
is placed into the Alcian blue staining solution for 3 min. Excess dye is removed by 
repeated washing with acetic acid.

Calculation
None required.

Post-analytical
Interpretation

Spot patterns should always be assessed relative to the standard mixture. In gen
eral, keratan sulfate will migrate with the leading front, while chondroitin6sul
fate should be located between fronts 5 and 6, chondroitin4sulfate between fronts 
4 and 5, heparan sulfate between fronts 3 and 4, hyaluronic acid between fronts 2 and 
3, and dermatan sulfate between fronts 1 and 2.

Chromatogram

A typical chromatogram is shown in Fig. 4.1.8.

Typical Pathological Patterns

Typical patterns of GAG excretion can be found in the urine of MPS patients [37]. 
For MPS I and II an increased excretion of dermatan and heparan sulfate is found, 
with the first being especially pronounced on TLC. In case of MPS III, heparan sul
fate will be increased, while a prominent keratan sulfate band characterizes MPS IV. 
MPS VI shows slightly increased dermatan sulfate excretion that can also be found 
for the MPS I Scheie variant.

Pitfalls

Dermatan sulfate may show two bands, one migrating between the first and second 
front, while another one remains at the origin. In addition, heparan sulfate from the 
urine of MPS III patients may show a greater retention factor value in comparison to 
the standard. Spiking of the original sample may help to identify the spot in ambigu
ous cases. Small modifications in the ethanol content of the solvent systems readily 
influence chromtographic behavior, so that exact volumes and short opening times 
of the tanks are crucial [18].
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Electrophoresis

Principle

GAGs are separated by electrophoresis to yield a distinct pattern for the different 
MPS types [32, 33]. It was found that electrophoresis in barium acetate depends 
largely on the structure of the GAGs, whereas the degree of sulfatation is of minor 
importance [69]. Onedimensional electrophoresis, as described here, offers lower 
resolution than twodimensional techniques [28], but is simpler to evaluate and al
lows the assessment of several patients in one run.

Pre-analytical
Specimen

The specimen requirements are the same as for the Berry spot test.

Reagents and chemicals
1. Precipitation buffer: sodium citrate solution (0.2 M) in demineralized water. The 

pH is adjusted to 4.8 and 1 g/l CPC is dissolved in this buffer.
2. 2 M aqueous LiCl solution.
3. Ethanol p.a.
4. Barium acetate buffer (0.1 M) at pH 5.0.
5. Barium acetate buffer (1.0 M) at pH 5.0.
6. Aqueous solution of phenol red (0.5 g/l).
7. Alcian blue (0.25%) solution in demineralized water.





Fig. 4.1.8	 Thinlayer chromatography of patient urines and a normal control. The MPS types 
are indicated beneath each band. The positions of dermatan sulfate (DS), heparan sulfate (HS), 
chondroitin sulfate (CS), and keratan sulfate (KS) are given on the right. The chromatogram was 
kindly provided by Professor E. Paschke, Laboratory of Metabolic Disease, Department of Pedi
atrics, University of Graz, Austria
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8. 0.18 M Acetic acid.
9. Cellulose acetate strips.

Instrumentation
An electrophoresis unit (e.g., Multiphor II with MultiTemp III and electrophoresis 
power supply EPS 3500 XL, Pharmacia Biotech, Freiburg, Germany) and a scanner 
with software for densitometry (e.g., AIDA, Raytest, Straubenhardt, Germany).

Calibration
None required.

Quality Control
A standard mixture of GAGs is applied to the cellulose acetate plate and treated like 
a patient sample. The quality of the separation/staining can be evaluated using this 
standard. Known patient samples should be taken through this procedure to evaluate 
the process. No external quality control is available at this time.

Analytical
Procedure

Precipitation of the GAGs from urine is carried out according to the procedure de
scribed for thinlayer chromatography. The pellet is dissolved in 20 µl demineral
ized water containing 0.5 g/l phenol red and a volume equivalent to 5 µg GAGs is 
loaded onto a cellulose acetate strip using a sample applicator. Phenol red facilitates 
the alignment of samples on the plate and high salt concentrations, which interfere 
with electrophoresis, will impede the migration of the dye [9]. Prior to loading, the 
strip was soaked in 0.1 M barium acetate buffer and lightly blotted with filter paper 
to remove any excess buffer. Electrophoresis is carried out in 1.0 M barium acetate 
buffer applying 200 V for 5 min while the cellulose acetate strip is placed on a plastic 
filminsulated cooling plate (15°C). In addition, the strip is covered with Parafilm 
(American Can, Greenwich, Conn., USA), further insulated with a sheet of foam 
plastic, and pressure is applied from the top with several layers of glass plates (ap
proximately 950 g). After the first electrophoresis step, the strip is removed from the 
electrophoresis unit and immersed in 0.1 M barium acetate buffer (2 min), which 
contains 15% (v/v) ethanol. The cellulose acetate film is blotted again with filter pa
per and subjected to electrophoresis at 200 V for 30 min. Subsequently, the strip is 
soaked in 0.1 M barium acetate buffer containing 50% (v/v) ethanol for 2 min. The 
strip is blotted and a final electrophoresis at 200 V/10 min is performed. The length 
of time required to achieve a good separation depends on the efficiency of the cool
ing apparatus, and therefore has to be evaluated individually [19]. The strip is then 
stained with Alcian blue for 15 min and washed with 0.18 M acetic acid and demin
eralized water [32]. After drying at room temperature, the cellulose acetate film can 
be scanned and evaluated by densitometry. Staining with azure Asilver can be used 
alternatively when only small amounts of urine are available; this method is reported 
to be approximately 200 times more sensitive than Alcian blue staining [64].

Calculation
The sum of all GAG spots is considered 100% in densitometry and the distribution 
among the different GAGs is calculated and expressed in percent.
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Post-analytical
Interpretation

The pattern of spots is evaluated in reference to the standard mixture. Dermatan 
sulfate yields two spots, one of which can overlap with hyaluronic acid. Abnormal 
presence of dermatan sulfate and heparan sulfate is an indication of MPS I or MPS 
II, while a prominent heparan sulfate spot points to MPS III. The subtypes of MPS III 
can only be differentiated by enzyme studies. Elevated excretion of keratan sulfate is 
indicative of MPS IV. In contrast, high dermatan sulfate excretion is most likely to be 
associated with MPS VI, while milder cases of MPS I may also show such a pattern 
(cf. Table 4.1.5) [56].

Chromatogram

A typical chromatogram is shown in Fig. 4.1.9.

Pitfalls

Excretion of heparan sulfate may also be slightly increased in cases of mucosulfa
tidoses. MPS VII is difficult to identify as variable patterns of GAG excretion are 
observed and it may frequently look similar to normal controls. Keratan sulfate ex
cretion in the case of MPS IV patients may be only 5–16% of total urinary GAGs, so 
that identification of patients may require an overloading of the plate [19].

Some disorders may cause an abnormal excretion of GAGs in urine. Among 
those are various bone diseases, connective tissue diseases, hypothyroidism, urinary 
dysfunction, and aspartylglucosaminuria. Faint spots for keratan sulfate can also be 
found in spondyloepiphyseal dysplasia as well as in type II mucolipidoses, where 
traces of dermatan sulfate may additionally be visible. Furthermore, heparin and 
tris(hydroxymethyl)aminomethane (Trometamol) can interfere with electrophoretic 
patterns [56]. To provide a good interpretation of results the clinical features of the 
patient and the current therapy have to be known. Furthermore, a study of the urin



Table 4.1.5  Approximate age of diagnosis and excretion products for the 
different MPS types [58]

MPS Type Age Range (years) 
a Major excretion products

I 0.3–6.6 DS, HS

II 0.2–35.0 DS, HS

IIIA 1.0–18.4 HS, CS

IIIB 0.5–10.00 HS, CS

IIIC 0.2–14.1 HS, CS

IIID – HS, CS

IVA 0.6–15.0 KS, CS

VI 2.0–38.0 DS, C

VII – CS

a Age at diagnosis given for severe phenotype (MPS type I, Hurler syndrome)
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ary oligosaccharide pattern seems to be useful. Generally, interpretation of patterns 
should be carried out by experienced laboratory staff only.

4.1.3.4	 Determination	of	Enzyme	Activity

General

Principle

The activity of lysosomal enzymes is usually measured at acidic pH in leukocyte or 
fibroblast homogenates. Serum or plasma samples may also be used when enzyme 
activity in those materials is sufficiently high. More recently, lysosomal enzymes have 
also been determined from dried blood spots, traditionally used in neonatal screen
ing [11, 44]. We use dried blood for initial testing, wherever possible, as it facilitates 
shipping, and enzyme activity remains stable for a long period of time. Subsequently, 
ethylenediaminetetraacetic acid (EDTA)blood or skin fibroblasts are requested for 
confirmation of positive or ambiguous results. In the past, radioactively labeled sub
strates have been common [27, 41], but these have been replaced by fluorogenic 
compounds for most enzymes. In this chapter, predominantly those methods using 
fluorogenic substrates for the determination of enzyme activities in leukocytes or 
dried blood (wherever applicable) will be described.

Pre-analytical
Specimen

Dried blood specimens can easily be checked visually for their general quality. Dis
colored, overloaded, or insufficient material should be rejected and new samples 
should be requested. Dried blood on filter paper can be shipped by regular mail at 
room temperature.

EDTAtreated or heparinized blood (3–5 ml) can be used for the isolation of 
leukocytes. Blood should be sent by express mail to ensure rapid transport. During 
the summer months, cooling of the samples is required (e.g., frozen cooling packs 



Fig.	4.1.9	 Electrophoresis pattern of different types of MPS (indicated beneath the correspond
ing band). Standards (STD) and normal controls (N) were also run on each gel. GAGs are labeled 
on the left side of the figure. The picture was kindly provided by Dr. F. Buerger, Metabolic Center 
Heidelberg, Germany. GM1 GM1gangliosidosis, MSD multiple sulfatase deficiency ML II muco
lipidosis II, LZ loading zone of the gel
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with Styrofoam insulation between samples and coolant to prevent freezing of the 
sample or icecold water in tightly sealed tubes wrapped around the samples).

Reagents and Chemicals
1. Dextran solution: 5 g dextran (relative molecular mass = 250,000; Sigma, 

Taufkirchen, Germany), 0.7 g NaCl, 50 mg heparin (Roth, Karlsruhe, Germany), 
and 10 mg sodium azide (Merck, Darmstadt, Germany) are dissolved in 100 ml 
demineralized water. The solution is stored at –20°C.

2. Stop solution/glycinecarbonate buffer (pH 9.6): dissolve 12.8 g ammoniafree 
glycine (ICN Biomedicals, Eschwege, Germany) and 18.0 g dry Na2CO3 (Merck) 
in 200 ml demineralized water. The solution can be stored at 4°C for up to 
3 months.

3. 4Methylumbelliferone (4MU) standard: 4MU (Sigma) is dissolved in glycine
carbonate buffer (diluted 1:5) to yield a 0.05M solution. For practical purposes, 
88.10 mg 4MU is dissolved in 100 ml glycinecarbonate buffer (1:5 diluted). This 
stock solution is further diluted to 1:100 when needed. The standard and the stock 
solution are stored at –20°C and protected from light.

4. NaCl solution (1.8%).

Instrumentation
1. White, 96well microtiter plates (PerkinElmer Life Sciences, Boston, MA, USA) 

for fluorescence measurements.
2. Clear, 96well microtiter plates (VWR, Darmstadt, Germany) for ultraviolet/vis

ible (UV/VIS) spectrophotometry measurements.
3. Microtiter plate shaker (e.g., Certomat MT, Braun Biotech, Mainz, Germany).
4. Enzymelinked immunosorbent assay reader or UV/VIS spectrophotometer for 

microtiter plates (e.g., Dynatech, Chantilly, VA, USA).
5. Fluorometer for microtiter plates (e.g., Victor D, PerkinElmer Life Science).
6. Ultrasound homogenizer (e.g., Bandelin sonoplus GM 70, Bandelin, Berlin, Ger

many).

Calibration
A calibration curve is recorded for each plate (Fig. 4.1.10). 4MU standards at abso
lute concentrations of 0.25 µmol (5 µl), 0.5 µmol (10 µl), 1.0 µmol (20 µl), 2.5 µmol 
(50 µl) and 5.0 µmol (100 µl) are measured in duplicates. The volume for each 
well is adjusted with demineralized water to the volume used in the assay. Before 
measurement, 200 µl stop solution are added and the plate is shaken for 5 min on 
a plate shaker. Fluorescence is read with an excitation wavelength of 355 nm and 
an emission wavelength of 460 nm. For leukocyte and dried blood measurements 
blanks that contain substrate and buffer solution without leukocyte homogenate or 
dried blood spots are prepared. After incubation and addition of the stop solution, 
the plate is read immediately for all assays based on leukocytes, while one dried 
blood spot from an arbitrary sample is added to each blank in case of dried blood 
assays. Hence, hemoglobin is eluted from blood spots for 30 min and these spots 
are removed again before measurement. It is crucial to match the age of these speci
mens to the age of the patient samples. If large variations (several weeks) are evident 
concerning the age of the samples on the same plate then a separate blank for each 
patient sample has to be prepared.







4.1 Mucopolysaccharides306



Quality Control
Sample quality is generally assessed by the determination of βgalactosidase activity. 
For MPS type IVB, the αmannosidase activity is chosen as an indicator enzyme. 
Leukocyte homogenates that are sufficient for at least 20 separate runs are prepared 
from one source and aliquots are kept frozen. These samples serve as quality controls 
for each run. Heatinactivated leukocyte homogenates may serve as a positive con
trol (patientmimics).

The preparation of a large batch of dried blood spot samples (e.g., ten filter paper 
cards) from one source requires about 5 ml whole blood. These samples can serve as 
quality control for at least 150 separate runs. Positive controls from patients may also 
be prepared in that manner and patients are far more likely to consent to this use of 
their blood due to the small amount necessary.

Quality control samples are run in duplicate for each assay. Currently, there is no 
official external quality control program available.

Analytical
Procedure

Dried blood spots are prepared from native blood on standardized filter paper (What
man 903, Whatman). The paper has to be fully soaked with blood and dried at room 
temperature. Blood has to be applied from one side only, to ensure even distribu
tion throughout the filter paper. Do not use any plastic wrapping before the paper is 
completely dry. For further details, consult the guidelines from your closest newborn 
screening facility or metabolic laboratory processing dried blood specimens.

Leukocytes are prepared from EDTAblood (approximately 3–5 ml) by the den
sity gradient method. EDTAblood is mixed by inversion and 5 ml is slowly added 
to 1 ml dextran solution. The blood and dextran solution are carefully mixed so that 
formation of foam is avoided. The mixture is allowed to stand for 1 h. If further 
time for sedimentation is required, it has to be noted as it may affect the resulting 
enzymatic activities. The time needed for proper sedimentation depends on sam
ple quality and should not exceed 3 h. The upper phase including the white cells is 
transferred to another tube and spun at 600–1000 g for 10 min. The supernatant is 





Fig. 4.1.10	 Typical calibration curve for 4methylumbelliferone (4-MU) in glycine/carbonate 
buffer. Fluorescence was read at an excitation wavelength of 355 nm and an emission wavelength 
of 460 nm. au Arbitrary units
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removed and 3 ml of demineralized water is added so that the pellet becomes solubi
lized again. Then 3 ml of a NaCl solution (1.8%) is added and the tube is centrifuged 
at 600–1000 × g for 10 min. After discarding the supernatant, the pellet should be of 
a yellowish color and thus free of erythrocytes. If apparent significant hemoglobin 
contamination persists, the procedure should be repeated once. The leukocyte pellet 
is stored at –20°C.

Before enzyme measurements, approximately 300–500 µl of demineralized water 
is added and the mixture is sonicated for 10 s on ice. Depending on the ultrasound 
homogenizer, the time required may vary slightly. Protein is determined according 
to Lowry et al. [43]. The final protein content for enzyme measurements is adjusted 
to approximately 5 mg/ml with demineralized water.

Calculation
Results are calculated from the calibration curve after adjusting for the blank. The pro
tein content of the leukocyte homogenate is measured with the method described by 
Lowry et al. [43]. Results are usually expressed as nmol/min·mg protein for leukocyte 
homogenates and as nmol/spot·incubation time for dried blood specimens.

α-L-Iduronidase (E.C. 3.2.1.76)

Principle
See section 4.1.3.4, subheading “Principle.”

Pre-analytical

Specimen
See section 4.1.3.4, subheading “Specimen.”

Reagents and Chemicals
1. Citric acid solution (0.1 M): 21.0 g citric acid (Merck) dissolved in 1000 ml de

mineralized water.
2. Phosphate buffer (0.2 M): 28.4 g Na2HPO4 (dry; Merck) are dissolved in 1000 ml 

demineralized water.
3. Reaction buffer: 40 ml citric acid solution and 8 ml phosphate buffer are mixed 

and the pH is adjusted to 3.5 using one of either solution (only few additional 
drops required).

4. Inhibition buffer: 210.1 mg dsaccharic acid1,4lactone (10 mM; Sigma) is dis
solved in 100 ml demineralized water.

5. Substrate buffer: 1.657 mg 4methylumbelliferylαL(idopyranosid)uronic acid
sodium salt (6.6 mM; Toronto Research Chemicals) is dissolved in 333 µl demin
eralized water. The same volume of reaction buffer is added and the solution is vor
texed for 30 s. The substrate buffer is stored at –20°C and protected from light.

6. Stop solution/glycinecarbonate buffer (pH 9.6): dissolve 12.8 g ammoniafree 
glycine (ICN Biomedicals) and 18.0 g dry Na2CO3 (Merck) in 200 ml demin
eralized water. The solution can be stored at 4°C for up to 3 months.
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Analytical
Procedure

Leukocytes
The assay is based on the method described by Stirling et al. [59, 60]. Prepare 
a calibration curve and blanks according to section 4.1.3.4 “Calibration.” For each 
patient sample, 5 and 10 µl of leukocyte homogenate is transferred to individual 
wells on the microtiter plate. Then 20 µl of inhibition buffer as well as 20 µl of sub
strate buffer are added and the volume is adjusted to 200 µl using the reaction buffer. 
The plate is sealed with tape and covered in aluminum wrapping. It is incubated at 
37°C for 21 h. The reaction is stopped with 200 µl stop solution. The plate is shaken 
briefly and read with an excitation wavelength of 365 nm and an emission wave
length of 450 nm.

Dried Blood Spots
The method is a modification of that described by Chamoles et al. [12]. One 
3mm spot is punched from dried blood on filter paper and placed into one well 
of a microtiter plate. Then 20 µl of substrate buffer, 20 µl of inhibition buffer and 
110 µl of incubation buffer are added to each sample. The plate is sealed with tape, 
covered with aluminum wrapping and incubated at 37°C for 45 h. After incuba
tion, the assay is stopped with 200 µl stop solution, blanks are treated as described 
in section 4.1.3.4 “Calibration,” and fluorescence is read with an excitation wave
length of 365 nm and an emission wavelength of 450 nm. All tests are performed in 
duplicate.

Calculation
See section 4.1.3.4, subheading “Calculation.” As iduronidase activity is rather low in 
leukocytes, results should be expressed as nmol/h·mg protein.

Reference Values/Typical Pathological Values

Activities from leukocytes range from 0.27 to 2.45 nmol/mg·h while patient samples 
have barely detectable activity. Leukocytes from patients after bone marrow trans
plantation yielded activities from 0.1 to 1.87 nmol/mg·h. Activity is variable within 
certain limits, but if a clear trend to lower activities is observed over time then usu
ally chimerism will also be diminished and a recurrence of clinical symptoms may 
occur. Dried blood samples from healthy newborns show activities of between 0.04 
and 0.40 nmol/spot·45 h.

Iduronate-2-Sulfatase (E.C. 3.1.6.13)

Principle

See section 4.1.3.4, subheading “Principle.”

Pre-analytical
Specimen

See section 4.1.3.4, subheading “Specimen.”
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Reagents and Chemicals
1. Acetatebuffer (0.1 M): 0.82 g sodium acetate (Aldrich) and 0.379 g lead acetate 

(10 mM, Aldrich) are dissolved in 100 ml demineralized water and the pH is ad
justed to 5.0.

2. Substrate buffer: 0.60 mg 4methylumbelliferylαiduronate2sulfate (Moscer
dam Substrates, Rotterdam, The Netherlands) is dissolved in 1.0 ml acetate buffer 
to yield a 1.25 mmol/l solution.

3. McIlvain’s buffer: concentrated McIlvain’s buffer is prepared by dissolving 6.558 g 
sodium phosphate and 5.162 g sodium citrate in 100 ml demineralized water. The 
pH is adjusted to pH 4.5.

4. Iduronidase solution: lyophilized lysosomal enzymes purified from bovine testis 
(Moscerdam Substrates) are reconstituted in 2.2 ml demineralized water and ali
quots are stored at –80°C.

5. Stopbuffer: 53.0 g Na2CO3 and 42.0 g NaHCO3 are dissolved in 1 l demineralized 
water. The pH is adjusted to 10.7.

Analytical
Procedure

Leukocytes
The assay is carried out according to the method published by Voznyi et al. [67]. Pre
pare a calibration curve and blanks according to section 4.1.3.4, subheading “Cali
bration.” For each patient sample, 5 and 10 µl of leukocyte homogenate are trans
ferred to individual wells on the microtiter plate. Then, 20 µl of substrate buffer is 
added and the plate is sealed with tape and covered in aluminum wrapping. Lead 
acetate present in the substrate buffer has been found to reduce inhibition by phos
phates and sulfates present in the solution while having no adverse effect on iduro
nate2sulfatase activity. The plate is incubated at 37°C for 4 h. Afterwards, 40 µl of 
McIlvain’s buffer and 10 µl of the iduronidase solution are added. The plate is briefly 
shaken, resealed, and incubated at 37°C for 24 h. This second incubation step is nec
essary to liberate 4MU from the substrate. The reaction is stopped with 200 µl stop 
solution; the plate is shaken briefly and read with an excitation wavelength of 365 nm 
and an emission wavelength of 450 nm.

Calculation
See section 4.1.3.4, subheading “Calculation.”

As iduronidase2sulfatase activity is rather low in leukocytes, results should be 
expressed as nmol/h·mg protein.

Reference Values/Typical Pathological Values

Leukocytes from normal controls show activities from 7.5 to 13.3 nmol/mg protein·h, 
while patient leukocytes have activities below 0.3 nmol/mg protein·h.

Pitfalls

Fibroblasts from patients with multiple sulfatase deficiency may show 6–15% of 
normal activity. Similarly, fibroblasts from patients with mucolipidoses II and III 
have about 15% of normal activity, while serum activity is approximately 20fold 
increased.
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Storage and pipetting of the concentrated lysosomal enzyme solution should be 
carried out separately to avoid contamination of microtiter plates and pipettes.

Heparan-N-sulfatase (E.C. 3.10.1.1)

Principle

See section 4.1.3.4, subheading “Principle.”

Pre-analytical
Specimen

See section 4.1.3.4, subheading “Specimen.”

Reagents and Chemicals
1. Piperazine1,4bis(2ethanesulfonic acid) (PIPES) buffer: Dissolve 1.385 g PIPES 

(Sigma) and 0.235 g sodium acetate (Merck) in 20 ml demineralized water.
2. NaCl solution: Dissolve 8.5 g NaCl in 100 ml demineralized water.
3. Reaction buffer: Mix 20 ml PIPES buffer with 50 ml NaCl solution and add an

other 30 ml demineralized water in a 250ml flask. The pH is adjusted to 6.5 with 
0.1 M HCl. Fill to the 250ml mark with demineralized water.

4. Substrate buffer: 9.10 mg  4methylumbelliferylαdNsulfoglucosamide (Moscer
dam Substrates) is dissolved in 1 ml reaction buffer to yield a 20 mM solution.

5. Pefabloc solution: 0.45 mg Pefabloc SC (Roche, Mannheim, Germany) is dis
solved in 1 ml reaction buffer. The solution must be prepared fresh.

6. Phosphate/citratebuffer: 4.208 g citric acid (Merck) and 5.678 g disodiumhydro
genphosphate (Merck) are dissolved in 80 ml demineralized water; the pH is ad
justed to 6.7 using 10 M NaOH. Adjust the volume to 100 ml with demineralized 
water.

7. αGlucosidasesolution: dissolve 50 units of αglucosidase from Bacillus stearo-
thermophilus (Sigma) in 5 ml 0.2% bovine serum albumin (BSA) solution (20 mg 
BSA in 10 ml demineralized water). The solution is stable at –80°C for 1 year.

8. NaCl solution II (0.9% in demineralized water).
9. Stop solution/glycinecarbonate buffer (pH 9.6): dissolve 12.8 g ammoniafree 

glycine (ICN Biomedicals) and 18.0 g dry Na2CO3 (Merck) in 200 ml demin
eralized water. The solution can be stored at 4°C for up to 3 months.

Analytical
Procedure

The assay is based on a method published by Karpova et al. [38]. Prepare a calibra
tion curve and blanks according to section 4.1.3.4, subheading “Calibration.” For 
each patient, 10 and 20µl samples of leukocyte homogenate are transferred to indi
vidual wells on the microtiter plate. Subsequently, 10 µl of Pefabloc solution (a prote
ase inhibitor) and 10 µl of substrate buffer are added. The volume is adjusted to 40 µl 
by adding NaCl solution II. The plate is briefly shaken, sealed with tape, and covered 
with aluminum wrapping. Incubation is carried out at 47°C for 21 h. The reaction is 
stopped with 6 µl of phosphate/citratebuffer, and 10 µl of αglucosidasesolution is 
added. After resealing, the plate is shaken for 1 min and incubated at 37°C for 24 h. 
During the second incubation, the enzyme cleaves the glucosamine moiety from 
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the 4MU substrate. The enzymatic reaction is terminated by addition of 200 µl stop 
solution and the fluorescence is read with an excitation wavelength of 365 nm and an 
emission wavelength of 450 nm.

Calculation
See section 4.1.3.4, subheading “Calculation.”

As heparanNsulfatase activity is fairly low in leukocytes, results should be ex
pressed as nmol/h·mg protein.

Reference Values/Typical Pathological Values

Leukocytes from normal controls showed activities ranging from 0.6 to 3.0 nmol/
mg protein·h, while patient leukocytes have activities between 0 and 0.14 nmol/mg 
protein·h.

Pitfalls

Storage and pipetting of αglucosidase should be carried out separately from all other 
lysosomal enzymes to avoid contamination of microtiter plates and pipettes.

α-N-Acetylglucosaminidase (E.C. 3.2.1.50)

Principle

See section 4.1.3.4, subheading “Principle.”

Pre-analytical
Specimen

See section 4.1.3.4, subheading “Specimen.”

Reagents and Chemicals
1. Citratesolution (2 M): 4.20 g citric acid (Merck) is dissolved in 10 ml demin

eralized water.
2. Citrate/phosphatebuffer: 1.78 g Na2HPO4·2H2O (Merck) is dissolved in 50 ml 

demineralized water and the pH is adjusted to 5.0 with citrate solution. Subse
quently, demineralized water is added until a total volume of 100 ml is obtained.

3. Substrate buffer: 3.79 mg 4methylumbelliferylNacetylαdglucosaminide 
(Moscerdam Substrates) is dissolved in 10 ml citrate/phosphate buffer. For faster 
dissolution, the mixture is sonicated (1 min). The substrate buffer is stored at 
–20°C and protected from light.

4. Stop solution/glycinecarbonate buffer (pH 9.6): dissolve 12.8 g ammoniafree 
glycine (ICN Biomedicals) and 18.0 g dry Na2CO3 (Merck) in 200 ml demin
eralized water. The solution can be stored at 4°C for up to 3 months.

Analytical
Procedure

Prepare a calibration curve and blanks according to section 4.1.3.4, subheading 
“Calibration”. For each patient sample, 10 and 20 µl of leukocyte homogenate are 
transferred to individual wells on the microtiter plate. Then 50 µl of substrate buffer 
is added and the volume is adjusted to a total of 70 µl using citrate/phosphate buf
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fer. The mixture is incubated at 37°C for 4 h before 200 µl of stop solution is added. 
The fluorescence is read with an excitation wavelength of 365 nm and an emission 
wavelength of 450 nm.

Calculation
See section 4.1.3.4, subheading “Calculation”. As αNacetylglucosaminidase activity 
is fairly low in leukocytes, results should be expressed as nmol/mg protein·h.

Reference Values/Typical Pathological Values

Leukocytes from normal controls showed activities ranging from 0.3 to 0.8 nmol/mg 
protein·h while the activity of a patient sample was 0.03 nmol/mg protein·h.

Acetyl CoA:α-Glucosaminide N-Acetyltransferase (E.C. 2.3.1.3)

Principle

See section 4.1.3.4, subheading “Principle.”

Pre-analytical
Specimen

See section 4.1.3.4, subheading “Specimen.”

Reagents and Chemicals
1. Triton X100 solution: 0.25 ml Triton X100 (Merck) is dissolved in 100 ml de

mineralized water.
2. Reaction buffer: 8.546 g citric acid (0.2 mol/l; Merck) and 5.678 g Na2HPO4 

(0.2 mol/l; Merck) are initially dissolved in 150 ml Triton X100 solution and the 
pH is adjusted to 5.5 using solid NaOH (Merck). When close to pH 5.3, a 1M 
NaOH solution should be used for the final adjustment of the pH. Triton X100 
solution is added up to a total volume of 200 ml. The reaction buffer is stored at 
–20°C.

3. Substrate buffer: 1.01 mg 4methylumbelliferylβdglucosaminide (Moscerdam 
Substrates) is dissolved in 1 ml reaction buffer to yield a 3mM solution. The sub
strate buffer has to be stored at –20°C and protected from light.

4. AcetylCoAsolution: 5.0 mg acetylcoenzyme A (Sigma) is dissolved in 1.008 ml 
demineralized water to yield a 6mM solution that should be prepared immedi
ately before the assay is run.

5. NaCl solution (0.9%).
6. Stop solution/glycinecarbonate buffer (pH 9.6): dissolve 12.8 g ammoniafree 

glycine (ICN Biomedicals) and 18.0 g dry Na2CO3 (Merck) in 200 ml demineral
ized water. The solution can be stored at 4°C for up to 3 months.

Analytical
Procedure

The assay is based on a method described by Voznyi et al. [66]. Prepare a calibration 
curve and blanks according to section 4.1.3.4, subheading “Calibration”. For each pa
tient sample, 5 and 10 µl of leukocyte homogenate are transferred to individual wells 
on the microtiter plate. Then 10 µl of acetyl CoA solution and 10 µl of the substrate 
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buffer are added and the volume is adjusted to a total of 30 µl using the NaCl solu
tion. The microtiter plate is sealed, protected from light by an aluminum cover, and 
shaken on a plate shaker (1 min). The mixture is incubated at 37°C for 21 h before 
200 µl stop solution is added (use less for the standard curve when the total volume 
of 230 µl would be exceeded). The hexosaminidase activity present in the samples is 
sufficient to liberate the 4MU moiety from the substrate after its initial acetylation. 
The fluorescence is read with an excitation wavelength of 365 nm and an emission 
wavelength of 450 nm.

Calculation
See section 4.1.3.4, subheading “Calculation.” As acetyl CoA:αglucosaminide 
Nacetyltransferase activity is fairly low in leukocytes, results should be expressed 
as nmol/mg protein·h.

Reference Values/Typical Pathological Values

Leukocytes from normal controls showed activities ranging from 0.2 to 0.65 nmol/mg 
protein·h, while patients with MPS IIIC display almost no detectable activity.

Pitfalls

In cases of missing βhexosaminidase activity (Sandhoff disease), the detected acetyl 
CoA:αglucosaminide Nacetyltransferase activity will be low because liberation of 
the fluorophore is the ratelimiting step. Therefore, low measured activity of acetyl
transferase with normal βgalactosidase activity should always trigger an assessment 
of the βhexosaminidase activity from the same material. In contrast, missing βhex
osamindase A activity (TaySachs disease) does not impede the assay.

N-Acetylglucosamine-6-Sulfatase (E.C. 3.1.6.14)

Principle

See section 4.1.3.4, subheading “Principle.”

Pre-analytical
Specimen

See section 4.1.3.4, subheading “Specimen.”

Reagents and Chemicals
1. Reaction buffer: 1.15 ml acetic acid (99.7%; Sigma) and 758.68 mg PbAc2·3H2O 

(Aldrich) are dissolved in 60 ml demineralized water and 250 µl Triton X100 
(Merck) is added. The pH is adjusted to pH 5.6 using a 10 M NaOH solution. 
Demineralized water is added up to a total volume of 100 ml. The reaction buffer 
is stored at –20°C.

2. Substrate buffer: 4.81 mg of the sodium salt of 4methylumbelliferylαNacetyl
glucosaminide6sulfate (Moscerdam Substrates) is dissolved in 1 ml of reaction 
buffer. The substrate buffer is stored at –80°C and protected from light.

3. Lysosomal enzyme solution: One vial of lyophilized lysosomal enzymes purified 
from bovine testis (Moscerdam Substrates) is reconstituted with 1 ml of deminer
alized water. Aliquots can be stored at –80°C. The enzyme solution can be frozen 
and thawed several times.
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4. Phosphatesolution: 7.12 g Na2HPO4·2 H2O is dissolved in 100 ml demineralized 
water.

5. Citric acid solution: 4.203 g citric acid is dissolved in 100 ml demineralized water.
6. Phosphate/citratebuffer: 50 ml citric acid solution is put into a 100 ml flask and 

the pH is adjusted to 4.7 with phosphate solution. The flask is filled up to the 
100ml mark with demineralized water. Store at –20°C.

7. Stop solution/glycinecarbonate buffer (pH 9.6): dissolve 12.8 g ammoniafree 
glycine (ICN Biomedicals) and 18.0 g dry Na2CO3 (Merck) in 200 ml demineral
ized water. The solution can be stored at 4°C for up to 3 months.

Analytical
Procedure

The assay is carried out according to the method published by He et al. [29]. Prepare 
a calibration curve and blanks according to section 4.1.3.4, subheading “Calibra
tion.” For each patient sample, 10 and 20 µl of leukocyte homogenate are transferred 
to individual wells on the microtiter plate. Then 10 µl of substrate buffer is added. 
The total volume is adjusted to 50 µl using the reaction buffer and the plate is sealed 
with tape and covered in aluminum wrapping. Lead acetate present in the substrate 
buffer has been found to reduce inhibition by phosphates and sulfates present in 
the solution, while having no adverse effect on the enzyme activity. The plate is in
cubated at 37°C for 21 h. Afterwards, 40 µl of phosphate/citrate buffer and 20 µl of 
the lysosomal enzyme solution are added. The plate is briefly shaken, resealed and 
incubated at 37°C for 6 h. This second incubation step is necessary to liberate 4MU 
from the substrate. The reaction is stopped with 200 µl stop solution (use less for 
the standard curve when the total volume of 310 µl would be exceeded). The plate 
is shaken briefly and read with an excitation wavelength of 365 nm and an emission 
wavelength of 450 nm.

Calculation
See section 4.1.3.4, subheading “Calculation.” As Nacetylglucosamine6sulfatase ac
tivity is fairly low in leukocytes, results should be expressed as nmol/ mg protein·h.

Reference Values/Typical Pathological Values

Leukocytes from normal controls showed activities ranging from 0.05 to 0.22 nmol/
mg protein·h, while patients with MPS IIID should display almost no detectable 
activity.

Pitfalls

Patients with multiple sulfatase deficiency also show low Nacetylglucosamine6
sulfatase activity. Therefore, arylsulfatase A or another sulfatase should also be de
termined in case of low results for a single sulfatase, especially when βgalactosidase 
activity is in the normal range for that sample.

N-Acetylgalactosamine-6-Sulfatase (E.C. 3.1.6.4)

Principle

See section 4.1.3.4, subheading “Principle.”
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Pre-analytical
Specimen

See section 4.1.3.4, subheading “Specimen.”

Reagents and Chemicals
1. Dialysis buffer: 0.8203 g NaCH3COO (10 mM, Aldrich) and 5.844 g NaCl 

(100 mM, Aldrich) are dissolved in 1000 ml demineralized water. The pH is ad
justed to 6.0.

2. Reaction buffer: 5.844 g NaCl (100 mM, Aldrich) and 8.203 g NaCHCOO 
(100 mM, Aldrich) are dissolved in 1000 ml demineralized water. The pH is ad
justed to 4.3. The reaction buffer is stored at –20°C.

3. Substrate buffer: 4methylumbelliferylβd6sulfoNacetylglucosaminide 
(Moscerdam Substrates) is dissolved in reaction buffer to yield a 1mM solution. 
The substrate buffer is stored at –80°C and protected from light.

4. Phosphate buffer: 16.394 g Na3PO4 (100 mM, Aldrich) is dissolved in 1000 ml de
mineralized water. The buffer is stored at –20°C.

5. Stop solution/glycinecarbonate buffer (pH 9.6): dissolve 12.8 g ammoniafree 
glycine (ICN Biomedicals) and 18.0 g dry Na2CO3 (Merck) in 200 ml demineral
ized water. The solution can be stored at 4°C for up to 3 months.

Analytical
Procedure

The assay is carried out according to the method published by van Diggelen et al. 
[65]. Patient samples have to be dialyzed before the assay can be run. For that pur
pose, leukocyte homogenates (0.5–1 mg protein) are sonicated in 100 µl demineral
ized water. The tubes are centrifuged at 10,000 × g for 10 min (4°C) and the superna
tant is dialyzed against the dialysis buffer for 17 h at 4°C.

Prepare a calibration curve according to section 4.1.3.4, subheading “Cali
bration.” For each patient sample, 5 and 10 µl of dialyzed supernatant are trans
ferred to individual wells on the microtiter plate. Then 20 µl of substrate buffer is 
added. The total volume is adjusted to 30 µl using the reaction buffer. Blanks are 
prepared by substitution of the sample with 10 µl phosphate buffer. The excess 
of phosphate will inhibit lysosomal sulfatases, while other unspecific phosphatein
sensitive sulfatases are not impeded. The plate is sealed with tape, covered in alu
minum wrapping and incubated at 37°C for 17 h. During this incubation, βgalac
tosidase liberates 4MU from the substrate after the initial cleavage of the sulfate 
moiety. Usually, βgalactosidase activity present in the sample is sufficient for that 
purpose. The reaction is stopped with 200 µl stop solution (use less for the standard 
curve when the total volume of 230 µl would be exceeded). The plate is shaken briefly 
and read with an excitation wavelength of 365 nm and an emission wavelength of 
450 nm.

Calculation
See section 4.1.3.4, subheading “Calculation.” As Nacetylgalactosamine6sul
fatase activity is fairly low in leukocytes, results should be expressed as nmol/mg 
protein·17 h.
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Reference Values/Typical Pathological Values

Leukocytes from normal controls showed activities ranging from 18.6 to 61.8 nmol/
mg protein·17 h, while activities from patients with MPS IVA were below 2.5 nmol/
mg protein·17 h.

Pitfalls

For cells with βgalactosidase deficiency (GM1 gangliosidosis or Morquio type B 
as well as Icell disease), the measured enzyme activity will be significantly lower 
than the true enzyme activity. In addition, cases of multiple sulfatase deficiency will 
also show low Nacetylgalactosamine6sulfatase activity. Therefore, arylsulfatase A 
or another sulfatase, as well as βgalactosidase activities should also be determined 
in case of suspicious results. To exclude poor sample quality, the determination of 
αmannosidase is recommended.

β-D-Galactosidase (E.C. 3.2.1.23)

Principle

See section 4.1.3.4, subheading “Principle.”

Pre-analytical
Specimen

See section 4.1.3.4, subheading “Specimen.”

Reagents and Chemicals
1. Citrate buffer (0.1 M): 21.0 g citric acid (Merck) is dissolved in 1000 ml deminer

alized water. The pH is adjusted to 4.4 with NaOH. The citrate buffer is stored at 
–20°C.

2. Substrate buffer: 3.4 mg 4methylumbelliferylβDgalactoside (Sigma) is dis
solved in 5.0 ml citrate buffer to yield a 2mM solution. The substrate buffer is 
stored at –20°C and protected from light.

3. Stop solution/glycinecarbonate buffer (pH 9.6): dissolve 12.8 g ammoniafree 
glycine (ICN Biomedicals) and 18.0 g dry Na2CO3 (Merck) in 200 ml demineral
ized water. The solution can be stored at 4°C for up to 3 months.

Analytical
Procedure

Prepare a calibration curve and blanks according to section 4.1.3.4, subheading 
“Calibration”.

Leukocytes
For each patient sample, 10 and 20 µl of leukocyte homogenate are transferred to in
dividual wells on the microtiter plate. Subsequently, 100 µl substrate buffer are added 
and the volume is adjusted to a total of 200 µl by adding demineralized water. The 
plate is briefly shaken, sealed with tape and covered with aluminum wrapping. In
cubation is carried out at 37°C for 45 min. The reaction is stopped with 200 µl stop 
solution and the fluorescence is read with an excitation wavelength of 365 nm and an 
emission wavelength of 450 nm.
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Dried Blood Spots
Dried blood spots (3 mm) are punched from filter paper cards (Whatman 903 pa
per, Whatman) and distributed in a microtiter plate. Each patient sample is run in 
duplicates. Subsequently, 100 µl of substrate buffer and 100 µl of citrate buffer are 
added to each specimen. The plate is shaken for 45 min, sealed with tape, covered 
with aluminum wrapping and incubated at 37°C for 21 h. The reaction is terminated 
by the addition of 200 µl stop solution and the fluorescence is read with an excitation 
wavelength of 365 nm and an emission wavelength of 450 nm.

Calculation
See section 4.1.3.4, subheading “Calculation.”

Reference Values/Typical Pathological Values

Leukocytes from normal controls showed activities ranging from 0.1 to 1.38 nmol/mg 
protein·min. Dried blood spots from healthy subjects displayed activities between 
0.3 and 2.6 nmol/spot·21 h. Patient samples are expected to exhibit barely detectable 
activities.

Pitfalls

In most cases, missing βgalactosidase activity will be associated with GM1ganglio
sidosis. The differential diagnosis between GM1gangliosidosis and Morquio type B 
disease must be based on the clinical evaluation of the patient because the enzymatic 
activity alone will not be helpful.

To exclude Icell disease in cases of low βgalactosidase activity, this enzyme 
should also be assessed in serum. Furthermore, to evaluate the quality of the material 
it is recommended to determine the activity of αmannosidase.

N-Acetyl-Galactosamine-4-Sulfatase (Arylsulfatase B; E.C. 3.1.6.1)

Principle

See section 4.1.3.4, subheading “Principle.”

Pre-analytical
Specimen

See section 4.1.3.4, subheading “Specimen.”

Reagents and Chemicals
1. Nitrocatechol solution (1.0 mM): 77.55 mg 4nitrocatechol (Sigma) is dissolved 

in 500 ml glycinecarbonate buffer (0.25 M).
2. Sodium acetate buffer (0.5 M): 20.5 g sodium acetate (Aldrich) and 1.277 g bar

ium acetate (0.01 M; Aldrich) are dissolved in 500 ml demineralized water. The 
pH is adjusted to 6.0 with NaOH. The acetate buffer is stored at –20°C.

3. Substrate buffer: 155.7 mg 4nitrocatechol sulfate dipotassium salt (50 mM, 
Sigma) is dissolved in 10 ml sodium acetate buffer. The substrate buffer is stored 
at –20°C and protected from light.

4. Stop solution: 1 M NaOH.
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Analytical
Procedure

The assay is carried out according to Baum et al. [1]. Each plate contains a calibration 
curve using the nitrocatechol solution at absolute concentrations of 5 nmol (5 µl), 
10 nmol (10 µl), 20 nmol (20 µl), 50 nmol (50 µl), and 100 nmol (100 µl). All stand
ards are run in duplicate and the volume for each well is adjusted to 150 µl with de
mineralized water. A substrate blank that does not contain leukocyte homogenate is 
included for both incubation times. In addition, a patient blank (no substrate buffer) 
and one plate blank (sodium acetate buffer only) is included in the assay.

For each patient sample, 10 and 20 µl of leukocyte homogenate are transferred to 
individual wells on the microtiter plate. As two different incubation times are nec
essary, the same volumes of all samples are also pipetted into the lower part of the 
plate. Subsequently, 100 µl of substrate buffer is added to each well and the volume 
is adjusted to a total of 150 µl by adding sodium acetate buffer containing barium 
acetate. Arylsulfatase A will be inhibited in the presence of barium ions. The plate is 
briefly shaken, sealed with tape, and covered with aluminum wrapping. Incubation is 
carried out at 37°C for 30 min (upper half including the standard curve) and 90 min 
(lower half). The reaction is stopped with 200 µl stop solution and the absorbance is 
read at 490 nm.

Calculation
The individual activity is calculated as follows:

absorption (30 min) =  absorption (patient sample, 30 min)  
– {[absorption (substrate blank)  
+ absorption (patient blank)] – absorption (plate blank)}

absorption (90 min) =  absorption (patient sample, 90 min)  
– {[absorption (substrate blank)  
+ absorption (patient blank)] – absorption (plate blank)}

absorption (patient) = absorption (90 min) – absorption (30min)

The activity is calculated using the standard curve and the result for the absorp
tion (patient) because during the first 30 min of incubation some of the activity may 
be derived from arylsulfatase A instead of arylsulfatase B. Results are expressed in 
nmol/ mg protein·h.

Reference Values/Typical Pathological Values

Not available.

β-D-Glucuronidase (E.C. 3.2.1.31)

Principle

See section 4.1.3.4, subheading “Principle.”
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Pre-analytical
Specimen

See section 4.1.3.4, subheading “Specimen.”

Reagents and Chemicals
1. Acetate buffer (0.1 M):1.144 ml acetic acid (Sigma) is added to 150 ml 

demineralized water and the pH is adjusted to 4.05 with NaOH (1 M). Deminer
alized water is added up to a total volume of 200 ml. The acetate buffer is stored at 
–20°C.

2. Substrate buffer: 1.9 mg 4methylumbelliferylβdglucuronide (Sigma) is dis
solved in 5.0 ml acetate buffer. The substrate buffer is stored at –20°C and pro
tected from light.

3. Stop solution/glycinecarbonate buffer (pH 9.6) : dissolve 12.8 g ammoniafree 
glycine (ICN Biomedicals) and 18.0 g dry Na2CO3 (Merck) in 200 ml demineral
ized water. The solution can be stored at 4°C for up to 3 months.

Analytical
Procedure

The method is based on that described by Glaser and Sly [24]. Prepare a calibration 
curve and blanks according to section 4.1.3.4, subheading “Procedure.”

Leukocytes
For each patient sample, 5 and 10 µl of leukocyte homogenate are transferred to in
dividual wells on the microtiter plate. Subsequently, 100 µl substrate buffer is added 
and the volume is adjusted to a total of 200 µl by adding demineralized water. The 
plate is briefly shaken, sealed with tape, and covered with aluminum wrapping. In
cubation is carried out at 37°C for 45 min. The reaction is stopped with 200 µl stop 
solution and the fluorescence is read with an excitation wavelength of 365 nm and an 
emission wavelength of 450 nm.

Dried Blood Spots
Dried blood spots (3 mm) are punched from filter paper cards (Whatman 903 pa
per, Whatman) and distributed into microtiter plates. Each patient sample is run in 
duplicate. Subsequently, 100 µl of substrate buffer and 100 µl of acetate buffer are 
added to each specimen. The plate is shaken for 45 min, sealed with tape, covered 
with aluminum wrapping, and incubated at 37°C for 21 h. The reaction is terminated 
by the addition of 200 µl stop solution and the fluorescence is read with an excitation 
wavelength of 365 nm and an emission wavelength of 450 nm.

Calculation
See section 4.1.3.4, subheading “Calculation.”

Reference Values/Typical Pathological Values

Leukocytes from normal controls show activities ranging from 0.45 to 3.0 nmol/mg 
protein·min. Dried blood spots from healthy subjects displayed activities between 
0.9 and 1.8 nmol/spot·21 h. Patient samples are expected to exhibit barely detectable 
activities.
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Pitfalls

In cases of low βglucuronidase activity, the activity of this enzyme in serum should 
also be assessed to avoid missing Icell disease.

4.1.4	 Alternative	Methods

There are some alternative methods for the quantitation of GAGs and the determina
tion of enzymatic activities in patient samples. Highperformance liquid chromato
graphy was successfully employed, particularly for serum or plasma specimens. The 
sequential application of chondroitinases AC and ABC yielded disaccharides that 
were separated by isocratic HPLC. The method showed a linear range of 7–7000 µM 
and a low CV. Nevertheless, due to several incubation and separation steps it is rather 
timeconsuming and laborintensive [23]. Another research group described the 
analysis of fluorolabeled GAGs on a hydroxyapatite column [50]. In addition, gel
permeation chromatography was employed for the separation of GAGs as copper 
(II) complexes. This method was also successfully applied to chemically derivatized 
GAGs that cannot be depolymerized by enzymes [62]. Similarly, capillary electro
phoresis (CE) can be used for digested GAGs that are then detected by ultraviolet 
spectroscopy or mass spectrometry. Complexation of GAGs using copper (II) ions 
improved the sensitivity. However, complete separation of intact GAGs was not fea
sible by CE and most methods still rely on enzymatic or chemical depolymerization 
prior to analysis [46].

Alternatively, urinary GAGs were isolated by anionexchange chromatography 
and subsequently analyzed by twodimensional nuclear magnetic resonance. Typical 
patterns for the different MPS types were recognized and it was suggested that this 
method could be used for disease monitoring and elucidation of pathogenesis [31].

Recently, microchip electrophoresis was applied to GAG analysis using ethidium 
bromide as a fluorescent dye. In particular, separation times were reduced to 150 s, 
while sensitivity remained comparable to that of conventional electrophoretic meth
ods that rely on cellulose acetate membranes [47].

For the measurement of αiduronidase activity, a novel substrate was developed 
that was detected by mass spectrometry. It was possible to combine this method 
with similar assays for NiemannPick type A/B, Krabbe, Gaucher, Pompe, and Fabry 
disease. However, separate incubation is necessary, and some additional workup 
procedures are usually required to purify the sample before mass spectrophotomet
ric analysis [68].
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4.2.1	 Introduction

Oligosaccharides are low-molecular-weight carbohydrate chains composed of at least 
three monosaccharide subunits. When covalently bound to a protein backbone, they 
are termed glycoconjugates or glycoproteins. Glycoproteins are widely distributed 
macromolecules with a wide variety of functions. Glycoproteins are found in serum 
and urine, in almost all secretions, in intracellular and plasma membranes, on the 
surface of many lysosomal enzymes, in the extracellular space of connective tissue 
and in the blood group substances of erythrocyte membranes [3, 12]. Due to their 
diversity, the proteins are as different and complex as carbohydrate-free proteins in 
general [16], and the carbohydrate portion ranges from 1 to 80% of the total weight 
of the molecule [32]. The most commonly occurring monosaccharides are sialic acid 
(N-acetylneuraminic acid), l-fucose, d-galactose, d-mannose, d-glucose, N-acetyl-
d-glucosamine and N-acetyl-d-galactosamine. Other sugars such as arabinose and 
xylose are rarely present.

Mammalian tissues contain two major groups of glycoproteins with distinct 
structural differences and separate synthetic pathways [3]. In the sugar nucleotide 
pathway, oligosaccharides are synthesised by the transfer of sugar moieties from 
sugar nucleotides to the growing oligosaccharide chain. They are then linked to the 
protein by the O-glycosidic linkage of N-acetylgalactosamine to threonine or serine. 
Such glycoproteins include blood group substances and mucins.

The second biosynthetic pathway, the dolichol pathway, involves lipid-linked 
intermediates [3]. The entire oligosaccharide chain is linked via the N-glycosidic 
linkage to asparagine. The oligosaccharide side chain then undergoes a series of 
trimming or elongation steps to form the “high mannose” or “complex” forms of 
glycoproteins [17].

4.2.1.1	 Glycoprotein	Degradation

The degradation of glycoproteins is predominantly lysosomal. Lysosomes contain an 
arsenal of enzymes required for the complete degradation of glycoproteins, includ-
ing proteases for the protein core and glycosidases for the carbohydrate chains. The 
sugars are removed in an ordered fashion beginning at the non-reducing ends and, to 
a lesser extent, cleavage at the reducing end of the asparagine-linked oligosaccharides 
[1]. The commonly occurring glycosidases are α-neuraminidase (sialidase), α-L-fu-
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cosidase, β-d-galactosidase, α-d-mannosidase, β-d-mannosidase, β-d-glucosidase, 
α-N-acetylhexosaminidase and β-N-acetylhexosaminidase. A partial degradation of 
the protein core by a variety of proteolytic enzymes appears to occur as the first step 
of glycoprotein degradation. The process leads to the formation of glycopeptides, 
which are attacked by N-aspartyl-β-glucosaminidase. This enzyme cleaves the as-
partylglucosamine linkage between the polypeptide and the carbohydrate moiety of 
glycopeptides, liberating aspartic acid, ammonia and the oligosaccharide [31].

4.2.1.2	 Normal	Oligosacchariduria

Small amounts of 20–30 carbohydrates and several oligosaccharides are present in 
normal human urine [23], including a glucotetrasaccharide derived from glycogen 
[19] and a series of tri- to pentasacccharides, the presence of which depends upon 
the ABO blood group, secretor status and diet [20]. Increased oligosacchariduria 
is seen in the urine of pregnant women [18], breast-milk-fed neonates or preterm 
infants fed with milk fortified with glucose polymers [25].

4.2.1.3	 Pathological	Oligosacchariduria

In the late 1960s, patients with phenotypes resembling the genetic mucopolysac-
charidoses but without mucopolysacchariduria were described. It quickly became 
apparent that these individuals belonged to a new group of disorders resulting from 
inherited defects in the lysosomal degradation of glycoproteins.

The discovery of these disorders presented the problem of differential diagno-
sis. Most patients in childhood appear phenotypically similar and therefore a simple 
screen for oligosaccharide storage diseases was warranted. A one-dimensional thin-
layer chromatography (TLC) method on silica gel was first described by Palo and 
Savolainen [21] for oligosaccharide screening of native urine from patients with as-
partylglucosaminuria. This method was extended by Humbel and Collart [14] to 
include fucosidosis, mannosidosis and GM1-gangliosidosis. Further modifications 
were introduced to enable a wider range of diseases to be detected [10, 27, 28, 35].

4.2.2	 Clinical	Significance

Genetic defects in the degradation of glycoproteins are representative of lysosomal 
storage disorders. Each disease is caused by a deficiency of a lysosomal hydrolase, 
accumulation and urinary excretion of substrates, a progressive clinical course and 
considerable phenotypic variation. These disorders also manifest the clinical symp-
toms normally associated with genetic mucopolysaccharidoses, namely coarse facies, 
dysostosis multiplex and/or ocular involvement.

Table 4.2.1 lists the disorders of glycoprotein degradation that are detected by 
urinary oligosaccharide screening. It is beyond the scope of this article to give clini-
cal descriptions of all of the disorders listed; therefore the reader is referred to the 
references given in Table 4.2.1.
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4.2.3	 Method

4.2.3.1	 Principle

One-dimensional TLC of native urine is done on silica gel plates with development 
in two solvent systems. Oligosaccharides are visualised by spraying with orcinol re-
agent followed by heating at 100°C and examination by transparency.

4.2.3.2	 Specimen

If possible, 24-h urine collections should be obtained. This is usually not possible 
in small infants or those who are physically or mentally handicapped, therefore a 
random urine sample (10–15 ml) is sufficient. The sample may be stabilised with 
toluene or chloroform, but thymol and acidification should be avoided. Samples may 
be sent by normal mail or alternatively deep-frozen on dry ice, and are then stored 
deep-frozen at –20°C prior to analysis.

4.2.3.3	 Materials

Pre-coated glass TLC plates (20×20 cm; Merck 5721, Germany); 100-µl glass syringe 
(Hamilton, Switzerland); TLC tank (Desaga, Germany), hotplate (Gerhardt, Ger-
many), spray (Eco-spray, Labochimie, France).

N-Butanol (Analar, Merck 1.01990); glacial acetic acid (96%, Analar, Roth 3738.2); 
n-propanol (Analar, Merck 1.00997); nitromethane (Analar, Merck 820894); 3,5 di-
hydroxytoluolmonohydrate (orcinol, Analar, Merck 820933); concentrated sulphuric 
acid (Analar, Merck 1.00731).

All of these reagents are stable at room temperature.

Table 4.2.1  Genetic glycoprotein storage disorders

α-Mannosidosis [34]

α-Fucosidosis [34]

Aspartylglucosaminuria [2]

β-Mannosidosis [34]

Galactosialidosis [5]

GM1-gangliosidosis [33]

GM2-gangliosidosis Sandhoff [13]

Sialidosis [34]
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4.2.3.4	 Standards

Standard carbohydrates (lactose, raffinose and glucotetrasaccharide) were obtained 
from Sigma (Munich, Germany).

Mannose tri-, tetra- and pentasaccharide together with GM1 octasaccharide were 
a gift from Dr. M.A. Chester (Lund, Sweden). At the time of writing, these standards 
are no longer available. Pentasaccharides (from human urine) and sialylated tetra-
saccharides (from human milk) are available from Sigma; however, they are cost-
prohibitive for routine use.

All standards are prepared as 1 µg/µl solutions in distilled water and stored at 
–20°C.

4.2.3.5	 Procedure

Urinary creatinine is determined on a Cobas Bio Analyser using a commercial modi-
fication of the Jaffé acid-picrate method (Wako, Neuss, Germany). Urine samples 
corresponding to 20 µg creatinine are applied directly as a thin streak in a stream of 
warm air, 1.5 cm from the lower edge of a 20×20 cm pre-coated silica gel TLC plate. 
Reference standards (10 µg) are used at a concentration of 1 µg/µl.

The plate is developed overnight (16 h) in a freshly prepared mixture of n-butanol:
glacial acetic acid:distilled water (100:50:50, v/v/v), removed, quickly dried in warm 
air and placed in a mixture of nitromethane:n-propanol:distilled water (80:100:60, 
v/v/v). Development is continued for a further 4 h.

The plate is finally removed, dried and sprayed with a freshly prepared solution 
of orcinol (0.2 g/dl) in sulphuric acid (20 g/dl). The oligosaccharide bands are then 
visualised by heating on a hotplate at 100°C and examined by transparency.

4.2.3.6	 Quality	Control

Analytical quality is maintained by including at least one known pathological sample 
in each run. There is no universal quality control scheme for oligosaccharide analysis 
due to the lack of sufficient patient samples.

4.2.4	 Interpretation	and	Limitations

Oligosaccharide standards are depicted in Fig. 4.2.1 and the respective Rf (distance 
travelled on the gel) values relative to raffinose are given in Table 4.2.2.

In normal urine, only faint bands are usually seen below the raffinose standard. 
In neonates, many violet bands are encountered below the raffinose standard (most 
likely milk oligosaccharides), in which case repeated testing is recommended at the 
age of 6 months to 1 year.

Figure 4.2.2 depicts the urinary oligosaccharide patterns of sialidosis (α-neur-
aminidase deficiency), GM1 gangliosidosis and mucopolysaccharidosis type IVB 
(β-galactosidase deficiency) compared to a normal urine and standards of raffinose, 
lactose and glucose. In patients with sialidosis, a densely staining band close to the 
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Fig.	4.2.1	 Thin-layer 
chromatography (TLC) 
of oligosaccharide standards. 
Left to right: GM1 octasac-
charide, mannotrisaccha-
ride, mannotetrasaccharide, 
mannopentasaccharide, 
glucotetrasaccharide and 
standards of raffinose 
(lower) and lactose (upper)

Table 4.2.2  Rf values (distance travelled by the substance 
on the plate) of oligosaccharide standards

Standard Rf (relative to raffinose)

Raffinose 1.00

Glucotetrasaccharide 0.78

Mannotrisaccharide 0.92

Mannotetrasaccharide 0.67

Mannopentasaccharide 0.47

GM1 octasaccharide 0.10



Fig.	4.2.2	 TLC of urinary 
oligosaccharides. Left 
to right: standards of raf-
finose (lower), lactose (mid-
dle) and glucose (upper), 
sialidosis, GM1 gangliosido-
sis, mucopolysaccharidosis 
IVB and a control
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origin (Rf 0.18) and a lighter band migrating further (Rf 0.56) are characteristic. Pa-
tients with infantile GM1 gangliosidosis show heavily staining bands close to the 
origin (Rf 0.08) corresponding to a possible octasaccharide. A further band (Rf 0.37) 
appears in the pentasaccharide region. The juvenile form of the disease shows a simi-
lar but less intense pattern. Adult forms and patients with mucopolysaccharidosis 
type IVB show only slight banding (Rf 0.37) with no octasaccharide.

Figure 4.2.3 depicts the urinary oligosaccharide excretion patterns of patients 
with α-mannosidosis, fucosidosis, GM2 gangliosidosis type Sandhoff and aspartyl-
glucosaminuria together with a normal urine and standards. Patients with α-man-
nosidosis excrete a series of mannose-containing oligosaccharides (disaccharide to 
heptasaccharide). Urine from β-mannosidosis patients fails to show an abnormal 
oligosacchariduria.

Patients with fucosidosis excrete a characteristic brown/pink band and densely 
staining bands at the origin. In Sandhoff disease, again dense staining is seen at the 
origin and urine from patients with aspartylglucosaminuria shows the presence of 
closely migrating bands near the origin.

All of the above-mentioned patterns are specific for the particular disease. The 
method is suitable as an initial screen to identify those patients in whom such a dis-
order must be excluded. The diagnosis must then be confirmed by enzyme analysis 
in serum, leucocytes or cultured skin fibroblasts or by way of mutation analysis.

The method does have limitations. Neonatal excretion patterns due to milk oli-
gosaccharide excretion may be confused with that of α-mannosidosis; however, in 
neonatal urine samples, the bands stain lilac, whereas in α-mannosidosis, they are 
brown. The same “neonatal pattern” is observed in the urine of pregnant or lactating 
women [18]. Patients receiving dextran infusions or plasma expanders (e.g. HAES) 
excrete abnormal oligosaccharides, but are not disease-specific. In glycogen storage 
disease type II, an abnormal oligosaccharide pattern is seen [4], likewise in type III 
[11], and patients with type VI excrete a characteristic tetrasaccharide [29].

Fig.	4.2.3	 TLC of urinary oligosaccharides. Left to right: standards (as in Fig. 4.2.2), a normal 
control, α-mannosidosis, fucosidosis, GM2 gangliosidosis type Sandhoff and aspartylglucos-
aminuria
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Some disorders may be missed; β-mannosidase deficiency is not detected in this 
system and perhaps a special method for β-manno-oligosaccharides [9] should be 
applied. Mucolipidosis types II and III are also not detected; however, the diagnosis 
can well be accomplished on clinical grounds. Caution must be exercised in cases of 
sialidosis. Patients with galactosialidosis show the same excretion pattern as patients 
with a primary α-neuraminidase deficiency [30]. The diagnosis can only be achieved 
by enzyme analysis. The oligosaccharide excretion pattern described in patients with 
N-acetylgalactosaminidase deficiency (Schindler/Kanzaki disease) [8] has not been 
seen with the described method. There again, perhaps the use of ninhydrin as a de-
tection reagent may reveal the pattern [26]. Likewise, the reported oligosaccharide 
excretion pattern of patients with Gaucher disease [7] has not been confirmed by the 
author.

In all cases of abnormal oligosacchariduria with patterns not characteristic of a 
known glycoprotein storage disease, a structural analysis of excreted oligosaccharides 
is required. High-performance liquid chromatographic methods have been used [6, 
22], but do not give any more information than TLC methods. The advent of new 
technologies (time-of-flight mass spectrometry [15], tandem mass spectrometry) 
has paved the way towards a rapid and accurate oligosaccharide analysis. It is now 
possible to determine oligosaccharides and glycolipids in amniotic fluid as an aid to 
prenatal diagnosis [24] and to accurately monitor glucotetrasaccharide in Pompe 
disease by tandem mass spectrometry [36], a prerequisite for enzyme replacement 
therapy in this disorder.
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4.3.1	 Introduction

The sialic acids comprise a family of about 40 derivatives of neuraminic acid. The 
major type of sialic acid in humans is N-acetylneuraminic acid (NeuAc; Fig. 4.3.1). 
In other mammalians, a variable but often minor percentage of the sialic acids is rep-
resented by N-glycolylneuraminic acid (NeuGc). These monocarboxylic N-substi-
tuted monosaccharides are essential components of oligosaccharides (OGSs) present 
in glycoproteins and gangliosides. Under normal circumstances only a small portion 
of total sialic acid is present in its free form in tissues and body fluids without a clear 
biological function. Sialic acid is present mainly in a bound form with an α-glyco-
sidic linkage as the terminal sugar of the carbohydrate chains of macromolecules. 
Since the pK of the carboxyl group of sialic acid is low (around 2.6), it provides 
a strong negative charge to such sugar chains. OGS-bound sialic acid is involved in 
main metabolic functions like immunological processes, hormonal responses, signal 
transmission in neurons, tumor progression, cell adhesion, and protection mecha-
nisms [17, 18].

The essential steps of intracellular sialic acid metabolism in humans are depicted 
schematically in Fig. 4.3.2. The synthesis starts with glucose, which is converted to 
uridine diphosphate (UDP)-N-acetyl-d-glucosamine (UDP-GlcNAc). The next step, 
the conversion to N-acetylmannosamine (ManNAc) by UDP-GlcNAc-2-epimerase, 
is subject to feedback regulation by cytidine-5’-monophosphate (CMP)-NeuAc, the 
end product of the pathway. NeuAc is produced after a phosphorylation step from 
ManNAc to ManNAc-6-phosphate, a phosphate synthase step to NeuAc-9-phos-
phate, and finally a specific phosphatase acting on NeuAc-9-phosphate. A variety 
of reactions can occur leading to modified and activated sialic acids. Modifications 
can be enzymatic conversion of the N-acetyl group to N-glycolyl and O-acetylation 
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Fig.	4.3.1	 Structure of N-acetylneuraminic acid 
(NeuAc)



at positions 4, 7, 8, and 9 of the neuraminic acid molecule. Following modification 
at the monosaccharide level, activation to CMP-NeuAc takes place. This reaction is 
catalyzed by CMP-NeuAc synthase in the nucleus. CMP-NeuAc is transported into 
the Golgi apparatus by a specific transporter and functions as a sialic acid donor for 
sialyltransferase reactions, leading to sialylated OGSs of glycoproteins and glycoli-
pids. This concludes the synthesis part of the pathway. Most of the degradation starts 
from sialylated glycoconjugates in the lysosome. The OGS chains are sequentially 
degraded by several specific lysosomal enzymes. This starts with cleavage of the ter-
minal sialic acid residue by a specific acid neuraminidase (sialidase). Free NeuAc is 
transported out of the lysosome by a specific transporter, acting as a proton sym-
porter [11]. The free NeuAc can be reutilized or further degraded by acylneurami-
nate pyruvate-lyase to pyruvate.

Three different rare genetic metabolic defects in sialic acid metabolism are known, 
as indicated in Fig. 4.3.2 [3, 21]: (1) free sialic acid storage disease (SASD; Online 
Mendelian Inheritance in Man, OMIM 604369, 269920), a lysosomal membrane 
transporter defect; (2) sialuria (OMIM 269921), a feedback inhibition defect in sialic 
acid biosynthesis; (3) sialidosis (OMIM 256550), a breakdown defect of sialyloli-
gosaccharides caused by a defect of lysosomal sialidase. In all these genetic defects, 
an increased amount of sialic acid can be found in tissues and or body fluids, either 
bound to OGSs as in (3), or in its free state as in (1) and (2).
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Fig.	4.3.2	 Human sialic acid metabolism and genetic defects. -6P -6-Phosphate, -9P -9-phos-
phate, CMP cytidine 5’-monophosphate, CTP cytidine 5’-triphosphate, UDP-GlcNAc uridine 
diphosphate-N-acetyl-D-glucosamine, ManNAc N-acetylmannosamine, NeuAc N-acetylneur-
aminic acid, OGS oligosaccharides, SASD sialic acid storage disease



4.3.2	 Clinical	Manifestation	of	SASD

The lysosomal disorder SASD is characterized by accumulation of the free acid mono-
saccharide sialic acid in the lysosomal compartment of the cell. Diagnosis is based 
on the demonstration of abnormal excretion of free, not OGS-bound sialic acid in 
urine, coupled with accumulation of free sialic acid in cultured fibroblasts, and on 
microscopic evidence of vacuoles (increased and swollen lysosomes filled with light 
electron-lucent material in skin biopsy and peripheral blood lymphocytes). The in-
heritance is autosomal recessive. There are different clinical forms of this disorder: 
an adult form, called Salla disease (SD) or Finnish sialuria (OMIM 604369); infantile 
SASD (ISSD; OMIM 269920); and an intermediate form, severe Salla disease [3,16].

Salla disease, the milder adult form, was originally described in a group of pa-
tients originating from a circumscribed area in northern Finland, which lends the 
eponym [2]. Nystagmus, hypotonia, and ataxia by the end of the 1st year are typical 
signs of SD. Deep mental retardation, dementia, loss of deambulation, and loss of 
acquired speech characterize the latter stages of the disease, which spans several de-
cades. Hypomyelination and dysmyelination can be observed on magnetic imaging 
brain scans. Although most patients with SD are of Finnish origin, the disease has 
also been described in Sweden and sporadically in The Netherlands (G.M.S. Man-
cini, unpublished observations). Patients with the intermediate form show moderate 
signs of neurodegeneration, marked growth retardation, and delayed puberty associ-
ated with endocrine failure [8].

The infantile form (ISSD) represents the most severe form of the disease, with 
failure to thrive, severe psychomotor retardation, visceromegaly with ascites, dysos-
tosis multiplex. Onset is at birth or in utero and is followed by early death, usually 
within the 1st year [6].

All clinical forms of the disease are due to a defect in the lysosomal membrane 
transporter for sialic acid necessary for the export of sialic acid out of the lysosome 
[11]. The gene coding for this transporter, SLC17A5, contains 11 exons and encodes 
a 495-amino-acid transmembrane protein, sialin [20].

SASD must be discriminated from other disorders of sialic acid storage [3]: (1) 
sialidosis and galactosialidosis, defects respectively in lysosomal sialidase and both 
sialidase and β-galactosidase. (OMIM 256550 and 256540); (2) nonlysosomal sial-
uria (OMIM 269921).

Sialidosis (and also galactosialidosis) is characterized by the accumulation of 
OGS-bound sialic acid. Free sialic acid is normal. Diagnosis is confirmed by en-
zyme analysis of sialidase (sialidosis) or both sialidase and β-galactosidase (galac-
tosialidosis) in fibroblasts. The clinical presentation of infantile sialidosis (type II), 
galactosialidosis, and ISSD may be very similar during the neonatal period, with 
hepatosplenomegaly, ascites, and dysmorphic features. Typical ocular findings for 
sialidosis and galactosialidosis, cherry red spots, are not yet detectable at an early 
age. Sialidosis type I, cherry red spot myoclonus syndrome, is milder and clinically 
very different from ISSD.

Nonlysosomal sialuria (also called French-type sialuria) is characterized by mas-
sive excretion of free sialic acid in urine. Only four patients have been described. 
The defect is caused by a defective feedback inhibition of UDP-GlcNAc-2-epimerase 
[15]. The accumulation is cytosolic and not lysosomal. The clinical presentation is 
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variable, but includes developmental delay, hepatosplenomegaly, and coarse facial 
features. Some individuals with this disorder are asymptomatic. The disorder shows 
autosomal dominant inheritance [10].

For an overview of clinical and biochemical discrimination of all disorders with 
accumulation of sialic acid see Table 4.3.1. For a diagnostic workflow see Table 4.3.2.

Table 4.3.1  Disorders of sialic acid metabolism with storage of sialic acid, 
clinical, and biochemical discrimination. ISSD Infantile sialic acid storage 
disease, OGS oligosaccharide, SASD free sialic acid storage disease

Disease  Clinical severity  Biochemistry sialic acid 
(amount in urine, tissues)

Free sialic acid storage disorders, SASD

ISSD + + + + + +

Intermediate + + + / + +

Salla + +

Other

French-type Sialuria  – / + + + + +

(Galacto)sialidosis ++ + (OGS-bound )

Sialidosis type I + 
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Table 4.3.2  Diagnostic workflow of disorders with accumulation of free 
or oligosaccharide-bound sialic acid. MRI Magnetic resonance imaging, 
TLC thin-layer chromatography

Clinical signs, brain MRI and microscope investigation of skin or lymphocytes

TLC and quantitative sialic acid determination in urine

Free sialic acid Bound sialic acid

Sialic acid determination in cultured fibro-
blasts

 Enzyme analysis, sialidase, β-galactosidase

Molecular analysis of SLC17A5



↓

↓ ↓

↓

↓↓



4.3.3	 Methods

4.3.3.1	 Thin-Layer	Chromatography

Principle

Thin-layer chromatography (TLC; in one dimension) provides a rapid, easy, and eco-
nomical separation method useful for the initial screening of large amounts of sam-
ples. Separation is achieved by the differences in solubility of the individual mono-
saccharides and OGSs. It can be easily applied to screen urine samples for free sialic 
acid and for sialyloligosaccharides. The technique is also used for the screening of 
several other lysosomal storage disorders in which OGSs accumulate. For sialic acid 
(free or bound to OGSs), a specific staining of the plates is essential.

Specimen

In general, untimed urine specimens can be used for this assay. However, preferably 
24-h urine samples should be used. Samples should be frozen as soon as possible 
after collection.

Reagents and Chemicals

1. Solvent for TLC: 75 ml butanol with 37.5 ml acetic acid and 37.5 ml distilled wa-
ter (prepared on weekly basis).

2. Staining solution (Bial’s reagent), prepared freshly: 50 mg orcine monohydrate is 
dissolved in 12.5 ml distilled water, 20 ml HCl 37%, and 0.5 ml 1% ferric chloride 
hexahydrate (FeCl3.6H2O).

3. Reference sample: 1 mg/ml NeuAc.

Instrumentation

1. Small table centrifuge (for 1.5-ml volume reaction vials).
2. Tank for TLC.
3. Silica 60 TLC plates, 20 × 20 cm.
4. If possible, an automatic spotter, or else a pipette for volumes between 10 and 

25 µl.
5. TLC spray apparatus.
6. Stove (100°C).

Procedure

A 1.0-ml sample of urine is placed in a 1.5-ml reaction vial and centrifuged for 5 min, 
at room temperature, and at 10,000 rpm (about 10,000 × g). The supernatant can be 
applied to the TLC plate. The amount to be applied is dependent on the age of the 
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patient and the creatinine concentration of the urine sample. We use the following 
formula:

volume of urine (µl) = age factor × 1/creatinine (mmol/l),

whereby the age factor is 75, 100, 150, and 200 for the age groups 0–1 years, 1–2 years, 
2–8 years, and > 8 years, respectively. For good reproducibility an automatic spotter 
is used, but manual spotting using a pipette is also possible. During manual spotting 
portions of (maximum) 10- to 20-µl sample are applied carefully to a 1.5-cm-wide 
horizontal pencil line, about 2 cm from the left border of the plate and about 1.5 cm 
from the bottom of the plate. If more is necessary, the first portion is dried using a 
hairdryer before the second portion is applied to it. The next sample is applied with a 
distance of 2.5 cm. As a reference standard, a 10-µl sample of free sialic acid (NeuAc, 
1 mg/ml) is applied to the last lane of the TLC plate.

The chromatography tank is filled with TLC solvent solution to about 1 cm below 
the applied samples. Three strokes of filter paper saturated with solvent solution are 
placed at three sides of the tank. The tank is closed with a glass plate and sealed using 
grease. When the solvent level has reached the top of the plate (5–8 h), the plate is 
dried in a fume hood or on a stove heated to 100oC. The plate is sprayed with staining 
solution using a spray apparatus. The plate is covered with a glass plate and placed in 
a 100oC stove for about 15 min. After color development, the glass plated covering 
the tank is removed and the TLC plate is placed into the fume hood for further dry-
ing and interpretation.

Interpretation

The patterns are compared to the reference standard and to control samples. A pic-
ture of a typical pathological pattern is shown in Fig. 4.3.3. In case of an increased 
free sialic acid band, or increased sialyloligosaccharides, the next step is the quantita-
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Fig.	4.3.3	 Example of thin-layer chromatography of human urine samples



tive determination of free and bound sialic acid, respectively. It should be noted that 
the increase in sialic acid can be modest in some patients, and can vary from sample 
to sample. In these cases the assay should be repeated on a fresh sample, (if possible 
a 24-h sample).

4.3.3.2	 Quantitative	Analysis	in	Urine

Principle

Usually this analysis is done after the initial TLC screenings test. The test determines 
only free sialic acid. It should be noted that not all different sialic acids (see section 
4.3.1) are detected by this test. In relation to human disorders, however, we are only 
interested in NeuAc. The analysis is performed to quantify the amount of NeuAc 
present as either free sialic acid, which is increased in SASD, or OGS-bound sialic 
acid, which is increased in sialidosis and galactosialidosis. In the case that determi-
nation of free sialic acid is required, the test can be performed directly. In the case of 
suspicion of OGS-bound sialic acid, the test is performed after an acid hydrolysis step 
to liberate sialic acid. The subsequent test determines the total amount of sialic acid, 
the initially free form plus the liberated bound form, via the widely used periodate-
thiobarbituric acid (TBA) assay [4, 5, 22]. Treatment of sialic acid with periodate 
under acidic conditions produces β-formylpyruvate, which reacts with TBA to pro-
duce a red/purple chromophore with an absorption maximum at 549 nm. Extraction 
of the chromophore in an organic solvent, cyclohexanon, or acid butanol stabilizes 
and intensifies the color. Several compounds present in urine (e.g., deoxyribose) can 
form malonaldehyde, which condenses with TBA to form a chromophore with an 
absorption maximum at 532 nm. Since both absorption maxima are very close to 
each other, this can easily give rise to interference in the quantitation of sialic acid. 
Interference can be decreased by a neutral butanol extraction step for the interfer-
ing chromophore that precedes the final acid butanol extraction step in which the 
specific chromophore is extracted [14].

Specimen

See section 4.3.3.1, subheading “Specimen.”

Reagents and Chemicals

1. Butanol.
2. Periodate (0.025 M) in 0.25 M HCl (prepare fresh).
3. 5% Sodium thiosulfate (prepare fresh).
4. 0.1 M 2-TBA pH 5.5–7.0 (prepare fresh): 40 ml distilled water with 720 mg bar-

bituric acid. Add 5 N NaOH to dissolve the salt and take the pH to 5.5–7.0. Add 
distilled water to a total volume of 50 ml.

5. Acid butanol (95 ml butanol with 5 ml HCl).
6. 0.1 M Sulfuric acid.
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7. 5 N NaOH.
8. Stock solution of NeuAc acid 0.05% (500 mg/l): (prepare fresh dilutions from 

200 µl volume: 25, 50,125, 250, and 375 mg/l.

Instrumentation

1. Table centrifuge.
2. Water bath (shaking) 37°C.
3. Water bath 80°C.
4. Spectrophotometer.
5. Vortex.

Procedure

All determinations are performed in duplicate. For total (free plus bound ) sialic 
acid: take 50 µl sample (distilled water blank; or standard; or urine sample ), add 
50 µl H2SO4 and incubate for 60 min at 80°C in closed reaction tubes. For free sialic 
acid, pipette the same without incubation at 80°C.

Add 250 µl periodate to all tubes, close the tubes and then incubate for 30 min at 
37°C in a shaking water bath. Add 5% sodium thiosulfate dropwise during mixing on 
vortex to all tubes. Add 1.25 ml TBA to each tube; mix, close the tubes and incubate 
for 15 min in a boiling water bath. Cool the tubes down in iced water then place at 
room temperature. Add 20 µl of 5 N NaOH and 2.2 ml butanol; mix carefully, centri-
fuge for 10 min at 3000 rpm about (about 2000 × g), and remove the upper butanol 
layer using a Pasteur pipette and vacuum aspiration. Add 2.2 ml acid butanol, mix 
carefully, centrifuge for 10 min at 3000 rpm about (about 2000 × g). Take about 2 ml 
from the upper butanol layer and put into small plastic tubes (5 ml volume); centri-
fuge for 3 min at 3000 rpm about (about 2000 × g). Pipette 800 µl of the supernatant 
into 1-ml cuvettes. Measure the absorbance at 549 nm against the blank sample (set 
at 0).

Interpretation

For each batch of samples, a calibration curve of six standard concentrations is cal-
culated (25, 50, 125, 250, 375, and 500 mg/l). The curve is plotted and the sample 
concentrations are calculated. The correlation coefficient of the standard plot must 
be > 0.98. The concentration is determined in mmol/mol creatinine:

(concentration in mg/l × 1000)/(creatinine concentration in mmol/l × 309.28),

where 309.28 is the molecular mass of NeuAc. When the absorbance of the urine 
sample is higher, then the highest standard concentration the urine sample is diluted 
accordingly and remeasured. For reference values, which are age dependent, use can 
be made of the tables given in Waters et al. [23] (see a short overview in Table 4.3.3). 
Some typical pathological values are reported in Table 4.3.4. As mentioned earlier, 
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increases in sialic acid can be modest in some patients, and can vary from sample 
to sample. In such cases the assay should be repeated on a fresh sample, if possible a 
24-h sample. A positive test should always be followed by determination in cultured 
fibroblasts (see next topic). In cases where an increase in bound sialic acid is found 
(on TLC sialyloligosaccharides and quantitative increase after acid hydrolysis), neur-
aminidase (sialidase) enzyme determination should be performed.

4.3.3.3	 Quantitative	Analysis	in	Cultured	Skin	Fibroblasts

Principle

The test is performed for diagnosis of all clinical forms of SASD. This analysis is usu-
ally done after an initial TLC screening test that is positive for free sialic acid, and an 
increased free sialic acid value in the quantitative urine determination test. The test 
is like the quantitative urine test performed with the periodate-TBA assay [5, 22]. 
However, in this case interference is decreased by prepurification of the sample us-
ing ion-exchange chromatography [12]. Fibroblasts are cultured under standardized 
conditions. Cell lysates are prepared by tip sonification in distilled water and the 
cleared lysates are applied to small Dowex columns. NeuAc is eluted, freeze dried, 

Table 4.3.3  Normal reference values of free and bound N-acetylneuraminic 
acid (NeuAc) in human urine (adapted from Waters [23])

Age (years) Range (mmol/mol creatinine)

Free NeuAc Bound NeuAc

0–2 years: 20–130 15–260

2–4 years: 20–75 25–150

4–6 years: 20–60 30–100

6–8 years: 20–50 20–60

8–16 years: 10–30 15–50

Table 4.3.4  Some typical pathological free NeuAc values in urine samples 
of different clinical forms of SASD (values from own experience and the 
literature)

NeuAc (mmol/mol creatinine)

Salla disease (age 12 years) 50

ISSD (from the literature) 121–1608

Intermediate forms (age 3 years) 125

French-type sialuria (from the literature) 14,680; 8950
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dissolved, and then used in the test. In this case, extraction of the formed chromo-
phore is carried out directly with acid butanol.

Specimen

Cultured skin fibroblasts.

Reagents and Chemicals

1. Cell culture facility.
2. Acid butanol (95 ml butanol with 5 ml HCl).
3. 0.1 M 2-TBA pH 5.5–7.0: 40 ml distilled water with 720 mg barbituric acid, add 

5 N NaOH to dissolve and take the pH to 5.5–7.0. Add distilled water to a total 
volume of 50 ml.

4. Dowex anion exchange resin, AG 1-X8, acetate form.
5. 0.25 M HCl.
6. 0.025 M Periodate in 0.25 M HCl (prepare fresh).
7. 0.2 M Sodium thiosulfate (prepare fresh).
8. 250 ml Ammonium acetate buffer pH 5.4 (prepare fresh).
9. 250 ml 0.2 M Ammonium formate buffer pH 5.4 (prepare fresh).
10. Stock solution of NeuAc-2, 33.4 µM (2 nmol/60 µl), kept frozen.
11. Stock solution of NeuAc-5, 83.5 µM (5 nmol/60 µl), kept frozen.
12. Stock solution of NeuAc-10, 167 µM (10 nmol/60 µl), kept frozen.

Instrumentation

1. Vortex.
2. Spectrophotometer with 100-µl cuvettes.
3. 5-ml Disposable columns.
4. Freeze dryer.
5. Sintered glass funnel.
6. Small table centrifuge (for 1.5-ml sample vials).
7. Incubator.
8. Water bath 100°C.

Procedure

Fibroblasts are cultured under standard conditions in F10+ medium with 15% fetal 
calf serum. The level of free NeuAc is greatly influenced by culture conditions. Do 
not use Chang medium (leads to very high control values). The final culture is done 
in a 175-cm2 culture flask for 7 days, the last 3 days with 5% fetal calf serum. Medium 
is removed, cells are washed with phosphate-buffered saline (PBS), trypsinized, cen-
trifuged at 100 × g, and washed with PBS. The resultant pellets are frozen before use, 
in 1.5-ml sample vials at –80°C.
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A sonic homogenate is prepared of a fibroblast cell pellet in 250-µl distilled water 
using a tip sonificator, followed by centrifugation for 10 min at 10,000 rpm (about 
10,000 × g) and 4 °C. The supernatant is used for the purification procedure and for 
protein determination using the BCA kit of Pierce Chemicals.

Purification Procedure by Ion-Exchange Chromatography

Dowex (2.5 g per column) is prewashed in a sintered glass funnel with distilled wa-
ter. Disposable columns (5 ml) are filled with 2 ml bed volume of prewashed Dowex. 
Columns are washed with 6 ml ice-cold distilled water. A 60-µl aliquot of each stand-
ard (NeuAc-2, NeuAc-5, and NeuAc-10) and a water blank are applied to the col-
umn. For diagnostic samples, patients and controls apply 200 µl to the column. Wash 
all columns three times with 2-ml ice-cold ammonium acetate buffer. Elute NeuAc 
by applying 3 × 2 ml and 1 × 1 ml ice-cold ammonium formate buffer. Close the col-
lection tubes (50-ml volume) with a pierced cap and centrifuge fast to spin down 
droplets from the wall of the tube. Freeze the eluates in an upright position in liquid 
nitrogen.

Lyophilization

Place the frozen eluates in a freeze dryer for about 20 h. Carefully rinse the wall of 
the tubes three times with 500 µl distilled water and transfer the dissolved NeuAc to 
small 2-ml reaction vials with pierced caps. Freeze in liquid nitrogen and lyophilize 
again for about 13 h. Store residues at –20°C until determination of NeuAc.

NeuAc Determination

All determinations are performed in duplicate. Prepare samples by dissolving the lyo-
philized residue carefully in 60 µl of distilled water; keep on ice. Take a 20-µl sample 
and add 20 µl periodate; mix and incubate for 30 min at 37°C. Add 20 µl thiosulfate 
and vortex (a brown color will develop and disappear by vortexing).

Add 125 µl TBA, vortex, and place for 15 min into a boiling water bath. Cool 
down in ice water and centrifuge fast at room temperature. Add 125 µl acid butanol, 
vortex twice for about 5 s each. Centrifuge for 10 min at 3000 rpm (2000 × g).

Measurement

Transfer 100–110 µl of the butanol top layer in a 100-µl cuvette and read the absorb-
ance at 549 nm (A549) using a spectrophotometer. If the A549 is too high (> 2.5), take 
sample out of the cuvette and dilute four times in acid butanol and remeasure. Take 
care of air bubbles and check that the cuvette is filled appropriately. Avoid pipetting 
the bottom aqueous layer!

Interpretation

A standard curve is plotted from the standard samples that have been treated like the 
other samples (after purification and lyophilization); NeuAc concentrations in the 
samples are calculated from this plot. The concentration is reported in nmol NeuAc/
mg protein in the original sample lysate. Normal reference values and pathological 
values as found in our laboratory are reported in Table 4.3.5.
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4.3.3.4	 Molecular	Diagnosis

The SLC17A5 gene, responsible for lysosomal membrane sialic acid transport, is lo-
cated on chromosome 6q14-15, contains 11 exons, and encodes a transmembrane 
protein of 495 amino acids, sialin [20]. Mutation analysis confirmed that SD, ISSD, 
and intermediate forms are allelic disorders. Mutation analysis in SD showed a 
“founder” missense mutation, 115 C > T, Arg39Cys in exon 2 in almost all of the 
affected Finnish patients. This mutation also seems to be associated with a milder 
course in either homozygous or heterozygous patients from other European coun-
tries. Many different mutations have been found throughout the gene in unrelated 
individuals. No particular mutation is associated with this phenotype [1, 6, 20].

Mutation analysis should be considered in those families with an affected 
child who are interested in prenatal diagnosis of a future pregnancy. Biochemical 
diagnosis has been reported to be difficult in amniotic fluid supernatant and cells, 
and chorionic villus cells, especially in SD. The increase in free sialic acid may be 
moderate even in cases with severe in utero presentation [3, 6]. It has been reported 
that prenatal diagnosis is reliable in trophoblast biopsy samples, using a high-per-
formance liquid chromatography (HPLC), modified sialic acid test [6]. However, 
for a fast and reliable prenatal diagnosis, molecular diagnosis is now the preferred 
method.

4.3.3.5	 Alternative	Methods

Several alternative methods for the determination of sialic acid in body fluids and 
tissues have been described. Most of these methods make use of the classic periodate-
TBA assay in combination with purification using HPLC [13]. Another method 
makes use of fluorometric HPLC of sialic acids after derivatization with a fluorogenic 
compound [9]. The most promising new method for the determination of free sialic 
acid in urine (and probably also other body fluids and tissues) is the HPLC-tandem 
mass spectrometry method [19]. This method is rapid, accurate, and sensitive, and is 
more robust than earlier methods. The only disadvantage is the expensive equipment 
that is required, which makes it only economical for specialized metabolic laborato-
ries. Since this equipment is used for many different metabolic assays, the investment 
is certainly warranted, and nowadays almost essential for any metabolic laboratory. 

Table 4.3.5  Normal and pathological values of free NeuAc in cultured 
fibroblasts of controls and in patients with the different clinical forms  
of SASD

NeuAc in nmol/mg protein

Controls (n = 40) 0.1–2.3

Salla disease (n = 5)  5–12

ISSD (n = 10)  36–92

Intermediate forms (n = 5)  3–35
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This method may serve in the future as the reference method for free sialic acid in 
the diagnosis of SASD.

4.3.3.6	 Enzyme	Analysis	in	Cultured	Fibroblasts

Principle

This test is performed when bound sialic acid is increased and when sialyloligo-
saccharides are found by TLC screening test. The lysosomal enzyme neuraminidase 
(sialidase) cleaves terminal sialic acid residues from the OGS chains in the lysosome 
(see section 4.3.1). The enzyme activity can be determined with an artificial sub-
strate , 4-methylumbelliferone (4-MU) coupled to sialic acid. Upon incubation and 
enzymatic cleavage, free sialic acid and free 4-MU are formed; under alkaline condi-
tions, the latter is a strongly fluorescent compound. The amount of 4-MU formed is 
indicative of the sialidase activity. This enzymatic assay can be used for the diagnosis 
of sialidosis (mucolipidosis 1) and galactosialidosis (combined sialidase and β-ga-
lactosidase deficiency). For discrimination of both disorders, a β-galactosidase assay 
is also performed. The principle is similar, but using galactose coupled to 4-MU as 
a substrate [7].

Specimen

Cultured skin fibroblasts.

Reagents and Chemicals

1. 4 mM 4-methylumbelliferyl-α-d-NeuAc sodium salt (MU-NeuAc), stock solu-
tion in distilled water, stored in 100-µl aliquots at –20°C.

2. 1 mM 4-methylumbelliferyl-β-d-galactopyranoside (MU-Gal) in 0.1 M sodium 
acetate buffer with 0.1 M NaCl pH 4.3.

3. 0.5 M Sodium carbonate buffer pH 10.7 with 0.025% Triton X-100.
4. Bovine serum albumin (BSA) 0.2% (pH and heat inactivated).
5. 30 µM 4-MU standard solution.

Instrumentation

Spectrophotometer (excitation 365 nm, emission 448 nm) and a heat block 37°C for 
96-well plates.

Procedure and Interpretation

Prepare a fresh fibroblast homogenate in 130 µl distilled water (note: sialidase is 
highly labile upon sonification and freezing!), using a small (200-µl) Potter appara-
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tus. Measure the protein concentration using the BCA method (Pierce Chemicals). 
Prepare fresh MU-NeuAc substrate, dilute 1:1 with 0.1 M sodium acetate buffer 
pH 4.3. Always keep fresh MU-NeuAc on ice to minimize hydrolysis, which leads 
to high blank values.

All determinations are performed in duplicate. The blank is 10 µl BSA 
solution + 10 µl MU-NeuAc substrate pH 4.3 in a well of a 96-well plate. The sam-
ple comprises 10 µl homogenate (diluted until the protein concentration is 3 mg/
ml) + 10 µl of substrate. Incubate the samples for 1 h at 37°C on a heat block. Add 
200 µl carbonate buffer and read the fluorescence. For calibration, 25 µl 4-MU stan-
dard solution (750 pmol) is mixed with 200 µl carbonate buffer and measured. For 
β-galactosidase, the homogenate is diluted until the protein concentration is 0.3 mg/
ml. The incubation solution is as follows: 10 µl + 20 µl MU-Gal.

Activities are calculated and compared to internal control samples. Normal ref-
erence values and pathological values as found in our laboratory are reported in 
Table 4.3.6.
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4.4.1	 Introduction

Sphingolipidoses are a group of genetic disorders caused by a deficiency in the ly-
sosomal degradation or transport of sphingolipids (i.e., sphingomyelin, ceramide, 
neutral glycosphingolipids, and gangliosides). The enzymes involved in the stepwise 
degradation of sphingolipids are exohydrolases with optimal activity at acidic pH. 
A deficiency of one of these enzymes gives rise to a particular sphingolipid storage 
disorder (Table 4.4.1, Fig. 4.4.1). Since most of the enzymes involved in the degra-
dation of sphingolipids require an activator protein for activity in vivo, a deficiency 
of an activator protein gives rise to a storage disease with clinical features similar 
to the disease caused by the enzyme deficiency (see Fig. 4.4.1) [25]. Niemann-Pick 
disease type C (NPC) is an exception in that this complex (glycosphingo-)lipid stor-
age disease is not caused by an enzyme deficiency, but can be considered as a (glyco-
sphingo-)lipid trafficking defect caused by a deficiency of one of two proteins NPC1 
or NPC2 (Table 4.4.1) [57].

Sphingolipidoses are clinically and genetically heterogeneous and may present at 
any age, varying from a very severe presentation with hydrops fetalis [65], to late-on-
set diseases with mainly psychiatric symptoms. In general, a good correlation exists 
between the levels of residual enzyme activity and the clinical severity of the disease 
[27]). A classification of subtypes with infantile, juvenile, and adult presentation is 
useful, but it should be realized that in many diseases the presentation of each in-
dividual patient is part of a continuum of possible clinical presentations [15, 18, 41, 
57]. All sphingolipidoses present with neurological disease with the exception of 
Fabry disease, Gaucher disease type 1, and Niemann-Pick disease type B. This stands 
to reason considering the important role of glycosphingolipids in neuronal cells and 
myelin. In addition to neurological symptoms, some sphingolipidoses present with 
visceral symptoms and skeletal problems. For example, patients with the early-on-
set form of GM1-gangliosidosis present with features resembling the mucopolysac-
charidoses and the oligosaccharidoses in addition to neurological problems. This 
stems from the fact that the enzyme β-galactosidase also plays a role in the lysosomal 
degradation of mucopolysaccharides and oligosaccharides. A summary of the main 
presenting features of each disease is given by Wenger et al. [60] and Beck [3]. More 
detailed information can be obtained from authoritative reviews [50].

Lysosomal storage diseases are rare, with an estimated birth prevalence of about 
1:5000 to 1:7000 newborns. The sphingolipidoses make up about one-half of the to-
tal number of patients with lysosomal storage diseases [35, 44, 45]. In some popu-
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Fig.	4.4.1	 Stepwise degradation of sphingolipids by lysosomal hydrolases and the activator pro-
teins required for each step. The names of the sphingolipidoses corresponding to each hydrolase 
deficiency are indicated. Adapted from Kolter and Sandhoff [25]. Cer Ceramide, GA1 asialo-
GM1-ganglioside, GA2 asialo-GM2-ganglioside, Gal galactose, GalNAc N-acetylgalactosamine, 
Glc glucose, GM1 GM1-ganglioside, GM2 GM2-ganglioside, NeuAc N-acetylneuraminic acid, 
Sap saposin                    
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lations the birth prevalence is much higher. For example, Tay-Sachs disease, Nie-
mann-Pick disease type A/B, and Gaucher disease are particularly prevalent among 
the Ashkenazi Jewish population in the United States and Israel, where prevention 
programs based on heterozygote detection have been implemented for these diseases 
[1, 24]. All sphingolipidoses are autosomal recessive diseases with the exception of 
Fabry’s disease, which is X-linked.

While the genes for all of the sphingolipidoses are known and many mutations 
have been characterized [14], molecular analysis is rarely used for the initial diagno-
sis of a patient suspected of suffering from a sphingolipidosis. Rather, determination 
of the enzyme activity in easily obtainable cells like leukocytes and fibroblasts and in 
dried blood spots (in some instances supplemented by the identification of storage 
products in urine or plasma) are the methods of choice for diagnosing new patients 
(Table 4.4.1). For NPC, the diagnostic work-up involves showing the presence of 
a cholesterol-trafficking defect in fibroblasts [42, 58].

Since there is always some overlap between enzyme activities observed in car-
riers and normal individuals from the general population, enzyme analysis does 
not usually give a definitive answer with respect to carrier testing. Here, molecular 
analysis within an affected family can give the definitive answer provided the muta-
tion is known. For carrier testing of members from the general population, screen-
ing for common mutations has been implemented for some diseases [1]. Mutation 
analysis can also be used for prenatal testing for all of the sphingolipidoses and is 
especially useful in those cases where a low enzyme activity can be expected, such 
as carrier status or pseudodeficiency in Krabbe disease or metachromatic leukodys-
trophy [46, 61]. A pseudodeficiency is defined as the in vitro measurement of low 
enzyme activity in a healthy person. In most cases the finding of a deficient enzyme 
activity could be considered as diagnostic for a certain lysosomal storage disorder, 
especially when the clinical symptoms are characteristic for the disease. However, 
the occurrence of a pseudodeficiency in patients with milder or atypical symptoms 
may lead to diagnostic confusion. The enzyme activity measured in vitro in pseu-
dodeficiency states is usually less than 15% of the normal mean for controls and is 
difficult to distinguish from the enzyme deficiency measured in affected patients. 
Pseudodeficiencies have been reported for β-hexosaminidase A, β-hexosaminidase 
A and B, β-galactosidase A, β-galactocerebrosidase, and arylsulfatase A [53]. In the 
case of arylsulfatase A the pseudodeficiency mutation is particularly prevalent, with 
a carrier frequency of 15–20%. This implies that homozygotes and compound het-
erozygotes carrying a pseudodeficiency allele and a mutation causing metachromatic 
leukodystrophy are frequently found among individuals with low arylsulfatase A ac-
tivity. These individuals have no clinical evidence of disease. This means that great 
care has to be taken in interpreting an arylsulfatase A deficiency. Additional test 
such as mutation analysis and the determination of sulfatide in urine (see below) are 
necessary to establish the diagnosis of metachromatic leukodystrophy with certainty, 
especially in cases with a mild or atypical clinical phenotype. It is important to note 
that mutations causing metachromatic leukodystrophy can also occur in cis with the 
common pseudodeficiency mutation [46].

Prenatal diagnosis is available for all the sphingolipidoses. This makes an early 
and reliable diagnosis of the utmost importance. For many of the sphingolipido-
ses, symptomatic treatment in the form of bone marrow transplantation, enzyme 
replacement therapy, substrate reduction therapy, or chemical chaperone therapy is 
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either available or under development [3]. In general it can be stated that therapy, 
when available, should start as early as possible or as early as indicated, again em-
phasizing the importance of an early diagnosis [34]. This has led some authors to 
consider the possibility of newborn screening for lysosomal storage disorders [33] 
and the development of methodology to diagnose asymptomatic patients through 
a newborn screening program [32]. Some biochemical markers have proved useful 
in monitoring the effect of therapy and will be discussed here.

The selection of biochemical tests is based on the patient’s clinical history, the 
suggestions from the physician, and the experience of the laboratory. The clinical 
biochemical geneticist should be familiar with the clinical presentation of the dif-
ferent lysosomal storage disorders and their subtypes in order to be able to select 
the most appropriate tests and to interpret the test results. Therefore, it is strongly 
recommended that the diagnostic work-up of patients with sphingolipidoses be re-
stricted to specialized laboratories with sufficient experience in diagnosing patients 
with these rare disorders.

4.4.2	 Enzyme	Activity	Determinations

4.4.2.1	 General	Principle

All enzymes are measured at acidic pH with artificial fluorogenic substrates, except 
for arylsulfatase A, which is measured with a chromogenic substrate. The fluoro-
genic substrates are derivatives of 4-methylumbelliferone or 6-hexadecanoylamino-
4-methylumbelliferone. The reactions with fluorogenic substrates are stopped with 
a basic buffer and the strong fluorescence of the liberated 4-methylumbelliferone 
is measured at excitation wavelength 366 nm and emission wavelength 442 nm 
with a fluorometer equipped with a flow cell and a sipper device; 6-hexadecanoyl-
amino-4-methylumbelliferone is measured at an excitation wavelength of 372 nm 
and emission wavelength 442 nm with 4-methylumbelliferone as standard. 6-Hexa-
decanoylamino-4-methylumbelliferone has become available commercially only re-
cently; its use as a standard instead of 4-methylumbelliferone will make possible 
more accurate measurements of the specific activities of β-galactocerebrosidase (see 
4.4.10) and acid sphingomyelinase (see 4.4.13). In the procedures for the enzyme 
assays described below, the tests are usually performed in test tubes or Eppendorf 
vials using incubation volumes of 30–150 µl. The final volume after addition of stop 
buffer is 3 ml for test tubes and 1.5 ml for Eppendorf vials. Alternatively, these as-
says may be performed on 96-well plates using a fluorometer for microtiter plates 
(see also Chap. 4.1) by proportionally decreasing the incubation volume and adjust-
ing the volume of stop buffer. Specific activities are usually expressed as nmol/mg 
protein·h or nmol/mg protein·incubation time for homogenates from leukocytes and 
fibroblasts, and as µmol/l·h for plasma and dried blood spots. As mentioned in the 
introduction (section 4.4.1), the use of artificial substrates precludes the detection 
of activator protein deficiencies. When a normal result for the enzyme assay is ob-
tained despite a strong clinical suspicion for a particular sphingolipidosis, additional 
tests must be applied to confirm or exclude an activator protein deficiency. Some of 
these tests will be discussed below, while others are only performed in a few labora-
tories with a special interest in these lysosomal storage diseases. In general, the use of 
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artificial substrates instead of more natural radioactive substrates poses no problems 
in identifying patients with a lysosomal enzyme deficiency. However, in some cases, 
for example in Niemann-Pick disease type A/B, the use of artificial substrates has 
led to false-negative results [18]. In this case the use of the chromogenic substrate 
2-N-(hexadecanoyl)amino-4-nitrophenylphosphorylcholine is not recommended 
and the assay with the fluorogenic substrate 6-hexadecanoylamino-4-methylumbel-
liferylphosphorylcholine should be used with caution [54]. Assay using natural ra-
dioactive substrate is probably still the most reliable and will be described below in 
addition to assay using a fluorogenic substrate.

4.4.2.2	 Specimen

The activity of the lysosomal enzymes involved in glycosphingolipid degradation is 
measured at acidic pH with homogenates from leukocytes or fibroblast. Plasma sam-
ples may also be used for some enzymes (Table 4.4.1). Leukocytes isolated from ethyl-
enediaminetetraacetic acid-treated blood (EDTA-blood) are the preferred material 
for first-line screening. Heparin is also acceptable as an anticoagulant. The isolation 
of leukocytes from whole blood is performed by standard procedures, either by the 
dextran sedimentation method [51] or the ammonium chloride lysis method [48]. 
Leukocytes pellets and plasma samples are stored at –80 C until use. Fibroblast cul-
tures are started from skin biopsy samples using standard tissue-culture techniques. 
Fibroblasts are grown in Ham’s F-10 medium until 1 week past confluency. Cells are 
harvested and cell pellets are stored at –80 C. Leukocyte and fibroblast pellets are 
taken up in 0.2 ml ice-cold distilled water and sonicated briefly (3–5 s) at low power 
with a Branson sonicator equipped with a microprobe. The protein content of the ho-
mogenates is measured with the Folin phenol reagent [29] or other (commercially) 
available methods. Homogenates are either used fresh or stored at –20 C until use.

Recently dried blood spots have been shown useful for the determination of sev-
eral lysosomal enzymes involved in glycosphingolipid degradation [7–10]. Lysosomal 
enzymes are remarkably stable on the dried blood spots, allowing easy transporta-
tion over long distances by regular mail. Only small blood volumes are required and 
there is no need to isolate leukocytes prior to enzyme assay. In addition, dried blood 
spots are the material of choice for possible newborn screening of lysosomal stor-
age diseases. Some, but not all, standard enzyme assays for the diagnosis of sphin-
golipidoses in leukocytes can be easily adapted for dried blood spots (Table 4.4.1). 
A disadvantage of dried blood spots is that the amount of enzyme is fixed and may 
not be optimal for each assay. In addition inhibitors of some enzymes may be present 
and hemoglobin may considerably quench the fluorescence of 4-methylumbellifer-
one when present at high concentrations. This should be taken into account when 
the assays described here are adapted for microtiter plates. Dried blood spots are 
prepared on newborn screening cards (Schleicher & Schull filter paper number 903) 
by pipetting exactly 65 µl EDTA-blood onto the center of each circle on the screening 
card. Blood spots are dried overnight at room temperature and subsequently stored 
at 4 C in a sealed plastic bag. Enzyme assays are performed with a 3-mmdiameter 
punch, which corresponds to approximately 3.4 µl blood. About ten punches can be 
taken from each bloodspot.
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For the determination of glycosphingolipids in urine, a 24-h or a first-morning 
voiding urine is collected.

4.4.2.3	 Quality	Control	and	Validation

Both internal and external quality controls are necessary to be able to perform the 
enzymatic diagnostic work-up of patients with lysosomal storage disorders with con-
fidence. There is currently no formal external quality control program, but these are 
now under development in Europe [30, 49]. Each laboratory should develop a system 
of internal quality control, which as minimal elements should contain a check for 
each assay on linearity with incubation time and protein concentration and the abil-
ity of each assay to detect a deficiency in patients. In other words: each laboratory 
should perform an analytical and clinical validation of each assay. In addition the in-
tra- and interassay variability of each assay should be determined. Leukocyte pellets 
sufficient for at least 1 year are prepared from one single source and kept frozen at 
–80 C. A large batch of bloodspots is prepared from 5–10 ml blood from one single 
source. For each assay, a reference sample is run in duplicate as a quality control. The 
specific activity of the reference sample should fall between predetermined values, 
which depend on the interassay variability or reproducibility of a given assay. The 
value of the reference samples should generally lie between the mean ±2 standard 
deviations. If the control value is outside the acceptable range the test should be 
discarded. A control chart is kept on which the consecutive values are recorded to 
obtain a running average and standard deviation and to detect sudden changes or 
trends in the specific activity of the control sample, for example, when a new batch of 
substrate is used [28, 49]. Each new batch of substrate should be tested for purity by 
measuring the blank values and for its suitability to detect patients by measuring the 
residual activity in a known patient sample. In addition, the quality of each sample 
should be assessed by measuring a reference enzyme, for example, acid β-galacto-
sidase activity, whose activity should fall within the reference range. All assays are 
performed in duplicate. Each laboratory should establish its own reference values for 
normal and pathological ranges for each assay.

4.4.3	 Enzyme	Assays

4.4.3.1	 Stock	Solutions	for	the	Preparation	of	Reaction	Buffers

Assays are performed at acidic pH either in 0.1 M citrate buffer/0.2 M phosphate 
buffer or in acetate buffers.
1. Citric acid stock solution (0.1 M): dissolve 21.0 g citric acid monohydrate in 

1000 ml water.
2. Phosphate stock solution (0.2 M): dissolve 35.6 g Na2HPO4 · 2H2O in 1000 ml 

water.
3. Sodium acetate trihydrate stock solution (0.1 M): dissolve 13.6 g in 1000 ml 

water.
4. Acetic acid (0.1 M): dilute 5.7 ml glacial acetic acid to 1 l with water.
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4.4.3.2	 Stop	Buffers

The stop buffer comprises 0.2 M Na2CO3/glycine pH 10.5: Dissolve 21.2 g Na2CO3 in 
400 ml water. Dissolve 3.75 g glycine in 100 ml water. Titrate 400 ml of the Na2CO3 
solution with the glycine solution to pH 10.5. Add water to 1 L. This stop buffer is 
used in all assays unless indicated otherwise. When assays are adapted to microtiter 
plates, detergent (0.025% w/v Triton X-100) should be present in the stop buffers in 
order to minimize meniscus effects.

4.4.3.3		Standard	4-Methylumbelliferone	Solution

Dissolve 17.6 mg 4-methylumbelliferone (molecular weight, MW, 176) in 10 ml stop 
buffer to a final concentration of 10 mM. Dilute stepwise to 10 µM.

4.4.4	 Acid	β-Galactosidase	(EC	3.2.1.23)

This enzyme is deficient in GM1-gangliosidosis (Table 4.4.1, Fig. 4.4.1). The assay is 
based on the method described by Ho and O’Brien [19, 20].

4.4.4.1	 Reagents	and	Chemicals

1. Reaction buffer: mix 57 ml 0.1 M citric acid with 43 ml 0.2 M phosphate solution 
and dissolve 1.17 g NaCl (0.2 M) in the buffer. Adjust the pH to 4.3 with either 
citric acid or phosphate solution.

2. Substrate/buffer solution: dissolve 1.70 mg 4-methylumbelliferyl-β-D-galacto-
pyranoside (MW 338.3) in 10 ml of reaction buffer to a final concentration of 
0.5 mM.

4.4.4.2	 Assay	Conditions

1. Incubate 10 µl homogenate (5 µg of leukocyte protein or 1–2 µg of fibroblast pro-
tein) with 100 µl substrate/buffer for 30 min at 37 C.

2. Incubate 10 µl plasma with 100 µl substrate/buffer for 60 min at 37 C.
3. Incubate one bloodspot with 100 µl substrate/buffer for 2 h at 37 C.
4. Blank incubation: incubate with water instead of protein.
5. Stop the reaction with 2.89 ml stop buffer for test tubes or 1.39 ml stop buffer for 

vials.
6. Read the fluorescence at excitation wavelength 366 nm and emission wavelength 

442 nm. Include a two-point calibration curve of 500 and 1000 pmol 4-methyl-
umbelliferone (50 and 100 µl of the 10 µM standard solution); this curve should 
be linear.
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4.4.4.3	 Reference	Values/Pathological	Values

1. Reference range for leukocytes: 80–240 nml/mg·h.
2. Pathological range for leukocytes: < 10 nmol/mg·h.
3. Reference range for fibroblasts: 350–800 nmol/mg·h.
4. Pathological value for fibroblasts: < 10 nmol/mg·h.
5. Reference range for dried blood spots: 40–150 µmol/l·h.
6. Pathological range for dried blood spots: < 5 µmol/l·h.

4.4.5	 β-Hexosaminidase	A	(EC	3.2.1.52)

This enzyme is deficient in GM2-gangliosidosis, B-variant (Tay-Sachs disease; 
Table 4.4.1, Fig. 4.4.1). The assay is based on the method described by Inui and 
Wenger [23].

4.4.5.1	 Reagents	and	Chemicals

1. Reaction buffer: mix 58.6 ml 0.1 M citric acid with 41.4 ml 0.2 M phosphate solu-
tion. Adjust the pH to 4.2 with either citric acid or phosphate solution.

2. Substrate/buffer solution. Dissolve 25 mg 4-methylumbelliferyl-6-sulfo-2-acet-
amido-2-deoxy-β-d-glucopyranoside (sodium salt, MW 483.5) in 2.58 ml of re-
action buffer to a final concentration of 20 mM.

4.4.5.2	 Assay	Conditions

1. Incubate 20 µl homogenate (10 µg leukocyte protein or 10 µg of fibroblast pro-
tein) with 25 µl reaction buffer and 5 µl substrate/buffer for 20 min at 37 C.

2. Incubate 10 µl plasma with 35 µl reaction buffer and 5 µl substrate/buffer for 
20 min at 37 C.

3. Incubate one bloodspot with 20 µl water, 25 µl reaction buffer, and 5 µl substrate/
buffer for 2 h at 37 C.

4. Blank incubation: incubate with water instead of protein.
5. Stop the reaction with 2.95 ml stop buffer for reaction tubes and 1.45 ml stop buf-

fer for vials.
6. Read the fluorescence at excitation wavelength 366 nm and emission wavelength 

442 nm. Include a two-point calibration curve of 500 and 1000 pmol 4-methyl-
umbelliferone (50 and 100 µl of the 10-µM standard solution); this curve should 
be linear.

4.4.5.3	 Reference	Values/Pathological	Values

1. Reference range for leukocytes: 150–365 nmol/mg·h.
2. Pathological value for leukocytes: < 15 nmol/mg·h.
3. Reference range for fibroblasts: 500–1500 nmol/mg·h.
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4. Pathological value for fibroblasts: < 60 nmol/mg·h.
5. Reference range for dried blood spots: 60–150 µmol/l·h.
6. Pathological range for dried blood spots: < 10 µmol/l·h.

4.4.5.4	 Special	Remarks/Pitfalls

β-Hexosaminidase A is also deficient in GM2-gangliosidosis, O-variant (Sandhoff 
disease), when measured with this assay, but to a lesser degree than in Tay-Sachs dis-
ease. When a normal activity of β-hexosaminidase A is found in a patient with char-
acteristic symptoms of Tay-Sachs disease, the possibility of a GM2-activator protein 
deficiency should be considered (GM2-gangliosidosis AB variant; see Fig. 4.4.1). This 
activator protein deficiency can be diagnosed by decreased metabolism of GM2-gan-
glioside in living fibroblasts upon a ganglioside-loading test or by mutation analysis 
of the GM2-activator protein gene. These tests are available in a few specialized labo-
ratories only.

4.4.6	 β-Hexosaminidase	A	and	B	(EC	3.2.1.52)

These enzymes are deficient in GM2-gangliosidosis, O-variant (Sandhoff disease; 
Table 4.4.1, Fig. 4.4.1). The assay is based on the method described by O’Brien et al. 
[40].

4.4.6.1	 Reagents	and	Chemicals

1. Reaction buffer: mix 55.9 ml 0.1 M citric acid with 44.1 ml 0.2 M phosphate solu-
tion. Adjust the pH to 4.4 with either citric acid or phosphate solution.

2. Substrate/buffer solution: dissolve 20 mg 4-methylumbelliferyl-2-acetamido-2-
deoxy-β-d-glucopyranoside (MW 379.4) in 10.5 ml of reaction buffer to a final 
concentration of 5 mM.

3. 1% (w/v) bovine serum albumin (BSA) solution: dissolve 10 mg BSA in 1 ml of 
water and heat inactivate for 2 h at 56 C.

4.4.6.2	 Assay	Conditions

1. Incubate 45 µl homogenate (4 µg leukocyte protein or 1 µg of fibroblast protein) 
with 5 µl 1% BSA and 50 µl substrate/buffer for 30 min at 37 C.

2. Incubate 5 µl plasma and 45 µl water with 100 µl substrate/buffer for 30 min at 
37 C.

3. Incubate one blood spot with 50 µl water and 50 µl substrate/buffer for 30 min at 
37 C.

4. Blank incubation: incubate with water instead of protein.
5. Stop the reaction with either 2.90 or 2.85 ml stop buffer for test tubes or 1.4 or 

1.35 ml of stop buffer for vials.
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6. Read the fluorescence at excitation wavelength 366 nm and emission wavelength 
442 nm. Include a two-point calibration curve of 500 and 1000 pmol 4-methyl-
umbelliferone (50 and 100 µl of the 10-µM standard solution); this curve should 
be linear.

4.4.6.3	 Reference	Values/Pathological	Values

1. Reference range for leukocytes: 600–3500 nml/mg.h.
2. Pathological value for leukocytes: < 125 nmol/mg·h.
3. Reference range for fibroblasts: 3000–20000 nmol/mg·h.
4. Pathological value fibroblasts: < 250 nmol/mg·h.
5. Reference range for dried blood spots: 560–1200 µmol/l·h.
6. Pathological value for dried blood spots: < 50 µmol/l·h.

4.4.7	 β-Glucocerebrosidase	(EC	3.2.1.45)

This enzyme is deficient in Gaucher disease (Table 4.4.1, Fig. 4.4.1). The assay is 
based on the method described by Peters et al. [43] and Daniels et al. [11].

4.4.7.1	 Reagents	and	Chemicals

1. Reaction buffer: mix 43 ml 0.1 M citric acid with 57 ml 0.2 M phosphate solution. 
Adjust the pH to 5.5 with either citric acid or phosphate solution.

2. 15% (w/v) Taurocholate: dissolve 30 mg taurocholate in 2 ml reaction buffer.
3. Substrate/buffer solution. Dissolve 6.8 mg 4-methylumbelliferyl-β-d-glucopyran-

oside (MW 338.3) in 3.6 ml of reaction buffer to a final concentration of 5.6 mM. 
Add 0.4 ml of taurocholate in reaction buffer and mix. The final substrate concen-
tration is 5 mM.

4.4.7.2	 Assay	Conditions

1. Incubate 50 µl homogenate (40 µg of leukocyte protein or 1–2 µg of fibroblast 
protein; preferably freshly prepared) with 100 µl substrate/buffer for 1 h at 37 C.

2. Incubate one blood spot with 50 µl water and 100 µl substrate/buffer for 17 h at 
37 C.

3. Blank incubation: incubate with water instead of protein.
4. Stop the reaction with 2.85 ml stop buffer for test tubes and 1.35 ml for vials.
5. Read the fluorescence at excitation wavelength 366 nm and emission wavelength 

442 nm. Include a two-point calibration curve of 500 and 1000 pmol 4-methyl-
umbelliferone (50 and 100 µl of the 10-µM standard solution); this curve should 
be linear.
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4.4.7.3	 Reference	Values/Pathological	Values

1. Reference range for leukocytes: 10–25 nmol/mg·h.
2. Pathological value for leukocytes: < 3 nmol/mg·h.
3. Reference range for fibroblasts: 160–580 nmol/mg·h.
4. Pathological value for fibroblasts: < 30 nmol/mg·h.
5. Reference range for dried blood spots: 1.3–6.2 µmol/l·h.
6. Pathological value for dried blood spots: < 0.7 µmol/l·h.

4.4.8	 Chitotriosidase	(EC	3.2.1.14)

This enzyme is increased in Gaucher disease and may also be increased, but to 
a lesser extent, in other sphingolipidoses such as Niemann-Pick disease type A/B and 
NPC, Krabbe disease, and GM1-gangliosidosis. The assay is based on the method 
described by Hollak et al. [22] and Guo et al. [17].

4.4.8.1	 Reagents	and	Chemicals

1. Reaction buffer: mix 46.4 ml 0.1 M citric acid with 53.6 ml 0.2 M phosphate solu-
tion. Adjust the pH to 5.2 with either citric acid or phosphate solution. Dissolve 
10 mg BSA in 10 ml reaction buffer and heat inactivate at 50 C for 2 h.

2. Substrate/buffer solution: dissolve 1 mg 4-methylumbelliferyl-β-N-N,N”,-tri-
acetylchitotriose (MW 786) in 578 µl reaction buffer to a final concentration of 
2.22 mM. Store at –20 C. Dilute 100 µl of this solution with 9.90 ml reaction buf-
fer to a final concentration of 4-methylumbelliferyl- β-N-N,N”,-triacetylchitotri-
ose of 0.22 mM.

4.4.8.2	 Assay	Conditions

1. Incubate 5 µl plasma (1:50 diluted with water in the case of Gaucher disease) with 
100 µl substrate/buffer for 30 min at 37 C.

2. Incubate one blood spot with 100 µl substrate/buffer for 1 h at 37 C.
3. Stop the reaction with 2.895 ml stop buffer for test tubes and 1.395 ml for vials 

and with 1.4 ml in the case of blood spots.
4. Read the fluorescence at excitation wavelength 366 nm and emission wavelength 

442 nm. Include a two-point calibration curve of 500 and 1000 pmol 4-methyl-
umbelliferone (50 and 100 µl of the 10 µM standard solution); this curve should 
be linear.

4.4.8.3	Reference	Values/Pathological	Values

1. Reference range for plasma: 0–200 µmol/l·h.
2. Pathological value for plasma >200 µmol/l·h.
3. Reference range for dried blood spots: 15–290 µmol/l·h.
4. Pathological value for dried blood spots: >300 µmol/l·h.
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4.4.8.4	 Special	Remarks/Pitfalls

When a strongly increased value of chitotriosidase activity is obtained with plasma, 
such as in Gaucher disease, the assay should be repeated with a 1:50 diluted plasma 
sample. When chitotriosidase is measured in blood spots from Gaucher patients the 
incubation time should be reduced to 10 min in order to accurately measure the 
strongly increased activity.

Chitotriosidase is deficient in about 6% of the general population. This is an 
autosomal recessive trait and the high carrier frequency has to be taken into ac-
count when comparing patient values [5]. Chitotriosidase measurements are also 
extremely useful for monitoring the effect of enzyme therapy or substrate reduction 
therapy in patients with Gaucher disease [21]. In case of a deficiency of chitotriosi-
dase, the determination of the chemokine CCL 18/PARC is a good alternative [6, 12]. 
Chitotriosidase should also be measured when a normal β-glucocerebrosidase activ-
ity is found in a patient with symptoms characteristic of Gaucher disease. Increased 
chitotriosidase is indicative of an activator protein/saposin C deficiency in such cases 
(Fig. 4.4.1). In addition the measurement of glucocerebroside in plasma could be 
useful [16]. As stated above, chitotriosidase may be moderately increased in other 
sphingolipidoses, but the sensitivity to detect patients is less than 100% [17, 47].

4.4.9	 α-Galactosidase	A	(EC	3.2.1.47)

This enzyme is deficient in Fabry disease (Table 4.4.1, Fig. 4.4.1). The assay is based 
on the methods described by Desnick et al. [13] and Mayes et al. [31].

4.4.9.1	 Reagents	and	Chemicals

1. Reaction buffer 0.1 M acetate buffer pH 4.5: mix 43 ml 0.1 M sodium acetate stock 
solution with 57 ml 0.1 M acetic acid. Adjust the pH to 4.5 with either acetate or 
acetic acid.

2. Substrate/buffer: dissolve 8.5 mg of 4-methylumbelliferyl-α-d-galactopyranoside 
(MW 338.3) in 5 ml reaction buffer to a final concentration of 5 mM.

3. 1.0 M N-acetylgalactosamine (MW 221): dissolve 2.21 g N-acetylgalactosamine 
in water and bring the final volume to 10 ml.

4.4.9.2	 Assay	Conditions

1. Incubate 35 µl homogenate (10 µg of leukocyte protein or 15 µg of fibroblast 
protein) with 15 µl 1.0 M N-acetylgalactosamine and 100 µl substrate/buffer for 
30 min at 37 C.

2. Incubate 25 µl plasma with 25 µl H2O and 100 µl substrate/buffer for 30 min at 
37 C.

3. Incubate one blood spot with 35 µl water, 15 µl 1.0 M N-acetylgalactosamine, and 
100 µl substrate/buffer for 17 h at 37 C.

4. Blank incubation: incubate with water instead of protein.
5. Stop the reaction with 2.85 ml stop buffer for test tubes and 1.35 ml for vials.
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6. Read the fluorescence at excitation wavelength 366 nm and emission wavelength 
442 nm. Include a two-point calibration curve of 500 and 1000 pmol 4-methyl-
umbelliferone (50 and 100 µl of the 10 µM standard solution); this curve should 
be linear.

4.4.9.3	 Reference	Values/Pathological	Values

1. Reference range for leukocytes: 32–60 nmol/mg·h.
2. Pathological value for leukocytes hemizygotes: < 3 nmol/mg·h.
3. Pathological value for leukocytes heterozygotes: < 30 nmol/mg·h (see also 4.4.9.4).
4. Reference range for fibroblasts: 15–50 nmol/mg·h.
5. Pathological value for fibroblasts: < 3 nmol/mg·h.
6. Reference range for dried blood spots: 3.3–21.4 µmol/l·h.
7. Pathological value for dried blood spots: < 0.6 µmol/l·h.

4.4.9.4	 Special	Remarks/Pitfalls

Fabry disease is an X-linked disorder and accurate carrier detection is important for 
genetic counseling and because enzyme therapy is available for clinically affected 
hemizygote and heterozygote patients. Because of random X-inactivation, not all 
heterozygotes can be reliably identified by enzyme assay, and mutation analysis is 
strongly recommended.

4.4.10	 β-Galactocerebrosidase	(EC	3.2.1.46)

This enzyme is deficient in Krabbe disease (Table 4.4.1, Fig. 4.4.1). The assay is based 
on the method described Wiederschain et al. [64] as modified by van Diggelen (un-
published data).

4.4.10.1	 Reagents	and	Chemicals

1. Oleic acid stock solution: dissolve 6 mg oleic acid (MW 282) in 1 ml of hexane 
(prepare fresh).

2. Taurocholate stock solution: dissolve 30 mg sodium taurocholate (MW 538) in 
1 ml chloroform/methanol (2/1 v/v).

3. Stock solution 6-hexadecanoylamino-4-methylumbelliferyl- β-d-galactopyrano-
side (MW 591): dissolve 2.66 mg in 5 ml chloroform/methanol (2/1 v/v) to a final 
concentration of 0.9 mM.

4. Reaction buffer: mix 46.4 ml citric acid with 53.6 ml phosphate solution. Adjust 
the pH to 5.2 with either citric acid or phosphate solution.

5. Substrate/buffer solution (prepare fresh): Mix 75 µl oleic acid, 50 µl taurocholate 
and 250 µl 6-hexadecanoylamino-4-methylumbelliferyl- β-d-galactopyranoside 
stock solution in a 1.5-ml Eppendorf vial and take the mixture to dryness under 
a gentle stream of nitrogen. Add 500 µl of reaction buffer at room temperature, 
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mix vigorously on a Vortex mixer. Sonicate the solution for 10 s using a Bran-
son sonicator with a microprobe. The final concentrations of oleic acid, tauro-
cholate, and 6-hexadecanoylamino-4-methylumbelliferyl- β-d-galactopyrano-
side are 0.9 mg/ml, 3 mg/ml, and 0.45 mM, respectively.

6. Stop buffer 0.2 M glycine/NaOH buffer pH 10.7, 0.2% (w/v) sodiumdodecyl sul-
fate, 0.2% (w/v) Triton X-100.

4.4.10.2	 Assay	Conditions

1. Incubate 10 µl homogenate (20 µg of leukocyte protein or 20 µg of fibroblast pro-
tein) with 20 µl substrate/buffer for 17 h at 37 C in Eppendorf vials.

2. Blank incubation: incubate with water instead of protein.
3. Stop the reaction with 1.47 ml stop buffer.
4. Read the fluorescence at excitation wavelength 372 nm and emission wavelength 

442 nm. Include a two-point calibration curve of 500 and 1000 pmol 4-methyl-
umbelliferone (50 and 100 µl of the 10 µM standard solution in stop buffer); this 
curve should be linear.

4.4.10.3	 Reference	Values/Pathological	Values

1. Reference range for leukocytes: 25–105 nmol/mg·17 h.
2. Pathological value for leukocytes: < 4 nmol/mg·17 h.
3. Reference range for fibroblasts: 12–40 nmol/mg·17 h.
4. Pathological value for fibroblasts: < 2.5 nmol/mg·17 h.

4.4.10.4	 Special	Remarks

A normal low activity allele for galactocerebrosidase due to polymorphic mutations 
in the GALC (galactocerebrosidase) gene may be present. When polymorphic muta-
tions are present in both GALC alleles or when a low-activity GALC allele is present 
in the compound heterozygous state with a Krabbe allele, this may pose diagnostic 
difficulties, especially in patients with nonspecific neurological problems or in the 
case of a prenatal diagnosis. Therefore, it is very important to measure galactocere-
brosidase in the parents of a (suspected) Krabbe patient [62]. In such cases, and also 
for carrier testing, mutation analysis can be useful.

4.4.11	 Arylsulfatase	A	(EC	3.1.6.8)

This enzyme is deficient in metachromatic leukodystrophy (Table 4.4.1, Fig. 4.4.1). 
The assay is based on the method described by Baum et al. [2] as modified by 
Lee-Vaupel et al. [26].
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4.4.11.1	 Reagents	and	Chemicals

1. Reaction buffer 0.5 M acetate buffer pH 4.5: mix 43 ml 0.5 M sodium acetate stock 
solution with 57 ml 0.5 M acetic acid. Adjust the pH to 4.5 with either acetate or 
acetic acid. Dissolve 9.93 g NaCl (MW 58.4) and 13.3 mg Na4P2O7 (MW 265.9) 
in the acetate buffer and bring the volume to 100 ml. The final concentrations of 
NaCl and Na4P2O7 are 1.7 M and 0.5 mM, respectively.

2. Substrate/buffer: dissolve 31.1 mg p-nitrocatecholsulfate (MW 311) in 10 ml of 
reaction buffer to a final concentration of 10 mM.

3. 1 M NaOH: dissolve 4 g NaOH in 100 ml water.

4.4.11.2	 Assay	Conditions

1. Incubate 50 µl homogenate (100 µg of leukocyte protein or 30 µg of fibroblast pro-
tein) with 200 µl substrate/buffer for 17 h at 0 C in Eppendorf vials on melting ice 
in the cold room or refrigerator.

2. Blank incubation: incubate with water instead of protein.
3. Protein blank: incubate protein with water instead of substrate/buffer.
4. Stop the reaction with 250 µl 1 N NaOH. Read the extinction in a spectrophoto-

meter in microcuvettes at 515 nm. The molar extinction coefficient of p-nitrocat-
echol at 515 nm is 12,400/Mol/cm.

4.4.11.3	 Reference	Values/Pathological	Values

1. Reference range for leukocytes: 45–260 nmol/mg·17 h.
2. Pathological value for leukocytes: < 15 nmol/mg·17 h.
3. Reference range for fibroblasts: 550–1100 nmol/mg·17 h.
4. Pathological value for fibroblasts: < 60 nmol/mg·17 h.

4.4.11.4	 Special	Remarks/Pitfalls

In case of a deficiency of arylsulfatase A, at least one other sulfatase should be meas-
ured to exclude multiple sulfatase deficiency (see Chap. 4.1 for the assays of arylsul-
fatase B and other sulfatases). Sulfatide excretion in urine should be measured (see 
assay below) and/or mutation analysis should to performed to confirm the diagnosis, 
especially if the clinical symptoms are atypical and in order to exclude a pseudode-
ficiency of arylsulfatase A. The enzyme should always be measured in the parents to 
check for the presence of compound heterozygosity of a metachromatic leukodys-
trophy and a pseudodeficiency allele. This is very important for the interpretation of 
the results of arylsulfatase A assays, especially when performed in asymptomatic or 
presymptomatic siblings or in the context of a prenatal diagnosis. Sulfatide should 
also be measured in case a normal arylsulfatase A activity is found in a patient with 
symptoms characteristic of (juvenile) metachromatic leukodystrophy. Increased 
urinary sulfatide excretion is indicative of an activator protein/saposin B deficiency 
(Fig. 4.4.1).
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4.4.12	 Sulfatide	in	Urine

Sulfatide in urine can be quantified by high-performance liquid chromatography 
(HPLC) [39] and tandem mass spectrometry techniques [63]. Here, a simple semi-
quantitative thin-layer chromatography (TLC) method is described, as modified 
from Rafi et al. [46].

4.4.12.1	 Reagents	and	Chemicals

1. Orcinol spray: dissolve 60 mg orcinol in 26 ml ethanol. Carefully add 4 ml con-
centrated sulfuric acid (95–97%) in the fume hood. Allow to cool before use and 
prepare fresh.

2. 0.6 M NaOH in methanol: dissolve 2.4 g NaOH in 100 ml methanol.
3. 0.5 M HCl in methanol: mix 4.13 ml HCl with methanol to a final volume of 

100 ml.
4. 0.73% NaCl solution: dissolve 0.73 g NaCl in 100 ml distilled water.
5. Sulfatide standard solution: dissolve 0.9 mg sulfatides in 1 ml chloroform/metha-

nol 2/1 (v/v)

4.4.12.2	 Assay	Conditions

Adjust the pH of 10 ml first morning voiding or 24-h collection of urine to pH 5.0 
with a few drops of glacial acetic acid and leave at 4 C overnight. Centrifuge the 
urine at 1500 × g for 10 min. Resuspend the precipitate in 1 ml distilled water by 
brief sonication. Add 5 ml of chloroform/methanol 2/1 (v/v) and vortex for 1 min. 
Centrifuge for 5 min at 1500 × g. Remove the upper phase and dry the lower phase 
under a stream of nitrogen. Add 1 ml 0.6 M NaOH in methanol (prepare fresh). 
Vortex and leave for 1 h at room temperature. Neutralize with 1.2 ml 0.5 M HCl in 
methanol. Add 1.7 ml distilled water and 3.4 ml chloroform. Vortex and centrifuge 
for 5 min at 1500 × g. Remove the lower phase and dry with nitrogen. Add 50 µl 
chloroform/methanol 2/1 (v/v) and apply 25 µl to a silica gel 60 high-performance 
TLC plate together with 2.5, 5, 10, 15, and 20 nmol sulfatide standard. Develop the 
plate with chloroform/methanol/water 72/28/3.5 (v/v/v). Dry the plate and spray 
with orcinol spray. Heat at 100 C for approximately 10 minor until the pink color is 
fully developed. The excretion of sulfatide is estimated by either visual inspection of 
the plate or by densitometry.

