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Abstract

It has been suggested that patients with nonalcoholic steatohepatitis (NASH) have a high risk for
liver cancer. However, it is unknown whether high-fat diet induced NASH promotes
hepatocarcinogenesis. In the present study, Sprague-Dawley rats were injected with a low dose of
hepatic carcinogen diethylnitrosamine (DEN) and then fed either Lieber-DeCarli control diet (CD)
or high-fat diet (HFD) for 6 weeks. Liver histology and the hepatic placental form of glutathione
S-transferase (P-GST) positive foci were examined. Expression levels of proliferating cell nuclear
antigen (PCNA), cyclinD1, phosphorylated MAPK including extracellular signal-regulated kinase
(ERK) and p38, as well as TNF-a and NF-xB were measured in the liver. Induction of lipid
peroxidation end products (malondialdehyde plus 4-hydroxynonenal) in liver and apoptotic
hepatocytes were also assessed. Results showed that HFD-fed rats developed significantly higher
incidence and multiplicity of P-GST positive foci along with more fat accumulation, infiltration of
inflammatory cells and higher lipid peroxidation in the liver, as compared with rats fed the CD.
This high prevalence of hepatic lesions in the liver was accompanied by greater PCNA expression
and cyclinD1 protein concentration but little change in hepatocyte apoptosis. HFD feeding
elevated hepatic phosphorylated ERK but reduced phosphorylated p38 as compared with the CD
feeding. In addition, a significantly higher expression of TNF-a mMRNA and nuclear NF-«B p65
protein were observed in HFD group than those in CD group. These data clearly demonstrate that
NASH induced by high-fat diet promoted DEN-initiated early hepatocarcinogenesis, which was
associated with elevated TNF-o/NF-xB signaling and MAPK related hepatocyte proliferation.
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Nonalcoholic steatohepatitis (NASH) is a chronic progressive liver disease which is mainly
characterized by the concurrence of fat accumulation and infiltration of abundant

"Correspondence to: Nutrition and Cancer Biology Laboratory, Jean Mayer United States Department of Agriculture Human Nutrition
Research Center on Aging at Tufts University, 711 Washington Street, Boston, MA 02111, USA. Phone: 1-617-556-3130, Fax:
1-617-556-3344, Email: xiang-dong.wang@tufts.edu.

Author Disclosures: Yan Wang, Lynne M. Ausman, Robert M. Russell, Andrew S. Greenberg and Xiang-Dong Wang have no
conflicts of interest.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 2

inflammatory cells in the liver. NASH patients are reported to possess a high risk for
progression to cirrhosis 1, the most common risk factor for hepatocellular carcinoma 2.
Moreover, an increasing number of clinical cases report that some patients with NASH can
develop liver cancer 3. The increasing prevalence of NASH worldwide 4 and its close
association with obesity and type Il diabetes 5' 6 raise the necessity to investigate whether
NASH and its related micro environmental changes in the liver carry a substantial risk for
early development of liver cancer. However, experimental data on whether the
pathophysiological features and mechanisms involved in NASH formation possess
carcinogenic potential are lacking.

In the “2"d hit” model for NASH pathogenesis, increased oxidative stress was proposed to
be one of the major driving forces for NASH development in the context of steatosis 7. At
the cellular level, oxidant injury can elicit a wide spectrum of cellular responses ranging
from proliferation to growth arrest that usually reflect the balance between multiple
intracellular stresses-induced signaling pathways activated in response to an oxidant insult
such as mitogen-activated protein kinase (MAPK). MAPK is an essential component of
intracellular signal transduction and constitutes mainly extracellular signal-regulated kinase
(ERK), c-Jun N-terminal kinase (JNK) and p38. Activation of the ERK pathway is
frequently linked to cell proliferation and may be a key signaling pathway involved in the
regulation of G1 phase progression in proliferating hepatocytes 8. The association between
sustained JNK activation and increased rates of cell apoptosis is well established 9.
Although many studies have shown that p38 is correlated with oxidative stress-induced
apoptosis, an increasing amount of evidence from the past few years indicates a tumor
suppressing effect by its activation 10. However, the MAPK responses and their potential
effects on cell growth in NASH or NASH related carcinogenesis have not been investigated.

