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Abstract

The exact mechanisms of the relationship between obesity and cardiovascular events are not yet fully understood; however, oxidative
stress may be involved. Thus, the aim of the present study was to evaluate the effects of resveratrol and fish oil on catecholamine-induced
mortality in obese rats. To begin with, rats were divided into five groups: (1) lean, (2) obese, (3) obese supplemented with resveratrol, (4)
obese supplemented with fish oil and (5) obese supplemented with resveratrol and fish oil (n 18 rats per group), for 2 months. After sup-
plementation, the groups were subdivided as with (72 10) and without (1 8) cardiovascular catecholaminergic stress after isoproterenol
(60 mg/kg) injection. At 24 h later, the survival rate was analysed. The obese group showed lower survival rates (10%) when compared
with the lean group (70%). On the other hand, resveratrol (50%) and fish oil (40%) increased the survival rate of obese rats (y? test,
P=0-019). Biochemical analyses of the myocardium and aorta revealed that obese rats had higher levels of superoxide and oxidative
damage to lipids and protein. This was associated with reduced superoxide dismutase and glutathione peroxidase activity in both the myo-
cardium and aorta. The supplementation increased antioxidant enzyme activities and reduced oxidative damage. We also evaluated the
nuclear factor-erythroid 2 p45-related factor 2 (Nrf2)/Kelch-like ECH-associated protein 1 antioxidant pathway. Nrf2 protein levels that
were reduced in obese rats were increased by the antioxidant treatment. Taken together, these results showed that resveratrol and fish
oil reduce catecholamine-induced mortality in obese rats, partly through the reduction of oxidative stress.
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Obesity has become a problem that is fast reaching epidemic
proportions worldwide” and is associated with an increased
risk of premature death®. Individuals with a central depo-
sition of adipose tissue can experience elevated cardiovascular
morbidity and mortality®®. Although certain proportions of
cardiovascular disorders are attributable to secondary obesity
complications (hypertension, atherosclerosis and type 2
diabetes), a direct deleterious effect of obesity on the cardio-
vascular system is becoming more evident, including
alterations in the redox state causing oxidative stress in
obese patients®. Over the past few years, the evidence of
obesity-induced oxidative stress in humans is growing (for a
review, see Vincent & Taylor™). Human studies addressing
obesity and oxidative stress® have found higher basal levels
of malonaldehyde in lipoprotein samples and basal plasma

thiobarbituric acid-reactive species (TBARS) in obese patients.

Reactive oxygen species (ROS) are unstable and highly
reactive molecules that tend to initiate irreversible chemical
changes in lipids or proteins. These potentially deleterious
reactions can result in profound cellular dysfunction and
even cytotoxicity in several tissues, including the myocardium
and aorta. Endogenous enzymatic free radical scavengers,
such as superoxide dismutase (SOD), glutathione peroxidase
(GPx) and catalase (CAT), are efficient in detoxifying ROS.
However, under such conditions as obesity that is associated
with excess production of ROS, the capacity of an endogenous
oxidative defence mechanism to detoxify ROS becomes lim-
ited and results in increased deleterious radical-mediated reac-
) In addition to endogenous enzymatic free radical
scavengers, a sophisticated antioxidant pathway (nuclear
factor-erythroid 2 p45-related factor 2 (Nrf2)/Kelch-like
ECH-associated protein 1 (Keapl)) is existent. Under normal
conditions, Keapl anchors the Nrf2 transcription factor

tions

Abbreviations: CAT, catalase; FO, obese rats supplemented with fish oil; GPx, glutathione peroxidase; Keap1, Kelch-like ECH-associated protein 1; Nrf2,
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within the cytoplasm, targeting it for ubiquitination and
proteasomal degradation to maintain low levels of Nrf2.
When cells are exposed to oxidative stress, a signal involving
phosphorylation and/or redox modification of critical cysteine
residues in Keapl inhibits the enzymatic activity of the
Keapl—-E3 ubiquitin ligase complex. As a consequence,
free Nrf2 translocates into the nucleus and transactivates the
antioxidant response elements (for a review, see Giudice
et al”). The Nif2/Keapl/antioxidant response element tran-
scriptional system regulates the expression of a battery
of gene products linked to antioxidant function and detoxifi-
cation phase II antioxidant enzymes, including NAD(P)H
quinone reductase, glutathione transferases, thioredoxin and
others (for a review, see Thornalley & Rabbani(S)).

Evidence shows that the nutritional sources of antioxidants,
such as polyphenolic compounds, could play a major role in
enhancing the antioxidant system™. In this sense, resveratrol
is a natural polyphenolic compound present in grapes,
peanuts and red wine and has been shown to protect various
tissues against oxidative damage'”. Its high antioxidant
capacity mitigates the effects of ROS in the body; due to its
chemical structure™?, which has hydroxyl groups that act as
electron donors, it neutralises the hydroxyl radical and super-
oxide anion, thereby preventing lipid peroxidation, protein

U215 addition, the literature

oxidation and DNA damage
shows evidence that resveratrol increases the activity of
enzymes such as SOD, CAT and GPx">'%.

