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The notion of oxidative stress has changed over the past
decades from the idea of being a phenomenon involved
exclusively with oxidative damage to a more contemporary
concept that includes its role in intracellular signaling path-
ways. Reactive oxygen species (ROS) such as superoxide
anion (O

2
∙

−), hydroxyl radical (OH∙), and hydrogen peroxide
(H
2
O
2
) can be generated by different intracellular sources

such as NAD(P)H oxidase, xanthine oxidase, myeloperoxi-
dase, and uncoupled nitric oxide synthase [1]. ROS are capa-
ble of reacting with several cellular components, resulting
in lipid peroxidation, and damage to proteins and DNA.
In order to counterregulate these oxidative processes, cells
have developed enzymatic and nonenzymatic antioxidant
systems that can offer protection by regulating antioxidant
response element signaling pathways [2]. In this regard,
some phytochemicals, such as sulforaphane, brazilin, chal-
cone, resveratrol, and curcumin, are reported to modulate
translocation and activation of the nuclear factor-erythroid-
2-related factor (Nrf2) and regulate antioxidant response [3].
The primary aim of this special issue is to highlight the
central role of antioxidants in various experimentalmodels of
heart failure and endothelial dysfunction as well as in human
studies.

This special issue contains a review article and primary
research articles covering a broad range of topics related
to the therapeutic potential of antioxidants in heart failure.

In a study by Y. Wang et al., sulforaphane attenuation of
type-2 diabetes induced aortic fibrosis was associated with
the upregulation of Nrf2 expression and function in mice.
In another interesting study by M. H. Lee et al., resveratrol
inhibited rat aortic vascular smoothmuscle cell proliferation,
dedifferentiation, and phenotype modulation. This finding
was attributed to a differential regulation of prosurvival
pathways by resveratrol, reinforcing the protective role of
flavonoids by altering the phosphorylation state of some
targeted molecules. Another polyphenol covered in this
special issue is methyl gallate and its ability to afford cardio-
protection against cobalt or H

2
O
2
-induced oxidative stress.

This polyphenol was able to scavenge ROS, safeguarding
mitochondria and cellular DNA and inhibiting the intrinsic
apoptotic pathway.

Apoptosis is an important element of the cardiac remod-
eling process [4]. Suppression of apoptosis is a key target
in attenuating adverse remodeling process [5]. In a related
article featured in this special issue, a microRNA (miRNA)
that targets glutathione peroxidase was utilized to explore
its potential cardioprotective role against oxidative stress-
induced apoptosis.ThismiRNAwasmarkedly upregulated in
apoptotic cells and its downregulation reduced themitochon-
drial apoptotic pathway in cardiomyocytes exposed to oxida-
tive stress. These novel findings may have some therapeutic
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implications for a variety of cardiovascular diseases related to
ROS, including atherosclerosis.

The role of antioxidants in atherosclerosis was another
key topic explored in this special issue. An elegant paper by
A. J. Lepedda et al. demonstrated that the prooxidant envi-
ronment present in atherosclerotic plaque may oxidatively
modify filtered albumin and the contribution of glutathione
in maintaining the intraplaque thiols equilibrium. Another
interesting study by M. Macharia et al. featured in this
issue evaluated the association of indices of paraoxonase,
an enzyme that prevents the oxidation of LDL cholesterol,
as well as the oxidative status with subclinical cardiovas-
cular disease in mixed-ancestry South Africans. Diabetic
subjects of this population displayed a significant decrease
in paraoxonase and antioxidants as well as an increase in
oxidized LDL and lipid peroxidation. Carotid intima-media
thickness of these patients was negatively correlated with
indices of antioxidant activity and positively correlated with
measures of lipid oxidation. E. Tuncay et al. also explored
the role of antioxidants in diabetes. The authors elegantly
demonstrated that an enhancement of antioxidant defense in
diabetics prevented diastolic dysfunction due to modulation
of the ryanodine receptor, leading to normalized intracellular
concentrations of calcium and zinc in cardiomyocytes.

Estrogen therapy as another antioxidant strategy is
explored by two articles featured in this issue.The influence of
estrogen on coronary resistance was studied by P. C. Schenkel
et al. where they investigated the modulatory role of nitric
oxide andH

2
O
2
levels in female rats.The data suggest that, in

the absence of estrogen, coronary resistance regulation seems
to be more dependent on H

2
O
2
which is maintained at low

levels by increased catalase activity. The data provides a new
insight regarding the role of oxidative stress balance in the
regulation of coronary tone. One compelling question that is
always raised regarding estrogen therapy is the optimal dose
that should be used. An interesting paper by C. Campos et
al. indicates that a low dose of estrogen (40% less than the
pharmacological dose) was just as effective as a high dose
for promoting improvement in cardiovascular function and
reducing oxidative stress, thereby supporting the approach of
using low dose of estrogen in clinical settings tominimize the
risks associated with estrogen therapy.

The cardioprotective role of thyroid hormones has also
been featured in this special issue. Administration of this
hormone has been associated with increased ROS, Nrf2,
thioredoxin, and heme-oxygenase levels in cardiac tissue [6].
It seems that a thyroid hormone-dependent counterregula-
tory response could represent a hormetic effect, in order to
stabilize redox environment and provide cell survival [7]. An
elegant review by C. Pantos and I. Mourouzis highlights the
role of thyroid hormones in ischemia/reperfusion injury and
the conversion from pathologic to physiologic growth after
myocardial infarction via TR𝛼1 receptor.

In summary, this special issue covers a wide range of
topics addressing the role of oxidative stress and antioxidants
in the pathophysiology of heart failure.These articles not only
enrich our understanding of how oxidative stress plays an
important role in heart failure but also provide evidence on
antioxidant therapies in this condition.
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Avenida Ipiranga 6690, 90610-000 Porto Alegre, RS, Brazil

3 Departamento de Farmacologia, Instituto de Ciências Básicas da Saúde, Universidade Federal do Rio Grande do Sul,
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Objective.Themain goal of the present studywas to investigate the xanthine oxidase (XO) activity inmetabolic syndrome in subjects
submitted to a single exercise session. We also investigated parameters of oxidative and inflammatory status. Materials/Methods.
A case-control study (9 healthy and 8 MS volunteers) was performed to measure XO, superoxide dismutase (SOD), glutathione
peroxidase activities, lipid peroxidation, high-sensitivity C-reactive protein (hsCRP) content, glucose levels, and lipid profile. Body
mass indices, abdominal circumference, systolic and diastolic blood pressure, and TG levels were also determined. The exercise
session consisted of 3 minutes of stretching, 3 minutes of warm-up, 30 minutes at a constant dynamic workload at a moderate
intensity, and 3 minutes at a low speed. The blood samples were collected before and 15 minutes after the exercise session. Results.
Serum XO activity was higher in MS group compared to control group. SOD activity was lower in MS subjects. XO activity was
correlatedwith SOD, abdominal circumference, bodymass indices, and hsCRP.The single exercise session reduced the SODactivity
in the control group. Conclusions. Our data support the association between oxidative stress and risk factors for cardiovascular
diseases and suggest XO is present in the pathogenesis of metabolic syndrome.

