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Summary

Introduction

n-3 Polyunsaturated fatty acids such as eicosapentaenoic acid (EPA), which are abun-
dant in fish oil, have been shown to delay the onset of cardiovascular events. We previ-
ously established DahlS.Z-Leprfa/Leprfa (DS/obese) rats, which are derived from a cross
between Dahl salt-sensitive and Zucker rats, as a model of metabolic syndrome. This
study has now explored the influence of highly purified EPA on cardiac and adipose tis-
sue pathophysiology in this animal model.

Materials and methods

DS/obese rats were administered EPA (300 or 1,000mg kg�1 d�1, per os) or vehicle from
age 9 to 13weeks. Homozygous lean (DahlS.Z-Lepr+/Lepr+, or DS/lean) littermates were
studied as controls.

Results

Whereas EPA had no effect on body weight, food intake or systolic blood pressure in
DS/obese rats, it attenuated cardiac fibrosis, diastolic dysfunction, oxidative stress and
inflammation in these animals. In addition, EPA did not affect insulin resistance but re-
duced adipocyte hypertrophy and inflammation in visceral fat of DS/obese rats. More-
over, EPA increased circulating levels of adiponectin as well as attenuated both the
down-regulation of AMP-activated protein kinase phosphorylation and the up-
regulation of phosphorylation of the p65 subunit of nuclear factor-kB in the heart of
DS/obese rats.

Conclusions

Treatment of DS/obese rats with EPA did not affect hypertension but reduced cardiac fi-
brosis and diastolic dysfunction, with the latter effects being accompanied by AMP-
activated protein kinase activation and inactivation of nuclear factor-kB signalling in the
heart, possibly as a result of an increase in adiponectin secretion. EPA may be suitable
for the treatment of cardiac injury associated with metabolic syndrome.
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Introduction

Given that metabolic syndrome (MetS) enhances the risk
of atherosclerosis and can result in cardiovascular failure
or other complications, the recent increase in the preva-
lence of this condition is a serious clinical problem (1).

Dys-regulated secretion of adipocytokines from adipo-
cytes of visceral fat in obese individuals is implicated in
the development of hypertension and complications as-
sociated with insulin resistance (2). Chronic inflammation
has also been identified as a key link between obesity
and insulin resistance or type 2 diabetes mellitus, with
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obesity-related chronic inflammation being associated
with up-regulation of pro-inflammatory cytokine produc-
tion and inflammatory pathway activation in metabolic tis-
sues (3).

Consumption of n-3 polyunsaturated fatty acids
(PUFAs) is thought to exert beneficial effects on arrhyth-
mia, triglyceride levels, atherosclerotic plaque, endothe-
lial dysfunction, platelet aggregation and inflammation
(4–6). Eicosapentaenoic acid (EPA), a major n-3 PUFA in
fish oil, has been found to have various pharmacological
effects. The Japan EPA Lipid Intervention Study, a
large-scale, prospective and randomized clinical trial,
showed that the addition of EPA to statin treatment de-
lays the onset of cardiovascular events in Japanese
hypercholesterolaemic patients through cholesterol-
independent mechanisms, suggesting pleiotropic effects
of EPA (7). EPA promotes the production of adiponectin,
which protects against diabetes and atherosclerosis, as
well as inhibits monocyte adhesion to endothelial cells
(8,9). Given that mammals are unable to synthesize
PUFAs, the balance between n-3 and n-6 PUFAs in the
body depends on the type of fatty acids ingested. A high
n-3 to n-6 PUFA ratio is thought to protect against dis-
eases related to inflammation (10). Dietary manipulation
of PUFAs might thus provide both insight into the rele-
vance of changes in fatty acid composition to adipose tis-
sue inflammation and a basis for the development of new
therapeutic strategies targeting MetS.

We recently established the DahlS.Z-Leprfa/Leprfa (DS/
obese) rat strain as the result of a cross between Dahl
salt-sensitive (DS) rats and Zucker rats, the latter of which
harbour a missense mutation in the gene for the leptin re-
ceptor (Lepr). DS/obese rats maintained on normal labo-
ratory chow develop a phenotype similar to that of
human MetS, including hypertension, obesity,
dyslipidaemia, glucose intolerance and insulin resistance
(11). This study has here examined the effects of EPA
on cardiac and adipose tissue pathophysiology as well
as on glucose metabolism in these animals. It was ex-
pected that EPA would attenuate cardiac damage as well
as improve hypertriglyceridaemia and insulin resistance in
this model of MetS.

