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Aims: Eicosapentaenoic acid (EPA) can ameliorate certain liver lesions involved in non-alcoholic steatohepatitis
(NASH). A previous study has found that stroke-prone spontaneously hypertensive 5/Dmcr (SHRSP5/Dmcr) rats
fed a high fat-cholesterol (HFC) diet developedfibrotic steatohepatitiswith histological similarities toNASH. This
study evaluated the potential effects andmechanisms of action of EPA supplementation using this rodentmodel.
Main methods: Male rats were randomly assigned to groups that were fed with either the stroke-prone (SP)
diet or HFC diet with or without EPA for 2, 8 and 14 weeks, respectively. The liver histopathology, biochemical
features, mRNA and protein levels, and nuclear factor-κB (NF-κB) DNA binding activity were determined.
Key findings: The SP diet-fed rats presented normal livers. Conversely, the HFC diet-fed rats developed micro-
vesicular/macrovesicular steatosis, inflammation, ballooning degeneration and severe fibrosis. At 2 weeks, the
administration of EPA inhibited hepatic inflammatory recruitment by blocking the phosphorylation of inhibitor

of κB-α (IκBα), which antagonizes the NF-κB activation pathway. The dietary supplementation of EPA for
8 weeks ameliorated hepatic triglyceride accumulation and macrovesicular steatosis by inhibiting the HFC
diet-induced decrease in the protein levels of enzymes involved in fatty acid β-oxidation including carnitine
palmitoyltransferase 1, very long chain acyl-CoA dehydrogenase and peroxisomal bifunctional protein. Al-
though the administration of EPA elicited no histologically detectable effects on severe fibrosis at 14 weeks, it
restored an HFC diet-induced decline in hepatic adenosine triphosphate (ATP) levels and suppressed ballooning
degeneration, suggesting that EPA may inhibit HFC diet-induced ATP loss and cell death.
Significance: Initial amelioration of the inflammation and steatosis in the rats after EPA supplementation indi-
cates a possibility to treat steatohepatitis. Additionally, this study provides new insights into the roles of EPA
in hepatic ATP depletion and subsequent hepatocellular injury during severe fibrosis.
© 2012 Elsevier Inc. All rights reserved.
Introduction

Non-alcoholic steatohepatitis (NASH), a more severe and progres-
sive form of non-alcoholic fatty liver disease (NAFLD), is character-
ized by steatosis, inflammation and fibrosis, which can progress to
cirrhosis and hepatocellular carcinoma (de Alwis and Day, 2008).
NASH is prevalent among individuals with obesity and diabetes, as
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well as among non-obese and non-diabetic populations, affecting
2–3% of the general adult population (de Alwis and Day, 2008;
Neuschwander-Tetri and Caldwell, 2003). The increasing prevalence
of NASH appears to be related to a Westernized lifestyle, character-
ized by a lack of physical exercise and increased consumption of
hypercaloric food, cholesterol and saturated fat (Cortez-Pinto and
Machado, 2008; Enjoji and Nakamuta, 2010). Such a lifestyle contrib-
utes to the accumulation of visceral fat and the development of insu-
lin resistance, hypertriglyceridemia and NAFLD. As such, NASH and its
treatment and management have become the subject of intense in-
vestigation. However, the exact treatment strategy for NASH remains
poorly established.

http://dx.doi.org/10.1016/j.lfs.2012.04.029
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Eicosapentaenoic acid (EPA) is one of the principal components of
n-3 polyunsaturated fatty acid (PUFA) and has been used as a treat-
ment for hyperlipidemia (Yokoyama et al., 2007). Investigators have
speculated that EPA might be a promising therapy to prevent or ame-
liorate NASH based on its attenuation of all major histopathological
features in NASH patients (Tanaka et al., 2008). In rodents, EPA was
found to decrease de novo lipogenesis (Ishii et al., 2009; Kajikawa
et al., 2009a, 2009b; Tanaka et al., 2010) and to induce fatty acid
oxidation (Ishii et al., 2009), thereby ameliorating steatosis. EPA
also decreased oxidative stress in the liver, consequently alleviating
inflammation (Ishii et al., 2009; Kajikawa et al., 2009b, 2010). Further-
more, EPA attenuated the progression of hepatic fibrosis (Kajikawa
et al., 2009b, 2010, 2011). However, the precise efficacy of EPA sup-
plementation under various conditions must still be confirmed. The
rodent dietary models used for evaluating the efficacy of EPA treat-
ments have been limited, where EPA was either applied for a short
treatment period in mice with minimal liver lesions (Kajikawa et al.,
2009a, 2009b; Tanaka et al., 2010) or for a long treatment period
(20 weeks) in rats until fibrogenesis was detected (Kajikawa et al.,
2010, 2011). To date, no single animal model displaying the range
of histopathological and pathophysiological features of human
NASH has been developed. We recently used a high fat-cholesterol
(HFC) diet to induce steatohepatitis, but not obesity or diabetes, in
stroke-prone spontaneously hypertensive 5/Dmcr (SHRSP5/Dmcr)
rats (Kitamori et al., in press). Thismodel appeared to be a physiological
dietary model of NASH without the obesity or insulin resistance ob-
served in the general population. Moreover, compared to previous
models, the liver pathology indicated steatohepatitis with hepatocellu-
lar ballooning and severe chicken-wire fibrosis (even cirrhosis in some
cases), which are essential histological features that define human
NASH (Kajikawa et al., 2009a, 2009b; Tanaka et al., 2010).

