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triglyceride storage compartment. 
Whereas transient triglyceride storage 
in the hepatocyte is a physiological 
process, disproportionate and pro-
tracted triglyceride accumulation  
in hepatocytes is a pathological phe-
nomenon, called steatosis. Hepatic 
steatosis is the consequence of a pro-
longed excessive supply of calories  
in general or lipids in particular.  
Hepatic steatosis is one feature 
of nonalcoholic fatty liver disease 
(NAFLD), which can be complicated 
by low-grade inflammation and fibro-
sis in nonalcoholic steatohepatitis 
(NASH), which in the long run can give  

with the exception of chylomicrons, 
are generated or metabolized by the 
hepatocytes, which, for the purpose  
of regulating whole-body lipid ho-
meostasis, can serve as an intermediary  

INTRODUCTION
Apart from being the central organ 

for maintenance of glucose homeosta-
sis (1), the liver plays a pivotal role in 
lipid metabolism (2). All lipoproteins, 
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Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) are hepatic manifestations of the metabolic 
syndrome. Many currently used animal models of NAFLD/NASH lack clinical features of either NASH or metabolic syndrome such 
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insulin resistance, thus displaying a phenotype closely resembling all clinical features of NASH in patients with metabolic  
syndrome. In striking contrast, a soybean oil–containing Western-type diet without cholesterol (SOD) induced only mild steatosis 
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steatosis than SOD + Cho, but livers were devoid of inflammation and fibrosis. Although both LAD + Fru– and SOD + Cho–fed 
animals had high plasma cholesterol, liver cholesterol was elevated only in SOD + Cho animals. Cholesterol induced expression 
of chemotactic and inflammatory cytokines in cultured Kupffer cells and rendered hepatocytes more susceptible to apoptosis. 
In summary, dietary cholesterol in the SOD + Cho diet may trigger hepatic inflammation and fibrosis. SOD + Cho–fed animals may 
be a useful disease model displaying many clinical features of patients with the metabolic syndrome and NASH.
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rise to liver cirrhosis and hepatocellular 
carcinoma (3). As a consequence of the 
worldwide epidemic of overweight and 
obesity resulting from easy access to 
energy-dense, highly palatable food and 
a predominantly sedentary lifestyle, the 
prevalence of NAFLD/NASH is contin-
ually increasing, and it is now the most 
common cause of chronic liver disease 
(4). NAFLD is viewed as a hepatic man-
ifestation of the metabolic syndrome (5). 
It is associated with impaired glucose 
tolerance and dyslipidemia. While steato-
sis is always present in NAFLD, only a 
minor fraction of all patients develop the 
more severe forms, and it is currently not 
clear whether progression from steatosis 
to NASH with inflammation and fibrosis 
is a temporal continuum or the result 
of multiple parallel injuring impacts, of 
which triglyceride overload is but one 
(6). Since taking liver biopsies repeatedly 
from the same patient to study the mech-
anisms underlying disease progression is 
not feasible, animal models that resemble 
the course of human NASH development 
are needed. However, many animal 
models currently used to study NAFLD 
fail to reproduce all clinical, biochemical 
and morphological features of human 
NASH (7). Genetic obesity models, such 
as ob/ob or db/db mice, display steatosis 
and are insulin resistant but appear to 
be protected from the development of 
inflammation and fibrosis (8). Similarly, 
rats or mice fed a high-fat diet gain 
weight, are insulin resistant and rapidly 
develop hepatic steatosis, but develop 
little or no hepatic inflammation and 
fibrosis (9). On the other hand, adminis-
tration of a choline-methionine-deficient 
diet, a frequently used feeding model,  
results in hepatic steatosis with inflam-
mation and fibrosis. However, in contrast 
to patients suffering from the metabolic 
syndrome, animals fed a choline- 
methionine-deficient diet lose weight 
and are not insulin resistant (10). When 
added to a high-fat diet, both fructose 
(11) and cholesterol (12) as well as in-
creased n-6-polyunsaturated fatty acid 
(n-6-PUFA) in the fat content (13,14) 
seem to favor development of liver  

steatosis and insulin resistance or inflam-
mation and fibrosis. Therefore, in the 
current study, three high-fat diets dif-
fering in their fatty acid composition as 
well as cholesterol and fructose content 
were compared for their impact  
on weight gain, insulin resistance and 
development of NASH.

MATERIALS AND METHODS
All chemicals were of analytical or 

higher grade and obtained from local 
providers unless otherwise stated.

Animals and Experimental Design
Male C57BL/6J mice (littermates;  

Janvier Labs, Le Genest Saint Isle, 
France) were housed in type II cages 
(5 per cage) at 20 ± 2°C with a 12 h 
light-dark cycle. Mice were randomly 
assigned to one of the following diet 
groups (5 mice per group) with free ac-
cess to food and liquid for 20 wks:  
(1) standard chow diet with 3.3 g/100 g  
fat (STD, V153 R/M-H; Ssniff, Soest, 
Germany), (2) Western-type diet con-
taining 25 g/100 g n-6-PUFA-rich  
soybean oil, (3) Western-type diet 
containing 25 g/100 g n-6-PUFA-rich 
soybean oil + 0.75% cholesterol (SOD 
and SOD + Cho, respectively; Altromin, 
Lage, Germany), (4) high-fat diet con-
taining 21 g/100 g lard and 3 g/100 g 
soybean oil (LAD, D12451; Research 
Diets, New Brunswick, NJ, USA) and  
5% fructose in the drinking water (LAD + 
Fru). Detailed diet composition is shown 
in Table 1. Mice had access to wooden 
gnawing sticks to avoid excessive tooth 
growth. Body weight was measured 
weekly. Mice were killed by cervical 
dislocation after isoflurane anesthesia. 
Serum and organs were snap-frozen in 
liquid nitrogen and stored at –70°C for 
biochemical analysis, and aliquots of  
the organs were fixed for histological 
examination. The principles of laboratory 
animal care were followed. Treatment 
of the animals followed the German  
animal protection laws and the study 
was performed with permission of the 
state animal welfare committee (LUGV  
Brandenburg, V3-2347).

