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Abstract

Objective—Epidemiological studies suggest that consumption of ®-3 polyunsaturated fatty acids
(w-3 PUFA) decreases the risk of heart failure. We assessed the effects of dietary supplementation
with ©-3 PUFA from fish oil on the response of the left ventricle (LV) to arterial pressure overload.

Methods—Male Wistar rats were fed a standard chow or a ®-3 PUFA-supplemented diet. After 1
week rats underwent abdominal aortic banding or sham surgery (n=9-12/group). LV function was
assessed by echocardiography after 8 weeks. In addition, we studied the effect of ®-3 PUFA on the
cardioprotective adipocyte-derived hormone adiponectin, which may alter the pro-growth serine-
threonine kinase Akt.

Results—Banding increased LV mass to a greater extent with the standard chow (31%) than with
-3 PUFA (18%). LV end diastolic and systolic volumes were increased by 19% and 105% with
standard chow, respectively, but were unchanged with ©-3 PUFA. The expression of adiponectin
was up-regulated in adipose tissue, and the plasma adiponectin concentration was significantly
elevated. Treatment with -3 PUFA increased total Akt protein expression in the heart, but decreased
the fraction of Akt in the active phosphorylated form, and thus did not alter the amount of active
phospho-Akt.

Conclusion—Dietary supplementation with o-3 PUFA attenuated pressure overload-induced LV
dysfunction, which was associated with elevated plasma adiponectin.
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1. Introduction

A diet rich in »-3 polyunsaturated fatty acids (o-3 PUFA) reduces plasma triglycerides [1],
cardiac arrhythmias and sudden death [2], and the risk of ischemic heart disease and heart
failure [3,4], and thus is recommended for optimal cardiovascular health [5]. The most common
source of @-3 PUFA is fish oil, which is high in eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). While it has been suggested that w-3 PUFA from fish oil may
be effective in preventing heart failure and left ventricular hypertrophy (LVH) [3,6], there is
little direct evidence supporting this concept [7].

The mechanisms for a potential beneficial effect of fish oil in the prevention of LVH and heart
failure are unclear. While fatty acids are classically viewed as an energy substrate, they are
also endogenous ligands for peroxisome proliferator-activated receptors (PPARs) and regulate
the expression of genes encoding key proteins controlling multiple aspects of metabolism [8,
9]. o -3 PUFA from fish oil, specifically EPA and DHA, are ligands for PPARa and PPARy
[10]. PPARa regulates the expression of proteins involved in fatty acid metabolism in the heart
[9] and mitochondria biogenesis [11], and is suppressed in severe LVH and heart failure [9,
12,13]. ®-3 PUFA supplementation could preserve cardiac mitochondrial function by
stimulating expression of proteins involved in cardiac lipid metabolism and mitochondrial
function [12-16]. In adipocytes, ®-3 PUFA from fish oil activate expression and secretion of
adiponectin [17,18], a hormone that limits LVH, remodeling and contractile dysfunction in
response to pressure overload [19-21]. The effects of adiponectin in the heart and vasculature
are not well understood [21-23]. The heart expresses adiponectin receptors [24], suggesting
there is a direct effect of adiponectin in the heart. The mechanisms for adiponectin-induced
suppression of LVVH and dysfunction have been linked to activation of AMP-activated protein
kinase (AMPK) [20,21], but could also be due to inhibition of the serine-threonine kinase Akt
[25]. Activation of the Akt increases protein synthesis and suppresses protein breakdown,
leading to LVH26. Treatment of tumor cells with ©-3 PUFA inactivates Akt[25], and a similar
effect in the heart could blunt LVVH in response to arterial pressure overload.

This study examined the effects of dietary ®-3 PUFA intake from fish oil on LVH, LV
remodeling and contractile dysfunction, and adiponectin expression and concentration, in a rat
model of chronic pressure overload induced by abdominal aortic banding. We hypothesize that
-3 PUFA supplementation attenuates LVH and dysfunction, and that this effect is related to
increased plasma concentration of adiponectin secondary to stimulation of adiponectin
expression in adipose tissue. Furthermore, we postulated that these effects are related to
activation of PPARa and AMPK in the heart, and reduced Akt activation.

