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ABSTRACT. Although dietary leucine restriction and
supplemental glycine are used to treat patients with iso-
valeric acidemia [deficient isovaleryl-CoA-dehydrogenase
(E.C. 1.3.99.10)], little quantitative information is available
regarding their optimum relationship. Herein we compare
different glycine supplements and quantitate isovalerylgly-
cine produced in two patients with clinically different forms
of isovaleric acidemia during restricted leucine intake and
during oral leucine loading. We found that under stable
conditions of leucine restriction, 150 mg glycine/kg/day is
an optimum glycine suppiement and that glycine supple-
ments of more than 250 mg/kg/day may result in reduced
isovalerylglycine production; that when isovaleric acid ac-
cumulation is increased, glycine supplements to 600 mg/
kg/day will increase isovalerylglycine production; and that
the phenotype of isovaleric acidemia is related not only to
the extent of impaired isovaleryl-CoA dehydrogenase, but
also the ability to detoxify accumulated isovaleryl CoA to
isovalerylglycine. (Pediatr Res 24: 9-13, 1988)

Abbreviations

IVA, isovaleric acid
IVG, isovalerylglycine
MSUD, maple syrup urine disease

Isovaleric aciduria, first described in 1966 by Tanaka et al. (1)
was subsequently detected in numerous cases (2-18). It is an
inborn error of metabolism due to a defect of isovaleryl-CoA
dehydrogenase (E.C. 1.3.99.10) (19). Heterogeneity for this en-
zyme in patients with isovaleric acidemia has been noted (20).
The gene for isovaleryl-CoA dehydrogenase has been cloned and
assigned to the long arm of human chromosome 15 (21). The
pathophysiology of this condition results from an accumulation
of IVA which is toxic to the central nervous system (Fig. 1). An
alternative pathway through glycine-N-acylase (E.C. 2.3.1.13)
allows detoxification by producing isovalerylglycine which is
excreted (17). Isovaleric acidemia is divided into two clinical
categories: acute and chronic intermittent (18). The acute form
(2-8) presents during the first days of life with poor feeding,
tachypnea, and vomiting. If untreated, death may occur. Patients
with the chronic, intermittent form (1, 9-16) present later with
similar episodes of vomiting, acidosis, stupor, and the character-
istic sweaty-feet odor of isovaleric acid. In this latter type, symp-
toms may begin as early as the first 2 wk of life (10). The
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frequency of attacks decreases with age with both clinical phe-
notypes (9-11, 14, 15).

Isovaleryl-CoA dehydrogenase is impaired in fibroblasts cul-
tured from affected patients (19). A tritium release assay (19, 22)
measured *H,O formed by mitochondria from [2,3-*H]isoval-
eryl-CoA but demonstrated 13% residual activity in both acute
and chronic-intermittent forms (19). Dubiel ef al. (23) also found
no difference in the residual activity of 12 isovaleric acidemia
cell lines using macromolecular-labeling techniques. An im-
proved tritium release assay using an acyl-CoA dehydrogenase
inhibitor (methylenecyclopropylacetyl-CoA) (24) gave an unex-
pected finding. The acute, early-onset form had residual activity
of 0.41 pmol *H,O/min/mg protein compared to a normal of
19.4 = 8.0 whereas three milder clinical forms had no enzyme
activity. The authors suggested that age of onset and the severity
of clinical presentation were not caused by differences in im-
paired isovaleryl-CoA dehydrogenase, but by the competency of
the glycine-N-acylase pathway to use accumulated isovaleric acid
(24). When [2-**]C-leucine conversion to '“CO, by intact cells
was used as the enzyme assay, less than 2% residual activity was
seen in acute isovaleric acidemia (25). Comparisons of clinical
phenotype using this assay are not published.

The treatment for isovaleric acidemia follows the general
concepts used in treating inborn errors of amino acid metabolism
(26). Leucine is given in amounts sufficient for normal growth
while minimizing the formation of isovaleric acid. In 1976,
Krieger and Tanaka (10) used supplemental glycine to treat
isovaleric acidemia and demonstrated increased excretion of IVG
(Fig. 1). Glycine was subsequently used primarily to avert acute
ketotic episodes (3, 9, 10, 12, 13) with little information available
regarding the chronic use of glycine.

Herein we determine the optimum glycine supplement re-
quired to treat two clinically different patients with isovaleric
acidemia during stable periods of restricted dietary leucine, and
during leucine loading.

