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ATTY-ACID oxidation has a major role in en-
ergy production during periods of fasting.
When body glucose is depleted, fatty acids are
mobilized from adipose tissue, taken up by the liver,
and converted to ketone bodies, a major alternative
source of energy for peripheral tissues.! At the cellu-
lar level, after being transported through the cell
membrane and then into the mitochondria by means
of a carnitine-dependent system, long-chain fatty ac-
ids are predominantly oxidized in mitochondria.23
Common clinical features of disorders of fatty-acid
oxidation are metabolic decompensation during fast-
ing, hypoketotic hypoglycemia, and acute dysfunc-
tion of fatty-acid—dependent tissues (skeletal muscle,
heart, and liver), often leading to sudden death in
early life.#¢ Although understanding of the biochem-
ical and molecular bases of these disorders has im-
proved dramatically in recent years, affected patients
are often given a diagnosis of an unspecified disorder
of fatty-acid oxidation.” The study of such patients
has provided valuable insights into the oxidative proc-
ess.810 We describe two young boys who presented
with acute liver failure and were found to have a de-
fect in the transport of long-chain fatty acids.

CASE REPORTS

Patient 1

Patient 1 was a one-year-old white boy born at term to unre-
lated parents. He presented with symptoms of a viral illness, non-
ketotic hypoglycemia (blood glucose, 7 mg per deciliter [0.39
mmol per liter]), hyperammonemia (plasma ammonia, 122 ug
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per deciliter [87 umol per liter]), and acute hepatic failure. Intra-
venous glucose and supportive therapy were given, and he grad-
ually recovered. The results of standard evaluations for hepatic
failure, including viral studies and toxicologic screening, were
negative.!!

During the next four years, the child had seven additional
episodes of acute liver failure characterized by elevated serum
aminotransferase levels (range of peak alanine aminotransferase,
3690 to 9900 U per liter), coagulopathy (range of prothrombin
time, 15 to 86 seconds), and hyperbilirubinemia (range of serum
total bilirubin, 2.1 to 8.1 mg per deciliter [36 to 139 umol per
liter]). Some of the episodes were associated with hyperammone-
mia (range of plasma ammonia, 42 to 165 ug per deciliter [30 to
118 umol per liter]) and mild encephalopathy; no clinical or lab-
oratory evidence of cardiac or skeletal myopathy was found. Be-
tween episodes the child was well, and his growth and develop-
ment were normal. He was treated empirically with frequent
feedings of a low-fat (fat, <20 percent of total calories) diet sup-
plemented with 1.75 g of medium-chain triglyceride oil per kilo-
gram of body weight per day. From three to five years of age, he
also received carnitine supplements (100 mg per kilogram per
day) intermittently.

At five years of age, he had his most severe episode, with the
development of hepatic encephalopathy and, over a period of 24
days, steady increases in serum total bilirubin (up to 25 mg per
deciliter [428 umol per liter]) and persistent coagulopathy. He
underwent orthotopic liver transplantation. His postoperative
course was complicated by a bile-duct stricture, placement and
multiple replacements of a drainage stent tube, and finally, surgi-
cal reconstruction of the bile duct. At the most recent follow-up
visit two years after transplantation, the patient was 7%2 years old
and in good health. The serum total bilirubin level was 0.4 mg
per deciliter (8 wmol per liter), and the serum alanine amino-
transferase level was 47 U per liter.

Patient 2

Patient 2 was a four-year-old white boy who had been in good
health and who presented with otitis media, which was treated
with amoxicillin, and several episodes of vomiting. Physical exam-
ination revealed scleral icterus, jaundice, and hepatomegaly, with
a soft liver palpable 4 to 5 cm below the right costal margin. The
results of a neurologic examination were normal. The serum total
bilirubin level was 5.7 mg per deciliter (97 umol per liter), with
a serum conjugated bilirubin level of 3.9 mg per deciliter (67
pmol per liter), a serum alanine aminotransferase level of 3179
U per liter, a prothrombin time of 14.6 seconds, and a plasma am-
monia level of 23 ug per deciliter (33 umol per liter). The results
of viral studies and toxicologic tests were negative.