1. Introduction

The metabolic syndrome (MS) is mainly characterized by
obesity, blood hypertension, hyperglycemia, or serum dys-
lipidemia as defined by the third report of the National
Cholesterol Education Program Adult Treatment Panel III
[1] and the International Diabetes Federation [2]. It has been
demonstrated that themetabolic syndrome is associated with

double risk of cardiovascular disease and mortality as well as
stroke, even without type 2 diabetes mellitus [3]. However,
the pathophysiological mechanisms by which the metabolic
syndrome increases cardiovascular risk have not been fully
clarified yet [4].

Epidemiological studies have also demonstrated the rela-
tionship between the uric acid and MS [5] and individ-
ual components of metabolic syndrome such as obesity,
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hypertension, dyslipidemia, [6], insulin resistance, higher C-
reactive protein (CRP) concentration [7], and endothelial
dysfunction [8].

According to Mankovsky et al. [9], cardiovascular events
have also been related to uric acid levels. In addition,
epidemiological studies demonstrated that uric acid is an
independent risk factor for cardiovascular diseases [4, 10],
particularly in hypertensive and diabetic individuals [11].
Although uric acid is considered an important water soluble
antioxidant, several authors have discussed the dual role of
uric acid as a detrimental or protective factor [12, 13]. Uric
acid is generated by xanthine oxidase (XO); this enzyme
catalyses the conversion of hypoxanthine to uric acid and
superoxide anion radical [14]. Although hyperuricemia has
been linked to metabolic syndrome, the role of xanthine
oxidase remains poorly understood.

As described above, XO is a source of reactive oxygen
species, generating superoxide anion radical. Several studies
have reported that oxidative stress, the imbalance between
free radical levels and antioxidant capacity, plays a significant
role in the pathogenesis of cardiovascular disease [15] and
diabetes [16]. However, few data are available concerning the
associations between circulating concentrations of oxidative
biomarkers andMS. Specifically,metabolic syndrome-related
oxidative changes in macromolecules and antioxidant enzy-
matic system have been described, although these results
are contradictory, pointing to a rather complex relationship
to link oxidative status with the metabolic syndrome [4].
Besides, despite the oxidative status heterogeneity in different
ethnic groups [17], the oxidative stress markers in metabolic
syndrome in Brazilian patients have received little attention.

Furthermore, the inflammation process has been widely
connected to metabolic syndrome. Adipose tissue produces
proinflammatory cytokines, called adipocytokines, which
could increase C-reactive protein (CRP) synthesis [16]. The
ultrasensitive C-reactive protein (hsCRP) has been widely
used to evaluate vascular inflammation and cardiovascular
risk [18]. Interestingly, cytokines can irreversibly convert
endothelial xanthine dehydrogenase to its active form, XO
[19].

Epidemiological and experimental studies have demon-
strated that exercise may be able to prevent and treat
metabolic syndrome and its components, such as type 2
diabetes and cardiovascular disease [20].The beneficial effect
has been related to training-induced adaptations in oxidative
status; this hypothesis is based on the fact that acute exercise
session would induce an increase in reactive species levels,
although to our knowledge there are no studies reporting
the impact of acute exercise on oxidative status in metabolic
syndrome.

Our working hypothesis was that xanthine oxidase activ-
ity is increased in metabolic syndrome and this parameter is
correlated to clinical criteria, oxidative stress, and inflamma-
tory markers and the acute exercise would be able to alter
these parameters.

The main goal of the present study was to investigate
the plasma XO activity in metabolic syndrome patients. We
also investigated lipid peroxidation and antioxidant enzyme
activities, namely, superoxide dismutase and glutathione

peroxidase. Besides, CRP levels were detected as a low-grade
inflammatory marker. The acute effects of single exercise
session on these parameters were also investigated.

2. Methods

2.1. Subjects. Subjects were examined by the same physician
at the Rehabilitation Center, Pontifical Catholic University of
Rio Grande do Sul state (PUCRS). The characteristics of the
subjects are shown in Table 1. The study included 17 subjects
(09 men and 08 women; mean age: 50.28 ± 6.5 years). The
control group consisted of 9 healthy subjects, and 8 patients
were diagnosed withMS. All subjects were sedentary with no
regular physical activity. Based on previous report comparing
plasma XO activity between control subjects and patients
with hyperlipidemia [21], a sample size of 7 subjects in each
group was needed to detect the effect for a 90% power at a
0.05 significance level.

The diagnostic criteria for MS were made using the
NCEP ATP III [1], following three or more criteria [11]:
abdominal obesity based on abdominal circumference (men,
>102 cm; women, >88 cm); triglycerides (≥150mg/dL); high-
density lipoprotein- (HDL-) cholesterol (men, <40mg/dL;
women, <50mg/dL); blood pressure (≥130/85mmHg); and
fasting glucose (≥110mg/dL). Exclusion criteria were clinical
manifestations of cardiovascular disease, diabetes, hyperten-
sion, other chronic diseases, renal or hepatic insufficiency
and hypothyroidism, use of drugs capable of modifying the
lipid profile, inflammation that could not be withdrawn
6 weeks before initiating the study, and any infection or
inflammatory disease within the 6 weeks prior to the study.
The study protocol and the procedures were approved by
Ethics Committee of PUCRS (0603024) and the subjects gave
informed consent.

2.2. Chemicals. All chemicals used in this study were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA) and
were of analytical grade or the highest grade available.

2.3. Clinical and Anthropometric Parameters. Blood pressure
was measured with subjects in the sitting position using a
mercury sphygmomanometer after a 10-min period of rest,
two separated measurements being performed. Anthropo-
metrical measurements included weight, height, and abdom-
inal circumference. Weight was obtained using calibrated
scales (Filizola, Brazil) while subjects wore light clothing and
no shoes and height was measured by a fixed stadiometer.
BMI was calculated as weight divided by height square.
Abdominal circumference was measured in orthostatic posi-
tion at the midpoint between the low costal rim and the iliac
crest.

2.4. Physical Activity Session. The physical activity session
was supervised at all times and took about 40minutes divided
as follows: 3 minutes spent in stretching, 3 minutes in warm-
ing up (walking on the treadmill at 3.2 km/h without grate),
30 minutes in a constant dynamic workload on moderate
intensity (speed and grate were sufficiently increased to reach
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Table 1: Clinical characteristics of the study populations.