METHODS

Case report 1. A W. is a 9-yr-old girl with no other affected
family members and no known consanguinity. During the first
month of life she required a diluted formula because full-strength
formula resulted in vomiting, irritability, and diarrhea. Her
mother noted a peculiar odor when she was sick. She preferen-
tially avoided meat and other high protein foods. Developmental
milestones were met normally and she was in the 25th percentile
for weight. At 4% yr of age she was admitted to a local hospital
for vomiting, dehydration, and extreme lethargy. This episode
responded to intravenous fluids. A seizure-like episode was noted
at age 5 yr. At 5% yr of age, after excessive protein intake at a
family holiday meal, she became lethargic, vomited, and coma-
tose. She was hospitalized for treatment of dehydration, hypogly-
cemia, and acidosis. Recovery was rapid with intravenous fluids
and protein restriction. Urine organic acid analysis by GC/MS
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Fig. 1. Catabolism of leucine in isovaleric acidemia and the anabol-
ism of isovalerlyglycine. Hatched bars represent the impaired reactions
in MSUD and isovaleric acidemia, respectively.

revealed large amounts of IVG and 3-hydroxy-isovaleric acid.
She was treated with protein restriction (1.25 g/kg/day) supple-
mented with 2 g of glycine per day orally. After 6 months of this
therapy, her weight/age increased from the 25th to the 75th
percentile whereas her height/age remained at the 50th percent-
ile. After 1 yr of treatment her height also reached the 75th
percentile. There was a noticeable improvement in her behavior
and academic performance and she had no further episodes of
acidosis.

Casereport 2. K. H. is a 24-month-old Caucasian boy. A sibling
had recurrent severe acidosis, coma, and died at 2 wk of age. He
was diagnosed postmortem as having isovaleric acidemia by
enzyme assay. K.H.s gestation was therefore monitored pre-
natally. Cultured amniotic fluid cells assayed for isovaleryl-CoA
dehydrogenase had low activity. There was also a 400-fold in-
crease in amniotic fluid IVG concentration during the late second
trimester. He was delivered by cesarian section at 42 wk weighing
4.98 kg and was placed on 250 mg/kg of oral glycine at birth in
addition to breast milk. Despite total protein restriction at 3 days
of life, he began to vomit, hyperventilate, and became acidotic.
Breast-feeding was discontinued and a leucine-free diet providing
125 kcal/kg was supplemented with oral glycine (380 mg/kg/
day). His clinical status quickly improved. Dietary leucine (45
mg/kg/day) was reintroduced at age 5 days with a total protein
intake of 2.0 g/kg/day and glycine intake was reduced to 250
mg/kg/day. His urine contained large amounts of IVG. He
continued to gain weight and was discharged at 16 days of life.
He has been maintained on leucine restriction and glycine sup-
plements as an outpatient with one hospitalization for vomiting
and dehydration that quickly reverted with intravenous fluids
and additional oral glycine. He is developmentally normal and
his growth is >95th percentile for height and weight.

Quantitation of amino acids and organic acids. Deproteinized
plasma samples were analyzed for amino acid content by ion
exchange chromatography on a Beckman System 6300 High
Performance Analyzer using lithium buffers. A standard of iso-

valerylglycine was synthesized using a modified method of Bondi
and Eissler (27). Plasma and urinary isovalerylglycine and 8-
hydroxyisovaleric acid were quantitated by gas chromatography/
mass spectrometry (26, 28). There was 65% recovery of IVG and
B-hydroxyisovaleric acid. The minimum concentration of IVG
detectable in the plasma was 377 uM and in the urine was 0.9
mmol/g creatinine.

An adaptation of the method described by Tedesco (unpub-
lished observations) was used to determine the concentration of
plasma and urinary IVA. No extraction was required for either
urine or plasma samples and there was 100% recovery of IVA.
The minimum detection level of IVA in the urine and plasma
was 245 uM.

Culture of skin fibroblasts and enzyme assay. Skin biopsies
were obtained from K.H. and A.-W. and cultured in monolayers
from explants using previously described methods (29, 30). Cell
lines from a control and a patient with classical MSUD were
matched for culture age. '“CO, release [1-*C] and [2-'“C] labeled
leucine by cultured fibroblasts from all three phenotypes were
performed simultaneously by previously described methods (29,
30). [1-"*C]-leucine and [2-'“C]-leucine were purchased from
New England Nuclear, Boston, MA.

