Applications of Mass Spectrometry
in Analyses of Steroid Hormones
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Abstract Steroid hormones are endogenous chemicals controlling many endocrinology
functions. Mass spectrometry technologies have been applied for analyses of ste-
roid hormones as biomarkers in endocrinology and pathology diagnoses, doping
drugs in athletes and racing horses, residuals in food safety concerns, and environ-
mental pollutants in water and sediments. Both liquid chromatography mass spec-
trometry (LC-MS or LC-MS/MS) and gas chromatography mass spectrometry
(GC-MS or GC-MS/MS) are broadly used in research, clinical, pharmaceutical
industry, competition sports, food safety, and environmental testing laboratories.
Sample preparation techniques, such as deconjugation and extraction, are critical
procedures for isolating steroid hormone from sample matrices, including biologi-
cal fluids, tissues, environmental water and sediments. Chemical derivatization
modifies the physicochemical properties of steroid hormone molecules to improve
their chromatographic performances and to enhance their sensitivities to mass
detection. Chromatographic techniques such as HPLC, UPLC, and GC have direct
impact on separation of analytes, MS interface, and analysis throughput. The method
sensitivity and specificity of LC-MS and GC-MS depend largely on the analyte
status, i.e., easiness of ionization, derivatization, sample matrix, and MS detection
mode, e.g., ESI, APCI, APPI, MAILDI, or EI. LC-MS and GC-MS methodologies
should be developed and validated following scientific and regulatory guidelines,
and the steroid hormones analyses should be standardized.
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1 Introduction

1.1 Steroid Hormones: Chemical Structures and Functions

Steroid hormones are composed of 18-21 carbon atoms, which are bonded together
by four fused rings: three cyclohexane rings (designated as rings A, B, and C) and
one cyclopentane ring (as ring D), with an exception of estrogens’ ring A as a ben-
zene ring. Hydroxyl and/or ketone groups are attached at C,, C,,, C., C,, or C,,
positions, and methyl group(s) is attached at C ; and/or C,, positions of the steroid
skeletons, as shown in Fig. 1. These molecules are neutral, unionized, nonvolatile,
lipid soluble, and stable during extraction and analysis by mass spectrometry.
Originated from cholesterol, the biosynthetic pathways of steroid hormones are well
established [1-3]. The major biotransformation reactions for steroid hormones
include oxidation, reduction, conjugations with glucuronic acid, sulfate, and gluta-
thione [4, 5]. As most of the biotransformation pathways and metabolites of steroid
hormones are clearly defined, structure elucidation or identification is not a major
concern for steroid analysis [6]. However, since a large portion of endogenous ste-
roid hormones exists as their glucuronide and sulfate conjugates, especially in urine,
deconjugation of the steroid hormones may be needed before LC-MS/MS and
GC-MS analysis [7, 8].

According to bonding receptors and biological functions, steroid hormones are
classified as progestagens (or progestogens, pregnancy hormones), mineralocorti-
coids (mineral retention hormones), glucocorticoids (glucose metabolism and
inflammation hormones), androgens (male hormones), and estrogens (female hor-
mones). Endogenous steroid hormones are chemical messengers regulating many
life functions, such as controlling pregnancy, salt and water balance, metabolism,
inflammation, immune functions, and development of sexual characteristics. Many
serious health problems, diseases, and clinical syndromes are indicated by steroid
hormones deviations from normal levels. Steroid hormone analysis plays important
roles in health care, including disease diagnosis, food safety, and environmental pro-
tection. For example, endogenous steroid hormones are critical biomarkers for clini-
cal diagnoses in endocrinology, physiology, and pathology; and steroid hormones are
also broadly used as medicines for treatment of varieties of diseases, such as
inflammation, malfunctions in immune systems, underdevelopment syndromes, and
disorders in endocrine systems [2, 9]. On the other hand, steroid hormones are abused
by some athletes [10] and racing horse owners [11] to enhance their sport perfor-
mances. Steroid hormones are also found as hazardous residuals in eatable meats
[12] and are monitored as environmental pollutants in water and sediments [13].
Therefore, development and application of specific, sensitive, and robust analytical
methods and methodologies for steroid hormone analyses have significant impacts
on clinical analyses, disease diagnoses and treatments, antidoping drug screening,
food safety examination, and environmental quality monitoring. A large number of
articles have been published on analyses of steroid hormones by mass spectrometry



Applications of Mass Spectrometry in Analyses of Steroid Hormones 253

Mineralocorticoids.
(21 carbons) OH

% o.“‘"",’/ J— ngesternneo L corliost;-slarona 2

3 —— L — o
g 8 b
w §
2 ) §| o g
a HO regnenolone | & ‘g
E [ 17a-hydroxylase 8
® Vi o ¥ & 5 \
2 17a-hydro. 17a-hydroxy o - |
§ pﬂagnggoige ? progesterone oH 11-deoxycortisol | |
E | - . /
£ — el . L
HO L o
l 17,20 lyase ] -
l ) ¢ ) r— _ﬁluco_oovrtl:olds
> { o l (21 carbons)
a —
— - |} ;
% Dehydroepi- g Androste- g fl Estrone , Lon
3 wo androsterone g oF nediona HO™
o 1 o | 3 1 oH
= i 17p-HSD
© | L g | Estriol
2 Y oH ¥ OH ¥ | oH
g B -
2 Androstenediol o Testosterone g Estradiol
HO oF L
o8
% ot Cellular location
OH “,\‘ of enzymes
09°
Q&b o
| Smooth endoplasmic
Dby tost
5 ! ydrotestosterone fim
H

Fig. 1 The major classes of steroid hormones: progestagens, mineralocorticoids, glucocorticoids,
androgens, and estrogens. Enzymes, their cellular location, substrates, and products in human
steroidogenesis. Boron WF, Boulpaep EL (2003) Medical Physiology: a cellular and molecular
approach, p 1300, Elsevier/Saunders (reprinted with permission from Elsevier/Saunders)

and other technologies, and progress and challenges of MS technologies and
applications in steroid hormone analyses have been briefly reviewed (see Table 1).

