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Insulin resistance induces nonalcoholic fatty liver dis-
ease and nonalcoholic steatohepatitis (NASH). We
used a high-fat, high-calorie solid diet (HFD) to create
a model of insulin resistance and NASH in nongeneti-
cally modified rats and to study the relationship be-
tween visceral adipose tissue and liver. Obesity and
insulin resistance occurred in HFD rats, accompanied
by a progressive increase in visceral adipose tissue
tumor necrosis factor (TNF)-a« mRNA and in circulat-
ing free fatty acids. HFD also decreased adiponectin
mRNA and peroxisome proliferator-activated recep-
tor (PPAR)-a expression in the visceral adipose tissue
and the liver, respectively, and induced hepatic insu-
lin resistance through TNF-a-mediated c-Jun N-termi-
nal kinase (JNK)-dependent insulin receptor sub-
strate-15°>°7 phosphorylation. These modifications
lead to hepatic steatosis accompanied by oxidative
stress phenomena, necroinflammation, and hepato-
cyte apoptosis at 4 weeks and by pericentral fibrosis

846

at 6 months. Supplementation of n-3 polyunsaturated
fatty acid, a PPAR« ligand, to HFD-treated animals
restored hepatic adiponectin and PPAR«a expression,
reduced TNF-a hepatic levels, and ameliorated fatty
liver and the degree of liver injury. Thus, our model
mimics the most common features of NASH in hu-
mans and provides an ideal tool to study the role of
individual pathogenetic events (as for PPARa down-
regulation) and to define any future experimental
therapy, such as n-3 polyunsaturated fatty acid,
which ameliorated the degree of liver injury. (4m J
Pathol 2006, 169:846—860; DOI: 10.2353/ajpath.2006.050953)

Nonalcoholic fatty liver disease (NAFLD) is commonly
associated with the clinical features of the metabolic
syndrome such as obesity, type Il diabetes, and dislipi-
demia." The clinical importance of NAFLD is due to its
high prevalence (25% of the general population) and its
wide spectrum of histological damage ranging from sim-
ple steatosis, which is generally nonprogressive, to non-
alcoholic steatohepatitis (NASH), which can lead to cir-
rhosis, hepatocellular carcinoma, and liver failure."?
Insulin resistance is central to the pathogenesis of the
metabolic syndrome, and recent data indicate that
NAFLD should be considered the hepatic manifestation
of the metabolic syndrome.® It has been demonstrated
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that a series of molecular alterations in insulin signaling
occurs in the setting of insulin resistance, finally resulting
in triglyceride accumulation in the liver. The insulin recep-
tor belongs to a subfamily of receptor tyrosine kinases
that includes insulin-like growth factor-1 and insulin re-
ceptor-related receptor. After insulin binding, its receptor
undergoes autophosphorylation and catalyzes the ty-
rosine phosphorylation of cellular proteins such as mem-
bers of the insulin receptor substrate (IRS) family. In
addition to tyrosine phosphorylation, IRS proteins un-
dergo serine phosphorylation, which may attenuate
signaling by decreasing insulin-stimulated tyrosine
phosphorylation. Several kinases have been impli-
cated in this process, including phosphatidylinositol
3-kinase (PI3K)/Akt, protein kinase C (PKC), and the
mitogen-activated protein kinase (MAPK) pathway.*
The study of the pathogenetic or therapeutic factors
involved in NASH has been hampered by the absence
of a suitable experimental model because most studies
use rodents with genetic defects or involve feeding rats
a diet lacking in choline and methionine (MCD), creat-
ing a nutritional deficiency that is not common in pa-
tients with NASH.® Recently a high-fat liquid diet, given
to normal rats for a short period of time, was shown to
cause steatosis, inflammation, oxidative stress, and
increased collagen synthesis.® However, the liquid diet
represents a time-consuming system to be diffusely
used as a model of NASH, and the relationship be-
tween the liver and other organs involved in the energy
balance, such as adipose tissue, was not investigat-
ed.® In this regard, the adipocyte is no longer regarded
as a passive depot for storing excess energy in the
form of triglyceride but as a cell that actively regulates
the energy balance and that secretes proinflammatory
cytokines, such as TNF-«, that are able to influence
insulin sensitivity and metabolic processes in periph-
eral tissues, liver included.” This occurs via specific
transcription factors, such as the nuclear hormone re-
ceptor family of peroxisome proliferator-activated re-
ceptors (PPARs), which regulate both inflammation
and lipid metabolism. The PPARs are nuclear recep-
tors that bind to fatty acid-derived ligands and activate
the transcription of genes that regulate lipid metabo-
lism. Three PPAR isoforms have been described: «, 8
(or B), and y. PPARy is found in adipocytes, macro-
phages, and muscle cells, where it regulates adipocyte
differentiation, fatty acid uptake and storage, and glu-
cose metabolism; PPARy expression is low in tissues
that express predominantly PPARa. The primary sites
of action of PPARa are liver, heart, muscle, and kidney.
PPARa activates a program of target gene expression
involved in fatty acid uptake, B-oxidation, transport into
peroxisomes, and w-oxidation of unsaturated fatty ac-
ids. Several experimental studies suggest that PPAR«
might increase fatty acid catabolism and that, in the
pathophysiologic context of the metabolic syndrome or
high-fat diet, PPARa-induced fatty acid catabolism
might prevent hepatic fat deposition.®~'" The hepatic
expression and the finding that different compounds
such as fibrates and n-3 polyunsaturated fatty acids
(PUFA) act as its agonists make PPAR«a an attractive
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target in the pathophysiology and treatment of fatty
liver.?

