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Eicosapentaenoic acid improves hepatic steatosis independent of PPARa
activation through inhibition of SREBP-1 maturation in mice
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A B S T R A C T

Eicosapentaenoic acid (EPA) in fish oil is known to improve hepatic steatosis. However, it remains unclear

whether such action of EPA is actually caused by peroxisome proliferator-activated receptor a (PPARa)

activation. To explore the contribution of PPARa to the effects of EPA itself, male wild-type and Ppara-null mice

were fed a saturated fat diet for 16 weeks, and highly (>98%)-purified EPA was administered in the last 12

weeks. Furthermore, the changes caused by EPA treatment were compared to those elicited by fenofibrate (FF),

a typical PPARa activator. A saturated fat diet caused macrovesicular steatosis in both genotypes. However, EPA

ameliorated steatosis only in wild-type mice without PPARa activation, which was evidently different from

numerous previous observations. Instead, EPA inhibited maturation of sterol-responsive element-binding

protein (SREBP)-1 in the presence of PPARa through down-regulation of SREBP cleavage-activating protein and

site-1 protease. Additionally, EPA suppressed fatty acid uptake and promoted hydrolysis of intrahepatic

triglycerides in a PPARa-independent manner. These effects were distinct from those of fenofibrate. Although

fenofibrate induced NAPDH oxidase and acyl-coenzyme A oxidase and significantly increased hepatic lipid

peroxides, EPA caused PPARa-dependent induction of superoxide dismutases, probably contributing to a

decrease in the lipid peroxides. These results firstly demonstrate detailed mechanisms of steatosis-

ameliorating effects of EPA without PPARa activation and ensuing augmentation of hepatic oxidative stress.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Recent lifestyle alterations, such as increased consumption of
saturated fats and decreased physical activity, have raised the
prevalence of obesity, metabolic syndrome, and nonalcoholic fatty
liver disease (NAFLD) [1,2]. Nonalcoholic steatohepatitis (NASH) is
the progressive type of NAFLD and may develop into cirrhosis, liver
cancer, and ultimately death [1–4]. Since NAFLD is also associated
with a high susceptibility to atherosclerosis and ischemic heart
disease [3,5], the increased prevalence of NAFLD is becoming a
pressing issue worldwide. Thus, establishment of strategies to
treat and prevent NAFLD and related metabolic disturbances is
required.

Eicosapentaenoic acid (EPA) is one of the major components of
n-3 polyunsaturated fatty acids (PUFA) preferentially contained in
fish oil. From the first report of high EPA levels in the diet and blood
of the Greenland Inuit [6], who rarely exhibit atherosclerotic
diseases, numerous epidemiological and clinical studies have been
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Table 1
Changes in anthropometric and biochemical parameters from a 16-week saturated fat diet.

Genotype Ppara (+/+) Ppara (�/�)

Diet Con (n = 6) Sat (n = 6) Con (n = 6) Sat (n = 6)

Body weight (g) 23.9�1.9 28.3�1.5* 26.5�2.7 41.0�5.2**,##

Liver/body weight (%) 3.8�0.2 4.6� 0.4* 4.4� 0.2 5.2�0.6*

Epididymal fat/body weight (%) 2.5�0.3 3.7� 0.6* 3.0�1.5 6.1�0.5**,##

Serum TG (mg/dL) 61�1 123�41* 124�50 233�49**,##

Serum NEFA (mEq/L) 0.75�0.30 1.33� 0.3* 1.19� 0.25 1.54�0.15#

Serum glucose (mg/dL) 92�23 89�24 98�14 103�22

Serum insulin (ng/mL) 0.51�0.09 1.21� 0.58 0.48� 0.06 2.24�0.46**

Serum AST (U/L) 129�66 243�62 149�92 203�46

Serum ALT (U/L) 13�6 43�16* 18�10 99�21**,#

Liver TG (mg/g) 10�1 30�3** 17�3 52�7**,##

Results are expressed as mean� SD. Con, control standard diet; Sat, saturated fat diet; TG, triglyceride; NEFA, non-esterified fatty acid; AST, aspartate aminotransferase; ALT,

alanine aminotransferase.
* P<0.05 compared with mice of the same genotype fed a control diet.
** P<0.01 compared with mice of the same genotype fed a control diet.
# P<0.05 compared with Ppara (+/+) mice fed the same diet.
## P<0.01 compared with Ppara (+/+) mice fed the same diet.
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undertaken to show the efficacy of n-3 PUFA and EPA on reducing
serum triglyceride (TG) concentrations and preventing cardiovas-
cular events [7–9]. Some data on the steatosis-ameliorating effect
of n-3 PUFA have also been obtained [10,11], creating the
intriguing possibility that EPA might be beneficial for the
treatment of NAFLD.

