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ABSTRACT

Background Acute fatty liver of pregnancy and the
HELLP syndrome (hemolysis, elevated liver-enzyme
levels, and a low platelet count) are serious hepatic
disorders that may occur during pregnancy in wom-
en whose fetuses are later found to have a deficiency
of long-chain 3-hydroxyacyl-coenzyme A (CoA) de-
hydrogenase. This enzyme resides in the mitochon-
drial trifunctional protein, which also contains the
active site of long-chain 2,3-enoyl-CoA hydratase
and long-chain 3-ketoacyl-CoA thiolase. We under-
took this study to determine the relation between
mutations in the trifunctional protein in infants with
defects in fatty-acid oxidation and acute liver disease
during pregnancy in their mothers.

Methods In 24 children with 3-hydroxyacyl-CoA
dehydrogenase deficiency, we used DNA amplifica-
tion and nucleotide-sequence analyses to identify
mutations in the a subunit of the trifunctional pro-
tein. We then correlated the results with the pres-
ence of liver disease during pregnancy in the mothers.

Results Nineteen children had a deficiency only
of long-chain 3-hydroxyacyl-CoA dehydrogenase and
presented with hypoketotic hypoglycemia and fatty
liver. In eight children, we identified a homozygous
mutation in which glutamic acid at residue 474 was
changed to glutamine. Eleven other children were
compound heterozygotes, with this mutation in one
allele of the a-subunit gene and a different mutation
in the other allele. While carrying fetuses with the
Glu474GIn mutation, 79 percent of the heterozygous
mothers had fatty liver of pregnancy or the HELLP
syndrome. Five other children, who presented with
neonatal dilated cardiomyopathy or progressive neu-
romyopathy, had complete deficiency of the trifunc-
tional protein (loss of activity of all three enzymes).
None had the Glu474GIn mutation, and none of their
mothers had liver disease during pregnancy.

Conclusions Women with acute liver disease dur-
ing pregnancy may have a Glu474GIn mutation in
long-chain hydroxyacyl-CoA dehydrogenase. Their
infants are at risk for hypoketotic hypoglycemia and
fatty liver. (N Engl J Med 1999;340:1723-31.)
©1999, Massachusetts Medical Society.

CUTE fatty liver of pregnancy is a devas-
tating disorder associated with substantial
maternal and neonatal morbidity and mor-
tality.’* The HELLP syndrome (hemoly-
sis, elevated liver-enzyme levels, and a low platelet
count) is a more common maternal illness of late
pregnancy and is associated with a better progno-
sis.2® The clinical and biochemical features of these
two disorders overlap, suggesting that their underly-
ing pathophysiologic mechanisms may be similar.
Long-chain 3-hydroxyacyl-coenzyme A (CoA) de-
hydrogenase catalyzes the third step in the B-oxida-
tion of fatty acids in mitochondria (Fig. 1). The ac-
tive site of this enzyme is located in the C-terminal
domain of each of the four a subunits of the trifunc-
tional protein that is associated with the inner mi-
tochondrial membrane.%” The N-terminal domain
of each of the « subunits is the site of long-chain
2,3-enoyl-CoA hydratase activity. The active site of
long-chain 3-ketoacyl-CoA thiolase is in the four
B subunits of the protein; this enzyme catalyzes the
last step in the B-oxidation of fatty acids. The for-
mation of a stable trifunctional-protein complex and
the expression of all three enzymes require the pres-
ence of intact a and B subunits. The genes that en-
code the a and B subunits are closely linked on
chromosome 2.810
Patients with either an isolated deficiency of long-
chain 3-hydroxyacyl-CoA dehydrogenase or com-
plete deficiency of the trifunctional protein (a loss of
activity of all three enzymes) have been described.”!!
Several months after birth, children with these reces-
sively inherited disorders present with nonketotic
hypoglycemia during fasting and hepatic enceph-
alopathy, which may progress to coma and death;
cardiomyopathy; slowly progressive peripheral neu-
ropathy; skeletal myopathy; or sudden, unexpected
death.12 Deficiency of long-chain 3-hydroxyacyl-
CoA dehydrogenase has been found in the children
of women who had acute fatty liver of pregnancy or
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Figure 1. Biochemical Pathway of Mitochondrial Fatty-Acid Oxidation.

