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Abstract Fatty liver dystrophy (

 

fld

 

) is an autosomal reces-
sive mutation in mice characterized by hypertriglyceridemia
and fatty liver during neonatal development. The fatty liver
in 

 

fld/fld

 

 mice spontaneously resolves between the age of
14–18 days, at which point the animals develop a neurop-
athy associated with abnormal myelin formation in periph-
eral nerve. We have investigated the morphological and bio-
chemical alterations that occur in the fatty liver of neonatal

 

fld/fld

 

 mice. Studies at the light and electron microscopic
level demonstrated the accumulation of lipid droplets and
hypertrophic parenchymal cells in 

 

fld

 

 neonates, with no ap-
parent liver pathology after resolution of the fatty liver. To
better characterize the biochemical basis for the develop-
ment of fatty liver in 

 

fld

 

 mice, we compared protein expres-
sion patterns in the fatty liver of 

 

fld

 

 mice and in the liver of
phenotypically normal (wild-type) littermates using quanti-
tative two-dimensional gel electrophoresis. We detected 24
proteins with significantly altered expression levels (

 

P

 

 

 

,

 

0.001) in the 

 

fld

 

 fatty liver, 15 of which are proteins that are
altered in abundance by peroxisome proliferating chemi-
cals. As these compounds characteristically elicit changes in
the expression of mitochondrial and peroxisomal enzymes
involved in fatty acid oxidation, we quantitated rates of
fatty acid oxidation in hepatocytes isolated from 

 

fld

 

 and
wild-type mice.  These studies revealed that hepatic fatty
acid oxidation in 

 

fld

 

 neonates is reduced by 60% compared
to wild-type littermates. In hepatocytes from adult 

 

fld

 

 mice
that no longer exhibit a fatty liver, oxidation rates were sim-
ilar to those in hepatocytes from age-matched wild-type
mice. These findings indicate that altered expression of
proteins involved in fatty acid oxidation is associated with
triglyceride accumulation in the 

 

fld

 

 fatty liver.—
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Fatty liver (hepatic steatosis) occurs in association with a
wide range of diseases, toxins, and drugs (reviewed in ref. 1).
The majority of clinically significant occurrences are related
to excessive alcohol intake, diabetes, obesity, and cachexia re-
sulting from debilitating disease. Less prevalent causes of
fatty liver include inborn errors in fatty acid 

 

b

 

-oxidation or
urea cycle enzymes, Reye’s syndrome, acute fatty liver of
pregnancy, protein–calorie malnutrition, and drug toxicity.
Some evidence suggests that an individual’s susceptibility to
developing fatty liver may be determined, in part, by genetic
factors (2). Although some forms of fatty liver have tradition-
ally been considered clinically benign, it is now clear that ste-
atosis can lead to the development of more advanced liver
pathology. It therefore becomes important to elucidate the
genes and underlying biochemical mechanisms that contrib-
ute to the development and progression of fatty liver.

As only limited aspects of the development of hepatic
steatosis can be investigated directly in humans, experi-
mental animal models fulfill an important role in studies
aimed at defining the underlying biochemical derange-
ments. In this study, we further characterize the fatty liver
in a mutant mouse strain known as fatty liver dystrophy
(

 

fld

 

). 

 

Fld

 

 is a recessive mutation that spontaneously arose
in the BALB/cByJ mouse strain in 1981 (3). Thus, only
mice homozygous for mutant alleles at the 

 

fld

 

 locus (

 

fld/
fld

 

 genotype) exhibit the fatty liver phenotype; heterozy-
gotes (+/

 

fld

 

 genotype) appear phenotypically normal,
and cannot be distinguished from mice homozygous for
the wild-type allele (

 

+/+

 

 genotype)

 

3

 

. The 

 

fld

 

 animals ap-

 

Abbreviations: 

 

fld

 

, fatty liver dystrophy; apo, apolipoprotein; 2DE,
two-dimensional gel electrophoresis.
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Throughout the text, the term “

 

fld

 

” is used to indicate mice of the

 

fld/fld

 

 genotype, and “wild-type” is used to indicate mice of genotypes

 

1

 

/

 

1

 

 and 

 

1

 

/

 

fld

 