[(Fig._1)TD$FIG]

Fig. 1. Histological findings in the livers of wild-type and Ppara�/�mice. Male 8-week-old

fat diet (Sat) for 16 weeks. After 4 weeks on the saturated fat diet, treatment with highl

stained by hematoxylin and eosin method. Original magnification, 200�. Veh, vehicle.
It has been considered that n-3 PUFA exhibited TG-reducing
effects through regulation of peroxisome proliferator-activated
receptor a (PPARa) and sterol regulatory element-binding protein
(SREBP)-1, which control hepatic fatty acid (FA) catabolism and
synthesis, respectively [12]. PPARa is a nuclear receptor expressed
primarily in the liver and is involved in not only FA/TG metabolism,
wild-type (+/+) and Ppara (�/�) mice were fed a control standard (Con) or saturated

y-purified EPA or FF was initiated and continued for 12 weeks. Liver sections were
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but also cell proliferation and inflammatory response [13]. SREBP is
a transcription factor belonging to the basic helix–loop–helix
leucine zipper family. Depending on various intracellular signals,
SREBP is cleaved by several proteases and the N-terminus region is
transferred into the nucleus as a mature protein where it regulates
transcription of several target genes. SREBP-1 plays an important
role in the development of NAFLD, and insulin and synthetic
agonists of liver X receptor a (LXRa) enhance its transcription [14].

Several studies have demonstrated an activating effect of EPA on
PPARa [15–20]. However, because most of these studies were in

vitro experiments [15–17] and used crude fish oil [18–20], it has not
been determined whether EPA alone can activate PPARa in vivo as
well. Additionally, since fish oil is reported to lower serum TG levels
even in PPARa-null (Ppara�/�) mice [21], it remains unclear whether
such action occurs via PPARa activation. In order to clarify the
contribution of PPARa to the effects of EPA in vivo, highly (>98%)-
purified EPA was administered to wild-type and Ppara�/�mice fed a
saturated fat diet, and the expression of genes and proteins involved
in hepatic FA/TG metabolism was investigated. Furthermore, the
changes caused by EPA treatment were compared to those elicited
by fenofibrate (FF), a typical PPARa activator.

2. Materials and methods

2.1. Mice and treatment

Ppara�/� mice on a 129/Sv genetic background (129S4/SvJae)
were generated as described previously [22]. Male 8-week-old wild-
type and Ppara�/� mice weighing 24� 5 g (n = 30 in each genotype)
were maintained in pathogen-free conditions at constant humidity and
temperature with a light/dark cycle of 12 h. At the beginning of this
study, mice in each genotype were randomly divided into 5 groups

[(Fig._2)TD$FIG]

Fig. 2. Effects of EPA and FF on anthropometric and biochemical parameters. Wild-type (

weeks, highly-purified EPA for 1 week or 12 weeks, or FF for 12 weeks. Results are ex
(n = 6/group) and pair-fed a diet. As a control, one group was treated
with a standard diet for 16 weeks composed of 20.0% (per weight basis)
casein, 53% corn starch, 10% sucrose, 7% olive oil, 5% cellulose, 3.5%
mineral mix, 1% vitaminmix, and0.25% choline. The other 4 groups were
fed a saturated fat diet (Oriental Yeast Co. Ltd., Tokyo, Japan) in which all
fat contained in the standard diet was completely hydrogenated to
eliminate the effects of naturally contained PUFA. We chose 16 weeks as
a saturated fat diet feeding period, since our preliminary experiments
demonstrated that this protocol could induce obvious hepatic steatosis
not only in Ppara�/�mice but also in wild-type mice. Body weight and
food intake were recorded every day. After 4 weeks on the saturated fat
diet, administration of the test agents was initiated in the 4 groups. One
group was given highly (>98%)-purified EPA ethyl ester (ethyl all-cis-5,
8, 11, 14, 17-icosapentaenoate) (Mochida Pharmaceutical Co., Ltd,
Tokyo, Japan) (1000 mg/kg of body weight/day) for 1 week, one group
was given highly (>98%)-purified EPA ethyl ester at the same dose for 12
weeks, and another group was administered FF (Wako Pure Chemicals
Industries, Osaka, Japan) (25 mg/kg of body weight/day) for 12 weeks.
EPA and FF were dissolved in Arabic gum, mixed, and administered once
a day at 10 a.m. by gastric gavage. The last test group was given the same
amount ofArabic gum as a vehicle for 12weeks. Afterthe administration
periods, the mice were anesthesized and sacrificed in a fasting state for
collection of livers and blood. All experiments were conducted in
accordance with the animal study protocols outlined in the ‘‘Guide for
the Care and Use of Laboratory Animals’’ prepared by the National
Academy of Sciences and approved by the Animal Studies Committee at
Shinshu University School of Medicine.