Body Composition and In Vivo 
Experiments

Body fat content was measured in vivo 
at the beginning and the end of the 
diet intervention by nuclear magnetic 
resonance spectroscopy (EchoMRI 2012 
Body Composition Analyzer, Houston, 
TX, USA). Oral glucose tolerance test 
was performed during wk 18, after an 
overnight fast, by oral gavage of  
glucose (2 mg/kg body weight). Insulin 
tolerance test was performed during 
wk 19, after 3 h fasting, with intraper-
itoneal injection of insulin (0.25 U/kg 
body weight, Novo Nordisk, Mainz, 
Germany). Glucose and insulin levels 
were measured at the times indicated 
by a glucose sensor (Breeze2, Bayer, 
Berlin, Germany) or an insulin  
enzyme-linked immunosorbent assay 
kit (#90010, Crystall Chem, Downers 
Grove, IL, USA).

Serum and Tissue Analysis
Serum parameters were quantified by 

an automated analyzer (Cobas Mira S, 
Hoffmann-La Roche, Basel, Switzerland) 
with the appropriate commercially  
available reagent kits. Liver triglycerides 
and cholesterol were determined by  
triglyceride assay (Randox, Crumlin, UK) 
and cholesterol liquicolor (HUMAN, 
Wiesbaden, Germany). Malondialdehyde 
was quantified by high-performance liq-
uid chromatography with fluorescence 
detection in frozen liver tissue homoge-
nized in 50 mM cold phosphate buffer. 
Briefly, homogenates were derivatized 
with thiobarbituric acid and further  
proceeded as described elsewhere (15).

Hepatic Histology
Formalin-fixed and paraffin-embedded  

liver sections (2–5 μm) were stained  
with hematoxylin and eosin, Masson’s 
trichrome or Sirius Red (all from Sigma- 
Aldrich, Taufkirchen, Germany).  
Immunohistochemistry analysis was  
performed with anti-F4/80 antibody 
(AbD Serotec, Bio-Rad, Munich, Germany). 
Terminal deoxynucleotide transferase 
dUTP Nick-End Labeling (TUNEL) assay 
was performed with the Apo-BrdU-IHC™ 
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Hepatocyte Apoptosis Assay
Cultured hepatocytes were exposed to 

25 μg/mL cholesterol crystals (dissolved 
in dimethyl sulfoxide), 1 ng/mL TNFα 
(Peprotech, Hamburg, Germany) and  
300 nM actinomycin D (Axxora, Loerrach, 
Germany) in Williams E medium con-
taining 1% antibiotics and 0.5 nM insulin 
for 8 h and harvested using lysis buffer 
(25 mM HEPES pH 7.5, 5 mM MgCl2,  
1 mM EGTA, 0.1 % Triton X-100 and 
protease inhibitors). The cell superna-
tants were diluted 1/10 in assay buffer 
(50 mM HEPES pH 7.5, 1% sucrose, 
0.1% CHAPS, 10 mM DTT and 50 μM 
DEVD-AMC). Fluorescence was mea-
sured every 1 min for 30 min (excitation/
emission 390/460 nm) and normalized to 
protein content (25).

Statistical Analysis
Statistical analysis was performed as 

detailed in the figure legends.

All supplementary materials are available 
online at www.molmed.org.

RESULTS

Induction of NASH by Dietary 
Cholesterol in Soybean Oil Diet

Animals were fed (1) a standard chow 
diet (8% of the calories derived from fat) 
as a control (STD), (2) a Western-type 
diet with 43% of the calories derived 
from soybean oil (25 g/100 g) with a 
high content of n-6-PUFAs such as  
linoleic acid (13,2 g/100 g) (soybean 
oil diet, SOD), (3) a Western-type diet 
similar to (2) that additionally contained 
0.75% cholesterol (soybean oil + cholesterol 
diet, SOD + Cho) and (4) a lard-containing 
high-fat diet with 45% of the calories 
mainly from fat with saturated fatty 
acids (21 g/100 g lard) and a minor 
fraction of n-6-PUFA (3 g/100 g soybean 
oil) supplemented with 5% fructose in 
drinking water (lard + fructose diet,  
LAD + Fru) (for details, see Table 1). 
Animals that received either of the diets 
with higher fat content suffered from  

of immune complexes was performed by 
using chemoluminescence reagent in the 
ChemiDoc™ Imaging System with  
ImageLab software (Bio-Rad).

Hepatic Glycogen Quantification
Frozen liver tissue was homogenized 

in 3.6 % HClO4 by sonication. Homog-
enate or glycogen standards were incu-
bated with 2 M KHCO3, 1 M C2H3NaO2 
with or without 2 mg/mL amylogluco-
sidase (Sigma-Aldrich) for 2 h at 37°C. 
Glucose content was determined in 
supernatants using Fluitest® GLU kit 
(drepharm, Rüdersdorf, Germany).