Long-chain PUFA represent another class of nutrient
antioxidants. These contribute to maintain the structural and
functional integrity of cells and cellular components™. In
addition, studies have suggested that fish oil influences several
humoral and cellular factors involved in atherogenesis and
may prevent atherosclerosis, arrhythmia, thrombosis, cardiac
hypertrophy and sudden cardiac death™'®. Long-chain PUFA
are supplied by dietary fats, either from vegetable fats in the
form of the precursor linoleic acid (18:2n-6) of the n-6
series and a-linolenic acid (18:37n-3) of the n-3 series, or
from fatty fishes, particularly EPA (20:57-3) and DHA
(22:6m-3). PUFA play an important antioxidant function due
to some mechanisms. Garrel et al."'"” demonstrated that diet-
ary supplementation with 7-3 PUFA enhances the activity of

mitochondrial SOD2 in the growing cerebrum, liver and
uterus of rats. PUFA, particularly DHA, are possible to be
rapidly incorporated into the phospholipids of the plasma
membrane™® and mitochondria®®. Therefore, PUFA could
repair components of the membranes that had been attacked
by superoxide anions, H,O, and hydroxyl radicals”® . In their
study, El-Mowafy et al.®” found that EPA markedly replen-
ished hepatic reduced glutathione levels to near baseline,
while it also blunted lipid peroxide levels, implying the alle-
viation of valproate-induced liver oxidative stress. PUFA can
also increase the levels of CAT within the peroxisome and
the cytoplasm, resulting in enhanced defences against free
oxygen radicals®V.

As noted above, obese individuals have a higher risk of
mortality due to cardiovascular events. However, it remains
to be investigated whether obese people are more susceptible
to mortality (once cardiovascular events occurred) when com-
pared with people with normal weight. Also, obese people
have higher levels of oxidative stress, which is related to
CVD. However, nutrients with antioxidant actions have
demonstrated beneficial effects on health. The use of resvera-
trol and fish oil has shown a lower incidence of CVD. In this
sense, the present study evaluated whether supplementation
with resveratrol and fish oil can reduce catecholamine stress-
induced mortality in obese rats and whether reduced mortality
is associated with reduced evidence of oxidative stress.

Experimental methods
Animals and diet

Male Wistar rats (4 weeks old) were obtained from the breed-
ing colony in the Universidade do Extremo Sul Catarinense
and housed in individual cages under a 12h artificial
light—12h artificial dark cycle. The investigation followed
the University guidelines for the use of animals in experimen-
tal studies (protocol no. 20/2011). After the acclimatisation
period (3 d), animals were randomly divided into lean control
rats (1) lean group, n 18), which fed on a standard rodent
chow, and obese rats, which fed on a high-fat diet for
2 months (Table 1). After 8 weeks, obese rats were grouped
into: (2) non-supplemented obese rats (obese, n 18); (3)

Table 1. Composition of the standard chow and the high-fat diet

Standard chow

High-fat diet

Ingredients g/kg kcal/kg kJ/kg a/kg kcal/kg kJ/kg
Maize starch 398 1590 6653 116 462 1933
Casein 200 800 3347 200 800 3347
Sucrose 100 400 1674 100 400 1674
Dextrinated starch 132 528 2209 132 528 2209
Lard - - - 312 2808 11749
Soyabean oil 70 630 2636 40 360 1506
Cellulose 50 - - 50 - -
Mineral mix 35 - 35 - -
Vitamin mix 10 - - 10 - -
L-Cystine 3 - - 3 - -
Choline 25 - - 2:5 - -
Total 1000 3948 16518 1000 5358 22418
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obese rats supplemented with resveratrol (resv, n 18); (4)
obese rats supplemented with fish oil (FO, n 18); (5) obese
rats supplemented with resveratrol plus fish oil (resv 4+ FO,
n 18). All treatments lasted 8 weeks (Fig. 1(a)).

Resveratrol and fish oil supplementation

Resveratrol (100 % purity) was purchased from Pharma Nostra
LTDA and diluted in an ethanol solution of 30%. A dosage
of 20mg resveratrol/kg per d was supplemented orally for
2 months. Fish oil was purchased from Biotik of Brazil
LTDA and used without dilution. The dosage of fish oil was
0-4 g/kg per d for 2 months. Each capsule of 1000 mg fish oil
consisted of 540mg EPA, 100mg DHA and 2mg vitamin
E. During the period of supplementation, rats fed on a diet
rich in saturated fat.

Catecholaminergic stress-induced mortality protocol

At 24h after the last oral administration, catecholaminergic
stress was evaluated in eighteen rats from each group.
Catecholaminergic stress (7 10 rats) was induced by one
subcutaneous injection of 60mg/kg of isoproterenol
hydrochloride (Sigma-Aldrich). The ‘no catecholaminergic
stress” group (1 8 rats) received a subcutaneous injection of
physiological saline (0-5ml). At 24h after the injection with
subcutaneous isoproterenol, survival rates were evaluated
(Fig. 1(d)). At the same time, rats unchallenged with isoproter-
enol were decapitated, and their myocardial and aortic tissues
were homogenised in specific buffer and stored for sub-
sequent analysis.