Aside from oxidative stress, the causal relationship between inflammation and tumorigenesis
has also been implicated in a variety of chronic inflammatory diseases such as Helicobacter
pylori-induced gastritis for gastric cancer, and inflammatory bowel disease (ulcerative colitis
and Crohn’s disease) for colorectal cancer 11. Viral hepatitis such as hepatitis B virus causes
a general inflammatory response in the liver that is a strong risk factor for cirrhosis and
hepatocellular carcinoma development 12. One of the key molecules mediating the
inflammatory processes is the pro-inflammatory cytokine tumor necrosis factor-alpha (TNF-
o). TNF-a is a vital cytokine involved in inflammation and immunity, and is reported to be
significantly increased in NASH patients 13. A previous study demonstrated reduced rates
of preneoplastic lesions and liver tumor formation in TNF-a receptor (TNFR) knock-out
micel4, suggesting an important role of TNF-a signaling in hepatocarcinogenesis. Binding
of TNF-a and TNFR in hepatocytes can mediate various biological effects including cell
proliferation, apoptosis, or even cell death. In addition, nuclear factor-kappaB (NF-«B), one
important transcriptional factor regulated by TNF-a in hepatocytes, has been shown to be
closely associated with liver neoplastic progression, and mediates transcriptional regulation
of multiple genes involved in cellular transformation, proliferation, and survival 15. TNF-a
mediated NF-«B activation could be one of the essential components of the TNF
proliferative pathway with fundamental importance in carcinogenesis 16: 17. So far, there is
no information regarding whether the occurrence of chronic inflammation in NASH
pathogenesis and its related pathophysiological changes (e.g., oxidative stress and NF-xB
activation) can promote chemical carcinogen-initiated hepatocarcinogenesis.

Diethylnitrosamine (DEN), a specific genotoxic hepatocarcinogen, is well-known for its
initiating effects to induce hepatocyte DNA damage and mutation 18. In the present study,
we investigated the potential promoting effects of NASH induced by a high fat diet 19: 20
on DEN-initiated hepatic carcinogenesis in a rat model. Specifically, we determined the
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incidence of precancerous lesions such as preneoplastic foci in the liver and explored the
potential cellular mechanisms involved.

Materials and methods

Animals and diets

Eight-week old male Sprague-Dawley rats (Charles River Co., Wilmington, MA) were
given a single i.p. injection of 30 mg DEN/kg body weight after one week of chow diet
adaptation. The dosage of DEN (30 mg/kg body weight) is not considered to be necrogenic
or carcinogenic in the absence of other promoting agents 21. The rats were then randomly
divided into two groups (n=6) and fed ad libitum with either Lieber-DeCarli liquid control
diet (CD, 35% energy from fat) or high-fat diet (HFD, 71% energy from fat) (Dyets Inc.,
Bethlehem, PA) for six weeks. The diet compositions have been described previously 20. As
the liquid diet provides an adequate amount of fluid, extra water was not given. Rats were
housed individually in temperature and humidity controlled rooms and kept on a 12-hour
light: dark cycle. The Institutional Animal Care and Use Committee at the USDA Human
Nutrition Research Center on Aging approved the animal protocol. Body weight of each rat
was measured weekly. After killing, the liver was promptly excised and removed. Two
small portions of liver at the right lobe were fixed in 10% neutral-buffered formalin for
histological examination, and the remaining liver was snap frozen in liquid nitrogen and
stored at —80°C for subsequent analysis.

Histological examination

Formalin-fixed and paraffin-embedded liver tissues were processed routinely for
hematoxylin and eosin (H&E) staining. Liver histology was examined and graded according
to the magnitude of steatosis, inflammation and hepatocyte ballooning degeneration, as
described before 22 23. Briefly, the degree of steatosis was graded 0-4 based on the
average percent of fat-accumulated hepatocytes per field at x200 magnification under H&E
staining (Grading 0 = <5%, 1 = 5~25%, 2 = 26~50%, 3 = 51~75%, 4 = >75%).
Inflammation was evaluated by counting the number of a mixed population of inflammatory
cells, which mainly constitutes mononuclear inflammatory cells, in 10 random fields at x200
magnification. The mean of these numbers was calculated and reported as inflammatory
cells per mm2. Hepatocellular ballooning degeneration was evaluated as either negative
(absent) or positive (present).