We thus took advantage of a high-fat, high-calorie solid
diet'® to pursue the aims of our study 1) to create a model
of insulin resistance and NASH in nongenetically modi-
fied animals, 2) to study the relationship between the
visceral adipose tissue and the liver in this model, and 3)
to evaluate the possible anti-steatogenic effects of n-3
PUFA as natural ligands of PPARa.

Materials and Methods

Reagents were purchased from Sigma Chemical Co. (St.
Louis, MO) unless otherwise indicated. The following an-
tibodies were used: anti-diphosphorylated extracellular
signal-regulated kinase (ERK)1/2 (pERK) (1:5000 final
dilution), anti-ERK2 (1:1000), anti-Akt (1:2000), anti-Ser-
473 phosphorylated Akt (pAkt) (1:1000), anti-insulin
receptor substrate-1 (IRS-1), anti-JNK2 (1:1000), anti-
Thr-183/Tyr185 phosphorylated JNK (pJNK) (1:800), anti-
PPAR«a (1:400) (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), anti-Ser-307 phosphorylated IRS-1 (IRS-
15er897) (Cell Signaling Technology, Danvers, MA), and
anti-B-actin (Sigma Chemical Co.).

Male Sprague-Dawyley CD rats (100 to 120 g body
weight) (Charles River Laboratories, Como, ltaly) were
fed either a control pellet diet (5% of energy derived from
fat, 18% from proteins, and 77% from carbohydrates; 3.3
kcal/g) (Harlan Italy, San Pietro al Natisone, UD, Italy) or
a high-fat pellet diet (HFD) (58% of energy derived from
fat, 18% from protein, and 24% from carbohydrates; 5.6
kcal/g) (Laboratorio Dottori Piccioni, Gessate, Milano, It-
aly)."® The amount of lipids was provided by saturated
(0.9 and 30.4 g/100 g diet) and unsaturated (4.6 and 5.3
g/100 g diet) fat with n-6-to-n-3 PUFA ratios of 11.3 and
85.9 in the control and HFD diet, respectively. Body
weight and food intake were measured weekly. Rats were
sacrificed after 1, 3, and 6 months of treatment (n = 6 for
each time point). Each experiment was performed follow-
ing the guidelines of the local committee for care and use
of laboratory animals.

Preparation of Tissue and Histological
Evaluation

Portal blood was obtained before liver removal. After liver
removal, the epididymal fat was removed to measure
visceral adipose tissue, and its weight and volume were
recorded.’ The degree of necroinflammatory liver injury
was quantitated according to Brunt." The parenchymal
extension of fibrotic tissue was determined by morphom-
etry as previously described.’ Plasma insulin, glucose,
ALT, tumor necrosis factor-a (TNF-a), adiponectin, and
free fatty acid (FFA) levels were determined by commer-
cially available kits.

Lipid Content of the Liver

Hepatic lipids were extracted as previously described.'®
The lipid extracts were resuspended in methanol and used
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for the evaluation of cholesterol and triglycerides levels by
commercial kits from Sigma Chemical Co.

Measurement of Thiobarbituric Acid Reactive
Substances (TBARS) and Lipid Hydroperoxides
in the Liver

The levels of hepatic lipid peroxides were spectrophoto-
metrically determined by the thiobarbituric acid meth-
od."” A malondialdehyde solution freshly made by hydro-
lysis of 1,1,3,3-tetrametoxypropane was used as
standard. The results were expressed as nanomoles of
malondialdehyde per gram of liver. The levels of hepatic
lipid hydroperoxides were evaluated using the xylenol
orange assay as previously described.’ A solution of
t-butylhydroperoxide solution (7.3 X 10~% mol/L) was
used as standard. The results were expressed as nano-
moles of lipid hydroperoxides per gram of liver. In parallel
experiments TBARS and hydroperoxides levels were
evaluated either in the absence or in the presence of the
antioxidant butyl-hydroxy-toluene (BHT; 1 mmol/L) to
block spontaneous and additional generation of reactive
oxygen species.

Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

RNA isolation, reverse transcription, and PCR for TNF-«
and adiponectin mRNA were performed as described
previously.'®2° For every PCR assay, expression of g-ac-
tin was used as an internal control. Results were visual-
ized by agarose electrophoresis.

Western Blotting

Western blot on total liver proteins or nuclear extracts was
performed as previously described.?'2? After electro-
phoresis on 9% sodium dodecy! sulfate-polyacrylamide
gel electrophoresis gel and transfer to a nitrocellulose
membrane, immunoblotting was performed according to
the manufacturer’s instructions for each primary anti-
body. After electrotransfer, equal loading of the proteins
was checked by staining the blots with 0.2% Ponceau-S
Red.?? Immunoreactive proteins were then detected by
enhanced chemiluminescence system according to the
manufacturer’s instructions (ECL; Amersham Bio-
sciences Europe GmbH, Cologno Monzese, lItaly). The
intensity of the bands was then quantified by scanning
video densitometry (Kodak Digital Sciences, Rochester,
NY) and expressed as arbitrary units.