1.2 Challenges to Analytical/Bioanalytical Technologies
and Methodologies

Immunoassays (IA) and radioimmunoassays (RIA) are widely accepted and rou-
tinely applied for clinical and environmental analyses of steroid hormones, but they
have limitations in specificity and accuracy. Therefore, more selective, accurate,
and sensitive technologies such as LC-MS/MS and GC-MS/MS methodologies are
needed to improve the IA and RIA testing techniques for steroid hormones and
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Table 1 Representative reviews on steroids analyses by LC-MS/MS and GC-MS

Z. Yan et al.

Steroid analysis

Major topics

Reference

Steroid hormones in clinical
chemistry

Role of MS in clinical diagnostic testing and
endocrine biomarker analysis; sample
preparation, e.g., LLE vs. SPE, and
derivatization to enhance sensitivity; LC-MS/
MS method validation, specificity, quality
management, interpretation of test results for
clinical diagnosis; LC-MS/MS analysis of
steroid hormones and related physiology/
pathology diagnostic significances,
including: adrenal steroids, glucocorticoids,
androgens and estrogens.

(2]

Steroids hormones in clinical
chemistry

Comparison of RIA, GC-MS/MS and LC-MS/
MS in steroid analysis; role of LC-MS/MS in
metabolomics, e.g., quantitative bioanalysis,
identifying and profiling biomarkers;
standardization of MS assays.

[14]

Steroids hormones in clinical
chemistry

Steroid analysis by LC-MS/MS in pediatrics—
challenges in method specificity, sensitivity,
and test results interpretation; steroid assays
and profiling in plasma, saliva, and urine by
LC-MS/MS.

[9]

Steroids hormones in clinical
chemistry

Immunoassay vs. GC-MS and LC-MS/MS;
derivatization vs. nonderivatization; steroid
profiles for newborns, adrenal insufficiency,
prostatitis/pelvic pain syndrome, premature
adrenarche, sera from smokers, metabolic
diseases, diabetes, water contaminant,
athletes doping.

(3]

Estrogens in clinical chemistry

RIA, GC-MS/MS, and LC-MS/MS analyses of
estrogens in serum and plasma; isotope
internal standard; sample derivatization;
ionization modes and sensitivities of
GC-MS/MS and LC-MS/MS.

(4]

Estrogens in clinical chemistry

Measurement of endogenous estrogens by
immunoassays, LC-MS (ESI, APCI, APPI)
and GC-MS.

[15]

Endogenous conjugated
androgens in clinical
chemistry

GC-GS and LC-MS/MS analyses of conjugated
androgens—deconjugation, derivatization,
and associated issues.

(7]

Steroids hormone residuals in
meat safety concerns

GC-MS" and LC-MS" analyses of steroids in
edible matrices, e.g., meat, liver, kidney,
kidney fat, and milk.

[12]

Steroids hormones as
environmental pollutants

Analysis of steroids as environmental endocrine
disrupting compounds; sample preparation,
e.g., LLE vs. SPE; immunoassay vs. GC-MS/
MS and LC-MS/MS analyses; sensitivities,
e.g., LOD at pg—ng/mL level.

[13]

(continued)
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Table 1 (continued)

Steroid analysis Major topics Reference
Steroid hormones chemical Derivatization of steroids to enhance LC/MS [16, 17]
derivatization, reagent detection, e.g., ESI*-/MS, APCI*-/MS, and
selection and optimization APPI*-/MS.
Steroid hormones by GC/MS GC/MS and LC/MS in determination of [1]
and LC/MS androgens, corticoids, estrogens, cholesterol

and related, bile acids, vitamin D and
metabolites, phytosteroids, etc.
Steroid hormones assay Immunoassay vs. GC-MS and LC-MS/MS, [18]
standardization validation of assay methodologies, establish-
ing standard pools of steroid hormones in
women and man, utilizing the pools for cross
comparison of various methodologies.

metabolites [4, 12, 14, 19]. LC-MS/MS and GC-MS methods are increasingly used
for analyzing steroid hormones due to their high selectivity and sensitivity. The
typical LC-MS/MS methods by direct injection [20, 21] and GC-MS methods [6]
have limit of quantitation (LOQ) at ng/mL level, and a number of LC-MS/MS [2, 8,
22] and GC-MS/MS [23] methods are able to achieve LOQ at pg/mL levels when
the steroid hormone samples are chemically derivatized before injection.
Nevertheless, in many cases, clinical diagnostic tests need to determine steroid
hormones at low pg/mL, and even fg/mL levels [4, 15, 18]. In order to improve the
MS method sensitivity and sample preparation efficiency, many studies on sample
preparation have been carried out, including deconjugation, extraction, and deriva-
tization. Different chromatographic techniques and MS detection modes have also
been investigated.

