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Abstract Previous experiments in mice showed that dietary
trans-fats could play a role in non-alcoholic steatohepatitis
(NASH) yet little is known about the accumulation trans-fats in
hepatic lipid pools in relationship to liver injury. NASH is also
associated with obesity yet improves with only modest weight
loss. To distinguish the role of obesity versus sustained con-
sumption of a trans-fat containing diet in causing NASH, mice
with obesity and NASH induced by consuming a high trans-fat
diet for 16 weeks were subsequently fed standard chow or
maintained on trans-fat chow for another 8 weeks. The accu-
mulation, partitioning and loss of trans-fats in the major hepatic
lipid pools during and after frans-fat consumption were

B. A. Neuschwander-Tetri - M. Basaranoglu - L. H. Tetri
Division of Gastroenterology and Hepatology, Department
of Internal Medicine, Saint Louis University, Saint Louis, USA

B. A. Neuschwander-Tetri
Liver Center, Saint Louis University, Saint Louis, USA

B. A. Neuschwander-Tetri (D<)
3635 Vista Ave., Saint Louis, MO 63110, USA
e-mail: tetriba@slu.edu

D. A. Ford
Department of Biochemistry and Molecular Biology,
Saint Louis University, Saint Louis, USA

D. A. Ford
Center for Cardiovascular Research, Saint Louis University,
Saint Louis, USA

S. Acharya - G. Gilkey
School of Medicine, Saint Louis University,
Saint Louis, USA

E. M. Brunt
Department of Pathology and Immunology,
Washington University, Saint Louis, USA

determined. Obese mice switched to standard chow remained
obese but steatohepatitis improved. frans-fats were differen-
tially incorporated into the major hepatic lipid pools and the loss
of trans-fats after crossover to control chow was greatest in the
cholesteryl ester pool. In summary, dietary changes can
improve the biochemical and histopathological changes of
NASH despite persistent obesity in mice. Analysis of hepatic
lipids confirmed that dietary trans-fats accumulate in the major
lipid pools and are released differentially with diet normaliza-
tion. The substantial loss of trans-fats from the cholesteryl ester
pool in parallel with improvement in NASH suggests that this
pool of trans-fats could play a role in the pathogenesis of
NASH.
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Abbreviations
NASH Nonalcoholic steatohepatitis

ALIOS American lifestyle induced obesity syndrome
ALT Alanine aminotransferase
MUFA Monounsaturated fatty acid(s)
PUFA  Polyunsaturated fatty acid(s)
HFCS  High fructose corn syrup
EDTA  Ethylenediaminetetraacetic acid
FAME Fatty acid methyl ester(s)
VLDL  Very low density lipoprotein
SCD Stearoyl-CoA desaturase

X0 Crossover

Introduction

Lifestyle modifications that include caloric restriction to
achieve both weight loss and increased physical activity
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are the primary therapeutic interventions recommended to
patients with nonalcoholic steatohepatitis (NASH) [1, 2].
Because clinical case series have identified obesity as a
major risk factor for NASH and the degree of obesity
correlates with the severity of disease [3, 4], normalization
of weight to a healthy range might be needed to achieve
significant improvement in liver disease. However, avail-
able clinical data suggest otherwise. Several studies have
shown that patients can have improved histopathological
findings with only a modest weight reduction of 5-10 %
[5-7] and a large community intervention trial demon-
strated improved nonalcoholic liver disease (NAFLD)
measured by magnetic resonance spectroscopy with exer-
cise and just 3 % weight loss [8].

To examine the effects of the rodent equivalent of
therapeutic lifestyle modifications on NASH, we normal-
ized the diet for 8 weeks in mice with obesity and NASH
induced by the American lifestyle induced obesity syn-
drome (ALIOS) model for an initial period of 16 weeks.
The ALIOS model includes feeding male C57BL/6 mice
with high fat, frans-fat enriched chow and consumption of
high fructose corn syrup resulting in a NASH-like liver
histological phenotype [9]. We had previously shown that
the trans-fat component of the ALIOS model is the primary
factor responsible for the development of NASH in the
ALIOS mouse model [9] and this has been confirmed by
trans-fat feeding without inclusion of high fructose corn
syrup [10, 11]. The liver pathology that develops in this
model may be strain specific as AKR/J mice did not
develop significant steatohepatitis when fed a similar diet
[12] and the abnormalities may also be dependent on the
source of fat used to prepare the partially hydrogenated
vegetable oil [13]. In the current study, we show that
despite persistent obesity, continued excessive caloric
intake and an abnormal adipokine profile, obese ALIOS
mice changed to standard rodent chow had marked
improvement in the biochemical and histological evidence
of NASH. Determination of the incorporation and sub-
sequent release of frams-fats in the major hepatic lipid
pools during and after trans-fat consumption confirmed
trans-fat incorporation in all major pools but differential
release with the cholesterol ester pool of trans-fats being
the most labile.