The four reactions of the pathway are shown in a clockwise loop. R represents the variable length of the fatty-acid chain; for exam-
ple, palmitate, a typical long-chain substrate, contains 13 CH, groups. FAD denotes flavin adenine dinucleotide, FADH, the reduced
form of FAD, and NAD* nicotinamide adenine dinucleotide. Bars indicate the blockage of reactions as a result of isolated deficiency
of long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD) or complete deficiency of the trifunctional protein. In the oxidation of
long-chain fatty acyl-CoA substrates that are 10 to 18 carbon residues in length, the trifunctional protein catalyzes the second, third,
and fourth reactions (enclosed in the box) in the pathway. The second and third reactions are catalyzed by long-chain 2,3-enoyl-
CoA hydratase and long-chain 3-hydroxyacyl-CoA dehydrogenase, respectively, which reside in the @ subunit of the trifunctional
protein. The fourth step, catalyzed by long-chain 3-ketoacyl-CoA thiolase, occurs on the 8 subunit of the trifunctional protein. The
products of one cycle through the pathway are NADH, FADH,, acetyl-CoA, and a fatty acyl-CoA shortened by two carbon residues.
NADH and FADH, carry electrons to the respiratory chain (mitochondrial oxidative phosphorylation complexes) to generate ATP,
and acetyl-CoA enters the citric-acid cycle. The shortened fatty acid reenters the fatty-acid oxidation spiral. Thus, in the oxidation
of palmitate, seven rounds of the cycle produce eight acetyl-CoA molecules.

the HELLP syndrome during pregnancy.!318 We
have identified a mutation involving a change from
glutamic acid to glutamine at amino acid residue
474 (Glu474Gln) of the « subunit of the trifunc-
tional protein in three unrelated children whose
mothers had acute fatty liver of pregnancy or the
HELLP syndrome during pregnancy.®

However, not all women carrying fetuses with
long-chain 3-hydroxyacyl-CoA dehydrogenase defi-
ciency or trifunctional-protein deficiency have liver
disease.1-2! Furthermore, liver disease in pregnant
women occurs most often when the deficiency of
enzymatic activity in the fetus is severe, although
acute fatty liver of pregnancy has been reported in
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two women who subsequently had healthy children
with intermediate levels of long-chain 3-hydroxy-
acyl-CoA dehydrogenase, as determined by enzyme
assay.!8 The incidence of long-chain 3-hydroxyacyl-
CoA dehydrogenase deficiency among the fetuses of
women with acute fatty liver of pregnancy is un-
known; some reports suggest that the association is
rare.20.21 A recent review of liver disease during preg-
nancy? did not mention the relation between severe
liver diseases in pregnant women and this fatty-acid
oxidation disorder in their children.

Because the association between these two disor-
ders is not well recognized?? and because it has im-
portant implications for mothers and their chil-
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TABLE 1. CLINICAL MANIFESTATIONS OF A DEFICIENCY OF LONG-CHAIN
3-HYDROXYACYL-COA DEHYDROGENASE OR TRIFUNCTIONAL PROTEIN IN 24 CHILDREN.

No. oF TRIFUNCTIONAL-
CHILDREN AGE AT LCHAD PROTEIN
CuiNICAL MANIFESTATION (%) PRESENTATION*  DEFICIENCYT DEFICIENCY DEATH
mo no. of children (%)
Acute hepatic dysfunction 16 (67) 4.6*1.5 16 0 5
Acute cardiac dysfunction 3(12) 0.4+0.2 0 3 2
Neuromuscular dysfunction 2(8) 18+2.8 0 2 0
Multiple-organ dysfunction} 3(12) 24+27 3 0 1
Total 24 (100) 7.6%9.6 19 (79) 5(21) 8 (33)

*Plus—minus values are means =SD. Age at presentation is the age at the time of onset of symp-
toms or evaluation. In many children, the fatty-acid oxidation disorder was diagnosed months or years

after onset.

TLCHAD denotes long-chain 3-hydroxyacyl-CoA dehydrogenase.

$One of these three children became ill as molecular analysis, prompted by acute fatty liver of preg-

nancy in her mother, was under way.

dren 1516 we examined the association between a
deficiency of long-chain 3-hydroxyacyl-CoA dehy-
drogenase or the trifunctional protein in children
and severe liver disease in their mothers during preg-
nancy. We studied the frequency and molecular basis
of this association in 24 families to correlate various
genotypes to the clinical manifestations in the moth-
ers and children.