Isolation and Cultivation of Murine 
Hepatocytes and Kupffer Cells

Hepatocytes and Kupffer cells were 
isolated from STD-fed male C57BL/6J 
mice as previously described (22,23), with 
minor modifications, using 16.6 μg/mL 
Liberase™ (Roche, Berlin, Germany). 
Density gradient–purified Kupffer cells 
were cultured for 44 h in low-endotoxin 
RPMI medium (Biochrom AG, Berlin, 
Germany) containing 1% antibiotics and 
30% fetal calf serum and subsequently 
incubated for 8 h with 1 mg/mL choles-
terol crystals (24). Percoll-purified  
hepatocytes (20) were cultured for 44 h  
in Williams E medium (Sigma-Aldrich) 
containing 1% antibiotics, 100 nM 
dexamethasone and 0.5 nM insulin 
(Sigma-Aldrich) as well as 4% fetal calf 
serum for the first 2 h.

kit (Bio-Rad). Histological steatosis, 
inflammation and fibrosis were graded 
according to the NASH activity score 
(16,17) by a liver pathologist (KJ) blinded 
to the diet. Sirius Red staining was quan-
tified by ImageJ software (18) in images 
of 11 randomly chosen fields of each 
liver containing no blood vessels (central 
veins or portal fields).

Real-time Reverse Transcription 
Polymerase Chain Reaction Analysis

RNA isolation, reverse transcription 
and quantitative polymerase chain reac-
tion were performed as previously de-
scribed (19). Oligonucleotide sequences 
are listed in Supplementary Table S1. 
Results are expressed as relative gene ex-
pression normalized to expression levels 
of reference genes (Hprt, Eef2 and Srsf4 
[liver] or b  -actin [Actb; Kupffer cells, he-
patocytes]) according to the formula: fold 
induction = 2 (control-treated) gene of interest / 2 
(control-treated) reference gene(s). 

Western Blot Analysis and Oxyblot
Western blot was performed as previ-

ously described (20) with anti-Prx-SO3 
(Abcam, Cambridge, UK), anti-IRS-1 and 
anti-IRS-2 antibodies (NEB, Frankfurt 
am Main, Germany) as well as FastGreen 
staining (Sigma-Aldrich) as a loading 
control. Oxyblot analysis was done as 
previously described (21) with anti-DNP 
antibody (Sigma-Aldrich). Visualization 

Table 1. Composition of mouse diets used in the feeding experiment.

STD SOD SOD + Cho LAD + Fru

Metabolizing energy (kcal/g) 3.06 4.50 4.50 4.73
Energy from carbohydrates (%) 65 40 40 35
Energy from protein (%) 23 17 17 20
Energy from fat (%) 8 43 43 45
Cholesterol (%) 0.00 0.00 0.75 0.02
Fructose in drinking water (%) 0 0 0 5
Fatty acid composition
Saturated fatty acids (g/100g) 0.55 4.00 4.00 7.26
Monounsaturated fatty acids (g/100g) 0.64 5.75 5.75 8.69
Polyunsaturated fatty acids (g/100g) 2.01 14.50 14.50 6.36

STD, standard diet; SOD, soybean oil diet; SOD + Cho, soybean oil diet + cholesterol;  
LAD + Fru, lard diet + fructose
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triglyceride accumulation in the liver 
(Figures 1A and C). Steatosis was 
mildest in SOD-fed animals and more 
pronounced in SOD + Cho– and LAD + 
Fru–fed animals (Figure 1C). Neither 
SOD-fed nor LAD + Fru–fed animals 
showed signs of tissue damage or  
inflammation. By contrast, SOD + Cho–fed 
animals showed ballooning (hyper-
trophy), immune cell infiltration and 
fibrosis (Figure 1A). A prominent histo-
logical phenomenon is accumulation of 
hypertrophic hepatocytes surrounded by 
F4/80-positive macrophages and colla-
gen accumulation in structures similar 
to crown-like structures in inflamed ad-
ipose tissue (Figure 1A, third line). The 
histological findings were summarized 
in the NASH activity score according to 
Kleiner and Brunt (16) with adaptations 
to the rodent model proposed by Liang  
et al. (17) This score takes into consider-
ation steatosis on a scale of 0 to 3,  
ballooning (hypertrophy) on a scale of  
0 to 3, inflammation on a scale of 0 to 3 and 
fibrosis on a scale of 0 to 4 (Figure 1B). All 
animals receiving STD, SOD or LAD + 
Fru showed signs of mild fibrosis (stage 
1A), most likely attributable to the ad-
vanced age of the mice. While due to the 
mild fibrosis, the median NASH score 
of STD- and SOD-fed animals was 1; 
SOD + Cho–fed animals had a median 
NASH score of 8, with higher values for 
steatosis, inflammation and fibrosis than 
any of the other groups, thus classifying 
the liver pathology in this group clearly 
as active NASH. By contrast, the NASH 
score of LAD + Fru–fed animals was 
only 3 and reflected almost entirely the 
steatosis; no signs of inflammation or fi-
brosis exceeding the control group were 
observed in this group (Figure 1B).

Liver triglyceride and cholesterol  
content were also determined biochem-
ically. While triglyceride content was 
not statistically significantly elevated in 
SOD-fed animals compared with STD, it 
was increased more than 10-fold in ani-
mals receiving SOD + Cho or LAD + Fru  
(Figure 1C). Tissue cholesterol in liver 
was elevated only in SOD + Cho–fed ani-
mals (Figure 1D) and in none of the other 

groups. Although animals that received 
LAD + Fru had the highest plasma cho-
lesterol levels (Supplementary Table S2, 
upper panel), their hepatic cholesterol 
levels were not elevated.