2. Methods

2.1. Experimental Design

Measurements were performed with investigators blinded to treatment. The animal protocol
was conducted according to the guideline for the care and use of laboratory animals (NIH
publication No. 85-23) and was approved by the Institutional Animal Care and Use Committee
of the Case Western Reserve University. Animals were maintained on a reverse 12-hour light-
dark cycle. All procedures were performed in the fed state between 3 and 6 hours from initiation
of the dark phase cycle.

Five-week old male Wistar rats were fed either a standard chow or a modified standard chow
containing o-3 PUFA from fish oil. After one week on the assigned diet, rats were randomly
assigned to either sham surgery or abdominal aortic banding (AAB) (n=9-12/group), and
dietary treatment was continued for 9 wks. Echocardiographic assessment of LV function was
performed 1-2 days before and 8 weeks post-surgery. Nine weeks after surgery, rats were
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weighed and anesthetized with 1.5-2.0% isoflurane, and 3 mL blood was drawn from the
inferior vena cava for metabolic measurements. The LV and adipose tissue were quickly
removed, weighed, freeze clamped and stored at -80°C for biochemical analysis.

All chows were custom manufactured (Research Diets Inc. New Brunswick, NJ). The standard
chow was similar to typical commercial rodent chows, with 70% of total energy from
carbohydrate (75% from cornstarch, 15% maltodextrin and 10% from sucrose by energy), 10%
of energy from fat (78% from cocoa butter and 22% from soybean oil) and 20% protein (casein
supplemented with L-cystine). -3 PUFA diet also derived 10% of the total energy from fat,
with 4% the total energy from fish oil (Ocean Nutrition, Dartmouth, Nova Scotia, Canada;
comprised of 21% EPA and 49% DHA by mass, thus EPA and DHA comprised 0.8% and 2.0%
of the total energy consumption, respectively), 3.8% from cocoa butter, and 2.2% from soybean
oil. The protein and carbohydrate composition of the »-3 PUFA diet matched the standard
chow.

2.3. Abdominal Aortic Banding

The rats (180-200g) were anesthetized with 2.0-2.5% isoflurane by mask. A midline abdominal
incision was used to expose the suprarenal abdominal aorta. The aorta was tied with a 3-0 silk
suture against a blunt needle (19G). The needle was immediately removed, leaving the aortic
lumen constricted to the diameter of the needle. Sham surgery animals were subjected to the

same procedure without the aortic banding.

2.4. Echocardiography

LV function was evaluated using a Sequoia C256 system (Siemens Medica) with a 15-MHz
linear array transducer as previously described [26]. Briefly, rats were anesthetized with
1.5-2.0% isoflurane by mask, the chest was shaved, the animal was placed supine on awarming
pad, and ECG limb electrodes were placed. 2-D guided M-mode, 2-dimensional, and Doppler
echocardiographic studies of aortic and transmitral flows were performed from parasternal and
foreshortened apical windows. All data were analyzed offline with software resident on the
ultrasound system at the end of the study as was described previously [26].

2.5. Metabolic measurements

Plasma free fatty acid and triglyceride concentrations were measured using enzymatic
spectrophotometric assays (Wako and Sigma, respectively). Blood glucose concentration was
also measured by enzymatic spectrophotometric assays from perchloric acid deproteinized
whole blood samples (Stannbio laboratories). Serum levels of leptin and plasma concentration
of adiponectin and insulin were measured by ELISA kit (ALPCO Diagnostics, Salem, NH).
Myocardial activity of medium chain acyl-CoA dehydrogenase (MCAD) and citrate synthase
was measured spectrophotometrically as previously described [27].