Parameters Controls (𝑛 = 9) MS (𝑛 = 8) 𝑃

Sex (F/M) (5/4) (4/4)
Age (years) 50.56 ± 5.36 50.00 ± 7.69 0.863
BMI (kg/m2) 24.47 ± 1.10 37.14 ± 5.19 <0.001
AC (cm)

Female 74.60 ± 9.69 114.63 ± 10.96 0.001
Male 94.00 ± 4.69 120.88 ± 10.38 0.003

Total-C (mg/dL) 198.44 ± 31.16 218.88 ± 39.77 0.253
LDL-C (mg/dL) 167.60 ± 29.28 167.30 ± 28.82 0.983
HDL-C (mg/dL)

Female 63.80 ± 10.13 48.50 ± 7.59 0.041
Male 63.50 ± 4.95 43.67 ± 8.02 0.048

TG (mg/dL) 90.67 ± 30.81 211.25 ± 76.30 <0.001
AIP 0.13 ± 0.18 0.63 ± 0.21 <0.001
Glucose (mmol/L) 86.00 ± 5.32 104.38 ± 13.50 0.001
Insulin 4.23 ± 1.52 19.84 ± 5.80 0.003
HOMA 0.90 ± 0.34 5.22 ± 2.12 0.000
hsCRP (mg/dL) 0.12 ± 0.09 0.79 ± 0.29 <0.001
SBP (mmHg) 115.56 ± 13.79 145.13 ± 10.97 0.002
DBP (mmHg) 77.11 ± 13.38 93.75 ± 8.76 0.009
Data are expressed asmean± SD. BMI: bodymass indices, AC: abdominal circumference, Total-C: total cholesterol, LDL-C: low density lipoprotein cholesterol,
HDL-C: high density lipoprotein cholesterol, TG: triglycerides, AIP: log.(TG/HDL-c); atherogenic index of plasma, HOMA: ((Glucose/18) ∗ insulin)/22,5;
homeostatic model assessment for insulin resistance, hsCPR: high sensitive C protein reactivity, SBP: systolic blood pressure, DBP: diastolic blood pressure.
Student’ 𝑡-test.

the set point of the heart rate (HR), and 3 minutes at a low
velocity (3.2 km/h) to cool down. A HR monitor (POLAR)
was used to control and keep the HR on target as suggested
by the Brazilian Guideline for MS diagnosis and treatment
[11]. The range of the heart rate (HR) between 65 and 75%
of the age predicted maximum HR is a common method.
Thismethodwas used to set individual workload on treadmill
(Inbrasport, Export model). The velocity and grate of the
treadmill were progressively increased until HR reached the
set point.

2.5. Biochemical Parameters. All blood samples were col-
lected in the morning after overnight fast (before exercise)
and 15minutes after the acute exercise session. Blood samples
were collected in heparinized tubes and immediately cen-
trifuged at room temperature for 10min at 3000 rpm. The
supernatant was transferred to cryotubes and aliquots were
stored at −70∘C until assay for xanthine oxidase (XO), super-
oxide dismutase (SOD), glutathione peroxidase (GSHPx),
lipid peroxidation (TBARS), high-sensitivity CRP, glucose,
and lipid parameters were determined. Plasma glucose, total
serum cholesterol, serum triglyceride, and serum HDL-
cholesterol levels were measured by standard enzymatic
methods using reagents in a fully automated analyzer (Vitros
950 dry chemistry system; Johnson & Johnson, Rochester,
NY). LDL-cholesterol was estimated using the Friedewald
equation [22]. High-sensitivity CRP (hsCRP) was measured
using the ADVIA Centaur immunoassay on the ADVIA
Centaur analyzer (Siemens Medical Solutions Diagnostics,
Frimley, Surrey, UK).

2.6. Atherogenic Index of Plasma (AIP). The new athero-
genic plasma index (AIP) is a logarithmic transformation of
the ratio of the molar triglyceride (TG) concentration and
high density lipoprotein cholesterol (HDL-C). AIP correlates
closely with the particle size of LDL (𝑟 = 0.8) and the esterifi-
cation rate of plasma cholesterol devoid of apo B lipoproteins
(FERHDL), 𝑟 = 0.9, which are considered at present the
most sensitive indicators of the atherogenic plasma profile.
The mean AIP values of nonrisk groups equaled zero or were
lower, while atherogenic risk AIP reached positive values [7].

2.7. Determination of XO Activity. Serum XO activity (cyto-
plasmic xanthine oxidase (EC1.17.3.2)) was measured accord-
ing to the method of Prajda and Weber, where activity is
measured by determination of uric acid from xanthine [23].
Serum was incubated for 30min at 37∘C in phosphate buffer
(pH 7.5, 50mM) containing xanthine (4mM). The reaction
was stopped adding 20 𝜇L 100% TCA. The mixture was then
centrifuged at 4000×g for 20min. Uric acid was determined
in the supernatant by absorbance at 292 nm against a blank.
The results are expressed as units per milliliter (U/mL).

2.8. Determination of SOD Activity. Superoxide dismutase
activity was determined with a RANSOD kit (Randox
Laboratories, San Diego, CA, USA). This method employs
xanthine and xanthine oxidase to generate superoxide rad-
ical, which reacts with 2-(4-iodophenyl)-3-(4-nitrophenol)-
5-phenyltetrazolium chloride to form a red formazan dye
that is assayed spectrophotometrically at 505 nm and 37∘C.
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Inhibition of production of the chromogen is proportional
to SOD activity in the sample. SOD activity was expressed as
units per 𝜇g protein.

2.9. Determination of GPx Activity. GPx activity was deter-
mined according to Wendel [24]. The reaction was carried
out at 25∘C in 600𝜇L of solution containing 100mM pH 7.7
potassium phosphate buffer, 1mM EDTA, 0.4mM sodium
azide, 2mM GSH, 0.1mM NADPH, and 0.62U of GSH
reductase. The activity of selenium-dependent GPx was
measured taking tert-butyl hydroperoxide as substrate at
340 nm.The contribution of spontaneous NADPH oxidation
was always subtracted from the overall reaction rate. GPx
activity was expressed as nmol NADPH oxidized per minute
per mg protein.

2.10. Lipid Peroxidation (TBARS). The formation of thiobar-
bituric acid reactive substances (TBARS) was based on the
methods described by Buege [25]. Aliquots of samples
were incubated with 10% trichloroacetic acid (TCA) and
0.67% thiobarbituric acid (TBA). The mixture was heated
in a boiling water bath. Afterwards, n-butanol was added
and the mixture was centrifuged. The organic phase was
collected to measure fluorescence at excitation and emis-
sion wavelengths of 515 and 553 nm [26], respectively;
1,1,3,3-tetramethoxypropane, which is converted to malon-
dialdehyde (MDA), was used as standard. The results were
expressed as nmol MDA formed/mg protein.