Materials and methods

Rats and protocols

Animal experiments were approved by the Animal Exper-
iment Committee of Nagoya University Graduate School
of Medicine (Daiko district, approval nos. 024-40, 025-
015, 026-014, 027-006 and 028-011). Eight-week-old
male inbred DS/obese rats were obtained from Japan
SLC Inc. (Hamamatsu, Japan) and were handled in

accordance with the guidelines of Nagoya University
Graduate School of Medicine as well as with the Guide
for the Care and Use of Laboratory Animals (US National
Institutes of Health publication no. 85-23, revised 2011).
The animals were fed a diet free of fish meal (fish meal-
free F1, 360 kcal/100g, 4.4% of energy as fat; Funabashi
Farm, Funabashi, Japan), with both the diet and tap water
being freely available throughout the experimental period.
The animals were randomly assigned to the low-dose
EPA administration group (300mg kg�1 of body weight
per day; EPA-L group) or the high-dose EPA administra-
tion group (1,000mgkg�1 of body weight per day; EPA-
H group) or vehicle (MetS group) at an age of 9weeks.
Highly purified EPA (ethyl eicosapentate; Mochida Phar-
maceutical Co. Ltd, Tokyo, Japan) was dissolved in 5%
gum arabic solution and administered orally once daily
via a gastric tube. The doses of EPA were determined
on the basis of the results of previous studies (12,13).
Male homozygous lean littermates of DS/obese rats
(DahlS.Z-Lepr+/Lepr+, or DS/lean) were also treated with
vehicle as controls (CONT group). Body weight and intake
of both food and water were determined once a week. An
oral glucose tolerance test (OGTT) and an insulin toler-
ance test (ITT) were carried out as previously described
(14). At 13weeks of age, rats were subjected to anaesthe-
sia with intraperitoneal injection of ketamine
(50mgkg�1)–xylazine (10mgkg�1) for echocardiographic
and haemodynamic analyses. After subsequent intraperi-
toneal injection of an overdose of sodium pentobarbital
(50mgkg�1), the heart, liver, kidneys as well as visceral
(retroperitoneal and epididymal) and subcutaneous (ingui-
nal) fat were excised and weighed. Left ventricular (LV)
and visceral adipose tissues were also separated for
analysis.

Measurement of blood pressure, echocardiography
and cardiac catheterization

Systolic blood pressure (SBP) and heart rate were mea-
sured once a week in conscious animals by tail-cuff pleth-
ysmography (BP-98A; Softron, Tokyo, Japan).
Transthoracic echocardiography and cardiac catheteriza-
tion were performed as previously described (15–17).

Histology and immunohistochemistry

The LV and visceral (retroperitoneal) fat tissue were fixed
in ice-cold 4% paraformaldehyde for 48 h, embedded in
paraffin and processed for histology, as described
(18,19). For evaluation of macrophage infiltration into the
LV myocardium and adipose tissue, paraffin-embedded
tissue sections were subjected to immunohistochemical
staining for the monocyte–macrophage marker CD68,
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as described previously (14). All image analyses were per-
formed with the use of NIH SCION IMAGE software (Scion,
Frederick, MD, USA).

Biochemical analysis

Metabolic and hormonal parameters were measured as
described previously (20,21).

Assay of superoxide production

Reduced nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent superoxide production by homoge-
nates prepared from freshly frozen LV tissue was
measured with the use of an assay based on lucigenin-
enhanced chemiluminescence as described previously
(22,23). Superoxide production in tissue sections was ex-
amined by staining with dihydroethidium (Sigma, St.
Louis, MO, USA) as described (24), and the average of
dihydroethidium fluorescence intensity values was calcu-
lated with the use of NIH Image (IMAGEJ) software (25).

Quantitative reverse transcription-polymerase chain
reaction analysis

Total RNA was extracted from LV and visceral (retroperi-
toneal) fat tissue and was subjected to reverse transcrip-
tion and real-time polymerase chain reaction analysis as
described (21) with specific primers for cDNAs encoding
atrial natriuretic peptide (15), brain natriuretic peptide
(15), collagen type I or type III (26), connective tissue
growth factor (22), transforming growth factor-β1 (15),
monocyte chemoattractant protein-1 (MCP-1) (22),
osteopontin (22), cyclooxygenase-2 (COX-2) (27) and the
p22phox (28), gp91phox (28) and Rac1 (29) subunits of
NADPH oxidase. Reagents for detection of human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA (Applied Biosystems, Foster City, CA, USA) were
used to quantify rat GAPDH mRNA as an internal
standard.