On the other hand, many LC-MS/MS and GC-MS methodologies and their
applications to steroid hormone analyses have been developed for the purpose of
scientific research or specific studies only, while they might not have been validated
according to regulatory guidelines, and their results might not correlate with those
from the widely accepted bioanalytical techniques, e.g., IA and RIA. Therefore,
standardization of the LC-MS/MS and GC-MS technologies and methodologies,
including facilities, instruments, reference standards, procedures, data system, etc.,
plays a critical role in transferring the LC-MS/MS and GC-MS technologies to
daily testing procedures for clinical diagnosis, sports antidoping screening, food
safety control, and analysis of environmental contaminations in water and
sediments. Only until their specificity, accuracy, precision, calibration mode,
sensitivity, and robustness are validated according to regulatory guidelines, and the
test results are comparable or consistent with those obtained from the existing
techniques such as IA and RIA, the LC-MS/MS and GC-MS/MS techniques may
not be accepted as reliable clinical diagnostic methodologies for steroid hormone
determination [18].
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2 Sample Preparation

The major sample preparation procedures of steroid hormone analyses include
extraction, deconjugation, and derivatization, as shown in Fig. 2. A number of
examples of steroid hormone sample preparation are summarized in Table 2.
Application of stable isotope labeled (e.g., deuterated or *carbon labeled) ste-
roid hormones as the internal standard or isotope dilution is a standard of prac-
tice during quantitative steroid hormone analyses by LC-MS/MS and GC-MS
whenever possible. These isotope labeled internal standards are added into the
samples before deconjugation or extraction procedures. They undergo the same
deconjugation and/or extraction procedures and LC-MS/MS or GC-MS analysis
as the steroid samples do. The efficiency of deconjugation and/or extraction,
assay accuracy and precision are calibrated and calculated with the isotope
internal standards, leading to more accurate, precise, and robust methods and
results.

2.1 Deconjugation of Steroid Hormones

A large percentage of steroid hormones exist as glucuronide, sulfate, and glutathi-
one conjugates in body fluids and tissues. These steroid conjugates may be ana-
lyzed directly by LC-MS/MS using either electrospray ionization (ESI) [5, 40—43]
or atmospheric pressure chemical ionization (APCI) [44] mode. However, in many
cases, the presence of glucuronide and sulfate conjugates in samples may reduce
MS detection sensitivity and the total amount of a hormone (both unconjugated
and conjugated) that can be determined by LC-MS/MS [8] or GC-MS [6] after the

Steroids in
matrics

Solvent Liquid/liquid

extraction

[ LC/MS ] [Dcrivalization]
LC/MS LC/MS o o
GC/MS GOMS IDerivatization Derivatization

[

LC/MS LC/MS
GC/MS GC/MS

Solid phase
extraction

Hydrolyze
conjugate

precipitation

LOMS extraction extraction

Dcrivatization‘ Liquid/liquid Solid phase

Fig. 2 Steroid hormone sample preparation procedures: extraction, deconjugation, and derivatization
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deconjugation and derivatization of the steroid hormones. Thus deconjugation of
steroid hormone conjugates become a critical sample preparation procedure in
LC-MS/MS and GC-MS analyses.

Both estrogen glucuronide and sulfate conjugates may be deconjugated with
hydrochloric acid in methanol [45], but acid solvolysis is not a selective reaction,
and the harsh condition may cause side reactions and by-products. An alternative
deconjugation procedure applies B-glucuronidase from Escherichia coli to hydro-
lyze steroid glucuronide conjugates first, and then hydrolyzes steroid sulfate conju-
gates with sulfuric acid [20]. Steroid hormone glucuronide conjugates may be
hydrolyzed with B-glucuronidase from different sources, e.g., Escherichia coli. [38,
46], limpets [47] or Helix pomatia [39]. An attention should be paid to the fact that
B-glucuronidase from Escherichia coli does not affect the chemical structures of
steroid hormones during deconjugation, while B-glucuronidase from Helix pomatia
can convert 3p-hydroxy-5-ene steroids into 3-oxo-4-ene steroids, and change
3B-hydroxy-Sa-reduced and 3p-hydroxy-5p-reduced steroids into 3-oxo-5c.-re-
duced and 3-oxo-5B-reduced steroids, respectively, because Helix pomatia also
contains other enzymes, including cholesterol oxidase, 3p-hydroxysteroid
oxidoreductase/3-oxosteroid-4,5-eneisomerase, and  6-hydroxylase. = When
glucuronide conjugates of steroid hormones with 3-hydroxy-5-ene structure, e.g.,
progestagens and androgens, are deconjugated using B-glucuronidase from Helix
pomatia, the hormone quantitation may not be accurate or representative [48].
However, B-glucuronidase/sulfatase from Helix pomatia are commonly used for
hydrolyzing both glucuronide and sulfate conjugates simultaneously, especially for
estrogens and metabolites, because the phenolic ring A of estrogens is not affected
by those enzymes in Helix pomatia. The deconjugation of steroid glucuronide and
sulfate conjugates is simplified as one step incubation of B-glucuronidase/sulfatase
with steroid samples at 37 °C for 20 h or at 55 °C for 3 h [8, 28, 39].

2.2 Extraction of Steroid Hormones from Biological Matrices,
Environmental Water and Sediments

The techniques used for extracting steroid hormones and metabolites include pro-
tein precipitation (PP) with an organic solvent, liquid-liquid extraction (LLE), and
solid phase extraction (SPE). As shown in Fig. 2, selection of a sample extraction
technique is based on the steroid hormone sample (unconjugated or conjugated),
quantity, matrix and the objective of an analytical method or test. For example, if a
method or test needs to analyze only the unconjugated steroid hormones in a small
volume of serum, e.g., <1 mL, a small volume of acetonitrile can precipitate the
proteins and extract steroids from the sample [25]. The procedure is very simple, but
the acetonitrile extract contains more nonrelated components than the extract from
LLE [22]. When a small volume of biological fluid is extracted by LLE with a sol-
vent, whether the sample undergoes deconjugation and/or derivatization or not, the
LLE extract is cleaner than PP extract, but may not be as clean as an extract from
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SPE. However, LLE may reduce the sample loss, experiment procedures and errors,
and save time in comparison to SPE [8, 25, 28]. In contrast, if a larger amount of
sample is available, e.g., 2—10 mL of urine or 1-10 L of environmental water, SPE
is a better choice, because it concentrates the sample and minimizes the interfer-
ences from other materials, leading to a higher sensitivity and selectivity of the
method or test [34, 37, 39]. The sample extraction throughput can be significantly
enhanced by using automated 96-well SPE plates [31, 49].