2.11. Statistical Analysis. Statistical evaluation was carried out
with the SPSS 11.0 (Statistical Packages for Social Sciences;
SPSS Inc, Chicago, Illinois, USA). Results were expressed
as mean (±SD). Baseline results were compared by the
Student’s 𝑡-test (see Table 1). Pearson correlation and linear
regression analysis were used to study the relationships
between all evaluated parameters. To test the effect of single
session treadmill on oxidative status markers in patients with
metabolic syndrome, we used two-way ANOVA for repeated
measurements. The post hoc test was performed by Tukey
test. A value of 𝑃 ≤ 0.05 was considered significant.

3. Results

Baseline clinical and biochemical characteristics of control
and MS groups are shown in Table 1. MS subjects showed
higher levels of BMI, abdominal circumference, systolic and
diastolic blood pressure, and TG levels, while HDL-C was
decreased in this group.

MS was able to alter some oxidative stress parame-
ters, especially XO activity which increased in MS group
(𝑃 = 0.002, Figure 1). The impact of MS and acute exer-
cise on the antioxidant enzymes studied is presented in
Figure 2. SOD activity was reduced inMS group (Figure 2(a);
𝑃 = 0.019). On the other hand, no differences on the GSHPx
activity were found in MS subjects (Figure 2(b)). Figure 3
illustrates the effect of MS and acute exercise on lipid
peroxidation evaluated by TBARS levels. MS did not alter
significantly TBARS levels.
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Figure 1: Effects of metabolic syndrome (MS) and single treadmill
session on XO activity. White bar = before exercise; shadowed bar =
after exercise; two-way ANOVA followed by Tukey test. ∗Significant
difference between control and SM groups; 𝑃 < 0.05.

Table 2: Pearson correlation with XO and clinical parameters (𝑛 =
17).

XO activity versus 𝑟 𝑃

SOD activity −0.71 0.005
Abdominal circumference 0.61 0.010
BMI 0.66 0.007
hsCRP 0.70 0.005
BMI: body mass indices; hsCRP: high sensitive reactive C protein. Pearson
correlation and linear regression analysis were used to study the relationships
between parameters.

There was a significant correlation between XO activ-
ity and metabolic syndrome markers. Pearson correlation
coefficients between XO activity and anthropometric and
biochemical and oxidative stress parameters are shown in
Table 2. XO activity was correlated positively with BMI,
abdominal waist, and hsCRP and negatively with SOD activ-
ity. Besides, there was a significant correlation between SOD
activity and metabolic syndrome markers (data not shown).

The single exercise session induced a reduction in SOD
activity (Figure 2(a)) in the control group, without any effect
in MS group. This exercise protocol did not alter XO activity,
TBARS levels, and GSHPx activity.

4. Discussion

This study adds evidence to the pathophysiological mecha-
nisms in themetabolic syndrome, principally to role of oxida-
tive stress in MS and its components.

Our results provide the first evidence that higher XO
activity may have a central role in MS. MS subjects showed
increased XO activity; besides XO activity was correlated to
metabolic syndrome markers. Accordingly, uric acid levels
have been related to cardiovascular events [9], which is
relevant since XO is a metabolic pathway for uric acid gen-
eration. It has been suggested that higher uric acid levels are
associated with their lower renal excretion [27], although the
results presented here could suggest an increase in uric acid
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Figure 2: Effects of metabolic syndrome (MS) and single treadmill session on antioxidant enzymes activities, SOD (a) and GPx (b). White
bar = before exercise; shadowed bar = after exercise; two-way ANOVA followed by Tukey test. ∗Significantly different as compared to control
group before acute exercise; 𝑃 < 0.05.
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Figure 3: Effects of metabolic syndrome (MS) and single treadmill
session on lipid peroxidation through TBARS. White bar = before
exercise; shadowed bar = after exercise; two-way ANOVA followed
by Tukey test.

production induced by augmented XO activity. Nevertheless,
our results do not exclude the participation of lower renal
excretion.

Also, it is important to note that uric acid nephrolithi-
asis is significantly more frequent among patients with the
metabolic syndrome and obesity [28], which can be related
to enhanced xanthine oxidase activity. Moreover, it has been
demonstrated that there is an association between kidney
stones and atherosclerosis [29].

It is important to note that excessive dietary sucrose or
high-fructose corn syrup has been related to risk factors
for cardiovascular disease and metabolic syndrome. It has
been suggested that this effect is linked to increased uric
acid levels produced by fructokinase pathway [30]. Then a
causal role of uric acid in fructose-induced MS has been
hypothesized; however it can be supposed that altered XO
activity and fructose-induced higher levels of uric acid can
produce synergistic deleterious effect.

In addition, our results could provide a new perspective
for pharmacological prevention and/orMS treatment, at least

as adjuvant strategies. In this sense, XO inhibitors, such as
allopurinol and oxypurinol, have been suggested for the
prevention of cardiovascular diseases [14].

Considering that an increase in XO activity was observed,
whose reactions have superoxide anion radical as a byproduct
[31], the role of this enzyme in MS might be suggested
in producing an imbalance between free radical levels and
antioxidant capacity. Our results corroborate the hypothesis
that oxidative stress is involved in MS pathogenesis.

Additionally, in an effort to compare our findings with
results reported in the literature, we also investigated some
parameters of oxidative status, lipid peroxidation, and antiox-
idant enzyme activities, namely, superoxide dismutase and
glutathione peroxidase.

SOD activity, amajor intracellular and extracellular enzy-
matic defense system against superoxide, was significantly
lower in MS subjects, and there was a negative correlation
between SOD and XO activities. An increased XO activity
generating superoxide anion radical and a concomitantly
decreased SOD activity were found in MS patients of this
study, indicating an increase in production and a decrease
in removal of superoxide radicals. This disturbed superoxide
content may be important in the pathogenesis of MS, since
excessive content of reactive species may induce endothelial
dysfunction [16, 32], which is associated with different stages
of atherosclerosis [33–35]. Moreover, in agreement with
Isogawa et al. [21], SOD activity was negatively correlated
with some metabolic syndrome markers, namely, abdominal
waist, BMI, and hsCRP.

It is important to note that SODactivity results are contra-
dictory in different ethnicities, since Japanese and Taiwanese
MS patients have significantly lower SOD activity [36, 37],
while Caucasians recruited in Prague demonstrated higher
SOD activity [6]. These findings support the idea that oxida-
tive parameters must be tested in specific populations [17].

The evaluated metabolic syndrome parameters can be
related to endothelial cell dysfunction. In this context, our



6 Oxidative Medicine and Cellular Longevity

findings can corroborate the hypothesis that endothelial
dysfunction is related to decreased nitric oxide (NO) content
through inactivation of NO by superoxide, considering that
NO modulates vascular tone through its vasodilator action
[38]. The interaction of NO with superoxide may yield
peroxynitrite, which breaks down to form a hydroxyl radical,
thereby resulting in increased oxidative stress [39].