4.4.12.3	 Reference	Values/Pathological	Values

The method is semiquantitative. Pathological sulfatide levels are in the micromolar 
range and give clearly visible bands on orcinol spraying, while normal levels of sulfa-
tide give barely visible or nonvisible bands.
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4.4.13	 Acid	Sphingomyelinase	(EC	3.1.4.12)

This enzyme is deficient in Niemann-Pick disease type A/B (Table 4.4.1, Fig.  4.4.1). 
The assay with radioactive natural substrate is based on the method described by 
Wenger [59]. The assay with fluorescent substrate is based on the method described 
by van Diggelen et al. [54]. These assays have not yet been validated in the authors’ 
laboratory for use with dried blood spots. For this application the reader is referred 
to Chamoles et al. [9].

4.4.13.1	 Reagents	and	Chemicals	
(Assay	with	Radioactive	Natural	Substrate)

1. Sodium acetate trihydrate stock solution (1.0 M): dissolve 13.6 g in 100 ml water.
2. Acetic acid (approximately 1.0 M): dilute 5.7 ml glacial acetic acid to 100 ml with 

water.
3. Reaction buffer: mix 70 ml sodium acetate with 30 ml acetic acid and adjust the 

pH to 5.0 with either sodium acetate or acetic acid solution.
4. 10% Triton X-100 (w/v) in chloroform/methanol 2/1 (v/v). Dissolve 1gr Triton 

X-100 in final volume of 10 ml chloroform/methanol 2/1.
5. 14C-sphingomyelin (specific activity 50 mCi/mmol, concentration 0.02 mCi/ml, 

where 1 Ci = 3.7 × 1010 Bq).
6. Sphingomyelin 5 µmol/ml in chloroform/methanol 2/1.
7. Mix 150 µl 14C-sphingomyelin (3 µCi, 60 nmol) with 488 µl (2440 nmol) cold 

sphingomyelin and add 1 ml 10% Triton X-100. Add chloroform/methanol to 
a final volume of 2.5 ml. The final concentration of sphingomyelin is 1 mM (spe-
cific activity 1.2 µCi/µmol).

8. 5% (w/v) BSA in H2O (heat inactivated at 56 C for 30 min).

4.4.13.2	 Assay	Conditions	(Assay	with	Radioactive	Natural	Substrate)

1. Pipette 50 µl substrate in glass tubes and evaporate the substrate solution under 
nitrogen.

2. Add 100 µl reaction buffer and vortex vigorously.
3. Add 100 µl homogenate (350 µg of leukocyte protein or 10 µg of fibroblast pro-

tein). Vortex vigorously.
4. Blank incubation: add 70 µl 5% BSA and 30 µl water instead of homogenate.
5. Incubate for 1.5 h at 37 C.
6. Stop the reaction by adding 100 µl ice-cold water and put the tubes on ice. Add 

1.5 ml chloroform/methanol 2/1. Vortex and centrifuge for 5 min at 1000 × g.
7. Remove the lower (chloroform phase) and add 1 ml chloroform to the upper 

phase. Vortex and centrifuge for 5 min at 1000 × g.
8. Pipette carefully 400 µl from the upper phase (total volume 675 µl) in scintilla-

tion vials and add counting fluid suitable for counting water containing samples 
(Ultima Gold); measure the radioactivity in a scintillation counter.
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4.4.13.3	 Reagents	and	Chemicals	(Assay	with	Fluorogenic	Substrate)

1. Reaction buffer 0.1 M sodium acetate buffer pH 5.2: mix 79 ml 0.1 M acetate with 
21 ml 0.1 M acetic acid and bring the pH to 5.2 with either acetate or acetic acid 
solution. Dissolve 20 mg sodium taurocholate in 10 ml of buffer to a final concen-
tration of 0.2% (w/v).

2. Substrate/buffer: make a solution of 4 mg 6-hexadecanoylamino-4-methylumbel-
liferyl-phosphorylcholine (MW 610) in 5 ml reaction buffer to a final concentra-
tion of 1.32 mM. Briefly heat at 60 C until the solution becomes clear. Store in 
aliquots at –80 C until use.

3. Lysosphingomyelin 12 mmol/l (MW 464.6): dissolve 5.6 mg lysosphingomyelin/
ml reaction buffer at room temperature.

4. Stop buffer: 0.2 M glycine/NaOH buffer pH 10.7, 0.2% (w/v) sodiumdodecyl sul-
fate, 0.2% (w/v) Triton X-100.

4.4.13.4	 Assay	Conditions	(Assay	with	Fluorogenic	Substrate)

1. Incubate 10 µl homogenate (30 µg of leukocyte protein or 5–10 µg of fibroblast 
protein) with 10 µl substrate/buffer and 10 µl reaction buffer or 10 µl lysosphingo-
myelin in reaction buffer for 17 h at 37 C in Eppendorf vials in the case of leuko-
cytes, and 1 h at 37 C in the case of fibroblasts.

2. Blank incubation: incubate with water instead of protein.
3. Stop the reaction by adding 1.47 ml stop buffer.
4. Read the fluorescence at excitation wavelength 372 nm and emission wavelength 

442 nm. Include a two-point calibration curve of 500 and 1000 pmol 4-methyl-
umbelliferone (50 and 100 µl of the 10 µM standard solution in a total volume of 
1.5 ml stop buffer; this curve should be linear.

4.4.13.5	 Reference	Values/Pathological	Values	
for	the	Radioactive	Natural	Substrate

1. Reference range for leukocytes: 1.2–5.2 nmol/mg·h.
2. Pathological value for leukocytes: < 0.5 nmol/mg·h.
3. Reference range for fibroblasts: 200–500 nmol/mg·h.
4. Pathological value for fibroblasts: < 15 nmol/mg·h.

4.4.13.6	 Reference	Values/Pathological	Values	
for	the	Fluorogenic	Substrate

1. Reference range for leukocytes: 10–53 nmol/mg·17 h.
2. Pathological value for leukocytes: < 4 nmol/mg·17 h.
3. Reference range for fibroblasts: 100–420 nmol/mg·h.
4. Pathological value for fibroblasts: < 15 nmol/mg·h.
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4.4.13.7	 Special	Remarks/Pitfalls

The specific activity of acid sphingomyelinase in leukocytes is relatively low, while the 
apparent residual activities with the fluorogenic substrate may be considerable, es-
pecially in Niemann-Pick disease type B patients. Special care is required in the lipid 
extraction step of the assay with radioactive natural substrate to ensure low blank 
values, especially when using leukocytes as the enzyme source. A serious drawback 
of the fluorogenic assay is that it does not detect a deficiency of acid sphingomy-
elinase in patients, who are homozygous or compound heterozygous for the Q292K 
mutation [18]. However, the presence of this mutation gives rise to an apparent lack 
of inhibition of acid sphingomyelinase in the fluorogenic assay by lysosphingomyelin 
in those patients as compared to controls [54].

4.4.14	 Filipin	Staining	for	Cholesterol	Storage

Cholesterol storage in lysosomes/endosomes is a hallmark of Niemann-Pick type C 
disease. The assay is based on the procedure described by Vanier et al. [58].

4.4.14.1	 Reagents	and	Chemicals

1. Hanks balanced salt solution.
2. Phosphate buffered saline (PBS).
3. Formalin (acid free); filter before use.
4. Fixative: mix 1 part of filtered formalin with 9 parts of PBS and add sucrose 

to a final concentration of 0.1 M. Adjust the pH to 7.4.
5. Filipin stock solution: dissolve 12.5 mg filipin in 5 ml dimethylformamide. Store 

at –20 C. Filipin assay solution: dissolve 20 µl filipin stock solution in 1 ml PBS.
6. 1,4-Diazabicyclo(2,2,2)octane (DABCO) stock solution: dissolve 1.25 g DABCO 

in 50 ml glycerol. 
7. DABCO mounting solution: mix 3 ml PBS pH 7.4 with 27 ml DABCO stock solu-

tion. Store at 4 C.
8. Triton X-100 solution: dissolve 50 mg Triton X-100 in 100 ml PBS.

4.4.14.2	 Assay

Grow the fibroblasts in Ham F-10 medium with 10% fetal calf serum (FCS). Harvest 
the cells, seed at a density of 30,000 cells and grow to near confluency on cover slips 
in 6-well plates in Ham F-10 medium with 10% FCS. Remove the medium and wash 
the cells three times with 2 ml Hanks balanced salt solution. Fix the cells with 3 ml 
fixative. Seal the plate with tape and store in the refrigerator at 4 C until staining.

Let the plates come to room temperature and rinse the cover slips twice with PBS. 
Incubate the cover slips for 5 min with 2 ml Triton X-100 solution, remove, and rinse 
twice with 2 ml PBS. Remove the PBS and incubate the cover slips for 30 min with 
2 ml of filipin assay solution. Remove the filipin assay solution and rinse the cover 
slips twice with PBS. Remove the PBS and let the cover slips dry at ambient tempera-
ture. Mount the cover slips on a microscope slide with one drop of DABCO solution 

4.4 Glycosphingolipids370



and seal with nail polish. Store at 4 C. View the cells with a fluorescence microscope 
with a G365 band-pass excitation filter and either a 470-nm long-path emission filter 
with a 460 nm dichroic mirror or a 515-nm long-pass filter with a 500 nm dichroic 
mirror.

4.4.14.3	 Reference	Values/Pathological	Values

In the so-called “classical” biochemical phenotype, which represents more than 80% 
of the cases of NPC, more than 90% of the cells show a characteristic perinuclear 
punctate fluorescence.

4.4.14.4	 Special	Remarks/Pitfalls

The assay described above has a limited sensitivity (80–85%) to detect patients, es-
pecially patients with the so-called “variant” biochemical phenotype, and should be 
considered as an initial screening test [52, 55]. For increased sensitivity the cells 
should be cultured in medium with 10% lipoprotein-deficient medium (LPDS) for 
2 days and subsequently with medium supplemented with 10% fresh human serum 
as described below for low-density lipoprotein (LDL)-stimulated cholesteryl ester 
formation.

4.4.15	 LDL-Stimulated	Cholesteryl	Ester	Formation

Lack of stimulation of cholesteryl ester formation by exogenously added LDL is 
a hallmark of NPC. The assay is based on the procedure described by Vanier et al. 
[58]. The test is only performed after a positive filipin staining test is obtained.

4.4.15.1	 Reagents	and	Chemicals

1. [9,10-3H(N)]-Oleic acid (specific activity 22.7 Ci/mmol, 5 mCi/ml).
2. Oleic acid (MW 282.5) stock solution 12.5 mmol/l in ethanol (3.52 mg/ml).
3. Fatty-acid-free BSA (14% w/v) in Ham F10 medium.
4. Preparation of 3H-oleic acid working solution in medium sufficient to assay six 

cell lines when the cholesterol esterification is measured at three different time 
points (or nine cell lines at two different time points): pipette 62 µl of 3H-oleic 
acid and 456 µl cold oleic acid stock solution and dry with nitrogen. Take up in 
90 µl ethanol, mix on a Vortex mixer, and keep at 56 C. Drop by drop and very 
slowly add 456 µl of 14% BSA kept at 56 C while mixing on a Vortex mixer. The 
final solution should be clear with a yellowish color. Allow to cool to room tem-
perature. Add Ham F-10 medium to a final volume of 5 ml. Divide into two por-
tions of 2.5 ml in a 50-ml tube and add to the first tube 2.9 ml human LPDS and 
to the second tube 2.9 ml fresh human serum. Mix. Bring the final volume of each 
tube to 29 ml with Ham F-10 medium. Sterilize by filtering through a 0.45-µm 
filter. The final concentration of 3H-oleic acid is 100 µM (specific activity 54 µCi/
µmol) in medium containing either 10% LPDS or 10% human serum.
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4.4.15.2	 Assay

Fibroblasts are grown under standard conditions in Ham F10 medium supplemented 
with 10% FCS. Cells are harvested by trypsinization, taken up in medium, counted, 
and reseeded in 6-well plates at a density of 200,000 cells per well (2.5 ml cell suspen-
sion, 80,000 cells per milliliter). A total of six wells on three different plates is needed 
per cell line (two wells per plate for duplicate assays). For each assay, one control and 
one NPC cell line with “classical” biochemical phenotype is included. Incubate for 
3 days in Ham F-10 with 10% FCS, remove the culture medium and grow the cells in 
1.5 ml medium with 10% LPDS for 2 days. Remove the medium and start the esteri-
fication test by incubating the cholesterol-deprived fibroblasts with either 1.5 ml me-
dium containing 10% LPDS (esterification in the absence of LDL) and 3H-oleic acid, 
or 1.5 ml medium containing 10% fresh human serum (esterification in the presence 
of LDL) and 3H-oleic acid. Incubate for 4.5, 7, and 24 h. Stop the reaction by remov-
ing the medium and wash the cells three times with PBS. Trypsinize the cells, take 
the cells up in 1 ml of PBS in Eppendorf vials and centrifuge for 2 min at 14,000 × g. 
Remove the PBS. The cell pellets can be stored at –20 C until analysis.

Add 200 µl water to the cell pellet and sonicate briefly at low power. Use 50 µl 
homogenate for a protein determination and 100 µl for lipid extraction. To 100 µl 
homogenate add 4 ml chloroform/methanol 2/1 (v/v). Leave for 1 h at room tem-
perature and add 0.8 ml of 0.73% NaCl. Vortex and centrifuge for 5 min at 1000 × g 
to separate the phases. Remove the lower chloroform phase and add 10 nmol cho-
lesteryl oleate and 10 nmol triolein as a cold carrier. Dry the sample under nitrogen. 
Take the sample up in 25 µl chloroform/methanol 2/1 (v/v) and spot the sample on 
a silica gel plate (0.5 cm streak). Rinse the tube with 25 µl chloroform/methanol 2/1 
(v/v) and spot the sample on a silica gel plate. Develop the plate with hexane/diethyl-
ether/acetic acid, 70/30/1 (v/v/v). Remove the plate from the tank when the solvent 
front almost reaches the top, dry the plate, and expose briefly to iodine vapor to lo-
calize the cholesteryl oleate. Scrape the spots into scintillation vials, mix thoroughly, 
and count in a scintillation counter.

4.4.15.3	 Reference	Values/Pathological	Values

LDL stimulated cholesteryl ester formation in fibroblasts reference values:
1. 4.5 h time point: 0.7–2.5 nmol/mg·4.5 h.
2. 7 h time point: 2.4–7.8 nmol/mg·7 h.
3. 24 h time point: 7.2–20 nmol/mg·24 h.

LDL stimulated cholesteryl ester formation in fibroblasts pathological values for the 
“classical” biochemical phenotype:
1. 4.5 h time point: < 0.25 nmol/mg·4.5 h.
2. 7 h time point: < 0.4 nmol/mg·7 h.
3. 24 h time point: < 2.0 nmol/mg·24 h.

Intermediate values between the pathological and reference range or (near) normal 
values may be found in patients with a “variant” biochemical phenotype.
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4.4.15.4	 Special	Remarks/Pitfalls

The filipin staining and cholesterol esterification tests do not distinguish between 
NPC caused by mutations in NPC1 and NPC2. Although 95% of the patients have 
mutations in NPC1, to establish the diagnosis with certainty at the molecular level 
mutation analysis should be performed [37]. While the prenatal diagnosis of Nie-
mann-Pick disease is possible by biochemical tests in cases in which a clear bio-
chemical abnormality has been established in the index case, mutation analysis is 
preferred when the mutations are known [56], especially in “variant” cases.

4.4.16	 Acid	Ceramidase	(EC	3.5.1.23)

This enzyme is deficient in Farber disease (Table 4.4.1, Fig. 4.4.1). Assays of acid 
ceramidase are not easy to perform. This is due to the complexity of the substrate/
detergent mixtures used and the instability of the enzyme. The acid ceramidase assay 
is infrequently requested in the general practice of the lysosomal diseases laboratory. 
The authors have experience with two different assays, one with radioactive natural 
substrate based on the method described by Ben-Yoseph et al. [4] and another assay 
based on the formation of sphingosine from endogenous ceramide, glycosphingo-
lipids, and sphingomyelin, which is monitored by HPLC [38]. The former method 
requires the preparation of radioactive N-laurylsphingosine and a complex substrate 
mixture containing substrate and detergents. The latter assay does not require any 
substrate preparations and is described below.

4.4.16.1	 Reagents	and	Chemicals

1. 0.25 M sucrose 1 mM EDTA pH 7.4; weigh 80.9 mg dipotassium-EDTA and 
17.1 g sucrose and dissolve in 150 ml distilled water; adjust the pH to 7.4 with 
KOH and adjust the final volume to 200 ml.

2. Sodium cholate in methanol: dissolve 20 mg sodium cholate in 1 ml methanol.
3. Reaction buffer: mix 54.6 ml 0.1 M citric acid (see above) with 45.4 ml 0.2 M 

Na2HPO4. Adjust to pH 4.5 with either citric acid or phosphate solution.
4. 0.6 M NaOH in methanol: dissolve 2.4 g NaOH in 100 ml methanol.
5. 0.5 M HCl in methanol: mix 4.13 ml HCl with methanol to a final volume of 

100 ml.
6. 0.73% NaCl solution: dissolve 0.73 g NaCl in 100 ml distilled water.
7. 25 µM d-erythro-C20-sphinganine (MW 329.6). Dissolve 1 mg C20-sphinganine 

in 1 ml methanol (stock solution). Dilute 100 µl of this stock solution with metha-
nol to 1 ml (stock solution 1:10). Dilute 100 µl of the stock solution 1:10 with 
1100 µl methanol. The final concentration of C20-sphinganine is 25 µM.

4.4.16.2	 Specimen

Culture fibroblasts in medium with 10% FCS until 1 week past confluency. Harvest 
the cells by trypsinization and wash them twice with PBS. Homogenize the cell pellet 
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in 425 µl sucrose/EDTA pH 7.4 with a Potter-Elvehjem homogenizer. Determine the 
protein concentration, which should be between 1 and 2 mg/ml. Freshly prepared 
homogenates should be used in this assay.

4.4.16.3	 Assay	Conditions

1. Pipette 25 µl sodium cholate in methanol in a Pyrex tube and dry with nitrogen. 
For each patient a duplicate sample and a duplicate blank (t=0) is measured. Add 
0.1 ml reaction buffer, vortex, and sonicate briefly (about 3 s) at low power (Bran-
son sonicator with a microprobe). Start the incubation by adding 0.1 ml homog-
enate or 0.1 ml sucrose EDTA and incubate for 3 h in a shaking incubator at 37 C. 
Stop the reaction by adding 5 ml chloroform/methanol 2/1 (v/v).

2. Prepare a blank (t=0) by adding the homogenate to the buffer and immediately 
stopping the reaction by adding 5 ml chloroform/methanol 2/1 (v/v).

3. Add to each tube 5 µl internal standard (25 µM d-erythro-C20-sphinganine).
4. After 1 h add 1.0 ml 0.73% NaCl to the chloroform/methanol extracts. Vortex and 

centrifuge for 5 min at 1000 × g to separate the phases. Pipette the lower chloro-
form phase into a Pyrex tube. Extract the upper phase twice with 1 ml chloroform 
and add these chloroform lower phases to the first chloroform phase; take the 
combined chloroform phases to dryness with nitrogen.

5. Dissolve the residue in 1 ml chloroform. Add 1.0 ml methanolic NaOH and 
vortex. Leave at room temperature for 1 h. Neutralize with 1.2 ml methanolic 
HCl. Add 1.7 ml water and 3.4 ml chloroform. Vortex and centrifuge for 5 min 
at 1000 × g. Remove the chloroform (lower) phase and dry under nitrogen. The 
sphingoid bases are derivatized with o-phtaldialdehyde (OPA) for 30 min with 
25 µl OPA reagent (5 mg OPA, 0.1 ml ethanol, 5 µl 2-mercaptoethanol, and 10 ml 
3% w/v boric acid adjusted to pH 10.5 with KOH) essentially as described by Mer-
rill [36]. OPA-derivatized sphingoid bases are separated using an HPLC system 
(Waters Associates, Milford, MA, USA) with an Altima BDS C18 3 µ, 150 × 4.6 mm 
reverse-phase column. The eluent used is methanol:water; 88:12 (w/w). The OPA-
derivatized sphingoid bases are quantified by fluorescence detection at excitation 
wavelength 340 nm and emission wavelength 435 nm. Peak identification is based 
on comparison of the retention times of the peaks with those of authentic stand-
ards for sphingosine and sphinganine.

4.4.16.4	 Reference	Values/Pathological	Values

1. Reference range for fibroblasts: 400–2100 pmol/mg·3 h.
2. Pathological value for fibroblasts: < 40 nmol/mg·3 h.

4.4.16.5	 Special	Remarks/Pitfalls

Other sphingolipidoses like Niemann-Pick type A/B (sphingomyelinase deficiency) 
that could lead to impaired ceramide formation should be excluded.
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4.5.1	 Introduction

4.5.1.1	 Biosynthesis	of	Glycoproteins

The term “protein glycosylation” describes the co-translational linkage of oligosac-
charide moieties onto newly synthesised proteins. This complex metabolic process, 
which has been found in nearly all forms of life from bacteria to man, comprises one 
of the most widespread and variable forms of protein modifications. The sugar moi-
eties, which are also termed “oligosaccharides” or “glycans”, are necessary for protein 
quality control, directed transport and biological activity. Glycosylation affects a va-
riety of physicochemical properties of proteins on behalf of their stability, solubility, 
and polarity. Glycoproteins play an important role in many complex biological pro-
cesses such as growth, differentiation, organ development, signal transduction and 
immunologic defence, but are also concerned with pathologic processes like tumour 
progression. Due to their structural variability, glycans are carriers of a code that is 
much more complex compared to nucleic acids and proteins [12]. In man, the glyco-
sylation apparatus comprises more than 300 proteins, such as glycosyltransferases, 
glycosidases, and sugar-nucleotide transporters, which are located in different cel-
lular compartments such as the cytosol, endoplasmic reticulum and Golgi apparatus 
(Fig. 4.5.1).

4.5.1.2	 Congenital	Disorders	of	Glycosylation

“Congenital disorders of glycosylation” (CDG), formerly termed “carbohydrate-defi-
cient glycoprotein syndrome” [1], comprise a rapidly expanding group of autosomal 
recessive inherited metabolic diseases that affect the de novo biosynthesis of glyco-
proteins. The multisystemic disorders are mostly combined with severe neurological 
impairment. Thus far, 20 different types of CDG have been identified [7, 9, 16] (see 
also Table 4.5.1). Although investigations on new types of CDG have proceeded rap-
idly in recent years, the complexity of the affected metabolic pathway indicates that 
they number considerably more than 100.

So far, CDG nomenclature is based on the cellular localisation of the molecu-
lar defects in the different subtypes. The disorders are divided into two subgroups. 
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Fig.	4.5.1	 Overview on glycoprotein biosynthesis and known types of congenital disorders of 
glycosylation (CDG). Initial steps in the biosynthesis of N-glycans are catalaysed by glycosyl-
transferases, which transfer nucleotide-activated N-acetylglucosamine and mannose residues 
onto the lipid carrier dolichol-phosphate. At the cytosolic side of the endoplasmic reticulum 
(ER) membrane, the oligosaccharide intermediate dolichol-PP-GlcNAc2Man5 is synthesised and 
is subsequently transferred into the lumen of the ER, where it is further elongated by a subset of 
mannosyl- and glucosyltransferases, which utilise dolichol-phosphate-mannose and -glucose as 
donor substrates, to dolichol-PP-GlcNAc2Man9Glc3. This oligosaccharide is subsequently trans-
ferred to nascent glycoproteins by the oligosaccharyltransferase complex. In the subsequent reac-
tions, GlcNAc2Man9Glc3 moieties undergo trimming of the three glucose residues and one man-
nose residue in the ER, which is crucial for quality control in protein folding. Newly synthesised 
glycoproteins are transferred to the Golgi apparatus by vesicular transport, where further pro-
cessing by different mannosidases takes place. Shortened oligosaccharides are elongated by N-
acetylglucosaminetransferases, galactosyltransferases, sialic acid transferases and fucosyltrans-
ferases, followed by transfer of mature glycoproteins to their destination point. All CDG defects 
identified so far are indicated by yellow flashes. CMP Cytidine monophosphate, COG conserved 
oligomeric Golgi complex, GDP guanosine diphosphate, OST oligosaccharyltransferase complex, 
P phosphate, UDP uridine diphosphate
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CDG-I comprises deficiencies that affect either the biosynthesis of lipid-linked 
oligosaccharides (LLO) or the transfer of oligosaccharides onto newly synthesised 
proteins by the oligosaccharyltransferase complex in the endoplasmic reticulum. 
CDG-II disorders affect subsequent trimming and elongation of N-glycans in the 
endoplasmic reticulum and the Golgi apparatus. The CDG are assigned to one of the 
two groups and are numbered by small letters in chronological order of the identifi-
cation of the defective gene (Fig. 4.5.1 and Table 4.5.1).

The knowledge of the genetic and biochemical background of CDG has not only 
improved diagnostic strategies for defects in glycoprotein biosynthesis, but has also 
led in the case of two of the CDG to simple and effective therapies [19, 22].

4.5.1.3	 Diagnostic,	Analytic,	and	Therapeutic	Approaches	to	CDG

The clinical phenotype of CDG is highly heterogeneous. In all known types it affects 
several organ systems and is mostly combined with neurological impairment. Typi-
cal clinical features present with growth retardation either due to disturbed nutri-
tion uptake and recurrent vomiting or hormone disturbance. Microcephaly often 
leads to ataxia, and nerve conduction velocity was shown to be reduced. At birth, 
many CDG-patients show inverted nipples and fat pads at the bottom and the upper 
arms. Moreover, strabismus, retinitis pigmentosa, optic atrophy, coloboma of the iris 
and cataracts have been described. Some CDG patients suffer from hypogonadism 
and hyperinsulinism. Orthopaedic problems present in some cases with osteopenia, 
exostosis and contractures of the joints. Coagulation abnormalities appear quite fre-
quently with thrombosis, haemophilia, and phlebitis. During the first months after 
birth, life-threatening cardiac problems may appear that are caused by cardiomy-
opathy, pericarditis, and pericardial effusion. Gastrointestinal defects in CDG often 
present with chronic diarrhoea, hepatomegaly and protein-losing enteropathy. In 
some cases, renal complications with proteinuria, microcysts, and proximal tubu-
lopathy have been observed.

Primary diagnostics on CDG commonly start with investigations on the glycosyl-
ation state of serum transferrin by isoelectric focusing (IEF¸ Fig. 4.5.2). Patients who 
present with a type I CDG pattern in IEF (Fig. 4.5.3) are routinely analysed for en-
zymatic activity of phosphomannomutase (PMM) and phosphomannose isomerase 
(PMI) to exclude CDG-Ia and CDG-Ib. Further studies on other CDG types are 
carried out by metabolic labelling of LLO in skin fibroblasts or immortalised lym-
phoblasts followed by high-performance liquid chromatography (HPLC) analysis 
and subsequent genetic analysis of the presumably affected genes (Fig. 4.5.2, left). In 
the case of a CDG-II pattern, further analysis is initiated by investigations on trans-
ferrin-linked oligosaccharides by HPLC and mass spectrometry, followed by deter-
mination of specific glycosyltransferase- and nucleotide-activated monosaccharide 
transporter activities, immunocytochemistry and mutational analysis. In two types 
of CDG, CDG-IIb and CDG-IIc, the IEF pattern is not affected. Since these diseases 
are very rare, further investigations should be performed in specialised laboratories 
(Fig. 4.5.2, right).

A novel approach in initial CDG diagnostics has currently been described by 
analysing the glycosylation state of serum transferrin using electrospray ionisation-
tandem mass spectrometry (ESI-MS/MS). This method requires expensive technical 
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Table 4.5.1 Summary of known molecular defects in congenital disorders of glycosylation (CDG). 
OMIM Online Mendelian Inheritanc in Man

CDG-type Affected protein Gene Chromosome OMIM

CDG-Ia Phosphomannomutase II PMM2 16p13 212065

601785

CDG-Ib Phosphomannose isomerase MPI 15q22 154550

602579

CDG-Ic Dol-P-Glc:Man9GlcNAc2-PP-dolichol glucosyl-
transferase

hALG6 1p22 604566

604655

CDG-Id Dol-P-Man:Man5GlcNAc2-PP-dolichol mannosyl-
transferase

hALG3 3q27 601110

CDG-Ie Dolicholphosphate-mannose synthase 1 DPM1 20q13 608789

CDG-If Mannose-P-dolichol utilisation defect 1 protein MPDU1 17p13 604041

CDG-Ig Dol-P-Man:Man7GlcNAc2-PP-dolichol mannosyl-
transferase

hALG12 22q13 607143

CDG-Ih Dol-P-Glc:Glc1Man9GlcNAc2-PP-dolichol-α1,3-
glucosyltransferase

hALG8 11p15 608104

CDG-Ii GDP-Man:Man1GlcNAc2-PP-dolichol mannosyl-
transferase

hALG2 9q22 607906

CDG-Ij UDP-GlcNAc:dolichol phosphate N-acetylglucos-
aminephosphotransferase 1

DPAGT1 11q23 608093

CDG-Ik GDP-Man:GlcNAc2-PP-dolichol mannosyltrans-
ferase

hALG1 16p13 608540

CDG-IL Dolichol-P-mannose:α-1,2-mannosyltransferase hALG9 11q23 608776

CDG-IIa Golgi N-acetylglucosaminyltransferase II MGAT2 14q21 212066

CDG-IIb ER glucosidase I GCS1 2p13 606056

CDG-IIc Golgi GDP-fucose transporter FUCT1 11p11 605881

266265

CDG-IId Golgi UDP-galactose:N-acetylglucosamine β-1,4-
galactosyltransferase

ß4GALT1 9p13 607091

CDG-IIe Subunit 7 of COG-complex COG7 16p12 608779

606978

CDG-IIf CMP-NANA transporter CMP-NANA 
transporter

6q15 605634

CDG-IIg Subunit 1 of COG-complex COG1 17q25 606973

CDG-IIh Subunit 8 of COG-complex COG8 16q22 606979
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equipment and is not very widespread so far. It is comparable to IEF of serum trans-
ferrin, but it is faster, more precise and allows the determination of loss of distinct 
monosaccharide residues or complete oligosaccharide chains [16, 29].

Although IEF of serum transferrin is relatively easy to perform, it is assumed 
that many CDG patients are still missed. Due to the complex clinical presentation of 
CDG, all patients suffering from unclear multi-organ diseases, especially in combi-
nation with mental and psychomotor retardation, strabismus, cerebellar atrophy and 
blood-clotting problems, should be investigated for CDG.

Fig.	4.5.2	 Actual strategies for CDG diagnosis. Initial investigations on CDG patients are rou-
tinely carried out by isoelectric focusing (IEF) of serum transferrin. With a CDG type I pattern, 
subsequent analysis should imply determination of phosphomannomutase (PMM) and phos-
phomannose isomerase (PMI) activities. Further studies, like analysis of the lipid-linked- and 
protein-bound-oligosaccharides, determination of enzyme or sugar transporter activities and 
molecular biology studies often have to be performed in more specialised laboratories. HPLC 
High-performance liquid chromatography, TLC thin-layer chromatography
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4.5.2	 Methods

4.5.2.1	 IEF	of	Serum	Transferrin

Principle

In most types of CDG, loss or shortening of oligosaccharide moieties linked to gly-
coproteins have been observed. Due to the fact that the iron-binding glycoprotein, 
transferrin, is highly abundant in serum (about 5% of all plasma proteins) and the 
structure of its N-linked oligosaccharide moieties is highly uniform, it is predomi-
nantly used for initial CDG diagnostics by IEF, thereby analysing the charge of the 
protein in an electric field. In healthy persons, transferrin is found mainly in the 
tetrasialo form due to the linkage of the protein to two biantennary complex-type 
oligosaccharide chains carrying four negatively charged terminal sialic acid residues 
(Fig. 4.5.3).

In all known types of CDG-I it has been observed that due to the loss of sialic acid 
residues, in addition to tetrasialo-transferrin, more or less pronounced di- and asialo-
transferrin bands appear, which are evoked by the loss of either one or both complete 
oligosaccharide chains (Fig. 4.5.3, lanes 2–4). In contrast to CDG-I, changes in the 
charge of serum transferrin of most known CDG-II types are due to shortening of 
the oligosaccharide moieties (Fig. 4.5.3, lanes 5–7).

Pre-analytical

Specimen

Serum, 0.1 ml.

Reagents and Chemicals

1. 200 µM Fe(III)-citrate p.a. (Merck, Darmstadt, Germany).
2. 150 mM NaCl p.a. (Roth, Karlsruhe, Germany).
3. Formaldehyde (36.5–38%; Sigma-Aldrich, Taufkirchen, Germany).
4. Glutardialdehyde 25% Microscopy (Merck).
5. Acetic acid 100% p.a. (Roth).
6. Ethanol 99.8% p.a. (Roth).
7. Silver nitrate p.a. (Merck).
8. Trichloroacetic acid (TCA) Sigma Ultra 99% (Sigma-Aldrich).
9. Sodium carbonate p.a. (Merck).
10. Antibody: rabbit anti-human transferrin (DakoCytomation, Hamburg, Ger-

many).
11. Fixation: 20% TCA (Sigma-Aldrich).
12. Wash solution 1: 50% ethanol (Roth)/10% acetic acid (Roth).
13. Wash solution 2: 10% ethanol (Roth)/5% acetic acid (Roth).
14. Developer: 2.5% (w/v) sodium carbonate (Merck)/0.015% formaldehyde (v/v; 

Sigma-Aldrich).
15. Stop solution: 50 mM ethylenediaminetetraacetic acid (EDTA; Titriplex III, 

Roth).
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Instrumentation

1. PhastSystem (Amersham Biosciences, Freiburg, Germany)
2. PhastGel pH 4–6.5 (Amersham Biosciences)
3. PhastGel sample appplicator 8/1 (Amersham Biosciences)

Calibration

Calibration of IEF is performed with sera from healthy control persons as well as sera 
derived from patients with defined CDG types.

Running Conditions
Isoelectric Focusing

Please refer to Table 4.5.2


Fig.	4.5.3	 IEF patterns of serum transferrin. Sera from a control (lane 1), three CDG-I (CDG-Ia, 
CDG-Ic and CDG-Id; lanes 2–4) and three CDG-II patients (CDG-IIa, CDG-IId and CDG-IIx; 
lanes 5–7) were analysed by IEF. In case of a control person, the main form of the protein carries 
four negatively charged sialic acid residues, even though small amounts of penta- and trisialo-
transferrin are detectable. Additional disialo- and asialotransferrin forms indicate CDG-type I 
(left side). In some cases of CDG type II, additional trisialo- and monosialotransferrin forms may 
occur, which are due to the loss of either one or three sialic acid residues (right side). Isoforms of 
transferrin that are independent of a pathological phenotype and that cause double bands in IEF 
are visible in lanes 4 and 6. CDG-IIx indicates a transferrin pattern that is caused by a so far un-
known molecular defect from the CDG-II type
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1. Sample applicator down at 1.2, 0 Vh.
2. Sample applicator up at 1.3, 0 Vh.
3. Extra alarm to sound at 1.1, 73 Vh.

Silver Staining
Please refer to Table 4.5.3.

Analytical

Procedure

To saturate serum transferrin with iron, 10 µl of serum and 10 µl 200 µM Fe(III)-
citrate are added to 30 µl of double-distilled water. After incubation for 10 min at 
room temperature the mixture is diluted 1:50 with double-distilled water. A 1-µl 
aliquot is loaded onto the PhastGel sample applicator 8/1 and IEF is performed as 
described above. After separation, gels are incubated with rabbit anti-human trans-
ferrin antibody (dilution 1:3 in 150 mM NaCl) for 40 min followed by washing in 



Table 4.5.2 Set up for isoelectric focusing of serum transferrin

Sep 1.1 2000 V 2.5 mA 3.5 W 15°C 75 Vh

Sep 1.2 200 V 2.5 mA 3.5 W 15°C 15 Vh

Sep 1.3 2000 V 5 mA 3.5 W 15°C 185 Vh



Table 4.5.3 Conditions for silver staining. DD double-distilled

Dev 1.1 Fixation 5 min 20°C

Dev 1.2 Wash solution 1 2 min 50°C

Dev 1.3 wash solution 2 2 min 50°C

Dev 1.4 wash solution 2 4 min 50°C

Dev 1.5 8.3% glutardialdehyde 6 min 50°C

Dev 1.6 wash solution 2 3 min 50°C

Dev 1.7 wash solution 2 5 min 50°C

Dev 1.8 DD water 2 min 50°C

Dev 1.9 DD water 2 min 50°C

Dev 1.10 0.5% silver nitrate 10 min 50°C

Dev 1.11 DD water 0.5 min 50°C

Dev 1.12 DD water 0.5 min 50°C

Dev 1.13 developer 0.5 min 50°C

Dev 1.14 developer 12 min 50°C

Dev 1.15 stop solution 5 min 50°C

Dev 1.16 DD water 5 min 50°C
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150 mM NaCl overnight. Automated silver staining of gels is performed as described 
above using the PhastSystem [10, 23].

Post Analytical

Interpretation

Data analysis is carried out by comparing IEF patterns of controls and defined CDG 
types with patients in suspicion of CDG. IEF of transferrin from controls show pre-
dominantly the tetrasialo form of the protein, whereas in case of CDG-I patients 
additional di- and asialo bands appear (Fig. 4.5.3).

Pitfalls

IEF of serum transferrin can detect nearly all known CDG-I types as well as most 
CDG-II types and many CDG-X cases. Nevertheless, deficiencies of ER-glucosidase 
I (CDG-IIb) and Golgi GDP-fucose transporter (CDG-IIc) are missed. In the known 
cases of CDG, prenatal diagnostics by IEF analysis from foetal blood is not reliable 
[4, 28]. Moreover, IEF of serum from children aged less than 2 weeks may result 
in false-positive results [15]. Heavy alcohol consumption can also result in serum 
transferrin deficiency in carbohydrate moieties, leading to an abnormal IEF-pattern 
[27]. Mutations in the protein backbone of transferrin, which lead to either loss or 
addition of charged amino acid residues, might produce IEF patterns that resemble 
those of CDG. To avoid false-positive results, desialylation of transferrin by neu-
raminidase treatment (see section 4.5.2.3) or IEF of an alternative glycoprotein like 
α-1-antitrypsin (see section 4.5.2.4) should be performed.

4.5.2.2	 IEF	of	Transferrin	Derived	from	Guthrie	Cards

Procedure

A punched out piece of the Guthrie card is incubated in 50 µl of distilled water for 
10 min at room temperature. A 10-µl aliquot of Fe(III)-citrate (200 µM) and 50 µl 
of distilled water are added to the sample and incubation is performed for 10 min at 
room temperature. One microlitre of the dissolved material is subsequently investi-
gated by PhastGel electrophoresis as described above.

Pitfalls

In the case of unclear transferrin patterns obtained from IEF analysis of blood sam-
ples derived from Guthrie cards, the analysis should be repeated with serum.

4.5.2.3	 Desialylation	of	Transferrin-Linked	Oligosaccharides	
by	Neuraminidase	Treatment

Principle

Mutations that lead to amino acid changes in transferrin may alter the charge of the 
protein, thereby leading to shifts in the IEF pattern, which mostly resemble to either 
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tri- or pentasialo transferrin. To avoid false-positive results, desialylation of transfer-
rin by neuraminidase treatment or IEF of an alternative glycoprotein like α-1-anti-
trypsin (see section 4.5.2.4) should be performed (Figs. 4.5.4 and 4.5.5).

Pre-analytical

Specimen

Serum, 6 µl.

Reagents and Chemicals
1. Neuraminidase (1 U/100 µl; Roche, Mannheim, Germany).
2. 1 M Sodium acetate (pH 5.0; Merck).
3. 10 mM Tris (pH 7.0; p.a., Roth)/0.9% NaCl (p.a., Roth).
4. Dialysis membrane (cut-off: 12–14 kDa; Neolab, Heidelberg, Germany).

Instrumentation

1. Heating block (Eppendorf, Hamburg, Germany).
2. Speed-vac (Bachofer, Weilheim, Germany).
3. Magnetic stirrer (Heidolph, Kehlheim, Germany).



Fig.	4.5.4	 Identification of mutations in the transferrin protein by neuraminidase treatment. Un-
usual patterns in the IEF of serum transferrin might lead to pitfalls in CDG diagnostics. These 
varying patterns are often due to mutations of charged amino acids in the protein backbone of the 
transferrin molecule, which might lead, for example, to an accumulation of trisialo transferrin 
bands (lane 3, indicated by a question mark). Further investigations are carried out by cleaving 
off charged sialic acid monosaccharide moieties from transferrin-linked oligosaccharides by neu-
raminidase treatment, followed by IEF and transferrin antibody staining. In the case of protein 
mutations, additional bands below (lane 4) or above (not shown) the desialylated transferrin 
form appear
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Calibration

To compare sera from patients suffering from unclear CDG types, sera of healthy 
persons and patients with already defined CDG are used as controls for neuramini-
dase treatment studies.

Analytical

Procedure

Neuraminidase digestion of transferrin is performed from 6 µl of serum, 2.5 µl 1 M 
sodium acetate (pH 5.0), 15.5 µl double-distilled water and 1 µl neuraminidase 
(0.01 U). Incubation is carried out overnight at 37°C followed by dialysis against 
double-distilled water at 4°C for 12 h and subsequent drying by lyophilisation. Dried 
samples are resuspended in 1.5 ml 10 mM Tris (pH 7.0)/0.9% NaCl and analysed by 
IEF, followed by silver staining as described above.

Fig. 4.5.5	 IEF pattern of α-1-antitrypsin. Sera from a control (lane 1), three CDG-I patients 
(CDG-Ia, CDG-Ic and CDG-Id; lanes 2-4) and three CDG-II patients (CDG-IIa, CDG-IId 
and CDG-IIx; lanes 5-7) were analysed by IEF. The normal pattern (lane 1, left) reveals seven 
bands. In abnormal patterns (lanes 2–7, left to right), the position of the first additional abnormal 
cathodal band is indicated by an arrow. This band and also all bands below are abnormal and 
indicate a glycosylation deficiency
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Post analytical

Interpretation

Data analysis is carried out by comparing IEF patterns from patients suspected of 
having a CDG with healthy controls and already defined CDG types. Following 
neuraminidase treatment, controls and CDG patients will predominantly present 
with the asialo form of transferrin. In the case of mutations that affect the protein 
backbone of transferrin, additional bands appear (Fig. 4.5.4).

4.5.2.4	 IEF	of	α-1-Antitrypsin

Principle

Standard initial investigations on CDG are based on the identification of hyposia-
lylated serum transferrin by IEF. Since mutations in the protein backbone of transfer-
rin might lead to false-positive results, neuraminidase treatment of serum-transfer-
rin is performed (see above; Fig. 4.5.4). Alternatively, other serum glycoproteins like 
α-1-antitrypsin might be used to confirm CDG [6]. Human plasma α-1-antitrypsin 
is normally fully glycosylated at amino acid residues 46, 83 and 247 [20]. Due to 
combinations of tri- and diantennary-complex-type oligosaccharides and shortened 
isoforms of the protein, a pattern of seven bands in IEF analysis of α-1-antitrypsin in 
healthy controls is detectable. In the case of CDG it has been shown that additional 
bands with a cathodal shift appear, the number and size of which depend on the cor-
responding type of CDG (Fig. 4.5.5) [6].

Pre-analytical

Specimen

Serum, 1–3 µl.

Reagents and Chemicals

1. Pharmalyte pH 4.2–4.9 (Amersham Biosciences).
2. Antibody: rabbit anti-human α-1-antitrypsin (DakoCytomation).

Also, see 4.5.2.1, subheading “Reagents and Chemicals”, above.

Instrumentation

1. PhastSystem (Amersham Biosciences).
2. PhastGel dry gel (Amersham Biosciences).
3. PhastGel sample applicator 8/1 (Amersham Biosciences).
4. PhastGel cassette (Amersham Biosciences).

Calibration

Calibration of IEF is carried out with sera from healthy controls as well as sera de-
rived from patients with defined types of CDG.
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Running Conditions
Isoelectric Focusing

Please refer to Table 4.5.4
1. Sample applicator: down at 1.2, 0 Vh.
2. Sample applicator: up at 1.3, 100 Vh.
3. Extra alarm: to sound at 1.1, 73 Vh.

Silver Staining
Please refer to Table 4.5.5.





Table 4.5.4 Set up for isoelectric focusing of α-1-antitrypsin

Sep 1.1 2000 V 2.5 mA 3.5 W 15°C 75 Vh

Sep 1.2 200 V 2.5 mA 3.5 W 15°C 15 Vh

Sep 1.3 2000 V 2.5 mA 3.5 W 15°C 100 Vh

Sep 1.4 1000 V 2.5 mA 3.5 W 15°C 280 Vh



Table 4.5.5  Conditions for silver staining

Dev 1.1 fixation 5 min 20°C

Dev 1.2 wash solution 1 2 min 50°C

Dev 1.3 wash solution 2 2 min 50°C

Dev 1.4 wash solution 2 4 min 50°C

Dev 1.5 8.3% glutardialdehyde 6 min 50°C

Dev 1.6 wash solution 2 3 min 50°C

Dev 1.7 wash solution 2 5 min 50°C

Dev 1.8 DD water 2 min 50°C

Dev 1.9 DD water 2 min 50°C

Dev 1.10 0.5% silver nitrate 10 min 50°C

Dev 1.11 DD water 0.5 min 50°C

Dev 1.12 DD water 0.5 min 50°C

Dev 1.13 developer 0.5 min 50°C

Dev 1.14 developer 12 min 50°C

Dev 1.15 stop solution 5 min 50°C

Dev 1.16 DD water 5 min 50°C
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Analytical

Procedure

IEF PhastGels are rehydrated for 30 min at room temperature in a solution contain-
ing double-distilled water and 60 ml/l Pharmalyte (4.2–4.9) in a PhastGel cassette. 
The sera are diluted to 1:150 and 0.85 µl of the samples are loaded on the PhastGel 
sample appplicator 8/1 for IEF. After separation, the gels are incubated with a rabbit 
anti-human α-1-antitrypsin antibody for 40 min followed by washing in 150 mM 
NaCl overnight. Automated silver staining of gels by the PhastSystem is performed 
as described above [10, 23].

Post-analytical

Interpretation

Data are analysed by comparing the α-1-antitrypsin IEF patterns of patients sus-
pected of having an altered transferrin protein backbone to healthy controls and 
patients with an already defined CDG. A normal pattern of α-1-antitrypsin in ques-
tionable patients indicates changes in the protein moiety of transferrin instead of 
a glycosylation deficiency.

4.5.2.5	 Screening	for	CDG-I:	Analysis	of	Phosphomannomutase	Activity

Principle

In case of CDG-I IEF pattern, further investigations are initiated by the determina-
tion of PMM activity. PMM2 is the defective enzyme in the most widespread form 
of CDG known so far: CDG-Ia (about 80% of all known CDG-cases). It is caused by 
mutations in the gene, which result in a severe decrease in PMM2 activity, catalys-
ing the conversion of mannose-6-phosphate to mannose-1-phosphate in the cytosol 
(Fig. 4.5.1). Determination of enzyme activity may be carried out by incubation of 
protein extracts from patient-derived fibroblasts or leukocytes with [2-3H]mannose-
6-phosphate and subsequent high-voltage paper electrophoresis. This technique is 
highly sensitive and needs only a very small amount of material (10 µg of protein). 
Another approach is based on the determination of PMM activity by a coupled opti-
cal enzyme assay (100 µg of protein is needed). This technique is described elsewhere 
[26].

Pre-analytical

Specimen

Leukocytes from 2.5–5 ml EDTA-treated blood or 1 × 106 primary skin fibroblasts.

Reagents and Chemicals

For preparation of [2-3H]mannose-6-phosphate:
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1. [2-3H]mannose (15.0 Ci/ mMol, where 1 Ci = 3.7 × 1010Bq), Amersham Biosci-
ences).

2. 1 M Tris-HCl (pH 7.4; Roth).
3. 1 M MgCl2 (Merck, Darmstadt, Germany).
4. 100 mM ATP (Sigma, Steinheim, Germany).
5. Hexokinase (1500 U/ml; Sigma).
6. Whatman 3MM paper (Schleicher & Schuell, Einbeck, Germany).
7. 80 mM Pyridine (Merck).
8. Acetic acid (Merck).
9. Water (HPLC grade; Merck).
10. Argon/methane (90%/10%) for thin-layer chromatography (TLC) analyser.
11. Orange G (5% in water; Sigma).

For PMM activity (reagents in addition to the preparation of [2-3H]mannose-6-
phosphate):
1. 50,000 dpm [2-3H]mannose-6-phosphate (see below for preparation).
2. 100 mM Tris-HCl (pH 7.5)/4 mM MgCl2 (Roth).
3. 1 mM Glucose-1,6-bisphosphate (Boehringer, Mannheim, Germany).

Instrumentation

1. Power supply EC4000P (Thermo, Dreieich, Germany).
2. Electrophoresis chamber (CAMAG, Muttenz, Switzerland).
3. Thermomixer (Eppendorf).
4. Lyophiliser (Schrader, Nentershausen, Germany).
5. Automatic TLC-scanner (Tracemaster 20, Berthold, Bad Wildbach, Germany).

Calibration

For calibration, cell extracts from a CDG-Ia patient and a healthy control are used.

Analytical

Procedure
Preparation of [2-3H]mannose-6-phosphate

A 100-µl aliquot of [2-3H]mannose (15.0 Ci/mMol) is evaporated under a flow of ni-
trogen. For the reaction mixture, 10 µl of 1 M Tris-HCl (pH 7.4), 1 µl of 1 M MgCl2, 
10 µl of 100 mM ATP and 0.67 µl hexokinase (1,500 U/ml) are filled up with water 
to 100 µl and added to the dried [2-3H]mannose. Incubation is performed for 4 h 
at 37°C and stopped by heating for 2 min at 95°C. Orange G (4 µl) is added and the 
samples are subjected to high-voltage electrophoresis at 33 V/cm for 2 h on What-
man 3MM paper in a buffer containing 80 mM pyridine (pH 5.5, adjusted with ace-
tic acid) to separate [2-3H]mannose and [2-3H]mannose-6-phosphate. Evaluation 
is carried out on a TLC scanner. [2-3H]mannose-6-phosphate spots are cut out and 
eluted overnight at 4°C in 20 ml of water in a 50-ml vial. Samples are centrifuged 
for 10 min at 5000 × g. The supernatant containing [2-3H]mannose-6-phosphate is 
removed, quantified by liquid scintillation counting, lyophilised and adjusted to 
50,000 dpm/µl with water.
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Analysis of PMM Activity
PMM activity is determined by following the conversion of mannose-6-phosphate 
to mannose-1,6-bisphosphate in the presence of an excess of glucose-1,6-bisphos-
phate. The assay mixture contains 12.5 µl 100 mM Tris-HCl (pH 7.5)/4 mM mgCl2, 
50,000 dpm [2-3H]mannose-6-phosphate, 1 mM glucose-1,6-bisphosphate and 10 µg 
of protein of cell extracts in a total volume of 25 µl. After incubation for 30 min at 
37°C the supernatants are collected by centrifugation and [2-3H]mannose-6-phos-
phate is separated from [2-3H]mannose-1,6-bisphosphate by high-voltage paper 
electrophoresis as described above.

Calculation

The conversion of [2-3H]mannose-6-phosphate to [2-3H]mannose-1,6-bisphosphate 
in extracts from skin fibroblasts or leukocytes derived from patients is compared to 
controls. Calculation is performed by the TLC-analyser software “Chromas 1.1”.

Post-analytical

Interpretation

In most CDG-Ia patients PMM activity is reduced to less than 10% compared to con-
trols. Follow-up investigations are carried out by mutational analysis of the PMM2 
gene.

4.5.2.6	 Screening	for	CDG-I:	Analysis	of	PMI	Activity

Principle

CDG-Ib is caused by PMI deficiency. This enzyme catalyses the conversion of fruc-
tose-6-phosphate to mannose-6-phosphate in the cytosol (Fig. 4.5.1). The IEF pat-
tern of serum transferrin in CDG-Ib is comparable to that of CDG-Ia, although the 
clinical phenotype is completely different, with gastrointestinal bleedings and hepa-
topathy. Determination of PMI activity is performed by a coupled optical test.

Pre-analytical

Specimen

Protein, 30 µg, isolated from fibroblasts or leukocytes.

Reagents and Chemicals

1. 1 M 4-(2-Hydroxyethyl)-1-piperazineethanesulphonic acid (Hepes; pH 7.1; 
Roth).

2. 1 M KCl (Roth).
3. 0.2 M Dithiothreitol (Sigma-Aldrich).
4. 10 mg/ml Leupeptin (Sigma-Aldrich).
5. 10 mg/ml Antipain (Sigma-Aldrich).
6. 1 M MgCl2 (Merck).
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7. 0.1 mM NADP (Sigma-Aldrich).
8. Phosphoglucose isomerase (2 mg/ml; 350 U/mg) (Boehringer).
9. Glucose-6-phosphate dehydrogenase (5 mg/ml) (Boehringer).
10. 0.1 M Mannose-6-phosphate (Sigma-Aldrich).
11. Double-distilled water.

Instrumentation

1. Branson sonicator (Heinemann, Schwäbisch Gmünd, Germany).
2. Spectrophotometer (U-2000, Hitachi, Hamburg, Germany).

Calibration

PMI activities from fibroblasts or leukocytes of healthy controls are compared to the 
cellular material of the patient.

Analytical

Procedure

Trypsinised cells are collected by centrifugation, resuspended in 200 µl of lysis buffer 
containing 20 mM Hepes (pH 7.1), 25 mM KCl, 1 mM dithiothreitol, 10 µg/ml leu-
peptin and 10 µg/ml antipain. After a freeze-thaw cycle at –80°C, cells are disrupted 
by passing 20 times through a 22-guage syringe followed by centrifugation for 15 min 
at 100,000 × g. The supernatant is transferred to new vials, protein concentration is 
determined and adjusted to a concentration of 600 µg/ml with lysis buffer. PMI ac-
tivity is determined from 30 µg (in 50 µl lysis buffer) of total cellular protein by addi-
tion of 50 µl reaction buffer (100 mM Hepes, pH 7.1, 10 mM MgCl2, 0.5 mM NADP, 
1 µg phosphoglucose isomerase and 1 µg glucose-6-phosphate dehydrogenase). The 
enzymatic reaction is started by the addition of mannose-6-phosphate (1 mM final 
concentration). Incubation of samples is carried out at room temperature and enzy-
matic activity is followed in a double-beam spectrophotometer at OD340 nm (i.e. the 
decreasing rate per minute of absorption at 340 nm) over 30 min.

Calculation

Enzyme activity is investigated in a double-beam spectrophotometer in the presence 
or absence of substrate. PMI activity is determined according to the relative forma-
tion of NADPH + H+ in the sample containing the substrate compared to that of the 
substrate-free sample over 30 min of continuous measurement.

Post-analytical

Interpretation

A reduction of PMI activity to less than 20% of that of controls indicates the presence 
of CDG-Ib and indicates mutational analysis of the corresponding PMI gene.
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4.5.2.7	 Screening	for	CDG-I:	Analysis	of	LLO	by	[2-3H]Mannose	Labelling

Principle

Metabolic labelling studies on LLO with [2-3H]mannose are carried out in fibroblasts 
of patients who present with a characteristic CDG-type I IEF transferrin pattern but 
normal PMM and PMI activities, thereby excluding CDG-Ia and CDG-Ib. Investiga-
tions require the extraction and analysis of LLO by HPLC and TLC.

Pre-analytical

Specimen

Metabolic labelling studies require primary skin fibroblasts from patients and healthy 
controls. It is also helpful to have an internal control from CDG-type I patients, who 
accumulate shortened LLO, like Man5GlcNAc2 (CDG-Id, CDG-Ie) or Man7GlcNAc2 
(CDG-Ig; Fig. 4.5.6).

Cell Culture
Primary fibroblasts from skin biopsy samples are grown at 37°C in the presence of 
5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 
foetal calf serum (FCS) and 1% penicillin/streptomycin. For passaging, confluent 
cells are washed with phosphate-buffered saline (PBS) and incubated for 5–10 min 
at 37°C in the presence of trypsin.

Reagents, Chemicals and Instrumentation for Cell Culture
1. DMEM (PAA, Pasching, Austria).
2. FCS (PAA).
3. PBS (PAA).
4. Trypsin (PAA).
5. Penicillin/streptomycin (PAA).
6. Cell culture flasks of different sizes (Sarstedt, Nuembrecht, Germany).
7. Cell incubator (Sanyo, Wiesloch, Germany).

Reagents and Chemicals for LLO Analysis

1. Minimum essential medium (MEM) with glucose reduced to 0.5 mM (Gibco/In-
vitrogen, Karlruhe, Germany).

2. [2-3H]mannose (15 Ci/mmol) (Amersham Biosciences).
3. PBS (PAA).
4. Triton X-100 (Sigma-Aldrich).
5. Methanol (Roth).
6. Chloroform (Merck).
7. 1 M MgCl2 (Sigma-Aldrich).
8. 1-Propanol Rotipuran (Roth).
9. 0.02 N HCl (Merck).
10. 1 M Tris-HCl (pH 8.0; Roth).
11. Acetonitrile Licrosolv (Merck).
12. Water (HPLC grade, Neolab).
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13. Ultima Gold (Perkin-Elmer, Germany).
14. Argon/methane (90%/ 10%) for the TLC scanner.

Instrumentation

1. TLC Silica gel 60 aluminium sheets (Merck).
2. TLC-Chamber (Sigma-Aldrich).
3. Supelcosil LC-NH2 column (25 cm × 4.6 mM; 5 µm; Supelco; Sigma-Aldrich).
4. LC-NH2 (2 cm × 4.6 mm) precolumn (Sigma-Aldrich).
5. HPLC-pump 1525 (Waters).
6. In-line degasser (Waters).
7. Waters Fraction Collector III (Waters).

Fig.	4.5.6	 Lipid-linked oligosaccharides (LLO) isolated from different CDG-I patients. Fibro-
blasts from a control and different CDG-I patients (CDG-Ic, CDG-Id, CDG-Ig, CDG-Ii) were 
metabolically labelled with 2-[3H]mannose for 30 min. [3H]oligosaccharides were released 
from LLO by mild acid hydrolysis and size-fractionated by HPLC. M5, M7, M9 and G3 refer to 
the positions of GlcNAc2Man5, GlcNAc2Man7, GlcNAc2Man9 and GlcNAc2Man9Glc3, respectively. 
The arrow marks shortened [2-3H]mannose-labelled oligosaccharides accumulating in the case 
of very early CDG-I types like CDG-Ii, which are often hard to detect by standard LLO-HPLC 
analysis
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8. Scintillation counter (Beckmann).
9. Branson sonicator (Heinemann).
10. TLC scanner (Tracemaster 20, Berthold).

Calibration

Analysis of LLO from controls reveals predominantly an LLO structure consisting 
of 14 monosaccharide residues (Glc3Man9GlcNAc2), whereas CDG-patients with de-
fined type-I deficiencies show shortened LLO profiles, which help to identify defects 
in patients with unknown CDG-I types.

Analytical

Procedure

Fibroblasts (6.6 × 104/cm2) are plated onto 6-cm culture dishes and grown for 60 h 
in DMEM. Cells are metabolically labelled for 30 min in MEM with a reduced glu-
cose concentration of 0.5 mM, which is supplemented by 125 µCi [2-3H]mannose. 
Cells are washed three times with ice-cold 10 mM PBS (pH 7.4), scraped into 2 ml 
of ice-cold methanol, and lysed by sonication. After addition of 4 ml chloroform, 
the material is again sonicated, followed by centrifugation for 10 min at 5000 × g at 
4°C. Supernatants are collected and the pellets are extracted two more times with 
chloroform/methanol (3:2). Combined supernatants containing LLO of small size 
are dried under a stream of nitrogen, dissolved in 3 ml chloroform/methanol (3:2), 
washed two times with 2 ml of a solution containing 96 ml methanol, 94 ml wa-
ter, 6 ml chloroform and 200 µl 1 M MgCl2. The upper phase is discarded and the 
lower phase is washed another two times with 2 ml of a solution containing 96 ml 
methanol, 98 ml water and 6 ml chloroform. The lower phase is dried under nitro-
gen, solved in 500 µl chloroform/ methanol (3:2), and analysed by TLC on Silica gel 
60 coated aluminium sheets in a running buffer containing chloroform/ methanol/ 
water (65:25:4). The silica gel sheets are air dried and evaluated on a TLC scanner 
(Fig. 4.5.7).

The remaining pellet, which contains large sized LLO, is washed two times 
with 2 ml of a solution containing 96 ml methanol, 94 ml water, 6 ml chloroform 
and 200 µl 1 M MgCl2. The supernatants are discarded and the pellet is washed an-
other two times with 2 ml of a solution containing 96 ml methanol, 98 ml water and 
6 ml chloroform. The pellet is washed once with 1 ml methanol. Large-sized LLO 
are extracted with 2 ml chloroform/methanol/water (10:10:3) three times. The su-
pernatants are combined, evaporated under a nitrogen flow and dissolved in 500 µl 
chloroform/methanol/water (10:10:3). Corresponding aliquots of the chloroform/ 
methanol and chloroform/ methanol/water extracts are combined and dried under 
nitrogen and resuspended in 50 µl 1-propanol. Oligosaccharide moieties are released 
by mild acid hydrolysis in 500 µl 0.02 N HCl for 30 min at 95°C. The hydrolysed 
material is dried under a stream of nitrogen, solved by sonication in 200 µl H2O and 
cleared by centrifugation. Supernatants that contain the released oligosaccharides 
are used for HPLC analysis. Separation of LLO is performed on a Supelcosil LC-NH2 
column. A linear gradient of acetonitrile from 70–50% in water (total volume 75 ml) 
is applied at a flow rate of 1 ml/min. Eluate fractions are analysed by liquid scintil-
lation counting.
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Calculation

The incorporated radioactivity is plotted against the fractions and compared to the 
HPLC profile of radioactive labelled oligosaccharide standards.

Post analytical

Interpretation

Comparison of the main peak fractions derived from controls (Glc3Man9GlcNAc2) 
and internal standards (Man5GlcNAc2, Man7GlcNAc2) give a hint to the underly-
ing defect in patients with a suspected CDG-I (Fig. 4.5.6), which allows subsequent 
analysis of the putative affected gene.

Pitfalls

Metabolic labelling of cells with [2-3H]mannose fails to detect deficiencies in the very 
early onset of LLO biosynthesis as in CDG-Ij and CDG-Ik (Fig. 4.5.1). In this case, 

Fig.	4.5.7	 TLC analysis of short LLO. Fibroblasts derived from a control (lane 1, left) and a CDG-
Ii patient (lane 2, right) were metabolically labelled for 30 min with [2-3H]mannose. Short LLO 
were extracted with chloroform/methanol (3:2) and further analysis carried out by TLC in a run-
ning buffer containing chloroform/methanol/H2O (65:25:4). The position of the origin, and the 
positions of [3H]Man1GlcNAc2-PP-dolichol and [3H]Man2GlcNAc2-PP-dolichol are indicated
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labelling of patient-derived fibroblasts should be performed with [6-3H]glucosamine 
instead of [2-3H]mannose (see below).

A defect in the human orthologue of the yeast ALG10 protein (CDG-Ih), 
which catalyses the transfer of the second glucose residue to the LLO intermediate 
Glc1Man9GlcNAc2, will lead to accumulation of Man9GlcNAc2, because of the high 
affinity of Glc1Man9GlcNAc2 for ER-glucosidase 2. In the case of accumulation of 
Man9GlcNAc2, therefore, a defect in ALG6 (CDG-Ic) or ALG10 (Fig. 4.5.1) should 
always be considered.

4.5.2.8	 Screening	for	CDG-I:	Analysis	of	LLO		
by	[6-3H]Glucosamine	Labelling

Principle

Defects in the early steps of LLO biosynthesis (Fig. 4.5.1) lead to an accumulation of 
shortened LLO that escape the extraction procedure described above (e.g. CDG-Ik). 
Moreover, defects in the initiating steps of LLO biosynthesis, such as the addition of 
the two glucosamine residues and the first mannose residue, are missed by metabolic 
labelling with [2-3H]mannose. In this case it is necessary to label fibroblasts with 
[6-3H]glucosamine.

Pre-analytical

Specimen

Metabolic labelling is carried out in primary skin fibroblasts. It is helpful to have an 
internal control from a CDG-type I patient with an early N-glycosylation deficiency 
like CDG-Ii or CDG-Ik.

Reagents and Chemicals in Addition to LLO Analysis

1. 1 mCi [6-3H]glucosamine (33.0 Ci/mmol, Amersham Biosciences).
2. DMEM (Gibco/Invitrogen).
3. 2% Dialysed FCS.
4. 0.5 mM Glucose (Sigma).
5. 0.5 mM mannose (Sigma).

Calibration

Metabolically labelled fibroblasts from CDG-patients with defined deficiencies in the 
very early steps of LLO biosynthesis are compared to LLO profiles of patients with 
a suspected CDG.

Analytical

Procedure

Prior to the experiment (60 h), 3.6 × 106 control- and patient-derived fibroblasts are 
plated onto 100 mM cell-culture dishes. Cells are labelled for 60 min in the presence 
of 1 mCi [6-3H]glucosamine in DMEM containing 2% dialysed FCS, 0.5 mM glucose 
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and 0.5 mM mannose. Fibroblasts are scraped into methanol, and the short LLO are 
extracted and analysed by TLC as described above.

Calculation

The LLO profile of the patient under investigation is compared to profiles of controls 
and patients with known CDG types.

Post-analytical

Interpretation

Peak fractions that appear in addition to the control give a clear indication of an ac-
cumulation of shortened LLO and accordingly to an early CDG defect in the patient. 
Mutational analysis of the corresponding gene would follow.

4.5.2.9	 Screening	for	CDG-II:	Analysis		
of	Transferrin-Linked	Oligosaccharides

Principle

Processing of oligosaccharides linked to newly synthesised glycoproteins comprise 
several trimming and elongation steps in the endoplasmic reticulum and the Golgi 
apparatus (Fig. 4.5.1). Defects in these steps result in truncated forms of glycans due 
to the partial loss of monosaccharide residues, thereby leading to the appearance of 
mono- and trisialo transferrin in addition to di- and asialo transferrin forms in IEF. 
Analysis of the glycan composition involves purification of transferrin from human 
serum, release of oligosaccharide moieties from isolated transferrin by N-glycosi-
dase F digestion, 2-AB labelling of the extracted oligosaccharides and HPLC analysis. 
Since HPLC analysis by GlycoSepN columns separates oligosaccharides only by size 
compared to defined standards, further investigations on fractionated peaks can be 
achieved by mass spectrometry (matrix-assisted laser desorption ionisation – time 
of flight, MALDI-ToF) to determine the molecular weights of the oligosaccharides, 
thereby providing data regarding their molecular composition.

Purification of Serum Transferrin

Pre-analytical
Specimen

Serum, 250 µl, from a control and the patient.

Reagents and Chemicals
1. 6,9-Di-amino-2-ethoxyacridine lactate (Sigma-Aldrich).
2. NaCl p.a. (Roth).
3. Saturated ammonium sulphate solution p.a. (J.T. Baker, Phillipsburg, USA).
4. 10 mM Tris-HCl (pH 7.4) p.a. (Roth).
5. Dialysis membrane (cut-off: 12–14 kDa; Neolab).
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Instrumentation
1. Microcentrifuge (Eppendorf).
2. Magnetic stirrer (Heidolph).
3. Speed-vac (Bachofer).

Analytical
Procedure

Purification of transferrin from 250 µl of total serum is initiated by the addition of 
175 µl double-distilled water and 175 µl of 3% 6,9-di-amino-2-ethoxyacridine lac-
tate in a 1.5-ml reaction device. After gently mixing, centrifugation is carried out at 
10,000 × g for 10 min. The supernatant is transferred into a new 1.5-ml sample device 
containing 25 mg NaCl, mixed and centrifuged again. An equal amount of saturated 
ammonium sulphate solution is added to the supernatant. Incubation is carried out 
at room temperature for 10 min, followed by the next centrifugation step. The super-
natant is dialysed against 1 l of 10 mM Tris-HCl (pH 7.4), dried under vacuum and 
resolved in double-distilled. water (see “Procedure” for “Release of Oligosaccharides 
from Purified Transferrin by N-Glycosidase F Digestion” below).

Release of Oligosaccharides from Purified 
Transferrin by N-Glycosidase F Digestion

Pre-analytical
Reagents and Chemicals

1. β-Mercaptoethanol for synthesis (Merck).
2. Sodium dodecylsulphate (SDS p.a.; Serva, Heidelberg, Germany).
3. 0.5 M Tris-HCl (pH 8.0) p.a. (Roth).
4. 0.2 M 1,10-Phenanthrolin (Sigma-Aldrich).
5. 10% Triton X-100 (Sigma-Aldrich).
6. N-Glycosidase F (PNGase; Roche).
7. Butanol 99.5% p.a. (Roth).
8. Ethanol 99.8% p.a. (Roth).

Instrumentation
1. Heating block (Eppendorf).
2. Speed-vac (Bachofer).
3. Paper for chromatography, Whatman (BG002; Schleicher & Schuell).
4. Filtropur S 0.2 (Sarstedt).

Analytical
Procedure

After determination of the protein concentration in the sample, a mixture of 0.1 M 
β-mercaptoethanol/0.5% SDS is added. The amount of SDS should be in a 1.2- to 1.5-
fold (w/w) excess to the amount of sample protein. The sample is denatured for 5 min 
at 95°C, chilled on ice and subsequently incubated at 37°C for 12 h in the presence 
of 2.5 U N-glycosidase F in a buffer containing the final concentrations of 0.12 M 
Tris-HCl (pH 8.0), 0.01 M 1,10-phenanthrolin and 1% Triton X-100. Samples are 
dried by lyophilisation, dissolved in 20 µl double-distilled water and oligosaccharide 
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moieties are separated from other components by descending paper chromatography 
on Whatman GB002 in butanol:ethanol:water (4:1:1) for 20 h [24]. Under these con-
ditions, oligosaccharides remain at the origin and are cut out of the chromatography 
paper at the end of the run. Glycans are dissolved by sonication in 3 × 750 µl double-
distilled water, followed by filtration (0.2 µm) and lyophilisation.

2-Aminobenzamide Labelling of Oligosaccharides

Pre-analytical

Reagents and Chemicals
1. Dimethylsulphoxide (DMSO) Seccosolv (Merck).
2. Acetic acid 100% (Merck).
3. Sodium sulphate p.a. (Roth).
4. Anthranilamide (2-aminobenzamide, 2-AB, 98%; Sigma-Aldrich).
5. Sodium cyanoborohydride purum (>95%; Fluka, Seelze, Germany).
6. Ethyl acetate p.a. (Fluka).

Instrumentation
1. Speed-vac (Bachofer).
2. Paper for chromatography (Whatman BG002, Schleicher & Schuell).
3. Filtropur S 0.2 (Sarstedt).
4. Incubator (Memmert, Schwabach, Germany).
5. Screw vials N8-1 brown (Machery-Nagel, Dueren, Germany).
6. Sealing disks N8 (Machery-Nagel).
7. Screw caps N8 (Machery-Nagel).
8. Microinsert standards (Machery-Nagel).

Analytical
Procedure

DMSO and acetic acid are dehydrated overnight in the presence of sodium sulphate 
at 120°C. 4.5 mg 2-AB and 6.3 mg sodium cyanoborohydride are dissolved in 100 µl 
DMSO:acetic acid (7:3) and pre-incubated at 65°C for 10 min. Labelling is initiated 
by the addition of 10 µl of the mixture to the dried oligosaccharides inside the micro-
inserts. Incubation is carried out at 65°C for 2 h under vacuum. Free labelling is re-
moved by ascending paper chromatography on Whatman GB002 in ethylacetate for 
30–45 min. Under these running conditions, oligosaccharides remain at the origin. 
They are cut out of the chromatography paper, dissolved by sonication in 3 × 750 µl 
double-distilled water, purified by filtration (0.2 µm) and freeze dried [3, 13].

HPLC Analysis of 2-AB-Labelled Oligosaccharides

Pre-analytical
Reagents and Chemicals

1. Acetonitrile, Licrosolv for liquid chromatography (Merck).
2. Ammoniac 25% p.a. (Merck).
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3. Formic acid 98–100% Suprapur (Merck).
4. HPLC-water (Neolab).
5. Glucose homopolymer standard (Oxford Glycoscience, Oxford, UK).
6. Buffer: add 6 ml ammoniac (25%, Merck) to 900 ml HPLC-water, titrate with for-

mic acid 98–100% Suprapur (Merck) to pH 4.4 and fill up to 1 l to obtain 80 mM 
ammonium formate (pH 4.4).

Instrumentation
1. HPLC pump 1525 (Waters).
2. Fluorescence detector 2475 (Waters).
3. In-line degasser (Waters).
4. Column oven (Waters).
5. Waters Fraction Collector III (Waters).
6. HPLC column (GlycoSepN: 4.6 × 250 mM, normal Phase, Oxford Glycoscience).

Calibration
The HPLC system is calibrated with a glucose homopolymer standard that separates 
oligosaccharides consisting of 3 to at least 20 monosaccharide residues.

Running conditions
Please refer to Table 4.5.6.

Analytical
Procedure

2-AB-labelled oligosaccharides are resolved in 50 µl 65% acetonitrile/35% 80 mM 
ammonium formate (pH 4.4). Aliquots (50 µl) of 1:10 diluted samples are injected 
onto the HPLC column. Analysis of the eluate is carried out by fluorescence detec-
tion (excitation at 330 nm, emission at 420 nm). Peak fractions are further investi-
gated by mass spectrometry.









Table 4.5.6 Running conditions for high-performance liquid 
chromatography analysis of 2-aminobenzamide-labelled oligosaccharides

Time (min) 100% Acetonitrile 80 mM Ammonium 
formate (pH 4.4)

Flow (ml/min)

0 65% 35% 0.4

72 47% 53% 0.4

75 0% 100% 0.4

77 0% 100% 1

92 0% 100% 1

95 65% 35% 1

100 65% 35% 0.4
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Mass Spectrometric Analysis of 2-AB-Labelled 
Oligosaccharides by MALDI-ToF

Pre-analytical
Reagents and Chemicals

1. 2,5-Dihydroxybenzoic acid (Sigma-Aldrich).
2. Acetone (Merck).
3. Acetonitrile Licrosolv for liquid chromatography (Merck).
4. 5% Perfluorinated Nafion (Sigma-Aldrich).
5. Trifluoroacetic acid (TFA; Merck).
6. 2,5-Dihydroxybenzoic acid (DHB) solution 1: dissolve 10 mg DHB in 500 μl ac-

etone.
7. DHB solution 2: dissolve 10 mg DHB in 333 μl acetonitrile, 167 μl water, 10 μl 5% 

perfluorinated Nafion and 0.5 μl TFA.

Instrumentation
Bruker REFLEX III (Bruker Daltonik GmbH, Bremen, Germany).

Analytical
Procedure

Mass spectrometric analysis is performed on a Bruker REFLEX III mass spectro-
meter with a matrix consisting of DHB. DHB solution 1 (10.5 µl) is applied to the 
slide and dried to a thin layer. 2-AB-labelled glycans are dissolved in water, applied 
(0.5–1.0 μl) to the target and dried under a slight air stream. DHB solution 2 (0.5 μl) 
is added to the glycans and dried again by a slight air stream. The effective path 
length is 145 cm. The samples are ionised with a nitrogen laser at 337.1 nm. Charged 
oligosaccharides are analysed in the linear, negative mode [25]. Uncharged oligosac-
charides are analysed in the linear, positive mode [21].

Calculation
Determination of oligosaccharide size is calculated from the mass of monosaccha-
ride residues and the 2-AB label (Fig. 4.5.8). An example of the biantennary com-
plex-type oligosaccharide is:

(2-AB)-GlcNAc2-Man3-GlcNAc2-Gal2-Sia2 (2342.92 Da) 
136.15 + (203.08 × 2) + (162.05 × 3) + (203.08 × 2) + (162.05 × 2) 
+ (292.10 × 2) = 2342.92 Da

Post analytical
Interpretation

For oligosaccharide size, the detected masses are compared to calculated molecular 
masses of variable oligosaccharide moieties to determine the monosaccharide resi-
dues that are lacking in each patient (Fig. 4.5.9).

Pitfalls
Determination of oligosaccharides in the positive mode leads to the separation of 
sialic acid from the glycans, therefore the results reveal the masses of desialylated 
oligosaccharides.
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Fig.	4.5.8	 Examples for structures and molecular masses of 2-aminobenzamide (2-AB)-labelled 
oligosaccharide moieties derived from serum transferrin. Values below the oligosaccharide struc-
tures indicate the expected masses (in Da) by matrix-assisted laser desorption ionisation – time 
of flight analysis.

Fig.	4.5.9	 HPLC and mass-spectromet-
ric analysis of transferrin-linked oligo-
saccharides. Transferrin is purified from 
sera of a control and the index CDG-IId 
patient. Oligosaccharides are released 
by N-glycosidase F digestion and 
subsequently analysed by HPLC. Peak 
fractions of the control and the patient 
are further investigated by mass spectro-
metry and are compared to oligosaccha-
ride standards. Values above the HPLC 
peaks indicate the detected masses
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4.5.2.10	 Apolipoprotein	C-III	as	a	Marker		
for	Core-1	O-Glycosylation	Deficiencies

Principles

IEF of apolipoprotein C-III (ApoC-III) is a simple and rapid technique that allows 
the quantitative determination of the three ApoC-III isoforms derived from serum 
or plasma, thereby serving as marker for defects in the biosynthesis of core 1 mucin 
type O-glycans (Fig. 4.5.10). By far the most common type of O-glycosylation, the 
core 1 mucin type is widely distributed in all human organs, with particularly high 
abundance in the nervous system. Core 2 mucin type O-glycans are synthesised from 
non-substituted core 1 mucin type O-glycans. Therefore, a defect in the biosynthesis 
of non-substituted core 1 O-glycans will also affect the synthesis of core 2 mucin type 
O-glycans. Recently, evidence for the existence of inborn errors in the biosynthesis of 
core 1 mucin type O-glycans have been described [30].

Other human O-glycosylation deficiencies that are not detectable by IEF of ApoC-
III affect oligosaccharides in O-mannosidic linkage to α-dystroglycan in Walker-
Warburg syndrome and muscle-eye-brain disease [2, 32], and fucosylated N- and 
O-glycans in CDG-IIc [17, 19].

Fig.	4.5.10	 Analysis of core-1 mucin type O-linked glycans derived from apolipoprotein C-III 
(ApoC-III). Serum-derived ApoC-III from a control (lane 1, left) and a CDG-IIx patient (lane 2, 
right) was investigated by IEF followed by antibody staining with a polyclonal rabbit-α-human 
ApoC-III antibody. ApoC-III2, ApoC-III1 and ApoC-III0 indicate the variability in the amount of 
sialic acid residues linked to ApoC-III
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Pre-analytical
Specimen

Serum, 1–3 µl.

Reagents and Chemicals
1. Urea p.a. (Roth).
2. Pharmalyte (pH 4.2–4.9; Amersham Biosciences).
3. Servalyte pH 3–5 (Serva).
4. Nitrocellulose membrane enhanced chemiluminescence (ECL; Amersham Bio-

sciences).
5. Rabbit anti-human ApoC-III antibody (Biotrend, Cologne, Germany).
6. Goat anti-rabbit horseradish-peroxidase-conjugated antibody (Dianova, Ham-

burg, Germany).
7. Tween-20 (Roth).
8. Super Signal West Pico Chemiluminescence Substrate (ECL; Perbio, Bonn, Ger-

many).
9. PBS: 10 mM Na2HPO4 (pH 7.4), 150 mM NaCl, 2.5 mM KCl, 1.5 mM KH2PO4 

(Roth).

Instrumentation
1. PhastSystem (Amersham Biosciences).
2. PhastGel Dry Gel (Amersham Biosciences).
3. PhastGel sample Appplicator 8/1 (Amersham Biosciences).
4. PhastGel cassette (Amersham Biosciences).
5. Hyperfilm ECL (Amersham Biosciences).
6. Kodak RP X-Omat 2000 Processor (Kodak, Stuttgart, Germany).

Calibration
The IEF pattern of a healthy person is used as a control.

Running Conditions for IEF
Please refer to Table 4.5.7.
1. Sample applicator down at 1.2, 0 Vh.
2. Sample applicator up at 1.3, 100 Vh.
3. Extra alarm to sound at 1.1, 73 Vh.

Analytical

Procedure for IEF

Rehydration of dried IEF gels is carried out for 1.5 h at room temperature in a solu-
tion of 8 mol/l urea and 60 ml/l ampholytes, which contains Pharmalyte (pH 4.2–
4.9) and Servalyt (pH 3.0–5.0) in a ratio of 2:1. Serum (0.5 µl) is applied to the gel 
and IEF is performed as described above.

Western Blot Analysis

Proteins are blotted onto a nitrocellulose membrane by diffusion for 1 h at 60°C. 
Non-specific sites on the nitrocellulose membrane are blocked with 50 g/l pow-
dered milk dissolved in PBS/0.1% Tween-20. The membrane is washed in PBS/0.1% 
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Tween-20. The primary rabbit anti-human ApoC-III antibody is diluted to 1:1000 
in PBS/0.1% Tween-20. The secondary goat anti-rabbit horseradish-peroxidase-con-
jugated antibody is diluted to 1:10000 in the same buffer solution. ECL detection 
reagent (0.1 ml/cm2 of membrane) is added. A chemiluminescence reaction occurs 
between the horseradish peroxidase and the luminol in the ECL reagents, producing 
light emission. The blot is placed against an autoradiography film and exposed for 
different times. The film is developed on a Kodak RP X-Omat 2000 Processor.

Post-analytical

Interpretation

Evaluation of patient-derived data is performed by comparative densitometric analy-
sis of ApoC-III IEF patterns from healthy controls (Fig. 4.5.10).

Appendix

A.1	 Enzyme	Assays	for	CDG-IIa,	CDG-IIb,	CDG-IIc,	
CDG-IId,	CDG-IIe,	CDG-IIg	and	CDG-IIh

To complete actual CDG diagnostics, the following protocols for biochemical deter-
minations in CDG-IIa, CDG-IIb, CDG-IIc, CDG-IId, CDG-IIe, CDG-IIg and CDG-
IIh are added. Nevertheless, due to either restricted availability of the substrates 
or time-consuming, expensive and complicated technical approaches, these assays 
should be performed in specialised laboratories.

A.1.1 Enzyme Assay for CDG-IIa  
(Golgi N-Acetylglucosaminyl-Transferase II Deficiency, [14])

A.1.1.1 Specimen

Protein extract from skin fibroblasts (0.1-0.3 mg).

A.1.1.2 Procedure

The reaction mixture in the enzyme assay contained, in a total volume of 0.02 ml, 
0.25 mM M3-octyl (Manα1,6Manα1,3Manβ-octyl, synthesised in the laboratory of 
Prof. H. Paulsen, Hamburg, Germany), 0.1 M MES, pH 6.5, 0.1 M NaCl, 20 mM 

Table 4.5.7 Running conditions for isoelectric focusing of apolipoprotein 
C-III

Sep 1.1 2000 V 2.5 mA 3.5 W 15°C 75 Vh

Sep 1.2 200 V 2.5 mA 3.5 W 15°C 15 Vh

Sep 1.3 1000 V 2.5 mA 3.5 W 15°C 100 Vh

Sep 1.4 2000 V 2.5 mA 3.5 W 15°C 495 Vh
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manganese chloride, 0.5 mM uridine diphosphate (UDP)-[3H]GlcNAc (10,000 dpm/
min), 0.25% Triton X-100, 10 mM AMP, 0.2 M GlcNAc, 0.02% sodium acid, and 
enzyme extract (0.1-0.3 mg). After incubation at 37°C for 30-60 minutes, the reac-
tion was stopped with 0.5 ml water and frozen at -70°C. Product formation was as-
sayed by adsorption to Sep-Pak C18 reverse phase cartridges (Waters), elution with 
3.0 ml methanol and scintillation counting. Values were corrected for radioactivity 
obtained in control incubations lacking the acceptor substrate.

A.1.2	 Enzyme	Assay	for	CDG-IIb		
(ER	Glucosidase	I	Deficiency	[5])

A.1.2.1 Specimen

Liver specimen or skin fibroblasts.

A.1.2.2 Procedure

One volume of liver specimen or fibroblast cells is suspended in nine volumes of 
either buffer A (10 mM sodium phosphate, pH 6.8, containing 0.2% polyoxyethyl-
ene-20-cetyl ether, 50 µM phenylmethanesulphonylfluoride and 1 µg/ml leupeptin) 
or buffer B (50 mM sodium phosphate, pH 6.5, containing 1% Thesit, 50 µM phenyl-
methanesulphonylfluoride and 1 µg/ml leupeptin), and then is disrupted by means 
of a motor-driven glass/Teflon homogeniser. The homogenates are centrifuged at 
5600 × g for 1 min and the supernatants assayed for glucosidase I, glucosidase II, 
Man9-mannosidase and endo-α-1,2-mannosidase activity. Hydrolysis by glucosidase 
I and glucosidase II of fluorescent tetramethylrhodamine (TMR)-labelled trisaccha-
ride Glc(α1-2)Glc(α1-3)Glc(α1-O)-(CH2)8COOCH3 and TMR-labelled disaccharide 
Glc(α1-3)Glc(α1-O)-(CH2)8COOCH3, respectively, is measured by incubation of 
15 µl of the homogenates (containing 50–250 µg total protein) in buffer A with 5 µl 
of a 2-mM solution of the corresponding synthetic substrate in a total volume of 
20 µl at 37°C. At various time intervals, 0.5 µl samples are removed and analysed on 
silica gel 60 F254 plates, which are developed in 2-propanol:water:NH4OH (7:2:1 v/v/
v). Cleavage products are quantified directly on TLC plates by means of a Biometra 
Biodoc II system (Westburg) and a LumiAnalyst 3.0 programme (Boehringer).

To determine glucosidase I and II activities with the radiolabelled oligosaccha-
ride intermediates, 25-µl aliquots of liver or fibroblast cell homogenates prepared in 
buffer B (100–200 µg protein) are incubated at 37°C with 5 µl of an aqueous stock 
solution containing 200 cpm/µl of [14C]Glc3Man9GlcNAc2 or [14C]Glc2Man9GlcNAc2. 
At predetermined times, the reaction is stopped by the addition of 30 µl acetic acid 
and the cleavage products subjected to paper chromatography by means of 2-propa-
nol:acetic acid:water (29:4:9 v/v/v). Substrate hydrolysis is determined as described. 
The activity of Man9-mannosidase is assayed under identical conditions with the 
use of 1000 cpm of either [14C]-labelled Man9GlcNAc2 or Man5GlcNAc2 as the sub-
strate. For the determination of endo-α-1,2-mannosidase activity, 25 µl of the ho-
mogenates is incubated with 1000 cpm of [14C]Glc3Man9GlcNAc2 at 37°C, for 24 h 
and for 48 h, in the presence of 1 mM EDTA and 2 mM of the glucosidase I/II in-
hibitor 1-deoxynojirimycin, in order to prevent non-specific substrate degradation. 
Samples are subjected to chromatography with the more polar solvent (2-propanol:
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acetic acid:water; 29:8:15 v/v/v), to separate [14C]Glc3Man from uncleaved substrate. 
[14C]Glc3-1Man9GlcNAc2, [14C]Man9GlcNAc2 and [14C]Man5GlcNAc2 are synthesised 
as described elsewhere. Radioactivity was determined with Bray’s solution as scintil-
lation fluid.

A.1.3 Enzyme Assay for CDG-IIc  
(Golgi GDP-Fucose Transporter Deficiency [18])

A.1.3.1 Specimen

Primary skin fibroblasts.

A.1.3.2 Procedure

Preparation of Golgi-Enriched Membrane Fractions
For each experiment, two 150-cm2 cell culture dishes are seeded with 3 × 106 fibro-
blasts each. After culturing for 10 days, the cells are washed three times with ice-cold 
Hanks buffer. Cells were scraped into 0.25 M sucrose, 3 mM imidazole, 1 mM EDTA, 
pH 7.4 and centrifuged for 5 min at 1000 × g and 4°C. Pellets are redissolved in 2 ml 
of 0.25 M sucrose, 3 mM imidazole, pH 7.4, disrupted in a tight-fitting Dounce ho-
mogeniser and centrifuged at 1000 × g for 10 min at 4°C. Homogenisation of the pel-
let in sucrose/imidazole and centrifugation are repeated. The supernatants are com-
bined and overlaid onto a cushion of 1.3 M sucrose in 3 mM imidazole, pH 7.4, for 
density gradient centrifugation in an SW 40-rotor (Beckman Instruments) at 105 × g 
for 70 min at 4°C. Golgi-enriched membranes are collected at the 0.25–1.3 M su-
crose interphase and quantified by galactosyltransferase activity.

A.1.3.3 DP-[14C]Fucose and UDP-[3H]Galactose Import

Import of nucleotide sugars into Golgi-enriched vesicles is determined by the addi-
tion of Golgi-enriched vesicles (60–100 µg) to buffer A (10 mM Tris-HCl, pH 7.5, 
150 mM KCl, 1 mM MgCl2, 0.25 M sucrose) containing GDP-[14C]fucose or UDP-
[3H]galactose in a final volume of 0.47 ml. Unless otherwise stated, the assays 
contained 3 µM GDP-[14C]fucose (~885,000 dpm) or 0.5 µM UDP-[3H]galactose 
(~4.3 × 106 dpm). After incubation for 10 min at 37°C the reaction is stopped by 
the addition of 0.8 ml of ice-cold buffer A, followed by centrifugation at 105 × g for 
30 min at 4°C in a TLA-45 rotor (Beckman Instruments). The supernatant is removed 
and used for the calculation of radioactivity in the incubation medium. The pellet is 
washed three times with ice-cold buffer A, redissolved in 0.5 ml of 50 mM Tris-HCl, 
pH 8.8, containing 5 mM EDTA and 2% SDS by sonication for 2 min (Branson), 
and incubated for 30 min at 23°C. To differentiate in the vesicles between nucleotide 
sugar- and glycoprotein-associated radioactivity, 0.05 ml of 0.5 N HCl, containing 
20% TCA and 1% phosphotungstic acid are added to the solubilised pellet. After 
overnight precipitation and centrifugation, the pellet is solubilised in 2.5 N NaOH, 
and the radioactivity determined.

A.1.3.4 Calculation

The value for imported nucleotide sugar is obtained by correcting the radioactivity 
associated with the pellet for the radioactivity trapped in the extravesicular space.
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A.1.3.5 Post-analytical
Interpretation

The amount of radioactivity associated with the pellet represents the nucleotide sug-
ars imported into vesicles, including the sugars transferred to glycoconjugates and 
the radioactivity trapped in the extravesicular space of the pellet. Under standard 
conditions using membranes from control fibroblasts, the trapped radioactivity rep-
resents 17 ± 5% of the [14C]fucose or 12 ± 2% of the [3H]galactose radioactivity asso-
ciated with the pellet. Under standard conditions, 25% of the imported [14C]fucose 
and 14% of the imported [3H]galactose are transferred to glycoproteins.

A.1.4 Enzyme Assay for CDG-IId (Golgi UDP-Galactose: 
N-Acetylglucosamine β-1,4-Galactosyltransferase I Deficiency [11])

A.1.4.1 Specimen

Primary skin fibroblasts.

A.1.4.2 Procedure

To determine β-1,4-galactosyltransferase I activity, 20 μl buffer A (10 mM Tris-HCl. 
pH 7.7, 250 mM sucrose, 0.5% Triton X-100, 1 mM EDTA) containing 1 μg of fibro-
blast homogenate is used. The reaction is initiated by the addition of 30 μl buffer B 
(5.2 μl 0.5 M Tris-HCl, pH 7.4, 5% Triton X-100, 4.4 μl 0.2 M MnCl2, 19.85 μl H2O, 
0.35 mg ovalbumin, 0.44 μl 0.2 M ATP, and 0.44 μCi UDP-[3H]galactose [16  Ci/
mmol; Amersham Biosciences]). Incubation is carried out for 1 h at 37°C and 
stopped by adding 500 μl of a 10% TCA solution. Precipitation is carried out at 4°C 
for 1 h. Samples are centrifuged at 13,600 × g for 10 min at 4°C, and the supernatants 
are removed. The pellets are washed three times with ice-cold 5% TCA and subse-
quently dissolved in 200 μl 2.5 N NaOH and incubated at 95°C for 10 min, followed 
by the addition of 600 μl H2O and 200 μl 100% acetic acid. Incorporated radioactiv-
ity is determined by liquid scintillation counting.

A.1.5 Analysis of Conserved Oligomeric Golgi Complex 
Subunits in CDG-IIe (COG 7 Deficiency [31]), CDG-IIg (COG 1 
Deficiency [8]) and CDG-IIh (COG 8 Deficiency [7, 16])

A.1.5.1 Specimen

Primary skin fibroblasts.

A.1.5.2 Procedure

Initial investigations on all conserved oligomeric Golgi complex subunit deficiencies 
known so far, are carried out by Western blot analysis. The defects evoke disruption 
of the complex, thereby leading to reduced amounts of defined subunits, which are 
further analysed by genetic studies.



4.5 Congenital Disorders of Glycosylation412



A.3	 Summary	of	Known	Molecular	Defects	in	CDG

CDG-type Affected protein Gene Chromosome OMIM

CDG-Ia Phosphomannomutase II PMM2 16p13 212065
601785

CDG-Ib Phosphomannose isomerase MPI 15q22 154550
602579

CDG-Ic Dol-P-Glc:Man9GlcNAc2-PP-dolichol glucosyltransfer-
ase

hALG6 1p22 604566
604655

CDG-Id Dol-P-Man:Man5GlcNAc2-PP-dolichol mannosyltrans-
ferase

hALG3 3q27 601110

CDG-Ie Dolicholphosphate-mannose synthase 1 DPM1 20q13 608789

CDG-If Mannose-P-dolichol utilisation defect 1 protein MPDU1 17p13 604041

CDG-Ig Dol-P-Man:Man7GlcNAc2-PP-dolichol mannosyltrans-
ferase

hALG12 22q13 607143

CDG-Ih Dol-P-Glc:Glc1Man9GlcNAc2-PP-dolichol-α1,3-glucos-
yltransferase

hALG8 11p15 608104

CDG-Ii GDP-Man:Man1GlcNAc2-PP-dolichol mannosyltrans-
ferase

hALG2 9q22 607906

CDG-Ij UDP-GlcNAc:dolichol phosphate N-acetylglucosamine-
phosphotransferase 1

DPAGT1 11q23 608093

CDG-Ik GDP-Man:GlcNAc2-PP-dolichol mannosyltransferase hALG1 16p13 608540

CDG-IL Dolichol-P-mannose:α-1,2-mannosyltransferase hALG9 11q23 608776

CDG-IIa Golgi N-acetylglucosaminyltransferase II MGAT2 14q21 212066

CDG-IIb ER glucosidase I GCS1 2p13 606056

A.2	 Specimen	Collection:	Material	for	Standard	
Assays	for	CDG-Diagnosis

Test Material needed

Isoelectric focusin of serum transferrin Serum

CDG-Ia (PMM activity) White blood cells, fibroblasts

CDG-Ib (PMI activity) White blood cells, fibroblasts

Other enzyme assays (need expert experience) White blood cells, fibroblasts

Lipid-linked oligosaccharides Fibroblasts

Protein-linked oligosaccharides Serum

Mutational analysis White blood cells, fibroblasts

Prenatal analysis Chorionic villus sampling or cultured 
amniotic fluid cells
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4.6.1	 Introduction

This chapter deals with the assays used for the diagnosis of three groups of inborn 
errors of metabolism of carbohydrates, i.e.:
1. Classical galactosemia and the related diseases galactokinase and uridine diphos-

phate (UDP) galactose-4-epimerase deficiencies, a consequence of disturbances 
in the pathway galactose → galactose-1-phosphate → UDP-galactose → UDP-
glucose.

2. Hereditary fructose intolerance (HFI), caused by the deficiency of fructaldolase, 
and fructose-1,6-bisphosphatase deficiency.

3. Glycogenoses, or glycogen storage diseases (GSD)
a. Type Ia, deficiency of glucose-6-phosphatase
b. Type II, deficiency of α-glucosidase (acid maltase)
c. Type III, deficiency of amylo-1,6-glucosidase (debranching enzyme)
d. Type IV, deficiency of 1,4-glucan branching enzyme
e. Type V, deficiency of myophosphorylase
f. Type VI, deficiency of liver phosphorylase
g. Type VII, deficiency of phosphofructokinase
h. Type IX, deficiency of phosphorylase b-kinase
i. Type 0, deficiency of glycogen synthase.

Readers interested in more details about these disorders are referred to [11, 21, 
34, 36].

4.6.2	 Galactose

4.6.2.1	 Principle

d-Galactose + NAD+ Galactose dehydrogenase
            

→  d-galactolactone + NADH + H+ .

NADH is determined ultraviolet (UV)-photometrically as a measure of the amount 
of the substrate d-galactose present in the reaction [26].
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4.6.2.2	 Solutions

1. Tris-HCl-buffer, 0.1 M, pH 8.6: Trizma base (molecular weight, MW 121.1) 
(3.0 g/250 ml H2O). Adjust the pH to 8.6 with HCl. Store at 4°C.

2. Nicotinamide adenine dinucleotide (NAD), 13 mM: NAD (formula weight, FW, 
variable) (approximately 10 mg/ml H2O).

3. Galactose dehydrogenase (Gal-DH) suspension: 50 U/0.33 ml. Store at 4°C.
4. Perchloric acid, 0.33 M: HClO4 (60% = 9.1 M), (36.1 ml, fill to 1000 ml with H2O). 

Store at 4°C.

4.6.2.3	 Samples

1. Blood from heparin/fluoride tubes: in a centrifuge tube on ice/H2O add 0.5 ml 
0.33 M perchloric acid to 0.1 ml blood sample. Mix on ice, centrifuge for 10 min 
at 2000 × g. Use the supernatant as the assay sample.

2. Urine: Centrifuge for 5 min at 1000 × g. Use the supernatant undiluted or, if nec-
essary, dilute 10–100 times with H2O. Caveat: with highly diluted samples, also 
measure a blank (i.e., H2O instead of urine) in the assay to correct for possible 
turbidity.

4.6.2.4	 Assay

Pipette into a cuvette (1 cm), thermostatted at 25°C, 3.0 ml Tris-HCl buffer, 0.1 ml 
NAD, and 0.2 ml of the sample supernatant. Read off the optical density (OD) at 
340 nm when constant (= E1). Add Gal-DH (approximately 1 U). Read off the OD at 
340 nm when it has leveled off (i.e., after 30–50 min; = E2).

4.6.2.5	 Calculation

mM = ΔE × V
ε × d × v

 = ΔE × 3.3
6.22 × 1 × 0.2

 = ∆E × 2.653 .

where ∆E = E2 – E1, V = total assay volume, v = sample volume in the assay, ε = extinction 
coefficient NADH (mM), d = light path length of the cuvette (cm).
mg galactose/100 ml = concentration (mM) × 18 = ∆E × 47.75
where galactose MW = 180.
1. For blood:
 mg/100 ml = ∆E × 47.75 ×  0.6

0.1
 (dilution before assay)

 mg/100 ml = ∆E × 286.5
2. For urine:
 mg/100 ml = ∆E × 47.75 × dilution before assay.

4.6.2.6	 Control	Values

Blood: 0.0–3.0 mg/100 ml = 0.0–0.16 mM, depending on fasting state or lactose con-
sumption.
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4.6.2.7	 Pathological	Values

Elevated in deficiencies of galactokinase, galactose-1-phosphate uridyltransferase 
(classical galactosemia), UDP galactose-4-epimerase, and Fanconi-Bickel-syndrome, 
portocaval shunt, and cirrhosis, depending on time after lactose consumption.

4.6.2.8	 Notes

Galactose is stable for 48 h only if kept in fluorinated syringe tubes. A sufficient 
amount of Gal-DH is crucial for the assay to ensure that it is not limiting for the 
reaction. A galactose-loading test can be used as a functional test [15].

4.6.3	 Galactose-1-Phosphate

4.6.3.1	 Principle

1. Galactose-1-phosphate + H2O
Alkaline phosphatase

           
→ galactose + Pi

2. D-Galactose + NAD+ Galactose dehydrogenase
            

→  D-galactone + NADH + H+ .

NADH is determined UV-photometrically as a measure of the amount of the sub-
strate galactose-1-phosphate present in the reaction [14].

4.6.3.2	 Solutions

1. Tris-HCl-buffer, 0.1 M, pH 8.6: Trizma base (MW 121.1) (3.0 g/250 ml H2O). Ad-
just the pH to 8.6 with HCl. Store at 4°C.

2. NAD, 13 mM: NAD (FW variable) (Approximately 10 mg/ml H2O).
3. Gal-DH: Gal-DH, suspension (50 U/0.33 ml). Store at 4°C.
4. Alkaline phosphatase: alkaline phosphatase (1500 U/100 µl). Store at 4°C.

4.6.3.3	 Samples

Washed red blood cells (RBC). Store packed cells at –20°C.

4.6.3.4	 Assay

Add to centrifuge tube 1.6 ml Tris-HCl buffer and 0.4 ml RBC sample. Boil for 3 min 
while stirring with glass rod, cool on ice, then centrifuge for 10 min at 2000 × g. De-
cant the supernatant in a new tube and centrifuge again for 5 min at 2000 × g. Pipette 
0.6 ml from the top of the supernatant, stir with a glass rod or on vortex, and use for 
the assay:
1. Pipette in two cuvettes (1 cm), each 3.0 ml Tris-HCl buffer, 0.1 ml NAD and 

0.2 ml of the sample supernatant.
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2. Warm the cuvettes to 25°C in a photometer and read off the OD at 340 nm when 
it has become constant (= E1).

3. Add 2 µl Gal-DH to the first cuvette and 2 µl Gal-DH plus 2 µl alkaline phospha-
tase to the second cuvette.

4. Read off the OD at 340 nm when it has leveled off (after 30–50 min; = E2).

4.6.3.5	 Calculation

∆E ( + AP) = E2 ( + AP) – E1 ( + AP)

∆E ( – AP) = E2 ( – AP) – E1 ( – AP) ,

where AP = alkaline phosphatase. 

For the calculation:
∆E = ∆E ( + AP) – ∆E ( – AP)

concentration [mM] = ΔE × V
ε × d × v

 = ΔE × 3.22
6.22 × 1 × 0.2

 = ∆E × 2.669 ,

where V = total assay volume, v = sample (RBC lysate) volume in the assay, 
ε = extinction coefficient NADH (mM), and d = light path length of cuvette (cm).

mg galactose-1-phosphate /ml = concentration [mM] × 0.2601 = ∆E × 0.6942
(galactose-1-phosphate MW = 260.1).

Assuming a hematocrit value of 92% for “packed RBC”, a 0.4-ml “RBC sample” di-
luted with 1.6 ml Tris buffer, actually contains only 0.368 ml of RBC; thus, the dilu-
tion before the assay is:

2.0
0.368

 = 5.435

→ mg galactose-1-phosphate/ml RBC = ∆E × 0.6942 × 5.435 = ∆E × 3.773
and mg/100 ml RBC = ∆E × 377.3
or:
mmol/l RBC = ∆E × 377.3 × 1/26 (galactose-1-phosphate MW = 260.1).

4.6.3.6	 Control	Values

No galactose-1-phosphate can be detected in RBC of controls.

4.6.3.7	 Pathological	Values

Levels of galactose-1-phosphate are elevated to above 100 mg/100 ml RBC in un-
treated galactose-1-phosphate uridyltransferase deficiency (classical galactosemia) 
and, to a lesser degree, in UDP galactose-4-epimerase deficiency.
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4.6.4	 Galactokinase	(EC	2.7.1.6)

4.6.4.1	 Enzyme	Deficiency

Galactokinase is the enzyme deficient in galactokinase deficiency (MIM 230 200). 
This disorder is caused by impairment of the pathway step from galactose to galac-
tose-1-phosphate.

4.6.4.2	 Principle

14C-Galactose Galactokinase
 ATP → ADP 

→  14C-galactose-1-phosphate .

Separation of radioactively labeled substrate and product on diethylaminoethyl 
(DEAE) cellulose: 14C-galactose is eluted by H2O, 14C-galactose-1-phosphate is re-
tained; 14C-galactose-1-phosphate is subsequently eluted by 100 mM HCl. Deter-
mination of eluted radioactivity in a liquid scintillation counter (β-counter) [5, 
13, 30].

4.6.4.3	 Solutions

1. Galactose (nonradioactive), 6.67 mM: galactose (MW 180.16) (120 mg/100 ml 
H2O). Prepare fresh for preparation of substrate mix (see 3. below).

2. Galactose (radioactive): 14C-galactose (20 µCi/ml H2O, where 1 Ci = 3.7 × 1010 Bq).
3. Substrate mix: 4.5 ml nonradioactive galactose solution (see 1. above), 1.0 ml 

14C-galactose (see 2. above), and 2.0 ml H2O. Store at –20°C; stable for months.
4. Magnesium sulfate 60 mM: MgSO4·7H2O (MW 246.48) (14.8 mg/ml H2O). Store 

at –20 C.
5. Sodium fluoride 60 mM: NaF (MW 41.99) (2.5 mg/ml H2O). Store at –20 C.
6. 1.0 M Tris-HCl buffer, pH 8.0: Trizma base (MW 121.1) (12.1 g/100 ml H2O).
7. Tris-2-mercaptoethanol (BME) buffer 60 mM: BME (14.3 M) (10 µl/2.32 ml of 

Tris-HCl buffer – see 6. above).
8. Digitonin 50 % saturated: digitonin 50 mg/10 ml H2O, boil, cool to room tem-

perature and filter. Dilute 1:1 with H2O and store aliquots at –20 C.
9. Reagent mix: prepare fresh before use! See Table 4.6.1

Preparation of DEAE Cellulose

Stock preparation: wash DEAE cellulose three times with H2O on a magnetic stirrer 
for some minutes. Allow the cellulose to sediment and pour off the supernatant with 
fine particles. Leave the cellulose for 30 min in 1 M NaOH, then wash with H2O until 
the pH of the supernatant is neutral: DEAE cellulose (OH– form). Leave cellulose for 
30 min in 1 M HCl, then wash until the pH of supernatant is neutral: DEAE cellulose 
(Cl– form). Store at 4°C. This solution is stable for 1 year without preservative.
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Test of the Separation Efficiency of DEAE Cellulose

Every new charge of DEAE cellulose (Cl– form) should be tested. Dry 10 μl each 
of 14C-galactose and 14C-galactose-1-phosphate with nitrogen and dissolve in 300 μl 
H2O, each. Put 100 μl of each into a counter vial containing 15 ml of OptiPhase 
(= 100%), 100 μl of each onto columns with 1 ml DEAE cellulose, and 100 μl of both 
onto a third column (mix).
1. Elution with H2O: five times 2 ml, collect in five counter tubes containing 15 ml 

scintillation liquid. 14C-galactose is eluted.
2. Elution with 20 mM HCl: five times 2 ml, collect in five counter tubes containing 

15 ml scintillation liquid. 14C-Galactose-1-phosphate is eluted. 14C-Galactose and 
14C-galactose-1-phosphate should be separated completely by this procedure.

Purification of 14C-Galactose by Hexokinase

Dry 50 μCi of 14C-galactose with nitrogen, dissolve in a solution containing 1.0 ml 
Tris-HCl (pH 8, 2 mM), 5 µl MgCl2 (100 mM), 10 µl ATP (60 mM) and 100 µl hexo-
kinase (2 U/ml) to a total of 1.115 ml). Incubate at 37°C for 60 min. Put 1 ml of 
DEAE-cellulose into a column, rinse with H2O, add a few drops of galactose 3.8 mM, 
then rinse with H2O again. Apply the incubated reaction mix, elute with H2O, discard 
the first 0.5 ml, and check later eluate fractions for radioactivity. Dry in a vacuum 
and dissolve in H2O according to the desired concentration for the assay mix.

4.6.4.4	 Samples

1. Heparinized blood: 300 µl blood+300 µl digitonin 50%; determine hemoglobin 
(Hb) concentration in the mix.

Table 4.6.1  Reagent mix for detection of galactokinase 
deficiency. BME (2-Mercaptoethanol)

Reagent mix Initial 
concentration

Amount in 
aliquot

Concentration

In mix In assay

ATP (formula weight varies) 7.5 mM ≈4.7 mg 7.5 mM 5.0 mM

Substrate mix 188 µl 0.75 mM 0.5 mM

MgSO4·7H2O 60 mM 125 µl 7.5 mM 5.0 mM

NaF 60 mM 125 µl 7.5 mM 5.0 mM

Tris-BME buffer 250 µl

H2O 313 µl

Total 1.0 ml
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2. RBC lysate (use only if heparinized blood is not available as the enzyme in RBC is 
not stable): 150 µl RBC lysate + 450 µl digitonin 50%; determine the Hb concen-
tration.

3. Liver: 1% homogenate in 10 mM Tris-HCl (pH 8.0)/10 mM BME. Centrifuge for 
10 min at 27,000 × g. Use the supernatant for protein determination and for the 
assay at a protein concentration of 1.0–1.6 mg/ml.

4. Fibroblasts: homogenate in glycine-NaOH buffer, 10 mM, pH 8.7. Centrifuge for 
5 min at 20,000 × g. Use the supernatant for protein determination and for the as-
say at a protein concentration of 0.5–1.0 mg/ml.

4.6.4.5	 Assay

Heparinized Blood or RBC

Use 100 µl of heparinized blood or RBC. Incubate for 10 min at 37°C, then add 200 µl 
of reagent mix. Incubate for 15 min at 37°C, boil for 2 min, put on ice, and stir with 
a glass rod. Centrifuge for 10 min at 2,000 × g. Apply 100 µl of supernatant to the 
DEAE column (see below).

Blank

Boil 150 µl of either sample (heparinized blood or RBC) for 2 min, put on ice, then 
add 300 µl of reagent mix. Stir with a glass rod. Centrifuge for 10 min at 2,000 × g. 
Apply 100 µl of the supernatant to the DEAE column (= blank, see below) and put 
100 µl of the supernatant and 2.4 ml of 100 mM HCl into the β-counter vial (= 100% 
value, see below).

Liver or Fibroblasts

Add together 50 µl of either the liver or fibroblast sample (prepared as described 
above) and 100 µl reagent mix. Incubate and continue as with blood samples.

Blank

Boil 100 µl of either sample (liver or fibroblast) for 2 min, put on ice, then add 200 µl 
of reagent mix. Continue as for the blood sample blanks.

Separation of Substrate and Reaction Product by Chromatography

1. Preparation of columns: put 1 ml of DEAE cellulose into a 2-ml column (with 
a nylon mesh, 40 µm, to retain the cellulose). Equilibrate the column three times 
with 2 ml of H2O.

2. Separation: apply 100 µl from the assay and blank supernatants onto one column 
each. Wash the columns five times with 2 ml of H2O (discard the eluate, contain-
ing 14C-galactose). Elute 14C-galactose-1-phosphate with 2.5 ml of 100 mM HCl 
into a counter vial containing 15 ml of scintillation liquid. Repeat the elution with 
2.5 ml 100 mM HCl into a second vial.
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4.6.4.6	 Measurement

Liquid scintillation counter, 14C, dpm, against background (see below).

4.6.4.7	 Calculation

1. Background: 15 ml scintillation liquid + 2.5 ml 0.1 M HCl.
2. 100% value (dpm): 15 ml scintillation liquid + 100 µl supernatant of blank (for 

blood or liver/fibroblasts.
3. Sample value (dpm): total counts of the two vials of 14C-galactose-1-phosphate 

elution.
4. Blank value (dpm): total counts of the two vials of 14C-galactose-1-phosphate elu-

tion of the blank column.

 ∆ dpm (sample) = dpm (sample value) – dpm (blank value) .

5. Blood samples:

 µmol/h/g Hb =  Δdpm (sample)
dpm (100%)

  × 500 × 300
1000

 × 1
t (h)

 × 1000
100

  ×   1
Hb (g/l)

 (1) (2) (3) (4) (5) (6)

  where term (1) is the turnover, term (2) is the substrate concentration (nmol/ml), 
term (3) is the substrate dilution (300 µl→1 ml), term (4) is the incubation time 
(h), term (5) is the sample dilution (100 µl→1 ml), and term (6) is Hb.

 µmol/h/g Hb = Δdpm (sample)
dpm (100%)

 × 1
Hb (g/l)

 × 6000 .

 Normal values: hematocrit 45%, Hb 150 g/l 
 → 1 ml erythrocytes (Ec) = 1/3 g Hb.

 Thus, µmol/h/ml Ec = Δdpm (sample)
dpm (100%)

 × 1
Hb (g/l)

 × 2000 .

6. Tissue samples: mU/mg protein = nmol/min/mg = 

 Δdpm (sample)
dpm (100%)

 × 500 × 150
1000

 × 1
t (min)

 × 1000
50

 × dil. × 1
mg/ml

 ,

  (1) (2) (3) (4) (5) (6) (7)

  where term (1) is the turnover, term (2) is the substrate concentration (nmol/
ml), term (3) is the substrate dil. (150 µl→1.0 ml), term (4) is the incubation time 
(min), term (5) is the enzyme dilution (50 µl→1.0 ml), term (6) is the dilution 
before the assay, and term (7) is the protein concentration.

 Thus: mU/mg protein = Δdpm (sample)
dpm (100%)

 × 1
mg/ml

 × 1500 × 1
t 

 × dilution .
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4.6.4.8	 Enzyme	Activities

4.6.4.9	 Notes

Stability of Galactokinase

The enzyme in heparinized blood is stable for 8 days at 4°C. There is a rapid loss of 
enzyme activity in RBC stored at 4°C or –20°C, but no loss of enzyme activity in 
fibroblast pellets stored for 45 days at –20°C.

4.6.5	 Galactose-1-Phosphate	Uridyltransferase	(EC	2.7.7.12)

4.6.5.1	 Enzyme	Deficiency

Galactose-1-phosphate uridyltransferase is the enzyme deficient in classical galacto-
saemia (MIM 230 400). This disorder is caused by an impairment in the pathway step 
from galactose-1-phosphate to UDP-galactose.

4.6.5.2	Principle

14C-Galactose-1-phosphate 
   UDP-glucose   

 Transferase 
     

→  Glucose-1-phosphate
UDP-14C-galactose

 .

Separation of the radioactively labeled product from the labeled substrate on a 
DEAE cellulose column; with 20 mM HCl, 14C-galactose-1-phosphate is eluted and 
UDP-14C-galactose is retained. The latter is eluted with 100 mM HCl. Radioactivity is 
determined with the aid of a scintillation counter (β-counter) [unpublished].

Table 4.6.2  Enzyme activities. Ec Erythrocytes, RBC red blood cells

Condition Mean Range n

RBC

Controls
 Age 2 weeks – 9 months
 Age > 9 months
Heterozygotes
Kinase deficiency

1.29 mmol/h/ml Ec
0.64 mmol/h/ml Ec
0.35 mmol/h/ml Ec
0.03 mmol/h/ml Ec

0.69–2.57
0.42–0.99
0.24–0.47
0.00–0.05

10
22
13

9

Fibroblasts [30]

Controls
Heterozygote

0.29; 0.45 U/g soluble protein a

0.12  U/g soluble protein
2
1

a The two individual values are given for both subjects
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4.6.5.3	 Solutions

1. Galactose-1-phosphate, 28.8 mM: galactose-1-phosphate dipotassium salt (FW 
variable, calculate the concentration for each batch). Dissolve in H2O.

2. 14C-Galactose-1-phosphate: 14C-galactose-1-phosphate disodium salt. Dry 20 µCi 
of the solution under nitrogen and dissolve in 1 ml H2O.

3. Galactose-1-phosphate substrate mix: 2 ml galactose-1-phosphate (see 1. above) 
and 1 ml 14C-galactose-1-phosphate (see 2. above). Mix and store at –20°C.

4. UDP-glucose, 21.6 mM: UDP-glucose disodium salt (FW variable; calculate the 
concentration for each batch). Dissolve in H2O.

5. Glycine-NaOH buffer, 1 M, pH 8.5: 7.5 g glycine (MW 75.07) in 100 ml H2O. 
Adjust the pH to 8.5 with NaOH and store at 4°C.

6. Glycine-BME buffer: 200 mM BME (14.3 M; 10 µl in 0.7 ml glycine-NaOH 
buffer).

7. Digitonin 50% saturated: digitonin 50 mg/10 ml H2O. Boil, cool to room tem-
perature, and filter. Dilute 1:1 with H2O. Store aliquots at –20°C.

8. Reagents mix (prepare fresh before use): The reagent mix contains 150 µl galac-
tose-1-phosphate substrate mix (see 3. above) (4.8 mM in the mixture, 3.2 mM in 
the assay), 100 µl UDP-glucose (see 4. above) (3.63 mM in the mixture, 2.4 mM 
in the assay), 150 µl glycine-BME buffer (see 6. above) and 200 µl H2O (giving a 
total reagent mix of 600 µl).

9. Preparation of DEAE cellulose stock: wash DEAE cellulose three times with H2O 
on a magnetic stirrer for some minutes. Allow the cellulose to sediment and 
pour off the supernatant with fine particles. Leave the cellulose for 30 min in 1 M 
NaOH and then wash with H2O until the pH of the supernatant is neutral. This 
is the DEAE cellulose (OH– form). Leave the cellulose for 30 min in 1 M HCl, 
then wash until the pH of the supernatant is neutral: This is the DEAE cellulose 
(Cl– form). Store both preparations at 4°C. They are stable for 1 year without pre-
servative.

10. Test of the separation efficiency of the DEAE cellulose: every new charge of 
DEAE cellulose (Cl– form) should be tested. Dry 10 µl each of 14C-galactose-
1-phosphate and UDP-14C-galactose with nitrogen and dissolve in 300 µl H2O, 
each. Put 100 µl of each in a counter vial containing 15 ml scintillation liquid 
(= 100%), 100 µl of each on columns with 1 ml DEAE cellulose, and 100 µl of 
both substances on a third column (mix).
a) Elution with 20 mM HCl: 5 × 2 ml, collect in five counter tubes containing 

15 ml scintillation liquid. 14C-galactose-1-phosphate is eluted.
b) Elution with 100 mM HCl: 5 × 2 ml, collect in five counter tubes containing 

15 ml scintillation liquid. UDP-14C-galactose is eluted. 14C-Galactose-1-phos-
phate and UDP-14C-galactose should be separated completely by this proc-
edure.

11. Purity test of 14C-galactose-1-phosphate: dry 10 µl of 14C-galactose-1-phosphate 
with nitrogen, dissolve in 200 µl of H2O. Put 100 µl in a counter vial with 15 ml 
scintillation liquid (= 100%) and apply 100 µl on a DEAE column. Elute stepwise 
as described in a) and b) above. Contamination, eluted with 100 mM HCl, should 
not exceed 0.1–0.2% of the total radioactivity eluted.
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4.6.5.4	 Samples

1. Heparinized blood: 1 part (e.g., 300 µl) blood + 1 part digitonin 50%. Incubate for 
10 min at 37°C. Determine the Hb concentration.

2. RBC lysate: use if heparinized blood is not available: 1 part (e.g., 150 µl) RBC + 3 
parts digitonin 50%. Incubate for 10 min at 37°C. Determine the Hb concentra-
tion.

3. Liver: 1% homogenate in 10 mM glycine-NaOH-buffer (solution 5, above, diluted 
1:100). Centrifuge for 10 min at 27,000 × g. Determine the protein concentration 
in the supernatant and use it for assay (diluted to approximately 1 mg protein/ml 
supernatant).

4. Fibroblasts: homogenate in 10 mM glycine-NaOH-buffer (solution 5, above, 
diluted 1:100). Centrifuge for 10 min at 27,000 × g. Determine the protein con-
centration in the supernatant and use it for assay (diluted to approximately 1 mg 
protein/ml supernatant).

4.6.5.5	 Assay

Heparinized blood or RBC

Incubate 100 µl of either heparinized blood or RBC (prepared as described in section 
4.6.5.4) for 10 min at 37°C, then add 200 µl of the reagents mix. Incubate for 10 min 
at 37 °C, boil for 2 min, put on ice and stir. Centrifuge for 10 min at 2000 × g. Apply 
100 µl of supernatant to the DEAE column (see below).

Blank

Boil 150 µl of either heparinized blood or RBC (prepared as described above in sec-
tion 4.6.5.4) for 2 min. Put the solution on ice then add 300 µl of the reagents mix 
and stir. Centrifuge for 10 min at 2000 × g. Apply 100 µl of the supernatant to the 
DEAE column (= blank; see below) and put 100 µl of the supernatant and 2.4 ml of 
0.1 M HCl into the β-counter vial (= 100% value; see below).

Liver or Fibroblasts

Incubate 50 µl of samples of either liver or fibroblasts (prepared as described above 
in section 4.6.5.4) at 37°C for 10 min (liver) or 60 min (fibroblasts). Continue as with 
blood samples.

Blank

Boil 100 µl of either liver or fibroblasts (prepared as described above in section 
4.6.5.4) for 2 min then put on ice. Add 200 µl of the reagents mix then continue as 
with blood samples.
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Separation of Substrate and Reaction Product by Chromatography

1. Preparation of columns: put 1 ml of DEAE cellulose into a 2-ml column 
(with a nylon mesh. 40 µm, to retain the cellulose). Equilibrate column with 
3 × 2 ml of 0.02 M HCl.

2. Separation: apply 100 µl from the assay and blank supernatants onto one column 
each. Wash the columns with 5 × 2 ml of 20 mM HCl (discard the eluate, which 
contains 14C-galactose-1-phosphate), elute UDP-14C-galactose with 2.5 ml of 
100 mM HCl into a counter vial containing 15 ml of scintillation liquid. Repeat 
the elution with 2.5 ml of 100 mM HCl into a second vial.

4.6.5.6	 Measurement

Liquid scintillation counter, 14C, dpm, against background (see below).

4.6.5.7	 Calculation

1. Background: 15 ml scintillation liquid + 2.5 ml 100 mM HCl.
2. 100% value (dpm): 15 ml scintillation liquid + 100 µl supernatant of blank (for 

blood or liver fibroblasts).
3. Sample value (dpm): total counts of the two vials of UDP-14C-galactose elution.
4. Blank value (dpm): total counts of the two vials of UDP-14C-galactose elution of 

the blank column.
5. Δdpm (sample) = dpm (sample) – dpm (blank).
6. Blood samples

 µmol/h/g Hb = Δdpm (sample)
dpm (100%)

 × 3.2 × 300
1000

 × 60
10

 × 1000
100

 × 1000
Hb (g/l)

 ,

 (1) (2) (3) (4) (5)

  where term (1) is the turnover, term (2) is the substrate concentration (µmol/ml), 
term (3) is the incubation time (h), term (4) is the sample dilution (100 µl→1 ml), 
and term (5) is the amount of Hb (g) per milliliter.

 µmol/h/g Hb = Δdpm (sample)
dpm (100%)

 × 1
Hb (g/l)

 × 57600 .

7. Tissue samples: mU/mg protein = nmol/min/mg = 

 Δdpm (sample)
dpm (100%)

 × 3.2 × 300 × 1000
1000

 × 1
t (min)

 × 1000
100

 × 1
mg/ml

 ,

 (1) (2) (3) (4) (5)

  where term (1) is the turnover, term (2) is the substrate concentration (nmol/
ml), term (3) is the incubation time (min), term (4) is the enzyme dilution 
(100 µl→1 ml), and term (5) is the protein concentration. Thus:

 mU/mg protein = Δdpm (sample)
dpm (100 %)

 × 1
mg/ml

 × 9600 .
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4.6.5.8	 Control	Values

4.6.5.9	 Pathological	Values

1. Classical galactosemia: below 5% of normal.
2. Compound heterozygotes for galactosemia and Duarte variant: ≈25% of normal, 

not pathogenic.
3. Heterozygote galactosemia: ≈50% of normal, not pathogenic.
4. Homozygote Duarte variant: ≈50% of normal, not pathogenic.
5. Heterozygote Duarte variant: ≈75% of normal, not pathogenic.

4.6.5.10	 Notes

Enzyme activity is stable in blood at room temperature for at least 2 days; samples 
can be shipped without cooling. At 4°C, samples can be stored for 2 weeks.

4.6.6	 UDP-Galactose-4-Epimerase	(EC	5.1.3.2)

4.6.6.1	 Enzyme	Deficiency

UDP-galactose-4-epimerase is deficient in epimerase deficiency (MIM 230 350). 
This disorder is caused by the impaired pathway step from UDP-galactose to UDP-
glucose.

4.6.6.2	Principle

1. UDP-galactose Epimerase + NAD
        

→  UDP-glucose .

2. UDP-glucose + H2O + 2 NAD+ UDPG-DH
     

→  UDP-glucuronate + NADH + 2H+ ,

  where UDPG-DH is uridyldiphosphate-galactose-dehydrogenase. NADH is de-
termined UV-photometrically as a measure of the substrate UDP-galactose turn-
over (i.e., of the epimerase activity) [2, 31, 32].

Table 4.6.3  Control values for galactose-1-phosphate uridyltransferase

Sample Control value Range

RBC (n = 24; mean value) 26.6 (µmol/h/g Hb) 18.9–37.9 (µmol/h/g Hb)

Liver (n = 1) 8.77 U/g soluble protein

Fibroblasts (n = 2) 1.75; 2.29 U/g soluble protein
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4.6.6.3	 Solutions

1. Glycine-NaOH buffer 1 M, pH 9.0 : 1 M glycine (MW 75.07 ; 7.5 g/100 ml) ad-
justed to pH 9.0 with NaOH.

2. Glycine-NaOH buffer 250 mM, pH 8.7 : 250 mM glycine (MW75.07; 1.88 g/100 ml) 
adjusted to pH 8.7 with NaOH.

3. NAD 50 mM, pH 8–9 : 50 mM NAD+ (FW variable; approximately 36 mg/ml 
H2O). Adjust to pH 8–9 with 0.1 M NaOH (1 to 2 drops/ml). Prepare fresh before 
use.

4. NAD 10 mM : Dilute 50 mM NAD solution five times with H2O.
5. UDP-galactose 4 mM : 4 mM UDP-galactose (FW variable; approximately 2.5 mg/

ml H2O). Solid UDP-galactose is not stable when stored at –20°C; after 2 years 
20% is decomposed!).

6. UDP-glucose dehydrogenase: UDP-glucose dehydrogenase (5 mg/ml H2O).
7. Sodium chloride 4.5% : NaCl (4.5 g/100 ml H2O).

4.6.6.4	 Samples

Washed and packed RBC.

4.6.6.5	 Assay

1. Add 0.2 ml of NaCl solution to each of four tubes marked 2, 4, 6, and 8 min and 
put them into boiling H2O 30 s before the respective incubation time is due. Make 
up a mixture containing 0.4 ml glycine-NaOH, 0.2 ml 50 mM NAD+, 0.3 ml RBC 
sample, 0.7 ml H2O, and 0.4 ml UDP-galactose. Incubate at 37°C for 2, 4, 6, and 
8 min. Take out 0.4-ml aliquots at the given time point and add them to the pre-
pared tubes containing NaCl, boil for 2 min while stirring the sample with a glass 
rod. Cool on ice, centrifuge for 10 min at 1500 × g; use the supernatant for meas-
urement.

2. Determine the OD in a photometer at 340 nm: Make up a mixture containing 
0.6 ml glycine-NaOH (pH 8.7), 0.1 ml 10 mM NAD+, and 0.2 ml of the superna-
tant. Put this mixture into a 1 ml photometer cuvette. Mix and let the cuvette in 
the photometer until the extinction is constant. Read off the OD: E1. Add 0.1 ml 
UDPG-DH, mix and put back into the photometer. Read of the OD when the 
maximum value is constant: E2.

4.6.6.6	 Calculation

Calculate the increase in OD for each time point (i.e. E2–E1) and determine ∆OD for 
10 min:

µmol/h/ml RBC = ΔOD/10 min × 1
12.44

 × 2.0
0.3

 × 0.6
0.4

 × 1.0
0.2

 × 6 ,

 (1) (2) (3) (4) (5)
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where term (1) is αmM NAD × 2, term (2) is the dilution in the incubation mix, terms 
(3) and (4) are the dilution of the incubated aliquot before and after centrifugation, 
and term (5) is the incubation time 10 min, result expressed per h.

µmol/h/ml = ∆OD/10 min × 24.115 .

4.6.6.7	 Enzyme	Activities

4.6.6.8	 Notes

Enzyme activity in blood samples is stable at room temperature for about 2 days; 
samples can be shipped without cooling. Washed and packed RBC should be kept at 
–20°C and used on the next day for assay. If stored for a longer time, activity is lost.

4.6.7	 Fructose

4.6.7.1	 Principle

1. d-Fructose + ATP Hexokinase
     

→  Fructose-6-phosphate + ADP .

2. Fructose-6-phosphate Phosphoglucoisomerase
          

→  Glucose-6-phosphate .

3. Glucose-6-phosphate + NADP+ G6P – DH
     

→      Gluconate-6-phosphate + NADPH+H+

where G6P-DH is glucose-6-phosphate dehydrogenase and NADPH is nicotinamide 
adenine dinucleotide phosphate. NADPH is determined UV-photometrically as a 
measure of the amount of the substrate D-fructose present in the reaction [6, 36].

4.6.7.2	 Solutions

1. Perchloric acid 0.6 M: add 5.2 ml of 70% HClO4 ad 100 ml H2O.
2. Potassium carbonate 0.75 M: 2,58 g K2CO3 (MW 138.21) in 25 ml H2O.

Table 4.6.4  Enzyme activities for UDP-galactose-4-epimerase

Condition Mean (mmol/h/ml) Range (mmol/h/ml) n

Controls 4.90 2.72–7.91 36

Heterozygotes 1.38 0.29–2.80 14

Epimerase deficiency 0.36 0.00–0.98 14
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3. Triethanolamine (TEA) 0.75 M/MgSO4 buffer (pH 7.6): dissolve 14.0 g TEA HCl 
(MW 185.65) and 0.25 g MgSO4·7H2O (MW 246.5; final conc. 10 mM) in 80 ml 
H2O. Adjust the pH to 7.6 with NaOH and make up to 100 ml with H2O.

4. NADPH 11.5 mM: 60 mg disodium NADP (MW 765.39) in 6 ml H2O.
5. ATP 81 mM: dissolve 300 mg ATP-Na2H2·3 H2O (MW 551.14) and 300 mg 

NaHCO3 (MW 84.01) in 6 ml H2O.
6. Hexokinase 280 kU/l/glucose-6-phosphate dehydrogenase 140 kU/l: hexokinase 

and glucose-6-phosphate dehydrogenase from yeast, suspended in 3.2 M ammo-
nium sulfate solution. Dilute stock solutions with 3.2 M ammonium sulfate solu-
tion according to specified activity to 280 kU/l and 140 kU/l, respectively.

7. Glucose-phosphate isomerase (phosphoglucose isomerase, PGI); 700 kU/l: PGI 
suspension in ammonium sulfate solution. Dilute with 3.2 M ammonium sulfate 
to 700 kU/l if required.

4.6.7.3	 Samples

1. Blood: Blood is taken from the vein without stasis. Additions of oxalate, fluoride, 
heparin, or ethylenediaminetetraacetic acid (EDTA) are without effect. Add 3 ml 
blood to 6 ml ice-cold perchloric acid, mix thoroughly and centrifuge for 15 min 
at 1000 × g. To 3 ml of the supernatant add 1 ml of potassium carbonate solution. 
After 15 min in an ice-bath, filter off the precipitate. Use the resultant solution 
for assay at room temperature. The content of fructose in blood is stable for 24 h 
when stored at 4°C.

2. Urine: treat the same as blood.

Table 4.6.5  Mixtures required for blank and sample assay for fructose. 
The preparation of these solutions is described in the text in section 4.6.7.2. 
Pipette these successively into 1-cm cuvettes. The absorbance of the mixtures 
is read twice (at 340 nm): before (OD1) and after (OD2) the addition 
of glucose-phosphate isomerase. G6P-DH glucose-6-phosphate 
dehydrogenase, HK hexokinase, NADP nicotinamide adenine dinucleotide, 
PGI glucose phosphate isomerase, TEA triethanolamine

Solution Blank (ml) Sample (ml) Concentration in 
assay mix

Buffer 1.00 1.00 TEA: 0.23 M

NADP solution 0.10 0.10 NADP: 0.36 mM

ATP solution 0.10 0.10

Sample 0.10

H2O 2.00 1.90

HK/G6P-DH 0.02 0.02 HK: 1.7 kU/l
G6P-DH: 0.9 kU/l

PGI a 0.02 0.02 PGI: 4.3 kU/l

a Read the absorbance before (OD1) and after the addition of PGI (OD2)
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4.6.7.4	 Assay

Photometer at wavelength 340 nm, at room temperature, against air. The amounts 
of the various solutions required for the blank and sample for this assay are given 
in Table 4.6.5. Place the stated amounts of the solutions (prepared as described in 
section 4.6.7.2) successively into 1-cm cuvettes – without PGI (see Table 4.6.5). Mix 
thoroughly and monitor the absorbance until it is constant. Read the absorbance 
(OD1). Add 0.02 ml PGI, mix, and read the absorbance after 10–15 min (OD2).

4.6.7.5	 Calculation

ΔOD = (OD2 – OD1)sample – (OD2 – OD1)blank

c = ΔOD × V × MW
ε × d × v × 1000

 × 9 × 4*
3 × 3

 ,

where c is the concentration of fructose (g/l), V is the final volume (i.e., 3.24 ml), 
v is the sample volume in the assay (i.e., 0.10 ml), MW is the molecular weight (i.e., 
180.14 g/mol), d is the length of the light path (i.e., 1 cm), and ε is the  extinction 
coefficient (mM) of NADPH at 340 nm (i.e., 6.3). *Note that when using blood, the 
specific weight (about 1.06) and fluid content (about 90%) must be taken into con-
sideration, and thus the factor 3.8 applies instead of 4.

Thus, c = ΔOD × 3.24 × 180.16
6.3 × 1 × 0.1 × 1000

 × 3.8

 c = ΔOD × 3.521 g/l
 or ΔOD × 1.954 mM.

4.6.7.6	 Control	Values

Depending on fructose, sucrose, or sorbitol intake, mean (± SD) blood and urine 
levels of fructose are normally 31 ± 3 μmol/l (range 19–47 μmol/l) [29] and 
1.44 ± 0.79 μmol/d/kg [28], respectively.