, both of which appear phenotypically normal.
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pear normal at birth, but upon suckling, rapidly develop
an enlarged fatty liver that is evident by the distended ap-
pearance of the abdomen and blanched white liver, which
can be seen through the skin of the neonatal mice. The
excess lipid in the liver is virtually all triglyceride, with a
slight elevation in diglycerides, but no apparent changes
in cholesterol, cholesteryl ester, or phospholipids (4).
Concomitant with the appearance of the fatty liver, neona-
tal 

 

fld

 

 mice exhibit hypertriglyceridemia (1000 mg/dL),
elevated hepatic mRNA levels for apolipoproteins (apo)
A-IV and C-II, and diminished hepatic lipase mRNA levels
and activity (3). In addition, lipoprotein lipase activity is
greatly diminished in white adipose tissue, although activ-
ity is normal or only slightly reduced in liver, brown adi-
pose, and heart.

Notably, triglyceride levels in liver and blood of 

 

fld

 

 mice
spontaneously return to normal at the suckling/weaning
transition at postnatal days 13–18 (3). Although this rever-
sion coincides with the change from a diet that is rich in
triglycerides (mother’s milk) to one that is low in fat and
high in carbohydrates (mouse chow), two lines of evi-
dence indicate that the resolution is a genetically pro-
grammed event, and not the result of a change in diet. 

 

1

 

)
In 

 

fld

 

 mice fed mother’s milk for a prolonged period with-
out weaning, the fatty liver returns to normal on the same
schedule as in weaned mice; and 

 

2

 

) after weaning, feeding

 

fld

 

 mice a triglyceride-rich diet fails to elicit a fatty liver or
hypertriglyceridemia (3).

After resolution of the fatty liver, the primary outward
manifestation of the 

 

fld

 

 mutation is a neuropathy charac-
terized by an unsteady gait and loss of control of the hind
legs. This neuropathy has been attributed to abnormali-
ties in formation and maintenance of the myelin sheath in
the peripheral nerve (5). The 

 

fld

 

 mutation has been
mapped to a single locus on mouse chromosome 12 (6),
indicating that the lipid and nerve abnormalities in 

 

fld

 

mice most likely result from a mutation occurring within a
single gene. Thus, the 

 

fld

 

 mutation represents a model for
elucidating mechanisms that contribute to both the devel-
opment and resolution of steatosis and subsequent mani-
festation of peripheral neuropathies associated with dys-
lipidemias.

We have investigated the morphological and biochemi-
cal alterations that occur in the fatty liver of neonatal 

 

fld

 

mice. Light and electron microscopic studies reveal mi-
crovesicular steatosis in hepatocytes of neonatal 

 

fld

 

 mice,
with no apparent pathology in the liver of adult 

 

fld

 

 mice.
To better characterize the biochemical basis for the devel-
opment of fatty liver in 

 

fld

 

 mice, we compared protein
expression patterns in the fatty liver of 

 

fld

 

 mice and in
the liver of wild-type littermates using quantitative two-
dimensional gel electrophoresis. The 

 

fld

 

 fatty liver exhib-
ited elevated expression levels of several proteins known
to be altered in abundance by peroxisome proliferating
compounds. As these compounds regulate the expression
of enzymes involved in fatty acid oxidation, we quanti-
tated rates of fatty acid oxidation in hepatocytes isolated
from 

 

fld

 

 and wild-type mice. Our findings indicate that al-
tered expression of proteins involved in fatty acid oxida-

tion is associated with triglyceride accumulation in the 

 

fld

 

fatty liver.

METHODS

 

Animals

 

Non-tested breeding pairs of mouse strain BALB/cByJ-

 

fld

 

 were
obtained from the Mouse Mutant Resource colony at the Jackson
Laboratory (Bar Harbor, ME). All mice were maintained in a 12-
h light/dark cycle and fed Purina Mouse Chow 5001 ad libitum.
Pairs were bred continually for up to 6 months to produce 

 

fld/fld

 

and wild-type (

 

1

 

/?) offspring used in these studies. All animals
received humane care as outlined in the “Guide for the Care and
Use of Laboratory Animals.”