2.2. Immunoblot analysis

Preparation of hepatocyte nuclear fractions was carried out as
described previously [23,24]. Protein concentration was measured
+/+) and Ppara (�/�) mice fed a saturated fat diet were treated with a vehicle for 12

pressed as mean � SD (n = 6/group). *P < 0.05; **P < 0.01.
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colorimetrically with a BCATM Protein Assay kit (Pierce, Rock-
ford, IL, USA). Whole liver lysates (20–80 mg of protein) or
nuclear fractions (80 mg of protein) were subjected to 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis [23–
28]. A sample from one mouse in each group was loaded into
each electrophoresis assay and all samples were examined
(n = 6/group). After electrophoresis, proteins were transferred to
nitrocellulose membranes and incubated with primary antibody
followed by alkaline phosphatase-conjugated goat anti-rabbit
IgG. The antibodies against FA-metabolizing enzymes were
described previously [28], and those against other proteins were
purchased commercially. Suppliers and dilutions of primary
antibodies are summarized in Supplementary Table 1. Actin or
histone H1 was used as the loading control. Band intensities
were measured densitometrically, normalized to those of actin
or histone H1, and subsequently expressed as fold-changes of
those of control wild-type mice fed a saturated fat diet. For
confirmation of data reproducibility, immunoblot analysis using
the same samples was done twice. Overall, the data on 12 band[(Fig._3)TD$FIG]
Fig. 3. Immunoblot analysis of LACS, CPT-I, and MCAD. Wild-type (+/+) and Ppara (�/�) mic

for 1 week or 12 weeks, or FF for 12 weeks, and whole liver lysates (20 mg of protein)

densitometrically, normalized to those of actin, and subsequently normalized to those in
**P < 0.01. (B) Hepatic mRNA levels of LACS, CPT-I, and MCAD. Wild-type (+/+) and Ppara (�/�)

for 1 week or 12 weeks, or FF for 12 weeks, and mRNA levels were determined by quantitative R

as mean� SD (n = 6/group). *P < 0.05; **P < 0.01. (C) Changes in mitochondrial b-oxidation act

with a vehicle for 12 weeks, highly-purifiedEPA for 1 week or 12 weeks, or FF for 12 weeks, and b
as mean � SD (n = 6/group). **P < 0.01. (D) Serum concentrations of ketone bodies. Figure pr
intensities were obtained from each mouse group for each target
molecule and subjected to statistical analysis.

2.3. Analysis of mRNA

Total liver RNA was extracted using an RNeasy Mini Kit (Qiagen,
Tokyo, Japan), and cDNA was generated by SuperScript II reverse
transcriptase (Gibco BRL, Paisley, Scotland). Quantitative reverse
transcription-polymerase chain reaction (RT-PCR) was performed
as described elsewhere [29,30] with the primer pairs listed in
Supplementary Table 2. Measured mRNA levels were normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
and subjected to statistical analysis.

