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Abstract. Leucine and protein metabolism were studied using 
stable isotope techniques in 6-year-old twins with 3-hydroxy- 
3-methylglutaric aciduria during acute metabolic decompensa- 
tion. The decompensation was preceded by prolonged fasting 
in twin 1 and by an upper respiratory infection in twin 2. Twin 
2 was also studied when well (control study). During infec- 
tion, leucine oxidation (36 gmol/kg per hour), protein catabo- 
lism (6.0 g/kg per day) and urinary excretion of major leucine 
metabolites (104 gmol/kg per hour) were all increased com- 
pared with the control study (16 gmol/kg per hour, 4.7g/kg 
per day and 28 ~tmol/kg per hour respectively). During fast- 
ing, leucine oxidation (18 gmol/kg per hour) was unchanged 
and protein catabolism (4.1g/kg per day) was decreased de- 
spite substantially increased urinary metabolite excretion 
(87 gmol/kg per hour) compared with the control study. These 
results indicate that protein mobilisation and leucine oxidation 
played important roles in metabolic decompensation during 
infection but not during fasting. It is likely that the increased 
metabolite excretion during fasting arose primarily from fatty 
acid catabolism, indicating the importance of this substrate 
in metabolic decompensation in 3-hydroxy-3-methylglutaric 
aciduria. 
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Introduction 

3-Hydroxy-3-methylglutaric aciduria results from a deficiency 
of 3-hydroxy-3-methylglutaryl CoA lyase (HMG CoA lyase), 
the final enzyme of the leucine catabolic pathway [2] (Fig. 1). 
The disorder is of particular interest because the deficient en- 
zyme plays a key role in ketone body and, therefore, fatty acid 
metabolism [10]. Treatment has, however, tended to concen- 
trate on restriction of dietary protein, with relatively little em- 
phasis on the defect in ketone body and fatty acid metabolism. 

3-Hydroxy-3-methylglutaric aciduria usually presents in in- 
fancy with vomiting, lethargy, encephalopathy, hypoglycae- 
mia, metabolic acidosis, hyperammonaemia and hepatomeg- 
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aly [16, 21]. The clinical course may resemble that of a recur- 
ring Reye syndrome, with elevation of serum levels of hepatic 
enzymes [7, 12]. Presentation with acute pancreatitis has also 
been reported [20]. Hypoglycaemia is an apparently universal 
feature of acute metabolic decompensation and may be life- 
threatening [14]. The diagnosis may be made by urinary or- 
ganic acid analysis, which is characterised by increased 3- 
hydroxyisovaleric, 3-methylglutaconic, 3-methylglutaric and 
3-hydroxy-3-methylglutaric acids during acute metabolic de- 
compensation. Elevation of urinary 3-hydroxy-3-methylglu- 
taric acid persists during periods of good metabolic control. 
The diagnosis can be confirmed by direct enzyme assay [16, 
lS]. 

There are now over 20 reported cases of HMG CoA lyase 
deficiency [1, 2, 5-7, 12, 14, 16, 20, 21]. Most children have 
made normal developmental progress with treatment. How- 
ever, one child sustained severe neurological damage at initial 
presentation [7] and 2 have died [7, 14]. Treatment regimes 
have varied, and optimal management is not yet agreed. 
While some authors have recommended restriction of dietary 
protein, leucine and fat [7], others have concentrated on the 
restriction of protein and/or leucine alone [6]. Supplementa- 
tion of carnitine has also been recommended [1, 6, 16]. 

We have used stable isotopically labelled leucine and 
phenylalanine to study the relationships between leucine and 
protein kinetics in twins with 3-hydroxy-3-methylglutaric 
aciduria. The rate of oxidation of leucine was used as a mea- 
sure of the irreversible breakdown of leucine into the abnor- 
mal pathway, i.e. the metabolic load on that pathway. Phenyl- 
alanine, being metabolised normally in this condition, was 
employed as a tracer of whole body protein metabolism. 
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Fig.1. Metabolic pathways in 3-hydroxy-3-methylglutaric aciduria 
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Methods 