 

Light and electron microscopy

 

Mice were anesthetized with isoflurane (Forane, Ohmeda
PPD, Inc.) and livers were fixed by whole body intracardiac per-
fusion of a solution consisting of 2% paraformaldehyde and 2%
glutaraldehyde in 0.1 

 

m

 

 cacodylate buffer. Portions of the right
lobes of liver were excised, diced into 1–2 mm blocks, and placed
into the above fixative for 30 min. This was followed by postfix-
ation of the blocks with 1% osmium tetroxide for 1 h. Tissue
blocks were rinsed in cacodylate buffer, dehydrated in ethanol,
and embedded in Polybed 812 epoxy resin. Semi-thin sections
were deplasticized in alcoholic sodium hydroxide, stained with
toluidine blue, and photographed with an Olympus AH-2 light
microscope. Thin sections for electron microscopic analysis were
stained with lead and uranium salts and examined in a JEOL
1200X electron microscope.

 

Hepatic triglyceride measurements

 

Lipid extracts were prepared from the livers of 6-day-old wild-
type and 

 

fld

 

 mice and triglycerides were determined enzymati-
cally (Triglycerides-GB Reagent Kit, Boehringer Mannheim Diag-
nostics, Indianapolis, IN) as described (7).

 

Quantitative 2-dimensional gel electrophoresis (2DE)

 

Livers were harvested from 5–7-day-old 

 

fld

 

/

 

fld

 

 and wild-type
mice and immediately frozen in liquid nitrogen until processing.
In preparation for electrophoresis, livers were homogenized in 1
ml of a solution containing 9 

 

m

 

 urea, 4% Nonidet P-40, 5% 

 

b

 

-
mercaptoethanol, and 2% pH 9–11 ampholytes per 250 mg (fro-
zen tissue weight) (8). The homogenate was centrifuged for 5
min at 100,000 rpm (435,000 

 

g

 

) in a Beckman TL 100 ultracentri-
fuge, and the supernatant was decanted.

2DE was carried out with 10 individual livers of each pheno-
type (i.e., 10 

 

fld

 

/

 

fld

 

 and 10 wild-type). For electrophoresis in
the first dimension, 10 

 

m

 

l of liver homogenate (0.25 mg pro-
tein) was loaded onto polyacrylamide rods containing an
equal mixture of Biolyte pH 3–10 and pH 5–7 ampholytes. Sec-
ond dimension electrophoresis was performed on 10–17%
SDS polyacrylamide gradient gels. Gels were fixed, stained in
0.125% Serva blue R (Coomassie blue R250)/2.5% (vol/vol)
H

 

3

 

PO

 

4

 

/50% ethanol), and destained in 20% ethanol. 2DE pat-
terns were digitized using an Eikonix 1412 scanner and spot
matches were made by an automatic matching algorithm. Spot
densities were integrated to detect proteins showing statisti-
cally significant differences between 

 

fld

 

/

 

fld

 

 and wild-type sam-
ples (

 

P

 

 

 

,

 

 0.001).

 

Primary hepatocyte isolation

 

Hepatocytes were isolated by recirculating perfusion of livers
from 12-day-old and adult mice as described (9). Perfusion of the
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livers from young mice was made possible by the use of extra fine
tubing (0.5 mm diameter) for cannulation of the portal vein (Bio-
Time, Inc., Berkeley, CA). Primary hepatocytes were cultured in
arginine-free Dulbecco’s modified Eagle’s medium (Life Sci-
ences, Grand Island, NY) containing 10% fetal calf serum at 37

 

8

 

C
in 5% CO

 

2

 

. The use of arginine-free medium prevents the
growth of fibroblasts that may be present in hepatocyte prepara-
tions from neonatal mice.

 

Hepatic lipase activity assay

 

Hepatic lipase activity in hepatocyte culture medium was de-
termined using a tri[

 

3

 

H]oleate substrate (10). Three culture
plates each for wild-type and 

 

fld

 

 hepatocytes were treated with he-
parin (10 U/ml) for 24 h, and 50-

 

m

 

l aliquots were removed for
assays performed in duplicate from each plate. In measurements
presented, one mU of enzyme activity represents the release of 1
nmol of fatty acid per min.

 

Northern blot analysis

 

Total RNA was isolated from cultured hepatocytes by extrac-
tion with TriZol (Gibco BRL, Gaithersburg, MD). RNA (10 

 

m

 

g)
was electrophoresed in formaldehyde gels, blotted, and hybrid-
ized to 

 

32

 

P-labeled cDNA probes for mouse apoA-IV and apoA-I
as described (11).