In contrast to previous data, MS did not modify TBARS
levels. It is possible to infer that TBARS levelswere unchanged
because glutathione peroxidase activity, which breaks down
peroxides (notably those derived from the oxidation of mem-
brane phospholipids), remained unaltered [37]. This finding
may suggest that increases in lipoperoxidation levels may
not be crucial in MS; therefore, other molecular mechanisms
cannot be ruled out.

This work demonstrated that XO activity correlated
positively with hsCRP, a marker of low-grade inflammation.
Also, Martinez-Hervas et al. [40] found a positive association
between XO activity and hsCRP in a study with familial com-
bined hyperlipidemia. It is possible to infer that inflammatory
mediators, such as cytokines, are involved in the activation
of XO [19]. It is interesting to comment that a growing body
of evidence suggests that inflammation markers are closely
related to MS and its consequences [33].

Our data indicate an association between increased
abdominal circumference and XO activity. It is possible to
hypothesize that XO-generated superoxide can be, at least
in part, related to visceral adiposity. Obesity, characterized
by enlarged adipocytes, and insulin resistance are associated
with impaired adipogenesis and a low-grade chronic inflam-
mation. Visceral adiposity plays an important role in the
progression of cardiovascular diseases, insulin resistance, and
type 2 diabetes [32, 34].

Although regular exercise has been suggested for the
management of MS and its components, changes in human
performance andphysiological conditions after acute exercise
session have only recently attracted attention. It is important
to describe that the beneficial effect of exercise has been
linked to free radicals production achieving adaptations in
antioxidant system. Considering this hypothesis, we could
expect that a single session of exercise would be able to
induce an oxidative stress status; however, our acute session
exercise protocol reduced SOD activity in healthy control
subjects, without any effect in MS group, showing different
profiles between these groups. It is impossible to establish, at
this moment, a mechanism by which the exercise alters this
parameter only in healthy subjects, although it is possible to
postulate that MS condition may induce sustained adapta-
tions which a single exercise session was unable to impact.
Besides, the physiological impact of this effect in healthy
subjects remains unsolved, since reduced SOD activity could
increase the superoxide radical content, although it might
reduce the hydrogen peroxide generation, as reactive oxygen
species that combined tometal ironwould originate hydroxyl
radicals, inducing a hazardous state.

It is possible to suggest that types, regimen, and intensities
of physical activity protocols can be determinant to impact
oxidative status parameters. In this context, it is interesting
to note that walking and stretching or resistance exercise

training during 12 weeks without diet-induced weight loss
did not alter oxidative stress in middle-aged men with MS
[41]. Besides, aerobic exercise or Hatha yoga for 12 weeks did
not alter lipid or protein oxidative damage [42], while longer
exercise protocols have attenuated oxidative stress parameters
in patients with type 2 diabetes [42, 43].

In accordance with the results presented here, the acute
session exercise did not alter the plasma levels of pro- or anti-
inflammatory cytokines in women with MS [44]; however,
Greene et al. demonstrated that acute exercise increased
hsCRP in subjects [45].

Our results support the hypothesis that increased XO
activity has a central role in metabolic syndrome. The sin-
gle exercise session protocol was able to alter SOD activity
in healthy control group, without any impact on the MS
subjects. Additional work will be required to investigate the
molecular mechanisms behind these findings.
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We evaluated the association of indices of paraoxonase (PON1) and oxidative status with subclinical cardiovascular disease (CVD)
inmixed-ancestry SouthAfricans. Participantswere 491 adults (126men)whowere stratified by diabetes status and bodymass index
(BMI). Carotid intima-media thickness (CIMT) was used as a measure of subclinical CVD. Indices of PON1 and oxidative status
were determined by measuring levels and activities (paraoxonase and arylesterase) of PON1, antioxidant activity (ferric reducing
antioxidant power and trolox equivalent antioxidant capacity), and lipid peroxidation markers (malondialdehyde and oxidized
LDL). Diabetic subjects (28.9%) displayed a significant decrease in PON1 status and antioxidant activity as well as increase in
oxidized LDL and malondialdehyde. A similar profile was apparent across increasing BMI categories. CIMT was higher in diabetic
than nondiabetic subjects (𝑃 < 0.0001) but showed no variation across BMI categories. Overall, CIMT correlated negatively with
indices of antioxidant activity andpositivelywithmeasures of lipid oxidation. Sex, age, BMI, anddiabetes altogether explained 29.2%
of CIMT, with no further improvement from adding PON1 and/or antioxidant status indices.Though indices of PON1 and oxidative
status correlate with CIMT, their measurements may not be useful for identifying subjects at high CVD risk in this population.

1. Introduction

Early identification of people at high risk of atherosclerotic
cardiovascular diseases (CVDs), followed by the implementa-
tion of lifestyle and drug interventions with proven beneficial
effects, has been largely emphasized in strategies to reduce
the mortality and morbidity from cardiovascular disease [1].
This is particularly relevant in some individuals including
diabetic or obese people in whom risk factors for CVD tend
to cluster and confer a very high risk of CVD [2]. Indeed,
compared with their nondiabetic counterparts, people with
type 2 diabetes have 2–6-fold higher risk for future CVD
which accounts for up to 75% of mortality in this popula-

tion [3]. The relation between adiposity and cardiovascular
health was for a long time thought to be mediated solely
by coincident CVD risk factors [4]. Several studies have
however shown that obesity not only relates to but also
independently predicts CVD [5, 6]. Nonetheless, there is
no denying of the correlation between diabetes and obesity.
Both conditions are increasingly viewed as proinflammatory
states associatedwith an alteredmetabolic profile, endothelial
dysfunction, and oxidative stress [5, 6]. Oxidative stress has
been hypothesized as a mechanism linking the two condi-
tions as well as accounting for their initiation, progression,
and possible link with early atherosclerosis [5, 6]. It is
plausible therefore that the association between increased
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bodymass index (BMI) and diabetes and early atherosclerosis
is largely due to underlying oxidative stress. The present
study was undertaken to evaluate our hypothesis that specific
indices of oxidative stress are associated with markers of
subclinical CVD and may aid early CVD risk stratification
in a population with a high prevalence of diabetes and
obesity. For this purpose, indices of PON1 and oxidative
status were determined by measuring levels and activities
(paraoxonase and arylesterase) of paraoxonase (PON) 1,
antioxidant activity (ferric reducing antioxidant power and
trolox equivalent antioxidant capacity), and lipid peroxi-
dation markers (malondialdehyde and oxidized LDL). The
association of subclinical atherosclerosis with PON1 activity
and oxidative stress has been reported in previous studies
[7, 8]. Similar to the increasing rates of CVDworldwide, CVD
contributes significantly to the public health burden in South
Africa where interethnic differences in CHD prevalence
and mortality are apparent [9]. The mixed ancestry is a
heterogeneous South African ethnic group with a high risk
for CVD demonstrated by very high prevalence of obesity,
diabetes, and metabolic syndrome [10, 11]. Furthermore, we
had also demonstrated high lifetime CVD risk in mixed-
ancestry subjects with normoglycemia and those younger
than 35 years [11].