4.6.7.7	 Pathological	Values

For values during an intravenous fructose tolerance test in controls and individuals 
with deficiencies of fructokinase, fructaldolase, and fructose-1,6-bisphosphatase, see 
Steinmann et al. [36].
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4.6.8	 Fructose-Bisphosphate	Aldolase	(Aldolase,	EC	4.1.2.13)

4.6.8.1	 Enzyme	Deficiency

Fructose-bisphosphate aldolase, which also acts on fructose-1-phosphate, is the en-
zyme deficient in hereditary fructose intolerance (HFI, MIM 229 600).

4.6.8.2	 Principle

1. F-1-P Aldolase←
    

→  DHA-P + D-glyceraldehyde

2. DHA-P + NADH + H+ GDH←
   

→ α-glycerophosphate + 1 NAD+

 where F-1-P is fructose-1-phosphate, or:

1. F-1,6-P Aldolase←
    

→  DHA-P + d-glyceraldehyde-3-phosphate

2. d-glyceraldehyde-3-phosphate TIM←
  

→  DHA-P

3. 2 DHA-P + 2 NADH + H+  GDH←
   

→  2 α-glycerophosphate + 2 NAD+ ,

  where F-1,6-P is fructose-1,6-bisphosphate, DHA-P is dihydroxyacetone phos-
phate, GDH is α-glycerophosphate dehydrogenase, and TIM is triosephosphate 
isomerase. The decrease in OD of NADH + H+ at 340 nm, in other words the in-
crease of NAD+, is a measure of aldolase activity [18, 36].

4.6.8.3	 Solutions

1. Tris-HCl buffer 0.1 M, pH 7.6: 12.1 g Trizma base (MW 121.1) in 1000 ml H2O. 
Adjust the pH to 7.6 with 1 M HCl.

2. F-1,6-P substrate mix 2 mM: dissolve approximately 9.2 mg (depending on FW; 
e. g. 917) d-F-1,6-P trisodium salt and 1.0 mg (final conc. 0.3 mM) disodium 
NADH (MW 709.4) in 5 ml of Tris-HCl buffer. Always prepare fresh before use.

3. F-1-P substrate mix 40 mM: dissolve approximately 36.5 mg (depending on FW; 
e. g. 304) d-F-1-P sodium salt and 0.6 mg (final conc. 0.3 mM) disodium NADH 
(MW 709.4) in 3 ml Tris-HCl buffer. Always prepare fresh before use.

4.6.8.4	 Samples

Liver (1% homogenate): place 1–3 mg tissue into a plastic tube and add 100 µl of 
Tris-HCl buffer. homogenize, and then dilute to 1% with the same buffer. Centrifuge 
for 10 min at 27,000 × g. Use the resulting supernatant for the assay.
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4.6.8.5	 Assay

Photometer at 340 nm, thermostatted at 25°C. Pipette directly into four 1-ml cu-
vettes 630 µl substrate mix (F-1-P and F-1,6-P, two each) and 10 µl GDH/TIM sus-
pension (total 640 µl). Place the cuvettes into the photometer and wait until the OD 
is constant. Then add 20 µl sample into one each of the cuvettes containing F-1-P 
and F-1,6-P, and 20 µl of Tris-HCl buffer into the two remaining reference cuvettes. 
Read off the OD at given time intervals and determine ∆OD/min when the increase 
in OD versus time is linear.

4.6.8.6	 Calculation

Molecular extinction of NAD+: αmM (μmol/ml) = 6.22

U/g soluble liver extract = µmol/min/g = 

ΔOD/min × 1
6.22

 × 0.66 × 1000
20

 × 100 × 1*
2

 ,

  (1) (2) (3) (4) (5)*

where term (1) is the extinction coefficient of NAD+ (i.e. αmM), term (2) is the assay 
volume, term (3) is the dilution of the sample in the assay [20μl → lg], term (4) is the 
dilution of the homogenate, and term (5)* is required only for F-1,6-P. 

Thus: for substrate F-1,6-P, U/g = ∆OD/min × 265.3
 for substrate F-1-P, U/g = ∆OD/min × 531.5.

4.6.8.7	 Control	Values

Table 4.6.6  Control values for fructose-1-phosphate and fructose-1,6-
bisphosphate aldolases [36]

Enzyme (substrate) Mean ± SD Range n

Fructose-1,6-bisphosphate aldolase (F-1,6-P) 2.61 ± 0.46  U/g 2.07–3.79 U/g 10

Fructose-1-phosphate aldolase (F-1-P) 2.40 ± 0.49  U/g 1.82–3.40 U/g 10

F-1,6-P : F-1-P 1.10 ± 0.10 1.00–1.20 10
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4.6.8.8	 Pathological	Values

4.6.8.9	 Note

Enzyme stored at –20°C is stable for at least 12 months.

4.6.9	 Fructose-1,6-Bisphosphatase	(EC	3.1.3.11)

4.6.9.1	 Enzyme	Deficiency

Fructose-1,6-bisphosphatase is the enzyme deficient in fructose-1,6-bisphosphatase 
deficiency (MIM 229 700).

4.6.9.2	 Principle

1. F-1,6-P + H2O Fructose-1,6-bisphosphatase←
   Mg 2+        

→  F-6-P + Pi

2. F-6-P PGI←
  

→  G-6-P

3. G-6-P + NADP+ G6P - DH←
     

→      6-PG + NADPH + H+

4. 6-PG + NADP+ 6 - PGDH
 
←

    
→      Rib-5‘-P + NADPH + H+ + CO2

Σ:  F-1,6-P + H2O + 2 NADP+ → Rib-5'-P + Pi + CO2 + 2 NADPH ,

where F-6-P is fructose-6-phosphate, Pi is inorganic phosphorus, PGI is phospho-
glucose isomerase, G-6-P is glucose-6-phosphate, G6P-DH is glucose-6-phosphate 
dehydrogenase, 6-PG is gluconolactone-6-phosphate, 6-PGDH is gluconolactone-6-
phosphate dehydrogenase, and Rib-5’-P is ribulose-5-phosphate. Photometric deter-
mination of NADPH + H+ is achieved by measuring the increase in OD at 340 nm as 
a measure of enzyme activity [1, 36].

Table 4.6.7  Pathological values of fructose-1-phosphate and fructose-1,6-
bisphosphate in patients with hereditary fructose intolerance (HFI) [36]

Enzyme (substrate) Mean ± SD Range n

Fructose-1,6-bisphosphate aldolase (F-1,6-P) 0.46 ± 0.16 U/g 0.13–0.82 U/g 35

Fructose-1-phosphate aldolase (F-1-P) 0.11 ± 0.09 U/g 0.00–0.36 U/g 35

F-1,6-P : F-1-P 3.9 1.7– ∞ 35
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4.6.9.3	 Solutions

1. Potassium chloride 0.15 M: 1.12 g KCl (MW 74.56) in 100 ml H2O. Store at 4°C.
2. Tris-HCl-buffer 0.2 M, pH 8.5: 2.4 g Trizma base (MW 121.1) in 100 ml H2O. Ad-

just the pH to 8.5 with 1 N HCl. Store at 4°C.
3. Magnesium chloride 30 mM: 2.03 g MgCl2·6H2O (MW 203.31) in 100 ml H2O 

(i. e. final conc. 0.1 M). Keep at 4°C. Dilute immediately before use by adding 
30 ml stock solution to 70 ml H2O.

4. EDTA solution 2 mM: 74.5 mg EDTA-Na2 (MW 372.24) in 100 ml H2O. Store at 
4°C.

5. NADP solution 4 mM: 3.1 mg NADP (MW 787.4) in ml H2O. Prepare fresh be-
fore use.

6. F-1,6-P 2 mM: 3.7 mg F-1,6-P (MW 917.0) in 2 ml H2O. Prepare fresh before 
use.

4.6.9.4	 Samples

Liver (1% homogenate): homogenize 1–3 mg of liver in 100 µl of 0.15 M KCl. Further 
dilute the solution to 1% with more 0.15 M KCl. Centrifuge for 10 min at 27,000 × g. 
Use the supernatant for the assay. The stability of the enzyme in liver tissue at –20°C 
is 100% for 2 months and 50–75% for 12 months.

4.6.9.5	 Assay

Photometer at 340 nm, thermostatted at 25°C. Pipette directly into four 1-ml cu-
vettes: 250 µl Tris-HCL (50 mM in the assay mix), 50 µl MgCL2 (1.5 mM in the assay 
mix), 50 µl EDTA (0.1 mM in the assay mix), 50 µl NADP (0.2 mM in the assay mix), 
5 µl PGI (suspension), 5 µl 6-PGDH (suspension), 2 µl G6P-DH (suspension), 20 µl 
sample (supernatant), and 530 µl H2O. Mix well and keep in the photometer to sta-
bilize OD and temperature. Then add 50 µl F-1,6-P into two of the cuvettes and 50 µl 
H2O into the remaining cuvettes (as blanks). Read off the OD at given time intervals 
and determine ∆OD/min when the increase in OD versus time is linear.

4.6.9.6	 Calculation

Molecular extinction of NADPH: αmM (µmol/ml) = 6.3

U/g soluble liver extract = µmol/min/g = ΔOD/min × 1
6.3

 × 1000
20

 × 100 × 1
2

 ,

 (1) (2) (3) (4)

where term (1) is the molecular extinction of NADPH (i.e. αmM), term (2) is the dilu-
tion in the assay, term (3) is the dilution of the homogenate, and term (4) represents 
2 NADPH generated per reaction. Thus:

U/g liver = ∆OD/min × 396.82.
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4.6.9.7	 Enzyme	Activities

4.6.10	 Glucose

4.6.10.1	 Principle

1. D-Glucose + ATP Hexokinase
 
←

     
→      G-6-P + ADP

 G-6-P + NADP+ G - 6 - PDH
 
←

     
→      D-glucono-δ-lactone + NADPH + H+ ,

  where G-6-P is glucose-6-phosphate and G-6-PDH is glucose-6-phosphate dehy-
drogenase. The amount of NADPH formed in the reaction, which is proportional 
to the amount of glucose, is determined UV-photometrically [25].

4.6.10.2	 Solutions

1. Phosphate buffer/ATP/NADP: Dissolve in 40 ml H2O 546 mg (final conc. 70 mM) 
NaH2PO4·2H2O (MW 156.01), 49.3 mg (final conc. 4 mM) MgSO4·7H2O (MW 
246.48), approximately 48.4 mg (final conc. 1.6 mM) ATP-Na2 (FW 620, vari-
able), and 63.0 mg (final conc. 1.6 mM) NADP-Na2 (MW 787.4). Adjust the pH 
to 7.7 with 1 M NaOH and make up to 50 ml with H2O. This solution is stable for 
2 weeks at 4°C.

2. Enzyme mix: Add together 100 mM MgSO4 · 7H2O (MW 246.48; 14.8 mg in 450 µl 
H2O), 70 U hexokinase (50 µl of suspension, 1500 U/ml) and 70 U G-6-PDH 
(100 µl of suspension, 140 U/ml, 5 mg/ml). This mixture is stable for 1 month at 
4°C.

3. Glucose standard 1 mM: 18 mg glucose (MW 180.16) in 100 ml H2O.

4.6.10.3	 Assay

1. Put directly in cuvettes: 200 µl sample (or glucose standard, see below) and 2 ml 
phosphate buffer/ATP/NADP (see above 1.).
a. Glucose standard: 10 µl standard + 190 µl H2O = 10 nmol glucose

 20 µl standard + 180 µl H2O = 20 nmol glucose
 50 µl standard + 150 µl H2O = 50 nmol glucose.

Table 4.6.8  Normal liver fructose-1,6-bisphosphatase activities [36]

Liver Mean (U/g) Range (U/g) n

Controls 3.34 1.78–4.98 16

Heterozygotes 0.80; 1.37 a   2

F-1,6-P deficiency 0.23 0.09–0.53 11

a The two individual values are given for both parents
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2. Put the cuvettes into the photometer at 25°C and read off the OD at 340 nm for 
time 0 min.

3. Add 20 µl enzyme mixture and mix.
4. Determine OD values at 5-min intervals until the increase in absorption levels off 

(end-point determination).

4.6.10.4	 Calculation

Determine nmol glucose in the 200-µl sample by linear regression calculation of 
standard values. Calculate glucose concentration of the sample in mmol/l.

4.6.11	 Glycogen,	Quantitative	Determination	in	Liver	and	Muscle

4.6.11.1	 Principle

Digestion of the tissue to make glycogen accessible to the anthrone reaction [19, 
35].

4.6.11.2	 Solutions

1. KOH, 33%.
2. Anthrone reagent: 0.2% anthrone (2 mg/ml 95% H2SO4).
3. Glycogen standard, 0.1%: bovine liver glycogen (1 mg/ml H2O).

4.6.11.3	 Samples

1. Liver: 1% homogenate in H2O.
2. Muscle: 2% homogenate in H2O.

4.6.11.4	 Assay

1. Add 50 µl sample (homogenate) and 200 µl 33% KOH to a test tube. Use high test 
tubes because of concentrated sulfuric acid. Boil for 20 min with the tubes cov-
ered with a glass marble. After cooling on ice-H2O add 1.75 ml H2O.

2. Standard: 0, 10, 30, 50 µl of glycogen standard, each brought to a volume of 2.0 ml 
with H2O. 

3. At room temperature, add 4 ml of anthrone reagent, each to sample and stan-
dards. Vortex and let stand for 10 min, vortex again and leave for another 10 min 
before measuring the OD.

4.6.11.5	 Measurement

Measure the OD in a photometer at 620 nm.
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4.6.11.6	 Calculation

Calculate from linear regression of the standard values the glycogen content of the 
sample (µg glycogen in 50 µl of homogenate).

1. Liver: g glycogen/100 g tissue (%) = µg/50µl × 20 × 100 × 1
104  ,

(1) (2) (3)

  where term (1) is the dilution factor (i.e. 50 µl→1.0 ml), term (2) is the dilution of 
the homogenate, and (3) represents the conversion of µg/ml→g/100 g. Thus:

 g glycogen/100 g tissue (%) = µg/50 µl × 0.2.

2. Muscle: g glycogen/100 g tissue (%) = µg/50µl × 20 × 50 × 1
104  ,

(1) (2) (3)

  where term (1) is the dilution factor (i.e. 50 µl→1.0 ml), term (2) is the dilution of 
the homogenate, and (3) represents the conversion of µg/ml→g/100 g. 

 Thus: g glycogen/100 g tissue (%) = µg/50 µl × 0.1.

4.6.11.7	 Control	Values

1. Liver: 4.6 mean and range 2.4–6.4 g/100 g liver.
2. Muscle: 0.7–2.0 g/100 g muscle.

4.6.11.8	 Pathological	Values

In glycogen storage diseases GSD I, II, III, IV, VI, and IX, glycogen content in the liver 
is above the normal range, up to above 20 g/100 g. Elevated values are also found in 
Fanconi-Bickel syndrome and Mauriac syndrome. In glycogen synthase deficiency, 
liver glycogen content is usually below the normal range: mean value 2.1 g/100 g 
(range 0.7–3.4; n = 10). In glycogen storage diseases GSD II, V, VII, and variants of 
GSD III and IX, glycogen content in muscle is elevated.

4.6.12	 Glycogen	Structure	(Iodine	Spectrum)

4.6.12.1	 Application

In glycogenosis type III, the outer chain length of glycogen is reduced; in glycogeno-
sis type IV, it is increased.

4.6.12.2	 Principle

A spectrum of the color reaction of glycogen with iodine is recorded. The wavelength 
of the absorption maximum is positively correlated with the outer chain length of 
glycogen (i.e., the chain length distal of the branching points) [24].
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4.6.12.3	 Reagents

1. Glycogen (bovine liver; Sigma G-0885).
2. Glycogen, long- and short-chain preparation see below.
3. β-Amylase (sweet potato; Sigma A-7005).
4. Starch (from potato) for electrophoresis (Sigma S-5651).

4.6.12.4	 Solutions

1. KOH, 33%.
2. Ethanol, 96%.
3. CaCl2, saturated: saturated solution in H2O at room temperature (about 5.5 M).
4. NH4Cl, saturated: saturated solution in H2O at room temperature (about 5.2 M).
5. Iodine reagent: 260 mg J2  + 2.6 g KJ. Dissolve in 10 ml H2O.
6. Glycogen standards: 

a. Glycogen (bovine liver): 1 mg/ml H2O.
b. Glycogen, short-chain: 2 mg/ml H2O.
c. Glycogen, long-chain: 1 mg/ml H2O.

7. Preparation of short-chain glycogen: Mix together 1 g glycogen (bovine liver), 
100 ml 0.2 mM sodium acetate buffer (pH 5.0), 1000 U β-amylase (750–1000 U/
mg). Incubate at 37°C for 2 h. Stop the reaction with 680 ml ethanol (96%). Cen-
trifuge for 10 min at 1000 × g in 40-ml tubes, decant the supernatants and wash 
sediments in 20 ml ethanol (66%) per tube, centrifuge, decant supernatant, and 
wash sediments in 10 ml acetone each. Centrifuge, decant supernatant, and dry the 
sediment (vacuum or nitrogen). One gram of glycogen yields about 600–700 mg 
of short-chain glycogen.

8. Preparation of long-chain glycogen: dissolve 10 mg starch (potato) in 3 ml H2O 
and boil for 15 min. Allow the solution to cool to room temperature and filter 
through a Swinnex 0.45-µm filter. Put into a centrifugation tube 2 ml dissolved 
starch (filtrate) and 2.6 ml ethanol (96%). Add 0.9% NaCl until a flaky precipi-
tate appears. Centrifuge for 10 min at 1000 × g, discard the supernatant and dis-
solve the sediment in 2 ml H2O. Add ethanol and NaCl solution as above, then 
centrifuge for 10 min at 1000 × g. Discard the supernatant and allow the sedi-
ment to dry. Wash the sediment in 2 ml acetone, centrifuge for 10 min at 1000 × g, 
discard the supernatant, and let the sediment dry. The sediment is long-chain 
glycogen.

4.6.12.5	 Samples

1. Liver: 1% homogenate in H2O.
2. Muscle: 10% homogenate in H2O.

4.6.12.6	 Assay

1. Mix 0.4 ml of sample (homogenate) and 1.6 ml 33% KOH 33% in a centrifuge 
tube and boil for 30 min (with the tube covered with a glass marble). Cool on 
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ice/H2O, centrifuge for 10 min at 1000 × g, and decant the supernatant into a new 
tube. Add 2.6 ml ethanol (96%) to the supernatant (approximately 2 ml), heat to 
boiling, and then cool on ice/H2O. Centrifuge for 5 min at 1000 × g, discard the 
supernatant and allow the precipitated glycogen to dry in the tube.

2. For muscle glycogen dissolve the sediment again in 1 ml H2O, add 1.3 ml ethanol 
(96%), mix, heat to boiling, add 10 µl of HCl (0.05 N), and allow the glycogen to 
precipitate for 15 min on ice/H2O. Centrifuge for 5 min at 1000 × g, discard the 
supernatant, and allow the precipitate to dry in the tube.

3. For both muscle and liver, dissolve the sediment in 0.3 ml saturated NH4Cl, boil 
for 5 min and cool on ice/H2O.

4. Add 0.3 ml H2O and 1.95 ml CaCl2 (saturated) and mix – “solution A”.
5. Add 50 µl iodine reagent and 6.5 ml CaCl2 (saturated) and mix – “solution B”.
6. Standards: Add 0.30 ml NH4Cl (saturated) and 1.95 ml CaCl2 (saturated) to 0.3 ml 

of each of the standards (see 4.6.12.4.6, above) and mix to make “standard solu-
tions A”.

4.6.12.7	 Measurement

Run spectrum in photometer from 380 nm to 600 nm, using “tandem cuvettes”. Put 
1 ml of solution “A” into one chamber and 1 ml of solution “B” into the other cham-
ber of each of two tandem cuvettes:
1. “A”/“B”: reference cuvette (do not mix “A” and “B”).
2. “A”/“B”: sample or standard cuvettes (mix “A” and “B”).

Determine the absorption maximum (nm) of the spectrum.

4.6.12.8	 Normal	Values

4.6.12.9	 Pathological	Values

In glycogenosis type III (debranching enzyme deficiency) the absorption maximum 
is around 410 nm in muscle; in liver the maximum remains around 460 nm, but 
there is a pronounced shoulder at 410 nm. In glycogenosis type IV (branching en-
zyme deficiency) the absorption maximum is around 530 nm.

Table 4.6.9  Normal absorption maxima for glycogen

Control livers 454–478 nm (n = 8)

Glycogen (bovine liver) 459 nm

Glycogen, short-chain 409 nm

Glycogen, long-chain 530 nm
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4.6.13	 Glucose-6-Phosphatase	(EC	3.1.3.9)

4.6.13.1	Enzyme	Deficiency

Glucose-6-phosphatase is the enzyme deficient in glycogenosis type Ia (GSD Ia, 
MIM 232 200).

4.6.13.2	 Principle

Glucose-6-phosphate Glucose-6-phosphatase←
          

→  glucose + Pi .

Colorimetric determination of Pi as a measure of the enzyme activity [19].

4.6.13.3	 Solutions

1. Sodium acetate buffer 0.1 M, pH 5.0: Dilute 1 M sodium acetate stock solution 
(81.04 g/l) with H2O and adjust to pH 5.0 with acetic acid. Make up to ten times 
the original volume with H2O.

2. Substrate: 0.1 M glucose-6-phosphate (FW 288; 28.8 mg/ml H2O). Adjust to 
pH 6.5 with 1 N NaOH.

3. Stop solution: 36 mM H2SO4 concentrated (36 N = 18 M; 200 µl/100 ml H2O).
4. Ammonium molybdate/FeSO4 8 mM/144 mM: add together 2.5 g ammonium 

molybdate · H2O (MW 1235.86) and 6.9 ml (final conc. 0.5 M) H2SO4 concen-
trated (18 M). Fill up to 250 ml with H2O and store in a dark bottle at room tem-
perature. Directly before use add 40 mg FeSO4 × 7H2O (MW 278.02) to 1 ml of 
this solution.

5. Pi standard solution 80 µg Pi/ml: put together 351.5 mg (final conc. 2.58 mM) 
KH2PO4 (MW 136.01), [2.58 mM Pi (MW 30.98) = 80 mg Pi/l], and 10 ml con-
centrated H2SO4 (18 M). Make up to 1000 ml with H2O.

4.6.13.4	 Samples

Liver: 1% homogenate (w/v) in H2O. The enzyme is stable at –20°C for at least 
8 weeks.

4.6.13.5	 Assay

1. Blank: put together 50 µl sample (homogenate) and 5 µl sodium acetate buffer 
(total aliquot volume of 55 µl), incubate for 5 min at 37°C (glucose-6-phosphatase 
activity is destroyed while unspecific phosphatase activity is retained).

2. Sample (homogenate): add together 50 µl sample and 5 µl H2O (total aliquot vol-
ume of 55 µl).

3. Add to both sample and blank 50 µl glucose-6-phosphate (pH 6.5) – giving a total 
aliquot volume of 105 µl.
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4. Incubate at 37°C for 0 and 20 min, then add 1 ml stop solution and 1 ml am-
monium molybdate/FeSO4. Mix and centrifuge for 5 min at 1000 × g and use the 
supernatant for OD measurement.

5. Standards: add to each of the following 1 ml stop solution and 1 ml ammonium 
molybdate/FeSO4

a) 0 µg Pi: 100 µl H2O
b) 4 µg Pi: 50 µl H2O + 50 µl Pi standard
c) 8 µg Pi: 100 µl Pi standard.

6. Mix and use for OD measurement.

4.6.13.6	 Measurement

Photometer at 700 nm.

4.6.13.7	 Calculation

1. ∆OD (sample) = OD (20 min) – OD (0 min) without preincubation.
2. ∆OD (blank) = OD (20 min) – OD (0 min) with preincubation.
3. ∆OD = ∆OD (sample) – ∆OD (blank).

 U/g liver = µmol Pi/min/g = ∆OD × µg (std)
OD (std)

 × 1
t (min)

 × 1
31

 × 100 × 20 ,

(1) (2) (3) (4)

  where “std” is standard, term (1) is the incubation time, term (2) is the MW of 
Pi, term (3) is the dilution factor of the homogenate, and term (4) is the dilution 
factor of the homogenate in the assay sample. Thus:

 U/g = ∆OD × µg (std)
OD (std)

 × 1
t (min)

 × 64.5 .

4.6.13.8	 Control	Values

Normal liver: 6.3 U/g (range 3.7–9.6 U/g; n = 17).

4.6.13.9	 Pathological	Values

In glycogenosis Ia the enzyme activity is 0 to 10 % of normal.

4.6.13.10	 Notes

In glycogenosis type Ib (GSD I “non-a”), glucose-6-phosphatase activity is normal or 
even elevated when measured in liver homogenates, but it is low when measured in 
a fraction of intact liver microsomes [10].
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4.6.14	 α-Glucosidase	(Acid	Maltase,	EC	3.2.1.20)

4.6.14.1	 Enzyme	Deficiency

α-Glucosidase is the enzyme deficient in glycogenosis type II (GSD II, M. Pompe, 
MIM 232 300).

4.6.14.2	 Principle

Maltose + H2O α - Glucosidase←
       

→  2 α-D-glucose .

Colorimetric determination of the produced α-D-glucose [19].

4.6.14.3	 Solutions

1. Sodium acetate-buffer 0.1 M pH 4.0 and 4.5: dilute 1 M sodium acetate stock so-
lution (81.04 g/l) with H2O and adjust to pH 4.0 or 4.5 with acetic acid. Make up 
to ten times the original volume with H2O.

2. Potassium phosphate buffer 0.1 M pH 6.5 and 7.0: Make up 0.1 M KH2PO4 (MW 
136.09; 13.61 g/l H2O: Solution A) and 0.1 M K2HPO4 (MW 228.23; 22.82 g/l 
H2O: Solution B). For potassium phosphate buffer pH 6.5 mix 20 ml solution A 
and approximately 11 ml solution B. For potassium phosphate buffer pH 7.0 mix 
20 ml solution A with approximately 40 ml solution B.

3. Maltose substrate: 14 mM (0.5%) Maltose (MW 360.3; 25 mg/5 ml H2O). Store at 
–20°C.

4. Tris-HCl-buffer 1.0 M pH 7.0: 1 M Trizma base (MW 121.1). Dissolve in approxi-
mately 800 ml H2O and adjust the pH to 7.0 (at room temperature) with HCl. 
Make up to 1000 ml with H2O.

5. Glucose reagent: dissolve 13 mg glucose oxidase and 2 mg peroxidase in 100 ml 
Tris-HCl buffer. Add 0.5 ml o-dianisidine (1% w/v in ethanol, prepare fresh). This 
reagent is stable for 1 week at 4°C stored in the dark.

6. Hydrochloric acid 6 M: 48 ml 12.5 M HCl in 100 ml H2O.
7. Glucose standard solution 1 mM: 180 mg d-glucose (MW 180.16) in 1 l H2O.

4.6.14.4	 Samples

1. Liver: 1% homogenate in H2O.
2. Muscle: 2% homogenate in H2O.
3. Chorionic villi: 1% homogenate in 0.2% Triton X-100, centrifuge 5 min at 

12,000 × g. Use the supernatant for assay. Do not freeze the sample before assay.
4. Fibroblasts: homogenate in H2O (approximately 1 mg protein/ml).
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4.6.14.5	 Assay

1. Add 25 µl substrate (maltose), 25 µl buffer for each pH (i.e. sodium acetate buffer 
pH 4.0 and 4.5, and potassium phosphate buffer pH 6.5 and 7.0), and 50 µl sample 
(giving a total aliquot volume of 100 µl).

2. Incubation:
a) Liver, chorionic villi: 60 min and 0 min (blank) at 37°C.
b) Muscle, fibroblasts: 120 min and 0 min (blank) at 37°C.

3. Stop: add 100 µl H2O, boil for 2 min, put on ice. Centrifuge for 10 min at 3000 × g. 
Use the supernatant for assay.

4. Assay: Add 100 µl supernatant, or 100 µl standard 0 µmol (i.e. 100 µl Tris-HCl 
buffer pH 7.0), standard 0.05 µmol (i.e. 50 µl Tris buffer + 50 µl 1 mM glucose 
standard solution), or 100 µl standard 0.1 µmol (i. e., 100 µl glucose standard so-
lution), each to 1.0 ml of glucose reagent. Incubate at 37°C for 60 min. Stop the 
reaction with 1 drop of 6 M HCl.

4.6.14.6	 Measurement

Photometer at 420 nm.

4.6.14.7	 Calculation

1. Liver:

 U/g liver = µmol/min/g
  = ∆OD (60'–0' ) × µmol (std)

OD (std)
 × 20 × 1

t (min)
 × 200

100
 × 100 × 1

2

(1) (2) (3) (4) (5)
  where “std” is standard, term (1) is the dilution factor (50 µl → 1 ml), term (2) is 

the incubation time, term (3) is the dilution after centrifugation, term (4) is the 
dilution factor of the homogenate, and term (5) represents “two glucose” from the 
reaction. Thus:

 U/g = ∆OD × µmol (std)
OD (std)

 × 1
t (min)

 × 2000 .

2. Muscle:

 mU/g muscle = nmol/min/g = 

 ∆OD (60'–0') × µmol (std)
OD (std)

 × 1000 × 20 × 1
t (min)

 × 200
100

 × 50 × 1
2

 ,

(1) (2) (3) (4) (5) (6)

 where term (1) is the conversion factor (U → mU), term (2) is the dilution fac-
tor (50 µl→1 ml), term (3) is the incubation time, term (4) is the dilution after 
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centrifugation, term (5) is the dilution factor of the homogenate, and term (6) 
represents “two glucose” from the reaction. Thus:

 mU/g = ∆OD × µmol (std)
OD (std)

 × 1
t (min)

 × 1000 × 1000 .

3. Fibroblasts, Chorionic villi:

 mU/mg protein = nmol/min/mg = 

 ∆OD (60'–0') × µmol (std)
OD (std)

 × 1000 × 20 × 1
t (min)

 × 200
100

 × 1
mg/ml

× 1
2

 ,

(1) (2) (3) (4) (5) (6)

  where term (1) is the conversion (U→ mU), term (2) is the dilution factor (50 µl→
1 ml), term (3) is the incubation time, term (4) is the dilution after centrifugation, 
term (5) is the protein concentration of the homogenate, and term (6) represents 
“two glucose” from the reaction. Thus:

 mU/mg = ∆OD × µmol (std)
OD (std)

 × 1
t (min)

 × 20,000 × 1
mg prot./ml

  .

4.6.14.8	 Enzyme	Activities

4.6.14.9	 Notes

1. If not enough sample material is available, only measure at pH 4.0 and 6.5.
2. Leukocytes contain other α-glucosidases in the neutral pH range, interfering with 

the assay; they can be suppressed by acarbose (see section 4.6.15).

Table 4.6.10  Activities of α-glucosidase in controls and in patients with 
glycogen storage disease type II (GSD II)

Tissue Controls GSD II Homozygotes

Mean Range n Mean Range n

Muscle (U/g muscle) 52 24–85 7 3.0 0.0–6.9 4

Liver (U/g liver) 0.8 0.5–1.1 16 0.005 0.0–0.02 8

Fibroblasts (U/g 
protein)

5.80 4.65–6.55 3 0.14 0.0–0.48 10

Chorionic villi (mU/ml 
soluble protein)

16.6 10.2–19.0 6 0.0, 1.02 a – 2

a The two individual values are given for both subjects
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4.6.15	 α-Glucosidase	in	Leukocytes	(Acid	Maltase,	EC	3.2.1.20)

4.6.15.1	 Enzyme	Deficiency

α-Glucosidase is the enzyme deficient in glycogenosis type II (GSD II, M. Pompe, 
MIM 232 300).

4.6.15.2	 Principle

Glycogen(n) 
α-Glucosidase

   Acarbose    
→ glycogen(n–1) + α-d-glucose .

Colorimetric determination of the produced α-d-glucose. Acarbose is added to in-
hibit unspecific α-glucosidases present in leukocytes [33].

4.6.15.3	 Solutions

1. 0.1 M Sodium acetate buffer, pH 3.8: dilute 1 M sodium acetate stock solution 
(81.04 g/l) with H2O and adjust to pH 3.8 with acetic acid. Add H2O to make up 
to ten times the original volume.

2. Acarbose stock solution 1mM: acarbose (Glucobay, Bayer, MW 645.6). Dissolve 
one tablet (containing 50 mg acarbose) in 10 ml H2O (7.74 mM). Transfer 130 μl 
of 7.74 mM acarbose into an Eppendorf tube and add 870 μl H2O (1 mM). Store 
at –20°C.

3. Glycogen substrate (without acarbose): dissolve 250 mg glycogen in 5 ml sodium 
acetate buffer (5% glycogen solution). Store at –20°C.

4. Glycogen substrate with 6 μM acarbose: dissolve 250 mg glycogen in 5 ml sodium 
acetate buffer (5% glycogen solution). Add 30 μl of 1 mM acarbose stock solution. 
Store at –20°C.

5. 1 M Tris-HCl buffer, pH 7.0: Dissolve 121.1 g Trizma base (MW 121.1) in approx-
imately 800 ml H2O. Adjust the pH to 7.0 (at room temperature) with HCl. Make 
up to 1000 ml with H2O.

6. Glucose reagent: dissolve 13.0 mg glucose oxidase and 2.0 mg peroxidase in 
100 ml Tris-HCl buffer. Add 0.5 ml o-dianisidine (1% w/v in ethanol, prepare 
fresh). Stable for 1 week at 4°C in the dark.

7. Hydrochloric acid, 6 M: add 48 ml 12.5 M HCl to 100 ml H2O.
8. Glucose standard solution, 1 mM: 180 mg d-glucose (MW 180.16) in 1 ml H2O.

4.6.15.4	 Sample

Leukocytes: homogenate in 0.2% Triton X-100. Dilute with 0.2% Triton X-100 to 
0.5–1 mg protein/ml.
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4.6.15.5	 Assay

Add 50 µl substrate (glycogen either with or without acarbose) to 50 µl sample and 
incubate for 120 min and 0 min (blank) at 37°C. To stop the reaction: add 100 µl 
H2O, boil for 2 min and then put on ice. Centrifuge for 10 min at 3000 × g; use 100 μl 
supernatant for glucose determination.

4.6.15.6	 Glucose	Determination

Sample: 100 µl supernatant + 1 ml glucose reagent
Glucose standards:
1. 0 μmol: 100 μl 1 M Tris-HCl buffer (pH 7.0) + 1 ml glucose reagent.
2. 0.01 μmol: 90 μl 1 M Tris-HCl buffer (pH 7.0) + 10 μl glucose standard solution 

(1 mM) + 1 ml glucose reagent.
3. 0.03 μmol: 70 μl 1 M Tris-HCl buffer (pH 7.0) + 30 μl glucose standard solution 

(1 mM) + 1 ml glucose reagent.
4. 0.05 μmol: 50 μl 1 M Tris-HCl buffer (pH 7.0) + 50 μl glucose standard solution 

(1 mM) + 1 ml glucose reagent.

Incubate the mixtures at 37°C for 60 min. Stop the reaction by adding 10 μl 6 M HCl.

4.6.15.7	 Measurement

Photometer at 420 nm.

4.6.15.8	 Calculation

mU/mg protein = nmol/min/mg = 

∆OD(120'–0') × µmol (std)
OD (std)

 × 1000 × 20 × 1
t (min)

 × 200
100

 × 1
mg/ml

 ,

 (1) (2) (3) (4) (5)

where “std” is standard, term (1) is the conversion (U→mU), term (2) is the dilution 
factor (50 µl→1 ml), term (3) is the incubation time, term (4) is the dilution after 
centrifugation, and term (5) is the protein concentration. Thus:

mU/mg = ∆OD × µmol (std)
OD (std)

 × 1
t (min)

 × 1
mg/ml

× 40,000 .

4.6.15.9	 Enzyme	Activities

For controls, the mean α-glucosidase level is 0.81 mU/mg protein (range 0.60–1.50; 
n = 14). For patients with GSD II, these figures are 0.05 mU/mg protein (range 0.00–
0.10; n = 4). Note that obligate heterozygotes are not detectable reliably.
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4.6.16	 Amylo-1,6-Glucosidase	(Debranching	Enzyme,	EC	3.2.1.33),	
Assay	with	[14C]-Glucose

4.6.16.1	 Enzyme	Deficiency

Amylo-1,6-glucosidase is the enzyme deficient in glycogenosis type III (GSD III, 
MIM 232 400). Hydrolysis of glycogen by phosphorylase stops four glucose units 
before a 1,6-branching site in the glycogen 1,4-chain, yielding “phosphorylase limit 
dextrin”. Amylo-1,6-glucosidase (debranching enzyme) has a dual enzyme function 
in the debranching action of glycogen: (1) glucan transferase: 3 glucose units from 
the 1,6-branch of the limit dextrin are transferred to the 1,4-branch, and (2) amylo-
1,6-glucosidase: the 1,6- bond of the remaining glucose unit is hydrolyzed, yielding 
glucose and a 1,4-chain of glycogen, which can be further degraded by phosphory-
lase, yielding glucose-1-phosphate.

4.6.16.2	 Principle

Incorporation of [14C]-glucose into glycogen by the reverse reaction of the hydro-
lase amylo-1,6-glucosidase. Measurement of the incorporated radioactivity in the 
precipitated glycogen [20, 39]. This assay can only test the enzymes function of the 
hydrolysis of the 1-6 bond (see section 4.6.16.1).

4.6.16.3	 Solutions

1. Histidine-HCl, pH 6.5: 50 mM l-Histidine-HCl (MW 209.63; 52 mg/5 ml H2O). 
Adjust to pH 6.5 with 1 M NaOH. After storage check the pH before use.

2. Substrate for liver and muscle tissue: [14C]-glucose, 3 µCi in 30 µmol glucose/ml: 
the specific activity for each batch of [14C]-glucose differs (e.g., 0.05 mCi/0.026 mg 
in 5 ml ethanol/H2O 9:1 = 348.2 mCi/mmol). The desired activity is 3 µCi in 
30 µmol glucose/ml = 50 µCi in 500 µmol/16.7 ml. Dry 0.5 ml of [14C]-glucose so-
lution with nitrogen, add 16.7 ml of nonlabeled glucose solution (see below), mix 
well, and store in aliquots of 2.5 ml at –20°C.
a. Nonlabeled glucose solution:
 30 mM glucose (MW 180.16). 30 mM = 30 µmol/ml = 5.406 mg/ml
   = 90.280 mg/16.7 ml
 [14C]-glucose (s. above) contains  = 0.026 mg
 Difference, for non labeled glucose  = 90.254 mg/16.7 ml
 Prepare: glucose solution (e.g.) 100 mg/18.5 ml H2O

3. Substrate for RBC: [14C]-glucose, 15 µCi in 30 µmol glucose/ml: the specific ac-
tivity for each batch of [14C]-glucose differs (e.g., 0.25 mCi/0.059 mg in 2.5 ml 
ethanol/H2O 9:1 = 304.7 mCi/mmol). The desired activity is 15 µCi in 30 µmol 
glucose/ml = 250 µCi in 500 µmol/16.7 ml. Dry 2.5 ml of [14C]-glucose solution 
with nitrogen, add 16.7ml of nonlabeled glucose solution (see below), mix well, 
and store in aliquots of 2.5 ml at –20°C.
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a. Non labeled glucose solution:
 30 mM Glucose (MW 180.16). 30 mM = 30 µmol/ml = 5.406 mg/ml
  = 90.280 mg/16.7 ml
 [14C]-glucose (s. above) contains  = 0.059 mg
 Difference, for non labeled glucose  = 90.221 mg/16.7 ml
 Prepare: glucose solution (e.g.) 100 mg/18.5 ml H2O

4. Trichloroacetic acid stop solution: 1.5 M trichloroacetic acid (MW 163.4; 
24.5 g/100 ml H2O).

5. Ethanol 95%.
6. KOH 20%.

4.6.16.4	 Samples

1. Liver, muscle: 10% (w/v) homogenate in H2O.
2. RBC: For determination of Hb dilute three times. The enzyme is stable in heparin-

ized blood at room temperature or 4°C for 24–72 h without inactivation, and in 
isolated RBC at –20°C for 6 weeks without inactivation.

4.6.16.5	 Assay

1. Incubate 40 mg glycogen (oyster), 0.2 ml histidine/HCl, 0.1 ml sample or H2O 
(blank), and 0.1 ml substrate (giving a total aliquot volume of 0.4 ml) at 37°C for 
60 min (liver, muscle) or 3 h (RBC). Then add 0.5 ml stop solution and place on 
ice. Then:
a. Add 2.0 ml H2O and 5.0 ml 95% ethanol. Mix, centrifuge for 10 min at 1000 × g. 

Discard the supernatant.
b. Dissolve the remaining pellet in 2.0 ml H2O, then add 5.0 ml 95% ethanol, 

repeat the procedure described in a) above.
c. Dissolve the remaining pellet in 2.0 ml 20% KOH and boil for 30 min. Put on 

ice and add 5.0 ml 95% ethanol.
d. Wash three times as described in a) above. If the precipitation of glycogen is 

too fine, add five drops of 1 M HCl to the H2O/ethanol mixture.
e. Dissolve the last pellet in 0.5 ml H2O (results in an end volume of approxi-

mately 0.7 ml). Determine “vol (end)” in milliliters. Use 0.5 ml for counting of 
radioactivity.

2. The assay solutions required for counting for liver and muscle and for RBC are 
shown in Table 4.6.11.

4.6.16.6	 Measurement

In a liquid scintillation counter.
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4.6.16.7	 Calculation

1. Standard: 10 µl substrate containing 0.09 µCi 14C.
2. Expected dpm = 0.09 µCi × 2.22 × 106 dpm/µCi = 199,800 dpm.
3. Efficiency factor f = dpm (expected)/∆dpm (standard).
4. ∆dpm (standard) = dpm (standard) – dpm (background).
5. Δdpm (sample) = dpm (sample) – dpm (blank).

For liver and muscle:

‘U’/g tissue = ‰ substrate incorporated/h/g tissue = 

 Δdpm (sample)
Δdpm (standard)

 × 1000 × 30
100

 × 1
t (h)

 × 10 × 10 × vol (end)
0.5 ml

 × ƒ ,

 (1) (2) (3) (4) (5) (6) (7)

where term (1) is o/oo, term (2) is the dilution factor of the standard (30 µl → 100 µl), 
term (3) is the incubation time, term (4) is the dilution factor 100 µl → 1 ml, term 
(5) is the dilution of the homogenate, term (6) is the dilution of the sample before 
counting, and term (7) is the efficiency factor. Thus:

‘U’/g = Δdpm (sample)
Δdpm (standard)

 × 1
t (h)

 × 60,000 × vol (end; ml) × ƒ .

Table 4.6.11  Mixtures for liquid scintillation counting of amylo-1,6-
glucosidase (debranching enzyme; assay with [14C]-glucose) for liver and 
muscle, and for RBC

H2O 
(ml)

From assay 
(ml)

14C-glucose 
(ml)

Scintillation 
liquid (ml)

Liver/muscle

Background 0.5 – – 10.0

Standard 0.47 – 0.03 (= 0.09 µCi) 10.0

Blank – 0.5 – 10.0

Sample – 0.5 – 10.0

RBC

Background 0.5 – – 10.0

Standard 0.49 – 0.01 (= 0.15 µCi) 10.0

Blank – 0.5 – 10.0

Sample – 0.5 – 10.0
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For RBC:

‘U’/g tissue = o/oo  substrate incorporated/h/g Hb = 

 Δdpm (sample)
Δdpm (standard)

 × 1000 × 10
100

 × 1
t (h)

 × 10 × vol (end)
0.5 ml

 × 1
g/ml

 × ƒ ,

 (1) (2) (3) (4) (5) (6) (7)

where term (1) is o/oo, term (2) is the dilution factor of the standard (10 µl →100 µl), 
term (3) is the incubation time, term (4) is the dilution factor 100 µl →1 ml, term (5) 
is the dilution of the sample before counting, term (6) is the concentration of Hb, and 
term (7) is the efficiency factor. Thus:

‘U’/g = Δdpm (sample)
Δdpm (standard)

 × 1
t (h)

 × 2000 × vol (end) × ƒ .

4.6.16.8	 Enzyme	Activities

4.6.16.9	 Note

In GSD IX (phosphorylase b-kinase deficiency), amylo-1,6-glucosidase activity in 
RBC is usually elevated.

Table 4.6.12  Amylo-1,6-glucosidase activities in liver and RBC

Mean Range n

Liver (‘U’/g liver)

Controls 214 157–280 16

Homozygotes 
GSD III

11.2 0.0–49.4 18

RBC (‘U’/g Hb)

Controls 2.3 0.9–4.2 33

Heterozygotes 1.3 0.4–2.4 15

Homozygotes 
GSD III

0.2 0.0–0.6 22



4534.6.16 Amylo-1,6-Glucosidase (Debranching Enzyme, EC 3.2.1.33), Assay with [14C]-Glucose



4.6.17	 Amylo-1,6-Glucosidase	(Debranching	Enzyme,	EC	3.2.1.33),	
Assay	with	Limit	Dextrin

4.6.17.1	 Enzyme	Deficiency

Amylo-1,6-glucosidase is the enzyme deficient in glycogenosis type III (GSD III, 
MIM 232 400).

4.6.17.2	 Note

Hydrolysis of glycogen by phosphorylase stops four glucose units before a 
1,6-branching site in the glycogen 1,4-chain, yielding “phosphorylase limit dextrin”. 
Amylo-1,6-glucosidase (debranching enzyme) has a dual enzyme function in the 
debranching action of glycogen: (1) glucan transferase; 3 glucose units from the 1,6-
branch of the limit dextrin are transferred to the 1,4-branch, and (2) amylo-1,6-glu-
cosidase; the 1,6- bond of the remaining glucose unit is hydrolyzed, yielding glucose 
and a 1,4-chain of glycogen, which can be further degraded by phosphorylase, yield-
ing glucose-1-phosphate.

4.6.17.3	 Principle

The produced glucose from “phosphorylase limit dextrin” is determined as a meas-
ure of the debranching enzyme activity. This assay method is used for the detection 
of GSD IIId, a subtype in which only the translocase activity of the enzyme (see sec-
tion 4.6.17.2) is affected [9, 12, 20].

4.6.17.4	 Solutions

1. Citrate-phosphate/BME buffer 0.01 M, pH 6.0: mix 10 mM citric acid mono-
hydrate (MW 210.14; 2.1 g/l) and 20 mM Na2PO4·2H2O (3.6 g/l H2O) at a ratio 
of approximately 37:63 so that pH 6.0 is reached. Add 5 mM BME (MW 78.13; 
3.9 mg/10 ml buffer).

2. Citrate-phosphate /BME buffer 0.1 M, pH 6.0: mix 100 mM citric acid mono-
hydrate (MW 210.14; 21.0 g/1 H2O) and 200 mM Na2PO4·2H2O (35.6 g/l H2O) 
at a ratio of approximately 37:63 so that pH 6.0 is reached. Add 50 mM BME 
(39.1 mg/10 ml buffer).

3. Phosphorylase limit dextrin substrate (PLD): 5% (w/v) in H2O (see 5. below).
4. Glycogen substrate: glycogen (oyster) 5% (w/v) in H2O.
5. Production of phosphorylase limit dextrin (PLD).

a. Solutions:
 I. Phosphate buffer, pH 7.4: mix 0.1 M KH2PO4 (MW 136.0; 13.6g/l H2O) and 

0.1 M Na2PO4·12 H2O (MW 358.14; 35.8 g/l H2O) at a ratio of approximately 
20:80 until pH 7.0 is reached.

 II. Dialysis buffer: dissolve 1.94 g (final conc. 4 mM) cystein (MW 121.16), 
approximately 1.69 g (final conc. 1 mM) adenosine 5’-monophosphate (AMP; 
FW approximately 423), 2.4 g (final conc. 106 U/l) penicillin G (1662 U/mg), 
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and 4.0 g (final conc. 0.1%) streptomycin sulfate in 4 l of phosphate buffer (see 
I above).

b. Procedure: dissolve 500 mg glycogen (oyster) and 10 mg phosphorylase b in 
10 ml phosphate buffer (see I above). Dialyze for 48 h four times in 1 l of dialy-
sis buffer (see II above) at room temperature, then dialyze for 16–24 h twice in 
1 l phosphate buffer at room temperature. Add to the dialysate (approximately 
10 ml) 2 ml of 33% KOH, boil for 20 min, put on ice, centrifuge at 1000 × g 
for 10 min and collect the supernatant. Add 15.6 ml of 96% ethanol; put on 
ice for 10 min, centrifuge for 5 min at 1000 × g, discard the supernatant. Wash 
the pellet twice by dissolving in 10 ml H2O, adding 13 ml of 96% ethanol, and 
centrifuging for 5 min at 1000 × g. Wash the final sediment (limit dextrin) in 
ethanol and acetone. Dry and store at –20°C. The yield of limit dextrin is about 
50% of glycogen).

4.6.17.5	 Samples

1. RBC: erythrocytes, undiluted; determine Hb concentration.
2. Tissues: 1% (w/v) homogenate in 0.01 M citrate-phosphate/BME buffer (pH 6.0).

4.6.17.6		 Assay

Incubate 100 µl PLD substrate or glycogen substrate, 100 µl 0.1 M citrate-phos-
phate/BME buffer (pH 6.0), 700 µl H2O, and 100 µl sample at 37 °C for 6 h. To stop 
the reaction boil for 1 min, put on ice, and then centrifuge for 10 min at 1000 × g. 
Use 0.5 ml of the resultant supernatant for the glucose assay (with hexokinase – see 
Chap. 4.6.10).

4.6.17.7	 Calculation

1. For RBC:

 mU/g Hb = nmol glucose produced per min per g Hb = 

 nmol glucose × 1
t (min)

 × 10 × 1000
200

 × 1000
Hb (g/l)

 ,

(1) (2) (3) (4)

  where term (1) is the incubation time, term (2) is the dilution factor of the RBC 
(100 µl →1 ml), term (3) is the dilution factor in the glucose assay, and term (4) is 
the conversion for milliliters RBC→grams Hb. Thus:

 mU/g Hb = nmol (glucose) × 1
t (min)

 × 1
Hb (g/l)

 × 50,000 .

2. For tissues (1% homogenates):

 mU/g tissue = nmol (glucose) × 1
t (min)

 × 5,000 .

4554.6.17 Amylo-1,6-Glucosidase (Debranching Enzyme, EC 3.2.1.33), Assay with Limit Dextrin



4.6.17.8		 Enzyme	Activities

Table 4.6.13 gives the PLD/glycogen values in the RBC of controls, heterozygotes and 
GSD III patients. With glycogen as substrate, glucose is produced by phosphorylase 
activity (via glucose-1-phosphate→glucose-6-phosphate→glucose), even if amylo-
1,6-glucosidase is not active.

4.6.18	 1,4-α-Glucan	Branching	Enzyme		
(Amylo-(1,4→1,6)-Transglucosylase;	EC	2.4.1.18)

4.6.18.1	 Enzyme	Deficiency

Branching enzyme is deficient in glycogenosis type IV (GSD IV, MIM 232 500).

4.6.18.2	 Principle

Branching enzyme is responsible for the α-1,6-branching of the α-1,4-chain in the 
synthesis of glycogen. Branching enzyme enhances the rate of polysaccharide (en-
dogenous glycogen) synthesis from glucose-1-phosphate by phosphorylase.

(Glycogen)n + x glucose-1-phosphate Phosphorylase←
Branching enzyme

→ (glycogen)n+x + x Pi .

The inorganic phosphorus (Pi) produced in the reaction serves as an indirect meas-
ure of the branching enzyme activity [7].

4.6.18.3	 Solutions

1. Glycylglycine-BME buffer 50 mM, pH 6.2: dissolve 661 mg glycylglycine (MW 
132.12) and 70 µl BME in H2O. Adjust the pH to 6.2 with NaOH and fill up to 
100 ml with H2O.

2. G-1-P-substrate: 0.4 M α-D-glucose-1-phosphate-K2 (FW 380; 76 mg/0.5 ml 
H2O). Adjust to pH 6.2 with HCl.

Table 4.6.13  Enzyme activities (amylo-1,6-glucosidase – as assessed 
by levels of  phosphorylase limit dextrin, PLD, and glycogen) in RBC

RBC PLD substrate 
(mU/g Hb)

Glycogen substrate 
(mU/g Hb)

PLD/ 
Glycogen

Controls 46.6; 6.6 11.0; 13.3 0.42; 0.50

Heterozygotes 7.5; 2.4 15.1; 6.7 0.50; 0.39

GSD III patients a 0.0–4.1 12.1–24.4 0.0–0.25

a Values are for four regular GSD III patients, non-GSD III d types



4.6 Enzymes and Metabolites of Carbohydrate Metabolism456



3. AMP 10 mM: AMP (FW 423; 4.2 mg/ml H2O).
4. Phosphorylase a, 30 U/ml: 30 U/ml phosphorylase a (3 mg*/ml glycylglycine-

BME buffer; *depending on product).
5. Stop solution: 36 mM H2SO4 conc. (18 M; 200 µl/100 ml H2O).
6. Ammonium molybdate/FeSO4, 8 mM/144 mM: Mix 25 g ammonium moly-

bdate · 4H2O (MW 1235.86) and 6.93 ml H2SO4 (18 M). Make up to 250 ml with 
H2O. Store at room temperature in a dark bottle. Before use add 400 mg FeSO4 
heptahydrate (MW 278.02) to 10 ml of this solution.

7. Pi standard solution 80 µg Pi/ml: put together 351.5 mg (final conc. 2.58 mM) 
KH2PO4 (MW 136.01), [2.58 mM Pi (MW 30.98) = 80 mg Pi/l], and 10 ml con-
centrated H2SO4 (18 M). Make up to 1000 ml with H2O.

4.6.18.4	 Samples

Liver: 1% (w/v) homogenate in glycylglycine-BME buffer.

4.6.18.5	 Assay

1. Assay sample: 100 µl glucose 1-phosphate, 50 µl AMP, 100 µl phosphorylase a (see 
above, 4), and 150 µl H2O. Warm to 30°C, then start the reaction by adding 100 µl 
of sample (or glycylglycine-BME buffer = blank).

2. Incubation: at 30°C, remove at 15-min intervals 50-µl aliquots for Pi determina-
tion. Stop the reaction with 1 ml stop solution (H2SO4) + 1.0 ml ammonium mo-
lybdate/FeSO4. Centrifuge at 1000 × g for 5 min and use the supernatant for OD 
measurement.

3. Measurement: photometer at 700 nm

4.6.18.6	 Calculation

Calculate ∆OD/∆t from the linear region of the OD measurements.

U/g liver = µmol/min/g = 

∆OD sample × µg (std)
OD (std)

 × 1
31

 × 1
∆t

 × 500
100

 × 500
50

 × 100,

 (1) (2) (3) (4) (5)

where “std” is standard, term (1) is the conversion of Pi from µg→µmol, term (2) is 
the time interval for ΔOD, term (3) is the dilution factor in the assay before incuba-
tion, term (4) is the dilution in the assay after incubation, and term (5) is the dilution 
of the homogenate. Thus:

U/g = ∆OD (sample) × µg (standard)
OD (standard)

 × 1
∆t

 × 161.3.

4574.6.18 1,4-α-Glucan Branching Enzyme (Amylo-(1,4 → 1,6)-Transglucosylase; EC 2.4.1.18)



4.6.18.7	 Enzyme	Activities

Table 4.6.14 shows the enzyme activities in liver, muscle, and fibroblasts.

4.6.19	 Phosphorylase	(EC	2.4.1.1)

4.6.19.1	 Enzyme	Deficiency

Different phosphorylases are deficient in muscle in glycogenosis type V (GSD V, 
M. McArdle, MIM 232 600), and in liver in glycogenosis type VI (GSD VI, MIM 
232 700), respectively.

4.6.19.2	 Principle

(Glycogen)n + glucose-1-phosphate Phosphorylase←
   AMP   

→ (glycogen)n+1 + Pi .

Photometric determination of Pi as a measure for substrate turnover. In vivo, the 
reaction is from right to left, in the assay, the reaction is from left to right (i.e., back-
wards) [19, 38].

4.6.19.3	 Solutions

1. Substrate-mix: dissolve 192 mg glucose-1-phosphate (final conc. 0.1 M), 100 mg 
glycogen (final conc. 2%), 42 mg sodium fluoride (final conc. 0.2 M), and 6.3 mg 
AMP (FW 423; final conc. 3 mM) in 5 ml H2O. Adjust pH to 6.1 (4–5 drops of 1 M 
HCl). This mix is stable at –20°C for 3 months.

Table 4.6.14  Enzyme activities (1,4-α-glucan branching enzyme) in liver, 
muscle, and fibroblasts

Sample assayed Patient group Activity 
(mean ± SD)

n

Liver (µmol/min/g tissue) [17] Controls 170 ± 62 31

GSD IV homozygotes 0.0; 1.1 a 2

Muscle (µmol/min/g tissue) 
[17]

Controls 7.2 ± 41 10

GSD IV homozygotes 0.9; 1.4 a 2

Fibroblasts (µmol/min/mg 
protein) [8]

Controls 1.52 ± 0.47 82

GSD IV heterozygotes 0.62 ± 0.18 20

GSD IV homozygotes 0.07 ± 0.03 25

a The two individual values are given for both subjects
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2. H2SO4 stop solution, 36 mM: 200 µl H2SO4 conc. (36 N = 18 M) in 100 ml H2O.
3. Ammonium molybdate/FeSO4 8 mM/144 mM: add together 2.5 g ammonium 

molybdate · H2O (MW 1235.86) and 6.9 ml (final conc. 0.5 M) H2SO4 concen-
trated (18 M). Fill up to 250 ml with H2O and store in a dark bottle at room tem-
perature. Directly before use add 40 mg FeSO4 × 7H2O (MW 278.02) to 1 ml of 
this solution.

4. Pi standard solution 80 µg Pi/ml: put together 351.5 mg (final conc. 2.58 mM) 
KH2PO4 (MW 136.01), [2.58 mM Pi (MW 30.98) = 80 mg Pi/l], and 10 ml con-
centrated H2SO4 (18 M). Make up to 1000 ml with H2O.

4.6.19.4	 Samples

Liver, muscle: homogenate 1% w/v in H2O. The enzyme is stable in liver at –20°C for 
6–8 weeks, possibly longer.

4.6.19.5	 Assay

1. Assay mix: add together 50 µl substrate mix and 50 µl sample (homogenate; giving 
a total of 100 µl).

2. Blank and standards:
a) 0 μg Pi: 100 µl H2O
b) 4 μg Pi: 50 µl H2O + 50 μl Pi standard (2.58 mM) = 100 μl
c) 8 μg Pi: 100 µl Pi standard (2.58 mM) = 100 μl.

3. Incubation: 37°C for 0 and 20 min. Stop with 1.0 ml 36 mM H2SO4 + 1.0 ml am-
monium molybdate/FeSO4 (8 mM/144 mM). Centrifuge for 5 min at 1000 × g. 
Use the supernatant for OD measurement.

4. Measurement: photometer, OD at 700 nm.

4.6.19.6	 Calculation

ΔOD (sample) = OD at 20 min – OD at 0 min

U/g liver or muscle = μmol/min/g = 

∆OD (sample) × µg (std)
OD (std)

 × 1
31

 × 1
t (min)

 × 1000
50

 × 100 ,

 (1) (2) (3) (4)

where “std” is standard, term (1) is the conversion of Pi from µg→µmol, term (2) is 
the incubation time (20 min), term (3) is the dilution factor in the assay, and term (4) 
is the dilution of the homogenate. Thus:

U/g = ΔOD (sample) × µg (standard)
OD (standard)

 × 3.225.

4594.6.19 Phosphorylase (EC 2.4.1.1)



4.6.19.7	 Enzyme	Activities

4.6.20	 6-Phosphofructokinase	(EC	2.7.1.11)

4.6.20.1	 Enzyme	Deficiency

6-Phosphofructokinase is the enzyme deficient in glycolysis leading to glycogenosis 
type VII (GSD VII, M. Tarui, MIM 232 800). The enzyme in its active form is a tetra-
mer, composed of three different subunits: M (muscle), L (liver), and P or F (plate-
lets, fibroblasts). The enzyme is found in different compositions in different tissues, 
as shown in Table 4.6.16.  In glycogenosis type VII the enzyme deficiency can only be 
determined in muscle, because only the deficiency of the M form leads to GSD VII.

Table 4.6.16  Composition of 6-Phosphofructokinase in different tissues

Tissue Subunits

Muscle M4

Liver L4

Leukocytes P4, P3L, P2L2, PL3, and L4 (the last form predominates)

Kidney Mostly L4

Thrombocytes P4, P3L, P2L2

Erythrocytes M4, M3L, M2L2, ML3 (M and L normally in equal amounts)

Fibroblasts P4 (F4) and some L (?)



Table 4.6.15  Liver and muscle phosphorylase enzyme activities

Mean Range n

Liver (U/g) Controls 22.3 11.3–31.3 16

GSD VI patients 2.6 0.4–5.3 6

Muscle (U/g) Controls 89.3 69.0–121.5 4

GSD V patient 1.4 a – 1

a The individual value is given; not a mean



4.6 Enzymes and Metabolites of Carbohydrate Metabolism460



4.6.20.2	 Principle

1. F6P + ATP 6-Phosphofructokinase←     
Mg 2+          →  FDP + ADP.

2. FDP Adolase←
   

→  DHA-P + glyceraldehyde-3-phosphate.

3. glyceraldehyde-3-phosphate TIM←
  

→  DHA-P.

4. 2 DHA-P + 2 NADH + H+ GDH←
  

→  2 glycerol-3-phosphate + 2 NAD+.

 Σ: F6P + ATP + 2 NADH + H+ ↔ 2 glycerol-3-phosphate + ADP + 2 NAD+

 where F6P is fructose-6-phosphate, FDP is fructose-1,6-diphosphate, DHA-P 
is dihydroxyacetone phosphate, TIM is triosephosphate isomerase, and GDH is 
glycerol-3-phosphate dehydrogenase. The oxidation of NADH is a measure of 
the 6-PFK activity and is determined photometrically (decrease of OD per min-
ute) [4].

4.6.20.3	 Solutions

1. Tris-HCl 1 M, pH 8.0: 6.05 g Tris (MW 121.1) in 50 ml H2O. Adjust to pH 8.0 
with HCl.

2. Homogenization buffer, pH 8.2: add 18.6 mg (final conc. 1 mM) EDTA (MW 
372.24), 61.6 mg (final conc. 5 mM) MgSO4 (MW 246.48) to 40 ml of 50 mM 
Tris-HCl (dilute 1:20 from solution described above). Adjust pH to 8.2 with HCl. 
Fill up to 50 ml with 50 mM Tris.

3. MgCl2 (MW 203.3): 100 mM (1.02 g/50 ml H2O).
4. ATP (FW ≅ 620): 20 mM (≅ 12.4 mg/ml H2O).
5. NADH-Na2 (MW 709.4): 4 mM (2.8 mg/ml H2O).
6. KCl (MW 74.56): 2 M (1.5 g/10 ml H2O).
7. KCN (MW 65.12): 20 mM (13 mg/10 ml H2O).
8. AMP (FW ≅ 405): 40 mM (≅ 16.2 mg/ml H2O).
9. Fructose-6-phosphate substrate: 60 mM fructose-6-phosphate (MW 304.1; 

18.2 mg/ml H2O).
10. Enzyme mix: mix together 550 µl (→ 50 U) aldolase (suspension, 90 U/ml), 5 µl 

(→ 50 U) TIM (suspension, 10,000 U/ml), 145 µl (→ 50 U) GDH (suspension, 
340 U/ml), and 300 µl (NH4)SO4 (saturated solution), giving a total aliquot vol-
ume of 1000 µl. Store at 4°C. Before use dilute 1:15 with 0.1 M Tris-HCl pH 8.0.

4.6.20.4	 Samples

Muscle: homogenate 1:400 in homogenization buffer. Because of the fast inactivation 
of the enzyme in the homogenate, assay the enzyme at four different concentrations 
immediately after homogenization and determine the protein concentration later on. 
The enzyme is stable in muscle at –20°C for about 7 days, and at –70°C for about 
1–4 months [23].

4614.6.20 6-Phosphofructokinase (EC 2.7.1.11)



4.6.20.5	 Assay

The constituents of the assay solution in the cuvettes is given in Table 4.6.17.

4.6.20.6	 Measurement

In a photometer at 340 nm, thermostatted at 25°C. Determine ∆OD/min when good 
linearity is reached (i.e., when the correlation coefficient is near 1).

4.6.20.7	 Calculation

For the calculation use the measurement with a protein concentration of the sample 
of 10–25 µg/ml.
Molar extinction of NADH = 6.22 × 103

αmM (µmol/ml) = 6.22

U/g muscle = µmol/min/g = ∆OD/min × 1
6.22

 × 1000
× µl

 × 400 × 1
2

 ,

(1) (2) (3) (4)

Table 4.6.17  Assay mixture for assessment of 6-phosphofructokinase 
activity. Pipette these solutions into 1-ml quartz cuvettes. Instructions 
for the preparation of these solutions are given in section 4.6.20.3

Solution Volume Concentration in assay

0.1 M Tris-HCl buffer, pH 8.0 50 µl

MgCl2 50 µl 5.0 mM

ATP 50 µl 1.0 mM

NADH 50 µl 0.2 mM

KCl 50 µl 0.1 M

KCN 50 µl 1.0 mM

AMP 50 µl 2.0 mM

Enzyme mix 1:15 100 µl

Sample (homogenate)* 10 µl or 20 µl, 30 µl, 50 µl

H2O 490 µl or 480 µl, 470 µl, 450 µl

Start: fructose-6-phosphate 
substrate
or H2O (blank) **

50 µl

(50 µl)

3.0 mM

Total 1000 µl

*   4 different volumes in 4 different cuvettes, accordingly 4 different volumes of H2O.
** Switch blank and sample cuvettes in the photometer because OD is decreasing.
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where term (1) is the millimolar extinction of NADH, term (2) is the dilution fac-
tor in the assay (× µl is the sample volume with the desired protein concentration), 
term (3) is the dilution factor before the assay, and term (4) represents 2 NADH per 
reaction. Thus:

U/g muscle = ∆OD/min × dilution in assay* × 32.15
 * Dilution in assay: 10 µl → 100 ×
    20 µl → 50 ×
    30 µl → 33 ×
    50 µl → 20 × .

4.6.20.8	 Enzyme	Activities

Mean enzyme activity in controls is 17.4 U/g muscle (14.0–22.6 U/g muscle; n = 8). 
That in a GSD VII patient was 0.13 U/g muscle [40].

4.6.21	 Phosphorylase	b-Kinase	(EC	2.7.1.38)

4.6.21.1	 Enzyme	Deficiency

Phosphorylase b-kinase is the enzyme deficient in glycogenosis type IX (GSD IX, 
formerly GSD VIII, MIM 306 000).

4.6.21.2	 Principle

Phosphorylase b-kinase converts the enzyme phosphorylase from its low activity 
form (phosphorylase b) to the high activity form (phosphorylase a) by phosphoryla-
tion. The enzyme activity of phosphorylase b-kinase is correlated with the increase of 
phosphorylase activity in the probands sample and is measured by determining the 
amount of Pi produced by phosphorylase activity.
1. Activation of phosphorylase b (first incubation at 30°C):

 2 Phosphorylase b + 4 ATP Phosphorylase b-kinase←    
Mg 2+    

→ phosphorylase a + 4 ADP

2. Measurement of phosphorylase a activity (second incubation at 37°C):

 Glycogen(n) + G-1-P Phosphorylase a←
        

→  Glycogen(n+1) + Pi

 (Addition of caffeine to inhibit phosphorylase b activity.)
3. Photometric determination of Pi production. One “colorimetric unit” of phos-

phorylase a is the amount of enzyme that produces 1 μmol Pi/min under assay 
conditions [3, 22].

4634.6.21 Phosphorylase b-Kinase (EC 2.7.1.38)



4.6.21.3	 Solutions

1. Magnesium acetate 330 mM: 708 mg magnesium acetate (MW 214.48) in 10 ml 
H2O.

2. ATP 36 mM: 22.3 mg ATP (FW 627) in 1 ml H2O. Prepare fresh before use!
3. β-Glycerophosphate 330 mM: 1.0 g β-glycerophosphate (MW 306.11) in 10 ml 

H2O + 400 mg Tris (MW 121.1) in 10 ml H2O (final conc. 330 mM). Adjust to 
pH 6.8 with 0.1 N HCl.

4. Phosphorylase b: According to the specification on the product, 150 U/ml H2O. 
Prepare only the amount needed, fresh before use.

5. Substrate mix for kinase reaction (30°C): 2 parts 330 mM magnesium acetate + 10 
parts ATP + 10 parts 330 mM β-glycerophosphate. Mix amount used for assay be-
fore use.

6. Stop-solution for kinase reaction: mix 420 mg NaF (MW 41.99 → 100 mM) and 
186 mg EDTA (MW 372.24 → 5 mM). Fill to 100 ml with H2O. Adjust the pH to 
6.8 with 0.1 N NaOH.

7. Substrate mix for phosphorylase a reaction (37°C): Refer to Table 4.6.18 for the 
constituents of this substrate mix. Adjust to pH 6.1 with 1 N HCl and fill to 10 ml 
with H2O. Store at –20 C. Check pH before use and adjust with HCl if necessary.

8. Sulfuric acid stop-solution, 36 mM: 200 μl H2SO4 conc. (36 N = 18 M) in 100 ml 
H2O.

9. Ammonium molybdate/FeSO4 8 mM/144 mM: add together 2.5 g ammonium 
molybdate · H2O (MW 1235.86) and 6.9 ml (final conc. 0.5 M) H2SO4 concen-
trated (18 M). Fill up to 250 ml with H2O and store in a dark bottle at room 
temperature. Directly before use add 40 mg FeSO4 × 7H2O (MW 278.02) to 1 ml 
of this solution.

10. Pi standard solution 80 µg Pi/ml: put together 351.5 mg (final conc. 2.58 mM) 
KH2PO4 (MW 136.01), [2.58 mM Pi (MW 30.98) = 80 mg Pi/l], and 10 ml con-
centrated H2SO4 (18 M). Make up to 1000 ml with H2O.

Table 4.6.18  Substrate mixture for the phosphorylase reaction. Instructions 
for the preparation of these solutions are given in section 4.6.21.3

Solution Volume End concentration 
in mix

Glucose-1-phosphate (MW 380), 0.5 M, 380 mg/2 ml H2O 2.0 ml 100 mM

Glycogen, 200 mg/1.66 ml H2O 1.66 ml 2%

Caffeine (MW 194.2), 60 mM, 11.65 mg/ml H2O 0.2 ml 1.2 mM

NaF (MW 41.99), 1.25 M. 210 mg/4 ml H2O 4.0 ml 0.5 mM

Total 7.86 ml
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4.6.21.4	 Samples

1. RBS: dilute 200 μl hemolysate of RBC with 400 μl H2O, centrifuge for 10 min at 
30,000 × g, pipette 300 μl supernatant from the top and use this for the assay and 
measurement of Hb concentration. Heparin blood is stable at 4°C or room tem-
perature for 48 h; RBC are stable at –70°C for 1 week.

2. Liver and muscle: 1% homogenate in H2O.

4.6.21.5	 Assay

Activation of Phosphorylase (First Incubation)

1. Incubate 50 µl phosphorylase b, 50 µl substrate mix, and 50 µl sample (hemolysate 
or homogenate) at 30°C for 0, 5, 10, 15, 20, and 25 min. After each of these incu-
bation times, transfer 10 μl to a new vial and stop the reaction (see below).

2. Blanks (if sample material is sufficient):
a. Without phosphorylase b, with enzyme (sample): incubate 50 µl substrate mix, 

50 µl H2O, and 50 µl sample. Incubate as described above. Remove 10 µl after 
the above incubation times and stop the reaction (see below).

b. With phosphorylase b, without enzyme (sample): incubate 50 μl phosphorylase 
b, 50 μl substrate mix, and 50 μl H2O. Remove 10 μl after the above incubation 
times and stop the reaction (see below).

3. Aliquots from the first incubation or blanks (10 μl) + stop-solution NaF/EDTA 
(200 μl) = 210 µl.

Determination of Phosphorylase Activity (Second Incubation)

Take 50 µl of the 210-μl sample from the first incubation and add 50 µl of substrate 
mix (phosphorylase a + caffeine). Incubate at 37°C for 30 min. Stop the reaction with 
1.0 ml 36 mM H2SO4 + 1.0 ml ammonium molybdate/FeSO4 (total volume now 2.1 ml). 
Centrifuge for 5 min at 1000 × g and use the supernatant for OD measurement.
Standard: 0 μg Pi 100 μl H2O
 4 μg Pi: 50 μl Pi standard + 50 μl H2O
 8 μg Pi 100 μl Pi standard
add to each 36 mM H2SO4 1.0 ml
Ammoniummolybdate/FeSO4 1.0 ml
Total volume: 2.1 ml, each.

4.6.21.6	 Measurement

Photometer, OD at 700 nm.

4654.6.21 Phosphorylase b-Kinase (EC 2.7.1.38)



4.6.21.7	 Calculation

Determine values for 0 min and 20 min by linear regression calculation from values 
of the six time points from 0 min to 25 min →
ΔOD (20’) = OD (20’ calculated) – OD (0’ calculated)
1. For RBC:

 U/g Hb = μmol/min/g = 

 ΔOD (20') × µg (std)
OD (std)

 × 1
31

 × 1000
50

 × 150
10

 × 210
50

 × 1
t1 × t2

 × 1000
Hb (g/l)

 ,
 

 (1) (2) (3) (4) (5) (6)

 where “std” is standard, term (1) is the conversion factor for µg→µmol Pi, term (2) 
is the dilution factor 50 µl→1.0 ml, terms (3) and (4) are the dilution in the assay, 
and term (5) represents the incubation times (min; t1: time of first incubation; t2: 
time of second incubation), and term (6) is g/ml Hb → g/l. Thus:

 U/g Hb = ΔOD (sample) × µg (std)
OD (std)

 × 1
t1

 × 1
t2

 × 1
Hb (g/l)

 × 40,645 .

2. For liver and muscle tissue:

U/g tissue = μmol/min/g = 

 ΔOD (20') × µg (std)
OD (std)

 × 1
31

 × 1000
50

 × 150
10

 × 210
50

 × 1
t1 × t2

 × 100 ,

(1) (2) (3) (4) (5) (6)

  where term (1) is the conversion factor for µg→µmol Pi, term (2) is the dilution 
factor 50 µl→1.0 ml, terms (3) and (4) are the dilution in the assay, and term (5) 
represents the incubation times (min; first and second incubation), and term (6) 
is the dilution of the tissue sample. Thus:

 U/g tissue = ΔOD (sample) × µg (std)
OD (std)

 × 1
t1 × t2

 × 4064.5 .

3. For fibroblasts:

mU/mg protein = nmol/min/mg =

 ΔOD (20') × µg (std)
OD (std)

 × 1
31

 × 1000
50

 × 150
10

 × 210
50

 × 1
t1 × t2

 × 1000 ×  1
mg/ml

 (1) (2) (3) (4) (5) (6) (7)

 where term (1) is the conversion factor for µg→µmol Pi, term (2) is the dilution 
factor 50 µl→1.0 ml, terms (3) and (4) are the dilution in the assay, and term (5) 
represents the incubation times (min), term (6) is the conversion U→mU, and 
term (7) is the protein concentration in the homogenate. Thus:

 mU/mg/protein = ΔOD (sample) × µg (std)
OD (std)

 × 1
t1

 × 1
t2

 × 1
mg/ml

 × 40645 .
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4.6.21.8	 Enzyme	Activities

4.6.22	 Glycogen	Synthase	(EC	2.4.1.11)

4.6.22.1	 Enzyme	Deficiency

Glycogen synthase is the enzyme deficient in glycogen synthase deficiency, also 
called glycogenosis type 0 (GSD 0, MIM 240 600).

4.6.22.2	 Principle

Glycogen(n) + UDPG2-  Glycogen synthase←
        

→  Glycogen(n+1) + UDP3- + H+ .

Radioactively labeled glucose from UDPG-14C is incorporated into glycogen. 
The remaining UDPG-14C is removed by washing the glycogen. Glycogen is pre-
cipitated by ethanol and incorporated 14C-glucose is determined in a scintillation 
counter [16, 37].

4.6.22.3	 Solutions

1. Tris-HCl/EDTA buffer, pH 7.8: Add 605.5 mg Tris (MW 121.1 → 50 mM), 
186.1 mg EDTA (MW 372.24 → 5 mM) to 100 ml H2O. Adjust the pH 7.8 with 
HCl.

2. Homogenate buffer: sucrose 171 mg/2 ml Tris-HCl/EDTA buffer (MW 342.30 →  
250 mM). Prepare fresh!

3. Substrate mix with glucose-6-phosphate (G-6-P): dissolve 7 µl UDPG-14C (ap-
proximately 0.1 µCi/µmol unlabeled UDPG; dried with nitrogen gas), 4.3 mg 
UDP-glucose (FW 643, varies → 6.7 mM), 10 mg glycogen (bovine liver), and 
2.9 mg G-6-P (FW 288, varies → 10 mM) in 1 ml of Tris-HCl/EDTA buffer. Pre-
pare fresh!

4. Substrate mix without G-6-P: as for substrate mix with G-6-P but without G-6-P.

Table 4.6.19  Enzyme activities for phosphorylase b-kinase assay

Sample Cohort Mean Range n

RBC (U/g Hb) Controls 13.5 10.8–17.2   6

GSD IX patients   2.0 0.6–4.8   7

Liver (U/g tissue) Controls 83.5 55.5–112.8   7

GSD IX patients 11.0 0.0–32.3 14

Muscle (U/g tissue) Controls [27] – 30.0–100.0 ?
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4.6.22.4	 Samples

Liver: 5% (w/v) homogenate in homogenate buffer.

4.6.22.5	 Assay

1. Make up two assay samples, one containing substrate mix with G-6-P [100 µl sub-
strate mix + 25 µl sample (homogenate) + 25 µl homogenate buffer = 150 µl] and 
one containing substrate mix without G-6-P [100 µl substrate mix + 50 µl sample 
(homogenate) = 150 µl].

2. Incubate for 15 min at 30°C. Stop the reaction with 3.0 ml 66% ethanol.
3. Blank: 100 µl substrate mix (± G-6-P), 50 µl homogenate buffer, or, when avail-

able, sample homogenate (not incubated), and 3.0 ml 66% ethanol. 
4. Allow the samples and blanks to precipitate for about 15 min at room temperature 

and centrifuge for 5-10 min at 2000 × g. Decant the supernatant carefully and re-
suspend the pellet in 3 ml ethanol (66%), then centrifuge for 5-10 min at 2000 × g. 
Resuspend the pellet in 2.5 ml acetone then centrifuge for 10 min at 2000 × g. De-
cant the supernatant carefully and dry the pellet in a vacuum or under gaseous 
nitrogen. Dissolve the pellet in 0.5 ml H2O and add it to 10 ml scintillation liquid 
in counter vials. Rinse the centrifugation tube twice with 0.5 ml H2O each and 
add to the sample in the scintillation liquid.

5. Standard = 100% value. Put 100 µl substrate mix (± G-6-P) into 10 ml scintillation 
liquid, add 1.4 ml H2O.

4.6.22.6	 Measurement

In a liquid scintillation counter: 14C.

4.6.22.7	 Calculation

Δdpm (sample) = dpm (sample) – dpm (blank)
U/g liver = µmol (incorp)/min/g = 

Δdpm (sample) × µmol (std)
dpm (std)

 × 1
t(min)

 × 1000
50

 × dilution of homogenate* ,

 (1) (2)

where “std” is standard, term (1) is the incubation time, and term (2) is the dilution 
factor 50 µl→1.0 ml.

Δdpm (sample) × 0.67
dpm (std)

 × 1
15

 × 20 × dilution of homogenate*

U/g liver = Δdpm (sample)
dpm (standard)

 × dilution of homogenate* × 0.893.

*  Dilution with substrate with  G-6-P = 40 × (5% homogenate, dilution in assay 2×). 
Dilution with substrate without G-6-P = 20 × (5% homogenate). Thus
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The difference between blanks with substrate and with homogenate (not incubated) 
are minimal and can be neglected (e.g., in mouse liver, the substrate blank was 0.6% 
of the sample and the homogenate blank was 1.2% of the sample value).

The enzyme is stable for 3 months at –20°C; after 6–12 months, a slight decrease 
of activity has been noted.

4.6.22.8	 Control	and	Pathological	Values
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4.7.1	 Introduction

Polyols, or sugar alcohols, are formed by the reduction of simple sugars. They are 
classified based on the number of C-atoms: erythritol and threitol (C4-polyols, tetri-
tols), ribitol, arabitol and xylitol (C5-polyols, pentitols), galactitol, sorbitol and man-
nitol (C6-polyols, hexitols) and sedoheptitol and perseitol (C7-polyols, heptitols). 
Knowledge of the metabolism and functions of most of the polyols is very limited. 
Galactitol is a metabolic end product that is derived from galactose. Highly elevated 
concentrations are found in urine and plasma from patients affected with galactose-
1-phosphate uridyltransferase (GALT) deficiency (Online Mendelian Inheritance in 
Man, OMIM, 230400) and galactokinase deficiency (OMIM 230200) [1]. Sorbitol is 
derived from glucose, and can be converted into fructose. Elevated concentrations 
of sorbitol have been described in diabetes mellitus and in sorbitol dehydrogenase 
deficiency (OMIM 182500), and have been implicated in the pathophysiology of 
these metabolic disorders [6]. The pentitol xylitol is known to be an intermediate in 
the conversion of l-xylulose into d-xylulose. l-Arabitol is derived from l-xylulose 
and is elevated in essential pentosuria (OMIM 260800), a benign inborn error of 
xylitol metabolism that results from a partial deficiency of l-xylulose reductase [5]. 
l-Arabinosuria, which has been described in one patient with elevated excretion of 
l-arabinose and l-arabitol, is presumed to result from deficiency of l-arabitol dehy-
drogenase [7].

In recent years, two new inherited defects affecting polyol concentrations have 
been discovered [2, 8]. The first defect is deficiency of transaldolase (TALDO, OMIM 
606003) [8]. This defect is associated with liver symptoms, whereas other organs 
are affected to various degrees. In urine, erythritol, arabitol, ribitol and a C7 sugar 
or polyol are elevated [8, 9]. Furthermore, sedoheptulose-7-phosphate was found 
to be elevated in blood spots, fibroblasts and lymphoblasts from the patients [11]. 
Currently, six patients have been identified with TALDO deficiency. The other de-
fect, ribose-5-phosphate isomerase (RPI) deficiency (OMIM 608611) has been diag-
nosed in one patient, who presented with a slowly progressive leucoencephalopathy. 
Arabitol and ribitol concentrations are strongly elevated in urine, plasma and CSF, 
whereas xylitol was mildly elevated [2]. Both defects can be diagnosed by assessment 
of urinary concentrations of polyols.
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4.7.2	 Properties	of	Polyols

Polyols are neutral compounds that do not have functional groups enabling their 
direct selective isolation from biological materials (Fig. 4.7.1).

4.7.3	 Methods

4.7.3.1	 Principle

Twenty years ago, a gas chromatographic separation of urinary, plasma and erythro-
cyte sugars and polyols was published [3]. This method can be used for the diagnosis 
of the aforementioned defects.

We have recently developed two tandem mass spectrometry methods for the in-
vestigation of inborn errors affecting polyol metabolism [10]. In both methods, urine 
samples together with internal standards (13C4-erythritol, 13C2-arabitol and D3-sorbi-
tol) are desalted by a mixed-bed ion-exchange resin. Separation is achieved by two 
different columns. Using a prevail carbohydrates ES 54 column, the isomers are not 
separated (method 1), whereas with the other column (Aminex HPX-87C), separa-
tion of the isomers is achieved (method 2). Multiple reaction monitoring (MRM) 
detection of the polyols is carried out by tandem mass spectrometry with an elec-
tron-spray source operating in the negative mode.

4.7.3.2	 Pre-analytical

Specimen

A random urine sample can be used for the analysis of polyols. TALDO and RPI defi-
ciencies, as well as galactosaemia and presumably sorbitol dehydrogenase deficiency, 
can be diagnosed using urine. The samples are stored frozen. Repeated freeze-thaw-
ing does not influence the concentrations of the polyols.

Fig.	4.7.1	 Structure of pentitol
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Reagents and Chemicals

1. Arabitol, erythritol, threitol, ribitol, xylitol, perseitol, sedoheptitol and sorbitol 
(Sigma-Aldrich, St. Louis, MO, USA); Mannitol (Merck, Darmstadt, Germany) 
and Galactitol (Calbiochem, Darmstadt, Germany).

2. Mixed-bed ion-exchange resin amberlite MB3 (100 g; Merck) is pretreated with 
500 ml 10% acetic acid for 4 h, washed with distilled water and dried over 3 days.

3. d-[U-13C4]-Erythritol and d-13C2- [4,5]-arabitol (Omicron biochemicals, South 
Bend, IN, USA).

4. The internal standard (IS) [5,6,6-d3]-sorbitol can be prepared by reduction of 
[5,6,6-d3]-glucose following a described procedure [4].

Instrumentation

Detection of the polyols is carried out on a Quattro Micro tandem mass spectrometer 
(Micromass) equipped with an electron ion spray source operating in the negative 
mode. The mass spectrometer parameters are as follows: source temperature, 350°C; 
cone voltage, 30 V; collision energy, 10 eV. Detection of the polyols is performed by 
MRM. The MRM transition (Q1/Q3) settings for the different polyols are:
1. Erythritol and threitol: m/z 121/89.
2. 13C4-Erythritol: m/z 125/92.
3. Ribitol, arabitol and xylitol: m/z 151/89.
4. 13C2-Arabitol: m/z 153/91.
5. Galactitol, sorbitol, and mannitol: m/z 181/89.
6. D3-Sorbitol: m/z 184/89.
7. Sedoheptitol and perseitol: m/z 211/89.

Data are acquired and processed using Masslynx software (version 4.0 sp1).

Calibration

Calibration curves for all polyols are prepared from a standard solution and are in-
cluded in all series. The concentration ranges of the calibration curves are (based upon 
the concentrations found in urines): 0–4 nmol for ribitol, sedoheptitol and perseitol, 
0–8 nmol for xylitol and sorbitol, 0–12 nmol for galactitol, 0–20 nmol for threitol, 
0–32 nmol for mannitol, 0–40 nmol for erythritol and 0–48 nmol for arabitol.

Quality Control

For quality control, 100 µl pooled urine spiked with 8 µmol/l sedoheptitol and 
8 µmol/l perseitol is included in each series. In addition, a 4 ×  dilution of this sample 
and a pooled urine spiked with 180 µmol/l erythritol, 90 µmol/l threitol, 218 µmol/l 
arabitol, 36 µmol/l xylitol, 18 µmol/l ribitol, 36 µmol/l sorbitol, 145 µmol/l mannitol, 
55 µmol/l galactitol, 16 µmol/l sedoheptitol and 16 µmol/l perseitol are included in 
each series. These three urine samples were chosen to obtain concentrations in the 
low, middle and high part of the calibration curves.
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4.7.3.3	 Analytical

Procedure

Different amounts of urine are used depending on the creatinine concentration. We 
use 200 µl urine when creatinine < 1.0 mmol/l; 100 µl urine when creatinine lies be-
tween 1.0 and 10.0 mmol/l; 50 µl urine when creatinine >10.0 mmol/l. Distilled water 
is added to obtain a total volume of 200 µl. 13C4-Erythritol (2.5 nmol), 13C2-arabitol 
(50 nmol) and D3-sorbitol (10 nmol) are added as the IS. Pre-treated amberlite MB3 
(20 µg) is added, mixed and centrifuged for 5 minutes at 410 × g. The supernatant is 
stored at –20°C until injection.

Method 1

Liquid chromatography (Waters, Alliance 2695 pump, Milford, MA, USA) is per-
formed using a prevail carbohydrates ES 54 column (250 × 4.6 mm, bead size 5 µm, 
Alltech). An isocratic eluent of 50% acetonitrile/water is used, with the column kept 
at room temperature. The flow rate is set to 1 ml/min and is split after the analytical 
column in a ratio of 1:5, resulting in an inlet flow into the tandem mass spectrometer 
of 200 µl/min; 10 µl of sample is injected onto the column and the total run time is 
6 min.

Method 2

Liquid chromatography (Waters, Alliance 2695 pump) is performed using an 
Aminex HPX-87C column (250 × 4.0 mm, bead size 9 µm, Bio-Rad Laboratories, 
Veenendaal, The Netherlands). An isocratic eluent of 40% acetonitrile/water is used, 
with the column kept at 65°C. The flow rate is set to 0.4 ml/min and is split after the 
analytical column in a ratio of 1:2, resulting in an inlet flow into the tandem mass 
spectrometer of 200 µl/min; 20 µl of sample is injected onto the column and the total 
run time is 24 min.

Calculation

Quantification of urinary polyols is performed using the corresponding calibration 
curves. 13C4-erythritol is used as an IS for the tetritols, 13C2-arabitol for the penti-
tols and D3-sorbitol for the hexitols and heptitols. Concentrations are expressed in 
mmol/mol creatinine.

4.7.3.4	 Post-analytical

Interpretation

The findings of combined elevation of C4, C5 and C7 polyols ( method 1) and/or 
erythritol, arabitol, ribitol, sedoheptitol and perseitol (method 2) indicate a defi-
ciency of the enzyme TALDO.

The patient affected with RPI deficiency exhibits high concentrations of arabitol 
and ribitol (method 2) and total pentitols (method 1).
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Elevated total C6 may point to galactosaemia, or alternatively sorbitol dehydro-
genase deficiency. Galactitol was found to be increased in both treated and untreated 
galactosaemia patients.

Chromatograms

See Figs. 4.7.2 and 4.7.3.

Fig.	4.7.2	 Multiple reaction monitoring (MRM) chromatogram of pooled urine spiked with 
C7-polyols produced by method 1 (without separation of polyol isomers). MRM transitions are 
given for each mass transition. IS Internal standard
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Fig.	4.7.3	 MRM chromatogram of pooled urine spiked with C7-polyols produced 
by method 2 (with separation of polyol isomers). MRM transitions are given for each mass tran-
sition
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Reference values

Urinary concentrations of polyols are age-dependent, as summarised in Tabes 4.7.1 
and 4.7.2.

Typical Pathological Values

Tables 4.7.3 and 4.7.4 give an overview of pathological values found in patients af-
fected with TALDO deficiency, RPI deficiency and in classical galactosaemia. In 
TALDO deficiency, polyol elevations are pronounced early and appear to decrease 
with age.

Pitfalls

Strongly elevated C6-polyol concentrations (above 200 nmol) interfere with the 
quantification of the C4-polyols in method 1, due to a co-eluting fragment in the 
chromatogram of MRM transition 121/89.

4.7.4	 Follow-Up	Enzyme	Assays	and	Molecular	Investigations

TALDO deficiency can be confirmed in lymphoblasts, fibroblasts and in erythro-
cytes. These cells are incubated with ribose-5-phosphate, after which formation of 
transketolase and TALDO products are analysed by gas chromatography with nitro-
gen phosphorous detection by liquid chromatography tandem mass spectrometry 
[8, 11]. A similar enzyme assay is available for RPI [2]. Confirmation of the gene 
defect can be performed by sequence analysis. Disease-causing mutations have been 
detected in all TALDO-deficient patients and in the RPI-deficient patient.

Table 4.7.1  Reference values of polyols in urine determined by method 
1. Concentrations are expressed in mmol/mol creatinine as mean (SD) 
and [± 2 SD]

Polyol Age Concentration

C4  0–5 years (n = 33) 124 (39) [46–203] 

 5–18 years (n = 17)  70 (23) [24–116] 

18–80 years (n = 21)  51 (20) [12–90]

C5  0–4 months (n = 10) 120 (43) [33–207]

 4 months–5 years (n = 25)  81 (24) [32–130]

 5–18 years (n = 19)  48 (13) [23–73]

18–80 years (n = 24)  36 (13) [11–61]

C6  0–10 years (n = 46)  64 (26) [12–116]

10–40 years (n = 21) 107 (117) [0–340]

40–80 years (n = 11)  34 (15) [5–63]

C7  0–80 years (n = 74)   0 (0) [< 1]
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Table 4.7.2  Reference values of polyols in urine determined by method 
2. Concentrations are given as the mean (SD) and [± 2 SD]

Polyol Age Concentration

Erythritol  0–4 months (n = 9) 149 (30) [89–209])

 4 months–5 years (n = 24  93 (28) [38–148]

 5–80 years (n = 38)  51 (18) [14–88]

Threitol  0–5 years (n = 33)  36 (17) [2–70]

 5–80 years (n = 37)  17 (9) [0–35]

Ribitol  0–4 months (n = 10)  13 (6) [0–25]

 4 months–5 years (n = 25)   8 (3) [1–14]

 5–80 years (n = 44)   4 (2) [0–7]

Arabitol  0–4 months (n = 10)  90 (30) [30–151

 4 months–5 years (n = 25) ]  63 (20) [22–103]

 5–80 years (n = 44)  33 (13) [6–60]

Xylitol  0–5 years (n = 34)   8 (2) [3–13]

 5–80 years (n = 45)   6 (3) [0–12]

Galactitol  0–2 years (n = 23)  55 (35) [0–125]

 2–5 years (n = 14)  14 (7) [0–28]

 5–80 years (n = 44)   7 (4) [0–15]

Mannitol  0–2 years (n = 20)  11 (7) [0–26]

 2–10 years (n = 26)  30 (19) [0–68]

10–45 years (n = 25)  64 (70) [0–203]

45–80 years (n = 8)  15 (6) [2–28]

Sorbitol  0–4 month (n = 9)   7 (3) [2–12

 4 month–5 years (n = 25) ]  14 (7) [0–28]

 5–80 years (n = 45)   7 (4) [0–15]

Sedoheptitol  0–80 years (n = 79)   0 (0) [< 1]

Perseitol  0–80 years (n = 78)   0 (0) [< 1]
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Table 4.7.3  Concentrations of polyols in urines of patients with metabolic disorders, as determined 
by method 1. Concentrations are in mmol/mol creatinine (age-controlled reference range). Bold values 
are above the reference range. Dist. Disturbed peak, not quantifiable due to interference from a co-
eluting fragment of C6-polyols, GALT galactose-1-phosphate uridyltransferase, n.d. not detectable, 
RPI ribose-5-phosphate isomerase, TALDO transaldolase

Polyol TALDO deficiency 
1-month-old

TALDO deficiency 
12-year-old

RPI deficiency, 
14-year-old

GALT deficiency 
newborn

GALT deficiency 
on diet 
9-year-old

C4 349 (46–203) 138 (24–116) 48 (24–116) Dist. (46–203) 90 (24–116)

C5 468 (33–207) 148 (23–73) 1090 (23–73) 167 (33–207) 55 (23–73)

C6 54 (12–116) 23 (0–340) 32 (0–340) 19673 (12–116) 169 (12–116)

C7 10 (< 1) 5 (< 1) n.d. (< 1) n.d. (< 1) n.d. (< 1)

Table 4.7.4  Concentrations of polyols in urines of patients with metabolic disorders, as determined by 
method 2. Concentrations are in mmol/mol creatinine (age-controlled reference range). Bold values are 
above the reference range. Dist. Disturbed peak, not quantifiable due to galactitol interference

Polyol TALDO deficiency 
(1-month-old)

TALDO deficiency 
(12-year-old)

RPI deficiency 
1(4-year-old)

GALT deficiency 
(newborn)

GALT 
deficiency on 
diet 
(9-year-old)

Eythritol 306 (89–209) 110 (14–88) 23 (14–88) 147 (89–209) 55 (14–88)

Threitol 69 (2–70) 23 (0–35) 38 (0–35) 71 (2–70) 47 (0–35)

Ribitol 131 (0–25) 35 (0–7) 137 (0–7) 25 (0–25) 3 (0–7)

Arabitol 306 (30–151) 106 (6–60) 956 (6–60) 99 (30–151) 40 (6–60)

Xylitol 11 (3–13) 2 (0–12) 19 (0–12) 20 (3–13) 2 (0–12)

Galactitol 59 (0–125) 2 (0–15) 3 (0–15) 22403 (0–125) 163 (0–15)

Mannitol 8 (0–26) 13 (0–203) 21 (0–203) Dist. (0–26) 16 (0–68)

Sorbitol 7 (2–12) 3 (0–15) 7 (0–15) Dist. (2–12) 8 (0–15)

Sedoheptitol 5 (< 1) 2 (< 1) n.d. (< 1) n.d. (< 1) n.d. (< 1)

Perseitol 8 (< 1) 3 (< 1) n.d. (< 1) n.d. (< 1) n.d. (< 1)





Note added in proof:
Recently, a new diagnostic marker was confirmed for transaldolase deficiency. The 
seven carbon sugars sedoheptulose and mannoheptulose are highly elevated in urine 
and are specific biomarkers for transaldolase deficiency [12].
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5.1.1	 Introduction

Cholesterol is an important structural component of cellular membranes, where it 
plays a role in modulating membrane fluidity and phase transitions, and, together 
with sphingomyelin, forms lipid rafts or caveolae, which are sites where proteins in-
volved in diverse signaling pathways become concentrated. Furthermore, cholesterol 
is a precursor of oxysterols, steroid hormones, and bile acids.

Mammalian cells may acquire cholesterol via receptor-mediated uptake as well as 
through endogenous biosynthesis via the isoprenoid/cholesterol biosynthetic path-
way [1]. The recent identification and characterization of several inherited disorders 
due to a defect in cholesterol biosynthesis have shown that in addition to high cho-
lesterol ((hypercholesterolemia), also low cholesterol levels (hypocholesterolemia) 
may have severe consequences for human health and development. Currently, eight 
distinct inherited disorders have been linked to different enzyme defects in the 
cholesterol/isoprenoid biosynthetic pathway [7, 9, 10]. Patients afflicted with these 
disorders are characterized by multiple morphogenic and congenital anomalies in-
cluding internal organ, skeletal/or skin abnormalities, underlining the pivotal role of 
cholesterol in human embryogenesis and development [7, 9, 10].

Based on the clinical suspicion of a cholesterol biosynthesis defect, the first line 
of diagnosis for these various defects often involves sterol analysis in patient material 
where detection of a specific sterol intermediate is indicative for the respective de-
fect. Confirmative diagnostic procedures involve enzymatic assays and/or molecular 
testing.

5.1.2	 Cholesterol	Biosynthesis	and	Defects	Thereof

Mammalian cells acquire cholesterol either by de novo synthesis from acetyl-coen-
zyme A (CoA) or via the low-density lipoprotein (LDL)-receptor-mediated uptake 
of LDL particles that contain cholesterol esterified with long-chain fatty acids. These 
LDL cholesterol esters are subsequently hydrolyzed in lysosomes, after which free 
cholesterol molecules become available for synthesis of membranes, steroid hor-
mones, bile acids, or oxysterols [1].

De novo synthesis of cholesterol is catalyzed by the isoprenoid biosynthesis 
pathway. This pathway produces a variety of sterol and nonsterol isoprenoids with 
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important cellular functions in such diverse processes as cell growth and differ-
entiation, protein glycosylation, signal transduction pathways, and mitochondrial 
electron transport (Fig. 5.1.1).
The synthesis of all isoprenoids starts with acetyl-CoA, which in a series of six differ-
ent enzyme reactions is converted into isopentenyl-diphosphate (-PP), the basic C-5 
isoprene unit that is used for the synthesis of all subsequent isoprenoids (Fig. 5.1.1). 
At the level of farnesyl-PP the pathway divides into several branches that are in-
volved in the production of the various isoprenoid end products. One of the major 
branches involves the cholesterol biosynthetic part of the pathway, of which squalene 
is the first committed intermediate in the production of sterols. Following cycliza-
tion of squalene, lanosterol is produced. To eventually produce cholesterol from la-
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Fig.	5.1.1	 Isoprenoid biosynthetic pathway. The enzyme mevalonate kinase (black solid bar) 
is deficient in patients affected with mevalonic aciduria and hyperimmunoglobulinemia D 
and periodic fever syndrome. -CoA -Coenzyme A, HMG-CoA 3-hydroxy-3-methyl-glutaryl-
coenzyme A, -PP -pyrophosphate  



nosterol, a series of at least eight different enzyme reactions is required, including 
one demethylation at C-14, two demethylations at C-4, one isomerization of ∆8(9) to 
∆7, three reductions of the ∆24, ∆14, and ∆7 double bonds, and one desaturation be-
tween C-5 and C-6 (Fig. 5.1.2). Because the sequence of enzyme reactions required 
for the conversion of lanosterol to cholesterol may vary, two major routes involving 
the same enzymes have been proposed which, depending on the timing of reduction 
of the ∆24 double bond, postulate either 7-dehydrocholesterol or desmosterol as the 
ultimate precursor of cholesterol.

In the past decade, eight inherited disorders have been linked to specific enzyme 
defects in the isoprenoid/cholesterol biosynthetic pathway after the finding of ab-
normally increased levels of intermediate metabolites in tissues and/or body fluids 
of patients (Table 5.1.1) [7, 9, 10]. Two of these disorders are due to a defect of the 
enzyme mevalonate kinase, and in principle affect the synthesis of all isoprenoids 
(Fig. 5.1.1) [5]. The hallmark of these two disorders is the accumulation of mevalonic 
acid in body fluids and tissues, which can be detected by organic acid analysis, or 
preferably, by stable-isotope dilution gas chromatography (GC)-mass spectrometry 
(GC-MS) [2]. Confirmative diagnostic possibilities include direct measurement of 
mevalonate kinase activities in white blood cells or primary skin fibroblasts [3] from 
patients, and/or molecular analysis of the MVK gene [8].

The remaining six disorders are due to defects of enzymes involved specifically in 
the synthesis of cholesterol (Fig. 5.1.2). The detection of specific intermediate sterol 
species in cells, tissues, and/or body fluids of patients suspected to suffer from a de-
fect in cholesterol biosynthesis based on their clinical presentation is often the first 
line of diagnosis, which can then be followed by enzyme and/or molecular diagnos-
tic testing [9].

5.1.3	 Methods

5.1.3.1	 Principle

Sterols are separated by GC and detected using a flame ionization detector (FID). 
Sterol quantification is based on the detection of added internal standards. The iden-
tity of the detected sterols is verified using GC-MS of the trimethylsilylated deriva-
tives of the sterols.

5.1.3.2	 Pre-analytical

Specimen

Sterol analysis and quantification can be performed using plasma, serum, and ce-
rebrospinal fluid (CSF) samples. Analysis of sterols from tissues and cells requires 
a pre-extraction work-up. The requirements for the different specimens are as fol-
lows:
1. Plasma: isolated from blood samples obtained by venipuncture and collected in 

standard heparin or ethylenediaminetetraacetic-acid-treated glass tubes; prepared 
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by centrifugation (10 min, 1600 × g) at room temperature; storage at – 18oC or 
lower (stable for >1 year). The minimum amount required for analysis is 150 µl.

2. Serum: isolated from blood samples obtained by venipuncture and collected in 
glass tubes; prepared by centrifugation (10 min, 1600 × g) at room temperature 
following a clotting period for at least 1 h at room temperature; storage at – 18oC 
or lower (stable for > 1 year). The minimum amount required for analysis is 
150 µl.

3. CSF: No pretreatment is necessary; storage at – 18oC or lower (stable for > 1 year). 
The minimum amount required for analysis is 150 µl.

4. Tissues: Small pieces of tissue from patients, stored at – 80oC. The minimum 
amount required for analysis is 10 mg.

5. Cells: Lymphoblasts or primary skin fibroblasts cultured for 4–7 days in lipopro-
tein-depleted medium, harvested by centrifugation and used fresh or after stor-
age as pellets at – 18oC or lower. The minimum amount required for analysis is 
≈ 1.106 cells.

Chemicals

1. Analytical/reagent grade n-hexane, heptane, KOH, NaOH, 2-propanol, and etha-
nol (Merck).

2. Epicoprostanol (5β-cholestan-3α-ol), cholestanol (5α-cholestan-3β-ol), cho-
lesterol (cholesta-5-en-3β-ol), lathosterol (cholesta-7-en-3β-ol), desmosterol 
(cholesta-5,24-dien-3β-ol), and 7-dehydrocholesterol (cholesta-5,7-dien-3β-ol) 
(Sigma).

3. Coprostanol (5β-cholestan-3β-ol) (Steraolid).
4. MilliQ water: obtained by passing deionized water through a MilliQ Labo system 

(Millipore).
5. N,N-(Bis-trimethylsilyl)-trifluoroacetamide (BSTFA) with 1% trimethylchlorosi-

lane (TMCS) (Pierce).

Reagents and Standards

1. Internal standard: prepare a stock solution of 6 mM epicoprostanol in ethanol. 
For use in the analysis, a portion of this stock solution will be diluted with ethanol 
to ≈ 0.6 µM.

9Fig.	5.1.2	 Cholesterol biosynthesis branch of the isoprenoid biosynthetic pathway. En-
zymes are numbered as follows: 1 squalene synthase; 2 squalene epoxidase; 3 2,3-oxidosqua-
lene sterol cyclase; 4 sterol ∆24-reductase (desmosterolosis); 5 sterol C-14 demethylase; 6 sterol 
∆14-reductase (hydrops-ectopic calcification-moth-eaten, HEM, dysplasia); 7 sterol C-4 demethyl-
ase complex (including a 3β-hydroxysteroid dehydrogenase defective in congenital hemidyspla-
sia with ichthyosiform nevus and limb defects, CHILD, syndrome); 8 sterol ∆8-∆7 isomerase 
(Conradi-Hunermann syndrome CDPX2); 9 sterol ∆5-desaturase (lathosterolosis); 10 sterol ∆7-
reductase (Smith–Lemli–Opitz syndrome). Enzyme deficiencies are indicated by solid bars across 
the arrows
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2. Saponification reagent: dissolve 1 g KOH in 5 ml MilliQ water and add 45 ml etha-
nol to make a 0.3 N KOH/ethyl alcohol solution.

3. 0.1 N NaOH: dissolve 0.4 g NaOH in 100 ml MilliQ water.
4. Sterol mixture: dissolve 2–3 mg epicoprostanol, coprostanol, cholestanol, choles-

terol, lathosterol, desmosterol, and 7-dehydrocholesterol in heptane.
5. BSTFA with 1% TMCS is used as supplied.

Instrumentation

Gas chromatography

1. Hewlett Packard gas chromatograph type 5890 with an FID plus injector (or simi-
lar instrument) connected to a PC with Chromeleon integration software.

2. Hydrogen generator.
3. Chrompack capillary column CP WAX 52B  

[12.5 m × 0.25 mm inner diameter) × 0.20 µm(f)].
4. Temperature-controlled incubator.
5. Sonicator.

Gas Chromatography-Mass Spectrometry

1. Hewlett Packard gas chromatograph type 5890 coupled to a Hewlett Packard 5973 
mass selective detector, with ChemStation software.

2. Chrompack column CP SIL5-CB [25 m × 0.25 mm inner diameter  ×  0.25 µm (f)].

GC and GC-MS Settings

The GC and GC-MS settings are listed in Table 5.1.2.

Quality Control

As internal control for sterol analysis in plasma, serum, and liquor, each series of 
samples includes a 150 µl aliquot of a large batch of control plasma samples in which 
cholestanol and cholesterol concentrations are determined and compared with pre-
viously determined concentrations. The values for these should fall within  ± 2 stand-
ard deviations. The control plasma sample is composed of pooled plasma samples of 
different individuals stored as 150-µl aliquots at – 18°C.

5.1.3.3	 Analytical

Procedures

Extraction of sterols from plasma and serum

1. Thaw plasma, serum, and internal standard on ice.
2. Set temperature-controlled incubator at 80°C.
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3. Collect and label clean 4-ml glass vials including screw caps and Teflon liner 
(Alltech).

4. Transfer 100 µl plasma or serum into a 4-ml glass vial.
5. Add 100 µl internal standard using a glass pipette.
6. Add 1 ml saponification reagent and close the vial tightly with the screw cap and 

insert.
7. Mix the contents carefully and incubate for at least 2 h at 80 ± 5°C.
8. Cool the sample to room temperature.
9. Add 500 µl MilliQ water.
10. Add 2 ml n-hexane and mix for 10 s by vortex.
11. Transfer in duplicate 200 µl from the upper hexane layer into 1-ml glass vials.
12. Evaporate the samples to dryness under N2 at 40 ± 10°C.
13. Dissolve the dried contents of one vial in 85 µl heptane.
14. Transfer the sample into a crimp-top vial and close the vial with cap and insert 

(Alltech). This sample is ready for GC analysis.
15. Dissolve the dried contents of the second, duplicate vial in 50 µl BSTFA + 1% 

TMCS.
16. Incubate the sample for 30 min at 80 ± 5°C.
17. Transfer the sample after cooling down into a crimp-cap vial and close the vial 

with a cap and insert (Alltech). This sample is ready for GC-MS analysis.

Table 5.1.2  Gas chromatography (GC) and GC-mass spectrometry (MS) settings. 
FID Flame ionization detector, MSD mass selective detector, NA not applicable

GC settings GC/MS settings

Column CP Wax 52B CP SIL5-CB

Injection Splitless Splitless

Carrier Helium Helium (1 ml/min)

Pressure 140 kPa Constant flow

Detection FID MSD

H2 Flow: 30 ± 5 ml/min Pressure 130 kPa NA

N2 Flow: 30 ± 5 ml/min Pressure 190 kPa NA

Air Flow: 300 ± 50 ml/min Pressure 260 kPa NA

Detector temperature 275 C 290 C

Injector temperature 290 C 290 C

Injection volume 1 µl 2 µl

Purge Off Off

Temperature progression Temperature  C Time min Rate  C/min Temperature  C Time min Rate  C/min

 85  1.2 20  85  2.0 20

270 15 300 20
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Extraction of Sterols From CSF

The procedure is the same as for plasma and serum.

Extraction of Sterols From Tissues

1. Thaw a small piece of tissue on ice.
2. Set the temperature-controlled incubator at 80°C.
3. Collect and label clean 4-ml glass vials including screw caps and Teflon liners 

(Alltech).
4. Homogenize tissue in 1 ml saponification reagent containing 10 µM internal 

standard. Transfer the suspension into a 4-ml glass vial and close the vial tightly 
with a screw cap and insert.

5. Mix the contents carefully and incubate for at least 2 h at 80  ± 5°C.
6. Cool the sample to room temperature.
7. Add 500 µl MilliQ water.
8. Add 2 ml n-hexane and mix for 10 s by vortex.
9. Transfer in 500 µl from the upper hexane layer into a 1-ml glass vial.
10. Evaporate the samples to dryness under N2 at 40 ± 10°C.
11. Dissolve the dried contents of the vial in 100 µl BSTFA + 1% TMCS.
12. Incubate the sample for 30 min at 80 ± 5 C.
13. Transfer the sample after cooling down into a crimp-cap vial and close the vial 

with a cap and insert (Alltech). This sample is ready for GC-MS analysis.

Extraction of Sterols From Cells

1. Thaw cell pellets on ice.
2. Set the temperature-controlled incubator at 80°C.
3. Collect and label clean 4-ml glass vials including screw caps and Teflon liners 

(Alltech).
4. Resuspend cells in 1 ml saponification reagent containing 10 µM internal stand-

ard. Transfer the suspension into a 4-ml glass vial and close the vial tightly with 
a screw cap and insert.

5. Mix the contents carefully and incubate for at least 2 h at 80  ± 5°C.
6. Cool the sample to room temperature.
7. Add 500 µl MilliQ water.
8. Add 2 ml n-hexane and mix for 10 s by vortex.
9. Transfer in 500 µl from the upper hexane layer into a 1-ml glass vial.
10. Evaporate the samples to dryness under N2 at 40 ± 10°C.
11. Dissolve the dried contents of the vial in 100 µl BSTFA + 1% TMCS.
12. Incubate the sample for 30 min at 80 ± 5°C.
13. Transfer the sample after cooling down into a crimp-cap vial and close the vial 

with a cap and insert (Alltech). This sample is ready for GC-MS analysis.

GC Analysis of Extracted Sterols

1. Use the GC settings outlined in Table 5.1.2.
2. Bring H2, N2 and air to pressure (Table 5.1.2).
3. Ignite the FID.
4. Re-inject 1 µl heptane without sterols until the baseline in the chromatogram is 

stable.

4915.1.3 Methods



5. Inject standard sterol mixture (see “Reagents and Standards”) to confirm the re-
tention times of the various sterols.

6. Inject a reference Smith–Lemli–Opitz patient sample (7-dehydrocholesterol).
7. Inject the samples to be analyzed.

GC-MS Analysis of Extracted and Derivatized Sterols

1. Inject standard sterol mixture (see “Reagents and Standards”).
2. Inject reference Smith–Lemli–Opitz and Conradi-Hunermann patient samples.
3. Inject the samples to be analyzed.

Calculation

The concentration of each sterol in plasma, serum, or liquor is calculated through in-
tegration of the corresponding peak area multiplied by the amount of internal stand-
ard added (in nmol) multiplied with 1000, divided by the peak area of the internal 
standard multiplied by the number of microliters of the sample.

5.1.3.4	 Postanalytical

Interpretation

The detection of specific and often isolated intermediate sterols that are not observed 
in control samples or in higher concentrations than the reference range (see sec-
tion 5.1.5) may be indicative for a specific enzyme defect in cholesterol biosynthesis 
(Table 5.1.1). Such elevated levels of intermediate sterols often, but not necessarily, 
coincide with decreased levels of cholesterol. The finding of elevated levels of inter-
mediate sterols warrants further diagnostic investigations, including sterol profiling 
in cultured cells and/or molecular testing.

5.1.4	 Chromatograms

Please refer to Fig. 5.1.3.

5.1.5	 Reference	Values	in	Plasma

Please refer to Table 5.1.3.

5.1.6	 Typical	Pathological	Values

Intermediate sterol levels higher than observed (if observed at all) in control samples 
in conjunction with specific clinical symptoms may point to a defect in cholesterol 
biosynthesis and should be followed up by additional studies as outlined under sec-
tion 5.1.8. Although cholesterol levels are often reduced, they may be (low) normal.

5.1 Diagnosis of Inherited Defects of Cholesterol Biosynthesis492



5.1.7	 Pitfalls

Some medications may exert some effect on cholesterol biosynthesis and result in 
elevated concentrations of intermediate sterol levels. A known example is ingestion 
of haloperidol, which may result in elevated levels of 7-dehydrocholesterol [6].

5.1.8	 Follow-Up	Assays

Assays to determine the activities of enzymes defective in any one of the six known dis-
orders of cholesterol biosynthesis have only been described for sterol-delta7-reductase 

Fig.	5.1.3	 Sterol analysis in patients with defective cholesterol biosynthesis. Gas chromatogra-
phy-mass spectrometry analysis of trimethylsilyl derivatives of sterols extracted from primary 
skin fibroblasts of a control subject, a Smith–Lemli–Opitz syndrome (SLOS) patient, and a Con-
radi-Hunermann syndrome (CDPX2) patient, and lymphoblasts of a desmosterolosis patient cul-
tured in lipoprotein-deficient medium reveals the accumulation of sterol intermediates indicative 
of a defect in cholesterol biosynthesis. Similar spectra can be obtained by sterol analysis of the 
plasma of such patients
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(defective in Smith–Lemli–Opitz syndrome) [4] and sterol-∆24-reductase (defective 
in desmosterolosis) [11], but are not useful for diagnostic purposes.

As an alternative, primary skin fibroblasts or lymphoblasts of patients suspected 
to be affected with a cholesterol biosynthesis defect can be cultured for 3–7 days 
in medium supplemented with fetal calf serum depleted of lipoproteins to induce 
cholesterol biosynthesis, whereupon the specific defect can be determined by sterol 
analysis using GC-MS as described above. This procedure will readily identify pa-
tients affected with Smith–Lemli–Opitz syndrome, desmosterolosis, lathosterolosis, 
hydrops-ectopic calcification-motheaten (HEM) skeletal dysplasia and most patients 
with Conradi-Hunermann syndrome (CDPX2). Patients with congenital hemidys-
plasia with ichthyosiform nevus and limb defects (CHILD) syndrome may not be 
identified with this assay, but they can be readily diagnosed on the basis of their 
typical clinical presentation.

For all defects, molecular testing through sequencing of the respective genes is 
available. Molecular testing is also the primary choice for prenatal testing [9].
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5.2.1	 Function	of	Lipoproteins

Lipoproteins function as vehicles to transport the non-water-soluble lipids in blood 
as complexes of lipids and proteins. The lipid moiety consists mainly of triglycerides, 
cholesterol, and phospholipids. The protein moiety consists mainly of apolipopro-
teins, which act as detergents and are given letter designations ranging from A to M. 
The vast majority of lipoproteins are spherical particles with a core of hydrophobic 
triglycerides and cholesteryl-esters and a surrounding surface layer of more hydro-
philic constituents including the apolipoproteins, cholesterol, and phospholipids.

Plasma lipoproteins can be divided into six major classes (see Fig. 5.2.1). Four of 
these classes derive from the liver and are present in the plasma of fasted subjects: 
very-low-density lipoproteins (VLDL), intermediate-density lipoproteins (IDL), 
low-density lipoproteins (LDL), and high-density lipoproteins (HDL). The other two 
classes of lipoproteins derive from the intestine and are found in the plasma of nor-
molipidemic individuals only after a fatty meal (postprandially): chylomicrons and 
chylomicron remnants.

After absorption, dietary fat and vitamin E are assembled by intestinal brush 
border cells into triglyceride-rich chylomicrons. Nascent chylomicrons contain one 
molecule of apolipoprotein B48 as their structural apolipoprotein as well as apolipo-
protein A-I (apoA-I) and apoA-IV, but receive additional apolipoproteins including 
apolipoprotein CII (apoCII) and apolipoprotein E (apoE) as well as cholesterol esters 
from HDL in the circulation. The triglycerides of the chylomicrons are hydrolyzed 
by lipoprotein lipase (LPL) on endothelial cells when its cofactor apoCII is present 
on the surface of the chylomicrons. Deficiency in either LPL or apoCII causes severe 
hyperchylomicronemia and predisposes to acute pancreatitis. When sufficient tri-
glycerides are hydrolyzed, the resulting chylomicron remnants are removed from the 
blood by the liver via receptor-mediated uptake. This uptake depends on the interac-
tion of apoE on the chylomicron remnants with the LDL receptor (LDLR) and other 
receptors of the liver [60]. Deficiency of apoE, or mutations that affect the receptor 
binding of apoE cause a defect in the clearance of chylomicron remnants.

The liver synthesizes VLDL to transport triglycerides, vitamin E and, to a lesser 
extent, cholesterol from the hepatocytes to various tissues of the body. Initially, VLDL 
contain apolipoprotein B-100 (apoB-100), apoE, and the C-apolipoproteins, but re-
ceive additional apolipoproteins and cholesterol esters from HDL in the circulation. 
Following triglyceride hydrolysis by LPL, VLDL remnants, termed IDL, are formed 
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and some of these are removed from the circulation by the same mechanisms as the 
chylomicron remnants. The major part is further metabolized to LDL by ongoing 
triglyceride hydrolysis through hepatic lipase (HL) and cholesterol ester acquisition 
from HDL through the cholesteryl ester transfer protein (CETP). Deficiency of HL 
is also associated with increased levels of remnant lipoproteins.

The LDL particles contain one apoB-100 as the structural protein and are the 
major cholesterol-transporting lipoproteins in human blood. Clearance of LDL from 
blood is mediated by the interaction of apoB-100 with the LDLR. Genetic defects 
either in the receptor binding region of apoB-100 or in the LDLR lead to decreased 
clearance of LDL and hence to their accumulation in the blood. The major metabolic 
pathways of the lipoprotein metabolism are shown in Fig. 5.2.1.

The liver and the intestinal mucosa secrete apoA-I, which accumulates lipids and 
forms lipid poor pre-β-HDL-precursors. These lipid poor particles acquire phospho-
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Fig.	5.2.1	 The major metabolic pathways of the lipoprotein metabolism are shown. Chylomicrons 
(Chylo) are secreted from the intestine and are metabolized by lipoprotein lipase (LPL) before the 
remnants are taken up by the liver. The liver secretes very-low-density lipoproteins (VLDL) to 
distribute lipids to the periphery. These VLDL are hydrolyzed by LPL and hepatic lipase (HL) 
to result in intermediate-density lipoproteins (IDL) and low-density lipoproteins (LDL), respec-
tively, which then is cleared from the blood by the LDL receptor (LDLR). The liver and the in-
testine secrete apolipoprotein AI, which forms pre-β-high-density lipoproteins (pre-β-HDL) in 
blood. These pre-β-HDL accept phospholipids and cholesterol from hepatic and peripheral cells 
through the activity of the ATP binding cassette transporter A1. Subsequent cholesterol esterifi-
cation by lecithin:cholesterol acyltransferase (LCAT) and transfer of phospholipids by phospho-
lipid transfer protein (PLTP) transform the nascent discoidal high-density lipoproteins (HDL 
disc) into a spherical particle and increase the size to HDL2. For the elimination of cholesterol 
from HDL, two possible pathways exist: (1) direct hepatic uptake of lipids through scavenger 
receptor B1 (SR-BI) and HL, and (2) cholesteryl ester transfer protein (CETP)-mediated transfer 
of cholesterol-esters from HDL2 to chylomicrons, and VLDL and hepatic uptake of the lipids via 
the LDLR pathway



lipids and unesterified cholesterol from hepatic and nonhepatic cells [42]. This initial 
step of HDL formation is interrupted in patients with Tangier disease, who lack the 
ATP-binding cassette transporter A1 (ABCA1). In patients with Tangier disease, cel-
lular lipid efflux is drastically reduced, which causes the absence of lipid-rich HDL 
from the plasma [42]. HDL precursors generated by ABCA1-mediated lipid efflux 
become mature, lipid-rich, and spherical HDL₃ by acquisition of additional phospho-
lipids and unesterified cholesterol either from cells or apoB-containing lipoproteins 
(at least partially mediated by phospholipid transfer protein, PLTP) and by the leci-
thin:cholesterol acyltransferase (LCAT)-mediated esterification of cholesterol. Ongo-
ing LCAT-mediated cholesterol esterification and PLTP-mediated fusion with other 
HDL3 further increases the size to the larger HDL2 [42]. Genetic defects in apoA-I, 
ABCA1, and LCAT lead to hypoalphalipoproteinemia with low levels of HDL.

The  HDL lipids are removed from the circulation by a selective uptake and by 
an indirect pathway. The selective uptake of cholesterol esters from HDL into he-
patocytes and steroidogenic cells is mediated by the binding of HDL to scavenger 
receptor B1 (SR-BI). This selective uptake by SR-BI may depend on the presence of 
cofactors such as HL, which hydrolyses phospholipids on the surface of both HDL 
and plasma membranes and thereby enables the flux of cholesteryl esters from the 
lipoprotein core into the plasma membrane [42]. The indirect pathway involves 
the enzyme CETP, which exchanges cholesteryl esters of α-HDL with triglycer-
ides of chylomicrons, VLDL, IDL, and LDL. The α-HDL derived cholesteryl esters 
are therefore removed via the LDL-receptor pathway. The removal of excess cho-
lesterol from the periphery and the delivery to the liver for excretion in the bile 
is termed reverse cholesterol transport.

5.2.2	 Clinical	Consequences	and	Classification	of	Dyslipoproteinemias

Substantial evidence indicates that high plasma levels of lipoprotein remnants and 
LDL are atherogenic, while high levels of HDL are atheroprotective. Therefore, the 
class of lipoproteins that is increased or decreased will determine the clinical feature 
of a patient. Besides the influence on atherosclerosis, high levels of chylomicrons 
lead to acute pancreatitis, while markedly decreased levels of VLDL and LDL lead to 
retinal and neurologic disease, probably due to vitamin E deficiency.

Monogenic dyslipoproteinemias can generally be grouped into five categories: 
(1) hypertriglyceridemia with an increase in chylomicrons and the clinical sign of 
pancreatitis, (2) mixed hyperlipidemia with an increase in chylomicron and VLDL 
remnants and an increased risk of premature atherosclerosis, (3) hypercholesterol-
emia with an increase in LDL and an increased risk for premature atherosclerosis, (4) 
hypoalphalipoproteinemia with low HLD and an increased risk for premature ath-
erosclerosis, and (5) hypolipoproteinemia with a decrease in VLDL and LDL, which 
may lead to neurological disease.

5.2.3	 Hypertriglyceridemia

Hypertriglyceridemia suggests the presence of chylomicronemia, which may be 
caused by deficiency of LPL or its co-factors apoCII and apoAV. Blood triglyceride 
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levels are usually > 10 mmol/l, total cholesterol > 6.5 mmol/l, and HDL cholesterol is 
< 1.0 mmol/l. To verify chylomicronemia, the turbid serum can be stored overnight 
at 4°C. Chylomicrons will form a creamy layer on top of the serum, while other 
lipoproteins will not do so. To distinguish between LPL deficiency and apoCII defi-
ciency, the following assays can be applied.

5.2.3.1	 LPL	Deficiency

Familial LPL deficiency (Online Mendelian Inheritance in Man number, OMIM, 
238600) is a recessive disorder that is characterized by the massive accumulation of 
chylomicrons in plasma, which results from the inability to metabolize triglycerides 
in the core of the lipoproteins. Diagnosis is usually achieved by measuring LPL mass 
and/or activity in postheparin plasma. The mass of the LPL can easily be measured by 
commercially available enzyme-linked immunosorbent assay (ELISA), but this will 
only detect LPL deficiency caused by the absence of LPL and not by inactivating mu-
tations leading to reduced LPL activity. In contrast, the LPL activity assay detects both 
the absence of LPL and mutant LPL with reduced activity [6]. An alternative method 
that also detects all sorts of mutations is the genetic approach. Screening of the entire 
coding region of the LPL gene is a reasonable approach to detect mutations [63].

LPL Activity

The hydrophobic nature of lipid molecules necessitates intravascular transport in 
the form of lipoproteins. Two enzymes, LPL and HL catalyze the triglyceride and 
phospholipids hydrolysis of lipoproteins. Both enzymes are located on the capillary 
endothelium, but only LPL is located on most if not on all of the peripheral capillary 
beds. LPL mainly hydrolyzes triglycerides and phospholipids on chylomicrons and 
VLDL and is involved in the synthesis of nascent HDL [42]. Consistent with these fin-
dings, LPL deficiency results in fasting chylomicronemia and hypertriglyceridemia , 
which is prone to cause acute pancreatitis when triglyceride levels exceed 23 mmol/l 
(2000 mg/dl). The enzyme binds to the endothelium through heparan sulfate proteo-
glycans and is released upon heparin administration because of its higher affinity for 
heparin than for the endogenous heparan sulfate proteoglycans. Intravenous injec-
tion of a heparin bolus displaces the LPL enzyme into postheparin plasma, where its 
activity can be quantified.

Principle

The LPL catalytic assay measures the hydrolysis of a [14C]- or [3H]-triolein emulsion 
producing the 14C- or 3H -labeled free oleic acid [6]. The 14C- or 3H-labeled oleic acid 
is isolated by a selective extraction procedure and its radioactivity is determined by 
liquid scintillation counting [40]. Lipase activity is calculated as nanomoles of oleic 
acid released per minute per milliliter of postheparin plasma [41].
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Preanalytical
Specimen

Blood samples are drawn after an overnight fast of at least 12 h. Preheparin and 
postheparin plasma samples are collected to analyze the LPL activity. In general 
50–100 IU/kg heparin is injected intravenously and the postheparin plasma sample 
is collected 15 min later [41]. Samples should be immediately centrifuged and the 
plasma should be directly analyzed or frozen at – 70°C.

Reagents and Chemicals
1. Scintillation vials.
2. Methanol:chloroform:heptane (56:50:4 by volume).
3. Toluene.
4. Glacial acetic acid.
5. Sodium dodecylsulfate (SDS).
6. 0.1 mM Carbonate-bicarbonate buffer, pH 10.5.
7. Intralipid 10%.
8. 0.2 mM Tris buffer, pH 8.2.
9. Bovine serum albumin (BSA).
10. NaCl.
11. Ferric acid.
12. [14C]- or [3H]-labeled triolein.
13. Heat-inactivated pooled human serum [41].

Instrumentation
1. Liquid scintillation counter for either 14C or 3H.
2. Sonicator.
3. Water bath or incubator.

Calibration
Calibrators can be obtained by pooling postheparin plasma from fasted volunteers, 
which is stored at – 70°C as aliquots [41].

Quality Control
Controls can be obtained by pooling postheparin plasma from another set of fasted 
volunteers, which is stored at – 70°C as aliquots [41].

Analytical
Procedure

The Intralipid emulsion containing [14C]-triolein is produced by sonication. In de-
tail, 1 ml of Intralipid, 5 µCi (where 1 Ci = 3.7 × 1010 Bq) of [14C] triolein and 4.68 ml 
of 0.2 mM Tris buffer, pH 8.2 are mixed and sonicated at amplitude 10, with 24 cycles 
of 20 s on, 10 s off, and mixing the emulsion by inversion after every fourth cycle (Fi-
sons Scientific Instruments, Crawley, UK). After sonication, 2.75 ml of 200 g/l BSA 
and 0.8 ml of 1.42 M NaCl (both in 0.2 mM Tris buffer, pH 8.2) will be added and the 
emulsion will be mixed by inversion [40].

Aliquots (420 µl) of the emulsion will be preincubated for 90 min at 37°C with 
80 µl of heat-inactivated pooled human serum as a source of apoCII [40].
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To inactivate the HL activity, samples (250 µl) are preincubated for 30 min with 
an equal volume of 70 mM SDS in 0.2 mM Tris buffer, pH 8.2 at room temperature 
[5]. As a blank, an aliquot of 0.9% physiological NaCl solution is treated identically 
to the samples.

On completion of the two pre-incubation steps, 10 µl of the preincubated sample 
will be added to 500 µl of the preincubated emulsion in triplicate, and the LPL-cata-
lyzed triglyceride hydrolysis will be allowed to proceed for 1 h at 28°C. The reaction 
is stopped by adding 5.33 ml of methanol:chloroform:heptane (56:50:4 by volume) 
and vigorous shaking.

To extract the liberated fatty acids, 1.5 ml of 0.1 mM carbonate-bicarbonate buf-
fer, pH 10.5 is added and the mixture is shaken for 10 s. Centrifugation for 45 min at 
1500 × g in a swing-out rotor will separate the water from the lower organic phase. In 
a scintillation vial, 2 ml of the upper water phase are mixed with 50 µl of glacial ace-
tic acid containing 500 µg ferric acid before the scintillation liquid is added (16 ml 
of Ecoscint:toluene (7:1 volume). Liquid scintillation counting is done for 5 min and 
the LPL activity is calculated from the difference in counts between the blank and 
the sample vials [40].

Calculation

Enzyme activity (µmol/ml/h) = (counts in probe – counts in blank) × 200/counts in 
blank × 2.4.

Postanalytical
Interpretation

Homozygous mutant and compound heterozygous mutant patients have reduced or 
absent LPL activity, while heterozygous carriers usually have normal LPL activity.

Chromatograms

None.

Reference Values

Since there is no standardization of the LPL activity assays, the reference values de-
pend on the assay used [40]. LPL activity in women lies in the range 107–390 mmol/
min/ml, while that for men is in the range 55–407 mmol/min/ml.

Typical Pathological Values

Inactivating LPL mutations lead to a > 60% reduction in LPL activity in postheparin 
plasma from homozygous individuals [49]. Mutations that result in only reduced 
LPL enzyme activity usually show less reduction in the activity assay, even in homo-
zygous patients [64]. Heterozygous carriers of a mutation have no reduction in LPL 
activity and show no clinical signs.

Pitfalls

Low LPL activity can also be found secondary to metabolic dysregulation, notably in 
insulin resistance and type 2 diabetes mellitus. In fact, diabetic hypertriglyceridemia 
is caused in part by decreased LPL secretion in response to reduced insulin action. 
Another preanalytical pitfall results from the high affinity of LPL for triglyceride-
rich lipoproteins. When extremely hypertriglyceridemic plasma is prepared by cen-
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trifugation of blood, chylomicrons may stick to the wall of the plastic tube, and with 
them LPL. To recover LPL almost completely and to avoid falsely low LPL activity, it 
is important to remove all chylomicrons with plasma.

5.2.3.2	 ApoCII	Deficiency	(OMIM	207750)

ApoCII deficiency is a recessive disorder that is characterized by the massive accu-
mulation of chylomicrons in plasma. ApoCII deficiency is clinically indistinguish-
able from LPL deficiency, a finding that is explained by its function as the obligate co-
factor for LPL to hydrolyze triglycerides in the core of the lipoproteins. This cofactor 
function is used commonly for the diagnosis of the disease in functional assays [27]. 
In these LPL assays, the capacity of apoCII to restore LPL activity to normal is mea-
sured. Comparing the LPL activity in normal postheparin plasma complemented 
with the heat-inactivated serum from the patient of interest to a normal source of 
apoCII from a heat-inactivated pooled human serum (see section 5.2.3.1 for “LPL 
Activity”) will allow the diagnosis of apoCII deficiency. Several other methods of 
detecting apoCII deficiency have been successfully applied, including isoelectric fo-
cusing of plasma or triglyceride-rich lipoprotein preparations followed by Western 
blotting with an apoCII antibody [37] and immunochemical and chromatographic 
methods [13]. However, none of these assays will detect heterozygous carriers of 
apoCII null mutations.

The gene for apoCII is approximately 3.5 kb in size and has four exons that code 
for the 79-amino-acid protein. So far only point mutations and no major rearrange-
ments of the apoCII gene have been reported. This allows screening of the promoter 
and the coding region by denaturing grading gel electrophoresis (DGGE) [71], 
single-stranded conformational polymorphism (SSCP) [80], denaturing high-pres-
sure liquid chromatography (DHPLC), or by direct sequencing [59]. Considering 
the small size of the gene and the limited number of exons, direct sequencing of 
the four polymerase chain reaction (PCR) products ranging between 273 and 379 nt 
is feasible nowadays [71]. To date, 14 mutations have been detected in the apoCII 
gene.

Sequencing of the ApoCII Gene

Principle

The promoter region and all four exons of the apoCII gene are amplified in four sepa-
rate PCR reactions. These PCR products are then purified from the amplification 
primers and the template is used for direct sequencing analysis using the method of 
Sanger et al. [83].