Subjects 

Six-year-old twins with HMG CoA lyase deficiency were 
studied during acute metabolic decompensation and, in the 
case of twin 2, when well. The twins have been previously de- 
scribed in detail [16]. Twin 2 (male) was noted to be hypotonic 
at 4 days of age. The hypotonia progressed over the next 4 
months, after which the diagnosis of HMG aciduria was made 
in both twins by urinary organic acid analysis and direct en- 
zyme assay in cultured skin fibroblasts [16]. Twin 1 (female) 
was asymptomatic prior to diagnosis, but both twins subse- 
quently had repeated episodes of vomiting, hypotonia, con- 
vulsions, hypoglycaemia, metabolic acidosis and hyperam- 
monaemia resembling Reye syndrome. These episodes occur- 
red during treatment which restricted leucine intake to 100 
mg/kg per day, total protein (including leucine-free amino 
acid supplements) to 2 g/kg per day and total fat to 5 g/kg per 
day. 

At the time of study both twins were receiving a diet re- 
stricted in protein (1.2 g/kg per day, energy intake 60 kcal/kg 
per day) but with no specific restriction in leucine or fat. On 
this regime they both had occasional episodes of metabolic de- 
compensation (about two per year) characterised by vomiting, 
drowsiness, metabolic acidosis and hypoglycaemia and re- 
sponding to intravenous dextrose infusion. 

Twin 1 was studied following an overnight fast. The child 
was well when the study commenced, but became drowsy, 
hypoglycaemic (blood glucose 1.2 mmol/1) and began to vomit 
towards the end of the study. The child had eaten little during 
the evening preceding the study because of excitement about 
the impending hospital admission. Effectively she had fasted 
for 18 h prior to the study. 

Twin 2 was studied when well (control study) and during 
metabolic decompensation preceded by an upper respiratory 
infection. One day prior to the latter study the child became 
drowsy and lethargic with frequent vomiting. Blood glucose 
was 1.6mmol/1 on admission. Treatment with intravenous 
dextrose 0.5 g/kg per hour was begun 16 h prior to commenc- 
ing the stable isotope study and was continued throughout 
the study, maintaining a blood glucose concentration of 8-  
10 mmol/1. 

Values from the study performed in twin 2 when metaboli- 
cally stable were used for control comparison in both twins. 
Comparison with protein and leucine kinetics in normal chil- 
dren may not have been appropriate because the treatment re- 
gime used in HMG-CoA lyase deficiency, or even the condi- 
tion itself, may induce changes in protein or leueine metabo- 
lism. It was not possible to perform stable isotope studies in 
twin 1 when well, but as she was closely matched to her sib 
both genetically and nutritionally, comparison between her 
values and those of her sib are likely to be more valid than 
comparison with normal controls. Metabolic similarity be- 
tween the twins was also suggested by similar urinary metabo- 
lite excretion patterns when well (see Results). The studies 
were approved by the Harrow District Ethical Committee. 

Measurement of protein and leucine metabolism 

Isotopes. L-[1-13C]leucine (99% 13C), L-[ring-ZHs]phenylala - 
nine (98% all), L-[ring-ZH4]tyrosine (98% 2H) and sodium 
[~3C]bicarbonate (99% 13C) were obtained from Cambridge 
Isotopes Laboratories (Woburn, Massachusetts, USA). 

Procedure. Following an overnight fast, an intravenous can- 
nula was inserted into a peripheral vein (hand or foot) for 
blood collection. Isotopes were infused into a vein in a sepa- 
rate limb. After collection of baseline blood and expired air 
samples, priming bolus doses of L-[1-13C] leucine (0.7 mg/kg), 
L-[2Hs]phenylalanine (0.5 mg/kg), [2He]tyrosine (0.08 mg/kg) 
and sodium [13C]bicarbonate (0.08 mg/kg) were given. A con- 
tinuous infusion of L-[1-13C]leucine (0.7mg/kg per hour) and 
[2Hs]phenylalanine (0.5 mg/kg per hour) was then given over 
4h. Blood and expired air samples were collected at 15- 
20 min intervals in the final 2 h of each infusion. A timed urine 
collection was commenced at the start of the stable isotope 
study and continued for at least 5 h. A separate 5 h urine col- 
lection was made afer an overnight fast in twin 1 when she was 
well. Measurement of expired air total CO2 production rate 
was made by indirect calorimetry over at least 20 min in the 
final 2 h of each infusion using a ventilated hood system as de- 
scribed previously [4]. 