Immunoprecipitation

Tissue samples (5 mg) were lysed in radio-immunopre-
cipitation assay buffer. Immunoprecipitation was per-
formed for 2 hours at 4°C with 2 ug of an antibody against
total IRS-1 (final dilution 1:100) according to manufactur-
er's instructions. Immunoprecipitates were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophore-

sis, transferred to nitrocellulose, and then immunoblotted
with an antibody against total IRS-1 or IRS-15€r07,

Terminal Deoxynucleotidy! Transferase-
Mediated dUTP Nicked End Labeling (TUNEL)
Assay

For in situ detection of apoptosis at the single cell level,
we used the TUNEL method (ApopTag kit; Oncor, Gaith-
ersburg, MD). The specimens were examined using a
computerized image analysis system (Cue 3; Galai Pro-
duction Ltd., Migdal Haemek, Israel) connected to an
Olympus microscope (Olympus Vanox AHBT3, Olympus
Optical Co. Ltd., Tokyo, Japan), and data were ex-
pressed as the number of TUNEL-positive cells per field
(x100).2°

Measurement of n-6-to-n-3 PUFA Ratio

n-6 and n-3 PUFA were measured by means of a gas-
chromatographic technique coupled with selected ion
monitoring equipment (Agilent Technologies, Cernusco
sul Naviglio, Milan, ltaly) as elsewhere described, and
data were expressed as nanograms per milliliter.?*

JNK Phosphorylation in Vitro

Hepatocytes were isolated from normal CD Sprague-
Dawley rats (200 to 250 g body weight) as previously
described.?® Hepatocytes were then plated in six-well
plates (0.5 X 106 cells/well) coated with rat type |
collagen in Waymouth’s medium containing 10% fetal
bovine serum, 0.1 mmol/L insulin, and 0.1 mmol/L
dexamethasone in a humidified atmosphere at 37°C
and 5% CO,. After 3 hours, the culture was washed
with phosphate-buffered saline, and cells were incu-
bated overnight with hormone-free medium containing
0.2 mmol/L L-glutamine, 5 mg/ml transferrin, 1 nmol/L
selenium, and 10 nmol/L free fatty acids in RPMI. Cells were
then incubated with TNF-a (30 ng/ml) or insulin (100 nmol/L)
for 30 minutes and lysed in radio-immunoprecipitation as-
say buffer as previously described.?®?" Cell extracts (50
ng/lane) were then used for Western blotting as indicated
above.

Statistical Analysis

Results are expressed as mean = SD. Group means
were compared by analysis of variance followed by the
Student-Newman-Keuls test whether the former was sig-
nificant. A P value of <0.05 was considered statistically
significant.

Results
General Effects of Control and High-Fat Diets

Rats fed HFD consumed significantly more calories on a
“per day” basis than controls (Figure 1A), and this was
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Figure 1. Effect of HFD on the daily calories consumed (A) and on rat body
weight (B) and epididymal fat weight (C). White bars, control animals; black
bars, HFD-treated animals. Open circles, control animals; black circles, HFD-
treated animals. Data are presented as mean = SD. *P < 0.05 versus controls.

associated with a progressive increase in rat body weight
compared with control animals (Figure 1B). The increase
in body weight was associated with the development of
visceral obesity, as shown by the progressive increase in
epididymal fat weight and volume (Figure 1C; data not
shown) and by the development of insulin resistance, as
shown by higher insulin and glucose values in the portal
blood compared with controls (Table 1). Thus, these data
indicate that the HFD diet is able to induce obesity and
insulin resistance in nongenetically modified animals.
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Effect of HFD on Visceral Adipose Tissue
Synthesis of TNF-a and on Secretion of
TNF-a and FFAs

It has been hypothesized that several factors released
from the hypertrophic visceral adipose tissue could con-
tribute to the development of hepatic insulin resistance.”
To study this in our model, we measured TNF-a and
adiponectin synthesis in the visceral adipose tissue as
well as TNF-«, adiponectin, and FFA levels in the portal
blood. By RT-PCR, single bands of 705 and 108 bp for
TNF-a and adiponectin mRNA, respectively, were ob-
served in the epididymal adipose tissue of control rats.
The level of TNF-a mRNA expression was strikingly ele-
vated in adipose tissue obtained from HFD animals com-
pared with controls. When normalized to the B-actin
mMRNA bands, a twofold increase was evident at 1 month,
followed by a progressive increase up to 6 months (Fig-
ure 2, A and B). This increased synthesis was associated
with higher TNF-« levels in the portal blood (Figure 2C). In
parallel, the intensity of the mRNA adiponectin band de-
creased as early as 1 month. This reduction peaked at 6
months (60% of control value) and led to a constant
decrease in adiponectin serum levels (Figure 2, B and C).
Finally, enhanced levels of FFA were observed in the
portal blood after 1 month of HFD, again progressively
increasing and peaking at 6 months of treatment (Figure
2D).

Effect of HFD on PPARa Expression

In the PPAR family, the a-isoform is involved in hepatic
lipid metabolism and is regulated by adipokines such as
TNF-a and adiponectin.®2728 We thus measured PPAR«
protein expression in liver nuclear extracts from control
and HFD animals. PPARa was readily detected in the
liver of control rats, and its level was significantly reduced
(by 20%) at 1 month of HFD, reaching 40% of control
values at 6 months (Figure 3).