 

Palmitate oxidation assay

 

Freshly isolated hepatocytes were plated at a density of 10

 

5

 

cells/well in 24-well tissue culture plates (one well 

 

5

 

 2 cm

 

2

 

).
Plates were incubated 20 h at 37

 

8

 

C in 5% CO

 

2

 

. Palmitate oxida-
tion was assayed using a [9,10(n)

 

3

 

H]palmitate substrate (54 Ci/
mmol, Amersham, Arlington Heights, IL) by the method of
Moon and Rhead (12). Briefly, cell monolayers were rinsed
twice with phosphate-buffered saline and incubated in 0.2 ml of
substrate mixture containing 22 

 

m

 

m

 

 unlabeled palmitate 

 

1

 

 5

 

m

 

Ci [

 

3

 

H]palmitate in Hank’s basic salt solution (Life Sciences,
Grand Island, NY) containing 0.5 mg/ml BSA. Negative con-
trols were prepared by treating the monolayer with methanol
for 30 s to abolish cellular metabolism. In initial studies, cells
were incubated in the palmitate reaction mixture for times
ranging from 15 min to 3 h to ascertain linearity of the assay.
For data presented, 2 h was used, at which time the reaction
medium was collected from the cell monolayers and treated
with 0.2 ml 10% trichloroacetic acid. Cell monolayers were
washed with an additional 0.1 ml PBS and the wash was pooled
with the initial reaction medium. The protein precipitate was
removed by centrifugation at 8500 

 

g

 

 for 5 min. Supernatants
were treated with 70 

 

m

 

l of 6 N NaOH, and applied to a 1 ml
Dowex-1 (Sigma Chemical, St. Louis, MO) column. The 

 

3

 

H

 

2

 

O,
which is an end product of oxidation, passes through the col-
umn. This sample, together with a 1-ml water wash, was directly
quantitated by scintillation counting in 10 ml EcoLite (ICN, Ir-
vine, CA).

To determine total cellular protein of cultures used for oxi-
dation assays, 1 ml of water was added to cell monolayers after
removal of reaction medium and cells were subjected to 3 cycles
of freezing (

 

2

 

70

 

8

 

C) and thawing (37

 

8

 

C). Proteins were deter-
mined using a modified Bradford protein assay reagent (Bio-
Rad, Hercules, CA).

 

Statistical analyses

 

Values for 2DE protein levels, hepatic lipase activities (9),
and fatty acid oxidation rates are given as mean 

 

6

 

 SD. The Stu-
dent’s 

 

t

 

-test was used to test for differences between 

 

fld

 

 and
wild-type mice. Differences were considered statistically signifi-
cant at 

 

P

 

 

 

,

 

 0.05.

 

RESULTS

 

Accumulation of triglyceride in hepatocytes from
neonatal 

 

fld

 

 mice

As originally described, fld/fld mice (referred to hence-
forth as fld) can be distinguished from their unaffected lit-
termates in the first few postnatal days by smaller body
size, the appearance of a swollen abdomen due to he-
patomegaly, and the distinctive pale fatty liver (3). Ex-
amination of liver morphology by light microscopy re-
vealed microvesicular steatosis in parenchymal cells from
neonatal fld mice (Fig. 1b), compared to the small sparse
lipid droplets in the liver of wild-type littermates (Fig. 1a).
Triglyceride concentration in neonatal fld mice was ele-
vated 6-fold compared to wild-type mice (43.7 vs. 7.6 mg
triglyceride/mg liver protein). In addition, the fld hepato-
cytes were hypertrophic due to the large mass of intracellu-
lar triglyceride, resulting in the characteristic hepatomeg-
aly observed in neonatal fld mice. In contrast to fld neonates,
parenchymal cells of adult fld mice (Fig. 1d) appear simi-
lar to those from their wild-type counterparts (Fig. 1c)
with a normal number and distribution of lipid droplets.

At the ultrastructural level, liver parenchymal cells from
fld neonates exhibit only subtle differences compared to
those from wild-type mice (see Fig. 2). Mitochondria and
peroxisomes are evident in both wild-type and fld cells,
and often occur in direct physical contact with lipid drop-
lets. In some fld cells, we detected unusual cytoplasmic
structures that appear to consist of membrane stacks or
whorls (arrows in Fig. 2c), the origin of which is unknown.
Analysis by electron microscopy revealed no differences in
liver morphology in mature fld mice (not shown).