2.4. Measurement of hepatic lipids and lipid peroxides

Total hepatic lipids were extracted according to the method
developed by Folch et al. [31]. Lipid extracts were dissolved in
distilled water, and the concentrations of TG and lipid peroxides
e fed a saturated fat diet were treated with a vehicle for 12 weeks, highly-purified EPA

obtained from mice were loaded into each well. Band intensities were measured

control wild-type mice [(+/+)Veh]. Results are expressed as mean� SD (n = 6/group).

mice fed a saturated fat diet were treated with a vehicle for 12 weeks, highly-purified EPA

T-PCR. Measured mRNA levels were normalized to those of GAPDH. Results are expressed

ivity in the liver. Wild-type (+/+) and Ppara (�/�) mice fed a saturated fat diet were treated

-oxidation activity was measured using palmitic acid as a substrate. Results are expressed

esentation is identical to that in Fig. 2.
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[the sum of malondialdehyde (MDA) and 4-hydroxynonenal (4-
HNE)] were colorimetrically measured using a TG C-test (Wako
Pure Chemicals Industries) and LPO-586 kit (OXIS International,
Portland, OR, USA), respectively [32].

2.5. Assessment of FA b-oxidation and uptake abilities

FA b-oxidation activity was measured according to a method
described previously with palmitic acid as a substrate, and
expressed as pmol/min/mg of liver tissue [28]. FA uptake ability
[(Fig._4)TD$FIG]

Fig. 4. Effects of EPA and FF on the hepatic FA uptake system. (A) Immunoblot analysis o
**P < 0.01. (B) Hepatic mRNA levels of molecules associated with FA uptake. The same s

uptake ability into the liver. Wild-type (+/+) and Ppara (�/�) mice fed a saturated fat diet w

or FF for 12 weeks, and FA uptake activity was assessed as described in Methods. Resu
was assessed as described elsewhere and expressed as a fold-change
of that in control wild-type mice fed a saturated fat diet [33].

2.6. Assay of hepatic neutral lipase (NL) activity

Fresh liver samples (approximately 100 mg) were homogenized
in 20 mM phosphate buffer (pH 7.5) containing 250 mM sucrose
and 1 mM EDTA, sonicated, and centrifuged at 20,000 � g for
10 min at 25 8C. NL activity of the supernatant was colorimetrically
measured using a MONOTEST (Boehringer Mannheim, Tokyo,
f L-FABP, FAT, and FATP. The same samples used in Fig. 3A were loaded. *P < 0.05;

amples in Fig. 3B were adopted. *P < 0.05; **P < 0.01. (C) Changes in palmitic acid

ere treated with a vehicle for 12 weeks, highly-purified EPA for 1 week or 12 weeks,

lts are expressed as mean � SD (n = 6/group). *P < 0.05; **P < 0.01.
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Japan) after adjusting the pH of the substrate-containing buffer to
7.2 and expressed as mU/mg of supernatant protein. Triolein was
used as a substrate.

2.7. Histological examination

Small blocks of liver tissue from each mouse were fixed in 10%
formalin in phosphate-buffered saline and embedded in paraffin.
Sections (4 mm thick) were stained with hematoxylin and eosin or
[(Fig._5)TD$FIG]

Fig. 5. Effects of EPA and FF on hepatic de novo lipogenesis and the TG hydrolysis and sec

(40–80 mg of protein) obtained from wild-type (+/+) and Ppara (�/�) mice fed a s

densitometrically, normalized to those of actin, and subsequently normalized to those in
*P < 0.05; **P < 0.01. (B) Hepatic mRNA levels of lipogenic enzymes. The same samples in Fig

and Ppara (�/�) mice fed a saturated fat diet were treated with a vehicle for 12 weeks, high

determined as described in Methods. Results are expressed as mean � SD (n = 6/group). *P

samples in Fig. 3B were used. *P < 0.05; **P < 0.01.
Azan-Mallory method. The procedure for cytochemical staining for
peroxisomal catalase was described elsewhere [24].

2.8. Other assays

Serum levels of TG, non-esterified FA (NEFA), glucose, aspartate
and alanine aminotransferases (AST and ALT), and ketone bodies
were determined with commercial kits purchased from Wako Pure
Chemicals Industries. Serum insulin concentrations were mea-
retion pathway. (A) Immunoblot analysis of ACC, FAS, and GPAT. Whole liver lysates

aturated fat diet were loaded into each well. Band intensities were measured

control wild-type mice [(+/+) Veh]. Results are expressed as mean � SD (n = 6/group).