Overall, our model exhibited the disease progression and patho-
logical features of NASH without the obesity and the insulin resis-
tance due to HFC diet feeding over a 14-week period and could be
used for the testing of the potency of therapeutic agents against
liver lesions. Therefore, using this rodent model, we investigated the
therapeutic functions and underlying mechanisms of EPA.

Materials and methods

Diets

Stroke-prone (SP: 20.8% crude protein, 4.8% crude lipid, 3.2% crude
fiber, 5.0% crude ash, 8.0% moisture, and 58.2% carbohydrate) and
high fat-cholesterol (HFC: a mixture of 68% SP diet, 25% palm oil, 5%
cholesterol and 2% cholic acid) diets were obtained from Funabashi
Farm (Chiba, Japan). The EPA was a kind gift from Mochida Pharmacy
(Tokyo, Japan). The EPA-containing HFC diet was manually prepared
every two days.

Animals

All of the animal experiments were conducted in compliance with
the Guidelines for Animal Experiments of the Kinjo Gakuin University
Animal Center. The male SHRSP5/Dmcr rats were obtained by mating
males and females of the SHRSP5/Dmcr strain with high cholesterol
levels (initially and kindly given by Y. Yamori, Emeritus Professor of
Kyoto University) as previously described (Kitamori et al., in press).
All of the rats were housed in a temperature- and light-controlled en-
vironment (23±2 °C, 55±5% humidity, 12-h light/dark cycle) with
free access to the control chow (SP diet) and tap water.

Experimental protocols

At 10 weeks of age, the male offspring were randomly divided into
9 groups of 6 rats each and fed with SP or HFC diet with or without
EPA (1 mg/g body weight/day) for 2, 8 and 14 weeks, respectively. No
differences in energy intake were observed between the HFC diet-fed
and EPA-treated groups. After 18–20 h of fasting from the last feeding
of each group, the rats were weighed, anesthetized by pentobarbital
(70 mg/kg) and sacrificed. Blood samples were collected, and the livers
were removed and weighed. A portion of each liver was fixed with 10%
buffered formalin for histopathological analysis, immersed in RNAlater
solution or quickly stored at−80 °C until use. The serumwas prepared
by centrifugation of the blood samples at 3500 g for 10 min and stored
at−80 °C until use.

Histopathology

The formalin-fixed liver tissues were subjected to hematoxylin and
eosin (H&E) staining and modified Elastic Van Gieson (EVG) staining
using Sirius red stain. The histopathological changes were assessed
using a DMD108 microscope (Leica, Wetzlar, Germany) and scored for
H&E staining according to the criteria proposed by Kleiner et al.
(2005): (1) steatosis: 0, none; 1, mild (5–33% of parenchymal involve-
ment by steatosis); 2, moderate (33–66%); 3, severe (>66%); (2) lobu-
lar inflammation: 0, none; 1, mild (b2 foci per 200× field); 2, moderate
(2–4 foci); 3, severe (>4 foci); (3) hepatocyte ballooning: 0, none;
1, few ballooned cells; 2, many cells/prominent ballooning; and
(4) macrovesicular steatosis: the same as that of steatosis. The NAFLD
activity score (NAS) was defined as the unweighted sum of steatosis,
lobular inflammation, and hepatocyte ballooning, with a maximum
score of 8. The fibrotic area of EVG-stained sections was evaluated
using BZ-9000 and Dynamic cell counter (Keyence, Osaka, Japan).

Biochemical assays of serum and liver extracts

The levels of serum triglyceride (TG), γ-glutamyl transpeptidase
(γ-GTP), aspartate aminotransferase (AST) and alanine aminotransfer-
ase (ALT) were determined by S.R.L. Inc. (Tokyo, Japan). Commercial
kits were used for the measurement of serum interleukin-6 (IL-6),
tumor necrosis factor-α (TNF-α) (R&D Systems Inc., Minneapolis,
MN), and adiponectin (Otsuka Pharmaceuticals, Tokyo, Japan). The he-
patic lipidwas extracted as described by Folch et al. (1957). The hepatic
TG content was measured using the TG-IE kit (Wako, Osaka, Japan). All
of the experiments were repeated at least two times.

Measurement of intracellular adenosine triphosphate (ATP) levels

The levels of intracellular ATP were measured using the “Cellno”
ATP Assay reagent (Toyo B-Net Co., Ltd, Tokyo, Japan). Briefly, the
liver tissues were lysed with 0.25 M sucrose in 10 mM HEPES buffer.
100 μl of each diluted sample or standard was transferred into a dis-
posable cuvette and mixed with 100 μl of luciferase reagent. After
mixing, the light emitted was measured and integrated for 10 s
using an AP-2200CP (ATTO, Tokyo, Japan). The ATP concentrations
were calculated from the linear portion of a standard curve and
expressed as 10−6 mmol/g liver.

Real-time quantitative PCR

The total RNAwas isolated fromwhole livers using the RNeasy Mini
Kit (QIAGEN, Tokyo, Japan). Real-time PCR analysis was performed as
described previously (Ramdhan et al., 2010). We normalized all of the
mRNA levels to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA in the same preparation. The primer sequences are listed in the
Supplementary Table 1.