Materials and methods

Animal Treatment

Male C57BL/6 mice initially 6-8 weeks old (Harlan,
Indianapolis, IN) were treated as approved by the Animal

Care Committee of Saint Louis University (protocol
#1573). Mice were kept on a 12 h:12 h light:dark schedule
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at 23 °C, housed in cages of five, and weighed weekly. All
animals received humane care according to the criteria
outlined in the “Guide for the Care and Use of Laboratory
Animals” prepared by the National Academy of Sciences
and published by the National Institutes of Health (NIH
publication 86-23 revised 1985).

ALIOS mice were fed a diet similar in composition to an
American fast food diet with 45 % calories in the chow
from fat in the form of partially hydrogenated soybean oil
(28 % of fatty acids as saturated, 57 % MUFA and 13 %
PUFA; trans-fat custom diet TD06303, Harlan Teklad).
The trans-fat content of the partially hydrogenated soybean
oil used to prepare the chow was approximately 30 % and
mostly in the form of elaidic acid according to the supplier.
ALIOS mice were also given high fructose corn syrup
equivalent (HFCS, 55 % fructose, 45 % glucose by weight)
in their drinking water at a concentration of 42 g/l. The
drinking water was provided as gel-water [93 % water,
2.8 % gelatin (Pork skin gelatin, Type A, Sigma, St. Louis)
and 4.2 % HFCS] in dishes on the cage floor. In order to
discourage physical activity in ALIOS mice, the wire racks
were removed from the cages. Control mice were given
standard rodent chow containing 13.6 % of calories from
fat in the form of soybean oil (15 % of fatty acids as sat-
urated fat, 23 % MUFA and 61 % PUFA; 2018S, Harlan
Teklad, Madison, WI). Control mice (n = 10) fed standard
chow were kept in cages with wire racks and were given
gel-water without HFCS. After 16 weeks of ALIOS con-
ditions, one group of mice (n = 10) continued with ALIOS
conditions for an additional 8 weeks while a second iden-
tical group (n = 10) was crossed over to control conditions
for an additional 8 weeks. Food and water consumption
were measured by weighing new and remaining food and
water 3 times weekly between treatment weeks 10 and 16
and then again from weeks 19 to 24.

Mice were sacrificed after ketamine and xylazine anes-
thesia. Plasma prepared with EDTA was separated and
frozen at —80 °C. Livers were removed, weighed and
divided into sections that were either fixed in 10 % phos-
phate buffered formalin (Sigma Aldrich, St. Louis, MO) or
frozen in liquid nitrogen. Formalin fixed, paraffin-embedded
tissue was sectioned (5 pm) and stained with hematoxylin
and eosin, Sirius red and Masson’s trichrome.

Chemistry

Plasma alanine aminotransferase (ALT), aspartate amino-
transferase (AST), total cholesterol (free and esterified),
and triglycerides were measured using a calibrated clinical
analyzer (Cobas Mira Plus Chemistry Analyzer, Roche
Diagnostics, Indianapolis, IN). Liver triglyceride content
was measured using an endpoint glycerol phosphate oxi-
dase method (Pointe Scientific, Lincoln Park, MI). Plasma
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leptin and resistin were measured by multiplexed immu-
noassay (Linco Diagnostics, St. Charles, MO).