Effect of HFD on Deposition of Lipid and
Production of TBARS and Lipid Hydroperoxides

Insulin resistance and decreased PPARa expression
were associated with liver steatosis (as shown in Figure 4,
A and B). Fatty liver was quantified by measuring triglyc-
eride and cholesterol content in the liver, both of which
were increased 1 month after HFD (Figure 4, C and D).
This was associated with increased hepatic production of

Table 1. Effect of the HFD on Insulin, Glucose, and ALT Values in the Portal Blood
Biochemical
parameters Controls 1 month 3 months 6 months
Insulin (ng/L) 0.2 £0.03 0.7 = 0.08* 0.7 £ 0.05* 0.9 £ 0.01*
Glucose (mg/dl) 111.8 = 12.3 1471 = 18.9* 151.0 = 15.7* 203.5 = 18.2*
ALT (1U/ml) 39.3+ 4.2 97.6 = 147 132.1 = 12.7 148.4 + 19.8

*P < 0.05 versus controls.
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*P < 0.05 versus controls.

TBARS and lipid hydroperoxides, measured as expres-
sion of lipid peroxidation (Figure 4, E and F). Interestingly,
hepatic TBARS and hydroperoxide production showed a
highly significant linear correlation with both cholesterol
and triglyceride liver content (r = 0.78 and 0.63 for tri-
glyceride and r = 0.67 and 0,.84 for cholesterol content
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Figure 3. Effect of HFD on PPARa expression in whole-liver homogenates.
No differences were observed between controls at the different time points,
which were thus considered as a single control group. A representative
Western blot is shown. White bar, controls; black bars, HFD-treated animals.
Data are presented as mean = SD. *P < 0.05 versus controls.

versus TBARS and lipid hydroperoxides production, re-
spectively). To evaluate the role of spontaneous and
additional generation of reactive oxygen species, TBARS
and hydroperoxide levels were evaluated in parallel ex-
periments in both the absence and the presence of the
antioxidant BHT (1 mmol/L). The addition of BHT did not
modify the differences between controls and HFD-treated
animals in TBARS and hydroperoxide levels (data not
shown).

Effect of HFD on Intracellular Signaling
Pathways

It has been reported that insulin resistance can be asso-
ciated with specific alterations in the intracellular signal-
ing pathways, such as Ser307 phosphorylation of IRS-1,
and that this process can be mediated in vitro by specific
kinases such as PI3K/Akt, PKC, and the MAPK system.*
To elucidate this in the liver in vivo, we took advantage of
using antibodies specifically recognizing protein phos-
phorylation, which parallels enzyme activation®' (Figure
5, A-D). In rats fed the control diet, no differences were
observed in ERK, Akt, and JNK phosphorylation at 1, 3,
and 6 months. Animals were thus considered as a single
control group. In HFD animals, despite the increase in
portal insulin levels, no increase in pERK was observed,
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pronounced hepatic steatosis and inflammatory cells infiltrate surrounding steatotic hepatocytes (lipogranuloma). White bars, controls; black bars, HFD-treated
animals. Data are presented as mean = SD. *P < 0.05 versus controls. Final magnification, X100.

whereas pAkt slightly increased without reaching the sta-
tistical significance (Figure 5, A and B). In striking con-
trast, increases in JNK1/2 Thr183/Tyr185 phosphorylation
were observed at 1 month of HFD, progressively increas-
ing and then reaching a 3.5-fold elevation at 6 months
(Figure 5C).

IRS-1 is an adaptor protein that mediates the activation
of downstream effectors of insulin signaling. In several in
vitro models of insulin resistance, it has been shown that

under the effect of TNF-a, phosphorylated JNK associ-
ates with the principal insulin receptor substrate IRS-1
and induces insulin resistance by Ser307 phosphoryla-
tion.?® To verify this in the liver in vivo, total IRS-1 was
immunoprecipitated from whole-liver lysates. Immunopu-
rified proteins were then immunoblotted with antibodies
against total IRS-1 or IRS-1%¢"%°%7_ No differences were
observed in control and HFD-treated animals concerning
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Figure 6. Effect of TNF-a (30 ng/ml) and insulin (100 nmol/L) on JNK
phosphorylation. Hepatocytes were isolated and cultured as described in
Materials and Methods and then incubated with TNF-a (30 ng/ml) or insulin
(100 nmol/L) for the indicated period of time. Cell lysates (50 pg/lane) were
separated by electrophoresis, transferred to nitrocellulose, and then incu-
bated with the specific antibody. B-Actin was used to show equal loading.

total IRS-1 levels. IRS-15°2%7 was barely detectable in
immunoprecipitates from control rat livers. However,
IRS-15°7397 |evels progressively increased during HFD
treatment, as shown by the IRS-1-to-IRS-15¢73°7 ratio in
Figure 5D.

To confirm the role of TNF-a in mediating JNK phos-
phorylation, primary cultures of rat hepatocytes were in-
cubated with TNF-a (30 ng/ml) or insulin (100 nmol/L). At
10 minutes TNF-« induced a striking increase in JNK
phosphorylation that was maintained at 30 minutes,
whereas this effect was not observed after insulin incu-
bation (Figure 6).