Preanalytical
Specimen

EDTA-blood for DNA extraction. The samples are stable at room temperature for 
2 days and can be shipped by overnight mail.
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Reagents and Chemicals
1. DNA extraction kit for blood samples.
2. Oligonucleotides [59, 71].
3. Big Dye Terminator reaction mix (Applied Biosystems).
4. POP6 matrix for capillary sequencer (ABI 310, Applied Biosystems).
5. Template suppression reagent (ABI 310, Applied Biosystems).
6. MicroSpin S-300 columns (Pharmacia).
7. Autoseq G-50 columns (Pharmacia).

Instrumentation
DNA sequencer like ABI Prism 310, or others.

Calibration
None.

Quality Control
None.

Analytical

Procedure
Each amplicon is amplified by PCR using the appropriate thermal cycling conditions 
[59, 71]. The amplicons are then purified from the dNTPs and the oligonucleotides 
using the microspin S-300 spin columns.

Five microliters of these purified amplicons is then mixed with 1 µl of primer 
(10 µM) and 4 µl of the Big Dye Terminator reaction mix and the mixture is cycled 
for the sequencing reaction with the following conditions: initial denaturation at 
94°C for 45 s, followed by 25 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for 90 s. 
The sequencing reaction is then stored at 4°C until clean up with Autoseq G-50 col-
umns to eliminate the labeled ddNTP and the dNTPs from the reaction mixture. 
Ten microliters of this purified sequencing reaction is then mixed with 12 µl of the 
template suppression reagent, heated to 95°C for 7 min, and then cooled on ice.

Analysis of the sequencing reaction on the ABI 310 is achieved using POP6 poly-
mer with 30 s injection at 5 kV, and the sample is run at 50°C with 15 kV for about 
30 min.

Calculation

None.

Postanalytical
Interpretation

The raw data are analyzed by sequence analysis software and the sequence is dis-
played as an electropherogram for visual inspection. Each homozygous position in 
the DNA shows a single peak for a certain nucleotide and each heterozygous position 
shows two overlapping peaks for the presence of the two different nucleotides at this 
position (Fig. 5.2.2). The verified and edited sequence is then compared to the hu-
man apoCII sequence in the National Center for Biotechnology Information (NCBI) 
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database (accession number M10612.1 at http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db = Nucleotide) for homozygous or for compound heterozygous mutations.

Chromatograms

Please refer to Fig. 5.2.2.

Reference Values

Please refer to the human apoCII sequence in the NCBI database (accession number 
M10612.1 at http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db = Nucleotide).

Typical Pathological Values

Mutations in the promoter region, in regions essential for correct splicing, and muta-
tions in the coding region leading to amino acid changes are mainly responsible for 
inactivating mutations.

Pitfalls

Most recently mutations in apoAV have also been identified as the molecular basis of 
chylomicronemia. Their identification needs sequencing of the apoAV gene.

5.2.4	 Mixed	Hyperlipidemia

Mixed hyperlipidemia is one of the most common lipid disorders, but only a minor 
fraction of the affected patients has a monogenic inherited disease. Most patients 
with mixed hyperlipidemia have a familial combined hyperlipidemia, a multifacto-
rial disease for which the causative factors are not known. Patients have elevated 
remnant lipoproteins with elevated triglycerides > 3.0 mmol/l and total cholesterol 
> 5.0 mmol/l. Two rare monogenic disorders lead to such a lipoprotein pattern, 

Fig.	5.2.2	 Electropherograms for the same genetic region of a homozygous DNA and heterozy-
gous DNA is shown. The sequence of the gene is read from left to right. Up to nucleotide number 
4 the sequences are identical. At position number 4, the homozygous DNA has a cytidine on 
both chromosomes, while the heterozygous DNA has a cytidine only on one chromosome and 
a thymidine on the other chromosome
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familial dysbetalipoproteinemia, and HL deficiency. The following investigations can 
be applied to diagnose and distinguish the two disorders.

5.2.4.1	 Familial	Dysbetalipoproteinemia	(OMIM + 107741)

Familial dysbetalipoproteinemia (type III) is characterized by the accumulation of 
chylomicron and VLDL remnants, which are enriched in cholesterol compared to 
their precursors. The primary molecular cause of familial dysbetalipoproteinemia 
(type III) is the homozygous presence of the apolipoprotein E2 (apoE2) isoform, 
which is associated with recessive inheritance of the disorder [62]. However, only 
1 in 50 homozygotes for apoE2 will develop type III hyperlipoproteinemia, which 
is clinically characterized by palmar and tuberous xanthomas, arcus lipoides, and 
premature atherosclerosis of coronary, peripheral, and cerebral arteries. Precipi-
tating factors include diabetes mellitus, renal disease, hemochromatosis, but also 
familial hypercholesterolemia. In addition, some rare mutations in the apoE gene 
have been found to cause dominant and more penetrant forms of type III hyper-
lipoproteinemia.

Lipoprotein Electrophoresis

Several methods have been developed to separate the plasma lipoproteins including 
ultracentrifugation, thin-layer chromatography, fast protein liquid chromatography 
analysis, immunological techniques, and electrophoresis. While ultracentrifuga-
tion is the gold standard for quantification of the different lipoprotein classes, it is 
too time consuming to be applied for clinical routine analysis and is used mainly 
for research purposes. In clinical routine analysis, agarose gel and cellulose acetate 
electrophoresis is most often used to separate the five major lipoprotein fractions 
present in serum [74]. Several commercial electrophoresis systems are available for 
the semiquantitative analysis of the lipoproteins. With these commercial systems, 
quantification of the lipoproteins is not possible without modification [45]; however, 
semiquantitative analysis is all that is necessary for phenotyping of the lipoprotein 
pattern [31]. Phenotyping is usually done according to the classification of Fredrick-
son and Lees [31], which distinguishes five different phenotypes. Type I is defined 
as hyperchylomicronemia, type II as hyperbetalipoproteinemia, type III as abnormal 
broad-β or dysbetalipoproteinemia, type IV as endogenous hypertriglyceridemia, 
and type V as mixed hypertriglyceridemia. However, the use of this classification in 
patient care has been displaced by the direct measurement of cholesterol in HDL and 
LDL and by the use of the Framingham or the Prospective Cardiovascular Münster 
(PROCAM) score to predict coronary risk. Lipoprotein electrophoresis is nowadays 
only indicated to support diagnosis of the rare familial dysbetalipoproteinemia (type 
III) or hyperchylomicronemia (types I or V).

Principle

Serum is separated by agarose gel electrophoresis and the gel is stained for lipids [45, 
74]. Agarose electrophoresis separates four major lipoproteins (i.e., chylomicrons, 
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LDL, VLDL, and HDL). While the chylomicrons remain at the application point, the 
other lipoproteins migrate toward the anode in the electric field. LDL have the lowest 
mobility (β-mobility), followed by VLDL (pre-β-mobility), and HDL have the fastest 
migration (α-mobility). Sometimes, if present at high concentrations, lipoprotein(a) 
can be identified as a discrete band with fast pre-β-mobility. Staining of the lipids on 
the agarose gel allows identification of the different lipoproteins and densitometric 
scanning of the stained gels, including automatic integration of the optical density of 
the peaks allows a semiquantitative analysis.

Preanalytical
Specimen

The blood samples should be drawn after an overnight fast of at least 12 h. Fresh se-
rum samples are recommended for the analysis. The samples can be stored at 2–8°C 
for up to 3 days but should not be frozen.

Reagents and Chemicals
1. Agarose gels (8 g/l).
2. Barbital buffer, 0.05 M, pH 8.6.
3. Fixing solution consisting of 5% glacial acetic acid in 75% ethanol.
4. Lipoprotein stain (Sudan Black B or Fat Red 7B).
5. Destaining solution (45% ethanol).

Instrumentation
1. Power supply with a minimum of 250 V and 100 mA output.
2. Electrophoretic cell [74] or commercial electrophoresis system.
3. Tanks and gel holders for staining and destaining.
4. Drying oven at 60–80°C.
5. Densitometer capable of scanning gels at a 570 nm for Sudan Black B or 525 nm 

for Fat Red 7B.

Calibration
Not necessary. Relative distribution between the five lipoprotein fractions of an in-
dividual is analyzed.

Quality Control
Commercial serum is available with relative values for LDL, VLDL, and HDL frac-
tions.

Analytical
Procedure

Aliquots (2–5 µl) of serum are applied to an agarose gel using a sample application 
template. Incubation for 5–10 min allows diffusion of the sample into the gel before 
the gel is transferred to the electrophoresis unit. Depending on the gel size and com-
mercial application, electrophoresis is performed at 50–80 V for 45–90 minutes in 
barbital buffer. The gel is then dried in an oven at 60–80°C for 10–20 min.

For staining, the gel is immersed in staining solution for 2–15 min. The super-
fluous stain is removed in destaining solution for 15 s to 15 min depending on the 
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lipoprotein stain used. The lipoprotein fractions are now clearly visible on the aga-
rose gel and the gel is prepared for densitometric analysis by drying in an oven at 
60–80°C for 5–10 min.

Densitometric scanning of the dried gels with integration of the optical density of 
the peaks allows then the semi-quantitative analysis of the different lipoproteins.

Calculation

The entire area under the curve for each lane is calculated and the area of each peak 
is calculated as the percentage of the total area under the curve.

Postanalytical
Interpretation

Interpretation of the lipoprotein pattern is done according to Fredrickson and Lees 
[31]. Familial dysbetalipoproteinemia (type III) will result in one intense band, the 
so-called broad-β-band, encompassing bands with β- and pre-β-mobility (Fig. 5.2.3) 
and consisting mainly of chylomicron and VLDL remnants. This broad-β-band is 



Fig.	5.2.3	 Agarose gel electrophoresis of a normal serum (top) and a serum from a type III dys-
lipidemic patient (bottom), including the densitometric analysis of the two lanes (left and right, 
respectively). The normal serum sample shows an α-fraction, which is clearly separated from the 
pre-β- and the predominant β-fraction. In the serum sample from a type III dyslipidemic pa-
tient, the pre-β- and the β-fraction are highly elevated and cannot be separated (therefore termed 
broad-β-band), while the α-fraction is reduced
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very prominent, while the α-fraction (HDL) is reduced and chylomicrons are ab-
sent. The presence of chylomicrons in a serum sample is detected by the presence of 
a fraction at or near the application point (Fig. 5.2.3). For interpretation of the other 
phenotypes, see Fredrickson and Lees [31].

Chromatograms

Please refer to Fig. 5.2.4

Reference Values

Reference values depend on the stain used. Please refer to Table 5.2.1.

Typical Pathological Values

Familial dysbetalipoproteinemia (type III) will result in a highly elevated single 
fraction in the β-mobility to the pre-β-mobility region, and a reduced α-fraction 
(HDL).

Pitfalls

The results of the lipoprotein electrophoresis have to be interpreted in the context of 
other lipid parameters, like plasma total cholesterol and triglyceride levels. Patients 
with normal cholesterol and triglyceride values may sometimes show electrophore-
sis patterns that resemble pathologic patterns but should not be classified as such. 
For untreated type III patients, plasma total cholesterol levels should range from 7.5 
to 13.0 mmol/l and triglycerides from 3.5 to 10.5 mmol/l. The presence of a broad-
β-band in the absence of hyperlipidemia excludes familial dysbetalipoproteinemia 
(type III).

Cholestasis can lead to a similar occurrence of a broad-β-band. This results 
from the presence of lipoprotein X [Lp(X)], which migrates slightly closer to the 
application point than LDL but cannot be separated from it. Lp(X) is derived from 
bile lipids including free cholesterol and phospholipids that acquired apolipoproteins 
after they were released into the blood. However, this Lp(X)-derived broad-β-band 
migrates closer to the application point than LDL and can be distinguished from the 
broad-β-band of familial dysbetalipoproteinemia (type III).

Inappropriate storage of the serum will alter the mobility of the lipoproteins. 
When a hypertriglyceridemic serum is inappropriately stored, the pre-β-band and the 
β-band will merge and simulate the presence of a broad-β-band. This broad-β-band 

Table 5.2.1  Reference values for lipoproteins stained with Sudan 
Black B. HDL High-density lipoprotein, LDL low-density lipoprotein, 
VLDL very-low-density lipoprotein

Lipoproteins Sudan Black B

α-Fraction (HDL) 0.22 – 0.53

Pre-β-fraction (VLDL) 0.04 – 0.23

β-Fraction (LDL) 0.39 – 0.69
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migrates faster than in familial dysbetalipoproteinemia (type III) but may be difficult 
to distinguish. Concomitant to the merging of the pre-β-band and the β-band, the α-
fraction will change its shape from a single peak to a misshaped double peak, which 
allows distinction from familial dysbetalipoproteinemia (type III).

VLDL-Cholesterol

Familial dysbetalipoproteinemia (type III) is characterized by the accumulation of 
chylomicron and VLDL remnants that are enriched in cholesterol compared to their 
native lipoproteins. Hazard et al. [38] observed that the VLDL cholesterol:plasma tri-
glyceride ratio was increased in patients with familial dysbetalipoproteinemia (type 
III) compared to patients with other hypertriglyceridemas and first suggested this ra-
tio to be useful in the diagnosis of familial dysbetalipoproteinemia (type III). Further 
research [32] in larger cohorts of hyperlipidemic patients confirmed these findings 
and revealed that a molar ratio of VLDL cholesterol to plasma triglyceride of > 0.69 
(> 0.3 in mg/dl) was diagnostic for familial dysbetalipoproteinemia (type III) [17].

Principle

Ultracentrifugation of fasted serum leads to the separation of the VLDL lipoproteins 
from the LDL and the HDL lipoproteins. The cholesterol concentration is then meas-
ured in the VLDL fraction.

Preanalytical
Specimen

The blood samples should be drawn after an overnight fast of at least 12 h. Fresh 
serum is recommended but the samples can be stored for several weeks at – 20°C. 
Plasma cannot be used.

Reagents and Chemicals
Physiological NaCl solution (0.9%).

Instrumentation
1. Ultracentrifuge and rotors.
2. Clinical chemistry analyzer or ELISA reader for the cholesterol analysis.

Calibration
The cholesterol assays are commercial assays including cholesterol calibrations.

QC
Serum from an individual with high VLDL cholesterol that has previously been ana-
lyzed and was stored at –20°C.

Analytical
Procedure

Since untreated type III patients have plasma total cholesterol > 7.5 mmol/l and tri-
glyceride levels > 3.5 mmol/l, only patients with cholesterol and triglyceride levels 
above these will usually be recruited for VLDL cholesterol determination. Therefore, 
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total cholesterol and triglyceride levels are measured before the VLDL cholesterol 
determination is performed.

Depending on the triglyceride concentration, the serum is diluted with 0.9% phys-
iological NaCl solution to result in two different dilutions for each serum according 
to Table 5.2.2. Then 800 µl of each prediluted samples are mixed with 1200 µl 0.9% 
physiological NaCl solution and is transferred to an ultracentrifuge tube. Separation 
of cholesterol in the VLDL from the other lipoprotein fractions is done in a Beck-
mann TL100 ultracentrifuge using a TLA 100.3 rotor at 92,000 rpm (349,800 × g) for 
2 h at 20°C.

Following ultracentrifugation, the bottom 800 µl (LDL and HDL) are collected 
(bottom layer) and the cholesterol concentration is determined. As a control, the 
top 800 µl including the creamy layer (VLDL) are also collected (top layer) and the 
cholesterol concentration is determined.

Calculation

The VLDL cholesterol is calculated as the difference from total cholesterol minus the 
bottom-layer cholesterol (LDL and HDL) and directly from the top-layer cholesterol 
(VLDL).

VLDL cholesterol from top layer =  top layer cholesterol (VLDL) 
 × dilution factor of the sample.

VLDL cholesterol from bottom layer =  total cholesterol – (bottom cholesterol 
 × dilution factor of the sample × 1.5).

The median VLDL cholesterol level is then calculated for the top layer and the bot-
tom layer from the two dilutions for each sample. The difference between the VLDL 
cholesterol from the top and from the bottom layer should not exceed 30%.

Postanalytical
Interpretation

The ratio of VLDL cholesterol to plasma triglycerides is calculated and compared to 
the cut-off.

Chromatograms

None.



Table 5.2.2  Predilution of patients’ serum samples according to total 
triglycerides

Triglycerides < 2.28 mmol/l (< 200 mg/dl) Native and 1 + 1

Triglycerides < 5.70 mmol/l (< 500 mg/dl) 1 + 1 and 1 + 3

Triglycerides < 9.12 mmol/l (< 800 mg/dl) 1 + 3 and 1 + 5

Triglycerides < 13.68 mmol/ (< 1200 mg/dl) 1 + 5 and 1 + 9

Triglycerides > 13.68 mmol/l (> 1200 mg/dl) 1 + 9 and 1 + 19
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Reference Values

1. VLDL cholesterol: < 1.1 mmol/l.
2. Ratio of VLDL cholesterol to plasma triglycerides: < 0.69 (in mmol/l) or 0.3 (in 

mg/dl).

Typical Pathological Values

Familial dysbetalipoproteinemia (Type III):
1. VLDL cholesterol: 1.8–8.4 mmol/l.
2. Ratio of VLDL cholesterol to plasma triglycerides: 0.72–1.12 (in mmol/l).

Pitfalls

Fasted blood samples have to be analyzed for this analysis. When non-fasting sam-
ples are analyzed, the triglyceride-rich chylomicrons will be included in the VLDL 
fraction during this procedure, which will lead to false results.

ApoE Genotype

Principle

In addition to several rare apoE alleles, three major isoforms have been identified 
in the population, termed E2, E3, and E4. The most common isoform is apoE3 with 
cystein at position 112 and arginine at position 158. The E2 and E4 isoforms differ 
from apoE3 by a cystein at position 158 and an arginine at position 112, respectively. 
The most frequent molecular cause of familial dysbetalipoproteinemia (type III) is 
the homozygous presence of the apoE2 isoform, which is associated with recessive 
inheritance of the disorder [62]. Several assays have been described to determine 
the apoE genotype using restriction fragment length polymorphism analysis and 
recently also melting curve analysis using fluorescence resonance energy transfer 
(FRET) on a LightCycler [2].

For the LightCycler assay, two fluorescently labeled oligonucleotides are designed 
that are complementary to the region encompassing cystein 112 and that allow FRET. 
One of the oligonucleotides is labeled with fluorescein at its 3’ end and the other 
oligonucleotide, located within five nucleotides of the first oligonucleotide, is labeled 
with LC-red640 as fluorophore at its 5’ end. When both oligonucleotides anneal to 
the PCR amplicon, fluorescence energy transfer between fluorescein and LC-red640 
will occur, which can be detected as fluorescence at 640 nm. A second set of oligo-
nucleotides is labeled with LC-red705 and fluorescein and is complementary to the 
region encompassing arginine 158. Hybridization of these two oligonucleotides will 
result in fluorescence at 705 nm. Fluorescence at both wavelengths is measured fol-
lowing PCR amplification, when the mixture is denatured and cooled to 40°C. Rising 
the temperature during the melting procedure will result in a rapid decrease in the 
fluorescence, when the oligonucleotide reaches its melting temperature. A mismatch 
under the oligonucleotide will lead to a reduction of the melting temperature and to 
an earlier decrease of the fluorescence. Since the melting temperatures for two alleles 
differ but are each highly reproducible, interpretation of the melting temperatures 
allows identification of the nature of the mutation.
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Preanalytical
Specimen

EDTA-blood for DNA extraction. The samples are stable at room temperature for 
2 days and can be shipped by overnight mail.

Reagents and Chemicals
1. DNA extraction kit for blood samples.
2. Oligonucleotides [2].
3. DNA master hybridization probes (Roche Molecular Biochemicals).

Instrumentation
LightCycler real-time PCR thermocycler.

Calibration
None.

Quality Control
Genomic DNA with at least two different apoE genotypes (E2, E4).

Analytical
Procedure

Genomic DNA (50 ng) is added to 1.2 μl MgCl2 (25 mM), 1 μl of each amplification 
primer (10 μM), 0.4 μl of each fluorescently labeled oligonucleotide (10 μM), 2 μl 
dimethylsulfoxide, 2 μl DNA master hybridization probes (10 × ), and water to result 
in a final volume of 20 μl [2]. PCR is then performed in a LightCycler real-time PCR 
thermocycler using the following cycling conditions: denaturing at 94°C for 2 min, 
followed by 40 cycles of denaturation at 94°C for 0 s, annealing at 60°C for 10 s, and 
extension at 72°C for 15 s, with a ramping rate of 20°C/s.

The melting curves are generated by denaturing the sample at 94°C for 0 s, hold-
ing the sample at 40°C for 5 s, and then slowly heating the sample to 80°C with 
a ramp rate of 0.2°C/s, simultaneously monitoring the decline in fluorescence at 
640 nm and 705 nm.

Calculation

None.

Postanalytical
Interpretation

Visual interpretation of the melting curves allows the assignment of the genotype. 
In this assay, the alleles with cystein 112 show a melting point of 55°C and alleles 
with arginine 112 of 63°C, when the fluorescence at 640 nm is measured. At 705 nm, 
the alleles with cystein 158 show a melting point of 59°C and alleles with arginine 
158 of 67°C (Table 5.2.3).

Chromatograms

Please refer to Fig. 5.2.4.
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Reference Values

None.

Typical Pathological Values

None.

Pitfalls

Other mutations that are located under the fluorescently labeled oligonucleotides 
will result in reduced melting temperatures of the oligonucleotide and could allow 
misinterpretation of the genotype. However, each mutation has a characteristic melt-
ing temperature that is reproducible and strict adherence to this temperature will 
omit misinterpretation. It is noteworthy that the temperature of the melting peak de-
pends on the ratio of PCR product to Mg2+ and oligonucleotide concentration. Hence 

Table 5.2.3  Apolipoprotein E genotyping with melting curve analysis [2]. 
Tm Melting point temperature

C112R (640 nm) R158C (705 nm)

Genotype Tm 55 C Tm 63 C Tm 59 C Tm 67 C

E2/E2 1 0 1 0

E3/E3 1 0 0 1

E4/E4 0 1 0 1

E2/E3 1 0 1 1

E2/E4 1 1 1 1

E3/E4 1 1 0 1



Figure	5.2.4	 LightCycler assay to genotype the apolipoprotein E (apoE) isoforms. The cystein 
to arginine exchange at amino acid position 112 is identified at 640 nm and the arginine to cys-
tein exchange at amino acid 158 in apoE is identified at 705 nm. LightCycler amplification with 
melting-curve analysis discriminates between the three major apoE alleles. Interpretation of the 
melting curves is done according to Table 5.2.3. The dark line represents a heterozygous E2/E4 
genotype and the light line a homozygous E3/E3 genotype. The light straight line is the negative 
control (water)
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the melting peak may vary according to the quantity of PCR product. In practice, the 
melting temperature for a given allele varies by < 1°C between different DNAs.

With this genetic approach only the common three apoE isoforms, E2, E3, and E4 
are detected. Other rare mutations also leading to familial dysbetalipoproteinemia 
would be missed by this approach [88]. However, these rare variants are estimated to 
account for less than 1% of the apoE isoforms and they show a dominant inheritance 
of familial dysbetalipoproteinemia.

5.2.4.2	 HL	Deficiency	(OMIM	 + 151670)

Patients with HL deficiency present with hypercholesterolemia and hypertriglyceri-
demia, and accumulate VLDL remnants, triglyceride-rich LDL, and HDL [84]. These 
remnants mainly derive from a reduced catabolism of apoB-containing lipoproteins 
[82]. The disorder appears to be inherited in an autosomal recessive trait and is as-
sociated with an increased risk for coronary artery disease [8].

HL Activity

Whereas LPL predominantly hydrolyzes triglycerides in chylomicrons and VLDL, it 
has been shown that HL primarily hydrolyzes triglycerides and phospholipids from 
small VLDL, IDL, and HDL [82]. Like LPL, HL binds to the endothelium through 
heparan sulfate proteoglycans and is released upon heparin administration because 
of its higher affinity for heparin than for the endogenous heparan sulfate proteogly-
cans. Intravenous injection of a heparin bolus displaces the HL enzyme into pos-
theparin plasma, where its activity can be quantified.

Principle

The HL catalytic assay measures the hydrolysis of a [14C]- or [3H]-triolein emulsion 
producing the [14C]- or [3H]-labeled free oleic acid. The labeled oleic acid is isolated 
by a selective extraction procedure and its mass is determined by liquid scintilla-
tion counting [40]. HL activity is calculated as nanomoles of oleic acid released per 
minute per milliliter of postheparin plasma. In addition to the described labora-
tory-made test, a commercial fluorimetric test for the measurement of HL activity is 
available (WAK-Chemie Medical, Bad Soden, Germany) [94].

Preanalytical
Specimen

Blood samples are drawn after an overnight fast of at least 12 h. Preheparin and pos-
theparin plasma samples are collected to analyze the HL activity. In general, 50–
100 IU/kg heparin are injected intravenously and the postheparin plasma sample 
is collected 15 min later [41]. Samples should be immediately centrifuged and the 
plasma should be directly analyzed or frozen at – 70°C.

Reagents and Chemicals
1. Scintillation vials.
2. Methanol:chloroform:heptane (56:50:4 by volume).
3. Toluene.
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4. Glacial acetic acid.
5. Intralipid 10%.
6. 0.1 mM carbonate-bicarbonate buffer, pH 10.5.
7. 0.2 mM Tris buffer, pH 8.8.
8. BSA.
9. NaCl.
10. Ferric acid.
11. [14C]- or [3H]-labeled triolein.
12. Heat-inactivated pooled human serum [41].

Instrumentation
1. Liquid scintillation counter for either [14C] or [3H].
2. Sonicator (Fisons Scientific Instruments).
3. Water bath or incubator.

Calibration
None.

Quality Control
Controls can be obtained by pooling postheparin plasma from another set of fasted 
volunteers, which is stored at – 70°C as aliquots [41].

Analytical
Procedure

The Intralipid emulsion containing [14C]-triolein is produced by sonication. There-
fore, 1 ml of Intralipid, 5 µCi of [14C] triolein, 2.75 ml of 200 g/l BSA, and 4.68 ml of 
0.2 mM Tris buffer, pH 8.8 are mixed and sonicated at amplitude 10, with 24 cycles of 
20 s on, 10 s off, and mixing the emulsion by inversion after every fourth cycle. After 
sonication, 2.58 ml of 3.24 M NaCl (in 0.2 mM Tris buffer, pH 8.8) will be added and 
the emulsion will be mixed by inversion [40]. This results in the inactivation of the 
LPL activity also present in the postheparin sample.

Ten microliters of each sample will be added to 500 µl of the triolein emulsion 
in triplicate and the HL-catalyzed triglyceride hydrolysis will be allowed to proceed 
for 1 h at 28°C. The reaction is stopped by adding 5.33 ml of methanol:chloroform:
heptane (56:50:4 by volume) and vigorous shaking.

To extract the liberated fatty acids, 1.5 ml of 0.1 mM carbonate-bicarbonate buf-
fer, pH 10.5 is added and the mixture is shaken for 10 s. Centrifugation for 45 min at 
1500 × g in a swing-out rotor will separate the water from the lower organic phase. In 
a scintillation vial, 2 ml of the upper water phase is mixed with 50 µl of glacial acetic 
acid containing 500 µg of ferric acid before the scintillation liquid is added [16 ml of 
Ecoscint:toluene (7:1 volume)]. Liquid scintillation counting is done for 5 min and 
the HL activity is calculated from the difference in counts between the blank and the 
sample vials [40].

Calculation
Enzyme activity (µmol/ml/h) 
 = (counts in probe – counts in blank) × 100/counts in blank × 2.4.
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Postanalytical
Interpretation

Homozygous mutant and compound heterozygous mutant patients have reduced or 
absent HL activity, while heterozygous carriers usually have normal HL activity.

Chromatograms

None.

Reference Values

Since there is no standardization of the HL activity assays, the reference values de-
pend on the assay used [40]. HL activity in women lies in the range 85–282 nmol/ml/
min, while that for men is 141–648 nmol/ml/min.

Typical Pathological Values

Inactivating HL mutations lead to basically absent HL activity in postheparin plasma 
from homozygous individuals [81, 82]. Heterozygous carriers of a HL mutation have 
intermediate HL activity, which is lower than in normal controls. However, this lower 
HL activity does not translate into changes in lipoprotein metabolism, leaving these 
patients with similar lipoprotein profiles to normal controls [81, 82].

Pitfalls

The inhibition of LPL by sodium chloride may be incomplete. Specific inhibition is 
achieved by the addition of neutralizing anti-LPL antibodies.

5.2.5	 Hypercholesterolemia

Most of the monogenic hypercholesterolemias are codominantly inherited disorders 
with elevated LDL levels. Heterozygous carriers usually have total cholesterol levels 
of > 6.5 mmol/l and homozygous or compound heterozygous patients usually have 
total cholesterol levels of > 13 mmol/l. The triglyceride levels are usually < 2.0 mmol/
l and the HDL cholesterol levels are normal or reduced. Two forms of codominantly 
inherited hypercholesterolemia can be distinguished, familial hypercholesterolemia 
caused by defects in the LDLR gene and familial defective apoB-100 caused by point 
mutations in the apoB gene. More recently, the molecular basis of a recessive form 
of hypercholesterolemia has been unraveled, namely mutations in the gene of auto-
somal recessive hypercholesterolemia.

5.2.5.1	 Familial	Hypercholesterolemia	(OMIM	143890)

Familial hypercholesterolemia (FH) is one of the most common genetic disorders 
in lipoprotein metabolism, and causes elevated cholesterol levels. This autosomal 
dominant disorder with a prevalence of about 1/500 in Western countries is caused 
by mutations in the LDLR gene. The LDLR defect impairs the catabolism of LDL and 
results in elevation of plasma LDL-cholesterol. Untreated heterozygous FH patients 
have 2–3 times elevated cholesterol levels and have a 100-fold increased risk to die 
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from coronary artery disease before the age of 40 years, while a 5-fold increased risk 
is still observed for patients over 40 years [86].

Worldwide, more than 900 mutations have been detected in the LDLR gene, and 
these are distributed over the entire coding region of the gene. Hence, the entire 
coding region of the LDLR including the exon-intron boundaries has to be screened 
for mutations. Most of the mutations have been found in two functional domains, 
the binding domain (42%) and the epidermal growth factor (EGF) precursor ho-
mology domain (47%). However, 3.4% of the mutations have been detected in the 
cytoplasmic domain, and 1.7% in the transmembrane domain and in the promoter 
region [39]. The nature of the mutations is diverse, with 58.9% missense mutations, 
21.1% minor rearrangements (1–24 bp), 13.5% large rearrangements (> 25 bp), and 
6.6% splice site mutations. These mutations have been collected in two registers and 
can be accessed online (www.ucl.ac.uk/fh/ and www.umd.necker.fr/LDLR/research.
html). Despite of the numerous mutations detected in the LDLR gene, an estimated 
15–30% of the cases with clinically documented FH lack mutations in the LDLR and 
have no mutation in the apoB gene. Recently, mutations in the proprotein convertase 
subtilisin/kexin type 9 (PCSK9) have been associated with FH in a small number of 
cases [1], but subsequent studies revealed that mutations in PCSK9 will only explain 
a minor part of the FH patients without a mutation in the LDLR [14].

To diagnose FH, LDL-binding assays of fibroblasts or a genetic screening of the 
LDLR gene can be performed. For genetic screening, two complementary methods 
have to be applied to detect small mutations like single-nucleotide mutations and to 
detect large insertions or deletions. To screen for small mutations SSCP, DHPLC [7, 
9], and direct sequencing [29] have been applied successfully, while Southern blot 
and long-range PCR [56, 72] have been used to detect larger deletions and insertions. 
Recently, a multiplex ligation-dependent probe assay was also developed to detect 
large deletions and insertions [93].

LDLR Binding Assay

Principle

Many cells, including skin fibroblasts, bind and internalize LDL through the LDLR. 
This opens the possibility of testing the binding capacity of the LDL receptor in culti-
vated skin fibroblasts of FH patients. The fibroblasts are incubated with radiolabeled 
LDL and the internalization of the labeled LDL is measured and compared to the 
internalization of fibroblasts from a normolipidemic donor.

Pre-Analytical
Specimen

Fibroblasts cultivated from skin biopsy samples.

Reagents and Chemicals
1. Dulbecco’s modified Eagle’s medium (DMEM), supplemented with l-glutamine 

(Sigma).
2. Sterile dishes or multiwell plates.
3. Antibiotic-antimycotic (100 × ; Gibco).
4. Fetal calf serum (FCS).
5. LDL (Biomedical Technologies), or isolated from plasma.
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6. 125I-LDL (Biomedical Technologies).
7. Lipoprotein-deficient serum (LPDS; Biomedical Technologies).
8. Sodium hydroxide (NaOH) 0.2 mol/l.
9. Protein assay (DC Bio-Rad).

Instrumentation
1. Sterile cell-culture facility.
2. Permit to work with 125I-isotope.
3. Gamma-counter.

Calibration
None.

Quality Control
Parallel analysis of control skin fibroblasts from normolipidemic donors and, ideally, 
from patients with established diagnosis of FH is necessary.

Analytical
Procedure

Human skin fibroblasts are cultured from skin biopsy samples. The dermis is cut 
into small pieces (0.5 mm on each side) and placed in a dish containing DMEM, 
10% (v/v) FCS, and 1% (v/v) antibiotic-antimycotic solution. When these primary 
cultures are confluent they are split into novel dishes. Cells between passages three 
and six are used for experiments.

For the 125I-LDL binding assay, cells cultured in 24-well plates are incubated in 
DMEM containing 10% LPDS overnight [48]. Cells are washed with DMEM and 
incubated for 4 h at 37°C with DMEM containing LPDS (10%, v/v) and 10 µg/ml 
125I-LDL in the presence or absence of 400 µg cold LDL. After extensive washing of 
the cells with DMEM, the cells are solubilized with 0.1 mol/l NaOH and the amount 
of cell-associated radioactivity is determined using a gamma-counter. The protein 
content of each well is analyzed in parallel with a protein assay.

Calculation
Total LDL binding is calculated as (radioactivity in the cell lysate)/(total lysate pro-
tein concentration). The results obtained in the presence of excess cold LDL reveal 
the nonspecific binding. Specific binding is calculated by subtraction of nonspecific 
binding from total binding.

Postanalytical
Interpretation

LDL-binding of the patients’ fibroblasts is compared to the binding of control fibro-
blasts from normolipidemic donors.

Chromatograms

None.

Reference Values

None.
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Typical Pathological Values

In homozygous FH patients, specific LDL binding to fibroblasts is reduced by more 
than 90% compared to that for control fibroblasts from normolipidemic individu-
als. Heterozygous carriers of a FH mutation have significantly reduced LDL binding 
compared to normolipidemic individuals like unaffected family members.

Pitfalls

Basal LDL receptor activity in fibroblasts is relatively low in cells cultured in DMEM 
containing 10% FCS. To upregulate the LDLR and to increase the read-out of the 
assay it is crucial to preincubate the cells in lipoprotein-deficient medium prior to 
performing the assay.

Denaturing High-Pressure Liquid Chromatography

Principle

This method separates heteroduplex and homoduplex DNA based on their different 
electrophoretic mobilities under partially denaturing conditions [61]. A specific PCR 
product is first denatured by heat before cooling down to result in complementary 
homoduplexes for homozygous DNAs. In contrast, heterozygous DNAs also form 
heterodulexes that are not fully complementary but have a mismatch at the site of 
the mutation. These heteroduplexes have a lower melting temperature than the cor-
responding homoduplexes. Separation of the different complexes is done by high-
performance liquid chromatograph (HPLC) analysis run at different temperatures 
ranging from nondenaturing to denaturing conditions to include the partially dena-
turing temperature of the heteroduplex. At this temperature the partially denatured 
heteroduplex elutes faster from the DNASep column than the nondenatured homo-
duplex. This method preferentially detects heteroduplexes as new chromatographic 
peaks and is less well suited to detect homozygous mutations [9].

Preanalytical
Specimen

EDTA-blood for DNA extraction. The samples are stable at room temperature for 
2 days and can be shipped by overnight mail.

Reagents and Chemicals
1. DNA extraction kit for blood samples.
2. Taq polymerase, dNTPs and a PCR buffer.
3. Buffer A: 0.1 M triethylammonium acetate, 0.025% acetonitrile, pH 7.0.
4. Buffer B: 0.1 M triethylammonium acetate, 25% acetonitrile, pH 7.0.

Instrumentation
HPLC system with an ultraviolet detector (254 nm) and a nonporous poly-(styrene-
divinylbenzene) particle based C18 reversed-phase column, DNASep (Transgenomic, 
Omaha, NE, USA).

Calibration
None.
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Quality Control
Genomic DNA with and without a known mutation in the amplified region.

Analytical
Procedure

Nineteen different PCRs are performed to amplify the promoter region and the 
18 exons of the LDLR [7]. Heating the PCR products to 94°C for 2 min and slowly 
cooling to 60°C within 30 min results in homoduplexes and heteroduplexes, which 
are separated on the DHPLC system. The DNA duplexes are eluted with a linear 
acetonitrile gradient prepared with buffer A and buffer B at a flow rate of 0.9 ml/min. 
The usual gradient increases the initial percentage of buffer B (40–50%) in two steps, 
with a small increase within the first 1–4 min to 50–70% buffer B and a larger in-
crease within the next 7–10 min to 100% buffer B. The optimal melting temperature 
and the gradient composition can be calculated with the freely available software 
“DHPLC Melt Program” for each PCR product (http://insertion.Stanford.edu/melt.
html) [51].

Calculation
None.

Postanalytical

Interpretation
DHPLC chromatograms are inspected for abnormal elution of PCR products in 
comparison to PCR products from genomic DNA with a known genotype. While 
homoduplexes elute mainly as a single peak at a certain temperature (Fig. 5.2.5), 
heteroduplexes show two and more elution peaks.

Chromatograms

Please refer to Fig. 5.2.5.

Reference Values

None.

Typical Pathological Values

None.

Pitfalls

Homozygous mutations will often be missed with this method. However, this can 
be overcome by supplementing the sample to be investigated with equal amounts 
of a sequenced sample lacking mutations. This will result in heteroduplexes formed 
between a mutant and the supplemented wild-type allele following the initial heat 
treatment and slow cooling of the PCR products. These heteroduplexes will be de-
tected as abnormal patterns on the DHPLC.

Polymorphisms in the LDLR gene will also result in heteroduplexes and an abnor-
mal migration pattern, when a DNA is heterozygous for the polymorphism. These 
polymorphisms are not causing FH but will interfere with the DHPLC analysis. 
Several of these polymorphisms are located in the region amplified for the DHPLC 
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analysis including seven in the coding region. However, the abnormal DHPLC pat-
tern for each polymorphism is characteristic and can be distinguished from a novel 
mutation resulting in another pattern. Nevertheless, DHPLC analysis of exon 12 may 
be hampered because exon 12 contains two exonic polymorphisms that result in 
several abnormal DHPLC patterns.

Follow-up Investigation

All abnormal patterns have to be investigated by sequencing analysis to determine 
the nature of the mutation (for sequencing analysis see section 5.2.3.2 on apoCII 
deficiency). Comparison of the mutation to known mutations will help to evaluate 
whether a mutation causes FH or whether the mutation is silent or has no influence 
on LDLR activity.

Long-Distance PCR

Principle

Long-distance PCR is less labor-intensive compared to the previously used South-
ern blot analysis and relatively quick to detect large deletions and insertions in the 
LDLR. The method is based on the amplification of the entire coding region of the 
LDLR gene by five overlapping PCR reactions (Fig. 5.2.6) [56, 72]. Any large dele-
tion and insertion will result in a reduction or in an increase of the size of one or two 

Fig.	5.2.5  a,b Denaturing high-pressure liquid chromatography chromatograms of two patient 
samples run at the recommended temperature (60°C) to detect mutations. a Sample without 
a mutation. The elution peak at 7.8 min represents homoduplexes. b Sample with a hetero-
zygous mutation. In addition to the elution peak at 7.8 min for the homoduplexes an additional 
peak for heteroduplexes is visible at 7.6 min
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neighboring PCR products. These PCR products will be visualized following separa-
tion by agarose gel electrophoresis.

Preanalytical
Specimen

EDTA-blood for DNA extraction. The samples are stable at room temperature for 
2 days and can be shipped by overnight mail.

Reagents and Chemicals
1. DNA extraction kit for blood samples.
2. Expand Long Template PCR System (Roche Molecular Biochemicals).
3. 1 × Tris-borate EDTA (TBE) buffer, pH 8.0: 89 mM Tris base, 89 mM boric acid, 

2 mM EDTA.
4. Agarose: Seakem Gold (Cambrex).
5. DNA size standard: molecular weight marker XV (Roche Molecular Biochemi-

cals).
6. Ethidium bromide: 2.5 μM ethidium bromide in 1 × TBE.

Instrumentation
1. Thermocycler.
2. Submarine gel chamber with an external circulation through heat exchangers to 

cool the electrophoresis buffer.
3. Power supply for electrophoresis, eventually a pulsing instrument.
4. Ultraviolet documentation system.

Calibration
None.

Quality Control
Genomic DNA without a deletion or an insertion in the LDLR.











Fig.	5.2.6	 Long-distance polymerase chain reaction (PCR) to detect large deletions and inser-
tions in the low-density lipoprotein receptor (LDLR). The structure of the LDLR gene is shown 
from exon 1 through 18. The five fragments produced by the five long-distance PCRs are out-
lined. PCR1 covers exons 1 – 5, PCR2 exons 6 – 13, PCR3 exons 15 – 18, PCR 4 exons 2 – 10, and 
PCR5 exons 12 – 18

5235.2.5 Hypercholesterolemia



Analytical
Procedure

Genomic DNA is amplified in five independent 50 μl PCR reactions with the follow-
ing concentrations: 400 nM primer, 500 μM dNTPs, 2.6 U Expand Long Template 
enzyme, and 400 ng genomic DNA in 1 ×  Expand Long Template PCR buffer 3. The 
reaction is covered with 30 µl mineral oil and the PCR amplification is performed on 
a thermocycler [56, 72]. The PCR products are separated by 0.6% agarose gel electro-
phoresis in 1 × TBE. Large agarose gels (20 cm) are necessary to separate a difference 
in size of ≤ 1 kb between two PCR amplifications of 10–15 kb. The PCR products 
are visualized on the agarose gel by staining for 15 min with ethidium bromide 
in1 × TBE.

Calculation

None.

Postanalytical
Interpretation

The presence of an additional PCR amplification indicates the presence of an allele 
with either an insertion or a deletion (Fig. 5.2.7).

Chromatograms

Please refer to Fig. 5.2.7.

Reference Values

None.

Typical Pathological Values

None.

Pitfalls

Long-distance PCR can result in several unspecific amplicons that interfere with 
the analysis. Applying more stringent condition to the PCR, like increasing the an-
nealing temperature or reducing the Mg2+ concentration will help to obtain a single 
fragment amplified. Regular agarose gel electrophoresis will identify deletions and 
insertions ≥ 1 kb but may miss smaller changes [72]. To improve the sensitivity for 
smaller changes ≤ 1 kb, field-inversion gel electrophoresis may be applied for a better 
separation of these large PCR amplicons [56].

Follow-up Investigation

To define the break points of the deletion or the insertion, further long-PCR amplifi-
cations have to be applied. For this, a set of primers is chosen that dissect the 3–8 kb 
of the region of interest into 1-kb pieces (Fig. 5.2.8). PCR on a heterozygous DNA 
will result in two amplicons, as long as the region with the deletion is contained in 
the amplified region. When the deletion or insertion is not part of the amplified 
region, only one amplicon will occur on the agarose gel. From these experiments 
the approximate size and location of the deletion or insertion can be determined. 
Sequencing of the remaining 1–2 kb will allow detection of the break points of the 
deletion or insertion (for sequencing analysis see section 5.2.3.2).
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5.2.5.2	 Familial	Defective	ApoB-100	(OMIM	144010)

Familial Defective apoB-100 (FDB) is characterized by hypercholesterolemia, xan-
thomas and premature atherosclerosis. Hence, FDB is clinically not distinguishable 
from FH. FDB is an autosomal dominant disease with a prevalence of 1:1000 in Cau-
casians. However, the prevalence varies widely among Caucasians depending on the 
regional location. The highest prevalence is found in Switzerland, with 1:209 persons 
of the population carrying the mutation. In contrast, no FDB has been detected thus 
far in Finland [67]. Other mutations in the apoB gene have been associated with 
FDB, like R3500W, R3480W, and R3531C. However, these mutations are rare and 
their clinical significance is not yet clear [36, 79, 90].

Detection of ApoB R3500Q

Principle

Several commercial assays are available to detect the R3500Q mutation in the apoB 
gene. The assays depend on the amplification of the apoB gene region encompassing 
the G9775A mutation, leading to the R3500Q exchange. Detection of the mutation 
can be done by techniques like sequencing, 5’ nuclease assays, allele-specific ampli-
fication, or by melting-curve analysis using fluorescence resonance energy transfer 
(FRET) on a LightCycler [70].

The LightCycler assay (Roche Diagnostics) is based on a melting-curve analysis 
to detect the mutation. Two fluorescently labeled oligonucleotides are designed that 
allow FRET. One of the oligonucleotides is labeled with fluorescein at its 3’ end and 
the other oligonucleotide located within five nucleotides of the first oligonucleotide 
is labeled at its 5’ end with the fluorophore LC-red640. When both oligonucleotides 

Fig.	5.2.7	 Long-distance PCR for the ≈17-kb fragment 1 is shown. The result of five members 
(1 – 5) of a familial hypercholesterolemia (FH) family is shown. Member number 4 is not affected 
and shows only one amplicon. Members 1, 2, 3, and 5 have heterozygous FH and show a second 
amplicon carrying a 1.3-kb deletion of exon 4
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anneal to the PCR amplicon, fluorescence energy transfer between fluorescein and 
LC-red640 will occur, which can be detected as fluorescence at 640 nm. Such fluo-
rescence is detected when the mixture is denatured and cooled to 40°C following 
PCR amplification. Raising the temperature during the melting procedure will result 
in a rapid decrease in the fluorescence, when the oligonucleotide reaches its melting 
temperature. A mismatch under the oligonucleotide will lead to a reduction of the 
melting temperature and to an earlier decrease in the fluorescence. Since the melting 
temperatures for two alleles differ but are each very reproducible, interpretation of 
the melting temperatures allows identification of the nature of the mutation.

Preanalytical
Specimen

EDTA-blood for DNA extraction. The samples are stable at room temperature for 
2 days and can be shipped by overnight mail.

Reagents and Chemicals
1. DNA extraction kit for blood samples.
2. Commercial LightCycler-apoB mutation detection kit (Roche Molecular Bio-

chemicals).





Fig.	5.2.8	  Determining the deletion break-points in a heterozygous FH patient. Long-dis-
tance PCR amplification located the deletion between exons 2 and 5 (3.5 kb). A forward primer 
and a set of reverse primers have been designed to amplify this region (3.5 kb) and smaller re-
gions lacking consecutive 3’ sequences (2.4 – 1.4 kb). PCR over the largest two regions resulted 
in two amplicons with a size difference of 1.3 kb, while PCR over the smaller regions resulted in 
only one amplicon. This experiment locates the 1.3-kb deletion (light gray) to a region including 
exons 4 and 5

5.2 Lipoproteins526



Instrumentation
LightCycler real-time PCR thermocycler.

Calibration
None.

Quality Control
Genomic DNA with at least two different apoB genotypes at position 9775 (G/G, 
G/A, and ev. A/A).

Analytical
Procedure

According to the manufacturers instructions.

Calculation
None.

Postanalytical
Interpretation

Visual interpretation of the melting curves allows the assignment of the genotype. 
In this assay, the G-allele has a melting point of 63°C and the A-allele of 54°C. The 
presence of only one melting peak at 63°C identifies a homozygous G/G DNA and 
a sole peak at 54°C a homozygous A/A DNA. The presence of two peaks in a DNA 
identifies a heterozygous DNA G/A [70].

Chromatograms

Please refer to Fig. 5.2.9.













Fig.	5.2.9	 LightCycler assay to detect the apolipoprotein B (apoB) R3500Q mutation. 
Identification of the adenine to guanine exchange in exon 26 of the apoB gene, which re-
sults in the exchange of arginine for glutamine at position 3500. A LightCycler analysis with 
melting-curve analysis discriminates between the two alleles. The G-allele has a melting point 
of 63°C and the A-allele a melting point of 54°C. The black melting curve shows one peak at 63°C 
representing the GG-genotype (wild type). The grey melting curve shows two peaks representing 
a heterozygous DNA (G/A). The flat light gray line is the negative control (water)
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Reference Values

None.

Typical Pathological Values

None.

Pitfalls

Other mutations that are located under the fluorescently labeled oligonucleotides 
will result in reduced melting temperatures of the oligonucleotide and could al-
low misinterpretation of the genotype. However, each mutation has a characteristic 
melting temperature that is reproducible, and strict adherence to this temperature 
will omit misinterpretation. It is noteworthy that the temperature of the melting 
peak depends on the ratio of PCR product to Mg2+ and oligonucleotide concentra-
tion. Hence, the melting peak may vary according to the quantity of PCR product. 
In practice, the melting temperature for a given allele varies < 1°C between different 
DNAs.

5.2.6	 HDL	Deficiency

Numerous clinical and epidemiological studies have demonstrated the inverse and 
independent association between HDL cholesterol and the risk of fatal and nonfatal 
coronary heart disease events. As a consequence, many national and international 
guidelines endorse the screening for low HDL cholesterol and define 1.05 mmol/l 
(40 mg/dl) as the cardiovascular risk threshold value [18].

To date, the genetic origin of low HDL cholesterol has been unraveled only to a 
minor degree. Family studies in humans have identified at least 30 quantitative trait 
loci that cover almost all chromosomes. Most known mutations underlying mono-
genic forms of HDL deficiency have been found in genes that encode proteins in-
volved in the formation, maturation, and catabolism of HDL.

However, very low plasma levels of HDL cholesterol are also found in patients 
with genetically disturbed metabolic pathways that are indirectly linked to HDL me-
tabolism. For example, many patients with lipid storage diseases like Gaucher’s dis-
ease (glucocerobrosidase deficiency, OMIM 230800–231000), Nieman-Pick disease 
types A or B (sphingomyelinase deficiency, OMIM 257200 and 607616, respectively), 
Niemann-Pick disease type C (OMIM 257220), hypertriglyceridemia, or diabetes 
mellitus present with low HDL cholesterol [22].

Here we focus on monogenic low HDL cholesterol disorders, which result from 
mutations in three pivotal genes for HDL metabolism, namely apoA-I, ATP binding 
cassette transporter A1 (ABCA1). and lecithin:cholesterol acyltransferase (LCAT). 
Mutations in these three genes were found in about 16% of men and women with 
HDL cholesterol levels below the fifth percentile [12]. Such heterozygous carriers of 
mutations usually have HDL-C levels < 0.9 mmol/l, while homozygous or compound 
heterozygous carriers have been identified by complete HDL deficiency. In the fol-
lowing, we will use the term HDL deficiency to describe the real or virtual absence 
of HDL as measured by routine clinical chemistry tests for HDL cholesterol, which 
have a lower detection limit of about 0.1 mmol/l (3–4 mg/dl) [69].

Although of much less clinical relevance, it must be emphasized that certain dis-
turbances of HDL metabolism cause familial aggregation of elevated HDL cholesterol 
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concentration (i.e., familial hyperalphalipoproteinemia). CETP deficiency is the as 
yet only example of familial hyperalphalipoproteinemia for which the metabolic and 
molecular basis is resolved.

5.2.6.1	 ApoA-I	Deficiency	(OMIM	107680)

As the quantitatively predominant HDL component, apoA-I is crucial for HDL for-
mation. It is also needed to activate LCAT and to mediate the interaction between 
HDL and cell surface receptors, such as scavenger receptor B1 or plasma membrane 
transporters such as ABCA1 [42]. Numerous non-sense and missense mutations in 
the apoA-I gene have been found to interfere with the formation of HDL, and to 
cause gene-dose-dependent decreases in HDL cholesterol, with a virtual absence of 
HDL in homozygotes and half-normal levels of HDL cholesterol in heterozygotes 
[22, 89, 92].

Patients carrying two functionally relevant mutations – being either homozygous 
or compound heterozygous – present with HDL deficiency and with two different 
clinical hallmarks, namely xanthomas and corneal opacities. Xanthelasmas and 
planar xanthomas have also been described in adult patients and frequently these 
patients are affected with premature manifest coronary heart disease (below 50 or 
even 40 years of age). Patients who are homozygous or hemizygous for missense 
mutations, which lead to trace amounts of a structural apoA-I variant in plasma 
(typical apoA-I level 0.01–0.05 g/l), present without xanthomas but often with cor-
neal opacities. Above the age of 40 years, the corneal cloudings are usually detectable 
by physical inspection and are indistinguishable from those found in patients with 
LCAT deficiency or fish-eye disease. At a younger age, slit-lamp examination is usu-
ally needed to detect the cloudings [22, 92].

Heterozygous carriers of functionally relevant mutations usually present with 
HDL cholesterol levels that are frequently below the fifth percentile. As would be 
expected, apoA-I levels are also frequently below the fifth percentile (i.e., < 1.05 g/l 
and < 1.1 g/l in Caucasian men and women, respectively). In most cases, heterozy-
gous carriers of apoA-I variants do not present with specific clinical symptoms. An 
important exception are some structural apoA-I variants with amino acid substi-
tutions in the amino terminus, which have been detected in patients with familial 
amyloidosis of the liver, the intestine, the kidney, the heart, peripheral nerves, and 
in the skin. In addition, some apoA-I variants like apoA-I L178P or L159P have been 
associated with increased risk of premature coronary heart disease or enhanced pro-
gression of carotid intima media thickness, whereas others did not show this asso-
ciation, or were even claimed to have reduced cardiovascular risk and advocated as 
possible agents for the treatment or prevention of atherosclerosis (notably apoA-I 
R173CMilano) [22, 43, 53].

Sequencing of the ApoA-I Gene

The diagnosis of apoA-I deficiency requires sequencing of the apoA-I gene and the 
demonstration of a functionally relevant mutation. All known apoA-I mutations are 
sporadic. The apoA-I gene consists of 4 exons encoding the 267-amino-acid-long 
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pre-pro-apoA-I. This size allows direct genetic analysis including sequencing analy-
sis. Several amplification primers for the apoA-I gene have been published that can 
be used for sequencing analysis [44, 73]. For technical details on sequencing analysis 
see section 5.2.3.2.

5.2.6.2	 ABCA1	Deficiency	and	Tangier	Disease	(OMIM	205400)

The ABCA1 gene resides on chromosome 9q22-q31, contains 50 exons, and codes for 
a 2261-amino-acid-long membrane protein. As a member of the ATP binding cas-
sette transporter gene family, ABCA1 consists of two transmembrane domains, each 
formed by six transmembrane alpha helices, and two intracellular nucleotide-bind-
ing domains. ABCA1 mediates the efflux of cellular cholesterol and phospholipids 
onto apoA-I and thereby plays a central role in both regulating cellular cholesterol 
homeostasis, and in the formation of HDL [76].

At present, more than 100 different mutations in the human ABCA1 gene have 
been described [78]. Heterozygous carriers of non-sense mutations, or functionally 
relevant missense mutations in the ABCA1 gene, present with HDL cholesterol con-
centrations typically below the fifth percentile but without specific clinical hallmarks. 
In large population studies, functionally relevant mutations in the ABCA1 gene were 
found to account for up to 10% of the cases with HDL cholesterol levels below the 
first percentile [33]. Heterozygosity for mutations in ABCA1 was associated with 
increased carotid intimal thickening and coronary event rates [43].

Patients with two defective ABCA1 alleles (i.e., Tangier disease) have very low 
or undetectable levels of HDL cholesterol (< 0.25 mmol/l). Frequently, serum levels 
of total and LDL cholesterol are also low, whereas serum levels of triglycerides are 
mildly elevated (> 2.3 mmol/l). The clinical presentation of Tangier disease varies 
considerably. Enlarged orange tonsils are found predominantly in children or ado-
lescents, but can be undetectable or overlooked in adults because the tonsils have 
either been removed or are scarred. Adult patients are brought to medical attention 
mostly because of hepatomegaly, splenomegaly, or premature coronary heart disease. 
These symptoms result from lipid storage in cells of the reticuloendothelial system 
(i.e., macrophages, Kupfer cells, or histiocytes). Another limiting symptom for qual-
ity of life is peripheral neuropathy, which in Tangier disease has a highly variable 
expression. Clinically symptomatic patients present with two different forms. The 
multifocal demyelinating form is either mononeuropathic or asymmetric polyneu-
ropathic, and affects motor and sensory nerves of the limbs or the head. The result-
ing symptoms (i.e., muscle weakness and sensory loss) are frequently transient and 
the course is benign. In contrast, the second form of Tangier neuropathy, which is 
a syringomyelia-like syndrome, is progressive and frequently debilitating. It starts 
with loss of pain and thermal sensation, atrophy, and paresis, especially in the face 
and the distal parts of the upper limbs. Sensory loss can progress to the trunk and 
the lower limbs. If present, clinical symptoms can be isolated or combined. With the 
widespread screening of HDL cholesterol in general populations, more and more 
Tangier disease patients have been identified who do not present with clinical symp-
toms [3].

The findings of virtual HDL deficiency and low levels of apoA-I are not sufficient 
for the diagnosis of Tangier disease, which ultimately requires ABCA1 gene sequence 
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analysis. Due to the large size of the ABCA1 gene, molecular diagnostics is extensive 
and therefore expensive. The following two tests can help to increase the likelihood 
for the diagnosis of Tangier disease in HDL-deficient patients:
1. The more widely accepted test is the cholesterol efflux assay on cultivated skin fibro-

blasts. After equilibration with radiolabeled cholesterol, fibroblasts are incubated 
with albumin in the presence or absence of lipid-free apoA-I. ApoA-I substantially 
increases cholesterol efflux from normal cells but not from Tangier cells [11, 30].

2. Nondenaturing two-dimensional electrophoresis and subsequent anti-apoA-I im-
munoblotting of normal plasma helps to discriminate a bulk of HDL, which has 
electrophoretic alpha mobility (α-HDL), from a quantitatively minor proportion, 
which has electrophoretic pre-β-mobility (preβ1-HDL). In plasma from Tangier 
patients the latter particle is the only apoA-I containing lipoprotein [4, 26].

Cholesterol Efflux Assay

Principle

In the presence of lipid-free apoA-I, ABCA1 mediates cholesterol efflux from many 
cells including skin fibroblasts. This opens the possibility to test the activity of 
ABCA1 in cultivated skin fibroblasts of patients who are suspected to suffer from 
Tangier disease.

Preanalytical
Specimen

Fibroblasts cultivated from skin biopsy samples.

Reagents and Chemicals
1. DMEM supplemented with l-glutamine.
2. Sterile dishes or multiwell plates.
3. Antibiotic-antimycotic (100 × ; Gibco).
4. FCS.
5. BSA, fatty acid free.
6. ApoA-I (Biodesign or isolated from HDL).
7. Sodium hydroxide (NaOH) 0.2 mol/l.
8. [1,2-3H]-cholesterol (40–60 µCi/mmol).
9. Free cholesterol solubilized in ethanol 30 mg/ml.

Instrumentation
1. Sterile cell culture facility.
2. Permit to work with 3H-isotope.
3. Βeta-scintillation counter.

Calibration
None.

Quality Control
Parallel analysis of control skin fibroblasts from normolipidemic donors and, ideally 
from patients with established diagnosis of Tangier disease, is needed. In addition, 











5315.2.6 HDL Deficiency



both patient and control cells must be incubated with and without apoA-I to stimu-
late ABCA1-dependent cholesterol efflux.

Analytical
Procedure

Human skin fibroblasts are cultured from skin biopsy samples. The dermis is cut 
into small pieces (0.5 mm on each side) and placed into a dish in DMEM containing 
10% (v/v) FCS and 1% (v/v) antibiotic-antimycotic solution. When these primary 
cultures are confluent they are split and cells between passage three and six are used 
for experiments. For the cholesterol efflux assay, cells are grown in 24-well plates to 
60–80% confluence and are labeled with [1,2-3H]-cholesterol (1 µCi/well) for 24 h. 
Cells are then washed with DMEM and incubated for 4 h at 37°C with DMEM con-
taining BSA (0.2%, v/v) and either 0 (negative control) or 5–30 µg/ml apoA-I. The ef-
flux medium is collected and centrifuged to remove cell debris. Cells are solubilized 
in 0.1 mol/l NaOH and the radioactivity in the efflux media and in the cell lysates is 
determined by scintillation counting [11, 30, 75].

Calculation

Fractional cholesterol efflux is calculated as radioactivity in the medium/(radioactivity 
in the medium + cellular radioactivity).

Postanalytical
Interpretation

Frequently results are reported as the percentage of efflux occurring in the pres-
ence of apoA-I relative to the efflux occurring in the absence of apoA-I. Data from 
patient fibroblasts are compared to those from control fibroblasts of normolipidemic 
donors.

Chromatograms

None.

Reference Values

None.

Typical Pathological Values

ApoA-I-mediated cholesterol efflux from fibroblasts of homozygous Tangier patients 
is reduced by more than 90% compared to normal control fibroblasts. Heterozygous 
carriers show significantly reduced cholesterol efflux from fibroblasts compared to 
unaffected family members.

Pitfalls

Partial cholesterol efflux defects may also occur secondary to other diseases (e.g., 
Niemann-Pick type C). Hence, this test is not that helpful in the diagnosis of single 
individuals with low HDL cholesterol and suspicion of heterozygous Tangier disease. 
Furthermore, basal ABCA1 activity in fibroblasts is low, leading to slow cholesterol 
efflux even in the presence of lipid-free apoA-I. Expression of ABCA1 can be en-
hanced by the incubation of fibroblasts with agonists of the transcription factor LXR 
(e.g., oxysterols or synthetic LXR agonists like T0901317; Sigma). This helps to pro-
nounce the efflux defect of Tangier patients relative to normal controls.
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HDL Subclass Identification

Principle

HDL consists of several subclasses that can be separated by two-dimensional non-
denaturing gradient gel electrophoresis with the first-order agarose gel electropho-
resis and the second order gradient polyacrylamide gel electrophoresis (PAGE). The 
proteins in the polyacrylamide gels are then blotted onto membranes, which can be 
probed with various antibodies against apolipoproteins. This allows the differentia-
tion of HDL subclasses by electrophoretic mobility and antigenicity [24].

Preanalytical
Specimen

EDTA-blood samples are collected after overnight fasting and cooled immediately 
on ice. EDTA plasmas are obtained by centrifugation at 4°C for 15 min at 800 × g, 
aliquoted, and can be stored at −70°C.

Reagents and Chemicals
1. Gelbond sheets.
2. Agarose.
3. Tris base.
4. Barbital buffer (Sigma; 50 mM, pH 8.6), which contains (per liter) 44.3 g Tris and 

0.53 g calcium lactate.
5. Calcium lactate.
6. Bromophenol blue.
7. Precast polyacrylamide gradient gels 4–20% (SERVA).
8. Tris glycine buffer (Sigma).
9. Tris HCl buffer pH 8.08.
10. Polyvinylidene fluoride (PVDF) membrane.
11. Anti-apoA-I antibody.
12. Horseradish peroxidase (HRP)-coupled secondary anti-IgG antibodies (spe-

cies depending on primary antibody) enhanced chemiluminescence substrate 
(GE-Healthcare, Amersham).

13. BIOMAX film (Kodak).

Instrumentation
1. Power supplies with a minimum of 500 V and 100 mA outputs.
2. Horizontal (agarose gel) electrophoresis.
3. Vertical (polyacrylamide gradient) gel electrophoresis.
4. Electrotransfer chamber for Western blotting.

Calibration
None.

Quality Control
Control plasma of normolipidemic controls and, ideally, from patients with estab-
lished diagnosis of Tangier disease are analyzed in parallel.
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Analytical
Procedure

In the first dimension, 20 μl plasma is separated by electrophoresis at 4°C in a 0.75% 
agarose gel using a 1:2:16 dilution of a barbital buffer. Bromophenol blue is added to a 
standard sample to visualize albumin in the native gel. The electrophoresis is stopped 
when the albumin/bromophenol blue marker has migrated 6 cm. Agarose gel strips 
containing the preseparated lipoproteins are then transferred to a 4–20% polyacryl-
amide gradient gel. Separation in the second dimension is performed at 40 mA for 
4–5 h at 10°C. The proteins separated in the PAGE gel are then electroblotted onto 
a PVDF membrane, and the apoA-I-containing lipoproteins are immunocomplexed 
by antibodies against human apoA-I. An HRP-labeled secondary antibody is used to 
visualize the immunocomplex [4, 26].

Calculation
None.

Postanalytical
Interpretation

Interpretation of the HDL subclass pattern is achieved according to von Eckard-
stein and colleagues [25, 26]. In normolipidemic plasma, the majority of apoA-I 
HDL is found in particles with electrophoretic α-mobility (α-LpA-I) and a minor 
part (about 5%) in a particle with pre-β-mobility (preβ1-LpA-I). In Tangier disease, 
plasma α-LpA-I is absent and residual amounts of apoA-I reside in preβ1-LpA-I 
(Fig. 5.2.10).







Fig.	5.2.10	 Nondenaturing two-dimensional electrophoresis with agarose gel electrophoresis in 
the first dimension and gradient polyacrylamide gel electrophoresis in the second dimension 
combined with anti-apolipoprotein AI (apoA-I) immunoblotting differentiates apoA-I-contain-
ing lipoproteins by charge (pre-β1-LpA-I versus α-LpA-I) and size (HDL2 versus HDL3). In nor-
mal plasma the major part of the HDL pool is formed by α-LpA-I, a smaller by pre-β1-LpA-I 
(left picture). In the plasma from Tangier patients only some pre-β1-LpA-I particles are present 
(right picture)
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Chromatograms

Please refer to Fig. 5.2.10.

Reference Values

None.

Typical Pathological Values

Residual amounts of apoA-I are exclusively present in pre-β1-LpA-I, which in nor-
molipidemic plasma accounts for less than 5% of total apoA-I. The α-migrating α-
LpA-I, which in normolipidemic plasma represents the bulk of HDL, is absent from 
Tangier disease plasma.

Pitfalls

The method can only be used for the analysis of plasmas from homozygous or com-
pound heterozygous patients. A similar pattern of HDL subclasses with a lack of 
α-LpA-I in the presence of pre β1-LpA-I can be found in homozygous carriers of 
structural apoA-I variants [66].

5.2.6.3	 LCAT	Deficiency	(OMIM	245900)		
and	Fish-eye	Disease	(OMIM	136120)

LCAT catalyzes the transfer of a preferentially unesterified fatty acid from the sn-2 
position of phosphatidylcholine to the 3β-hydroxy group of cholesterol, and thereby 
produces lysophosphatidylcholine and a cholesteryl ester [50]. Depending on the 
mutation in the LCAT gene, homozygous or compound heterozygous patients pres-
ent with one of two clinical phenotypes, classical LCAT deficiency or fish-eye disease 
[58, 85]. Classical LCAT deficiency is caused by a broad spectrum of missense and 
non-sense mutations that interfere with the synthesis or secretion or affect the cata-
lytic activity of LCAT [10]. Fish-eye disease is caused by a limited number of mis-
sense point mutations that alter the surface polarity, and thereby interfere with the 
binding of the enzyme to apoA-I containing lipoproteins [77]).

Homozygotes or compound heterozygotes are characterized by the occurrence of 
corneal cloudings, which after the third decade become apparent upon physical ex-
amination. In addition, patients with classical LCAT deficiency develop renal disease 
with proteinuria and hematuria, which progresses to terminal renal insufficiency and 
hemolytic anemia [58, 85].

Heterozygous carriers of LCAT mutations are clinically normal. Frequently, but 
not always, they present with low HDL cholesterol. Large family studies in the Nether-
lands indicated that heterozygous carriers of LCAT defects may have an increased 
risk for atherosclerotic vascular disease [43].

Homozygous or compound heterozygous patients with classical LCAT deficiency 
or fish-eye disease can be diagnosed by measuring LCAT activity [58, 85]). However, 
heterozygous carriers need genetic testing because LCAT activity can be reduced 
secondary to HDL deficiency due to other causes than defects in the LCAT gene. This 
is even true in families with known LCAT deficiency [35].

Biochemically, both patients with classical LCAT deficiency and fish-eye disease 
present with very low levels of HDL cholesterol (< 0.3 mmol/l), although some pa-
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tients were reported to have higher values, including individuals with HDL choles-
terol levels >0.5 mmol/l. Serum levels of apoA-I usually are below 0.5 g/l but not as 
low as in patients with apoA-I deficiency or Tangier disease. In addition, apoB-con-
taining lipoproteins are highly abnormal in patients with LCAT deficiency. They are 
rich in phospholipids, unesterified cholesterol, and apoC, and thereby resemble LpX, 
which is otherwise found in cholestatic liver disease. Routine lipid and lipoprotein 
analyses do not help to distinguish patients with classical LCAT deficiency and fish-
eye disease from one another and from other HDL deficiency syndromes. This is 
only possible by measuring unesterified cholesterol and determining LCAT activity 
and/or by sequence analysis of the LCAT gene [10, 58, 85].

LCAT Activity

Principle

LCAT acts preferentially on lipids transported by HDL (so-called α-LCAT activity), 
but also on lipids transported by apoB-containing lipoproteins (so-called β-LCAT 
activity) [58, 85]. In practice, LCAT activity is measured either as the activity re-
quired to esterify radioactive cholesterol that has been exogenously incorporated 
into native HDL or into artificial HDL-like particles (α-LCAT activity) or which has 
been equilibrated with endogenous lipoproteins of the plasma sample (cholesterol 
esterification rate, CER) [21, 58, 85]. Several variations of these assays have been 
reported, some of which are available as commercial test kits (e.g., Roar Biomedi-
cal, New York, USA). In addition, LCAT concentration can be determined by either 
laboratory-made tests or by a commercial ELISA kits [57]. However, the decrease in 
LCAT concentration is difficult to judge since it also decreases secondary to HDL de-
ficiency due to causes other than LCAT deficiency. Plasma from patients with LCAT 
deficiency fails to esterify radioactive cholesterol provided by any substrate. By con-
trast, plasmas of patients with fish-eye disease show a near-normal cholesterol ester-
fication rate but have a selective inability to esterify radioactive cholesterol provided 
to plasma with native HDL or reconstituted HDL (α-LCAT activity) [58, 85].

Preanalytical
Specimen

EDTA-blood samples are collected after overnight fasting and cooled immediately 
on ice. EDTA-plasmas are obtained by centrifugation at 4°C for 15 min at 800 × g, 
aliquoted, and then stored at −70°C.

Reagents and Chemicals
For the CER:
1. [1,2-3H]-cholesterol.
2. Ethanol.
3. Paper filter disks of 5 mm diameter.
4. Thin layer chromatography (TLC) plates.
5. Unesterified cholesterol.
6. Cholesteryl oleate.
7. Chloroform.
8. Methanol.
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9. Diethylether.
10. n-Hexane.
11. Iodine.

For α-LCAT activity:
1. Egg yolk phosphatidylcholine. [7-3H(N)]-cholesterol. ApoA-I. NaCl. Ethanol.
2. BSA.
3. EDTA.
4. Tris HCl.
5. Analysis buffer (0.15 M NaCl, 5 mM EDTA, 10 mM Tris-HCl, pH 7.4).
6. 2-Mercaptoethanol.
7. Unesterified cholesterol.
8. Cholesteryl oleate.
9. TLC plates.
10. Chloroform.
11. Methanol.
12. Diethylether.
13. n-Hexane.
14. Iodine.

Instrumentation
1. Centrifuge.
2. TLC chamber.
3. Beta counter.

Calibration
None.

Quality Control
Frozen pool plasma for precision testing.

Analytical
Procedure

For the CER: 3 µl of 21 Ci/mmol [7-3H(N)]-cholesterol are dissolved in 100 µl of 
pure ethanol; 3 µl of this solution are spotted and dried onto filter plates of 5 mm dia-
meter. These plates are incubated overnight with 200 µl plasma in an ice bath at 4°C. 
The next day, 50 µl of the radiolabeled plasma is removed and kept on ice, whereas 
the remainder is incubated for 30 min at 37°C. The 50 µl aliquots obtained before 
and after incubation are transferred into glass tubes and incubated with 1 ml pure 
ethanol. After 2 h of incubation with repeated shaking the tubes with the samples 
are centrifuged for 15 min at 3000 rpm (2000 × g). The lipid-containing supernatant 
is removed for subsequent evaporation of the alcohol. Radiolabeled unesterified and 
esterified cholesterol are separated by TLC using diethylether/hexane in a ratio of 3:2 
as the mobile phase. Standards with cholesterol and cholesteryl esters are run in par-
allel to identify their bands with iodine staining. The two bands containing unesteri-
fied and esterified cholesterol are cut out of the TLC gel and transferred into separate 
scintillation vials. Radioactivity is determined with beta counting [20, 34].
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For α-LCAT activity: the apoA-I proteoliposome emulsion is prepared by evapo-
rating 260 µl of 5 mg/ml egg yolk phosphatidylcholine, 150 µl of 1 mg/ml unesteri-
fied cholesterol, and 3 µl of 21 Ci/mmol [7-3H(N)]-cholesterol. The dried lipids are 
dissolved in 125 µl pure ethanol and injected into 10 ml of analysis buffer and vor-
texed. The emulsion is concentrated by ultrafiltration to less than 2.5 ml and then 
filled up to 2.5 ml. A 300-µL aliquot of this emulsion is incubated with 75–150 mg of 
apoA-I and 1.1 ml analysis buffer. The optimal amount of apoA-I varies from lot to 
lot and has to be optimized using normal plasma samples.

For the analysis, 140 µl of the apoA-I proteoliposomes is supplemented with 50µl 
of 8% BSA in analysis buffer, 10 µl of 0.1 M 2-mercaptoethanol, and 15 µl plasma. The 
mixture is incubated by shaking for 30 min at 37°C. The LCAT reaction is stopped by 
adding 4 ml of chloroform: methanol (2:1, v/v). Lipids are extracted by incubation at 
room temperature for 2 h. Hydrophilic and lipophilic phases are separated by adding 
1.5 ml of 0.15 M NaCl, shaking and centrifugation for 10 minutes at 4°C at 3000 rpm 
(2000 × g). (Radioactive) cholesterol and cholesteryl esters in the lipophilic upper 
phase are then separated by TLC as described for the CER [34].

Calculation

CER: The fractional esterification rate (FER) is calculated as [cpm [3H] cholesteryl 
esters/(cpm [3H]cholesteryl esters + cpm unesterified [3H] cholesterol)].

α-LCAT activity: FER × 2 × 4.66 × 1000/15 (in nmol esterified cholesterol/ml/h).

Postanalytical
Interpretation

Patients with classical LCAT deficiency fail to esterify cholesterol in any substrate 
and hence have both an undetectable or very low cholesterol esterification rate and 
α-LCAT activity. Patients with fish-eye disease usually have a normal cholesterol es-
terification rate and a selective α-LCAT deficiency.

Chromatograms

None.

Reference Values

CER (95% interval): 3.7–8.2% cholesteryl esters/h [23]. Variations among laboratories 
are possible so that every laboratory should determine its own reference intervals).

α-LCAT activity: 15–25 nmol/ml/h [23]. Variations among laboratories are pos-
sible so that every laboratory should determine its own reference intervals.

Typical Pathological Values

Plasmas from patients with classical LCAT deficiency fail to esterify cholesterol in 
any substrate and hence have both an undetectable or very low cholesterol esterifica-
tion rate and α-LCAT activity. By contrast, plasmas of patients with fish-eye disease 
have a normal or significantly residual cholesterol esterification rate and a selective 
α-LCAT deficiency. LCAT mass concentrations are reduced or not detectable in pa-
tients with either LCAT deficiency or fish-eye disease [10, 34].
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Pitfalls

Considerable amounts of LCAT are carried by HDL; therefore α-LCAT activity is also 
secondarily reduced in other forms of familial HDL deficiency. Notably, this partial 
LCAT deficiency has been repeatedly documented in forms of apoA-I deficiency due 
to structural defects in apoA-I. However, despite secondary LCAT deficiency these 
patients have a normal unesterified cholesterol:total cholesterol ratio [35].

Unesterified Cholesterol

Principle

Assays for the determination of cholesterol in routine clinical laboratories include 
cholesterol esterase and thus quantify total cholesterol (i.e., unesterified and es-
terified cholesterol). However, specific assays are also available that lack cholesterol 
esterase and hence allow the determination of unesterified or free cholesterol. The 
difference between total and unesterified cholesterol gives the concentration of cho-
lesterol esters.

Preanalytical
Specimen

Blood samples are collected after overnight fasting and cooled immediately on ice. 
Serum is obtained by centrifugation at 4°C for 15 min at 800 × g, aliquoted, and 
stored at −70°C.

Reagents and Chemicals
1. Free cholesterol assay (WAKO Chemicals, Richmond, CA, USA).
2. Total cholesterol assay.

Instrumentation
Photometer that measures absorption at 505 nm, or a clinical chemistry analyzer.

Calibration
Commercial calibration available.

Quality Control
Commercial controls for precision and accuracy testing available

Analytical
Procedure

According to the manufacturers’ protocols for both, the total cholesterol assay and 
for the unesterified cholesterol assay.

Calculation
None.
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Postanalytical
Interpretation

From the measurement of the total cholesterol and the unesterified cholesterol in the 
sample, the ratio of the unesterified to total cholesterol is calculated.

Chromatograms

None.

Reference Values

In normolipidemic controls the unesterified cholesterol is < 30% of the total choles-
terol.

Typical Pathological Values

Patients with classical LCAT deficiency show an increased proportion of unesterified 
cholesterol in plasma (80–100%). By contrast, the plasma from patients with fish-eye 
disease has a slightly elevated proportion of unesterified cholesterol (up to 70%).

Pitfalls

None.

5.2.6.4	 CETP	Deficiency	(OMIM	607322)

CETP exchanges cholesteryl esters of HDL with triglycerides of VLDL, IDL, and 
LDL. The HDL-derived cholesteryl esters are subsequently removed from the circu-
lation via the LDL receptor pathway [28, 91]. Absence of functional CETP results in 
pronounced elevations of plasma concentrations of HDL cholesterol (2.5–8 mmol/l) 
and apoA-I. In parallel, plasma concentrations of LDL cholesterol and apoB are rela-
tively low. Heterozygous CETP deficiency is associated with a milder elevation of 
HDL cholesterol. Most patients with CETP deficiency do not present with specific 
clinical symptoms. Some were reported to exhibit corneal opacities. CETP deficiency 
has been claimed to reduce the risk of atherosclerotic vascular disease and to prolong 
life expectancy. However, in some situations (e.g., in hypertriglyceridemia or in the 
absence of high HDL cholesterol), CETP deficiency may also increase cardiovascular 
risk [15, 28, 91].

CETP deficiency was originally found in Japan. There, heterozygosity for the two 
most frequent mutations has a prevalence of 1–2%. In Japan, these two frequent mu-
tations together with some rare variants of CETP explain 20% of the variance in HDL 
cholesterol and 50% of cases with hyperalphalipoproteinemia. Among Caucasians, 
CETP deficiency is much rarer [15].

CETP Activity

Principle

CETP can be measured both as activity and mass concentration. For the latter, labo-
ratory-made and commercial immunoassays have been described [16, 65]. Various 
assays have been described for the measurement of CETP activity. Most of them 
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use either native or reconstituted HDL as donors of either radioactive or fluorescent 
cholesteryl esters [16]. We used and describe here the assay that is employed by in 
Japanese laboratories for the characterization of CETP deficiency [23, 55, 68].

Preanalytical
Specimen

EDTA-plasma.

Reagents and Chemicals
1. LDL isolated from plasma (density = 1.1019–1.063 kg/l).
2. Egg yolk phosphatidylcholine. Cholesterol. Cholesteryl oleate. [3H]-cholesteryl 

oleate. Chloroform. Ethanol. Sodium phosphate. EDTA. NaN3. Sodium cholate. 
NaCl.

3. Dithiobis-(2-nitorobenzoic) acid (DTNB) as an LCAT inhibitor.
4. Magnesium dichloride.
5. Dextran sulfate.
6. NaOH.
7. Scintillation vials.

Instrumentation
1. Ultracentrifuge.
2. Beta counter.
3. Centrifuge.

Calibration
None.

Quality Control
Pool plasma for assessing precision.

Analytical
Procedure

To prepare proteoliposomes, 7 mg egg yolk phosphatidylcholine, 1.16 µg choles-
terol, 77.5 µg cholesteryl oleate and 10 µCi [3H]-cholesteryl oleate, all dissolved in 
chloroform are mixed. After evaporation of chloroform with nitrogen, the lipids are 
resolved in 400 µl ethanol. The ethanolic solution is injected into 5 ml of a vortex-
ing buffer with 39 mmol/l sodium phosphate, 0.01% EDTA, 2 mmol/l NaN3, and 
12 mmol/l sodium cholate (pH 7.4); 3 mg apoA-I is added. The solution is subse-
quently dialyzed against a buffer with 39 mmol/l sodium phosphate, 0.01% EDTA, 
2 mmol/l NaN3, and 12 mmol/l sodium cholate (pH 7.4) at 4°C. At the end the 
solution is filled up with analysis buffer containing 39 mmol/l sodium phosphate, 
0.02% EDTA, and 60 mmol/l NaCl (pH 7.4). The proteoliposome solution can be 
maintained at 4°C. Thereafter, 100 µl of this proteoliposome solution, 200 µg LDL 
(by protein), 0.42 µmol DTNB (final concentration), and 5 μl of plasma are taken 
up to 300 μl with analysis buffer (39 mmol/l sodium phosphate, 0.02% EDTA, and 
60 mmol/l NaCl (pH 7.4)). The mixture is incubated for 20 min at 37°C while shak-
ing. The reaction is terminated by placing the tube on ice. For the separation of LDL 
and proteoliposomes, 30 µl of 60 mmol/l MgCl2 and 30 ml of 1% dextran sulfate are 
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added. After incubation for 20 min on ice, the apoB-containing lipoproteins are pre-
cipitated by centrifugation at 3000 rpm (2000 × g). The supernatant is then carefully 
removed without leaving any fluid on the precipitate. The precipitate is dissolved in 
100 µl 0.1 mol/l NaOH; 80 µl of the dissolved precipitate is transferred into a scintil-
lation vial for radioactivity counting. In every series blank samples without plasma 
are analyzed, where radioactivity is measured in both the supernatant and the pre-
cipitate [23, 55, 68].

Calculation
Counts per minute (CPM)total = CPM in blank sample  
(or CPMtotal × 10 in ml proteoliposomes)

Concentration of cholesteryl esters in 1 ml proteoliposome  = 775 ng/651 × 10  
= 12 nmol/l

Specific radioactivity (S) = CPMtotal × 10/12

Net transfer CPMnet = CPMprecipitate sample – CPMprecipitate blank

CETP activity (in nmol/ml/h) = CPMnet × 200 × 3/S/10/12

Postanalytical
Interpretation

The CETP activity is compared to the reference values.

Chromatograms

None.

Reference Values

CETP activity: 45–120 nmol/ml/h [23]. Variations among laboratories are possible 
so that every laboratory should determine its own reference intervals.

Typical Pathological Values

Homozygous CETP deficient patients have very low or undetectable own plasma 
CETP activity.

Pitfalls

None.

5.2.7	 Abeta-	and	Hypobetalipoproteinemia	(OMIM	200100	and	605019)

Defects in the assembly or secretion of apoB-containing lipoproteins lead to the oc-
currence of familial hypobetalipoproteinemia (FHBL), abetalipoproteinemia (ABL), 
and Anderson’s disease.

FHBL (OMIM 107730) is a codominant disorder characterized by plasma levels 
of total cholesterol, LDL-cholesterol, triglycerides, and apoB below the fifth percen-
tile of the distribution in the general population. FHBL is genetically heterogeneous; 
it may be linked to the apoB gene. The best-characterized FHBL cases are those due 
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to the non-sense or frameshift mutations of the apoB gene, which prevent the com-
plete translation of apoB mRNA, leading to the production of truncated forms of 
apoB of various sizes. Frameshift mutations that encode for truncated peptides with 
less than 29% of the amino terminal portion of apoB prevent the formation of apoB 
isoforms, which are detectable in plasma. The longer the truncated apoB peptide, the 
more buoyant the apoB particles formed thereof. The smallest particles have the size 
of HDL. Truncated isoforms containing more than 89% of the normal apoB sequence 
form VLDL. Most FHBL subjects are heterozygotes for defects in the apoB gene and 
asymptomatic or mildly symptomatic. Homozygotes and compound heterozygotes 
for apoB gene defects present with the near absence of apoB-containing lipoproteins 
and with clinical symptoms that are also found in abetalipoproteinemia [54, 87].

ABL (OMIM 200100) is a rare recessive disorder that is caused by the deficiency 
of microsomal triglyceride transfer protein (MTP). To date, more than 20 mutations 
have been identified in the MTP gene of ABL patients. Most of them are frameshift, 
non-sense, and splice site mutations that are predicted to encode truncated forms 
of MTP that are completely devoid of function. In the absence of MTP, apoB can-
not be properly lipidated and is rapidly degraded in liver and intestinal cells. As the 
result, plasma concentrations of cholesterol, triglycerides, and apoB are extremely 
low. Clinically, ABL patients present with steatorrhea because of fat malabsorption, 
hepatomegaly because of fatty liver, and neurological disorders including Friedreich 
ataxia, retinitis pigmentosa, and peripheral neuropathy. The blood smear shows 
acanthocytosis [47, 54].

In chylomicron retention disease (Anderson’s disease) the secretory defect is re-
stricted to intestinal apoB-containing lipoproteins (i.e., chylomicrons). This very rare 
recessively inherited disorder results from defects in a GTPase, Sar1b, which plays 
a critical role in the intracellular assembly and trafficking of chylomicrons. The af-
fected patients present with fat malabsorption resulting in steatorrhea and deficiency 
of fat-soluble vitamins [46, 52, 54].

Since hypobetalipoproteinemia and abetalipoproteinemia are genetically variable 
and in a considerable proportion caused by defects in as yet unknown genes, the 
diagnosis is frequently phenomenological because of the finding of very low concen-
trations of cholesterol, triglycerides, and apoB. Family studies to unravel the mode 
of inheritance (codominant or recessive) are important to discriminate the candidate 
gene apoB from the candidate genes MTP and SAR1B. In the case of FHBL it may 
be advisable to investigate plasma samples of patients by SDS-PAGE and subsequent 
Western blotting for the presence of truncated apoB isoforms. However, notably very 
small ones can be overlooked. Therefore, genetic diagnostics is ultimately needed. 
The underlying mutations in apoB, MTP, or SAR1B are sporadic so that screening for 
mutations by DHPLC or DGGE and subsequent gene sequencing is the method of 
choice. Primers have been described in the literature (for example see [19, 52]). For 
DHPLC and sequencing analysis see section 5.2.5.1 (Familial Hypercholesterolemia) 
and 5.2.3.2 (ApoCII Deficiency), respectively.
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5.3.1	 Introduction

It is 70 years since Guy Marrian identified pregnanetriol (5β-pregnane-3α,17α,20α-
triol) as a key diagnostic analyte for the form of the adrenogenital syndrome (con-
genital adrenal hyperplasia, CAH) known as 21-hydroxylase deficiency [9]. Four 
years ago saw the description of the latest form of CAH, P450 oxidoreductase de-
ficiency [1, 2, 17], and interestingly pregnanetriol remains a key urinary analyte in 
the diagnosis of this new disorder [91]. In the long period between these findings 
there has been a steady uncovering of new genetic disorders of steroid synthesis and 
metabolism.

For 40 years genetic disorders of steroid metabolism have been studied in indi-
vidual patients primarily through the quantification of select blood analytes by im-
munoassay and related techniques. The primary analytes are steroids secreted by the 
adrenal glands and gonads, and most of clinical significance are listed in Table 5.3.1. 
The similarity of steroid structures has meant that immunoassay techniques can 
be compromised by crossreactivity and the College of American Pathologists Pro-
ficiency testing program demonstrated this to be an almost universal problem in 
commercial testing, and a particular problem when low levels of hormones are be-
ing quantified, such as in pediatrics or postmenopausal women. Within the last few 
years there has been a push by clinicians investigating patients with potential hor-
monal disorders to have more accurate data than they have previously accepted, and 
at quantitative levels much lower.

With the maturation of tandem mass spectrometry (MS/MS) instruments and 
methodologies, many commercial laboratories are switching to this technique, and 
high-sensitivity measurements on high volumes of samples are becoming routinely 
achieved. Since the future of steroid hormone analysis is MS/MS, only MS tech-
niques will be described in this chapter. Immunoassay procedures have been well 
described and reviewed over the years and will cease to be mainstream methodolo-
gies within the next decade.

While the clinical use of MS/MS of hormonal steroids is new, metabolite analy-
sis by gas chromatography (GC)-mass spectrometry (MS) has been available for 
40 years, since few immunoassays were developed for urinary analytes. Profile analy-
sis is a very powerful technique and it must be recognized that with few exceptions, 
all disorders of steroid synthesis and metabolism first had their metabolome defined 
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Fig.	5.3.1	 Adrenal steroid synthesis and catabolism in man. 
3βHSD 3β-Hydroxysteroid dehydrogenase, DOC deoxycorticosterone, THA tetrahydro-11-de-
hydrocorticosterone, THALDO tetrahydroaldosterone, THB tetrahydrocorticosterone, THDOC 
tetrahydrodeoxycorticosterone, THE tetrahydrocortisone, THF tetrahydrocortisol, THS tetrahy-
dro-11-deoxycortisol
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using urine analysis, even up to the present day. The greater part of this chapter will 
detail clinical use of GC-MS profile analysis because this field has been the specialty 
of the author. The methodology description in this chapter will be divided into two 
sections, “hormones and precursors [analysis by high-performance liquid chroma-
tography (HPLC)-MS]”, and “steroid metabolites (analysis by GC-MS)”. The reason 
behind this division relates to the relatively poor resolution of HPLC compared to 
GC, which has delayed the use of the former technique in steroid metabolomics, 
although it is ideal for discrete compound analysis. However, the recent commercial-
ization of instrumentation utilizing small-particle-size liquid chromatography (LC) 
packings (< 2 µm) may change this as these columns allow separations competitive 
with GC. Both the Agilent and Waters companies offer such systems, termed rapid 
resolution LC and ultraperformance LC, respectively [68, 106].

5.3.2	 Methods

5.3.2.1	 Hormones	and	Precursors	(HPLC-MS)

The Analytes

The synthesis of adrenal steroids is illustrated in Fig. 5.3.1. Cortisol, corticosterone, 
and aldosterone are formed by sequential hydroxylations and oxidoreductions from 
pregnenolone and progesterone. 17α-Hydroxypregnenolone (17HP) is a branch-
point constituent because it can be converted to cortisol or adrenal androgens. All 
of the components of this pathway can be quantified by MS/MS. The steroids around 
the periphery are urinary metabolites and these are measured by GC-MS following 
hydrolysis of conjugates and derivatization.

HPLC-MS Instrumentation

All major mass spectrometer manufacturers produce suitable instruments for steroid 
analyses. Typical instruments used in steroid assays are the Applied Biosystems API 
2000-5000 series (www.appliedbiosytems.com), the Finnigan TSQ quantum (www.
thermo.com), Agilent QQQ or QTof instruments (www.Agilent.com), and Micro-
mass Quattro instruments (www.waters.com).

There are three major ionization sources now used for steroid LC-MS: electro-
spray ionization MS (ESI), atmospheric pressure chemical ionization (APCI), and 
atmospheric pressure photoionization (APPI). Under optimal conditions, all ioni-
zation methods have similar absolute sensitivities. ESI is preferred for polar and 
charged (steroid conjugates) molecules, but derivatization or chemical modification 
of less-polar molecules may be necessary for this technique to match the sensitivity 
of APPI or APCI.

APCI and APPI are probably the ionization methods of choice for unconjugated, 
underivatized steroids. They are related techniques; in APCI a corona discharge initi-
ates the ionization process, while this is initiated by ultraviolet light in APPI. There 
are probably no absolute rules regarding sensitivity, it being very much dependent 
on the instrument design. A particular source on a particular instrument may be 
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the most sensitive, but the opposite may be true with a different source/instrument 
pairing. Kushnir et al. [44, 45] extol the value of oxime derivatization for improving 
sensitivity, their paper on testosterone quantification containing a figure illustrating 
the relative sensitivities of APPI, APCI, and ESI sources with and without steroid 
oximation.

Positive-ion MS is used in the majority of published works and is preferable for 
most hormonal steroids, with the possible exception of aldosterone. Estrogens and 
steroid conjugates have greater sensitivity in negative-ion mode.

Standards

Authentic Compounds

Most nonlabeled reference steroids can be obtained from Sigma Aldrich (www.
sigmaaldrich.com), Steraloids (www.steraloids.com), and Research Plus (www.re-
searchplus.com). 3β,5β-Tetrahydroaldosterone was kindly supplied by Dr. Bernhard 
Dick and 3α,5β-tetrahydroaldosterone by Quest Diagnostics. Dr. Liwei Guo and Dr. 
William Wilson synthesized the ∆7 and ∆8 steroids used in the studies.

Internal Standards

The choice of an internal standard is fundamental to accuracy in mass spectrometric 
procedures. Ideally, the internal standard should not differ in basic structure from 
the analyte so stable labeled analogs are preferred, with mass differences preferably 
of more than 4 Da. However, full availability of labeled internal standards for ste-
roid quantification has still not been achieved and non-biological steroids of similar 
structures may have to be used. This must change soon as too many published meth-
ods are compromised by the use of “nonidentical” internal standards.

The following companies supply most of the labeled internal standards used in 
these studies and potential investigators should review their online catalogues: CIL 
(Cambridge Isotope Laboratories, www.isotope.com); CDN Isotopes (www.cdniso-
topes.com); Medical Isotopes (www.medicalisotopes.com), and Isotec (www.sig-
maaldrich.com). These manufacturers will undertake custom syntheses.

Derivatization or Modification for HPLC-MS

In contrast to GC-MS analysis, derivatization is not a prerequisite for steroid analysis 
by HPLC, but can allow for improvement in sensitivity.

Girard Hydrazones

Preparation of Girard hydrazone increases the ESI sensitivity of steroids with a car-
bonyl function. Shackleton and co-workers [87] utilized the Girard T hydrazone, 
a quaternary ammonium cation, and Johnson [41] report ketosteroid profiling using 
Girard reagents T and P. In the latter method for mono-Girard derivatives, 140 µl 
Girard reagent T (10 mmol/l in methanol containing 1% acetic acid) is added to the 
sample. After 15 min at ambient temperature the solvent is removed under nitro-
gen and 150 µl acetonitrile/water/formic acid (50:50:0.025, v/v/v) added. The aque-
ous layer is infused into the mass spectrometer. For making di-Girard T derivatives, 
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Johnson substitutes trifluoroacetic acid (TFA) for acetic acid and conducts the de-
rivatization at 75 C. Griffiths et al. [22] also report extensively on Girard hydrazone 
derivatives applied to LC-MS analysis of oxosteroids.

Dansyl Derivatization

Nelson et al. [60] published a method for estrone and estradiol measurement using the 
dansyl derivatives with analysis by APCI. After adding d4-estrone and d5-estradiol to 
0.5 ml serum, the steroids are extracted with 6 ml methylene chloride. After drying the 
solvent, 50 µl of sodium bicarbonate and (100 mmol/l, pH 10.5) 50 µl of dansyl chlo-
ride (1 g/l) are added. The samples can be injected after heating at 60 C for 1 min.

2-Hydrazino-1-Methylpyridine Derivatization

Higashi and coworkers [28] used 2-hydrazino-1-methylpyridine (HMP) derivatiza-
tion to introduce a positively charged moiety in testosterone and dihydrotestoster-
one (DHT) to achieve a sensitivity improvement of 70- to 1600-fold compared to 
underivatized molecules in ESI. However, they found the derivative was unsuitable 
for di-keto steroids such as androstenedione and progesterone, so this form of de-
rivatization is unlikely to be widely accepted. Separable syn- and anti- (E and Z) 
stereoisomers are formed using this derivative. Preparation is as follows: a solution 
of 10 µg HMP in 50 µl ethanol containing 25 µg TFA was added to the steroid dis-
solved in 30 µl ethanol. After heating for 1 h at 60 C, the solvents can be removed 
and sample injected.

Hydroximation

In their studies, Kushnir and co-workers [44, 45] found an increase in sensitivity of 
ESI detection of testosterone and adrenal steroids when they convert carbonyl groups 
to oximes. The steroid mixture is dissolved in 300 µl of an aqueous hydroxylamine 
solution (1.5 mol, pH 10), and following heating for 30 min at 90 C the derivatives 
are extracted with methyl t-butyl ether (2 ml).

Enzymatic oxidation

Griffiths et al. [23] studied the ESI MS of sterols, and while they are not hormonal 
steroids, similar derivatization methods can be used. He converts 3β-hydroxy-∆5 ste-
rols to 3-oxo-4-ene sterols using cholesterol oxidase and follows this by preparation 
of Girard P hydrazones. This increases the sensitivity by 1000 in ESI. This technique 
would also be applicable to pregnenolone, dehydroepiandrosterone (DHEA) and 
similar ∆5 steroids, which can also be oxidized by cholesterol oxidase.

Sample Preparation, Sample Introduction, and Automation

The remaining major bottleneck in clinical steroid analysis by MS/MS is sample ex-
traction, and so the development of automated extraction techniques is vital. Quest 
Diagnostics in California (www.questdiagnostics.com) are leaders in the use of an 
on-line extraction system based on turbulent flow principles, and through this have 
overcome the rate-limiting step impeding high-throughput LC-MS/MS analysis. 
They use a Cohesive Technologies (www.cohesivetech.com) TX4 multiplexing tur-
bulent flow system (high-turbulence liquid chromatography, HTLC) for on-line ex-
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traction of steroids from 150 µl serum previously treated with 1% TCA (Dr. Nigel 
Clark, personal communication). The HTLC system is divided into two functions: 
solid-phase extraction (SPE) using a large-particle-size (50 µm) column and high 
flow rate. The high flow rate causes turbulence inside the column, which ensures 
optimized binding of steroid to the large particles and the passage of residual protein 
and debris to waste. Following a loading step from 96-well plates, the flow is reversed 
and the sample is eluted off the loading column and onto the analytical column. 
Typically, sequential sample injections can be made every 1–2 min.

There is also a current revolution in HPLC with the introduction of small-par-
ticle-size (< 0.2 µm) columns and associated instrumentation, which dramatically 
improves speed and component resolution [68, 106]. This may finally allow the use 
of LC-MS for steroid metabolomics (i.e., comprehensive analysis of the steroids in 
human urine or serum).

Recently Published Methods

There are a finite number of analytes that have been measured commercially for 
many years for the diagnosis of steroid synthetic and metabolic disorders. The dis-
cussion of analytes and methodologies below is restricted to these analytes, as listed 
in Table 5.3.1. This table summarizes the best quantitative normative values available 
at the time of writing. Accurate values of most steroids listed have been obtained by 
MS/MS quantitation using isotope-labeled internal standards.

17-Hydroxyprogesterone

Measurement of 17-hydroxyprogesterone has universally been the initial focus of ana-
lysts wanting to improve the accuracy of clinical steroid methods through introduc-
tion of HPLC-MS/MS and there have been multiple recent publications on this topic. 
The impetus for this has been the introduction of state-mandated newborn screen-
ing for 21-hydroxylase deficiency in the USA. The diagnosis of this disorder in the 
newborn period is extremely problematic because of major fetal steroid components 
interfering with the 17-hydroxyprogesterone radioimmunoassay (RIA) [105] and ac-
curate assay procedures for confirming CAH in the newborn period were needed.

Investigators at the Mayo Clinic measured a panel of three steroids (17-hydroxy-
progesterone, cortisol, and androstenedione) in blood spots as a follow-up test for 
newborn screening [46, 58]. The MS was carried out on an API 3000 instrument 
with a Turboionspray source operating in positive-ion mode. LC was conducted on 
a microbore C18 column with a methanol:water solvent system operating in gradient 
mode. The internal standard for the three steroids analyzed was 2H8-17-hydroxy-
progesterone. Steroids were analyzed by multiple reaction monitoring (MRM). The 
transitions utilized are as follows: for analyte 331→109 and 97, and for d8 internal 
standard 339→113. The reproducibility of the assay was good, with inter- and intra-
assay coefficients of variation of (CVs) about 20% at the lowest level of 1.9 µg/l im-
proving to a mean of about 5% at 50 µg/l. The run times are 4 min for serum steroids 
and 14 min for paper extracts. In two other works, investigators have chosen to use 
derivatives in order to improve sensitivity. Chien-Chen Lai and co-workers [47] use 
the Girard P reagent with 6α-methylprednisolone as an internal standard. They have 
partially automated the extraction and derivatization by employing 96-well technol-
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ogy. They used an ABI 2000 instrument with a Turboionspray source and separation 
on a C18 column. Each analysis took 3 min and 300 could be carried out before in-
strument cleaning. Intra- and interassay CVs were < 12%. The maximum number of 
samples analyzed daily was 192 for one technician and one instrument, an equivalent 
workload to the RIA assay employed in their laboratory. Johnson [41] describes LC-
MS/MS of a serum 17-hydroxyprogesterone, cortisol, and androstenedione panel us-
ing made with the Girard reagent T hydrazones. He maintains that preparation of the 
derivative results in a tenfold improvement in sensitivity compared to analysis of the 
steroids with underivatized ketones. Sample size was 100 µl and the linearity of re-
sponse was over a 1–1000 ng range. He wisely used three labeled internal standards: 
2H8 17-hydroxyprogesterone, 2H3 androstenedione, and 2H3 cortisol.

Kushnir et al. [44, 45] also measured 17-hydroxyprogesterone within a profile of 
four adrenal steroids (detailed in “Hormonal Steroid Profiles” below). They utilized 
an oxime derivative to improve ESI sensitivity and carried out analyses on an ABI 
4000 instrument. Rauh and co-workers [70] published a method for 17-hydroxy-
progesterone with ancillary measurement of androstenedione and testosterone. The 
mass spectrometer was an ABI 4000 instrument with an APCI source, operated in 
positive-ion mode and with on-line cartridge sample extraction and column switch-
ing. The MRM transitions were as used by other workers (Table 5.3.1)

21-Deoxycortisol

It has surprised this reviewer that in the effort to lower the rate of false-positive find-
ings in neonatal screening and in young infants there has not been much attention paid 
to measurement of 21-deoxycortisol, another key analyte overproduced in CAH.

Cristoni and co-workers [13] report the analysis of 21-deoxycortisol by electro-
spray (ES)-MS and APCI using a Thermofinnigan LCQ ion-trap instrument operated 
in positive-ion mode. They found that ES afforded greater sensitivity. They addressed 
the problem of the possible interference of the 21-deoxycortisol isomer 11-deoxycor-
tisol, itself the analyte for diagnosis of 11β-hydroxylase deficiency. While the steroids 
share many fragmentations. some are specific for each and can be used for MRM 
MS/MS. In addition, the two compounds are chromatographically separated. Cris-
toni and co-workers maintain that 21-deoxycortisol is a good analyte for identifying 
heterozygous individuals for 21-hydroxylase deficiency, and certainly their measure-
ment of 11-deoxycortisol will in the future allow the diagnosis of 11β-hydroxylase 
deficiency. Good normative data are not available.

Cortisol and Related Compounds

The measurement of these compounds in urine is essential for the study of Cushing’s 
disease, glucocorticoid remediable aldosteronism (GRA), apparent mineralocorti-
coid excess syndrome (AME), and related conditions. While RIA has been gener-
ally satisfactory for serum cortisol assay, urine contains many crossreacting steroids, 
rendering RIA unreliable.

In an early study Turpeinen and Stenman [99] published a negative-ion MRM 
ES-MS/MS method for urinary cortisol. The internal standard used was 6α-methyl-
prednisolone and manual extraction was employed. Both steroids eluted within 
6 min from the microbore column, but the total run and equilibration time was not 
reported. The transitions monitored were m/z 361→331 for cortisol and m/z 373→
343 for internal standard. The sample size was 1 ml.
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Taylor and colleagues [98] at the Mayo Clinic published a method for the sim-
ultaneous analysis of urinary cortisol and cortisone. They used 2H4 cortisol as an 
internal standard and took a 0.5-ml urine sample. An API 2000 with Turboion-
spray source was used in the positive-ion mode. Chromatography was conducted 
on a standard-bore C18 column with C18 precolumn filter. MRM was conducted in 
the positive-ion mode monitoring m/z 363→121 for cortisol, 367→121 for 2H4 cor-
tisol, and 361→121 for cortisone. Cortisol and cortisone were separated and both 
were eluted within 2 min. Inter- and intra-assay variation for both compounds was 
< 9% for amounts above 2 µg/dl. The values obtained agree well with those of other 
studies, such as ours (Table 5.3.2) [62]. They found a range for cortisol for adult 
males of 4.2–60 µg/24 h and for adult females 3.0–43 µg/24 h. In summary, the 3-
min run time of their method has allowed the Mayo group to completely transfer 
their cortisol and cortisone workload from RIA and HPLC to MS/MS.

Quest Diagnostics use an LC-MS/MS panel for diagnosing cortisol-related dis-
orders by urine analysis. This panel was designed to diagnose Cushing’s syndrome 
and the hypertensive conditions AME and GRA. The panel quantifies cortisone, cor-
tisol, 6β-hydroxycortisol and 18-hydroxycortisol (18-OHF). The Quest analysis uses 
2H4 cortisol as an internal standard and HTLC for on-line extraction. This panel has 
replaced the RIA and HPLC methods previously used by this commercial labora-
tory. Another recent publication describes MS/MS of cortisone and cortisol in se-
rum using APPI and similar conditions and MRM transformations to those listed 
above [43].

The usefulness of cortisol and cortisone measurements in evaluating 
11β-hydroxysteroid dehydrogenase (11βHSD) activity has spurned interest in the 
HPLC-MS analysis of their tetrahydrometabolites, an assay until now conducted by 
GC-MS as part of metabolic profiling. Turpeinen et al. [100] report on the measure-
ment of unconjugated tetrahydrocortisol, 5α-tetrahydrocortisol, and tetrahydrocor-
tisone and Raffaelli and co-workers [69] present data on developing a method for the 

Table 5.3.2   The gas chromatography (GC)-MS urinary free cortisol (UFF) and metabolite panel: 
internal standards, monitored ions, and normal excretions

Steroid Ions monitored Amount of IS added 
(µg)

Excretion (µg/24 h)
adult males, mean 
and range (n = 17)

Excretion (µg/24 h)
adult females, mean 
and range (n = 17)

Cortisol (UFF) 605  35, 10–57 23, 8–61

F-d4 609 0.18

Cortisone (UFE) 531  58, 13–104 50, 21–107

E-d2 533 0.12

6β-OH-F 513 164, 70–261 108, 36–250

6β-OH-F-d2 515 0.8

18-OH F 385 148, 53–274 71, 28–133

18-OH-F-d2 387 0.4
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free and conjugated metabolites. These were preliminary studies and the HPLC-MS/
MS technique is not yet mature enough to replace GC-MS methods.

Corticosterone and Deoxycorticosterone

Corticosterone is a component of the steroid profile (see ”Hormonal Steroid Pro-
files”, below) developed by Guo et al. [25]. The analysis uses positive APPI and a d8 
corticosterone internal standard. MRM was conducted with the m/z 347→121, and 
355→125 transitions, respectively. The lower detection limit (LOD) was 2 pg/ml. 
Quest Diagnostics offer MS/MS analysis of this steroid commercially and have pub-
lished normative values, as listed in Table 5.3.1. Marwah et al. [56] have published 
a method for the quantitation of corticosterone in rat plasma using electrospray MS. 
MS/MS methods for deoxycorticosterone (DOC) have not been published.

11-Deoxycortisol

CAH caused by 11β-hydroxylase deficiency is diagnosed by finding elevated 11-de-
oxycortisol. This steroid is included in the profiles of Guo et al. [24, 25] and Kushnir 
et al. [44] described below in “Hormonal Steroid Profiles”. Guo et al. monitored the 
transitions m/z 347→97 for the analyte and 349→97 for the dideutero internal stand-
ard. Kushnir et al., utilizing the oxime derivative monitored transitions 371→24 and 
112 for the analyte and 379→124 and 112 for the dideutero standard. Quest diag-
nostics offer this MS/MS method and provide most of the quantitative values listed 
in Table 5.3.1.

Aldosterone

Fredline et al. [18] report an MRM negative-ion ESI method for aldosterone using 
flumethasone as an internal standard. The MRM transition used was 359→331. The 
assay was linear over a 15- to 5000-pg/ml range and the limit of quantitation was 
15 pg/ml. A manual extraction was used and recovery and accuracy were excellent.

This steroid is included in the panel of steroids profiled by Guo et al. [25]. They 
also use negative-ion detection (APPI) monitoring the transitions 359→331 and 
365→337 for the analyte and d6 internal standard, respectively. The LOD was 10 pg/
ml. Quantitative data on circulating levels obtained using this methodology are given 
in Holst et al. [30]. Quest Diagnostics use APCI in positive-ion mode monitoring the 
transitions 361→325 and 361→315 (Table 5.3.1).

Pregnenolone and 17HP

These steroids are components of the profile of Kushnir et al. [44, 45] and are dis-
cussed below in “Hormonal Steroid Profiles”. They were analyzed as the oxime de-
rivatives by ESI on an API 4000 instrument. The MRM transitions for pregneno-
lone oxime were 332→86 and 300, and for the d4 internal standard 336→90 and 
334. Transitions for 17HP were 348→330 and 312, and for the d3 internal standard 
351→333 and 315. The publication gives quantitative data for Tanner stage 1–5 male 
and female children and for several age groups up to 52 years.

Testosterone and DHT

Testosterone assays have been notoriously inaccurate, particularly at the low levels 
found in women and children. Excess testosterone in women is often a cause of in-
fertility, hirsutism, amenorrhea, and obesity, and accurate measurement is essential 
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for evaluating the causes of these disorders. Accurate measurement in small sample 
volumes is essential in pediatrics. Starcevic and coworkers [96] report the LC-MS/
MS of serum testosterone using an ABI triple-quadrupole mass spectrometer in the 
positive-ion mode. Trideutero-testosterone was the internal standard. The run time 
is 1.25 min. They monitored the transition m/z 289→97 for the analyte and 292→97 
for the internal standard. These investigators achieve excellent reproducibility and 
linearity. Sensitivity down to 10 pg/ml allows them to readily measure the hormone 
in samples from females and children. Data produced using this new method corre-
lates perfectly with data produced by classical methodology. Higashi and co-workers 
[27] use an ESI MS/MS method for measuring testosterone and DHT with HMP 
derivatization to improve the sensitivity.

Oxime derivatization was utilized by Kushnir et al. [44] to improve ESI sensi-
tivity for testosterone measurement. Using a C18 column for separation (3-min run 
times) and an API 4000 they monitored MRM transitions 304→124 and 112 for 
testosterone oxime and 307→14 and 112 for the d3 internal standard. Within-run 
and between-run irreproducibility was < 12%. The LOD was 10 pg/ml, allowing ac-
curate measurement of testosterone in women and children. Reference intervals for 
the steroid in children of different ages and different Tanner stages are given in the 
publication as well as values for both free and total testosterone.

Quest Diagnostics have established a routine system for testosterone, which has 
now replaced their other methods of analysis (Goldman et al., poster, US Endocrine 
Society meeting, San Diego, 2005). The analysis is carried out on a Thermofinnigan 
TSQ Quantum Ultra operated with an APCI source in the positive-ion mode. They 
use two transitions, 289→109 and 289→97, for the analyte and 294→112 and 294→
99 for the 2H5-labeled internal standard. On-line extraction and short retention times 
allow them to assay several thousand samples per month per instrument, making it 
cost-effective in spite of the high cost of instrumentation.

Androstenedione

Measured as part of a CAH panel by Minutti et al. [58], using the transition 287→97, 
see above (“17-Hydroxyprogesterone”). They stress the added specificity of CAH de-
tection in second-tier analysis for CAH when androstenedione is measured as well as 
17-hydroxyprogesterone. This is also measured commercially by Quest Diagnostics 
and included in the Guo et al. hormonal profile [24, 25] (see “Hormonal Steroid 
Profiles” below).

Estrone and Estradiol

The routine measurement of estrone and estradiol by immunoassay techniques has 
also given rise to the familiar problems of poor sensitivity, cross-reactivity, and poor 
intermethod reproducibility. Most automated methods cannot measure these ste-
roids in sera of children and men. Development of LC-MS/MS methods has also 
proven challenging as most investigators have found that estrone and estradiol are 
poor ionizers and the desired sensitivity has not been achieved. The Mayo group 
[60] published the LC-MS/MS quantification of estradiol and estrone using dan-
syl chloride derivatives (described above) and 2H5 estradiol and 2H4 estrone internal 
standards.

Using the best of modern instrumentation, derivatization may not be necessary 
to reach sensitivity requirements for estradiol measurement. Estradiol is an analyte 
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within the Guo et al. [24, 25] panels (see “Hormonal Steroid Profiles” below). Using 
API 3000 and 5000 instruments with APPI sources in positive-ion mode they meas-
ure the m/z 255→159 transition for estradiol and m/z 259→161 for d4 estradiol. The 
LOD was 10 pg/ml.

Quest diagnostics also provide commercial estrone and estradiol measurement 
by MS/MS and their normative data are listed in Table 5.3.1.

The Applied Biosystems Company have demonstrated outstanding estradiol meas-
urement sensitivity at levels down to 0.1 pg “on-column” on their API 5000 instru-
ment with an APCI source. The linearity was excellent over the range 0.001–10 ng/ml 
(company demonstration data). Thus, this analyte should not require derivatization 
if the latest equipment is available.

Estriol

This steroid is part of the Guo et al. [24] profile, monitoring negative-ion transitions 
m/z 287→171 for estriol and m/z 289→147 for dideuteroestriol.

DHEA and DHEA Sulfate

Guo et al. [24, 25] analyzed these in positive-ion mode APPI with transitions m/z 
271→213 for DHEA and 273→213 for the dideutero internal standard. Quantitative 
data from these studies are reported by Holst et al. [30].

DHEA sulfate is more suited to measurement by negative-ion ES-MS, as demon-
strated in an early study by Shackleton et al. [86].

Hormonal Steroid Profiles

I consider hormonal steroid profiles to be those analyses that encompass a panel of 
steroids that can diagnose different endocrine abnormalities. A panel of multiple 
steroids used to diagnose a single condition, for example 21-hydroxylase deficiency, 
would not be a steroid profile under this definition.

Guo and co-workers [24, 25] have spearheaded the development of MS/MS serum 
steroid profiles. Their most recent report describes profiling in 11 min of 12 steroids 
in 200 µl serum with minimal work-up, comprising acetonitrile protein precipitation. 
The steroids analyzed were as follows: DHEA sulfate, DHEA, aldosterone, cortisol, 
corticosterone, 11-deoxycortisol, androstenedione, estradiol, testosterone, 17-hy-
droxyprogesterone, progesterone, and 25-hydroxyvitamin D3. Stable-isotope-labeled 
internal standards were incorporated for each steroid. An API-5000 instrument was 
used with the APPI source in positive-ion mode, with the exception of aldosterone, 
which had greater sensitivity in negative-ion mode. Separation was carried out on a 
C8 column, which allowed more rapid separation than the more commonly utilized 
C18. The MRM transitions utilized are shown in Table 5.3.1. The lower level of sen-
sitivity was between 1.5 and 10 pg/ml, dependent on the steroid. The authors were 
exhaustive in addressing issues of accuracy, recovery (90–110%) and reproducibility 
(< 12.2% for same-day and between-day).

Kushnir et al. [45] report the HPLC-MS/MS analysis of four adrenal steroids, 17-hy-
droxyprogesterone, pregnenolone, 11-deoxycortisol, and 17HP designed to diagnose 
21-, 17-, and 11β-hydroxylase deficiencies, and 3β-hydroxysteroid dehydrogenase 
(3βHSD) deficiency, respectively. These four compounds were measured in 200 µl se-
rum following SPE, oxime formation, and re-extraction with methyl tert-butyl ether. 
Oxime formation was included because it gave rise to a great improvement in ESI 
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ionization efficiency and collision-induced dissociation fragmentation. The analysis 
was conducted on an API 4000 instrument operated in positive ESI mode following 
separation on a C18 column. Samples were injected every 7.5 min. Within-run and 
between-run imprecision was < 11%. The LODs were < 100 pg/ml.

Summary of MS/MS Quantitation

Clearly, there are basic successful practices evolving with regard to MS/MS steroid 
quantitation, which can be summarized as follows:
1. The use of positive-ion MS except for steroid conjugates, and possibly aldosterone 

and estrogens.
2. The use of APPI or APCI for unconjugated steroids; ESI for steroid conjugates or 

when derivatives are analyzed.
3. If possible use labeled internal standards for all analyses.
4. Utilize on-line extraction and separation techniques to minimize work-up pro-

cedures and increase throughput.

5.3.2.2	 Metabolites	of	Hormones	and	Hormone	Precursors	by	GC-MS

The Analytes

The synthesis of adrenal steroids and major excreted metabolites is illustrated in 
Fig. 5.3.1. Little secreted steroid product is excreted unchanged and most of the cata-
bolism takes place in the liver, although cortisol metabolism by the kidney is clini-
cally important and microbial metabolism in the gut can be quantitatively signifi-
cant. The major metabolic transformations of hormonal steroids and precursors are 
detailed by Makin [54] and summarized in Fig. 5.3.2. GC-MS steroid profiling is the 
technique of choice for measurement of important urinary constituents.
Androgens such as DHEA and testosterone are largely excreted as 17-ketosteroids. 
The 17-oxo-:17β-hydroxy ratio in metabolites is about 10:1. Hormonal steroids with 
a 3-oxo-4-ene group are metabolized primarily to ring-A 3α-hydroxy-5βH (3α5β) 
and 3α5α metabolites. For 11-deoxy androgens the 5α:5β ratio is about 1:1, but for 
11β-hydroxylated androgens, α-reduction dominates (5α:5β ratio about 3:1). For 21-
deoxypregnanes and cortisol metabolites, 5β-reduction predominates for all but the 
first months of life, and for corticosterone metabolites, 5α-reduction is greater. The 
ring-A reduced metabolites of corticosteroids are frequently referred to as “tetrahy-
dro-” metabolites. Reduction of the 20 carbonyl is predominately “α” for 21-deoxy 
steroids, but equally α- and β- for cortisol and its derivatives.

Typically, the ratio of 11-carbonyl to 11β-hydroxy metabolites of cortisol is about 
1:1. Cortisol or its metabolites can be additionally metabolized by side-chain cleav-
age, giving 11-oxygenated C19 steroids (about 15%), and an average of 12% of cortisol 
is converted to cortoic acids by oxidation of the C-21 hydroxyl [59, 82]. 17-Deoxy 
corticosteroids have high biliary excretion and are subject to intestinal microbial 
21-dehydroxylation prior to reabsorption and further hepatic metabolism. Minor 
amounts of steroids are subject to further hydroxylation. 6β- is typical for 3-oxo-4-
ene steroids and 6α- and 1β- for ring-A saturated steroids. 3β-Hydroxy-5-ene ste-
roids (e.g., DHEA) are largely metabolized by 16α-hydroxylation (and 16β to a lesser 
degree), particularly in fetal and neonatal life. Hydroxylation at 15 (α- and β-)- and 
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Fig.	5.3.2	 Principal catabolic reactions undergone by steroid hormones and precursors
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18 are also important in perinatal life [80]. In pregnancy, estriol (16α-hydroxy es-
tradiol) is the major metabolite of fetal DHEA. Pregnenolone and 17HP are almost 
exclusively 20α-reduced prior to excretion. 3β-Hydroxy-5-ene steroids are also con-
verted to 3β5α metabolites.

About 5–10% of steroids are excreted as free compounds. 3β-Hydroxy-5-ene ste-
roids are almost exclusively excreted as sulfate esters, ring-A reduced steroids are 
excreted as glucuronides.

GC-MS Instrumentation

We use single-stage quadrupole (typically Agilent bench-top 5971 or 5973MSD) 
instruments for most applications. The current model offered is the Agilent 5975 
(www.agilent.com).

Recent developments have made ion-trap mass spectrometers excellent tools for 
profile analysis. One of the biggest advantages of this kind of instrumentation lies in 
the ability to perform multiple stages of MS/MS (MSn), unlike conventional quad-
rupole instruments. This capability increases the amount of structural information 
obtainable and reduces the background signal, allowing an improvement in the limit 
of detection. We use electron-impact ionization as it gives a greater ion choice for 
selected ion monitoring (SIM) than chemical ionization.

The Sample for Analysis

Should a 24-h sample be collected or does a random (spot) sample suffice? Our 
methodologies generally utilize a form of precursor:product ratio for the diagnosis 
of most conditions so we are satisfied with random collections. However, it is impor-
tant that for certain analytes accurate quantification is achieved, which requires 24-h 
sample collection. Cases in point would be the excretion of unconjugated cortisol 
and related compounds, and the measurement of tetrahydroaldosterone (THAldo) 
required for the diagnosis of mineralocorticoid-related conditions.

We generally request that the aliquot be collected without preservatives, although 
if local conditions necessitate it, we suggest adding a Stabilur tablet (www.cargille.
com). The sample should be frozen after collection and shipped overnight with an 
ice pack or dry ice. Samples can be shipped dry after extraction on a SPE C18 car-
tridge (detailed in “ Work-Up Procedures” below). If random samples are analyzed 
then it may be desirable to also measure urinary creatinine so that excretions can be 
reported per gram of creatinine.

Sample Work-up Procedures

The methodology is detailed by Shackleton [76, 77]. For the comprehensive profile, 
1–2 ml urine (or serum) is extracted by C18 solid SPE cartridge (Sep-Pak from Waters 
Corporation used in our studies, www.waters.com, but there are multiple vendors) 
by first passing 4 ml of methanol through, followed by 4 ml water, and then the urine 
sample. This is followed by 4 ml of water; finally the steroids are recovered with 4 ml 
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methanol. For free plus conjugate analysis, the methanolic extract is dried and 3 ml 
of 0.1 M acetate buffer (pH 4.5) is added, prepared by mixing three parts of 0.2 M 
sodium acetate with two parts 0.2 M acetic acid. After adding 10 mg sulfatase (type 
H1 from Sigma, www.sigmaaldrich.com) and 12 µl β-glucuronidase/aryl sulfatase 
(Roche Diagnostics, www.roche-diagnostics.com), hydrolysis is allowed to proceed 
for 3 h at 55 C. The Sep-Pak cartridge extraction is repeated.

Internal standards

We prepare a methanolic solution of up to five compounds. The principal three are 
5α-androstan-3β-ol (androstanol), stigmasterol, and cholesteryl butyrate, although 
only the stigmasterol is used for quantification. The other two standards are used for 
monitoring column performance and temperature-dependent discrimination. The 
androstanol and cholesteryl butyrate bracket the steroids of interest, the former elut-
ing first and latter last. Three steroids are not quantified against stigmasterol. Ref-
erence 18-hydroxy-tetrahydro-11-dehydrocorticosterone (18-OH-THA) is unavail-
able and cannot be included in the calibration mixture. It is quantified against the 
calibrated tetrahydrocortisone (THE) as the compounds are isomers (m/z 578, M-
31 monitored). THAldo produces multiple derivatives through having a hemiacetal 
structure, and consistent derivatization is challenging. Thus, we provide it with its 
own standard, the nonhuman 3β,5β-epimer, which forms the same derivatives but 
is chromatographically resolved. We quantify the mono-oxime, bis-trimethylsilyl 
(TMS) derivative, which gives a strong M-103 ion at m/z 506.

18-Oxo-tetrahydrocortisol (18-oxo-THF) is an analyte that is useful for diagnosis 
of GRA, and if GC-MS is being used for the diagnosis of this condition the following 
method is suggested. The reference standard is unavailable so cannot be included in 
calibration mixture. This compound has two distinctive ions at m/z 420 and m/z 594. 
We quantify the 594 ion against the M + 1 ion of 5-pregnene-3β,17α,21-ol-20-one 
included in the internal standard mixture.

Derivatization

Methoxyamine hydrochloride (100 µl, 2% in pyridine) is added and derivatiza-
tion allowed to proceed for 60 min at 55 C. The pyridine is blown off with nitrogen 
and 50 µl trimethylsilylimidazole (TMSI) added. The silylation proceeds for 16 h at 
100 C. This silylation time can be reduced to 4 h by increasing the temperature to 
120 C. TMSI is an involatile reagent and must be removed prior to GC-MS analysis, 
as follows: add 1 ml of cyclohexane while reaction tube is still hot. The TMSI is re-
moved by adding 500 µl of water, vortexing, centrifugation, and discarding the bot-
tom layer with a glass Pasteur pipette. The tube is vortexed with a further 500 µl of 
water and the top layer is transferred to injection vial, taking care not to transfer any 
of the water layer (Dr. Norman Taylor, personal communication).
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GC-MS Analysis Conditions

Scanning or SIM?

True profile analysis requires scanning over the whole mass range for the acquisi-
tion of all data on excreted compounds. Quantitation has been more challenging 
on a quadrupole instrument because total ion current peaks are seldom a single 
component and extracted-ion chromatograms (EICs) when recovered from scanned 
data are of poor quality due to the lower sensitivity of scanning GC-MS. Thus, we 
developed profile analysis based on SIM of selected analytes but tried to ensure the 
components of every steroid class of interest were included. For ion traps the fun-
damental form of data collection (in non-MS/MS mode must be full –scans). Thus, 
the quantitative data produced are EICs obtained from scanned data. The EICs are of 
the same ions used for SIM in quadrupole instruments and the calibration external 
standards are the same.

Quadrupole MS

In our laboratory, GC-MS routine applications are carried out on a 5890 gas chro-
matograph coupled with a 5971 MSD (Hewlett-Packard, Palo Alto, CA, USA; now 
Agilent; www.agilent.com). The steroids are separated on a non-polarDB-1 cross-
linked methyl-silicone column, 15 m × 0.25 mm inner diameter (i.d.), film thickness 
0.25 µm (Agilent). Helium is used as the carrier gas at a constant pressure of 5 psi 
(34.47 kPa). A 2-µl aliquot of the final derivatized extract is injected into the system 
operated in splitless mode (valve opened at 2 min). The GC temperature is ramped 
as follows: initial 50°C, held for 3 min, increased to 230°C at 30°C/min, thereafter 
increased to 285°C at 2°C/min. The injector and transfer line are kept at 260°C and 
280°C, respectively. When scanning, the mass range scanned is 90–650. The latest 
version of the Agilent instrument (MSD5975) has a mass range of 1000 and allows 
simultaneous scanning and SIM. Other useful new features are deconvolution soft-
ware for background subtraction and automatic retention time adjustment so that 
the retention times of individual components remain constant.

Ion-Trap MS/MS

We use a GC Top 8000 gas chromatograph coupled with a PolarisQ ion-trap mass 
spectrometer and equipped with an AI3000S autosampler (Thermofinnigan; www.
thermo.com). The steroids are separated on a DB-1 crosslinked methyl-silicone col-
umn, 15 m × 0.25 mm i.d., film thickness 0.25 µm (J&W Scientific; marketed by Agi-
lent). Helium is used as a carrier gas at a constant pressure of about 35 kPa. A 1-µl 
aliquot of the final derivatized extract is injected into the system operated in splitless 
mode (valve opened at 2 min). The GC temperature program is the same described 
before for the quadrupole GC-MS system. The injector and transfer lines are kept at 
260°C and 280°C, respectively. The ion source temperature is 225°C. A damping gas 
flow of helium is applied to the ion trap.

SIM Quantification (Selected Ion Chromatography for Ion Trap)

Mass spectra of methoxime (MO)-TMS derivatives of steroids typically give the fol-
lowing fragments: M-31 (loss of oxime), sequential “90” losses (trimethylsilanol), 
loss of the primary TMS group (M-103), and combinations thereof. Often the ion 
chosen for monitoring is one formed by the above fragmentations. A detailed de-
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Table 5.3.3  The comprehensive urine steroid GC-MS profile

Component Retention time 
(min)

Specific ion 
monitored

Calibration 
mixture 
amount (µg)

Excretion
Males µg/24 h 
(n = 17)

Excretion
Females 
µg/24 h (n = 17)

5α-Androstan-3β-ol 
(IS)

11.28 333 2.5 – –

3β5βTHAldo (IS) 21.34 506 0 – –

5P-3β,17,21-ol-20-one 
(IS)

21.03 594 0.5 – –

Stigmasterol (IS) 25.27 394 2.5 – –

Sigmasterol underiva-
tized

24.50 412 0

Cholesteryl butyrate 
(IS)

28.77 368 2.5 – –

Androsterone (An) 13.09 270 2.5 798–4705 373–3414

Etiocholanolone (Et) 13.23 270 2.5 689–3252 450–2900

11-Oxo-Et 14.28 269 2.5 79–1026 57–916

11β-OH-An 15.21 268 2.5 500–1733 191–854

11β-OH-Et 15.38 268 2.5 18–1034 14–687

5α-Androstan-3α,17β-
diol

13.20 331 0.5 48–578 15–147

DHEA 13.83 268 2.5  5–1476 20–1139

5-androstene-3β,17β-
diol (5AD)

14.03 239 2.5 45–954 28–201

16α-OH-DHEA 15.68a 266 2.5 40–796 35–655

5-androstene-
3β,16α,17β-triol (5AT)

17.31 432 2.5 42–710 40–540

5,17-Pregnadien-3β-ol 
(5PD)

12.91b 372 0.5 10–50 10–50

5-Pregnene-3β,20α-diol 
(5PD)

17.17 372 0.5 10–150 10–150

5-Pregnene-3β,17α,20α-
triol (5PT)

19.49 433 0.5 28–1062 44–342

Estriol 17.90 504 0.5  1–16  2–32

17-OH-pregnanolone 
(17HP)

15.19 476 2.5 41–728 32–657

Pregnanetriol (PT) 16.63 435 2.5 186–1505 87–1311

Pregnanetriolone 
(PTONE)

18.48 449 0.5  4–37  1–77

THS 17.54 564 0.5 10–109 17–117

THDOC 17.19 476 0.5  2–38  1–157



5.3 Genetic Disorders of Steroid Metabolism Diagnosed by Mass Spectrometry570



Table 5.3.3  (continued) The comprehensive urine steroid GC-MS profile

Component Retention time 
(min)

Specific ion 
monitored

Calibration 
mixture 
amount (µg)

Excretion
Males µg/24 h 
(n = 17)

Excretion
Females 
µg/24 h (n = 17)

THA 19.70 490 2.5 104–554 76–596

5αTHA 20.33 490 2.5 52–277 38–298

THB 19.96 564 2.5 32–238 26–262

5αTHB 20.27 564 2.5 135–588 49–447

(18-OH-THA) 21.37 457,578 0 45–184 25–207

THAldo 21.12 506 0.2 10–58  6–63

Cortisone (E) 24.39a 531 0.5 92–366 49–215

Cortisol (F) 25.73a 605 0.5 35–168 25–115

THE 19.38 578 2.5 1365–5788 727–3815

THF 20.39 562 2.5 942–2800 458–1907

5αTHF 20.61 562 2.5 796–2456 142–1589

(18-Oxo-THF) 20.40 594,420 0  1–10  1–10

α-Cortolone 20.99 449 2.5 449–2044 457–1564

β-Cortolone 21.60 449 2.5 231–1534 216–814

β-Cortol 21.46 343 2.5 196–880 124–690

α-Cortol 22.38 343 2.5 96–509 122–365

6β-OH-F 26.53 513 0.5 122–487 53–416

a These steroids give two peaks, both of which are integrated 
b This steroid is an artifact of 5-pregnene-3β,20α-diol disulfate
5αTHA 3α,21-Dihydroxy-5α-pregnane-11,20-dione, 5αTHB 5α-tetrahydrocorticosterone (3α,11β,21-trihydroxy-5α-preg-
nane-20-one), 5αTHF 3α,11β,17α,21-tetrahydroxy-5α-pregnane-20-one, IS internal standard, THA tetrahydro-11-dehydro-
corticosterone (3α,21-dihydroxy-5β-pregnane-11,20-dione), THAldo tetrahydroaldosterone, THB tetrahydrocorticosterone 
(3α,11β,21-trihydroxy-5β-pregnane-20-one), THDOC tetrahydrodeoxycorticosterone (3α,21-dihydroxy-5β-pregnane-20-
one), THE tetrahydrocortisone (3α,17α,21-trihydroxy-5β-pregnane-11,20-dione), THF tetrahydrocortisol (3α,11β,17α,21-
tetrahydroxy-5β-pregnane-20-one), THS tetrahydrosubstance S (3α,17α,21-trihydroxy-5β-pregnane-20-one)
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scription of fragmentations of steroid TMS and MO-TMS derivatives is given in 
Griffiths et al. [23] (2005).

Two features about steroid oximes should be mentioned since they impact quan-
tification; firstly, an 11-carbonyl group is sterically hindered and not derivatized, so 
steroids containing this moiety have a mass 29 units less than expected. Secondly, 
each carbonyl can be derivatized two stereospecific ways, termed “syn-“ and “anti-“. 
These may or may not be resolved by GC. If they are resolved it is preferable to de-
termine the area of both peaks since the relative amount of “syn-“ and “anti-“ forms 
may vary between different derivatizations.

Table 3.5.1 shows the list of steroids in our regular “adult” profile (termed com-
prehensive profile) with ions monitored, amount of steroid in the calibration mixture 
prepared, and excretion ranges.

External (Calibration) Standard

Table 5.3.3 gives the steroids included in the external calibration standard, with 
amounts derivatized. This table also lists the steroids we routinely measure in the 
urine of children and adults, the ions chosen for monitoring, and our excretion 
ranges for adults. The calibration mixture, or external standard, is prepared about 
every 3 months and the stock solution (in cyclohexane) stored in a freezer.

The quantitative steroid excretion ranges given in Table 5.3.3 are for guidance 
only, each analyst needs to establish his or her own normative values. Typical reten-
tion times are given in Table 5.3.3, which rarely change, but of course will be dif-
ferent from those of other investigators. The relative retention times should remain 
constant between investigators using columns with the same stationary phase and 
similar oven programs.

For space considerations we are not including here details regarding an SIM pro-
gram used for profile analysis in the first days and weeks of life when steroid excre-
tion is most different from that of older individuals [10, 80].