Plasma and Liver Lipidomics

Samples of liver (40-50 mg) were homogenized in 500 pl
phosphate buffered saline, and lipids were extracted from
100 pl of the liver homogenate in the presence of internal
standards for each lipid class [14]. Lipid classes were
separated by thin layer chromatography using silica gel
Gas stationary phase and a mobile phase comprised of
petroleum ether/ethyl ether/acetic acid (80/20/1, v/v/v)
[15]. Subsequently, fatty acid methyl esters (FAME) were
prepared by acid methanolysis [15] and subjected to gas
chromatography (GC) on an SP-2560 fused silica capillary
column (100 m x 0.25 mm, 0.2 pm film thickness) with
flame ionization detection (FID) [16]. FAME were quan-
tified by comparisons with FAME derived from internal
standards added during liver lipid extraction.

Statistical Analysis

The data were analyzed for statistical significance with
ANOVA and post hoc two-tailed ¢ tests with significance
being P < 0.05. Results are reported as mean + standard
deviation (SD).

Results

Mice treated with the ALIOS conditions of a high frans-fat
and high fructose corn syrup diet for 16 weeks became
obese and weighed 31 % more than control mice. Little
further weight gain occurred during the ensuing 8 weeks in
ALIOS or control mice (Fig. 1). Crossover to control chow
and unrestricted activity was not associated with weight
loss and crossover mice weights were not significantly
different from ALIOS mice at any of the subsequent time
points examined. The measured energy consumption based
on combined food and HFCS consumption was 24 %
higher in ALIOS mice compared to control mice during
weeks 10-16 but was similar when measured from weeks
19 to 24 (Table 1). The obese crossover mice had the same
energy consumption as the mice continued on the ALIOS
diet despite eating control chow.

Despite persistent excessive energy consumption and
obesity in the crossover (XO) mice, liver weights and liver
triglyceride content were substantially lower after crossover
to standard chow and unrestricted activity (Fig. 2). The mean
liver weight of ALIOS mice doubled to 2.19 £ 0.56 g
compared to control mice at 24 weeks. The liver weight of
ALIOS mice at 16 weeks was 1.81 £ 0.41 g as previously
reported [9]; the further increase at 24 weeks in these mice
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Fig. 1 Mean body weight after crossover from ALIOS conditions to
control conditions (standard chow and water, no activity restrictions)
for another 8 weeks compared to the weight of mice that remained on
ALIOS conditions or were treated with control conditions for the
entire 24 weeks. When feeding began at week 0, all mice weighed the
same (18.4 £ 0.9 g). By week 16, the ALIOS mice weighed
substantially more than control mice [37.2 + 3.2 g (n = 30) vs.
284 £ 32 g (n = 20), P <0.001]. Crossover at week 16 did not
result in subsequent weight loss although there was no further weight
gain (n = 10). A trend towards continued weight gain was evident in
mice that remained on ALIOS conditions (n = 10). The weights at
the final time point tended to be reduced compared to the previous
week because of overnight fasting before sacrifice. The mean weights
of ALIOS mice and crossover mice were significantly greater than
control mice (n = 10) at all time points whereas there was not
significant differences between ALIOS and crossover mice at any of
these time points (P < 0.05; n = 10 mice in each group, error bars
denote SD)

Table 1 Energy consumption by mice before and after crossover to
control chow

kcal/mouse/day (£SD)

Control ALIOS Crossover
Weeks 10-16 89+ 14 11.0 &+ 1.7*
Weeks 19-24 95+ 1.5 10.1 £ 2.2 10.1 £ 1.0

* P < 0.001 compared to control chow consumption during week 10
to 16

was not statistically significant (P = 0.13). The liver weight
of control mice did increase from 0.91 £ 0.08 gat 16 weeks
to 1.09 £ 0.07 g at 24 weeks (P < 0.001). The lower liver
weight at 24 weeks after 8 weeks of crossover to control
conditions compared to mice remaining on the ALIOS diet
correlated with substantially lower liver triglyceride content
as well, suggesting that the mobilization of liver triglyceride
was largely responsible for the loss of liver weight. Similarly,
biochemical evidence of hepatocellular injury as assessed by
the plasma ALT level was reduced in the crossover group
compared to the ALIOS group (Fig. 3). Plasma ALT was
fourfold elevated at 24 weeks in ALIOS with a mean of
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Fig. 2 Liver weight (a) and triglyceride content (b) at 24 weeks.
Crossover to control conditions from weeks 16 to 24 (XO) caused
reduction in liver weight and triglyceride content approaching normal
levels (*P < 0.05 compared to control and crossover, **P < 0.05
compared to control and ALIOS; n = 10 mice per group; error bars
denote SD)

122 U/1. This was elevated to the same degree as previously
described at 16 weeks, a time point at which the mean ALT
was 119 U/1[9]. Plasma AST exhibits a high baseline level in
mice but was also significantly elevated at 24 weeks of
ALIOS conditions to 250 U/1. As observed with ALT, AST
levels were nearly normal after 8 weeks of crossover to
control feeding conditions.