Effect of HFD on Liver Injury

ALT values showed a progressive increase in HFD ani-
mals compared with controls (Table 1). No histological
signs of liver injury were observed in rats fed the chow
diet, and thus these animals were considered as a single
control group. In contrast, livers from HFD rats showed
steatosis (predominantly macrovesicular) involving up to
66% of specimens, distributed in perivenular and peri-
portal region by month 1, associated with occasional
ballooned zone 3 hepatocytes and scattered and mild
intraacinar inflammation (polymorphs). By 3 and 6
months, steatosis affected most of the hepatocytes, bal-
looning was diffusely present, and foci of mixed inflam-
matory cell infiltration and hepatocyte necrosis or apo-
ptosis appeared throughout the lobule (Figure 4B). To
quantify this, the degree of steatosis (1.24 = 0.43 at 1
month, 2.40 = 0.48 at 3 months, and 2.57 *= 0.49 at 6
months) and necroinflammation (1.75 * 0.25 at 1 month,
2.2 + 0.4 at 3 months, and 2.6 = 0.3 at 6 months) were
measured according to Brunt.”

The number of apoptotic hepatocytes, as determined
by TUNEL staining, increased in HFD-treated rats com-
pared with controls already at 1 month (Figure 7A). It is
known that both FFA and TNF-«a can lead to hepatocyte
apoptosis in vitro or in knockout models®®3° FFA hepatic
levels progressively increased from 38.8 = 4.4 umol/mg
protein at 1 month of HFD t0 85.6 = 9.4 and 210.3 = 18.7
at 3 and 6 months, respectively (P < 0.05 versus con-
trols, 8.5 = 1.3). By enzyme-linked immunosorbent as-
say, TNF-a levels in hepatic lysates increased at 1 month
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in HFD-treated animals (Figure 7B). To determine
whether the increased TNF-a levels were due to hepatic
production or reflected adipose tissue release only, we
examined hepatic mMRNA levels by RT-PCR. When nor-
malized to the B-actin mRNA bands, a 1.8-, 2.1-, and
2.5-fold increase was evident at 1, 3, and 6 months,
respectively, in rats receiving HFD (Figure 7, C and D).

We finally determined whether the different forms of
liver injury (ie, steatosis, necroinflammation, and apopto-
sis) were associated with collagen deposition. By Sirius
Red staining, no excessive matrix deposition was ob-
served after 1 and 3 months of HFD compared with
control rats. On the other hand, after 6 months of HFD,
zone 3 pericellular and perisinusoidal matrix deposition
was observed (Figure 7E), which was significantly in-
creased compared with control animals, as determined
by morphometry (Figure 7F).

Effect of n-3 PUFA Supplementation

Because fatty liver deposition induced by HFD was as-
sociated with PPARa down-regulation, we next treated
animals with a natural PPAR« ligands, namely n-3 PUFA.
Animals were treated with control diet or HFD for 1 month
and then randomly divided into four groups receiving
control diet or HFD for an additional 2 months supple-
mented or not with fish oil (3.3% [w/w]) containing eico-
sapentaenoic acid (146 mg/g diet) and docosahexaenoic
acid (853 mg/g) (controls, controls/n-3 PUFA, HFD, and
HFD/n-3 PUFA). Absorption and bioavailability of n-3
PUFA was documented by the reduction in the n-6-to-n-3
PUFA ratio both in the portal blood (7.2 = 2.5, 4.5 + 1.8,
16.3 £ 3.1, and 10.5 = 2.3 in controls, controls/n-3 PUFA,
HFD, and HFD/n-3 PUFA, respectively; P < 0.05 for HFD
and HFD/n-3 PUFA versus their respective controls) and
inthe liver (11.4 29,66 = 1.3,21.5 = 4.2 and 13.5 +
2.1, respectively; P < 0.05 for HFD and HFD/n-3 PUFA
versus their respective controls). In preliminary experi-
ments, n-3 PUFA treatment did not determine any effect
in terms of ALT values, histological appearance, PPAR«
expression, hepatic triglyceride, and cholesterol levels
between controls and controls/n-3 PUFA (data not
shown), and these animals were thus considered as a
single control group for the further experiments of this
study. However, in the epididymal adipose tissue of HFD/
n-3 PUFA animals, n-3 PUFA administration restored adi-
ponectin mRNA levels to control values, whereas no ef-
fects were observed on TNF-«a synthesis (Figure 8, A and
B). Compared with HFD animals, this was associated with
an increase of adiponectin serum levels when HFD-
treated rats received n-3 PUFA (Figure 8C). Administra-
tion of n-3 PUFA to HFD-treated animals induced an
increased hepatic nuclear expression of PPARa that did
not differ from control levels (Figure 8D).

These modifications in adiponectin synthesis and
PPARa expression were associated with reduced choles-
terol and triglyceride deposition in the liver (Figure 9, A
and B). In HFD/n-3 PUFA, the progression of liver dam-
age was not observed, and after 3 months, only small
deposits of micromacrovesicular steatosis were ob-
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Figure 7. Effect of HFD on hepatocyte apoptosis (A), TNF-a protein content in the liver (B), TNF-a mRNA levels in the liver (C and D), and collagen deposition
(E and F). A representative agarose gel of RT-PCR for TNF-a mRNA is shown in C. Representative Sirius Red staining is shown in E. No differences were observed
between controls at the different time points (A, B, and D), which were thus considered as a single control group. Data are presented as mean * SD. *P < 0.05
versus controls.

served (Figure 9, C and D). This was accompanied by a matory score, and in the number of the apoptotic bodies
significant decrease in the mRNA levels of hepatic TNF-« (Figure 10, C and D).