Western blot analysis

Sections of liver were homogenized with 3 volumes of 0.25 M
sucrose-10 mM phosphate buffer (pH 7.4). The cytosolic fractions
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were prepared at 4 °C by differential centrifugation. The nuclear frac-
tions were extracted from portions of frozen liver using the CelLyticTM

NuCLEARTM Extraction Kit (SIGMA, Tokyo, Japan). The samples were
subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis as described previously (Ramdhan et al., 2010). The mem-
branes were incubated with the following antibodies: SREBP-1c,
PPARα, DGAT2, NF-κB p50 and NF-κB p65 (Santa Cruz Biotechnology,
Santa Cruz, CA); FAS and CPT1 (GeneTex, San Antonio, TX); MCP-1
(Biovision Inc., San Francisco, CA); SCD1 (Abnova, Taipei, Taiwan);
IKKα, IKKβ, phospho-IKKα/β, IκBα, phospho-IκB-α, ERK, phospho-
ERK, JNK and phospho-JNK (Cell Signaling Technology, Beverly, Mas-
sachusetts); and VLCAD and PH (the kind gift of Professor Aoyama of
Shinshu University, Japan). Immunoblotting with GAPDH (Santa
Cruz Biotechnology, Santa Cruz, CA) and Lamin-B1 (MBL, Nagoya,
Japan) antibodies was performed for loading controls. For the detec-
tion of specific proteins, the 1-StepTMNBT/BCIP (Pierce Biotechnology,
Rockford, IL, USA) or ECL Western Blotting Detection Reagent (GE
Healthcare, Buckinghamshire, UK) was used.

Nuclear factor-κB (NF-κB) activation assay

The NF-κB p65 DNA binding activity was assessed by the Trans-
AMTM NF-κB Kit (Active Motif, Carlsbad, CA) using nuclear protein
according to the manufacturer's protocols.

Statistical analysis

The values were expressed as the mean±the standard deviation.
Apart from the histopathological scoring results analyzed by the
Mann–Whitney U test between SP and HFC, HFC and EPA groups, the
other results were tested using Student's t-test. If the variance was het-
erogeneous, logarithmor square root transformationwasperformed be-
fore the analysis. All of the analyses were performed using the SPSS 17.0
program. P values less than 0.05were considered statistically significant.

Results

The effects of EPA on body weight, liver weight and relative liver weight

The rats fed with HFC diet with or without EPA developed lower
body weights and higher absolute and relative liver weights than
the SP-fed control rats. Unexpectedly, the EPA-treated rats exhibited
decreased body weight at 2 weeks and increased absolute and rela-
tive liver weights at 14 weeks compared to rats fed with HFC diets
alone (Table 1).
Table 1
Effects of EPA on body weight, liver weight, serum and hepatic laboratory parameters.

Parameters 2 weeks 8 weeks

SP HFC HFC+EPA SP

Body weight (g) 263±19 242±13a 221±15b 314±20
Liver weight (g) 7.3±0.7 11.6±3.8a 10.6±0.8 8.3±0.
Relative liver weight (%) 2.8±0.1 4.8±1.5a 4.8±0.1 2.6±0.
Serum
TG (mg/dl) 36±13 41±5 29±6b 37±9
AST (IU/l) 122±12 144±11a 154±20 105±10
ALT (IU/l) 47±4 94±15a 111±14 52±4
γ-GTP (IU/l) 1.5±0c 1.5±0c 1.5±0c 1.5±0c

IL-6 (pg/ml) 44±35 123±31a 121±100 29±12
TNF-α (pg/ml) 1.3±1.9 7.2±3.3a 2.5±0.7b 0.5±0.
Adiponectin (μg/ml) 5.4±0.4 7.1±1.0a 6.7±2.1 5.2±1.
TNF-α/Adiponectin (×106) 0.2±0.4 1.0±0.5a 0.4±0.2b 0.1±0.
Liver
TG (mg/g liver) 19±3 56±27a 56±14 18±5

Body weight is also used elsewhere (Kitamori et al., in press). Values are expressed as mean
limit was 3.0 IU/l. When values were below the detection limit, we used 1.5 IU/l as the
eicosapentaenoic acid; TG, triglyceride; AST, aspartate aminotransferase; ALT, alanine amin
crosis factor-α.
The effects of EPA on serum or liver parameters

As shown in Table 1, HFC diet-fed rats exhibited higher serum
levels of AST, ALT, γ-GTP and IL-6, indicating the presence of hepatic
injuries, whereas the EPA treatment resulted in a marked decrease
in the levels of γ-GTP and IL-6 at 8 weeks. The HFC diet-fed rats
developed persistently increased levels of pro-inflammatory TNF-α
and gradually decreased levels of the anti-inflammatory cytokine,
adiponectin. Conversely, the EPA supplementation substantially
reduced TNF-α and elevated adiponectin levels at 2 and 8 weeks, re-
spectively, followed by lower TNF-α/adiponectin. Neither the HFC
diet nor the supplementation of EPA changed the serum levels of
insulin or glucose (data not shown). To clarify the effects of EPA on
the accumulation of fat in the liver, the hepatic and serum TG con-
tents were measured. The HFC diet induced higher hepatic TG levels
at each period compared to the control diet, whereas the EPA supple-
mentation for 8 weeks significantly decreased TG levels from 36±12
to 18±7 mg/g of liver tissue. Moreover, compared to the HFC diet-fed
group, the EPA remarkably decreased the serum TG levels at 2 weeks.
The hepatic and serum total cholesterol levels were also determined
and will be reported elsewhere (in preparation).