High-Sensitivity/High-Specificity Analysis by MS/MS

Our involvement in follow-up analysis to prenatal screening has required steroid 
profiling in midterm maternal serum. GC-MS profiling of steroids in small blood 
sample volumes using a single-stage quadrupole instrument has been a challenge 
because of the relatively poor sensitivity and high background.

Using the Thermofinnigan PolarisQ ion-trap, we developed a sensitive and 
specific MS/MS method for the prenatal diagnosis of “low-estriol” disorders. The 
method takes advantage of the resolving power of MS/MS to eliminate background 
interferences, thus increasing the overall sensitivity. Moreover, the high specificity 
achieved allowed a reduction in the overall run time (from 30 min to 15 min), by 
modifying the temperature program on the GC. For each of the 18 steroids in the 
profile (see “Summary” below), different fragmentation reactions were studied and 
their collision energies optimized.

Optimization of conditions was effected following a two-step process. In the first 
step, a full-scan spectrum was obtained for each of the steroids. Product-ion spectra 
at five different collision energies (0.5, 1, 1.5, 2, and 2.5 V) were then obtained for the 
main precursor ions of the full-scan spectra. Through these studies, candidates were 
chosen for both precursor and product ions in the MS/MS mode. Once all transi-
tions had been chosen for the MS/MS mode, the final tuning process was carried out 
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Fig.	5.3.3	 Utilizing ion-trap tandem mass spectrometry (MS/MS) for improving the specificity 
and sensitivity of serum dehydroestriol quantification

by analyzing serum steroid derivatives. Each possible precursor ion was fragmented 
using ten different collision energies (in 0.1-V steps), bracketing the best value ob-
tained from the previous experiment.

As an example of specificity improvement, Fig. 5.3.3 shows the full scan and 
product-ion MS/MS spectrum for 8-dehydroestriol, a prenatal hallmark of a fetus 
affected by Smith–Lemli–Opitz syndrome (SLOS), usually found in low concentra-
tions. When using full scan mode, the detection of the most abundant ions (m/z 412, 
397, 322, and visual appearance of the full spectrum) was compromised by the high 
background (Fig. 5.3.3, left). In contrast, acquisition in MS/MS mode (precursor ion 
m/z 412) provides a cleaner mass spectrum and a superior signal to noise ratio, espe-
cially for the transition product ion m/z 322 (Fig. 5.3.3, right).

Quantification

Quantification of all compounds is by relating the intensity of specified ions to that 
of the internal standard stigmasterol [m/z 394 (M-90)]. Instrument calibration was 
achieved by running the external standard daily.

Evaluation of Analysis Quality

Several factors can influence data quality. The relative instability of TMS ethers is 
a potential pitfall of profile analysis. Derivatives are readily hydrolyzed to the free 
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steroid under adverse conditions. We quantify this by quantifying underivatized 
stigmasterol (m/z 412) as well as the TMS ether. The underivatized component has 
a shorter retention time; if its peak area is > 3% of the derivatized, we resilylate the 
mixture (Fig. 5.3.4).

Capillary gas chromatography has classically shown discrimination against com-
ponents of higher mass and with longer retention times. The degree of “discrimi-
nation” of individual components throughout a run is most easily determined by 
including internal standards before and after the steroids of interest (bracketing). 
Almost all normal urine steroids elute in a window defined by 5α-androstane-3β-ol 
and cholesteryl butyrate internal standards. Cholesteryl butyrate is useful in that it is 
subject to tailing when the column is failing and indicates that it should be replaced. 
Although we quantify against stigmasterol, in an acceptable run we expect the other 
two standards to give almost the same quantitative values. If this is not the case, then 
calibration using the external standard should be repeated.

Typical corrective measures for poor performance are resilylation, replacing in-
jector glass insert, breaking off a few centimeters at the front end of the column, and 
replacing column. Serious loss of sensitivity may require cleaning the source, replac-
ing the filaments, or cleaning the quadrupole rods.

Fig.	5.3.4	 The total monitored ion current (TMIC) chromatogram of a urine sample. 
One inset shows the quantification of THAldo against its 3β5β-tetrahydroaldosterone (THAldo) 
internal standard, and the second inset monitoring derivatized stigmasterol (SS) and its hydro-
lyzed counterpart, an indicator of derivative stability. Abbreviation: An androsterone, CB choles-
teryl butyrate, DHEA dehydroepiandrosterone, Et etiocholanolone, PT pregnanetriol
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Quality Assurance

A quality assurance sample is run with every batch of samples and results should 
not differ daily by more than 15%. Profile analysis licensed for commercial clinical 
diagnostic use may have to meet special requirements. For example, quantification 
against a five-point standard curve was required for each compound. We prepare 
a series of calibrants with identical amounts of internal standard, but increasing 
amounts of reference analyte, typically covering 100-fold dynamic range.

The quality assurance sample used is an aliquot of a urine pool prepared by mix-
ing equal proportions of 24-h samples from 20 men and women. Thus, the values 
obtained on GC-MS analysis should approximate true average steroid excretions. 
We use these values to adjust the calibration of steroids without authentic materials 
in the external standard. We have determined that the excretion of 18-OH-THA in 
the quality assurance sample should be 90 µg/24 h; THAldo, 30 µg/24 h, and 18-oxo-
THF, 5 µg/24 h. The amount of these steroids in clinical samples is thus calibrated 
against a “normal” excretion.

Diagnostic Ratios

Many disorders of steroid synthesis and metabolism are caused by disabling muta-
tions in a particular enzyme, and characterization can usually be achieved by de-
termining precursor/product ratios, or more precisely precursor metabolite:prod-
uct metabolite ratios. For most adrenal disorders, cortisol is the “product” and the 
chosen denominators are cortisol metabolites; we usually choose the sum of three 
prominent ones, tetrahydrocortisone THE, tetrahydrocortisol (THF), and 5α-tetra-
hydrocortisol (5αTHF), which are together referred to as “Fs” and account for 50% 
of urinary metabolites. Neonates do not excrete significant amounts of the THFs 
and as a denominator we use THE plus α- and β-cortolone (also referred to as “Fs”, 
which account for about 40% of cortisol metabolites). The cumulative excretions 
of the corticosterone metabolites tetrahydrocorticosterone (THB), 5α-tetrahydro-
corticosterone (5αTHB), tetrahydro-11-dehydrocorticosterone (THA), and 5α-tet-
rahydro-11-dehydrocorticosterone (5αTHA) are referred to as “Bs”. Another ratio 
is designed to quantify 17,20-lyase activity (i.e., androstenedione metabolites) is an-
drosterone + etiocholanolone:17-OH-progesterone metabolites (17α-hydroxypreg-
nanolone, 17HP + pregnanetriol, PT). Each disorder has its own panel of diagnostic 
ratios and while we suggest examples, other investigators may wish to designate their 
own.

Unconjugated Cortisol Metabolite Panel

The method measures cortisone (urinary free cortisone, UFE), cortisol (urinary free 
cortisol, UFF), 6β-hydroxycortisol, and 18-OHF using deuterated internal standards 
[62]. Commercial tetradeuterocortisol was used as an internal standard for cortisol, 
and the remaining dideutero homologs prepared in the laboratory by deuteration of 
∆1 analogues. UFF and UFE are considered better indicators of hormone availability 
and hypersecretion than the F and E (free plus conjugated) quantified in the com-
prehensive profile. Typically the values of total F and E are about three times that of 

5755.3.2 Methods



UFF and UFE [62]. 18-OHF is also better analyzed in the free fraction, since we find 
that the enzyme hydrolysis has a deleterious effect on the steroid. Derivatization is 
carried out after Sep-Pak extraction of 5 ml of urine without hydrolysis. Two or four 
peaks were given for each steroid on account of syn- and anti- forms of the oxime 
derivative; all were integrated. Dideutero internal standards are not ideal as there 
is significant contribution of analyte to the internal standard, and vice-versa. It is 
therefore important to utilize standard curves or a correction formula based on the 
measured contributions. Results obtained for normal males and females using this 
methodology are given in Table 5.3.2.

5.3.3	 Diagnosis	of	Genetic	Disorders	From	Infancy	to	Adulthood

Table 5.3.4 lists the information about the disorders amenable to diagnosis by profile 
analysis. In later tabulated data for each disorder, significant diagnostic ratio values 
are highlighted.

5.3.3.1	 Congenital	Adrenal	Hyperplasia

21-Hydroxylase Deficiency

Disorders of 21-hydroxylation account for over 95% of patients with CAH and af-
fect about 1 in 13,000 people. 21-Hydroxylation is catalyzed by P450c21 encoded 
by a gene CYP21B [95]. The disorder ranges from severe (salt-wasting), when even 
aldosterone synthesis is prevented, through “simple-virilizing,” to mild forms, where 
adequate cortisol is produced.

Serum or Blood-Spot Analysis (HPLC-MS)

MS/MS is making an important contribution in confirmation (second-tier) testing 
following newborn screening. Neonatal blood-spot screening for CAH by measure-
ment of 17-hydroxyprogesterone is routinely conducted in 40 states in the USA and 
in several other countries. Due to a high false-positive detection rate, follow-up con-
firmatory analysis is required. In neonatal life, many blood constituents crossreact 
with the RIA antigen and give rise to falsely high results with consequent screen-
positive results. In an early HPLC/ESI-MS study we identified some of these materi-
als as steroid sulfates [105]. The deficiencies in follow-up for newborn screening in 
CAH have been the subject of two recent editorials in endocrine journals [55, 94]. 
In the most ambitious study so far, researchers at the Mayo Clinic measured a panel 
of three steroids, 17-hydroxyprogesterone, cortisol, and androstenedione, in 1222 
blood spots collected from neonates between the 2nd and 5th day of life [46, 58], 
221 of which screened positive for CAH. Thirty-one were from patients diagnosed 
with CAH subsequent to neonatal screening, 190 were from patients who initially 
screened positive for CAH but who were subsequently found not to have the disor-
der, and the remaining 1001 were from newborns with negative screening results. The 
vast majority of false-positive cases had low17-hydroxyprogesterone levels measured 
by MS/MS accompanied by a substantial cortisol peak. Samples from confirmed 
cases characteristically lacked cortisol but had increased 17-hydroxyprogesterone 
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Table 5.3.4   Genetic disorders of steroid synthesis and metabolism

Disorder trivial name Gene/enzyme 
mutation

Gene 
location

OMIM number

Congenital adrenal hyperplasia 

21-Hydroxylase deficiency CYP 21A2 6p21.3 201190

11β-Hydroxylase deficiency CYP11B1 8q21 202010

17α-Hydroxylase deficiency CYP17A1 10q24.3 202110

3β-HSD deficiency type II HSD3B2 1p.13.1 201810

P450 Oxidoreductase deficiency, 
Antley-Bixler syndrome

POR 7q11.2 124015 (207410)

Lipoid adrenal hyperplasia (LAH) 
Star protein defect

STARD1 8p11.2 600617 (201710)

LAH, P450scc deficiency CYP11A1 15q23-q24 118485

Mineralocorticoid/Glucocorticoid

Apparent mineralocorticoid excess 
syndrome (AME). 11βHSD 2 
deficiency

HSD11B2 16q22 218030 (207765)

Glucocorticoid remediable aldo-
steronism (GRA)

CYP 11 B1, 
CYP11B2

8q21 124080, 202010

Pseudoaldosteronism
(Liddle’s syndrome) Na+ channel 
defect

SCNN1B SCNN1G 16p13-p12
16p13-p12

600760 
600761 (177200)

Aldosterone synthase deficiency 
(ASD)

CYP11B2 8q21 202010 (124080)

Pseudohypoaldosteronism, PHA-I 
Sodium channel defect or MR 
mutation

SCNN1A
SCNN1B
MR

12p13
16p13-p12

600228
600760

Pseudohypoaldosteronism, PHA-II Cl- shunt 4q31.1 600983

Adrenal hypoplasia DAX-1 (NROB1) Xp21.3-
p21.2

300200, 300473

Cortisone reductase deficiency
a)  Cortisone reductase deficiency 

(CRD)
b)  Apparent cortisone reductase 

deficiency (ACRD)

HSD11B1 H6PD 
or
G6PT1(GSD1b)

1q32-q41; 
1pter-p36.13
11q23

604931, 600713, 
138090
602671

Androgen oxidoreduction

5α-Reductase deficiency type 2 SRD5A2 2p23 607306

5β-Reductase deficiency AKR1D1
(SRD5B1)

7q32-q33 604741

17βHSD deficiency type III HSD17B3 9q22 605573 (264300)

HSD Hydroxysteroid dehydrogenase, OMIM Online Mendelian Inheritance in Man
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and androstenedione. The employment of the LC-MS/MS method has resulted in an 
89% reduction in false positives.

The use of HPLC-MS for the diagnosis of 21-hydroxylase deficiency in older in-
fants and children should be straightforward, with 17-hydroxyprogesterone being 
the primary analyte. However, caution must be exercised as other forms of CAH give 
rise to 17-hydroxyprogesterone (17-OHP) elevation (e.g., 3βHSD deficiency) and 
oxidoreductase deficiency (ORD). It is important that other confirmatory steroids 
should also analyzed to distinguish the conditions.

Urine Metabolite Analysis (GC-MS)

Diagnosis of this disorder by GC-MS is straightforward, and being the most com-
mon form of CAH, it was the subject of early studies [75]. Because of screening and 
the common availability of 17-OHP measurements with and without adrenocortico-
trophic hormone (ACTH) stimulation, profile analysis is rarely utilized for diagnosis 
after the newborn period. With regard to urine analysis in adults and children, the 
classic disorder manifests itself in the almost absent excretion of cortisol metabolites 
and highly elevated excretions of 17-OHP and 21-dihydrocortisol metabolites (e.g., 
17HP, PT, and pregnanetriolone, PTONE). For classic 21-hydroxylase deficiency, 
the 17HP + PT:Fs ratio should be greater than 10 and the PTONE:Fs ratio greater 
than 5.

Profile analysis is very useful for diagnosing patients with the mild, nonclassical, 
“late-onset” form of the disorder. They can have normal cortisol metabolite excre-
tion, but ratios of 17-OHP and 21-dihydrocortisol metabolite to cortisol metabolite 
excretions are elevated. Typically, if the PT + 17HP:Fs ratio is > 0.34 and the PTONE:
Fs ratio is greater than 0.05, nonclassical 21-hydroxylase disorder should be consid-
ered [85].

Neonatal Diagnosis

It is in the neonatal period that steroid profile analysis is most useful for CAH diag-
nosis because serum 17-OHP assays can give elevated results, even for nonaffected 
babies, due to lack of specificity of the RIAs used [105]. This is becoming less of 
a problem with the increasing use of HPLC-MS/MS for 17-OHP measurement as 

Table 5.3.4   (continued) Genetic disorders of steroid synthesis 
and metabolism

Disorder trivial name Gene/enzyme 
mutation

Gene 
location

OMIM number

Miscellaneous

Aromatase deficiency CYP19A1 15q21.1 107910

Recessive X-linked ichthyosis 
(RXLI) steroid sulfatase deficiency

STS Xp22.32 308100

Smith–Lemli–Opitz syndrome 
(SLOS)

DHCR7 11q12-q13 602858 (270400)

HSD Hydroxysteroid dehydrogenase, OMIM Online Mendelian Inheritance in Man
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detailed in the section above. In our earliest studies we found that the most notice-
able feature of CAH profiles in the 1st week of life was the disproportionate amount 
of 16α-hydroxypregnenolone relative to 16α-hydroxyDHEA [53, 75]. Normally, the 
ratio is 1:1, but for CAH newborns it was typically > 3:1. Unlike adults, pregnanetriol 
appeared not to be the major diagnostic analyte in neonates, and 17-α-hydroxypreg-
nanolone (17HP) and PTONE are quantitatively more important among the classical 
markers. Joannou [40] showed that CAH babies excrete large amounts of 3β,15β,17α-
trihydroxy-5β-pregnan-20-one (15β-triolone and its 20α-dihydro companion), and 
this steroid was included in recent profile methods [10, 53]. We measure the ratios 
of 17-HP, PT, PTONE, and 15β-triolone to three cortisol metabolites (Fs; THE +  α- 
and β-cortolone) and have shown that diagnosis is straightforward on the 1st day of 
life [10].

3β-HSD ∆5,4 Isomerase (3βHSD) Deficiency

The formation of 3-oxo-4-ene steroids from 3β-hydroxy-5-ene steroids is catalyzed 
by 3β-HSD. There are two main forms of the enzyme: 3βHSD I is found in the liver 
and placenta, and 3βHSD II is found in human gonads and adrenals; mutations in 
the latter result in CAH. 3βHSD deficiency causes salt loss and masculinization of 
female fetuses; male patients may show genital ambiguity due to reduced testoster-
one synthesis. In excess of 24 mutations of the gene have been described. It is a rare 
form of the disorder, probably comprising < 1% of CAH cases.

Serum Analysis (HPLC-MS)

There have been no reports yet of diagnosis of this disorder by LC-MS. Diagnosis 
should be straightforward: low serum cortisol and high serum levels of ∆5 steroids 
such as DHEA, pregnenolone, and 17HP. Serum 17-OHP may also be elevated, po-
tentially allowing misdiagnosis of the condition unless the ∆5 steroids are included. 
The analysis of DHEA sulfate would be particularly useful and should give elevated 
results.

Urine Metabolite Analysis (GC-MS)

Bongiovanni and co-workers first reported 3βHSD deficiency disorder and described 
the characteristic urinary metabolites [5]. Urinary steroids from children and adults 
show dominance of 5-pregnene-3β,17α,20α-triol (5PT, the major metabolite of 
17HP), and DHEA. 3βHSD deficiency could be confused with 21-hydroxylase defi-
ciency because of the high excretion of PT and 17HP; however, it is distinguished by 
having low excretion of PTONE and high 5PT:PTONE ratio. Table 5.3.5 shows the 
results for five patients, four of who had mutation analysis carried out. One mutation 
(A82T) still allows some activity, as illustrated in the significant excretion of cortisol 
metabolites [57], but the Y245D mutation almost completely prevents activity [72, 
74]. 3βHSD deficiency is more difficult to detect neonatally by steroid analysis be-
cause all infants have excessive 3β-hydroxy-5-ene steroid synthesis. However, 5PT 
is a minor urinary steroid component and its presence in the 1st weeks of life must 
indicate 3βHSD deficiency. Neonatal diagnostic ratios are listed in our recent paper 
[10]. The key for distinguishing 3βHSD from CAH is the 5PT:PTONE ratio, which is 
> 35 for 3βHSD, < 1.5 for 21-hydroxylase deficiency, and < 28 for normals.
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Lipoid Adrenal Hyperplasia

Lipoid adrenal hyperplasia (LAH) is a potentially fatal disorder resulting in severely 
attenuated steroidogenesis in the gonads and adrenals, resulting in salt wasting and 
lack of virilization [19]. It is caused by deficiency in the conversion of cholesterol to 
pregnenolone. The adrenals in newborns with LAH are enlarged and contain exces-
sive amounts of cholesterol and cholesterol esters. It was assumed that the disorder 
was due to deficiency of the cholesterol side-chain cleavage enzyme P450scc, but for 
many years no enzyme mutations were found. The cause in most patients was finally 
found to be mutations in the steroidogenic acute regulatory (StAR) protein, the en-
tity responsible for transporting cholesterol from the outer to inner mitochondrial 
membrane where P450scc resides. More than 34 mutations have been identified [19]. 
More recently, three cases of LAH have been attributed to P450scc mutations [29].

Serum Analysis (HPLC-MS)

The disorder has not been studied by LC-MS, but low excretion of all hormonal ster-
oids are predictive.

Urinary Metabolite Analysis (GC-MS)

Steroids have been measured by GC-MS in umbilical cord blood, amniotic fluid, and 
infancy urine of affected infants, and almost no steroids are found [73]. Only traces 
of progesterone metabolites were detected. Serum samples from women carrying 
an LAH fetus have normal concentrations of progesterone metabolites, formed pla-
centally, since this organ produces the hormone independently of the StAR protein 
mechanism.

17α-Hydroxylase Deficiency

17-Hydroxylase is a branch-point enzyme in steroid biosynthesis. It adds the first 
additional hydroxyl in the pathway to cortisol in the adrenals, and through its 17,20-
lyase activity is also the first step in the pathway to androgens and estrogens in both 
the adrenals and gonads. 17-Hydroxylase deficiency was first described by Biglieri 
and co-workers [4], and about 200 patients have been reported. Frequently, the con-
dition is first diagnosed when phenotypic girls fail to enter puberty and display hy-
pertension caused by excess DOC. More than 20 mutations have been described that 
abolish both activities. In addition, certain specific mutations only seriously affect 
side-chain cleavage, possibly because they are in a redox partner binding site, result-
ing in a disorder referred to as isolated 17,20-lyase deficiency.

Serum Steroid Analysis (HPLC-MS)

There are no reports on steroid quantitation by LC-MS, but cortisol, DHEA, and 
testosterone are very low when measured by RIA, and DOC and corticosterone are 
elevated. With the exception of DOC, all of these analyte assays are available by MS/
MS, as are progesterone and pregnenolone, which should also be elevated in the 
condition.
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Urinary Metabolite Analysis (GC-MS)

GC-MS profile analysis was employed early for the study of the disorder [32]. In 
children and adults, 17-hydroxylase deficiency is easily diagnosed because of lack of 
cortisol metabolites (e.g., THE, THF, and 5αTHF) and high excretions of corticos-
terone metabolites (THA, 5αTHA, THB, and 5αTHB). It has been determined that 
corticosterone synthesis is about 50–100 times normal. On occasion, confusion can 
arise because of the presence in urine of large amounts of 17-deoxy and 21-deoxy 
steroids instead of the conventional THA and THBs. Corticosterone (unlike cortisol) 
is significantly excreted in bile, resulting in it being susceptible to microbial 21-dehy-
droxylation prior to reabsorption [32]. In addition to high corticosterone metabolite 
excretion, affected patients typically have negligible urinary androsterone and etio-
cholanolone, the major C19 metabolites. In thirty Brazilian patients confirmed by 
mutation analysis, the mean Bs:Fs ratio was 143 (range 32–718) compared to 0.14 
(range 0.06–0.29) for normal adults.

Neonatal

Neonates are rarely diagnosed with 17-hydroxylase deficiency as they have normal 
female genitalia and produce sufficient mineralocorticoid (DOC) and glucocorticoid 
(B) to avoid adrenal crisis. However, infants with a family history of the disorder have 
been diagnosed. The major corticosterone metabolite in neonates and young infants 
is 6α-hydroxyTHA [80], but accurate quantification of this analyte is not possible 
because of the lack of a reference standard. The steroid has a distinctive spectrum 
and known retention time. We quantify it against its isomer THE, present in the cal-
librant mixture. Diagnostic ratios for neonates are given by Caulfield and co-work-
ers [10], one important ratio being 16α-hydroxypregnenolone/16α-hydroxyDHEA, 
which is typically > 10 for affected babies.

P450 ORD, “Combined 17- and 21-Hydroxylase Deficiency”  
and the Antley-Bixler Syndrome

A form of CAH only recently characterized is P450 oxidoreductase deficiency (P450 
ORD). The history of this disorder goes back 30 years to the first descriptions of pa-
tients with ambiguous genitalia with a steroid metabolome indicative of combined 
17- and 21-hydroxylase defects [65, 84]. Our early analysis of such patients showed 
high excretions of 17HP, PT, and PTONE, indicative of 21-hydroxylase deficiency to-
gether with high corticosterone metabolite excretions, indicative of 17-hydroxylase 
deficiency. Metabolites of upstream precursors such as progesterone and pregneno-
lone were particularly elevated. Cortisol metabolite excretions tended to be normal. 
Independently, clinicians studying the skeletal and craniofacial dysmorphology con-
dition Antley-Bixler syndrome noted that many of such patients seemed to have ste-
roid synthetic abnormalities similar to those associated with 17- or 21-hydroxylase 
deficiencies. Many papers published in the last 20 years included steroid data that 
did not fit well with the clinical symptoms and seemed to point to a new disorder. 
These were reviewed by Shackleton and Malunowicz [78].

In 2004, three groups demonstrated that the condition was caused by mutations 
in cytochrome P450 oxidoreductase, the essential redox partner for microsomal hy-
droxylases. Flück and co-workers [17] were the first to publish, followed soon after 
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by Arlt et al. [2] and Adachi et al. [1]. To date more than ten mutations in this en-
zyme have now been identified.

Serum Analysis (HPLC-MS)

Reports on serum steroids in affected patients (not analyzed by LC-MS) show elev-
ated 17-OHP and low testosterone concentrations. In order to prevent confusion of 
this condition with 21- or 17-hydroxylase deficiency, the following panel of steroids 
should be analyzed: 17-OHP, 21-deoxycortisol, corticosterone, progesterone, and 
pregnenolone; all of which should be elevated. Cortisol should be normal and tes-
tosterone and DHEA (including sulfate) low for age. Patients show a blunted cortisol 
response to ACTH stimulation.

Urine Metabolite Analysis (GC-MS)

The urinary steroid metabolome in nine patients with the condition was published 
indicating the preferred steroid ratios for diagnosing the condition (Fig. 5.3.5) [92]. 
The following metabolites should be measured: pregnenediol (5-pregnene-3β,20α-
diol, 5PD), pregnanediol, the tetrahydrometabolites of corticosterone and cortisol, 
androsterone and etiocholanolone, and pregnanetriol and 17HP. In profiles, one of 
the above analytes, pregnenediol is found in two forms, the bis-TMS derivative and 

Fig.	5.3.5	 Diagnostic ratios for oxidoreductase deficiency. 
“P” represents mean values for nine patients, “C” are normal values for different age groups, 
as follows: C1 2 months—5 years; C2 5–10 years; C3 11–16 years; C4 2 months—16 years; C5 
2 months—10 years, C6 2 months–16 years. The first ratio focuses on 17,20-lyase activity (andro-
gens/C21-precursors), which is suppressed in the condition compared to normal controls. The 
remaining ratios illustrate precursor metabolites increased by attenuated 17- and 21-hydroxyl-
ation, relative to metabolites of the product cortisol. 
Abbreviations: Bs corticosterone metabolites, Fs cortisol metabolites, 17HP 17α-Hydroxypreg-
nenolone, 5-PD pregnenediol, PTONE pregnanetriolone
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an artifact pregnadienol TMS formed from 5PD-20-sulfate during derivatization 
[23]. Both forms are quantified and the external calibration mixture contains stand-
ards for each. The 5PD quantity reported is the sum of both forms.

11β-Hydroxylase Deficiency

Patients with 11β-hydroxylase deficiency present with features of androgen excess, 
including masculinization of female newborns and precocious puberty in male chil-
dren. There are two human isozymes that are responsible for cortisol and aldosterone 
synthesis, respectively. The CYP11B1 enzyme (p45011B) converts DOC to cortico-
sterone (B) and 11-deoxycortisol (S or 11-dihydrocortisol) to cortisol (F). It is also 
capable of 18-hydroxylating DOC but cannot convert B to aldosterone. The latter 
transformation is carried out by CYP11B2 (also known as aldosterone synthase), 
which encompasses activity for 18-hydroxylation and subsequent 18-oxidation. 
When CAH is associated with hypertension, deficient 11β-hydroxylase (CYP11B1) 
is suspected; at this time more than ten mutations have been defined in affected in-
dividuals [103].

Serum Steroid Analysis (HPLC-MS)

Patients have undetectable cortisol. DOC, 11-deoxycortisol, testosterone, and an-
drostenedione should be extremely elevated.

Urinary Metabolite Analysis (GC-MS)

Patients with a complete block have almost undetectable excretions of cortisol me-
tabolites. The major urinary steroids are androsterone, etiocholanolone, tetrahydro-
11-deoxycortisol (THS) and hexahydrosubstance S. Tetrahydrodeoxycorticosterone 
is also increased. Diagnosis is trivial through measurement of the THS:Fs and an-
drosterone + etiocholanolone:Fs ratio.

Neonatal Diagnosis

One neonate was studied by us, and THS could not be detected until the 12th day of 
life, but this could be due to inadequacies of the older instrumentation [31]. A steroid 
identified as 6α-hydroxy-THS was also identified, and by the 27th day it was excreted 
at a rate more than 50% of THS. The diagnostic ratios for neonates are THS:THE + α- 
and β-cortolone (Fs), and 6α-hydroxyTHS:Fs [10].

5.3.3.2	 Male	Pseudohermaphroditism

5α-Reductase Deficiency

Deficiency of 5α-reductase-2 (5α-RD-2) is an important cause of male pseudoherm-
aphroditism (MPH). It is occasionally found in large isolated kindreds, such as one 
studied in the Dominican Republic where the disorder was first detected [35]; more 
recently, extended families from Turkey and New Guinea have been studied.
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Serum Analysis (HPLC-MS)

The disorder has not been studied by HPLC-MS, and will require development of 
a method for DHT. Diagnosis is by finding elevated testosterone and an increased 
testosterone:DHT ratio.

Urinary Metabolite Analysis (GC-MS)

Profile analysis is the best technique for diagnosing the condition in children and 
adults, although neonates present a greater challenge. Interestingly, although the 
impact of the deficiency is on the conversion of testosterone to 5α-DHT, by far the 
most diagnostic urinary steroid ratios are 5β:5α ratios of cortisol and corticosterone 
metabolites (THB:5αTHB; THF:5αTHF). Frequently, the 5α-reduced corticosteroids 
are almost undetectable. Paradoxically, the androsterone:etiocholanolone and 11β-
hydroxyeiocholanolone/11β-hydroxyandrosterone ratios, although reduced, are less 
definitive even though the disorder is primarily of androgen biosynthetic importance. 
Mean values of diagnostic 5β:5α steroid ratios for affected patients, heterozygotes, 
and unaffected family members are given in Table 5.3.6. This is a condition in which 
heterozygotes within a kindred can be detected with relative ease [34].

Neonatal Period

Diagnosis in early infancy presents distinct challenges in terms of both plasma and 
urine assays. Plasma testosterone levels may not be markedly above the normal 
range, and testosterone:DHT ratios, while low on average, can also be close to nor-
mal. This is probably caused by the activity in fetal life of 5α-reductase-1, which no 
doubt can compensate for attenuated 5α-RD-2, and is responsible for some 5αTHF 
synthesis, even in 5αRD-deficient patients. The urinary THF:5αTHF ratio, which is 
the most discriminatory ratio in adults, is also the best for use in infants. However, 
neonates and young infants (< 4 months) excrete very little THF and 5αTHF com-
pared to THE (< 10%), which presents an analytical challenge. In three 2- to 4-month 
infants we studied with 5α-RD-2 deficiency, the THF:5αTHF values were 2.5–4.7 
(normal 0.2–0.5). Contrast this to the ratio of typically > 10 for children and adults 
with the disorder.

Table 5.3.6  Diagnostic urinary steroid ratios for 5α-reductase deficiency (homozygous 
and heterozygous), and a patient with 5β-reductase deficiency. 

Steroid ratio 5αReductase
(homozygous, n = 48)

5αReductase
(heterozygous, n = 10)

Normal adults
(n = 26)

5β-Reductase 
patienta

Et/An c 4.86 ± 2.98 2.35 ± 1.18 0.92 ± 0.34 0.15

11βOHEt/11βOHAn 2.49 ± 1.43 0.82 ± 0.53 0.48 ± 0.54 0.04

THB/5αTHB 3.01 ± 1.88 b 0.84 ± 0.34 0.51 ± 0.19 < 0.01

THF/5αTHF 23.3 ± 11.7 4.56 ± 1.61 1.28 ± 0.54 0.013

a  This patient was 13 years old at the time of collection. Results discussed in Palermo et al. [63]
b Figures in bold are ratios most notably distinctive of the disorders. 
c Abbreviations: An Androsterone, Et etiocholanolone, 11β-OH-An 11β-hydroxyandrosterone, 11β-OH-Et 11β-hydroxyetiocholan-
olone, THB tetrahydrocorticosterone, 5αTHB 5α-tetrahydrocorticosterone, THF tetrahydrocortisol, 5αTHF 5α-tetrahydrocortisol
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5β-Reductase Deficiency

Rationally, 5β-reductase deficiency would not be a cause of MPH, but it seems appro-
priate to place this disorder adjacent to its 5α-counterpart. 5β-Reductase (AKR1D1) 
is an essential bile-acid biosynthetic enzyme and patients with disabling mutations 
in this enzyme have a clinical phenotype associated with cholestasis and liver fail-
ure. In addition to its importance in bile-acid synthesis, this aldoketo-reductase is 
responsible for reducing approximately two-thirds of the mass of synthesized andro-
gens, corticosteroids, and aldosterone prior to their excretion, so has a vital role in 
steroid metabolism.

We studied by GC-MS the urinary excretion of a single patient with a documented 
mutation [49] and have found that the 5β-reduced androgen metabolite excretion 
relative to 5α is decreased by about 80%, and 5β-corticosteroid metabolite excretion 
is essentially absent [63]. To date there has no report of an adverse endocrine pheno-
type related to corticosteroid, mineralocorticoid, or androgen metabolism.

17β-Hydroxysteroid Dehydrogenase Deficiency

Autosomal recessive mutations in the 17β-hydroxysteroid dehydrogenase (17βHSD) 
3 gene impair the formation of testosterone in the fetal testis and give rise to genetic 
males with female external genitalia. Such individuals are usually raised as females, 
but virilize at the time of expected puberty as the result of increases in serum testos-
terone. More than 14 mutations have now been identified [20].

Serum Steroid Analysis (HPLC-MS)

Elevated concentrations of androstenedione and low concentration of testosterone 
would be expected, leading to a markedly elevated androstenedione:testosterone 
ratio.

Urine Metabolite Analysis (GC-MS)

The most noticeable feature in GC-MS profiles is the elevated excretion of the andro-
stenedione metabolites androsterone and etiocholanolone, represented by increased 
androsterone + etiocholanolone:Fs ratio (Table 5.3.7), being greater than twice the 
upper limit of aged-matched controls. Two adult Turkish patients were studied by us 
who gave androsterone + etiocholanolone:Fs values of 2.9 and 4.3 compared to a nor-
mal mean of 0.65 (range 0.3–1.3). Disabling 17βHSD 3 mutations were found in these 
patients. The ratio of 17β-hydroxy:17-keto steroids (e.g., 5-androstene-3β,17β-diol: 
DHEA and 5α-androstane-3α,17β-diol:androsterone) was within the normal range 
in all patients we studied, reflecting compensatory activity of the multiple 17βHSD 
isozymes present in many tissues. This probably also explains the pubertal viriliza-
tion seen in the disorder, the mechanism for testosterone formation in postpubertal 
subjects being the conversion of circulating androstenedione to testosterone by one 
or more of the unaffected 17β isoenzymes.
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5.3.3.3	 Disorders	of	Cortisol	11-Oxidoreduction

AME, 11βHSD-II Defect

Studies 25 years ago described children with hypertension and low renin, hallmarks 
of mineralocorticoid excess, but no known mineralocorticoids were produced in ex-
cess [83, 101]. The urinary steroid profile of these patients showed a much reduced 
excretion of 11-carbonyl steroids (e.g., THE) relative to their 11β-hydroxylated coun-
terparts, pointing to a diminished activity of 11βHSD. However, no mutations were 
found in the hepatic 11βHSD enzyme known at the time [61]. A kidney isozyme was 
identified by Stewart et al. [97] and others, and this was found to be responsible for 
the increased ratio of THF + 5αTHF: THE seen in the disorder This enzyme termed 
11βHSD2 was a renal tubule dehydrogenase responsible for deactivating cortisol, a 
steroid with equal mineralocorticoid receptor affinity to aldosterone but present in 
much greater quantities. Attenuated 11βHSD-II activity in AME permits binding 
of cortisol to the mineralocorticoid receptor binding, resulting in hypertension and 
other symptoms of the disorder.

Serum and Urine Analysis (HPLC-MS)

Serum analysis has not been utilized in AME diagnosis, probably because the F:E 
ratio is already high in normal individuals. HPLC-MS is useful in measuring urinary 
F (UFF) and E (UFE). and a high F:E ratio would be diagnostic for the disorder, 
although other conditions, such as Cushing’s syndrome, can also give rise to a high 
F:E ratio.

Urine Metabolite Analysis (GC-MS)

Attenuated conversion of cortisol to cortisone in AME causes inhibition of cortisol 
synthesis (negative feedback), and excretion of total cortisol metabolites is typically 
50% lower than normal. The condition is most commonly diagnosis by determining 

Table 5.3.7  Steroid excretion in three patients with 17βHSD deficiency

Steroid
µg/24 h

Pat 1
(5 years)

Control
(5–8 years, 
range)

Pat 2
(11 years)

Control 
(11–16 
years, 
range)

Pat 3 
(14 years)

An 417 5.1–210 5451 98–1402 33636

Et 109 7.1–135 2093 101–1552 8000

THE 1564 402–2451 3501 645–2386 2800

THF 327 152–1061 834 203–1169 976

5αTHF 696 215–1056 1371 156–1219 1021

An + Et:Fs 0.20 0.002–0.07 1.32 0.18–0.3 9.3

Figures in bold represent the ratios most elevated in the condition
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the ratio of THF + 5αTHF:THE, although the ratios of all saturated 11β-hydroxy-
containing metabolites to 11-oxo-metabolites are increased, for example, cortols:
cortolones, THBs:THAs, and C19 steroids. While the THF + 5αTHF:THE ratio can be 
greater than 50, very mild cases have also been seen with ratios in the normal range 
(Table 5.3.8). These cases were formerly called AME type II, but mutations are still 
within 11βHSD-II. More than 25 individual mutations have now been detected [14, 
50]. Diagnosis of “type II” or “mild” cases is helped by the measurement of the UFF:
UFE ratio as well as the THF + 5αTHF:THE ratio [50].

Apparent Cortisone Reductase Deficiency

This condition was first noted in two markedly hirsute sisters who had elevated pro-
duction of cortisol but were not Cushingoid [66]. It was found that these patients 
had elevated excretion of THE and related 11-oxo-steroids relative to 11β-hydroxy-
lated compounds, and so the disorder was named apparent cortisone reductase de-
ficiency (ACRD). Subsequently, the disorder has been documented in other patients 
(Table 5.3.8) [3, 15, 38, 54]. Presumably, the rapid and irreversible conversion of cor-
tisol to cortisone protects against some of the negative manifestations of hypercor-
tisolism. Hyperandrogenism secondary to increased cortisol clearance is the most 
serious clinical manifestation of the condition.

While defective 11βHSD I seemed the most likely cause of the disorder, no loss-
of-function mutations were found in 11βHSD I in the first patients investigated [61]. 
The cause of the disorder in these cases proved to be mutations in hexose-6-phos-
phate dehydrogenase (H6PDH), the enzyme that supplies electrons to the NADPH 
utilized in oxidoreduction [15]. Later studies have found 11βHSD I mutations in 
some affected individuals. Thus, there are two monogenic disorders giving rise to a 
similar phenotype; cortisone reductase deficiency caused by 11βHSD I mutations, 

Table 5.3.8  Diagnosis of apparent mineralocorticoid excess syndrome 
(AME) by urine steroid analysis

Excretion and 
ratios (mean 
and range)

AME  
“type1” a

n = 40

AME  
“type II” b

n = 4

AME 
“mild” a

n = 1

Control
(n = 34)

THAldo 
(µg/24 h)

< 5 < 5 < 5 31 (6–63)

THF + 5αTHF:
THE

32 (7–134) c  2.5 (1.9–4.53)  3.0  1.0 (0.55–2.44)

UFF:UFE 10.3 (6–50)   2.7 (1.4–7.5)  0.55 (0.19–0.98)

Mutation R279C P227L

a From Li et al. [50] 
b From Dave-Sharma et al. [14]
c Figures in bold represent ratios most elevated in the condition
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and ACRD, which is attributed to H6PDH mutations. Most recently enzyme activi-
ties even more distal to 11βHSD I have been shown to affect its activity. The H6PDH 
enzyme utilizes glucose-6-phosphate and its activity is dependent on the availability 
of the latter, which is in turn controlled by the activity of glucose-6-phosphatase-α 
and the glucose-6-phosphate transporter. Patients with mutations in these enzymes 
have GSD1a or GSD1b deficiency, respectively; the former resulting in increased ap-
parent 11βHSD I activity and the latter decreased activity, as determined by GC-MS 
of cortisol metabolites [48].

Serum and Urine Steroid Analysis (HPLC-MS)

Measurements of urinary unconjugated F and E (UFF and UFE) are not useful for 
accurate diagnosis of ACRD as the ratio between them is typically normal. Patients 
with ACRD will have elevated levels of androgens, DHEA, testosterone and andro-
stenedione.

Urine metabolite analysis (GC-MS)

The THE:THF + 5αTHF ratio is commonly greater than 15 in these disorders, the op-
posite to AME syndrome. While the ratio of “saturated” steroids demonstrates a high 
11-oxo:11β-hydroxy ratio, this is not the case for steroids retaining a 3-oxo-4-ene 
structure. The F:E ratio is normal or elevated (i.e., > 1; Table 5.3.9). Steroid profile 
analysis also typically reveals an elevated excretion of DHEA and other androgen 
metabolites. Clearly the excessive ACTH production resultant from an apparent cor-
tisol deficiency is responsible for the elevated adrenal androgen production, which 
in turn is responsible for female virilization and other manifestations of polycystic 
ovary syndrome.

Table 5.3.9  Steroid excretions and diagnostic ratios in five patients 
with ACRD

Steroid Pat 1 a Pat 2 a Pat 3 b Pat 4 c Pat 5 d Normal e

THE (µg/24 h) 3560 10230 26603 36290 8412 2593

THE:THF + 5αTHF   21.9 g 25.8 15.1 25.0 47.6 1.0

Cortolones:cortols   13.9 14.5 17.0 NRf 12.5 2.6

Cortisol (UFF; µg/24 h  36 18.1 134 70 NR 25.2 

Cortisone (UFE; µg/24 h)  16 13.8 86 56 NR 53.9

UFF:UFE   2.25 1.31 1.6 1.25 NR 0.47

a Phillipov et al. [66] 
b Biason-Lauber et al. [3] 
c Draper et al. [15] 
d Malunowicz et al. [54] 
e Mean of 17 adult men and 17 women 
f Not reported
g Values in bold represent ratio values that are particularly elevated
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5.3.3.4	 Mineralocorticoid	Disorders

Mineralocorticoid disorders can have high or low aldosterone production. Even in 
hyperaldosteronism disorders, circulating aldosterone and aldosterone metabolite 
excretion can be in the upper normal range. For this reason it is important to deter-
mine the aldosterone:renin ratio.

 GRA and Adrenal Adenoma

These conditions are associated with high renin and high aldosterone production. 
The hybrid corticosteroids 18-OHF, 18-oxo-F and 18-oxo-THF were isolated from 
the urine of a patient with adrenal adenoma by Ulick and coworkers [11]. These ste-
roids were subsequently also shown to be dominant in GRA. Their formation in the 
latter condition was explained by Lifton and co-workers [51] with the discovery of a 
chimeric gene formed crossover of the 11β-hydroxylase (CYP11β1) and aldosterone 
synthase (CYP11B2) genes.

Serum and Urine Steroids (HPLC-MS)

18-OHF is almost exclusively excreted without undergoing A-ring reduction and 
conjugation and can be measured in urine by HPLC-MS. A useful diagnostic ratio is 
that of 18-OHF:UFF, which is normally about 5:1 and rises to 50:1 in GRA. Serum 
analysis is used to measure aldosterone (elevated in the disorder) and cortisol, but 
not typically for 18-OHF.

Urine Metabolite Analysis (GC-MS)

We measure unconjugated 18-OHF by GC-MS [62]. Values for 18-OHF (measured 
in the free steroid fraction) are typically < 150 µg/24 h for normals and > 500 µg/24 h 
for patients with GRA or adenoma [39]. Another important diagnostic analyte in 
the hydrolyzed extract is 18-oxo-THF; patients with GRA have values > 15 µg/24 h 
compared to the normal value of < 5 µg/24 h. Selected ratios are reported for GRA, 
including a cortisol 18-oxygenation quotient, which is the 18-OHF:cortisol ratio, 
giving a value about 4 for normals and > 25 for patients with GRA (Table 5.3.10) 
and 18-oxo-THF(×100):THF + 5αTHF, which is < 0.2 for normals and > 1.0 for those 
with GRA.

Overall, with the exception of 18-oxygenated cortisol metabolites, the patients 
with GRA we’ve studied have normal excretions of all cortisol metabolites. THAldo 
excretion is almost always elevated (> 50 µg/24 h), as expected.

Pseudohyperaldosteronism (Liddle’s Syndrome)

Liddle’s syndrome is an autosomal dominant form of hypertension. It is a disorder of 
the renal epithelial sodium channel, which has three subunits, α, β, and γ, and muta-
tions within the first two are associated with increased sodium channel activity [7, 
36]. This causes excessive sodium absorption in the distal nephron of the kidney. It 
gives rise to hypoglycemia, low –renin, and low aldosterone.
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Serum Steroid Analysis (HPLC-MS)

Aldosterone values < 50 pg/ml are typical.

Urinary Metabolite Analysis (GC-MS)

This disorder must be suspected if THAldo is low (< 5 µg/24 h) without manifesta-
tions of disordered cortisol metabolism, such as AME syndrome. A useful ratio is 
THAldo(×100):Fs, which is typically < 2.

Pseudohypoaldosteronism

A form of salt loss in infancy was long considered to be due to renal tubules that 
were refractory to aldosterone. Recent studies have described variant roots of the 
condition, either mutations in the mineralocorticoid receptor, the genes coding the 
epithelial sodium channel (ENaC), or other causes [6]. Many infant patients recover 
spontaneously, probably due to maturation of proximal tubular function.

Serum Steroid Analysis (HPLC-MS)

In affected patients, plasma renin and aldosterone levels are high.

Urine Metabolite Analysis (GC-MS)

Table 5.3.11 gives values we obtained for cortisol metabolites and THAldo in eight 
patients [33]. A mean excretion of THAldo of 450 µg/24 h was obtained, a value 
about 40 times normal. This is reflected in the THAldo(× 100):Fs ratio of 114 com-
pared to a normal value of 1–3 for normal individuals. High THAldo and 18-OH-
THA excretions were also found in hyponatremic preterm infants born between the 

Table 5.3.10  Corticosteroid excretion (µg/24 h) and diagnostic ratios in 
glucocorticoid remediable aldosteronism (GRA)

Steroid Patient no. Normal a

1 2 3 4 5 6

UFF 53 32 55 31 31 39 29

UFE 107 70 207 106 NM 107 54

18-OHF 1640 1515 1493 803 1131 2349 110

18-OHF/UFF 31 41 27 73 36 60 4.1

18-Oxo-THF NM 116 46 36 42 89 5.0

THAldo 147 182 55 32 47 242 31

18-Oxo-THF 
( × 100):Fs

NM 0.92 0.67 0.91 0.85 0.85 0.12

a Mean of 34 adult men and women
Values in bold represent ratio values that are particularly el-
evated. 18-OHF 18-hydroxycortisol, NM not measured
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26th and 34th week of gestation, suggestive of a transient pseudohypoaldosteron-
ism. While the values were normal (10–40 µg/24 h) in the first days of life, typically 
the values reached 100–300 µg/24 h by the 3rd week. Once again it is likely that the 
higher aldosterone production is a reflection of lower response of renal tubules to 
the hormone.

Hypoaldosteronism: Aldosterone Synthase Deficiency

Aldosterone synthesis involves the 11β- and 18-hydroxylation of DOC, forming 
18-hydroxycorticosterone, followed by 18-oxidation. Classically, the corticosterone-
to-aldosterone conversion was considered to be carried out by two enzymes corti-
costerone methyloxidase (CMO) I and CMO II. Recent findings show that a single 
enzyme, P450 aldosterone synthase (CYP11B2), is responsible for both functions 
and several deleterious mutations have been defined [104]. This enzyme has a 95% 
homology with 11β-hydroxylase. While no longer accurate, the CMO I, CMO II cat-
egorization was useful as it explained the steroid phenotype of plasma and urine.

Serum Steroid Analysis (HPLC-MS)

Two clinical forms are seen, one (so-called CMO I), which has low plasma aldoste-
rone, elevated corticosterone, and normal 18-hydroxy B; the second (CMO II) has 
highly elevated 18-hydroxy B and normal B. Only MS/MS methods for aldosterone 
and corticosterone are currently available.

Table 5.3.11  Steroid excretion and diagnostic ratios in infants with pseudohypoaldosteronism (PHA) 
and aldosterone synthase deficiency (ASD)

Steroids (µg/24 h) ASD ASD Normals PHA

“CMO1” 
Mean (n = 5)

Range “CMO2” Mean (n = 20) Mean 
(n = 8)

Range

Age (months) 0.5–50 48 2–60 2–70

THAldo < 1.0 0–4 0.1 8.6 450 94–2257

18-OH-THA 283 30–650 1824 23.9 190 96–883

Bs 1007 140–2083 813 126 297 10–882

Fs 669 247–3132 377 696 659 212–1409

Bs:Fs 1.50 0.53–2.16 2.15 0.18 0.35 0.04–0.62

THAldo:18-OH-THA < 0.02 < 0.02 < 0.01 0.36 1.08 0.22–1.39

THAldo  × 100:Fs < 0.1 < 0.1 < 0.02 1.2 114 11.0–656

18-OH-THA:Bs 0.24 0.1–0.31 2.28 0.19 3.0 0.5–10.9

Figures in bold represent excretory values and ratios diagnostic for the respective conditions. 
CMO I Corticosterone methyloxidase I, CMO II corticosterone methyloxidase II, 18-OH-THA 18-hydroxytetrahydro-11-dehy-
drocorticosterone, Bs the sum of tetrahydrometabolites of corticosterone, Fs the sum of the tetrahydrometabolites of cortisol
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Urine Metabolite Analysis (GC-MS)

In profile analysis, “CMO I” shows low THAldo and 18-hydroxyTHA (the major 
18-hydroxycorticosterone metabolite), but high excretions of THAs and THBs [26, 
33]. In “CMO II,” THAldo is low, the THAs and THBs normal, but 18-OH-THA is 
often grossly elevated. Representative excretions of several patients with both forms 
of the disorder are shown in Table 5.3.11. However, it must be emphasized that even 
if the steroid phenotype appears to have two forms, a single enzyme is responsible 
for aldosterone synthesis.

Adrenal Hypoplasia Congenita

Infants with salt-losing crisis and adrenal insufficiency in infancy may have adrenal 
hypoplasia congenita. This can be of two types: recessive, for which the cause has not 
been defined and which affects mostly the fetal zone, and X-linked, which is caused 
by mutations in the DAX-1 gene, which (with steroidogenic factor-1) controls defini-
tive zone development and steroidogenesis [71]. GC-MS analysis of patients with the 
disorder show variant patterns from absence of neonatal ∆5 steroids, appropriate for 
the recessive form [81], to extremely low cortisol production and transient 11β-hy-
droxylase deficiency, as evidenced through increased THS excretion (Malunowicz, 
personal communication).

5.3.3.5	 Miscellaneous	Conditions

Recessive X-Linked Ichthyosis

Recessive X-linked ichthyosis (RXLI) is a dermatological condition that is caused by 
steroid sulfatase deficiency (STSD), although the mechanism by which the deficiency 
causes the characteristic scaly skin has not been adequately explained. RXLI is the 
most common genetic disorder of steroid metabolism, affecting about 1:2000 males. 
Epstein and co workers [16] first demonstrated that serum cholesterol sulfate was el-
evated in the condition, and this compound has become the preferred analyte for di-
agnosis. The serum level is more than tenfold greater than normal in the condition.

An LC-MS method for quantification has been available for many years [79] using 
13C2 cholesterol sulfate as an internal standard. The deuterated material is now com-
mercially available (CDN or ISOTEC). Negative-ion ESI-MS is used for quantitation 
and m/z 365 (M-H–, analyte) and 367 (M-H–, internal standard) are monitored. The 
mean cholesterol sulfate level in 166 cases of RXLI was 4859 ± 1589 µg/dl and for 
normal individuals 186 ± 112 µg/dl (n = 109).

7-Dehydrocholesterol Reductase Deficiency, 
Smith–Lemli–Opitz syndrome (SLOS)

This is one of the few disorders identified that affect enzymes upstream of choles-
terol [37]. 7-Dehydrocholesterol reductase (DHCR7) catalyzes probably the last step 
in cholesterol synthesis, its formation from 7-dehydrocholesterol (7DHC). Reduced 
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activity manifests itself in cholesterol deficiency and a build-up of 7DHC and 8DHC, 
the latter because of the existence of an active ∆7–8 isomerase. Patients with this syn-
drome have SLOS, an autosomally recessive malformation, genital ambiguity, and 
mental retardation condition. Multiple mutations (> 90) have been identified in pa-
tients with SLOS. Diagnosis of the condition has until this time been carried out 
by measurement of serum cholesterol, 7DHC, and 8DHC [42]. Patients can present 
symptoms of steroid hormone deficiency, not surprising since all steroids have cho-
lesterol as precursor.

Serum Sterol Analysis (GC-MS)

GC or GC-MS analysis of cholesterol, 7DHC and 8DHC are generally used for diag-
nosis of the condition [42]. A DHC:cholesterol ratio of > 0.03 is considered positive.

Urine Metabolite Analysis (GC-MS)

We found normal levels of conventional urinary steroids in this disorder, but these 
patients can show blunted response to ACTH, and adrenal hyperplasia is often noted 
post-mortem in nonsurviving newborns. Many distinctive metabolites have been 
found in urine from patients with the disorder, major examples being 5β-pregn-
7-ene-3α,17α,20α-triol (7DHPT) and its 8-dehydroepimer (8DHPT) [90] and the 
presence of these steroids is diagnostic for the condition. These steroids are most eas-
ily quantified by selecting m/z 435 (M-117) for PT and m/z 343 (M-117-90) for the 
7DHPT and 8DHPT. For these ions the mass response is approximately equal, so that 
both DHPT isomers can be quantified using PT as the external standard callibrant.

Diagnosis in Children

The DHPT:PT ratio is proportional to the DHC:cholesterol ratio and profile analysis 
can therefore be used diagnostically as an alternate to serum analysis (Fig. 5.3.6). 
The enzyme deficiency is never complete and the severity of the condition can be 
ascertained by determining the DHPT:PT ratio.

Fig.	5.3.6	 Diagnose of Smith–Lemli–Opitz syndromesyndrome (SLOS). Urinary dehydropreg-
nanetriols (DHPT; 5β-pregn-7-ene-3α,17α,20α-triol and 5β-pregn-8-ene-3α,17α,20α-triol) par-
tially replace PT in 7-dehydrocholesterol reductase deficiency and can be used to diagnose SLOS. 
The ratio of DHPT/PT correlates with dehydrocholesterol (DHC)/cholesterol (C) in affected pa-
tients (n = 34) and also correlates with clinical severity
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Neonatal Diagnosis

In the neonatal period, additionally unsaturated forms of the conventional 3β-hy-
droxy-5-ene steroid sulfates can be the principal urinary components (e.g., 3β,16α-
dihydroxy-5,7-pregnadien-20-one and related steroids) [88]. It is during early preg-
nancy that profile analysis is most used for SLOS diagnosis, and this will be discussed 
in the final section of the chapter.

MS Screening for SLOS

Pitt [67] published methodology for screening for SLOS based on direct infusion 
of urinary steroid conjugate extracts into a triple-quadrupole mass spectrometer. 
Through finding high levels of presumed dehydropregnenetriol sulfate in three SLOS 
patient urines compared to levels in 1700 controls, the SLOS patients were correctly 
identified. This method should be readily transferable to the analysis of blood spots 
as part of newborn screening, and may also be efficacious in prenatal testing.

5.3.4	 Prenatal	Diagnosis	of	Steroid	Genetic	Disorders

5.3.4.1	 Congenital	Adrenal	Hyperplasia

Only 21-hydroxylase deficiency is routinely diagnosed prenatally, and then only in 
patients considered at risk for the condition. Although elevated levels of 17-OHP are 
found in amniotic fluid, molecular techniques are generally used for diagnosis.

5.3.4.2	 Prenatal	Diagnosis	of	Low-Estriol	Conditions

The finding that mothers-to-be carrying an SLOS-affected fetus have low unconju-
gated serum estriol (uE3) has necessitated methodology for diagnosing such condi-
tions [8]. Serum estriol is measured as part of “triple (or quad) marker screening” 
for trisomies and neural-tube defects [102]. In the USA, more than half of pregnant 
women undertake this test, more than 2 million per year. Estriol concentration is 
reported as multiples of the median (MoM), and low values are a cause for concern 
as they can be indicative of serious fetal steroidogenic defects. The disorders shown 
in Fig. 5.3.7 attenuate estriol production and we have attempted to develop nonin-
vasive methods of maternal urine or serum analysis to distinguish them. The most 
challenging diagnostically are fetal adrenal hypoplasia and LAH (StAR protein or 
P450scc deficiencies), as a mere reduction in concentration of conventional steroids 
is difficult to prove. In contrast, we found unique ∆7 and/or ∆8 steroids (dehydro-
pregnanetriol and dehydroestriol) in maternal urine and serum of SLOS pregnan-
cies, which can be used for prenatal diagnosis of this condition [89]. STSD is also 
readily diagnosed because the absence of placental sulfatase results in the fetal pre-
cursor (16α-OH-DHEA sulfate) being excreted in urine unchanged [21]. We have 
studied three ORD pregnancies and have found elevated excretions of epiallopreg-
nanediol (epialloPD, 5α-pregnane-3β,20α-diol). This steroid is likely a metabolite 
of fetal pregnenolone overproduced as a result of attenuated 17-hydroxylase/17-20-
lyase secondary to the ORD [92]. We believe this steroid would also be elevated in 
17-hydroxylase deficiency. Although we have not encountered aromatase deficiency, 
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 Fig.	5.3.7	 Disorders that affect the placental/maternal synthesis of estriol and diagnostic 
analytes for serum and urine. ORD Oxidoreductase deficiency, STS steroid sulfatase deficiency
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diagnosis should be straightforward since maternal excretion of 16α-hydroxyandro-
stenedione metabolites) should be elevated.

At what uE3 level should follow-up analysis be conducted for diagnosis of dis-
orders of estriol synthesis? It was the possibility of SLOS diagnosis that prompted 
this question, so this disorder has been used for targeting an estriol level where the 
majority of cases would be diagnosed without an unacceptably high false-positive 
rate. An algorithm was developed that was predicted to diagnose 60% of affected 
pregnancies; a constituent parameter of this algorithm was an estriol value of about 
< 0.3 MoM [64].

Urine and Serum Metabolite Analysis (GC-MS)

GC-MS SIM analysis for prenatal diagnosis requires a different calibration standard 
from that used for urine from children and adults. Table 5.3.12 shows the steroids 
present in our external standard and the monitored ions. For serum analysis we em-
ploy the highly sensitive ion-trap MS/MS technique described at the beginning of 
this chapter. Many steroid ratios have been calculated that can be used to distinguish 
causes of low-estriol, a few that we consider useful are given below, values considered 
positive for particular disorders are in parenthesis.

Diagnostic Ratios

1. For SLOS: DdehydroE3:E3; 7DHPT:PT and 8DHPT:PT.
2. For STSD: The most important ratio is 16α-OH-DHEA:estriol, although we fre-

quently plot this with the 16α-OH-DHEA:PD ratio.
3. For ORD: EpialloPD:estriol; 16α-OH-androsterone:estriol; 

16α-OH-androsterone:16α-OH-DHEA; androsterone:etiocholanolone.

Figure 5.3.8 illustrates results obtained for selected ratios for diagnosis of the above 
conditions. In the left-hand panel are illustrated ratios for all individuals we have 
studied with SLOS-affected fetuses compared to values obtained for low-estriol 
pregnancies that resulted in birth of apparently normal babies. We find significant 
elevation of the diagnostic ratios as early as the 11th gestational week. The affected 
pregnancies from our study of 737 low-estriol pregnancies are included; these preg-
nancies were all above 14 gestational weeks when samples for analysis were collected. 
Confirmation of the presence of SLOS fetuses was obtained by DHC measurement 
in the amniotic fluid or fetal tissue. From the data illustrated in Fig. 5.3.8, we deter-
mined that the cut-off for a “positive” DHPT:PT ratio was 0.02 after the 14th gesta-
tional week, and the corresponding value for the dehydroE3:E3 ratio was 0.03. From 
our study we determined the detection rate to be 100% and the false-positive rate to 
be 0% [12, 93].

The results for STSD diagnosis for the 737 low-estriol pregnancies are illustrated 
in the middle panel of Fig. 5.3.8. This shows results of the 16α-OH-DHEA:E3 ratio for 
“apparently normal” but low-estriol pregnancies carrying male and female fetuses, 
pregnancies carrying STSD-affected fetuses (confirmed by family history or fluores-
cence in-situ hybridization testing for steroid sulfatase deletions). From this data we 
set a cut-off ratio value of 4.3 for positive STSD. With this value we determined that 
the detection rate was 100% and the false-positive rate was 3.2%. We determined 
the incidence of STSD to be 1:2000 males, a figure that agrees well with previous 
estimates.
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The right-hand panel of Fig. 5.3.8 shows ratios for the diagnosis of ORD. Preg-
nancies diagnosed with ORD-affected fetuses were not part of our study of 737 low-
estriol pregnancies. The presence of ORD in the affected pregnancies was confirmed 
by gene sequencing (Dr. Wiebke Arlt). The cut-off values for ORD were determined 
to be 8.0 for the epialloPD:E3 ratio and 0.8 for the 16α-OH-androsterone:E3 ratio, 
if STSD-affected pregnancies were excluded. STSD-affected pregnancies give ratios 
between the “normals” and ORD-affected pregnancies. These ratios are predicted to 
also diagnose 17-hydroxylase and aromatase deficiencies.

If prenatal testing for steroid disorders remains important, and screening is in-
creasingly adopted, the GC-MS methods described here will have to be supplanted 
by rapid, less labor-intensive LC-MS methods. We are actively pursuing this goal.

Table 5.3.12  Prenatal testing of urine

Component Retention time Specific ion 
monitored

Calibration mixture 
amount (µg)

Approximate 
range of excretions 
(µg/24 h)

Androstanol (IS) 11.29 333 2.5

Stigmasterol (IS) 25.45 394 2.5

Cholesteryl butyrate (IS) 28.91 368 2.5

An 13.02 270 2.5 500–3000

Et 13.16 270 2.5 500–3000

16α-OH-An 14.25 a 268 1.0 10–200

16α-OH-Et 13.81 a 268 - 10–200

11β-OH-An 15.28 268 2.5 100–300

PD 16.32 269 10.0 3000–15000

PT 16.75 435 2.5 300–1500

7DHPT 16.83 343 1.0 0

8DHPT 16.32 b 343 - 0

Estriol 18.03 504 1.0 1000–5000

DHE3 18.86 412 1.0 0

DHEA 13.86 268 2.5 100–1000

16α-OH-DHEA 15.91 266 2.5 100–3000

EpialloPD c 13.05 374 1.0 10–50

EpialloPD 17.45 269 1.0 10–50

Pregnadienol 12.96 372 1.0 5–20

a  These steroids give two peaks, both of which are quantified, the retention times are of the first peak. 16α-
OH-Et is not an available reference compound so quantification is against the 16α-OH-An calibrant

b This steroid is quantified against the 7DHPT calibrant
c The first epialloPD is epiallopregnenol, an artifact of epioalloPD disulfate produced during derivatization
Steroid monitored ions, amount in calibration mixture and approximate normal range of excretions. 7DHPT 5β-Pregn-7-
ene-3α,17α,20α-triol, 8DHPT 5β-pregn-8-ene-3α,17α,20α-triol, DHE3 dehydroestriol, epialloPD epiallopregnanediol
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5.3.5	 Summary:	The	Future	of	Steroid	Analysis

This chapter has described MS methods, some mature, some in an active stage of 
development, for the pre- and postnatal diagnosis of genetic disorders of steroid 
synthesis and metabolism. Broadly, the future will see an increasing use of MS/MS 
in this field, particularly for the more common disorders and well-known analytes, 
although GC-MS profiling will continue to play an active role in the study of indi-
vidual patients with rare conditions. Until recently, advocates of molecular diagnosis 
were predicting the death knell of biochemical analysis, but the reverse has turned 
out to be true, with the reinvention of profiling as metabolomics. Further advances 
in LC-MS/MS technology will be forthcoming, and through automation and short 
analysis times biochemical analysis will attain a cost-effective role in the diagnosis of 
steroid genetic disorders.
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5.4.1	 Introduction

The liver is involved in a variety of both synthetic and catabolic functions, including 
metabolism of amino acids, lipids, carbohydrates, protein synthesis and detoxifica-
tion [1]. These metabolic functions are performed mainly by hepatocytes, although 
the liver is made of three major cell types (hepatocytes, biliary epithelial cells and 
Kupffer cells). Exerting many different metabolic functions, the liver contains sev-
eral different and specific enzymes, leakage of which into the bloodstream occurs in 
hepatic diseases.

Among the different roles previously described, the liver exerts an excretory func-
tion, being involved in the formation of bile, which drains into the small intestine. 
Bile salts in the bile play an important role as emulsifying agents for the reabsorption 
of lipids and fatty acids from the intestine. Hepatic and obstructive biliary diseases 
lead to abnormal metabolism of bile acids (BAs).

5.4.2	 BA	Structure

BAs are a group of acids with a steroidal ring structure and a terminal carboxylic 
group located in the side chain (Fig. 5.4.1), and represent the major end products of 
cholesterol catabolism [2].

Primary BAs, cholic acid (CA), and chenodeoxycholic acid (CDCA), are synthe-
sised via the 5β-saturation of the cholesterol double bond by enzymes of the hepa-
tocyte microsomal fraction, epimerisation of the 3β-hydroxyl group to the 3α-con-
figuration, and further insertion of a 7α-hydroxyl group, with or without a further 
12α-hydroxyl group. After shortening of the side chain by three carbons, oxidation 
of the terminal carbon of the side chain occurs to form the carboxylic group [3]. 
Alternative metabolic sequences add to the complexity of this metabolic pathway 
(Fig. 5.4.2).

After their synthesis, primary BAs are conjugated with glycine or taurine to form 
bile salts (glycocholate, taurocholate, glycochenodeoxycholate and taurochenode-
oxycholate), which are excreted into the bile and collected in the gall bladder. This 
synthetic pathway is regulated by feedback inhibition, as BAs passing through the 
liver in the enterohepatic circulation inhibit cholesterol 7α-hydroxylase, which cata-
lyses the first limiting step of their synthesis.

Secondary BAs, deoxycholic acid (DCA) and lithocholic acid (LCA), are formed 
in the intestinal lumen by bacterial dehydroxylation of primary BAs, after hydrolysis 
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of taurine and glycine conjugates. CDCA is converted in the intestinal lumen by 
bacteria to 7-ketolithocholic acid, which is then metabolised to ursodeoxycholic acid 
(UDCA) in the liver.

In addition to these BAs, a wide range of minor components has been identified, 
including C1, C4 or C6 hydroxylated derivatives as well as their epimers, C27 bile acids, 
oxo bile acids and conjugates on any of the hydroxyl groups with sulphuric acid, 
glucuronic acid, glucose or N-acetylglucosamine.

BAs are present in unconjugated and/or conjugated form in biological samples. 
They range from 1–2 µg/ml in serum and urine to significant amounts in the intesti-
nal content and as much as 10 mg/ml in the gallbladder bile. BAs are present mainly 
as glycine and taurine conjugates in plasma and bile, unconjugated in faeces, and 
unconjugated as well as conjugated with glycine, taurine, glucuronic acid, and sul-
phuric acid in the urine. BAs are usually present in association with protein, sterols 
and their esters, free or esterified fatty acids, bile pigments and water-soluble small 
molecules. The faecal BA pattern is highly complex due to the extensive bacterial 
metabolism of BAs during intestinal transit. Thus, intestinal bacteria deconjugate 
BA conjugates, cleaving the glycine and taurine complexes, as well as glucuronides 
and sulphate esters.

5.4.3	 BA	Metabolism

BAs facilitate the excretion of bile lipids, including cholesterol, and the absorption of 
dietary lipids, including fat-soluble vitamins, in the intestines. These detergent prop-
erties result from their amphipathic structure, with the polar groups hydrated with 
water molecules, and a non-polar steroid skeleton attracting lipids; their detergent 
properties are further increased by conjugation with glycine and taurine. Compared 

Fig.	5.4.1	 Chemical structures of bile acids 
(BAs) (reprinted from [2]). CA Cholic 
acid, CDCA chenodeoxycholic acid, 
DCA deoxycholic acid, LCA lithocholic acid, 
UDCA ursodeoxycholic acid
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with BAs, bile salts are more soluble at an acid pH, form better micelles in bile, and, 
after passing through the small intestine, exert their role as emulsifying agents to 
efficiently reabsorb lipids and fatty acids from the ileum-proximal colon. A major 
fraction of reabsorbed bile salts then returns to the liver via the portal vein [5].

The circulation of bile components between the liver and intestine is known as 
enterohepatic circulation (Fig. 5.4.3). The total amount of conjugated and unconju-
gated BAs secreted per day by the liver is 20–30 g for an adult. However, the body 
maintains only a very small pool of 3–5 g, for they are toxic as detergents at higher 
concentrations. BAs are actively reabsorbed in the lower ileum, recirculated to the 
liver, and resecreted 4–10 times per day. Only about 0.8 g of BAs is secreted daily 
with the faeces.

Fig.	5.4.2	 The neutral BA synthetic pathway and alternative pathways, the acidic pathway and the Yamasaki pathway. (Reprinted 
from [4])
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Analysis of BAs in urine, serum, bile and stool is crucial for the diagnosis of in-
born errors of BA metabolism. It is also helpful for understanding their pathophysi-
ological role in acquired hepatic diseases and for monitoring the effects of therapy 
on metabolism. Several different inborn defects affecting BA synthetic pathway, have 
been described over last 20 years [7].

The initial steps in BA synthesis are characterised by the introduction of a hy-
droxylic group in the 7α position, or in position 27, followed by another in the 
7α position into the cholesterol nucleus. Both synthetic pathways (the neutral and 
the acidic pathways) possess a distinct microsomal 7-oxysterol hydroxylase, which is 
regulated by different genes. The most recently described disorder of BA synthesis is 
cholesterol 7α-hydroxylase deficiency, in which their decreased production through 
the classical pathway is partially balanced by activation of the alternative pathway. 
Cholesterol levels increase in the liver, with a consequent low-density lipoprotein 
hypercholesterolemia, and cholesterol gallstones may result, although there is no 
liver disease. In contrast, a defect in the conversion of 27-hydroxy-cholesterol to 
7α,27-dihydroxy-cholesterol due to deficiency of the oxysterol 7α-hydroxylase spe-
cific for the alternate pathway, causes severe neonatal liver disease [8].

In 3β-hydroxysteroid-∆5-oxidoreductase deficiency, 7α-hydroxycholesterol un-
dergoes side-chain oxidation, producing 3β,7α-dihydroxy-5-cholenoic acid and 
3β,7α,12α-trihydroxy-5-cholenoic acid: these two alternative end products are mark-
edly excreted into the urine of affected patients.

In 3-oxosteroid ∆4-steroid 5β-reductase deficiency, key intermediates for cholic 
and chenodeoxycholic synthesis, 7α-hydroxy-4-cholesten-3-one and 7α,12α-dihy-
droxy-4-cholesten-3-one undergo side-chain oxidation and conjugation to produce 

Fig.	5.4.3	 Enterohepatic circulation of BAs. (Reprinted from [6])
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taurine and glycine conjugates of 7α-hydroxy-3-keto-4-cholenoic acid and 7α,12α-
dihydroxy-3-keto-4-cholenoic acid, which are excreted into the urine in large 
amounts.

Defective side-chain oxidation is found in patients affected by cerebrotendinous 
xanthomatosis (CTX), an autosomal recessive defect characterised by deficit of mi-
tochondrial 27-hydroxylase. The CTX defect leads to an accumulation of cholestanol 
and cholesterol in most tissues, while serum concentrations of CA, as well as other 
BAs, are sensibly low.

Peroxisomal disorders (Zellweger syndrome, Refsum’s disease, neonatal adre-
noleukodystrophy) are characterised by defective peroxisome biogenesis, or, being 
present, peroxisomes lacking β-oxidative enzymes. In the BA biosynthetic pathway, 
dihydroxycoprostanic acid (DHCA) and trihydroxycoprostanic acid (THCA) are 
β-oxidised in peroxisomes to produce CA and CDCA, respectively, whereas peroxi-
somal disorders cause a defective oxidation of the BA precursor side chain, which 
leads to an accumulation of C27 bile acids, notably 3α,7α-dihydroxy-5β-cholesta-
noic acid (DHCA) and 3α,7α,12α-trihydroxy-5β-cholestanoic acid (THCA), in the 
plasma and urine of affected patients.

Determination of serum total BAs is useful for the screening, diagnosis, and 
prognostic evaluation of hepatobiliary diseases. Serum concentration changes mark-
edly in patients with acquired hepatobiliary diseases. In healthy fasting subjects, the 
serum concentration of total BAs is usually lower than 2 µg/ml, while it increases to 
40 µg/ml in liver cirrhosis, 90 µg/ml in hextrahepatic obstructive jaundice, and be-
tween 30 and 160 µg/ml in viral hepatitis. Acquired hepatobiliary diseases are often 
associated with disorders affecting BA metabolism, resulting in the accumulation of 
a variety of isomers as well as glucuronidated and sulphated conjugates.

Since hepatobiliary and intestinal dysfunctions are marked by variation in the 
concentration and relative proportions of major BAs and by increased levels of their 
minor forms, individual identification and accurate quantification of these com-
pounds in biological samples are very important prognostic, diagnostic, and thera-
peutic monitoring indicators of liver and gastrointestinal tract diseases in humans.

5.4.4	 BA	Analysis

BAs are a heterogeneous class of compounds found in biological samples at very low 
concentration. They exhibit a great variety of isomeric forms, with different polarity 
and acidity, and low volatility; for these reasons their simultaneous determination is 
often difficult to achieve. Many different analytical techniques have been published 
over last 20 years to perform identification and accurate quantification of BAs [1, 2, 
9–12]. Among these should be mentioned high-performance liquid chromatography 
(HPLC), gas chromatography with flame ionisation detection (GC/FID), gas chro-
matography coupled with mass spectrometry (GC-MS), liquid chromatography (LC) 
coupled with mass spectrometry (LC-MS), capillary electrophoresis (CE), radioim-
munoassay (RIA), and enzymatic colorimetric assay.

From the available analytical techniques, the most commonly employed is HPLC 
coupled with an ultraviolet (UV) detector, which provides a rapid, relatively cheap 
and easy routine analysis of conjugated BAs from serum samples. HPLC with UV 
detection determination does not require sample derivatisation, but the sensitivity of 

6115.4.4 BA Analysis



the UV detector is low and is affected by matrix interference [13]. For this reason, use 
of derivatisation allows us to obtain compounds with a higher extinction coefficient 
or that are detectable by fluorescence spectroscopy [14]. Evaporative light scattering 
detector (ELSD) measurements do not require derivatisation, pre- or post-column, 
because they are not based on the optical properties of analytes, but it is known that 
the ELSD detector is sensitive to solvent composition.

GC/FID and GC-MS have been widely used for years for qualitative and quantita-
tive analysis in biological samples, since these technique are characterised by high 
sensitivity and specificity, but they are generally time consuming and require sample 
handling. In fact samples are always subjected to extraction, purification, conjugate 
hydrolysis, and derivatisation to obtain stable and volatile compounds. One of the 
main advantages exhibited by mass spectrometric detection is the identification of 
unknown compounds, even though the instrumentation and its maintenance are 
quite expensive.

Recently, more rapid LC-MS methods have been developed to simultaneously 
detect free BAs and their conjugates. LC-MS has proven to be a reliable technique 
for the diagnosis of inborn errors of BA metabolism, even with very little sample 
amounts available. The specificity, sensitivity, reproducibility, speed and the ability 
to perform simultaneous measurements characterise routine analysis of free BAs and 
their conjugates in LC-MS.

Below we report methodological studies based upon HPLC, GC/FID, GC-MS, 
LC-MS, matrix-assisted laser desorption ionisation coupled with time-of-flight mass 
spectrometry (MALDI-ToF/MS), CE, proton nuclear magnetic resonance (1H NMR), 
RIA and enzymatic colorimetric techniques.

5.4.5	 Gas	Chromatography	with	Flame	Ionisation	Detector

5.4.5.1	 Principle

The choice of an appropriate derivatisation of BAs is a crucial point for a good GC 
analysis [15]. Unconjugated BAs are commonly analysed as methyl ester-trimethyl-
silyl (TMS) ether derivatives, although interference from plasma sterols may occur 
at the LCA retention time. Use of n-butyl ester-TMS ether derivatives allows a better 
chromatographic separation between BAs, which elute later, and sterols. The advan-
tage of this derivative procedure is the simplification of plasma pre-treatment.

5.4.5.2	 Pre-analytical

Specimen

Plasma is separated from whole blood and stored at –20°C until analysis.

Reagents and Chemicals

All reagents are of analytical grade:
1. Anhydrous methanolic hydrocloridric acid.
2. n-Butanol.
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3. Hydrogen chloride.
4. Dioxane.
5. Hexamethyldisilazane-trimethylchlorosilane-pyridine.
6. CA.
7. CDCA.
8. DCA.
9. LCA.
10. UDCA.
11. Ursocholic acid (UCA).
12. Nor-DCA.
13. Nor-CA.

Instrumentation

1. Gas chromatograph with a flame ionisation detection system, equipped with a 
capillary column (25 m, 0.22 mm inner diameter, i.d., 0.25 µm; stationary phase, 
100% dimethyl siloxane).

2. C18 reversed-phase cartridges.

Calibration

Two synthetic internal standards are used (nor-DCA and nor-CA) to perform an 
external standardisation method. Calibration curves for each compound are built, 
starting from known amounts of standards ranging from 0.02 µg to 0.2 µg. BA stand-
ards are prepared and analysed as described in below in section 5.4.5.3 Analytical, 
“Procedure”.

Quality Control

None.

5.4.5.3	 Analytical

Procedure

BA standards methyl esters are prepared by adding 100 µl of 3% anhydrous 
methanolic hydrochloric acid, to 5–20 µg of each BA and storing them at room 
temperature for 2 h, followed by solvent evaporation at 55°C under nitrogen. The 
n-butyl esters are prepared by addition of 100 µl of n-butanol to 5–20 µg of each 
BA, followed by addition of 20 µl of a 40% solution of hydrogen chloride in diox-
ane. The reaction mixtures are heated at 60°C for 4 h, followed by overnight incu-
bation at room temperature, and then evaporated at 60°C under nitrogen. Sil-Prep 
[hexamethyldisilazane-trimethylchlorosilane-pyridine (3:1:9)] is used for the prepa-
ration of TMS ether derivatives of BA esters. The esterified BAs (5–10 µg) are reacted 
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with 100 µl of Sil-Prep for 30 min at 55°C. Solvent is evaporated at 55°C under nitro-
gen and each TMS ether derivative formed is suspended in 100 µl of hexane, of which 
1 µl is injected into the gas chromatograph (GC) column. Plasma samples (1 ml) are 
prepared by adding internal standard (nor-CA, 10 µg in 100 µl of methanol), acetate 
buffer pH 5.6 (2 ml), 1.86% ethylenediaminetetraacetic acid (EDTA; 1 ml), 0.87% 
mercaptoethanol (1 ml), and a solution containing 0.1 mg of cholylglycine hydrolase 
and 0.1 mg of β-glucuronidase (1 ml in acetate buffer, pH 5.6). The resulting suspen-
sion is then incubated at 37°C for 18 h. The reaction mixture is then passed through a 
prewashed C18 reversed-phase cartridge and then liberated BAs are eluted with 5 ml 
of acetone. After evaporation of the acetone, 100 µl of n-butanol and 20 µl of 40% so-
lution of hydrogen chloride in dioxane are added and the contents are heated at 60°C 
for 4 h and then kept overnight at room temperature. After evaporation of solvent at 
60°C, each sample is subjected to trimethylsilylation, taken in 100 µl of hexane, and 
5 µl is injected in splitless mode into the GC column.

The GC operating conditions are as follows: split/splitless injector and detector 
are held fixed at 260°C and 290°C, respectively. After injection, the oven temperature 
is kept at 100°C for 2 min, and then programmed at a rate of 35°C/min to a final 
temperature of 278°C. Helium is used as a carrier gas.

5.4.5.4	 Post-analytical

Interpretation

This specific derivatisation procedure allows a better separation between n-butyl 
ester-TMS ether of LCA and TMS ether of cholesterol and β-sitosterol (Fig. 5.4.4). 
Therefore, even if samples are not completely purified in the pre-analytic phase, ste-
rols do not interfere in the quantitative analysis of plasma BAs, being well resolved 
on GC. Besides, the n-butyl ester-TMS ether of nor-CA is eluted later than the sterols 
and can be used safely as internal recovery standard.

The retention times of all BA derivatives are highly reproducible, and their detec-
tion limits are similar (0.01 µg).

Chromatogram

Please refer to Fig. 5.4.4.

Reference Values

None.

Typical Pathological Values

None.

Pitfalls

None.
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5.4.6	 Gas	Chromatography	Coupled	
with	Electron	Impact	Ionisation	Mass	Spectrometry

5.4.6.1	 Principle

Gas chromatography coupled with electron impact (EI) ionisation mass spectrom-
etry (GC-EI-MS) allows a very good qualitative and quantitative analysis of total 
faecal BAs, with moderate sample preparation [16]. Combining chromatographic 
separation and mass spectrometric detection adds up to a potential system with high 
specificity and sensitivity, making it useful in analysing complex biological matrices 
like faeces.

5.4.6.2	 Pre-analytical

Specimen

Faeces samples were obtained from 86 healthy subjects (34 male, 52 female, age: 
30 ± 8 years) to acquire a wide inter-individual range. All individual stools were col-
lected in their entirety during a period of 5 days in plastic containers. They were 
weighed and, at the end, homogenised and pooled. Aliquots of stools are lyophilised 
and then stored frozen at –20°C until analysis.

Reagents and Chemicals

All reagents are of analytical grade:
1. LCA.
2. DCA.

Fig.	5.4.4a	 Methyl ester-trimethylsilyl (TMS) ethers of BAs from a plasma sample. b: n-Butyl 
ester-TMS ethers of BAs from a plasma sample (adapted from [15]). 1 Nor-cholic acid, 2 litho-
cholic acid, 3 deoxycholic acid, 4 chenodeoxycholic acid, 5 cholic acid, 6 ursodeoxycholic acid, 
a cholesterol, b sitosterol)
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3. CDCA.
4. CA.
5. Hyodeoxycholic acid (HDCA).
6. Hyocholic acid (HCA).
7. UDCA.
8. Iso-LCA.
9. Iso-DCA.
10. 12-Oxo-DCA.
11. methanolic hydrochloric acid (3 M).
12. Sylon HTP (hexamethyl disilazane/chlorotrimethyl silane/pyridine = 3:1:9).

Instrumentation

Gas chromatograph equipped with a split/splitless injector, a capillary column (30 m, 
0.25 mm i.d., 0.25 µm) and an EI mass spectrometric detector.

Calibration

Unconjugated LCA, iso-LCA, DCA, iso-DCA, CDCA, CA, 12-oxo-DCA, and in-
ternal standard (HDCA) are weighed into a vessel and dissolved in ethyl acetate as 
stock solutions. A stock solution with standard specific concentrations (0.05–2 mg/
ml) is prepared. Each of the six calibration standards is obtained by diluting the stock 
solution, whereas the concentrations of the analytes are one-half, one-quarter, one-
eighth, etc. Aliquots of each solution are methylated, silylated, and resolved in dec-
ane, as described in sample preparation. The concentration of the internal standard 
HDCA (m/z = 81.2) is 0.5 mg/ml in each of the calibration standards.

Because of a consistent graduation in the analyte concentration within the cali-
brated range, a single calibration with three replicates per concentration is applied. 
The limits of detection are calculated from the calibration curves (Table 5.4.1).

Quality Control

None.

5.4.6.3	 Analytical

Procedure

The procedure of sample preparation for faecal BA analysis and derivatisation is 
an adaptation of the method of Czubayko et al. [17]. The internal standard (125 µg 
HDCA) is added to the aqueous phase of extraction. The sample is saponified with 
200 µl 10 mol/l sodium hydroxide at 120°C for 120 min and then acidified to pH 1 
with hydrochloric acid. After extraction of BAs with diethyl ether (4 × 1 ml), the sol-
vent phases are pooled and evaporated under a stream of nitrogen. The residue is 

5.4 Bile Acids616



methylated with 650 µl dimethoxy propane, 950 µl methanol, and 50 µl methanolic 
hydrochloric acid (3 mol/l) for 45 min at 50°C. The solution is evaporated to dryness 
and the residue is dissolved in 150 µl Sylon HTP (see “Reagents and Chemicals”, 
above). The silylation is carried out at 90°C for 60 min. After evaporation under a 
nitrogen stream, the residue is dissolved in 250 µl decane. The solution is shaken for 
10 min and then centrifuged for 10 min at 1500 × g. The clear solution is transferred 
into a vial and 1 µl is injected for GC analysis.

The GC operating conditions are as follows: injection is performed in split mode 
(1:50) at 280°C. Helium is used as the mobile phase with a constant linear velocity 
of 32 cm/s and the interface temperature is kept at 300°C. The oven temperature 
is raised from 150 to 290°C [5 min at 150°C; 240°C (40°C/min); 255°C (1°C/min); 
270°C (4°C/min); 278°C (1°C/min); 9 min at 278°C; 290°C (40°C/min); 4.7 min 
at 290°C]. The mass spectrometric detection is realised in total ion current (TIC), 
multi-ion current (MIC) and single-ion monitoring (SIM) mode for BA analysis 
with electron beam energy of 70 eV. The sampling rate is 5/s and the detector gain is 
turned to 1.5 kV. The sensitivity adjustment is performed in SIM as part of automatic 
tuning (perfluoro-tributyl amine, m/z = 264.00).

Table 5.4.1  Calibration statistics of faecal bile acids (Bas; reprinted from [16]). CA Cholic acid, 
CDCA chenodeoxycholic acid, DCA deoxycholic acid, LCA lithocholic acid 

Substance Fragment 
(amu)

Range 
of linear 
calibration 
(mg/mL)

y = mx + n r2 (n = 7) Rel. S.D.y 
(%)

S. D.ro Vxo 
(%)

Limit of 
detection 
(µg/mL)

iso-LCA 215.3(31) 0.005–0.500 m: 1.9069
n: 0.0001

0.9997 3.0 0.003 3.0 0.45

LCA 215.3(58) 0.010–1.000 m: 2.5449
n: –0.0007

0.9999 1.7 0.004 1.7 0.31

iso-DCA 75.1(91) 0.005–0.500 m: 3.2289
n: –0.0095

0.9998 2.1 0.003 2.0 0.86

DCA 255.3(93) 0.020–2.000 m: 7.7257
n: 0.0079

0.9998 3.2 0.013 3.2 0.16

CDCA 73.1(100) 0.005–0.500 m: 3.8610
n: –0.0046

0.9999 1.1 0.001 1.1 0.68

CA 253.2(44) 0.010–1.000 m: 3.6655
n: –0.0023

0.9999 0.3 0.001 0.3 0.64

12-oxo-DCA 231.3(52) 0.005–0.500 m: 1.9047
n: –0.0028

0.9999 1.0 0.001 1.0 0.61

y = mx + n Linear regression line, r2 correlation coefficient, S.D.y relative residual standard deviation,  
S. D.ro standard deviation of procedure, Vxo relative standard deviation of procedure; confidence intervall,  
95%; data in parenthesis give size as percentage of base peak.
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Calculation

The precision of this method was evaluated by repeated analysis of the main 
human faecal BAs (iso-LCA, LCA, iso-DCA, DCA, CDCA, CA, and 12-oxo-DCA). 
Within-run precision of ten samples amounted to 4–7% for all BAs. The between-
run precision was approximately 5–10% of five time-shifted measurements over 
1 month of faeces samples. A standard solution of DCA acetate methyl ester with 
a DCA concentration of 0.875 mg/ml was added to ten faecal samples of the same 
origin also used for within-run precision. The mean of concentrations amounted to 
1.672 mg/ml, corresponding to a recovery of 94.6%.

Quantification of faecal BAs is carried out in SIM mode by using the internal 
standard method, and peak areas are obtained from the chromatograms generated 
by data handling. Component identification is based on fragmentation and compari-
son of the retention times with those of standards.

5.4.6.4	 Post-analytical

Interpretation

The mass spectrometric detection is realised in TIC, MIC and SIM mode for BA 
analysis in order to obtain a specific analysis: the fragment ions used for BA deter-
mination are: m/z = 44 for CA, m/z = 100 for CDCA, m/z = 93 for DCA, m/z = 91 for 
iso-DCA, m/z = 58 for LCA, m/z = 31 for iso-LCA and m/z = 81.2 for HDCA. The 
specific fragments m/z = 75.1 for iso-DCA and m/z = 255.3 for DCA are chosen to 
exclude any possible over-estimation in iso-DCA and DCA quantification, due to 
the presence of artefacts.

Chromatogram

The chromatogram of a mixed standard (iso-LCA, LCA, iso-DCA, DCA, CDCA, 
CA, HDCA, UDCA, HCA, 12-oxo-DCA) by detection in TIC shows a good separa-
tion of all BA trimethylsilyl ether methyl esters (Fig. 5.4.5).

Reference Values

Please refer to Table 5.4.2.

Fig.	5.4.5	 Total ion current TIC of BA standard derivatives (reprinted from [16]): 1 iso-LCA 
(1 mg/ml), 2 LCA (1 mg/ml), 3 iso-DCA (0.25 mg/ml), 4 DCA (1 mg/ml), 5 CDCA (0.25 mg/
ml), 6 CA (2 mg/ml); 7 HDCA (0.5 mg/ml), 8 UDCA (0.5 mg/ml), 9 HCA (0.5 mg/ml), 10 
12-oxo-DCA (0.5 mg/ml)
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Typical Pathological Values

None.

Pitfalls
None.

5.4.7	 Gas	Chromatography	Coupled	
with	Chemical	Ionisation	Mass	Spectrometry

5.4.7.1	 Principle

Combined chromatographic separation and mass spectrometric detection adds up 
to a potential system with high specificity and sensitivity [18]. If EI-MS remains 
the method of choice for structural analysis, the negative chemical ionisation (NCI) 
technique is extremely sensitive, as the high ionisation efficiency initiated by elec-
tron-capture negative ionisation is combined with a low degree of fragmentation: 
only negative-ion-producing compounds are detected, and specific ions for penta-
fluorobenzyl bromide (PFB)-trimethylsilylimidazole (TMSi) derivatives are very 
high (m/z 445–665). This technique is also selective, as BAs are separated by mass 
according to the number of TMSi groups, oxo-groups, double bonds and the length 
of the side chain (C24 and C27).



Table 5.4.2  Comparison of BA contents (dry weight, mg/g) in faecal matter 
of healthy subjects (reprinted from [16])

Dry weight (mg/g)

86 Subjects

iso-LCA 1.48 ± 0.74

LCA 2.20 ± 0.92

iso-DCA 1.44 ± 0.96

DCA 4.60 ± 1.83

12-oxo-DCA 0.37 ± 0.35

CDCA 0.27 ± 0.32

CA 0.26 ± 0.48

Total BA 10.6 ± 3.5

Secondary BA 10.1 ± 3.6

Primary BA 0.5 ± 0.8

Data are presented as mean ± standard deviation of mean.
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5.4.7.2	 Pre-analytical

Specimen

Plasma was obtained from ten healthy fasting adults (44–70 years) who do not have 
any hepatobiliary or gastrointestinal disease, and then stored frozen at –20°C until 
analysis.

Reagents and Chemicals

All reagents are of analytical grade:
1. CA.
2. CDCA.
3. DCA.
4. LCA.
5. HDCA.
6. UDCA.
7. HCA.
8. UCA.
9. 3β-Hydroxychol-5-enic acid (3β-OH∆5).
10. THCA.
11. [2,2,4,4-d4] Cholic acid (d4CA, isotopic purity 98%).
12. [11,12-d2] CDCA (d2CDCA, isotopic purity 95%).
13. Cholyl-glycine hydrolase, PFB.

Instrumentation

Gas chromatograph equipped with a split/splitless injector, OV-1701 coated fused 
silica column (25 m, 0.25 mm i.d.) and chemical ionisation mass spectrometric de-
tector.

Calibration

Calibration curves for CA, CDCA, DCA, LCA, HCA, UDCA, 3 β-hydroxychol- 5-enic 
acid and THCA are established for starting amounts ranging from 5 to 200 pmoles. 
The areas obtained for unlabelled CDCA, DCA, UDCA, LCA and 3 β-hydroxychol-
5-enic acid are related to the area obtained for [11,12-d2] CDCA, whereas the areas 
for unlabelled CA, HCA and THCA are related to the area of [2,2,4,4-d4] CA.

Calibration curves for all BAs subjected to the sample work-up procedure were 
linear in the range 5–200 pmoles. The linear regression correlation coefficients var-
ied from 0.991 to 0.999 and the slopes varied from 0.83 to 1.32, when the measured 
isotope ratios were plotted against the calculated ratios. Detection limits for all BAs 
investigated were 1 pg (2.5 fmol) injected onto the column.
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Quality Control

None.

5.4.7.3	 Analytical

Procedure

Plasma (200 µl) from fasting adults or 100 µl plasma from children are added to 
0.25 nmol of [2,2,4,4-d4] CA and 0.25 nmol of [11,12-d2] CDCA as internal stand-
ards. BA conjugates are hydrolysed enzymatically as follows. The plasma is diluted 
with 500 µl of distilled water and 200 µl of acetate buffer (pH 5.6). The pH is ad-
justed to 5.6–6.0 with 0.2 M acetic acid. Then, 100 µl of 0.2 M EDTA, 100 µl of 0.2 M 
mercaptoethanol and 20 U of cholylglycine hydrolase are added, and the mixture is 
incubated at 37°C overnight in a water bath. After adjustment of the pH to above 
10 with 200 µl of 1 N NaOH, the mixture is incubated at 64°C for 30 min to disrupt 
bile-acid – protein binding. After cooling to room temperature, 400 µl of 1 N HCl is 
added and free BAs are extracted two times with 6 ml diethylether, after saturating 
the aqueous phase with sodium chloride. After evaporation of the combined diethyl-
ether layers, the sample is treated with 100 µl of a 10% PFB solution in acetonitrile 
for 20 min at 30°C after addition of 20 µl of triethylamine. The PFB esters are ex-
tracted into 4 ml ethyl acetate after addition of 0.5 ml of 1 N HCl. The ethyl acetate 
is evaporated and the residue is treated with 100 µl of bis-trimethylsilyl-trifluoro 
acetamide-pyridine 1:1 (v/v) for 1 h at 80°C to form the TMSi ether derivatives, as 
described by Goto et al. [19]. Immediately prior to the analysis, the sample is evapo-
rated and taken up into 25 µl of hexane: 1–2 µl are analysed by GC-MS.

The PFB ester-TMSi ether derivatives of BAs are separated in GC-NCI-MS using 
an OV-1701 coated fused silica column (25 m  ×  0.25 mm i.d.). The column is con-
nected to an uncoated fused silica capillary inserted into the ion source of a quad-
rupole mass spectrometer. Helium is used as carrier gas at a flow rate of 1.5 ml/min. 
The sample is introduced by splitless injection at 320°C and the compounds of in-
terest are trapped at the beginning of the column at an oven temperature of 150°C. 
After 1 min the oven temperature is raised to 320°C at 30°/min and kept at 320°C for 
10 min. Under these conditions, BA PFB-TMSi derivatives elute at between 11 and 
15 min. The capillary interface to the ion source and the ion source itself are main-
tained at 320°C. Electron capture NCI is achieved using methane as moderating gas 
at a source pressure of 10–4 mbar (where 1 mbar = 100 Pa). Mass spectra of authentic 
standards are obtained by scanning over the mass range m/z 50–800 with a 1-s scan 
time. The biological samples are analysed in the SIM mode using a 50-ms acquisition 
time at the base peak of each mass spectrum [M-PFB]¯.

Calculation

The reproducibility of this method was evaluated by eight repetitive analyses of sin-
gle fasting plasma (Table 5.4.3). At the highest concentration studied (CDCA, mean 
0.71 µmol/l) the coefficient of variation was 2.5%, whereas this value increased to 
21.1% at the lowest concentration level (THCA, mean 0.004 µmol/l).
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5.4.7.4	 Post-analytical

Interpretation

The mass spectra of PFB-ester TMSi-ether derivatives of BAs consist mainly of the 
[M-181]¯ ion as a result of loss of the PFB group yielding the very stable carboxyl-
ate anion. The [M-181]¯ ion represents 50–60% of the total ion current. This lack 
of fragmentation creates a set of specific ions, determined by the length of the side 
chain and the number of TMSi groups, oxo groups and double bonds (Table 5.4.4). 
The fragment ions used for BA determination are: m/z = 623 for CA, UCA, HCA; 
m/z = 535 for DCA, CDCA, HDCA, UDCA; m/z = 445 for (3β-OH∆5), m/z = 447 for 
LCA, m/z = 537 for [11,12-d2] CDCA, m/z = 627 for [2,2,4,4-d4] CA and m/z = 665 
for THCA.

Chromatogram

The chromatograms show a good separation of PFB-TMSi derivatives of BA stand-
ards (3β-OH ∆5, LCA, DCA, CDCA, HDCA, UDCA, [11,12-d2] CDCA, CA, UCA, 
HCA, [2,2,4,4 d4] CA, THCA; Fig. 5.4.6). All primary (CA, CDCA), secondary (DCA, 
LCA, UDCA) and atypical BAs (3 β-hydroxychol-5-enic acid, HCA, THCA, DHCA) 
are consistently found. THCA and DHCA represented 0.9 and 1.6%, respectively, of 
their corresponding C24 metabolites CA and CDCA.

Reference Values

Concentrations of the various BAs analysed from adult fasting plasma are shown in 
Table 5.4.5.

Typical pathological Values

None.

Pitfalls

None.

Table 5.4.3  Reproducibility of total analysis determined with 
200-µl aliquots of fasting adult plasma (n = 8; reprinted from [18]). 
DHCA Dihydroxycoprostanic acid, THCA trihydroxycoprostanic acid

Mean Concentration Coefficient of Variation

µmol/l %

CDCA 0.71 2.5

CA 0.29 2.3

DCA 0.41 3.2

DHCA 0.01 18.4

THCA 0.004 21.1
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5.4.8	 HPLC	-	Fluorescence

5.4.8.1	 Principle

A method consisting in the HPLC analysis with fluorescence detection has been vali-
dated and applied in the management of primary biliary cirrhosis (PBC), a chronic 
cholestatic disease [20]. The rationale for this type of study is that increase of the 
BA concentrations in biological fluids reflects the dysfunction of hepatocytes and 
cholestasis. Pre-column derivatisation with 2-bromoacetyl-6-methoxynaphthalene 
(Br-AMN) as fluorogenic reagent of unconjugated and glycine-conjugated UDCA, 
CA, CDCA and DCA is performed to produce the corresponding naphthacyl esters 
[21]. Taurine conjugates are hydrolysed and analysed as free BAs. BAs are identified 
in the serum of healthy persons and patients. This method is also applied to the study 
of a patient affected by PBC and treated with an antibiotic (ampicillin), to assess 
the method feasibility in the clinical practice, in particular in diagnosis and therapy 
monitoring of hepatobiliary diseases.

Table 5.4.4  Characteristic negative chemical ionisation mass fragments 
for pentafluorobenzyl bromide-trimethylsilylimidazole (TMSi)derivatives 
of known BAs (reprinted from [18])

Number of 
C-atoms

Number of 
TMSi-Groups

Number of 
Oxo-Groups

Number of 
Double Bonds

m/z

24 1 0 0 447

24 2 0 0 535

24 3 0 0 623

24 4 0 0 711

24 0 1 0 373

24 0 2 0 387

24 0 3 0 401

24 1 1 0 461

24 1 2 0 475

24 2 1 0 549

24 1 0 1 445

27 2 0 0 577

27 3 0 0 665

27 4 0 0 753

27 2 1 0 591

27 3 1 0 679

27 2 0 1 575

27 3 0 1 663
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Fig.	5.4.6	 Mass chromatograms of pentafluorobenzyl bromide-trimethylsilylimidazole deriva-
tives of BA standards (reprinted from [18]). 1 3β-hydroxychol-5-enic acid, 2 LCA, 3 DCA, 4 
CDCA, 5 hyodeoxycholic acid (HDCA), 6 ursodeoxycholic acid (UDCA), 7 [11,12-d2] CDCA, 
8 CA, 9 ursocholic acid (UCA), 10 hyocholic acid (HCA), 11 [2,2,4,4 d4] CA, 12 trihydroxyco-
prostanic acid (THCA)
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5.4.8.2	 Pre-analytical

Specimen

Human serum sample.

Reagents and Chemicals

1. Tetrakis (decyl) ammonium bromide (TDeABr).
2. Pelargonic (nonanoic) acid.
3. Lauric (dodecanoic) acid.
4. Br-AMN, prepared as described previously [22].
5. 2-Naphthacyl ester of pelargonic acid, prepared as described previously [22].
6. 2-Naphthacyl ester of lauric acid [22].
7. Bond-Elut (BE) C18 and SAX cartridges (500 mg).
8. Cholylglycine hydrolase.
9. Br-AMN solution: 2.1 mg/ml in acetone, stable for 2 weeks at 4°C.
10. TDeABr solution: 10 mM in aqueous 100 mM phosphate buffer, pH 7.0.
11. Stock solutions of free, and glycine- and taurine-conjugated BA in methanol.
12. Stock solutions of free, and glycine and taurine conjugated BA sodium in water.

Table 5.4.5  Concentrations of BAs and the ratios THCA/CA and 
DHCA/CDCA in adult fasting plasma (n = 10; reprinted from [18]). 
3βOH∆5 3β-Hydroxychol-5-enic acid, HCA dihydroxycoprostanic acid, 
UDCA ursodeoxycholic acid

Bile Acid Concentration

µmol/l ± SD

CDCA 0.90 ± 0.46

CA 0.23 ± 0.12

DCA 0.43 ± 0.37

LCA 0.071 ± 0.045

UDCA 0.053 ± 0.010

3βOH ∆5 0.014 ± 0.002

HCA 0.015 ± 0.0.11

THCA 0.002 ± 0.001

DHCA 0.013 ± 0.002

Total 1.68 ± 0.71

Ratio

THCA/CA 0.009 ± 0.009

DHCA/CDCA 0.016 ± 0.0007
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13. Standard solutions in water:methanol (9:1, v/v) obtained from relative stock so-
lutions.

14. Internal standards solution: 5.1 × 106 M in acetonitrile.
15. 6-Methoxynaphthacylesters of lauric acid and of pelargonic acid solution in ace-

tonitrile.

Instrumentation

1. HPLC: injector with a 50-µl sample loop; fluorescence spectrophotometer, op-
erating at an emission wavelength of 460 nm with an excitation wavelength of 
300 nm.

2. 250 × 4.6 mm i.d. column packed with 5 octadecyl silane (ODS).
3. Ultrasonicator with thermostatically controlled heating (30–80°C).

Calibration

Standard solutions of free BAs and of glycine-conjugated Bas are employed for the 
calibration. In the cited work the following concentration ranges were used: 0.47–
9.53 nmol/ml for free BAs, 0.47–6.36 nmol/ml for glycine-conjugated BAs. Each 
standard solution (0.2 ml) is derivatised; 0.3 ml of the internal standard solution 
(lauric acid naphthacyl ester for free BA analysis and pelargonic acid naphthacyl 
ester for glycine-conjugated BA analysis) is added to each derivatised standard. The 
peak:height ratio of BA esters to internal standard is plotted versus the respective 
concentration to obtain the calibration curves. Linear calibration graphs should be 
obtained for each BA.

Quality Control

None.

5.4.8.3	 Analytical

Procedure

Human serum sample (0.5 ml), diluted with 2.5 ml of 0.1 N NaOH is incubated at 
65°C for 15 min. The free, and glycine- and taurine-conjugated fractions are isolated 
by means of solid-phase extraction, using BE C18 and BE SAX cartridges in succes-
sion [23]. The taurine fraction is enzymatically hydrolysed according to a previously 
described method [24]. The final residue is treated with 1 ml volume of 0.01% (w/v) 
KOH methanolic solution (methanol:water 1:9, v/v) at 40°C by ultrasonication for 
3 min. Then, 0.2 ml of the obtained suspension is derivatised as described below. BA 
content is determined in each sample by comparison with an appropriate standard 
solution.
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Derivatisation Procedure

Br-AMN (0.05 ml), 0.2 ml BA solution (or serum) and 0.3 ml TDeABr solution 
(10 mM in phosphate buffer, pH 7.0) are incubated for 10 min at 40°C under ul-
trasonication. The reaction mixture is spiked with 0.3 ml of the respective internal 
standard solution and ultrasonicated at room temperature for 1 min. Then, 50-µl 
aliquots of the BA naphthacyl ester mixture are injected into the HPLC.

Chromatographic Conditions

Separation of BAs in serum samples is carried out under gradient elution at a flow 
rate of 1.2 ml/min. The mobile phase is composed of a mixture of two solutions: A 
is water and B is a mixture of acetonitrile:methanol 60:40 (v/v). The elution gradi-
ent for free BA analysis is: (t) = 0 min 45% B; t = 20 min 45% B; t = 30 min 70% B; 
t = 55 min 70% B; t = 60 min 45% B. The elution gradient for glycine-conjugated BA 
analysis is: t = 0 min 25% B; t = 20 min 25% B; t = 30 min 50% B; t = 35 min 50% B; 
t = 40 min 25% B. In the fluorescence spectrophotometer the following parameters 
should be selected: λexc = 300 nm, λem = 460 nm, attenuation 2 (where λexc is the excita-
tion wavelength and λem is the emission wavelength.

Calculation

The within-run precision of derivatisation and chromatography procedures was as-
sessed in the reported work: a single standard solution was analysed in eight repli-
cates. The relative standard deviation values of the peak-height ratios ranged from 
2.0 to 3.6%. Method accuracy was verified by analysing serum samples spiked with 
known amounts of BA; quantitative recoveries were achieved in each experiment.

5.4.8.4	 Post-analytical

Interpretation

BAs are identified by comparison of retention times with those relative to the stand-
ards added to the sample.

Chromatograms

The chromatogram of free BA standard mixture is reported in Fig. 5.4.7. The Br-AMN 
degradation products are eluted at lower retention times than derivatised BA, close 
to the solvent front, so they do not impair BA separation. Free BA fraction also en-
closes taurine conjugates, previously enzymatically hydrolysed. The separation of 
glycine conjugated BA is illustrated in Fig. 5.4.8. In both chromatograms, the peaks 
of BA naphthacyl esters are fully resolved and separated from the reagent peaks.

The possibility of defining serum BA composition was also assessed in the re-
ported study. Analysis of the free fraction before and after treatment with ampicillin 
of a patient with PBC was performed (Fig. 5.4.9). The antibiotics are used in the 
therapy of cholestatic syndrome, but some studies have been carried out to define 
their use. This kind of therapy inhibits the production of secondary BAs (DCA and 
LCA) and the deconjugation of taurine and glycine conjugates. Consequently, an 
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Fig.	5.4.7	 HPLC resolution at 35°C of a standard mixture of free BA naphthacyl esters 
(3.18 × 10–6 M). Chromatogram (a): 1 UDCA, 2 CA, 3 CDCA, 4 DCA, 5 lauric acid (the internal 
standard), 6 LCA. Chromatogram (b): blank, consisting of reagent kept at reaction conditions. 
R is the reagent peak in both chromatograms (reprinted from [20])

Fig.	5.4.8	 HPLC resolution at 35°C of a standard mixture of glycine conjugated BA naphtha-
cyl esters (3.18 × 10–6 M). Chromatogram (a): 1 glycoursodeoxycholic acid (GUDCA), 2 glyco-
cholic acid (GCA), 3 glycochenodeoxycholic acid (GCDCA), 4 glycodeoxycholic acid (GDCA), 
5 pelargonic acid (internal standard), 6 glycolithocholic acid (GLCA). Chromatogram (b): Blank, 
consisting of reagent kept at reaction conditions. R is the reagent peak in both chromatograms 
(reprinted from [20])
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increase of primary BA levels was found in serum after therapy; this last serum BA 
composition was considered less detergent and toxic. For the examined patient, the 
chromatogram before therapy showed the presence of CDCA, DCA and LCA peaks, 
whereas after treatment the LCA peak disappeared and the DCA peak intensity sig-
nificantly decreased. In this case, therapy with antibiotic was useful.

Reference Values and Typical Pathological Values

Table 5.4.6 summarises reference values and pathological values measured in vol-
unteers without hepatic disease and in patients, respectively. Very low levels were 
obtained for taurine-conjugated BA, in accordance with the literature [25]. The gly-
cine-:taurine-conjugated molar ratio was about 2:1 in healthy persons and increased 
to 10:1 or 20:1 in hepatic diseases. The pathological conditions were confirmed by 
levels of the biological markers of cholestasis, such as serum alkaline phosphatase 
and γ-glutamyltranspeptidase. Serum BA composition was evaluated in patients be-
fore therapy, after therapy with ampicillin, and with UDCA, to assess the efficacy 
of drug therapy. The efficacy of treatment with UDCA in PBC patients was dem-
onstrated by many clinical trials. It was hypothesised that this drug could replace 
toxic Bas, like DCA, in the BA serum pool [26]. After therapy, DCA and glyco-
deoxycholic acid (GDCA) values decreased, while UDCA, its hepatic metabolites 
glycoursodeoxycholic acid (GUDCA) and tauroursodeoxycholic acid (TUDCA) 
levels increased. Therapy did not influence LCA level.

Pitfalls

No pitfall was found in method development.

Fig.	5.4.9	 HPLC chromatogram of the derivatised free BA fraction obtained from a human 
serum sample from a patient with primary biliary cirrhosis (PBC) before (a) and after (b) treat-
ment with ampicillin. 1 CDCA, 2 DCA, 3 lauric acid (internal standard), 4 LCA. R peak repre-
sents the reagent peak. (Reprinted from [20])
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5.4.9	 HPLC-Evaporative	Light-Scattering	Detector

5.4.9.1	 Principle

The method proposed by Torchia et al. [27] is based on HPLC in combination with an 
evaporative light scattering detector (ELSD) for analysis of the following compounds: 
β-muricholic acid (MCA), CA, CDCA, DCA, UDCA, LCA, nor-CA, nor-DCA, tau-
rocholic acid (TCA), tauromuricholic acid (TMCA), taurochenodeoxycholic acid 
(TCDCA), taurodeoxycholic acid (TDCA), tauroursodeoxycholic acid (TUDCA), 
taurolithocholic acid (TLCA), glycocholic acid (GCA), glycochenodeoxycholic acid 
(GCDCA), glycodeoxycholic acid (GDCA), glycoursodeoxycholic acid (GUDCA) 
and glycolithocholic acid (GLCA). Both unconjugated and conjugated molecules 
can be resolved simultaneously. This method can be applied to BA measurement in 
human and rodent bile. This method also allows detection of TCDCA and CDCA 

Table 5.4.6  Serum BA composition in healthy subjects (1,2), in a patient 
(3) with primary biliary cirrhosis (PBC) before (A) and after (B) treatment 
with ampicillin and in a patient (4) with PBC before (A) and after (B) 
treatment with UDCA. Results are expressed in nmol/ml. RDS% of three 
measurements was in the range 3.1–7.5%. – Means non-detectable value 
(adapted from [20]). GCA glycocholic acid, GDCA glycodeoxycholic acid, 
GCDCA glycochenodeoxycholic acid, GLCA glycolithocholic acid, 
GUDCA glycoursodeoxycholic acid, TCA taurocholic acid, 
TDCA taurodeoxycholic acid, TCDCA taurochenodeoxycholic acid, 
TLCA taurolithocholic acid, TUDCA tauroursodeoxycholic acid

Bile Acid 1 2 3 4

A B A B

CA 0.88 – – – 3.57 0.58

CDCA – – 1.05 0.95 – –

DCA 0.12 0.31 3.06 1.16 0.89 0.17

LCA 0.10 0.15 2.35 – 5.92 5.48

UDCA – – – – – 12.42

GCA 0.50 0.55 0.98 1.21 4.47 2.27

GCDCA 0.67 1.50 1.22 0.66 5.49 3.00

GDCA 0.22 0.38 0.20 – 0.89 0.31

GLCA – – 0.10 – – –

GUDCA – – – – – 13.46

TCA 0.19 0.45 0.07 0.38 0.58 1.00

TCDCA 0.33 0.65 0.13 0.25 0.37 0.54

TDCA 0.16 0.23 0.04 – – –

TLCA 0.10 0.12 – – – –

TUDCA – – – – – 2.04
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bound by the ileal lipid-binding protein (ILBP), a known BA binder. ELSD measure-
ment does not require either pre- or post-column derivatisation because it is not 
dependent on the optical properties of the analytes; it is also known that the ELSD is 
sensitive to solvent composition. Chromatographic behaviour is due to the different 
hydroxylation grades of the steroid nucleus [28].

5.4.9.2	 Pre-analytical

Specimen

Bile samples.

Reagents and Chemicals

1. HPLC grade water.
2. Methanol.
3. acetic acid.
4. Acetonitrile.
5. Aqueous ammonia.
6. BA standards (MCA, CA, CDCA, DCA, UDCA, LCA, nor-CA, nor-DCA, TCA, 

TMCA, TCDCA, TDCA, TUDCA, TLCA, GCA, GCDCA, GDCA, GUDCA, 
GLCA) are diluted in methanol; their final concentration is determined by means 
of a commercially available diagnostic kit based on 3α-steroid dehydrogenase 
colorimetric assay.

7. The mobile phase is a solution of methanol:acetonitrile:water (53:23:24) contain-
ing 30 mM ammonium acetate adjusted to pH 5.6 with acetic acid; this solution 
is filtered through polytetrafluoroethylene 0.45-µm filters.

8. Delipidated recombinant murine ILBP.
9. Sephadex G25 column.
10. C18/14 solid-phase extraction (SPE).
11. 0.22-µm filter.

Instrumentation

HPLC system, equipped with a C18 analytical column (5-µm particle size, 25 cm ×  
4.6 mm i.d.) fitted with a C18 guard column (4 mm × 3.0 mm i.d.), and coupled to an 
ELSD.

Calibration

An external standardisation method is employed to perform quantitative analysis. 
In the cited study, calibration curves for each compound are obtained by injecting 
amounts ranging from 0.08 to 10 nmol. The amount of injected standards is logarith-
mically proportional to the peak area.
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Quality Control

In-vitro BA binding assay is performed to verify the association of TCDCA and 
CDCA with delipidated recombinant murine ILBP. A mixture of 400 µl of BA 
117.0 nmol and ILBP 23.4 nmol are incubated at 37°C for 1 h. The mixture is pulled 
through a Sephadex G25 column to remove the unbound BA, instead other frac-
tions collected and pooled are applied to C18/14 SPE cartridges to extract the complex 
ILBP-BA. The cartridges are washed with 8 ml of distilled water and eluted with 
4 ml of methanol. Then the complex is filtered through a 0.22-µm filter, dried under 
nitrogen, dissolved in 100 µl of methanol and analysed in HPLC.

5.4.9.3	 Analytical

Procedure

Bile samples are treated with methanol (dilution 1:6) to precipitate proteins, and 
centrifuged at 20,000 × g for 10 min at room temperature. Six microlitres of the su-
pernatant, diluted 1:20 in methanol, is injected into the HPLC. Nor-DCA 146 µM 
is used as an internal standard. The column has to be conditioned for a minimum 
of 3 h to assure good reproducibility. Since the ELSD is sensitive to mobile-phase 
composition [9], an isocratic elution at flow rate of 0.7 ml/min is performed on the 
reversed-phase column. In fact, a gradient would change the detector sensitivity for 
each BA and increases the baseline drift. Choice of the mobile phase (methanol:
acetonitrile:water 53:23:24 containing 30 mM ammonium acetate adjusted to pH 5.6 
with acetic acid) is critical to obtain an adequate separation. Acetonitrile decreases 
the retention time of unconjugated BAs and avoids tailing of late-eluting peaks. Am-
monium acetate, by increasing the ionic strength of the mobile phase, allows a better 
resolution of hydrophilic BAs, such as TMCA. ELSD gas flow is fixed at 1.3 l/min, the 
temperature at 93°C. Table 5.4.7 shows retention times, capacity ratios and separa-
tion ratios, calculated according to Gilbert [29] for human and mouse BA standards. 
Retention times are highly reproducible between different runs and after long peri-
ods of column inactivity. The column should be purged with 100% methanol for 1 h 
before storage.

Calculation

The amounts of injected compounds are logarithmically proportional to the peak 
area. Calibration curves in the range from 0.08 to 10 nmol showed a regression coef-
ficient from 0.991 to 0.998. Sensitivity was in the subnanomolar range. This method 
results in a versatile and cost-effective procedure for the detection and quantification 
of BAs.
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5.4.9.4	 Post-analytical

Interpretation

Qualitative analysis of bile samples is performed using retention time of nor-DCA 
(internal standard) as relative reference time.

Chromatograms

The chromatogram relative to the injection of a mixture of conjugated BAs is reported 
in Fig. 5.4.10a. Conjugated BAs are separated in 30 min. A solution of unconjugated 

Table 5.4.7  Retention times, capacity ratios (k’) and separation ratios 
(α) of the studied BAs (adapted from [27]). MW molecular weight, 
MCA β-muricholic acid, Nor-CA nor-cholic acid, Nor-DCA nor-
deoxycholic acid, TMCA tauromuricholic acid, UDCA ursodeoxycholic acid

Peak N° BA MW Retention 
time
(min)

k’ α

Unconjugated BA

1 MCA 408.6 9.18 1.59 0.35

2 CA 408.6 15.43 3.37 0.75

3 CDCA 392.6 27.40 6.75 1.49

4 DCA 392.6 29.99 7.48 1.66

5 UDCA 392.6 11.53 2.26 0.50

6 Nor-CA 394.6 10.03 1.84 0.41

7 Nor-DCA 378.6 19.50 4.52 1.00

8 LCA 376.6 55.23 14.63 3.24

2-Aminoethanesulfonic acid (taurine) conjugates

9 TMCA 515.7 5.00 0.42 0.09

10 TCA 515.7 7.63 1.16 0.26

11 TCDCA 499.7 10.80 2.06 0.46

12 TDCA 499.7 12.20 2.45 0.54

13 TUDCA 499.7 5.97 0.69 0.15

14 TLCA 499.7 18.23 4.16 0.92

Aminoacetic acid (glycine) conjugates

15 GCA 465.6 8.75 1.48 0.33

16 GCDCA 449.6 12.85 2.64 0.58

17 GDCA 449.6 14.63 3.14 0.70

18 GUDCA 449.6 6.62 0.87 0.19

19 GLCA 433.6 22.58 5.39 1.19
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BAs is resolved in 55 min (Fig. 5.4.10b). A solution of 14 both conjugated and un-
conjugated BAs is resolved in 35 min, except LCA, which elutes in 55 min due to its 
high hydrophobicity (Fig. 5.4.10c). Figure 5.4.11 depicts calibration curves for se-
lected Bas; coefficients of the regression lines ranged from 0.991 to 0.998.

Reference Values

None.

Typical Pathological Values

None.

Pitfalls

No pitfall was found in method development.

5.4.10	 Capillary	Electrophoresis

5.4.10.1	 Principle

So far, not many CE methods for BA analysis have been published due to the poor 
reproducibility of this technique and to difficulties arising from the complexity of the 
matrix. However, in this study the method is optimised by means of investigation of 
the effect of sodium dodecyl sulfate (SDS) as a surfactant, the adjustment of pH of 
the buffer solution, the use of β-cyclodextrins (CD), which enable the enhancement 
of the competing partitioning mechanism, and the use of acetonitrile as an organic 
modifier. This technique has the benefit of minimising the problems associated with 
solvent disposal and provides a good and fast separation for conjugated Bas, becom-
ing a fast clinical screening method. CE manages to separate nine BAs: TUDCA, 
TCA, TCDCA, TDCA, TLCA, GCA, GCDCA, GDCA and GLCA [30].

5.4.10.2	 Pre-analytical

Specimen

In this study, serum specimens were collected from patients suffering from different 
types of hepatic disease.

Reagents and Chemicals

1. Surfactants: 8 mM β-CD and 20 mM SDS.
2. 5 mM Potassium dihydrogenphosphate (pH 4.5).
3. 10 mM Potassium dihydrogenphosphate (pH 7).
4. Methanol HPLC grade.
5. Acetonitrile HPLC grade.
6. Distilled and ionised water.
7. 0.1 M Sodium hydroxide.
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Fig.	5.4.10	 a Chromatogram of conjugate BAs: 
tauromuricholic acid (TMCA; peak 9), tauroursode-
oxycholic acid (TUDCA; peak 13), GUDCA (peak 18), 
TCA (peak 10), GCA (peak 15), taurochenodeoxy-
cholic acid (TCDCA; peak 11), taurodeoxycholic 
acid (TDCA; peak 12), GCDCA (peak 16), GDCA 
(peak 17), taurolithocholic acid (TLCA; peak 14), 
GLCA (peak 19). b β-muricholic (MCA; peak 1), 
nor-CA (peak 6), UDCA (peak 5), CA (peak 2), 
nor-DCA (peak 7), CDCA (peak 3), DCA (peak 4), 
LCA (peak 8). c Chromatogram of a mixture of 14 BAs 
(reprinted from [27])
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8. 4% Phosphoric acid containing 20% acetonitrile.
9. 20% Acetonitrile in water.
10. Standards described in section 5.4.9.1 Principle, “Reagents and Chemicals”.

Instrumentation

1. SPE vacuum manifold.
2. CE system equipped with a UV photodiode array detector set at 195 nm.

Calibration

Calibration is carried out using the external standard method. The calibration curve 
was linear for each of nine BAs in the range of 5–100 nmol/ml. The resulting concen-
trations were extrapolated by the plotted curve.

Quality Control

None.

5.4.10.3	 Analytical

Procedure

Serum (200 µl) is deproteinised by means of methanol (200 µl) and vortexed for 
1 min; the sample is then kept at room temperature for 10 min. Three volumes of 
5 mM potassium dihydrogenphosphate (pH 4.5) are added, the mixture is mixed and 
centrifuged at 15,000 × g for 2 min, the supernatant is applied on the SPE column. 

Fig.	5.4.11	 Calibration curves for TCA, 
TMCA, GCDCA, CA, CDCA and UDCA 
(reprinted from [27])
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The column, filled with 100 mg of octadecyl silane (ODS-3, 10.5% carbon load, end 
capped), is preconditioned with 1 ml of methanol and 2 ml of water. The SPE column 
is washed with 500 µl of a solution of 5 mM potassium dihydrogenphosphate, 10% 
(v/v) of methanol. Analytes are eluted with 300 µl of methanol and centrifuged at 
15,000 × g for 2 min prior to CE analysis.

Electrophoresis is carried out with a capillary cartridge containing an extended 
light path capillary (40 cm x 50 µm i.d.). A buffer solution for column condition-
ing and electrophoresis should be prepared with the following composition: 10 mM 
potassium dihydrogenphosphate, pH 7, 20 mM SDS, 8 mM CD and 20% acetonitrile 
(v/v). An aliquot of 50 µl of this solution, diluted ten times with distilled and deion-
ised water, should be added to the sample.

The capillary column has to be pre-conditioned with buffer solution for 6 min. 
The sample introduction is carried out by pressurised injection of water, sample and 
buffer in the capillary column; each at 5 kPa for 5 s subsequently. Electrophoresis is 
performed for 8 min at 500 V/cm at 35°C in the running buffer solution. UV detec-
tor is set to 195 nm for analysis. Then the column is washed subsequently for 3 min 
with 0.1 M sodium hydroxide, 4% phosphoric acid containing 20% acetonitrile and 
20% acetonitrile in water.

Calculation

None.

5.4.10.4	 Post-analytical

Interpretation

This CE method provides an efficient approach for rapid and effective separation of 
serum conjugated BAs with an analysis time of 8 min. It is important to mention that 
each micellar solution plays an important role in the analysis: use of 20 mM SDS is 
to modify the electro-osmotic flow, whereas solubility of glycine-conjugated BAs and 
the peak shape of all BAs are maintained with 20% acetonitrile and the neutral pH 
of the phosphate buffer. The optimum condition for baseline separation is achieved 
with the addition of 8 mM CD.

Chromatogram

Please refer to Fig. 5.4.12.

Reference Values

Reference values are given in Table 5.4.8.

Typical Pathological Values

Typical pathological values are given in Table 5.4.9.

Pitfalls

Serum conjugated BAs are well resolved in an 8-min run. Nevertheless, it is known 
that a change in composition and concentration of the components of micellar solu-
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Fig.	5.4.12a–d	 Electropherograms of pure standards containing nine BA conju-
gates at a concentration of 50 nmol/ml (a), a blank serum sample from a healthy 
subject (b), the same serum sample spiked with 50 nmol/ml of nine different BAs 
(c) and serum sample from a patient with chronic hepatitis infection (d) analyzed 
by the capillary electrophoresis technique. Ultraviolet absorbance detection at 
195 nm (reprinted from [30])

Table 5.4.8  Values of serum bile acids from healthy subjects (adapted from [30])

GCA GCDCA GDCA GLCA TCA TCDCA TDCA TLCA TUDCA

Range
(nmol/ml)

2–6 3–6 4–13 3–9 4–11 2–6 2–5 3–12 2



Table 5.4.9   Values of serum bile acids from patients (adapted from [30])

GCA GCDCA GDCA GLCA TCA TCDCA TDCA TLCA TUDCA

Range
(nmol/ml)

9–139 23–84 5–6 5–15 12–169 3–93 2–15 3–58 3–10
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tion could affect the reproducibility and efficiency. Consequently, it is necessary to 
empty and refill vials with micellar solution by using the automatic replenishment 
system for each determination.

5.4.11	 LC-MS	(Method	A)

5.4.11.1	 Principle

This is a simple “one-step” method, developed in LC-MS/MS to achieve the reliabil-
ity in mass screening of 14 BAs in plasma: CA, CDCA, LCA, DCA, UDCA, TCA, 
TCDCA, TDCA, TUDCA, TLCA, GCA, GCDCA, GDCA and GLCA [31]. Analytes 
are subjected to chromatographic separation using a reversed-phase C18 column with 
a methanol gradient. The eluate is routed into a triple-quadrupole mass spectrometer 
operating in the ion evaporation mode with an ion-spray ionisation probe. Spec-
tra are acquired in negative ion mode, in the multiple reaction monitoring (MRM) 
mode: for each analyte a pseudomolecular ion in the first quadrupole is selected. 
The product ions arising from the fragmentation in the second quadrupole are then 
scanned by the third quadruple. The most intense transitions of each BA are chosen 
for quantitative analysis.

5.4.11.2	 Pre-analytical

Specimen

This method requires 250 µl of plasma.

Reagents and Chemicals

All chemicals and solvents should be of the highest purity available.
1. Acetonitrile is used for protein precipitation.
2. Water, methanol, formic acid and ammonium acetate are used for chromato-

graphic separation.
3. The following BA standards are used: CA, UDC, CDC, DC, LCA, TCA, TUDCA, 

TCDCA, TDCA, TLCA), GCA, GCDCA, GDCA and GLCA.

Instrumentation

1. Triple-quadrupole mass spectrometer coupled with an electrospray ionisation 
(ESI) source.

2. Data are acquired and processed using a software for chromatographic and spec-
tral interpretation, and for quantitative processing.

3. Binary HPLC pump equipped with a reverse-phase C18 column (3 µm, 100 × 4.6 mm 
i.d.), coupled with an autosampler.
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Calibration

BA standard solutions were prepared at five different concentrations and analysed 
for 4 days to test the linearity of the response. Calibration curves were linear over 
the range 0.1–100 µmol/l. Coefficients of linear regression were calculated using a 
“linear through zero” correlation.

Analytical sensitivity can be estimates from the slope of the calibration curves. 
The sensitivity of the proposed method is higher for unconjugated BAs than for the 
conjugated ones.

The detection limit (signal:noise ratio of 3:1) is evaluated on a plasma sample with 
low concentration of each of the BAs studied. The detection limit and linear regres-
sion (mean slope, standard deviation and correlation coefficient) data are shown in 
Table 5.4.10.

Quality Control

None.

Table 5.4.10  Detection limit and linear regression parameters 
of the proposed method (adapted from [31]). TC

BA Detection limit
(µmol/l)

Linear regression parameters

slope (SD) r

TUDCA 0.004 7.2 × 104 (3 × 103) 0.99986

TCA 0.006 4.7 × 104 (9 × 102) 0.99965

GCA 0.008 4.6 × 104 (3 × 103) 0.99915

TCDCA 0.006 5.7 × 104 (1 × 103) 0.99962

TDCA 0.005 6.3 × 104 (7 × 102) 0.99958

GCDCA 0.006 6.9 × 104 (5 × 103) 0.99986

GDCA 0.006 7.0 × 104 (4 × 103) 0.99944

UDCA 0.004 8.5 × 104 (3 × 103) 0.99995

TLCA 0.004 1.6 × 105 (1 × 104) 0.99943

CA 0.002 7.6 × 104 (4 × 103) 0.99984

GLCA 0.005 2.3 × 105 (1 × 104) 0.99990

CDCA 0.003 1.7 × 105 (2 × 104) 0.99995

DCA 0.002 3.1 × 105 (2 × 104) 0.99985

LCA 0.001 1.6 × 105 (2 × 104) 0.99969
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5.4.11.3	 Analytical

Procedure

For protein precipitation 250 µl of plasma sample is mixed with 800 µl of acetonitrile 
and mixed for 1 min. After 15 min centrifugation at 13,000 × g, 900 µl of the superna-
tant are transferred to an autosampler vial and blown to dryness with nitrogen. The 
residue is dissolved with 125 µl of methanol and 125 µl of water (final dilution fac-
tor = 1.17). Forty microlitres of this solution (corresponding to 34.2 µl of the original 
plasma) is injected into the HPLC system using an autosampler. Chromatography is 
achieved using a reverse-phase C18 column (3 µm, 100 × 4.6 mm i.d.). Column flow 
is 1 ml/min and a 1:20 split is arranged upstream of the ion-spray probe. The elu-
tion gradient is optimised for the simultaneous separation of either unconjugated, or 
glycine- or taurine- conjugated BA within a single run. The binary gradient consists 
of three steps, as reported in Table 5.4.11, where solvent A is a water solution con-
taining 0.012% formic acid and 5 mM ammonium acetate, and solvent B is methanol 
containing 0.012% formic acid and 5 mM ammonium acetate. BAs eluted from the 
column are analysed with a triple-quadrupole mass spectrometer with an ESI source. 
All experiments are performed in negative ion mode, with the orifice voltage set at a 
range between –61 and –74 V as automatically optimised for each single compound. 
The data are acquired in the MRM mode, setting specific precursor to product ion 
parameters for each analyte. To improve the overall performance, the chromatogram 
is split in two periods, the former ending at 10.5 min, and the latter starting there and 
continuing up to the end of the run. By doing so, the number of cycled MRM read-
ings is split in two parts, resulting in a better signal:noise ratio for each analyte. Since 
the unchanged duty-cycle involved in the reading is shared by a smaller number of 
analytes within a single period, consequently dwell time becomes much longer than 
for unsplit period analysis. In the present experiment, LCA gets a significant benefit 
since in the second period it is the unique analyte encompassing the duty-cycle. In 
Table 5.4.12 are shown instrument parameters for all BA detection.

The resulting protocol of the coupling of HPLC with an MS/MS system, using an 
ion-spray interface, provides a means for sensitive and specific analysis of several 
BAs. Chromatographic separation allows the differentiation of isomeric forms. The 
MRM mode provides the necessary specificity even in the case of co-eluting compo-
nents, thanks to the different transitions monitored: this is evidenced by extracting 
the specific reconstructed ion chromatogram (RIC). The RIC traces of a BA standard 
mixture are shown in Fig. 5.4.13.

Table 5.4.11  High-performance liquid chromatography (HPLC) mobile 
phase gradient composition (adapted from [31])

Step Time (min) Solvent A (%) Solvent B (%)

0 0 30 70

1 10 5 95

2 2 5 95

3 8 30 70
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Table 5.4.12  The optimum HPLC-tandem mass spectrometry (MS/MS) 
parameters for each BA (adapted from [31]). CAD Collision-activated 
dissociation, MRM multiple reaction monitoring

BA CAD energy (eV) MRM channel (Q1/Q3 m/z) Retention time (min)

Period 1

TUDCA 75 498/80 1.96

TCA 71 514/80 2.78

GCA 41 464/74 3.40

TCDCA 75 498/80 4.26

TDCA 75 498/80 4.74

GCDCA 41 448/74 5.17

GDCA 41 448/74 5.71

UDCA 21 391/391 5.81

TLCA 65 482/80 6.40

CA 18 407/407 7.16

GLCA 44 432/74 7.33

CDCA 21 391/391 9.17

DCA 21 391/391 9.40

Period 2

LCA 27 375/375 10.99



Fig.	5.4.13	 HPLC-MS/MS separation of a mixture of 14 BA standards at a level of 0.5 mM per 
component. This experiment has been recorded in a single acquisition period for graphical dis-
play purpose (reprinted from [31])
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Calculation

Amounts of injected compounds are proportional to the peak area. BA concentra-
tions are calculated by comparison to standard calibration curves. This method does 
not need an internal standard for quantitative analysis.

5.4.11.4	 Post-analytical

Interpretation

Peaks in patient chromatograms are identified by comparison to those of standard 
BA chromatograms. Signals of each BA are identified by retention time and mass 
transition.

Chromatograms

The RIC traces of BA standard mixture are shown in Fig. 5.4.13.

Reference Values

None.

Typical Pathological Values

None.

Pitfalls

No pitfall was found in method development.

5.4.12	 LC-MS	(Method	B)

5.4.12.1	 Principle

This is a simple, sensitive, and specific LC electrospray MS/MS (LC-MS/MS) method 
for the determination of conjugated BAs in human bile. BAs are directly measured 
without hydrolysis and derivatisation, and useful information regarding the state of 
conjugation is obtained [32].

BAs are extracted with a C18 reversed-phase column, identified and quantified by 
simultaneous monitoring of their parent and daughter ions, using the MRM mode. 
Identification and quantification of conjugated BAs in bile is achieved in 5 min. The 
detection limit is 1 ng, and the response is linear for concentrations up to 100 ng.