. 3B were used. *P < 0.05; **P < 0.01. (C) Changes in hepatic NL activity. Wild-type (+/+)

ly-purified EPA for 1 week or 12 weeks, or FF for 12 weeks, and hepatic NL activity was

< 0.05. (D) Hepatic mRNA levels of molecules associated with TG secretion. The same
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sured using a mouse insulin ELISA KIT (AKRIN-011T, Shibayagi,
Gunma, Japan).

2.9. Statistical analysis

Results are expressed as mean � standard deviation (SD).
Statistical analysis was performed using the two-tailed Student’s t-
test. A probability value of less than 0.05 was considered statistically
significant. All calculations were performed with SPSS version 11.0
software for Windows (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. A saturated fat diet induces hepatic steatosis in mice

The phenotypic changes caused by a 16-week saturated fat
diet are shown in Table 1. At the endpoint, body weight, ratios of
liver-to-body weight and epididymal fat-to-body weight, serum
TG and ALT concentrations, and hepatic TG contents were all[(Fig._6)TD$FIG]
Fig. 6. Effects of EPA and FF on hepatic PPAR. (A) Immunoblot analysis of PPAR. Hepatocyt

mice fed a saturated fat diet were loaded into each well. Band intensities were measured

to those in control wild-type mice [(+/+) Veh]. Results are expressed as mean � SD (n = 6/

used. **P < 0.01. (C) Immunoblot analysis of PMP70, a typical PPARa target. The same sa

peroxisomes. Liver tissues were obtained from saturated fat diet-fed wild-type mice tre

cytochemical staining for peroxisomal catalase. Peroxisomes are seen as darkly-stained pa
significantly increased by the saturated fat diet. These changes
were observed in both genotypes, but were more prominent
in Ppara�/� mice. Histological analysis revealed that the
saturated fat diet induced mild-to-moderate macrovesicular
steatosis mainly in zone 3 in both genotypes, but ballooned
hepatocytes, lobular inflammation, or Mallory hyaline were not
found (Fig. 1).

3.2. EPA ameliorates hepatic steatosis in a PPARa-dependent manner

FF treatment for 12 weeks decreased body weight and serum/
liver TG levels in wild-type mice only, but significantly increased
serum ALT levels in both genotypes (Fig. 2). When EPA was
administered for 1 week, there were no remarkable changes in
either genotype. However, EPA treatment for 12 weeks
significantly decreased liver-to-body weight ratio, serum levels
of TG, NEFA, and ALT, and hepatic TG content in wild-type mice
without decreases in body weight or epididymal fat weight
(Fig. 2). Histologically, EPA markedly attenuated macrovesicular
e nuclear fractions (80 mg of protein) obtained from wild-type (+/+) and Ppara (�/�)

densitometrically, normalized to those of histone H1, and subsequently normalized

group). **P < 0.01. (B) Hepatic mRNA levels of PPARa. The same samples in Fig. 3B were

mples used in Fig. 3A were loaded. **P < 0.01. (D) Cytochemical staining for hepatic

ated with a vehicle (Veh), highly-purified EPA, or FF for 12 weeks and subjected to

rticles. Arrows indicate erythrocytes. Original magnification, 400�.
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steatosis in wild-type mice only (Fig. 1). These results confirmed
that EPA ameliorated saturated fat diet-induced steatosis and
hypertriglyceridemia preferentially in wild-type mice.

3.3. EPA does not enhance mitochondrial b-oxidation

To investigate the precise mechanism of the PPARa-depen-
dent steatosis-attenuating effect of EPA, we first analyzed
hepatic b-oxidation pathway. FF markedly increased the
expression of representative mitochondrial b-oxidation
enzymes [long-chain acyl-CoA synthase (LACS), carnitine pal-
mitoyl-CoA transferase-1 (CPT-I), and medium-chain acyl-CoA
dehydrogenase (MCAD)] at the protein and mRNA levels (Fig. 3A
and B), enhanced mitochondrial b-oxidation activity (Fig. 3C),
and elevated serum ketone body concentrations (Fig. 3D) in
wild-type mice only. However, these changes were not observed
in the EPA-treated mice (Fig. 3), suggesting that the effect of EPA
on hepatic steatosis was not derived from enhancement of
mitochondrial b-oxidation.
[(Fig._7)TD$FIG]

Fig. 7. Effects of EPA and FF on hepatic SREBP-1. (A) Immunoblot analysis of SREBP-1 and
*P < 0.05; **P < 0.01. (B) Hepatic mRNA levels of SREBP-1 and its activating proteins. The