Altered expression levels of peroxisome
proliferator-regulated proteins in fld fatty liver

The initial characterization of the fld fatty liver revealed
altered hepatic expression levels of three proteins in-
volved in lipid metabolism, hepatic lipase, apolipoprotein
A-IV, and apolipoprotein C-II (3). To produce a compre-
hensive overview of protein expression patterns in the fld
fatty liver, we performed quantitative 2DE of liver proteins
from fld and wild-type mice at 5 days of age. Equivalent
amounts of protein from liver homogenates were sub-
jected to isoelectric focusing followed by SDS polyacryla-
mide gel electrophoresis, and the resulting protein pat-
terns were analyzed for qualitative and quantitative
differences (8). Liver samples from each of 10 wild-type
and 10 fld mice were examined. A typical 2DE pattern of
hepatic proteins from an fld fatty liver is shown in Fig. 3.
While 2DE patterns resulting from fld and wild-type livers
were qualitatively similar, quantitation of more than 400
distinct proteins detected by Coomassie Blue staining re-
vealed significantly altered levels (P , 0.001) of 24 pro-
teins in the fatty liver compared to wild-type liver (arrows
in Fig. 3 and Table 1). Of these, 22 proteins were ex-
pressed at significantly higher levels in the fatty liver,
whereas only 2 proteins (spots 36 and 112) were dimin-
ished in the fld mice (Table 1). In contrast to the pro-
nounced difference in protein expression pattern be-
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Fig. 1. Light micrographs of liver sections from 9-day and 3-month-old fld/fld and wild-type mice. Liver sections were prepared from wild-
type and fld/fld mice, stained with toluidine blue, and viewed at a magnification of 4953. (a) Hepatocytes from 9-day-old wild-type mice
contain small, sparse lipid droplets, visible as clear spherical structures (lipid droplets are dissolved with alcoholic sodium hydroxide dur-
ing tissue preparation). (b) Hepatocytes from 9-day-old fld/fld mice are hypertrophic and characterized by extensive accumulation of large
lipid droplets. At 3 months of age, hepatocytes from wild-type (c) and fld/fld mice (d) appear similar, with only sparse lipid droplets and no
hypertrophy.
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Fig. 2. Electron micrographs of hepatocytes from 9-day-old fld/fld and wild-type mice. Thin sections of liver were prepared, stained with
lead and uranium salts, and viewed at a magnification of 30,0003 (panels a and b) or 60,0003 (panel c). (a) In the wild-type liver, note ad-
jacent hepatocytes showing normal ultrastructural appearance. N, nucleus; L, lipid droplet; M, mitochondria; P, peroxisome. (b) Hepato-
cytes from fld/fld exhibit larger, abundant lipid droplets. (c) fld/fld hepatocyte with whorls or membrane stacks (W).
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tween fld and wild-type at 5 days of age, there are few
apparent differences in expression levels between adult
fld and wild-type liver, indicating that protein expression
levels in fld liver are largely normalized after the fatty liver
is resolved (data not shown).

A comparison of the 2DE patterns with the mouse pro-
tein database maintained at Argonne National Laboratory
(8, 13) allowed identification of some of the 24 proteins
with altered expression in the fatty liver of 5-day-old fld
mice. Proteins with elevated expression levels in the fatty
liver include keratin (spot 23), b-actin (spot 29), and g-ac-
tin (spot 185). Additionally, spot 245 was identified as
apoA-IV by immunoblot analysis using specific antibodies
(data not shown). ApoA-IV protein levels are elevated 7-
fold in the fld fatty liver (Table 1), reflecting the previ-
ously described elevation in apoA-IV mRNA (3). Expres-
sion levels of a related protein, apoA-I (spot 294 in the
mouse protein database), are not altered in the fatty liver.