2.6. mMRNA measurement

RNA isolation from rat heart and adipose tissue—Rat heart tissue was disrupted and
homogenized by shaking with 5mm stainless-steel bead for 3min at 30sec™! (Mixermill 300;
Qiagen, Valencia, CA), followed by RNA isolation (RNeasy Mini Kit, Qiagen; Valencia, CA).
On column DNase digestion was performed using RNase-free DNase set (Qiagen). RNA
samples were eluted in 50uL of nuclease-free water and stored at -80°C.

cDNA preparation—RNA (1pg) was mixed with 2uL Oligo(dT)1g (Applied Biosystems;

Foster City, CA) and 0.5uL random primers (Invitrogen), and brought to 15uL total volume.
Sample/primer mix was heated to 70°C for 10min, then placed immediately on ice for 2min,
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followed by the addition of the RT reaction mix containing 5x buffer (5uL) & 0.1M DTT
(2.5uL) (Superscript 11 RT, Invitrogen), 10mM dNTP (1.25uL; Invitrogen), and RNase
inhibitor (0.25uL; Applied Biosystems). Reaction mix was incubated for 2min at 42°C, 1uL
reverse transcriptase added, and incubation continued at 42°C for 1h. Reaction mix was then
incubated at 70°C for 10min, and placed on ice for 2min. The resulting cDNA samples were
stored at -20°C.

RT-PCR—Quantitative RT-PCR was performed using an ABI 7900 and the following
protocol: 2 min at 50°C, 10 min at 95°C, 40 cycles at 95°C for 15 s, and 1 min at 60°C. Each
reaction was 25ulL., consisting of 1.0uL cDNA sample, 1.25uL. TagMan Gene Expression
Assay, 12.5uL 2xTagMan PCR master mix, and 10.25uL nuclease-free water. To control for
sample-to-sample differences in RNA concentration, the mRNA level for cyclophilin A was
quantitatively measured in each sample. PCR was performed for each of the following genes,
using TagMan Gene Expression Assays from Applied Biosystems: Adiponectin
(Rn00595250_m1); Adiponectin R1 (Rn01483784 _m1); Adiponectin R2 (Rn01463177_m1);
PPPARa (Rn00566193 m1); CPT1p (Rn00566242_m1); UPC3 (Rn00565874_m1); Citrate
Synthase (Rn00756225_m1); MCAD (Rn00566390_m1); PDK4 (Rn00585577_m1),
cyclophilin A (Rn00690933_m1). mRNA was normalized to fold increase to the standard chow
sham group.

2.7. Western blot analysis

Protein was extracted from frozen LV tissue [13], separated by electrophoresis in 10% SDS-
PAGE gels, transferred onto a nitrocellulose membrane, and incubated with specific antibodies
to either phospho-AMPK (Thr172 of a subunit) or phospho-Akt (Ser473) (all at 1:1000, from
Cell Signaling Technology, Inc.), adiponectin receptors 1 and 2 (1:500, from Alpha
Diagnositcs, Inc.). Fluorescence-conjugated secondary antibodies (IRDye 680/800, 1:5000;
LI-COR Bioscience) were used for incubation before the membranes were scanned with
Odyssey® infrared imaging system (LI-COR Bioscience). Digitized image was analyzed with
Odyssey® software. Membranes were then stripped (Pierce Restore® stripping buffer) and re-
probed for total-AMPK and Akt (1:1000; Cell Signaling Technology, Inc).

2.8. Statistical Analysis

3. Results

Comparisons were made using two-way ANOVA, followed as appropriate by post hoc
Bonferroni-corrected t tests. Mean values are presented + S.E.M.

3.1. LV Mass and Function

There was no significant a difference in the preliminary echocardiography measurements or
body mass (data not shown), and body mass was not different among groups at the end of the
study (Table 1). At 8 weeks abdominal aortic banding (AAB) increased LV mass/tibia length
in both groups; however the increase was greater with the standard chow (31%) than with the
-3 PUFA diet (18%) (Figure 1). With standard chow diet there was significant LV remodeling
and systolic dysfunction with AAB compared to sham, as seen in the increase in end diastolic
and systolic volumes and a reduction in ejection fraction., which were attenuated by the ®-3
PUFA diet (Figure 1 and Table 2).