METHODS
Subjects

We studied 24 families in which one child had clinical features
suggestive of defects in fatty-acid oxidation, such as hypoketotic
hypoglycemia; sudden, unexplained death with fatty liver at au-
topsy; or cardiomyopathy and abnormal biochemical or enzymat-
ic findings”10:1216.22 consistent with an isolated deficiency of long-
chain 3-hydroxyacyl-CoA dehydrogenase or complete deficiency
of the trifunctional protein. Acute fatty liver of pregnancy or the
HELLP syndrome was diagnosed by referring obstetricians ac-
cording to standard criteria.l5 This study was approved by the in-
stitutional review boards of Washington University and Wake
Forest University, and informed consent was obtained from the
adult subjects and parents of the children.

Biochemical Studies

The activities of long-chain 3-hydroxyacyl-CoA dehydrogen-
ase and long-chain 3-ketoacyl-CoA thiolase were measured in
crude extracts of cultured skin fibroblasts or liver tissue, as pre-
viously described 81923 Because the active sites of these two
enzymes are in the a and B subunits, respectively, of the trifunc-
tional protein, a deficiency of both activities is always associated
with a lack of activity of long-chain 2,3-enoyl-CoA hydratase,
whose active site is in the a subunit.7%2 A marked reduction
in long-chain 3-ketoacyl-CoA thiolase activity, which is con-
tained in the B subunit of the trifunctional protein, distinguishes
the biochemical phenotypes of isolated long-chain 3-hydroxy-
acyl-CoA dehydrogenase deficiency and complete trifunction-
al-protein deficiency.®23 Thiolase activity is very low (0 to 20
percent of normal levels) in patients with trifunctional-protein
deficiency but is relatively preserved in those with isolated long-

chain 3-hydroxyacyl-CoA dehydrogenase deficiency (40 to 80 per-
cent of normal levels).

Molecular Studies

DNA was isolated from cultured skin fibroblasts, frozen tissue,
or peripheral-blood leukocytes from 24 children and various fam-
ily members by means of alkaline lysis and protease digestion.2*
RNA was isolated from cultured skin fibroblasts or homogenized
tissue according to a standard protocol.’ Polymerase-chain-reac-
tion (PCR) amplification of the 20 exons of the gene encoding
the a subunit and the 50 to 100 bp of flanking sequence was
performed?® with [32P]deoxycytosine triphosphate and 27-to-33-
bp intronic primers designed on the basis of the previously iden-
tified genomic sequence® (and unpublished data). The amplified
fragments were then analyzed for single-strand conformation pol-
ymorphisms.2s

The Glu474GIn mutation was identified by PstI digestion$10:26 of
the PCR-amplified product of exon 15. Nucleotide sequences were
determined by the dideoxy chain-termination method, either man-
ually with sulfur-35 radiolabeling or with an automated sequencer
(model 373A, Applied Biosystems, Foster City, Calif.), with ampli-
fied exonic fragments by direct sequencing or after subcloning.

Dietary Treatment

Children were treated with frequent feedings of a low-fat diet
in which the fats were medium-chain triglycerides. This regimen
often prevents hypoketotic hypoglycemic liver dysfunction in pa-
tients with fatty-acid oxidation disorders.1?

RESULTS

The clinical abnormalities and molecular muta-
tions in 23 children who had isolated deficiency of
long-chain 3-hydroxyacyl-CoA dehydrogenase or
complete deficiency of the trifunctional protein and
their mothers are shown in Tables 1 and 2. In Family
9, diagnosis of acute fatty liver of pregnancy in the
mother prompted the analysis of the family mem-
bers; the child subsequently had severe hepatic and
cardiac dysfunction, and deficiency of long-chain
3-hydroxyacyl-CoA dehydrogenase was documented.
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TABLE 2. MUTATIONS IN THE @ SUBUNIT OF THE TRIFUNCTIONAL PROTEIN
AND CLINICAL ABNORMALITIES IN THE 24 CHILDREN AND THEIR MOTHERS.*

FamiLy

No.