Immunoblot analysis

Total protein was isolated from LV tissue and quantitated
as described previously (30). Equal amounts of protein
were subjected to sodium dodecyl sulphate-
polyacrylamide gel electrophoresis, and the separated
proteins were transferred to a polyvinylidene difluoride
membrane, as described previously (31). The membrane
was incubated overnight at 4 °C with a 1:1,000 dilution
of rabbit polyclonal antibodies to total or Thr172-phos-
phorylated forms of α-AMP-activated protein kinase
(AMPK) (Cell Signaling Technology, Beverly, MA, USA)

or to total or Ser536-phosphorylated forms of nuclear
factor-kB (NF-kB) (Cell Signaling Technology) and then
with a 1:8,000 dilution of horseradish peroxidase conju-
gated goat antibodies to rabbit immunoglobulin G
(Kirkegaard & Perry Laboratories, Gaithersburg, MD,
USA), respectively. Detection and quantification of
immune complexes were performed as described (31).

Statistical analysis

Data are shown as mean± standard error of the mean
values. Parameters were compared among groups of
rats at 13weeks of age with one-way factorial analysis
of variance (ANOVA) followed by Fisher’s multiple
comparison test. Time courses for body weight, food
intake and SBP as well as OGTT and ITT curves were
compared among groups by two-way repeated-
measures ANOVA. Statistical significance was defined as
a P value of <0.05.

Results

Physiological analyses and cardiac geometry and
function

Body weight, food intake and SBP were significantly
higher in the MetS group than in the CONT group
from 9 to 13weeks of age, but they did not differ be-
tween the MetS and either the EPA-L or EPA-H group
(Figure 1A–C). At 13weeks of age, the increases in the
ratios of heart or LV weight to tibial length, indexes of
cardiac and LV hypertrophy, respectively, in the MetS
group were not altered by either dose of EPA (Table 1).
The increases in the ratios of retroperitoneal or epididy-
mal fat weight to tibial length in the MetS group were
significantly attenuated in the EPA-H group (Table 1).

Echocardiography showed that the increases in the in-
terventricular septum thickness, LV posterior wall thick-
ness, LV mass, LV fractional shortening and LV ejection
fraction in the MetS group were not affected in either
EPA-L or EPA-H group (Table 2). The deceleration time,
isovolumic relaxation time, time constant of isovolumic
relaxation (tau) and the ratio of LV end-diastolic pressure
to LV end-diastolic dimension, an index of LV diastolic
stiffness, were all greater in the MetS group than in the
CONT group. The early to late ventricular velocities were
reduced in DS/obese rats than in DS/lean rats. All of these
effects were alleviated in both the EPA-L and EPA-H
groups (Table 2). These findings thus indicated that EPA
did not affect LV hypertrophy but improved LV diastolic
function in DS/obese rats.
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Figure 1 Age-dependent changes in body weight (A), food intake (B) and systolic blood pressure (SBP) (C) as well as oral glucose tolerance test
(OGTT) (D) and insulin tolerance test (ITT) (E) assays performed at 13 weeks of age for rats in the four experimental groups. Data are means
± standard error of the mean (n = 10, 10, 11 and 11 for control [CONT], metabolic syndrome [MetS], low-dose eicosapentaenoic acid [EPA-L]
and high-dose eicosapentaenoic acid [EPA-H] groups, respectively). *P< 0.05 vs. CONT; †P< 0.05 vs. MetS; ‡P< 0.05 vs. EPA-L.

Table 1 Physiological parameters for 13-week-old rats in the four experimental groups