(a)

Molecular and
biochemical
analysis (n 8)
A

HFD+treatment Survival analysis

h.v__lh-v-_ﬂ4 h irone point — after 24 h — n 10

Superoxide anion assay

Myocardial and aortic tissues were homogenised (Polytron MR
2100; Kinematica) in 1ml of specific buffer (0-23 M-mannitol,
0-07 Mm-sucrose, 0:001 M-EDTA and 0-01 M-Tris—HCL; pH 7-4).
The homogenate was centrifuged for 10min at 600g and
750 ul of the supernatants were used (supernatant 1). Then,
the pellet was resuspended in 1 ml of the same buffer and hom-
ogenised again, and 750 pl of the supernatants were used
(supernatant 2). Aliquots of supernatant 1 (750 uD) and super-
natant 2 (750 p) were mixed and centrifuged for 10 min at
8000 g. The pellet was resuspended with 500 pl of the same
buffer and centrifuged at 8000g for 10 min. Thereafter, the
pellet was resuspended in 500 ul of the same buffer and
stored on iced at —70°C. The obtained submitochondrial
particles were washed twice with 140 mmM-KCl and 20 mm-
Tris—HCI, pH 7-4, and suspended in the same medium. Aliquots
from this preparation were used to measure superoxide
formation. Superoxide production was determined spectropho-
tometrically according to Poderoso et al‘*®. The assay is
based on the superoxide-dependent oxidation of adrenaline
to adenochrome at 37°C (Eg0 nm = 4-0mmM/cm). The reaction
medium consisted of 230 mMm-mannitol, 70 mM-sucrose,
20 mM-Tris—HCI, pH 7-4, 0-1mMm-CAT, 1mwm-adrenaline and
7 mM-succinate. SOD was used at 0-1-0-3 mMm final concentrati
ons as a negative control to confirm assay specificity. Superoxi
de content was expressed as nmol/min per mg protein.

Thiobarbituric acid-reactive species

The formation of TBARS during an acid-heating reaction‘®

was used as an index of lipid peroxidation. Briefly, myocardial
and aortic tissues were homogenised (Polytron MR 2100;
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Fig. 1. Effects of resveratrol (resv) and fish oil (FO) alone or combined on the survival rate of obese rats subjected to catecholamine-induced cardiovascular stress
model. (a) Schematic representation of the experimental procedures. (b) Total body weight (BW). (c) Epididymal fat. (d) Survival analysis. Values are means of
eight rats per group, with their standard errors represented by vertical bars. *Mean value was significantly different from that of the lean group (P<0-05). 1 Mean
value was significantly different from that of the obese group (P<0-05). HFD, high-fat diet. =, Isoproterenol-injected animals; =, animals alive after 24 h.
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Kinematica) with 1-0ml of thiobarbituric acid (TBA) buffer
(10% TCA and 1ml of 0-67% thiobarbituric acid). Then,
800 wl of 10% ice-cold TCA were added to 400 pl of myocar-
dial and/or aortic supernatants and centrifuged at 300g for
10 min. Thereafter, 500 pl of the supernatant were transferred
to a pyrex tube and incubated with 500 wl of 0-67% TBA in
7-1% sodium sulphate on a boiling water-bath for 30 min.
The tubes containing the mixture were allowed to cool on
running tap water for 5min. The resulting pink-stained
TBARS was determined in a spectrophotometer at 532 nm.
A calibration curve was performed using 1,1,3,3-tetramethoxy-
propane, and each curve point was subjected to the same
treatment as supernatants. TBARS values were calculated as
nmol TBARS/mg protein. The results of the TBARS method
carry some limitations. First, the majority of the free radicals
measured are formed during the heating procedure, thus lead-
ing to artificially larger values than encountered in the samples.
Second, TBA reacts with different oxidised species, not only
malonaldehyde; thus, it lacks specificity to lipid free radicals.
Despite this, it could be used as a general marker of oxidative
damage, rather than as a specific marker of lipid peroxidation,
but it is widely used and accepted in the literature.

Protein carbonyls

Oxidative damage to protein was determined by measuring
carbonyl groups based on the method described by Levine
et al.*® with modifications. Briefly, myocardial and aortic tis-
sues were homogenised (Polytron MR 2100; Kinematica) with
1-0ml of carbonyl buffer (120 mmM-KCL and 30 mm-KH,POy)
and centrifuged for 15min at 12000g. Then, the amount of
protein was determined in the samples. This quantity was ali-
quoted into two Eppendorf tubes. To each tube, 100 wl of 20 %
TCA (TCA dissolved in water) were added, and allowed to mix
for 5min on ice. They were then centrifuged for 5min at
14000 g. The supernatant was discarded and the pellet redis-
solved in 100 pl NaOH at 0-2 M. Then, 400 pl of 10 mm-2,4-dini-
trophenylhydrazine in 2-5M-HCl or 400ml 2-5M-HCl were
added to 100 pl samples of supernatants and incubated for 2 h.