Immunohistochemical staining

Precancerous lesions such as preneoplastic foci from fixed liver tissue were visualized by
immunostaining of placental form glutathione-S-transferase (P-GST). Hepatocyte
proliferation was semi-quantified by immunohistochemical analysis of proliferating cell
nuclear antigen (PCNA). Briefly, sections (5 um thick) were cut from formalin-fixed and
paraffin embedded liver samples. After a standard dehydration-rehydration procedure, liver
sections were incubated with 3% H,0O, for 15 min to quench endogenous peroxidase
activity. The sections were then heated using a steamer for 20 min in 10 mM sodium citrate
(pH 6.0) buffer to retrieve antigen. The routine biotin-streptavidin immunohistochemical
method consisted of sequential incubations in goat or horse serum blocking solution,
polyclonal anti-P-GST (Novocastra Laboratory, UK) or monoclonal anti-PCNA (clone
PC10, Dako Co-operation, Carpinteria, CA, USA), biotinylated goat anti-rabbit or horse
anti-mouse I1gG, and streptavidin conjugated to a horseradish peroxidase label. The liver
specimens were finally treated with diaminobenzidine substrate and then counterstained
with hematoxylin. All liver sections were viewed under light microscopy by two
independent investigators. The number of either P-GST positive preneoplastic foci or P-GST
positive single hepatocyte in a liver specimen from each rat was counted in random 15 fields
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at x100 magnification. The incidence refers to the percentage of rats bearing P-GST positive
foci or single hepatocyte from each group; while the multiplicity represents the average
number of P-GST positive foci or single hepatocyte in rats from each group. For PCNA
staining, a total of 10 randomly selected fields were screened, and PCNA positive cells with
dark brown nucleus were expressed as the number of PCNA (+) cells per 100 hepatocytes.

Quantification of cell apoptosis

Apoptotic hepatocytes were identified in rat liver by the Terminal dUTP Nick End Labeling
(TUNEL) assay. An In Situ Cell Death Detection Kit, TMR red (Roche Diagnostics,
Indianapolis, IN) was used for detection of DNA strand breaks in apoptotic cells using a
fluorescence microscope. Briefly, deparaffinized liver sections were boiled in 100mM
citrate buffer (pH=6.0) for 20 min and subsequently in 3% H,O, for 15 min at room
temperature to quench endogenous peroxidase activity. After these pretreatments, TMR-
dUTP and TdT were incorporated into the slides and incubated for 1 hour at 37°C in the
dark. Tissue sections were viewed under a fluorescence microscope. The number of cells
with TUNEL-positive nuclei was determined by manual counting from 20 randomly
selected fields at x400 magnification per liver sample. Results were expressed as the
average number of TUNEL positive cells/per microscopic field.

Hepatic lipid peroxidation

Lipid peroxides are unstable and decompose to form a complex series of compounds.
Malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) are major aldehydic metabolites
of lipid peroxidation and measurement of them has been used as a reliable indicator of lipid
peroxidation. A lipid peroxidation colorimetric microplate assay (Oxford Biochemical
Research Inc, Oxford MI) was used to assay MDA plus 4-HNE in the liver.

Gene expression by Real-time PCR

Total RNA was isolated from the liver by TriPure Isolation Reagent (Roche Diagnostics,
Indianapolis, IN) according to the instructions. cDNA was then prepared from the RNA
samples using M-MLYV reverse transcriptase (Invitrogen, Carlsbad, CA) and an automated
thermal cycler (Bio-Rad Laboratories, Hercules, CA). After quantification and qualification,
the PCR reaction for mRNA detection was carried out in each well using 20 pL reaction
mixture containing 10 pL 2X SYBR Green Supermix, 0.4 uL of 10 pmol/L primer mix
(including forward and reverse primers) and 2.5 uL. cDNA diluted in Rnase-free water.
Cycling conditions were 50°C for 2 min and 95°C for 10 min, followed by 40 cycles at 95°C
for 15 sec and 60°C for 1 min. Gene-specific primer sequences were designed using the
Primer Express version 2.0 software (Applied Biosystems, Foster City, CA). PCR results
were then normalized to the levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and calculated by reference to the average value for the control group using the comparative
Ct method. For each sample and each gene, PCR reactions were carried out in duplicate and
repeated twice. Gene expression was analyzed using the following pairs of primers: TNF-a
(forward, CCAGACCCTCACACTCAGATCA,; reverse, 5’-
TCCGCTTGGTGGTTTGCTA-3’), cyclinD1 (forward,
TTCGTGGCCTCTAAGATGAAGG,; reverse, TGAGCTTGTTCACCAGAAGCAG) and
GAPDH (forward, AGTGCCAGCCTCGTCTCATAG; reverse,
CCTTGACTGTGCCGTTGAACT).