Parameter CONT MetS EPA-L EPA-H

Body weight (g) 364.3 ± 4.9 509.5 ± 8.1* 518.1 ± 5.7* 524.8 ± 6.1*
Tibial length (mm) 37.6 ± 0.4 34.4 ± 0.2* 34.3 ± 0.2* 34.6 ± 0.2*
Food intake (g d�1) 18.6 ± 1.2 32.1 ± 1.4* 32.2 ± 1.9* 31.3 ± 1.3*
SBP (mmHg) 136.4 ± 4.4 164.4 ± 5.4* 156.9 ± 6.1* 166.7 ± 5.4*
Heart rate (beats/min) 410.9 ± 2.6 356.8 ± 13.5* 345.6 ± 12.8* 352.4 ± 11.7*
Heart weight/tibial length (mgmm�1) 29.9 ± 0.7 35.9 ± 8.9* 37.2 ± 0.5* 37.4 ± 1.1*
LV weight/tibial length (mgmm�1) 22.4 ± 0.6 27.9 ± 0.7* 28.4 ± 0.5* 28.8 ± 0.8*
Liver weight/tibial length (mgmm�1) 242.1 ± 6.7 526.7 ± 15.9* 553.4 ± 13.6* 570.3 ± 16.7*
Kidney weight/tibial length (mgmm�1) 63.4 ± 2.6 87.7 ± 4.2* 89.7 ± 5.2* 98.4 ± 3.2*
Retroperitoneal fat weight/tibial length (mgmm�1) 97.2 ± 5.1 482.1 ± 16.9* 468.3 ± 9.9* 442.4 ± 14.6*†

Epididymal fat weight/tibial length (mgmm�1) 112.8 ± 3.1 375.8 ± 13.4* 354.2 ± 10.9* 332.9 ± 9.3*†

Inguinal fat weight/tibial length (mgmm�1) 164.9 ± 9.8 1342.9 ± 43.7* 1310.6 ± 34.8* 1378.3 ± 23.2*
Fasting serum glucose (mg dL�1) 117.8 ± 3.9 128.8 ± 5.6 117.8 ± 3.1 139.1 ± 15.9
Fasting serum insulin (ng dL�1) 0.81 ± 0.1 4.17 ± 1.2* 3.79 ± 1.1* 4.45 ± 1.5*
HOMA-IR 6.83 ± 0.76 60.4 ± 16.7* 54.4 ± 5.91* 76.9 ± 17.7*
HOMA-β 158.6 ± 21.2 867.6 ± 61.2* 935.6 ± 196.0* 1106.2 ± 167.5*
Serum adiponectin (μgmL�1) 4.9 ± 0.2 7.2 ± 1.1* 8.7 ± 1.1*† 8.6 ± 0.5*†

Total cholesterol (mg dL�1) 86.8 ± 3.4 278.6 ± 18.1* 184.1 ± 6.4*† 201.2 ± 23.7*†

LDL-cholesterol (mg dL�1) 20.6 ± 0.9 60.6 ± 10.2* 28.4 ± 5.8† 34.3 ± 7.1†

HDL-cholesterol (mg dL�1) 53.6 ± 2.1 147.6 ± 2.8* 117.3 ± 4.9*† 123.6 ± 4.1*†

Triglyceride (mg dL�1) 43.8 ± 6.9 685.6 ± 136.1* 491.5 ± 111.1* 611.2 ± 55.5*

Data are means ± SEM (n = 10, 10, 11 and 11 for CONT, MetS, EPA-L and EPA-H groups, respectively).
*P< 0.05 vs. CONT.
†P< 0.05 vs. MetS.
CONT, controls; EPA-H, high-dose eicosapentaenoic acid group; EPA-L, low-dose eicosapentaenoic acid group; HDL, high-density lipoprotein;
HOMA-β, homeostasis model assessment of β-cell function; HOMA-IR, homeostasis model assessment of insulin resistance; LDL, low-density
lipoprotein; LV, left ventricular; MetS, metabolic syndrome; SBP, systolic blood pressure; SEM, standard error of the mean.
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Glucose and lipid metabolism and hormonal
parameters

The fasting concentration of glucose in serum did not
differ among the four experimental groups (Table 1).
The increases in the fasting serum insulin level as well
as in homeostasis model assessment of insulin resistance
and of β-cell function indexes in the MetS group were not
altered by EPA administration at either dose (Table 1).
OGTT and ITT assays showed that the impaired glucose
tolerance in the MetS group was attenuated in the EPA-
H group (Figure 1D) and that the insulin resistance in the
MetS group was not ameliorated in either the EPA-L or
EPA-H group (Figure 1E). The serum concentration of
adiponectin was significantly increased in the MetS group
that in the CONT group, and EPA further elevated this
parameter at low and high doses (Table 1). Serum con-
centrations of total cholesterol, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol and tri-
glyceride were all increased in the MetS group, and, with
the exception of triglyceride, these effects were reduced
in both the EPA-L and EPA-H groups (Table 1).