Samples were vortexed every 15 min, extracted with 100 pl
of 20% TCA, and then spun for 5min at 14000 g. The precipi-
tates were washed once with 1ml of 10% TCA, followed by
three washes with 1ml ethanol-ethyl acetate (1:1) to
remove free 24-dinitrophenylhydrazine and lipid contami-
nants. Precipitates from 2 4-dinitrophenylhydrazine-treated
samples were dissolved in 2ml of 6 m-guanidine hydrochlo-
ride solution at 37°C for 10min. Carbonyl contents were
calculated from peak absorbance (355-390nm) using an
absorption coefficient of 22000mol/l X cm against pellets
derived from the 2-5m-HCl-treated samples, which were also
used to calculate the protein contents against a bovine
serum albumin standard dissolved in 6M-guanidine hydro-
chloride and read at 370 nm.

Catalase activity

In order to determine CAT activity, tissue samples were hom-
ogenised in 10ml of 50 mm-phosphate buffer (137 mm-NaCl,

0-27 mM-Na,PO4 and 1-1mm-KH,PO,) and the resulting
suspension was centrifuged at 3000 g for 10 min. Next, 40 .l
H,0, were added to 25ml of phosphate buffer, and thus
10 pl of sample supernatants were added to 1 ml of phosphate
buffer containing H,O,. CAT activity was measured based on
the rate of the decrease in H,O, (10mm) absorbance at
240 nm*>.

Superoxide dismutase activity

Myocardial and aortic samples were homogenised in 1ml
glycine buffer (50 mm, pH 10-2) and the resulting suspension
was centrifuged at 3000 g for 10 min. SOD activity was deter-
mined according to Bannister & Calabrese®®
photometric assay based on the superoxide-dependent
oxidation of adrenaline to adrenochrome at 32 °C. Absorption
was measured at 480 nm (E4gonm = 40 per mm X cm). The
reaction medium consisted of 50 mm-glycine buffer, pH 10-2,
0-1 mM-CAT and 1mm-adrenaline. SOD specific activity was

represented as IU/mg protein.

using a spectro-

Glutathione peroxidase activity

GPx activity was modified from the method of Flohé &
Giinzler?”. For the enzyme reaction, 0-2 ml of the supernatant
were placed into a tube and mixed with 0-4 ml reduced gluta-
thione (Sigma product, analytical grade), and the mixture was
put into an ice bath for 30 min. Then, the mixture was centri-
fuged for 10 min at 3000g, 0-48ml of the supernatant were
placed into a cuvette, and 2:2ml of 0-32M-Na,HPO, and
0-32ml of 1-0 mm-5,5'-dithio-bis (2-nitrobenzoic acid) (Sigma)
were added for colour development. Absorbance at a wave-
length of 412nm was measured in a spectrophotometer after
5 min. Enzyme activity was calculated as a decrease in reduced
glutathione within the time when compared
with that in the non-enzyme reaction, and results expressed
as IU/mg protein.

reaction

Protein analysis by immunoblotting

Myocardial and aortic tissues were homogenised in extraction
buffer (1% Triton-X 100, 100 mmM-Tris, pH 7-4, containing
100 mM-sodium  pyrophosphate, 100 mm-sodium fluoride,
10 mM-EDTA, 10 mm-sodium vanadate, 2 mM-phenylmethane-
sulphonylfluoride (PMSF) and 0-1mg aprotinin/ml) at 4°C
with a Polytron MR 2100 (Kinematica). The extracts were centri-
fuged at 9000 g at 4°C (5804R; Eppendorf AG) for 40 min to
remove insoluble material. The supernatants were used for pro-
tein quantification according to the Bradford method. Proteins
were denatured by boiling in a sample buffer containing
100 mm- dithiothreitol (DTT), run on SDS—PAGE and transferred
to nitrocellulose membranes. The membranes were blocked,
probed and blotted with primary antibodies. The antibodies
used for immunoblotting were anti-SOD2, anti-CAT, anti-
GPx1/2, TNF-a, IL-1B, NF-kB/p65 and B-actin (Santa Cruz Bio-
technology). Chemiluminescent detection was performed with
horseradish  peroxidase-conjugated secondary antibodies
(Thermo Scientific). Autoradiographs of the membranes were

ssa.d Ansseniun abpriquied Aq auljuo paysiignd $Z6000€ LSt L LL000S/ZLOL 0L/BIo 10p//:sdny


https://doi.org/10.1017/S0007114513000925

o

British Journal of Nutrition

1584 P. R. M. Avila et al.

taken for the visualisation of protein bands. The results of the
blots are presented as direct comparisons of the area of the
apparent bands in autoradiographs and quantified by densito-
metry using Scion Image software (ScionCorp).