SCAP and S1P. The same samples in Fig. 3A were loaded. *P < 0.05. (D) Hepatic mRNA
3.4. EPA suppresses FA uptake in a PPARa-independent manner

FF markedly increased the levels of liver fatty acid-binding
protein (L-FABP), fatty acid translocase (FAT), and fatty acid
transport protein (FATP) and lowered apolipoprotein CIII (apoCIII)
in wild-type mice only (Fig. 4A and B). In contrast, EPA significantly
increased the levels of mRNA encoding apoCIII (Fig. 4B), and
strongly decreased the expression of L-FABP, FAT, and FATP in a
PPARa-independent manner (Fig. 4A). A reduction in the latter two
proteins was also confirmed by quantitative RT-PCR analysis
(Fig. 4B). Furthermore, EPA significantly suppressed palmitic acid
uptake into hepatocytes (Fig. 4C). Both agents did not affect the
mRNA levels of hepatic TG lipase (HTGL) (Fig. 4B).

3.5. EPA suppresses de novo lipogenesis in a PPARa-dependent

manner

FF increased the expression of acetyl-CoA carboxylase (ACC) in
wild-type mice, but had no impact on the expression of fatty acid
its co-regulators, LXRa and PGC-1b. The same samples used in Fig. 6A were loaded.

same samples in Fig. 3B were used. *P < 0.05; **P < 0.01. (C) Immunoblot analysis of

levels of TNF-a. The same samples in Fig. 3B were used. *P < 0.05.
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Fig. 8. Analysis of hepatic lipid peroxide content. (A) Immunoblot analysis of 4-HNE. The same samples in Fig. 3A were loaded. **P < 0.01. (B) Hepatic levels of MDA and

MDA + 4-HNE. Wild-type (+/+) and Ppara (�/�) mice fed a saturated fat diet were treated with a vehicle for 12 weeks, EPA for 1 week or 12 weeks, or FF for 12 weeks. Total

lipids were extracted from mouse liver tissues and the amounts of MDA and MDA + 4-HNE were determined. Results are expressed as mean � SD (n = 6/group). *P < 0.05;
**P < 0.01.
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synthase (FAS) or glycerol-3-phosphate acyltransferase (GPAT)
(Fig. 5A and B). On the other hand, EPA markedly decreased the
expression of these three enzymes in wild-type mice (Fig. 5A and
B). These results showed that EPA inhibited de novo lipogenesis in a
PPARa-dependent fashion.

3.6. Effects of EPA on the hepatic TG degradation and secretion

pathway

In contrast to FF, EPA significantly enhanced NL activity in both
genotypes (Fig. 5C), indicating that it strongly facilitated hydrolysis
of intrahepatic TG. EPA did not affect the expression of microsomal
TG transfer protein (MTP) or apoB (Fig. 5D).

3.7. EPA does not activate PPARa

Although EPA lowered hepatic TG levels in a PPARa-dependent
manner, it did not increase the nuclear or mRNA levels of PPARa
(Fig. 6A and B), induce expression of representative PPARa target
genes [LACS, CPT-I, MCAD (Fig. 3), L-FABP, FAT, FATP (Fig. 4), or
peroxisomal membrane protein 70 (PMP70) (Fig. 6C)], or cause
hepatic peroxisome proliferation (Fig. 6D), all of which were
distinct from the actions of FF. These results provide compelling
evidence that the steatosis-ameliorating effect of EPA is not
through PPARa activation. In addition, EPA did not influence the
nuclear levels of the other PPARs: PPARd and PPARg (Fig. 6A).

3.8. EPA suppresses SREBP-1 maturation in a PPARa-dependent

manner

EPA significantly decreased the mature SREBP-1 levels only in
hepatocyte nuclei of wild-type mice, but did not affect the levels of
LXRa and PPARg coactivator-1b (PGC-1b), known to be involved
in SREBP-1 regulation [34] (Fig. 7A). Decreases in mature SREBP-1
levels correlated with those in SREBP-1 target genes, including
ACC, FAS, and GPAT (Fig. 5A and B). However, EPA did not lower
SREBP-1 mRNA levels (Fig. 7B), suggesting that EPA modulated the
expression of SREBP-1 at the post-transcriptional level. When
factors associated with SREBP-1 maturation were examined, the
expression of SREBP cleavage-activating protein (SCAP) and site-1
protease (S1P) were significantly decreased by EPA in a PPARa-
dependent manner (Fig. 7B and C). The levels of mRNA encoding
insulin-induced gene product (Insig)-2, another SREBP-1-activat-
ing molecule expressed exclusively in the liver, remained
unchanged by EPA treatment (Fig. 7B). Collectively, these results
demonstrated that EPA inhibited maturation of SREBP-1 in the
presence of PPARa through down-regulation of SCAP and S1P.