Diet and clinical research protocols. The formula for both
patients consisted of MSUD-1 (Milupa Corporation, Darien,
CT), MSUD-Diet Powder (Mead Johnson Nutritional Division,
Evansville, IN), and Protein-Free Diet Powder (Mead Johnson
Nutritional Division) supplemented with L-valine, L-isoleucine,
and L-glycine (Ajinomoto, USA, Inc., New York, NY). The
children maintained a constant intake of isoleucine, leucine,
valine, protein, and energy from solid foods before and during
the study. Supplemental carnitine was not given; intake ranged
from 5-10 mg/day.

During A.W.’s first admission to Emory University Clinical
Research Facility, her glycine supplements were increased weekly
from 0, to 50, 100, 150, 300, and 600 mg/kg/day while on a
constant leucine intake of 54 + 3.6 mg/kg/day (Table 1). Semi-
fasting plasma samples and 24-h urine collections were obtained

Table 1. Summary of dietary intake for A.W. and K.H. during
constant leucine restriction and for A.W. during leucine

tolerance tests
% %
Average recommended usual
Diet (per kg) intake* intake (31)  intaket
During leucine restriction
Patient A.W.
Isoleucine (mg) 44 + 1.0 200 96
Leucine (mg) 54+ 3.6 180 86
Valine (mg) 46 1.7 250 87
Protein (gm) 1.1 £0.02 95 94
Energy (kcal) 38+ 1.8 58 68
Patient K.H.
Isoleucine (mg) 45+ 1.5 111 100
Leucine (mg) 46 = 0.6 81 88
Valine (mg) 44 +£0.9 136 94
Protein (gm) 1.7 £ 0.01 105 100
Energy (kcals) 72 + 4.5 101 101
During leucine tolerance tests
Patient A.W.
Isoleucine (mg) 31+ 1.7 164 90
Leucine (mg) 38+25 147 87
Valine (mg) 33+ 1.6 212 90
Protein (gm) 0.9+ .03 87 91
Energy (kcal) 3423 61 95

*During leucine restriction mean * SD of six, weekly triplicate
observations. During leucine tolerance test, mean + SD of two test days.

T During leucine restriction and leucine tolerance tests comparison
made to average intake three days prior to the study.
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on the last 3 days of each week for quantitation of amino acids
and organic acids.

K.H. was admitted for 1 wk on 0 mg/kg/day glycine supple-
ments and a constant leucine intake of 46 = 0.6 mg/kg/day
(Table 1). Semifasting plasma samples were obtained every 3rd
day and 24-h urine collections were obtained daily. On an
outpatient protocol, his glycine supplements were increased
weekly to 100, 150, 300, and 600 mg/kg/day. During this time,
24-h urine collections were obtained on the last 2 days of each
week. Because of his age, blood was not collected for plasma
amino acids analysis.

Only patient A.W. was given a leucine load, after informed
consent, and under constant surveillance. She was given two
leucine tolerance tests (120 mg/kg load of leucine) on each of
two supplemental glycine doses (190 and 600 mg/kg) which she
received for the week before and during each of the two leucine
tolerance tests. During each test, blood samples were collected
before the oral leucine load and at 1, 2, 3, 6, 9, and 12 h after
the load. Urine was collected and analyzed throughout the 12-h
tests in two successive, 6-h periods.

RESULTS

Oxidation of radioactive substrates. The production of “CO,
by cultured skin fibroblasts from [1-'“C}-leucine and [2-'*C]-
leucine substrates is summarized in Table 2. The data represent
the mean of two different experiments. In the first experiment
AW .’s cells produced 0.115 nmol *CO,/mg protein/hour from
[2-"*-C]-leucine which was 7.1% of control and significantly more
than background. K.H.’s cells were not analyzed in the first
experiment. In the second experiment cell proteins were less (670
versus 1100 ug), background was higher (340 versus 200 cpm)
and A.W.’s cells produced '“CO, from [2-'*C]-leucine similar to
cell-free blanks. In this experiment K.H.’s cells produced no
14CO, above background. Table 2 incorporates data from both
experiments. There was mild reduction of "*CO, production from
[1-'*C]-leucine by both patients’ cells and the MSUD cell line
converted only 3%. The moderate reduction in oxidative decar-
boxylation of [1-'*C]-leucine by cells from the patients may be
caused by IVA accumulation and consequent, product-inhibition
of the preceding reaction, branched chain a-ketoacid dehydro-
genase.