Liver failure and mild encephalopathy developed that were
characterized by hyperammonemia (plasma ammonia, 168 ug per
deciliter [120 pwmol per liter]) and hyperbilirubinemia (serum to-
tal bilirubin, 26 mg per deciliter [445 umol per liter]). The se-
rum alanine aminotransferase level decreased to 429 U per liter,
whereas the prothrombin time increased (to 35 seconds). The pa-
tient underwent successful orthotopic liver transplantation. At the
most recent follow-up visit one year after transplantation, the
child was in good health, with a serum total bilirubin level of 0.4
mg per deciliter (7 wmol per liter) and a serum alanine amino-
transferase level of 13 U per liter.

METHODS

Biochemical and Histologic Studies

Quantitative analyses of metabolites in liver tissue from Patient
1 and control liver tissue were performed according to established
methods.®!2 The liver findings in the patient were compared with
those obtained from 5 unused segments of reduced-size liver
transplants (provided by Dr. Peter E Whitington, University of
Chicago, Chicago) and 10 samples obtained post mortem from
patients with disorders of fatty-acid oxidation.¢ Liver-tissue slides
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were examined with use of the following stains: hematoxylin and
cosin, trichrome, periodic acid—Schiff, iron, and oil red O.

Cell Lines and Enzyme Assays

The study was approved by the Yale human investigation com-
mittee. Skin-biopsy specimens were obtained from both patients
after written parental consent. We also obtained as controls cul-
tured skin fibroblasts from three normal cell lines (Coriell Cell
Repositories, Camden, N.J.), a patient with a carnitine-uptake de-
fect, a patient with carnitine palmitoyltransferase I deficiency, a
patient with carnitine palmitoyltransferase II deficiency, and a pa-
tient with long-chain 3-hydroxyacyl-CoA dehydrogenase defi-
ciency. Fibroblasts were maintained in minimal essential medium
supplemented with 10 percent fetal-calf serum, 2 mM glutamine,
and antibiotics. Oxidation rates of [3H Jmyristate, [*H Jpalmitate,
and [C]Joleate were measured as previously described.!314 Cell
membranes were made permeable by the addition of 0.01 percent
digitonin to the incubation medium.

For uptake studies, tritiated ([9,10-3H(N)]) C,, to C,, fatty ac-
ids, [#C]2-deoxy-D-glucose, [*C]carnitine, and [*C]palmitoyl—
carnitine were obtained from Dupont—New England Nuclear
(Wilmington, Del.). The uptake of tritiated fatty acids was meas-
ured according to the method of Schaffer and Lodish.!s To each
well of a multi-well incubation plate, 1 wCi of arachidonic acid,
5 nCi of oleic acid, 5 uCi of palmitic acid, or 10 wCi of myristic
acid was added. Two sets of plates were analyzed in each experi-
ment; one was assayed at 37°C, and the second set was incubated
at 0°C for the purpose of determining nonspecific membrane
binding. The uptake of [#C]2-deoxy-D-glucose, [4C]carnitine,
and [*C]palmitoyl—carnitine (2.5 uCi of each) was studied ac-
cording to previously described methods.16:17

RESULTS

The initial findings for Patient 1 suggested an
underlying disorder of fatty-acid oxidation. Howev-
er, biochemical analysis of urine and plasma speci-
mens collected during acute illnesses showed mini-
mal accumulation of dicarboxylic acids, acylglycines,
or acylcarnitines; plasma levels of total and free car-
nitine were occasionally reduced, with no elevation
of the esterified fraction. When plasma free fatty ac-
ids were measured during the final episode in Pa-
tient 1 and the only episode in Patient 2, the values
were elevated (1.8 and 1.6 mmol per liter, respective-
ly; normal range, 0.5 to 1.5). When Patient 1 was
evaluated between episodes, values of 0.16 and 0.45
mmol per liter were recorded. In the case of Patient
2, his only other detectable biochemical abnormality
at presentation was a low plasma level of free car-
nitine (9 wmol per liter; normal range, 24 to 63),
with an esterified fraction of 2 umol per liter.