Protein concentrations by Western Blotting

Whole liver homogenate and nuclear proteins were prepared from liver samples as
previously described 24. Liver protein extracts (40 ug each) were resolved on sodium
dodecyl sulfate--polyacrylamide (SDS-PAGE) gel electrophoresis. After blocking the
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membrane, immunoblotting was performed based on the manufacturer’s instruction for each
primary antibody against total and phosphorylated ERK, total and phosphorylated JNK, total
and phosphorylated p38, cleaved caspase-3 (Cell Signaling Technology, Inc), cyclinD1 and
nuclear NF-xB p65 subunit (Santa Cruz Biotechnology, Inc). Membranes were then
incubated with the secondary antibodies against rabbit or mouse (Bio-Rad Laboratory,
Hercules, CA). Anti-GAPDH antibody (Chemicon International, Inc, CA) was used as
internal control for equal loading of proteins.

Statistical Analysis

Results

The incidence of preneoplastic foci was evaluated using the Fisher Exact test. All group
values are presented as Mean + Standard error of the mean (SEM) and compared using
unpaired student t-test between DEN+CD and DEN+HFD groups at a significance level of P
<0.05.

General appearance

There was no mortality of rats from both DEN+HFD and DEN+CD groups in response to a
low dose of DEN administration, regardless of the amount of dietary fat. The body weight
did not show any significant difference between the two groups at either the initial or final
study period. There were also no significant differences between the two groups in the liver
weight and liver index at the end of this experiment.

Histopathological lesions

Both a greater accumulation of fat droplets and infiltration of mainly mononuclear
inflammatory cells were readily observed in the liver of rats fed the HFD as compared with
mild steatosis and inflammation from the CD group (Figure 1). The ballooning degeneration
of hepatocytes, a characteristic pathological feature of NASH, was only detected in response
to HFD treatment but not to the CD group. These typical histological features were further
confirmed by using a magnitude grading of each hepatic lesion (Table 1). The average
percent of fat-accumulated hepatocytes was significantly higher in DEN+HFD group than
that in DEN+CD group, which was accompanied by more than 3-fold greater amount of
inflammatory cells.

Precancerous lesions in the liver

P-GST has been widely used as an early marker for hepatic carcinogenesis in rodent models
25. Single hepatocytes that express P-GST may belong to a population of initiated cells
which can develop into hepatic foci 26. After administration of an initiating dose of DEN,
single P-GST positive hepatocytes were found in both groups (Figure 2A) with same
incidence but showed a higher multiplicity (number of lesions per animal) in DEN+HFD
group (Table 2). More importantly, P-GST positive foci (Figure 2B, C and D) were detected
in almost 70% of rats from HFD-fed group, with a multiplicity of 3.6 + 0.6, while none were
found in the CD-fed group (Table 2).

Cell proliferation and apoptosis

The average number of PCNA (+) hepatocytes was 60% greater (P < 0.05) in the DEN
+HFD group compared to that in DEN+CD group (Figure 3A). The increase of PCNA was
associated with a greater (P < 0.05) cellular cyclinD1 protein concentration in DEN+HFD
group (Figure 3B). In contrast to cell proliferation, neither apoptotic hepatocytes nor the
cleaved caspase-3 protein showed a significant difference between these two groups (data
not shown).
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MAPK signaling and oxidative stress

To further explore the potential mechanisms responsible for above changes in cell growth,
we examined the response of both oxidative stress and MAPK signaling pathway in this
model. The protein concentrations of phosphorylated ERK1/2 were significantly increased
(more than doubled), while phos-p38 was significantly decreased in the HFD group after
DEN treatment as compared to those in CD group despite similar concentrations found for
their total protein levels (Figure 4A and B). Total and phosphorylated JNK were not
significantly different between the two groups (data not shown). There were significantly
increased amounts of lipid peroxidation end products (MDA plus 4-HNE) in the DEN+HFD
group as compared to those in DEN+CD group (Figure 5).