Cardiomyocyte hypertrophy as well as cardiac
fibrosis and gene expression

Microscopy showed that the increase in the cross-
sectional area of LV cardiomyocytes in the MetS group
was not attenuated in the EPA-L or EPA-H group
(Figure 2A,B). The significant up-regulation of the

expression of atrial natriuretic peptide and brain natri-
uretic peptide genes apparent in the heart of DS/obese
rats was also insensitive to EPA treatment (Figure 2C,D).
The Azan–Mallory staining showed that the increase in
fibrosis in perivascular and interstitial regions of the LV
myocardium in the MetS group was attenuated in both
EPA-L and EPA-H groups (Figure 2E–H). The increases
in the cardiac abundance of collagen types I and III, con-
nective tissue growth factor and transforming growth
factor-β1 mRNAs in the MetS group were attenuated in
both EPA-L and EPA-H groups (Figure 2I–L).

Cardiac oxidative stress and inflammation

The increases in superoxide generation in myocardial tis-
sue sections shown by staining with dihydroethidium as
well as in the activity of NADPH oxidase in LV homoge-
nates in the MetS group were attenuated in both EPA-L
and EPA-H groups (Figure 3A–C). EPA inhibited the up-
regulation of the expression of genes for the p22phox

and gp91phox membrane components and for the Rac1
cytosolic component of NADPH oxidase apparent in the
heart of the MetS group (Figure 3D–F).

Immunohistochemical analysis of the LV myocardium
for the monocyte–macrophage marker CD68 showed that
the increase in the number of CD68-positive cells in the
MetS group was attenuated in both EPA-L and EPA-H
groups (Figure 4A,B). EPA inhibited the up-regulation of
MCP-1 and osteopontin mRNAs in the left ventricle of
the MetS group (Figure 4C,D).

Table 2 Assessment of cardiac morphology and function for 13-week-old rats in the four experimental groups

Parameter CONT MetS EPA-L EPA-H

IVST (mm) 1.37 ± 0.01 1.63 ± 0.02* 1.54 ± 0.02* 1.58 ± 0.01*
LVPWT (mm) 1.39 ± 0.02 1.57 ± 0.01* 1.53 ± 0.02* 1.57 ± 0.03*
LVDd (mm) 8.37 ± 0.08 8.66 ± 0.07 8.42 ± 0.07 8.41 ± 0.16
LVFS (%) 39.59 ± 1.19 45.26 ± 0.73* 43.78 ± 1.21* 42.42 ± 0.88*
LVEF (%) 67.06 ± 1.05 72.84 ± 0.94* 72.81 ± 1.36* 73.57 ± 0.94*
LV mass (mg) 793.6 ± 21.8 1056.4 ± 17.5* 984.5 ± 14.4* 1051.5 ± 29.9*
E/A 2.25 ± 0.07 1.91 ± 0.03* 2.17 ± 0.06† 2.18 ± 0.17†