2. Materials and Methods

2.1. Study Setting and Population. The study setting has been
described in detail elsewhere [10, 11] and is located in a
mixed-ancestry township (Bellville South) located within
the Northern suburbs of Cape Town, Western Cape, South
Africa. The mixed ancestry is a heterogeneous South African
population comprising 32–43% Khoisan, 20–36% Bantu-
speaking African, 21–28% European, and 9–11% Asian ances-
try [12]. This specific study involved participants that took
part in the survey during January 2011–November 2011. The
study was approved by the research ethics committees of Stel-
lenboschUniversity (ReferenceNumber: N10/04/118) and the
Cape Peninsula University of Technology (CPUT/HW-REC
2010/H017). The study was conducted according to the Code
of Ethics of the World Medical Association (Declaration of
Helsinki). All participants signed written informed consent
after all the procedures were fully explained in the language
of their choice.

2.2. Clinical Data. All consenting participants completed a
questionnaire designed to obtain information on lifestyle
factors such as smoking and alcohol consumption, physi-
cal activity, diet, family history of CVD, diabetes mellitus,
and demographics. Blood pressure measurements were per-
formed according to theWorld Health Organization (WHO)
guidelines [13] using a semiautomatic digital blood pressure
monitor (Rossmax, PA, USA) on the right arm in a sitting
position. Other clinical measurements included the body
weight, height, waist, and hip circumferences. Weight (to
the nearest 0.1 kg) was determined in a subject wearing light
clothing and without shoes and socks, using a Sunbeam
EB710 digital bathroom scale, which was calibrated using
a standard object of known mass. Waist circumference was

measured using a nonelastic tape at the level of the narrowest
part of the torso, as seen from the anterior view. The hip
circumference was also measured using a nonelastic tape
around the widest portion of the buttocks. All anthropo-
metric measurements were performed three times and their
average was used for analysis. Diabetes status was based
on a history of doctor diagnosis, a fasting plasma glucose
≥7.0mmol/L, and/or a 2-hour postoral glucose tolerance
test (OGTT) plasma glucose >11.1mmol/L as recommended
by the WHO [14]. Adiposity was described according to
body mass index (BMI in kg/m2) as normal weight (<25),
overweight (25–30), and obese (>30).

2.3. Measurement of Carotid Intima-MediaThickness (CIMT).
Two qualified sonographers measured CIMT in longitudinal
section at the far wall of the distal common carotid arteries,
2 cm from the bifurcation, at 3 consecutive end-points, 5–
10mm apart. The mean of six readings (3 from each side)
was calculated for each participant using a portable B-
mode and spectral Doppler ultrasound scanner equipped
with cardiovascular imaging software. The GE LOGIQ e
(General Electric Healthcare, Germany) high performance
multipurpose colour compact ultrasound system included
new imaging CrossXBeam technologies with multifrequency
virtual apex on phased array cardiac transducer (3S-RS wide
band phased probe 1.7–4.0MHz) for echocardiography and
a linear wideband vascular transducer (8L-RS 4.0–12MHz
linear probe) used for improved diagnostic confidence and
imaging clarity for the carotids.

2.4. LaboratoryMeasurements. Blood samples were collected
after an overnight fast and processed for further biochemical
analyses. The Cobas 6000 immunometric analyzer (Roche
Diagnostics) was used tomeasure levels of fasting plasma glu-
cose (FBG), glycated haemoglobin (HbA1c), total cholesterol,
high density lipoprotein cholesterol (HDL-c), triglycerides
(TG) and 𝛾-glutamyltransferase (GGT), and high sensitive C-
reactive protein (hsCRP). Low density lipoprotein cholesterol
(LDL-c) was calculated using Friedewald’s formula [15]. An
enzyme linked immunosorbent assay (ELISA) kit was used
to measure plasma levels of paraoxonase 1 (PON1) following
the manufacturer’s instructions (Aviscera biosciences, Santa
Clara, California). This assay employs a quantitative sand-
wich enzyme immunoassay technique.

2.5. Total Antioxidant Capacity. The total antioxidant capac-
ity in plasma samples was assessed using the ferric reducing
antioxidant power (FRAP) and trolox equivalent antioxidant
capacity (TEAC) assays. FRAP was done according to the
method of Benzie and Strain [16]. Briefly, plasma samples
were mixed with FRAP reagent, incubated for 30min at
37∘C, and the absorbance at 593 nm was recorded using a
spectrophotometer (Spectramax plus384 Molecular devices,
USA). The TEAC assay was according to Re et al. [17]
and is based on monitoring (at 734 nm) the oxidation of 2,
2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) radical
(ABTS) cation formed by reacting ABTS, and potassium
persulfate. Distilled water was used instead of PBS to dilute
the ABTS+ radical solution.
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2.6. Paraoxonase Activity. Paraoxonase (PONase) and aryles-
terase (AREase) activities weremeasured using paraoxon and
phenylacetate (Sigma Aldrich, SA) as substrates, respectively.
PONase activity was measured using Richter and Furlong’s
method [18] from the initial velocity of p-nitrophenol pro-
duction at 37∘C and the increased absorbance at 405 nm
wasmonitored on a spectrophotometer (Spectramax plus384,
Molecular devices, USA). Each serum sample was incubated
with 5-mmol/L eserine (Sigma Aldrich, SA) for 15 minutes
at room temperature to inhibit serum cholinesterase activity
which is usually elevated in diabetes and would otherwise
interfere with the determination of paraoxonase activity in
serum from diabetic individuals. PON-1 activity of 1 U/L was
defined as 1 𝜇mol of p-nitrophenol hydrolyzed per minute.
A slightly modified method of Browne et al. [19] was used
to measure AREase activity. The working reagent consisted
of 20mmol/L Tris-HCl, 4mmol/L phenyl acetate, pH 8.0,
with 1.0mmol/L CaCl

2
(Sigma Aldrich, SA). The reaction

was initiated by adding 5 𝜇L of 40-fold tris-diluted samples
to 345 𝜇L of the working reagent at 25∘C. The change in
absorbance at 270 nmwas recorded for 60minutes after a 20-
second lag time on a Spectramax plus384 spectrophotometer.
The activity, expressed as kU/L, was based on the molar
absorptivity (1310) of phenol at 270 nm. In both assays, the
rates used to generate the data points were derived from the
linear portions of the rate versus time plots.