TNF-a and NF-kB

There were significantly greater TNF-oo mRNA level (Figure 6A) and nuclear concentration
of NF-xB p65 subunits (3.5-fold of control) in the livers of rats from the DEN+HFD group
as compared to those from the DEN+CD group (Figure 6B).

Discussion

Six-week feeding of a HFD induced typical histological features of NASH and a
significantly higher incidence and multiplicity of precancerous markers of preneoplastic P-
GST positive foci in rat liver. These lesions were associated with greater lipid peroxidation,
activation of TNF-a/NF-xB signaling and MAPK related hepatocyte proliferation. These
data, for the first time, demonstrate that a high-fat diet induced NASH promotes the
chemical initiated early hepatocarcinogenesis in an animal model. Given the essential role of
oxidative stress in NASH pathogenesis and its close association with hepatic carcinogenesis,
the high oxidative stress in HFD induced NASH, reflected by increased lipid peroxidation in
the liver, may contribute to the neoplastic process. The increased oxidative stress observed
in the DEN+HFD group may result in the activation of ERK by hydrogen peroxides as
previously reported 27. ERK activation, in turn, acts as a survival factor to promote PCNA
and cyclinD1 expression. Interestingly, some evidence also suggests that ERK activation can
mediate some protection against free radical induced cell apoptosis in primary hepatocytes
28, which might partly explain the lower but non-significant cellular apoptosis in the DEN
+HFD group. In contrast to previous findings showing that p38 MAPK could be activated by
environmental stress 29- 30, HFD feeding in our study increased cellular oxidative stress but
remarkably decreased activated p38 in the liver. Our data are in agreement with results from
a recent study reporting that a decreased expression of p38 MAPK was found in both P-GST
positive foci and foci-bearing liver tissue extract, as compared with the control group 31.
Similarly, decreased p38 activity also led to high tumorigenesis by enhancing proliferation
of fibroblasts 32. On the other hand, in mice expressing the oncogenes ErbB2 or Ha-Ras,
activation of p38 was found to be able to inhibit mammary carcinogenesis 33: 34. One of the
mechanisms proposed for the potential tumor suppressing effect of p38 activation was its
inhibition on ERK activation 35. The opposite expression pattern in our study seems to
support a conflicting effect between activation of ERK and p38 in terms of the induction of
preneoplastic foci in this model. Interestingly, besides regulation of cell proliferation,
activated p38 cascade was also reported to account for the resistance of cell to apoptosis,
leading to unrestricted cell growth 36.

The higher inflammatory response in this model, as identified by abundant infiltration of
inflammatory cells and higher gene expression of TNF-a in the DEN+HFD group, may
provide another mechanistic link between NASH and pre-malignancy in the liver. NF-xB
was more highly induced by the HFD than the CD in rat liver along with the presence of
preneoplastic foci, which is in agreement with previous results supporting a causal link
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between inappropriate or persistent activation of NF-xB and liver neoplastic progression 37.
The mechanisms by which NF-«kB activation can promote neoplasm are due to its causing
cell proliferation through the direct regulation of a downstream molecule like cyclin D1 38
that is significantly greater in the HFD-fed rat liver than that in the CD group. In addition,
since NF-«kB activation may provide a protective role against apoptosis 39, greater induction
of NF-xB in the DEN+HFD group in this model could also antagonize the pro-apoptotic
response elicited by oxidative stress or its mediated DNA damage, thereby favoring survival
of hepatocytes harboring genetic mutations. However, inconsistent with the observations
from our model, Karin and co-workers found that mice lacking IKKp only in hepatocytes,
leading to inactivation of NF-«xB, exhibited a marked increase in hepatocarcinogenesis
initiated by DEN 40. Although it is difficult to make a direct comparison of data from a
genetically modified animal model with that induced by diet in our model, these results do
support the concept that NF-«kB is essentially involved in hepatocellular carcinogenesis.