3.2. Metabolic and Endocrine Results

The -3 PUFA diet reduced plasma free fatty acid and triglyceride concentrations, but had no
effect on glucose and insulin concentrations (Table 3).
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The mRNA for adiponectin was significantly increased in epididymal adipose in both sham
and ABB groups with the ®-3 PUFA diet, which corresponded with a significant increase in
plasma adiponectin concentration (Figure 2a-b). In contrast to epididymal adipose, there were
no differences in visceral adipose for adiponectin mRNA (Figure 2c). LV adiponectin mRNA
content was approximately 1/1500t of that found in fat when normalized to cyclophilin A, and
was reduced by 80% by AAB in standard chow, which was attenuated in the ©-3 PUFA group
(Figure 2d). Epididymal adipose mass was reduced by ~25% in both sham and AAB groups
on ®-3 PUFA compared to standard chow, but visceral adipose mass was unchanged (Table
1).

The mRNA and protein expression of adiponectin receptors R1 and R2 were unchanged in the
heart (Figure 3).

The amount of phospho-Akt in the heart, as assessed by western blot, was not different among
groups, however treatment with o-3 PUFA caused a significant increase in total Akt levels in
the heart in both sham and AAB animals, resulting in a decrease in the faction of Akt in the
active phosphorylated form (Figure 4). There were no differences in total or phosphorylated
AMPK, or the ratio of phosphoryalated to total AMPK (Figure 4).

The mRNA for PPARa and PPARa-regulated genes were similar among groups (Figure 5).
The activities of citrate synthase and MCAD were similar among groups except for
significantly higher activity of MCAD in the sham ®-3 PUFA group (Table 3).

4. Discussion

We show that dietary supplementation with »-3 PUFA attenuated pressure overload induced
LVH, LV remodeling and contractile dysfunction. The beneficial effects of w-3 PUFA were
associated with increased expression of adiponectin in adipose tissue and elevated plasma
adiponectin concentration. This suggests the novel concept that dietary supplementation with
-3 PUFA attenuates LVH and cardiac dysfunction in hypertension, and that this effect is
partially mediated through activation of adiponectin expression in adipose tissue.

The moderation of LVVH and contractile dysfunction with o-3 PUFA was not associated with
activation of PPARa in heart; however the 2-fold increase in the mRNA for adiponectin in
epididymal adipose is consistent with activation of PPARYy. Previously studies observed a
similar response with a high fat diet of marine origin [17,18]. However, in the present
investigation we supplemented a low fat diet with purified fish oil containing a high
concentration of EPA and DHA, which is similar to clinically-prescribed o-3 PUFA
supplements. Both EPA and DHA are potent activators of PPARa in cell culture [28]; however
the MRNA for PPARa-regulated genes failed to increase in the present study. While these
results clearly suggest that w-3 PUFA supplementation does not increase expression of
PPARa regulated genes in the normal heart or during moderate LVH, further studies are needed
to determine if dietary o-3 PUFA supplementation can prevent the de-activation of PPARa
that occurs in advanced LVH and heart failure [9,12].

Previous studies in adiponectin-/- mice found enhanced LVH and dysfunction following aortic
banding compared to wild-type animals [19,20], and that this can be rescued by adenovirus-
mediated adiponectin supplementation [20]. In the present study we show that the increase in
plasma adiponectin above normal levels induced by ©-3 PUFA is associated with attenuation
of LVH and cardiac dysfunction without altered cardiac expression of adiponectin or
adiponectin receptors. ®-3 PUFA did not affect the amount of phospho-Akt and AMPK,
although the total Akt content was increased. Studies in adiponectin-/- mice did not assess Akt
or AMPK activation in the heart [19,20]; however, studies in isolated neonatal rat ventricular
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myocytes showed that adiponectin increased AMPK phosphorylation but not Akt [20]. On the
other hand, adiponectin inhibited phosphorylation of Akt in breast carcinoma cells [25].
Additional work is needed to clarify the cardioprotective mechanism(s) provided by o-3 PUFA.