The effects of EPA on histopathology

The control rats exhibited normal livers throughout the entire
study (Fig. 1A and B), although slight inflammatory infiltration was
occasionally observed. At 2 weeks, the H&E staining revealed that
the HFC diet-fed rats exhibited mild steatosis with foci of inflammato-
ry infiltration, which progressed to extensive steatosis with large
vacuoles, accompanied by inflammation and ballooning degeneration
at 8 and 14 weeks (Fig. 1A). The EPA supplementation for 2 weeks
appeared to reduce the inflammatory infiltration, and to improve
the macrovesicular steatosis at 8 weeks, as well as the hepatocyte
ballooning at 14 weeks. Interestingly, more hepatocytes with a bright
pink color and natural nuclei existed in the EPA group in the last stage.
Conversely, more hepatocytes with a dull pink color were observed in
the HFC group. Some of these hepatocytes experienced pyknosis and
karyorrhexis; their intercellular boundaries became more obscure.
These differences indicated that the more active cells might have
persisted in rats treated with EPA, particularly at 14 weeks.

According to the mean scores (Table 2), rats fed with the HFC diet
progressively developed steatosis and even macrovesicular steatosis,
lobular inflammation and ballooning degeneration compared to
the rats fed the control diet. At 2 weeks, the rats treated with EPA
exhibited significant improvement of themean score of inflammation,
14 weeks

HFC HFC+EPA SP HFC HFC+EPA

268±14a 251±18 336±22 277±19a 251±26
8 34.6±3.8a 32.3±2.1 9.3±0.7 37.5±4.9a 47.9±4.3b

1 12.9±1.2a 12.9±0.6 2.8±0.1 13.5±1.3a 19.1±0.6b

29±11 24±7 42±8 79±63 115±106
545±209a 401±300 118±21 1121±320a 856±271
220±66a 254±146 50±6 387±87a 300±88
10.3±2a 4.8±1b 1.5±0c 13.8±3a 12.9±7
240±65a 126±60b 88±69 203±37a 140±77

5 13.0±3.3a 11.1±1.2 2.1±2.2 15.8±6.2a 21.1±4.2
0 5.1±2.0 7.8±1.0b 6.2±0.8 4.0±0.6a 5.7±2.1
1 2.8±1.1a 1.4±0.2b 0.4±0.4 4.2±1.9a 4.1±1.3

36±12a 18±7b 15±3 28±7a 24±9

±standard deviation. aPb0.05 vs. SP-fed group, bPb0.05 vs. HFC-fed group. cDetection
result of detection. Abbreviations: SP, stroke-prone; HFC, high fat-cholesterol; EPA,
otransferase; γ-GTP, γ-glutamyl transpeptidase; IL-6, interleukin-6; TNF-α, tumor ne-



Fig. 1. The liver histology, hepatic ATP levels and fibrotic area evaluation of rats fed the SP or the HFC diet with or without EPA. (A) Representative images of hematoxylin and eosin
staining (magnification: 200×; arrows indicate ballooning degeneration) and a bar graph of hepatic ATP levels. (B) Representative images of Elastic Van Gieson staining (magni-
fication: 100×) and a bar graph of the quantification of fibrosis. CV, central vein. Scale bar: 100 μm. *Pb0.05 vs. SP group, #Pb0.05 vs. HFC group. Abbreviations: ATP, adenosine
triphosphate; HFC, high fat-cholesterol; SP, stroke-prone; EPA, eicosapentaenoic acid.
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from 1.2±0.2 to 0.9±0.1, which was partially attributed to improve-
ments in the serum levels of inflammatory cytokines. At 8 weeks, the
EPA-treated rats exhibited reduced macrovesicular steatosis supported
by decreased hepatic TG deposition and at 14 weeks, they exhibited
a decreased mean score of ballooning degeneration―a phenotype of
cell death.

The EVG-staining showed that rats fed with the HFC diet, regard-
less of EPA, developed moderate fibrosis mainly in the perivenular
to pericellular areas starting from 8 weeks and progressed to bridging
fibrosis at 14 weeks (Fig. 1B). Evaluation of the fibrotic areas revealed
that the HFC diet induced severe fibrosis compared to the control diet
starting from 8 weeks onward. Unfortunately, no attenuation in fi-
brotic progression was detected after EPA supplementation.

The effects of EPA on hepatic ATP levels

Because the EPA decreased the numbers of ballooned hepatocytes
and appeared to maintain more active cells at 14 weeks, wemeasured
hepatic ATP levels (Fig. 1A). The rats fed with the HFC diet alone
exhibited a persistently lower ATP levels than that of rats fed the



Table 2
Liver histological scores in rats treated with SP diet, HFC diet with or without EPA.