Analyses. Blood samples were centrifuged at 4~ immediately 
after collection and the plasma stored at -70~ until ana- 
lysed. Plasma alpha-ketoisocaproic acid (KIC) concentration 
and 13C-enrichment were measured using a quinoxalinol- 
trimethylsilyl derivative and a Finnigan 4500 gas chromato- 
graph/mass spectrometer as previously described [3]. Plasma 
pheuylalanine and tyrosine were derivatised to their tertiary- 
butyl dimethylsilyl derivatives and their concentrations and 
deuterium enrichments determined by electron ionisation gas 
chromatography/mass spectrometry using selected ion moni- 
toring and beta-methyl-phenylalanine or alpha-methyl-tyro- 
sine as internal standards respectively in a similar manner to 
that described previously [15]. Plasma leucine concentration 
was determined by the same method using norleucine as inter- 
nal standard. Plasma enrichment of [2Hs]phenylalanine was 
corrected to the expected 'mixed venous' value for protein 
turnover calculations as described previously [17]. 13C-enrich- 
ment of expired air CO2 was determined by isotope ratio mass 
spectrometry. 

Urine was frozen at -20~ immediately after collection 
until analysed. Excretion of 3-hydroxyisovaleric, 3-methyl- 
glutaconic and 3-hydroxy-3-methylglutaric acids was quanti- 
tated by gas chromatography as described previously [16]. 

Whole body protein and leucine turnover. Protein turnover 
was determined from the continuous infusion of [2Hs]phenyl- 
alanine as described previously [17]. In the fasting, steady 
state the phenylalanine flux (Q pmol/kg per hour) was calcu- 
lated by isotope dilution: 

where i is the rate of infusion of tracer (pmol/kg per hour) and 
Ei and Ep the respective enrichments of [2Hs]phenylalanine in 
the infusate and at plateau in plasma. The rate of conversion 
of phenylalanine to tyrosine (Qpt gmol/kg per hour) was cal- 
culated from the plasma enrichments of [2Hs]phenylalanine 
and [2H4]tyrosine using similar principles to those applied in 
the above equation [17]. 

In the steady, fasted state: 

Q = S + Qpt = C 

where S is the loss of phenylalanine from the free amino acid 
pool to protein synthesis (pmol/kg per hour) and C the rate of 



348 

entry of phenylalanine into the free amino acid pool from pro- 
tein catabolism (gmol/kg per hour). Rates of protein synthesis 
and catabolism (g/kg per hour) were calculated by assuming 
the phenylalanine content of protein is 280 gmol/g protein 
[11]. The difference between S and C was used to calculate the 
net loss of protein from the whole body in the fasting state. 

Whole body leucine kinetics were determined using similar 
principles to those above as described previously [8]. Leucine 
turnover was calculated from the plateau plasma enrichment 
of [13C]KIC, which is presumed to closely reflect the enrich- 
ment of the leucine intracellularly [9]. Leucine oxidation was 
calculated from the plateau enrichments of [13C]KIC in plas- 
ma and 13CO2 in expired air and from the total expired air CO:  
production rate measured by indirect calorimetry. 

In each of the three studies, steady state of KIC, phenyl- 
alanine and tyrosine enrichment and concentration and leucine 
concentration was achieved as defined by plateau coefficient 
of variation of less than 10%. 

Results 

Changes in protein turnover calculated using the [2Hs]phenyl- 
alanine continuous infusion technique are shown in Table 1. 
Metabolic decompensation precipitated by fasting was accom- 
panied by a decrease in protein catabolism compared with the 
control study. However,  a smaller decrease in synthesis re- 
sulted in increased net loss. The net loss of whole body protein 
may be expected to relate closely to the net production of 
leucine from whole body protein breakdown, assuming that 
the amino acid composition of whole body protein in man is 
constant [19]. Net protein breakdown may therefore have pro- 
duced a slight increase in leucine production during the pro- 
longed fast. 

Metabolic decompensation precipitated by acute infection 
was accompanied by substantially increased protein catabo- 
lism compared with the control study. A similar increase in 
synthesis resulted in only a small increase in the calculated net 
loss. Plasma phenylalanine concentration was similar in each 
study (control 78 pmol/1, fasting 64 pmol/1, infection 87 pmol/ 
1). 