(Figure 10, A and B), in the ALT values (141.3 = 21.3 and

78.4 = 14.7 Ul/ml in HFD and HFD/n-3 PUFA animals,

respectively; P < 0.05), in the steatosis and necroinflam-



A

TNFa — A —

adiponectin . c— —

B-actin — ee— | ——
controls HFD HFD/n-3
C
90 * 15
*
o
[]]
E 60 | 110
e
= %
:Es 30 5
3
0 0
controls HFD HFD/n-3

S|9Ad] unosuodipe wnias

Epididymal TNFa mRNA levles

PPARa and NASH 855
AJP September 20006, Vol. 169, No. 3

g
300 * 20 F
&
250 3
B
g 200 * ; g
g 28
g 150 & 8 E
5 * S o
2 100 - % %
50 4
2
0 0 2
]
controls HFD HFD/n-3
D 140 55 kD - - - -
controls HFD HFD/n-3
120 -
@ [
o100
..‘E'. *
80
o
o
w— 60
o
X 40-
20
0
controls HFD HFD/n-3

Figure 8. Effect of n-3 PUFA administration on TNF-a and adiponectin mRNA in visceral adipose tissue (A and B), TNF-a and adiponectin levels in portal blood
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additional 2 months. Gray lines, TNF-a; black lines, adiponectin. Data are presented as mean = SD. *P < 0.05 versus controls.

Discussion

Progress in the understanding of the pathophysiology of
NASH has been hampered by the lack of experimental
models adequately reproducing features of the human
disease. Most of the data gained so far have been ob-
tained using rodent models based either on genetic lep-
tin defects, which are resistant to the development of
fibrosis during chronic liver injury, or on the MCD diet.® In
the MCD model, steatosis, necroinflammation, and little
fibrosis develops in zone 3 as a result of a nutritional
deficiency to which rodents are selectively sensitive but
that is uncommon in patients with NASH, because ani-
mals lose weight and are cachectic.® Recently a high-fat,
high-calorie liquid diet was able to reproduce some fea-
tures of NASH in rats.® However, the liquid diet repre-
sents a time-consuming method that was used for only 3
weeks and did not induce body or liver weight gain.
Moreover no information on adipose tissue or insulin re-
sistance was provided in the study. To overcome this and
to further approximate the human disease, we developed
a model based on a commercially available high-fat,
high-calorie solid diet.'® Using such a model, we have
been able to demonstrate in the present study that vis-
ceral obesity (increase in body weight and epididymal
fat) in animals without genetic modifications is associated

with insulin resistance (increased glucose and insulin
levels), decreased PPAR«a expression, and alterations in
insulin signaling and hepatic steatosis; that these alter-
ations lead to oxidative stress, necroinflammatory liver
injury, cell apoptosis, and collagen deposition; and that
the specific treatment of one of these alterations by using
a selective PPARa ligand, ie, n-3 PUFA, is able to reduce
the degree of liver injury.

One may argue that it is unclear whether the effects
observed in the HFD group are the result of increased
caloric or fat intake. We chose HFD because it was
shown to induce obesity and insulin resistance, being
thus suitable for the aim of our study.'® A recent inves-
tigation by the same group®' showed that reducing the
number of kilocalories consumed from a high-fat diet
attenuates but does not prevent the development of
type 2 diabetes and obesity in rodents, thus indicating
a role of high-fat diet independent of the caloric intake.
On the other hand, different diet manipulations have
been shown to induce obesity and fatty liver in a num-
ber of different strains and species of rodents, sug-
gesting that “over nutrition” with either carbohydrates
or fats or both might play a role in the genesis of
obesity-related NAFLD.® In addition, when adult male
C57BL6 became obese by feeding on high amounts of
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either fat or sucrose or combined high-fat high-su-
crose, they developed the same alterations of the im-
mune system independent from the source of the cal-
ories.®2 The HFD we used is useful in reproducing the
human condition because it contains predominantly
saturated fat (30.4 g/100-g diet versus 5.3 g/100-g
polyunsaturated), of which the diet of obese and NASH
patients is rich.®®3* In addition, saturated fat intake
positively correlates with insulin sensitivity index and
alanine aminotransferase levels in patients with NASH
and with the amount of hepatic steatosis in obese
women.®334 Thus, our model successfully reproduces
most of the pathogenetic findings known to be respon-
sible in humans for the occurrence of hepatic steatosis
associated with obesity and insulin resistance.”

The most hypothesized pathogenetic mechanism to
explain the development of NASH from NAFLD is the
“two-hit” theory in which the first event is the accumula-
tion of lipids in the liver mediated by insulin resis-
tance.”® The conventional explanation for hepatic tri-
glyceride accumulation is that visceral obesity and insulin
resistance, mostly mediated by adipokines such as
TNF-q, result in increased FFA release from adipocytes