Response to glycine supplements during leucine restriction.
Without glycine supplements, A.W.’s mean plasma glycine con-
centration (Table 3) was slightly above the normal concentration

Table 2. Diagnosis of isovaleric acidemia using [1-**]JC and [2-
" CJ-leucine decarboxylation by intact cultured skin fibroblasts

Leucine decarboxylation
(nmol CO,-released/mg protein/h)*

Cellline  [1-'*C]-leucine % control [2-'*C]-leucine % control
Patient A.W. 13.04 £ 3.36 (4) 56 0.04+0.04(4) 6-7.1
Patient K.H. 16.05 £ 2.33 (2) 69 0.00 (2) 0
MSUD 0.64 = 0.04 (2) 3 0.02 £ 0.00 (2) 2
Control 23.3+4.7(4) 100 0.87 £0.18 (4) 100

*Data are presented as the mean = | SD with the number of
observations in parentheses from two experiments.

of 219 + 33 uM (32). Her plasma glycine concentrations in-
creased gradually when glycine supplements of 50 and 100 mg/
kg/day were given. Marked increases in plasma glycine were
noted thereafter with a maximum concentration of 2547 + 591
uM when the largest dose of glycine was given (Table 3). Plasma
glycine concentrations for K.H. were 377 + 25 uM without
glycine supplement. Both patients had normal and constant
plasma leucine concentrations throughout the study which re-
flected their controlled intake of leucine. Note that A.W. toler-
ated more dietary leucine (54 mg/kg/day) than K.H. (46 mg/kg/
day) (Table 1). On these leucine-restricted diets, neither patient
had detectable amounts of IVA, IVG, or 8-hydroxy-IVA in the
plasma. There was no detectable 8-hydroxy-IVA in the urine
from either patient. IVA excretion by patient A.W. was constant
at 4.3 to 6.2 mmol/g creatinine, and unrelated to glycine supple-
mentation.

The patients had different responses to glycine as measured by
urinary IVG excretion. Patient A.W. had 2-fold higher excretion
than K.H. on no glycine supplements (12.3 = 5.8 versus 5.5 =
2.8 mmol/g creatinine). A.W.’s IVG excretion rose nearly 3-fold
to 33.6 = 14.2 mmol/g creatinine after 50 mg/kg of glycine
supplement was started (Fig. 2). This rise did not change signif-
icantly until glycine supplements of 300 and 600 mg/kg were
provided. Unexpectedly at this time IVG excretion decreased
from ranges between 24.1 + 5.8 and 33.6 + 14.2 to 13.8 and
16.3, a fall of 50% (Fig. 2). For patient K.H., IVG excretion
increased gradually as glycine supplements were introduced.
When glycine supplements of 300 and 600 mg/kg were given,
he produced maximal IVG of 10.8 £ 0.3 and 10.6 = 0.8
mmol/g creatinine, respectively (Fig. 2). A. W. excreted three
times as much IVG as K.H. when optimally supplemented with
oral glycine (Fig. 2).

Response to glycine supplementation during leucine loading.
The response to low and high glycine supplements were then
compared during leucine load (Fig. 3; Table 4). When receiving
a 190 mg/kg glycine supplement, A.W.’s plasma glycine concen-
tration was twice normal (Table 4). When 600 mg/kg of glycine
supplement was given, plasma glycine concentration increased
nearly 8-fold (Table 4). During the first tolerance test at lower
glycine supplementation A.W. became nauseated within % h of
the administration of the leucine load, and began vomiting 1%
h after the load. Nausea was not present during the second
leucine tolerance test when she had received 600 mg/kg glycine.
The 34% lower mean plasma leucine concentration during the
first tolerance test reflects losses of oral leucine through emesis
(Table 4; Fig. 3). Her initial plasma leucine concentrations for
both tolerance tests were normal (Fig. 3). Plasma leucine concen-
trations peaked 2 h after the leucine load regardless of glycine
supplementation (Fig. 3).