Statistical analysis

Biochemical data are expressed as means with their standard
errors and analysed statistically by one-way ANOVA followed
by the Bonferroni post hoc test (nz 8 animals per group). Statisti-
cal analysis of the Western blot was performed as the mean area
of the apparent band (sem), but results are expressed as repre-
sentative bands (graphics not shown, #n 8 animals per group).
Survival analysis was performed 24 h after experimental infarc-
tion (7 10 animals per group). Animal survival was compared
using the y? test, because we had a single time-point obser-
vation. The level of significance was set at P<0-05. For analysis
of the data, the Statistical Package for the Social Sciences
version 16.0 for Windows (SPSS, Inc.) was used.

Results

Resveratrol and fish oil supplementation reduces mortality
induced by catecholamine stress

We evaluated whether the supplementation of resveratrol and
fish oil reduced body weight and epididymal fat. Diet-induced
obesity led to increased body weight in the obese group when
compared with the lean group. However, supplementation did
not reduce body weight (Fig. 1(b)). In addition, diet-induced
obesity caused increased epididymal fat when compared
with the lean group (Fig. 1(¢)). Supplementation of resveratrol
or fish oil alone did not reduce epididymal fat, but when
administered in combination, epididymal fat diminished sig-
nificantly (Fig. 1(c)).

Administration of isoproterenol produces high rates of
death®. In the present study, obese rats (obese group) pre-
sented the highest percentage (90 %) of death when compared
with lean rats (Iean group) (30 %) (Fig. 1(d)). However, resver-
atrol (50 %) and fish oil (40 %) increased the rate of survival of
the animals that received isoproterenol, demonstrating the
beneficial effect of supplementation in this model (Fig. 1(d)).
No higher rate of survival was observed (50%) in the group
supplemented with resveratrol and fish oil (resv 4+ FO) in
comparison with resveratrol or fish oil alone. Survival analysis
was performed 24h after inducing catecholaminergic stress
(n 10 animals per group). Animal survival was compared
using the x? test (P=0-019) because we had a single
time-point observation.

Levels of superoxide and oxidative damage in the
myocardium and aorta of obese rats after resveratrol
and fish oil supplementation

In the obese group, a significant increase in superoxide pro-
duction in the myocardium (Fig. 2(a)) and aorta (Fig. 3(a))
was noted. However, resveratrol and fish oil supplementation
diminished this level in the myocardium (Fig. 2(a)) and aorta

(Fig. 3(a)). We also noted superoxide reduction in both the
myocardium and aorta of the resv + FO group, which did
not differ significantly from the results of isolated supplemen-
tation (Figs. 2(a) and 3(a)). Oxidative damage to lipids was
assessed based on TBARS levels in the myocardium and
aorta. However, the results of the TBARS approach may
have some limitations. First, a majority of the free radicals
measured are formed during the heating procedure, thus lead-
ing to artificially larger values. Second, TBA reacts with differ-
ent oxidised species, not only malonaldehyde; thus it lacks
specificity to lipid free radicals. Despite this, it could be
used as a general marker of oxidative damage, rather than
as a specific marker of lipid peroxidation. However, this tech-
nique has been widely used and accepted. In the myocardium
of obese rats, TBARS levels increased when compared with
the lean group (Fig. 2(b)). Supplementation (resv or FO
group or resv plus FO group) reduced TBARS levels when
compared with the obese group. In the aortic tissue, TBARS
levels increased in the obese group when compared with
the lean group (Fig. 3(b)). However, after supplementation,
these values diminished (Fig. 3(b)). The resveratrol plus fish
oil supplementation did not enhance the myocardial
(Fig. 2(b)) and aortic (Fig. 3(b)) TBARS levels. We evaluated
the carbonyl groups to assess oxidative damage to proteins
in the myocardial and aortic tissues (Figs. 2(c) and 3(c),
respectively). The present findings demonstrated an increase
in carbonyl content in the myocardium of the obese group
when compared with the lean group (Fig. 2(c)); it was
reverted after the supplementation treatment. In the aorta of
obese rats, the carbonyl content increased (Fig. 3(c)).
Whereas, it reduced in the resv, FO and resv + FO groups
when compared with the obese group (Fig. 3(c)). Combined
supplementation showed no difference in values in the myo-
cardium when compared with the isolated supplementation
(Fig. 2(c)). However, combined supplementation generated
greater differences in values in the aorta when compared
with the isolated supplementation (Fig. 3(c)).