2 weeks 8 weeks 14 weeks

SP HFC HFC+EPA SP HFC HFC+EPA SP HFC HFC+EPA

Steatosis 0.6±0.3 3.0±0.1a 3.0±0.0 1.0±0.6 3.0±0.0a 3.0±0.0 1.2±0.5 3.0±0.0a 3.0±0.0
Lobular inflammation 0.8±0.2 1.2±0.2a 0.9±0.1b 0.8±0.2 1.0±0.4 1.3±0.2 1.1±0.1 1.7±0.3a 1.4±0.4
Ballooning 0.0±0.0 0.2±0.1a 0.1±0.2 0.0±0.0 0.5±0.2a 0.6±0.1 0.0±0.0 0.8±0.2a 0.6±0.1b

NAS 1.4±0.4 4.3±0.3a 4.0±0.2b 1.8±0.7 4.6±0.4a 4.9±0.3 2.3±0.5 5.5±0.4a 5.0±0.4
Macrovesicular steatosis 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 0.9±0.3a 0.2±0.3b 0.0±0.0 0.9±0.3a 0.8±0.2

Values are expressed as mean±standard deviation. aPb0.05 vs. SP-fed group, bPb0.05 vs. HFC-fed group using Mann–Whitney U test. Abbreviations: SP, stroke-prone; HFC, high
fat-cholesterol; EPA, eicosapentaenoic acid; NAS, NAFLD activity score.
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control diet. Upon supplementationwith EPA, the ATP levels exhibited
a sharp increase at 14 weeks relative to the HFC diet alone or the
control diet, although a decreased level was detected at 2 weeks.
The effects of EPA on fatty acid metabolism

Given the improvements in the hepatic TG accumulation andmac-
rovesicular steatosis, the fatty acid metabolism pathways were inves-
tigated. The nuclear mature sterol regulatory element-binding protein
1c (SREBP-1c) activates the transcription of lipogenic genes (Ferre and
Foufelle, 2010). The administration of EPA significantly inhibited the
HFC-induced increase in the SREBP-1 mRNA at the treatment end-
point (Fig. 2A) but did not significantly influence the nuclear levels
of SREBP-1c protein (Fig. 2B).We also evaluated specific SREBP-1c tar-
get genes and found that the HFC diet-fed rats exhibited progressively
elevated mRNA levels of fatty acid synthase (FAS) and stearoyl-CoA
desaturase 1 (SCD1) compared to the control diet-fed rats during the
whole treatment period. The EPA treatment significantly decreased
the levels of FAS mRNA at 2 and 14 weeks and of SCD1 mRNA at
14 weeks compared to the HFC diet alone (Fig. 2A). Protein analysis
revealed that the HFC diet resulted in higher FAS protein levels at 2
and 8 weeks compared to the control diet. However, treatment with
EPA did not significantly affect the protein levels of these lipogenic en-
zymes (Fig. 2B). The effects on the acetyl-CoA carboxylase-α (ACCα)
protein were similar to those of the FAS protein (not shown). The
diacylglycerol acyltransferase-2 (DGAT2) protein, a more potent
DGAT that catalyzes the final step in TG synthesis, was not suppressed
by the administration of EPA, although the EPA inhibited its mRNA
level relative to HFC diet alone at 8 and 14 weeks (Fig. 2A and B). The
alterations in DGAT1 protein levels were similar to those of DGAT2
protein levels (not shown). These results suggest that the administra-
tion of EPA may not down-regulate the lipogenic pathways examined
in our study.

The peroxisome proliferator-activated receptor α (PPARα) plays
a pivotal role in the pathogenesis of steatosis due to its ability to or-
chestrate fatty acid oxidation (Ishii et al., 2009). The HFC diet
suppressed PPARαmRNA throughout the treatment period compared
to the control diet. The administration of EPA further reduced the
mRNA levels at 14 weeks (Fig. 3A). Conversely, the feeding of the
HFC diet itself, regardless of the administration of EPA, significantly
elevated the protein expression at 2 weeks, but did not influence it
thereafter (Fig. 3B). The measurements of the representative en-
zymes for fatty acid oxidation revealed that the HFC diet-fed rats
expressed lower levels of carnitine palmitoyltransferase 1 (CPT1),
very long chain acyl-CoA dehydrogenase (VLCAD) and peroxisomal
bifunctional protein (PH) than did the control diet-fed rats at 8 and
14 weeks (Fig. 3B). Importantly, the EPA treatment inhibited the HFC
diet-induced decrease in all three proteins at 8 weeks, supporting
the notion that the administration of EPA reduced hepatic TG accumu-
lation and macrovesicular steatosis by accelerating fatty acid oxida-
tion in this model.
The effects of EPA on inflammation

NF-κB is amajor regulator of the inflammatory process (Elsharkawy
and Mann, 2007). Investigation of the pathways that activate NF-κB
(Fig. 4) showed that the HFC diet markedly increased protein levels
of the inhibitor of κB (IκB) kinase α/β (IKKα/β) at 8 and 14 weeks,
phosphorylated IKKβ (phospho-IKKβ) at 8 weeks, IκBα at each term,
and, particularly, phosphorylated IκBα (phospho-IκB-α) at 2 weeks
compared to the control diet. This activation eventually resulted in the
nuclear accumulation of p50 protein from 2 weeks onward and p65 at
2 weeks in HFC diet-fed rats. The administration of EPA significantly
inhibited the HFC diet-induced increase in IKKα/phospho-IKKα at
8 weeks. Although EPA did not affect the IKKβ/phospho-IKKβ relative
to the HFC diet alone, EPA treatment suppressed IκBα/phospho-IκB-α
at 2 and 8 weeks compared to the HFC diet alone. We detected a de-
crease in the nuclear accumulation of p50 and p65 at 2 weeks, consis-
tent with the histopathological inhibition of inflammation at that
time. Interestingly, p65 DNA binding activity (Fig. 4) did not improve
in the HFC diet-fed rats after EPA intake at 2 weeks, but rather exhibited
elevation at 8 and 14 weeks. The HFC diet alone also inducedmonocyte
chemoattractant protein-1 (MCP-1), which is an NF-κB downstream
target (Fig. 4). The administration of EPA, however, did not further
alter MCP-1.