Dietary supplementation with ®-3 PUFA has multiple effect on cardiac biochemistry and
function that were not evaluated in the present study. Takahashi et al observed that
supplementation with fish oil attenuated hypertrophic cardiomyopathy in mice with carnitine
deficiency [29]. Fish oil alters the diacylglycerol composition in the heart and prevented
activation of protein kinase C (PKC) isoforms a, By, and € by reducing their translocation from
the cytosol to the plasma membrane. Since chronic PKC activation has been linked to LVH
and heart failure [30], the consumption of m-3 PUFA could reduce the risk for heart failure
[29] by suppressing PKC activity. In addition, o-3 PUFA supplementation affect membrane
composition and ion permeability, and could potential improve Ca2+ uptake into the
sarcoplasmic reticulum and optimize the ability of the mitochondria to generate ATP [31,32].
Additional studies are needed to fully elucidate the mechanisms responsible for the improved
cardiac response to pressure overload with -3 PUFA supplementation.

It is important to note that the results of the present investigation are limited by the absence of
measurement of the cross sectional area and pressure gradient across the aortic stenosis. Future
studies should include careful ultrasound measurement of the cross sectional area and flow
velocity at the site of the aortic band. In addition, measurements of proximal aortic and
peripheral blood pressure should be made. While there is no rationale for a ©-3 PUFA-induced
reduction in aortic diameter or pressure in this experimental model, our findings would be
strengthened by a thorough evaluation of these parameters.

In summary, the present study demonstrates that dietary supplementation with »-3 PUFA
attenuated pressure overload-induced LVH, remodeling, and contractile dysfunction. The
protective effect of ©-3 PUFA was associated with up-regulation of adiponectin expression in
adipose tissue and elevated plasma adiponectin.
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Figure 1.

LV mass/tibia length ratio (a) and echocardiograpgic assessment of LV end diastolic volume
(b), and end systolic volume (c). * p< 0.05 vs. respective sham (n=9-12/group). Significant
interactions between surgery group (sham vs. banded) and diet (standard chow vs. -3 PUFA)
were observed for LV mass/tibia length ratio (P=0.045) and end systolic volume (P<0.001).
Additionally, there were significant interactions between sham and banding for end diastolic
volume (Pg=0.032).
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Figure 2.

Plasma adiponectin concentration (b) and adiponectin mRNA expression in epididymal
adipose (a), visceral adipose (c) and heart (d) expressed as a fraction of the sham standard chow
group; and. * p< 0.05 vs. respective sham; # p<0.05 vs. standard chow diet (n=9-12/group).
Significant interactions between standard chow vs. -3 PUFA diet were observed for plasma
adiponectin concentration (Pp<0.001) and adiponectin mRNA expression in epididymal
adipose (Pp<0.001).
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Cardiac mRNA (a-b) and protein (c-d) expression of adiponectin receptors R1 and R2 showed

as a fraction of the sham standard chow group.
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Summary of western blot densitometry of total and phosphorylated Akt and AMPK (in arbitrary
units). Phosphorylated Akt (a); total Akt (b); the ratio of phosphorylated to total Akt (c);
phosphorylated AMPK (d); total AMPK (e); and the ratio of phosphorylated to total AMPK
(f) # p<0.05 vs. standard chow diet (n=9-12/group). Significant interactions between standard
chow vs. o-3 PUFA diet were observed for total Akt (Pp<0.001) and ratio of phosphorylated

to total Akt (Pp<0.001).
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mRNA for PPARa and PPARa-regulated genes in LV myocardium expressed as a fraction of
the sham standard chow group. Data are the mean+SEM; n=9-12.
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Table 1
Heart, body and adipose tissue masses.
Standard Chow Sham Standard Chow Banded ®-3 PUFA Sham -3 PUFA Banded