5.4.12.2	 Pre-analytical

Specimen

Bile sample (20 µl) of bile sample are necessary to perform the analysis.
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Reagents and Chemicals

1. Used BA standards, CA, CDCA, DCA, UDCA, LCA, and their glycine- and tau-
rine-conjugated forms are dissolved in methanol at a concentration of 1 mg/ml.

2. Two internal standards are used (5 β-cholanic acid, 3,12-diol-7-one-5β-cholanic 
acid) and dissolved in methanol at a concentration of 1 mg/ml.

3. C18 extraction columns are used for BA extraction from biological fluids.
4. All used solvents and chemicals are of HPLC grade or of known analytical purity.
5. Solvents are methanol, water, chloroform, n-hexane and acetonitrile.

Instrumentation

1. HPLC system equipped with an automatic sample injector.
2. Electrospray tandem mass spectrometer.

Calibration

The detection limit for individual conjugated BA is 1 ng and the assay is linear over 
the range of analysis. In Table 5.4.13 are shown equations of calibration curves for 
all analysed BAs.

Quality Control

None.

Table 5.4.13  Molecular weight, ion pseudo-molecular, correlation 
coefficient and calibration curves of BAs analysed (reprinted from [32])

Bile Acid Molecular 
Weight

[M-H]- Ion Correlation 
Coefficient (r)

Calibration Curve 
Equation

Taurocholic 
acid

515 514 0.99 y = 11.39x + 0.61

Taurochenode-
oxycholic acid

499 498 0.97 y = 9.7x + 4.8

Taurolithocho-
lic acid

483 482 0.98 y = 9.3x + 1.14

Glycocholic 
acid

465 464 0.99 y = 16.64x + 5.76

Glycochenode-
oxycholic acid

449 448 0.99 y = 19.91x + 0.87

Glycolithocho-
lic acid

433 432 0.99 y =22.02x + 3.04
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5.4.12.3	 Analytical

Procedure

A 20-µl sample of bile is diluted ten-fold in water, and then 20 µl from each diluted 
bile sample is transferred to a glass tube to which 1 µg of internal standard (3,12-
diol-7-one-5β-cholanic acid) is added. The sample is dried under nitrogen, dissolved 
in 1 ml of water, and then subjected to SPE using a C18 cartridge. The C18 cartridge 
should have been preconditioned prior to loading the sample with successive elu-
tions of 2 ml of chloroform/methanol 2:1 (v/v), 2 ml of methanol and 2 ml of water 
solutions. After sample loading, the column is washed with 2 ml water and 2 ml of 
n-hexane. The column is left for 10 min to completely dry. BAs are eluted from the 
cartridge with 5 ml of methanol. The solvent is then evaporated under nitrogen and 
the residue is dissolved in 1 ml of acetonitrile/water 1:1 (v/v). Sample (10 µl) is in-
jected into the HPLC system by the automatic autosampler injector. The HPLC sys-
tem is kept at room temperature, and the isocratic mobile phase is acetonitrile/water 
1:1. The flow rate is 10 µl/min. The system works in flow injection analysis without 
a chromatographic column, and the sample is injected directly into the mass spec-
trometer, after elution from the LC system. The mass spectrometer works in negative 
mode and the sample spectrum is recorded using the MRM mode, which allows 
a higher sensitivity compared to scan-mode analysis. The molecular and daughter 
ions, selected for MRM analysis for each glycine-conjugate (tri-, di- and mono-hy-
droxylated BAs), are as follows: m/z 464.6/74, 448.6/74 and 432.6/74, respectively. 
For taurine-conjugates (tri-, di- and mono-hydroxylated BAs) the used fragment is 
the m/z 124 and the transitions are m/z 514.6/124, 498.6/124 and 482.6/124, respec-
tively. For the internal standard (3,12-diol-7-one-5 β-cholanic acid) the transition is 
m/z 405.6/123.

Calculation

None.

5.4.12.4	 Post-analytical

Interpretation

BAs in patient spectra are identified by comparison to the spectra of their standard. 
Signals of each BA are identified by their MRM mass transition.

Chromatograms

None.

Reference Values

None.

Typical Pathological Values

None.
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Pitfalls

No pitfall was found in method development.

5.4.13	 LC-MS	(Method	C)

5.4.13.1	 Principle

This method allows a quantitative analysis of BAs present in biological fluids (free, 
and glycine- and taurine-conjugated forms) in a single chromatographic run, per-
formed with an HPLC mass spectrometric system equipped with an electrospray 
interface [33].

5.4.13.2	 Pre-analytical

Specimen

This method is applicable to urine, serum and bile. Analysis is performed with 200 µl 
of sample.

Reagents and Chemicals

All chemicals and solvents should be of analytical or HPLC grade. The following BA 
standards are used: TUDCA, GUDCA, UDCA, TCA, GCA, CA, TCDCA, GCDCA, 
CDCA, TDCA, GDCA, DCA, GLCA, TLCA and LCA. The internal standard is 13C 
glycoursodeoxycholic acid.

Instrumentation

1. BAs are analysed with an HPLC-MS system equipped with an electrospray inter-
face.

2. The HPLC system is equipped with an autosampler, and a C18 column (3 µm par-
ticle size, 70 × 4.6 mm i.d.).

Calibration

None.

Quality Control

None.
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5.4.13.3	 Analytical

Procedure

A 200-µl sample is diluted (1:4 v/v) with 0.1 M NaOH and loaded in a C18 column, 
which is previously activated with methanol and water. The column is washed with 
water and the sample eluted with methanol. The eluate is dried under nitrogen flow 
and the residue dissolved with a suitable quantity of mobile phase. For serum sam-
ples an additional pre-treatment is required: the sample is diluted with 3.5 ml of 
0.1 M NaOH and incubated in a water bath for 30 min at 64°C. The sample is in-
jected by an autosampler into a HPLC system equipped with a C18, 70 × 4.6 mm i.d., 
3-µm particle size. Flow rate is 0.3 ml/min and the gradient for simultaneous sepa-
ration of all BAs is reported in Table 5.4.14. It consists in a six-step ternary gradi-
ent employing solvent A (66:34 v/v, methanol:ammonium acetate 15 mM, pH 5.38), 
solvent B (75:25 v/v, methanol:ammonium acetate 15 mM, pH 6.0) and solvent C 
(100% methanol).

At the end of the column the eluent is split, and the sample is introduced into the 
electrospray source of the mass spectrometer at a rate of about 20 µl/min. Spectrom-
eter voltages are optimised to obtain the maximum signal for each BA. Spectra are 
acquired in negative ion mode.

Calculation

Quantitative analysis is performed making use of the linearity of the detector re-
sponse. In fact, peak areas of standards and samples are well correlated with the 
injected amount, and it is possible to build a calibration curve without the use of an 
internal standard.

Table 5.4.14  Mobile phase gradient composition used for simultaneous 
separation of free, and glycine- and taurine-conjugated BA within a single 
run (adapted from [33])

Time (min) Solvent A (%) Solvent B (%) Solvent C (%)

initial 90 – 10

15 90 – 10

23 100 – –

40 – 80 20

50 – 100 –

60 – 65 35

70 90 – 10
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5.4.13.4	 Post-analytical

Interpretation

The amounts of injected compounds are proportional to the peak area. The BA con-
centrations are calculated in comparison with the calibration curve. This method 
does not need an internal standard.

Chromatograms

None.

Reference Values

None.

Typical Pathological Values

None.

Pitfalls

No pitfall was found in method development.

5.4.14	 MALDI-ToF/MS

5.4.14.1	 Principle

Recently, a method using MALDI-ToF/MS for the analysis of six CA derivatives 
in plasma was published [34]. BA derivatives investigated in this study are TCA, 
TCDCA, TLCA, GCA, GCDCA and GLCA. The matrix selected for this technique 
must ensure an efficient ionisation of the analytes: in this case, 9-aminoacridine re-
moves protons from the carboxylic acid and sulphonyl acid groups of the BA con-
jugates, producing negative-ion spectra. Previous studies demonstrated the appli-
cability of MALDI-ToF/MS to quantitative analysis in general [35–37]. To perform 
quantitative analysis, the internal standard N-1-naphthylphthalamic acid (NPA) is 
employed. This method is also employed for quantification of the same BAs in urine 
samples [38].

5.4.14.2	 Pre-analytical

Specimen

Plasma samples.

Reagent and Chemicals

1. Matrix: 9-aminoacridine solution 20 mg/ml dissolved in 50:50 acetone:methanol.
2. Internal standard: NPA.
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3. Standards: TCA, TCDCA, TLCA, GCA, GCDCA, GLCA.
4. Plasma samples commercially available.
5. Water HPLC grade.
6. Methanol HPLC grade.
7. Ethanol HPLC grade.
8. Acetone HPLC grade.

Instrumentation

Time of flight laser mass spectrometer equipped with a nitrogen laser emitting at 
337 nm.

Calibration

Calibration curves for glycine and taurine conjugates are obtained plotting peak area 
(RA) against conjugate concentrations. Each point of the curve represents the aver-
age over a 3-day period. Calibration curves for glycine conjugates were linear in the 
range 0–60 mg/ml. Calibration curves for taurine conjugates were linear in the range 
0–4 mg/ml.

Quality Control

None.

5.4.14.3	 Analytical

Procedure

Known concentrations of BA standards previously dissolved in ethanol are added to 
commercially available plasma samples. Spiked samples (2 ml) are diluted with 4 ml 
of water. SPE is used for sample clean up and analyte preconcentration. Each SPE 
C18 cartridge is preconditioned with 3 ml of methanol and then with 3 ml of water. 
The sample is loaded into the cartridge, washed with 2 ml of water, and then eluted 
with 1.5 ml of methanol. The final solution is composed of one volume of methanol 
eluent, two volumes of matrix and one volume of internal standard. Final mixture 
(2.0 µl) is spotted on a 64-well gold plate. Sample spectra are acquired in negative-
ion mode ionisation and in reflector mode to increase the resolution. Sample acqui-
sition can be performed in the automatic mode: the autosampler is used with three 
different raster search patterns. Eight scans at each position in a pattern are collected 
and a total of 128 scans are averaged, accepting only those ranging from 10,000 to 
65,000 counts.
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Calculation

An analytical data software is employed for mass calibration, data acquisition and 
peak area values calculation. Calibration curves are built using peak area values. To 
obtain the limit of integration, a tangent algorithm is adopted, and the peak sepa-
ration parameter is set at 50%. Integration limits for unspiked samples (blank) are 
calculated as the average limits of integration for the rest of the calibration curve. The 
stated peak area (RA) is calculated according the following formulae:

peak area ratio = (BA peak area)/(NPA peak area)
 RA = peak area ratio (sample) – peak area ratio (blank).

The peak area ratio of the blank is due to the endogenous BA concentration in plasma 
samples. In the reported paper the 95% confidence limits of the calculated average 
concentrations were calculated as x0 ± tsx0, where sx0, the standard error for both the 
sample and the calibration curve, was determined using equation 5.10 from Miller 
and Miller [39]. This calculated average concentration was then compared to the 
actual concentration using a t-test.

The correlation coefficients for calibration curves were greater than 0.988 for all 
the analytes. The limit of detection (LOD) of the analytes ranged between 0.180 and 
4.57 µg/ml. The increased slope of calibration curves and lower LOD observed in 
the taurine conjugates was the result of the easier ionisation of the relative sulpho-
nate group compared to the carboxylic group of the glycine conjugates. The further 
increase of the calibration curve slope was due to a higher hydroxylation grade of 
the ring system. The reproducibility was verified by comparing average peak areas 
measured on 2 days by means of a standard t-test. An analysis of variance with F-test 
was also performed to compare between-day and within-day variances. The accuracy 
of calibration curves was assessed using the t-test to compare the calculated con-
centration with the spiked concentration of a blind sample of the mixture of all six 
BAs. The reliability of MALDI-ToF/MS in the quantitative analysis of BAs was so 
demonstrated.

5.4.14.4	 Post-analytical

Interpretation

Compound identification was based on comparison with standards. The magnitude 
of BA peaks in the blank of the studied samples was above the limit of detection, at a 
signal:noise ratio of approximately 5.

Spectra

Figure 5.4.14 illustrates a MALDI spectrum of a plasma sample spiked with glycine 
conjugate (47.62 mg/ml) and taurine conjugate (3.175 mg/ml).

Reference Values

None.

Typical Pathological Values

None.
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Pitfalls

None.

5.4.15	 Proton	Nuclear	Magnetic	Resonance

5.4.15.1	 Principle

This is a simple method for the quantification of total glycine and taurine conju-
gates in human bile using 1H NMR spectroscopy [40]. This method analyses the 
amide NH signals of resonance of conjugated BAs, which is well separated from 
the rest of signals in the 1H NMR bile spectrum. Under physiologic conditions, the 
signal intensities of human bile amides are attenuated by the chemical exchange, so 
the signal integrated area does not represent the real BA concentration. To quantify 
total glycine and taurine conjugates it is necessary to suppress the amide exchange 
by reducing the pH to a slightly lower than physiological value. The optimal value 
is 6.0 ± 0.5, because at this pH value there is no amide exchange and there is no 
precipitation of bile salts, due to acidic conditions. It is possible to determine the 
concentration of taurine and glycine conjugates. In fact, taurine H-26 signals, which 
appear at 3.08 ppm, usually do not overlap with other signals, so the integral of H-26 
signals can be used to calculate the total quantity of taurine conjugates. The quantity 
of total glycine-conjugated BAs can be subsequently determined simply subtracting 
the quantity of taurine conjugates (integral of H-26) from the total conjugated BAs 
(integral of amide signal).

Fig.	5.4.14	 Spectrum of a plasma sample spiked with glycine conjugate and taurine conjugate 
(reprinted from [34]). M Matrix peak, P peaks from other plasma components
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5.4.15.2	 Pre-analytical

Specimen

Bile should be collected from the gall bladder of patients undergoing cholecystec-
tomy for symptomatic gallstone disease. Samples should be stored in sterile dark 
conditions at –80°C until analysis is performed.

Reagent and Chemicals

1. Used standards are sodium salts of: GCA, GDCA, GCDA, TCA, TDCA, TCDA.
2. Cholesterol, deuterium oxide (D2O), and trimethylsilylpropionic acid sodium 

salt-d4.

Instrumentation

NMR experiments are performed on an NMR spectrometer using a 5-mm broad-
band inverse probe.

Calibration

For assigning the amide proton resonances in glycine- and taurine-conjugated bile 
salts, 1H-1H two-dimensional (2D) double quantum filtered correlated spectroscopy 
and 1H-1H 2D total correlated spectroscopy (TOCSY) experiments are performed 
on human bile. A mixture of standard BAs is dissolved in water (5 mg of each GCA, 
GDCA, TCA and TDCA). Suppression of intense water signal in all the 2D experi-
ments is done with presaturation. The parameters used are as follows: spectral width, 
4800 Hz in both dimensions; time domain data points, 2048; number of FIDs with 
t1 incrementation, 512; relaxation delay, 2.5 s; number of transients, 24. A spin lock 
time of 80 ms is used for TOCSY experiment. Phase-sensitive data are obtained by 
the time-proportional phase increment (TPPI) method. Resulting data are zero filled 
to 1024 points in the t1 dimension and Fourier transformed along both dimensions 
after multiplying the data by a squared sine-bell window function shifted by π/2. 
Figure 5.4.15a shows part of a TOCSY spectrum of human bile, highlighting the 
connectivity of amide protons with the H-25 and H-26 protons of glycine or tau-
rine conjugated BAs, respectively. The corresponding TOCSY spectrum of a mix-
ture of standard BAs (GCA, GDCA, TCA and TDCA) is also shown for comparison 
(Fig. 5.4.15b). It is also clear from the spectra that all the amide signals in the bile 
arise only from glycine and taurine conjugates.

Quality Control

None.

5.4 Bile Acids652



5.4.15.3	 Analytical

Procedure

Human bile sample (500 µl) is placed into a 5-mm nuclear magnetic resonance 
(NMR) tube. The pH of the solution is adjusted at 6 ± 0.5 using HCl. This range of 
pH is the optimal value to avoid lowering of the amide integral due to the chemical 
exchange (alkaline pH) or to precipitation of bile salts (acidic pH).

For quantitative estimation, a sealed reusable capillary tube, with a known quan-
tity of sodium salt of trimethylsilyl propionic acid (TSP) dissolved in 35 µl of D2O, 
is inserted into the NMR tube while obtaining NMR spectra. The internal standard 
TSP is used as a chemical shift reference as well as a quantitative standard for the es-
timation of metabolites, and D2O is used as the “field-frequency-lock”. Spectra are ac-
quired at room temperature. Typical spectra acquired at room temperature of human 
bile and standard glycine- and taurine-conjugated BAs are shown in Fig. 5.4.16.

Fig.	5.4.15a,b	 Parts of two-dimensional total correlated spectroscopy spectra of human bile (a) 
and a mixture of standard solutions of GCA, GDCA, TCA and TDCA (b). These spectra show 
the connectivity of amide proton signals to H-25 and/or H-26 protons of glycine and/or taurine 
conjugated bile acids (reprinted from [40])
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Calculation

For quantitative analysis of total glycine- and taurine-conjugated BAs the amide pro-
ton signal of the 1H NMR spectra (7.8–8.1 ppm) is integrated and compared with 
the integral of internal standard TPS signal. The integral of H-26 signal is used for 
quantification of taurine conjugates. The quantity of glycine-conjugated BAs is deter-
mined by subtracting the quantity of taurine conjugates from total conjugated BAs.

5.4.15.4	 Post-analytical

Interpretation

Identification of taurine- and glycine-conjugated BAs is based on the integral of the 
corresponding peak of total conjugated BAs at 7.8–8.1 ppm (signal of amide). Total 

Fig.	5.4.16	 Typical room temperature 1H nuclear magnetic resonance spectra of 
human BA and standards of glycine- and taurine-conjugated bile acid. (reprinted from 
[40])
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taurine conjugate determination is based on the integral of H-26 signal and total 
glycine conjugate concentration is calculated by subtracting the quantity of taurine 
conjugates from total conjugated BAs. The magnitude of BA peaks in the blank of 
the studied samples was above the limit of detection, at a signal:noise ratio of ap-
proximately 5.

Spectra

Please refer to Figs. 5.15 and 5.16.

Reference Values

None.

Typical Pathological Values

None.

Pitfalls

None.

5.4.16	 Radioimmunoassay

5.4.16.1	 Principle

The potential role of the RIA technique in the analysis of BAs was investigated some 
time ago in a study about the development of a method for the detection of 3β-hy-
droxy-5-cholenoic acid [41]. This technique was considered by the authors to be im-
portant in the evaluation of oxidation of the cholesterol side chain, a minor pathway 
of BA biosynthesis. 3β-Hydroxy-5-cholenoic acid was found in human meconium 
[42] and in amniotic fluid [43], suggesting an important role in foetal life. In healthy 
subjects this compound was found in urine [44] but not in serum [45]. The kidney 
probably excretes it and its serum concentration is too low to be detected. The aim 
of this report was to provide a new method for the investigation of the role of 3β-
hydroxy-5-cholenoic acid in cholestatic disease.

5.4.16.2	 Pre-analytical

Specimen

Serum from patients with liver diseases.

Reagents and Chemicals

1. All reagents are of analytical grade.
2. Thyroglobulin (type II: porcine).
3. 125Iodine.
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Instrumentation

A gamma spectrometer system is used for radioactivity counting.

Calibration

The standard curve can be obtained plotting the logit B/Bo versus the logarithm of 
standard concentration. In this study, each points is calculated from 12 measure-
ments performed in different days over a period of 3 months. Standard deviation for 
all points is also evaluated.

Quality Control

None.

5.4.16.3	 Analytical

Procedure

Female guinea pigs are immunised by injection of 200 µg of 3β-hydroxy-5-chole-
noyl-thyroglobulin conjugate. Serum extraction, solvolysis and alkaline hydrolysis 
of BAs are performed according to the method of Ali and Javitt [46]: 3.5 ml of 2,2-
dimethoxypropane and 0.4 ml of 1 M hydrochloric acid in methanol are added to 
0.5 ml of serum or diluted serum (1:5 in water). This mixture is allowed to stand at 
–20°C for 0.5 h, at room temperature for 3 h and is then centrifuged. The superna-
tant is collected and the pellet is washed once with 0.5 ml acetone. The mixed super-
natant and washing solution are neutralised with 1 M sodium hydroxide in methanol 
and dried at 40°C under nitrogen. The residue is dissolved in 2 ml of 1.25 M sodium 
hydroxide containing EDTA (13 mM) and boiled for 3 h at 1 atm (i.e., 101/3 kPa). 
Then, at room temperature, the mixture is adjusted to pH 1 with 6 M hydrochloric 
acid. Free BAs are extracted with 7 ml of chloroform and brought to dryness at 40°C 
under nitrogen. The residue is dissolved in about 100 µl of chloroform and choles-
terol is separated from BAs by thin-layer chromatography (TLC) on silica gel using 
a solution isopropanol-ethyl acetate-ammonia-water 20:25:6:4 [47]. 3β-hydroxy-5-
cholenoic acid is identified by a reference chromatogram; it is eluted from silica gel 
with boiling methanol and the solution is brought to dryness. The residue is dis-
solved in phosphate buffer and aliquots ranging from 20 to 100 µl are analysed by 
RIA. The 3β-hydroxy-5-cholenoylglycyl-125I-histamine is employed as radioactive li-
gand. The association constant is 6.3 × 108 l/mol. Diluted serum (1 ml) is mixed with 
0.1 ml of serum extract and 0.05 ml of tracer solution (8000–10,000 cpm). Samples 
are then incubated for 1 h at 37°C and 0.5 h at 4°C. Free antigen is adsorbed on dex-
tran-coated charcoal, which is separated by centrifugation [48]. The supernatant is 
counted in a spectrometer system.
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Calculation

Standard curves and serum samples are prepared in duplicate. In this study, standard 
curves were linear for values of B/Bo ranging from 0.1 to 0.9. The lower limit of sensi-
tivity (B/Bo = 0.9) was 0.6 pmol, the upper limit (B/Bo = 0.1) was 37 pmol. A Scatchard 
plot revealed a linear relationship between the quotient bound to free antigen versus 
bound antigen, the binding capacity being 0.52 µmol/l of serum. The coefficient of 
variation ranged between 12 and 20% and recovery from 100 to 111%.

5.4.16.4	 Post-analytical

Interpretation

None.

Chromatograms

None.

Reference Values

Healthy subjects showed serum concentration of 3β-hydroxy-5-cholenoic acid rang-
ing from 0.08 to 0.45 µmol/l.

Typical Pathological Values

In this work, serum concentrations of 3β-hydroxy-5-cholenoic acid ranged from 0.9 to 
6.8 µmol/l in patients with PBC; from 0.01 to 0.71 µmol/l in patients with chronic ac-
tive hepatitis and from 0.03 to 1.20 µmol/l in subjects with alcoholic liver cirrhosis.

Pitfalls

Cross-reaction with other BAs was undetectable; However, cholesterol exhibited a 
cross-reactivity of 5.6%, and for this reason the separation step by TLC was intro-
duced.

5.4.17	 Enzymatic	Colorimetric	Method

5.4.17.1	 Principle

Enzymatic colorimetric methods employing 3α-hydroxysteroid dehydrogenase and 
diaphorase for BAs analysis are reported in literature [49, 50]. The high costs of en-
zyme impair the suitability of these methods for routine use; despite this, they are 
considered simple, sensitive and specific. The cost of this assay can be reduced by 
enzyme immobilisation on solid support, which allows enzyme recycle. The choice 
of the support must take into account various problems. It is known that the enzyme 
immobilised onto organic supports, such as cellulose beads, are generally less stable 
and susceptible to fungal attack [51]. On the contrary, the enzyme bound covalently 
to inorganic supports, such as alkylamine glass beads, are more stable over a large pH 
range and in various solvents, and are resistant to microbial attack, but unfortunately 
the enzyme reaction at low pH is reversible because of Schiff base formation [49, 52]. 

6575.4.17 Enzymatic Colorimetric Method



The use of arylamine glass beads does not seem to exhibit this drawback [53]. In the 
method reported here [54], 3α-hydroxysteroid dehydrogenase from Pseudomonas 
testosteroni and diaphorase from Clostridium spp. are immobilised through diazo-
tisation onto arylamine glass beads. A mixture in a 1:2 ratio of those beads is used 
for the assay. The NADH concentration produced by the reaction between BAs and 
3α-hydroxysteroid dehydrogenase is measured by employing a colorimetric reaction 
with nitro blue tetrazolium (NBT) chloride salt, NAD+ and diaphorase. The immo-
bilisation produces a variation in enzyme kinetic properties, owing to steric and dif-
fusional effects and change in the microenvironment [53].

5.4.17.2	 Pre-analytical

Specimen

In the reported study, serum samples were withdrawn from healthy people and gall-
stone patients after cholecystectomy, and stored at –20°C. Bile samples were obtained 
from gallstone patients during laparoscopic cholecystectomy. Bile samples should be 
sterilised and stored at 4°C.

Reagent and Chemicals

1. Zirconia-coated arylamine glass beads (pore diameter 55 nm).
2. 3α-Hydroxysteroid dehydrogenase from Pseudomonas testosterone.
3. Diaphorase from Clostridium spp.
4. Taurodeoxycholic acid.
5. Nitro blue tetrazolium (NBT) chloride salt.
6. NAD+.
7. NADH.

Instrumentation

Spectrophotometer.

Calibration

Standard curves should be built for serum and bile assays. All data are mean ± SD of 
six observations. All samples are read against controls comprising all reagents and 
beads without the enzymes. The zero is obtained by subtracting the value from the 
blank solution composed of all reagents except glass beads. Figure 5.4.17 illustrates 
a standard curve for TDCA.

Quality Control

None.
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5.4.17.3	 Analytical

Procedure

Assay of Native 3α-Hydroxysteroid Dehydrogenase

Assay of native 3α-hydroxysteroid dehydrogenase has been previously described by 
Qureshi et al. [50]. 3α-Hydroxysteroid dehydrogenase (5 U) is dissolved in 2 ml so-
dium carbonate-bicarbonate buffer 0.1 M, pH 9.0. The colour reagent is composed 
of 0.075 g NAD+, 0.025 g NBT chloride salt, 10 U diaphorase in 20 ml of 0.065 M 
sodium phosphate buffer, diluted in 45 ml of distilled water at pH 7.0. The colour 
reagent is stored at 4°C in an amber-coloured bottle and prepared fresh every day. 
Enzyme (0.1 ml), 0.5 ml of colour reagent and 0.2 ml of TDCA (200 µmol/l bovine 
serum) are kept in a 15 ml conical flask, at 25°C for 15 min in the dark. Stop solution 
(0.5 ml; 75 g/l Triton X-100, 38% HCl) are then added. The absorbance at 540 nm 
(A540) of the reaction mixture is read against the control in Spectronic-20. A standard 
curve is constructed between NADH concentration (in 0.065 M sodium phosphate 
buffer, pH 7.0) and A540 using the lipoyl dehydrogenase reaction.

Immobilisation of 3α-Hydroxysteroid Dehydrogenase 
onto Arylamine Glass Beads

Glass beads are activated by diazotisation [55]. Glass beads (100 mg) glass beads, 
2 ml chilled HCl 2 N are mixed in a 15-ml conical flask kept in on ice. Diazotisa-
tion is carried out by adding 50 mg solid NaNO2 and incubating for 30 min with 

Fig.	5.4.17	 Standard curve for TDCA (reprinted from [54])
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occasional stirring; then, excess HNO2 is decanted. The beads are washed repeat-
edly with sodium phosphate buffer (0.1 M, pH 7.0) until the pH of washing is 7.0. 
3α-Hydroxysteroid dehydrogenase solution (1.0 ml) is incubated with the beads for 
48 h at 4°C with occasional stirring. The unbound enzyme is removed and tested 
for activity and protein. The beads are washed with sodium carbonate-bicarbonate 
buffer (0.1 M, pH 9.5), until no activity is detected in washing. The enzyme bound 
to the beads is estimated by subtracting the protein in the supernatant from enzyme 
solution.

Assay of Immobilised 3α-Hydroxysteroid Dehydrogenase

The assay of arylamine-glass-bound 3α-hydroxysteroid dehydrogenase (100 mg) is 
carried out as described for its free form with only one exception: the reaction mix-
ture is kept under continuous stirring.

Assay of Native Diaphorase

The same procedure described for 3α-hydroxysteroid dehydrogenase assay can be 
applied with a few differences [50]. Diaphorase (33 U/ml) is dissolved in 2 ml so-
dium carbonate-bicarbonate buffer (0.1 M, pH 9.0). Colour reagent is deprived of 
diaphorase; NAD+ is replaced by NADH. The reaction is started by adding 0.1 ml 
diaphorase.

Immobilisation of Diaphorase onto Arylamine Glass Beads

Dissolved diaphorase (2 ml) is immobilised onto arylamine glass beads (100 mg) 
through the same method reported for 3α-hydroxysteroid dehydrogenase. The im-
mobilised enzyme is stored in 0.065 M sodium phosphate buffer, pH 7.0, at 4°C.

Assay of Immobilised Diaphorase

The assay of 100 mg arylamine glass beads coupled to diaphorase is carried out as 
described for the enzyme free form, but the reaction mixture is kept under continu-
ous stirring during incubation.

Determination of Bile Acid in Serum and Bile

Serum or bile samples (0.2 ml) are incubated with 100 mg arylamine glass bound to 
3α-hydroxysteroid dehydrogenase, 200 mg arylamine-glass-bound diaphorase and 
0.5 ml colour reagent in a 15 ml conical flask, in the dark at 30°C for 15 min (stand-
ard assay conditions for mixture of immobilised enzyme) under continuous stirring. 
The A540 of the reaction mixture is read.

Recycle and Storage of Immobilised Enzymes

Both enzyme-coated glass beads can be recycled. Beads have to be washed five times 
with 1 ml reaction buffer. Washed beads can be stored in reaction buffer at 4°C.

Calculation

One unit of immobilised enzyme is defined as “the amount of enzyme bound to 
glass beads that generates 1 µmol NADH/min under standard assay conditions”. BA 
concentration in the serum and bile is extrapolated from the standard curve be-
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tween A540 versus concentration of TDCA, in the reported study, concentrations in 
the range from 6.25 to 800 µmol/l are used.

The method was linear in the concentration range 6.25–150 µmol/l. The recovery 
values of spiked bile and serum samples ranged between 85.5 and 97.6%. The preci-
sion of the method was also evaluated: within- and between-assay coefficients of 
variation in serum and bile samples were < 0.2, < 0.2, > 0.1 and < 0.1, respectively. 
The accuracy was assessed comparing this method with standard chemical method 
[56]; the correlation coefficients were 0.92 for serum and 0.97 for bile. The immobil-
ised enzymes, stored in reaction buffer at 4°C, lost 50% of their initial activity after 
300 dosages in 6 months, during 100 uses they lost only 30% of their initial activity. 
Conversely, the free forms were stable for only 1 week under similar conditions. The 
cost of this type of assay is lower than the cost of the assay performed using a com-
mercial kit.

5.4.17.4	 Post-analytical

Interpretation

This method is able to detect BA total concentration in the serum and bile of healthy 
persons and patients; however, total BA dosage has also been applied in various stud-
ies and in routine analysis.

Chromatogram

None.

Reference Values and Pathological Values

Table 5.4.15 shows serum BA values of healthy and gallstone individuals of different 
age and gender.

Table 5.4.15  Serum bile acid levels of healthy subjects and gallstone 
patients (adapted from [54]). F female, M male

Age group (n = 20) Gender Serum bile acid, µmol/l (mean ± SD) t test

Healthy persons Diseased persons

Children (below 20 years) F 4.21 ± 1.96 –

M 6.61 ± 2.43 –

Adult (21–50 years) F 4.34 ± 2.43 84.2 ± 73.2 p < 0.001

M 6.74 ± 3.31 67.4 ± 27.0 p < 0.001

Old aged (above 50 years) F 10.46 ± 4.31 84.9 ± 34.6 p < 0.001

M 8.87 ± 3.87 376 ± 218 p < 0.001

Range F 2.6–15.9 31.8–159

M 2.6–15.9 47.7–690
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Pitfalls

To evaluate the presence of possible interferences, the following metabolites were 
tested at their physiological concentration: bilirubin, sucrose, cholesterol, trigly-
cerides, acetone, urea, uric acid, citric acid, l-ascorbic acid, citrate, pyruvate, hae-
moglobin, γ-globulin, sodium pyruvate, NaCl, KCl, Ca2+ and EDTA. Urea, uric acid, 
l-ascorbic acid, NaCl, KCl and Ca2+ generated a slight interference.
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6.1.1	 Introduction

Tetrahydrobiopterin (BH4) cofactor is essential for various enzyme activities, includ-
ing phenylalanine-4-hydroxylase (PAH), tyrosine-3-hydroxylase (TH), tryptophan-
5-hydroxylase (TPH), nitric oxide synthase (NOS), and glyceryl-ether monooxygen-
ase (GEMO). The de novo biosynthesis pathway of BH4 from guanosine triphosphate 
(GTP) involves GTP cyclohydrolase I (GTPCH), 6-pyruvoyl-tetrahydropterin syn-
thase (PTPS), and sepiapterin reductase (SR). Three additional enzymes catalyze 
the last two steps of reduction: aldose reductase (AR), carbonyl reductase (CR), 
and 3α-hydroxysteroid dehydrogenase type 2 (HSDH2). Cofactor regeneration re-
quires pterin-4a-carbinolamine dehydratase (PCD) and dihydropteridine reductase 
(DHPR)[1].

The pteridines, a group to which BH4 also belongs, constitute naturally occurring 
compounds with a base structure of pyrazino [2,3d] pyrimidine (Fig. 6.1.1). Pteri-
dines with the structure 2-amino-4-oxo are designated by the term “pterins,” and 
those with the structure 2,4-dioxo by the term “lumazines” (Fig. 6.1.1). Two groups 
of pterins can be distinguished: the first have p-aminobenzoate and glutamate at-
tached to the pterin. These pteridines are designated as conjugated pterins (e.g., folic 
acid). The second group consists of unconjugated pterins, which contain neither of 
these two substitutions; instead, substitutions occur at the 6-position of the pterin 
ring nucleus by the aliphatic side chain. The most important blue-fluorescing uncon-
jugated pterins are neopterin, monapterin, biopterin, isoxanthopterin, primapterin, 
and pterin (Fig. 6.1.1). Several other pterins, like xanthopterin, sepiapterin, and 3’-
hydroxy-sepiepterin, are yellow-fluorescing species (Fig. 6.1.2). Pterins can exist in 
different oxidation stages, but only fully reduced forms are biologically active. Biop-
terin is present in biological samples as biopterin, 7,8-dihydrobiopterin (BH2), and 
5,6,7,8-tetrahydrobiopterin (BH4) (Fig. 6.1.3).

In man, BH4 is degraded either nonenzymatically by side-chain cleavage to pterin 
or is enzymatically metabolized in the gastrointestinal tract to become a lumazine 
[2]. Pterin and dihydropterin are converted by xanthine dehydrogenase to isoxan-
thopterin and xanthopterin, respectively [3,4]. It is assumed, however, that most of 
the ingested BH4 is used as a cofactor (mainly for PAH in the liver) and is catabolized 
to nonfluorescing compounds; it may even be degraded to CO2 and ammonia.
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6.1.1.1	 Clinical	Significance

Measurement of pterins in different biological fluids is the most common method for 
the screening and diagnosis of inborn errors of BH4 metabolism. In addition, neop-
terin is widely used as a marker of T-helper-cell-1-derived cellular immune activa-
tion [5]. Under physiological conditions, intracellular BH4 level plays a pivotal role 
in the regulation of tyrosine and tryptophan hydroxylase, the initial and rate-limit-
ing steps in the biosynthesis of the catecholamines and serotonin; disturbance of 
biogenic amine metabolism has been implicated as an etiological factor in a variety 
of neurological disorders, such as Parkinson’s disease, familial dystonia, Alzheimer’s 
disease, and endogenous depression.

BH4 deficiency can be caused by mutations in genes encoding the enzymes in-
volved in its biosynthesis (GTPCH, PTPS, and SR) or regeneration (PCD/DCoH 
and DHPR). BH4 deficiency due to autosomal recessive mutations in BH4-metabo-
lizing enzymes (except SR) has been described as a cause of hyperphenylalaninemia 
(HPA) [6]. Biochemical, clinical, and DNA data of patients with BH4 deficiencies are 
tabulated in the BIODEF and BIOMDB databases and are available on the Internet 
(www.bh4.org) [7]. Depending on the enzyme defect and the mode of inheritance, 

Fig.	6.1.1	 The chemical structure of the most common blue-fluorescing pterins, including 
lumazin
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patients are diagnosed by different analytical and biochemical approaches. Early di-
agnosis and immediate treatment is essential for a good outcome. Two forms of BH4 
deficiency may occur without HPA. The autosomal dominantly inherited form of 
GTPCH deficiency (dopa-responsive dystonia, DRD, initially described as Segawa 
disease) [8], and SR deficiency [9]. Patients presenting with HPA are usually de-
tected through the neonatal screening programs for phenylketonuria (PKU), while 
those presenting without HPA are recognized either by their typical clinical signs 
and symptoms or by analysis of neurotransmitter metabolites and pterins in their 
cerebrospinal fluid (CSF).

Screening for a BH4 deficiency should be done in all newborns with plasma phe-
nylalanine levels higher than 120 µmol/l, as well as in older children with neuro-
logic signs and symptoms [10]. The following tests are recommended: (1) analysis of 
pterins in urine, (2) measurement of DHPR activity in blood from a Guthrie card, 
(3) loading test with BH4, (4) analysis of pterins, folates, and neurotransmitter me-
tabolites in CSF, and (5) measurement of enzyme activity. The first two tests are es-
sential and enable all BH4 defects presenting with HPA to be differentiated. With 
some limitations, the BH4-loading test is an additional, useful diagnostic tool for the 
rapid differentiation between classic PKU and BH4 variants. This test alone can not 

Fig.	6.1.2	 The chemical structure of yel-
low-fluorescing pterins
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differentiate between some patients with a mild form of PKU/HPA and BH4 variants. 
Analysis of neopterin, biopterin, 5-methyl-tetrahydrofolic acid, and the neurotrans-
mitter metabolites, 5-hydroxyindoleacetic acid, and homovanillic acid, enables dif-
ferentiation between severe and mild forms of BH4 deficiencies.

Major diagnostic applications of neopterin measurements are, for example, moni-
toring of allograft recipients to recognize immunological complications early. Neop-
terin production provides prognostic information in patients with malignant tumor 
diseases and in HIV-infected individuals, high levels being associated with poorer 
survival expectations. Neopterin measurements are also useful to monitor therapy in 
patients with autoimmune disorders and in individuals with HIV infection. Screen-
ing of neopterin concentrations in blood donations allows the detection of acute 
infections in a nonspecific way and improves the safety of blood transfusions. As 
high neopterin production is associated with increased production of reactive oxy-

Fig.	6.1.3	 The chemical structure of the three 
oxidation stages of biopterin
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gen species and with low serum concentrations of antioxidants like tocopherol, ne-
opterin can also be regarded as a marker of reactive oxygen species formed by the 
activated cellular immune system. Therefore, measurement of neopterin not only 
allows estimation of the extent of cellular immune activation, but also the extent of 
oxidative stress [5].

6.1.2	 Properties	of	Pterins

Pterins are well known for their poor solubility in water and in most organic sol-
vents. It has been postulated that this poor solubility in water results from possible 
hydrogen bonding of the 2-amino and 4-oxo groups between pterin molecules, and 
that this bonding is preferred to hydration. The nature of the substituents and their 
position of attachment to the pterin ring influence dramatically the specific solubil-
ity. The solubilities of xanthopterin and isoxanthopterin (Fig. 6.1.1) in water are one 
part in 40,000 and in 200,000, respectively. Fully oxidized pterins are either blue- or 
yellow-fluorescent compounds (Table 6.1.1), while the fluorescence of reduced de-
rivatives is much weaker. Reduced pterins (e.g., BH4) are extremely light and oxygen 
sensitive, and decompose rapidly to breakdown products like pterin, pterin-6-cabox-
ylic acid, xanthopterin, and isoxanthopterin.

6.1.3	 Methods

Most naturally occurring pterins are present in body fluids in reduced forms and 
need to be oxidized to highly fluorescent species prior to high-performance liquid 
chromatography (HPLC). Neopterin, monapterin, biopterin, primapterin, isoxan-
thopterin, and pterin are blue-fluorescing compounds. Sepiapterin and 3-hydroxyse-
piapterin are yellow-fluorescing compounds and are detected in a separate system.

6.1.3.1	 Analysis	of	Pterins	in	Urine,	Plasma,	Blood	Spots,	
Amniotic	Fluid,	and	CSF	with	HPLC	and	Fluorescence	Detection

Preanalytical

Urine

Native urine should be protected from light and stored at –20°C until processed. 
Oxidized urine sample can be stored at room temperature, but light protection is still 
recommended. Two procedures for the oxidation of urine (and other samples) are 
used: (1) oxidation with manganese dioxide (MnO2) under acidic conditions, and 
(2) oxidation with iodine (iodine/potassium iodide, I2/KI) under acidic and basic 
conditions. The MnO2 oxidation method is a routine method used to quantify total 
pterins (fully oxidized neopterin, monapterin, biopterin, primapterin, isoxanthopterin, 
and pterin); the I2/KI method is used according to Fukushima and Nixon [11] for the 
differential oxidation of pterins and quantification of BH4. Total biopterin represents 
the sum of BH4, BH2, and fully oxidized biopterin. Under acidic conditions BH4 and 
BH2 are oxidized to biopterin, while under basic conditions only BH2 is oxidized to 
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Table 6.1.1  Chemical and physical properties of the most common pterins. MW Molecular weight, 
λex excitation wavelength, λem emission wavelength

Compound MW Side chain Formula Fluorescence λex Fluorescence λem

Pterin 163.1 – C6H5N5O 350 450

Xanthopterin 179.1
O6

C6H5N5O2 425 530

Isoxanthopterin 179.1

O7

C6H5N5O2 365 480

Neopterin 253.2

C C CH2OH

OH

H H

OH C9H11N5O4 350 450

7,8-Dihydroneopterin 255.2

C C CH2OH

OH

H H

OH

7
8

C9H13N5O4 – –

Monapterin 253.2

C C CH2OH

OH

H OH

H C9H11N5O4 350 450

Biopterin 237.2

C C CH3

H

OH OH

H  
C9H11N5O3

350 450

7,8-Dihydrobiopterin 239.2

C C CH3

H

OH OH

H

7
8

C9H13N5O3 – –

5,6,7,8-Tetrahydrobiopterin 241.2

C C CH3

H

OH OH

H

7
8

5
6

C9H15N5O3 – –

Primapterin 237.2

C C CH3

H

OH OH

H
7

 
C9H11N5O3

350 450

Sepiapterin 237.2

C C CH3

OH

HO  
C9H11N5O3

425 530

3’-Hydroxysepiapterin 253.2

C C CH2OH

OH

HO C9H11N5O4 425 530
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biopterin and BH4 undergoes side-chain cleavage to form pterin. The difference in 
biopterin content between the two oxidations represents the actual BH4 levels.

Oxidation with MnO2

Pipette 5 ml of fresh random urine into a centrifugation vial and adjust the pH to 
1.0–1.5 with 200 µl of 6 M HCl. Add 100 mg of MnO2 (No. 5957, Merck, Darm-
stadt, Germany) and shake for 5 min at room temperature. Centrifuge for 5 min at 
3000 × g. Immediately transfer 1 ml of the clear supernatant into a vial. Wrap the vial 
in aluminum foil to protect from light.

For collection of dried urine specimens, fresh random urine is processed as de-
scribed for the liquid specimen (see above). Filter paper strips (3 × 5 cm, filter paper 
backing 165-0921, BioRad, Richmond, USA) are dipped into the clear supernatant 
of the oxidized urine up to 1 cm below the upper edge. Excess urine is wiped off and 
the filter paper is left to completely dry at room temperature in dim light. The filter 
strip is then sent to the laboratory in an envelope by express mail.

Oxidation with Iodine
1. Acidic pH oxidation: 100 µl of urine is acidified by addition of 150 µl of 0.2 M 

hydrochloric acid, and 50 µl iodine solution (1% w/v I2 in 2% w/v KI) is added. 
Samples are mixed and incubated for 1 h in the dark at room temperature. The 
reaction is stopped by adding 50 µl of 2% (w/v) ascorbic acid and 650 µl water.

2. Basic pH oxidation: to the same volume of urine (i.e., 100 µl) is added 100 µl 
of 0.2 M sodium hydroxide, and the oxidation is performed as described above. 
Samples are mixed and incubated for 1 h in the dark at room temperature. The 
reaction is stopped by adding 200 µl of 2 M hydrochloric acid, 50 µl of 2% (w/v) 
ascorbic acid, and 500 µl water.

The clear filtrate is injected into the HPLC system (see below).

Plasma

Blood is collected in 2.7 ml ethylenediaminetetraacetic acid (EDTA) tubes (Sarstedt, 
Switzerland) containing 0.1% (w/v) dithioerythritol (DTE), immediately centrifuged 
at 2000 × g for 10 min, and stored at –80°C. Keep fresh or thawed plasma samples on 
ice during the oxidation procedure.

Oxidation with MnO2

Pipette 0.2 ml of plasma in an Ultrafree 10000 Filter Unit (Millipore, Bedford, MA, 
USA), add 40 µl of water, 30 µl of 30% (w/v) trichloracetic acid (TCA), and 1 mg of 
MnO2 (see above) and shake for 5 min at room temperature. Centrifuge for 30 min 
at 2000 × g. Immediately transfer the clear supernatant into a vial.

Oxidation with Iodine
1. Acidic pH oxidation: 100 µl of plasma is acidified by addition of 20 µl of 1 M hy-

drochloric acid, and 50 µl of iodine solution (1% w/v I2 in 2% w/v KI) is added. 
Samples are mixed and incubated for 1 h in the dark at room temperature. The 
reaction is stopped by adding 10 µl of 5% (w/v) ascorbic acid and 20 µl water.

2. Basic pH oxidation: to the same volume of plasma (i.e., 100 µl) add 20 µl of 1 M 
sodium hydroxide; oxidation is performed as described above. Samples are mixed 
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and incubated for 1 h in the dark at room temperature. The reaction is stopped by 
adding 10 µl of 5% (w/v) ascorbic acid and 20 µl of 2 M hydrochloric acid.

Oxidized samples are filtered in Millipore Ultrafilter with a 10,000-MW cut-off (Mil-
lipore) by centrifugation at 5000 × g for 30 min. The clear filtrate is injected into the 
HPLC system (see below).

Dried Blood Spots

Pterins are eluted from dried blood spots on filter paper (Guthrie cards). For every 
single measurement, 4–6 blood spots (6 mm diameter) are cut out and pterins are 
extracted with 500 μl of 20 mmol/l HCl and placed into an ultrasonic bath (Sonorex 
RK31, Bandelin, Germany) for 30 s. Extraction is continued for 10 min by mixing 
the filter spots solution five times for 5 s at room temperature. The extract is centri-
fuged at 6000 × g for 25 min at room temperature. A 60-μl aliquot of the clear super-
natant is used for analysis of hemoglobin (Hb) on the hematology analyzer Sysmex 
KX-21N (Sysmex, Japan). The remaining supernatant is ultrafiltered on an Ultrafree 
system (NMWL 10000; Millipore) at 5000 × g for 5 min. Pterins are analyzed in clear 
filtrate by HPLC and fluorescence detection without prior oxidation.

CSF and Amniotic Fluid

Pipette 0.2 ml of CSF or amniotic fluid into an Ultrafree 10000 Filter Unit (Mil-
lipore), add 40 µl of water, 30 µl of 30% (w/v) TCA, and 1 mg of MnO2 (see above); 
shake for 5 min at room temperature. Centrifuge for 30 min at 2000 × g. Immediately 
transfer the clear supernatant into a vial. For sepiapterin determination, samples 
should be analyzed without oxidation.

Reagents and Chemicals

Chemicals

1. Water, HPLC quality.
2. HCl, 37% (MW 36.46).
3. NaOH (MW 40.00).
4. Methanol (MW 32.00; Sigma).
5. Isopropanol (MW46.00; Sigma).
6. TCA (Cl3CCOOH, MW 163.39; Merck No.1.00807).
7. Potassium phosphate monobasic (KH2PO4, MW 136.09; Merck No.4873.1000).
8. MnO2 activated (MnO2, MW 86.94; Merck No.8.05958.0100).
9. I2 (MW 253.81).
10. KI (MW 166.00).
11. Ascorbic acid (C6H8O6, MW 176.12).
12. DTE (HSCH2CH(OH)CH(OH)CH2SH, MW 154.25; Sigma-Aldrich No.D8255).
13. Neopterin (C9H11N5O4, MW 253.20; Schircks Laboratories, Switzerland).
14. Monapterin (C9H11N5O4, MW 253.20; Schircks Laboratories).
15. Biopterin (C9H11N5O3, MW 237.20; Schircks Laboratories).
16. Primapterin (C9H11N5O3, MW 237.20; Schircks Laboratories).
17. Isoxanthopterin (C6H5N5O2, MW 179.10; Schircks Laboratories).
18. Pterin (C6H5N5O, MW 163.10; Schircks Laboratories).
19. Sepiapterin (C9H11N5O3, MW 237.2; Schircks Laboratories).
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Reagents/Solutions

1. 1 M KH2PO4: dissolve 68 g KH2PO4 in 500 ml of water. Store at 4°C.
2. 30% (w/v) TCA: dissolve 30.0 g TCA in 100 ml of water. Store at RT.
3. 1% I2/2% KI: dissolve 1 g I2 in 1 ml of water in a 100-ml flask; add 2 g KI, and fill 

with water to the mark. Store at room temperature.
4. HPLC solvent A (1 mM KH2PO4 in 6% methanol): dilute 1 ml of 1 M KH2PO4 so-

lution in a 1-l flask with 900 ml of water; add 60 ml methanol and fill with water 
to the mark.

5. HPLC solvent B (60% methanol): dilute 600 ml methanol with water to a final 
volume of 1 l.

6. HPLC solvent C (20% methanol): Dilute 200 ml methanol with water to a final 
volume of 1l.

7. HPLC solvent D (50% methanol): Dilute 500 ml methanol with water to a final 
volume of 1 l.

8. HPLC solvent E (10 mM KH2PO4, 3% methanol): Dilute 10 ml of 1M KH2PO4 with 
water; add 30 ml of methanol and fill with water to a final volume of 1 l. Adjust to 
pH 4.5 with HCl.

9. HPLC solvent F (0.5% methanol, 0.5% isopropanol, 0.05% acetic acid): mix 5 ml 
of methanol, 5 ml isopropanol, and 0.5 ml of acetic acid and fill with water to 1 l. 
Degas with nitrogen.

10. HPLC solvent G (49% methanol, 49% isopropanol, 2% acetic acid): mix 490 ml 
of methanol, 490 ml isopropanol, and 20 ml of acetic acid; fill with water to 1 l. 
Degas with nitrogen.

Stock Solutions and Standards

1. 0.01% (w/v) Pterin stock solution: dissolve separately 1 mg of neopterin, mon-
apterin, biopterin, isoxanthopterin, or pterin in 1 ml 0.1 M NaOH. Keep for 30 s 
in an ultrasound bath; add 9 ml 0.1 M HCl, and keep for another 30 s in an ultra-
sound bath. Store at –20°C.

2. 0.001% (w/v) Pterins working solution: dilute 1 ml of each 0.01% pterin stock 
solution with 9 ml 0.05 M HCl. Store at –20°C.

3. Urine standard mixture: pipette the volumes given in Table 6.1.2 of 0.001% pterin 
working solutions in a 20-ml flask and fill with 0.05 M HCl to the mark. Store 
aliquots at –20°C.

Table 6.1.2  Volumes of 0.001% pterins working solutions required to make 
up urine standard mixtures

Pterin Concentration
µM

Volume 0.001%
Stock solution (µl)

Neopterin 2.0 1012

Monapterin 0.2 101

Biopterin 2.0 948

Isoxanthopterin 1.0 358

Pterin 0.5 162
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4. Plasma, CSF, and amniotic fluid standard mixture (40 nM neopterin; 40 nM biop-
terin): dilute 1 ml of the urine standard mixture with 59 ml of 0.05 M HCl. Store 
aliquots at –20°C.

5. Sepiapterin stock solution (100 µM): dissolve 2.36 mg sepiapterin in 100 ml de-
gassed and nitrogen-washed double-distilled water. Store aliquots at –20°C.

6. Sepiapterin working solution (200 nM): Dilute 1 ml of 100 µM stock solution 
with water (degassed and nitrogen-washed double-distilled water) and mix 1 ml 
of this solution (1µM) with 4 ml of water (degassed and nitrogen-washed double-
distilled water). Store aliquots at –20°C.

Instrumentation

HPLC Gradient System with Column Switching for Blue-Fluorescing Pterins

An automatic system with the facility of column switching, which allows the omission 
of sample pretreatment for analysis of total pterins in urine, serum, CSF, and amni-
otic fluid, is described. The system is essentially the one described by Niederwieser 
et al. [12]. It consists of a WISP 717 + auto-sampler (Waters, USA), three SunFlow 
100 pumps with a pulse-damping device (SunChrom, Germany), a gradient mixer, 
three six-port type DC6W valves for column switching (Valco, USA), a three-way 
valve RE5302 (Rheodine, USA), a fluorescence spectrometer Model FP-1520 (Jasco, 
Japan), an analytical column Spherisorb ODS1 (250 × 4.6 mm i.d.), 5 µm (Waters), 
a precolumn Spherisorb C8 (40 × 4.6 mm i..d.), 10 µm (Stagroma, Switzerland), and 
a PC including the chromatography software ChromStar 4.0 (SCPA, Germany). The 
gradient program that is used to control the system is given in Table 6.1.3 (see also 
Figs. 6.1.4 and 6.1.5).

Pumps 1 and 2 deliver solvents A and B into a mixing chamber. The sample is in-
jected through valve 1 to the precolumn, which is connected in series through valve 
2 with the analytical column (Fig. 6.1.5 position a). The effluent flows through valve 
3 into the fluorimeter. Both columns are equilibrated with solvent A. The faster-
moving compounds including pterin are chromatographed with solvent A into the 
analytical column (Fig. 6.1.5, position b). After 2 min, before any of the components 
are able to elute from the analytical column, the precolumn is disconnected and 
stopped temporarily by switching valves 2 and 3. The slow-moving compounds are 
then eluted from the precolumn (Fig. 6.1.5, position c) into the detector using a sol-
vent gradient (5–20% solvent b within 5 min). The slow-moving compounds appear 
on the chromatogram before the fast-moving compounds. The precolumn is discon-
nected and rinsed twice with solvents b and c, delivered through valve 4 by pump 3. 
During this time the compounds, temporarily trapped within the analytical column, 
are eluted with solvents a and b. After elution of pterin, both columns are connected 
in series and equilibrated. Fluorimeter settings: excitation wavelength (λEx) = 350 nm; 
emission wavelength (λEm)=450 nm

Isocratic HPLC System for Blue-Fluorescing Pterins

This simple HPLC system needs only a pump (e.g., Model 515, Wates), an injec-
tor (e.g., Model 7725i, Rheodyne), a precolumn (e.g., Spherisorb C8; 40 × 4.6 mm 
i.d.; 10 µm, Stagroma, Switzerland), an analytical column (e.g., Spherisorb ODS1; 
250 × 4.6 mm i.d.; 5 µm Waters), and a fluorimeter (e.g., Model FP-1520, Jasco). Flu-
orimeter settings: λEx=350 nm; λEm=450 nm.
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Table 6.1.3  Gradient program used to control the HPLC gradient system with column switching for 
blue-fluorescing pterins

Time
(min)

Function Duration
(min)

Remarks

0 0% Solvent B Flow 1.3 ml/min Solvent A is running

2.0 Aux 2 30 Disconnect analytical column

Aux 3 10 Precolumn connected with detector for 10 min

2.1 5% Solvent B

4.0 20% Solvent B 5 Gradient 5–20% B within 5 min

9.0 0% Solvent B Flow 2.0 ml/min

12.0 Aux 1 20 Analytical column connected with detector for 20 min

Aux 4 20 Starts pump 3 for 20 min (1 ml/min)

Aux 5 5 Pre-column rinsed with solvent C for 5 min

Flow 1.2 ml/min

19.0 20% Solvent B 10 Gradient 0–20% B within 10 min

22.0 Aux 5 5 Precolumn rinsed with solvent C for 5 min

29.0 100% Solvent B

32.0 0% Solvent B Column equilibration with solvent A

53.0 Aux 1 1 Capillaries equilibration with solvent A

55.0 Flow 1.3 ml/min Next sample injection



Fig.	6.1.4	 Components of the high-performance liquid chromatography (HPLC) system for 
oxidized pterins with column switching. The autosampler starts the chromatography software, 
which controls valves and pumps. Pump 3 is used only for rinsing the precolumn. Details of the 
three valves and their different positions are explained in Fig. 6.1.5
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Oxidized pterins are eluted isocratically with solvent E (see above) at a flow of 
1 ml/min. After 20 min, when pterin is eluted, the next sample can be injected. After 
10–20 injection of biological samples, the columns need to be rinsed with solvent D 
followed by solvent E, to condition them for the next series of samples.

HPLC System for Yellow-Fluorescing Pterins

A gradient HPLC system is used: System Gold (Beckman Instruments, USA) with a 
fluorescence detector (Model FP-1520, Jasco), LiChrosorb RP8, 5 µm, 40 × 4.6 mm 
precolumn in connection with LiChrosorb RP8, 5 µm, 125 × 4.6 mm analytical col-
umn (both Stagroma). Fluorimeter settings: λEx=425 nm; λEm=530 nm. The flow rate 
was maintained at 1 ml/min using the gradient program given in Table 6.1.4.

Fig.	6.1.5a–c	 Connections and positions of the three high-pressure valves used for column-
switching HPLC of oxidized pterins. Position a: 0–2 min, injection of sample with precolumn and 
analytical column in series. Position b: 2–12 min, gradient elution of fast-moving compounds 
from the precolumn into the detector. Position c: 12–32 min, elution of slower-moving com-
pounds from the analytical column into the detector, with simultaneous cleaning of precolumn

Table 6.1.4  Gradient program used to maintain the f low rate of the HPLC 
system for yellow-fluorescing pterins at 1 ml/min

0 min 100% Solvent F

2 min 0–2% Solvent G in 5 min

7 min 2% Solvent G

9 min 2–20% Solvent G in 10 min

19 min 20% Solvent G

20 min 40% Solvent G

25 min 100% Solvent F

35 min Stop
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Analytical

Fill the autosampler with corresponding standard mixtures, quality control samples, 
and analytical samples. Prepare a working list using the ChromStar software and 
start the program by running the autosampler (autosampler starts ChromStar). Di-
lute oxidized urine 1:5 with water. All other samples are analyzed undiluted. Inject 
10–20 µl of the sample.

Calculation

External standard procedure using ChromStar software or manual calculation using 
an integrator. Measure the creatinine in urine and calculate the results as mmol/mol 
creatinine. Measure Hb in dried blood extracts and calculate results as nmol/g Hb.

Differential Oxidation
Under acidic conditions BH4 and BH2 are oxidized to biopterin, while under basic 
conditions only BH2 is oxidized to biopterin and BH4 undergoes side-chain cleavage 
to form pterin. The difference in biopterin (“Bio” in the equation below) content be-
tween the two oxidation procedures represents the actual BH4 levels [11]:

Bio(acid) – Bio(basic)
Bio(acid)

 × 100 = %BH4

Chromatograms of a standard mixture of blue-fluorescing pterins are shown in 
Figs. 6.1.6 (isocratic) and 6.1.7a (column-switching). Figure 6.1.8 shows yellow-fluo-
rescing pterins.



Fig.	6.1.6		 HPLC of the pterins standard mixture 
using an isocratic system. Bio biopterin, Ixa iso-
xanthopterin, Mon monapterin, Neo neopterin, 
Pte pterin
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98	Fig.	6.1.7a–k	 HPLC of pterins using a column-switching system: a standard mixture; b con-
trol urine; c urine guanosine triphosphate cyclohydrolase I (GTPCH) deficiency; d urine 6-pyru-
voyl-tetrahydropterin synthase (PTPS) deficiency; e urine pterin-4a-carbinolamine dehydratase 
(PCD) deficiency; f urine dihydropteridine reductase (DHPR) deficiency; g urine phenylketon-
uria 4–8 h after tetrahydrobiopterin (BH4) administration; h–k see next page
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98 Fig.	6.1.7a–k	 (continued) h control blood; i blood PTPS deficiency; j blood DHPR deficien-
cy; k blood GTPCH deficiency. Neo Neopterin, Pri primapterin

Fig.	6.1.8a–c		 HPLC of the yellow-fluorescing pterins. 
a Standard mixture; b control cerebrospinal fluid (CSF); 
c CSF sepiapterin reductase deficiency. HS 3’-Hydroxyse-
piapterin, S sepiapterin, X xanthopterin
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Post-Analytical

Figure 6.1.7 b–f shows chromatograms of pterins in urine from patients with differ-
ent enzyme defects of BH4 metabolism, and Fig. 6.1.7 h–k chromatograms of pterins 
in dried blood. The pattern of pterins in plasma, dried blood, and CSF is similar to 
that in urine in patients with BH4 deficiency. Only urine and dried blood spots are 
suitable for screening. For more details see Blau et al. [13].

6.1.3.2	 Analysis	of	Reduced	Pterins	in	CSF	with	Electrochemical	Detection

Preanalytical

BH4 in CSF is sensitive to auto-oxidation, and correct sample collection and storage 
are essential for the performance of the method. CSF (1 ml) should be collected in 
tubes containing 1 mg DTE and 1 mg diethylenetriaminepentaacetic acid (DTPA). 
Samples should be immediately stored at –70°C [14].

Reagents and Chemicals

Chemicals

1. Water, HPLC quality.
2. Citric acid (C6H8O7, MW 192.13; Merck 100247).
3. Sodium acetate (C2H3NaO2, MW 82.03; Merck 106281).
4. DTE (HSCH2CH(OH)CH(OH)CH2SH, MW 154.25; Sigma-Aldrich No.D8255).
5. EDTA (C10H16N2O8, MW 292.25;)(Merck 108417).
6. DTPA (C14H23N3O10; MW 393.34; Merck 108426).
7. Tetrahydrobiopterin dichloride (C9H15N5O3, MW 314.2; Schircks Laboratories 

11.212).
8. BH2 (C9H13N5O3, MW 239.2; Schircks Laboratories 11.206).

Regents/Solutions

HPLC mobile phase (50 mM sodium acetate/5 mM citric acid/48 µM EDTA/160 µM 
DTE, pH 5.2): Dissolve 6.8 g sodium acetate, 1.05 g citric acid, 18 mg EDTA, and 
25 mg DTE in 1 l of water. The mobile phase is degassed with helium during the 
chromatographic run.

Stock and Standard Solutions

1. BH4 stock solution (0.5 mM): dissolve 15.7 mg BH4 and 100 mg DTE in 100 ml of 
0.1 M HCl. Store 1 ml aliquots at –70°C.

2. BH2 stock solution (0.5 mM): dissolve 12 mg BH2 and 100 mg DTE in 100 ml of 
0.1 M HCl. Store 1 ml aliquots at –70°C.

3. Neopterin stock solution (0.5 mM): dissolve 12.7 mg neopterin and 100 mg DTE 
in water. Add 10 µl of 10 M NaOH and add water to 100 ml. Store 1-ml aliquots at  
70°C.

4. Pterins (BH4, BH2, neopterin) working standard solutions (100 nM): dilute 200 µl 
of each BH4 and BH2 stock solution to 100 ml with 1% (w/v) DTE. Keep in the 
dark and on ice (4°C) for no more than 6 h.
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Instrumentation

Separation was achieved using a Merck LiChrosphere RP-18 5 µm (40 × 4 mm) 
guard column and a Merck Supelcosil RP-18 (250 × 4 mm) analytical column at a 
flow rate of 1.3 ml/min. BH4 was measured with an ESA Coulochem 5100A electro-
chemical detector with a model ESA 5011 electrode in the redox mode. Electrodes 1 
and 2 were set to –0.2 V and –0.5 V, respectively. Dihydropterins were electrochemi-
cally oxidized to neopterin and biopterin using an ESA model 5021 conditioning cell 
(+ 1.0 V). The fully oxidized pterins were detected by a Jasco FP-920 fluorescence 
detector at 350/450 nm.

Note that the actual voltages applied can vary between runs. Apply a voltage that 
gives a background current at electrode 1 of 0.5 µA and at electrode 2 of 0.05 µA. Get 
the system up and running, apply approximate voltages, then drop the flow rate to 
0.3 ml/min and leave to run overnight. The next day, increase the flow rate to 1.3 ml/
min and start changing the volatages to get the required background currents. Run 
the mobile phase to waste.

Analytical

Run the standard mixture, quality control samples, and analytical samples using 
either an autosampler or with manual injection.

Calculation

External standard procedure.

Post-analytical

Figure 6.1.9b,c shows chromatograms of reduced (electrochemical detection) and 
oxidized (fluorescence detection) pterins in the CSF of a 2-year-old control subject 
and a patient with DHPR deficiency. Elevated BH2 is characteristic for CSF from 
patients with DHPR and SR deficiency. In both groups BH4 concentrations are sub-
normal and oxidized biopterin is elevated.

6.1.3.3	 Reference	Values

Reference pterin values for urine, serum, and CSF are given in Table 6.1.5. Those for 
amniotic fluid and dried blood are given in Table 6.1.6.

6.1.3.4	 Pathological	Values

Pathological pterin values for plasma are given in Table 6.1.7, and those for urine and 
CSF are given in Table 6.1.8.
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Fig.	6.1.9A–C	 Electrochemical 
detector (a) and florescence 
chromatograms (b), the latter 
generated following post-col-
umn oxidation. A Standards 
– 50 nM. 1 BH4 (retention 
time = 5.12 min); 2 dihydroneop-
terin (retention time = 4.17 min), 
1ox “oxidized BH4” generated 
by electrochemical detector 
oxidation. N.B. This peak is 
variable in height/area and is 
not used for quantification; 
3 dihydrobiopterin (BH2; reten-
tion time = 8.52 min). B Control 
CSF from a 2-year-old male. 
C DHPR-deficient CSF in a 
6-month-old male. Note the 
elevated BH2. The shoulder on 
the peak is biopterin. Also note 
that BH4 concentration can be 
within the appropriate reference 
range in DHPR deficiency states 
[39]. The arrow denotes the 
injection point. Figure courtesy 
of Dr. Simon Heales, London

Table 6.1.5  Reference values for pterins in urine, serum, and cerebrospinal f luid. Bio biopterin, 
CSF cerebrospinal f luid, Neo neopterin, S serum, Sep sepiapterin, U urine

Age (years) Neo (U)
mmol/mol 
creatinine

Bio (U)
mmol/mol 
creatinine

Neo (S)
nmol/l

Bio (S)
nmol/l

Neo (CSF)
nmol/l

Bio (CSF)
nmol/l

Sep (CSF)
nmol/l

Newborns 1.1–4.0 0.5–3.0 3–11 4–18 15–35 20–70 < 1

0–1 1.1–4.0 0.5–3.0 3–11 4–18 12–30 15–40 < 1

2–4y 1.1–4.0 0.5–3.0 3–11 4–18 9–20 10–30 < 1

5–10 1.1–4.0 0.5–3.0 3–11 4–18 9–20 10–30 < 1

11–16 0.2–1.7 0.5–2.7 3–11 4–18 9–20 10–30 < 1

> 16 0.2–1.7 0.5–2.7 3–11 4–18 9–20 10–30 < 1



6.1 Pterins and Related Enzymes684



Table 6.1.6  Reference values for pterins in amniotic f luid and dried blood 
(from a Guthrie card). A amniotic f luid, B blood, Hb hemoglobin, Pte pterin

Neo (A)
nmol/l

Bio (A)
nmol/l

Neo (B)
nmol/g Hb

Bio + Pte (B)
nmol/g Hb

%Bio + Pte (B)

16–40 6–21 0.31–4.45 0.15–2.91 13.9–78.3



Table 6.1.8  Pathological pterin values in urine and CSF. 
DHPR Dihydropteridine reductase, DRD dopa-responsive dystonia, 
GTPCH GTP cyclohydrolase I, n normal, PCD pterin-4a-carbinolamine 
dehydratase, PTPS 6-pyruvoyltetrahydrobiopterin synthase, SR sepiapterin 
reductase

Variant Neo  
(U)

Bio  
(U)

Neo 
(CSF)

Bio 
(CSF)

Sep 
(CSF)

mmol/mol creatinine nmol/l

1.2 GTPCH deficiency < 0.2 < 0.2 0.05–3.0 1.5–7.5 n

1.3 PTPS deficiency (severe) 5.0–51.2 < 0.5 47–402 1.0–16.0 n

1.3 PTPS deficiency (mild) 5.0–51.2 < 0.5 25–230 13–56 n

1.4 DHPR deficiency (severe) 0.5–23.2 3.8–25.6 11–70 43–117 n

1.4 DHPR deficiency (mild) 0.5–23.2 3.8–25.6 11–70 43–117 n

1.5 PCD deficiency (benign) 4.1–22.5 0.7–1.5a 43–117 16–96 n

1.6 DRD n n 1.1–6.2 3.1–7.6 n

1.7 SR deficiency n n 14–51 72–102b 7–23

a Primapterin (7-Bio) ↑ 
b 7,8-dihydrobiopterin ↑



Table 6.1.7  Pathological pterin values in plasma. Phe Phenylalanine

Actual Phe a

(µmol/l)
Neo (S)
nmol/l

Bio (S)
nmol/l

200–600 2–32 12–46

600–1200 9–27 24–39

a Plasma neopterin and biopterin values depend strongly upon the actual hyperphenylalaninemia.
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6.1.4	 Follow-Up	Enzyme	Assays

6.1.4.1	 GTP	Cyclohydrolase	I

Principle

GTPCH (EC 3.5.4.16) converts the substrate GTP to 7,8-dihydroneopterin triphos-
phate (H2NTP) and formate. GTPCH activity is determined by measuring neop-
terin, the completely oxidized and dephosphorylated H2NTP-product of the enzyme 
reaction. Conversion of H2NTP to neopterin is carried out after the enzymatic reac-
tion in presence of iodine at pH 1.0, followed by dephosphorylation with alkaline 
phosphatase at pH 8.5–9.0. Neopterin is detected fluorimetrically at 350/440 nm 
upon HPLC separation. The assay is based with some modifications on the methods 
published by Viveros et al. and Hatakeyama and Yoneyama [15,16].

Preanalytical

Specimen

GTPCH activity may be determined from cultivated primary dermal fibroblasts or 
from lysates of tissue samples (e.g., liver, brain, and chorionic villi). Fibroblasts do 
not express GTPCH unless they are stimulated with cytokines. For standard analysis 
of GTPCH activity, confluent fibroblast cells are stimulated for 24 h in 5 ml of fresh 
Dulbecco’s modified Eagle’s medium (DMEM) incubated at 37°C (5% CO2) with a 
cytokine cocktail containing 1250 U interferon-γ (IFN-γ) and 500 U tumor necro-
sis factor α (TNF-α; see also below). After cytokine stimulation, cells are analyzed 
immediately by washing first twice with phosphate-buffered saline (PBS). Beyond 
this point, all manipulations are carried out at 4°C. Fibroblasts from one confluent 
78-cm2 plate are lysed in 0.2 ml of freshly prepared homogenization buffer by six 
cycles of freeze-thawing and subsequent centrifugation at 13,000 × g for 5 min. An 
aliquot of 0.15 ml of supernatant is desalted on a Sephadex G-25 column that has 
been pre-equilibrated with homogenization buffer. Lysates are centrifuged for 2 min 
at 800 × g (e.g., in a Heraeus Biofuge A at 3000 rpm) and used directly for enzymatic 
assays.

Tissues samples should be shock-frozen in liquid nitrogen and stored at –80°C. 
For tissue lysate preparation, grind a frozen piece of tissue to powder in the presence 
of liquid nitrogen, following the addition of ten volumes of homogenization buffer 
(see below); ideally prepare 50 mg to a maximum of 100 mg of wet tissue weight and 
add 0.5–1.0 ml of ice-chilled homogenization buffer. All of the following steps are 
carried out at 4°C. Tissue samples are homogenized in an electric blender two times 
for 30 s and then centrifuged at 15,000 × g for 20 min to harvest the supernatant for 
enzymatic assays.

Additional freeze-thawing of tissue or fibroblast lysates may result in reduced 
GTPCH activity, and it is thus recommended to assay activity always from freshly 
lysed material. Alternatively, lysates may be kept for 1–2 days at –80°C (this may not 
be the case for PTPS, SR, and DHPR assays, as extracts can be kept at –80°C for a 
longer period without loosing activity).
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Reagents and Chemicals

1. PBS buffer (Gibco, Cat No 70011-036): 137 mM NaCl, 8 mM Na2HPO4, 1.5 mM 
KH2PO4, 2.7 mM KCl, pH 7.4.

2. IFN-γ (Sigma, Cat No I-3265): dissolve 106 U in 2 ml PBS; store at –20°C.
3. TNF-α (Sigma, Cat No T-0157): dissolve 2 × 105 U in 1 ml PBS; store at –20°C.
4. DMEM for fibroblast culturing (Gibco BRL, Cat No 31600-075): add fresh 10% 

fetal calf serum (Gibco BRL, Cat No 10106-078), 5 kU/l penicillin plus 5 g/l strep-
tomycin (Gibco BRL, Cat No 15070-022); store at – 20°C. For a 10-cm (78-cm2) 
confluent dish, 2.5 µl of each cytokine is dissolved in 5 ml of DMEM.

5. Reaction buffer: 5 ml of 1 M Tris-HCl pH 7.4, 750 mg KCl, 0.2 ml 0.5 M EDTA; 
add water to a final volume of 10 ml. Store at room temperature.

6. Dithiothreitol (DTT) 1 M (Fluka, Cat No 43815; MW154.25): dissolve 15.4 mg in 
0.1 ml water; store at –20°C.

7. Phenylmethylsulfonyl fluoride (PMSF) 200 mM (Fluka Cat No 78830; MW 
174.2): dissolve 34 mg in 1 ml of 2-propanol; store at –20°C.

8. Leupeptin 2 mM (Roche, Cat No 11017101; MW 426.6): dissolve 1.0 mg in 1 ml 
water; store at –20°C.

9. Pepstatin 2 mM (Fluka, Cat No 77170; MW 685.91): dissolve 1.37 mg in 1 ml 
methanol; store at –20°C.

10. Homogenization buffer: 50 mM Tris-HCl pH 7.4, 100 mM KCl, 1 mM EDTA, 
1 mM DTT, 0.2 mM PMSF, 1 µM leupeptin, 1 µM pepstatin. Mix the buffer fresh 
before use as follows: 2 ml of reaction buffer, 2 µl of 200 mM PMSF, 1 µl of 2 mM 
leupeptin, 1 µl of 2 mM pepstatin, 2 µl of 1 M DTT.

11. Sephadex G-25 column “MicroSpin” (Amersham Bioscience, Cat No 275325).
12. Alkaline phosphatase B solution (Roche, Cat No 10108162001): mix freshly, 

0.22 ml alkaline phosphatase B, 0.01 ml 1 M MgCl2, 0.01 ml 100 mM ZnCl2, 
0.76 ml 0.1 M Tris-HCl pH 8.

13. GTP 100 mM Li-salt (Roche Diagnostics, Cat No 1140957); store 10 µl aliquots 
at –20°C.

14. Oxidizing solution (0.5% I2, 1% KI in 1 M HCl): dissolve 0.5 g KI and 0.25 g I2 in 
50 ml of 1 M HCl; store at room temperature in the dark.

15. Ascorbic acid 2% (Fluka, Cat No 95209; MW 176): dissolve freshly, 0.2 g in 10 ml 
water.

16. Micron 10,000 Filter (Millipore, Ultracel YM-10, Cat No 42408).
17. Protein assay solution (BioRad, Cat No 500-0006): determine the protein con-

centration according to the user manual.

Instrumentation

Routine laboratory equipment: vortex mixer, laboratory centrifuge, analytical bal-
ance, water bath, pH meter, HPLC system with fluorescence detection at 350/440 nm 
(for neopterin; see 6.1.3.1, subheading “Instrumentation”).

Quality Control

GTPCH activity measurements are not available in external control programs and 
can only be compared by exchanging results from other laboratories (for examples 
see www.bh4.org). Control biopterin and neopterin samples are commercially avail-
able from Dr. Schircks Laboratories, Jona, Switzerland (www.schircks.com). We 
recommend using internal controls (e.g., normal control fibroblasts in each enzyme 
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assay and standard biopterin for HPLC analysis; see 6.1.3.1, subheading “Instrumen-
tation”).

Analytical

Procedure

Besides the enzymatic incubation in the “reaction mixture,” all procedures are car-
ried out at 4°C. GTPCH activity is assayed by measuring the neopterin produced 
upon enzymatic incubation at 37°C for 60 min in a final volume of 0.1 ml in the dark 
(due to light sensitivity of pterins), followed by chemical oxidation and dephosphor-
ylation. Two separate blanks are prepared, a blank reaction with cell lysate that is im-
mediately oxidized to detect the neopterin that was present in the lysate, and a blank 
reaction without cell lysate to detect the neopterin that is generated from the incuba-
tion (substrate) buffer. The sum of both blanks is later subtracted from the value of 
the incubation reaction to determine the enzymatically produced neopterin.
1. Reaction mixture: 74 µl of reaction buffer, 1 µl of 100 mM GTP and 25 µl of fil-

tered cell or tissue lysate. Incubate for 1 h at 37°C in the dark, followed by chill-
ing the reaction on ice and addition of 10 µl of oxidizing solution. Incubate for 
1 h at room temperature in the dark, followed by adding 10 µl of ascorbic acid 
(2%), 14 µl of 1 M NaOH pH 8.5–9, and 20 µl of alkaline phosphatase B solution. 
After further incubation for 1 h at 37°C in the dark, add 5 µl of 2 M HCl and 
centrifuge for 15 min at 5000 × g through a Millipore Ultrafree-MC 10,000 filter 
at 4°C. The final volume is 159 µl with 25 µl of lysate analyzed, resulting in a ratio 
of 159/25 = 6.36. Analyze filtrate samples of approximately 10 µl in a HPLC CSF 
system.

2. Blank reaction with cell lysate: 74 µl of reaction buffer, 1 µl of 100 mM GTP and 
25 µl of filtered cell or tissue lysate. Add immediately 10 µl of oxidizing solution 
and proceed as for the reaction mixture.

3. Blank reaction without cell lysate: mix 25 µl of homogenization buffer, 74 µl of 
reaction buffer and 1 µl of 100 mM GTP and proceed by starting the incubation 
for 1 h at 37°C in the dark, as described for the reaction mixture.

To determine the protein concentration, use filtrates from Sephadex G-25 (Micro-
Spin) columns and proceed according to the protein assay method (BioRad). The 
results are given in mg protein/ml.

Calculation

GTPCH activity is determined as µU/mg protein. One unit of GTPCH produces 
1 µmol neopterin/min at 37°C. The results from the neopterin (N) determination by 
HPLC are given in nmol/l.

Calculate as follows:
1. Background: subtract the sum of blanks from the reaction mixture:

 N [nmol/l] = Nreaction mixture – (Nblank reaction with cell lysate + Nblank reaction without cell lysate)

2. Correction factor: the ratio of 6.36 divided by 60 min results in nmol/ l (factor of 
0.106): 

 N [nmol/l] × 0.106 = µU GTPCH/ml
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3. Activity per milligram of protein: divide the activity per milliliter by the amount 
of protein per ml:

 µU GTPCH/ml divided by mg protein/ml = µU GTPCH/mg protein

Postanalytical

Interpretation

1. Chromatograms: chromatogram standards involve neopterin, biopterin, mon-
apterin, pterin, and isoxanthopterin.

2. Reference and pathological values (GTPCH): reference values for cytokine-stim-
ulated fibroblasts for GTPCH are for control cells 2.6 µU/mg (50th percentile; 
1.4 µU/mg for the 5th percentile, and 6.5 µU/mg for the 95th percentile), for 
autosomal recessive GTPCH deficiency 0.8 µU/mg (range 0.7–1.0 µU/mg), and 
for DRD 0.4 µU/mg (range 0.1–0.6 µU/mg). Nonstimulated fibroblasts have no 
detectable activity (<0.05 µU/mg). The reference values for amniocytes are 0.2 µU/
mg (for the 50th percentile; 0.04 µU/mg for the 5th percentile, and 1.8 µU/mg for 
the 95th percentile). For the mouse, liver tissue values range from 1.1 to 4.9 µU/
mg for adults and from 0.2 to 0.3 µU/mg for newborns, whereas whole brain tis-
sue contains activity between 0.06 and 0.15 µU/mg (adults). For references see 
[17,18].

Pitfalls

1. Sensitivity: not known. The threshold value for detection of enzyme activity is 
< 0.04 µU/mg.

2. Stability: as mentioned before, freeze-thawing of tissue or fibroblast lysates may 
result in reduced GTPCH activity, and it is thus recommended that activity always 
be assayed from freshly lysed material. However, lysates may be kept for 1–2 days 
at –80°C.

6.1.4.2	 PTPS	(Red	Blood	Cells,	Fibroblasts,	Amniocytes,	Tissue)

Principle

PTPS (EC 4.6.1.10) converts the substrate 7,8-dihydroneopterin triphosphate 
(H2NTP) in a manganese-dependent reaction to the highly unstable intermediate 
6-pyruvoyltetrahydropterin (PTP) and triphosphate. The reaction mixture contains 
also excess of SR to convert the PTP (in an NADPH-dependent reaction) to (6R)-l-
erythro-5,6,7,8-tetrahydrobiopterin (BH4), and NADH-dependent DHPR (to stabi-
lize the formation of BH4). PTPS activity is determined by measuring the biopterin, 
the completely oxidized form of BH4. Oxidation is carried out in the presence of io-
dine at pH 1.0, and the generated biopterin is detected fluorimetrically at 350/440 nm 
upon HPLC separation. The assay was originally established by Shintaku et al. [19].

6896.1.4 Follow-Up Enzyme Assays



Preanalytical

Specimen

PTPS activity may be determined from red blood cells (RBC), cultivated primary 
dermal fibroblasts, or from lysates of tissue samples (e.g., liver or brain).

To prepare lysates from (nonstimulated) fibroblasts, cells from one con-
fluent 78-cm2 plate are suspended in 0.15 ml lysis buffer (see below) and lysed by 
freezing and thawing six times and subsequent centrifugation at 13,000 × g for 5 min. 
An aliquot of 0.05 ml of the supernatant is directly used for the enzyme assay. The 
preparation of tissue homogenate is described in section 6.1.4.1. GTP cyclohydrolase 
I, subheading “Specimen”. 

To assay PTPS from RBC, heparinized blood is the preferred sample. In case only 
EDTA-treated blood is available, manganese has to be added in excess to ensure 
that the manganese-dependent PTPS is fully operable (i.e., MgCl2 is added to a final 
concentration of 14 mM). Furthermore, in order to avoid potential oxidation of the 
BH4 product from the assay by the presence of oxygen bound to Hb (oxy-Hb), mo-
lecular oxygen has to be displaced by pretreatment of the blood with the gas carbon 
monoxide. A 2-ml aliquot of (heparin) blood is centrifuged for 10 min at 800 × g, the 
plasma discarded, and the approximately 0.2 ml of cells (RBC) are stored at –20°C. 
RBC are diluted with one volume (0.2 ml) of 0.2 M Tris-HCl buffer pH 7.4. Cells are 
lysed by freeze-thawing once with dry ice, treated with carbon monoxide for 1 min, 
and centrifuged at 15,000 × g for 2 min at 4°C. Supernatants of are kept at 4°C, or can 
be shock frozen and stored at –80°C.

Reagents and Chemicals (see also section 6.1.4.1, 
subheading “Reagents and Chemicals”)

1. Lysis buffer: 10 mM Tris-HCl pH 7.4 containing 1% Triton X-100.
2. TCA solution 30% (Merck Cat No 1.00807.0100; MW 163.39): dissolve 30 g TCA 

in 100 ml of water; store at room temperature.
3. Iodine solution 1% (1% I2; 2% KI): dissolve 0.1 g of I2 and 0.2 g of KI in 10 ml of 

1 M HCl; store in the dark.
4. Carbon monoxide gas: mix 2 ml of sulfuric acid (95–97%, Merck, Cat No 1.00731) 

and a few drops of formic acid (98–100%, Merck, Cat No 1.00263) in a glass con-
tainer with a volume of 10–20 ml covered with a lid, and a syringe opening (gage 22). 
Carbon monoxide gas is produced spontaneously and exits through the syringe.

5. NADPH 20 mM (Boehringer, Mannheim, Cat No 107824; MW 833.4, tetraso-
dium salt): dissolve 16.7 mg in 1 ml of 0.1 M Tris-HCl pH 7.4; store at 4°C for 
1 day. Prepare fresh.

6. NADH 20 mM (Boehringer, Mannheim, Cat No 107735; MW 709.4, disodium 
salt): dissolve 14.2 mg in 1 ml of 0.1 M Tris-HCl pH 7.4; store at 4°C for 1 day. 
Prepare fresh.

7. SR: the enzyme can be purified from erythrocytes [20] or as recombinant en-
zyme from bacteria [9,21,22]. Preferentially, we expressed the rat SR-cDNA as 
N-terminally poly histidine (His6)-tagged protein in bacteria and purified it upon 
applying a commercially available nickel-nitrilotriacetic acid affinity column 
(Neuheiser, Blau and Thöny, unpublished). The noncleaved, highly active fusion 
protein is stored in liquid nitrogen at a concentration of 1 mg/ml and an activity 
of approximately 1 U/ml.
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8. DHPR from sheep liver (Sigma, Cat No D-688): 96.15 U/ml; store at –20°C.
9. Dihydroneopterin triphosphate, NH2P3 (MW 492): NH2P3 is produced under ni-

trogen gas with immobilized recombinant rat GTPCH from the substrate GTP; 
store in liquid nitrogen or at –80°C. A concentration of approximately 0.5 mM of 
NH2P3 is used. A detailed description for the production of NH2P3 is in prepara-
tion elsewhere (Blau et al., unpublished). Alternatively, the substrate NH2P3 may 
be generated in situ by the presence of purified GTPCH in the reaction mixture. 
For more details see the method described by Ernst R. Werner and colleagues 
[23].

10. Reaction buffer is premixed immediately before use and contains 25 µl of 100mM 
Tris-HCL pH 7.4 (final concentration approximately 70 mM), 5.5 µl of 200 mM 
MgCl2 (final concentration 10 mM), 5.5 µl of 20 mM NADPH (final concen-
tration 1 mM), 5.5 µl of 20 mM NADH (final concentration 1 mM), 13.2 µl of 
0.5 mM NH2P3 (final concentration 70–80 µM), 2.3 µl of 96 U/ml DHPR (final 
concentration 220 mU), and 3 µl of 1 U/ml SR (final concentration 3 mU).

11. Ascorbic acid 1% (Fluka, Cat No 95209; MW 176): dissolve freshly 0.1 g in 10 ml 
water.

12. Micron 10,000 filter (Millipore, Ultracel YM-10, Cat No 42408)
13. Protein assay solution (BioRad, Cat No 500-0006): determine the protein con-

centration according to the user manual.

Instrumentation

Besides routine laboratory equipment (see section 6.1.4.1, subheading “Instrumen-
tation” under GTPCH), an HPLC system with fluorescent detection at 350/440 nm 
for biopterin determination is required (see section 6.1.3.1, subheading “Instrumen-
tation”).

Quality Control

PTPS activity measurements are not available in external control programs and can 
only be compared by exchanging results from other laboratories (for examples see 
www.bh4.org). Control biopterin (and neopterin) samples are commercially avail-
able from Dr. Schircks Laboratories, Jona, Switzerland (www.schircks.com). We rec-
ommend using internal controls (e.g., normal control fibroblasts in each enzyme 
assay and standard biopterin for HPLC analysis; see section 6.1.3.1, subheading “In-
strumentation”).

Analytical

Procedure

Besides the enzymatic incubation in the “reaction mixture,” all procedures are car-
ried out at 4°C. PTPS activity is assayed by measuring the biopterin produced upon 
enzymatic incubation at 37°C for 120 min in a final volume of 110 µl in the dark 
(due to the light sensitivity of pterins), followed by chemical oxidation. To stabilize 
the produced BH4, DHPR and NADH are present in the enzyme assay. Two separate 
blanks are prepared, a blank reaction with cell lysate that is immediately oxidized to 
detect the biopterin that was present in the lysate, and a blank reaction without cell 
lysate to detect the biopterin that is generated from the incubation (substrate) buffer. 
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The sum of both blanks is later subtracted from the value of the incubation reaction 
to determine the enzymatic production of biopterin.
1. Reaction mixture: 60 µl of freshly prepared reaction buffer and 50 µl of filtered 

cell or tissue lysate (total volume of 110 µl). The reaction mixture is incubated for 
2 h at 37°C in the dark, followed by adding 33 µl of 30% TCA solution, mixing, 
chilling on ice for 10 min, and centrifuged for 2 min at 13000 × g. A 100-µl aliquot 
of the supernatant is oxidized by adding 20 µl of 1% iodine solution. After incuba-
tion for 1 h in the dark at room temperature, 30 µl of 1% ascorbic acid is added, 
mixed, and centrifuged for 10 min at 13000 × g through a Millipore Ultrafree-MC 
1000 filter. The filtrate is analyzed by HPLC (ideally only 10 µl of a 1:4 dilution 
with water is injected). The starting lysate of 50 µl was diluted twice, 2.86-fold and 
1.5-fold, resulting in a final 4.29-fold dilution.

2. Blank reaction with cell lysate: 50 µl of filtered lysate plus 60 µl of 0.1 mM Tris-
HCl buffer pH 7.4. Incubate at 4°C for 2 h in the dark, followed by the same oxida-
tion procedure as for the reaction mixture (starting from adding the TCA solu-
tion).

3. Blank reaction without cell lysate: 60 µl of the reaction buffer plus 50 µl of 0.1 mM 
Tris-HCl pH 7.4 buffer. Incubate at 4°C for 2 h in the dark, followed by the same 
oxidation procedure as for the reaction mixture (starting from adding the TCA 
solution).

In RBC, the activity for PTPS is calculated in µU/g Hb. The Hb concentration is de-
termined in g Hb/ volume (ml) by standard laboratory methods for Hb. The results 
for tissues or other cells like fibroblasts or amniocytes are given in mg protein/ml. To 
determine the protein concentration, use filtrates from Sephadex G-25 (MicroSpin) 
columns and proceed according to the protein assay method (BioRad).

Calculation

PTPS activity is determined as µU/g Hb or as µU/mg protein. One unit of PTPS 
produces 1 µmol of biopterin/min at 37°C. The results from the biopterin (B) deter-
mination by HPLC are given in nmol/l.

Calculate as follows:
1. Background: subtract the sum of blanks from the reaction mixture

 B [nmol/l] = Breaction mixture – (Bblank reaction with cell lysate + Bblank reaction without cell lysate)

2. Correction factor: 
 the ratio of 4.29 divided by 120 min results in nmol/l (factor of 0.03575):

 B [nmol/l]  ×  0.03575 = µU PTPS/ml

3. Activity per mg of protein: divide the activity per ml by the amount of Hb (in g) 
or total protein (in mg) per ml:

 µU PTPS/ml divided by g Hb/ml = µU PTPS/g Hb

 or

 µU PTPS/ml divided by mg protein/ml = µU PTPS/mg protein
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Postanalytical

Interpretation

1. Chromatograms: chromatogram standards involve neopterin, biopterin, mon-
apterin, pterin, and isoxanthopterin.

2. Reference and pathological values: reference values for PTPS of normal human 
RBC are 35–77 µU/g Hb for a fetus, 34–64 µU/g Hb for newborns (up to 1 month), 
and 11–29 µU/g Hb for children and adults. For dermal (nonstimulated) fibro-
blasts control values are 0.7 µU/mg (50th percentile; 0.4 µU/mg for the 5th per-
centile, and 1.6 µU/mg for the 95th percentile), and for autosomal recessive PTPS 
deficiency <0.05 µU/mg. The reference values for amniocytes are 3.0 µU/mg (50th 
percentile; 1.0 µU/mg for the 5th percentile, and 3.4 µU/mg for the 95th percen-
tile). For the mouse, liver tissue values range from 13.0 to 25.8 µU/mg for adults 
and from 3.6 to 14.8 µU/mg for newborns, whereas whole brain tissue values are 
roughly threefold higher when given in µU/mg. For references see [13,24,25] and 
unpublished results from our laboratory.

Pitfalls

1. Sensitivity: not known. The threshold value for detection of enzyme activity is 
< 0.05 µU/mg.

2. Stability: freeze-thawing of tissue or fibroblast lysates may result in reduced PTPS 
activity, and it is thus recommended to assay activity always from freshly lysed 
material. However, lysates may be kept for 1–2 days at –80°C.

3. Check blood for the presence of reticulocytes (highest PTPS activity among all 
cells)!

6.1.4.3	 SR	(Fibroblasts,	Amniocytes,	Tissue)

Principle

The natural substrate for SR (EC 1.1.1.153) is the PTP that is converted in an NADPH-
dependent reaction into BH4. However, the activity of SR is assayed by measuring the 
conversion of the artificial substrate sepipaterin to BH2 in the presence of NADPH 
in the dark. BH2 is then oxidized in the presence of iodine at pH 1.0 to biopterin, 
which is detected fluorimetrically at 350/440 nm upon HPLC separation. The assay 
is based, with some modifications, on the method by Ferre and Naylor [24].

Preanalytical

Specimen

SR activity may be determined from cultivated primary dermal fibroblasts, or from 
lysates of tissue samples (e.g., liver or brain). To prepare lysates from (nonstimu-
lated) fibroblasts, cells from one confluent 78-cm2 plate are suspended in 1 ml of 
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lysis buffer (see below) and lysed by freezing and thawing six times and subsequent 
centrifugation at 13,000 × g for 5 min at 4°C. An aliquot of 0.05 ml of the superna-
tant is directly used for the enzyme assay. The preparation of tissue homogenate is 
described in section 6.1.4.1, subheading “Specimen”. Supernatants are kept at 4°C, or 
can be shock frozen and stored at –80°C.

Reagents and Chemicals

1. Lysis buffer (0.1 M potassium phosphate pH 6.4, 0.15 mM KCl, 0.68 M glycerol, 
2.5 mM EDTA): mix 20 ml of 1 M potassium phosphate pH 6.4, 2.2 g of KCl, 
12.5 g glycerol, 1 ml of 0.5 M EDTA in a total volume of 200 ml water.

2. NADPH 2.5 mM (Boehringer, Cat No 107824; MW 833.4, tetrasodium salt): dis-
solve freshly 2.1 mg in 1 ml of 0.1 M potassium phosphate pH 6.4; store at 4°C for 
1 day.

3. Sepiapterin 1.25 mM (C9H11N5O3, MW 237.2; aliquots of 0.1 ml are stored 
at –80°C): 3 mg are dissolved in 10 ml water. Upon opening, the tube is flushed 
with N2. Verify concentration by measuring absorbance at 420 nm (εmM,420nm=10.4; 
i.e., for a 1:10 diluted solution, the absorbance is 1.3).

4. Reaction buffer (2 ×): the buffer is premixed immediately before use and contains 
100 µl of 1 M KPO4 pH 6.4 (final concentration 100 mM), 100 µl of 1.25 mM se-
piapterin (final concentration 125 mM), 100 µl of 2.5 mM NADPH and 200 µl of 
water.

5. Oxidation solution (0.5% I2, 1% KI in 1 M HCl): dissolve 0.25g I2 and 0.5 g KI in 
50 ml 1 M HCL; store at room temperature in the dark.

6. Ascorbic acid 1% (Fluka, Cat No 95209; MW 176): prepare freshly 1 mg in 0.1 ml 
water.

7. Micron 10,000 Filter (Millipore, Ultracel YM-10, Cat No 42408)
8. Protein Assay Solution (BioRad, Cat No 500-0006): determine the protein con-

centration according to the user manual.

Instrumentation

Besides routine laboratory equipment (see section 6.1.4.1, subheading “Instrumen-
tation”), an HPLC system with fluorescent detection at 350/440 nm for biopterin 
determination is required (see section 6.1.3.1, subheading “Instrumentation”).

Quality Control

SR activity measurements are not available in external control programs and can 
only be compared by exchanging results from other laboratories (for examples see 
www.bh4.org). Control biopterin (and neopterin) samples are commercially avail-
able from Dr. Schircks Laboratories, Jona, Switzerland (www.schircks.com). We rec-
ommend using internal controls (e.g., normal control fibroblasts in each enzyme 
assay and standard biopterin for HPLC analysis; see section 6.1.3.1, subheading “In-
strumentation”).
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Analytical

Procedure

Besides the enzymatic incubation in the “reaction mixture,” all procedures are carried 
out at 4°C. SR activity is assayed by measuring the BH2 produced upon enzymatic 
incubation at 37°C for 30 min in a final volume of 50 μl in the dark (due to light sen-
sitivity of pterins), followed by chemical oxidation to biopterin. Two separate blanks 
are prepared, a blank reaction with cell lysate that is immediately oxidized to detect 
the biopterin that was present in the lysate, and a blank reaction without cell lysate 
to detect the biopterin that is generated from the incubation (substrate) buffer. The 
sum of both blanks is later subtracted from the value of the incubation reaction to 
determine the enzymatic production of biopterin.
1. Reaction mixture: 25 µl of freshly prepared 2 ×  reaction buffer, 15 µl of water, and 

10 µl of filtered cell or tissue lysate (total volume of 50 µl). The reaction mixture 
is incubated for 30 min at 37°C in the dark, followed by adding 10 µl of oxidation 
solution. After oxidation for 30 min in the dark at room temperature, 10 μl of 1% 
ascorbic acid is added, mixed, and centrifuged for 20 min at 14,000 × g through a 
Micron 10,000 filter (Millipore, Ultracel YM-10). The filtrate is analyzed by HPLC 
(ideally only 20 µl of a 1:2 dilution with water are injected into the HPLC system). 
The starting lysate of 10 µl was diluted sevenfold.

2. Blank reaction with cell lysate: 10 µl of lysis buffer, 25 µl of freshly prepared “2 ×”  
reaction buffer, and 15 µl of water. Incubate at room temperature for 30 min in the 
dark, followed by the same oxidation procedure as for the reaction mixture.

3. Blank reaction without cell lysate: contains 10 µl of filtered lysate, 25 µl of freshly 
prepared “2 ×” reaction buffer, and 15 µl of water. Incubate at room temperature 
for 30 min in the dark, followed by the same oxidation procedure as for the reac-
tion mixture.

Calculation

SR activity is determined as µU/mg protein. One unit of SR produces biopterin at 
1 µmol/min at 37°C. The results from the biopterin (B) determination by HPLC are 
given in nmol/l.

Calculate as follows:
1. Background: subtract the sum of blanks from the reaction mixture

 B [nmol/l] = Breaction mixture – (Bblank reaction with cell lysate + Bblank reaction without cell lysate)

2. Correction factor: the ratio of 7 divided by 30 min results in nmol/l (factor of 
0.233):

 B [nmol/l] × 0.233 = µU SR/ml

3. Activity per mg of protein: divide the activity per milliliter by the amount of total 
protein (in mg) per milliliter:

 µU SR/ml divided by mg protein/ml = µU SR/mg protein
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Postanalytical

Interpretation

1. Chromatograms: chromatogram standards involve neopterin, biopterin, mon-
apterin, pterin, and isoxanthopterin.

2. Reference and pathological values: reference values for SR in (nonstimulated) 
dermal fibroblasts are for control cells 138 µU/mg (50th percentile; 99 µU/mg 
for the 5th percentile, and 185 µU/mg for the 95th percentile), and for autoso-
mal recessive SR deficiency <10 µU/mg. The reference values for amniocytes are 
143 µU/mg (50th percentile; 89 µU/mg for the 5th percentile, and 313 µU/mg for 
the 95th percentile). Mouse liver has an activity of around 150 µU/mg. For refer-
ences see [26–29] and unpublished results from our laboratory.

Pitfalls

Not known.

6.1.4.4	 DHPR	(RBC,	Fibroblasts,	Amniocytes,	Tissue)

Principle

DHPR (EC 1.6.99.7) converts (or recycles) under in vivo conditions the quinonoid 
BH2 in an NADH-dependent reaction to BH4. However, the activity of DHPR is as-
sayed in fibroblasts by monitoring the oxidation of NADH at 340 nm during the 
reduction of 6,7-dimethyldihydropterin (quinonoid isomer) to 6,7-dimethyltetra-
hydropterin [30,31]. This method has high sensitivity but is not recommended for 
erythrocytes, due to interference with Hb. An alternative method for assaying DHPR 
from any source, including erythrocytes from whole blood or dried blood on Guthrie 
filter cards, is by nonenzymatic coupling of the oxidation of 6-methyltetrahydrop-
terin (6-MPH4) to quinonoid 6-methyldihydropterin to the reduction of ferricyto-
chrome c to ferrocytochrome c. This nonenzymatic formation of ferrocytochrome c 
following an initial burst proceeds proportionally to the formation of 6-MPH4 that 
is reduced back from quinonoid 6-methyldihydropterin by DHPR. Formation of fer-
rocytochrome c can be monitored at 550 nm. This assay is based on the method by 
Arai et al. [32,33].

Preanalytical

Specimen

DHPR activity may be determined from whole blood, RBC, dried blood from Guth-
rie cards, cultivated primary dermal fibroblasts, or from lysates of tissue samples 
(e.g., liver or brain).

To prepare hemolysate dilute 50 µl of whole blood or resuspend 25 µl of RBC in 
1 ml of 0.15 M KCl and incubate for 30–40 min at room temperature for lysis. To 
prepare hemolysate from Guthrie cards, 4–6 circles with a diameter of 5 mm are cut 
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out from the filter paper and incubated for lysis in 1 ml of 0.15 M KCl for 30–40 min 
at room temperature. Centrifuge lysed erythrocytes cells from whole blood or from 
filter paper for 2 min at 12,000 × g and save supernatant for enzyme assay.

To prepare lysates from (nonstimulated) fibroblasts, cells from one confluent 
78-cm2 plate are suspended in 0.15 ml of lysis buffer (see below) and lysed by freez-
ing and thawing six times and subsequent centrifugation at 13,000 × g for 5 min. An 
aliquot of 0.05 ml of the supernatant is directly used for the enzyme assay. The prepa-
ration of tissue homogenate is described in section 6.1.4.1, subheading “Specimen”.

In RBC, the activity for DHPR is calculated in U/g Hb. The Hb concentration is 
determined in g Hb/ml by standard laboratory methods. The results for tissues or 
other cells like fibroblasts or amniocytes are given in mg protein/ml. To determine 
the protein concentration, use filtrates from Sephadex G-25 (MicroSpin) columns 
and proceed according to the protein assay method (BioRad). Supernatants are kept 
at 4°C, or can be shock frozen and stored at –80°C.

Reagents and Chemicals

1. Lysis buffer: 10 mM Tris-HCl buffer pH 7.4 containing 1% Triton X-100.
2. Ferricytochrome c 1 mM (Sigma, Typ VI No C 7752 ; MW 12’384): dissolve 

99.2 mg in 8 ml of 5 mM Tris-HCl pH 7.4 containing 0.1 M KCl. Store at – 20°C 
for 1 month.

3. NADH 2 mM (Roche, Cat. No. 10107735001; MW 709.4, disodium salt): dissolve 
freshly 1.4 mg in 1 ml of 0.01 M KOH; store at 4°C for 1 day.

4. 6-MPH4 20 mM (Schircks No 11.483, 6-MPH4  ×  2 HCl, MW 254): dissolve 5.1 mg 
of 6-MPH4  × 2 HCl in 0.1 M HCl. The HCl solution should be freshly degassed. 
Freeze 0.1 ml aliquots at –20°C. Before use, an aliquot is thawed and diluted to 
1 mM with 1.9 ml of 0.01 M HCl. This solution can be kept at 4°C for maximally 
2 days.

5. DHPR as positive control (Sigma Sheep liver D-6888; 250 U in 2.6 ml; i.e., 
96.15 U/ml): for dilution I (952 mU/ml) add 10 µl of the 96.15 U/ml DHPR to 
1 ml of 0.15 M KCl; for dilution II (18.7 mU/ml) add 20 µl of the 952 mU/ml 
DHPR (dilution I) to 1 ml of 0.15 M KCl. Store dilutions at 4°C for 1 day. As a 
positive control, use 40 μl of dilution II for the assay (0.75 mU).

Instrumentation

Besides routine laboratory equipment (see section 6.1.4.1, subheading “Instrumen-
tation”), a VIS photospectrometer for quantitative detection at 550 nm of ferrocyto-
chrome c is required.

Quality Control

DHPR activity measurements are not available in external control programs and can 
only be compared by exchanging results from other laboratories (for examples see 
www.bh4.org). For internal control, we recommend using dilution II (40 µl, with an 
activity of 0.75 mU/ml; see below), and blood from normal control subjects.
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Analytical

Procedure

DHPR activity is assayed by measuring the linear increase of ferrocytochrome c at 
550 nm (∆E550nm; εmM,550nm = 21) upon enzymatic incubation at 25°C for 5 min in a vol-
ume of 1 ml. The incubation mixture contains 40 µl lysate, 875 µl of 50 mM Tris-HCl 
pH 7.6, 50 µl of the 1 mM ferricytochrome c solution, and 25 µl of the 2 mM NADH 
solution. The blank control contains 40 µl of Tris-HCl pH 7.6 instead of the lysate. 
These mixtures are preincubated for 5 min at 25°C, before the reaction is started 
by addition of 10 µl of the 1 mM 6-MPH4 substrate. The reaction is monitored by 
measuring the ∆E550nm/min over a period of 5 min. The starting lysate of 40 µl was 
diluted 25-fold.

Calculation

To calculate the DHPR activity in milliunits in the 1-ml assay, the observed ∆E550nm is 
divided by 21 (εmM,550nm for the ferrocytochrome c) and by 5 (per min), and multiplied 
by 25 for the dilution. One unit of DHPR produces 1 µmol of ferrocytochrome c per 
minute at 25°C.

Calculate as follows:
1. Background: for a single-beam ultraviolet instrument, subtract the ∆E550nm from 

the reaction mixture from the ∆E550nm for the blank control:

 ∆E550nm = ∆E550nm, reaction mixture – ∆E550nm, blank control

2. Correction factor: the ratio of 25 divided by 5 (min) and by 21 (εmM) results in 
nmol/min [factor 238 = (1000  ×  25)/(21 × 5)]:

 ∆E550nm  ×  238 = mU DHPR/ml

 Activity per mg of protein: divide the activity per milliliter by the amount of Hb 
(in mg) or total protein (in mg) per milliliter:

 mU DHPR/ml divided by mg Hb/ml = mU DHPR/mg Hb

 or

 mU DHPR/ml divided by mg protein/ml = mU DHPR/mg protein

Postanalytical

Interpretation

1. Chromatograms: chromatogram standards involve neopterin, biopterin, mon-
apterin, pterin, and isoxanthopterin.

2. Reference and pathological values: reference values for DHPR in (nonstimulated) 
dermal fibroblasts are for control cells 6.7 mU/mg (50th percentile; 4.5 mU/mg 
for the 5th percentile, and 8.3 mU/mg for the 95th percentile), and for autoso-
mal recessive DHPR deficiency < 0.3 mU/mg. The reference values for amnio-
cytes are 7.5 mU/mg (50th percentile; 5.6 mU/mg for the 5th percentile, and 
9.6 mU/mg for the 95th percentile). References in dried blood from Guthrie 
cards are 1.8–3.8 mU/mg Hb). A decrease in activity was observed after 1 year 
of age (0–1 year, 5.4–8.9 mU/mg; >1 year, 4.2–7.0 mU/mg). No differences were 
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observed in other age groups over 1 year. For references see [34–37] and unpub-
lished results from our laboratory.

Pitfalls

DHPR activity decreases with increasing Hb concentrations (unpublished observa-
tion).

6.1.4.5	 Cytokine	Stimulation		
(for	GTPCH	Assay	and	Pterin	Production)

Principle

GTPCH activity may be regulated at the transcriptional and post-translational levels, 
and in many cells types, including dermal fibroblasts, expression is inducible by vari-
ous immune stimuli like the cytokines INF-γ and TNF-α, but also phytohemagglu-
tinins and endotoxins [30,38]. Primary dermal fibroblasts do not express GTPCH 
at all without prior immuostimulation, but contain all other BH4-metabolizing en-
zymes. It thus became a standard diagnostic procedure to indirectly measure pterin 
metabolism and/or GTPCH deficiency by inducing GTPCH gene expression in pri-
mary dermal fibroblasts with a cocktail of INF-γ and TNF-α [31,34].

Preanalytical

Specimen

A confluent fibroblast cell monolayer in 78-cm2 plates, cultured in fresh DMEM 
(see section 6.1.4.1, subheading “Specimen”), is incubated with recombinant human 
INF-γ (2.5 µl per 5 ml DMEM; 1250 U) and TNF-α (2.5 µl per 5 ml DMEM; 500 U). 
After stimulation for 24 h, cells are harvested by trypsinization, washed with PBS, 
and immediately lysed for neopterin and biopterin measurements and for GTPCH 
activity assay.

Reagents and Chemicals

See section 6.1.4.1, subheading “Reagents and Chemicals”

Instrumentation and Analytical Procedure

See above.
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6.2.1	 Introduction

Whilst the term “biogenic amine” strictly encompasses all amines of biological ori-
gin, for the purpose of this article it will be employed to refer to the catecholamine 
(dopamine, noradrenaline) and serotonin group of neurotransmitters. These neu-
rotransmitters are generated from the amino acid precursors tyrosine and trypto-
phan, respectively, via the action of the tetrahydrobiopterin (BH4)-dependent tyro-
sine and tryptophan hydroxylases. Hydroxylation of the amino acid substrates leads 
to formation of 3,4-dihydroxy-l-phenylalanine (l-dopa) and 5-hydroxytryptophan, 
which are then decarboxylated via the pyridoxalphosphate-dependent aromatic 
amino acid decarboxylase (AADC) to yield dopamine and serotonin [4]. In norad-
renergic neurones, dopamine is further metabolised to noradrenaline through the 
action of dopamine-β-hydroxylase [1].

Within the central nervous system (CNS), dopamine, noradrenaline and sero-
tonin have a diverse range of actions that include control of psychomotor function, 
regulation of motor coordination, processing of sensory input, arousal, emotional 
stability, temperature regulation, memory, appetite, mood and sleep. The biogenic 
amines considered here, in common with other neurotransmitter groups, exert their 
biological action as result of being released, in response to an action potential, from 
the presynaptic nerve terminal and binding to postsynaptic receptors where they 
elicit a biological response (e.g. excitation or inhibition of the target cell). The neu-
rotransmitters are removed from the synaptic cleft and may be sequestered into ves-
icles and used again as neurotransmitters, or are metabolised further. With regard to 
the latter, dopamine is acted upon by catechol-O-methyltransferase (COMT) and the 
monoamine oxidase (MAO)/aldehyde dehydrogenase (ALD; MAO + ALD) system 
to form homovanillic acid (HVA). In similar manner, MAO + aldehyde reductase 
and COMT form 3-methoxy-4-hydroxy-phenylglycol (MHPG) from noradrenaline. 
With regard to serotonin, MAO + ALD activity results in the generation of 5-hy-
droxyindoleacetic acid (5HIAA). Determination of the concentration of these me-
tabolites, particularly in cerebrospinal fluid (CSF), is considered to accurately reflect 
the integrity of catecholamine and serotonin metabolism within the CNS and has 
been instrumental in the identification and subsequent treatment of the disorders 
of biogenic amine metabolism (e.g. the inborn errors of BH4 metabolism), tyrosine 
hydroxylase deficiency, AADC deficiency and disorders of pyridoxal phosphate me-
tabolism [1, 3, 7].
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6.2.2	 Properties	of	Analytes

As a result of a high index of clinical suspicion and, on occasion, supporting bio-
chemical data from other investigations, one of the first specialist investigations to 
ascertain whether a patient has an inborn error of biogenic amine metabolism is, 
as mentioned above, analysis of the CSF concentrations of HVA and 5HIAA. This 
is often performed in conjunction with the measurement of 3-methyldopa (3-MD), 
also known as 3-methoxytyrosine. 3-MD is formed from l-dopa via COMT activ-
ity and accumulates in conditions where aromatic amino acid decarboxylase activ-
ity is impaired. The chemical structures of HVA, 5HIAA and 3-MD are shown in 
Fig. 6.2.1.

The chemical properties of HVA, 5HIAA and 3-MD make them amenable to re-
verse-phase high-performance liquid chromatography (HPLC) with electrochemi-
cal detection. Furthermore, the composition of CSF means that little, if any, sample 
preparation is required prior to analysis. However, the susceptibility of these meta-
bolites to oxidation means that careful sample collection and storage is required in 
order to minimise analyte degradation.

Fig.	6.2.1	 The chemical structures of homovanil-
lic acid (HVA), 5-hydroxyindoleacetic acid (5HIAA), 
and 3-methyldopa (3-MD)

6.2 Biogenic Amines704



6.2.3	 Methods

6.2.3.1	 Specimen	–	CSF

Lumbar CSF is required for this assay. As there is a rostrocaudal gradient for both 
HVA and 5HIAA, it is essential that the first 0.5 ml of fluid from the spinal tap is col-
lected to allow accurate evaluation and interpretation of results in comparison to the 
age-dependent reference range. The sample must be collected into a properly labelled 
screw-top microcentrifuge tube and frozen at the bedside in liquid nitrogen or dry 
ice. Samples should then be transported to the laboratory on dry ice and stored at 
–70°C until analysis. Blood contamination will affect the results, as iron released 
from red blood cells will degrade both HVA and 5HIAA. If the CSF is contaminated 
with blood it should be placed on ice immediately and centrifuged within 5 min. The 
clear supernatant should then be frozen immediately and stored at –70°C.

6.2.3.2	 HPLC	of	Biogenic	Amine	Metabolites

Principle

HVA, 5HIAA and 3-MD are amenable to separation by reverse-phase HPLC utilising 
an octadecylsilyl (ODS) column and detection by electrochemistry. The elution order 
of analytes on a reverse-phase HPLC column is in order of increasing hydrophobicity 
(i.e. 5HIAA elutes prior to HVA). The mobile phase is at an acidic pH to help sup-
press ionisation of the analytes. However, molecules with a catechol ring will remain 
positively charged even at pH 2. Consequently, an ion pairing agent, sodium octane 
sulphonic acid (OSS) is also added to the mobile phase to fully suppress the charge 
and hence optimise interaction with the stationary phase of the column. Methanol is 
also added in order to decrease the retention time of the analysis.

Chemicals

1. Potassium dihydrogen orthophosphate (KH2PO4).
2. OSS.
3. Ethylenediaminetetraacetic acid (EDTA).
4. Methanol (HPLC electrochemical detector grade).
5. Hydrochloric acid (HCl).
6. HVA.
7. 5HIAA.
8. 3-MD.

Instrumentation

1. Isocratic HPLC system with electrochemical detection (5010 Electrode, ESA, 
Chelmsford, USA). Upstream Electrode, 50 mV, downstream electrode, 450 mV.

2. Column: C18, 5 µm, 25 cm × 4.6 mm. Injection volume 50 µl.
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3. Mobile phase: 50 mM potassium dihydrogen phosphate (pH 2.6, adjust with con-
centrated HCL), 1 mM OSS, 50 µM EDTA and 17% methanol. Ultrapure Milli-Q 
water (18 MΩ) must be employed throughout.

4. Flow rate 1.3 ml/min. The column is maintained at 35°C by surrounding the col-
umn with a heating block.

Calibration

Standards

Stock Solutions

The stock standards of HVA and 5HIAA and 3-MD are made to a final concentration 
of 500 μM as follows:
1. HVA and 5HIAA: using a 100 ml volumetric, dissolve 9.11 mg of HVA and 

9.56 mg of 5HIAA in 80 ml of ultra pure H2O. Make up to 100 ml using Milli-Q 
H2O and sonicate for 1 min. Mix thoroughly and aliquot immediately the solid 
has dissolved. Aliquots of 0.5 ml should then be transferred into labelled Eppen-
dorf tubes, frozen rapidly in liquid nitrogen, and stored at –70°C.

2. 3-MD: Using a 100 ml volumetric flask, dissolve 10.56 mg 3-MD in 80 ml of ultra 
pure H2O. Make up to 100 ml using Milli-Q H2O. Mix thoroughly and aliquot 
0.5 ml into labelled Eppendorf tubes. Freeze rapidly in liquid nitrogen and store 
at –70°C.

Working Standard

The working standard solutions of HVA and 5HIAA, and 3-MD are stable for 1 day 
if stored at 2–8°C, and are made to a final concentration of 500 nM as follows. Re-
move the stock solution from the –70°C freezer, thaw, and mix thoroughly. Add three 
drops of concentrated HCl to approximately 80 ml of Milli-Q H2O and mix. Add 
100 µl of HVA, 5HIAA and 3-MD stock standards and make up to 100 ml. Mix well 
and store at 2–8°C. 

Quality Control

An established external quality control (QC) scheme is not currently available. 
Pooled “disease control” CSF retained from other analyses is used. Aliquots of the 
pooled CSF are made and stored at –70oC. This CSF is analysed on five separate occa-
sions and the mean and standard deviation determined. For an analytical/diagnostic 
run to proceed, analysis of QC material must provide concentration values that are 
within two standard deviations (plus and minus) of the calculated mean for that 
particular QC. Construction of Levy-Jennings type control charts provide histori-
cal information of overall performance and highlight potential deterioration in the 
performance of the system.
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Procedure

Fifty-microlitre aliquots of standards, QC material or neat CSF are injected directly 
onto the HPLC system. Blood-contaminated CSF should be filtered using a 10,000-
molecular-weight (MW) centrifugal filtration system (e.g. Millipore Ultrafree-MC 
centrifugal filters) prior to injection.

Calculation

The concentrations of each analyte can be calculated by relating the peak area in the 
sample chromatogram to the peak area in the standard chromatogram as follows:

[analyte] =  
peak area in sample

peak area in standard  × 500 nM peak area in standard

6.2.3.3	 Interpretation

Chromatograms

Under normal conditions, a relatively clear chromatogram is generated following 
injection of calibration standards or CSF sample (Fig. 6.2.2). Peak identification and 
quantification of HVA, 5HIAA and 3-MD (when present) is straightforward. The 
authenticity of a particular assigned peak can be checked further by spiking CSF 
samples with standards of HVA, 5HIAA and 3-MD.

6.2.3.4	 Reference	Values

The data in Table 6.2.1 report reference ranges for HVA and 5HIAA when the first 
0.5 ml of CSF is collected for analysis [6]. With regard to 3-MD, <300 nmol/l is con-
sidered as acceptable for children up to 6 months of age. Between 6 months and 1 
year this declines to <100 nmol/l. For individuals 1 year and over, the acceptable 
upper limit is 50 nmol/l.

6.2.3.5	 Diagnostic	Profiles

Assignment of exact pathological values for the CSF biogenic amine metabolites en-
countered in the different known inborn errors of biogenic amine metabolism is 
not possible. Current experience suggests that the magnitude of the deficiency for 
a specific metabolite varies considerably. However, deviation of individual metabo-
lite concentrations from established reference intervals provides profiles indicative 
of particular disorders. Table 6.2.2 provides a summary of such changes. However, 
these should be considered in conjunction with other investigations (see below) and 
the clinical picture before a suggested diagnosis is made and treatment regimes in-
stigated.

Inspection of Table 6.2.2 shows that for tyrosine hydroxylase deficiency, only the 
concentration of HVA is decreased [2]. However, in cases of AADC deficiency, in 
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Fig.	6.2.2a–bc	 High-performance liquid chromatography (HPLC) with electrochemical (EC) 
detection of neurotransmitter metabolites. a standard mixture; b cerebrospinal fluid (CSF) sam-
ple – control; c CSF sample – aromatic amino acid decarboxylase (AADC) deficiency. Peak iden-
tification: 1 = 5HIAA (7.7 min), 2 = 3-MD (9.6 min), 3 = HVA (11.7 min)

view of the duel role this enzyme plays in dopamine and serotonin synthesis, both 
the HVA and 5HIAA concentration are decreased. Furthermore, deficiency of AADC 
will result in an accumulation of l-dopa, which, as described above, is metabolised 
to 3-MD. Hence in AADC deficiency there is an accumulation of 3-MD within the 
CSF (Fig. 6.2.2c) [5]. AADC is an enzyme that has a requirement for the co-factor, 
pyridoxal phosphate. Consequently, decreased availability of pyridoxal phosphate 
(PLP), as occurs in pyridox(am)ine-5’-phosphate oxidase (PNPO) deficiency, will 
impair AADC activity and result in a CSF biogenic amine metabolite profile that 
mimics AADC deficiency [7]. With regards to dopamine-β-hydroxylase deficiency, 
an increase in HVA concentration can occur due to dopamine accumulation.
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Table 6.2.1  Age-related reference ranges for homovanillic acid (HVA) and 
5-hydroxindoleacetic acid (5HIAA). Values are expressed as nmol/l. These 
reference ranges were established in the author’s laboratory using the first 
0.5 ml of lumbar cerebrospinal f luid (CSF)

Age (years) Minimum Maximum

HVA (nmol/l) 0–0.33
0.34–0.66
0.67–1.0

1.1–5.0
5.1–Adult

324
362
176
154
71

1098
955
851
867
565

5HIAA (nmol/l) 0–0.33
0.34–0.66
0.67–1.0

1.1–5.0
5.1–Adult

199
63
68
89
58

608
503
451
367
220



Table 6.2.2  Typical CSF profiles of HVA, 5HIAA and 3-methyldopa 
(3-MD) for the inborn errors of metabolism associated with a disruption 
of biogenic amine metabolism. A downward-pointing arrow indicates that 
a particular metabolite is below the established reference range. An upward 
pointing arrow is indicative that a metabolite is above the established 
reference range. WR indicates that the concentration of the metabolite 
is likely to be within the reference range. AADC Aromatic amino acid 
decarboxylase, PNPO pyridox(am)ine-5’-phosphate oxidase

Deficiency HVA 5HIAA 3-MD

Tyrosine hydroxylase ↓ WR WR

AADC ↓ ↓ ↑

PNPO ↑ ↑ ↑

Dopamine β hydroxylase ↑ WR WR

Pterin (recessive) ↓ ↓ WR

Pterin (dominant) WR - ↓ WR - ↓ WR

“Tryptophan hydroxylase” WR ↓ WR



BH4 is an obligatory cofactor for both tyrosine and tryptophan hydroxylase. Con-
sequently, the inborn errors of BH4 metabolism are associated with impaired dopa-
mine and serotonin turnover, which is reflected by decreased concentrations of HVA 
and 5HIAA in the CSF. Whilst such a pattern is particularly true for the autosomal 
recessive disorders of BH4 metabolism, an autosomal dominant disorder of BH4 me-
tabolism, (autosomal dominant GTP cyclohydrolase deficiency) is not always associ-
ated with marked decreases in the CSF concentration of HVA and 5HIAA [1].
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To date, a fully documented case of tryptophan hydroxylase deficiency has not 
been described. However, such a deficiency would be predicted to have a character-
istic CSF profile (i.e. an isolated decrease in CSF 5HIAA concentration).

In addition to the aforementioned inborn errors of metabolism, deficiencies in the 
catabolism of dopamine and serotonin would also be expected to result in decreased 
concentrations of HVA and 5HIAA (e.g. MAO deficiency and COMT deficiency).

Marked elevations in the CSF concentration of HVA have been reported in a group 
of children with infantile parkinsonism-dystonia. However, despite this unique me-
tabolite profile, the underlying biochemical/molecular mechanism remains to be 
elucidated.

6.2.3.6	 Pitfalls

Apparent perturbations of monoamine metabolism may arise as a consequence of 
an ongoing neurodegenerative process that results in the loss of dopamine- and/or 
serotonin-containing neurones. Such loss could therefore produce a CSF metabolite 
profile characteristic of one of the inborn errors of metabolism documented above.

The effects of any medication a patient is receiving close to the time of lumbar 
puncture should also be considered. Ideally, these should be documented on the 
sample request form. Thus, patients receiving l-dopa will have an elevated concen-
tration of 3-MD in their CSF, which could, if the laboratory is not aware that the 
patient is receiving this drug, raise the possibility of AADC or PNPO deficiency. 
However, the 5-hydroxytryptophan concentration would be normal. Patients receiv-
ing ionotropic support in the form of dopamine will have markedly elevated levels 
of HVA, which could, if the laboratory is ignorant of the dopamine administration, 
suggest a disruption of dopamine metabolism (i.e. a profile would be generated that 
would be comparable to that described above for children with parkinsonism-dys-
tonia).

Other medications that could theoretically lead to the erroneous suggestion that 
a patient has an inborn error of biogenic amine metabolism include serotonin reup-
take inhibitors, MAO and COMT inhibitors.

In addition to the factors considered above, an apparent decrease in biogenic 
amine metabolite concentrations can arise as a result of poor sample handling or 
contamination of the CSF sample with blood. With regard to the former, a prolonged 
delay between obtaining a sample and freezing it can lead to a degradation of the me-
tabolites to be analysed. This degradation is accelerated if the CSF is contaminated 
with blood. If blood contamination occurs, the sample should, if possible, be imme-
diately centrifuged and the resulting clear supernatant stored frozen until analysis. 
If centrifugation is not possible, the CSF can be frozen. Upon thawing and prior to 
injection onto the HPLC system, the CSF can be centrifuged through a 10,000-MW 
cut-off filter. The clear filtrate can then be analysed. Whilst this procedure will even-
tually remove the blood contamination, it is likely that some metabolite degradation 
will have occurred prior to filtration. Consequently, reports generated from samples 
processed this way should clearly make this point.
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6.2.4	 Follow-up	and	Supporting	Assays

Whenever a CSF profile is suggestive of a disruption of dopamine and/or serotonin 
metabolism, analysis of the pterin profile is extremely important in order to ascertain 
whether disruption of biogenic amine metabolism is directly related to alteration in 
BH4 availability.

Defects affecting dopamine and serotonin metabolism can not be diagnosed with 
any confidence by metabolite profiling of peripheral fluids such as urine. Whilst uri-
nary profiles of neurotransmitter metabolites can support a proposed diagnosis, it 
is clear that such metabolites can be within normal reference ranges in disorders 
such as tyrosine hydroxylase deficiency. With regard to tyrosine hydroxylase, the 
enzyme is expressed predominantly in the brain and adrenal medulla, which means 
that diagnostic enzymatic analysis is not an option. However, mutation analysis is 
now available in order to confirm or refute a finding from CSF analysis.

Analysis of dopamine-β-hydroxylase activity in plasma can not be used to make 
a definitive diagnosis, as approximately 4% of the population have very low plasma 
activities. Support for such a diagnosis can come from examining the noradrenaline:
dopamine ratio in plasma. This is markedly reduced in this condition. Deficiencies 
of the MAO isoforms have been confirmed from enzymatic analysis of fibroblasts 
(MAO-A) or platelets (MAO-B).

With regard to AADC, vanillactic acid (a metabolite of 3-MD) appears in the 
urine and can be detected by organic acid analysis. As predicted, an increase in uri-
nary vanillactic acid has also been reported in PNPO deficiency. The PLP concentra-
tion in CSF, which can be determined by HPLC, is also reported to be decreased in 
PNPO deficiency. Mutation analysis can also now confirm or refute a suggestion of 
PNPO deficiency.

As AADC is expressed in plasma, enzymatic analysis to elucidate further upon a 
suggestive CSF profile can be performed.

6.2.4.1	 AADC	Activity

Principle

This procedure is based on the formation of dopamine from l-dopa catalysed by 
AADC in plasma. The dopamine formed is detected by HPLC and electrochemical 
detection [4]:

L-Dopa 
AADC

  PLP  
→   dopamine

Specimen

Plasma separated from heparin- or EDTA-treated blood. The required minimal vol-
ume is 1 ml. Store immediately at –80°C.
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Pitfall

l-Dopa medication may interfere with the assay. Stop l-dopa at least 3 days before 
blood collection.

Chemicals

1. 1,4-Dithioerythritol (DTE).
2. l-Dopa.
3. Ascorbic acid.
4. Dopamine.
5. EDTA.
6. 6 M HCl.
7. Perchloric acid (PCA) 70% (HC1O4).
8. Phosphoric acid 85% (H3PO4).
9. PLP.
10. Sodium phosphate dibasic (Na2HPO4).
11. Sodium phosphate monobasic (NaH2PO4).

Working Solutions

1. 0.4 M Sodium phosphate buffer pH 7.0. When performing the assay mix 10 ml of 
buffer with 10 mg DTE.

2. l-Dopa 10 mmol/l: dissolve 19.7 mg l-dopa and 10 µl of 6 M HCl in 4 ml H2O; 
add Milli-Q H2O to 5 ml. Store at room temperature until used (within 8 h).

3. PLP 0.7 mmol/l: dissolve 1.7 mg of PLP in 10 ml Milli-Q H2O. Store at 5°C until 
used (within 8 h).

4. PCA 0.8 M: dilute 12.1 ml of 70% HClO4 with Milli-Q H2O to 250 ml.
5. Dopamine stock solution: dissolve 100 mg ascorbic acid and 9.5 mg dopamine in 

approximately 80 ml Milli-Q H2O in a 100-ml flask. Add Milli-Q H2O. Mix for 10 
min on ice. Store 0.5-ml aliquots at –20°C.

6. Dopamine standard 1 µmol/l: add 0.5 ml of 6 M HC1 to approximately 40 ml of 
Milli-Q H2O in a 50-ml flask. Add 100 µl of dopamine stock solution. Mix for 
10 min on ice. Add Milli-Q H2O to the mark. Prepare fresh every day. Store in a 
refrigerator at 4°C during the day of use (stable for at least 24 h).

Enzyme Assay

Set the water bath to 37°C, 30 min before incubating the samples. The setup for tubes 
and incubations is shown in Table 6.2.3.

Calculation

AADC activity is reported as dopamine formed as pmol/min/ml of plasma.
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Reference Values

In newborns and children, normal values lie in the range 36–129 pmol/min/ml. For 
adults the normal range is 24–43 pmol/min/ml.

Instrumentation for HPLC

Determination of dopamine is by HPLC and electrochemical detection and is very 
similar to that described previously for the CSF determination of biogenic amines.
1. Isocratic HPLC system with 5011 ESA electrode, downstream electrode 450 mV.
2. Column: C18, 5 µM, 25 cm × 4.6 mm. Injection volume 50 µl.
3. Mobile phase: 40 mM sodium dihydrogen phosphate, 5 mM OSS, 60 µM EDTA, 

2.8ml 85% phosphoric acid and 23% methanol (pH 2.9–3.1) at 1.2 ml/min.
4. Flow rate: 1.2 ml/min. The column is maintained at 37°C.

Standards and Calibration for HPLC

1. Dopamine stock solution (0.5 mmol/l): dissolve, in a 100-ml volumetric flask, 
100 mg ascorbic acid and 9.5 mg dopamine. Bring to a final volume of 100 ml 
with H2O and mix on ice for 10 min. Store 0.5-ml aliquots at –80°C.

2. Dopamine calibration standard (1000 nmol/l): add 0.5 ml of 6 M HCl to 40 ml 
H2O in a 5-ml volumetric flask. Add 100 µl of 0.5 mM dopamine stock solution 
and mix for 10 min on ice. Stable for 8 h on ice.

Table 6.2.3  Enzyme assay to assess AADC activity: set-up and incubations. CEN Centrifuge, 
INC incubation, PCA perchloric acid, PLP pyridoxal phosphate

Assay 
buffer 
(µl)

PLP 
(µl)

Sample 
(µl)

INC A a l-Dopa 
(µl)

INC B b PCA 
(µl)

CEN c Total 
volume 
(µl)

Blank minus substrate 350 50 100 500 1000

Blank minus sample 400 50 50 500 1000

Sample 300 50 100 50 500 1000

a 120 min at 37 C 
b 90 min at 37 C 
c Place on ice for 10 min followed by bench centrifuge (12,000–14,000g) for 5 min at 4°C. Transfer the clear supernatants 
to new, appropriately labelled tubes and store at –70°C until used for dopamine measurement. Dilution factor = 10.
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Fig.	6.2.3a–c	 AADC assay using HPLC and EC detection of dopamine. a Standard mixture; 
b serum control sample; c serum AADC deficiency. DA Dopamine, L-Dopa 3,4-dihydroxy-l-
phenylalanine
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6.3.1	 Introduction

This chapter will deal with analytical procedures for 5-methyltetrahydrofolic acid 
(5MTHF) in cerebrospinal fluid (CSF) and serum. Folic acid is a water-soluble vita-
min that functions as a one-carbon donor in various metabolic cycles. It is involved 
in the biosynthesis of thymidylates and purines, methionine synthesis via homocys-
teine remethylation, the methylation of phospholipids, the interconversion of serine 
and glycine, and the metabolism of histidine and formate. It is therefore essential for 
growth, reproduction, and maintenance of normal body function. The natural form 
is referred to as folate; it consists mainly of 5MTHF and 10-formyltetrahydrofolate 
in their polyglutamate derivatives [1]. 5MTHF is the active one-carbon donor. It is 
transported through the blood–brain barrier to serve for a number of reactions in 
the central nervous system

Serum folate deficiency is known to be associated with megaloblastic anemia, 
high blood levels of homocysteine, and neural tube defect in newborns as a result 
of folate shortage of the mother [2, 3]. Cerebral folate deficiency (CFD) is a recently 
recognized neurological disorder found in several children with psychomotor retar-
dation, spastic paraplegia, cerebellar ataxia, and dyskinesia. These patients have very 
low 5MTHF in their CSF, normal blood folates [4, 5], and some patients display a 
high titer of folate receptor-blocking autoantibodies [6].

CFD is further associated with the following inherited metabolic disor-
ders: 5,10-methylen-tetrahydrofolate reductase (MTHFR) deficiency [7], 3-phos-
phoglycerate dehydrogenase (PGDH) deficiency [8], dihydropteridine reductase 
(DHPR) deficiency [9], as well as with Rett syndrome [10], and Aicardi-Goutières 
Syndrome [11]. Furthermore, folate deficiency may be associated with congenital 
folate malabsorption, severe malnutrition, and formiminotransferase deficiency.