2.3 Derivatization

Chemical derivatization is a standard procedure for GC-MS analysis of steroid hor-
mones, because steroid hormones are not volatile to go through GC column [1, 6].
The major concerns of derivatization reagents for GC-MS analysis of steroid
hormones are the completeness of the derivatization reaction and the volatility of
hormone derivatives. The typical derivatization reagents for GC-MS samples
are silylation reagents, e.g., N-methyl-N-trifluorotrimethyl acetamide (MSTFA,
[37, 39]) and N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA, [33]), which react
with both alcoholic and phenolic hydroxy groups on steroid hormone molecules.

One of the major advantages of LC-MS/MS over GC-MS or GC-MS/MS is that
steroid hormones may be analyzed directly by LC-MS/MS without derivatization
procedures, which are time-consuming and tedious [22, 50-53]. However, a number
of studies demonstrated that the chemically derivatized steroid hormones were
significantly more sensitive to LC-MS/MS detection than the underivatized hor-
mones, because the neutral molecules of estrogens and metabolites might not be
effectively ionized under electrospray ionization (ESI) or atmospheric pressure
chemical ionization (APCI) modes [4, 21, 25, 54, 55]. In order to enhance the
steroid hormone molecules sensitivity for LC-MS/MS analysis at pg/mL level,
chemical derivatization is an effective technique for analysis of steroid hormones
and metabolites. A list of derivatization reagents and application examples for
steroid hormone analyses by LC-MS/MS and GC-MS are presented in Table 3.

An ideal derivatization reagent is able to react with steroid hormones and metab-
olites selectively and quantitatively under mild conditions within a short time, and
those hormone derivatives are stable and easily ionized during LC-MS/MS analysis.
Based on their functional groups, the derivatization reagents used for LC-MS/MS
analyses of steroid hormones and metabolites may be classified into seven major
classes:

1. Hydrazide, e.g., (carboxymethyl)trimethylammonium chloride hydrazide (Girard
T reagent) [4, 56], and p-toluenesulfonhydrazide [36]; and hydroxylamine [25]

2. Benzyl bromide, e.g., pentafluorobenzyl bromide [55, 59] and 4-nitrobenzyl
bromide [60]

3. Fluorobenzene or fluoropyridine, e.g., 2,4-dinitro-5-fluorobenzene analogues
[54] and 2-fluoro-1-methyl-2-pyridinium p-toluenesulfonate [61]
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Table 3 Typical derivatization reagents and target chemical groups of steroid hormones

4-Nitrobenzyl bromide [60]

Derivatizing reagent = Typical compound and reference = Reaction target MS mode
Silylation agent N-Methyl-N-tryfluorotrimethyl Both phenolic OH | GC-EI'/MS
acetamide [6] and alcoholic OH
Pentafluoropropionic anhydride
[32]
Hydrazide and (Carboxymethyl)trimethylam- | Ketolic C=0 LC-ESI'/MS/
hydroxylamine monium chloride hydrazide MS
(Girard T reagent, [4, 56]); MALDI/MS/
2-hydrazinopyridine [57]; MS
p-toluenesulfonhydrazide [36] LC-ESI*/MS/
Girard P reagent [58] MS
Hydroxylamine [25]
Benzyl bromide Pentafluorobenzyl bromide Phenolic OH LC-APCI/
[55,59] MS/MS

Fluorobenzene and

2,4-Dinitro-5-fluorobenzene

Phenolic OH

LC-ESI'/MS/

4-(1-H-pyrazol-1-yl)benzenesul-
fonyl chloride [62]

10-Ethyl-acridine-2-sulfonyl
chloride [63]

fluoropyridine analogues [54] MS
2-Fluoro-1-methyl-2-pyridinium
p-toluenesulfonate [61]

Sulfonyl chloride Dansyl chloride, 1,2 Phenolic OH LC-ESI'/MS/
-dimethylimidazole-4- MS
chloride, pyridine-3- LC-APCI¥/
sulfonyl chloride MS/MS

Carboxylic acid

N-Methyl-nicotinic acid

Phenolic OH

LC-ESI*/MS/

N-hydroxy- N-hydroxysuccinimide MS
succinimide ester ester [21]
Carbonyl chloride or | Picolinoyl chloride [64] Both phenolic OH | LC-ESI*/MS/
acetic anhydride | 4-Nitrobenzoyl chloride [60] and alcoholic OH MS
Pentafluorobenzoyl chloride [65] LC-APCI/
Acetic anhydride [66] MS/MS
GC-EI'/MS
LC-APCI*/
MS?
o-Phenylenediamine | o-Phenylenediamine [67] Estrogen o-quinones | LC-ESI*/MS/
MS

4. Sulfonyl chloride, e.g., dansyl chloride, 1,2-dimethylimidazole-4-chloride, and

pyridine-3-sulfonyl chloride;

[62]

4-(1-H-pyrazol-1-yl)benzenesulfonyl chloride

5. Carboxylic acid N-hydroxysuccinimide ester, e.g., N-methyl-nicotinic acid

N-hydroxysuccinimide ester [21]
6. Carbonyl chloride and acetic anhydride, e.g., picolinoyl chloride [64]
7. o-Phenylenediamine [67]
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The first class of derivatization reagents, hydrazide reagents and hydroxylamine,
react with most of the ketolic steroid hormones and metabolites (ketone group on
C3, C,, or C,), i.e., androgens, progestagens, corticoids, and ketolic estrogens
[4, 25, 36, 56]. However, they are not suitable for steroid hormones without ketolic
group(s), such as estradiol, estriol and their related metabolites. Hydroxylamine is a
typical derivatization reagent for steroid hormone profiling, because it can react
with all the ketolic hormones, and provide unique mass fragments for each steroid
moiety during LC-MS/MS analysis. When these unique mass fragments or daughter
ions are used for multiple reaction monitoring (MRM) quantitation, the method
selectivity is much higher than those using a daughter ion from a derivatization
reagent, e.g., m/z 171 for dansyl ion [25].