Activities of antioxidant enzymes in the myocardium
and aorta of obese rats after resveratrol and fish oil
supplementation

SOD activity diminished in the myocardium of the obese
group when compared with the lean group (Fig. 2(d)). How-
ever, it was reverted after supplementation (Fig. 2(d)). SOD
activity also diminished in the aortic tissue of obese rats. How-
ever, it was reverted after supplementation (Fig. 3(d)). CAT
(an antioxidant enzyme responsible for converting H,O, to
water) activity remained unchanged in the myocardium and
aorta of both obese and supplemented groups (Figs. 2(e)
and 3(e), respectively). Another enzyme that converts H,O,
into water is GPx. Obese rats showed reduced GPx activity
in the myocardium and aorta (Figs. 2(f) and 3(f), respectively).
Supplementation with resveratrol increased GPx activity in the
myocardium (Fig. 2(f)) and aorta (Fig. 3(f)) when compared
with the obese group. An increase in GPx activity was also
observed in the FO group in the myocardium and aorta
when compared with the obese group (Figs. 2(f) and 3(f),
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tissues from obese rats were prepared as described in the Methods section. Values are means of eight rats per group, with their standard errors represented by
vertical bars. *Mean value was significantly different from that of the lean group (P<0-05). 1 Mean value was significantly different from that of the obese

group (P<0-05).
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Fig. 3. Superoxide, oxidative damage, activity and protein levels of antioxidant enzymes in the aorta of obese rats after resveratrol (resv) and fish oil (FO)
supplementation. (a) Superoxide production, (b) thiobarbituric acid-reactive substances (TBARS) and (c) carbonyl content. (d) Superoxide dismutase (SOD), (e)
catalase (CAT) and (f) glutathione peroxidase (GPx) activities. Antioxidant enzyme activities are expressed as 1U/mg protein. In (g), SOD, CAT and GPx protein
levels are shown; antioxidant enzyme protein levels are expressed as representative bands (graphics not shown). (h) Kelch-like ECH-associated protein 1
(Keap1) and (i) nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) protein levels are shown and expressed as arbitrary units. In (j), TNF-a, IL-18, NF-xB/p65
and B-actin are shown. Aortic tissues from obese rats were prepared as described in the Methods section. Values are means of eight rats per group, with their
standard errors represented by vertical bars. * Mean value was significantly different from that of the lean group (P<0-05). T Mean value was significantly different
from that of the obese group (P<<0-05). + Mean value was significantly different from those of the resv and FO supplementation-alone groups (P<0-05).
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respectively). GPx activity in the myocardium and aorta of the
resv + FO group also increased; however, it did not differ
much from the group offered the isolated supplements.

Protein levels of the antioxidant enzyme and the

nuclear factor-erythroid 2 p45-related factor 2/Kelch-like
ECH-associated protein 1 pathway in the myocardium and
aorta of obese rats after resveratrol and fish oil
supplementation

SOD protein levels did not change in the myocardium and
aorta of both obese and supplemented groups (Figs. 2(g)
and 3(g), respectively). Also, CAT protein levels remained
unchanged in the myocardium and aorta of both obese and
supplemented groups (Figs. 2(g) and 3(g), respectively).
GPx protein levels in the myocardium diminished in the
obese group when compared with the lean group (Fig. 2(g)).
In contrast, these values increased in the supplemented
groups (Fig. 2(g)). No difference among the isolated
supplementation was observed. In the aorta, no significant altera-
tion was observed among all the groups evaluated (Fig. 3(g)).
Next, we evaluated the Keapl/Nrf2 pathway affected by
redox status. In the myocardium of obese rats, Keapl
increased, whereas it reduced in both supplemented groups
(Fig. 2(h)). In the aorta of obese rats, Keapl protein levels
also increased. However, the supplementation treatment
markedly reduced it (Fig. 3(h)). No difference was observed
in Keapl protein levels in the myocardium and aorta between
the supplementation treatments (Figs. 2 and 3(h)). In the myo-
cardium of obese rats, Nrf2 reduced, whereas it increased in
both supplemented groups (Fig. 2()). In the aorta of obese
rats, Nrf2 protein levels also reduced. However, the sup-
plementation treatment markedly increased it (Fig. 3(1)). No
difference was observed in Nrf2 protein levels in the myocar-
dium and aorta between the supplementation treatments.

Pro-inflammatory status in the myocardium and aorta of
obese rats after resveratrol and fish oil supplementation

In addition, pro-inflammatory status was evaluated; utilised for
this the protein levels of TNF-a, IL-13 and NF-kB. TNF-a and
IL-1B protein levels increased in the obese group when com-
pared with the lean group in the myocardium (Fig. 2(j)) and
aorta (Fig. 3(j)), whereas it reduced in all the supplemented
groups. A similar result was observed in NF-kB protein
levels (Figs. 2 and 3(j)). However, this pro-inflammatory mol-
ecule was also reverted in the supplemented groups. No
difference was observed in TNF-a, IL-1f and NF-«kB protein
levels in the myocardium and aorta between the supplemen-
tation treatments.