CHILD

« SUBUNIT

GENOTYPE EXON

Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency

1 Glu474Gln/Glu474GIn 15/15
2 Glu474Gin/Glu474GIn 15/15
3 Glu474Gin/Glu474GIn 15/15
4 Gu474GIn/Glu474GIn 15/15
5 Glu474GIn/Glu474Gln 15/15
6 Glu474Gln/Glu474Gin 15/15
7 Glu474Gln/Glu474Gin 15/15
8  Glu474Gin/Glu474GIn 15/15
9 Glud74Gin/Asp67ter 15/4
(A271-275)
10 Glu474GIn/Asp67ter 15/4
(A271-275)

11 Glu474Gln/A—-2T 15/5
12 Glu474Gin/Alal25ter 15/6
(TACC479-482AATA)

13 Glu474GIn/Arg255ter 15/9
14 Glu474Gin/Gin342ter 15/12
15 Glu474Gin/A—4 - 091 15/12
16 Glu474Gin/A1617 - +1 15/15
17 Glu474Gin/Arg524ter 15/16
18 Glu474GIn/Len620ter 15/18

(AT1964)

19  Glu474Gin/? 15/2
Complete trifunctional-protein deficiency

20 G+1A/A+3G 3/3

21  A-2G/A-2G 7/7

22 Arg640Cys/Arg640His 19/19

23 Val246Asp/Val246Asp 9/9

24 Ile269Asn/Arg255ter 9/9

MoTHER
CLINICAL CLINICAL
ABNORMALITIES ~ GENOTYPET ABNORMALITIES
Hepatic Glu474Gin  AFLP
Hepatic Glu474Gin ~ HELLP - AFLP}
Hepatic Glu474Gln  AFLP
Hepatic Glu474Gin - HELLP
Mixed§ Glu474Gln -~ HELLP
Hepatic Glu474Gin  AFLP
Hepatic Glu474Gin  AFLP
Hepatic Glu474Gin  None
Mixed§ Glu474Gln ~ AFLP
Hepatic Asp67ter AFLP
Hepaticq A-2T HELLP - AFLP}
Hepatic Alal25ter  HELLP - AFLP}
TACC479~
482AATA
Mixed|| Glu474Gln~ None
Hepatic Glu474Gin - HELLP
Hepatic Glu474Gin  None
Hepatic Glu474Gln  AFLP
Hepatic Arg524ter  AFLP
Hepatic Len620ter None
(AT1964)
Hepatic ? AFLP
Cardiac A+3G None
Cardiac A-2G None
Cardiac Arg640Cys  None
Neuromuscular  Val246Asp  None
Neuromuscular  1/e269Asn None

*AFLP denotes acute fatty liver of pregnancy; HELLP the syndrome of hemolysis, elevated liver
enzymes, and a low platelet count; #e7 a premature termination codon or nonsense mutation, and A a
deletion. A question mark indicates that the data are unknown.

1Only the mutant allele is shown. In all the mothers, the second allele was normal.

$The initial diagnosis of the HELLP syndrome was changed to acute fatty liver of pregnancy dur-
ing the course of the illness.

§This child had combined hepatic and cardiac dysfunction.

{This child also had mild cardiomyopathy.

| This child had hepatic abnormalities with peripheral neuropathy and myopathy.

Clinical Abnormalities

The 24 children with a deficiency of long-chain
3-hydroxyacyl-CoA dehydrogenase or the trifunc-
tional protein presented at a mean age of 7.6
months (range, birth to 60 months) with predom-
inantly hepatic, cardiac, or neuromuscular abnor-
malities”$:10-19.27.28 (Table 1). Seven of the children
died very soon after presentation, and one died 18
months later despite treatment. The remaining 16
children were being treated with a modified diet at