A recent study has shown that the expression of SCAP was
induced by pro-inflammatory cytokines [35]. The mRNA levels of
tumor necrosis factor-a (TNF-a) were decreased in EPA-treated
wild-type mice only (Fig. 7D).

3.9. EPA reduces hepatic oxidative stress

Persistent PPARa activation may increase generation of
reactive oxygen species (ROS) [33,36]. As expected, FF markedly
increased hepatic lipid peroxide content (Fig. 8) and the expression
of ROS-generating enzymes, such as NADPH oxidase (gp91phox and
p47phox) and acyl-CoA oxidase (AOX), in wild-type mice only
(Fig. 9). On the other hand, EPA reduced hepatic lipid peroxides in
wild-type mice (Fig. 8), likely due to increased expression of
manganese- and copper, zinc-superoxide dismutases (Mn- and Cu,
Zn-SOD) (Fig. 9). EPA did not affect the expression of glutathione
peroxidase (GPx) (Fig. 9). Thus, EPA can ameliorate fatty liver
without activation of PPARa and ensuing augmentation of hepatic
oxidative stress.

4. Discussion

The present study demonstrated detailed mechanisms of
steatosis-attenuating effects of highly-purified EPA in mice, which
were unexpectedly unrelated to PPARa activation. They can be
summarized as follows: (1) suppression of SREBP-1 processing, (2)
suppression of FA uptake from the blood into hepatocytes, and (3)
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Fig. 9. Effects of EPA and FF on hepatic ROS-scavenging and ROS-generating enzymes. (A) Immunoblot analysis of ROS-scavenging and ROS-generating enzymes. Whole liver

lysates (40–80 mg of protein) were loaded into each well. The same samples used in Fig. 3A were loaded. A and B bands of AOX, full-length and truncated AOX, respectively.
*P < 0.05; **P < 0.01. (B) Hepatic mRNA levels of ROS-scavenging and ROS-generating enzymes. The same samples in Fig. 3B were adopted. *P < 0.05; **P < 0.01.
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enhancement of intrahepatic TG hydrolysis. Interestingly, down-
regulation of SCAP and S1P and the resultant suppression of SREBP-
1-mediated pathway by EPA occurred in a PPARa-dependent
manner. These actions clearly differed from those of FF, a typical
PPARa activator.

We uncovered that highly-purified EPA cannot singularly
activate PPARa in mice. This fact is quite different from the
results of the previous in vivo studies using fish oil [10,18–20]. This
discrepancy probably stems from PPARa-activating properties of
constituents of fish oil other than EPA. Indeed, tuna oil, in which
docosahexaenoic acid is dominant, has been shown to be a much
stronger PPARa activator than EPA in mice [37]. Thus, it is
conceivable that pure EPA may possess pharmacological actions
distinct from crude fish oil.

Furthermore, Ishii et al. [38] have reported that EPA-supple-
mented diet increased the expression of PPARa in Pten-deficient
mice, which is inconsistent with the present results. EPA contained
in the diet is easily oxidized at room temperature and several types
of oxidized EPA derivatives are generated. Sethi et al. [39] have
demonstrated that oxidized EPA markedly activated PPARa and its
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PPARa-activating properties were approximately 2.5-fold stronger
than native non-oxidized EPA and as potent as fenofibric acid in
bovine aortic endothelial cells. Based on these observations, we
suppose that such a discrepancy in PPARa expression may result
from the difference in the amount of oxidized EPA.

In the preliminary experiments, we administered highly-
purified EPA at a daily dose of 200, 400, 600, and 1000 mg/kg of
body weight to wild-type mice fed a saturated fat diet for 12 weeks,
and found that EPA treatment at the latter three doses was safe and
effective to reduce hepatic TG contents. Down-regulation of
SREBP-1 and the lack of PPARa activation were also detected by
EPA administration at each dose. To confirm the absence of PPARa
activation by EPA, we adopted the highest dose (1000 mg/kg of
body weight/day) in this study.