DcT (ms) 52.32 ± 0.34 62.21 ± 1.43* 55.65 ± 0.91† 55.31 ± 0.85†

IRT (ms) 33.31 ± 0.65 48.41 ± 1.01* 44.09 ± 0.52*† 43.91 ± 0.46*†

Tau (ms) 19.39 ± 0.51 42.49 ± 2.36* 22.64 ± 2.45† 25.66 ± 2.34†

LVEDP/LVDd (mmHgmm�1) 0.23 ± 0.01 0.87 ± 0.11* 0.76 ± 0.04*† 0.71 ± 0.05*†

Data are means ± SEM (n = 10, 10, 11 and 11 for CONT, MetS, EPA-L and EPA-H groups, respectively).
*P< 0.05 vs. CONT.
†P< 0.05 vs. MetS.
CONT, controls; DcT, deceleration time; E/A, ratio of peak flow velocity at the mitral level during rapid filling (E) to that during atrial contraction;
EPA-H, high-dose eicosapentaenoic acid group; EPA-L, low-dose eicosapentaenoic acid group; IRT, isovolumic relaxation time; IVST, interven-
tricular septum thickness; LVPWT; LV posterior wall thickness; LV, left ventricular; LVDd; LV end-diastolic dimension; LVEDP, LV end-diastolic
pressure; LVEF, LV ejection fraction; LVFS; LV fractional shortening; MetS, metabolic syndrome; SEM, standard error of the mean; tau, time
constant of isovolumic relaxation.
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Figure 2 Size of cardiomyocytes, foetal-type cardiac gene expression, cardiac fibrosis and fibrosis-related gene expression in 13-week-old rats
of the four experimental groups. (A) Transverse sections of the LV myocardium stained with haematoxylin–eosin. Scale bars, 100 μm. (B) Cross-
sectional area of cardiomyocytes as measured in sections similar to those in (A). (C,D) reverse transcription (RT) and real-time polymerase chain
reaction (PCR) analysis of atrial natriuretic peptide (ANP) (C) and brain natriuretic peptide (BNP) (D) mRNA abundance normalized by that of glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA and expressed relative to the mean value for the control (CONT) group. (E,F) Azan–
Mallory staining of perivascular (E) and interstitial (F) regions in the left ventricular (LV) myocardium to reveal collagen deposition. Scale bars,
100 μm. (G,H) Quantitation of the relative extents of perivascular (G) and interstitial (H) fibrosis in the LV myocardium in sections similar to those
in (E) and (F). (I–L) RT and real-time PCR analysis of collagen types I and III, connective tissue growth factor (CTGF) and transforming growth
factor-β1 (TGF-β1) mRNAs, respectively. All quantitative data are means ± standard error of the mean (n = 10, 10, 11 and 11 for CONT, metabolic
syndrome [MetS], low-dose eicosapentaenoic acid [EPA-L] and high-dose eicosapentaenoic acid [EPA-H] groups, respectively). *P< 0.05 vs.
CONT; †P< 0.05 vs. MetS.
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AMP-activated protein kinase and nuclear factor-kB
activation

The amounts of phosphorylated (activated) forms of
AMPK and the p65 subunit of NF-kB in the left ventricle
were decreased and increased, respectively, in the MetS
group compared with the CONT group, and these effects
were prevented by EPA treatment at either dose (Figure 4
E,F).

Adipocyte hypertrophy as well as adipose inflam-
mation and gene expression

The increase in the cross-sectional area of retroperitoneal
fat cells in the MetS group was attenuated in both EPA-L
and EPA-H groups (Figure 5A,B). Immunohistochemical
analysis of visceral fat for CD68 showed that EPA
inhibited the increase in the number of macrophages
apparent in the MetS group (Figure 5A,C). The number
of areas of aggregated CD68-positive cells surrounding
adipocytes in a typical crown-like pattern was also in-
creased in the MetS group that in the other groups of rats

(Figure 5A). EPA attenuated the up-regulation of MCP-1,
osteopontin and COX-2 mRNAs apparent in visceral adi-
pose tissue of the MetS group (Figure 5D–F).

Discussion

The present study has here shown that highly purified
EPA did not affect blood pressure or insulin resistance
but attenuated adipocyte hypertrophy and inflammation
in visceral fat as well as LV fibrosis, diastolic dysfunction,
oxidative stress and inflammation in DS/obese rats. Fur-
thermore, treatment of DS/obese rats with EPA reduced
circulating levels of cholesterol but not of triglyceride,
increased the circulating adiponectin concentration and
induced activation of AMPK and inactivation of NF-kB in
the heart. The beneficial effects of EPA on the heart are
likely due, at least in part, to reduced cardiac oxidative
stress and inflammation associated with an adiponectin-
induced increase in AMPK activity and consequent
down-regulation of NF-kB activity.

The influence of EPA on blood pressure and circulating
triglyceride levels has been unclear. EPA suppressed the

Figure 3 Cardiac oxidative stress in rats of the four experimental groups at 13 weeks of age. (A) Superoxide production as revealed by
dihydroethidium staining in interstitial regions of the left ventricular (LV) myocardium. Scale bars, 100 μm. (B) Relative dihydroethidium (DHE)
fluorescence intensity determined from sections similar to those in (A). (C) Nicotinamide adenine dinucleotide phosphate (NADPH)-dependent
superoxide production in LV homogenates. Results are expressed as relative light units (RLU) per minute per milligramme of protein. (D–F)
Quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis of p22phox, gp91phox and Rac1 mRNAs, respectively. The
amount of each mRNA was normalized by that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA and then expressed relative
to the mean value for the control (CONT) group. All quantitative data are means ± standard error of the mean (n = 10, 10, 11 and 11 for CONT,
metabolic syndrome [MetS], low-dose eicosapentaenoic acid [EPA-L] and high-dose eicosapentaenoic acid [EPA-H] groups, respectively).
*P< 0.05 vs. CONT; †P< 0.05 vs. MetS.
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rise in blood pressure in a rat model of hyperinsulinaemia
induced by dietary fructose intake (32), whereas n-3
PUFAs (EPA and docosahexaenoic acid) from fish oil at-
tenuated cardiac fibrosis and cardiac dysfunction without
altering pressure gradients induced by aortic constriction
in aortic-banded mice (33), consistent with the present re-
sults. Also consistent with these data, insulin resistance

was previously found to be accompanied by an elevation
of plasma triglyceride levels (34). Unexpectedly, however,
a significant decrease in the serum triglyceride concentra-
tion was not detected in DS/obese rats treated with EPA,
in contrast to data from human clinical studies (35,36).
Although the reason for this discrepancy is uncertain, lipid
metabolism may be altered in our rat model.