The mitogen-activated protein kinase (MAPK) signal transduction
pathways play a crucial role in many aspects of the inflammatory re-
sponse (Hommes et al., 2003). Three well-characterized classes of
MAPKs, which include the extracellular signal-regulated kinases
(ERKs), c-Jun amino-terminal kinases (JNKs) and p38 MAPK, were
further assessed by western blot (Fig. 5). The ERK1 protein levels
were higher in the HFC diet-fed rats than in the control rats at
8 and 14 weeks, whereas the activated form of ERK1 was extremely
low regardless of diet and EPA administration, except in a few cases
in the HFC-diet group at 14 weeks and in the EPA-treated group at
8 weeks. As a result, the EPA-treated group exhibited increased
phospho-ERK1 levels at 8 weeks. Differences in the levels of ERK2/
phospho-ERK2 were not detected between the groups. Conversely,
EPA treatment inhibited the HFC-induced increase of JNK p46 levels
at 14 weeks, although no changes in phospho-JNK p46 or in JNK
p54/phospho-JNK p54 were detected. Additionally, the levels of
p38/phospho-p38 were comparable between the groups (data not
shown). These findings indicate that the MAPK pathways might not
be major contributors to liver inflammation and steatohepatitis in
our study.

Discussion

In this study, histopathological evaluation revealed that the co-
administration of EPA with an HFC diet partially ameliorated diet-
induced inflammation and macrovesicular steatosis at 2 and 8 weeks,
respectively, which is consistent with previous reports (Kajikawa
et al., 2009a, 2009b, 2010; Tanaka et al., 2010). The administration
of EPA also improved the degree of ballooning degeneration detected



Fig. 2. The effects of EPA on the de novo lipogenesis and triglyceride biosynthesis. (A) Real-time quantitative PCR of SREBP-1, FAS, SCD1 and DGAT2. The EPA-treated rats exhibited
decreased SREBP-1 and SCD1 expressions at 14 weeks, inhibited FAS mRNA at 2 and 14 weeks, and reduced DGAT2 mRNA at 8 and 14 weeks, relative to rats fed the HFC-only diet.
(B) The hepatic SREBP-1c, FAS, SCD1 and DGAT2 protein levels were analyzed by western blot. GAPDH or Lamin-B1 was used as loading control. The administration of EPA alongside
the HFC diet did not significantly alter protein levels of these enzymes (n=6/group, *Pb0.05 vs. SP group; #Pb0.05 vs. HFC group). Abbreviations: SREBP-1c, sterol regulatory
element-binding protein 1c; FAS, fatty acid synthase; SCD1, stearoyl-CoA desaturase 1; DGAT2, diacylglycerol acyltransferase-2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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at 14 weeks, which to our knowledge, is a novel finding. Although
at 14 weeks the HFC diet induced comparable chicken-wire fibrosis,
regardless of EPA, there were fewer ballooned hepatocytes in the rats
that were administered the EPA supplement, which corresponded to
a significant EPA-induced elevation in hepatic ATP levels at 14 weeks.
Thus, the administration of EPA played a significant role in the patho-
genesis of fibrotic steatohepatitis. All of these features encouraged
us to unravel the potential mechanisms of the roles of EPA in fibrotic
steatohepatitis.