The second to seventh classes of reagents react with hydroxyl steroid hormones
and metabolites, especially estrogens. Pentafluorobenzyl bromide estrogen deriva-
tives, belonging to the second class, are sensitive to both ESI* [1] and APCI™ [55, 61]
modes, and usually have lower limits of quantitation (LOQ) values under APCI~
mode than those of derivatives of dansyl chloride and 2-fluoro-1-methyl-pyridinium
p-toluenesulfonate under ESI* mode, because there were little interference from
analogue compounds and the matrix background under APCI™ mode. Nevertheless,
the derivatization reaction of estrogens with pentafluorobenzyl bromide was ten
times longer than the derivatization reaction with dansyl chloride (30 min vs. 3 min
at 60 °C) [61]. A study by Higashi et al. indicated that the derivatization reac-
tions of estrogens with 4-nitrobenzyl bromide (the second class), 2,4-dinitro-
fluorobenzene (the third class) and 4-nitrobenzoyl chloride (the sixth class) were
not as complete as the reaction with 4-nitrobenzene sulfonyl chloride (the fourth
class) [60].

The fifth class, carboxylic acid N-hydroxysuccinimide ester, is also not as reac-
tive as sulfonyl chloride, and its derivative is not as sensitive to LC-MS/MS either
[21]. The sixth class of reagents, carbonyl chloride and carboxylic acid anhydride,
can react with both phenolic and alcoholic hydroxyl groups of steroids. However,
the selectivity, speed, and completeness of derivatization reactions of these reagents
with steroids are not as good as those of sulfonyl chloride derivatization reagents
[60, 64, 66]. Since the other four classes of derivatization reagents, sulfonyl
chloride, benzyl bromide, carboxylic acid N-hydroxysuccinimide ester, and
fluorobenzene, are able to selectively react with phenolic hydroxyl group of estro-
gens and metabolites, the carbonyl chloride and carboxylic acid anhydride reagents
become less preferable for derivatizing estrogens and metabolites. The seventh
class, o-phenylenediamine, is a specific derivatization reagent for estrogen o-
quinones, potential carcinogens, such as estrone-2,3-quinone, estrone-3,4-quinone,
estradiol-2,3-quinone, estradiol-3,4-quinone [67].

Works published so far suggest that sulfonyl chloride is a preferred reagent for
derivatizing estrogens and their metabolites, due to its reaction completeness and
selectivity. In addition, a sulfonyl chloride reagent containing a basic or preionized
nitrogen atom, e.g., on dansyl, pyridine, imidazole, pyrazole, or piperizine ring,
could significantly enhance the ionization of estrogen derivatives under ESI* mode,
and increase the detection sensitivity [4, 54, 62]. Dansyl chloride is a typical sulfonyl
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chloride reagent used for derivatizing estrogens and metabolites from varieties of
matrices, such as river water [50, 61], mouse plasma and brain [27], human urine
[28], breast tissue [26], and serum [8]. However, dansyl derivatives have a disadvan-
tage that the common dansyl fragment m/z 171 from background of the derivatiza-
tion reagent and from those derivatives may have negative impacts on the method
selectivity and accuracy during LC-MS/MS analysis, especially for those isomers
with the same molecular ions and fragments, because the elevated dansyl fragment
background noise may reduce the analyte signal-noise ratio, and cross interfere
quantitation of other analytes with the same fragments [8, 25, 28].

3 Comparison of LC-MS/MS, GC-MS, and Immunoassays

3.1 LC-MS/MS and UHPLC-MS/MS vs. GC-MS
and GC-MS/MS

The bioanalytical methods developed in recent years focused more on LC-MS/MS
and GC-MS/MS techniques, because the earlier studies demonstrated that LC-MS/
MS and GC-MS/MS are significantly more sensitive in analyzing estrogens and
metabolites than LC-MS and GC-MS [18, 68]. Analyzing both unconjugated and
conjugated steroid hormones directly is the major advantage of LC-MS and
LC-MS/MS over GC-MS and GC-MS/MS, because the sample preparation proce-
dures of deconjugation and derivatization can be avoided [5, 7, 4042, 44]. In
complex samples, separation of steroid hormones and metabolites by LC or GC is
still one of the major concerns, because many steroid hormones and metabolites
have the same molecular weights and MS fragments, and they may interfere with
each other if not separated. For example, 2-hydroxyestrone and 4-hydroxyestrone
have same molecular weight, even after they are derivatized with MSTFA for
GC-MS analysis [48] or with dansyl chloride or p-toluenesulfonhydrazide for
LC-MS/MS analysis [8, 35]. If the derivatives are not separated, GC-MS or
LC-MS/MS is unable to distinguish the derivatives of 2-hydroxyestrone from those
of 4-hydroxyestrone, whether the silylated, dansylated, or hydrozone steroid
fragments are used for quantitation.