Additional information in the 2DE database revealed
that a majority of the 24 proteins with altered expression

in fld fatty liver respond to peroxisome proliferating
agents. These chemicals induce a variety of responses in
liver: increased peroxisome number, hypertrophy, hepato-
carcinogenesis, and altered expression levels of specific
proteins in peroxisomes, mitochondria, microsomes, and
cytoplasm (14–17). These compounds are also effective in
lowering serum triglyceride levels, an effect which has
been attributed to increased expression levels of several
fatty acid oxidation genes, including enzymes for fatty
acid b-oxidation in peroxisomes and mitochondria, and
v-oxidation in microsomes. For 17 of the 24 proteins with
altered expression levels in fld fatty liver, information is
available concerning response to four different peroxi-
some proliferating compounds (clofibrate, cipofibrate, di-
(2-ethylhexyl)-phthalate, and [4-chloro-6(2,3-xylidino)2-
pyrimidinylthio]acetic acid, known as WY-14,463) (8). Of
these 17 proteins, 88% (15/17) respond to one or more
peroxisome proliferating agents, and the majority (65%;
11/17) respond to one specific proliferating chemical,
WY-14,463. This represents twice the frequency of all data-

Fig. 3. Representative 2-dimensional gel electrophoresis pattern from livers of 5-day-old fld/fld mice. Pro-
teins with altered abundance in fld/fld compared to wild-type liver samples are indicated by arrows and pro-
tein spot numbers that have been assigned in the Argonne National Laboratory Mouse 2DE Database (8,
13). The gel is oriented with acidic proteins to the left, basic proteins to the right, high molecular weight pro-
teins toward the top, and low molecular weight proteins toward the bottom, with molecular mass standards
indicated along the left edge (3 1023 kDa). All proteins indicated with arrows exhibited elevated levels in
fld/fld compared to wild-type mice, except spots 36 and 112, which were diminished in fld/fld liver. The rela-
tive levels of the indicated proteins in wild-type and fld liver are presented in Table 1. (Note that spot number
98 in the figure was subsequently determined not to exhibit altered levels in fld vs. wild-type and is not in-
cluded in Table 1.)
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base proteins that have been tested for response to WY-
14,463 (94/287) (8).

Reduced efficiency of fatty acid oxidation in 
fld hepatocytes

As peroxisome proliferators are known to induce mito-
chondrial and peroxisomal proteins that function in fatty
acid b-oxidation, we measured fatty acid oxidation rates in
hepatocytes isolated from fld and wild-type mice. We first
determined that hepatocytes isolated from 12-day-old fld
mice can be grown in culture for up to 4 days and main-
tain the hallmark features of the fatty liver, including the
characteristic lipid accumulation (data not shown), a 2-
fold reduction in hepatic lipase activity (0.85 6 0.17 mU/ml
culture medium for fld compared to 1.48 6 0.10 mU/
ml for wild-type), and elevated apoA-IV mRNA levels. As
shown in Fig. 4, mRNA levels for apoA-I are similar be-
tween wild-type and fld hepatocytes (lower arrow), while
apoA-IV mRNA levels are dramatically increased in the fld
hepatocytes (upper arrow). The preservation of these fea-
tures of the fld fatty liver in isolated hepatocytes indicates
that they result from an intrinsic aberration in metabolism
at the cellular level, and indicate that the isolated cells are
a valuable model in which to study the biochemical basis
for development of the fatty liver.

For fatty acid oxidation studies, hepatocytes from fld

and wild-type mice were isolated by collagenase perfusion,
cultured overnight, and then incubated with a radiola-
beled fatty acid substrate ([9,10(n)-3H]-palmitate) for 2 h.
The release of 3H2O was quantitated as a measure of the

TABLE 1. 

Spot
Number

Molecular
Weight

Protein Level Peroxisome
Prolif.

ResponseWild-type fld fld/wt

1 72,500 66,133 (17.7%) 105,991 (14.4%) 1.60 1
23 48,000 17,963 (11.3%) 28,204 (18.9%) 1.57 1
29 43,200 18,024 (16.3%) 38,106 (15.1%) 2.11 1
36 35,700 40,683 (12.2%) 14,969 (28.2%) 0.37 1