5MTHF was initially measured by microbiological and radioisotope dilution as-
say [12, 13], and later by high-pressure liquid chromatography (HPLC) using elec-
trochemical (EC), ultraviolet, or fluorescence detection [14-16]. Compared to other 
methods, EC detection is more sensitive.

6.3.2	 Properties	of	5MTHF

5MTHF (Fig. 6.3.1) is synthesized biologically from 5,10-methylene-tetrahydrofolic 
acid through the action of MTHFR. Commercially, it is available as a calcium salt. 
The 5MTHF calcium salt is soluble as 500 mg in 100 ml water. A 1 mM solution 
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in water has a pH of 5.9. Solutions are less stable than the solid form and should 
be made immediately before use. A 1 mM solution in water at room temperature 
for 2.5 h degrades by approximately 4%, and within 4 h 10% has degraded. The dry 
powder, open at room temperature for 3 months, is relatively stable, degrading by 
0.5% over this time. The powder is hygroscopic, absorbing 10% of its weight in water 
within 4 h (www.eprova.ch).

6.3.3	 Methods

5MTHF is separated from other folates by reverse-phase HPLC and quantified with 
EC detection [17]. Prior to HPLC, serum is extracted with Sep-Pak C18 cartridges, 
while CSF is injected without pretreatment [18]. The two HPLC systems described 
are very similar, and both can be used for CSF or serum.

6.3.3.1	 Preanalytical

Specimen

Both CSF and serum samples should be immediately stored at –80°C. CSF contami-
nated with blood should be immediately centrifuged (20–30% lower values).

Serum Concentration

Serum (400 µl) is thawed immediately before measurement and mixed with 600 µl 
ice-cold 28 µmol/l ascorbic acid solution to protect against oxidation. After activa-
tion of the Sep-Pak C18 cartridge (Waters Chromatography) with 2 ml methanol 
and 10 ml of 14 µmol/l ascorbic acid solution, the mixture is applied. The cartridge 
is washed with 3 ml of 14 µmol/l ascorbic acid solution, and 5MTHF is eluted with 
1.5 ml methanol in a light-protected tube. The eluates are evacuated under vac-
uum (Speed Vac, SVC 100, Savant) and dried samples are redissolved in 100 µl of 
14 µmol/l ascorbic acid solution.

Regents and Chemicals

Chemicals

1. Water, HPLC quality.
2. Sodium acetate (CH3COONa, MW 82.03; Merck no. 6268).
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3. Acetic acid, anhydrous (CH3COOH, MW 60.05; Sigma no. 338826).
4. Ascorbic acid (C6H8O6, MW 176.12; Fluka no. 95210).
5. EDTA [(HO2CCH2)2NCH2CH2N(CH2CO2H)2; MW 292.24].
6. Methanol, HPLC quality (Fluka no. 65541).
7. 5MTHF-Ca (C20H23N7O6, MW 459.50; Schircks Laboratories).
8. Freon (Fridore).

Stock Solutions

1. 0.05% (w/v) Ascorbic acid: dissolve 500 mg ascorbic acid in 500 ml water. Store at 
4°C.

2. 10% (w/v) EDTA: dissolve 10 g EDTA in 100 ml water. Store at room tempera-
ture.

3. 50 mM Sodium acetate (eluent): dissolve 4.1 g sodium acetate in 400 ml water 
and add 0.25 ml of 10% EDTA, 5 ml acetic acid, and 225 ml methanol. The pH is 
adjusted to 4.4–4.6 with 100% anhydrous acetic acid. Add water to the 1000-ml 
mark. Degas in a vacuum. Store at room temperature.

4. Ascorbic acid solutions, 28 µmol/l and 14 µmol/l: dissolve 5 mg of ascorbic acid in 
1 ml of water. Dissolve 1:1000 for 28 µmol/l ascorbic acid solution and 1:2000 for 
14 µmol/l ascorbic acid solution store on ice.

Standard Mixture

1. 200 µM 5MTHF: dissolve 10.0 mg 5MTHF-Ca in 100 ml of 0.05% ascorbic acid. 
Store 1 ml aliquots covered with Freon at –20°C. Stable for at least 1 year.

2. 100 nM 5MTHF (CSF): dilute 100 µl of 200 µM 5MTHF solution with 200 ml of 
50 mM sodium acetate. Store 1 ml aliquots covered with Freon at –20°C. Stable 
for at least 1 year.

3. 6.25–1600 nM 5MTHF (serum): use 200 µM 5MTHF standard to prepare calibra-
tion standards (6.25, 12.5, 25, 50, 400, 800, 1600 nmol) by diluting with 50 mM 
sodium acetate store on ice.

Instrumentation (HPLC)

CSF system

Modular isocratic HPLC with ED detection: HPLC pump 515 (Waters), Injector 
7725i (Rheodyne), Pulsation Reduced (Portman Instruments), Coulochem Detec-
tor Model 5100A (ESA), Analytical Cell 5011 (ESA), and PC with chromatography 
software (SCPA).
1. Analytical column: ODS1, 250 × 4.6 mm, 5 µm (Stagroma).
2. Eluent: 5 mM sodium acetate.
3. Flow: 1 ml/min.
4. Detector 1 settings: Potential (V) 0.20
  Polarity  –
  Gain  0 × 0 
  Response time 2 s 
  Autozero off
  Digital display –
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5. Detector 2 settings: Potential (V) 0.00
  Polarity  + 
  Gain 10 × 10
  Response time 2 s
  Autozero OUT
  Digital display CH 2 OUT

Serum System

HPLC system Gold 128 (Beckman-Coulter) with autosampler (Midas, Spark) and 
EC detection CLC-100 (Chromsystems, Munich, Germany) is used. Sample results 
are analyzed by 32 Karat Software (Beckman Coulter).
1. Analytical column: Spherisorb ODS-1, 5 µm, 250 mm × 4.6 mm (Stagroma).
2. Precolumn: Spherisorb C8, 5 µm, 40 mm × 4.6 mm (Stagroma).
3. Eluent: 50 mM sodium acetate.
4. Flow: 1 ml/min.
5. EC detector settings: oxidation mode, potential of  + 300 mV.

6.3.3.2	 Analytical

Run CSF system for 2–4 h before the first injection. Keep samples on ice. Inject 10 µl 
of CSF.

Calculation

External standard method.

Performance

• Linearity: 3–300 nmol/l (CSF) or 5–1600 nmol/l (serum).
• Detection limit: 3 nmol/l (CSF) or 4.5 nmol/l (serum).

6.3.3.3	 Postanalytical

Reference Values – CSF

Reference CSF values can be found in Table 6.3.1.

Reference Values – Serum

Reference serum values can be found in Table 6.3.2.
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Pathological Values

Figures 6.3.2 and 6.3.3 show chromatogram samples for CSF and serum. Low 5MTHF 
in CSF is associated with the following conditions:
1. CFD.
2. DHPR deficiency.
3. MTHFR deficiency.
4. PGDH deficiency.
5. Rett syndrome.
6. Aicardi-Goutières Syndrome.
7. Kearns-Sayre Syndrome.
8. High-dosage l-dopa/carbidopa therapy.

Table 6.3.1  Reference cerebrospinal f luid 5-methyltetrahydrofolic acid 
(5MTHF) values

Age (years) 5MTHF (nmol/l)

0–0.49 64–182

0.5–1.99 64–182

2–4 .99 63–111

5–10 .99 41–117

11–15.99 41–117

> 16 41–90



Table 6.3.2  Reference serum fluid values for 5MTHF

Age (years) 5MTHF (nmol/l)

0–0.49 38–90

0.5–1.99 36–96

2–4.99 22–71

5–10.99 14–77

11–15.99 12–63

> 16 10–39
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Fig.	6.3.2a–c   Chromatogram of 5MTHF using electrochemical detection. a Standard, 100 nM; 
b control cerebrospinal fluid (CSF); c CSF from a patient with cerebral folate deficiency (CFD)
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7.1.1	 Introduction

Inherited disorders of purine and pyrimidine metabolism have a wide variety of clin-
ical presentations, which include, among others, anemia, immunodeficiency, kidney 
stones, convulsions, mental retardation, autism, and growth retardation. In contrast 
to the well-known defects of purine metabolism, most of the seven defects of py-
rimidine metabolism have only recently been discovered. Genetic enzyme defects 
are not only biological curiosities, but they can have serious clinical consequences in 
more frequently occurring situations such as adverse reactions to medication. De-
fects in the degradation of pyrimidines have been associated with a variable clinical 
phenotype, whereas the same defects can lead to severe life-threatening toxicities 
when (partially) deficient individuals are treated with the pyrimidine analogue 5-
fluorouracil [7, 8].

Because of this broad clinical spectrum, rapid and specific screening methods 
are desired for the diagnosis of these disorders in patients at risk to enable appro-
priate treatment, genetic counseling, and prenatal diagnosis. For these reasons, we 
have developed a general screening method for purine and pyrimidines and two 
specific methods to analyze the metabolites of the pyrimidine degradation pathway 
and the pyrimidine de novo pathway, using high-performance liquid chromatogra-
phy (HPLC)-electrospray tandem mass spectrometry (MS/MS) of liquid urine or 
urine-soaked filter paper strips [2, 15, 16]. The availability of these methods provides 
powerful tools to (pre)screen patients at risk.

7.1.2	 Purines	and	Pyrimidines

Purine and pyrimidine nucleotides are essential for a vast number of biological 
processes such as the synthesis of RNA, DNA, phospholipids, glycogen, and the si-
alylation and glycosylation of proteins. Both purines and pyrimidines can be syn-
thesized de novo in mammalian cells through multistep processes. In addition to 
the de novo synthesis, purine nucleotides can also be synthesized via the salvage of 
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the purine bases adenosine, guanosine, and hypoxanthine. In contrast, the salvage 
pathway for pyrimidine nucleotides occurs at the level of the nucleosides uridine 
and cytidine. Patients with a deficiency of purine or pyrimidine metabolism usually 
present with altered levels of the nucleoside bases and/or (deoxy)ribonucleosides. 
The structures of the naturally occurring purine and pyrimidine nucleoside bases 
and (deoxy)ribonucleosides are shown in Figs. 7.1.1 and 7.1.2.

7.1.3.	 Methods

7.1.3.1	 Principle

The metabolites of interest in urine are separated using reverse-phase HPLC com-
bined with electrospray ionization (ESI)-MS/MS, and detection is performed using 
multiple-reaction monitoring. Stable-isotope-labeled reference compounds are used 
as internal standards.

7.1.3.2	 Preanalytical

Specimen

Urine samples or urine-soaked filter paper strips (12 × 40 mm; type 2992; Schleicher 
& Schuell). Fresh urine samples are stored at 4°C and analyzed within 1 week. Oth-
erwise, urine samples are stored at –20°C, until analysis. Prior to analysis, the liquid 
urine samples are centrifuged for 10 min at 10,000 × g.

Dip filter-paper strips completely into the urine and remove the excess urine by 
wiping it off along the wall of the test tube. Dry the strips at room temperature.

Chemicals

Thymine, hypoxanthine, xanthine, uridine, thymidine, adenine, inosine, adenos-
ine, and guanosine are purchased from Calbiochem. Orotic acid, pseudouridine, 
5-hydroxymethyluracil (5-OH-Me-ura), deoxyinosine, deoxyguanosine, deoxyuri-
dine, and ammonium formate are purchased from Sigma. Deoxyadenosine is pur-
chased from P-L Biochemicals. Uracil is purchased from Fluka. Dihydrothymine, 
dihydrouracil, and N-carbamyl-β-alanine are obtained from Sigma. 1,3-15N2-uracil; 
α,α,α,6-2H4-thymine; 1,3-15N2-orotic acid; ribose-1-13C-uridine; methyl-13C-thymi-
dine; 8-13C-adenine; ribose-1-13C-adenosine; 5,6,6-2H3-Me-2H3-dihydrothymine; 
13C4,15N2-dihydrouracil; 5,6,6-2H3-Me-2H3-dihydrothymine; 13C4,15N2-dihydrouracil, 
5-hydroxymethyl-13C2,2H2-uracil are purchased from Cambridge Isotope Laborato-
ries (Andover, Massachusetts, USA). Analytical/reagent-grade methanol and formic 
acid are purchased from Merck. Deionized water is passed through a MilliQ Labo 
system (Millipore).
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Reagents and Standards

1. Succinyladenosine is prepared essentially according to the method of Jaeken and 
Van den Berghe [4]. In short, 0.5 ml of a solution of 785.8 µM adenylosuccinate 
and 5 U of Crotalus adamanteus venom 5’-nucleotidase, both obtained from 
Sigma, are mixed in 40 mM Tris-HCl buffer, pH 8.0, containing 4 mM Mg2+ and 
incubated at 37°C for 2 h.

2. Reverse-phase HPLC is used to check hydrolysis efficiency and to calculate the 
amount of succinyladenosine formed during hydrolysis [6].
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Fig.	7.1.1	 Structure of the naturally occurring purine (deoxy)ribonucleosides and nucleoside 
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3. N-carbamyl-β-aminoisobutyric acid is prepared by the alkaline hydrolysis of di-
hydrothymine [10]. Dissolve dihydrothymine in 0.1 M NaOH and hydrolyze at 
37°C for 1 h. Neutralize the solution with HCl. The stable-isotope-labeled 2H6-
N-carbamyl-β-aminoisobutyric acid and 15N2,13C4-N-carbamyl-β-alanine are pre-
pared by alkaline hydrolysis of the corresponding stable-isotope-labeled dihydro-
pyrimidines.

4. Internal standard mixture IS(1) containing 500 µM of 1,3-15N2-uracil; α,α,α,6-2H4-
thymine; 1,3-15N2-orotic acid; ribose-1-13C-uridine; methyl-13C-thymidine; 8-13C-
adenine; and ribose-1-13C-adenosine is prepared in 100 mM NH4OH adjusted to 
pH 7.15 with 10 M formic acid.

Fig.	7.1.2	 Structure of the naturally occurring pyrimidine (deoxy)ribonucleosides and nucleo-
side bases
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5. Internal standard mixture IS(2) containing 150 µM 1,3-15N2-uracil, 200 µM 
α,α,α,6-2H4-thymine, 2 mM 13C4,15N2-dihydrouracil, 1 mM 5,6,6-2H3-Me-2H3-di-
hydrothymine, 1 mM 15N2,13C4-N-carbamyl-β-alanine, 1 mM 2H6-N-carbamyl-β-
aminoisobutyric acid, 1 mM 5-hydroxymethyl-13C2,2H2-uracil, and 15 µM methyl-
13C-thymidine.

Instrumentation

1. The HPLC system consist of an HP 1100 series binary gradient pump, a vacuum 
degasser, and a column temperature controller (all from Hewlett Packard), con-
nected to a Gilson 231 XL autosampler (Gilson).

2. A Phenomenex Aqua analytical column (250 × 4.6 mm; particle size, 5 µm; 
Phenomenex) and a guard column (SecurityGuard C18 ODS; 4 × 3.0 mm; Phe-
nomenex).

3. A Quattro II tandem mass spectrometer (Micromass).

Mass Spectrometry Settings and Chromatographic Conditions

The general purine and pyrimidine screening and the screening for pyrimidine bases 
and their degradation products are performed by separation of the compounds on a 
Phenomenex Aqua analytical column at ambient temperature. The mobile phases are 
as follows: 50 mM acetic acid, adjusted to pH 4.0 with 13 M NH4OH (eluant A) and 
50 mM acetic acid (pH 4):methanol (1:1 by volume; eluant B). The elution gradient 
is as follows (flow rate, 1 ml/min): 0–10 min, 100% A to 100% B; 10.0–10.1 min, 
100% B to 100% A; 10.1–16 min, equilibration with 100% A. All gradient steps are 
linear and the total analysis time, including equilibration, is 16 min. A splitter be-
tween the HPLC column and the mass spectrometer is used and 50 µl/min of eluant 
is introduced into the mass spectrometer. An electrically operated valve is used so 
that only the eluant from 3.5 to 12.5 min is introduced into the mass spectrometer 
(preventing early-eluting salts and late-eluting peaks from contaminating the mass 
spectrometer).

A Quattro II tandem mass spectrometer I (Micromass) is used in the positive ESI 
mode for the general purine and pyrimidine screening application. Only orotic acid, 
the first eluting component, is measured in the negative ESI mode. The positive ESI 
mode is also used for screening of metabolites of the pyrimidine degradation path-
way. Nitrogen is used as the nebulizing gas. The collision gas is argon and the cell 
pressure is 0.25 Pa. The source temperature is set at 80°C and the capillary voltage 
is maintained at 3.5 kV. The detector is used in the MS/MS mode using multiple-
reaction monitoring to detect a specific transition of precursor ion to fragment for 
each analyte. The transition, cone voltage, and collision energy established for each 
compound are listed in Tables 7.1.1 and 7.1.2.

Calibration

Calibration curves are obtained for each analyte by least-squares regression for the 
analyte:internal standard peak-area ratio versus the concentration of the analyte in 
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the calibration mixture. The calibration curves are linear for all compounds up to 
1 mM. Above this concentration, a deviation from linearity occurs for most com-
pounds.

Parameters such as sensitivity of the HPLC-MS/MS system are checked by ana-
lyzing a standard containing 2.5 µM of each analyte.

Quality Control

1. A pool urine and a pool urine spiked with all relevant metabolites are analyzed 
and the concentrations of the metabolites are compared to previous analyses of 
these two control samples.

Table 7.1.1  Mass spectrometry (MS) settings for purine and pyrimidine screening in the positive 
electrospray ionization (ESI) mode, orotic acid in the negative ESI mode

Compound Mass Parent ion
(m/z)

Daughter 
ion
(m/z)

Cone 
voltage
(V)

Collision 
energy
(eV)

Internal standard

Uracil 112 113 70 35 18 1,3-15N2-Uracil

Thymine 126 127 110 35 15 2H4-Thymine

Adenine 135 136 119 40 20 8-13C-Adenine

Hypoxanthine 136 137 110 40 20 Ribose-1-13C-uridine

Guanine 151 152 135 40 20 Ribose-1-13C-uridine

5-hydroxymethyluracil 142 143 82 27 15 1,3-15N2-Uracil

Xanthine 152 153 110 35 20 Ribose-1-13C-uridine

Orotic acid 156 155 111 20 10 1,3-15N2-Orotic acid

Thymidine 242 243 127 30 10 Me-13C-thymidine

Uridine 244 245 113 25 10 Ribose-1-13C-uridine

Pseudouridine 244 245 209 20 30 Ribose-1-13C-uridine

Deoxyadenosine 251 252 136 25 15 Ribose-1-13C-adenosine

Deoxyinosine 252 253 137 15 15 8-13C-Adenine

Deoxyguanosine 267 268 152 20 10 8-13C-Adenine

Inosine 268 269 137 20 20 8-13C-Adenine

Guanosine 283 284 152 20 20 8-13C-Adenine

Adenosine 267 268 136 30 15 Ribose-1-13C-adenosine

Succinyladenosine 383 384 252 50 25 8-13C-Adenine

Deoxyuridine 228 229 113 20 10 Ribose-1-13C-uridine
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2. The response of the internal standards is monitored during a series and should 
be constant. In case of strong deviations in the response of an internal standard, 
there might be quenching of the signal and the sample should be reanalyzed after 
dilution.

3. In case the concentration of a metabolite is higher than the highest concentration 
of the calibration curve, the sample will be analyzed again after dilution.

4. In case the thymidine concentration is higher than 5 µM, a significant contribu-
tion of the natural isotope to the signal of the internal standard of thymidine 
occurs. In that case, the sample will be analyzed again either after dilution of the 
sample or after increasing the concentration of methyl-13C-thymidine to 1 mM.

5. Parameters such as sensitivity of the HPLC-MS/MS system are checked by analyz-
ing a standard containing 2.5 µM of each analyte.

7.1.3.3	 Analytical

Procedure

Liquid Urine

1. Centrifuge 200 µl of urine at 10,000 × g for 10 min.
2. Transfer 100 µl of the clear urine, calibration standard or control into an autosam-

pler vial (Gilson).
3. Add 10 µl of IS(1) or IS(2) and mix thoroughly.
4. Prior to analysis by HPLC-MS/MS, briefly centrifuge the sample at 10,000 × g for 

2 min.

Table 7.1.2  MS settings for pyrimidine degradation screening in the positive ESI mode

Compound Mass Parent 
ion
(m/z)

Daughter 
ion
(m/z)

Cone 
voltage
(V)

Collision 
energy
(eV)

Internal standard

5-hydroxymethyluracil 142 143 82 27 15 5-Hydroxymethyl-13C2,2 

H2-uracil

Thymidine 242 243 127 30 10 Me-13C-thymidine

Uracil 112 113 70 35 18 15N2-Uracil

Thymine 126 127 110 35 15 2H4-Thymine

Dihydrothymine 128 129 69 35 18 2H6-Dihydrothymine

Dihydrouracil 114 132 115 5 20 13C4,15N2-dihydrouracil

N-Carbamyl-β-alanine 132 133 90 30 8 15N2,13C4-N-carbamyl-β-alanine

N-Carbamyl-β-ami-
noisobutyric acid

146 147 129 20 8 2H6-N-carbamyl-β-aminoisobu-
tyric acid
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Urine-Soaked Filter Paper

1. Add 20 µl of IS(1) or IS(2) to the urine-soaked filter paper strip (see above).
2. After drying, transfer the filter paper strip to a 2-ml Eppendorf tube.
3. Add 1.5 ml of 75% (v/v) methanol and sonicate for 10 min.
4. Transfer the extract to a glass tube.
5. Evaporate the extract at 40°C under a constant stream of nitrogen.
6. Dissolve the dried extract in 200 µl of 50 mM acetic acid (pH 4.0) and sonicate 

for 5 min.
7. Centrifuge the sample at 1600 × g for 5 min.
8. Transfer the supernatant to an autosampler vial.
9. Save 100 µl of the supernatant for determination of the creatinine concentra-

tion.
10. Prior to analysis by HPLC-MS/MS, briefly centrifuge the sample at 10,000g for 

2 min.
11. Inject 20 µl into the HPLC-MS/MS system.

Calculation

The concentration of each analyte was determined by use of the slope and intercept 
of the calibration curve that is obtained by least-squares regression for the analyte:
internal standard peak-area ratio versus the concentration of the analyte in the cali-
bration mixture.

The calibration curves are linear for all compounds up to 1 mM. Above this con-
centration, deviations from linearity occur for most compounds. Thus, in case the 
concentration of a sample proves to be above the linear part of the calibration curve, 
the sample will be diluted and measured again. In case the sample amount is limited, 
the concentrations are calculated by interpolation on a quadric curve for concentra-
tions up to 5 mM.

7.1.3.4	 Postanalytical

Interpretation

Concentrations of metabolites outside the reference ranges may constitute a typical 
pattern indicating the presence of an inborn error of purine or pyrimidine metabo-
lism. However, altered excretions of purine and pyrimidines may also be a secondary 
phenomenon due to the presence of other metabolic disorders, such as a deficiency 
of the urea cycle [15]. Increased concentration of a single metabolite or combina-
tions of metabolites may also result from bacterial contamination, sample condi-
tions, medication, or dietary compounds [6].

7.1 Analysis of Purine and Pyrimidine Metabolism Using HPLC-ESI-MS/MS732



7.1.4	 Chromatograms

Fig.	7.1.3	 High-performance liquid chromatography/electron spin ionization-tandem mass 
spectrometry profiles of urines from patients with a dihydropyrimidine dehydrogenase (upper 
panel), dihydropyrimidinase (middle panel) and a β-ureidopropionase deficiency (lower pan-
el). The inserts show the profiles of a control urine, note the differences in scale. N-C-β-ala-
nine N-Carbamyl-β-alanine, N-C-β-AIB N-carbamyl-β-aminoisobutyric acid

7337.1.4 Chromatograms



7.1.5	 Reference	Values

Reference values for purine and pyrimidine nucleosides and bases in urine from 
controls (≤ 3 years) are shown in Table 7.1.3.

Table 7.1.3  Concentration of purine and pyrimidine metabolites in urine 
from controls (n = 104)

Compound Mean ± SD
(µmol/mmol 
creatinine)

Range
(mean ± 2SD)

Uracil 11.8 ± 9.1 0–30

Thymine 0.5 ± 0.6 0–1.7

Adenine 0.6 ± 1.0 0–2.6

Hypoxanthine 14.0 ± 6.6 0.8–27

Guanine 0.8 ± 1.0 0–2.8

5-Hydroxymethyluracil 0.1 ± 0.4 0–0.9

Xanthine 18.5 ± 6.3 5.9–31

Orotic acid 1.1 ± 0.8 0–2.7

Thymidine 0.0 ± 0.1 0–0.2

Uridine 1.0 ± 0.8 0–2.6

Pseudouridine 88.5 ± 30.8 27–130

Deoxyadenosine 0.0 ± 0.1 0–0.2

Deoxyinosine 0.0 ± 0.1 0–0.2

Deoxyguanosine 0.0 ± 0.05 0–0.1

Inosine 1.3 ± 0.9 0–3.1

Guanosine 0.5 ± 0.5 0–1.5

Adenosine 1.1 ± 0.8 0–2.7

Succinyladenosine 4.0 ± 1.7 0.6–7.4

Dihydrothymine 3.1 ± 2.1 0–7.3

Dihydrouracil 6.3 ± 5.3 0–17

N-Carbamyl-β-alanine 11.0 ± 9.2 0–29

N-Carbamyl-β-aminoisobutyric acid 1.8 ± 2.3 0–6.4
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7.1.7	 Pitfalls

Bacterial contamination of the urine may result in strongly increased levels of uracil 
due to the bacterial degradation of pseudouridine. Thymine-uraciluria, which is in-
dicative of a dihydropyrimidine dehydrogenase or dihydropyrimidinase deficiency, 
may also result from increased tissue degradation. However, the latter situation is 
also characterized by hyper-β-aminoisobutyric aciduria and hyper-β-alaninuria [6]. 
Under alkaline conditions, due to the presence of bacterial contamination, the de-
oxynucleosides may be hydrolyzed toward their corresponding nucleoside bases.

7.1.8	 Follow-Up	Enzyme	Assays

The activity of dihydropyrimidine dehydrogenase can be measured in peripheral 
blood mononuclear cells, fibroblasts, and liver using radiolabeled thymine followed 
by separation of radiolabeled thymine and the radiolabeled reaction products with 
reverse-phase HPLC combined with online detection of the radioactivity [12].

The activity of dihydropyrimidinase or β-ureidopropionase can only be measured 
in liver or kidney. The activity of dihydropyrimidinase is determined using a ra-
diochemical assay with subsequent separation of radiolabeled dihydrouracil from 
radiolabeled N-carbamyl-β-alanine with reverse-phase HPLC combined with detec-
tion of 14CO2 by liquid scintillation counting [11]. The activity of β-ureidopropionase 
can be determined using radiolabeled N-carbamyl-β-alanine followed by separation 
of radiolabeled N-carbamyl-β-alanine from radiolabeled β-alanine by reverse-phase 
HPLC [10, 14].

The activity thymidine phosphorylase can be detected in leukocytes using a non-
radiochemical assay in which thymine is detected at 265 nm after separation with 
reverse-phase HPLC [9].

The activity of hypoxanthine-guanine phosphoribosyltransferase, adenine phos-
phoribosyltransferase, adenosine deaminase, and purine nucleoside phosphorylase 
can be determined in dried blood spots using an HPLC-linked assay [3].
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7.2.1	 Introduction

Creatine (Cr) plays an important role in energy transmission and storage in cells and 
tissues with high energy demands. Tissues like the brain, retina, spermatozoa and 
cardiac and skeletal muscle contain the enzyme Cr kinase, which catalyses the in-
terconversion of Cr and its phosphorylated analogue, phosphocreatine. The dephos-
phorylation of phosphocreatine yields energy, as ADP is simultaneously converted 
into ATP.

The Cr pool in the body is maintained by two mechanisms: uptake of Cr from the 
diet and endogenous Cr synthesis [1]. Biosynthesis of Cr requires the action of two 
enzymes: l-arginine:glycine amidinotransferase (AGAT; EC 2.1.4.1) and guanidino-
acetate methyltransferase (GAMT, EC 2.1.1.2). AGAT catalyses the transfer of the 
amidino group of arginine to glycine, yielding ornithine and guanidinoacetate (GA). 
GA is, by action of GAMT, methylated at its amidino group using S-adenosylmethio-
nine as methyl donor, yielding Cr [2].

Many tissues contain a Na+/Cl–-dependent Cr transporter (SLC6A8), which is 
responsible for active Cr transport over the plasma membrane. Tissues with no or 
limited Cr biosynthesis can be provided with Cr by action of this transporter.

In humans, two inborn errors in Cr biosynthesis and one in Cr transport are 
known: deficiencies of AGAT, GAMT and of the Cr transporter. AGAT deficiency, 
first described in 2001, has been reported in three related children [3,4] and a fourth 
unrelated child [5]. The affected patients show mental and motor retardation, severe 
delay in speech development and, only in one patient, a period of febrile seizures. GA 
is decreased in body fluids of AGAT-deficient patients.

GAMT deficiency has been known for more than 10 years now and several af-
fected patients have been reported [6]. The severity of clinical symptoms varies 
widely. Affected patients show developmental delay with absence of active speech 
and, in older patients, autism with self injury. More severely affected patients present 
with severe extrapyramidal symptoms and intractable epilepsy. Biochemical diagno-
sis can be made by analysis of GA in the plasma or urine.

A genetic defect in the Cr transporter has been found in more than 50 patients 
in a period of only 5 years [7,8]. In a study of the prevalence of this defect, 6 affected 
patients were found in a group of 288 mentally retarded men (2.1%) [8]. The gene 
encoding the Cr transporter is located on the X-chromosome. Affected male pa-
tients show mild to severe mental retardation and epilepsy, with absence of speech. 
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Affected (heterozygote) females have a milder presentation, which probably depends 
on the lionisation pattern. Some carriers are without symptoms, whereas others have 
learning disabilities to various extents [9]. Biochemical diagnosis of affected male 
patients is possible by analysis of Cr excretion in urine.

After finding an abnormal metabolite pattern, the diagnosis of GAMT or AGAT 
deficiency can be confirmed by enzymatic assays in various cell types, and SLC6A8 
deficiency can be confirmed by a functional Cr-uptake assay in fibroblasts. The ge-
netic defects can be proven by mutation analysis of the gene involved.

Prenatal diagnosis of all three defects is possible by mutation analysis. Whether 
abnormalities in amniotic fluid concentrations of Cr and/or GA will be present in 
case of an affected foetus is unknown. The possibility of an enzyme assay in chronic 
villi or amniocytes has yet not been investigated.

The biochemical, enzymatic and molecular aspects of defects in Cr biosynthesis 
and transport have been extensively reviewed by Verhoeven et al. [10].

7.2.2	 Properties	of	Analytes

The chemical structures of creatinine, Cr and GA are depicted in Fig. 7.2.1. Creati-
nine is the cyclic form of Cr, in which H2O is repelled. Because of their molecular 
characteristics, creatinine, Cr and GA are hydrophilic and therefore highly soluble 
in water.

7.2.3	 Methods

7.2.3.1	 Determination	of	Creatinine

Determination of creatinine in urine, plasma or CSF would in theory be a simple 
and fast screening test for defects in Cr biosynthesis. The Jaffé method is still com-
monly used for routine creatinine determination. Enzymatic methods using a cre-
atininase or creatinine deaminase are more specific, but higher costs have slowed 
their introduction. Creatinine concentrations in plasma samples from two patients 
with GAMT deficiency appeared significantly higher when measured by the Jaffé 
method than when measured enzymatically or by HPLC [10]. Creatinine concentra-
tions in urine can not be used for the diagnosis of Cr biosynthesis defects, as normal 
concentrations can be found in affected patients [11]. Creatinine excretion per 24 h 
has been reported to be low and might therefore provide a diagnostic tool for the 

Fig.	7.2.1	  Chemical structures of creatinine (left), creatine (Cr; middle), and guanidinoacetate 
(GA; right)
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diagnosis of GAMT deficiency. Low urinary creatinine concentration and low 24-h 
urine creatinine excretion are observed in patients with vanishing muscle mass (and 
thus a low body Cr pool), representing an unspecific finding in several myopathies 
and muscular dystrophies [5]. Stöckler has reported low plasma and CSF creatinine 
in a patient affected with GAMT deficiency [12].

7.2.3.2	 Stable-Isotope	Dilution	Gas	Chromatography-Mass	Spectrometry	
Method	for	the	Determination	of	GA	and	Cr	in	Body	Fluids

Principle

GA and Cr are determined in a single procedure based upon a selective derivatisa-
tion of the guanidino group of both GA and Cr, according to Struys et al. [13] and 
Almeida et al. [14]. This derivatisation is carried out in an aqueous/toluene mixture, 
in which the formed derivatives are “extracted” into the toluene phase. The toluene 
phase is subsequently blown to dryness, and the carboxylic groups of GA and Cr are 
derivatised with pentafluorobenzylbromide (PFBBr). The final double-derivatised 
molecules of GA and Cr are measured by gas chromatography (GC)-mass spectrom-
etry (GC-MS) operating in the negative chemical ionisation selective-ion monitor-
ing mode (Fig. 7.2.2).

Pre-Analytical

No special pre-analytical procedure needs to be carried out for the determination of 
GA and Cr in urine (random urine-samples are suitable), plasma, and cerebrospinal 
fluid (CSF).

Reagents and Chemicals

1. Toluene, p.a.
2. Hexafluoroacetylaceton.
3. Triethylamine.
4. Hexane, p.a.
5. 7% PFBBr in acetonitrile (by volume).
6. 0.5 M HCl.
7. Saturated aqueous NaHCO3 solution.
8. [13C2]GA [internal standard, (IS); ten Brink, VU University medical centre, The 

Netherlands].
9. [2H3]Cr (IS; CDN Isotopes, Quebec, Canada).

Instrumentation

The measurement of GA and Cr is performed on a bench-top GC-MS system (e.g. 
Automass-2, Thermo-Finnigan; or MSD 5973 Inert, Agilent) operating in the nega-
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tive chemical ionisation selective-ion monitoring mode, and the acquired data are 
obtained by the accompanying GC-MS software.

Procedure

The amounts of GA and Cr, expressed in nanomoles, and their corresponding inter-
nal standards ([13C2]GA and [2H3]Cr) in the calibration curves depend on the type of 
matrix (Tables 7.2.1 and 7.2.2).

Take 100 µl of plasma/CSF sample, or 50 µl of urine sample in preparation. If 
smaller amounts of plasma/CSF are available, add water making a total volume of 
100 µl, for urine add 50 µl of water. Add 50 µl of saturated NaHCO3 solution, 500 µl 
of toluene and 50 µl of hexafluoroacetylaceton. Derivatise for 2 h at 80°C under con-
tinuous stirring. After derivatisation, allow the vials to cool and pipette 100 µl of the 
toluene layer (urine/plasma) or 300 µl of the toluene layer (CSF) into a clean tube 
and blow to dryness at 40°C using nitrogen. To derivatise the carboxylic groups of 

Fig.	7.2.2	 Derivatisation scheme for GA and Cr. R = CH3 creatine, R = H guanidino acetate, RT 
room temperature
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GA and Cr, add 100 µl of PFBBr solution (7% v/v in acetonitrile) and 10 µl of tri-
ethylamine, after which the reaction takes place at room temperature (RT) in 15 min. 
After the addition of 200 µl 0.5 M HCl, the derivatives formed are extracted with 
1 ml hexane. The hexane layer is pipetted into a GC vial, blown to dryness at RT with 
nitrogen, and the dry residue is re-dissolved in 100 µl of hexane.

GC-MS Measurement

Derivatised GA and Cr are measured by GC-MS by the injection of 1 µl into the GC-
MS system operating in the negative chemical ionisation mode. The injection tem-
perature is 250°C, the transfer line temperature is 260°C and the oven temperature 
is programmed starting at 100°C for 1 min followed by a linear ramp of 5°C/min to 
260°C. A mixture of 95% methane, 5% ammonia is used as reagent gas. A polar GC 
column (e.g. SGE, BPX-70) is used to allow proper chromatography, which is neces-

Table 7.2.1  Calibration curves for guanidinoacetate (GA). 
CSF Cerebrospinal f luid, IS internal standards

Calibration level Plasma 
(nmol GA)

CSF 
(nmol GA)

Urine 
(nmol GA)

1 0 0 0

2 0.05 0.01 5

3 0.10 0.025 10

4 0.25 0.50 25

5 0.50 0.10 50

nmol IS 0.25 0.025 12.5



Table 7.2.2  Calibration curves for creatine (Cr)

Calibration level Plasma/CSF 
(nmol Cr)

Urine 
(nmol Cr)

1 0 0

2 0.5 5

3 1.0 10

4 2.5 25

5 5.0 50

6 10 100

7 – 200

nmol IS 2.5 25



7437.2.3 Methods



sary in the cases of plasma and CSF samples. The measured traces for GA are m/z 
–288 and m/z –290 (IS) and for Cr m/z –302 and m/z –305 (IS).

Calculation

The concentration of the analyte is calculated by interpolation of the observed ana-
lyte:IS peak area ratio into the linear regression line for the calibration curve, which 
is obtained by plotting the peak-area ratios against analyte concentration.

Interpretation

AGAT deficiency can be diagnosed by the decreased concentrations of GA in plasma 
and urine.

In patients affected with GAMT deficiency, GA is elevated in urine, plasma and 
CSF. In addition, Cr is decreased or in the low–normal range in urine, plasma and 
CSF. Creatinine in urine (expressed as excretion per 24 h) and plasma is decreased. 
This low urinary creatinine results in increased concentration of other metabolites 
(e.g. amino acids, organic acids, uric acid) when expressed per mol creatinine. Dur-
ing treatment by Cr supplementation, GA in plasma decreases, but does not nor-
malise. Cr in plasma and urine becomes increased.

Male patients affected with X-linked Cr transporter defect have elevated urinary 
Cr concentrations only if this is expressed per mol creatinine (also mentioned Cr:
creatinine ratio). In plasma, Cr concentrations are within the normal limits. Also, 
GA is within the reference range in both plasma and urine. Female carriers of the de-
fect may have elevated urinary Cr excretion (expressed per mol creatinine). However 
this is not a consistent finding in all carriers.

Chromatograms

Example chromatograms are shown in Fig. 7.2.3.

Reference Values

Reference values for both GA and Cr are age-dependent [14], and are listed in 
Tables 7.2.3 and 7.2.4.

Typical Pathological Values

Examples of typical pathological values are given in Table 7.2.5. Typical pathological 
values for the three other children affected with AGAT deficiency have been de-
scribed in non-standard units, with the exception for GA in plasma [15]. For these 
patients GA levels in plasma samples range from 0.01 to 0.04 µmol/l (controls 0.35–  
1.8). In the case of urine samples, GA is more then ten times decreased compared to 
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controls (values presented as µmol/l). Cr levels are expressed as the sum of Cr and 
creatinine and found to range from moderately lowered to low–normal.

Pitfalls

The stable-isotope dilution GC-MS measurement of GA and Cr in plasma, CSF and 
urine is sensitive, robust and reliable. The measurement of especially GA in CSF 
needs attention with regard to the chromatography. The analyses should be carried  
out on a GC column coated with a polar stationary phase to achieve proper separa-
tion of GA and interfering compounds.

7.2.3.3	 Follow-Up	Enzyme	Assay

The diagnosis of GAMT deficiency and AGAT deficiency and Cr transporter defi-
ciency can be confirmed by specific enzyme assays.

Fig.	7.2.3	 Mass fragmentogram of a pooled urine sample. The two upper traces display the signal 
for Cr and its labelled internal standard (IS) at a retention time of 4.62 min. The lower two traces 
display the signal for GA (guac) and its internal standard at a retention time of 5.52 min
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GAMT Deficiency

GAMT activity is measured in homogenates of cultured lymphoblasts or fibroblasts 
[16]. The assay is performed using [13C2]-GA and [2H3]-S-adenosylmethionine as 
substrates followed by the measurement of [13C2-2H3]Cr by the regular GC-MS pro-
cedure, which represents GAMT activity (Table 7.2.6).

Table 7.2.3  Reference values for GA

GA N Age (years) Range

Urine (mmol/mol 
creatinine)

104
40

0–15
> 15

2–220
3–78

Plasma (µmol/l) 33
21

0–15
> 15

0.35–1.8
1.0–3.5

CSF (µmol/l) 10 not established 0.036–0.22

Table 7.2.4  Reference values for Cr

Cr N Age (years) Range

Urine (mmol/mol 
creatinine)

44
36
47

0–4
4–12
> 12

6–1208
17–721
11–244

Plasma (µmol/l) 33
32

0–10
> 10

17–109
6–50

CSF (µmol/l) 34
7

0–10
> 10

24–53
38–66





Table 7.2.5  Pathological values for Cr and GA. AGAT l-Arginine:glycine amidinotransferase, 
GAMT guanidinoacetate methyltransferase

Pathology GA Cr

Urine
mmol/mol 
creatinine

Plasma
µmol/l

Urine
mmol/mol 
creatinine

Plasma
µmol/l

GAMT deficiency (n = 8) [10,14] > 500 > 10 normal < 7

Cr transporter deficiency (n = 8) [10,14] normal normal > 1400a normal

AGAT deficiency (n  =  1) [5] < 0.3 < 0.05 not performed 2. 3

a Values obtained for older individuals should always be related to the proper age-matched normal values.
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AGAT Deficiency

AGAT activity can be determined in homogenates of lymphocytes or lymphoblasts. 
In this procedure [15N2]-L-arginine and [13C2-15N]glycine are used as substrates [17]. 
The product of this enzyme reaction is [13C2-15N3]-GA, which is measured by the 
regular GC-MS procedure and represents AGAT activity (Table 7.2.7).

Cr Transporter Deficiency

The function of the Cr transporter is assayed using intact fibroblasts, which are cul-
tured for 24 h in a medium that is enriched with either 25 µM or 500 µM Cr [18]. The 
intracellular concentration of Cr in the fibroblasts is determined using the GC-MS 
procedure described in detail in this chapter (Table 7.2.8).

7.2.4	 Alternative	Analytical	Methods

Several methods are available for laboratories to determine GA and Cr in body 
fluids. A sensitive HPLC method for the measurement of GA and Cr plus creati-
nine in biological fluids has been published by Carducci et al. [19]. The method uses 
pre-column derivatisation with benzoin, separation on a reverse-phase column, and 

Table 7.2.6  GAMT activity in controls, heterozygotes, and GAMT-deficient 
patients

GAMT activity 
pmol/h/mg protein

Lymphoblasts Fibroblasts

Patients < 5 (n = 2) < 5 (n = 5)

Heterozygotes (n = 2) 69, 130 –

Controls 63–450 (n = 10) 60–243 (n = 7)



Table 7.2.7  AGAT activity in controls and AGAT-deficient patients

AGAT activity 
pmol/h/mg protein

Lymphoblasts Fibroblasts

Patients (n = 1) 0 Not performed

Controls 21–110 (n = 15) 1.3–8.5 (n = 16)
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fluorescence detection. It has been proven to be useful for the diagnosis of GAMT 
and AGAT deficiencies; however, as Cr and creatinine are determined together, this 
method cannot be used for the diagnosis of the Cr transporter deficiency. Recently, 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) methods have been 
described for the combined determination of GA and Cr in bloodspots, urine and 
plasma [20–22]. In these methods, GA and Cr are converted to their butyl-esters, 
enhancing sensitivity and selectivity. The decrease in sample handling and analysis 
time is a major advantage of these LC-MS/MS methods. With respect to analytical 
sensitivity, the GC-MS method [13], as described in this chapter in detail, allows 
detection of lowered GA in urine and plasma (important for the diagnosis of AGAT 
deficiency) and is the only method available thus far that is able to measure GA in 
CSF.
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7.3.1	 Introduction

Porphyrias are inborn errors of heme biosynthesis [1, 2]. There are seven steps in this 
metabolic pathway (Fig. 7.3.1), each of which may be affected, leading to a specific 
disease entity (Table 7.3.1). Heme is synthesized in each cell, as heme is the active 
group of several respiratory chain enzymes. The highest heme synthesis rate, how-
ever, is found in erythrocyte precursors in the bone marrow, and the second highest 
is found in the hepatocytes. Whereas the liver enzymes are the same housekeeping 
forms as those in other tissues, heme synthesis in erythrocyte precursor cells is dif-
ferentially regulated. The initial enzyme erythrocytic δ-aminolevulinic acid (ALA) 
synthase (ALAS) is encoded by a gene different from the housekeeping one, and 
several other enzymes are regulated by alternate, erythrocyte-specific promoters 
[3–5]. The porphyrias are divided into two groups according to their clinical presen-
tation: the acute porphyrias and the nonacute porphyrias [6]. Acute porphyrias are 
acute-intermittent porphyria (AIP), porphyria variegata (PV), hereditary copropor-
phyria (HC), and the rare ΑLΑ dehydratase (ALAD) deficiency. Acute porphyrias 
are characterized by episodes of severe abdominal pain, nausea, vomiting, constipa-
tion, psychic disturbances, tachycardia, hypertension, and hyponatremia, eventually 
progressing to muscular weakness, paresis (including respiratory muscles), epileptic 
seizures, coma, and death. These acute porphyrias are characterized by increases in 
urinary levels of ALA and porphobilinogen (PBG) of between 5- and 20-fold during 
the acute crises and for up to at least 7 days thereafter. Prepubertal children are rarely 
affected. Skin symptoms (blisters) may or may not be present. Nonacute porphyr-
ias are characterized by skin symptoms that are limited to light-exposed areas. Two 
types of photodermatosis can be distinguished: (1) blisters of 1–2 cm in diameter, 
filled with clear liquid, fragility of skin and miliae, or (2) acute, severely burning 
pain, in severe cases combined with pale swelling, fissures, and thickening of the 
dermis. The latter is observed mainly at the base knuckles of the hands. Discrete 
scars may be visible in the face. In all these forms, porphyrins are elevated in specific 
body fluids, but increases are eventually less dramatic than in acute porphyria epi-
sodes. The prevalent porphyrin pattern in conjunction with the clinical picture will 
enable diagnosis of a specific porphyria and to differentiate it from nonspecifically 
elevated porphyrins induced by a variety of factors such as alcohol intake and stress 
(see Table 7.3.1) [2].
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In most porphyrias, excess metabolites can be detected in urine. Less polar por-
phyrins (i.e., coproporphyrins and protoporphyrin) are detectable in feces as they 
are excreted by the bile. The apolar protoporphyrin is eventually only detectable in 
blood. Porphyrins can easily be detected and measured by their intense fluorescence 
in mineral acids. The excitation wavelength is around 404 nm, and emission at about 
615 nm. ALA is derivatized to a pyrrole and both, ALA and PBG, are detected by 
dimethylaminobenzaldehyde (DMAB), as described by Mauzerall and Granick [7].

7.3.1.1	 Diagnostic	Strategies

The types of test to be performed depend on the clinical situation. If the patient has 
an acute, severe disease and an acute porphyria is suspected, PBG should be as-
sessed either qualitatively by a reliable screening test or quantitatively in a spot urine. 
Quantitative ALA can be added to uncover lead intoxication, which may be clinically 
undistinguishable from an acute porphyria. Furthermore, the extremely rare ALAD 
deficiency may show normal PBG. If increased values of PBG are present, urinary 
porphyrins can be determined to confirm the existence of porphyria.

If the patient is actually asymptomatic, but has a family history of acute por-
phyria or prior symptoms suspicious of acute porphyria, hydroxymethylbilane syn-
thase (HMBS) activity, plasma scanning, and fecal porphyrins should be measured. 
These tests will reveal AIP, PV, and HC. As a small percentage of AIP families exhibit 
normal HMBS activity, PBG in a urine sample can be added. PBG determination can 
also performed as a first choice, if an acute porphyria is suspected. But if normal, it 
does not exclude acute porphyrias in asymptomatic phases. Furthermore, the exis-
tence of an acute porphyria is only proved if the value exceeds at least five times the 
upper limit of normal.

If a patient presents with blisters due to photosensitivity, a plasma scan and fecal 
porphyrins will not only reveal the presence of a porphyria, but will also enable the 
distinction between the three forms that may cause such symptoms: porphyria cuta-
nea tarda (PCT), PV, and HC. Urinary porphyrins and eventually quantitative ALA 
und PBG in urine may be added in questionable cases or for monitoring of therapy.

If the patient presents with acute burning pain, the examination of choice is 
erythrocytic protoporphyrins. If the free protoporphyrin is significantly elevated 
(more than 6 µmol/l), the diagnosis of erythropoietic protoporphyria is established. 
Plasma porphyrins are used in patients on chronic hemodialysis who suffer from 
skin blisters to differentiate between PCT and pseudoporphyria; the latter does not 
show increased plasma porphyrins.

7.3.2	 ALA	and	PBG

ALA and PBG are the precursors of porphyrin synthesis (Fig. 7.3.1). ALA is synthe-
sized from glycine and succinyl-coenzyme A by ALAS. Two molecules of ALA are 
converted to PBG by the enzyme ALAD.
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7.3.2.1	 PBG	Screening

Method

Principle

Screening tests for PBG are based on its reaction with DMAB (modified “Ehrlich’s 
reaction”). We recommend the trace PBG test kit available from Thermo Electron 
(UK), which isolates PBG from urine by ion-exchange resin before the reaction 
with DMAB. Older screening methods, such as those of Schwartz or Hoesch, give 
false-positive results due to the reaction of DMAB with urea, which is abundant in 
urine.

Preanalytical
Specimen

The PBG screening test should only be used in emergency situations because of its 
limited analytical sensitivity.

Reagents and Chemicals
Trace PBG test kit (Thermo Electron).

Instrumentation
None

Calibration
None

Quality Control
We recommend using a positive patient urine sample stabilized with 1% sodium 
azide and kept in aliquots at –20°C.

Analytical

The procedure is performed according to the supplier’s description. For details see 
below under “ALA and PBG Quantitative” (section 7.3.2.2).

Calculation
None













9 Fig.	7.3.1	 The heme synthesis pathway starts in the mitochondrion. The next four steps proceed 
in the cytosol. Coproporphyrinogen oxidase is in the intermembrane space of the mitochondri-
on, and the last two enzymes reside at the mitochondral matrix side of the inner membrane. The 
product heme represses the first and rate-limiting enzyme δ-aminolevulinic acid (5-ALA) syn-
thase at transcription, during the translation step, and by its transport into the mitochondrion
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Postanalytical
Interpretation

Typical pathological values show a strong pink color. Other colors should not be in-
terpreted. Positive tests should be confirmed by quantitative measurements of ALA 
and PBG.

Pitfalls

None known.

7.3.2.2	 ALA	and	PBG	Quantitative

Method

Principle

The quantitative assay for PBG and ALA (Bio Rad, Hercules, CA, USA) that is based 
on the classical method by Mauzerall and Granick may be used for determination of 
the porphyrin precursors. PBG is absorbed by the anion-exchange column and ALA 
by the cation-exchange column; interferences are washed out. After elution from 
the column, ALA is derivatized by acetyl acetone to form a pyrrole. Both ALA and 
PBG are determined colorimetrically with the modified Ehrlich’s reagent. Instead of 
this broadly used standard method ALA, but not PBG may be detected and quanti-
fied using amino acid chromatography. However, our experience has shown that this 
method is only valid for detecting massively increased concentrations of ALA.

Preanalytical
Specimen

Porphyrins and porphyrin precursors are assayed most often in a 24-h urine col-
lected without additive. Alternatively, untimed urine samples may be used and ex-
cretion standardized to creatinine. The latter is especially recommended for chil-
dren and in emergency situations. Alternative specimens for porphyrins are plasma, 
erythrocytes, and feces, depending on the medical indication. During collection and 
until arrival at the laboratory, specimens should be kept cold, preferably at about 
4°C, and protected from light. Specimens in the laboratory are best kept frozen, as 
the metabolites in body fluids are stable at –20°C for at least 3 months. Some excep-
tions have been noted below.

Reagents and Chemicals
1. Test kit ALA/PBG by column test (Bio Rad).
2. Concentrated acetic acid p.a.
3. Perchloric acid 70% p.a.
4. Modified Ehrlich’s reagent (prepare freshly for each use, stable for 6 h only): 2 g 

4-DMAB (part of the test kit) is solubilized in 84 ml concentrated acetic acid, with 
16 ml perchloric acid added.

Instrumentation
1. Column rack (Bio Rad).
2. Heating device.









7.3 Porphyrins, Porphobilinogen, and δ-Aminolevulinic Acid756



3. Spectrophotometer (measurement at 553 nm); alternatively, a filter photometer 
(at 546 nm) may be used.

Calibration
By the use of the molar extinction coefficient at 553 nm (εmM,λ = 553: ALA εmM,λ = 553 = 72; 
PBG εmM,λ = 553 = 61) and a recovery factor according to the supplier’s information. 
Alternatively, a standard curve may be used for ALA determination.

Quality Control
Lyphochek quantitative urine control includes a normal and an abnormal level of 
ALA. For PBG quality control, we recommend using a positive patient urine sample 
stabilized with 1% sodium azide and kept in aliquots at –20°C.

Analytical
Procedure

The procedure is performed according to the supplier’s description. Briefly, the an-
ion-exchange column is placed over the cation-exchange column. After washing of 
both columns with distilled water, 0.5 ml urine is placed on top of the first column 
and allowed to drain through both columns. ALA is retained on the cation-exchange 
column, and PBG on the anion-exchange column. Interferences, especially urea, are 
washed from the columns by adding 3  ×  10 ml of distilled water. ALA is eluted from 
the anion column by sodium acetate buffer, and PBG from the cation column by 1 M 
acetic acid. ALA is derivatized by methyl acetoacetate to 2-methyl-3carbmethoxy-
4-(3-propionic acid) pyrrole during 10 min heating in a boiling water bath or on a 
100°C heating block. The ALA-derived pyrrole and PBG are reacted in separate tubes 
with modified Ehrlich’s reagent containing DMAB [7], which results in a pink-col-
ored derivative. Its absorbance is determined at 553 nm

Calculation
The εMλ = 553 of PBG-derivative is 6.1 × 104; that of the ALA derivative 2-carboxyethyl-
4-(3-propionic acid)pyrrole is 7.2 × 104 [7]. The dilution factor of ALA is 28, and that 
of PBG is 16; their recovery rates are 85% and 67%, respectively.

The supplier annotates conversion factors to transform absorbance into 
concentrations. These factors are composed of the dilution factor, the εmM,λ = 553, and a 
factor for recovery of the extraction and derivatization, are 60 for conversion of ALA 
into mg/l or 457.56 for its conversion into µmol/l and 88 for conversion of PBG into 
mg/l or 388.96 for its conversion into µmol/l. Alternatively, a standard curve can be 
used for ALA only.

Postanalytical
Interpretation

Typical pathological values show a strong pink color. Other colors should not be 
interpreted. Values elevated at least fivefold are proof of acute porphyria. Lower, but 
still increased values may be encountered in asymptomatic porphyria patients and as 
a secondary phenomenon due to alcohol intake or stress. PBG elevation is apparently 
more specific for porphyria.

Isolated significant increases in ALA may indicate a lead intoxication, especially 
if combined with an increase in coproporphyrin III isomer. Alternatively, this pat-
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tern may be seen in tyrosinemia type I and in the very rare ALA-dehydratase defi-
ciency. Reference values (mean ± 2 SD) for excretion of ALA and PBG are < 50 and 
< 7.5 µmol/24 h, respectively, or < 2.5 and < 1.25 mmol/mol creatinine, respectively.

Pitfalls

False, isolated increases in ALA may be caused by teichoplanin and by coamoxy-
clav.

7.3.3	 Porphyrins

Porphyrins consist of a tetrapyrrole ring with variable side chains. The physiological 
compounds are the reduced forms, the porphyrinogens that do not fluoresce. They 
react spontaneously with oxygen in the air to the strongly fluorescent porphyrins.

The first porphyrin intermediate of the biosynthetic pathway is uroporphy-
rinogen, which is stepwise decarboxylated by uroporphyrinogen decarboxylase to 
heptacarboxy-, hexacarboxy-, pentacarboxy-, and coproporphyrinogen. This latter 
compound proceeds, as indicated in Fig. 7.3.1, to protoporphyrinogen and proto-
porphyrin. The oxidized uroporphyrin and its decarboxylation products up to cop-
roporphyrin are assayed in urine. Coproporphyrin and the further downstream in-
termediaries can be recovered from feces as described below.

Increased porphyrins in clear fluid such as urine may be detected directly by their 
pink fluorescence if exposed to long ultraviolet (Fig. 7.3.2). The specificity of this 
screening assay may be improved if porphyrins are extracted by talcum [8]. These 
isolated porphyrins may be quantified using a spectrofluorimeter. As different por-
phyrias show specific excretion patterns, separation of the main porphyrins is desir-
able. The formerly used fractionated extraction enabled to separate the uroporphyrin 
fraction from the coproporphyrin fraction. In addition to uroporphyrin, the first 
fraction includes heptacarboxy- and part of hexacarboxyporphyrins, and in addition 
to coproporphyrin, the second fraction includes part of hexacarboxy- and pentacar-
boxyporphyrins. Later on, thin-layer chromatography of methylester derivatives is 
used.

Nowadays, the preferred methodology is the separation and quantification of 
porphyrins by high-performance liquid chromatography (HPLC) with fluorescence 
detection. Thus, a method that detects the main isomers of specific porphyrins is 
recommended, as a high number of different isomers exist, especially in pathological 
conditions, and the relative abundance of the different isomers supports the distinc-
tion of the different porphyrias (Table 7.3.1).

7.3.3.1	 Urinary	Porphyrins	Assessed	by	HPLC

Methods

Principle

Free porphyrin acids, including isomers, are separated depending on their polarity 
on a reverse-phase system [9, 10]. The detection by fluorescence is highly specific 
because both their excitation and their emission are at relatively long wavelengths.
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Fig.	7.3.2	 Characteristic color of a porphyrin urine (left urine on lower picture) and typical pur-
ple fluorescence (right urine on upper picture) both compared to a normal urine
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Preanalytical

Urine should be collected without additive. Specifically, acidified specimens should 
not be used. Transport and storage, as mentioned above (see section 7.3.3.2, under 
“Preanalytical”).

Specimens
Twenty-four-hour urine collection or untimed urine samples may be assayed. For 
specific indications, a fecal portion (about 5–10 g), plasma, or erythrocytes may be 
analyzed (see below).

Reagents and Chemicals
1. 30% Hydrochloric acid (HCl).
2. Porphyrin acid marker kit (10 nmol of each uro-, heptacarboxy-, hexacarboxy-, 

pentacarboxy-, coproporphyrin, all I-isomers; Frontier Scientific, Logan, Utah, 
USA).

3. Deuteroporphyrin IX (2,4-bis-glycol; Frontier Scientific).
4. Ammonium acetate p.a.
5. Acetonitrile chromatographic grade.
6. Acetic acid (concentrate) p.a.
7. Methanol gradient, HPLC grade.

Instrumentation
1. Gradient HPLC system with fluorescence detection (excitation 404 nm, emission 

618 nm).
2. Column: C1, 5 µm, 25 cm × 3.2 mm inner diameter (i.d.).
3. Buffer A: 1 M ammonium acetate, pH 5.16, containing 10 ml triethylamine and 

100 ml acetonitrile per liter. The pH of the ammonium acetate buffer must be met 
exactly to achieve a good isomer separation.

4. Buffer B: methanol/acetonitrile 9:1.
5. Linear gradient from 0 to 80% buffer B in buffer A in 40 min, plateau at 80% for 

10 min. and return to 0% in 5 min.

Calibration
Porphyrin acid marker kit (10 nmol of each uro-, heptacarboxy-, hexacarboxy-, pen-
tacarboxy-, coproporphyrin, all I-isomers): solubilized in 5 ml 3 M HCl (stable at 
4°C and light-protected for 2 weeks). 500 µl of this solution are further diluted 1:4 









Table 7.3.2  Standard (Std) solutions used for the determination of urinary 
porphyrin concentration. IST Deuteroporphyrin IX (2,4-bis-glycol)

Standard Std 1 Std 2 Std 3 Std 4

Concentration (nmol/l) 25 50 75 100

Volume standard solution (µl) 50 100 150 200

Volume IST solution (µl) 100 100 100 100

3 M HCl 850 800 750 700
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with 3 M HCl for each assay (standard solution). Deuteroporphyrin IX (2,4-bis-gly-
col): 3.3 mg/100 ml 3 M HCl, store for up to 3 months at 4°C (IST solution). See 
Table 7.3.2.

Quality Control
Quality control material is available from Bio Rad or Chromsystems (Munich, Ger-
many). We also use an abnormal patient urine stabilized with 1% azide and kept in 
aliquots at –20°C.

Analytical
Procedure

Samples (0.8 ml) are diluted with 0.2 ml IST solution and 0.1 ml 30% HCl, kept on 
ice for 15 min, centrifuged at 14,000 rpm (16,100 × g) and filtered (Acrodisc LC 13, 
Millipore) into brown HPLC autosampler tubes. Aliquots (20 µl) of standards and 
samples are injected into the HPLC system. Samples with high concentrations of 
porphyrins should be diluted with distilled water 1:10, initially.

Calculation
Calculation is based on a linear standard curve forced through zero. It is recom-
mended to take account of all isomeric forms when calculating urinary excretion of 
individual porphyrins except for coproporphyrin I and III, isomers that are quanti-
fied separately. As for most of the isomers, no commercially available standards exist; 
we use the calibration factors of the I-isomers.

Postanalytical
Interpretation

Symptomatic porphyria patients usually show urinary porphyrin concentrations 
that exceed the upper limit of normal by twofold or more. Table 7.3.1 lists most of 
the diagnostic abnormalities of the different porphyrias. Only slightly abnormal or 
even fully normal values may be seen in asymptomatic patients. But alcohol overcon-
sumption, enzyme-inducing drugs, stress, and other factors may also induce slightly 
abnormal values that should not be mistaken for porphyria. A characteristic sign for 
such a secondary effect is the isolated elevation of coproporphyrin, especially of its 
I-isomer.

Chromatograms
Chromatograms are shown in Fig. 7.3.3. Note the variable signal intensities on the 
ordinate.

Reference values
Each laboratory should establish its own reference values. Those given in Tables 7.3.3 
and 7.3.4 can only be interpreted as a guide. The data given were collected by means 
of HPLC.

Typical Pathological Values
1. All acute porphyrias show similar urinary porphyrin patterns with predominant 

elevation of uroporphyrin and coproporphyrin III isomer; in addition, hepta-, 
hexa-, and especially pentacarboxyporphyrins are increased (see Fig. 7.3.3).
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2. PCT is characterized by dominantly increased uro-, heptacarboxy-, hexacar-
boxy-, and pentacarboxyporphyrin. Coproporphyrin may be normal or only 
slightly elevated.

3. Congenital erythropoietic porphyria (CEP) shows a dominance of all I-isomers.

Pitfalls
Chromatographic interferences are extremely rare due to the high selectivity of the 
applied chromatographic conditions. The most difficult interpretation problems are 
the discrimination between secondary effects and latent porphyria (see above, “In-
terpretation”). Therefore, the exclusion of porphyria in an asymptomatic individual 
requires additional measures to be taken (see below).

7.3.3.2	 Fecal	Porphyrins	Assessed	by	HPLC

Fecal porphyrin analysis is useful to differentiate between the three acute porphyrias 
and to positively diagnose HC. In addition, it may support the diagnosis of PCT and 
of erythropoietic protoporphyria.



Fig.	7.3.3a–d	 Chromatogram of normal urine (a), urine from an individual with acute (in this 
case intermittent) hepatic porphyria (b), urine from an individual with porphyria cutanea tarda 
(c), and an undiluted sample from an individual with congenital erythropoietic porphyria (d). 
See typical pathological values for interpretation
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Methods

Principle

Porphyrins are separated from interfering pigments in stool by diethylether and 
then analyzed on a reverse-phase HPLC system with fluorescence detection using 
the same conditions as for urinary porphyrins.

Table 7.3.3  Example mean reference values for uroporphyrin, 
coproporphyrin I, and coproporphyrin III (these can only be interpreted as 
a guidance) collected by means of high-performance liquid chromatography 
(HPLC). The intermediary porphyrins were below the detection limit

Age
years

Uroporphyrin
µmol/mol creatinine

Coproporphyrin I
µmol/mol creatinine

Coproporphyrin III
µmol/mol creatinine

0.00 14.26 35.68 22.75

0.25 17.24 29.22 33.12

0.50 7.80 23.80 33.78

0.75 6.66 12.22 52.59

1.00 5.96 14.02 51.47

1.50 9.77 14.38 48.79

2.25 5.67 14.96 42.24

3.00 6.39 13.33 32.67

4.00 5.64 10.32 35.73

6.00 4.40 9.45 33.41

9.00 4.25 8.10 21.62

15.00 4.89 8.11 23.88

Adults 3.9 8.4 17.8



Table 7.3.4  Mean porphyrin reference values in adults

Porphyrin nmol/24 h µmol/mol creatinine

Uroporphyrin < 60 < 3.9

Heptacarboxyporphyrin < 5 < 1

Hexacarboxyporphyrin < 5 < 1

Pentacarboxyporphyrin < 5 < 1

Coproporphyrin I < 100 < 8.4

Coproporphyrin III < 200 < 17.8
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Preanalytical
Specimens

A fecal portion of a few grams should be collected without additive. Specimens 
should be stored in a dark container, preferably in the cold. Storage of more than 
2 days should be at –20°C.

Reagents and Chemicals
1. 30% HCl p.a.
2. Porphyrin acid marker kit (10 nmol of each uro-, heptacarboxy-, hexacarboxy-, 

pentacarboxy-, coproporphyrin, all I-isomers and Protoporphyrin IX HCl (Fron-
tier Scientific).

3. Ammonium acetate p.a.
4. Triethylamine p.a.
5. 1,4-Dithio-dl-threitol.
6. Ammonia 32% p.a.
7. Acetonitrile, chromatographic grade.
8. Acetic acid (concentrate) p.a.
9. Methanol gradient, HPLC grade.
10. Diethylether, p.a.

Instrumentation
Gradient HPLC system identical to that used for urinary porphyrins. Protoporphy-
rin present only in feces but not in urine elutes last. If it is not eluted, the plateau 
phase can be prolonged for some minutes.

Calibration
1. Porphyrin standard: porphyrin acid marker kit (10 nmol of each uro-, heptacar-

boxy-, hexacarboxy-, pentacarboxy-, coproporphyrin, all I-isomers): solubilized 
in 2 ml 3 M HCl (stable for 2 weeks if kept at 4°C and protected from light).

2. Dithiothreitol (DTT) solution: 15 mg DTT in 14 ml 1% ammonia. Protoporphy-
rin IX (1.1 mg) is solubilized in 2 ml DTT solution with the aid of an ultrasonic 
bath within exactly 1 min. Dilute 1:10 in DTT solution (protoporphyrin stan-
dard; Table 7.3.5).









Table 7.3.5  Porphyrin standards used in the determination of fecal 
porphyrins by HPLC

Std 1 Std 2 Std 3 Std 4

Porphyrin standard (nmol/assay) 0.667 1.333 2.000 2.6667

Porphyrin standard (µl) 60 120 180 240

Protoporphyrin standard (nmol/assay) 3.258 6.517 13.033 19.549

Protoporphyrin standard (µl) 15 30 60 90

HCl 30% (µl) 1500 1500 1500 1500

Distilled water (µl) 2925 2850 2760 2670
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Quality Control
None.

Analytical
Procedure

About 1 g of feces is weighed, dried under reduced pressure, and reweighed to 
calculate its dry weight. About 0.3–0.5 mg of a separate sample is weighed into a 
10-ml screw-top vial. HCl (1.5 ml of 30% HCl) is added, the mixture wrapped with 
aluminum foil, mixed with a vortex mixer for about 30 s, placed into an ultrasonic 
bath for 2–3 min and again vortexed for a few seconds. Diethyl ether (4.5 ml) is 
added and the solution mixed again for 30 s by vortex. Three milliliters of distilled 
water is added carefully (the sample is warmed up by this addition). The samples 
are then mixed for 5 min on a mixing device and centrifuged for 5 min at 3000 rpm 
(1500 × g). About 1.5 ml of the water phase is filtered into a brown autosampler vial 
for HPLC. Aliquots of 20 µl of standards and samples are injected into the HPLC sys-
tem. The water phase of the samples with high concentrations of porphyrins should 
be diluted with 3 M HCl.

Calculation
Calculation is based on a linear standard curve forced through zero. Usually only 
coproporphyrin I and III and protoporphyrin are quantified. The results are con-
verted to the amount of specific porphyrins per gram of dry feces.

Postanalytical
Interpretation

Fecal porphyrins are determined to differentiate between the three acute porphyrias, 
AIP, PV, and HC (Table 7.3.1). Symptomatic PV shows abundant fecal copropor-
phyrins, whereby the III isomer is always dominant and protoporphyrin is elevated. 
In symptomatic HC, only fecal coproporphyrins with dominance of the III isomers 
are increased. Fecal porphyrins are usually normal in AIP. They may be moderately 
elevated in acute porphyric attacks in AIP, but coproporphyrin I is then higher than 
coproporphyrin III isomer [11].

Chromatograms
Example chromatograms are found in Fig. 7.3.4. Note the variable signal intensities 
on the ordinate.

Reference Values
Each laboratory should establish its own reference values. Those given here can 
only be interpreted as a guide. To our knowledge, the age dependence of fecal por-
phyrin excretion has not been studied. The following values for coproporphyrin I, 
coproporphyrin III, and protoporphyrin represent the mean ± two standard devia-
tions ( ± 2SD) and were assessed in samples from adult volunteers: < 20, < 12, and 
< 80 nmol/g dry weight, respectively.

Typical Pathological Values
Abnormal fecal porphyrins are usually specific for a porphyric condition. PCT is 
characterized by normal copro- and protoporphyrin, but with a significant isocop-
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roporphyrin peak that elutes between copro- and protoporphyrin (see Fig. 7.3.4). 
Erythropoietic protoporphyria shows an isolated increase of protoporphyrin. This 
sign is, however, less sensitive than elevated protoporphyrin in erythrocytes.

7.3.3.3	 Plasma	Scan

The plasma-fluorescence emission scan with a maximum at 627 nm is the sensitive 
test for PV even in asymptomatic periods.

Principle

Increased porphyrin levels in plasma can be shown by a specific fluorescence emis-
sion spectrum.

Preanalytical

Porphyrins are light sensitive. Therefore, specimens should be stored in a dark con-
tainer, preferably in the cold. Storage for more than 2 days should be at –20°C.

Specimens
Heparin- or ethylenediaminetetraacetic acid (EDTA)-treated plasma can be used.

Reagents and Chemicals
0.9% NaCl in distilled water.





Fig. 7.3.4a–c	 Chromatograms of fecal porphyrins, (a) 
from a healthy individual, (b) from an individual with por-
phyria cutanea tarda, and from an individual with porphyria 
variegata (c)
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Instrumentation
Spectrofluorimeter with a scanning device.

Calibration
None.

Quality Control
A patient sample positive for an emission maximum may be included.

Analytical
Procedure

A 0.2-ml aliquot of sample is diluted with 1.8 ml NaCl solution. The solution is 
placed in a spectrophotometer cuvette. Excitation is set at 404 nm and an emission 
scan from 500 to 700 nm is collected.

Calculation
None.

Postanalytical
Interpretation

An emission maximum at 627 nm is a sensitive and specific sign for PV [12]. Other 
porphyrias show emission maxima around 620 nm.

Spectra
Spectra for fecal porphyrins are shown in Fig 7.3.5.

 Reference Values
No peak (qualitative).

















Fig.	7.3.5	 Plasma scan from a healthy individual (a) and from an individual with porphyria var-
iegata (b). Scanning velocity 200 nm/min, range 500–700. Emission maximum at 627 nm indi-
cated by an arrow
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Pitfalls
None.

7.3.3.4	 Porphyrins	in	Plasma	and	Erythrocytes	Assessed	by	HPLC

Porphyrins in plasma are mainly used to distinguish between PCT and pseudopor-
phyria in patients with chronic hemodialysis. CEP patients also show characteristic 
elevations with dominance of I-isomers, especially of uroporphyrin and its decar-
boxylation products, in both plasma and erythrocytes. Plasma porphyrins may be 
used for follow-up of the patients.

 Methods: HPLC with Fluorescence Detection

Principle

Porphyrins are extracted from plasma or erythrocytes and separated according to 
their polarity on a reverse-phase system. Detection by their fluorescence is highly 
specific because both excitation and emission are at a relatively long wavelength. 
A high number of different isomers exist, and are especially detectable in pathologi-
cal conditions.

Preanalytical

Porphyrins are light sensitive. Therefore, specimens should be stored in a dark con-
tainer, preferably in the cold. Storage for more than 2 days should be at –20°C.

Specimens
Blood samples anticoagulated with heparin or EDTA may be used.

Reagents and Chemicals
1. 30% HCl.
2. Porphyrin acid marker kit (10 nmol of each uro-, heptacarboxy-, hexacarboxy-, 

pentacarboxy-, coproporphyrin, all I-isomers).
3. Trichloroacetic acid.
4. Ammonium acetate, p.a.
5. Acetonitrile, chromatographic grade.
6. Acetic acid, concentrate, p.a.
7. Methanol gradient, HPLC grade.

Instrumentation
1. Gradient HPLC system with fluorescence detection (excitation 404 nm, emission 

618 nm).
2. Column: C1, 5 µm, 25 cm × 3.2 mm i.d.
3. Buffer A: 1 M ammonium acetate, pH 5.16, containing 10 ml triethylamine and 

100 ml acetonitrile per liter.
4. Buffer B: methanol/acetonitrile 9:1.
5. Linear gradient from 0 to 80% B in A in 40 min, 10 min plateau at 80%, then re-

turn to 0% in 5 min.
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Calibration
Porphyrin acid marker kit (10 nmol of each uro-, heptacarboxy-, hexacarboxy-, pen-
tacarboxy-, coproporphyrin, all I-isomers): solubilized in 5 ml 3 M HCl (stable at 
4°C and light-protected for 2 weeks; Table 7.3.6).

Quality Control
None.

Analytical
Procedure

A 500-µl aliquot of sample, 100 µl trichloroacetic acid, and 400 µl HCl 30% are 
mixed by vortexing and then kept on ice for at least 1 h, centrifuged at 14,000 rpm 
(16,100 × g), and filtered (Acrodisc LC 13, Millipore) into brown HPLC autosampler 
tubes. Aliquots (20 µl) of standards and samples are injected into the HPLC. Samples 
with high concentrations of porphyrins should be diluted with 3 M HCl 1:2 initially. 
To measure the erythrocytes they are pretreated as follows: 100 µl of 3 M acetic acid 
is pipetted into a tube, 50 µl of erythrocytes is added drop by drop under constant 
vortexing, followed by 1 min further mixing by vortex. This solution is further pro-
cessed as described for plasma.

Calculation
Calculation is based on a linear standard curve forced through zero.

Postanalytical
Interpretation

1. Plasma: patients on chronic hemodialysis with PCT show typically elevated uro- 
and heptacarboxyporphyrins. PCT patients without renal disease may also show 
an identical pattern. Patients with CEP show a predominance of I-isomers.

2. Erythrocytes: patients with CEP show the same pattern as that found in their 
plasma.

Chromatograms
Figure 7.3.6 compares plasma porphyrin chromatograms from an individuals with 
PCT and an individual with CEP.













Table 7.3.6  Standards used in the HPLC determination of porphyrins in 
plasma and erythrocytes

Std 1 Std 2 Std 3

Concentration (nmol/l) 50 75 100

Volume standard solution (µl) 25 37.5 50

3 M acetic acid (µl) 875 863 850

Trichloroacetic acid 10% 100 100 100
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Reference Values
Each laboratory should establish its own reference values. Those given here can thus 
only be interpreted as a guide. Porphyrins in plasma are rarely detectable in healthy 
individuals. Patients on chronic dialysis but without signs of PCT may show some 
measurable values, which are given here as reference values (nmol/l, mean ± 2SD): 
uroporphyrin < 24.3; heptacarboxyporphpyrin < 2.7; hexacarboxyporphyrin < 1; 
pentacarboxyporphyrin < 1; coproporphyrin I < 1; coproporphyrin III < 1.

Pitfalls
None.

7.3.3.5	 Porphyrins	in	Erythrocytes	by	Spectrophotometry

Porphyrins in the erythrocytes, are measured to diagnose erythropoietic proto-
porphyria. This determination may also be useful to differentiate between different 
causes of microcytic anemia.

Methods

Principle

Porphyrins are extracted and separated from heme by differential extraction and 
their concentration is determined fluorimetrically.

Pre-Analytical

Porphyrins are light sensitive. Therefore, specimens should be stored in a dark con-
tainer, preferably in the cold. Storage for more than 2 days should be at –20°C.

Specimens
Blood samples anticoagulated with heparin or EDTA may be used.







Fig.	7.3.6a,b	 Plasma porphyrins from an individual with porphyria cutanea tarda (a) and from 
an individual with congenital erythropoietic porphyria (b)
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Reagents and Chemicals
1. Celite, 5% g/v in 0.9% NaCl.
2. 30% HCl, p.a.
3. Protoporphyrin IX HCl, p.a.
4. Ethyl acetate, p.a.
5. Acetic acid, concentrate, p.a.
6. 1.5 M HCl.

Instrumentation
Bench-top centrifuge and spectrofluorimeter (excitation 405 nm, emission 610 nm).

Calibration
Protoporphyrin fluorescence marker (no longer available, must be replaced by pro-
toporphyrin substance, standardized by molar extinction coefficients; see section 
7.3.3.6, subheading “Calibration”).

Quality Control
None.

Analytical
Procedure [13]

A 20-µl aliquot of blood is added to 100 µl of 5% Celite suspension in saline; 2 ml 
ethyl acetate/acetic acid 4:1 is then added. The sample is mixed for 10 s on a vortex, 
and centrifuged for 30 s. The supernatant is decanted into another test tube, to which 
2 ml of 1.5 M HCl is added, and again agitated on a vortex for 10 s. An aliquot of the 
lower HCl phase is measured in a spectrofluorimeter.

Calculation
Calculation is based on the fluorescence signal of a protoporphyrin standard.

Postanalytical
Interpretation

There are three pathological conditions that are characterized by increased proto-
porphyin in erythrocytes: Iron deficiency, lead intoxication, and erythropoietic pro-
toporphyria.

Reference Values
Each laboratory should establish its own reference values. That given here can only 
be interpreted as a guide. Free erythrocyte porphyrins reference < 4.5 µmol/l red 
blood cells.

Typical Pathological Values
Iron deficiency and lead intoxication result in protoporphyrin concentrations that 
rarely exceed 6 µmol/l. In contrast, erythropoietic protoporphyria usually manifests 
with protoporphyrin concentrations above this level.

Pitfalls
For a good recovery, ethyl acetate must be fresh.
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7.3.3.6	 Protoporphyrins	in	Erythrocytes	Assessed	by	HPLC

Chromatographic determination of protoporphyrins in erythrocytes has the same 
indications as the spectrophotometric one. In addition, the method enables the dif-
ferentiation between zinc-protoporphyrin and (metal-)free protoporphyrin. The first 
is elevated in iron deficiency and lead intoxication, the second in erythropoietic pro-
toporphyria.

Methods: HPLC with Fluorescence Detection

Principle

Zinc-chelated protoporphyrin and free protoporphyrin are extracted from eryth-
rocytes and separated according to their polarity on a reverse-phase system. Their 
detection by fluorescence is highly specific because both excitation and emission are 
at a relatively long wavelength.

Preanalytical

Porphyrins are light sensitive. Therefore, specimens should be stored in a dark con-
tainer, preferably in the cold. Storage for more than 2 days should be at –20°C.

Specimens
Blood samples anticoagulated with heparin or EDTA may be used. We normally use 
washed erythrocytes (see below 7.3.3.7 HMBS Activity).

Reagents and Chemicals
1. Protoporphyrin IX HCl.
2. Zinc protoporphyrin IX.
3. Mesoporphyrin IX dihydrochloride.
4. Dimethylsulfoxide (DMSO).
5. Acetone p.a.
6. Tween 20 p.a.
7. Ammonium acetate p.a.
8. Acetic acid, concentrate, p.a.
9. Methanol HPLC grade.
10. DTT solution: 15 mg DTT in 14 ml 1% ammonia.
11. Internal standard solution: 0.5 mg mesoporphyrin HCl in 5 ml DMSO, kept in 

portions of 200 µl at –20°C.
12. Extraction solution: 2.5 ml DMSO, 25 µl Tween 20, 2.5 µl internal standard solu-

tion, with acetone at 25 ml.

Instrumentation
1. Isocratic HPLC system with fluorescence detection (excitation 404 nm, emission 

618 nm).
2. Column: C18, 5 µm, 25 cm × 3.2 mm i.d.
3. Buffer: 140 ml 1 M ammonium acetate pH 5.16, methanol is added to 1000 ml. 

1 ml DMSO is added, mixed and filtered.
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Calibration
1. Protoporphyrin IX HCl (MW 562.66): 1 mg protoporphyrin IX HCl is solubilized 

in 20 ml DTT solution. This is kept in 200-µl aliquots at –20°C, and its concentra-
tion may be checked by the molar extinction coefficient in 1.5 M HCl (275.1*103; 
[14]) before use. Zinc protoporphyrin IX (0.56 mg) in 10 ml DMSO (stable at 
–20°C and light-protected for 3 months), 0.5 mg mesoporphyrin IX HCl (internal 
standard) in 5 ml DMSO, solubilized by ultrasonic bath (stable at –20°C and light-
protected for 3 months).

2. Standard solution: 100 µl protoporphyrin solution, 100 µl zinc protoporphyrin 
solution and DMSO are mixed to achieve a volume of 5 ml. The volume of proto-
porphyrin solution may be corrected for decay (Table 7.3.7).

Quality Control
None. To confirm long-term reproducibility, we control the slope of the standard 
curves.

Analytical [15]
Procedure

A 300-µl volume of 3 M acetic acid is prelaid into glass vials, 50 µl erythrocytes are 
added and the suspension mixed for 1 min. Three milliliters of extraction solution is 
added drop by drop while constantly mixing the sample by vortex, followed by 1 min 
further mixing. The sample is centrifuged at 3000 rpm (1500 × g) and the superna-
tant is evaporated under vacuum to remove all the acetone (any remaining acetone 
will damage the HPLC column!). The residual sample is pipetted into brown HPLC 
autosampler tubes. Twenty-microliter aliquots of standards and samples are injected 
into the HPLC. Samples with high concentrations of porphyrins should be diluted 
with 0.9% NaCl in distilled water to 1:10 initially.

Calculation
Calculation is based on a linear standard curve forced through zero.

Postanalytical
Interpretation

Patients with erythropoietic protoporphyria show high values of free protoporphy-
rin. Iron deficiency and lead intoxication augment zinc protoporphyrin.











Table 7.3.7  Standard solutions used in the HPLC determination of proto-
porphyrins in erythrocytes

Std 1 Std 2 Std 3 Std 4

Concentration of standards (µM) 0.89 1.78 3.56 5.34

Volume standard solution (µl) 25 50 100 150

3 M Acetic acid (µl) 300 300 300 300

Extraction solution (ml) 3 3 3 3
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Chromatograms
Example chromatograms are shown in Fig. 7.3.7.

Reference Values
Each laboratory should establish its own reference values. Those given below can 
only be interpreted as a guide. Free protoporphyrins in erythrocytes are rarely de-
tectable in healthy individuals. Zinc protoporphyrin: < 1.3 µmol/l (mean ± 2SD), free 
protoporphyrin < 0.2 µmol/l (detection limit).

Typical Pathological Values
As stated before, increased zinc protoporphyrin is seen in iron deficiency and lead 
intoxication. The quantitative values are in the range of 2–6 µmol/l. Erythropoietic 
protoporphyria patients show an increase in protoporphyrin in the range of 6–
50 µmol/l. In case of complicating liver disease, the value can increase even further.

Pitfalls
None.

7.3.3.7	 HMBS	Activity		
(PBG	Deaminase,	Uroporphyrinogen	I	Synthase)

HMBS activity is lowered in AIP. In the case of a newly diagnosed acute porphyria, 
determination of HMBS activity enables the diagnosis of AIP. We further use it in 
AIP family screening combined with mutation analysis.









Fig.	7.3.7	 Chromatogram of erythrocytic protoporphyrins from an individual with erythro-
poietic protoporphyria
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Methods: Enzymatic Reaction

Principle

Lysed erythrocytes are incubated with the substrate PBG. The formed uroporphy-
rinogen is oxidized by the air oxygen to uroporphyrin, which can be determined 
fluorimetrically.

Pre-Analytical

HMBS is not stable at room temperature or at 4°C for more than 24 h, but it is stable 
at –20°C at least 3 months. Before freezing, erythrocytes have to be washed (see be-
low). Therefore, the unfrozen sample has to be transported rapidly to the laboratory 
for further processing.

Specimens
Blood samples anticoagulated with heparin or EDTA may be used. As leukocytes 
contain significant, but variable amounts of HMBS, erythrocytes are separated from 
them by a sucrose gradient before freezing (see below in “Analytical”).

Reagents and Chemicals
1. PBG, purest grade available (Frontier Scientific, Logan, UT, USA).
2. Uroporphyrin I fluorescence marker (5 µg/10 ml; Frontier Scientific).
3. Tris pH 7–9.
4. HCl 30% p.a.
5. Sodium hydroxide p.a.
6. Sucrose p.a.
7. Triethylamine.
8. Trichloroacetic acid p.a.
9. Acetic acid concentrate, p.a.
10. Ammonium acetate p.a.
11. Acetonitrile, chromatographic grade.
12. Methanol gradient, HPLC grade.
13. Saccharose solution: 8.5 g sucrose in 100 ml double-distilled water per patient 

sample.
14. Hemolysis buffer: 1.58 g Tris and 0.2 ml Triton × 100 in distilled water up to 

100 ml.
15. Incubation buffer: 1.58 g Tris in distilled water, up to 100 ml, pH 8.00.
16. Substrate solution: 2.3 mg PBG in 10 ml incubation buffer.

Instrumentation
1. Water bath at 37.0°C with cover.
2. Spectrofluorimeter or gradient HPLC system with fluorescence detection (excita-

tion 404 nm, emission 618 nm).
3. Column: C1, 5 µm, 25 cm × 3.2 mm i.d.
4. Buffer A: 1 M ammonium acetate, pH 5.16, containing 10 ml triethylamine and 

100 ml acetonitrile per liter.
5. Buffer B: methanol/acetonitrile 9:1.
6. Linear gradient from 0 to 40% B in A in 10 min, then return to 0% in 5 min, and 

equilibration at 0% B for further 10 min.
7. 5 min.
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Calibration
Uroporphyrin I fluorescence standard 5 µg/10 ml = 602 pmol/ml (Table 7.3.8).

Quality Control
We use a portionized sample from a volunteer with low normal HMBS activity.

Analytical

Modified according to Grandchamp [16].

Preparation of Leukocyte-Free Erythrocytes [17]
A 4-ml sample of whole anticoagulated blood is diluted with 16 ml physiological 
saline. Four centrifuge tubes are filled with 20 ml saccharose solution each. Five mil-
liliters of diluted blood is overlaid carefully on the saccharose solution of each tube. 
The tubes are centrifuged at 3000 rpm (1500 × g) for 5 min. The supernatant is com-
pletely removed and the remaining red cells are transferred to small cryotubes and 
frozen at –20°C.

Enzyme Reaction
A 100-µl aliquot of thawed erythrocytes is mixed well with 900 µl hemolysis buffer. 
This diluted hemolysate is used to determine hemoglobin concentration (e.g., by a 
routine technique).

The enzyme reaction is performed in duplicate. Incubation buffer (200 µl) is 
mixed with 50 µl diluted hemolysate and incubated at 37°C for 5 min, then 50 µl 
substrate solution is added and the tubes are kept at 37°C in the dark for a further 
60 min. One null value per experiment with hemolysis buffer instead of erythrocytes 
is treated the same way.

The reaction is stopped by the addition of 1 ml ice-cold 10% trichloroacetic acid 
and the tubes are kept in ice water for 15 min. They are then centrifuged for 5 min 
at 14,000 rpm (16,100 × g) in a bench-top centrifuge. One milliliter of supernatant 
is aspirated with a 1-ml syringe and filtered into brown HPLC autosampler tubes. 
Twenty-microliter aliquots of standards and samples are injected into the HPLC sys-
tem. Spectrofluorimetric determination may be used instead of HPLC.

Calculation
Calculation is based on a linear standard curve forced through zero. The mean value 
of the duplicates is corrected for the difference in the end volume (1.3 ml in samples 
and 1 ml in standards), and divided by the hemoglobin concentration in the hemo-
lysate.











Table 7.3.8   Standards used in the determination of hydroxymethylbilane 
synthase activity

Std 1 Std 2 Std 3 Std 4

Concentration (pmol/20 µl injection) 0.4816 0.9632 1.9264 2.4080

Volume standard solution (µl) 40 80 160 200

Trichloroacetic acid 10% (µl) 960 920 840 800
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Postanalytical
Interpretation

Decreased values are a sign of AIP. Both the sensitivity and specificity are approxi-
mately 94% [18]; however, the value may be falsely normal during an acute attack 
[11]. Neonatal samples and individuals with a decreased erythrocyte life spans show 
high or increased values.

As the next enzymes of the heme pathway are active, uroporphyrinogen is con-
verted to heptacarboxyporphyrinogen during the enzymatic reaction. This can be 
overcome if the incubation temperature is raised to 45°C, which inactivates uropor-
phyrinogen decarboxylase. Yet, 37°C is the standard temperature for enzyme activity 
determinations. Despite our neglect of the additionally formed porphyrins by uro-
porphyrinogen decarboxylase in the activity calculations, we found a highly reliable 
test performance.

Chromatograms
None.

Reference Values
HMBS activity 75–150 pmol/(mg hemoglobin*h) (mean ± 2SD). Each laboratory 
should establish its own reference values. Those given can only be interpreted as a 
guide.

Typical Pathological Values
As a heterozygous defect, HMBS activity is 50% of normal. In our experience 
symptomatic and asymptomatic patients with AIP show values in the range of 35–
55 pmol/(mg hemoglobin*h). There may be some overlap between low normal and 
high porphyric values.

Pitfalls
As stated above, delay between blood drawing and freezing of erythrocytes can result 
in falsely low values. For confirmation we recommend repeating each abnormally 
low value. Falsely normal values are seen in AIP patients during acute porphyric 
crises.

7.3.3.8	 ALAD	Activity	(Synonymous	ALAD)

In ALAD deficiency, ALAD activity is decreased to a few percent of normal values. It 
may also be strongly inhibited in lead intoxication. The enzyme can be reactivated by 
DTT in lead intoxication, but reactivation fails in ALAD deficiency.

Methods: Enzymatic Reaction

Principle

Lysed erythrocytes are incubated with the substrate ALA. The formed PBG is deter-
mined by the modified Ehrlich’s Reaction.
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Preanalytical

ALAD is not stable at room temperature, 4°C, or at –20°C for more than 24 h. The 
specimen is best collected in the laboratory and the test performed immediately 
thereafter.

Specimens
Blood samples anticoagulated with heparin are used. Four 200-µl samples are pre-
pared and immediately cooled to 4°C.

Reagents and Chemicals
1. ALA, purest grade available (MW 178, p.a.; Frontier Scientific).
2. NaH2PO4·H2O (MW 138), p.a.
3. HgCl2, p.a.
4. HCl, 30% p.a.
5. Trichloroacetic acid, p.a.
6. Acetic acid, concentrate, p.a.
7. Perchloric acid, p.a. D = 1.7.
8. Buffer A: 1.78 g Na2HPO4 · 2H2O with double-distilled water to 100 ml.
9. Buffer B: 1.38 g NaH2PO4 · H2O with double-distilled water to 100 ml
10. Substrate solution: 0.1676 g ALA in about 65 ml buffer B is brought to pH 6.4 

with solution A (about 100 ml).
11. Mercury chloride/trichloroacetic acid solution: 10 g trichloroacetic acid is solu-

bilized in 100 ml double-distilled water (aqueous trichloroacetic acid solution). 
1.35 g mercury chloride is solubilized in 100 ml aqueous trichloroacetic acid 
solution.

12. Ehrlich’s reagent: add 2.5 g p-DMAB to a mixture of 50 ml concentrated acetic 
acid, 24.5 ml perchloric acid, and 4 ml mercury chloride/trichloroacetic acid so-
lution.

Instrumentation
Water bath at 37.0°C with cover, and a spectrophotometer.

Calibration
None.

Quality Control
None. We use a fresh blood sample from a volunteer.

Analytical

Modified according to Berlin [19].

Enzyme Reaction
Three samples per patient, each with 200 µl blood, are mixed with double-distilled 
water prewarmed to 37°C for 10 min. To one of the tubes with the diluted hemoly-
sate, add 1 ml mercury chloride/trichloracetic acid solution and 1 ml ALA solution 
for determination of the blank value. The enzyme reaction is performed in duplicate: 
To each of the 200-µl hemolysate samples add 1 ml prewarmed ALA solution. All 
three tubes are mixed and incubated for 1 h at 37°C. To stop the reaction, 1 ml mer-
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cury chloride/trichloroacetic acid solution is added to the enzyme assay tubes. The 
three tubes are centrifuged at 20,000 × g for at least 10 min and the supernatant is 
filtered. A 1-ml sample of filtrate is mixed with 1 ml Ehrlich’s reagent and then kept 
for 5 min at room temperature. Absorption is determined at 555 nm.

Calculation

ALAD activity = absorbance × 100 × 2 × 35
hematocrit% × 60 × 0.062

 

(ALAD activity in µmol ALA/min/l erythrocytes; “60” is the incubation time; “35” 
is the dilution factor; “2” represents the conversion of PBG to ALA; “0.062” is the 
extinction coefficient l/µmol × cm).

Postanalytical
Interpretation

Decreased values are a sign of lead intoxication or ALAD deficiency.

Reference Values
Mean ± SD = 57.1 ± 17.9. Each laboratory should establish its own reference values; 
those given can only be interpreted as a guide.

Typical Pathological Values
As ALAD deficiency is a recessive disorder, residual activities are maximally in the 
range of a few percent of normal.

Pitfalls
As stated above, delay between blood drawing and determination of the enzyme ac-
tivity can result in falsely low values. For confirmation we recommend repeating 
each abnormally low value.
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7.4.1	 Introduction

‘“What have we here? A man or a fish? Dead or alive? A fish: he smells like a fish; 
a very ancient and fish-like smell; a kind of not of the newest Poor John”–William 
Shakespeare, The Tempest II. ii. 26-29 (A “Poor John” in those times was a salted and 
dried hake)

The first description of a person with a fish malodour dates back to the Mahab-
hatara, the Indian epic of the Bharata Dynasty [21]. The quote from William Shake-
speare, opening this chapter, refers to Caliban, a savage and deformed slave and fish 
odour sufferer. The first clinical description of a patient with trimethylaminuria, or 
fish odour syndrome, is from Humbert et al. in 1970 [14]. A deficiency of trimethyl-
amine (TMA) oxidase was found in the liver of this patient [13]. The incidence of the 
syndrome is as yet unknown, but more than 200 cases have been described world-
wide. The disease (OMIM 602079) appears pandemic. Patients with trimethylamin-
uria present with an offensive body odour, usually in childhood, but sometimes as 
adults. They are frequently unaware of their malodour. The disorder often causes 
psychosocial problems, with anxiety, low self-esteem, social isolation and loneliness. 
School performance may suffer and the smell is highly destructive to the personal, 
working and career interactions of the patient. Attempts to commit suicide as a result 
of this condition have been documented. The severity of the syndrome is highly vari-
able, ranging from intermittent or episodic to severe and continuous. When patients 
seek medical help they are sometimes referred to psychiatrists and diagnosed as ob-
sessional. Others are advised by dermatologists or general practitioners to improve 
their hygiene.

Mitchell proposed a classification for various types of fish odour syndrome [21]. 
The primary genetic form is by far the most frequent. Some cases were described with 
an acquired form that seems to be precipitated by a viral infection. Insertion of viral 
DNA may have affected the expression of the human flavin-containing mono-oxy-
genase (FMO3) gene. A third form is a transient childhood form that was described 
first by Blumenthal et al. [8] in a child using a choline supplement. The transient 
form of the disease may be due to delayed FMO3 expression or immaturity of the 
enzyme system. A transient form associated with menstruation was first reported by 
Ayesh et al. [6]. It turned out that normal healthy women may have a short episode 
of trimethylaminuria at the onset of and during menarche. A last form is a tran-
sient type based on precursor overload. It has been shown that supplements or diets 
containing high levels of choline, lecithin or carnitine increase the flux through the 
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pathway and may lead to trimethylaminuria in individual cases. Also, the intake of 
TMA N-oxide, through enterobacterial metabolism, may increase the substrate load 
for TMA oxidase and lead to transient trimethylaminuria. In two affected breast-fed 
babies, the smell occurred after their mother ate eggs or fish [16].

Therapy for trimethylaminuria consists primarily of dietary management and 
adjustment of lifestyle. Reduction in the intake of the TMA precursors carnitine, 
choline, lecithin and TMA N-oxide has been successful in some, but not all patients. 
Patients should take a low choline diet, avoid eggs, mayonnaise, liver and other organ 
meats (offal), peas and soy beans, and exclude sea fish and shellfish. They should 
choose appropriate clothing and control room ventilation to minimise sweating. Use 
of an acid soap (pH 5.5–6.5) may help by decreasing TMA volatility. Treacy has re-
ported some success of short courses of metronidazole, an antibiotic with specific 
activity against anaerobic bacteria, to reduce the gut microflora, thereby suppressing 
TMA generation [27]. Long-term use of antibiotics to reduce enteric TMA produc-
tion should be avoided, but a 2-week course of metronidazole may help intermittent 
attacks and provide some protection for special occasions and holidays. Temporary 
control of the malodour may be achieved by administering lactulose, activated char-
coal or neomycin, but associated diarrhoea has been reported [24,27]. For the patient 
and the family it is important to know that stress, menstruation and pyrexic states 
may exacerbate the condition.

7.4.2	 Trimethylamine

TMA is a volatile aliphatic tertiary amine with a pungent odour resembling rotting 
fish (Fig. 7.4.1). TMA has a 100-fold greater olfactory potency than its N-oxide. The 
reported threshold odour for TMA is 0.9 ppm. Exposure to concentrations above 
20 ppm gives moderate irritation of the respiratory system and the eyes. Dermal 
contact with a concentrated aqueous solution may cause severe burns [4]. Oral in-
gestion of 15 mg TMA hydrochloride/kg body weight induces nausea and ichthyo-
hydrosis [9].

TMA is normally formed from dietary choline and lecithin, but also from TMA 
N-oxide by intestinal bacteria (Fig. 7.4.2). Choline bound to lecithin is present most 
abundantly in egg yolk, liver, kidney, legumes, soy beans and peas. TMA N-oxide 
is present in considerable amounts in marine fish, amounting to approximately 
13,000 µmol/300 g fresh fish [12]. In marine fish it is thought to play a role as an 
osmoregulator. These fish are faced with the dehydrating force of salt water. TMA 
N-oxide is a major counteracting osmolyte with protein-stabilizing properties. Fresh-
water fish have much lower levels of methylamines. After the death of the fish TMA 
N-oxide may be converted into TMA by bacterial action, resulting in the character-
istic smell of rotting fish.

Fig.	7.4.1	 Structure of trimethylamine 
(TMA): relative molecular mass 59.11; boil-
ing point 2.9 C
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TMA is normally cleared effectively from the human blood circulation by hepatic 
N-oxidation and urinary excretion of the resulting non-odourous N-oxide. TMA 
in human metabolism is predominantly (> 95%) N-oxidised, but N-demethylation 
towards dimethylamine also occurs (Fig. 7.4.2) [3,5].

TMA accumulates in urine, sweat and other body secretions of affected individu-
als. It may occur in the breath and being volatile it is readily released into the atmo-
sphere.

7.4.3	 Flavin-Containing	Mono-oxygenases

TMA is converted into its N-oxide by an FMO in the liver (EC 1.14.13.8). Tri-
methylaminuria was found to relate to defects in FMO3. FMO3, is one of five human 
microsomal FMOs, which may have evolved in response to environmental chemicals 
[10,29]. FMO1 is found in foetal liver, FMO2 is expressed in adult liver and FMO3 is 
the main FMO in liver and brain [10]. Foetuses do not produce FMO3 after 15 weeks 
of gestation. Expression of FMO3 increases variably from birth, and most individu-
als produce significant amounts by 1–2 years [15]. The gene coding for FMO3 is on 
chromosome 1q23-q25. FMOs in general have a broad substrate specificity. They 
catalyse NADPH-dependent oxygenation of N-, S- or P-containing drugs, xenobiot-

Fig.	7.4.2	 The origin and metabolism of TMA in man. This figure shows the molecular defect 
in the flavin-containing mono-oxygenase (FMO3) in trimethylaminuria or fish odour syndrome. 
The dashed line indicates the minor metabolic pathway in healthy volunteers. Enzyme steps 
marked with “B” are in the intestinal bacterial flora. DMA Dimethylamine, MMA monomethyl-
amine
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ics and endogenous amines, and play a role in the detoxification of environmental 
toxins. Among the drugs that are converted by FMO3 are the anti-oestrogen drug 
tamoxifen, the antifungal drug ketoconazole, the H2 blockers cimetidine and raniti-
dine, the beta blocker propanolol, the antipsychotic drug chlorpromazine, the opioid 
analgesic morphine and nonsteroidal anti-inflammatory drugs, including benzyda-
mine and sulindac sulphide [10]. In addition, FMO3 oxidises tyramine. There have 
been anecdotal reports of adverse effects of eating cheese, which contains tyramine, 
in patients with fish odour syndrome [11,26]. Treacy et al. have reported urticaria 
and intolerance to sulphur-containing medication in patients [26]. It has been specu-
lated that FMO3 deficiency may have been a contributory factor. The enzyme also is 
active in the metabolism of nicotine and nicotinamide. However, the pharmacologic 
and toxicological significance of FMO3 deficiency remains largely unknown.

7.4.4	 Methods

Several methods are available in the literature for the measurement of aliphatic 
amines in biological samples [28]. Problems with specificity and separation and 
cumbersome derivatisation and/or extraction procedures have limited the use of 
these techniques on a larger scale in clinical practice. The lack of a simple analyti-
cal method may have led to an underestimation of the incidence of the fish odour 
syndrome. For diagnosing the syndrome, an analytical technique should be used that 
is able to simultaneously and quantitatively measure TMA and its N-oxide in the 
complex matrix of human urine. Two such methods are currently available for this 
purpose: proton nuclear magnetic resonance (NMR) spectroscopy and head-space 
gas analysis with gas chromatography or direct mass spectrometry (see below).

Fish odour syndrome is an autosomal recessive disease. Mutations have been 
found in the FMO3 gene. Molecular genetic analysis can therefore be used as a di-
agnostic test. Many pathogenic mutations have been described. The defect should 
be documented in patients with trimethylaminuria at the metabolite level and the 
diagnosis confirmed at the molecular genetic level. This chapter describes the avail-
able tests at the metabolite level.

7.4.4.1	 Proton	NMR	Spectroscopy

Principle

Proton NMR spectroscopy on body fluids has been used for the diagnosis of many 
inherited metabolic diseases. The NMR spectrum shows an overview of proton-con-
taining metabolites with a micromolar concentration or higher. The nine equivalent 
methyl group protons of TMA and of its N-oxide give characteristic resonances in 
proton NMR spectroscopy [1,19,20,22,25]. At pH 7.0, the TMA protons resonate as 
a singlet at 2.89 ppm, which only minimally shifts with pH of the sample. At pH 2.5 
the exchangeable proton on the nitrogen atom of TMA changes this resonance in 
a doublet resonance at 2.89 ppm (Fig. 7.4.3). The methyl protons of TMA N-oxide 
resonate as a singlet at 3.54 ppm or at 3.27 ppm (pH 2.5 and 7.0, respectively). The 
recovery, linearity and reproducibility of the assay are satisfactory [19]. The method 
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does not require extraction, lyophilisation or derivatisation and can be performed 
on untreated urine within a few minutes [19]. It is an advantage of the technique 
that TMA and its N-oxide may both be quantified in the same spectrum. Figure 7.4.3 
shows the urine NMR spectra from a patient with severe trimethylaminuria before 
and after a fish meal.

Pre-Analytical

Specimen

Common causes of abnormal body odour including poor hygiene, gingivitis, uri-
nary infections and infected vaginal discharge should be excluded. Random urine 
specimens may be used for the assay. Severely affected patients excrete excess TMA 
continuously. However, patients with milder FMO3 mutations do not have increased 

Fig.	7.4.3a,b	 Nuclear magnetic resonance (NMR; 500 MHz) urine spectra from a patient with se-
vere trimethylaminuria. a Before eating sea fish (TMA = 44 µmol/mmol creatinine, TMA N-oxide 
not detectable). b After a 300-g sea fish meal [Nijmegen protocol: urine collection during the 
6-h postprandial period; TMA = 322 µmol/mmol creatinine, TMA N-oxide:(TMA + TMA 
N-oxide) = 84%]. The NMR spectrum shows the presence of increased TMA in the pre-load sam-
ple as well as the absence of TMA N-oxide. After eating fish the TMA concentration is very high 
and the ratio is clearly abnormal
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urinary TM, and a loading test may be required for the diagnoses of such cases. Sam-
ples must be acidified quickly (pH 2.0 or lower). Samples are kept frozen at –20 C 
or lower until analysis. Amine concentrations at these temperatures are stable for at 
least 3 months.

Reagents and Chemicals

A solution of 20.2 mmol/l trimethylsilyl-2,2,3,3-tetradeuteropropionic acid (TSP, so-
dium salt; Aldrich) in D2O.

Instrumentation

An NMR spectrometer (300-MHz or higher field) is required for the analysis.

Calibration

Calibration may be performed based on peak area ratio (TMA:TSP and TMA N-ox-
ide:TSP). As creatinine also gives a signal in the proton NMR spectrum (3.13 ppm at 
pH 2.5), it is also possible to directly calculate the TMA and TMA N-oxide concen-
trations per mmol creatinine.

Quality Control

For internal quality control, a urine sample from a known trimethylaminuria patient 
may be used. At the moment there is no official external quality control scheme avail-
able for trimethylaminuria.

Analytical

Procedure

Urine is centrifuged before analysis. A 70-μl volume of TSP in D2O is added to 700 μl 
urine. This will provide a chemical shift reference as the TSP protons resonate at 
0.00 ppm; it also provides a deuterium lock signal. The pH of each sample is adjusted 
to 2.50±0.05 with concentrated HCl. Other pH values have been used in the litera-
ture. Finally, 650 μl of sample is placed in the NMR tube (Wilmad Royal Imperial). 
The samples are measured on a 500-MHz spectrometer with a triple-resonance in-
verse 1H,15N, 13C probe head equipped with X,Y,Z gradient coils. Spectra are acquired 
as 128 transients in 32,000 data points with a spectral width of 6002 Hz. The sample 
temperature is at 298 K. The H2O resonance is presaturated by single frequency ir-
radiation during a relaxation delay of 10 s while using a pulse width of 7 μs (90 ex-
citation pulse). Automatic shimming is performed. Samples are spun at 7 Hz during 
the measurement. The resonance line width for TSP and relevant metabolites should 
be < 1 Hz. A π/2 shifted sine-bell window function is applied to the free induction 
decay. Fourier transformation is performed after zero-filling to 64 data points. The 
phase and baseline are corrected manually.

Calculation

For quantification of TMA and TMA N-oxide, the area under the curve of the TMA 
and TMA N-oxide resonances (both nine equivalent protons) and of the creatinine 
methyl group resonance (three equivalent protons) is calculated by peak integra-
tion. Correction for the number of contributing protons and dividing the TMA and 
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TMA N-oxide peak areas by the creatinine peak area will provide the concentration 
of both analytes per mmol creatinine. Often the ratio TMA:(TMA + TMA N-oxide) 
or the ratio TMA N-oxide:(TMA + TMA N-oxide) is used for post-analytical inter-
pretation.

Post-Analytical Interpretation

Normal persons excrete very little TMA in the urine. However, slight TMA excretion 
may be observed after meals with a high content of TMA precursors like choline or 
lecithin, or after eating marine fish due to its high TMA N-oxide content. Healthy 
women may have a short episode of trimethylaminuria at the onset and during men-
struation. TMA has also found to be increased in the urine of some patients using 
carnitine supplementation. Advanced liver and renal disease may result in TMA ex-
cretion and this constitutes the so-called secondary trimethylaminurias.

Studies using classical biochemical methods have reported reference range val-
ues varying between 1 and 7 μmol TMA/mmol creatinine [17] and 11.9±6.2 µmol/
mmol creatinine (mean±1 SD) [27]. This corresponds well with the NMR data from 
Maschke et al. (7.7 ± 7.4 μmol/mmol creatinine; [19]. The biochemical diagnosis of 
trimethylaminuria is based on the detection of urinary TMA concentrations exceed-
ing 18 µmol/mmol creatinine. The most severe cases will excrete only TMA and rela-
tively little TMA N-oxide in a random urine sample [1]. Normal values for TMA do 
not exclude a milder defect in the FMO3 gene. For diagnostic purposes it may be more 
accurate to work with a ratio. When expressed as a ratio TMA N-oxide:(TMA + TMA 
N-oxide), a value > 92% should be considered normal [17,19]. In case of an abnormal 
ratio in a random urine sample and in patients with convincing clinical signs and 
symptoms, further testing should be pursued. A loading test is the next diagnostic 
step (see below). NMR spectroscopy of body fluids has the advantage that the spec-
trum gives an overview of proton-containing molecules in the sample without any 
preselection. This facilitates diagnosis of other inborn errors of metabolism in the 
same spectrum. In patients suspected to suffer from trimethylaminuria, special at-
tention should be given to the presence of excess amounts of NN-dimethylglycine 
(DMG). A defect in the dehydrogenase converting DMG to sarcosine may also lead 
to a malodour syndrome with a fish-like smell [7]. DMG can be quantified from the 
NMR spectrum of the urine.

7.4.4.2	 Head-Space	Gas	Chromatography		
or	Head-Space	Mass	Spectrometry

Principle

TMA, its N-oxide and related aliphatic amines like methylamine and dimethylamine 
in urine may be quantified using head-space gas chromatography [28] or direct in-
jection of the head-space gas into the gas sample injection port of a mass spectrom-
eter [27]. These methods take advantage of the volatility of the amines and evaluate 
the amine-rich head-space gas generated above the sample by direct injection. The 
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methods are rapid and simple and allow a high sample throughput. The recovery, 
linearity and reproducibility of the assays are satisfactory [27,28].

Pre-Analytical

Specimen

Common causes of abnormal body odour including poor hygiene, gingivitis, uri-
nary infections and infected vaginal discharge should be excluded. Random urine 
specimens may be used for the assay. Severely affected patients excrete excess TMA 
continuously. However, patients with milder FMO3 mutations do not have increased 
urinary TMA, and a loading test may be required for the diagnoses of such cases. 
Urine samples are collected in airtight plastic bottles containing HCl (6 M, 15 ml) 
to convert TMA to the more stable TMA hydrochloride. Samples are kept frozen at 
–20 C or lower until analysis. Amine concentrations at these temperatures are stable 
for at least 3 months.

Reagents and Chemicals

All reagents are commercially available. For the gas chromatography approach, iso-
propylamine may be used as an internal standard [28]. It is dried over granular cal-
cium chloride. TMA is purchased as the hydrochloride salt and TMA N-oxide as the 
dehydrate (Sigma, UK). TMA and TMA N-oxide are stored in desiccators over silica 
gel and are heated at 105 C for 2 h prior to use [28]. For head-space mass spectrom-
etry, [2H9]-TMA is purchased from Cambridge Isotope Laboratories (UK) [27].

Instrumentation

A gas chromatograph with a flame ionisation detector equipped with a silanised glass 
column packed with 4% (w/w) Carbowax 20M-0.8% (w/w) potassium hydroxide on 
a Carbopack B graphitised carbon support (60-80 mesh; Supelco, USA). The column 
is conditioned by injecting 1% (v/v) aqueous ammonium hydroxide (approximately 
20 × 10 µl) converting potassium carbonate in the packing to potassium hydroxide, 
thereby preventing tailing of the peaks [28].

For the isotope dilution, mass spectrometry method samples are injected directly 
into the gas sample injection port of the mass spectrometer [27]. These techniques 
do not allow concurrent analysis of TMA and TMA N-oxide in the sample. TMA 
N-oxide is quantified indirectly by measuring the increase in TMA after chemical 
reduction.

Calibration

Calibration for the head-space gas chromatography method is based on calibration 
curves with individual amines in distilled water. Isopropylamine is the internal stand-
ard [28]. For the isotope dilution mass spectrometry method [2H9]-TMA is used as 
the internal standard [27].

Quality Control

For internal quality control, a urine sample from a known trimethylaminuria patient 
may be used. At the moment there is no official external quality control scheme avail-
able for trimethylaminuria.

7.4 Trimethylaminuria788



Analytical

Procedure

Urine (5 ml) urine spiked with 0.2% (v/v) isopropylamine is placed in a screw-capped 
15-ml vial [28]. Pelleted potassium hydroxide (3 g) is added before sealing the vial 
with an airtight polytetrafluoroethylene-lined septum cap. Potassium hydroxide 
raises the pH of the sample to ensure that the amines are present as volatile bases. 
The vial is heated in an aluminium block at 90 C for 20 min. While still in this block, 
2 ml head-space gas is withdrawn through the septum with a disposable syringe and 
injected immediately on the gas chromatography column. The operating tempera-
tures of the column, injector port and detector unit are 70 C isothermal, 150 C and 
200 C, respectively, with nitrogen carrier gas at 60 ml/min. This allows quantification 
of TMA and other amines. TMA N-oxide is measured after quantitative reduction 
into TMA. For this, titanous chloride (30%, w/v; 0.2 ml) is added to 2 ml urine in 
a screw-capped vial and incubated for 30 min at room temperature. The sample is 
then diluted ten-fold with distilled water and analysed as described above. The result 
represents the sum of TMA and TMA N-oxide present in the sample.

When the samples are spiked with [2H9]-TMA instead of isopropylamine, the 
head-space gas can also be injected directly into the gas sample injection port of a 
mass spectrometer for TMA quantification [27]. Electron impact mass spectra are 
collected over the mass range m/z 10–500 at a scanning rate of once per 3 s. The ion 
intensities of 20 consecutive scans are averaged and the ratio of the ions at m/z 59 
and 68 is determined for TMA [27].

Calculation

Based on internal standard and the linearity of the calibration curve.

Post-Analytical Interpretation

Post-analytical considerations in general are equivalent to those for NMR spectros-
copy (see above).

7.4.4.3	 Loading	Tests

Loading tests have been described as useful in diagnosing trimethylaminuria. A load-
ing test is not required in severe cases of trimethylaminuria as these patients excrete 
significant amounts of TMA continuously. The milder cases may have fully normal 
TMA in urine and the diagnosis can only be made at the metabolite level after an 
oral challenge test. The available literature on such loading tests is largely anecdotal. 
Early studies have used choline loading in patients and family members [14,18,25]. 
Later studies used oral challenges with 300–600 mg TMA free base in a gelatine cap-
sule [2,6]. At 900 mg there was evidence of saturation of the N-oxidation system in 
adults. Al-Waiz et al. have used this test to identify heterozygotes. Heterozygotes do 
not have the fish odour normally, but it may appear after a TMA load [2].

Healthy volunteers excrete 93.2–97.9% of the ingested TMA as TMA N-oxide. 
Parents of patients with trimethylaminuria excreted only 74.8–78.9% of the 600 mg 
TMA dose as TMA N-oxide [2]. Urine generally is collected during 6–8 h after the 
TMA ingestion.
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FMO enzymatic activity is also involved in the formation of theobromine from 
caffeine. Park et al. have used this to identify heterozygotes for trimethylaminuria 
[23]. They determined the theobromine:caffeine ratio in the urine after administra-
tion of a cup of coffee and were able to identify heterozygotes with this test.

A further approach has been used by the author of this chapter (Wevers, unpub-
lished data) and was used in a paper by Podadera et al. [25]. Patients were given a 
fish meal with 300 mg fresh sea fish and urine was collected over the 6-h period 
(Nijmegen protocol) or at between 2 and 12 h [25] after the meal. In a series of nine 
trimethylaminuria cases with confirmed pathogenic mutations in the FMO3 gene, 
six patients had increased TMA in a random urine sample (Nijmegen unpublished 
data: range 22–440 µmol/mmol creatinine; reference <18 µmol/mmol creatinine). 
In these patients molecular genetic confirmation is the next diagnostic step and a 
loading test is not strictly required. The other three cases had a normal TMA con-
centration in a baseline urine. After a fish meal, all three had an abnormal TMA 
N-oxide:(TMA + TMA N-oxide) ratio of between 30 and 84%. For healthy controls 
this ratio is always > 98% (n = 4). Figure 7.4.4 shows the excretion in two healthy 
volunteers and in a case of severe trimethylaminuria. Urine should be collected for 
6–8 h after the fish meal. After finding an abnormal result in a loading test, molecular 
genetic confirmation is advised.

Fig.	7.4.4	 Oral challenge test with a sea fish meal (300 g fresh sea fish) in two healthy volun-
teers (---) and one patient with the severe form of trimethylaminuria. The ability of the N-oxida-
tion system to oxidise TMA into TMA N-oxide is expressed as the ratio TMA N-oxide:(TMA 
N-oxide + TMA). In this patient both the baseline value and all other data points are abnormal
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8.1.1	 Introduction	to	Tandem	Mass	Spectrometers

Tandem mass spectrometers are just one type of mass spectrometer and there are 
many abbreviations and terms that are used commonly. Tandem mass spectrometers 
have been given many shorten names and abbreviations from tandem mass to TMS 
(many say they use these terms because of the challenge of pronouncing spectro
metry). Unfortunately, these are incorrect abbreviations and it is essential to use 
tandem mass spectrometry with proper terms (TMS is and abbreviation for trimeth
ylsilyl derivatives used in gas chromatography/mass spectrometry). The acceptable 
shortened name or abbreviation is tandem MS (where mass spectrometry is abbrevi
ated and it removes the challenging spectrometry pronunciation) or MS/MS [1].

Why do we use the abbreviation MS/MS? This indicates the configuration of one 
of the most common types of tandem mass spectrometer, a tandem quadrupole mass 
spectrometer. The tandem quadrupole mass spectrometer instrument has two mass 
separation quadrupole devices that are separated by a collision cell or fragmenta
tion chamber. These devices are linked in series (tandem in space). In other words 
a charged molecule (ion) must first pass through the first mass spectrometer (mass 
analyzer, MS1) and a collision cell before it reaches the second mass spectrometer 
(mass analyzer, MS2). The slash or dash between MS/MS (MSMS) has been debated 
and it has been traditional to denote tandem in parallel instruments as MS/MS. The 
hyphen is utilized for other types of devices attached to the instrument such as gas 
chromatography (GCMS) or liquid chromatography (LCMS) or LCMS/MS. Fig
ure 8.1.1 illustrates the various configurations of tandem mass spectrometers.

These are not the only types of tandem mass spectrometers. There are numerous 
configurations of instruments that are based on the type of ion separation and many 
new terms associated with these instrument types. For example, there are instru
ments known as ion traps. The ion trap is a device that can measure mass, fragment 
a selected mass (as could be done in a collision cell) and then measure the mass of 
the fragment. The product ion produced by this all in one device is the same product 
ion that would be produced in a tandem quadrupole instrument. However, there is 
only one mass analyzer that functions as both the collision cell and mass measur
ing device. These types of instruments are sometimes referred to as tandem mass 
spectrometers, but are not abbreviated as MS/MS. The MS/MS analysis is done by 
separating the analysis in time (tandem in time) rather than two devices separated in 
space. A more generic term is best suited. This term is MSn, where the n represents 
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the number of mass analyses. The MS analysis of a compound and its “first” frag
ments would be labeled MS2 since mass of the intact, precursor ion and its fragment, 
product ion has two mass separations. An ion trap can, however, “trap” one of the 
product ions and fragment it further. This additional round of mass analysis and 
fragment would be called an MS3 analyses. As you can see, an ion trap has a very 
important function in product ion analysis. However, it is limited in its ability to 
“answer questions” about the precursor ions based on its products. Simply stated, it 
cannot perform neutral loss or precursor ion scans as well as tandem quadrupole or 
tandem in space instruments. Figure 8.1.1 has a simplified diagram of an ion trap.

Finally, it is important to note there are many other instruments and configu
rations that are often referred to as tandem mass spectrometers. There are hybrid 
instruments that use another form of mass separation, timeofflight (TOF) mass 
spectrometry. TOF mass spectrometry separates ions based on the time it takes to 

Fig.	8.1.1	  Simple illustrations of a various mass spectrometers. a The triplequadrupole tandem 
mass spectrometer (top panel). The middle set of quadrupoles are part of the collision cell (CC) 
and do not perform mass separation. MS1 and MS2 indicate the first and second quadrupole 
mass separation devices, respectively. The bold arrow shows the path of ions. b Iontrap mass 
spectrometer (middle left). The charged sections of the ion trap are not elliptical as drawn, but 
rather hyperbolic. The diagram is also twodimensional, whereas the ion trap is threedimen
sional. The ion path is such that ions enter the device and are trapped until a specific voltage 
ejects these ions. c Time of Flight mass spectrometer with a Reflectron (middle left). Ions are 
separated by the time it takes to pass through the instrument. The Reflectron improves/focuses 
the ions. d Hybrid Tandem mass spectrometer (bottom). The diagram shows that a quadrupole 
instrument can be combined with a different type of mass spectrometer, forming a tandem hybrid 
instrument
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traverse a particular ion path. They often contain a device known as a Reflectron 
(Fig. 8.1.1), which is essentially an ionselective mirror or lens that helps focus the 
ion beam, permitting very high resolution. With the addition of a TOF instrument 
we have a many instrument combinations. Hence, there exists quadrupoleTOF in
struments and TOF/TOF tandem instruments are available. There are even quadru
pole linear iontrap tandem mass spectrometers. All of the instruments are arranged 
spatially and hence are tandem in space instruments. Another type of instrument, 
known as a Fourier transform ion cyclotron resonance instrument, can perform tan
dem in time mass analysis like that of an ion trap.

8.1.2	 Introduction	to	Clinical	Analysis	by	MS/MS

A mass spectrometer detects the mass of ionized molecules. Many of these molecules 
are compounds found in biological fluids and are integral intermediates of clinical 
biochemistry. Mass spectrometers detect the compound(s) that enter it. It is very 
important that the mass spectrometer’s ability to detect and measure a compound 
is only as good as the integrity of the compound that is injected into it. The mass 
spectrometer is a detector. There is a certain degree of expertise to keep the mass 
spectrometer operating efficiently as a detector, and some of this will be described 
herein. But there is an equally important expertise in sample handing and sample 
preparation. A poor sample preparation, poor sample quality, or inappropriate speci
men type can affect the results or their meaning even if analyzed using a mass spec
trometer. These are obvious statements, yet with the power of a tandem mass spec
trometer, they are often overlooked. When we discuss a false result obtained by mass 
spectrometry, was it due to a poorly operating mass spectrometry system, sample 
preparation that was improper, a bad specimen, or was it a correct, true result from 
a patient not expressing a disease (producing particular metabolites) at the time of 
collection? Many techniques are required just to isolate the problems routinely en
countered in an analysis of a clinical sample.

A tandem mass spectrometer and its ability to measure multiple metabolites helps 
overcome many of the problems associated with clinical chemistry. In terms of re
sults, measurement of related metabolites is often better at characterizing a disease 
than measuring a single analyte, as often done in many classical nonmass spectro
metric analyses. Yet, mass spectrometry also has its limitations and laboratories need 
to utilize confirmatory tests to improve the certainty of a result. Furthermore, any 
interpretation of a biochemical result must be done so in light of patient variables 
such as age, health status, and gender, for example. In other words, from the labora
tory perspective, an MS/MS analysis provides some important and critical informa
tion to a medical practitioner. It is important that we explain the context of what 
those results are so that he/she can make a proper diagnosis. The fewer false results 
demonstrated in many laboratories utilizing MS/MS engender a higher degree of 
confidence in the analytical result among physicians. The higher the confidence in 
that data by the medical profession, the more likely a correct and timely diagnosis 
and subsequent treatment will be made.
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8.1.3	 Essential	Principles	of	MS/MS

The primary use of MS/MS in most laboratories has been as a device that obtains 
product ion spectra, which are essentially fragmentation products. Molecules frag
ment in reproducible ways and follow basic physical chemistry principles. An anal
ogy to letters and words has been used. Atoms are the letters and syllables are certain 
arrangements of atoms in functional groups, such as a carboxylic acid group, an 
amine, a hydroxyl group, ketones, and hydrocarbon chains with branch points, for 
example. Like words in a dictionary, the syllables are separated for pronunciation, 
like pronunciation. (See Fig. 8.1.2) A molecule may fragment into various pieces 
in the same predictable way. Product ion scans are important for learning about spe
cific molecules and for the discovery or identification process of newly discovered 
compounds.

In metabolism, more specifically newborn screening for amino acids and acyl
carnitines, we use two other types of MS/MS analyses: the precursor and neutral 
loss scans. In both types of scan, the question is asked “where did I come from?” 
In other words, a fragment of a molecule is detected that is unique or common to a 
particular molecule or family of structurally similar molecules. Because the instru
ments are linked in space rather than time, when a particular product is detected 
in the second mass spectrometer (MS2), the computer software knows what mass 
was being scanned in the first mass spectrometer (MS1). The difference between a 
precursor ion and neutral loss scan is the nature of the product. With a precursor ion 
scan, that product of interest is also an ion and it can be detected. With a neutral loss 

Fig.	8.1.2	 Illustration of tandem mass spectrometry (MS) analysis using a “word” analogy
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scan, the product of interest is not an ion, but a neutral uncharged molecule. It can
not be detected. However, since a molecule must fragment to a neutral and ionized 
fragment (i.e., split into at least two parts), the other part of the fragment is charged. 
Using computer software, we set the second mass spectrometer to measure the mass 
of any product ion that differs by the mass of the neutral molecule (which is pumped 
away in a vacuum). There are other functions of a mass spectrometer, such as neutral 
gain (rarely used) and mass spectrometry only where the mass spectrometer can be 
set to not fragment at all and measure all ions. See the illustration in Fig. 8.1.2 for a 
graphical explanation.

There is also one other type of scan that is actually a subset of all of the above 
scans. These are known as selected reaction monitoring (SRM) scans. These scans 
pick one precursor ion and one product ion and monitor that signal. You can add as 
many SRM scans as the software allows.

Missing from the above discussion is the collision cell or fragmentation chamber. 
The collision cell contains many of the electronics and features of MS1 and MS2 
with a few important differences. First, the collision cell does not separate masses. It 
is a passthough device where we want to keep the beam of ions tightly packed in a 
stream, even after the energetic fragmentation process. It is also important for these 
ions to maintain their certain energetic state so that they can pass through this de
vice. This chamber can be used to regulate the energy state of the molecules so that 
the degree of fragmentation can be altered as well as a gas is introduced to collide 
with the precursor ions and cause fragmentation.

The other important aspect of MS/MS is that it can perform any of these types 
of scans during a particular analysis. In other words, you can perform a precursor 
ion scan and a neutral loss scan then repeat the entire cycle as frequently as the data 
sensitivity allows and for as long as the compound is present. This makes for a very 
versatile and powerful instrument.

Ionization is another very important component of MS/MS and all MS instru
ments. Molecules must be charged in order to be analyzed because the mode of anal
ysis is by repulsion and attractive forces driving and guiding an ion down a path. It 
is not that different to considering the amount of force needed to keep a wandering 
elephant walking down a path than perhaps a turtle. For a given set of conditions, 
only one combination of electronic fields will permit a molecule of a certain charge 
and mass to pass through its chambers, at least for the quadrupole instruments. We 
measure mass by correlating detection with specific voltage settings. TOF instru
ments work a bit differently; they separate by speed and time of arrival. If we hit a 
bowling ball with the same force of a golf ball, the golf ball would quickly reach its 
target, whereas the bowling ball would move slowly toward the target. We separate 
mass by measuring arrival times.

Ionization is very important in that you have to have ions to detect and mea
sure mass. Today, electrospray ionization is used; this is a process where a stream
ing liquid is ionized and this imparts ionization of the molecules dissolved within 
it. However, large amounts of liquid or uncharged molecules are not desirable in a 
mass spectrometer operating in a vacuum. Hence, electrospray ionization is opti
mized such that nearly all of the solvent/spray is removed and only charged mol
ecules enter the massseparation devices. You may ask how I ensure that only the 
molecules I am interested in make it to the mass spectrometer rather than all of the 
other molecules that may be present in the mix. This is an important concept, since 
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the ability to ionize or the efficiency of the ionization process is dependent upon the 
concentrations of the material in which you are interested and the concentration of 
all of the other materials that are present. You obtain the highest degree of ionization 
when less of the competitive ionization materials present. In a nutshell, this is where 
much thought on sample preparation and internal standardization is key. The term 
“ionization efficiency” is key to the quantitative aspects of mass spectrometers.

One final note that requires a discussion: it is the mass and charge of a molecule 
that is measured in a mass spectrometer, not simply mass. However, with most small 
molecules, the charge is 1 and hence an m/z value is m/1 or simply m. However, 
certain molecules have the potential to become multiply charged (i.e., proteins and 
peptides). Therefore multiply charged molecules could have multiple mass values at 
m/1, m/2, m/3 etc. Most metabolite analysis however is singly charged and as such 
simplifies this discussion.

8.1.4	 Data	Handling,	Data	Processing

For each mass value, a signal quantity at the detector is recorded as counts per sec
ond, but may also be in another form. Since there are generally many mass values 
acquired, there is a ion intensity for each mass. This can be displayed as a bar chart 
of m/z ratio versus signal intensity. This chart is known as a mass spectrum. Spectra 
come in many variants. Full scan mass spectra show a range of masses with individual 
values at regular intervals of 1 or even 0.1 Da. SRM measures only the precursor ion 
mass and its product ion. Some mass spectra are “processed” data that convert m/z to 
mass. This is often seen in protein analysis where the multiply charged mass spectra 
are converted to a spectrum of just mass, simplifying the spectra interpretation.

In addition to displaying data in a spectrum, data is also in the form of a list with 
mass and ion counts (intensity). Some mass spectrometers can do many things to 
spectra to improve its utility. Removing or “smoothing out” of random noise, for ex
ample, is often performed. The modified or processed data or raw data is then often 
shipped to another program that converts these data to concentrations or a workable 
form with which to make assessments.

Many mass spectrometry vendors supply software to provide the ability to per
form various mathematical or statistical operations including calculation of stand
ards curves and concentrations. In general these programs can calculate a ratio of the 
intensity of one peak relative to another. If that other peak or “reference” is present at 
a known concentration, then this ratio becomes the basis for calculation of the con
centration of the unknown with various corrections and constants. There are many 
options to working with mass spectrometric data and, as a result, many different 
programs used to manipulate these data. Other programs have searchable databases 
to match a mass spectrum obtained with that in a library and score the closeness of 
a match as a numerical percentage. Other software converts an m/z spectrum for a 
protein to that of mass only due to the nature of the analysis and multiply charged 
proteins. That discussion is best reserved for proteomics rather than metabolomics.
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8.1.5	 Interpretation

In clinical chemistry, interpretation of the data can be quite simple or complex. In 
the case of MS/MS applications pertaining to a single analyte, all that is needed is the 
intensity value from the mass of a peak of interest and its internal standard. View
ing of a spectrum is not necessary. For profile methods such as fullscan acylcarni
tines, amino acids, or other compound families, the interpretation is more complex. 
With multiple related components, calculation of the concentration of many key me
tabolites is required. The system generally has multiple internal standards, external 
standards, or both. In addition to the concentration calculations, examination of a 
profile is often best achieved by viewing the spectra together with the quantitative 
information.

8.1.6	 Preparation	for	MS/MS	Analysis

Although MS/MS improves selectivity compared to a single MS analysis for spe
cific compounds, a certain degree of sample preparation, cleanup, and possible 
derivatization is necessary. As described previously, ionization is a critical step in 
detecting compounds of interest. Biological specimens generally have very complex 
components and some of them are present in very high concentration. Each of these 
compounds competes for the ionization process, albeit some more effectively than 
others. In addition, salts can create adducts that alter the mass value and ionization 
efficiency. Sample cleanup can improved the sensitivity and selectively greatly. As in 
newborn screening, several aspects of the analysis enables a higher sensitivity than 
otherwise could be achieved with a direct analysis of blood. First, for example, the fil
ter paper card that is used to collect blood serves as a cleanup step if extracted with 
pure methanol. Altering this solvent composition (i.e., adding more water or using 
a more lipophilic alcohol such as ethanol) can decrease the extraction efficiency of a 
specimen or remove more unwanted compounds that compete for ionization. Sec
ond, esterification can increase ionization efficiency by preventing the possibly of 
a negative charge on the acid functionalities as well as make the compound more 
lipophilic. Third, the makeup of the mobile phase and slight alteration of the pH can 
enhance ionization. There are many methods that can be used to clean up or separate 
the components of interest, including highperformance liquid chromatography and 
column extraction.

8.1.7	 	Internal	Standards

Perhaps no reagent is more important than the stableisotopelabeled internal stand
ard in any clinical assay utilizing mass spectrometry for quantification. Internal 
standards are important in many aspects of the analysis and are somewhat different 
than standards utilized in other clinical, nonmassspectrometric assays. The ideal 
internal standard is an enriched isotopic version of the analyte being measure. For 
example, in the case of phenylalanine, a standard available may contain six 13C mol
ecules rather than 12C in the aromatic ring. This has the net effect of shifting the 
mass of phenylalanine by six units while also maintaining nearly identical chemical 
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properties. A technique in mass spectrometry known as isotopedilution mass spec
trometry utilizes these standards to most accurately quantify an analyte. If a known 
amount of stable isotope internal standard is added to blood and mixed appropri
ately, it will follow all of the preparation and analytical steps as for an unlabeled 
analog. Typically, a standard curve of known concentration of the analyte of interest 
is mixed with a fixed concentration of isotopelabeled analyte and measured by mass 
spectrometry. A measured ratio of unlabeled to labeled analyte versus the theoretical 
amount of added unlabeled metabolite provides this standard curve. In other words, 
the labeled analyte (internal standard) becomes the reference. From the standard 
curve plot, calculation of the concentration is possible by extrapolation.