Changes in total plasma cholesterol and triglyceride
levels were discordant during ALIOS treatment and sub-
sequent crossover to control conditions (Fig. 4). Whereas
total plasma cholesterol was elevated in ALIOS mice and
returned to normal following crossover to control chow,
plasma triglycerides were not elevated during trans-fat
feeding yet became elevated after crossover to control
chow. This, in conjunction with decreased levels of hepatic
triglyceride after crossover, is supportive of the mobiliza-
tion of hepatic triglyceride in the crossover mice.

Plasma levels of the adipokines leptin and resistin were
elevated in ALIOS mice and remained elevated after
treatment with control conditions (Fig. 5), consistent with
adipose tissue being the source of these adipokines, and the
fact that the crossover mice remained obese. A decline of
plasma resistin levels between 16 and 24 weeks was noted
in both the control mice and the ALIOS mice.

Examination of liver histology in the ALIOS mice at
24 weeks demonstrated substantial accumulation of stea-
tosis as a mix of large and small droplet fat (Fig. 6, Panel
B). Similar to the abnormalities seen at 16 weeks [9],
striking zonation of steatosis was noted with large droplet
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Fig. 3 Plasma ALT (a) and AST (b) levels were increased after
24 weeks of ALIOS conditions but returned to near normal in
crossover mice (*P < 0.05 compared to control and crossover;
n = 10 mice per group; error bars denote SD)
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Fig. 4 Plasma total cholesterol levels (a) were increased by 59 % in
ALIOS mice at 24 weeks and were near normal in crossover mice
(*P < 0.05 compared to control and crossover by ANOVA; n = 10
mice per group; error bars denote SD). In contrast, plasma
triglyceride levels (b) were unchanged in ALIOS mice but were
increased by 36 % after 8 weeks of crossover conditions (*P < 0.05
compared to control and ALIOS; n = 5 mice per group; error bars
denote SD)

fat most notably in zone 1 areas and small droplet fat being
localized to zone 3 regions. Scattered lobular foci of mixed
inflammatory infiltrates were evident. Hepatocellular bal-
looning and necrosis were not observed by routine light
microscopy. In mice crossed over to control conditions
for 8 weeks, variable but often substantial resolution of
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Fig. 5 Plasma leptin (a) and resistin (b) levels were increased in
ALIOS mice at 16 and 24 weeks compared to control levels at the
same time point (denoted by asterisks). Levels did not normalize with
crossover to control chow. Resistin levels at 24 weeks were lower
than at 16 weeks in both the control mice and ALIOS mice
(P < 0.05). *P < 0.05 compared to control at the same time point;
n = 5 mice per group; error bars denote SD

steatosis was present (Fig. 6, Panel C). Fibrosis was not
identified in ALIOS mice at 24 weeks or in mice crossed
over to control conditions by Masson’s trichrome or Sirius
red staining.

The incorporation of dietary trans-fats into triglyceride,
phospholipid and cholesteryl ester pools in the liver and the
clearance of esterified trans-fats from these pools following