with the consequent enhancement of lipid delivery to the
liver.” By stimulating TNF-a expression in hepatocytes
and in adipocytes, FFAs are also implicated in the etiol-
ogy of insulin resistance, which has been shown to be
associated with increased activation of PKCe in the liv-
er.39:36:37 Therefore our model, in which visceral obesity
and insulin resistance are associated with increased
TNF-a synthesis and secretion from the visceral adipose
tissue and to higher FFA levels in the portal blood, repro-
duces the key features of the metabolic syndrome, of
which NAFLD represents the hepatic manifestation.®
Peripheral insulin resistance can induce hepatic ste-
atosis, which in turn determines the occurrence of insulin
resistance in the liver, characterized by reduced insulin-
suppressing effect in hepatic glucose production that
aggravates peripheral insulin resistance and contributes
to hepatic lipogenesis.®® In the liver in vivo, we have
shown that HFD treatment increased the levels of IRS-
15er897 " which inhibits the insulin receptor signaling.2®
IRS-15¢"%07 can be mediated in vitro by different kinases
such PI3K; mitogen-activated, ERK-activating kinase;
and JNK.2° We have observed no increase in the phos-
phorylation of Akt, an immediate downstream of PI3K,
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that mediates insulin- and insulin-like growth factor-1-
stimulated IRS-15¢397 39 |t has been shown that TNF-a-
mediated IRS-15¢%%7 can be either MEK or JNK depen-
dent,?®3°® but in our model, no increase in ERK
phosphorylation was observed, whereas activated JNK
was strikingly increased in vivo already at 1 month. The
role of JNK in the induction of hepatic insulin resistance
has been recently stressed by Samuel et al®® in an acute
model of insulin resistance induced by 3-day HFD. In this
study, the short-term feeding induced insulin resistance
and was associated with PKCe and JNK activity. It has
been shown that FFAs induce insulin resistance by acti-
vating PKC# in the muscle and in the adipose tissue in
vivo and that a PKC6/JNK pathway is responsible for
IRS-15ers07 3740 Conflicting results exist on the role of the
different JNK isoforms in inhibiting insulin signaling and in
the pathogenesis of NASH. Schattenberg et al*'*? first
described a role of JNK, mostly JNK2, in impairing IRS-2
but not IRS-1 phosphorylation in hepatocytes overex-
pressing the cytochrome P402E1 but then showed that
jnk1~/~ mice had significantly reduced levels of hepatic
triglyceride accumulation, inflammation, lipid peroxida-
tion, liver injury, and apoptosis compared with jnk2 "~
mice in the MCD model. In addition, increased IRS-
15¢r307 phosphorylation was found in the liver of obese
wild-type mice compared with obese JNK7~/~ animals,

demonstrating that Ser307 of IRS-1 is a target for JNK
action.?® Increased IRS-15¢"°7 phosphorylation was also
found in a cellular model of insulin resistance in liver cells
treated with TNF-«, which was completely prevented by a
JNK inhibitor.2® All of these data are in agreement with
ours showing that insulin resistance in the livers occurs in
the HFD model mimicking so closely the human condition
of NASH, and it is not induced by insulin but mediated by
TNF-a and FFA through a JNK-dependent IRS-15¢7307
phosphorylation. This was confirmed by the in vitro ex-
periments showing that TNF-« but not insulin was able to
stimulate JNK phosphorylation in primary cultured hepa-
tocytes (Figure 6).

Obesity and the metabolic syndrome represent
chronic inflammatory states indicating that in addition to
ROS, several immunomodulatory factors can contribute
to insulin resistance and liver injury.®® Recently, several
reports have at least partially elucidated the cellular and
molecular mechanisms underlying this inflammatory re-
sponse. Nuclear factor-kB (NF-kB) mediates induction of
proinflammatory cytokines implicated in insulin resis-
tance such as interleukin-1, interleukin-6, and TNF-«, and
IKK-B is required for NF-«kB activation.*® By selectively
expressing constitutively active IKK-B8 in hepatocytes,
mice exhibit a type 2 diabetes phenotype, profound he-
patic insulin resistance, and increased production of
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proinflammatory cytokines such as TNF-«, as observed
after HFD administration.** A role of NF-«B in mediating
hepatic and systemic insulin resistance was confirmed
by the selective loss of IKK-B in hepatocytes (IKKBA"eP)
or in myeloid cells (IKKBA™®). IKKBAMP mice retained
insulin sensitivity and glucose tolerance in the liver in
response to HFD and obesity but continued to develop
peripheral insulin resistance, whereas IKKBA™® mice on
HFD showed global insulin sensitivity.*® These findings
indicate that NF-kB-dependent inflammatory mediators
produced in hepatocytes, such as TNF-«, are most likely
to act in a paracrine manner to downmodulate insulin
sensitivity in the liver and to favor liver injury. Hepatic
TNF-a in animal models of NAFLD can also derive from
liver lymphocyte modifications. When otherwise normal
mice are fed with high-fat or high-sucrose diet, they be-
come obese, develop fatty livers, and acquire hepatic
innate immune system abnormalities, including in-
creased NKT cell apoptosis. The latter reduces liver NKT
cell populations and promotes excessive hepatic pro-
duction of Th-1 cytokines (such as TNF-«) that could
promote hepatic inflammation.®® Those studies did not
evaluate the degree of liver injury. In our model, steatosis
and ROS production were associated with increased he-
patic TNF-a gene expression and proteins levels, necro-
inflammatory liver injury, hepatocyte apoptosis, and col-
lagen deposition. In addition to its well-known role in
inducing apoptosis, TNF-a can exert a fibrogenetic effect
being released by hepatocytes and Kupffer cells and
inducing hepatic stellate cells activation in a paracrine
manner.3%4 Thus, it is reasonable to speculate that the
association of visceral obesity and hepatic steatosis is
needed for the progression from NAFLD to NASH, and
this data confirms that our model reproduces most of the
pathogenetic mechanisms leading to liver injury associ-
ated with the metabolic syndrome.