(n=9) (n=10) (n=11) (n=12)
Pre-surgery body 18343 18542 18843 188+2
mass (g) - - - -
(Tge)rmi”a' body mass 476+16 50011 511+11 524+13
Tibia length (cm) 4.43+0.04 4.51+0.05 4.44+0.04 4.52+0.07
LV mass/body mass * *H
(g/cm) (P=0.068) 2.14+0.02 2.80+0.01 2.26+0.06 2.67+0.06
RV mass/tibia
length (g/cm) 0.57+0.01 0.64+0.03 0.60+0.03 0.64+0.02
Biventricular mass/ . .
tibia length (g/cm) 2.71+0.09 3.45+0.08 2.87+0.03 3.32+0.08
(P=0.085)
Epididymal adipose
mass (g) 9.240.9 9.740.8 7.1£0.6" 7.2+0.4%
(Pp=0.002)
Visceral adipose
mass (g) 16.6+1.3 17.1+1.3 17.0£1.2 18.6+1.1
Epididymal adipose
mass/body mass (g/ 10.1+1.2 19.2+1.4 13.7+1.0% 13.740.8%
kg) (Pp<0.001)
Visceral adipose
mass/body mass (g/ 34.6+2.0 33.7+2.0 33.2+2.1 35.5+2.0
kg)

Data are the mean+SEM;

*
p< 0.05 vs. respective sham;

#p<0.05 vs. standard chow diet.
P, interaction between surgery groups (sham vs. banded) and diet (standard chow vs. ®-3 PUFA)

PD, interaction between standard chow vs. ©-3 PUFA diet.
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Echocardiography results.

Table 2

Page 15

Standard Chow Sham
(n=9)

Standard Chow Banded
(n=10)

®-3 PUFA Sham
(n=11)

®-3 PUFA Banded
(n=12)

Velocity of
circumferential
shortening (1/s)
(P=0.007)

Ejection fraction
(%) (P<0.001)

Anterior wall
thickness (mm)
(P<0.001)

Posterior wall
thickness (mm)
(P<0.001)

Relative wall
thickness (mm)
(P=0.078)

9.09+0.17

90.6+0.5

1.88+0.04

1.90+0.02

0.48+0.01

*
7.31+0.29

*
83.6+1.3

*
2.24+0.03

*
3.34+0.05

*
0.55+0.02

8.53+0.26

88.2+0.9

1.92+0.04

1.93+0.03

0.50+0.02

8.3740.36"

88.8+0.8"

2.00£0.03"

2.05£0.04"%

0.52+0.02

Data are the mean+SEM;

*
p< 0.05 vs. respective sham;

#p<0.05 vs. standard chow diet.

P, interaction between surgery group (sham vs. banded) and diet (standard chow vs. ©-3 PUFA)
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Table 3
Metabolic measurement and activities for enzymes.
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Metabolic Parameter

Standard Chow Sham

Standard Chow Banded

®-3 PUFA Sham

®-3 PUFA Banded

(n=9) (n=10) (n=11) (n=12)
Plasma Free Fatty
Acids (mmol/L) 0.3120.03 0.30+0.02 0.23£0.02% 0.20£0.01%
(Pp<0.001)
Plasma Trigliceryde # #
(mg/mL) (P,<0.001) 1.32+0.33 1.12+0.48 0.73+0.28 0.75+0.25
Glucose (umol/mL) 4.73+£0.15 4.29+0.27 4.25+0.24 4.19+0.15
Plasma Insulin (ng/mL) 1.2740.19 1.65+0.07 1.48+0.31 1.5740.14
Enzyme activities
MCAD activity (umol #
mint g-l) (Pp=0.03) 5.59+0.23 5.59+0.28 6.72+0.41 5.85+0.25
g.ggeg%mthase (umol 109.246.1 106.145.1 107.0£6.5 109.0+4.6
MCADICS activity 0.052+0.003 0.054+0.004 0.064+0.004 0.054+0.002

Data are the mean+SEM;

#p<0.05 vs. standard chow diet.

PD, interaction between standard chow vs. ©-3 PUFA diet.
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