An LC column with a length of 150 mm can separate up to 23 steroid hormones
and metabolites [20]. A typical LC-MS/MS method developed by Xu et al. was able
to separate 15 estrogens and metabolites using a 1502 mm, 4 um LC column,
which had a run time of 100 min [8, 28]. The separation efficiency can be improved
by using smaller particle size LC columns, e.g., 100x2.0 mm, 2.5 um column [69]
or 50x2.1 mm, 1.8 pm column [21], also leading to a significantly reduced run time
(e.g., less than 30 min). Similarly, ultra high performance liquid chromatography
(UHPLC) is able to significantly improve separation efficiency and to reduce run
time [40, 70-72]. Two-dimensional (2D) LC-MS/MS with column-switching tech-
nique has been used for determination of unconjugated and conjugated estrogens in
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river water [S1] and sediment [73], and this technique can significantly reduce the
analysis time, and increase method separation capability and detection sensitivity.
When estrogens and their derivatives of dansyl chloride and pentafluorobenzyl
bromide are analyzed by HPLC, 2D-LC and UHPLC with ESI, APCI, APPI, and
APCI/APPI MS modes, the UHPLC-ESI"-MS/MS significantly enhances sensitivi-
ties of the derivatives over the native estrogens, in the order UHPLC >2D-LC>LC,
and ESI> APPI>APCI=APCI/APPI [74]. On the other hand, the cleaner and more
efficient supercritical fluid chromatography (SFC)-mass spectrometry was also used
for analysis of estrogens and metabolites [75], but the SFC technology was less
versatile and robust than LC, UHPLC, and GC.

Since the neutral molecules of steroid hormones and metabolites are not easily
ionized under either APCI*~ or ESI*~ modes, LC-MS/MS is less sensitive when
used directly in either APCI*~ or ESI*~ modes, with LOQs at ng/mL level as shown
in Table 4 [20, 21, 52]. It has been observed that estrone, 16a-hydroxyestrone,
2-methoxyestrone, 4-methoxyestrone, and 2-hydroxy-3-methoxyestrone are sensi-
tive to APCI* mode, while 2-hydroxyestrone and 4-hydroxyestrone are sensitive to
APCI™ mode, and even more sensitive to ESI™ mode [29]. Estrone, estradiol, estra-
diol, and estriol are sensitive to ESI- mode, and testosterone is sensitive to EST*
mode [76, 77]. Similarly, estrone and estradiol are sensitive to APPI- mode, and
testosterone is sensitive to APPI* mode with LOQs in a range of 1.5-10 pg/mL [22],
which are comparable with those steroid hormones and metabolites derivatized with
hydroxylamine or dansyl chloride, and detected under ESI* mode [2, 8].

As most steroid hormones and metabolites are already identified, high resolution
MS technologies with higher selectivity, e.g., time of flight mass spectrometry
(TOF-MS), Fourier transform ion cyclotron resonance mass spectrometry
(FTICR-MS), Orbitrap-MS, MALDI, etc., may not have major advantages over
triple quadrupole MS in quantitative analysis, because the triple quadrupole MS
takes shorter data acquisition time, leading to a higher sensitivity. For example,
LC-ESI"-MS/MS is 4-6 times more sensitive than LC-ESI-TOF-MS in analysis of
estrogens [76]. On the other hand, MS interface also plays an important role in ste-
roid hormone analysis. When analyzed by nanospray ES-Q-TOF-MS, Girard P
derivative of testosterone at 0.5 pg/pg (0.1 pg of sample) can be detected, while
10 pg of sample is needed for matrix-assisted laser desorption ionization (MALDI)-
Q-TOF-MS analysis, because of significant background interferences from the
MALDI matrix [58].

GC-MS is a matured technology in analyses of steroid hormones, because
GC-MS interface and electron impact ionization (EI) MS mode are stable and easily
standardized [1]. GC-MS is a very powerful tool for profiling steroid hormones in
biological matrices, such as that more than 70 steroid hormones and metabolites can
be separated and quantitated by a single GC-MS run, with LOQ in range of 0.1-
10 ng/mL [6, 48]. The derivatization procedure may not be a challenge, because
there are many derivatization reagents available, e.g., BSTFA and MSTFA, and the
silylation reaction is straightforward and quantitative. In addition, the sensitivity of
GC-MS can be improved from low ng/mL to 0.6 pg/mL LOQ level by GC-MS/MS
technology [23]. That is why GC-MS is still broadly used today for analyses of
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steroid hormones in human plasma [32], urine [7, 37, 39], and environmental water
[34, 45,78, 79]. If both LC-MS/MS and GC-MS/MS methodologies require similar
sample preparation procedures, e.g., deconjugation, extraction, and derivatization,
and they provide the same or comparable sensitivity in steroid hormone analyses,
the choice of an LC-MS/MS or a GC-MS/MS methodology may depend on the
instrument availability and the cost of the testing.

3.2 LC-MS/MS and GC-MS vs. Immunoassays

IA and RIA are broadly used technologies in steroid hormone analyses by both
clinical laboratories and environmental agencies, because they are sensitive, conve-
nient, simple, rapid, and inexpensive. Their disadvantage is lack of selectivity or
specificity [4, 14, 15]. Since selectivity or specificity of bioanalytical methodolo-
gies is essential for clinical diagnosis testing, a number of studies have been con-
ducted to compare LC-MS/MS and GC-MS methodologies with immunoassays in
steroid hormone analysis. A study for determining nine androgens and three estro-
gens in blood showed that LC-MS/MS, GC-MS, and RIA provided similar results,
however, RIA resulted in significant higher values for all related hormones than
LC-MS/MS and GC-MS, due to its cross interferences from analogue compounds
[80]. Another study also indicated that direct RIA overestimated estrogen sulfate in
plasma than GC-MS and LC-MS/MS [65]. Similar results were observed in analysis
of estrogens by IA and RIA against LC-MS/MS as well [19]. All these studies
suggest that LC-MS/MS and GC-MS are more selective or specific and accurate
than RIA. Nevertheless, LC-MS/MS and GC-MS instruments require more sophis-
ticated expertise to perform the bioanalytical testing, and to provide reliable inter-
pretations of the results for clinical diagnoses.