Impact of Dietary Cholesterol in 
Soybean Oil Diet on Lipid Peroxidation 
and Oxidative Stress

Malondialdehyde, which is produced 
during peroxidation of PUFA, was 
significantly increased in liver homog-
enates of SOD-fed mice, irrespective of 
the additional presence of cholesterol 
(Figure 2A). Malondialdehyde was not 
detected in liver homogenates of mice 
fed LAD + Fru, indicating that enhanced 
lipid peroxidation prevailed in both the 
SOD- and SOD + Cho–fed groups. While 
an increase in malondialdehyde can be 
found in response to relatively mild ox-
idative stress, oxidized peroxiredoxins 
(Prx) (26) and protein carbonyls (proteins 
with oxidized residues such as alde-
hydes and ketones) (15) are markers for 
severe oxidative stress. Elevated levels of 
hyperoxidized peroxiredoxin (Prx-SO3) 
and protein carbonyl were only detect-
able in liver homogenates of SOD + 
Cho–fed mice, not in livers of mice fed 
SOD without cholesterol or LAD + Fru 
(Figure 2B and C). Thus high PUFA in 
the soybean oil diet increased lipid per-
oxidation, while the combination of high 
PUFA and cholesterol in SOD + Cho am-
plified the oxidative stress level, causing 
irreversible protein modifications. The 
ensuing grave tissue damage resulted 
in an increase in hepatocyte apoptosis 
as detected by TUNEL staining. Aug-
mented numbers of TUNEL-positive 
hepatocytes were solely found in livers 
of SOD + Cho–fed mice (Figure 2D). In 
further support, Fas ligand, a marker of 
apoptosis, was also enhanced in livers of 
this diet group (Figure 3B).

Induction of Biochemical Signs of Liver 
Damage and Inflammation by Dietary 
Cholesterol in Soybean Oil Diet

The histological signs of liver  
damage were also reflected in plasma 
levels of alanine-aminotransferase, which 

was normal in STD-, SOD- and LAD + 
Fru–fed animals (23.48 ± 2.74, 19.23 ± 
5.29 and 23.85 ± 4.95, respectively) but 
was elevated in SOD + Cho–fed ani-
mals (44.46 ± 8.34, p = 0.072 versus con-
trol, p <0.05 versus SOD, one-way  
analysis of variance) (Supplementary 
Table S2, lower panel). Similarly, bio-
chemical signs of liver cell fibrosis, 
apoptosis and ongoing inflammation 
were only found in livers of SOD + 
Cho–fed animals (Figure 3). Thus, den-
sitometric quantification of Sirius Red 
stains and quantification of the mRNA 
for collagen type 1 (Col1a1) confirmed 
the presence of significantly elevated 
levels of collagen in SOD + Cho–fed  
animals (Figure 3A) compared with 
STD- or SOD-fed mice. Similarly, trans-
forming growth factor b  1 (Tgfb1) mRNA 
was increased two-fold over the STD-fed 
animals. As a sign of enhanced apop-
totic activity, the mRNA level of Fas  
ligand was increased more than two-fold  
only in livers of SOD + Cho–fed animals 
(Figure 3B), which is in line with the 
amplified TUNEL staining only in this 
group (Figure 2D). The histological signs 
of macrophage infiltration (Figure 1A, 
F4/80 staining) were confirmed by 
quantification of the mRNA levels of 
chemotactic chemokines and macro-
phage markers. Thus mRNA levels of 
Ccl2 and Cxcl2 were increased about 
six-fold (Figure 3C) and the mRNA for  
the monocyte/macrophage marker 
F4/80 (Adger1) was increased five-fold 
(Figure 3D). Similarly, the mRNA for 
Cd68, which is expressed predomi-
nantly by phagocytic macrophages 
(M2), was increased five-fold, while the  
mRNA for Cd11b (Itgam), which is 
expressed predominantly by macro-
phages producing proinflammatory 
mediators (M1), was increased 2.5-fold 
(Figure 3D). In addition, the mRNAs 
for the proinflammatory cytokines  
interleukin-1b   (Il1b) and tumor necrosis 
factor a (Tnf) as well as the IL-6-type 
cytokine oncostatin M (Osm) were  
elevated significantly four- to eight-fold in  
SOD + Cho–fed animals compared with 
STD- and SOD-fed mice (Figure 3E).
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Figure 1. Dietary cholesterol in soybean oil diet enhanced NASH activity score, liver triglycerides and liver cholesterol. Mice were fed 
a standard diet (STD), soybean oil diet (SOD), soybean oil diet + 0.75% cholesterol (SOD + Cho) or lard diet + fructose in drinking water 
(LAD + Fru) for 20 wks. (A) Representative microphotographs of liver histology, magnification 20 ×. P: portal tract. (B) NASH activity score 
grading steatosis, ballooning (hypertrophy), inflammation and fibrosis. (C) Liver triglyceride and (D) liver cholesterol content per mg  
protein. Values represent (B) single score values and median per group or (C,D) mean ± standard error of the mean of 5 mice per 
group. Statistics: (B) Mann-Whitney U test, *p <0.05. (C, D) One-way analysis of variance with Dunnett’s post hoc test or, where appropriate, 
Tukey’s post hoc test for multiple comparisons, *p <0.05.
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of the experiment. On average, animals  
fed STD gained 0.23 ± 0.03 g per week 
(Figure 4A). Weight gain was similar in  
animals fed SOD (0.20 ± 0.04 g/wk),  
whereas animals fed SOD + Cho gained sig
nificantly more weight (0.44 ± 0.05 g/wk,  
p <0.05). The fastest weight gain was  

was monitored for 19 wks. Weight gain 
was almost linear over the entire feeding 
period (see Supplementary Figure S1 for 
body weight curves). Due to glucose and 
insulin tolerance tests, which included 
fasting periods, weight gain in all groups 
was somewhat lower during the last 2 wks 