2.7. Lipid Peroxidation. Plasma MDA and ox-LDL were used
as markers of lipid peroxidation (LPO). The method of Jent-
zsch et al. [20] was used to estimate the thiobarbituric acid
reactive substances (TBARS) which reflect the production of
MDA. Plasma ox-LDLs were measured using a quantitative
sandwich ELISA kit (Cellbiolabs, San Diego, California).

2.8. Statistical Analyses. Data are presented asmean standard
deviation, SD, or median of 25th–75th percentiles for con-
tinuous variables and as count and percentage for categorical
variables. For group (sex, diabetes status, and BMI, quarters
of CIMT) comparisons, chi square test, student’s 𝑡-test, and
analysis of the variance (ANOVA) and nonparametric equiv-
alents were used. Continuous associations between CIMT
and the indices were assessed graphically with the use of
correlation matrix, before and after applying the Box-Cox
[21] power transformations to improve the shape of the asso-
ciations; then the “Covariance Estimation for Multivariate 𝑡
Distribution” [22] method was used to derive the correlation
coefficients, whileminimizing the potential effects of outliers.
The Steiger 𝑡-test was used to compare correlation coefficients
among indices. Regression coefficients to indicate the size
of the association of each of the indices with CIMT were
derived from robust multiple linear regression models that
included each of the 4 variables of interest, age, sex, body
mass index, and diabetes status. Analyses were carried out
using R statistical software version 3.0.0 [03-04-2013], (The R
Foundation for Statistical Computing, Vienna, Austria). The
significance level was set at 0.05.

3. Results

3.1. Participants’ Basic Profile. Of the 651 participants (men
170, 26%)who took part in the study, 160 (25%)were excluded
from this analysis as they had missing values for CIMT
and/or other relevant variables. Baseline characteristics of
participants included and excluded from analyses were very
similar. The final analytic sample comprised 491 participants
(men 126, 25.7%) with amean age of 54.6 (13.2) years. Among
them, 142 (29%) had diabetes, 137 (28%) were overweight,
and 261 (53%) were obese. The average BMI was 31.4 (8.1)
kg/m2 (Table 1). There were no age differences between men
and women and across the BMI profiles but diabetic subjects
were significantly older than nondiabetic ones (59.6 versus
52.5 years, 𝑃 < 0.0001) and had higher BMI (33.4 versus
30.6 kg/m2, 𝑃 = 0.002). Women had significantly higher
levels of HbA1c, BMI, and waist circumference. In general,
there were no differences between the genders with regard
to the lipid profile. Triglyceride levels increased while HDL-
cholesterol decreased across BMI categories (both 𝑃 <
0.0001, ANOVA).

3.2. Paraoxonase and Oxidative Status Profile. Men had
significantly higher FRAP (732 versus 655 𝜇M, 𝑃 = 0.006)
and ox-LDL (5141 versus 4110 ng/mL, 𝑃 < 0.0001) and
lower AREase activity and PON 1 levels (91 versus 117 kU/L;
88 versus 98 𝜇g/mL, 𝑃 < 0.0001) respectively, compared
to women. In diabetic subjects, a less favorable profile was
observed for PON1 (mass and activity) and oxidative status
(decreased FRAP and TEAC; elevated Ox-LDL and TBARS).
A similar less favorable profile was also apparent across
increasing BMI categories (Table 1).

3.3. CIMT Profile and Associations with PON1 and Oxidative
Profiles. The median CIMT was 0.82mm. It was higher in
men than in women (0.95 versus 0.80mm, 𝑃 < 0.0001) and
in diabetic than in nondiabetic subjects (0.98 versus 0.77mm,
𝑃 < 0.0001). However, there was neither a significant
difference (𝑃 > 0.227) nor a linear trend in the distribution of
CIMT levels across BMI categories (Table 1). Overall, CIMT
correlated negatively with all indices of antioxidant activity
and positively with the measures of lipid oxidation (Table 2,
Figure 1). Correlation coefficients however were very weak,
with borderline significant differences by diabetes status for
the correlations of CIMT with TEAC (𝑃 = 0.04), Ox-LDL
(𝑃 = 0.02), and TBARS (𝑃 = 0.04). In stratified analyses, the
correlation coefficients for each of these three indices always
appeared to be significant and stronger in nondiabetics and
weak and nonsignificant in diabetics (Table 2, Figure 1). The
distribution of participants’ characteristics across quarters of
CIMT is shown in Table 3 showing increasing age, systolic
blood pressure, waist/hip ratio, fasting glucose, total choles-
terol, and decreasing proportion of women across increasing
quarters of CIMT.

3.4. Multivariable Analysis. In a model comprising sex, age,
and BMI, each of the three variables was significantly asso-
ciated with CIMT. This basic model explained 26.4% of the
variation in CIMT levels. When this model was expanded
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Figure 1: Correlations of paraoxonase, paraoxonase activity, arylesterase ferric reducing antioxidant power, TEAC, oxidized LDL, and
thiobarbituric acid reactive substances activity with carotid intima-media thickness. Participants are grouped by diabetes status with the
triangles representing those with diabetes and the solid circles representing those without diabetes.The superimposed regression lines are for
the overall sample (solid line), and participants with (broken line) andwithout diabetes (dotted lines). Accompanying correlations coefficients
are shown in Table 2.

with the inclusion of diabetes status, all variables in themodel
remained significantly associated with CIMT and further
explained 29.2% of the variation. However, as shown in
Table 4, none of the indices of PON1 and antioxidant status
significantly associated with CIMT in the presence of the four

basic variables and furthermore did not improve the fit of
models in predicting the variability of CIMT. In the presence
of variables in the basic model, SBP (𝛽 = 0.002, 𝑃 < 0.0001),
but not DBP (𝛽 = 0.001, 𝑃 = 0.066), was significantly
associated with CIMT. In the same basic model, neither waist



6 Oxidative Medicine and Cellular Longevity

Table 2: Robust correlation of CIMT with PON and antioxidant status.

Correlates Overall No diabetes Diabetes 𝑃 value
PON1 −0.09 (−0.17 to 0.00) −0.04 (−0.14 to 0.07) −0.01 (−0.17 to 0.16) 0.74
PONase −0.17 (−0.25 to −0.08) −0.11 (−0.21 to 0) 0.04 (−0.13 to 0.20) 0.15
AREase −0.24 (−0.32 to −0.15) −0.20 (−0.30 to −0.09) −0.05 (−0.21 to 0.12) 0.13
FRAP −0.17 (−0.26 to −0.09) −0.12 (−0.22 to −0.02) 0.03 (−0.13 to 0.20) 0.12
TEAC −0.22 (−0.30 to −0.13) −0.16 (−0.26 to −0.06) 0.04 (−0.12 to 0.21) 0.04
Ox-LDL 0.25 (0.17 to 0.34) 0.21 (0.10 to 0.30) −0.03 (−0.20 to 0.13) 0.02
TBARS 0.26 (0.17 to 0.34) 0.19 (0.09 to 0.29) −0.01 (−0.17 to 0.16) 0.04
Paraoxonase 1; PONase: paraoxonase; AREase: arylesterase; FRAP: ferric reducing ability of plasma; TEAC: trolox equivalent antioxidant capacity; Ox-LDL:
oxidized LDL; TBARS: thiobarbituric acid reactive substances.