The urinary excretion of IVG increased from 193.8 mmol/g
creatinine during the first tolerance test to 418.6 mmol/g creati-
nine during the second test (Table 4). To normalize for the
difference in leucine loading between the two tolerance tests, the
amount of IVG excreted (mmol/g creatinine) during each 12-h
test was normalized by the mean plasma leucine concentration
(uM) during each test. This ratio of urinary IVG/mean plasma
leucine concentration increased from 1.2 during tolerance test
one to 2.2 during tolerance test two. Thus, there was approxi-
mately a 2-fold increase in IVG excretion when glycine supple-
mentation was 600 mg/kg as compared to 190 mg/kg whether

Table 3. Plasma amino acids during constant leucine restriction in patient A.W.

Glycine supplement

0 50 100 150 300 600
Plasma (uM)
Patient A.W.
Glycine 293.9 + 57 345.9 £ 35 393.4 + 33 547.1 £ 129 978.2 = 117 2547.5 £ 591
Leucine 929+ 13 69.2 = 10 70.2 + 34 71.1+£2 84.5+ 15 66.5 + 4
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Table 4. Plasma and urine amino acids and organic acids
during leucine tolerance tests

Tolerance test Tolerance test

Glycine supplement (mg/ ! -
kg) 190 600
Plasma (pzM)*
Glycine 389.8 + 50.5 1729.7 £ 513.2
Leucine 213.5+ 1239 317.7 £234.2
Urinet (mmol/g creatinine)
Isovaleryiglycine 193.8 418.6

* Mean =+ SD of six consecutive plasma samples.
+ Mean of two 6-h urine collections.

or not it was normalized to the higher plasma leucine concentra-
tion attained during the second test.

DISCUSSION

Several observations suggest a clinical classification of A.W. as
“chronic intermittent” and for K.H. as “acute” isovaleric acide-
mia (18). The phenotypes presented in each family were different.
A.W. survived to mid-childhood without treatment and with
minimal symptoms. By contrast, K.H.’s sibling died of isovaleric
acidemia in infancy, and K.H. had neonatal symptoms despite
protein restriction and glycine supplementation. A.W. tolerated
more dietary leucine than K.H. She could ingest 54 mg leucine/
kg/day without evidencing free urinary IVA, whereas he required
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leucine restriction of less than 46 mg/kg/day. These different
phenotypes may also have different detoxification capacities for
accumulated isovaleryl-CoA through glycine-N-acylase. A.W.
produced considerably more urinary isovalerylglycine than K.H.
(Fig. 2). This observation supports the view of Hyman and
Tanaka (24) that the ability of glycine-N-acylase to conjugate
IVA also determines severity of disease.

What are the optimum doses of glycine required to maintain
patients with these varying forms of isovaleric acidemia? Both
patients responded differently to incremental glycine supple-
ments when leucine intake was restricted. For the reasons stated
above, patient A.W. probably accumulated less intracellular iso-
valeryl-CoA than patient K.H. On these restricted diets A.W.
excreted two to three times more IVG than K.H. even without
glycine supplementation. With 50 to 150 mg glycine supplements
A.W. increased IVG production over 3-fold that of K.H. (Fig.
2). Unexpectedly, when her glycine supplements were raised
further, her IVG excretion decreased by 50%. This effect could
either be due to depletion of isovaleryl CoA or cosubstrate
inhibition by glycine of glycine-N-acylase. This negative response
was not observed under leucine loading conditions. When this
pathway of detoxification was stressed in A.W. using oral leucine
tolerance tests, she used excess glycine (600 mg/kg) to increase
her IVG excretion by 83%. Thus there was no evidence of
substrate inhibition of glycine-N-acylase under presumed con-
ditions of high intracellular cosubstrate, isovaleryl-CoA. Glycine
inhibition of glycine-N-acylase must occur when there is insuf-
ficient cosubstrate present relative to glycine.

Thus, the optimal amount of glycine for the treatment of
isovaleric acidemia is dependent on at least three factors: the
degree of impaired isovaleryl-CoA dehydrogenase, the amount
of isovaleryl-CoA available for conjugation, and the capacity of
glycine-N-acylase. Inasmuch as the long-term neurological effects
of hyperglycinemia are not well understood, glycine supplements
in excess of 300 mg/kg/day should be given cautiously while
monitoring plasma glycine concentrations and urinary IVG pro-
duction. This amount is probably not warranted when patients
are stable but may be beneficial during catabolic episodes or
during excessive leucine ingestion when intracellular accumula-
tion of isovaleryl-CoA occurs. The amount of leucine that can
be tolerated and the optimum glycine supplement should be
determined for each patient using these clinical and biochemical
parameters as guides only, because each patient will probably
have different requirements under different clinical conditions.
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