Impact of Dietary Cholesterol in 
Soybean Oil Diet on Weight Gain and 
Body Composition

At the age of 8 wks, male mice were 
assigned to one of the diets. After 
adapting to the new diet for 1 wk, their 
weight gain under the respective diets 

Figure 2. Dietary soybean oil diet increased hepatic lipid peroxidation, but only soybean oil diet + cholesterol provoked oxidative stress 
and apoptosis in mouse livers. Mice received diets as described in Figure 1. (A) Lipid peroxidation: malondialdehyde relative to protein 
content in liver homogenates. (B,C) Oxidative stress: hyperoxidized peroxiredoxins (Prx-SO3, B) were determined in liver lysates by Western 
blot analysis with a specific antibody and normalized to Fast Green staining, which was verified on the same Western blot membrane as 
a loading control. Carbonylated proteins were verified by oxyblot with (C) ponceau S staining as a loading control. (D) Apoptosis: DNA 
damage in apoptotic cells was visualized by TUNEL staining. Values represent (A,B) means ± standard error of the mean of 5 mice per 
group or (C,D) representative photographs. Statistics: (A,B) One-way analysis of variance with Dunnett’s post hoc test or, where  
appropriate, Tukey’s post hoc test for multiple comparisons, *p <0.05.
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observed in animals fed LAD + Fru  
(0.74 ± 0.08 g/wk, p <0.01).

The different diets resulted in differ-
ent body compositions (Figure 4B). The 
relative fat mass of animals on STD  
was 3.2%. Animals on SOD had about  
2.5-fold higher relative fat mass; however, 
the difference was not significant. By 
contrast, relative fat content was almost 
four-fold higher in animals receiving  
SOD + Cho than in animals receiving 
STD. Again, the highest relative body fat 
content was observed in animals receiving 
LAD + Fru, in which fat mass surpassed 
27% of total body weight.

At variance with expectations, none of 
the high-fat diets resulted in an increase of 
plasma triglyceride levels or circulating 
free fatty acids (Supplementary Table S2,  
upper panel). This may be due to the 
marked hyperinsulinemia in these ani-
mals (see below), since very low-density  
lipoprotein synthesis in the liver is sup-
pressed by high plasma insulin. Plasma 
cholesterol and low-density lipoprotein 
(LDL) cholesterol were significantly  
elevated in animals receiving LAD + Fru.  
There was also a trend toward an in
crease in SOD + Cho–fed animals, whereas 
neither cholesterol nor LDL cholesterol 
was altered in SOD-fed animals.

Induction of Insulin Resistance by 
Dietary Cholesterol in Soybean Oil 
Diet

Insulin sensitivity was determined in 
wk 18 by a glucose tolerance test with 
parallel determination of insulin plasma 
levels. As a measure of insulin resistance, 
the sum of the products of insulin con-
centration times glucose concentration 
was determined (Figure 4C). SOD-fed 
animals apparently were slightly more 
insulin resistant than STD-fed animals; 
however, this difference was not signif-
icant. By contrast, animals that received 
either SOD + Cho or LAD + Fru were 
significantly more insulin resistant than 
animals that received STD (Figure 4C). 
This was also reflected in the glucose 
tolerance curve alone (Supplementary 
Figure S2A). While the area under the 
curve for animals fed SOD did not differ 

Figure 3. Dietary cholesterol in soybean oil diet increased hepatic fibrosis, apoptosis, 
macrophage infiltration and chemokine and cytokine production. Mice received diets as 
described in Figure 1. (A) Marker of fibrosis: quantification of Sirius Red–stained micropho-
tographs, relative mRNA expression of collagen type 1 (Col1a1) and transforming growth 
factor b 1 (Tgfb1). (B) Marker of apoptosis: relative mRNA expression of Fas ligand (Fasl). 
(C) Immune-cell recruiting chemokines: relative mRNA expression of Ccl2 (monocyte 
chemoattractant protein 1, Mcp-1) and Cxcl2 (interleukin-8, Mip-2). (D) Marker of  
macrophages: relative mRNA expression of macrophage surface proteins F4/80 (Adger1), 
Cd68 and Cd11b (Itgam). (E) Proinflammatory cytokines: relative mRNA expression of  
interleukin-1b  (Il1b), tumor necrosis factor a (Tnf) and oncostatin M (Osm). Values repre-
sent means ± standard error of the mean of 5 mice per group. Statistics: One-way anal-
ysis of variance with Dunnett’s post hoc test or, where appropriate, Tukey’s post hoc test 
for multiple comparisons, *p <0.05, (*)p = 0.057.
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predominantly involved in hepatic lipid 
metabolism, IRS-2 is the principal route 
for the insulin-dependent regulation of 
hepatic glucose metabolism. Thus, acti-
vation of glycogen synthesis is predom-
inantly mediated via IRS-2. Presumably 
as a consequence of the reduced IRS-2 
levels in livers of SOD + Cho–fed ani-
mals, glycogen content was significantly 
reduced in these animals, whereas it was 
similar to STD-fed animals in SOD- and 
LAD + Fru–fed animals (Figure 5C).