A novel and unexpected finding in the present study was that
EPA-induced decreases in the mature SREBP-1 protein in hepatocyte
nuclei occurred by down-regulating the expression of SCAP and S1P,
but not by lowering the SREBP-1 mRNA levels. This phenomenon
was not observed in Ppara�/�mice, suggesting that down-regulation
of SCAP and S1P by EPA are related to the presence of PPARa. The
detailed molecular mechanism regarding the contribution of PPARa
to SREBP-1 processing/activation system still remains unclear.
However, it has been reported that TNF-a increased the expression
of SCAP in the livers of casein-injected apoE knockout mice [35].
Furthermore, binding motifs for Sp1 have been detected in the
promoter region of S1P gene [40]. Indeed, TNF-a- and lipid peroxide-
reducing effects were observed only in EPA-treated wild-type mice
(Figs. 7D and 8). Therefore, we can speculate that PPARa-dependent
alleviation of inflammatory stress by EPA is associated with
decreases in the expression of SCAP and S1P.

EPA markedly suppressed the expression of L-FABP, FAT, and
FATP and inhibited FA uptake into hepatocytes by a PPARa-
independent mechanism. EPA-induced suppression of L-FABP
appeared at the post-transcriptional level. L-FABP is prone to S-
thiolation, N-acetylation, phosphorylation, and conformational
changes, all of which are related to protein stability [41]; EPA
might influence such modifications. Since the enhancement of FA
uptake has also been reported in the livers of patients with NAFLD
[42], its correction caused by EPA may also lead to the
improvement of hepatic steatosis.

It is noteworthy that EPA significantly increased the expression
of Mn- and Cu, Zn-SODs in a PPARa-dependent fashion. These
increases occur via nuclear stabilization of nuclear factor-E2-
related factor 2 (Nrf2) [43]. It has been documented that EPA
stabilized Nrf2 by reacting directly with Keap1, a negative
regulator of Nrf2, and disrupting its function [44]. Thus, EPA
might affect the stabilization process of Nrf2 via PPARa. Further
studies are needed to address its precise mechanism.

It is well recognized that a saturated fat-rich diet is associated
with the development of NAFLD in humans, and that lower levels
of hepatic n-3 PUFA predispose livers to steatosis by favoring de

novo lipogenesis [12,45]. In this study, mice fed a saturated fat diet
exhibited elevation of serum ALT levels, hypertriglyceridemia, and
macrovesicular steatosis, which resembled the clinical features of
patients with NAFLD. Furthermore, EPA treatment in these mice
decreased hepatic TG levels without affecting body weight or
serum insulin concentrations; these findings were also observed in
NASH patients treated with highly-purified EPA [46]. Thus, the
molecular mechanism of EPA action found in this study may at
least in part be translated to humans.

It is known that lipotoxicity, oxidative stress, and mitochondrial
dysfunction play important roles in the pathogenesis of NAFLD/
NASH [2,36]. Although FF decreased hepatic TG/FA contents, it
enhanced mitochondrial b-oxidation activity and induced the
expression of NADPH oxidase and AOX, which may result in
production of ROS inside and outside the mitochondria. On the
other hand, EPA not only down-regulated two major pathways to
increase intrahepatic FA contents, but also elevated the levels of
mitochondrial Mn-SOD and extra-mitochondrial Cu, Zn-SOD,
which may lead to alleviation of lipotoxicity and oxidative stress.
Therefore, we believe that highly-purified EPA may be useful for
the treatment of NAFLD/NASH [46].

In conclusion, this study clarified that the main action of EPA in
hepatic steatosis improvement was not based on the activation of
PPARa. In contrast to FF, EPA significantly inhibited de novo

lipogenesis and hepatic FA uptake with a reduction in hepatic
oxidative stress. These data raise the possibility that EPA may be a
promising candidate for various types of liver diseases associated
with hepatic fat accumulation and oxidative stress, including
NASH, alcoholic liver disease [32,47], and chronic hepatitis C [33].
Further studies are needed to confirm the efficacy of highly-
purified EPA against these diseases.
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