Although these results ruled out the majority of
known disorders of mitochondrial fatty-acid oxida-
tion, the rates of oxidation of myristic acid, palmitic
acid, and oleic acid in cultured skin fibroblasts were
abnormal, particularly in Patient 1 (Table 1). The se-
verity of the compromise of the oxidative flux was ap-
parently correlated with the length of the substrate.
Specific assays for many mitochondrial enzymes, from
carnitine palmitoyltransferase I to long-chain 3-keto-
acyl-CoA thiolase (the B-subunit of the trifunctional
protein), revealed normal activity in cultured skin fi-
broblasts from both patients (data not shown).
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TABLE 1. RATES OF FATTY-ACID OXIDATION
IN CULTURED SKIN FIBROBLASTS.*

INTACT
FIBROBLASTS

SUBSTRATE

(CHAIN LENGTH) PERMEABILIZED FIBROBLASTS
PATIENT PATIENT PATIENT PATIENT
1 2 1 2

NORMAL
SUBJECTST

percent of normalt pmol/min/mg of protein

Myristic acid (C,,,) 68 77 29 14 042,120
Palmitic acid (C,,) 32 67 109 56 6.28,6.60
Oleic acid (Cyy,) 20 ND ND  ND ND

*ND denotes not determined.

tValues are the medians for three normal subjects in two separate exper-
iments.

tValues indicate the percentages of the median values for three normal
subjects.

One month after the initial episode in Patient 1, a
needle biopsy of the liver showed patchy necrosis of
hepatocytes. The residual hepatocytes were markedly
swollen and vacuolated in the presence of mild,
chronic portal inflammation (Fig. 1A). Electron mi-
croscopy revealed moderate steatosis with increased
levels of glycogen and ultrastructural features sug-
gestive of nonspecific hepatocellular injury, such as
dilatation of the smooth endoplasmic reticulum,
normally shaped mitochondria with unremarkable
cristae, and dense granules in the matrix. These find-
ings were inconsistent with a diagnosis of Reye’s
syndrome or viral hepatitis but did not rule out an
underlying metabolic disorder or toxin-induced liver
injury.!!

An open liver biopsy was performed when Patient
1 was four years old and asymptomatic (serum ala-
nine aminotransterase, 55 U per liter; serum total
bilirubin, 0.7 mg per deciliter [12 pumol per liter];
prothrombin time, 12.5 seconds; plasma ammonia,
54 ug per deciliter [39 pumol per liter]; and plasma
free fatty acids, 0.09 mmol per liter). Morphologic
evaluation showed only mild fibrosis around the
portal tracts and focal vacuolization of hepatocytes
in otherwise normal tissue (Fig. 1B). Analysis of the
explanted liver (Fig. 1C and 1D), which was removed
when the patient was five years old, revealed mark-
edly abnormal hepatic parenchyma, with irregular
sinusoidal fibrosis (confirmed by trichrome and re-
ticulin stains), regenerative changes, and vacuolar
degeneration. Staining with oil red O showed non-
specific extracellular staining of fat droplets, with
only occasional cells containing microvesicular fat
droplets. In Patient 2, the explanted liver showed
massive hepatocellular necrosis, bile-duct prolifera-
tion, and collapsed fibrosis. Staining with oil red O
revealed mild deposition of fat globules in the cyto-
plasm of a few hepatocytes and in the interstitium.
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Figure 1. Morphologic Appearance of Liver Tissue from Patient 1.

In Panel A, the initial liver-biopsy specimen shows diffuse hepatocellular damage with degeneration due to edema, multivesicular
cytoplasmic vacuolization without nuclear displacement, a pseudoacinar arrangement, and focal necrosis (hematoxylin and eosin,
X400). Panel B shows a biopsy specimen obtained during a clinically quiescent period when the patient was four years old, one
month after an episode of liver failure. The morphologic findings are essentially unremarkable, with only minimal portal fibrosis
and hepatocellular vacuolization (hematoxylin and eosin, X200). In Panel C, a section of explanted liver shows loss of architecture,
hepatocellular damage with cytoplasmic vacuolization, a pseudoacinar arrangement, cholestasis, and diffuse interstitial fibrosis (he-
matoxylin and eosin, X200). In Panel D, a section of explanted liver stained with oil red O shows scattered fat droplets (red dots)
that are present mainly extracellularly (arrow); the arrowhead points to the cytoplasm of a representative hepatocyte without de-
tectable accumulation of fat (xX400).
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Levels of free fatty acids and carnitine were meas-
ured in tissue from the open liver biopsy in Patient 1.
The tissue homogenate revealed a distinctive profile,
characterized by low levels of myristic acid, palmitic
acid, stearic acid, oleic acid, and linoleic acid and el-
evated levels of carnitine (Table 2). This pattern was
essentially the opposite of those typically found in
patients with other disorders of fatty-acid oxidation
(Table 2).6