1726 June 3, 1999

the most recent follow-up visit.!2 At that time, eight
of the surviving children were older than five years,
and retinitis pigmentosa had developed in six.2® Ex-
amination of the family histories revealed unex-
plained deaths in six siblings of the 24 children.
Nineteen children (79 percent) presented with
acute hepatic dysfunction: 18 had hypoketotic hypo-
glycemia, hypotonia, hepatomegaly, hepatic enceph-
alopathy, and high serum aminotransferase concen-
trations, and 1 had cholestasis of unknown cause and
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hypocalcemia due to vitamin D deficiency; this child
later died unexpectedly. The acute hepatic dysfunction
progressed to coma and death in five children. Au-
topsies in two of these five children revealed massive
hepatic steatosis, with necrosis, regenerative changes,
and early nodules in one child. Two of the 19 chil-
dren with acute hepatic dysfunction also had severe
cardiomyopathy, and 1 had chronic myopathy. Four
of these children have been described previously.17
Three of the 24 children presented primarily with
dilated cardiomyopathy in the first month of life.
One, in whom complete deficiency of the trifunc-
tional protein was diagnosed, had dramatic improve-
ment when an appropriate diet and treatment for
congestive heart failure were given but died sudden-
ly at the age of 18 months during an episode of mild
gastroenteritis.!® The second child died at the time
of presentation; the third recovered completely and
had normal cardiac function at the age of 10 years.
Two previously described?”28 children who had
complete trifunctional-protein deficiency were first
seen at the age of 18 months with hypotonia but no
liver or cardiac involvement. Each child had slowly
progressive peripheral neuropathy and myopathy.

Obstetrical and Family Histories

During their pregnancies with affected fetuses, 15
of the 24 women (62 percent) had acute fatty liver
of pregnancy or the HELLP syndrome (Table 2);
the other 9 women had normal pregnancies. In all
15 women with liver disease during pregnancy, the
disorder developed during the third trimester, at a
mean of 33.5 weeks of gestation. The HELLP syn-
drome was the initial diagnosis in three women.
Severe acute fatty liver of pregnancy was the initial
diagnosis in nine women and was proved by liver
biopsy in two of them. Three other women presented
with signs of the HELLP syndrome, but the diag-
nosis was later changed to acute fatty liver of pregnan-
cy. In one woman with acute fatty liver of pregnancy,
anoxic brain damage developed, which progressed
to coma, a chronic vegetative state, and death. The
other 14 women recovered quickly after emergency
delivery.

Five of the 15 women with acute fatty liver of
pregnancy or the HELLP syndrome (33 percent)
were affected during their first pregnancy. In the
other 10 women, liver disease was diagnosed during
a second or later pregnancy, and their fetuses were
found to have long-chain 3-hydroxyacyl-CoA dehy-
drogenase deficiency. These 10 women had had a to-
tal of 15 previous pregnancies, 3 of which had been
complicated by acute fatty liver of pregnancy, and in
all 3 cases the child had died suddenly and without
explanation during infancy. One woman had had a
miscarriage during the first trimester. The remaining
11 pregnancies had been normal, and the offspring
were healthy.

Biochemical Abnormalities in the Children

The mean (=SE) 3-hydroxyacyl-CoA dehydro-
genase activity measured with palmitoyl-CoA sub-
strate in the 24 children was 269 percent of nor-
mal levels, a finding similar to that reported for
other children with these deficiencies.”11:20.23 All 19
children with acute hepatic dysfunction had isolated
deficiency of long-chain 3-hydroxyacyl-CoA dehydro-
genase and only partial loss of long-chain 3-keto-
acyl-CoA thiolase activity (40 to 70 percent of nor-
mal). The children with cardiomyopathy or peripheral
neuropathy and skeletal myopathy had complete de-
ficiency of the trifunctional protein, with marked re-
duction of long-chain 3-ketoacyl-CoA thiolase activ-
ity (mean level of activity, 4 percent of normal).

Molecular Abnormalities

We used PCR amplification of all 20 exons of the
a subunit gene and single-strand conformation pol-
ymorphism analysis to screen the 24 children for dif-
ferences in genetic sequences.®25 Mutations were de-
tected on 47 of 48 alleles. Results in Families 5 and
9 (Fig. 2 and 3) illustrate this approach. The child
in Family 5 presented at the age of eight months
with severe myocardial dysfunction, left ventricular
hypertrophy, hypoketotic hypoglycemia, and meta-
bolic acidosis. His mother had had the HELLP syn-
drome during the pregnancy. The child was treated
with a modified diet and inotropic drugs and was
asymptomatic at the most recent follow-up visit, at
the age of five years. These findings were consistent
with homozygosity for the Glu474Gln mutation,3-26
which was confirmed by sequence analysis (data not
shown).