112 33,500 5221 (17.5%) 2438 (34.8%) 0.47 1
181 47,300 2368 (11.9%) 3388 (17.6%) 1.43 1
185 44,700 4069 (33.6%) 9006 (30.3%) 2.21 1
198 62,000 3822 (13.0%) 6416 (9.0%) 1.68 1
206 34,000 5036 (13.7%) 13,318 (22.7%) 2.64 1
223 62,500 1504 (12.8%) 2305 (10.5%) 1.53 1
227 25,800 2147 (54.0%) 4571 (23.2%) 2.13 1
245 43,000 7306 (34.3%) 53,163 (20.4%) 7.28 2
258 61,700 2262 (6.8%) 3163 (8.7%) 1.40 1
301 38,700 2286 (11.6%) 3149 (11.6%) 1.38 1
316 27,900 2944 (10.4%) 7154 (16.2%) 2.43 1
395 33,400 1612 (29.1%) 3252 (14.9%) 2.02 2
421 49,500 957 (11.2%) 1311 (12.9%) 1.37 n.d.
433 60,600 1849 (12.0%) 3162 (12.2%) 1.71 n.d.
436 34,000 2007 (18.9%) 4384 (30.4%) 2.18 1
485 43,500 1617 (18.3%) 2339 (15.3%) 1.45 n.d.

1038 49,000 1042 (27.3%) 1853 (17.0%) 1.78 n.d.
1061 54,000 947 (32.2%) 1904 (27.7%) 2.01 n.d.
1067 43,400 1611 (33.4%) 3799 (21.9%) 2.36 n.d.
1096 58,000 1427 (47.3%) 2898 (17.2%) 2.03 n.d.

Liver protein homogenates from 5-day-old wild-type and fld mice were analyzed by quantitative 2DE as de-
scribed in Methods. The 24 proteins listed were present at significantly different levels in the livers of fld/fld com-
pared to wild-type (+/?) mice (P , 0.001). Spot numbers correspond to proteins in the 2DE database (8, 13). Mo-
lecular weights were estimated from migration position compared to standards. Relative protein levels in wild-type
and fld samples were determined from integrated spot densities and are given in arbitrary units with the coefficient
of variation for samples from 10 animals of each phenotype (shown in parentheses). The fld/wt value represents
the ratio of fld to wild-type protein levels. Proteins known to be altered in abundance by treatment with peroxi-
some proliferating chemicals are denoted by “1”; proteins that do not respond are denoted “2”; and proteins for
which response to peroxisome proliferators has not been determined by are denoted n.d.

Fig. 4. mRNA levels for apoA-IV and apoA-I in cultured hepato-
cytes prepared from 12-day-old fld/fld and wild-type mice. Isolated
hepatocytes from 12-day-old fld/fld and wild-type (wt) mice were
maintained in culture for 4 days and the total RNA was isolated.
Northern blot analysis was performed with 10 mg of RNA. Hepato-
cytes from fld/fld mice (lane 1) exhibit approximately 90-fold higher
levels of mRNA for apoA-IV (upper band) than cells from wild-type
littermates (lane 2), although mRNA levels for apoA-I (lower band)
are similar in both.
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rate of b-oxidation (12). We chose palmitate for this assay
because it can serve as a substrate for oxidation in both per-
oxisomes and mitochondria, and therefore would measure
overall b-oxidation efficiency in the fld hepatocytes.

Results of the palmitate oxidation assay are shown in
Fig. 5. In assays performed with hepatocytes from 12-day-
old mice, fld cells exhibited a 60% reduction in the rate of
palmitate oxidation compared to cells from wild-type
mice. In contrast, oxidation efficiency in hepatocytes from
adult fld mice (60 days of age) that no longer accumulate
intracellular triglyceride was similar to that of age-matched
wild-type mice (Fig. 5). Thus, the rate of palmitate oxidation
is diminished in neonatal but not adult fld hepatocytes.
These results are consistent with a role for reduced fatty
acid oxidation contributing to the accumulation of triglyc-
eride in the liver of neonatal fld mice, or as a secondary
phenotype arising from the triglyceride accumulation.

DISCUSSION

We present here a further characterization of the al-
tered protein expression and lipid metabolism in the fatty
liver of the fld mutant mouse. It is clear from examination
of both liver sections and isolated hepatocytes that the ac-
cumulation of lipid in the liver of neonatal fld/fld mice
occurs within the parenchymal cells and cannot be attrib-
uted to other cell types such as Kupffer cells or fat-storing
Ito cells. We also determined that isolated neonatal hepa-
tocytes grown in culture up to 4 days continue to exhibit
characteristic features of the fatty liver phenotype, includ-
ing cytoplasmic lipid droplets, elevated apoA-IV mRNA
levels, and reduced hepatic lipase activity. This retention

of the mutant phenotype in cultured fld hepatocytes sug-
gests that the fatty liver develops as a result of an intrinsic
defect and is not caused by the hypertriglyceridemia that
also persists during the neonatal period.