4 Standardization of Analytical Procedures

Development of LC-MS/MS or GC-MS analytical methods is just the first step in
bioanalysis. A number of additional procedures should also be established to make
the whole bioanalytical platform including reference standards, methodologies and
data systems in compliance with scientific and regulatory guidelines or require-
ments. Otherwise, the results from various techniques, e.g., IA, RIA, LC-MS/MS,
and GC-MS, may not be comparable and acceptable for clinical diagnosis. As there
are a large number of scientific publications and clinical applications on steroid
hormone analyses, organizations like the Center for Disease Control and Prevention,
Division of Laboratory Science of National Center for Environmental Health have
attempted to standardize the clinical laboratory practice, analytical methodology
and data management in steroid hormone analyses (CDC/NCEH/DLS, [81-83]).
The National Institute of Standards and Technology (NIST) has made efforts on
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development of standard methods and reference materials for the determination of
hormones in human serum [84—86]. A number of researchers also proposed a series
of standardization procedures, including method development, validation, data
interpretation and correlation between different bioanalytical techniques, and estab-
lishing international databases of human hormones [2, 14, 18]. In contrast to the
clinical laboratories, EPA considers steroid hormones as environmental pollutants
in water and sediments, and it has established an LC-MS/MS Method #539 follow-
ing EPA Chemical QC Guidelines [77].

4.1 Guidelines for GLP, Reference Standards,
and Analytical Methodology

Current Good Laboratory Practice from Food and Drug Administration (FDA GLP,
21CFRS58) is a general guideline for pharmaceutical industry, and Good Laboratory
Practice from Environmental Protection Agency (EPA GLP, 40CFR792) is a guide-
line for agriculture chemical industry, and environmental protection agencies and
organizations. Both guidelines emphasize on compliance in personnel, facilities,
articles, and documentation for animal and analytical experiments. In order to stan-
dardize the analytical methodology of steroid hormone analysis, the clinical and the
environmental laboratories and facilities should follow FDA or EPA GLP guide-
lines. These guidelines include the following major requirements: (1) to train related
analysts, (2) to calibrate and maintain instruments, (3) to characterize reference
standard, (4) to conduct analytical testing following standard operation procedures
(SOPs), (5) to record analytical procedures, protocols, reports, deviations, investiga-
tion, etc. Besides GLPs, guidelines for reference standards and analytical methodol-
ogy are also important for steroid hormone analyses, as summarized in Table 5.

4.2 Reference Standards

The primary reference standards, including internal standards, of steroid hormones
used for LC-MS/MS or GC-MS analyses in GLP laboratories should be obtained
from authentic sources, e.g., US Pharmacopeia (USP) and NIST. Relative inexpen-
sive secondary or working standards for daily testing may be used as alternatives of
the primary standards, and they may be obtained from commercial sources. These
working standards should be characterized against the primary reference standards
using compendia or validated methods before being applied for GLP testing pur-
poses. A reference standard program should be established in each laboratory, insti-
tute, or company to monitor the specification, quality, characterization, stability,
storage, inventory, and replacement of those reference standards. A certificate of
analysis should be issued after characterization of each standard batch, and it should
include the information of manufacturer or source, date of manufacture, date of
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analysis, testing results (purity or strength, moisture, impurities, etc.), storage
conditions, and expiration or retesting date. More detailed information on reference
standard can be found in USP34-NF29 and International Organization for
Standardization (ISO) Guides 30-35.

4.3 Standardization of Methodology

In general, the analytical methodology evaluates and defines bioanalytical/analyti-
cal procedures using a number of parameters, including selectivity or specificity,
accuracy, precision, matrix effect, recovery, calibration model (linearity) and range,
sensitivity (limit of quantitation—LOQ, and limit of detection—LOD), sample sta-
bility, ruggedness and robustness [87]. The USP and ICH guidelines listed in Table 4
focus on the role of analytical methodology in quality control and compliance of
drug substances and drug products in pharmaceutical industry. The TUPAC, ISO,
and NIST 1297 guidelines emphasize on the definition and evaluation of trueness
and uncertainty in analytical methodology. The FDA guideline is the most direct
guidance on bioanalysis for human and nonhuman (animal and biological) studies
in pharmacology, toxicology, pharmacokinetics, and drug metabolism. Typical bio-
analytical methodology guidelines and LC-MS/MS methods for steroid hormone
analyses are shown in Table 6.

To standardize the steroid hormone analyses, standard operation procedures
(SOPs) should be generated for all laboratory functions, e.g., facilities, instrument,
reference standards, samples, procedures, data collection and processing, documen-
tation, etc., following GLP, reference standard, and the methodology guidelines. All
the laboratory activities should follow these SOPs. Furthermore, the experimental
procedures or techniques, e.g., deconjugation, extraction (LLE or SPE), derivatiza-
tion, isotope dilution, instrument setting (e.g., LC-MS/MS modes), etc., should also
be standardized. It is a challenge to ask different laboratories meet the same criteria,
e.g., sensitivity and precision, using different models of instruments, and to make
the results comparable and reliable for clinical diagnosis, due to the significant dif-
ferences in LC-MS/MS hardware (configuration, ionization modes, and parameter
setting) and software (data acquisition speed and processing) from different vendors
and different models.