In some applications like newborn screening and filter paper blood spots, the 
internal standard that is labeled cannot be mixed with blood. It can only be present 
in the extraction solvents. Therefore, only the extracted metabolites can be quanti
tatively measured. I have denoted a term called pseudoisotope dilution to account 
for the differences between traditional isotope dilution and the technique commonly 
used in newborn screening by MS/MS. A special analysis is capable using this tech
nique, however, in terms of an extraction efficiency experiment. With isotopela
beled standards you can perform an experiment whereby a traditional isotopedilu
tion technique (internal standard added to liquid blood and spotted) is compared 
to pseudoisotope dilution techniques (internal standard is added to the extraction 
matrix). The ratio of the results of these two analysis (pseudo/traditional) is the ex
traction efficiency.

Another note of importance in MS/MS is the position of the isotope label. De
pending upon the type of MS/MS analysis, the position of the label is important in 
terms of making sure that the analyte of interest and its internal standard share the 
same fragments. In other words, in the case of phenylalanine for example, a label 
on the phenyl ring produces a fragment that is identical to the unlabeled precursor. 
Furthermore, the fragment (neutral loss) is the formic acid and not the phenyl ring. 
So both product ions are different by the labels. If the phenylalanine was labeled on 
the carbonyl carbon, that would be lost on fragmentation and the mass of phenyl
alanine would be altered and perhaps the ability to accurately quantify the mass. 
Therefore, extreme care is required in designing new clinical assays and new internal 
standards.

Not all metabolites may have an internal standard, especially in techniques that 
measure many substrates. In this case, we can measure the ratio of the analytes of 
interest to a different internal standard via a standard curve and make corrections. If 
no unlabeled or labeled standard is available for a compound or peak of interest, then 
a simple ratio of masses can be calculated. Although this may be quite reproducible, 
it should be recognized that there is an added degree of uncertainty about the mea
surement and renders the analysis qualitative, or at best semiquantitative.

8.1.8	 Quality	Control	and	Assurance

It is important to clarify a confusing issue that is commonly encountered in mass 
spectrometry and clinical chemistry. Mass spectrometrists define selectivity and sen
sitivity in quite different terms than do clinical chemists. Analytical selectivity and 
sensitivity are terms that should help clarify the situation. The measure of sensitiv
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ity of an instrument in terms of µmol/l or mg/dl defines detection limits from the 
measurement perspective. The ability to measure a particular analyte with little or 
no interference from other components defines selectivity from this analytical per
spective. Clinically speaking, clinical sensitivity is the ability of a test to detect pa
tients with disease where clinical selectivity has to do with the ability to distinguish 
one disease from another. Perhaps clinically speaking, the term “falsepositive” and 
“falsenegative” results are alternative ways of presenting the data.

There are proficiency testing programs that are geared toward clinical sensitivity 
or specificity by seeking to determine whether a disease can be detected versus other 
types of controls that are use to test sensitivity, selectivity, and most importantly, re
producibility and precision. With mass spectrometry, the controls are and should be 
no different than those used for other assays, with one interesting exception. Quality 
assurance materials prepared for MS/MS may not be useful in other assays that are 
less selective. The example is newborn screening where quality assurance/control 
QA/QC materials have a mixture of compounds present in the blood specimens. 
However, in less selective immunoassays, the mixture creates interferences. In ad
dition, material is used to spike a blood sample is key and one should ensure there 
is no enzyme activity. We have encountered such a problem with a d/l mixture of 
metabolites where one form was degraded in the prepared blood.

8.1.9	 Multiple	Analyte	Versus	Single	Analyte

Mass spectrometry can analyze single or multiple components in a clinical assay. 
Each has their advantages and disadvantages. In the case of newborn screening ap
plications, MS/MS is used to measure the amino acid and acylcarnitine family of 
compounds in a single test. This has the advantage of saving dollars in the analysis. 
However, interpretation can be quite complex and in such a pattern, not all metabo
lites and the diseases they detect are created equal. The idea of a single analyte is sim
plest and interpretation is relatively simple, but the cost per sample may be higher. In 
truth, MS/MS is more ideally suited for multiplecomponent analysis because of its 
ability to selectively analyze compounds of interest, and very different compounds 
at the same time. For singleanalyte components, other assays may be simple and 
less expensive and therefore MS/MS is not justified. A fullcapability clinical labora
tory usually has both mass spectrometry and other techniques that serve to detect a 
myriad of compounds and provide a confirmatory test to the assay performed on a 
different system.

8.1.10	 A	Clinical	Illustration

To put the discussion described above in a practical illustration, I have included 
a mass spectrum from a newborn blood spot of a patient confirmed to have me
diumchain acyl coenzyme A dehydrogenase (MCAD) deficiency. Figure 8.1.3 is an 
acylcarnitine profile obtained from a methanol extract of a dried blood spot. Stable
isotope acylcarnitine internal standards were mixed with the methanol extracting 
solvent at a concentration that is equivalent to 1 or 2 µmol/l of blood. The concentra
tions of each internal standard are marked on the illustration by the clear hexagons. 
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This extract was derivatized to make butyl esters of the acylcarnitines and analyzed 
using precursors of a 85Da scan. The common fragment of acylcarnitine butyl esters 
is an ion at m/z 85 and all acylcarnitines share this common product. The spectra 
show the precursor ions or molecular ions that were being scanned at the time, de
tected at m/z 85 for both the internal standards and endogenous acylcarnitines. To 
the left, or lower mass values, the metabolites of interest are labeled as, for example, 
C3, C8, C16. Those acylcarnitines that are key to the detection of MCAD deficiency 
are underlined.

A key point in the examination of fullscan spectra requires a quick glance at 
the signal to noise ratio. This is illustrated in the spectrum and labeled as signal and 
noise. A simple examination will show that there is little random noise and that a 
peak is clearly differentiated. Also note that visually, the pattern of MCAD is clear, 
with a large set of peaks at C8, C6, C10:1, and C10. In fact, if you were to connect 
the dots it would look like a bellshaped curve, and that is exactly the correct anal
ogy because the activity of the MCAD enzyme is optimize for C8 and less so for 
C6, C10, and C10:1. C6 and C10/C10:1 can be metabolized to a smaller extent by 
verylongchain acylcoenzyme A dehydrogenase or shortchain acylcoenzyme A 
dehydrogenase enzymes. This profiles is compared to the quantitative result. Regard
ing quantification, the relative peak intensity of the C8 is about five times that of the 
internal standard, which at 1 µmol/l would lead to approximately 5 µmol/l of C8. 
A quick glance at C3 and C16 shows that these metabolites are not deficient and 
hence there appears to be a know carnitine deficiency, which can be reference by the 
free carnitine value (data not shown). The major point here is that a mass spectrum 
should look like that presented in Fig. 8.1.3. The separation of M, M + 1 and M = 2 
should be adequate such that M and M + 1 are differentiated and between 20 and 
30% for the number of carbons detected (1.2% × Carbon number  =  natural abun
dance for 13C). Between the pattern and the concentration of individual metabolites, 

Fig.	8.1.3	 Acylcarnitine profile of a blood spot from a newborn with mediumchain acyl coen
zyme A dehydrogenase (MCAD) deficiency
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detection of MCAD deficiency should be relatively easy and exhibit a degree of high 
accuracy and precision.

8.1.11	 Brief	Summary

This chapter was designed to introduce and simply illustrate how a tandem mass 
spectrometer is used in clinical chemistry. There are several other references for a 
broader description of mass spectrometer application in clinical chemistry as well 
as specific applications of the technology in numerous areas of metabolism and pro
teomics. A key point is that a tandem mass spectrometer is just one component of 
an entire system, which includes the specimen type, collection, sample extraction, 
cleanup, quantification, QA/QC, interpretation, and reporting and followup of ab
normal results. If the mass spectrometer is operating at its peak efficiency, screening 
results would likely be clear and free of issues. However, if the mass spectrometer 
is not at its peak, questions on diagnosing the instrument problem, failed QA/QC, 
incorrect interpretation, and delayed results will have an adverse effect on the results 
and the confidence we have in them. Hence, the mass spectrometer lies at the heart of 
such a robust newborn screening test and other clinical tests utilizing this system.
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8.2.1	 Introduction

“The natural world is not famous for making life easy for human geneticists” 
D. B. Goldstein [5]

Over recent years, molecular genetic investigations have attained an important place 
in the diagnostic work-up of patients with known or suspected inborn errors of me-
tabolism. Identification of a known disease-causing mutation may provide the ulti-
mate proof of diagnosis, particularly in those disorders in which a biochemical or 
enzymatic diagnosis is not possible, not reliable or requires invasive procedures. This 
may be the case when an enzyme is expressed in specific organs only (e.g. liver or 
brain) or when the disease is caused by a deficiency of structural, receptor or mem-
brane proteins. Mutation analysis may be the first follow-up method in disorders 
that are caused by one or a few common mutation(s) such as long-chain hydroxy-
acyl-coenzyme A dehydrogenase (LCHAD) deficiency. Knowledge of the mutation 
may provide information about the course of disease and prognosis in disorders with 
established genotype-phenotype correlations. Finally, knowing the causative muta-
tions in a family may be valuable for genetic counselling and prenatal diagnosis.

DNA studies may be quite expensive, and there are several aspects that should be 
considered before mutation studies are requested or when the results are available:
1. Are mutation studies necessary? Enzyme studies or other phenotypic or func-

tional investigations may be more sensitive and more (cost-)effective for reaching 
a diagnosis.

2. How unlikely is the diagnosis when no mutation is found? There is virtually no in-
born error of metabolism for which all mutations are detected, even with the most 
sophisticated methods. Negative results do not usually rule out a diagnosis, and 
for their interpretation it is essential to know the sensitivity of the method used in 
the analysis. This information must be provided in the DNA analysis report.

3. How likely is the diagnosis when mutations are found? Novel DNA variants may 
be erroneously regarded as disease-causing when they are in fact silent. Nowadays 
it is easier to sequence a gene than to interpret the results correctly. Make sure that 
the laboratory staff is familiar with the full spectrum of mutations in the genes 
studied.

4. Cis or trans? When two mutations are found in a recessive disorder, inheritance 
in trans (on different chromosomes) should be confirmed. Two mutations may 
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occasionally be in cis (on the same chromosome), with another or no mutation 
on the second chromosome. It may be useful to confirm mutations in parental 
samples but beware of non-paternity.

5. How good are genotype-phenotype correlations? Is the clinical picture fully ex-
plained by the genetic findings? Is the disorder fully penetrant? Are there addi-
tional, non-genetic factors of pathogenesis?

6. Mutation data should be communicated to the family through genetic counsel-
ling. Many patients do not fully understand the genetic aspects of a metabolic 
disorder in their child, and genetic counselling should be offered to all. Genetic 
counselling is absolutely essential when other members of the family could be at 
risk of being affected or when prenatal diagnosis is considered an option.

7. Who benefits from the analysis? Mutation analyses in children should only be 
performed if there is an important medical consequence in childhood. In particu-
lar, carrier analyses in healthy siblings of children with metabolic disorders are 
not indicated and should not be carried out even when requested by the parents.

A range of molecular methods is available for the identification of genetic alterations. 
Most depend on amplification of specific genomic areas with the polymerase chain 
reaction (PCR). Which method is employed by a particular laboratory depends on 
a range of factors including experience, costs and billing. For practical purposes it is 
important to differentiate between mutation scanning methods, mutation screening 
methods, direct sequencing and genomic quantification.
1. The aim of mutation scanning methods is to detect known or novel mutations in a 

gene by scanning base-by-base and exon-by-exon. Abnormalities found are con-
firmed by direct sequencing. In this chapter we present in more detail denatur-
ing gradient gel electrophoresis (DGGE) as a sensitive and cost-efficient mutation 
scanning method.

2. Mutation screening methods involve testing for specific (previously selected) mu-
tations in a gene. This approach is relatively inexpensive and may be useful for 
disorders that are caused by one or few common mutations. It is important to take 
the origin of the patient into consideration, since the frequency of mutations dif-
fers markedly between populations. As an example for such a method we discuss 
restriction enzyme analysis in more detail in this chapter.

3. Direct sequencing is the gold standard of mutation detection; is also covered in 
this chapter. Sequencing does not usually detect large deletions or genomic rear-
rangements. Keep in mind that quality control schemes for DNA sequencing con-
sistently show an error rate of at least 1% even in expert laboratories. If the results 
do not fit the clinical picture it may be justified to check the results in another 
laboratory.

4. Genomic quantification is necessary to identify large deletions or duplications 
that occasionally cause single gene disorders. A novel molecular method (multi-
plex ligation-dependent probe amplification, MLPA) has been recently developed 
for this purpose and is presented in this chapter.

8.2.2	 Properties	of	the	Analyte

Modern genetics started with the elucidation of the double-helical structure of the 
DNA molecule by James Watson and Francis Crick in 1953 [20]. It was already known 
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that DNA consists of the purine bases adenine (A) and guanine (G) and the pyrimi-
dine bases thymine (T) and cytosine (C). Although the percentage of A residues 
differs among organisms, it always equals the percentage of T residues. Likewise, the 
percentage of G and C residues is equal. Human DNA consists of approximately 30% 
A, 30% T, 20% G and 20% C. By studying the X-ray diffraction patterns obtained by 
Rosalind Franklin, Watson and Crick concluded that DNA is present in the nucleus 
as a double helix of two antiparallel chains with A residues opposite T and G opposite 
C (Fig. 8.2.1). The four bases are on a deoxyribose-phosphate backbone. The units of 
the DNA strand are called nucleotides. Each nucleotide consists of a phosphate group 

Fig.	8.2.1a–c	 Structure of the DNA molecule. a The four bases and the hydrogen bonds that 
bind both strands of the double helix. The sugar-phosphate backbone is represented by open bars. 
b The double helix with both strands depicted as ribbons. c the sequence of the ACADM gene. 
Shown are only the exonic bases. The start and stop codons are underlined
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at the 5’ carbon of a deoxyribose sugar coupled to a DNA base. Each nucleotide is 
coupled to the next by binding the phosphate at the 3’ carbon. This defines the so-
called 5’-3’ orientation of the DNA strand. The two strands are held together by the 
hydrogen bonds between the paired bases (A-T and C-G). Due to the invariable base 
pairing, the information content encoded by the sequence of the DNA bases on both 
strands is identical: the complementary bases on opposite strands compose comple-
mentary sequences. Due to the antiparallel orientation of the strands, the comple-
mentary sequence on the opposite strand is directed in a reverse direction.

The sequence of the bases contains coded information for the synthesis of pro-
teins. These sequences are transcribed into an RNA copy of the sequence: messenger 
RNA (mRNA). The mRNA is translated in the cytoplasm. The DNA also encodes 
structural RNAs, with functions in transcription of the DNA, processing of the tran-
scripts and translation of the transcripts. The genetic code shown in Table 8.2.1 is 
simple, but efficient. At each nucleotide position, there are only four possibilities; A, 

Table 8.2.1  The genetic code

Amino acid Genetic code

Alanine Ala (A) GCA, GCG, GCC, GCT

Arginine Arg (R) AGA, AGG, CGA, CGG, CGC, CGT, 

Aspartic acid Asp (D) GAC, GAT

Asparagine Asn (N) AAC, AAT

Cysteine Cys (C) TGC, TGT

Glutamic acid Glu (E) GAA, GAG

Glutamine Gln (Q) CAA, CAG

Glycine Gly (G) GGA, GGG, GGC, GGT

Histidine His (H) CAC, CAT

Isoleucine Ile (I) ATA, ATC, ATT

Leucine Leu (L) TTA, TTG, CTA, CTG, CTC, CTT

Lysine Lys (K) AAA, AAG

Methionine Met (M) ATG

Phenylalanine Phe (F) TTC, TTT

Proline Pro (P) CCA, CCG, CCC, CCT

Serine Ser (S) AGC, AGT, TCA, TCG, TCC, TCT

Threonine Thr (T) ACA, ACG, ACC, ACT

Tryptophan Trp (W) TGG

Tyrosine Tyr (Y) TAC, TAT

Valine Val (V) GTA, GTG, GTC, GTT

– Stop (X) TAA, TAG, TGA
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C, G or T. This is not sufficient to encode the 20 possible amino acids. In triplets of 3 
positions, there are 64 possible combinations. Hence, the system uses triplets, called 
codons. The code for each protein starts with an ATG (start codon) and ends with a 
TAA, TAG or a TGA (stop codons). The code is almost universal; only mitochondria 
and ciliated protozoa have a different genetic code.

In eukaryotic organisms, the coding sequence is often interspersed by pieces of 
non-coding DNA, called intros. The introns are removed from the transcript im-
mediately after transcription by a process called splicing. Hence, the mature mRNA 
contains the coding sequence without disruptions. At the DNA level, the stretches of 
coding sequence (exons) are separated from the introns by consensus splice signals. 
The splice sites can be predicted using the web-software provided by the Berkeley 
Drosophila Genome Project (http://www.fruitfly.org/seq_tools/splice.html).

DNA has several interesting properties that enable us to perform the molecular 
analyses described in this chapter:
1. The double helix can be separated into single strand DNA molecules by increas-

ing the temperature or the pH. This denaturation of the DNA is reversible: during 
renaturation, complementary sequences bind and re-form double helices. By add-
ing short, single-stranded synthetic DNA molecules to the denatured DNA prior 
to cooling to the appropriate temperature, one can bind these synthetic molecules 
to specific parts of target genes. Such synthetic molecules are known as “primers”, 
“oligonucleotides” or “hybridisation probes”.

2. Double stranded DNA can be enzymatically cleaved by commercially available 
endonucleases (restriction enzymes). These enzymes recognise specific, usually 
palindromic, sequences and cut specifically at those positions.

3. Single-stranded DNA can be enzymatically duplicated to double-stranded DNA 
by polymerases such as the thermoresistant Taq polymerase. Polymerases need 
a free 3’OH group to attach the next nucleotide to. Hence, the DNA needs to be 
partially double stranded. This can be achieved by binding primers to the single-
stranded target DNA.

4. Double strand as well as single-strand DNA can be precipitated by ethanol.

8.2.3	 Methods

8.2.3.1	 DNA	Isolation

Principle

The method described here is a modified version of the original protocol published 
by Miller et al. [12]. The aim of the procedure is to isolate large quantities of suffi-
ciently pure DNA from lymphocytes. The basic strategy is to remove all haemoglobin 
by first lysing the erythrocytes. In the following steps the lymphocytes are lysed and 
their proteins are degraded, denatured and precipitated. Finally, the DNA is precipi-
tated using ethanol.
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Pre-analytical

Specimen

Required for this method is 2 – 10 ml of ehtylenediaminetetraacetic acid (EDTA)-
treated blood. Heparinised blood can also be used, but is less preferred. The blood 
samples must be fresh (maximum 7 days old when kept at 4°C). Do not freeze the 
samples.

Reagents and Chemicals

1. Lysis buffer (33.2 g NH4Cl; 4 g KHCO3; 800 µl 0.5 M EDTA pH 7,4; dissolved in 
water to a final volume of 4 l; autoclave).

2. SE buffer (8.78 g NaCl; 16.82 g Na2-EDTA; dissolve in ≈ 1.5 l water, set pH at 8.0 
and fill with water to a final volume of 2 l; autoclave).

3. Proteinase K (25 mg/ml).
4. Sodium dodecylsulphate (SDS) 20%.
5. 6 M NaCl (NaCl will remain partially unresolved; autoclave).
6. 100% ethanol.
7. 70% ethanol.
8. 10 mM Tris buffer pH 7.5.

Instrumentation

Centrifuge for 50 ml tubes and a water bath.

Calibration

None.

Quality Control

None.

Analytical

Procedure

The blood is transferred into a 50-ml tube (Falcon or similar), and a similar vol-
ume (at least 10 ml) of lysis buffer is added and well mixed. The tube is left on ice 
for 30 – 45 min; make sure that the cells are lysed (solution should be clear). After 
centrifugation for 10 min at 400 × g, the supernatant is discarded and the pellet is 
resuspended in 10 ml lysis buffer. The cells are centrifuged again for 10 min at 400 × g 
and the supernatant is discarded. The pellet is resuspended in 5 ml SE buffer and 
centrifuged for 10 min at 400 × g. The supernatant is discarded and the cells are re-
suspended thoroughly in 5 ml SE buffer (2.5 ml SE buffer when less than 5 ml blood 
is used). A 20-µl volume of proteinase K (25 mg/ml) and 200 µl of 20% SDS are 
added to the resuspended cells. After careful homogenisation, if necessary using a 
pipette, the mixture is incubated overnight at 37°C.

The next day, 2 ml of 6 M NaCl (or 1 ml of 6 M NaCl for samples with 2.5 ml 
SE buffer) is added. The mixture is vortexed for at least 20 s with maximum speed. 
The proteins are precipitated in the centrifuge at 2000 × g and 4°C. The supernatant 
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is transferred to a clean tube and again centrifuged until the supernatant is clear. 
Meanwhile, a glass hook is made by heating the end of a Pasteur pipette in a flame. 
In a clean tube, two volumes of ice-cold (–10 to -20°C) 100% ethanol are carefully 
added to the supernatant and the tube is tilted gently. The glass hook is used to cap-
ture the precipitated DNA and to wash it in 1 ml of 70% ethanol. The DNA sample is 
squeezed out at the top of the tube (to remove ethanol), transferred to a dry 1.5-ml 
tube and air-dried for 5 min. The DNA is dissolved in 100 – 300 µl of 10 mM Tris 
buffer pH 7.5 by gently rocking overnight at 4°C.

Calculation of Concentration

The DNA concentration is determined by measuring the absorption at 260 nm in a 
50-fold dilution of the DNA sample in an ultraviolet (UV) spectrophotometer, using 
the following formula:

Absorption  ×  dilution factor  ×  0.05 = concentration in µg/µl.

Post-Analytical

None.

Interpretation

None.

8.2.3.2	 Polymerase	Chain	Reaction

Principle

In 1985, Mullis and colleagues [16] described a new method for the in vitro am-
plification of specific DNA sequences, avoiding the need to clone DNA fragments. 
The polymerase chain reaction has since revolutionised molecular genetics. PCR 
amplification of DNA involves repeated cycles of (a) heat-denaturation of a double-
stranded DNA template at approximately 94°C, (b) annealing of specific oligonucle-
otide primers to the single stranded DNA, and (c) extension of the annealed primers 
with DNA polymerase, usually at 72°C. The primers are usually around 20 base pairs 
(bp) long and determine target specificity. They are designed to hybridise to op-
posite DNA strands flanking the sequence to be amplified, with their 3’ ends facing 
inwards. The target sequence is usually several hundred bp long. The number of se-
quence copies is doubled with every amplification cycle and increases exponentially 
as newly synthesised copies become available for primer binding. With the introduc-
tion of thermostable Taq DNA polymerase [9], it became the most frequently used 
method in molecular genetic diagnosis and research. PCR is capable of amplifying a 
single copy DNA sequence up to 10–9-fold within a few hours or faster.
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Pre-Analytical

Specimen

Genomic DNA is typically diluted to a concentration of 50 µg/ml. In principle, about 
1 – 10 genome equivalents (3 – 30 pg) is sufficient to perform a PCR reaction. In rou-
tine diagnostics much larger amounts of template DNA are used (1 – 200 ng per reac-
tion) to maximise the yield of the reaction.

Reagents and Chemicals

It is practical to use PCR reagents in 10 ×  working solutions that will be diluted by a 
factor of ten for final concentration in the PCR samples. An exception is the thermo-
stable enzyme Taq polymerase, which is stored at a much higher concentration. All 
reagents are available from numerous companies.

Reagents required for PCR:
1. PCR primers at a concentration of 2.5 – 4 µM (10 ×  working solution).
2. Taq polymerase at a concentration of 5 U/µl.
3. Appropriate PCR amplification buffer (10 ×  working solution).
4. MgCl2 at a concentration of 25 – 50 mM.
5. dNTP solution 1.2 mM (each nucleotide; 10 ×  working solution).

Instrumentation

PCR instruments are available in different specifications from numerous companies. 
They now usually include a heated lid, which prevents evaporation of the sample 
and allows PCR amplification without mineral oil. Important factors in selecting the 
right instrument include:
1. The speed of heating and cooling (ramping rate).
2. Temperature control.
3. Temperature uniformity across the block.
4. Versatility and ease of programming.

Calibration

There is usually no calibration required. Thermal cyclers should be checked and cali-
brated by the manufacturer at least once every year.

Quality control

It is recommended to include multiple positive controls (e.g. genomic DNA with and 
without mutation) and a negative control (water instead of template DNA) in each 
series.

Analytical

Procedure

The constituents of a 25-µl PCR mixture in a standard 200-µl tube are given in 
Table 8.2.2. Volumes can be easily adjusted proportionally for larger or smaller PCR 
volumes. The PCR conditions depend primarily on the melting characteristics of the 
primers (primers with a low melting temperature require relatively low annealing 
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temperatures) and the size of the fragment to be amplified (as a rule of thumb, allow 
approximately 1 min elongation for each 1000-bp amplification product).

A typical PCR cycle consists of denaturation at 94°C for 5 min, 35 cycles of 94°C 
for 1 min, annealing for 1 min, annealing at 72 C for 1 min and final extension at 
72 C for 5 min. Amplified PCR products may be stored at 4°C or frozen.

Calculation

None.

Post-Analytical

There are several methods that can be used to analyse PCR products. The most fre-
quently used method to analyse the presence and size of PCR products is agarose gel 
elctrophoresis (see 8.2.3.3 Agarose Gel Electrophoresis, below)

Interpretation
Pitfalls

As PCR is a powerful method used to obtain millions of copies for each template 
molecule, there is a considerable contamination risk. Small amounts of PCR prod-
ucts from previous experiments as well as DNA molecules from other sources can 
cause spurious results and false interpretations. It is therefore strongly recommended 
to wear gloves and to pipette with tips containing aerosol filters. Moreover, PCR 
products should not be handled in the same room where the PCR reagents are being 
used.

Table 8.2.2  Polymerase chain reaction (PCR) mixture in a standard 
200-µl tube

Ingredient Volume Final concentration

PCR buffer 2.5 µl 1 × 

Mg++ 1.5 µl 1.5 mM

dNTP 2.5 µl 120 µM each dNTP

Primers 2.5 µl each 250 – 400 nM

Taq polymerase 0.15 µl 1.5 Units

Water 11 µl –

DNA 2.5 µl 125 ng
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8.2.3.3	 Agarose	Gel	Electrophoresis

Principle

A simple way to visualise PCR products and thereby check amplification success is 
agarose gel electrophoresis; this method is also used to visualise the results of restric-
tion enzyme digests. The negatively charged nucleic acid fragments migrate through 
an agarose gel in an electric field to the anode. The velocity of the fragments depends 
on their size (logarithmic): large molecules migrate slower. The fragments can be 
visualised in UV light (366 nm) after staining with ethidium bromide.

Pre-Analytical

Specimen

DNA (see, for example, 8.2.3.2 Polymerase Chain Reaction, above).

Reagents and Chemicals

Standard research-grade agarose is usually sufficient, but special agaroses may be 
used for specific applications (e.g. high-resolution gels). The electrophoresis buffer is 
usually prepared and stored as a 10 ×  concentrated stock. The most commonly used 
buffer is Tris-borate-EDTA (TBE), or alternatively, one may use Tris-acetate-EDTA 
(TAE) buffer:
1. 10 × TBE: 108 g Tris, 55 g boric acid and 3.72 g EDTA (pH 8.3 adjusted with HCl) 

dissolved in water to a final volume of 1 l.
2. 10 × TAE: 48.4 g Tris, 11.4 ml acetic acid, 1.86 g EDTA dissolved in water to a final 

volume of 1 l.

Various loading buffers may be used for transfer of the DNA (e.g. PCR products) 
onto the gel. The components of a common loading buffer (5 ×  solution) are shown 
in Table 8.2.3.

Table 8.2.3  Common loading buffer (5 ×  solution). EDTA 
Ethylenediaminetetraacetic acid, SDS sodium dodecylsulphate

Ingredient Volume Final concentration

Glycerol 3.0 ml 30%

SDS 0.5 ml 5%

Tris-HCl 10 mg 10 mM

EDTA 4 mg 1 mM

Bromophenol blue 10 mg 0.1%

Water 10 ml –
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Various size standards are available that should be run together with the samples 
in order to confirm the expected size of the PCR product. Ethidium bromide (a mu-
tagenic reagent!) is used to visualise the DNA strands; it usually sold as a concen-
trated stock solution (e.g. 10 mg/ml).

Instrumentation

Appropriate electrophoresis systems in various sizes are available from numerous 
companies. More expensive are the imaging devices, usually consisting of a UV 
transilluminator and a CC-camera attached to a computer. There are several types of 
digital image analysers commercially available. Alternatively, one may use ordinary 
photography (use a red filter and UV-transilluminator) to obtain an image of the 
gel.

Calibration

There is no calibration required.

Quality Control

None.

Analytical

Procedure

Staining of DNA in the gel after electrophoresis is usually achieved by bathing the 
agarose gel in ethidium bromide solution; alternatively, ethidium bromide may be 
added to the agarose gel (make sure that this method conforms to national safety 
regulations).
1. For medium-sized gels, add 1 – 3 g research-grade agarose or another agarose to 

100 ml 1 × TBE buffer. Mix well and heat to boiling in a microwave oven until fully 
dissolved.

2. Allow the agarose to cool to approximately 50°C.
3. Pour the agarose into the gel tray, remove air bubbles if present, insert the comb 

and allow the gel to set at room temperature.
4. Keep at 4°C for 15 min before removing the comb to obtain the best results.
5. Mix 5 – 12 µl PCR product or restriction enzyme digest reaction mixture with 

2 – 3 µl of loading buffer and load into wells. Load a suitable-sized standard in an 
adjacent lane if required.

6. Electrophorese at 5 – 10 V/cm (usually 100 V) for an appropriate length of time.
7. After electrophoresis, transfer the gel into ethidium bromide solution (50 µl stock 

solution in 1 l of tap water) and stain for 5 – 10 min. Transfer the gel onto a trans-
illuminator and visualise the DNA with UV light, taking care to protect the skin 
and eyes against UV radiation. Document the result with a standard photograph 
or digital image analyser.

Calculation

A good approximation of the size of the products (± 5%) can be obtained by com-
parison with the known sizes of fragments in the size standard.
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Post-Analytical

Interpretation

See the following paragraphs.

8.2.3.4	 Mutation	Scanning:	Denaturing	Gradient	Gel	Electrophoresis

Principle

Denaturing gradient gel electrophoresis [4] is a powerful method for identifying 
known or unknown mutations. It utilises differences in the melting properties of DNA 
fragments. Double-stranded DNA is electrophoresed on acrylamide gels that contain 
a gradient of increasing concentration of a denaturant agent (urea or formamide). At 
a given point, the duplex molecule separates at domains of low melting temperature 
while still being held together at domains of higher melting temperature. The open-
ing of the duplex molecule leads to a sudden decrease of its mobility in the gel. DNA 
molecules that differ at only a single base display different migration patterns in the 
denaturing gradient gels [14]. The method on its own is relatively insensitive to mu-
tations in the late (highest temperature) melting domains. This problem is overcome 
by the attachment of a 30 – 50 bp high melting temperature G + C-clamp to one PCR 
primer [13, 18]. Computer programs are available for the design of DGGE primers 
[11]. The sensitivity of the technique is further improved by the concurrent analysis 
of homo- and heteroduplexes; the latter always have lower melting temperatures. 
Designing good DGGE primers may be difficult for G + C-rich DNA fragments. A 
modification of the technique uses a temperature gradient gel [15]. DGGE has been 
used successfully for mutation scanning of numerous genes.

DGGE is a very efficient method for the identification of mutations. For small 
genes, all exons can be screened simultaneously on a single gel and results are ob-
tained very rapidly. Provided that primers are well designed, sensitivity for the detec-
tion of mutations in the amplified DNA region may reach virtually 100%. In particu-
lar, heteroduplexes between wild-type and mutant alleles should always have lower 
melting temperatures than homoduplexes and should result in higher bands in the 
DGGE. Very occasionally, homozygosity in a patient may pose a problem if mutant 
and wild-types have identical melting characteristics. In this case, DGGE analysis in 
the obligatory heterozygous parents will reveal the mutation.

Pre-Analytical

Specimen

Purified DNA (see 8.2.3.1 DNA Isolation).

Reagents and Chemicals

Gradient gels are created with equal amounts of solutions containing different con-
centrations of the denaturing gradient, usually formamide (“high concentration” 
and “low concentration” solutions). The standard gel used for DGGE contains a 
formamide gradient from 0% (no formamide, “null solution”) to 80% (32 ml for-
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mamide in a total volume of 100 ml). These solutions may be prepared as standards 
and should be stored in dark bottles at 4°C. Different gradient gels can be obtained by 
adapting the formamide concentrations in the “high concentration” and “low con-
centration” solutions used for creating the gradient; solutions of different strengths 
can be obtained by mixing 80% denaturing formamide with the “null solution” in 
varying proportions, as shown in Table 8.2.4.
1.  “Null solution” (6% acrylamide): 75 ml 40% acrylamide, 10 ml 50 ×  TAE buffer 

(see 8.2.3.3 Agarose Gel Electrophoresis), water to 500 ml (store in a dark bottle 
at 4°C).

2. 80% Denaturing formamide solution (6% acrylamide): 75 ml 40% acrylamide, 
10 ml 50 ×  TAE, 160 ml formamide, 168 g urea, water to 500 ml (store in a dark 
bottle at 4°C).

PCR primers for DGGE should be designed using dedicated software, which is com-
mercially available. Of greatest importance is a uniform (flat) melting temperature 
for the whole PCR product with the exception of the GC tail introduced by means 
of a 40 – 60 nucleotide GC clamp. For many disorders, DGGE primer sequences are 
available in the literature.

Table 8.2.4  Quantities required for “null” solution and 80% denaturing 
solution

To achieve: Mix:

“Null” solution 80% Denaturing solution

0% 14 ml 0 ml

5% 13.12 ml 0.88 ml

10% 12.25 ml 1.75 ml

15% 11.38 ml 2.62 ml

20% 10.50 ml 3.50 ml

25% 9.62 ml 4.38 ml

30% 8.75 ml 5.25 ml

35% 7.88 ml 6.12 ml

40% 7.00 ml 7.00 ml

45% 6.12 ml 7.88 ml

50% 5.25 ml 8.75 ml

55% 4.38 ml 9.62 ml

60% 3.50 ml 10.50 ml

65% 2.62 ml 11.38 ml

70% 1.75 ml 12.25 ml

75% 0.88 ml 13.12 ml

80% 0 ml 14 ml
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Instrumentation

Vertical slab-gel electrophoresis system that allows exact and constant temperation 
of the gel through circulation of temperated buffer around both sides of the gel. Spe-
cialised systems are available from several companies.

Gradient former for two solutions with different concentrations of a denaturing 
agent, with a volume of 15 – 20 ml for each solution. The gradient former should be 
positioned approximately 50 cm over the workplace.

Calibration

There is no calibration required.

Quality Control

In order to recognise homozygous mutants it is essential to examine several samples 
of the same exon (PCR product) in adjacent lanes. It is recommended to include 
multiple positive controls (e.g. genomic DNA with heterozygous or homozygous 
mutations) and a negative control (water instead of template DNA) in each series.

Analytical

Procedure

PCR may be performed in a total reaction volume of 15 µl. Typical concentrations 
are given in Table 8.2.5. Typical conditions for PCR amplification and heteroduplex 
formation are given in Table 8.2.6.

A gel has to be prepared for further analysis of the PCR product:
1. Clean the plates with detergent and ethanol and leave to dry.
2. Assemble the plates with 1.0-mm spacers, making sure that plates and spacers are 

level at bottom when clamped together.
3. Prepare a gradient former by placing a stirrer into cylinder 1, which contains both 

the connection to the second cylinder and the outlet; make sure both valves are 
closed.

4. Pour the gels in a fume hood. The total gel volume depends on the electrophoresis 
system used. Mix acrylamide solutions with ammonium persulphate (6 µl/ml gel) 

Table 8.2.5  Typical concentrations for a PCR reaction volume.

Ingredient Volume Final concentration

PCR buffer 1.5 µl 1 ×

Mg++ 0.9 µl 1.5 mM

dNTP 1.0 µl 60 µM each dNTP

2 Primers 1.0 µl each 160 nM

Taq polymerase 0.1 µl 0.5 Units

Water 9 µl –

DNA 0.5 µl 12 ng
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and tetramethyl ethylene diamine (0.4 µl/ml gel). Pour the high denaturant con-
centration mixture into cylinder 1 and the low denaturant concentration mixture 
into cylinder 2.

5. Open the connection between the cylinders (observe flow in cylinder 1). Open 
the exit valve and slowly pour the gel (over approximately 5 min). Control the 
flow, particularly when the gradient former is emptying.

6. Insert the comb 5 min after pouring the gel. Gently move the comb in and out 
several times to enhance polymerisation.

7. Remove the combs after 30 – 60 min, rinse wells with 1 ×  TAE buffer. Gels may be 
sealed with plastic wrap and kept overnight.

Electrophoresis and visualisation of results:
1. Fill 1 ×  TAE buffer to comb level into the tank and preheat to 58°C. Maintain a 

constant temperature throughout the electrophoresis.
2. Shake off buffer from the gel pockets and rinse with 1 ×  TAE. Assemble the elec-

trophoresis unit and fill reservoirs with 1 ×  TAE buffer. In some systems samples 
can be loaded before the electrophoresis unit is transferred to the tank.

3. Mix 12 µl of PCR product with 3 µl of 5 ×  loading buffer and load 12 – 14 µl strictly 
at the floor of the wells. Rinse the wells thoroughly to remove urea before load-
ing. Several (four or more) samples of the same PCR product should be loaded in 
adjacent wells to allow a reliable comparison.

4. Transfer the electrophoresis unit to the tank and ensure that the buffer is at sample 
level. Wait 5 min until the temperature has adjusted. Electrophorese at 160 – 170 V 
for 4.5 h; the running times and voltage may need to be adjusted.

5. Dismantle the apparatus and pour the buffer from the top reservoir back into the 
tank.

6. Stain gels in ethidium bromide solution (as in 8.2.3.3 Agarose Gel Electrophore-
sis) for 10 min and destain in water for 10 min.

7. Transfer the gel to the UV transilluminator and photograph.

Table 8.2.6  Typical conditions for PCR amplification and heteroduplex 
formation

Temperature Time

Denaturation 94 C 5 min

38 – 40 cycles of 94 C 1 min

38 – 40 cycles of 55 C 1 min 30 s

38 – 40 cycles of 72 C 1 min 30 s

Final extension 72 C 5 min

Denaturation 94 C 1 min

Heteroduplex formation 65 C 1 h

Heteroduplex formation 35 C 1 h

Heteroduplex formation 4 C Hold
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Calculation

None.

Post-Analytical

Interpretation

DGGE results in denaturation and arrest of PCR products at different positions in 
the gel depending on the melting temperature of the PCR product. Homozygos-
ity in the PCR product results in a single, sharp, homoduplex band; wild-type and 
mutant alleles can be frequently distinguished by different positions in the gel. In 
contrast, heterozygosity for one or more mutation or polymorphism result in 2 – 4 
sharp bands representing one or two homoduplexes (lower in the gel), and one or 
two heteroduplexes (higher in the gel due to a higher melting temperature). Different 
heterozygous mutations usually give rise to distinct band patterns; nevertheless, the 
exact change in a PCR product that displays an unusual pattern must be determined 
by DNA sequencing.

8.2.3.5	 Mutation	Screening:	Restriction	Enzyme	Digestion

Principle

Restriction endonucleases are bacterial enzymes that cleave DNA at sequence spe-
cific sites. They were first discovered in 1970 [19]. Almost 2000 restriction enzymes 
have been identified since, and several hundred of these are commercially available 
[1]. Many mutations remove or create a particular restriction site in the DNA se-
quence. These mutations can be identified by PCR amplification, incubation of the 
product with the appropriate enzyme followed by visualisation of the fragments on 
an agarose gel.

Restriction enzymes usually cleave at palindromic sites, which are easily spotted 
in DNA sequences. It is preferable to use a restriction site that is created by a muta-
tion for its analysis, since loss of a cutting site may be caused by several mutations at 
the same site, including polymorphisms that do not change the amino acid sequence. 
Positive controls should always be analysed simultaneously with the samples to test 
enzyme cutting efficiency and to recognise incomplete digestion of DNA. Problems 
can arise when the recognition site of the enzyme in question occurs more than once 
in the investigated DNA sequence, and this sometimes makes identification of the 
appropriate fragments difficult. Restriction enzymes can be expensive, and using a 
very expensive enzyme for the detection of one rare mutation may not be cost-ef-
ficient. However, the simplicity of the technique and its low technical demand have 
made it one of the most widely used methods for mutation analysis in research and 
clinical laboratories.

If a mutation does not create or remove a restriction site it is usually possible 
to artificially create restriction sites during PCR amplification. The technique is re-
ferred to as amplification-created restriction site (ACRS) analysis and was first de-
scribed independently by several groups in 1989 [6, 8, 10]. It has since been applied 
to mutation analysis for many disorders. In the technique, one PCR primer directly 
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adjacent to a mutation contains a carefully chosen single-base mismatch relative to 
genomic DNA. During PCR amplification the mismatch is integrated into the PCR 
product, thereby producing a new restriction site that is either created or removed 
by the mutation. Presence or absence of the mutation is then detected by restriction 
enzyme digest. Again it is preferable to design restriction sites that are created by a 
mutation in order to increase specificity of the assay. The great variety of restriction 
enzymes available virtually guarantees that there is a choice of several ACRS primers 
for any mutation. A BASIC program, MISMATCH, is available for designing these 
primers [2]; the source code, documentation and default restriction enzyme files are 
on deposit in the /molbio/ibmpc subdirectory at the IuBio Archive (maintained by 
D. Gilbert), which is accessible by FTP at the internet address ftp.bio.indiana.edu 
(login as user “anonymous”; the program is relatively old and the list of restriction 
enzymes should be updated).

Pre-Analytical

Specimen

Purified DNA (see 8.2.3.1 DNA Isolation).

Reagents and Chemicals

Most restriction enzymes are commercially available. The enzymes are usually sold 
together with the appropriate reaction buffers.

Instrumentation

A water bath or heating block can be used for the incubation.

Calibration

There is no calibration required.

Quality Control

It is recommended to include multiple positive controls (e.g. genomic DNA with 
heterozygous and homozygous mutations) and a negative control (water instead of 
template DNA) in each series. A validation of the procedure can be performed by 
sequencing some of the wild-type and mutant PCR products, as described in 8.2.3.5 
Mutation Screening: Restriction Enzyme Digest.

Analytical

Procedure

First, a PCR is performed as described in 8.2.3.2 Polymerase Chain Reaction. The 
product is then digested by mixing 1.5 µl of 10 ×  enzyme reaction buffer, 8.5 µl water, 
1 – 5 U enzyme and 5 µl PCR product.

The reaction is incubated for an appropriate time (usually overnight) at an ap-
propriate temperature in a water bath. The result is visualised by agarose gel electro-
phoresis. A 12-µl volume of the reaction mixture is loaded onto a 2 – 3% agarose gel 
(higher agarose concentration for resolution of smaller fragments).
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8.2.3.6	 Cycle	Sequencing	of	PCR-Amplified	Genomic	
DNA	with	Universal	Primers

Principle

Cycle sequencing is a modification of the traditional Sanger sequencing method. In 
1977 Sanger developed a method to determine the sequence of bases in cloned DNA 
fragments [17]. In the original method, DNA extension is initiated at a specific site 
on the template DNA by using a single oligonucleotide primer complementary to 
the template at that position. The oligonucleotide primer is extended using a DNA 
polymerase, the four nucleotides, and a low concentration of a chain-terminating 
nucleotide: a di-deoxynucleotide of A, C, G or T. Limited incorporation of the chain-
terminating nucleotide by the DNA polymerase results in a series of related DNA 
fragments that are terminated only at positions where that particular nucleotide (A, 
C, G or T) is present in the sequence. The fragments are then size-separated by elec-
trophoresis in polyacrylamide gel, or more commonly now, in a capillary tube filled 
with a specific polymer. In the original method, the nucleotide order of a particular 
DNA template can be inferred by performing the four parallel extension reactions 
using one of the four chain-terminating bases in each reaction. The DNA fragments 
are detected by labelling the primer with a radioactive isotope or by using fluorescent 
dye-labelled primers. The latter has the advantage of avoiding the need for radioac-
tivity and also that the four reactions can be combined and run in a single gel lane or 
capillary if the fluorescent colours can be distinguished. This approach is known as 
“dye primer sequencing”.

More consistent results are obtained when the terminators are labelled instead of 
the primers, a method commonly known as “dye terminator sequencing”. The com-
plete sequencing experiment can be performed in a single reaction, instead of four 
single reactions, by labelling each of the dideoxynucleotide chain terminators with 
a separate fluorescent dye. The most commonly used method today is “dye termina-
tor cycle sequencing”. The key difference is that cycle sequencing employs a ther-
mostable DNA polymerase that can be heated to 95°C and still retains activity. The 
advantage of using such a polymerase is that the sequencing reaction can be repeated 
over and over again in the same tube by heating the mixture to denature the DNA 
and then allowing it to cool to anneal the primers and polymerise new strands. Thus, 
less template DNA is needed than for conventional sequencing reactions. Hence, 
there is no need for molecular cloning of the DNA fragments and PCR products can 
be used almost directly.

For both dye primer and dye terminator cycle sequencing, a universal primer can 
be used if the appropriate recognition sequence is incorporated into the PCR prod-
uct during the amplification reaction. This is easily achieved with PCR primers that 
contain an additional 17 – 20mer tail corresponding to the universal primer. Two 
different universal sequences and accordingly two different PCR primer tails are nec-
essary for sequencing in the forward and reverse directions. Cycle sequencing with 
universal primers has become widely used, helped by significantly reduced primer 
costs and increased reliability of synthesising 40mer oligonucleotides.
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Pre-Analytical

Specimen

Universal recognition sequences must be present in PCR products that are cycle se-
quenced with universal primers. Many laboratories routinely use universal M13 and 
M13 reverse tails for their forward and reverse PCR primers, respectively. We have 
opted for the M13 (but not M13 reverse) sequence in conjunction with a P172 se-
quence derived from the Bluescript SK vector. The choice of universal primers was 
influenced by their estimated free energy of annealing and their melting temperature 
[3]. The DNA sequence is incorporated as 5’-tail into the initial PCR primers, as fol-
lows:
1. M13: 5’-GTAAAACGACGGCCAGT-specific forward sequence.
2. P172: 5’-TATAGGGCGAATTGGGT-specific reverse sequence.

PCR product has to be purified before sequencing. In general, any method that re-
moves dNTPs and primers should work. A range of kits for spin column purification 
or other methods are commercially available for this purpose. Poor template quality 
is the most common cause of sequencing problems. The use of poor-quality tem-
plates leads to noisy data or peaks under peaks, weak signals or completely unusable 
sequence data. The quality of the DNA can be checked by running the product on an 
agarose gel (see 8.2.3.3 Agarose Gel Electrophoresis). The product should have the 
correct size and intensity. Additional bands should be completely absent. It is recom-
mended to use 150 – 300 ng per sequencing reaction.

Reagents and Chemicals

Universal M13 and P172 primers without the specific forward or reverse sequences 
are used for cycle sequencing if the respective sequences were introduced in the ini-
tial PCR reaction. For sequencing of genomic DNA up to 500 bp we recommend 
the BigDye Terminator v1.1 Cycle Sequencing Kit by Applied Biosystems. The kit 
contains premixed reagent components and requires the addition of purified PCR 
product and universal sequencing primer.

Other reagents:
1. PCR product purification kit (see 8.2.3.6 Cycle Sequencing of PCR-Amplified Ge-

nomic DNA with Universal Primers, subheading “Specimen”).
2. Ethanol.
3. 3 M Sodium acetate, pH 5.2.
4. Hi-Di formamide (Applied Biosystems).
5. Dilution buffer for the Big-Dye terminator (Applied Biosystems).

Instrumentation

A thermal cycler (see 8.2.3.2 Polymerase Chain Reaction) is required for the cycle 
sequencing reaction. For fluorescent cycle sequencing we recommend instruments 
from Applied Biosystems (e.g. the 16-capillary ABI PRISM 3100 Genetic Analyser); 
other instruments are available from GC Healthcare and Beckman. For detailed in-
structions, refer to the respective user’s manual or chemistry guide.
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Calibration

Prior to the analysis, a matrix has to be generated. For detailed instructions, refer to 
the respective user’s manual or chemistry guide. To analyse sequencing data gener-
ated with BigDye Terminator v1.1 one needs dye set/primer (mobility) files that were 
created for v1.0 chemistries. The dye set/primer (mobility) files for this chemistry 
can be downloaded from the Internet: http://www.appliedbiosystems.com/support/
software.

Quality Control

None.

Analytical

Procedure

The sequencing reactions with BigDye Terminator v1.1 are set up are given in 
Table 8.2.7. Typical conditions for cycle sequencing are: 25 cycles of denaturation at 
94 C for 30 s, Annealing at 54 – 60 C for 15 s, and extension at 60 C for 4 min.

Cycle sequencing products need to be purified, for example by ethanol precipita-
tion prior to loading onto the sequencer. For this purpose, 80 µl water and 10 µl of 
3 M sodium acetate are added to each tube or well, and the DNA is precipitated with 
250 µl of ethanol. Incubate for 15 min at room temperature and spin for 20 min at 
maximum speed. The supernatant is removed carefully and 250 µl of 70% ethanol is 
added. Spin again for 15 min at maximum speed. The pellet (unusually not visible) 
is air-dried and may be resolved, for example in 20 µl Hi-Di formamide for transfer 
to the sequencing instrument. For detailed instructions, refer to the respective user’s 
manual or chemistry guide.

Calculation

The peak intensities are automatically converted to sequence data in all instru-
ments.

Table 8.2.7  Recipe for the sequencing reaction solution

Ingredient Volume Final concentration

PCR product (purified; 
150 – 300 ng)

1.5 –5 µl 15 – 30 ng/µl

Primer (2 pmol/µl) 2.0 µl 0.4 pmol/µl

Big-Dye dilution buffer (5 × ) 1.5 µl 0.75 ×

Big-Dye terminator 1.0 µl 160 nM

Taq polymerase 0.1 µl 0.25 ×

Water 0.5 – 4.0 µl –
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Post-Analytical

Homozygous DNA changes are easily recognised by a change in the letter sequence 
generated by the automated instrument. However, in order to reliably identify het-
erozygous single base changes it is important to assess the height and area of individ-
ual peaks. Heterozygous mutations are best recognised by a reduction of the normal 
wild-type peak height and area to approximately 50%; this may be more reliable than 
the identification of the mutant peak. Various software programmes are now avail-
able to assist in this task; most are quite expensive.

Interpretation

Cycle sequencing of PCR-amplified genomic DNA with universal primers recognises 
all DNA alterations confined to the sequence between the two PCR primers used for 
the initial amplification reaction. Other mutations, such as mutations involving the 
PCR primer sites or large genomic alterations, are not usually recognised.

8.2.3.7	 Genomic	Quantification:	Multiplex	Ligation-
Dependent	Probe	Amplification

Principle

The methods described above are suitable for studying small mutations. A homozy-
gous deletion of a large part of a gene may be recognised by non-amplification but 
duplications or heterozygous deletions usually remain undetected. In case of one 
deleted allele and one wild-type allele, there will only be product from the wild-
type, resulting in apparent homozygosity, but in fact hemizygosity for the wild-type 
sequence. Hence, an additional method is required to exclude large rearrangements, 
deletions and duplications. In the past, quantitative Southern blotting and quanti-
tative PCR have been used for this purpose. Unfortunately, the quantitative use of 
these methods is not reliable. Moreover, the use of radioactivity in Southern blotting 
is associated with a large number of time-consuming safety regulations.

Multiplex ligation-dependent probe amplification (MLPA) is a novel method 
for genomic quantification that is relatively uncomplicated, reliable and fast. With 
MLPA, it is possible to perform a multiplex PCR reaction with simultaneous quan-
titative amplification of up to 45 specific sequences. Amplification products, rang-
ing in size from 130 to 490 bp, are separated on an automatic DNA sequencer (see 
8.2.3.6 Cycle Sequencing of PCR-Amplified Genomic DNA with Universal Primers, 
subheading “Instrumentation”). Since only one pair of PCR primers is used, MLPA 
reactions result in a highly reproducible peak pattern that is compared between tar-
get and control samples. The principle is explained in Fig. 8.2.2. MLPA probes are 
able to discriminate between sequences that differ in only one nucleotide. Although 
virtually everyone can develop a custom MLPA test, most MLPA kits are developed 
and sold by MRC-Holland (http://www.mrc-holland.com). A list of commercially 
available MLPA kits can be found on their website.
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Pre-Analytical

Specimen

DNA (see, for example, 8.2.3.2 Polymerase Chain Reaction). Some laboratories pre-
fer to perform extra purification of the genomic DNA prior to MLPA [7]. It is not 
recommended to quantitatively compare DNA from different sources, such as differ-
ent laboratories. The use of heparinised blood may cause a similar problem.

Reagents and Chemicals

A range of MLPA kits for various applications are commercially available by the 
inventors of the technique, MRC-Holland (http://www.mrc-holland.com). The 
“SALSA” reagents used in these kits include:
1. SALSA Probe Mix (the oligonucleotides).
2. MLPA Buffer.
3. Ligase-65 Buffer A.
4. Ligase-65 Buffer B.
5. Ligase-65 (heat-resistant ligase).
6. PCR buffer.
7. FAM primer.
8. Enzyme dilution buffer.
9. SALSA polymerase.

Fig.	8.2.2	 Principle of genomic quantification by multiplex ligation-dependent probe amplifica-
tion (MLPA). Synthetic oligonuleotides are designed to bind to exon 1 (oligo 1A and 1B) and 2 
(2A and 2B). After specific hybridisation, the oligos are ligated. The ligation products undergo 
quantitative polymerase chain reaction using universal primers X and Y
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Not included are Hi-Di formamide (Applied Biosystems) and GS 500 ROX-Standard 
(Applied Biosystems).

Instrumentation

A thermal cycler (see 8.2.3.2 Polymerase Chain Reaction) is required for the cycle se-
quencing reaction. MRC Holland offers kits for different sequencing instruments. For 
more detailed instructions refer to the appropriate instrument user’s manual. MLPA 
fragment analysis requires a fluorescent DNA analysis system. We recommend in-
struments from Applied Biosystems (e.g. the 16-capillary ABI PRISM 3100 Genetic 
Analyser); other instruments are available from GC Healthcare and Beckman.

Calibration

Fragment analysis requires different conditions compared to sequence analysis. Refer 
to the instrument manual for further details.

Quality Control

It is recommended to validate each kit using DNA samples with a known rearrange-
ment.

Analytical

Procedure

In a thin-wall PCR tube, 100 ng of DNA is diluted in 5 µl of sterile water. In an-
other tube, 1.5 µl SALSA probe mix is added to 1.5 µl MLPA buffer. The DNA tube 
is incubated in a thermal cycler at 98°C for 5 min and then cooled to 25°C (hold at 
this temperature). The premixed probe mix and buffer (3 µl) are added to the DNA 
without taking the DNA out of the cycler. The mixture is incubated at 95°C for 1 min. 
followed by incubation at 60°C for 16 h (hybridisation).

The next day, the ligase mix is prepared by adding 3 µl ligase-65 buffer A, 3 µl 
ligase-65 buffer B, 25 µl water and 1 µl ligase-65. The mixture has to be mixed well 
without vortexing. It can be kept on ice for maximally 1 h. The thermocycler is cooled 
to 54°C prior to adding 32 µl of ligase mix to each tube (do not take the tubes out 
of the cycler). After mixing, the samples are incubated at 54°C for another 15 min 
(ligation). After a final incubation at 98°C for 5 min, the ligation products can be 
stored at 4°C.

Finally, PCR is performed. First, one has to prepare the buffer mix (26 µl water 
and 4 µl PCR buffer) and the polymerase mix (2 µl FAM-primer, 2 µl Enzyme dilu-
tion buffer, 5.5 µl water and 0.5 µl SALSA polymerase). Both mixes are mixed well 
without vortexing and kept on ice. In a PCR tube, 30 µl of buffer mix is added to 10 µl 
of ligation product. This is preheated at 60°C in the thermocycler. A 10-µl volume 
of polymerase mix is added to each tube at 60°C (“hot start”). The PCR conditions 
are: 36 cycles of 95 C for 30 s and 60 C for 30 s, and final extension at 72 C for 1 min 
then hold at 4 C.

After PCR, 1.0 µl PCR product is mixed with 8.5 µl Hi-Di formamide and 0.5 µl 
GS 500 ROX-Standard (Applied Biosystems). The mixtures are loaded on an ap-
propriate automated sequencer. The sequence run is performed as described in the 
manual.
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Calculation

The peak intensities are calculated automatically. The sizes of the detected fragments 
are automatically determined using an internal standard.

Post-Analytical

Interpretation

We developed an algorithm for comparing peak areas that can be applied using an 
Excel spreadsheet. For each peak in each sample the relative peak area (RPA) is de-
termined (i.e. the individual peak area in relation to the total of all peak areas in 
the sample). The mean RPA in three (usually male) control samples is determined 
for each fragment/exon and taken as 100%, corresponding to the normal “expected 
value” when no deletion or duplication is present. Standard deviations of these con-
trols are calculated to assess the variability of the results and thus the quality of the 
run. For the analysis of the test samples (patients), the RPA value of each peak is 
compared to the mean RPA of the control samples, resulting in a percentage value 
denoted “RPA ratio” (norm per definition 100%). The standard deviation of single 
peaks should not exceed 25% to ensure reliability of the run. To minimise the risk 
of false-negative results and to increase the sensitivity for the detection of deletions 
or duplications, the results in a test sample are considered normal and reliable when 
the individual RPA ratios deviate by no more than 25% from the expected ratio (i.e., 
all RPA ratios range closely around the expected ratio of 100%). Repeated analysis is 
necessary when these criteria are not fulfilled.

Pitfalls

Identified deletions and duplications can be regarded reliable when they involve two 
or more adjacent exons. Apparent single-exon deletions are to be examined further 
by sequencing of that exon, to exclude polymorphic variation at the oligonucleotide 
binding site.

8.2.4	 Follow-Up	Assays

DNA studies aim to provide ultimate proof of a disease in a patient with an inherited 
metabolic disorder and should not usually lead to follow-up assays. Indeed, enzyme 
assays and other functional studies are often easier, cheaper and have a higher sen-
sitivity than molecular studies. When possible, enzyme assays should be performed 
prior to the DNA test. As always: exceptions prove the rule.
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acid  55, 61, 83, 87
aciduria  79

aromatase deficiency  578
aromatic amino acid decarboxylase (AADC)  704

activity  711
deficiency  703, 708, 714

artificial substrate  254
arylsulfatase  289, 568

A  317, 319, 352, 353, 354, 365, 366
B  288, 319

ASA-anhydride
-1  87
-2  87

Ashkenazi Jewish  354
asialio-GM1/2-ganglioside  353
asialotransferrin  384, 401
asparagine  55, 60, 74, 76, 78, 86, 325
aspartate  74, 76, 78
aspartic acid  55, 60, 83, 86, 326

²H₃-aspartic acid  60
N-aspartoacylase  138
N-aspartyl-β-glucosaminidase  326
aspartylglucosamine  326
aspartylglucosaminuria  79, 86, 304, 326, 327, 330
asymmetric polyneuropathic  530
ataxia  543
atherogenic  499
atheroprotective  499
atherosclerosis  499
atherosclerotic vascular disease  535
atmospheric pressure

chemical ionization  556
photoionization  556

ATPase defect (complex V)  45
ATP-binding cassette transporter A1 (ABCA1)  498, 

499, 528
ATP-dependent-proteolysis-factor-forming succinyl-

CoA synthetase  174
ATP synthase  279
attention deficit hyperactivity disorder  218
autism  218
autosomal dominant inheritance  338
autosomal recessive hypercholesterolemia  517

–

–
–

–
–

–
–

–
–

–

–
–
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azelaic acid  139, 158, 160
azure A-silver  303

B
barium acetate  302
Barth syndrome  267
bean  233
beet  233
behenic acid  210
Berry

spot test  291, 293
betaine methyltransferase  91
BG  158
BH₂  683, 693
BH₄  665

loading test  667
metabolism  709

bile
acid  172, 229, 483, 484, 499

C₂₄  218
spot  191

bioactive amines  115
biocytin  253

¹⁴C-biocytin  254
biogenesis of peroxisome  221
biopterin  665, 670
biotin  253

biotin-dependent carboxylase  253
therapy  254

biotinidase  253
activity in plasma from normal subject  259
deficiency  253, 259

biotinyl-
6-aminoquinoline  254
p-aminobenzoic acid  254, 257
transferase activity  255
ε-lysine  253

N,O,-bis-(trimethylsilyl)trifluoroacetamide 
(BSTFA)  141

black pepper  233
blood

dried on filter paper  172
sampling  38
transfusion  262

blue-fluorescing pterin  674
Bombay phenotype  383
bone marrow transplantation  354
border cell  497
brain  218

–

–
–

–
–

–

–

–
–

–
–

–
–
–
–

–
–
–

branching
1,6-branching site  450
enzyme deficiency  442

2-bromoacetyl-6-methoxynaphthalene  623
buckwheat  233
butanol  122

n-butanol HCl  176
n-butyl ester-TMS  612
butyric acid  139
butyryl-/isobutyryl-  174
butyrylcarnitine  194
butyrylglycine  141, 144

C
CACT deficiency  184
caffeine  463
calcium oxalate urolithiasis  233
calibration  12
Canavan disease  138
canned infant formulae  73
capillary

column  148
endothelium  500

captopril  24
carbamyl

²H₆-N-carbamyl-β-aminoisobutyric acid  731
¹⁵N₂,¹³C₄-N-carbamyl-β-alanine  731
N-carbamyl-β-alanine  731, 733, 736
N-carbamyl-β-aminoisobutyric acid  728, 731, 
733
phosphate synthase deficiency  79

carbohydrate  325
S-carboxyisopropylcysteine (isobuteine)  87
carboxylase  253
Nε-carboxylmethyllysine  87
cardiomyopathy  267
cardiovascular risk threshold value  528
carnitine  171

acylcarnitine translocase (CACT)  172, 174, 189
palmitoyltransferase  174
palmitoyltransferase (CPT)

type I (CPT-I)  46
type II (CPT-II)  189

deficiency  171
carnosinase  115
carnosine  88, 115
carnosinemia  79
carnosine synthetase  115
carotid intimal thickening  530

–
–

–

–
–

–
–
–
–

–

–
–
–

–
–

–
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carpal tunnel syndrome  288
catabolism  83
catechol-O-methyltransferase (COMT)  703
catecholamine  703
caveolae  483
cbl

C  93
D  93
F  93

CDPX2  488
cefotaxime  185, 187
cell

count  211
growth  484
medium for acylcarnitine analysis  199
membrane composition  207
respiration  272
surface receptor  529

cellular
cholesterol homeostasis  530
membrane  483

cellulose
acetate  506
TLC  300

ceramide  351, 352, 353, 374
trihexoside  352

cerebral
folate deficiency (CFD)  717, 722
white matter (leukodystrophy)  266

cerebrospinal fluid (CSF)  57, 116, 667, 684, 703, 717
amino acid  71

cerebrotendinous xanthomatosis  611
CETP  540

deficiency  529, 540
cetylpyridinium chloride  299
chain elongation  218
chard  233
chemical

chaperone therapy  354
ionisation mass spectrometry  619, 621

chemokine  289
CCL 18/PARC  363

chenodeoxycholic acid  607
cherry red spot  337

myoclonus syndrome  337
CHILD syndrome  487
chitotriosidase  362, 363

activity  363
chloride  240

–
–
–

–
–
–
–
–
–

–
–

–
–

–

–
–

–

–

–
–

–

–

–

m-chlorophenylhydrazone carbonyl cyanide  275
chocolate  233
cholestanol  489, 494
cholestasis/cholestatic  509

liver disease  536
cholesterol  211, 483, 484, 497

biosynthetics  483
cholesterol-transporting lipoprotein  498
de novo synthesis   483
efflux assay  531
ester  498
esterase  539
esterification  373

rate (CER)  536
storage  370
sulfate  554

cholesteryl
butyrate  570, 574
ester  497, 535

transfer protein (CETP)  498
cholic acid  607, 620
cholylglycine hydrolase  614, 620, 625
chondroitin

sulfate  290
4-sulfate  301
6-sulfate  301

chondroitinases ABC  321
chronic

liver disease  262
suppurative otitis media.  see CSOM

chronic suppurative otitis media.  see CSOM
chylomicron  497

remnant  497
retention disease  543

chylomicronemia  499
cirrhosis  419
cis-aconitic acid  158, 163
citrate  233, 239, 240

synthase  276
citric acid  158
citrulline  55, 61, 74, 76, 78, 83, 87

¹³C-citrulline  61
citrullinemia  45

type 1  79
type 2 (citrin)  79

Clark oxygen electrode  273
classical

galactosaemia  425, 479
RCDP (PEX 7)  217

–

–
–
–
–
–
–
–

–
–
–

–
–

–

–
–
–

–
–

–
–

–

–

–
–

–
–
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Zellweger patient  229
Zellweger syndrome  217

claw-hand deformity  288
cleaning procedure  211
CMP

cytidine 5’-monophosphate  336
NANA transporter  382
NeuAc synthase  336

cobalamin metabolism  93
cocoa  233
codominantly inherited disorder  517
coenzyme Q cytochrome C reductase defect (complex 

III)  45
COG

1/7/8 deficiency  412
Cohen syndrome  121
colorimetric assay  254
combined 17- and 21-hydroxylase defect  582
complete biotinidase deficiency  253
complex

(glycosphingo-)lipid storage disorder  352
-I  277
- II  277
-III  279
-IV  279
-V  279

COMT deficiency  710
concentric hypertrophic cardiomyopathy  267
congenital

anomaly  483
disorders of glycosylation (CDG)  379

CDG-Ia (PMM activity)  381, 382, 413
CDG-Ib (PMI activity)  381, 382, 394, 413
CDG-Ic  382
CDG-Id  382
CDG-Ie  382
CDG-If  382
CDG-Ig  382
CDG-Ih  382
CDG-Ii  382, 400
CDG-II  381, 401
CDG-IIa  382
CDG-IIb  381, 382
CDG-IIc  381, 382
CDG-IId  382
CDG-IIe  382
CDG-IIf  382
CDG-IIg  382

–
–

–
–
–

–

–
–
–
–
–
–

–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

CDG-IIh  382
CDG-Ij  382, 399
CDG-Ik  382, 399, 400
CDG-Il  382

erythropoietic porphyria  770
folate malabsorption  717
hemidysplasia with ichthyosiform nevus and limb 
defects  487
hyperplasia  576

Conradi-Hunermann syndrome CDPX2  487
conserved oligomeric Golgi complex  380
control values for S-adenosylmethionine  108
coproporphyrin

I  763, 770
III  763, 770

coproporphyrinogen  758
oxidase  752, 755

core-1
mucin type O-glycan  407
O-glycosylation deficiency  407

core 2 mucin type O-glycan  407
corneal

clouding  288, 529
opacities  529

coronary
artery disease  515, 518
event rate  530
heart disease  528

corticosterone  550, 562, 582
methyloxidase  592

cortisol  552, 560, 561, 564, 571, 575, 576
11-oxidoreduction  587

cortisone  552, 561, 571, 575
reductase deficiency  577

cortoic acid  565
cortol

α-cortol  571
β-cortol  571

cortolone
α-cortolone  571
β-cortolone  571

Cotlove model  9
CPT-

I  172
II  172

deficiency  184
creatinine ratio  44
critical overlap  163

–
–
–
–

–
–
–

–

–
–

–

–
–

–
–

–
–
–

–

–

–

–
–

–
–

–
–

–
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cross-contamination of solvent pool  160
Cr transporter  739
CSF amino acid  75
CTP cytidine 5’-triphosphate  336
cultured

amniocyte  172
fibroblast  172, 209

cyanide nitroprusside test  23
sulfhydryl compound  23

cycle sequencing  822
β-cyclodextrin  634
CYP11B1 enzyme  584
γ-cystathionase  92
cystathionine  55, 61, 83, 91

β-synthase  92
defect  99
deficiency  93, 109

cystathioninuria  79
cysteamine  98
cysteic acid  86
cysteine  87, 91, 98

2-cystein-S-yl-1,4-dihydroxycyclohex-5-en-1-yl 
acetic acid  165, 167
2-mercaptoethanesulfonic acid disulfide  86
Hcy mixed disulphide  94
homocysteine disulfide  87
β-mercaptolactate-cysteine disulfide  86

cysteinylglycine  88, 98
cystine  23, 55, 61, 74, 77, 83, 87
cystinosis  79
cystinuria  65, 79
cytidine

cytidine-5’-monophosphate (CMP)-NeuAc  335
monophosphate  380

cytochrome  279
oxidase C  279

defect (complex IV)  45
cytokine  699

cytokine-stimulated fibroblast  689
stimulation  699

D
dansyl derivatization  558
DCA

C₁₂  158
C₁₄  159
C₁₆  158

–
–

–

–
–
–

–

–
–
–
–

–
–

–
–

–
–

–
–
–

debranching enzyme  417, 450
deficiency  442

decadienoyl-  174
decanoic (capric) acid  139
decanoyl-  174
decenoyl-  174
decenoylcarnitine  189
decylubiquinol  279
decylubiquinone  277
defects of proline metabolism  134
deficiency of fat-soluble vitamin  543
dehydrocholesterol

7-dehydrocholesterol  485, 593
reductase deficiency  593

8-dehydrocholesterol  488
dehydroepiandrosterone  558
8-dehydroepimer  594
8-dehydroestriol  573
demethylation  485
denaturing

gradient gel electrophoresis (DGGE)  503, 806, 
816
high-pressure liquid chromatography 
(DHPLC)  503, 520

deoxyadenosine  730
deoxycholic acid  607, 633
deoxycorticosterone  562
deoxycortisol

11-deoxycortisol  550, 562, 584
21-deoxycortisol  550, 560

deoxyguanosine  730
1-deoxynojirimycin  410
deoxyinosine  730
deoxyribonucleoside  726
deoxyuridine  730
deproteinisation  38, 40
dermatan sulfate  290, 301
desaturase  208
desaturation  218
desialylation of transferrin  387, 388
desmosterol  485, 486
desmosterolosis  487
deuteroporphyrin IX  760
development  483
dextran  306
DHAPAT deficiency  217
DHEA  552, 564, 570

sulfate  552, 564

–

–
–

–

–

–

–
–

–
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DHPR  696
deficiency  681, 683, 685

DHT  562
diabetes/diabetic

hypertriglyceridemia  502
insulin dependent  46
mellitus  267, 269, 473, 528

6,9-di-amino-2-ethoxyacridine lactate  401
1,4-diazabicyclo(2,2,2)octane (DABCO)  370
diagnostic proficiency testing scheme  18
o-dianisidine  445
diaphorase  660
dicarboxylic acid  144
dicarboxylic aminoaciduria  79
dichlorophenol indophenol  277
DIDMOAD (diabetes mellitus and insipidus with 

optic atrophy and deafness)  269
24-dienoyl-CoA reductase  174
dietary

artifact  189
fat  497
information  180

differentiation  484
digalactosylceramide  352, 353
digitonin  422

digitonin-permeabilized cell  273
dihydrobiopterin  684

7,8-dihydrobiopterin  665, 670
dihydroneopterin  684

7,8-dihydroneopterin  670
triphosphate  686, 689

dihydropteridine reductase (DHPR)  665, 717
dihydropterin  665
dihydropyrimidinase  733
dihydropyrimidine dehydrogenase  733, 736
dihydrothymine  731

²H₆-dihydrothymine  731
dihydrouracil  731

¹³C₄,¹⁵N₂-dihydrouracil  731
dihydroxy-

3,4-dihydroxy-l-phenylalanine  703
3α,7α-dihydroxy-5β-cholestanoic acid  611
3β,7α-dihydroxy-5-cholenoic acid  610
7α,12α-dihydroxy-3-keto-4-cholenoic acid  611
7α,12α-dihydroxy-4-cholesten-3-one  610
7α,27-dihydroxy-cholesterol  610

dihydroxyacetone phosphate  434
acyltransferase  217, 222

dihydroxycholestanoic acid  222

–

–
–
–

–
–
–

–

–

–
–

–

–

–
–
–
–
–
–

–

dihydroxycoprostanic acid  611, 622, 625
dihydroxyphenylalanine  87
dimethylacetal  209, 211

C16 dimethylacetal  212
C18 dimethylacetal  215

dimethylamine  783
6,7-dimethyldihydropterin  696
dimethylene blue method  288

1,9-dimethylene blue (DMB)  291, 294
6,7-dimethyltetrahydropterin  696
dinitrophenylhydrazine (DNPH) assay  27

α-keto acid  27
dinitrophenylhydrazine assay  27
dioxane  613
direct sequencing  503
disaccharide  289
discoidal high-density lipoprotein  498
disorders of organic acid metabolism  138
disulfide  23
2,6-di-tert.butyl-4-hydroxytoluene  209
ditransferrin  384, 401
D-mannose  325
DMB assay  297
DNA

isolation  809
sequencing  806

DOC  550, 555
docosadienoic acid  210
docosahexaenoic acid  207, 210
docosapentaenoic acid  210
docosatetraenoic acid  210
dodecanoyl  175
dol-P-

dol-P-Glc:Glc₁Man₉GlcNAc₂-PP-dolichol-α1,3-
glucosyltransferase  382
dol-P-Glc:Man₉GlcNAc₂-PP-dolichol 
glucosyltransferase  382
dol-P-Man:Man₅GlcNAc₂-PP-dolichol 
mannosyltransferase  382
dol-P-Man:Man₇GlcNAc₂-PP-dolichol 
mannosyltransferase  382

dolichol-  325, 484
P-mannose:α-1,2-mannosyltransferase  382
phosphate  380
phosphate-mannose  380
PP-GlcNAc₂Man₅  380
PP-GlcNAc₂Man₉Glc₃  380

dolicholphosphate-mannose synthase 1  382

–
–

–

–

–
–

–

–

–

–

–
–
–
–
–
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dominant
inheritance  515
optic atrophy  269

dopamine  703, 714
dopa-responsive dystonia  667
L-dopa  703, 714
β-hydroxylase  703, 709

DP-[14C]fucose  411
DRD  685
dried blood spot  57, 254, 672
Duarte variant  429
Duchenne muscular dystrophy  245
duroquinol  275
dwarfism  267
dysbetalipoproteinemia  506
dyslipoproteinemias  499
dysmyelination  337
dysostosis multiplex  287
α-dystroglycan  407

E
E2/3/4  512
egg  218
Ehrlich’s

aldehyde reagent  25
test  25

porphobilinogen  25
porphyria  25
urobilinogen  25

eicosadienoic acid  210
eicosapentaenoic acid  207, 210
eicosatrienoic acid  210
13-eicosenoic acid  210
electrochemical detection  682, 704
electron

spray  474
transfer flavoprotein  193
transport  484

electrophoresis  506
electrospray

ionization MS  556
tandem mass spectrometry  224

elevated
LDL  517
plasma biotinidase activity  261

elevated C₄-acylcarnitine  183
elongase  208
EMA  158
embryogenesis  483

–
–

–
–
–

–
–

–
–
–

–
–
–

–
–

–
–

emollient solution  246
endo-α-1,2-mannosidase activity  410
endogenous hypertriglyceridemia  506
endoglycosidase  289
endothelium  500, 515
enhanced progression of carotid intima media 

thickness  529
enzyme

assay  250
enzyme-linked immunosorbent assay 
(ELISA)  500
replacement therapy  354

epidermal growth factor (EGF)  518
epimerase deficiency  429
epithelial sodium channel  591
epoxy acid  209
EQA  8
ER glucosidase

I  382, 387
deficiency  410

II  400
ERNDIM  10
erucic acid  210
erythritol  473, 475, 476
D-erythro-C20-sphinganine  373
erythrocyte  207, 209, 215
erythromycin glucoheptonate  87
erythropoietic protoporphyria  762, 774
ESI-MS/MS  176
essential fatty acid  207

methyl ester  215
estradiol  554, 563
estriol  564, 570
estrone  563
ethanolamine  55, 74, 77, 78, 87
etheno derivative  103
etherphospholipid biosynthesis  221, 222
ethylmalonic

acid  144, 164, 184
encephalopathy  138, 141, 164, 174, 187

etiocholanolone  570, 586
Eurogentest  8
exohydrolase  351
external quality assessment  10
extinction coefficient of NADH  40

F
Fabry disease  351, 352, 353, 363
falsely high/low plasma biotinidase activity  262

–
–

–

–
–

–

–

–
–
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familial
aggregation of elevated HDL cholesterol 
concentration  528
combined hyperlipidemia  505
defective apoB-100 (FDB)  517, 525
dysbetalipoproteinemia  506

type III  506
hyperalphalipoproteinemia  529
hypercholesterolemia  506, 517
hypobetalipoproteinemia (FHBL)  542
LPL deficiency  500

Fanconi-Bickel-syndrome  419
Farber disease  352, 353, 373
farnesyl-PP  484

synthase  484
fasting  83
fat

malabsorption  543
oxidation disorder  45
pad  381

fatal
infantile myopathy  267
ketoacidotic coma  266

Fat Red 7B  507
fatty acid  210, 502, 535

alpha-oxidation  221
beta-oxidation  221
C22:0  226
C24:0  226
C26:0  226
methyl ester  209, 211
ω series  207

fecal material  160
female ALD carrier  229
ferrochelatase  752
ferrocytochrome  696
fibroblast  194, 195, 245, 686

culture  191
growth factor-β  289
investigation  230

field-inversion gel electrophoresis  524
FIGLU  55, 174
filipin staining  370, 373
filter paper  235

card  189
strip  235

Finnish sialuria  337

–

–
–
–

–
–
–
–
–

–

–
–
–

–
–

–
–
–
–
–
–
–

–
–
–

–
–

fish  218
odour syndrome  781
oil  209

fish-eye disease  529, 535
flame ionisation detector  211, 485
flavin-containing mono-oxygenase  781
fluorescein  512

detector  69
fluorescence resonance energy transfer  

(FRET)  512
7-fluorobenzo-2-oxa-1,3-diazole-4-sulphonate 

(SBDF)  94
fluorometric assay  254
folate deficiency  99
follow-up enzyme assay  262
formiminoglutamate  174, 183, 185
formiminoglutamic

acid  73, 87, 183, 185
aciduria  79

formiminotransferase deficiency  717
β-formylpyruvate  341
10-formyltetrahydrofolate  717
founder missense mutation  346
α-fraction  509
fractional

cholesterol efflux  532
esterification rate (FER)  538

FRDA.  see Friedreich’s ataxia
free

carnitine  174
sialic acid storage disease (SASD)  336

French-type sialuria  337, 338
FRET  525
Friedreich’s ataxia (FRDA)  269, 543
fructaldolase  417, 433
fructokinase  433
fructose  380, 431

fructose-1,6-biphosphatase  433, 436
defect  45
deficiency  417, 436

fructose-bisphosphate aldolase  434
fructose-1,6-diphosphatase  46
fructose-6-phosphate  394, 431
intolerance  82
tolerance  433

fucose  380
L-fucose  325

–
–

–

–
–

–
–

–
–

–
–
–

–
–
–
–
–

–
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α-L-fucosidase  325
fucosidosis  326, 330

α-fucosidosis  327
fucosylated N-glycan in CDG-IIc  407
fucosyltransferase  380
fumarase  138, 282

defect  45
fumaric

acid  158
aciduria  138

G
GA2 (asialio-GM2)-ganglioside  352
GABA  84, 87, 115, 122

T  126
transaminase  115

galactitol  473, 475, 477
galactocerebroside  352
β-galactocerebrosidase  352, 354, 355, 364
galactokinase  417, 421

deficiency  473
galactosamine  87
galactose  290, 353, 380, 417

D-galactose  325, 417
galactose-1-phosphate  417, 419

dehydrogenase  417
uridyltransferase (GALT)  425, 481

deficiency  473
galactose-4-epimerase deficiencies  417

galactosemia  82, 417, 477
galactosialidosis  327, 331, 338, 347
galactosidase

CaCer-β-galactosidase  353
α-galactosidase A  352, 353, 363
β-galactosidase (Morquio B)  288, 307, 317, 318, 
337

A  354
β-D-galactosidase  289, 317, 326

galactosylceramide  353
β-galactosidase  353

galactosyltransferase  380
activity  411
β-1,4-galactosyltransferase I activity  412

GALC (galactocerebrosidase) gene  365
Galler-β-galactosidase  353
gamma-linolenic acid  210
GAMT  739

deficiency  739, 740

–

–

–
–

–
–

–

–
–

–
–

–
–

–
–
–

–
–

–

–
–

–

ganglioside  335, 351
gas chromatography  209

mass spectrometry  133, 140, 245
Gaucher disease  331, 353, 354, 361, 362, 528

type I  351, 352
type II  352
type III  352

GC-MS
SIM analysis  143
TIC analysis  143

GC electron-capture negative-ion mass 
fragmentography  118

GDP-
[¹⁴C]fucose  411
fructose-transporter  383
Man:GlcNAc₂-PP-dolichol 
mannosyltransferase  382
Man:Man₁GlcNAc₂-PP-dolichol 
mannosyltransferase  382

gender  75
generalized

aminoaciduria  134
peroxisomal dysfunction (Zellweger syndrome  
and variants)  134

genetic code  808
genomic quantification  825
geranyl-PP synthase  484
Girard hydrazone  557
Glc-

[¹⁴C]Glc₂Man₉GlcNAc₂  410
[¹⁴C]Glc₃Man₉GlcNAc₂  410
Glc(α1-2)Glc(α1-3)Glc 
(α1-O)-(CH₂)₈COOCH₃  410
Glc(α1-3)Glc(α1-O)-(CH₂)₈COOCH₃  410
Glc₁Man₉GlcNAc₂  400
Glc₃Man₉GlcNAc₂  398, 399
GlcNAc₂Man₅  397
GlcNAc₂Man₇  397
GlcNAc₂Man₉  397
GlcNAc₂Man₉Glc₃  380, 397

globoside  352
globotriaosylceramide  353
glucan

1,4-glucan branching enzyme  417
1,4-α-glucan branching enzyme  456, 458

transferase  450
glucocerebroside  352, 363

–

–
–
–

–
–

–
–
–

–

–
–

–
–
–

–
–
–
–
–
–
–

–
–

–

Subject Index 841



glucocerobrosidase
deficiency  528
β-glucocerebrosidase  352, 361

glucocorticoid remediable aldosteronism  560, 577
gluconeogenesis  35
glucosamine  290, 400
glucosaminide-6-sulfate  314
glucose-  271, 353

D-glucose  325, 438
glucose-6-phosphatase  46, 417, 431, 443

activity  444
defect  45

oxidase  445
glucosidase

I/II  410
α-glucosidase  311, 417, 445

in leukocytes  448
β-D-glucosidase  326

glucosylceramide  353
β-glucosidase  353

glucotetrasaccharide  326, 328, 329, 331
glucuronic  290

acid  608
β-glucuronidase  568, 614

activity  321
β-D-glucuronidase  289, 319

glutamate  74, 76, 78
formimino-transferase deficiency  183

glutamic acid  55, 61, 84, 87
²H₃-glutamic acid  61
decarboxylase  115

glutamine  55, 61, 74, 76, 78, 84, 87
²H₅-glutamine  61
synthetase deficiency  80

γ-glutamylcysteine synthase deficiency  79
γ-glutamylphenylalanine  87
γ-glutamyl transpeptidase deficiency  79
glutaric

acid  139, 144, 158
acidemia

type I  174, 182
type II  141, 164, 174, 189

aciduria type I  138
glutaryl-  174

CoA dehydrogenase  138
glutathione synthase  138
glycan  379, 401

N-glycan  380
O-glycan in CDG-IIc  407

–
–

–
–

–
–

–

–
–

–
–

–

–

–
–

–

–
–

–
–

–
–

–
–

–

–

–
–

glyceraldehyde-3-phosphate  461
glycerate  233, 239, 241

D-glyceratedehydrogenase  233
L-glycerate  234

glyceric
acid  158
D-glyceric  234

dehydrogenase  138
L-glyceric acid  233

glycerol  155, 245
¹⁴C-glycerol  249
glycerol-3-phosphate  246, 280, 461

cytochrome c reductase  281
intolerance syndrome  245
kinase (GK)  138

activity  245, 250
deficiency  245

metabolism  245
phosphate  245

glycerolemia  248
glyceroluria (X-linked)  138
glycerophosphate

α-glycerophosphate dehydrogenase  434
β-glycerophosphate  464

glycerophosphoric acid  246
glycine  55, 60, 74, 76, 78, 84, 87

²H₅-glycine  60
conjugate  651
methyltransferase  91
N-acylase  139
N-methyltransferase deficiency  80, 109

glycochenodeoxycholate  607
glycochenodeoxycholic acid  628
glycocholate  607
glycocholic acid  628
glycoconjugate  325
glycodeoxycholic acid  628, 629
glycogen  439

1,4-chain  450
storage disease  417

type Ia  261
type II  330
type III  330
type VI  330

structure  440
synthase  467

defect  45
deficiency  417, 440, 467

glycogenolysis  35

–
–

–
–

–
–

–
–

–
–
–

–
–

–
–

–
–

–
–
–
–
–

–
–

–
–
–
–

–
–

–
–
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glycogenose  417
glycogenosis, GSD

type 0  467
type I  440
type Ia  443
type Ib  444
type II  440, 445
type III  440, 442, 450
type IIId  454
type IV  440, 442, 456
type V  440, 458 
type VI  440, 458 
type VII  440, 460 
type IX  440, 453, 463

glycolate  222, 233, 239, 240, 241
glycolic acid  158, 233, 234
glycolithocholic acid  628
N-glycolylneuraminic acid  335
glycoprotein  325, 335, 379

storage disease  331
glycosaminoglycan  287, 289
glycosidase  325, 379

N-glycosidase F  401
F digestion  402, 406

N-glycosidic linkage  325
glycosphingo-lipid storage disease  351
glycosylation  379

N-glycosylation deficiency  400
glycosyltransferase  379
glycoursodeoxycholic acid  628, 629
glycylproline  87
glyoxylate detoxification  221
glyoxylic acid  158, 233
GM1

ß-galactosidase  353
ganglioside  352, 353
gangliosidosis  288, 317, 318, 326, 327, 328, 329, 
330, 351, 353, 358, 362

type I  352
type II  352
type III  352

octasaccharide  328, 329
GM2

activator  353
protein deficiency  360

ganglioside  352, 353, 360
AB variant  360
B-variant, Tay-Sachs disease  352, 359
O-variant, Sandhoff disease  327, 352, 360

–
–
–
–
–
–
–
–
–
–
–
–

–

–
–

–

–
–
–

–
–
–

–

–
–

–
–
–
–

Golgi
apparatus  336
GDP-fucose transporter  382, 387

deficiency  411
N-acetylglucosaminyltransferase II  382

deficiency  409
UDP-galactose  412

N-acetylglucosamine β-1,4-
galactosyltransferase  382

gondoic acid  210
grease  223
GTPase  543
GTPCH  666

activity  686
deficiency  667, 681, 685

GTP cyclohydrolase
deficiency  709
I  665, 686

guanidinoacetate  739
methyltransferase  739, 746

guanine  730
guanosine  726, 730

diphosphate  380
Guthrie card  672, 685

H
haemophilia  381
haloperidol  493
Hartnup disorder  80
hawkinsin  86
hawkinsinuria  80

autosomal dominant  138
HCS deficiency  253, 261
HDL  497

HDL₂  498
heme  751

A  484
hemochromatosis  506
hemolytic plasma  83, 85
HEM skeletal dysplasia  488
heparan

N-sulfatase  289, 311
sulfate  288, 290, 301

proteoglycan  500
heparin  299, 306
hepatic

lipase  498
porphyria  762

hepatocyte  497

–
–

–
–

–
–

–

–
–

–
–

–

–

–

–

–

–
–

–

–
–
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heptacarboxyporphyrin  763, 770
heptacarboxyporphyrinogen  758
heptanoic (enanthic) acid  139
heptanoyl  174
heptitol  473
hereditary

coproporphyria  751
fructose intolerance  417, 434
paraganglioma  269
spastic paraplegia  269

heteroduplex formation  819
heteroplasmy  265
heterozygote  259, 260
hexacarboxyporphyrin  758, 763, 770
hexacarboxyporphyrinogen  758
hexadecanoylamino

2-N-(hexadecanoyl)amino-4-
nitrophenylphosphorylcholine  356
6-hexadecanoylamino-

4-methylumbelliferone  355
6-hexadecanoylamino-

4-methylumbelliferyl
phosphorylcholine  369
β-D-galactopyranoside  364

hexamethyldisilazane-
trimethylchlorosilanepyridine  613

hexane  211
hexanoic (caproic) acid  139
hexanoyl  174
hexanoylcarnitine  189
hexanoylglycine  141, 144, 163
hexitol  473
hexosaminidase  314

β-hexosaminidase
A  352, 353, 354, 359, 360
B  352, 354, 360

hexose-6-phosphate dehydrogenase  588
HG  158, 162
HHH-syndrome  80
high-density lipoprotein  497, 498
high-performance liquid chromatography 

(HPLC)  69, 93, 704
histidine  55, 61, 74, 78, 84, 88

1-Me-histidine  88
histidinemia  27, 80
histiocyte  530
histone  255
HL deficiency  506

–
–
–
–

–

–
–

–
–

–
–

–
–
–

–

HMBS activity  774
HMG-CoA

reductase  484
synthase  484

holocarboxylase
synthase  138
synthetase  253

homoarginine  55, 88
homocarnosine  55, 78, 88, 115

butyl derivative  123
homocarnosinosis  80
homocitrulline  55, 61, 77, 87
homocyst(e)ine  55, 60, 84, 87, 91

²H₈-homocystine  60
homocystinuria  93

Cbl E/G  80
CBS  80
MTHFR  80

homoduplexes  522
homogamma-linolenic acid  210
homogentisic

acid  158
dioxygenase  138

homovanillic acid (HVA)  32, 158, 668, 703
hormone precursor  565
17HP  562
HSD

3β-HSD  555
∆5,4 isomerase (3βHSD) deficiency  579
deficiency type II  577

11βHSD  587, 588
17βHSD deficiency type III  577

Hunter syndrome  287, 289
Hurler and Scheie syndrome  287, 289
Hurler syndrome  287
hyaluronic acid  301
2-hydrazino-1-methylpyridine  558

derivatization  558
hydrolysis  209
hydrops-ectopic calcification-moth-eaten, HEM, 

dysplasia  487
hydroximation  558
hydroxy

2-hydroxy glutaric acid  158
3-hydroxy-

3-methyl glutaric aciduria  138
3-methyl glutaryl-CoA lyase  138

deficiency  174

–
–

–
–

–

–

–
–
–

–
–

–
–
–

–
–

–

–
–

–
–

–
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adipic lactone  163
butyric  163

acid  158, 163
butyryl  174
decanoyl  174
dodecanoyl  175
hexadecanoyl  175
isobutyric acid  163
isovaleryl  174
isovalerylcarnitine  184, 187
octanoyl  174
oleoyl  175
stearoyl  175
tetradecanoyl  175

3β-hydroxy-∆5 sterol  558
3β-hydroxy-5-ene  579

steroid  565
sulfate  595

4-hydroxy-
2-hexenoic acid  164, 166
butyric acid  163
butyric aciduria  138
phenyllactic acid  158, 163
phenylpyruvic acid  158

dioxygenase  138
6α-hydroxy-THS  584
7α-hydroxy-

3-keto-4-cholenoic acid  611
4-cholesten-3-one  610

18-hydroxy-
tetrahydro-11-dehydrocorticosterone  568
THA  593

D-2-hydroxy glutaric
aciduria  138
dehydrogenase  138

L-2-hydroxy dehydrogenase (Duranin)  138
L-2-hydroxy glutaric aciduria  138

3-hydroxybutyrate  35
3β-hydroxychol-5-enic acid  620, 625
hydroxycholesterol

27-hydroxycholesterol  610
7α-hydroxycholesterol  610

hydroxycortisol
18-hydroxycortisol  561
6β-hydroxycortisol  561, 575

5-hydroxyindoleacetic acid (5HIAA)  32, 158, 668, 
703

3-hydroxyisovaleric acid  253

–
–

–
–
–
–
–
–
–
–
–
–
–
–

–
–

–
–

–
–
–
–
–
–

–
–
–

–
–

–
–
–

–
–
–

–
–

–
–

–
–

hydroxykynureninuria  80
hydroxylase

11β-hydroxylase deficiency  562, 577, 584, 593
17-hydroxylase  595

deficiency  582
17α-hydroxylase deficiency  577, 581
21-hydroxylase deficiency  564, 576, 577, 582

4-hydroxylated phenolic acid  31
hydroxylysine  55, 77, 84, 88
hydroxylysinuria  80
hydroxymethyl

5-hydroxymethyluracil  730, 731
5-hydroxymethyl-¹³C₂,²H₂-uracil  731
glutaryl coenzyme A lyase defect  46

hydroxymethylbilane synthase  752, 753
activity  776

hydroxyprogesterone  564
17-hydroxyprogesterone  559, 564, 576

hydroxyproline  55, 64, 74, 76, 84
4-hydroxyproline  86

hydroxypyruvate reductase  233
3’-hydroxysepiapterin  665, 670, 681
hydroxysteroid

3α-hydroxysteroid
dehydrogenase  657, 659
diaphorase  657

3β-hydroxysteroid
∆⁵-oxidoreductase deficiency  610
dehydrogenase  564

11β-hydroxysteroid dehydrogenase  561
17β-hydroxysteroid dehydrogenase  586

5-hydroxytryptophan  703
25-hydroxyvitamin D₃  564
hyocholic acid  616
hyodeoxycholic acid  616
hyper-β-alaninuria  736
hyper-β-aminoisobutyric aciduria  736
hyperammonemias  83
hyperbetalipoproteinemia  506
hypercholesterolemia  483, 499, 525
hyperchylomicronemia  497, 506
hyperglycerolemia  245
hyperglyceroluria  245
hyperglycinemia  80
hyperimmunoglobulinemia D  484
hyperinsulinism  46, 381
hyperketonaemias  46

–
–

–
–
–

–
–
–

–

–

–

–
–
–

–
–
–

–
–
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hyperlysinemia  80
type 1  134
type 2  134

hyperoxaluria
type I  138, 222, 223
type II  138

hyperphenylalaninemia  81, 666
hypertriglyceridemia  499, 528
hypoaldosteronism  592
hypoalphalipoproteinemia  499
hypobetalipoproteinemia  542
hypocholesterolemia  483
hypogeic acid  210
hypogonadism  381
hypoketonaemic states  46
hypoketotic hypoglycaemia  37, 48
hypomyelination  337
hypoparathyroidism  267
hypophosphatasia  80
hypotaurine  86
hypothyroidism  304
hypoxanthine  726, 730

I
I-cell disease  317, 321
IBG  158
IDL  497
iduronate-2-sulfatase  289, 309
iduronic acid  290
iduronidase

activity  309
α-L-iduronidase  289, 308

activity  287
IEF  384
imino acid  54
iminoglycinuria  80
iminopeptiduria (prolidase deficiency)  80
immunoassays  93
increased

C24:C22 ratio  229
C26:0 level  229

indole  26
industrial wax  223
inertness of the injection system  214
INF-γ  699
infantile

Refsum disease  222
SASD  337

–
–

–
–

–
–

–

–
–

–
–

inosine  730
insulin  502
integral membrane proteins of peroxisome  221
intermediate  338

density lipoprotein  497
form  337

intestinal
apoB-containing lipoprotein  543
brush  497
mucosa  498

inverted nipples  381
in vitro

loading test  171
probe assay  191, 193, 194, 200

iodine spectrum  440
ion-trap MS/MS  569
ion chromatography high-performance liquid 

chromatography  233
IQC  8
iron

iron-binding glycoprotein  384
deficiency  774

ISO
15189:2002  8
17025:1999  8
9001:2000  7

isobutyric acid  139
isobutyryl  174

CoA dehydrogenase  138, 174, 183
deficiency  141, 184, 194

isobutyrylcarnitine  183, 194
isobutyrylglycine  141, 144, 164, 184
isobutyrylglycinuria  138
isocitric acid  158
isoelectric focusing  385

serum transferrin  413
isoform  506
isolated

hyperpipecolic acidemia  135
long-chain 3-hydroxyacyl-CoA

dehydrogenase (LCHAD) deficiency  184
isoleucine  55, 60, 74, 77, 78, 84, 87

²H₁₀-isoleucine  60
isopentenyl-

diphosphate  484
PP isomerase  484
tRNA  484

–
–

–
–
–

–
–

–
–

–
–
–

–
–

–

–
–

–

–

–
–
–
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isoprenoid  483
biosynthesis  483

isosbestic point  277
isotopically labeled branched-chain amino acid  194
isovaleric

acid  139
acidemia (isovaleryl-CoA dehydrogenase 
deficiency)  46, 141, 174, 184, 187
aciduria  45, 138

isovaleryl-
2-methyl-/butyryl-/pivaloyl  174
CoA dehydrogenase  138

isovalerylcarnitine  183, 187
isovalerylglycine  141, 144, 184
isoxanthopterin  665, 670
ISSD  338
IVG  158

J
Jaffé acid-picrate method  328

K
Kearns-Sayre syndrome  269
keratan sulfate  288, 290, 294, 301
α-keto acid  27
2-keto adipic

aciduria  138
dehydrogenase  138

2-ketoglutaric
acid  158
aciduria  138
dehydrogenase  138

ketogenesis  35
ketogenic diet  229
ketoglutarate dehydrogenase defect  45
7-ketolithocholic acid  608
ketolysis  35
ketone body  271
ketosis  37
ketothiolase

deficiency  141
3-ketothiolase deficiency  138
β-ketothiolase  174

deficiency  187
ketotic hyperglycinemia  84
Km defect  255, 261
Krabbe disease  352, 353, 362, 364
Krebs cycle  35, 282

–

–
–

–

–
–

–
–

–
–
–

–
–
–

–

Kupfer cell  530
kynurenine  61, 88

3-OH-kynurenine  61

L
laboratory

accreditation  7
performance  21

lactate  35, 44, 253, 271
lactic

acid  158
acidemias  85
acidosis  36, 82, 266, 271

lactose  328, 329, 419
lactosylceramide  353
lanosterol  484, 486
Lanthionine  87
lathosterol  486

8-lathosterol  494
lauric acid  629
LC-MS  612
LCAT  535

deficiency  529, 535
α-LCAT activity  536

LDL  497
LDL-stimulated cholesteryl ester formation  371
receptor (LDLR)  497

gene  517
Leber hereditary optic neuroretinopathy  269
lecithin:cholesterol acyltransferase (LCAT)  498, 

499, 528
Leigh and Leigh-like subacute necrotizing 

encephalopathy  269
leucine  55, 60, 74, 77, 78, 84, 87

²H₃-leucine  60
leucotriene  207
leukocyte  245
levulinate

Ca-levulinate treatment  84
library of mass spectra  162
Liddle’s syndrome  590
lignoceric acid  210
limit dextrin  454
linearity  12

of the AAA  69
linoleic acid  207, 210, 218
linolenic acid  210

–

–
–

–
–
–

–

–
–

–
–

–

–

–

–
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linolenic acid
α-linolenic acid  218

linoleyl  175
lipase activity  500
lipid

lipid-free apoA-I  531
lipid-linked oligosaccharide  413
raft  483
storage disease  528

lipoid adrenal hyperplasia  577, 581
β-lipoproteinaemia  218
lipoprotein  484, 497

A  507
lipase  497
lipoprotein-deficient

medium  520
serum (LPDS)  519

remnant  499
liquid-liquid extraction  140
lithium citrate buffer  62
lithocholic acid  607
liver  439, 498

disease  85
phosphorylase  417

defect  45
tissue  245

long-chain
3-hydroxyacyl coenzyme A dehydrogenase 
(LCHAD)  174, 189

defect  46
acyl coenzyme A dehydrogenase defect  46
fatty acid  207, 209

oxidation defect  46
monocarboxylic fatty acid  155

look-alike compound  160
low

biotin medium  261
cholesterol  483

low-density lipoprotein  483, 497
Lowe syndrome  80
Lowry  308
α-LpA-I  534
LPL  497
LpX  536
luciferin/luciferase  275
lumazine  665
17-20-lyase  595
lymphoblastoid cell line  245

–

–
–
–
–

–
–
–

–
–

–

–
–

–
–

–

–
–
–

–
–

–
–

lysine  55, 61, 74, 77, 78, 84, 88
²H₄-lysine  61

lysinuric protein intolerance  67, 80
lysophosphatidylcholine  535
lysosomal

sialidase  336
storage disease  351

lysosome  287, 325, 336, 483
lysosphingomyelin  369

M
macrophage  530
MAD defect  85
MALDI-ToF/MS  612
malic acid  159
malonate  277
malonic

acid  139
aciduria  138

malonyl-  174
CoA decarboxylase  138

maltose  445
Man-

Man₃GlcNAc₂  410
Man₅GlcNAc₂  396, 399
Man₇GlcNAc₂  396, 399
Man₉-mannosidase  410

endo-α-1,2-mannosidase activity  410
Man₉GlcNAc₂  400, 410

manganese dioxide  669
ManNAc-

6-phosphate  335
N-acetylmannosamine  336

mannitol  473, 475
mannopentasaccharide  329
mannose  380

mannose-1-phosphate  392
mannose-6-phosphate  392, 394
mannose-P-dolichol utilisation defect 1 
protein  382
pentasaccharide  328
tetrasaccharide  328
trisaccharide  328

mannosidase  380
α-D-mannosidase  326
α-mannosidase  307, 317
β-D-mannosidase  326

O-mannosidic linkage  407

–

–
–

–
–

–

–
–
–
–

–
–

–
–

–
–
–

–
–
–

–
–
–
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mannosidosis  326
α-mannosidosis  327, 330
β-mannosidosis  327

mannotetrasaccharide  329
mannotrisaccharide  329
MAO deficiency  710
maple syrup urine disease  27, 71, 218
Maroteaux-Lamy syndrome  288, 289
mass spectrometry  549, 556, 793
maternal 3-methylcrotonylglycinuria  184
Mauriac syndrome  440
2MBG  159
MCAD deficiency  141, 803
McIlvain’s buffer  310
Me-¹³C-thymidine  730, 731
meat  218
medium-chain

3-ketoacyl-CoA thiolase  174
acyl-CoA dehydrogenase  174

deficiency  46, 189
MELAS (mitochondrial encephalomyopathy  

with lactic acidosis and stroke-like episode)  269
membrane  483, 484

fluidity  483
2-mercaptoethanesulfonate  24
β-mercaptolactate-cysteine disulfiduria  81
2-mercaptopropionylglycine  24
MERRF (myoclonus epilepsy with ragged red 

fibers)  269
mesenchymal tissue  287
mesoporphyrin IX  772
metachromatic leukodystrophy  352, 353, 354, 365

n-methanol HCl  176
methanolic HCl  211
methionine  55, 61, 74, 77, 78, 85, 87, 91

²H₃-methionine  61
adenosyltransferase  91

deficiency  81
malabsorption  27
S-adenosyltransferase deficiency  109
sulfone  86
sulfoxide  64, 86
synthase  91, 93

deficiency (cblC, cblD, cblF, cblE, cblG 
defects)  99
reductase  93

method precision  11
methotrexate  93

–
–

–
–

–

–

–

–
–

–
–
–
–
–
–

–

–

methoxime  569
3-methoxy-4-hydroxy-phenylglycol (MHPG)  703
methoxyamine hydrochloride  568
3-methoxytyrosine  87
methyl-

2-methyl butyric acid  139
2-methyl acyl-CoA racemase (AMACR)  223

deficiency  222
2-methyl 3-hydroxy

butyric aciduria  138
butyryl  174

carnitine  184, 187
CoA dehydrogenase  138, 174

3-methyl crotonylglycine  141, 253
3-methyl histidine  88
ester-trimethylsilyl  612
N-methyl-N-(tert-butyldimethylsilyl) 
trifluoroacetamide (MTBSTFA)  133, 224

2-methylacetoacetyl-CoA thiolase  138
methylarginine(s)  88
2-methylbutyryl-CoA dehydrogenase  138

deficiency  141
2-methylbutyrylcarnitine  183, 187
2-methylbutyrylglycine  141, 144, 164, 184
2-methylbutyrylglycinuria  138, 184
methylchloroformate  117, 130
methylcitrate  253
2-methylcitric acid  137
3-methylcrotonyl-CoA  253

carboxylase  138
deficiency  141, 174, 187

3-methylcrotonylglycinuria  138
6-methyldihydropterin  696
3-methyldopa (3-MD)  704
methylene

5,10-methylene-tetrahydrofolate reductase  717
5,10-methylene-tetrahydrofolic acid  717

3-methylglutaconic
acid (peak II)  163
aciduria  138

type I  174
3-methyl glutaconyl-  174

CoA hydratase  138
3-methylglutaryl  175
methyllysine (3)  88
methylmalonic

acid  159
acidemia  46, 141, 174, 184, 187
aciduria  45, 138

–
–

–
–

–
–

–
–

–
–
–
–

–

–
–

–
–

–
–

–

–

–
–
–
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methylmalonyl-/succinyl-  174
methylmalonyl-CoA mutase  138
methylmalonylcarnitine  184, 187
methylsuccinic acid  144
5-methyltetrahydrofolate  91
5-methyltetrahydrofolic acid (5MTHF)  668, 717, 

718
4-methylumbelliferone (4-MU)  306

coupled to sialic acid  347
4-methylumbelliferyl-

2-acetamido-2-deoxy-β-D-glucopyranoside  360
6-sulfo-2-acetamido-2-deoxy-β-D-
glucopyranoside  359
N-acetyl-α-D-glucosaminide  312
α-D-galactopyranoside  363
α-D-N-sulfoglucosamide  311
α-D-NeuAc sodium salt (MU-NeuAc)  347
α-iduronate-2-sulfate  310
α-L-(idopyranosid)-uronic acid-sodium salt  308
α-N-acetylglucosaminide-6-sulfate  314
β-D-6-sulfo-N-acetylglucosaminide  316
β-D-galactopyranoside  347, 358
β-D-galactoside  317
β-D-glucopyranoside  361
β-D-glucosaminide  313
β-D-glucuronide  320
β-N-N,N”,-triacetylchitotriose  362

mevalonate
kinase  138, 484
PP decarboxylase  484

mevalonic
acid  485
aciduria  138, 484

microsomal triglyceride transfer protein (MTP)  543
MIM (Mendelian inheritance in man)  488
mineralocorticoid disorder  590
mitochondrial

disorder  268
DNA (mtDNA)  265
respiratory  484

chain  35, 265
trifunctional protein (TFP)  174

deficiency  184
β-oxidation  171

mitochondrion  265
mixed

hyperlipidemia  499, 505
hypertriglyceridemia  506

–

–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–

–
–

–
–

–
–
–

–
–

–
–

–
–

MNGIE (mitochondrial myopathy, peripheral 
neuropathy, encephalopathy and gastro intestinal 
disease)  269

β-mobility  509
molecular

genetic analysis  184
ion of the methylated acylcarnitine ester  201

monapterin  665, 670
monoamine oxidase (MAO)  703
monochloroacetaldehyde  103
monogenic

dyslipoproteinemia  499
hypercholesterolemia  517

monomethylamine  783
mononeuropathic  530
monosaccharide  290, 325, 335
monotransferrin  401
monounsaturated form of 3-hydroxy 

hexadecenoylcarnitine  185
morbus

McArdle  458
Pompe  445
Tarui  460

morphogenic  483
Morquio syndrome  288, 289

A  289
B  288, 289, 317

MPS
I  287
II  287
III  287
IV  288
VII  288

MRM transition  475
MS/MS  173, 793
MSA  159
MSD multiple sulfatase deficiency  305
MSUD  81
mtDNA mitochondrial DNA  269
MTHF reductase  91, 93

defect  99
mucin  325
mucolipidose type II  304
mucolipidosis

II  310, 331
III  310, 331

mucopolysaccharidose  287

–
–

–
–

–
–
–

–
–

–
–
–
–
–

–

–
–
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mucopolysaccharidosis type IVB (β-galactosidase 
deficiency)  328, 329

mucopolysacchariduria  326
multifocal demyelinating form  530
multiple

acyl coenzyme A dehydrogenase  46, 193
carboxylase (holocarboxylase)  46

deficiency  138, 141, 174
reaction monitoring  58, 130
sulfatase deficiency  310, 317, 366

multiplex ligation-dependent probe amplification 
(MLPA)  806, 825

Multistix
10 SG  29

bilirubin  29
blood  29
glucose  29
ketone (acetoacetic acid)  29
pH  29
protein  29

PRO 11  29
bilirubin  29
blood  29
glucose  29
ketone (acetoacetic acid)  29
pH  29
protein  29

reagent strip  29
β-muricholic  635

acid  633
muscle  439

activity  75
muscle-eye-brain disease  407
mutation scanning  816
MVK gene  485
myelin  209, 222
myelodysplasia  267
myophosphorylase  417
myristic acid  210
myristoleic acid  210
myristoyl  175
myristoylcarnitine  202

N
NADH

coenzyme Q reductase defect (complex I)  45
cytochrome c reductase  280

–
–

–
–
–

–
–
–
–
–
–
–

–
–
–
–
–
–
–

–

–

–

–
–

N-(1-naphtyl)ethylendiamine dihydrochloride 
monomethanolate (NEDD) 0.1%  256

N-1-naphthylphthalamic acid  648
NARP (neurogenic muscle weakness, ataxia, retinitis 

pigmentosa)  269
neonatal

adrenoleukodystrophy  222, 611
jaundice  262
screening  254

neopterin  665, 670
nephrocalcinosis  233
NEQAS  13
nervonic acid  210
NeuAc  336

NeuAc-9-phosphate  335
N-acetylneuraminic acid  336

neuraminic acid  335
neuraminidase (sialidase)  336

treatment  387
α-neuraminidase  325

deficiency  331
neuroblastoma  142
neurological/neuromuscular diseases  265, 499
neutral glycosphingolipid  351
neutralizing anti-LPL antibody  517
newborn screening  6, 137
Niemann-Pick disease  353, 362

type A  352, 354, 374
type B  351, 352, 362, 368
type C (NPC)  351, 528, 532

C1  351, 352
protein  352

C2  351, 352
protein  352

ninhydrin  53, 64
reagent  62

nitro blue tetrazolium  658
nitrocatechol  318, 319

4-nitrocatechol sulfate dipotassium salt  318
p-nitrocatechol  366

p-nitrocatecholsulfate  366
nitrosonaphthol test  31

4-hydroxyphenylacetate  32
4-hydroxyphenyllactate  32
4-hydroxyphenylpyruvate  32
tyrosine  32

nitrous oxide  93

–
–
–

–
–

–
–

–

–
–
–

–
–

–
–

–

–
–

–
–
–
–

Subject Index 851



NMR  784
nonanoic (pelargonic) acid  139
nonesterified fatty acid  271
nonhepatic cell  499
nonketotic hyperglycinemia  71
nonlysosomal sialuria  337
nonsterol  483
nor-cholic acid  633
nor-deoxycholic acid  633
noradrenaline  703
normal

lactate  47
urine organic acid profile  153, 154

normolipidemic  518
NTBC treatment  85
nuclear magnetic resonance  784
5’ nuclease assay  525
nucleotide  325
nut  233
nutrition  73
nutritional deficiencies of vitamin B₁₂  93

O
octadecatetraenoic acid  210
octanoic (caprylic) acid  139
octanoyl  174

n-octanoylglycine  144
octanoylcarnitine  189
octanoylglycine  141
2-octenylsuccinic acid  164
M3-octyl (Manα1,6Manα1,3Manβ-octyl)  409
OG  159
OGS oligosaccharide  336
6β-OH-F  571
11β-OH-

An  570
Et  570

16α-OH-DHEA  570
sulfate  595

17-OH-
pregnanolone  570
pregnenolone  550
progesterone  550

18-OH-
cortisol  552
THA  591

18-OHF  575, 590
ointment  246
oleic acid  207, 210, 364

–
–

–

–
–

–

–
–
–

–
–

oleyl  175
oligomycin  275, 279
oligosaccharide  289, 325, 326, 335
oligosacchariduria  326, 331
oligosaccharyltransferase complex  380
optic atrophy  254, 268
orange tonsil  530
orcine monohydrate  339
orcinol  327
ORD  599
organic

acid  137
acidemia  84, 137, 218
acid profiling  137

ornithine  55, 60, 74, 78, 85, 88
²H₆-ornithine  60
carbamoyltransferase deficiency  81

ornithinemia  81
orotic acid  159, 163, 730
orthophthalaldehyde  69
osmoregulator  115
osteopenia  381
overlap  160
oversight  160
oxalate  222, 233, 240

in urine  233
oxalic acid  139, 159, 233
oxidative phosphorylation (OXPHOS) disorder  266
oxidized glutathione  87
oximation  140
oxime derivative  562
α-oxo-butyrate  91
3-oxo-4-ene sterol  558
11-oxo-Et  570
4-oxo group  669
18-oxo-

F  590
tetrahydrocortisol  568
THF  590

3-oxosteroid ∆⁴-steroid 5β-reductase deficiency  610
oxysterol  483, 484

7-oxysterol hydroxylase  610

P
∆¹-P5C  87
5P-3β,17,21-ol-20-one  570
P450

oxidoreductase deficiency  577
scc deficiency  577

–
–
–

–
–

–

–
–
–

–

–
–
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PA
oxidase  135
reference value  135

palmitic acid  210
palmitoleic acid  210
palmitoyl  175
palmitoylcarnitine  202
palmoplantar keratoderma  268
pancreatitis  497, 499
parenchymal tissue  287
parkinsonism-dystonia  710
parsley  233
partial biotinidase deficiency  260
pathological

acylglycine species  141
level  217
value  228, 248, 249, 260

for AdoMet and AdoHcy  109
for urinary organic acid  154
of tHcy  99

pathways of essential fatty acid formation  208
pattern recognition  180
PBG deaminase  774
PCD deficiency  685
PC deficiency  47
PCSK9  518
PDH defect  47
Pearson syndrome  270
Pebbly, ivory-colored skin lesion  287
pelargonic acid  628
penicillamine  24, 87
penicillamine-cysteine disulfide  87
pentacarboxyporphyrin  763, 770
pentacarboxyporphyrinogen  758
pentadecanoic acid  210
pentafluorobenzylbromide  117, 619
pentasaccharide  328
pentitol  473
pentosuria  473
PEO (progressive external ophthalmoplegia)  269
percentile ranks of acylcarnitine species in 

postmortem dried blood and bile spot  192, 193
perchloric acid  38
perfluoro-tributyl amine  617
pericardial effusion  381
pericarditis  381
periodate  341

thiobarbituric acid (TBA) assay  341, 343
periodic fever syndrome  484

–
–

–
–
–

–
–
–

–

peripheral
capillary bed  500
neuropathy  530

permanent hyperketonaemia  49
peroxisomal

beta-oxidation  207
disorder  222, 611
matrix protein  221
targeting signal  221

peroxisomal alanine:glyoxylate 
aminotransferase  233

peroxisome  209, 221
biogenesis defect/disorder  134, 222

perseitol  473, 475, 476
persisting ataxia  254
phase transition  483
phenanthroline  402
phenazine methosulfate  277
phenylalanine  55, 61, 74, 77, 78, 85, 87

²H₅-phenylalanine  61
phenylalanine-4-hydroxylase  665

phenylketonuria  27, 63, 218
phenylpropionylglycine  141

3-phenylpropionylglycine  144
phlebitis  381
phosphatase  335
phosphate  240
phosphatidylcholine  535
phosphatidyl glycerol  246
phosphocreatine  739
phosphoenol pyruvate carboxykinase defect  45
phosphoethanolamine  56, 76, 86
phosphofructokinase  417

6-phosphofructokinase  460
3-phosphoglycerate dehydrogenase  717

deficiency  81
phosphohydroxylysinuria  81
phosphohydyroxylysine  86
phospholipid  497, 498, 530

transfer protein (PLTP)  498, 499
phosphomannomutase  392

II  382
phosphomannose isomerase  382
phosphomevalonate kinase  484
phosphoric acid  163
phosphorylase  458

a  463
b  463

kinase  417, 463

–
–

–
–
–
–

–

–
–

–

–

–

–

–

–
–

–
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b-kinase deficiency  453
limit dextrin  454

phosphoserine  86
phytanic acid  221, 223, 226, 229, 230

alpha-oxidation  222
phytanoyl-CoA hydroxylase deficiency  230
pigmentary degeneration  268
pimelic acid  139, 159, 160
pipecolic acid  56, 85, 87, 129, 229
pitfall  228

in organic acid analysis  160
pivalic acid  187
pivaloylcarnitine  183, 187
PKU  85
planar xanthoma  529
plasma  56, 207, 209, 235

amino acid  74
membrane transporter  529
oxalate  239
turbidity  262

plasmalogen  207, 209, 229
dimethylacetal  215
extract  214
synthesis  209

plasticizer  160
PMI  395

activity  394
deficiency  394

PMM  392
2  392

PNPO  709
polarography  272
polymerase chain reaction (PCR)  806
polymorphism  521
polyol  473

C4  473, 476
C5  473, 476
C6  473, 479
C7  473, 476, 477

polysaccharide  287
polyunsaturated fatty acid  207
Pompe disease  331
poor performance  19
poppy  seed  233
porphobilinogen (PBG)  25, 751
porphyria  751

cutanea tarda  753, 766, 770
variegata  751, 767

portocaval shunt  419

–
–

–

–

–
–
–
–

–
–
–

–
–

–

–
–
–
–

–
–

post-traumatic stress syndrome  207, 218
postanalytical pitfall  161, 163
postmortem screening  171
PPG  159
pre-β-high-density lipoproteins (pre-β-HDL)  498
pre-β-mobility  507, 509
pre-β₁-LpA-I  534
precision of the polyunsaturated fatty acid 

analysis  216
5α-pregnane-3β,20α-diol  595
5,17-pregnadien-3β-ol  570
pregnanediol  583
pregnanetriol  570, 583
pregnanetriolone  570
pregnene

5-pregnene-3β,17α,20α-triol  570
5-pregnene-3β,20α-diol  570

pregnenediol  583
pregnenolone  550, 558, 562
premature

atherosclerosis  525
baby  73
diagnosis of SSADH  126
manifest coronary heart disease  529

prematurity  85
preterm and small-for-age infant  262
primapterin  665, 670
primary

carnitine deficiency  171
hyperlactataemias  45
hyperoxaluria  233

type I  233, 242
type II  233, 242, 243

pristanic  222
acid  222, 223, 226, 229, 230

profound biotinidase deficiency  260
progesterone  550, 564
proline  56, 60, 64, 74, 76, 85, 87

²H₈-proline  60
defects of proline metabolism  134

prolinemia
type 1  81
type 2  81

prolonged fasting
challenge  176
ketosis  83

propionic
acid  139
acidemia  141, 174, 184, 187

–
–

–
–
–
–

–
–
–

–
–

–

–
–

–
–

–
–

–
–
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aciduria  45, 138
propionyl-CoA  174

carboxylase  138, 253
propionylcarnitine  184, 187
propionylglycine  141
proprotein convertase  518
prostaglandin  207
protein

D-bifunctional deficiency  135, 218, 222, 223
glycosylation  379, 484
malnutrition (kwashiorkor)  73
modification  484
protein-linked oligosaccharide  413

proteoglycan  287, 289
proton NMR spectroscopy  784
protoporphyria  762
protoporphyrin  753

IX  764
protoporphyrinogen oxidase  752
protoporphyrins in erythrocyte  772
pseudoaldosteronism  577
pseudodeficiency  354, 366
pseudohermaphroditism  584
pseudohyperaldosteronism  590
pseudohypertriglyceridemia  248
pseudohypoaldosteronism  577
pseudohypteriglyceridemia  245
pseudoporphyria  753
pseudouridine  730
pterin  665, 670

in urine, serum and cerebrospinal fluid  684
pterin-4a-carbinolamine dehydratase  665

PTPS  689
activity  690
deficiency  685

pyridox(am)ine-5’-phosphate oxidase (PNPO)  708
pyridoxal phosphate  708

metabolism  703
pyridoxine-responsive convulsion  129
pyrimidine degradation defect  83
pyroglutamic

acid  159
aciduria  138

pyrroline
∆¹-pyrroline-3-hydroxy-5-carboxylic acid  86
pyrroline-5-carboxylate synthase deficiency  81

pyruvate  35, 271, 336
carboxylase  35, 46, 253

defect  45

–

–

–
–
–
–
–

–

–
–

–
–

–

–
–

–
–

–
–

deficiency  83
dehydrogenase  35

complex  271
defect  45

ratio  47
pyruvic acid  159
6-pyruvoyltetrahydropterin  689

synthase (PTPS)  665

Q
quadrupole MS  569
quality management system  8
quenching  62

R
raffinose  328, 329
raft  484
random X-inactivation  364
ratio

570/440 ratio  64
ADP:O ratio  274

RCDP
type1  223

patient  230
type 2  222, 223
type 3  222, 223

RC respiratory chain  269
receptor-mediated uptake  497
recessive X-linked ichthyosis  593

steroid sulfatase deficiency  578
recovery  12
redox status  271
reduced glutathione  86
reductase deficiency

5α-reductase deficiency  584
type 2  577

5β-reductase deficiency  577, 586
reference

range
for acylcarnitine species accumulating in 
fibroblast cultures  201
for plasma acylcarnitine species  181
for urine acylcarnitine  190
of organic acids and acylglycines  158

value  74, 153, 217, 228, 249, 260
for amino acids

in cerebrospinal fluid  78
in urine  76, 77

for homocarnosine  125

–
–

–
–

–

–

–
–

–
–

–
–

–

–
–

–

–
–

–
–
–

–
–

–
–

–
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for plasmalogens  215
for PUFA  153
for the straight-chain fatty acids  228
for total fatty acids  219
for urinary oxalate  239
of GABA and β-alanine  122
tHcy  99

refractory anemia with ring sideroblasts  267
Refsum disease  222, 223, 226, 230, 611
relative carnitine deficiency  189
remethylation  91

defect  93
remnant lipoprotein  498, 505
renal

disease  109
failure  99
Fanconi syndrome  82

residual moisture  160
restriction enzyme digestion  820
reticuloendothelial system  530
retina  218, 499
Rett syndrome  717
reverse cholesterol transport  499
rhizomelic chondrodysplasia punctata (RCDP)  217, 

222, 223
rhubarb  233

stalk  233
ribitol  473, 475, 476
ribose

ribose-1-¹³C-uridine  730
ribose-5-phosphate  479

isomerase (RPI)  473, 481
ribulose 5-phosphate  436
rotenone  275
RPI deficiency  476, 479

S
D-saccharic acid-1,4-lactone  308
saccharopine  56, 85, 87

pathway  129
saccharopinuria  81
Salla disease  337, 338
Sandhoff disease  353, 360
Sanfilippo  287, 289

types A–D  288, 289
Sanger sequencing  822
Sap-A/B/C/D  353

–
–
–
–
–
–
–

–

–
–
–

–

–
–

–

–

–

saposin
B deficiency  366
C  363

Sar1b  543
sarcosine  56, 60, 64, 85, 87
sarcosinemia  81
SASD  338

sialic acid storage disease  336
SCAD

deficiency  141, 194
variant  200

scavenger receptor B1 (SR-BI)  498, 529
Scheie syndrome  287
Schindler/Kanzaki disease  331
schizophrenia  207, 218
SCP-x deficiency  223
SDH B, C, D succinate dehydrogenase complex 

subunits B, C and D  269
sebacic acid  139, 159
secondary

carnitine deficiency  171
change  82, 83, 85
hyperlactataemias  45

sedoheptitol  473, 475, 476
sedoheptulose-7-phosphate  473
Segawa disease  667
selected

ion monitoring  133
reaction monitoring  797

selective screening for peroxisomal dysfunction  229
sensorineural hearing loss  254
sepiapterin  665, 670, 681, 693

reductase  665
deficiency  681

serine  56, 60, 74, 76, 78, 85, 86, 91, 325
²H₃-serine  60
biosynthesis defect  84, 85

serotonin  703
serum

carnosinase  126
transferrin  387

severe
hepatocellular dysfunction  135
liver disease  85
protein malnutrition  84, 85, 86
renal failure  99
Salla disease  337

–
–

–

–
–

–
–
–

–
–

–
–

–
–

–
–

–
–
–
–
–
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SG  159
Shewhart plot  68
short-chain

acyl-CoA dehydrogenase (SCAD)  174, 183
3-hydroxyacyl-CoA dehydrogenase  174
deficiency  164, 184, 187

sialic acid  335
transferase  380

sialidase  337
sialidosis  327, 328, 329, 336, 337

mucolipidosis 1  347
type I  338
α-neuraminidase deficiency  328

sialin  337, 346
sialo-GM1-ganglioside  353
sialuria  336
sialylated

glycoconjugate  336
tetrasaccharide  328

sialyloligosaccharide  336, 339, 343
sialyltransferase reaction  336
signaling pathway  483
signal transduction  484
single-stranded conformational polymorphism 

(SSCP)  503
single peroxisomal enzyme deficiency  222
sitosterol  494

β-sitosterol  614
skin

abnormalitiy  261
care product  160
fibroblast  261

skipped/inadequate acidification  160
SLC17A5  337
slit-lamp examination  529
SLOS  595, 599
Sly syndrome  288, 289
small-for-age infant  262
Smith–Lemli–Opitz syndrome (SLOS)  487, 573, 

578, 593
sodium

channel defect  577
nitrite 0.1%  256

solvent extraction  246
sorbitol  433, 473, 475

dehydrogenase deficiency  473, 477
Southern blot analysis  522

–
–
–

–

–
–
–

–
–

–

–
–
–

–
–

–

specific
enzyme assay  184
quality requirement  11

spherical HDL₃  499
sphinganine  374
sphingolipid  351
sphingolipidoses  351
sphingomyelin  351, 352, 353, 483

¹⁴C-sphingomyelin  368
sphingomyelinase  353

deficiency  374, 528
sphingosine  353, 373, 374
spinach  233
spondyloepiphyseal dysplasia  304
squalene  484
SR  693

activity  695
deficiency  667, 683, 685

SSADH enzyme activity  126
stability  261
stable isotope

dilution gas chromatography/mass 
spectrometry  224
international standard  58

standard operating procedure  12
star

fruit  233
protein defect  577

starvation  75
stearic acid  210
stearoyl  175
steroid  549

∆⁵ steroid  579
hormone  483, 484
profile  564
sulfatase deficiency  593

steroidogenic  499
acute regulatory  581

sterol  483, 484
analysis  483
carrier protein (SCP-x)  223

deficiency  222
stigmasterol  568, 570
stored plasma  84
STS  599
suberic acid  139, 159
suberylglycine  141, 144

–
–

–

–

–
–

–

–

–
–

–
–
–
–

–

–
–

–
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substrate reduction therapy  354
subtilisin/kexin type 9 (PCSK9)  518
succinate

coenzyme Q reductase defect (complex II)  45
cytochrome c reductase  280
dehydrogenase  277
semialdehyde dehydrogenase  115

succinic
acid  139, 159
semialdehyde dehydrogenase  138

succinyl-coenzyme A  753
succinylacetone  165
succinyladenosine  727, 730
succinyl coenzyme A:3-

keto acid transferase  46
oxo acid transferase defect  49

sucrose  433
Sudan Black B  507, 509
sugar beet  234
sugar-nucleotide transporter  379
sulfamate  290
sulfate  233, 239, 240
sulfatide  352, 353, 366, 367
sulfite oxidase deficiency (+Mo-cofactor)  81
sulfocysteine  56
sulphite oxidase deficiency  93
sulphocysteine  86
sulphonamide  262
sulphuric acid  608
suppository  246
sylon HTP  616
syringomyelia-like syndrome  530
systemic carnitine deficiency  46

T
TALDO.  see transaldolase
tandem mass spectrometry/spectrometer  53, 93, 

100, 107, 474, 475
Tangier

disease  499, 530
neuropathy  530

taq polymerase  813
target value  13
taurine  56, 60, 74, 76, 78, 85, 86, 91

¹³C₂-taurine  60
conjugate  651

taurochenodeoxycholate  607

–
–
–
–

–
–

–
–

–
–

–
–

taurochenodeoxycholic acid  635
taurodeoxycholic acid  630, 635
taurolithocholic acid  635
tauromuricholic acid  633, 635
tauroursodeoxycholic acid  635
Tay-Sachs disease  353, 354, 360
tCG  158
testosterone  552, 562
tetradecadienoyl  175
tetradecenoyl  175
tetrahydroaldosterone  567

3α,5β-tetrahydroaldosterone  557
3β,5β-tetrahydroaldosterone  557

5,6,7,8-tetrahydrobiopterin  665, 670
tetrahydrocortisol  561

5α-tetrahydrocortisol  561
tetrahydrocortisone  561
tetrahydrodeoxycorticosterone  584
tetritol  473
THA  555, 571

5αTHA  571
THALDO  555
THAldo  571, 591

3β5βTHAldo  570
THB  555, 571

5αTHB  571
THDOC  555, 571
THE  555, 571
THF  555, 571

5αTHF  571
threitol  473, 475
threonine  60, 74, 76, 78, 86, 325
thrombosis  381
THS  555, 571
thymidine  730, 731
thymine  730, 731

²H₄-thymine  730, 731
tiglyl-  174
tiglylcarnitine  187
tiglylglycine  141
time-of-flight  794
TMA N-oxide  786
TMS  613
TNF-α  699
TOF  795
toluidine blue  291, 292
Toni-Debré-Fanconi syndrome  267

–
–

–

–

–

–

–

–
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total
C6  477
cholesterol  509
error allowable  10
pentitol  476

trans-cinnamoylglycine  141
trans-sulphuration  91
transaldolase (TALDO)  473, 476, 479, 481

deficiency  479
transferrin  384

desialylation  387, 388
transferrin-linked oligosaccharide  401

transketolase  479
transmembrane domains  530
tri-n-butylphosphine  94
tri-to pentasacccharide  326
triglyceride  497, 509

triglyceride-rich LDL  515
triheptanoin  189
3α,7α,12α-trihydroxy-5β-cholestanoic acid  611
3β,7α,12α-trihydroxy-5-cholenoic acid  610
trihydroxycholestanoic acid  222
trihydroxycoprostanic acid  611, 622
trimethylamine (TMA) oxidase  781
trimethylchlorosilane (TMCS)  141
trimethylsilanol  569
trimethylsilylimidazole (TMSI)  568, 619
triosephosphate isomerase  434
triple quadrupole analyzer  176
trisialo transferrin  401
trometamol  304
trophoblastic biopsy  346
tryptophan  56, 61, 74, 77, 78, 85, 88

²H₅-tryptophan  61
hydroxylase  709
tryptophan-5-hydroxylase  665

tuning criteria  149
tyrosine  56, 61, 74, 77, 78, 85, 87

²H₄-tyrosine  61
hydroxylase  665, 709

deficiency  703
tyrosinemia

type 1  81, 85
type 2  81
type 3  81

tyrosinosis  27

–
–
–
–

–

–
–

–

–
–
–

–
–

–

–
–
–

U
ubiquinone  280, 484
UDP.  see uridine diphosphate 
unexplained leucodystrophy  229
unknown (ETHE1 gene)  138
unripe grape  234
unsaturated

alkane  209
fatty acid  207

unused ascorbic acid  233
unusual (mainly urinary) amino acid  86, 88
uracil  159, 730, 731

1,3-¹⁵N₂-uracil  730
¹⁵N₂-uracil  731

urea  86, 163
cycle defect  85

ureidopropionase
deficiency  83
β-ureidopropionase  736

deficiency  733
uric acid  159
uridine  730
uridine diphosphate (UDP)  380, 417

[³H]galactose  411
import  411

galactose  417
galactose 4-epimerase  429
GlcNAc-2-epimerase  335, 337
GlcNAc:dolichol phosphate N-
acetylglucosaminephosphotransferase 1  382
GlcNAc uridine diphosphate-N-acetyl-D-
glucosamine  336
glucose  417

uridyldiphosphate-galactose-dehydrogenase  429
urinary

calcium saturation  233
filter spot  233
GAG excretion  288

urine  44, 57, 222, 246
acylcarnitine analysis  171
on filter paper  142

urobilinogen  25
uronic acid-carbazole  294
uroporphyrin  763, 770
uroporphyrinogen

decarboxylase  752, 758
I synthase  774
III synthase  752

–
–

–
–

–

–
–

–

–
–

–
–
–
–

–

–

–
–
–

–
–

–
–
–
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ursocholic acid  613
ursodeoxycholic acid  608, 625, 633

V
vaccenic acid  210
vacuolization of marrow precursors  267
valeric acid  139
valine  56, 60, 74, 76, 78, 86, 87

²H₈-valine  60
valproate treatment  84
vannillylmandelic acid  159
variant

RCDP (PEX 7)  217
Zellweger syndrome  217

vegan diet  218
very-low-density lipoprotein  497
very long-chain

acyl-CoA dehydrogenase (VLCAD)  174, 189
deficiency  202

fatty acids (VLCFA)  221, 222, 223, 226, 229
in the plasma of control  229

vigabatrin treatment  83
γ-vinyl-GABA (vigabatrin; Sabril)  88, 121
vitamin

B₁₂ deficiency  99
D  484
E  497, 499

VLDL  497
remnant  497

–

–
–

–
–

–
–

–
–
–

–

W
Walker-Warburg syndrome  407
white meat  73
Wilson disease  82
Wolfram syndrome  270

X
X-linked adrenoleucodystrophy  218, 222, 223
xanthelasma  529
xanthine  730

dehydrogenase  665
xanthoma  525
xanthopterin  665, 670, 681
xylitol  473, 475
xylose  325
xylulose

D-xylulose  473
L-xylulose  473

reductase  473

Y
yellow-fluorescing pterin  676

Z
Zellweger

spectrum  215
disorder  222, 223

syndrome  129, 207, 218, 226, 611
zinc protoporphyrin  774
ZSD  223
zymosterol  486

–

–
–

–

–
–

–
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