Changes in leucine kinetics and plasma concentration dur- 
ing metabolic decompensation due to prolonged fasting and to 
infection are documented in Table 2. Fasting resulted in little 
change in leucine kinetics or concentration, the small changes 
in turnover and oxidation being similar in magnitude and di- 
rection to the changes in protein catabolism and net loss mea- 
sured by the phenylalanine model. Leucine turnover, oxida- 
tion and plasma concentration were, however, substantially 
increased in response to infection. The increased leucine oxi- 
dation may be expected to increase the production of isoval- 
eryl-CoA and, subsequently, 3-hydroxy-3-methylglutaric acid. 

Both prolonged fasting and infection resulted in increased 
excretion of 3-hydroxy-3-methylglutaric acid and other leu- 
cine metabolites compared with the control study (Fig. 2). 
Following prolonged fasting the major metabolites were 3- 
methylglutaconic and 3-hydroxy-3-methylglutaric acids. By 
contrast substantially greater amounts of 3-hydroxyisovaleric 
acid were excreted during metabolic decompensation due to 
infection, in addition to 3-methylglutaconic and 3-hydroxy-3- 
methylglutaric acids. Urinary organic acid excretion in twin 1 
when she was well (3-hydroxy-3-methylglutaric acid 8.5 gmol/ 
kg per hour, 3-methylglutaconic acid 10Agmol/kg per hour, 

Table 1. Protein turnover. Fasting values are taken from studies in 
twin 1 during acute metabolic deeompensation following an 18 h fast, 
while infection values were obtained in twin 2 during acute metabolic 
decompensation due to an upper respiratory infection. Control values 
are taken from twin 2 when metabolically stable. All values are ex- 
pressed in g/kg per 24 h. Calculations were made from plateau plasma 
enrichments of [2Hs]phenylalanine and [2H4]tyrosine during continu- 
ous infusion of [2Hs]phenylalanine 

Control Fasting Infection 

Synthesis 3.55 2.58 4.52 
Catabolism 4.67 4.11 5.95 
Net loss i. 13 1.53 1.43 

Table 2. Leucine kinetics and plasma concentration. Control, fasting 
and infection values as in Table 1. Calculations of leucine kinetics 
were made from the plateau enrichments of [13C] alpha-ketoisocaproic 
acid in plasma and of 13CO2 in expired air during continuous infusion 
of [13C 1 leucine 

Control Fasting Infection 

Turnover (gmol/kg/h) 119.0 104.7 150.8 
Oxidation (gmol/kg/h) 16.5 18.3 41.7 
Concentration (gmol/l) 108 119 390 
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Fig. 2. Excretion of urinary metabolites. Urine was collected over at 
least 5 h at the same time as the stable isotope study in each case. 
Small increases in excretion of 3-methyl glutarate and adipate were 
also noted. Control, fasting and infection values are as in Table 1. The 
urinary metabolite excretion pattern was similar in both twins when 
well (control period). II, HMG; E~, methylglutaconate; N, 3-OH iso- 
valerate 

3-hydroxyisovaleric acid 3.5 gmol/kg per hour) was similar to 
that in twin 2 when well (control). 

Discussion 

The need for rapid institution of intravenous glucose infusion 
in the treatment of acute metabolic decompensation in 3- 
hydroxy-3-methylglutaric aciduria makes it possible to study 
changes in protein metabolism in acute episodes only after the 
commencement of treatment when patients present with hy- 
poglycaemia. Intravenous glucose has significant effects on 
protein metabolism in children, decreasing protein catabolism 
and net loss (Thompson GN, Walter JH, Leonard JV, Halli- 
day D, unpublished observations). The administration of glu- 
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cose may explain the similarity in net protein loss in the cur- 
rent control and acute infection studies, despite the increase in 
total catabolism during infection. By contrast, leucine turn- 
over, oxidation and plasma concentration were markedly in- 
creased during infection. These changes most likely reflect 
changes in protein metabolism prior to the administration of 
glucose. While glucose infusion appeared to rapidly normalise 
net protein loss, the clearance of accumulated metabolites of 
the leucine catabolic pathway was not complete at the time of 
study. The plasma leucine concentration was increased, and 
presumably in response to this increased leucine load, leucine 
oxidation remained high. This proposed sequence of events is 
supported by the relatively high proportion of 3-hydroxyiso- 
valeric acid in urinary metabolites excreted during infection. 
This metabolite arises early in the leucine catabolic pathway 
and would therefore be more likely to be increased when 
leucine, rather than fat, is the major precursor to 3-hydroxy-3- 
methylglutaric acid production. 