Standardization of GC-MS methodology for steroid hormones is relatively
straightforward, because most of the unconjugated steroid hormones have a hydroxyl
group(s) at C,, C,,, C,_, or C,, position, which may be easily derivatized with a trim-
ethylsilylation agent, e.g., MSTFA, and derivatives may be well separated by GC,
and detected by MS using EI* mode [6]. Similarly, standardization of LC-MS/MS
methodology for estrogens and metabolites is also not very complicated, because all
unconjugated estrogens and metabolites have phenolic hydroxyl group(s) at C,, and
C, or C, positions, which may be derivatized with a sulfonyl chloride, e.g., dansyl
chloride, and analyzed LC-MS/MS using ESI* [8, 84, 88]. The other derivatization
agents, e.g., hydrazide and hydroxylamine, may react only with those ketolic
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steroids, but will miss those nonketolic steroids [4, 25, 56]. If steroid hormones are
analyzed without derivatization, they may need to be analyzed by LC-MS/MS using
both positive and negative modes for different hormones, and the LOQ values of
steroid hormones fall in a very broad range, because of the sensitivity variations of
steroid hormones to different MS modes [22, 29, 77].

5 Applications of Mass Spectrometry
in Steroid Hormones Analyses

5.1 Clinical Chemistry and Food Safety

Varieties of LC-MS/MS and GC-MS technologies and methodologies have been
developed and applied for clinical chemistry diagnostic testing. For example, adrenal
steroids, glucocorticoids, androgens, and estrogens are biomarker of many endocri-
nology diseases [2], pediatric development syndromes [9], and congenital adrenal
hyperplasia [89]. Endogenous steroids are also related to prevalent cardiovascular
disease in old men and women [90], and other age-related diseases [60]. Elevated
estrogens and metabolites in plasma and serum of postmenopausal women are used
as biomarkers for risk assessment of breast, ovary, and thyroid cancers, bone homeo-
sis and osteoporosis in postmenopausal women [4, 15, 39, 91]. Androgens may be
related to prostate cancer progression and treatment [31], and hyperandrogenism
may cause polycystic ovary syndrome and androgen-secreting tumors [32].

In addition, steroid hormones in many kinds of biological fluids and tissues
have been determined by LC-MS/MS and GC-MS technologies and methodolo-
gies. For example, LC-MS/MS has been utilized for monitoring (1) plasma corti-
costeroids and metabolites to evaluate their therapeutic and side effects as clinically
used medicines [92], (2) estrogens in human cerebrospinal fluid [93] and perito-
neal fluid [94], (3) urinary endogenous estrogen metabolites [95, 96], (4) estrogens
in breast tissue [26], and (5) steroid hormones as residuals in edible matrices [12].
Polyphenol phytoestrogens in foods and human biological fluids are also measured
by mass spectrometry technologies [97].

5.2 Antidoping Steroid Screen for Athletes and Racing Horses

Corticosteroids are used by some athletes and racing horses to enhance their perfor-
mances. In order to prohibit drug doping, many sport organizations, e.g., International
Olympic Committee, attempt to monitor the corticosteroids in urine of athletes. An
example of earlier GC-MS method in steroid screen consists of procedures of
deconjugation of glucuronide and sulfate, derivatization with MSTFA and GC-MS
analysis [98]. The more recent LC-MS/MS methods separate the corticosteroids by
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LC, and analyze them with ESI-MS (either positive or negative mode) without
derivatization [10, 99]. Similarly, corticosteroids in racing horse urine are moni-
tored by LC-ESI-MS/MS as well [11].

5.3 Determination of Steroid Hormones as Environmental
Pollutants

Steroid hormones are found as pollutants in drinking water, waste water, river and
sediments. The major concerns of analytical methodologies for monitoring steroid
hormones from environmental samples are extraction techniques from aqueous or
solid matrices. Since sample volume or amount is not an issue in most cases, SPE is
the method of choice. Both LC-MS/MS and GC-MS technologies are broadly applied
for steroid analyses of environmental samples, such as LC-MS/MS analyses of steroid
hormones in effluents of wastewater treatment plants [100] and estrogens in water
[101, 102], and GC-MS analyses of steroid hormones in environmental water [34, 45,
78, 79]. A study by Grover and colleagues showed that GC-MS was the simplest
technique in determination of steroid hormones in environmental water samples, but
lack of sensitivity; LC-MS/MS was more sensitive than GC-MS, but susceptible to
matrix interferences; and GC-MS/MS was the recommended technique, because it
was more selective and sensitive than GC/MS and LC-MS/MS [103].

6 Summary

LC-MS/MS has similar sensitivities in analysis of steroid hormones as IA, RIA, and
GC-MS/MS, but LC-MS/MS and GC-MS/MS have much higher selectivity or
specificity. The steroid hormones from different sources or matrices should be
extracted with LLE or SPE, depending on the sample volume and matrices. Isotope
(as internal standard) dilution is a standard procedure for quantitative analysis of
steroid hormone and metabolites. Deconjugation is required in order to determine
the total steroid hormones, because the very low levels of unconjugated and conju-
gated steroid hormones in biomatrices may not be feasible to be analyzed at the
same time by LC-MS/MS, GC-MS, or GC/MS/MS. Derivatization can enhance MS
detection sensitivity for many steroid hormones and metabolites, while the derivati-
zation reagents and procedures should be selected based on the techniques of
LC-MS/MS, GC-MS, or GC/MS/MS, and their ionization modes. Depending on the
objectives of the method applications, bioanalytical procedures should be devel-
oped and validated according to the scientific and regulatory guidelines, e.g., FDA,
EPA, ISO, NIST, IUPAC, and then these procedures may be standardized following
CDC/NCEH/DLS practices. LC-MS/MS is increasingly applied for steroid analysis
in research, clinical, pharmaceutical, and food industries, sports and environmental
testing, due to its selectivity, sensitivity, and versatility.
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