Possible Mechanism of Cholesterol-
Induced Liver Inflammation

Since only SOD + Cho–fed animals 
showed signs of inflammation in the 
liver and these animals had the high-
est cholesterol content in liver tissue, 
whether hepatic cholesterol might di-
rectly trigger an inflammatory response 
was tested. To this end, Kupffer cells 
were isolated from control mice and 
exposed to cholesterol in culture. In ac-
cordance with the hypothesis, exposure 
of Kupffer cells to cholesterol crystals 
significantly induced expression of the 
chemotactic cytokines Ccl2 and Cxcl2 as 
well as the proinflammatory cytokines 
Tnf and Osm (Figures 6A and B). In  

area under the curve (Supplementary 
Figure S2C).

Impact of Dietary Cholesterol in 
Soybean Oil Diet on Hepatic Insulin 
Signaling

Previous data indicated that small 
lipid mediators such as arachidonic acid,  
(n-6)-derived prostanoids or palmitate- 
derived sphingolipids could inhibit he-
patic insulin signaling and promote the 
development of hepatic insulin resistance 
and steatosis in isolated hepatocytes 
(20,27,28). Therefore, whether the appar-
ent inflammation in the liver of SOD + 
Cho–fed animals had an impact on  
insulin signaling in the liver was tested. 
To this end, the protein levels of the key  
signal transduction molecules in the 
insulin receptor signal chain, the insulin 
receptor substrates 1 and 2 (IRS-1, IRS-2), 
were determined. While all three fat-rich 
diets reduced the IRS-1 level between 
20% and 40% (Figure 5A), SOD had no 
impact on IRS-2. By contrast, IRS-2 ex-
pression on the protein level was almost 
completely abolished in SOD + Cho–fed 
animals (Figure 5B). IRS-2 was reduced 
also in LAD + Fru–fed animals, although 
not significantly. Whereas IRS-1 is  

significantly from those fed STD, animals 
that received SOD + Cho had a signifi-
cantly elevated peak glucose value and a 
significantly higher area under the curve 
than animals that received STD (Supple-
mentary Figure S2A). As expected from 
the body weight changes, animals that 
received LAD + Fru were the most glu-
cose intolerant and were the only group 
in which the 120 min glucose value was 
significantly elevated compared to the 
STD control group (Supplementary  
Figure S2A). Animals that received SOD 
+ Cho or LAD + Fru compensated for an 
apparent insulin resistance by increased 
endogenous insulin production (Supple-
mentary Figure S2B). While the increased 
endogenous insulin production needed 
to maintain euglycemia or to cope with 
the glucose load during the oral glucose 
tolerance test indicated insulin resistance 
in SOD + Cho–fed animals, the drop in 
blood glucose levels during the insulin 
tolerance test in these animals was simi-
lar to that observed in SOD- and STD-fed 
animals (Supplementary Figure S2C). 
Only LAD + Fru–fed animals had signifi-
cantly higher blood glucose levels during 
the entire course of the insulin tolerance 
test, resulting in a significantly greater 

Figure 4. Increased weight gain, fat mass and insulin resistance in mice fed a soybean oil diet + cholesterol or a lard diet + fructose. 
Mice received diets as described in Figure 1. (A) Average body weight gain per week over 19 wks. (B) Fat mass in wk 20. (C) Relative 
insulin resistance was calculated by the sum of the products of insulin concentration × glucose concentration during oral glucose  
tolerance test. Values represent mean ± standard error of the mean of 5 mice per group. Statistics: One-way analysis of variance with 
Dunnett’s post hoc test or, where appropriate, Tukey’s post hoc test for multiple comparisons, *p <0.05.
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showed the development of NASH on 
a monogenic mutant background that 
fostered the development of overweight 
(31,32), diabetes (33,34), hepatic lipid 
accumulation (35) or atherosclerosis (36) 
and hence might be strongly influenced 
by the special metabolic features of the 
mutant.

Dietary Cholesterol in Soybean 
Oil Diet as Main Trigger in NASH 
Development

The high-fat diets used in this study 
were different in their fatty acid compo-
sition as well as fructose and cholesterol 
content. Whereas the ratio of saturated 
to monounsaturated to polyunsaturated 
fatty acids was 32:39:29 in the lard- 
containing diet (LAD) as a typical high-fat 
diet, the ratio increased toward poly-
unsaturated fatty acids with 16:24:60 in 
SOD and SOD + Cho, defining them as 
Western-type diets. The fat source in 
the SOD and SOD + Cho diets was soy-
bean oil, which is defined here as more 

p <0.05). Thus, cholesterol, in addition to 
triggering TNFα-production in Kupffer 
cells, also increased TNFα-dependent 
hepatocyte apoptosis.

DISCUSSION

Main Findings
The current study showed that a 

Western-type diet with high fat from 
soybean oil containing 0.75% cholesterol, 
in contrast to cholesterol-free high-fat 
diets with mainly saturated or high in 
polyunsaturated fatty acids, induced the 
development of NASH with inflamma-
tion and fibrosis (Figures 1, 2 and 3) in a 
mouse model that also developed over-
weight and displayed insulin resistance 
(Figure 4). Thus, this model, unlike other 
frequently used models (29,30), closely 
resembles the clinical features that ac-
company NASH in humans. In addition, 
the current model was developed on 
a wild-type C57BL/6 background, in 
contrast to several other models that 

contrast to whole livers of SOD + Cho–
fed animals, Il1b was not induced (not 
shown). Thus, the strong inflammatory 
response in SOD + Cho–fed animals can 
possibly be explained in part by activa-
tion of Kupffer cells by the strongly ele-
vated hepatic cholesterol levels in these 
animals.