An overview of hepatic protein expression patterns as-
sociated with microvesicular steatosis has not, to our
knowledge, been previously reported. We have utilized
quantitative 2DE to compare protein expression patterns
in the fatty liver of neonatal fld mice with that of their
wild-type counterparts, and detected 24 proteins with al-
tered expression levels. Fifteen of the proteins that exhibit
increased expression levels in the fld liver are known to be
altered in abundance by peroxisome proliferating com-
pounds (Table 1 and ref. 8). Although the fld mutation
and peroxisome proliferator compounds both elicit al-
tered expression levels of several of the same proteins, no-
table differences between the two conditions are appar-
ent. Our morphological studies revealed that the fld fatty
liver does not exhibit pronounced peroxisome prolifera-
tion or increased fatty acid oxidation, suggesting that the
proteins induced in the fld liver represent a subset of per-
oxisome proliferator-regulated proteins from cellular com-
partments other than peroxisomes. Another notable dif-
ference is that peroxisome proliferators decrease the
expression levels of apoA-IV (18), in contrast to the dra-
matically elevated apoA-IV levels observed in the fld liver.
Although the function of apoA-IV is not well understood,
it has been proposed that this protein has a role in intra-
cellular triglyceride storage or synthesis of triglyceride-
rich lipoproteins (19), and its elevated expression in the
fatty liver may therefore represent a secondary response
to the accumulated lipid.

Our studies of morphology and protein expression in
the fld fatty liver are consistent with a scenario in which
triglyceride accumulates in the liver as a result of the fld
gene mutation, triggering a secondary response in which
a subset of peroxisome proliferator-activated proteins are
induced by the accumulated lipid. Although the identity
and function of most of the induced proteins is not yet
known, an attractive hypothesis is that they may have a
role in the subsequent mobilization or metabolism of tri-
glyceride from the liver which occurs as the fld mice ma-
ture. The resolution of the fatty liver at 13–18 days of age
coincides temporally with the developmental induction of
both increased capacity for fatty acid oxidation and effi-
cient secretion of triglycerides in the form of very low den-
sity lipoprotein. Specifically, levels of the acyl-CoA dehy-
drogenases, which catalyze the first step of mitochondrial
fatty acid oxidation, are low at birth and then increase sev-
eral-fold to peak at postnatal days 10–14, at a time when
the fld fatty liver begins to resolve (20). Similarly, the ca-
pacity for hepatic secretion of triglyceride-rich very low
density lipoprotein is limited in neonatal rats, but in-
creases to near adult levels shortly before the age of wean-
ing (typically 18–21 days) (21). Clearly, it is of interest to
determine whether proteins involved in these processes
are among those that exhibit altered expression levels in
the fatty liver; we are currently approaching this problem
by isolating differentially expressed mRNA species from

Fig. 5. Palmitate oxidation in hepatocytes isolated from fld/fld
and wild-type mice at 12 and 60 days of age. Hepatocytes were iso-
lated by collagenase perfusion and grown in culture overnight.
Cells were incubated with [3H]palmitate, and the formation of
3H2O was quantitated as a measure of the rate of palmitate oxida-
tion (see Methods). Palmitate oxidation rates for individual sam-
ples were normalized on the basis of total cellular protein. Each bar
value represents the mean of 6–8 experimental points derived from
two or more independent assays. Error bars indicate SD.
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the fatty liver and determining the cDNA sequence to
identify the corresponding protein products.

The fld gene has not yet been identified, but has been
mapped to proximal chromosome 12 in the mouse, a re-
gion which corresponds to the short arm of human chro-
mosome 2 (6). The chromosomal localization of the mu-
tant gene makes it possible to exclude previously mapped
genes encoding lipid metabolism proteins, peroxisome
proliferator activated receptors, and known neurological
mutations (3–5, 22–24). There are no obvious candidate
genes which localize to the appropriate genomic region,
suggesting that the fld locus may represent a novel gene;
efforts are underway to identify this gene by a positional
cloning strategy. These studies are likely to provide new
insights into the metabolic basis for the development of
fatty liver and lipid homeostasis in the newborn.
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