Discussion

Obesity is a major risk factor for several illnesses, including
hypertension, diabetes and myocardial infarction®”. Never-
theless, the association of obesity as an independent factor
with cardiovascular dysfunction, both at arterial and cardiac

t(29,30)

myocyte levels, is becoming more apparen . Patients

with morbid obesity have higher rates of sudden unexpected
cardiac-related death®*?. It has been argued that oxidative
stress may be involved in this process®>~3>. Thus, we hypoth-
esise that resveratrol and fish oil supplementation could have
important cardioprotective effects, ultimately reducing the
rates of catecholaminergic stress-induced mortality. The pre-
sent results show that catecholaminergic stress produces
higher rates of death in obese, while resveratrol and fish oil
supplementation reduced it. The present data suggest that
this was related to minor oxidant status in myocardial and
aortic tissues. In addition, the supplementation treatments
also reduced inflammatory status. These results were observed
body-weight modification, suggesting that the
reduction in mortality occurs not due to improved weight

without

management. Combined supplementation showed lower epi-
didymal fat than did isolated supplementation, but this was
not reflected in survival rates. The present results are in agree-
ment with those of Zhang et al.®® who found that resveratrol
was unable to change the body weight. The authors have also
suggested that the therapeutic effects of resveratrol, particu-
larly in vascular complications, occurred independently of
weight loss. In addition, Gaiva et al.®” showed that dietary
DHA and/or EPA on body weight have a merely modest effect.

To evaluate the cardioprotective effects of resveratrol and/
or fish oil for this animal model of obesity, we induced
catecholamine stress by isoproterenol. A key finding of the
present study was that supplementation treatments (both
isolated and combined) increased the survival rate in diet-
induced obesity rats. The results suggest that rats with diet-
induced obesity demonstrated lower cardiovascular resistance
to isoproterenol-induced mortality. On the other hand, sup-
plementation treatments exerted significant cardioprotective
effects. The diet used in the present study mimics an environ-
mental situation, especially the occidental diet. Diet-induced
obesity is widely used and accepted in the literature. However,
a diet rich in saturated fat has been associated with cardiac
arrhythmia; thus, we cannot declare that higher mortality in
this animal model was due to obesity per se or to high satu-
rated fat. Nevertheless, the results clearly show higher survival
rates after supplementation.

As noted earlier, excessive production of ROS in both the
aorta and myocardium may be involved in cardiovascular
events. In order to assess the possible link between mortality
and oxidative damage in obese rats, we analysed the levels of
superoxide and oxidative damage. Obese rats had higher
levels of superoxide anion and markers of damage to lipids
and proteins in the myocardium and aorta. Ozata et al.®®
observed that obesity was associated with increased oxidative
damage. They suggested that increased oxidative damage was
due to increased superoxide formation. In supplemented
obese rats, there was a significant reduction in the levels of
both TBARS and carbonyl contents in both myocardial and
aortic tissues, suggesting that supplementation was able to
reduce oxidative damage in obese rats, possibly due to
reduced superoxide levels. The mechanism by which resvera-
trol reduces the formation of superoxide may be linked to its
D" which has hydroxyl groups that act as
scavengers of free radicals; this may have reduced oxidative

chemical structure
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damage in lipids and proteins"**”. Decreased superoxide

levels and oxidative damage occurred in parallel with
increased activity of antioxidant enzymes, except for CAT
activity. In animals that received supplementation, we
observed an increase in the activity of SOD in both tissues.
The literature shows that resveratrol increases the activity of
SOD“?. The catalysis of H,O, by CAT is significant because,
in the presence of Fe, H,O,; leads to the formation of hydroxyl
radicals (OH’, Fenton reaction), which are highly reactive and
could damage biomolecules. In both tissues, no differences
were observed in the activity and protein levels of CAT but
compensated by an increase in GPx activity. GPx is a
Se-dependent enzyme that catalyses the reduction of H,O,
and organic hydroperoxides to water and alcohol, respect-
ively, using glutathione as an electron donor. The present
results show that both the activity and protein levels of GPx
increased significantly in the supplemented groups in the
myocardium. In the aorta, we observed an increase in only
GPX activity in all the supplemented groups. Spanier et al.“"
suggested that resveratrol is capable of inducing an increase in
the activity and mRNA expression of endogenous antioxidant
defences, such as SOD and GPX, in human endothelial cells.
In addition, resveratrol has been shown to have cardioprotec-
during ischaemia/reperfusion through its
ROS-scavenging activity(”).

In the present study, obesity was induced by a saturated fat
(lard) diet. Saturated fat has long been shown to increase
arthythmia and mortality risk"*?. The final common pathway

for most cardiac deaths is arrhythmia. Mortality from isoproter-
(43)

tive effects

enol injection was most probably due to sudden arrhythmia
Dietary 7-6 and 7-3 PUFA have been shown to protect against
arrhythmia, with the greatest protection observed with fish oil
(for reviews, see McLennan & Abeywardena*® and Gudbjarna-
son(/'/')). On the other hand, fish oil has long been established

“9 showed

as potently anti-arrhythmic. In fact, Gudbjarnason
that cod-liver oil prevented catecholamine-induced mortality
in rats, due to different fatty acid compositions of individual
phospholipids in the sarcolemma, and that the balance
between 7n-6 and n-3 fatty acids in cellular phospholipids
seems to play an important role in sudden cardiac death®®.
In the present study, supplementation with fish oil proved ben-
eficial in protecting the myocardium and aorta from oxidative
damage, mainly by increasing the activity of SOD and GPx. Bar-
bosa et al.“*> suggested that fish oil can be a neutraliser of free
radicals, against stress;
however, these authors did not elaborate the mechanism by
which this occurs.