Taken together, in the present study, chemically initiated hepatic carcinogenesis has been
demonstrated to be promoted by high-fat diet induced NASH in a rat model. The increased
cell growth mainly resulted from upregulated cell proliferation rather than impaired cell
apoptosis. The MAPK cascade in response to high oxidative stress and elevated TNF-a/NF-
kB signaling could contribute to this neoplastic process.
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Figure 1.

Representative histological features (H&E staining by light microscopy) of NASH induced
by a high-fat diet. Feeding of Control Diet caused mild steatosis (A), scattered focal
collection of mononuclear inflammatory cells in the liver (B), and no occurrence of cell
necrosis (C); in contrast, severe steatosis with infiltration of mononuclear inflammatory cells
(D), abundant infiltration of mononuclear cells in addition to small portion of
polymorphonuclear cell infiltrates (E), and ballooning degeneration of hepatocytes (F) were
found in the livers of rats fed HFD after six weeks.
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Figure 2.
Preneoplastic lesions of P-GST positive foci in the liver. An immunohistochemical assay

was applied to each formalin-fixed and paraffin-embedded liver samples from both groups.
A cluster of > six single P-GST positive hepatocytes was defined as P-GST positive foci.
(A) shows the normal liver after CD feeding while (B), (C) and (D) represent typical foci
observed under x400 magnification from DEN+HFD group. *P < 0.05 between DEN+CD
and DEN+HFD groups.
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Figure 3.

Assessment of cell proliferation. (A) Proliferating cell nuclear antigen (PCNA) expression
was examined using immunostaining. PCNA positive hepatocytes were counted from 10
randomly selected fields at x100 magnification. (B) CyclinD1, an essential regulator for cell
cycle at G1-S phase, was measured by western blotting from whole liver homogenate.
GAPDH was chosen as internal control for protein equal loading. Values are expressed as
meanszSEM. *P < 0.05 between DEN+CD and DEN+HFD groups.
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Figure 4.

MAPK activation to CD and HFD feeding. Protein concentrations of both total and
phosphorylated ERK (A) and p38 (B) in the liver were examined by western blotting from
both groups. GAPDH was chosen as internal control for protein equal loading. Values are
expressed as meanstSEM. *P < 0.05 between DEN+CD and DEN+HFD groups.
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Figure 5.

Lipid peroxidation in the liver. Lipid peroxidation end products MDA and 4-HNE was
measured by using LPO 586 assay in the liver of rats from both groups. Values are
expressed as means+SEM. *P < 0.05 between DEN+CD and DEN+HFD groups.
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Figure 6.

TNF-a and NF-«B activation in the liver. (A) Proinflammatory cytokine TNF-oo mRNA
expression in the liver was determined by real-time PCR. GAPDH was used as the internal
control for adjustification. (B) Nuclear protein was extracted from the liver and specific
antisense for NF-xB p65 functional subunit was used to detect its protein level in the
nucleus. GAPDH was used for equal protein loading. Values are expressed as means+SEM.
*P < 0.05 between DEN+CD and DEN+HFD groups.
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Table 1

Summary of histopathological lesions in the liver!

Group Steatosis2  Inflammatory cells (per mm?2)  Ballooning degeneration of hepatocytes
DEN+CD 04+0.1 45+17 -
DEN+HFD 1.6 +0.3* 16.9 £4.3* +

1MeansiSD are shown, n=6 animals per group (* P < 0.05)

2These values are averaged from the grading score of steatosis, which was graded 0-4 based on the average percent of fat-accumulated hepatocytes
per field at x200 magnification under H&E staining (Grading 0 = <5%, 1 = 5~25%, 2 = 26~50%, 3 = 51~75%, 4 = >75%)
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Table 2

P-GST positive single hepatocyte and focit

Incidence Multiplicity
Single Foci Single Foci
DEN+CD  4/6 (66.7%) 0 15+04 0

DEN+HFD  4/6 (66.7%) 4/6 (66.7%) 25+0.3 3.6+0.6*

1MeansiSD are shown, n=6 animals per group (* P < 0.05)
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