Cholesterol not only induced an in-
flammatory response in Kupffer cells, 
but also increased the susceptibility 
of hepatocytes to a combination of 
pro-apoptotic signals. Therefore, acti-
nomycin D augmented the caspase 3 
activity in hepatocytes about three-fold. 
Neither TNFα nor cholesterol alone 
enhanced actinomycin D–stimulated 
caspase 3 activity significantly. However, 
if mouse hepatocytes were exposed to 
a combination of TNFα and cholesterol, 
the actinomycin D–dependent caspase 3 
activity was significantly increased about 
two-fold (Figure 6C) and there was a sig-
nificant interaction between cholesterol 
and TNFα (two-way analysis of variance,  

Figure 5. Dietary cholesterol in soybean oil diet impaired hepatic insulin signaling. Mice received diets as described in Figure 1. Protein 
levels of (A) insulin receptor substrate 1 (IRS-1) and (B) IRS-2 were determined in liver lysates by Western blot analysis with specific  
antibodies. Density units were normalized to Fast Green staining, which was verified on the same Western blot membrane as a loading 
control. (C) Hepatic glycogen content was enzymatically quantified in homogenates (see Materials and Methods section). Values rep-
resent means ± standard error of the mean of 5 mice per group. Statistics: One-way analysis of variance with Dunnett’s post hoc test or, where  
appropriate, Tukey’s post hoc test for multiple comparisons, *p <0.05.
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obesogenic, diabetogenic and proinflam-
matory than fat sources such as lard or 
coconut oil with saturated fatty acids or 
fish oil with a different PUFA composi-
tion (13,14, 37–39). The high content of 
n-6-PUFA in soybean oil exaggerated 
insulin resistance and increased liver ste-
atosis and inflammation in mice (38,14), 
while a high n-3/n-6-PUFA ratio in the 
diet reduced hepatic steatosis in humans 
and mice (39–41). n-6-fatty acids can be 
metabolized to arachidonic acid deriva-
tives such as prostanoids (2-series) with 
proinflammatory properties, whereas 
n-3-fatty acids serve as substrates for 
less inflammatory prostanoids (3- and 
5-series) or antiinflammatory metabolites 
(38,42). Serum levels of oxidized metabo-
lites of the n-6 fatty arachidonic and lin-
oleic acids were increased in mice fed a 
soybean oil–rich high-fat diet compared 
with mice fed a fish oil–rich high-fat diet 
(37). Furthermore, oxidized LDL caused 
Kupffer cell activation in a transgenic 
mouse model and thus might trigger 
hepatic inflammation (43). Alternatively, 
hepatocytes, which are damaged by ox-
idative stress, may activate Kupffer cells 
in their vicinity. Apparently the com-
bination of intrahepatic accumulation 
of cholesterol with increased oxidative 
stress resulting from PUFA feeding was 
necessary to maximize oxidative stress 
and get the full proinflammatory and 
profibrotic response. In line with this 
hypothesis, markers of severe oxidative 
stress as opposed to mild signs of lipid 
peroxidation were only found in livers 
of SOD + Cho–fed mice, not in mice fed 
SOD, LAD + Fru (Figure 2A) or, as indi-
cated by preliminary data, LAD + Cho 
(data not shown).

Fructose is discussed as acting as a 
dietary “second hit” in the progression 
from NAFLD to NASH (44). While fruc-
tose in combination with various high-fat 
diets augmented weight gain, insulin 
resistance and hepatic steatosis in feed-
ing studies with rodents did not elicit 
hepatic inflammation or fibrosis (sum-
marized in [44]). In this study, we tested 
a lard-containing high-fat diet supple-
mented with 5% fructose in drinking 

Figure 6. Cholesterol provoked a proinflammatory response in Kupffer cells and increased 
apoptosis in hepatocytes. (A,B) Primary mouse Kupffer cells were stimulated with 1 mg/mL 
cholesterol crystals (Cho-C) for 8 h. Relative mRNA expression levels of (A) the immune 
cell–recruiting chemokines Ccl2 and Cxcl2 and (B) the proinflammatory cytokines tumor 
necrosis factor a (Tnf) and oncostatin M (Osm) were quantified by RT-qPCR with b -actin 
(Actb) as reference gene. (C) Primary mouse hepatocytes were stimulated with 25 μg/mL 
cholesterol crystals (Cho-C), 1 ng/mL TNFα and 300 nM actinomycin D for 8 h. Apoptosis 
was determined by caspase 3 activity measured with a fluorescence-based assay and 
normalized to protein content. Values represent means ± standard error of the mean of 
a minimum of three independent experiments. Statistics: (A,B) Two-sided Student t test for 
unpaired samples, *p <0.05. (C) Two-sided Student t test for unpaired samples or, where 
appropriate, two-way analysis of variance with Tukey’s post hoc test for multiple  
comparisons, *p <0.05.
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Possible Contribution of Insulin 
Resistance to Hepatic Cholesterol 
Load

The SOD + Cho–fed animals apparently 
were insulin resistant and had elevated 
plasma insulin levels after exposure to 
glucose in the glucose tolerance test (Supple-
mentary Figure S2). Insulin resistance and 
the ensuing hyperinsulinemia may further 
contribute the accumulation of cholesterol 
in the livers of animals fed the SOD + Cho 
diet. Insulin has been shown to increase 
the uptake of cholesterol into hepatocytes 
by inducing the LDL receptor and im-
peding the elimination of cholesterol by 
downregulating the enzymes involved in 
the conversion of cholesterol into bile acids 
and the cholesterol export pumps (34). Hy-
perinsulinemia, in addition, has recently 
been shown to induce expression of proin-
flammatory cytokines in macrophages (19), 
thereby further aggravating intrahepatic 
inflammation in a vicious cycle.