Figure 4 Cardiac inflammation as well as AMPK and NF-kB activation status in the heart of 13-week-old rats in the four experimental groups. (A)
Immunohistochemical staining for the monocyte–macrophage marker CD68. Scale bars, 100 μm. (B) Density of CD68-positive cells in sections
similar to those in (A). (C,D) RT and real-time PCR analysis of MCP-1 (C) and osteopontin (D) mRNA abundance in the left ventricle. (E,F) Immu-
noblot analysis of total and phosphorylated (p-)forms of AMPK (E) and the p65 subunit of NF-kB (F) in the left ventricle. Representative blots as
well as the ratio of phosphorylated to total forms of AMPK or the p65 subunit of NF-kB are shown. All quantitative data are means ± SEM (n = 10,
10, 11 and 11 for CONT, MetS, EPA-L and EPA-H groups, respectively). *P< 0.05 vs. CONT; †P< 0.05 vs. MetS. AMPK, AMP-activated protein
kinase; CONT, control; EPA-H, high-dose eicosapentaenoic acid; EPA-L, low-dose eicosapentaenoic acid; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; MCP-1, monocyte chemoattractant protein-1; MetS, metabolic syndrome; NF-kB, nuclear factor-kB; PCR, polymerase
chain reaction; RT, reverse transcription; SEM, standard error of the mean.
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Glucose tolerance is impaired in association with insu-
lin resistance in DS/obese rats. However, the high dose of
EPA attenuated glucose intolerance but not insulin resis-
tance, whereas the low dose had no effect on either of
these parameters. Amelioration of glucose intolerance
can be achieved through a reduction in insulin resistance
or an increase in the insulin secretory capacity of pancre-
atic β-cells. Insulin secretion comprises fasting basal se-
cretion and secretion induced by elevated blood
glucose levels because of food intake. The OGTT, ITT
and homeostasis model assessment of insulin resistance
data show that DS/obese rats are insulin resistant com-
pared with DS/lean rats, with the former animals also
manifesting an increased rate of basal insulin secretion.
The glucose intolerance of DS/obese rats thus likely re-
sults from the inadequate insulin secretory response to
glucose load (37). Type 2 diabetes is characterized by a
delayed or diminished insulin secretory response to glu-
cose rather than by altered basal insulin secretion (38).
The results indicate that the high dose of EPA did not af-
fect basal insulin secretion but enhanced the secretory
response to glucose. It is thus possible that the high dose
of EPA prevented the functional decline of β-cells. Some
previous studies have shown that EPA did not affect

insulin resistance (39,40), consistent with the present re-
sults, whereas one study found that EPA ameliorated this
condition (41). The mechanisms by which EPA influences
glucose metabolism warrant further study.

Obesity and MetS are associated with functional in-
competence of adipose tissue accompanied by adipo-
cyte enlargement and chronic inflammation (36).
Macrophage accumulation in white fat plays a role in
chronic inflammation through the production by these
cells of free fatty acids and pro-inflammatory molecules
such as tumour necrosis factor-α and MCP-1 (4,39,40).
This study has now shown that the high dose of EPA de-
creased visceral (retroperitoneal and epididymal) but not
subcutaneous fat mass in DS/obese rats. These results
seem inconsistent with previous findings that EPA re-
duced both visceral and subcutaneous fat mass in mice
with obesity induced by a high-fat, high-sucrose diet
(42) and that it did not alter either visceral or subcutane-
ous fat mass in those with high-fat diet-induced obesity
(42). The anti-obesity effect of EPA may thus be depen-
dent on the animal model studied. EPA also attenuated
adipocyte hypertrophy as well as the accumulation of
macrophages in visceral fat of DS/obese rats. These
effects were accompanied by a decrease in gene