elimination of dietary frans-fats were also evaluated and is
reported as the percent of total fatty acids that are trans
18:1 plus trans 18:2. Other trans-fat species were present
in comparatively negligible amounts. Extraction of liver
lipids followed by separation into free fatty acid, triglyc-
eride, polar lipid (e.g. phosphatidylcholine) and cholesteryl
ester pools and analysis of FAME derived from each lipid
pool by gas chromatography-flame ionization detection
was performed to assess the effect of the ALIOS diet on
liver lipids and the reversibility of these changes. The
trans-fat content in the chow was similarly measured and
found to be 30.8 % of fatty acids by weight monounsatu-
rated trans-fat acids (trans 18:1) and 6.8 % trans 18:2,
similar to what was reported by the manufacturer. In the
mouse livers after 24 weeks of trans-fat feeding, the frac-
tion of fatty acids as trans-fats in hepatic lipid pools ranged
from 5 to 8.9 % (Fig. 7). trans-fats were not found in
control animal livers consistent with finding that trans 18:1
and trans 18:2 were each less than 0.1 % of liver fatty
acids in normal rats [17]. The polar lipid pool was the most
enriched at 8.9 % of fatty acids as trans-fats and appeared
to be the slowest to turn over with about half the frans-fat
content after 8 weeks of a rrans-fat free diet compared to
mice fed the rrans-fat diet for 24 weeks. The cholesteryl
ester pool on the other hand appeared to turn over rapidly
as the trans-fat content after crossover to control chow was
only 3 % of that in mice continued on the trans-fat diet.
The effect of the ALIOS diet on types of fatty acids in
the major hepatic lipid pools was also examined. Both the
triglyceride and cholesteryl ester pools were expanded
whereas the polar lipid pool, likely comprised primarily of
membrane lipids was relatively unchanged (Fig. 8). The

Fig. 6 Representative liver histology from control (a), ALIOS
(b) and crossover (¢) mice at 24 weeks. ALIOS livers at 24 weeks
are characterized by extensive zone 1 macrovesicular steatosis around
the portal venules (pv) and microvesicular steatosis are the central
venules (cv) similar to that described previously at 16 weeks. Most of

the macrovesicular fat was gone after 8 weeks of crossover to control
chow leaving a ring of macrovesicular fat in zone 2 and residual
microvesicular fat in zone 3. Hematoxylin and eosin stain, x20
original magnification
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Fig. 7 Incorporation of trans-fats into the free fatty acid, triglyceride,
polar lipid and cholesteryl ester pools of fatty acid containing hepatic
lipids after trans-fat feeding for 24 weeks or after trans-fat feeding
for 16 weeks followed by crossover to control chow for a further
8 weeks. No trans-fats were detectable in any of the pools in control
mice fed standard chow for the 24 week period (not shown). The
polar lipid pool, mostly phosphatidylcholine, was the most trans-fat
enriched pool in the liver and retained the greatest amount after
crossover to control chow. The cholesteryl ester pool by comparison
was mostly devoid of frans-fats after crossover to control chow,
suggesting rapid turnover. The data represents the mean of analyses of
5-9 mice per group, error bars indicate standard deviation; the
percent tranms-fat incorporation into the fatty acids pools was
significantly less in the crossover group compared to the ALIOS
group for each lipid pool (P < 0.001 for all groups)

C16:1/C16:0 desaturation index was markedly increased in
the cholesteryl ester and free fatty acid pools indicating
increased formation or retention of monounsaturated fatty
acids during feeding in these pools. These changes partially
reversed after normalization of the diet. By comparison,
there was little effect of the diet on the desaturation index
of fatty acids incorporated into the triglyceride and polar
lipid pools.

Discussion

Even if effective pharmacological therapies are developed
for NASH, the initial recommendations for treatment will
likely remain lifestyle modifications to reduce caloric
intake, improve the quality of food eaten and increase
aerobic activity. Although a number of small studies of
lifestyle interventions have indicated that this approach is
generally effective in reversing NASH if the changes can
be maintained, major clinical studies have not been
reported to validate this treatment approach [2, 18]. Weight
reduction to the point of normalization of body mass index
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is difficult to accomplish and is rarely sustained by most
overweight individuals [19, 20]. However, available stud-
ies that indicate NASH can improve with relatively small
amounts of weight loss in the range of 5-10 % [21],
although this remains controversial [22].

One goal of these experiments was to determine if
changing to a normal diet and activity level could lead to
improvement in the extensive hepatic steatosis and ele-
vated ALT levels that are characteristic of NASH and
which develop in sedentary mice consuming a diet high in
trans-fats. Surprisingly, markedly improved liver histology
and ALT levels occurred with normalization of the diet for
a relatively short period despite the continued consumption
of the same number of calories and a lack of weight loss.
The failure to lose weight was also observed in a more
prolonged diet induced obesity model in rats [23] and has
disconcerting implications for success with diet interven-
tions for human obesity. The mechanisms controlling
satiety and feeding behavior are only beginning to be
understood [24, 25] and further evaluating the role of these
mechanisms in preventing weight loss was beyond the
scope of this study. Leptin has anorexic effects but leptin
levels remained elevated after crossover, suggesting that
central nervous system leptin resistance could play a role in
preventing the normal response to this adipokine [26].