In the light of these results, a defect in the trans-
port of long-chain fatty acids at the plasma-mem-
brane level appeared likely, and oxidation experiments
were repeated after permeabilization of fibroblast
membranes with digitonin. In cells from both pa-
tients, the oxidation rate was similar to or higher
than that of normal subjects (Table 1). For compar-
ison, a cell line from a patient with a deficiency of
mitochondrial long-chain 3-hydroxyacyl-CoA de-
hydrogenase showed similar rates of palmitate oxida-
tion before and after membrane permeabilization (20
percent and 22 percent, respectively, of the mean
value of controls tested simultaneously).

The uptake of oleic acid (C,q,) in skin fibroblasts
from the patients was lower than that in control cells
(Table 3). As was true for the oxidation results, the
severity of the defect was correlated with the length
of the fatty acid tested (Table 3). To ascertain that
the observed deficit was not caused by a generalized
impairment of transport at the plasma-membrane
level, the uptake of carnitine and 2-deoxy-D-glucose
was measured in both patients and was normal
(Table 3).

Longo et al. have recently shown that palmitoyl—
carnitine is also a substrate for the plasma carnitine
transporter and that the affinity for this substrate is
higher than that for the physiologic substrate.’® Un-
like the uptake of palmitic acid by fibroblasts from
the patients, the uptake of palmitoyl—carnitine was
normal (Table 3), providing further evidence of a
defect in the transport of long-chain free fatty acids.
The uptake of oleic acid was normal or nearly nor-
mal in skin fibroblasts from all three patients with
other disorders of fatty-acid oxidation, whereas the
uptake of both carnitine and palmitoyl—carnitine
was reduced, as expected, in the patient with car-
nitine-uptake defect.

DISCUSSION

Fatty-acid oxidation is a complex process that be-
gins with the transport of fatty acids through the
plasma membrane. Although there is a general con-
sensus that short-chain and medium-chain fatty ac-
ids (C, to C,,) diffuse freely across plasma and mi-
tochondrial membranes, the mechanism of transport
of longer-chain species (C,, to C,,) has been the ob-
ject of intense debate. At least five different trans-
porters of long-chain fatty acids have been charac-
terized in different species at the protein or gene
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TABLE 2. LEVELS OF FREE FATTY ACIDS AND CARNITINE
IN LIVER HOMOGENATE.

PATIENTS WITH OTHER

DiSORDERS OF FATTY- NORMAL
METABOLITE PATIENT 1 Acip OXIDATION* SusJecTst
PERCENT
OF

VALUE NORMAL  RANGE MEDIAN RANGE ~ MEDIAN

pmol/

100 mg

of protein pmmol/100 mg of protein

Myristic acid 0.01 20 0.2-9.5 0.9 0.02-0.11 0.05
Palmitic acid 1.3 27 5.7-35.5 13.8 3.1-59 438
Stearic acid 0.6 50 2.4-8.3 3.4 1.0-1.3 1.2
Oleic acid 0.7 14 4.2-30.0 9.0 3.6-6.6 5.1
Linoleic acid 0.5 24 2.2-74.0 7.7 19-27 21
Carnitinef 1.7 212 0.3-1.2 05 06-11 038

*Liver specimens were obtained post mortem from five patients with
very-long-chain acyl-CoA dehydrogenase deficiency and five patients with
long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency, and all values
were confirmed by enzymatic or molecular analyses (or both).6

tValues were obtained in five unused segments of reduced-size liver
transplants.

tResults are expressed as micromoles per gram of wet weight.

level, 151922 but whether active transport actually oc-
curs is controversial. There are conflicting theories
of the way in which long-chain fatty acids penetrate
the cell membrane.22325 The degree of biochemical
and molecular characterization of putative fatty-acid
transporters varies considerably, and our understand-
ing of their similarities across species, expression in
tissues, substrate specificity, and regulation is limit-
ed. To our knowledge, none of the transporters de-
scribed thus far have been linked directly or indirect-
ly to disease in humans.