A hallmark of the antioxidant defence system is the
activation of the transcription factor Nrf2. The redox-sensitive
transcription factor Nrf2 plays a pivotal role in cellular defence
against oxidative stress via transcriptional up-regulation of
phase II defence enzymes. We observed that Nrf2 protein
levels reduced in the myocardium and aorta of obese rats.
Supplementation with resveratrol and fish oil (isolated or com-
bined) increased the Nrf2 protein levels. Nrf2 is constitutively
controlled by the repressor protein Keapl, which acts as a
molecular sensor of disturbances in cellular homeostasis.
Keapl functions as an adapter between Nrf2 and Cullin 3

protecting individuals oxidative

ubiquitin ligase (Cul3) proteins, and this binding promotes
the continued degradation of Nrf2 (for a review, see Giudice
et al”). Interestingly, the activation of the Nrf2 antioxidant

¢ geveral studies

have shown evidence that resveratrol induces Nrf2*7=>%
One explanation to support this was that resveratrol facilitates
the degradation of Keapl. The finding that 7-3 PUFA activate
the Nrf2/keapl pathway deserves further investigation; how-
ever, the expression and activity of key enzymes involved in
antioxidant and phase II detoxification pathways, all mediated
by Nrf2, have been found to be elevated in the heart of mice
fed with an n-3 PUFA diet®". This increase was paralleled by
increased levels of 4-hydroxyhexenal protein adducts, an
aldehyde formed from the peroxidation of #-3 PUFA®Y. In
addition, 4-hydroxyhexenal was able to stimulate the phase
I detoxification pathway through the activation of Nrf2, pre-
venting oxidative stress-induced cytotoxicity in vascular endo-
thelial cells®®. It provides at least a partial explanation for the
cardioprotective effects of 7-3 PUFA.

A variety of biological effects of EPA and DHA have been
demonstrated from feeding studies with fish or fish oil sup-
plements in human subjects and animals (for a review, see
Mori & Beilin®®). Dietary n-3 fatty acids have a variety of

pathway has a role in cardioprotection

anti-inflammatory and immune-modulating effects that may
be of relevance to atherosclerosis and its clinical manifes-
of myocardial infarction, sudden death and
stroke®*>_ In addition, the anti-inflammatory effect of resver-
atrol has been studied. The anti-inflammatory activity of
resveratrol may be related to interference with the NF-kB sig-
nalling pathway, which regulates the expression of various

tations

genes involved in inflammation®*>. With this in mind, we
evaluated TNF-a, IL-1B and NF-kB. We observed increased
pro-inflammatory status in the myocardium and aorta of
diet-induced obesity rats, which was diminished in the sup-
plemented group. In fact, depending on their concentrations,
reactive species can either act as molecules that promote cell
survival (at low to moderate concentrations) or, at high con-
centrations, induce irreversible cellular damage and death.
High ROS levels can induce NF-kB activation, inflammation,
apoptosis or necrosis (for a review, see Rodrigo et al. %)
NF-kB and activator protein 1 pathways are crucial in the
expression of pro-inflammatory genes, such as TNF-a and
1L-18°7. Taken together with NRF2, we can suggest that
high ROS levels can induce NF-kB activation and inflam-
mation; low to moderate levels can enhance the antioxidant
response, via Nrf2 activation. Elegant work of Kaneko
et al.®® has shown that resveratrol prevented the develop-
ment of CaCly,-induced abdominal
association with the attenuation of neoangiogenesis, oxidative
stress and chronic inflammation. Using mitochondria-targeted
vitamin E in a rat pneumonia-related sepsis model, Zang
et al.®® examined the role of mitochondrial ROS in sepsis-
mediated myocardial inflammation and subsequent cardiac
contractile dysfunction. They have suggested that targeted
scavenging of mitochondrial ROS protects mitochondrial
function, attenuates tissue-level inflammation and improves

aortic aneurysm in

whole-organ activities in the heart during sepsis.
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Taken together, the present data suggest that oxidative
stress in the myocardium and aorta, directly or through inflam-
matory activation, may be associated with increased mortality
in obese rats after catecholamine-induced cardiovascular. The
present study also show that supplementation with resveratrol
and fish oil reduced oxidative stress and inflammatory status
and, in turn, reduced mortality. However, these data should
be viewed with prudence since the answer to obesity is not
the use of supplements but rather the adoption of a correct
lifestyle and diet. In addition, future studies of our group
intend to use another obesity model, since saturated fat feed-
ing per se increase the risk of cardiac arrhythmias.
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