Despite sustained obesity with elevated resistin and
leptin levels, the liver disease in mice crossed over to
control conditions improved with reductions in liver fat
content and decreased biochemical evidence of hepato-
cellular injury. This observation indicates that obesity per
se and dysregulated leptin responsiveness are not the cause
of NASH in this model. Instead, it suggests that ongoing
dietary factors or the abnormalities in lipid trafficking
related to the diet are primarily responsible. Thus obesity
and liver disease may occur as parallel processes in
response to a poor diet rather than obesity being a direct
cause of liver disease.

Previous analysis of the ALIOS model found that the
inclusion of a high level of frans-fats in the ALIOS diet is
the major determinant of the resultant liver disease while
the presence of high fructose corn syrup resulted in slightly
greater consumption of the fat-containing chow [9]. Sub-
sequent studies of mice fed trans-fats have also demon-
strated the development of NASH [10, 11, 27] and an
increase in hepatocellular ballooning was noted even with a
relatively low dose of dietary trans-fats in one study [10].
A subsequent study using AKR/J mice found that frans-fat
feeding caused elevated aminotransferases but in con-
trast to the previous studies, significant liver histological
changes were not identified in this mouse strain [12]. A
potential source of confusion in understanding the effects
of trans-fat feeding in causing liver disease was a recent
report indicating that mice fed trans-fats developed
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Fig. 8 Saturated and cis-unsaturated C16 fatty acids incorporation
into triglyceride, polar lipids, cholesteryl esters or present as free fatty
acids in the liver in control, ALIOS and crossover (XO) mice at
24 weeks. The identities of species represented by segments of the
stacked bars are shown on the left panel. The monounsaturated pool
(MUFA) was expanded in the ALIOS mice, especially in the
cholesteryl ester pool. The polar lipid pool, representing membrane
lipids was relatively unchanged. All pools contracted proportionally
after crossover to control chow for 8 weeks. The essential fatty acid

features of NASH [28] but the fat source was fully
hydrogenated coconut oil containing no detectable trans-
fats [29].

The causal role of dietary components rather than
obesity in causing NASH may also explain why relatively
small amounts of weight loss in the range of 5-10 % have
been associated with improved NASH in clinical trials. It
may be that adhering to a healthier diet with the intent of
achieving weight reduction could be directly beneficial to
the liver independent of actual weight reduction. Clinical
trials testing the hypothesis that trans-fats could play a role
in lipotoxic liver injury have not been reported. A possible
exception is a trial of excessive fast food consumption by
student volunteers that led to elevations of serum ALT
levels within weeks despite trivial changes in liver fat
content [30]. However, the actual trans-fat content of this
diet was not reported and other dietary factors could play a
role in this worrisome finding.

The normal plasma triglyceride levels observed in
ALIOS mice suggest that despite substantial hepatic
accumulation of fat, either a secretory block prevents its
release from the liver as VLDL or robust mechanisms of
triglyceride removal from the blood prevent hypertriglyc-
eridemia despite increased secretion. The observation that

linoleic acid (18:2) was increased in the triglyceride and cholesteryl
ester pools and remained increased in the triglyceride pool after
crossover to control chow. The desaturation index (the ratio of 16:1c/
16:0) was increased in the cholesteryl ester and free fatty acid pools
under ALIOS conditions. The data represents the mean of analyses of
5-9 mice per group; a the ratio is significantly different from control;
b TF-HC and XO ratios are significantly different; non-significance is
indicated by no letter; significance is defined as P < 0.05 by ¢ test

plasma triglycerides became elevated in mice after being
returned to control conditions supports the former hypoth-
esis because this occurred at a time when hepatic steatosis
was resolving.

There is no data on the incorporation and turnover of
trans-fats in hepatic lipid pools with respect to the asso-
ciated liver pathology. Previous studies have shown that
trans-fats may be poor substrates for enzymatic incorpo-
ration into triglyceride compared to their cis analogues
whereas they may be better substrates for peroxisomal
oxidative pathways [31, 32]. Earlier studies also suggested
that trans-fats are less facile substrates for mitochondrial
beta-oxidation [31, 33-36], although this has been disputed
[32]. The diminished ability of trans-fats to be handled by
enzymatic pathways may explain the disproportionately
low trans-fat incorporation into liver lipid pools compared
to the dietary exposure in which more than 30 % of the fat
was trans-fat.