Family 9 was tested solely because the mother had
acute fatty liver of pregnancy with hepatic coma and
renal failure. After emergency delivery and despite
slight asphyxia during birth, the infant recovered. At
the age of nine weeks, while molecular studies were
under way, the infant had acute hypoketotic hypo-
glycemia and cardiogenic shock. In both the child
and the father, exon 4 of the « subunit was found
to be abnormal on single-strand conformation poly-
morphism analysis (Fig. 3A), a finding consistent with
heterozygosity. This mutation (Fig. 3B) is a 5-bp de-
letion (A271 through 275) that causes a frame shift
and generates a premature termination codon at po-
sition 67 (aspartic acid) in the mature « subunit. The
mother was heterozygous for the Glu474GIn muta-
tion in exon 15.

Among the 24 children with a deficiency of long-
chain 3-hydroxyacyl-CoA dehydrogenase or of the
trifunctional protein, we identified 17 different mu-
tations involving 11 exons and affecting all domains
of the a subunit gene (Table 2). Only 27 of the 47
abnormal alleles (57 percent) carried the Glu474Gln
mutation; the other 20 alleles carried 16 different
mutations. Thus, there was substantial heterogeneity
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Figure 2. Results of Single-Strand Conformation Polymorphism Analysis in Family 5 and a Normal
Subject.

Genomic DNA from exon 15 was extracted from blood leukocytes of the affected child, his parents, an
apparently healthy sibling, and an unrelated normal subject, amplified,® and analyzed by single-strand
conformation polymorphism analysis as described previously.? In lane 1, the two normal bands rep-
resent the normal sequence. Lanes 2, 3, and 5 show two normal bands and two aberrantly migrating
bands, representing DNA subsequently proved by sequence analysis to contain the Glu474GIn muta-
tion. The parents and brother were therefore heterozygous for this mutation. Lane 4 shows only the two
aberrant bands, and sequence analysis confirmed that the child was homozygous for the Glu474GIn
mutation. His mother had had the HELLP syndrome during two pregnancies, one with the affected
child and one with an older brother, who died unexpectedly at the age of five months. Her pregnancy
with the healthy sibling was uncomplicated. No DNA from the presumably affected brother was avail-

able for analysis.

among the a subunit mutations, in contrast to re-
sults reported previously.10.16,20

Correlation of the Children’s Genotypes with Liver Disease
in Their Mothers

All 19 children with an isolated deficiency of long-
chain 3-hydroxyacyl-CoA dechydrogenase had the
Glu474GIn mutation on at least one allele. Eight
unrelated children were homozygous for this muta-
tion. The other 11 children were compound hetero-
zygotes, with nine other known mutations, affecting
exons 4, 5, 6,9,12, 15, 16, and 18. Of these muta-
tions, three destroy a consensus splice site at an in-
tron—exon junction and probably cause missplicing;
four introduce a premature termination codon with-
in an exon; and two, identified in three children, are
deletions that alter the reading frame and introduce
premature termination codons downstream.

All 15 mothers in whom acute fatty liver of preg-
nancy or the HELLP syndrome developed carried fe-
tuses that were either homozygous for the Glu474GIn
mutation or compound heterozygotes, with one allele
carrying this mutation and a premature termination

1728 June 3, 1999

codon or splice-site mutation on the other allele.
Messenger RNA containing the Glu474GIln muta-
tion is stably expressed,®10 and in the resulting mutant
protein the activity of long-chain 3-hydroxyacyl-
CoA dehydrogenase is markedly reduced. In con-
trast, mutations introducing premature termination
codons and splice-site mutations often result in low
cytoplasmic concentrations of the corresponding
messenger RNA 817 Of the 15 women who had liver
disease during pregnancies with the affected chil-
dren, only 10 had the Glu474Gln mutation; the
other mothers had mutations causing premature ter-
mination codons (Families 10, 11, 12, and 17) or an
unknown mutation (Family 19). Thus, the maternal
genotype does not correlate with the development
of acute fatty liver of pregnancy or the HELLP syn-
drome (Table 2).

Mutation analysis in six older siblings who were
born after uncomplicated pregnancies revealed het-
erozygosity for the Glu474GIn mutation in four and
a normal genotype in two. This result suggests that
heterozygosity in the fetus is not associated with ma-
ternal liver disease during pregnancy.
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