The EPA-induced inhibition of ballooning degeneration suggests
that EPAmight play a role inmaintaining cell survival. Normal differen-
tiated cells rely primarily on mitochondrial oxidative phosphorylation
to produce ATP to maintain their viability and normal cellular functions
(Pike et al., 2011). ATP depletionmay be an important cause of hepato-
cellular injury in the steatotic liver (Neuschwander-Tetri and Caldwell,
2003). Indeed, hepatic ATP depletion during NASH development has
also been previously demonstrated in a rodent model (Serviddio et al.,
2008). Likewise, our fibrotic steatohepatitis model exhibited lower
hepatic ATP levels than the controls, suggesting the presence of mito-
chondrial dysfunction and impaired energy homeostasis. A recent
study of steatotic HepG2 cells cultured with fatty acids revealed that in-
cubation of the cells with EPA improved their abnormal mitochondrial
morphology and increased the levels of ATP (Zhang et al., 2011). In
this study, the administration of EPA sharply elevated hepatic ATP con-
tent at 14 weeks concurrently with a pathological inhibition of hepato-
cyte ballooning. These functions have not been reported yet in the liver
under severefibrotic progression and suggest that EPA treatmentmight
reduceHFC diet-inducedmitochondrial dysfunction and restore hepatic
ATP stores, thereby protecting hepatocytes from necrosis. These effects
might account for the increased liver weight observed at 14 weeks in
the EPA group, whereas the liver weights did not increase in the HFC-
diet only group at 14 weeks compared to those at 8 weeks.
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Fig. 3. The effects of EPA on fatty acid β-oxidation. (A) The hepatic mRNA levels of PPARα. The rats fed with the HFC diet, regardless of EPA, exhibited persistently decreased PPARα
mRNA, relative to control diet-fed rats. (B) Western blot analysis of PPARα, CPT1, VLCAD and PH. GAPDH or Lamin-B1 was used as loading control. The rats that were fed the HFC
diet with or without EPA had higher PPARα protein levels only at 2 weeks compared to control diet-fed rats. The EPA treatment significantly inhibited HFC-induced reduction in
CPT1, VLCAD and PH at 8 weeks (n=6/group, *Pb0.05 vs. SP group; #Pb0.05 vs. HFC group). Abbreviations: PPARα, peroxisome proliferator-activated receptor α; CPT1, carnitine
palmitoyltransferase 1; VLCAD, very long chain acyl-CoA dehydrogenase; PH, peroxisomal bifunctional protein.
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Steatosis is the excessive accumulation of triglycerides in the liver.
The imbalance of lipid availability and lipid disposal is a critical deter-
minant in the pathogenesis of steatosis (Ferre and Foufelle, 2010). We
investigated two aspects of the underlying mechanisms responsible
for the steatosis-attenuating effect of EPA: de novo lipogenesis and
fatty acid oxidation. EPA treatment stimulated β-oxidation in both
mitochondria and peroxisomes at 8 weeks by inhibiting the HFC-
induced decrease in protein expression of enzymes including CPT1,
VLCAD and PH. Several studies have demonstrated that EPA treat-
ment can increase mitochondrial and peroxisomal fatty acid oxida-
tions. In particular, a recent NASH model using Medaka revealed
that the administration of EPAmitigated high fat diet-induced disease
by restoring normal mitochondrial β-oxidation (Matsumoto et al.,
2010), which is confirmed by our findings. Therefore, we conclude
that the EPA-mediated reduction of hepatic TG accumulation and at-
tenuation of macrovesicular steatosis at 8 weeks may be attributed to
the enhanced mitochondrial and peroxisomal β-oxidations. Addition-
ally, although a previous study has suggested that EPA is an active
ligand for PPARα, a major transcription factor that regulates fatty
acid β-oxidation (Ishii et al., 2009; Pawar and Jump, 2003), the ad-
ministration of EPA did not significantly induce PPARα protein in
the model employed in this study, similar to previous observations
of mice with steatosis (Tanaka et al., 2010). Alternatively, SREBP-1c
is a transcription factor that regulates lipogenic enzymes such as
ACCα, FAS and SCD1 (Ferre and Foufelle, 2010). However, according
to the proposed pathways for major lipid metabolism (Zhou et al.,
2008), the decreased levels of SCD1 and DGAT2 in the HFC diet-fed
group might be indicative of mitochondrial dysfunction. Several ani-
mal experiments have demonstrated that the administration of EPA
improved hepatic steatosis by inhibiting mRNA (Ishii et al., 2009;
Kajikawa et al., 2009a,b; Matsumoto et al., 2010) or protein (Tanaka
et al., 2010) levels of SREBP-1c and lipogenic enzymes. Although we
observed a marked down-regulation of these enzymes at the mRNA
level, we failed to observe a significant role for EPA at the protein
level. The administration of EPA also did not influence TG synthesis
via regulation of DGAT2. Thus, we conclude that the EPA-induced re-
duction of hepatic TG accumulation and attenuation of histological
macrovesicular steatosis in our study was not attributed to inhibition
of lipogenesis.