Figure 5 Retroperitoneal adipose tissue inflammation in rats of the four experimental groups at 13 weeks of age. (A) Immunohistochemical
staining for the monocyte–macrophage marker CD68. Scale bars, 100 μm. (B) Cross-sectional area of adipocytes determined from sections
similar to those in (A). (C) The number of nuclei for CD68-positive cells as a percentage of total nuclei as determined from sections similar to
those in (A). (D–F) Quantitative reverse transcription-polymerase chain reaction analysis of monocyte chemoattractant protein-1 (MCP-1), osteo-
pontin and cyclooxygenase-2 (COX-2) mRNAs, respectively. The amount of each mRNA was normalized by that of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA and then expressed relative to the mean value for the control (CONT) group. All quantitative data are means
± standard error of the mean (n = 10, 10, 11 and 11 for CONT, metabolic syndrome [MetS], low-dose eicosapentaenoic acid [EPA-L] and
high-dose eicosapentaenoic acid [EPA-H] groups, respectively). *P< 0.05 vs. CONT; †P< 0.05 vs. MetS.
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expression for pro-inflammatory proteins such as MCP-1,
osteopontin and COX-2 in this tissue. It is thought that
n-3 PUFAs including EPA inhibit inflammation in adipose
tissue by triggering apoptosis in enlarged adipocytes via
activation of peroxisome proliferator-activated receptor
γ, by promoting the differentiation of preadipocytes, by
suppressing the secretion of pro-inflammatory cytokines
and by up-regulating the expression and secretion of
anti-inflammatory cytokines through an increase in the
number of small adipocytes (20). Indeed, EPA at both
low and high doses increased the serum adiponectin con-
centration in DS/obese rats, consistent with the previous
finding that EPA increased the secretion of adiponectin
in mice and obese humans (8,43). In addition, EPA-
derived lipid mediators known as resolvins are also able
to inhibit inflammation (44).

The AMPK serves as an important regulator of energy
metabolism and functions as a survival factor during ex-
posure to various metabolic stresses as well as during ag-
ing. AMPK signalling is also thought to inhibit
inflammatory responses induced by activation of the
NF-kB signalling pathway (45). EPA attenuated both the
down-regulation of AMPK activity and the up-regulation
of NF-kB activity apparent in the heart of DS/obese rats,
with these findings being consistent with previous results
showing that n-3 PUFAs inhibit macrophage inflammation
by inducing the deacetylation (inactivation) of NF-kB
through activation of an AMPK-SIRT1 pathway (46).
Adiponectin activates AMPK in the mouse heart, with this
effect being thought to underlie the cardioprotective ef-
fect of adiponectin (47). EPA further increased the serum
adiponectin concentration as well as attenuated the de-
crease in cardiac AMPK activity in DS/obese rats.
Down-regulation of AMPK activity and up-regulation of
NF-kB signalling in the heart may thus play a role in car-
diac remodelling and diastolic dysfunction in DS/obese
rats, and the amelioration of heart damage by EPA in
these animals may be mediated through activation of
AMPK and inactivation of NF-kB.

Increased oxidative stress is linked to obesity in exper-
imental animals and humans and may play a role in the
pathogenesis of MetS (14). Both macrophages and adi-
pocytes are key sources of reactive oxygen species in ad-
ipose tissue in obesity. Infiltrated macrophages in such
adipose tissue also produce increased amounts of tu-
mour necrosis factor-α (48). Treatment of DS/obese rats
with EPA mitigated increases in both NADPH-dependent
superoxide generation and NADPH oxidase subunit gene
expression in the heart, indicating that EPA attenuated
cardiac oxidative stress in these animals. Given that
AMPK inhibits reactive oxygen species production by
NADPH oxidase (49), the present results support a model
whereby activation of AMPK by EPA results in the

inhibition of NF-kB signalling and thereby down-regulates
the expression of NADPH oxidase subunit genes and alle-
viates oxidative stress in the heart of DS/obese rats.

In summary, this study has demonstrated that highly
purified EPA ameliorated LV fibrosis, diastolic dysfunc-
tion, oxidative stress and inflammation, without lowering
blood pressure, in DS/obese rats. EPA did not affect insu-
lin resistance, but it diminished adipocyte hypertrophy
and inflammation in visceral fat of these animals. The
favourable cardiac effects of EPA are probably attribut-
able, at least in part, to a reduction in cardiac oxidative
stress and inflammation associated with increased AMPK
activity and reduced NF-kB activity. Elucidation of the
molecular mechanisms of these actions of EPA will
require further study.
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