Leucine oxidation was quantitatively less than urinary 
metabolite excretion in all studies. It is likely that neither uri- 
nary organic acid analysis nor stable isotope oxidation rates 
accurately quantify the whole body production of metabolites. 
The two methods may, therefore, be compared qualitatively, 
but not necessarily quantitatively. In the control study leucine 
oxidation (16 gmol/kg per hour) accounted for 57% of the 
rate of urinary excretion of measured metabolites (28 pmol/kg 
per hour). During fasting, however, only 21% of measured 
urinary metabolites (87 gmol/kg per hour) could be accounted 
for by leucine oxidation (18 gmol/kg per hour). This suggests 
that during fasting in twin 1 there was another important 
source of urinary metabolites, the most likely being from fatty 
acid oxidation. The urinary organic acid excretion pattern 
again supported this proposal in that increases in the excretion 
of more distal metabolites in the leucine catabolic pathway, 3- 
methylglutaconic and 3-hydroxy-3-methylglutaric acids were 
much greater than the increase in excretion of the more prox- 
imal metabolite, 3-hydroxyisovaleric acid. 

During infection, leucine oxidation (42 pmol/kg per hour) 
also formed a smaller percentage (40%) of the excretion rate 
of measured urinary metabolites (104 gmol/kg per hour) than 
during the control study (57%). It is likely that the glucose in- 
fusion decreased leucine oxidation more rapidly than urinary 
metabolite excretion; the latter tends to fall slowly in a wide 
range of metabolic conditions despite clinical improvement 
after episodes of metabolic decompensation. However, it is 
also probable that the decreased leucine oxidation as a per- 
centage of urinary metabolite excretion arose from an in- 
crease in the contribution of fatty acid oxidation to 3-hydroxy- 
3-methylglutaric acid production during infection. While this 
would be consistent with the usual physiological metabolic re- 
sponse to hypoglycaemia and metabolic stress, the changes in 
leucine oxidation as a percentage of metabolite excretion dur- 
ing infection and fasting suggest that the importance of fatty 
acid oxidation to 3-hydroxy-3-methylglutaric acid production 
during infection is relatively much less than during prolonged 
fasting. 

Gibson e ta l .  [6] proposed that the mechanism of increased 
3-hydroxy-3-methylglutaric acid production during fasting in 
HMG CoA lyase deficiency includes the increased catabolism 
of whole body protein. A similar mechanism was also pro- 
posed for the hyperammonaemia which is frequently seen dur- 
ing acute metabolic decompensation. The current study dem- 
onstrated a decrease in the absolute rate of protein catabolism 

during fasting with a small increase in the net loss of protein. 
The magnitude of these changes would suggest that alterations 
in protein metabolism contribute little to the increased pro- 
duction of abnormal metabolites during fasting, or to hyper- 
ammonaemia. An alternative explanation for the hyperam- 
monaemia is that 3-hydroxy-3-methylglutaric acid or other ac- 
cumulated metabolites may be directly toxic to the urea cycle 
in a manner similar to that described in methylmalonic acid- 
uria [13]. 

These studies indicate that changes in protein metabolism 
cannot alone explain the accumulation of abnormal metabo- 
lites during metabolic decompensation in H M G  CoA lyase de- 
ficiency, in particular when prolonged fasting is the major pre- 
cipitating event. Changes in fat metabolism probably play a 
significant role in metabolic decompensation, and restriction 
of dietary fat intake may therefore be indicated in the treat- 
ment of H M G  CoA lyase deficiency, particularly when re- 
sponse to protein/leucine restriction is not satisfactory. As re- 
commended previously [6], the current study would also sup- 
port the avoidance of prolonged fasting in the management of 
this condition. 
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