The incorporation of trans-fats into the major hepatic
lipid pools was evaluated to determine if changes in spe-
cific pools correlated with changes in the pathological
findings after resumption of regular chow. An earlier study
demonstrated incorporation of trans-fats into all major
lipid pools to varying degrees when given to rats as free
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fatty acids [37] but conflicting data suggested that little
trans-fat was incorporated into triglyceride when given as
triglyceride [38]. Studies have also shown that cis to trans
isomerization can be facilitated by thiyl radicals under
severe oxidant stress such as occurs with carbon tetra-
chloride administration to rats or gamma irradiation of
tissue homogenates [17]. Whether the trace amounts of
endogenously produced of trans-fats found in that previous
study contributed to the accumulation of trans-fats in liver
lipid pools in the ALIOS model cannot be determined in
the present experiment. Such a contribution would seem
unlikely however since the accumulation following sub-
stantial free radical stress was still less than 1 %.

The present study demonstrates that with crossover to
control chow, the cholesteryl ester pool appeared to be the
most labile with near complete loss of trans-fat cholesteryl
esters after 8 weeks of control chow. By comparison, the
polar lipid pool, representing membrane lipids such as
phosphatidylcholine, retained its trans-fats to a substantial
degree. Incorporation of trans-fats into membrane phos-
pholipids can have important physiologic effects. For
example, frans-fats increase membrane cholesterol content
and alter G-protein coupled receptor activation [39, 40] and
trans-fat incorporation into adipocyte membranes was
found to impair insulin signaling and regulation of lipolysis
[41]. However, the substantial persistence of trans-fats in
the polar lipid pool at a time when liver injury is markedly
improving after crossover to control chow suggests that
membrane incorporation of frans-fats may not be the pri-
mary mechanism of frans-fat induced NASH in this model.
On the other hand, the frans-fat incorporation into the
cholesteryl ester pool was substantially diminished with
consumption of control chow. The observation that this
parallels the improvement in liver injury suggests that the
role of trans-fat cholesteryl esters deserve further study in
the pathogenesis of NASH. Somewhat surprising was the
lability of the trans-fat content of the triglyceride pool, an
observation also made in an earlier study [38]. This sug-
gests that the accumulation and degradation of triglyceride
in the liver is a highly dynamic process in contrast to
adipocyte triglyceride which has a much slower turnover
[42]. If the loss of triglyceride after normalization of the
diet simply reflected a flow of fatty acids out of the pool,
then the fraction of frans-fat in this pool would be
relatively stable. Alternatively, triglyceride containing
trans-fats may be preferentially degraded by the lipases
responsible for hepatocyte triglyceride turnover.

Upregulation of stearoyl-CoA desaturase (SCD) is a
common feature in diet induced obesity models and met-
abolic disease [43]. Once thought to play a role in meta-
bolic disease [44, 45], this compensatory response of the
liver to handle an increased burden of saturated fat is now
thought to play a protective role in the liver by increasing
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the ability to store fatty acids inertly by forming triglyc-
erides [46], and thus avert lipotoxic injury from fatty acid
metabolites [47]. Increased SCD activity can be estimated
by the increased desaturation index of C16 fatty acids [48].
Indeed, mice fed the ALIOS diet demonstrated increased
desaturation of C16 fatty acids in the cholesteryl ester pool.
By comparison, there was a relative lack of a corre-
sponding increase in the desaturation index of fatty acids
incorporated into the triglyceride, polar lipid and free fatty
acid pools. Understanding the implications of the uniquely
marked increase in desaturation of fatty acids esterified to
cholesterol in response to trans-fat feeding requires further
investigation.

In summary, normalization of diet promoted improve-
ment in NASH caused by a high frans-fat diet despite
persistent obesity in mice. trans-fats were differentially
incorporated into hepatic lipid pools and were released
from these pools at different rates after stopping trans-fat
consumption. The significance of these changes in the
pathogenesis and potential for reversal of NASH warrants
further investigation.
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