In addition to increased lipid afflux to the liver, steato-
sis can derive from reduced hepatic lipid oxidation and
decreased VLDL excretion. Fatty acid metabolism in the
liver is tightly regulated. Two classes of transcription
factors, namely sterol response element binding proteins
and PPARs play a major role in regulating lipid metabo-
lism and energy homeostasis.” We thus chose to evalu-
ate the modifications of PPARa in our model of hepatic
steatosis due to its central role in lipid oxidation and to its
regulation by adipokines such as TNF-a and adiponec-
tin.®27:28 Adiponectin is a protein exclusively secreted
from adipose tissue able to increase insulin sensitivity
and FFA oxidation in the liver and to exert anti-inflamma-
tory effects.®® Its importance in patients with NASH has
been recently underlined by Musso et al,*”*® who found
reduced adiponectin levels that correlated with the intake
of PUFA and with the degree of necroinflammation and
fibrosis. Although the three-dimensional structure of adi-
ponectin closely resembles that of TNF-«, these two pro-
teins have completely opposite effects, and both in vivo
and in vitro experiments demonstrate that adiponectin
and TNF-« antagonize each other’s action in their target
tissues.*® More recently, adiponectin has been shown to
directly activate PPAR« receptors with consequent in-
crease of fatty acid oxidation in cultured hepatocytes.?®

In our model, the increased TNF-a expression associated
with obesity in HFD-treated rats was accompanied by a
reduction of both adiponectin synthesis in the visceral
adipose tissue and PPAR«a nuclear protein levels in the
liver. PPARa down-regulation could thus represent the
link between the abnormalities observed in the visceral
adipose tissue and the hepatic features of NASH, indi-
cating that reduced lipid breakdown occurs in our model
in addition to increased fatty acids afflux to the liver. In
agreement with this, reduced expression of PPARa and
fatty acid oxidizing enzymes, such as acyl-CoA oxidase,
was observed in the MCD and alcohol model of liver
steatosis and precedes the development of steatosis in
Otsuka Long-Evans Tokushima Fatty rat, a model of hu-
man type 2 diabetes mellitus.""°%5" The central role of
PPARa in the development of NAFLD and NASH was
confirmed in our model by treating animals with a natural
PPAR« ligand, namely n-3 PUFA. n-3 PUFA elicit their
effects by coordinately suppressing lipid synthesis in the
liver and up-regulating fatty acid oxidation in liver and
skeletal muscle.'? Interaction of PPARa with its DNA rec-
ognition site is enhanced by PUFA, leading to the induc-
tion of genes encoding proteins involved in lipid trans-
port, oxidation, and thermogenesis, with the n-3 PUFA
being more potent than n-6 PUFA as in vivo activators of
PPARa.'? After 1 month of HFD, rats were fed with HFD
supplemented with an adequate amount of n-3 PUFA to
evaluate their effect on an already established steatosis.
n-3 PUFA administration reduced the increased n-6-to-
n-3 PUFA ratio in the portal blood and in the liver ob-
served in our model as well as in patients with NASH.?*
Compared with HFD, n-3 PUFA treatment increased both
adiponectin synthesis in the adipose tissue and plasma
levels and restored hepatic PPARa nuclear expression
finally leading to reduced cholesterol and triglyceride
deposition. n-3 PUFA treatment was also associated with
reduction in hepatic TNF-a mRNA levels, in necroinflam-
matory score and in the number of apoptotic bodies. It
could thus be hypothesized that lipid overload reaches a
threshold for progression to steatohepatitis in the ab-
sence of other aggravating factors, so that n-3 PUFA-
induced PPARa-dependent intrahepatic fatty acid com-
bustion reduces the susceptibility to steatohepatitis. An
alternative explanation for the prevention of dietary ste-
atohepatitis is that PPARa activation induced by n-3
PUFA has direct effects on inflammation or apoptosis,
thus reducing liver injury as observed in the MCD and
alcohol model. %253 The protective effect of n-3 PUFA
administration in our model, beyond their ability to up-
regulate hepatic PPARa expression, could also result by
the induction of adiponectin synthesis by adipose tissue
as recently shown by Flachs et al.>* Adiponectin, in ad-
dition to having beneficial effects on lipid metabolism by
increasing fatty acid B-oxidation, has also direct anti-
inflammatory effects.®® In this regard, the protective role
of adiponectin against liver injury may be partly due to its
antagonistic effect against TNF-a. In our model, n-3
PUFA treatment restored adiponectin levels, and this was
associated with decreased hepatic TNF-a and liver in-
jury. In agreement with our findings, administration of
adiponectin is able to suppress hepatic TNF-a and ame-



liorates both alcoholic and nonalcoholic fatty liver dis-
ease in mice,®® whereas previous reports showed that
TNF-a production was markedly increased in adiponectin
knockout mice.*®57 In this scenario, we may hypothesize
a double protective effect of n-3 PUFA in NASH by a
direct up-regulation of PPAR«a expression in the liver and
by modifying the altered adiponectin-to-TNF-« ratio to-
ward an anti-steatogenic and anti-inflammatory profile
and parallels a similar effect observed when fish oil was
given to patients with NAFLD, ameliorating the degree of
steatosis and reducing ALT values.®®

In conclusion, our study recapitulates the different
pathogenetic and morphological events (hepatic steato-
sis, inflammation, and fibrosis) leading to NASH from
visceral obesity and insulin resistance that have been
observed in humans and underlines the role of n-3 PUFA
as PPARa ligands in the experimental therapy of NASH.
This model may thus represent an ideal tool to further
study the pathogenesis of NASH and to modify each
pathogenetic event (as for PPARa down-regulation in this
study) to define any further future experimental therapy.
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