Disorders of the oxidation of long-chain fatty ac-
ids are characterized by fasting-induced hypoketotic
hypoglycemia, fatty infiltration of parenchymal or-
gans, and either acute liver dysfunction or myopathy,
with potentially severe cardiac involvement.*¢.12 The
clinical course of Patient 1 was characterized by sev-
eral episodes of acute hepatic failure followed by a
life-threatening event that required orthotopic liver
transplantation. Patient 2 had a single but extremely
severe episode of acute hepatic failure, which also re-
quired liver transplantation. The precise mechanism
of the liver injury remains to be determined.

As underscored by recent reports,®10 some disor-
ders of fatty-acid metabolism represent a major di-
agnostic challenge, because of tissue-specific expres-
sion of the defective enzyme, unexpected biochemical
phenotypes, or the absence of detectable biochemi-
cal markers in blood and urine even at the time of
acute illness. In our patients, the failure of extensive
biochemical investigations to reveal abnormal levels
of metabolites in plasma and urine, together with
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TABLE 3. UPTAKE OF VARIOUS SUBSTRATES IN CULTURED SKIN FIBROBLASTS.*

PATIENTS WITH OTHER DISORDERS

SuUBSTRATE (CHAIN LENGTH) PATIENT 1 PATIENT 2 oF FATTY-ACID METABOLISM NoRmAL SuBJecTst
CUD CPT I CPT II MEAN *2 SD RANGE
pmol/min/mg of protein (% of normal) pmol/min/mg of protein
Myristic acid (C,,,) 3(92) 4 (94) 3.5(97) ND ND 3.6+0.7 3.3-4.1
Palmitic acid (C,4,) 8 (50) 2.6 (72) 3.2 (89) ND ND 3.6+0.5 3.3-39
Oleic acid (Cy4,) 0 (34 ) (62) 2.4 (83) 2.6 (90) 2.4 (83) 29+0.4 2.7-3.0
Arachidonic acid (C,,,) 4 (45 ( 0) ND ND ND 5.3*x0.5 5.1-5.7
Carnitine 0.91 (102) 0.84 (94) 0.02 (2) 0.86 (97) 0.91 (102) 0.89+0.12 0.80-0.96
Palmitoyl—carnitine 39.8 (105) 38.3 (101) 11.8 (31) ND ND 37.9£2.6 36.2-39.5
2-Deoxy-D-glucose 180 (100) 163 (91) 169 (94) 166 (92) 170 (94) 180+40 160-200

*For all patients, the mean value of three separate experiments performed in triplicate is shown. CUD denotes carnitine-uptake defect,
CPT I carnitine palmitoyltransferase I deficiency, CPT II carnitine palmitoyltransferase II deficiency, and ND not determined.

tValues were obtained in three separate experiments performed in triplicate for each of three cell lines.

the finding of abnormal fatty-acid oxidation in vitro,
raised the suspicion of a defect located upstream of
the transport of long-chain fatty acids through the
mitochondrial membranes.? This hypothesis was con-
firmed by the finding that the oxidation of myristic
acid and palmitic acid increased after plasma-mem-
brane permeabilization, by the correlation between
the severity of the defect and the length of the sub-
strate tested, and by the presence of normal uptake
of other substrates. Previously, a disorder involving
a defective plasma-membrane carnitine transporter,
which impairs the uptake of carnitine in the kidney,
muscle, and skin fibroblasts, but not in liver, has
been reported.l”

Of particular interest was the absence of fatty in-
filtration of the liver in our patients, a finding that
was initially interpreted as incompatible with an
underlying disorder of fatty-acid oxidation. A num-
ber of children with acute or fulminant liver failure
and atypical liver histologic findings have been de-
scribed.262 In one study,?® seven patients had clini-
cal and morphologic features similar to those of our
patients and four also had unspecified patterns of di-
carboxylic aciduria, but an underlying disorder of
fatty-acid oxidation was considered unlikely because
of the absence of abnormal biochemical findings af-
ter the patients recovered.

Our report should lead to both retrospective and
prospective identification of additional patients with
the same disorder and eventually to a better under-
standing of the underlying mechanisms of this dis-
ease. Although extensive studies will be needed to
pinpoint the molecular basis of this disorder, the
finding of a defect in fatty-acid uptake with severe
clinical manifestations supports the view that active
transport of long-chain fatty acids is required in in-
fants and young children to maintain hepatic keto-
genesis and energy supply during fasting.
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