CONCLUSION
In summary, adding cholesterol to a 

high-fat and high–n-6-PUFA diet fed to 
normal C57BL/6 mice induces pathology 
that closely resembles NASH in humans 
suffering from the metabolic syndrome 
and might thus be a suitable model to 
study the mechanisms underlying dis-
ease development or to test therapeutic 
interventions. Further studies are neces-
sary to determine the effects of dietary 
cholesterol alone and the role of fatty 
acid composition in high-fat diets.

ACKNOWLEDGMENTS
The excellent technical work of  

Manuela Kuna, Ines Grüner, Elisabeth 
Meyer and Susann Richter is gratefully 
acknowledged.

DISCLOSURE
The authors declare they have no com-

peting interests as defined by Molecular 
Medicine or other interests that might  
be perceived to influence the results  
and discussion reported in this paper.  
This work was funded in part by  
the German Research Foundation  
(grant HE-7032/1-1).

cytokines in the liver. Similarly, both 
chemotactic and proinflammatory 
cytokines were induced in livers of 
SOD + Cho–fed animals, and histolog-
ical analysis visualized Kupffer cells 
aggregated around lipid-overloaded 
hepatocytes, forming similar “crown-
like-structure” constructs (Figure 3). 
In extension of these observations, the 
current study shows that expression 
of chemotactic and proinflammatory 
cytokines was induced in Kupffer cells 
by cholesterol and cholesterol crys-
tals (Figures 6A and B). Cholesterol 
crystals have been shown to be in fat 
droplets in hepatocytes in patients with 
NASH as well as in mice fed a high-fat 
high-cholesterol diet (50). This might 
be responsible for stimulating an in-
flammatory response in Kupffer cells, 
which take up the debris of necrotic or 
apoptotic hepatocytes, and has been 
discussed as a key mechanism in the 
progression from NAFLD to NASH 
(50,51). Similarly, it has recently been 
shown that accumulation of toxic lip-
ids in Kupffer cells contributes to the 
development of inflammation in early 
stages of NASH (52). In addition,  
excess cholesterol and cholesterol crys-
tals can directly activate the NLRP3- 
inflammasome in macrophages, thereby 
enhancing the proinflammatory re-
sponse and promoting development to 
hepatic steatohepatitis (24,53).

Cholesterol-Dependent Increase in 
Hepatocyte Apoptosis Sensitivity

Cholesterol not only enhanced the 
inflammatory response, it apparently 
rendered hepatocytes more sensitive to 
pro-apoptotic stimuli (Figure 6C). This 
is in accordance with previous reports 
in the literature: a cholesterol-containing 
diabetogenic high-fat diet increased 
the number of apoptotic hepatocytes in 
livers of LDL receptor–deficient mice 
more than a cholesterol-free diabetogenic 
diet of otherwise similar composition 
(36). Similarly, a correlation was found 
between hepatic cholesterol content and 
apoptosis in a porcine animal model of 
NAFLD (54).

water to aggravate the already described 
LAD-mediated hepatic steatosis, but in 
line with other studies, the LAD + Fru–fed 
mice display only an NAFLD-phenotype 
with steatosis and without inflammation 
and fibrosis (Figure 1).

In the current study, both SOD and  
LAD + Fru induced only simple hepatos-
teatosis without any signs of inflammation, 
whereas SOD + Cho caused steatosis and 
inflammation accompanied by increased 
oxidative stress. Thus, dietary cholesterol 
might be an important trigger of the in-
flammatory response in the liver, partic-
ularly in an environment prone to lipid 
peroxidation. In accordance with such a 
hypothesis, other diets that have a com-
paratively high cholesterol content, such 
as a cafeteria diet (12,45) or a cholester-
ol-enriched high-fat diet (46), have been 
reported to induce NASH-like symptoms 
in mice. However, there was no insulin 
resistance or glucose intolerance in the 
latter (46). By contrast, ezitimibe, an 
inhibitor of enteral cholesterol uptake, 
improved liver pathology on a high-fat, 
high-cholesterol diet (47). The notion that 
dietary cholesterol might directly affect 
the progression of NASH is further sup-
ported by the observation that although 
plasma cholesterol and LDL cholesterol 
were higher in LAD + Fru–fed animals 
(Supplementary Table S2) and hepatic 
triglyceride levels were identical in  
LAD + Fru– and SOD + Cho–fed ani-
mals, hepatic cholesterol levels were par-
ticularly high in SOD + Cho–fed animals 
(Figures 1C and D), indicating that the 
oral route of cholesterol delivery resulted 
in an accumulation of cholesterol in the 
liver.

Direct and Indirect Stimulation of 
Macrophage Inflammatory Response 
by Cholesterol

The high hepatic content of cholesterol 
might directly stimulate an inflammatory 
response in the liver. In support of this, 
previous studies by us (48) and others 
(34,36,49) have shown that atherogenic 
diets rich in cholesterol, which are usually 
used in cardiovascular disease models, 
induced expression of proinflammatory 
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