EPA has been identified as an anti-inflammatory PUFA (Kim
et al., 2008; Zhao et al., 2004). In this study, the inhibition of inflam-
mation by EPA was histologically detected as early as 2 weeks, with
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Fig. 4. The effects of EPA on the activation of the NF-κB pathway. Protein expressions of IKKα/β, IκBα and their phosphorylated forms, NF-κB p50 and p65 subunits, and targeted
MCP-1 are displayed. GAPDH or Lamin-B1 used as loading control. The EPA treatment inhibited the HFC-induced increase in IκBα/phospho-IκB-α, resulting in decreased p50 and
p65 at 2 and 8 weeks. It also inhibited IKKα/phospho-IKKα at 8 weeks, but did not influence MCP-1 levels. The p65 DNA binding activity is also shown. Interestingly, the EPA did not
affect the p65 activity at 2 weeks (n=6/group, *Pb0.05 vs. SP group; #Pb0.05 vs. HFC group). Abbreviations: IKKα/β, inhibitor of κB kinase α/β; phospho-IKKα/β, phosphorylated
IKKα/β; IκBα, inhibitor of κB-α; phospho-IκB-α, phosphorylated IκBα; NF-κB, nuclear factor-κB; MCP-1, monocyte chemoattractant protein-1.
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a concomitant decrease in TNF-α and increase in adiponectin levels
in the serum relative to HFC diet-only groups in early stages, consis-
tent with previous reports (Ishii et al., 2009; Kajikawa et al., 2009b,
2010). At 8 weeks, the administration of EPA also suppressed the
serum levels of inflammatory cytokine, IL-6. The NF-κB signaling path-
way plays a role in the pathogenesis of a wide variety of conditions
affecting the liver, such as steatohepatitis (Robinson and Mann, 2010).
NF-κB, commonly referred to as its p65:p50 protein heterodimer, accu-
mulates in the initiation phase of inflammation. The IKKβ-mediated
phosphorylation of IκBα liberates NF-κB, promoting its transport into
the nucleus, which constitutes a pivotal event in activation of the classic
NF-κB pathway (Elsharkawy and Mann, 2007; Robinson and Mann,
2010). Here, the HFC diet increased IKKα/β levels and stimulated the
phosphorylated states of IKKβ and IκBα, thereby elevating the nuclear
levels of p65 and p50 proteins. Furthermore, p65 DNA binding activity
was increased in early stages relative to controls. The inflammatory
score declined from 2 to 8 weeks in HFC diet-fed rats. However, be-
tween 8 and 14 weeks, the score increased in only the HFC diet-fed
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Fig. 5. The effects of EPA on the MAPK signaling pathways. The protein levels of ERK1/2, JNK p54/p46, and their corresponding phosphorylated forms are shown. GAPDHwas used as
loading control. EPA treatment increased phospho-ERK1 at 8 weeks, compared to the HFC diet-alone group. EPA inhibited the HFC-induced increase of JNK p46 at 14 weeks (n=6/
group, *Pb0.05 vs. SP group; #Pb0.05 vs. HFC group). Abbreviations: MAPK, mitogen-activated protein kinase; ERK1/2, extracellular signal-regulated kinase 1/2; phospho-ERK1/2,
phosphorylated ERK1/2; JNK, c-Jun amino-terminal kinases; phospho-JNK, phosphorylated JNK.
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group, possibly due to necrosis, which results in the rupture of hepato-
cytes and consequential release of the cellular components that stimu-
late the acute inflammation response (Sokol, 2002). EPA reportedly
inhibits NF-κB activation in various cells (Kim et al., 2008; Zhao et
al., 2004). As an anti-inflammatory PUFA, EPA may predominantly
affect the abundant pro-inflammatory components of the p65:p50
heterodimers of the NF-κB family, accounting for the suppression of
the nuclear p65 and p50 subunits at 2 and 8 weeks. This inhibition
was a phospho-IκB-α-dependent event (Zhao et al., 2004), leading to
improved inflammation in histopathology at 2 weeks. Unexpectedly,
EPA did not affect the DNA binding activity of p65 at 2 weeks. The
delayed action of EPA on p65 binding activity might occur between 2
and 8 weeks, as the duration of NF-κB activation was prolonged after
exposure to EPA (Ross et al., 2003). The increased activity observed
at 8 and 14 weeks of EPA treatment could not exclude the possibility
of a partial role of NF-κB in liver regeneration following liver injury,
as was indicated by elevated ATP levels and inhibited ballooning
(FitzGerald et al., 1995). Because the IκBα gene is up-regulated by the
activation of NF-κB (Chiao et al., 1994; Scott et al., 1993), the induction
of IκBαwas preceded by activation of NF-κB in the HFC diet-fed group.
The decrease in NF-κB activation by EPAmay slow the repletion of IκBα,
contrary to what was observed in the HFC-diet group. Taken together,
the EPA treatment for 2 weeks histologically ameliorated inflammation
mainly by preventing the HFC diet-induced increase in serum TNF-α,
TNF-α/adiponectin and NF-κB pathway activation.

Additionally, MCP-1was reportedly up-regulated in livers of NASH
patients, functioning as a chemotactic factor for the recruitment of
monocytes during inflammation (Bertola et al., 2010). We found that
MCP-1 was greatly induced in HFC diet-fed rats with steatohepatitis.
Although EPA did not influence the levels of MCP-1, it changed the
composition of NF-κB. Given a previous study (Diaz Encarnacion
et al., 2011), we propose that the inhibition of MCP-1 production by
EPA treatment not only involves the suppression of NF-κB but also
other alternative intracellular signaling pathways.

Finally, MAPKs such as JNK and p38 are regarded as central medi-
ators in obesity and insulin resistance (Gao et al., 2010; Hirosumi
et al., 2002). The activation of MAPKs has been reported to promote
the development of steatohepatitis with hepatic insulin resistance
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(Schattenberg et al., 2006) and to be critically involved in a high fat
dietary model of obesity-associated NAFLD (Sinha-Hikim et al.,
2011). Conversely, we did not observe the activation of ERK1/2, JNK
or p38 by the HFC diet or their inhibition by EPA in our study. These
findings suggest that the MAPK pathways might not be responsible
for the initiation of the inflammatory response in steatohepatitis in
our current model.

Unexpectedly, no EPA-mediated attenuation of fibrosis was histo-
logically detected. A previous report has shown that the inhibition of
DGAT2 in a NASH animal model improved steatosis but exacerbated
hepatic damage and fibrosis, suggesting that hepatic TG accumulation
may be a protective mechanism that prevents progressive fibrosis
(Yamaguchi et al., 2007). EPA inhibited HFC diet-induced hepatic TG
accumulation at 8 weeks, suggesting that the decreased TG in the
EPA group may further exacerbate fibrosis. Our model itself, which
is unique in its development of predominant bridging fibrosis,
might be another pivotal factor that constrained the efficacy of EPA
treatment. Nonetheless, EPA appeared to inhibit cell death, which is
a causal factor in fibrogenesis, accompanied by restoration of hepatic
ATP levels and ballooning inhibition.

Conclusions

In conclusion, the administration of EPA can ameliorate the initial
inflammation and steatosis in SHRSP5/Dmcr rats fed with an HFC diet.
In the phase of progressive fibrosis, EPA replenishes the hepatic ATP
levels and reduces hepatocellular ballooning, and through a new-
found ability, restores mitochondrial energy homeostasis to inhibit
cell death. Taken together, our results provide evidence that EPA
may constitute a therapeutic agent for early-stage steatohepatitis by
improving inflammation and steatosis. Lastly, our study provides
new insights into the roles of EPA in hepatic ATP depletion in the fi-
brotic liver.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.lfs.2012.04.029.
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