Table 3: Characteristics of the participants by quarters of CIMT.

Variables Quartiles of CIMT
𝑃 value

Q1 Q2 Q3 Q4
𝑁 123 131 118 119 NA
CIMT [min–max] 0.30–0.67 0.68–0.82 0.83–1.02 1.03–2.18 NA
Female, 𝑛 (%) 101 (82.1) 104 (79.4) 97 (82.2) 63 (52.9) <0.0001
Age (years) 44.9 (12.9) 53.3 (11.8) 57.6 (11.3) 63.0 (9.8) <0.0001
BMI (kg/m2) 30.5 (6.7) 31.5 (8.0) 32.3 (8.0) 31.5 (9.5) 0.234
Waist circumference (cm) 94.0 (18.7) 97.1 (13.5) 96.3 (14.0) 98.2 (14.9) 0.060
Waist/hip ratio 0.86 (0.15) 0.87 (0.12) 0.89 (0.10) 0.93 (0.10) <0.0001
Systolic BP (mmHg) 125 (19) 135 (26) 138 (21) 149 (31) <0.0001
Diastolic BP (mmHg) 78 (12) 83 (16) 82 (11) 84 (15) 0.007
FPG (mmol/L) 5.7 (2.2) 6.0 (2.3) 6.4 (2.8) 7.6 (3.9) <0.0001
HbA1c (%) 6.2 (1.1) 6.2 (1.0) 6.7 (1.6) 7.4 (2.3) <0.0001
Creatinine (𝜇M) 68.8 (14.3) 72.8 (19.0) 72.2 (18.6) 85.8 (39.8) <0.0001
C-reactive protein (mg/L) 4.4 [1.4–7.6] 5.1 [2.2–8.7] 5.4 [2.5–9.2] 5.3 [2.0–9.2] 0.222
GGT (IU/L) 24 [17–38] 29 [19–49] 28 [19–41] 29 [21–43] 0.145
Total cholesterol (mmol/L) 5.2 (0.9) 5.4 (1.1) 5.7 (1.2) 5.7 (1.1 ) <0.0001
HDL cholesterol (mmol/L) 1.4 (0.4) 1.3 (0.4) 1.4 (0.4) 1.4 (0.4) 0.708
LDL cholesterol (mmol/L) 3.2 (0.8) 3.4 (1.0) 3.6 (1.0) 3.6 (1.0) 0.003
Triglycerides (mmol/L) 1.3 (0.7) 1.5 (0.9) 1.7 (1.0) 1.6 (0.9) 0.0008
PON1 (𝜇g/mL) 102 [78–112] 94 [77–110] 98 [77–112] 94 [70–110] 0.290
PONase (U/L) 204 [170–233] 184 [130–215] 182 [136–218] 177 [119–217] 0.005
AREase (kU/L) 118 [97–141] 103 [84–126] 94 [75–132] 95 [76–120] <0.0001
FRAP (𝜇M) 734 [602–887] 672 [573–809] 636 [533–795] 667 [534–785] 0.014
TEAC (nM) 1484 [1068–1858] 1316 [947–1628] 1206 [929–1595] 1235 [904–1568] 0.001
Ox-LDL (ng/mL) 3618 [2641–5102] 4576 [3230–5844] 4747 [3638–6176] 4975 [3545–6333] <0.0001
TBARS (nM) 1857 [1251–2504] 2280 [1544–3042] 2447 [1919–3256] 2571 [1905–3666] <0.0001
FPG: fasting plasma glucose; BMI: body mass index; BP blood pressure; GGT: gamma glutamyl transferase; HDL: high density lipoprotein; LDL: low density
lipoprotein; CIMT: carotid intima-media thickness; PON1: paraoxonase 1; PONase: paraoxonase; AREase: arylesterase; FRAP: ferric reducing ability of plasma;
TEAC: trolox equivalent antioxidant capacity; Ox-LDL: oxidized LDL; TBARS: thiobarbituric acid reactive substances.

circumference (𝛽 = −0.0007, 𝑃 = 0.434) nor waist/hip ratio
(𝛽 = 0.031, 𝑃 = 0.724) was associated with CIMT, even
when they were allowed to replace BMI in the model (both
𝑃 >= 0.364).

4. Discussion

The prominent role of oxidative stress in the occurrence
of atherosclerosis and related complications is well rec-
ognized, with suggestions that measurement of oxidative

stress may aid risk stratification and effective prevention
of atherothrombotic diseases. In this study, we evaluated
the profile of several indices of PON1 and oxidative status
and their relationship with CIMT, which is a marker of
subclinical cardiovascular disease. Our findings demonstrate
that measures of oxidative stress together with PON1 are only
superficially associated with CIMT. Instead, conventional
risk factors such as age, gender, adiposity, and chronic
hyperglycemia and not measures of oxidative stress may be
more important in estimating CVD risk in our population.
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The physiological role of PON1 in reducing atheroscle-
rosis stems from its ability to inhibit the oxidation of low
density lipoprotein (LDL) [23] and its ability to stimulate
cholesterol efflux from macrophages [24]. In this regard,
decreased activities of PON1 and/or other antioxidant species
have been demonstrated in obesity, diabetes, and other
oxidative stress-related conditions [25–27]. In our study, we
found PON1 activities to be significantly reduced in obese
and diabetic subjects. It has previously been suggested that
decreased PON1 activity in diabetes may be due to glycation-
induced changes to HDL and/or PON1, thereby affecting its
association with HDL that has been related to its antiathero-
genic properties [28]. Similar to diabetes, obesity is strongly
associated with oxidative stress and proinflammatory state
which in this study is corroborated by significantly raised
oxidative stress markers (ox-LDL and TBARS) in obese
subjects.

Proinflammatory markers and oxidative stress have
been shown to modulate and inactivate PON1 activity
[29–32]. Adipose tissue expresses inflammatory cytokines,
interleukin-6 (IL-6), and tumor necrosis factor-𝛼 (TNF-𝛼)
which are associated with oxidative stress [33]. In a study
which introduced a mixture of IL-6, IL-1, and TNF-𝛼 in
murine hepatoma cell line Hepa 1–6, a reduction in PON1
mRNA was observed [29]. In addition, obesity alters the
composition of HDL in a manner that may impair binding
of PON1 to HDL surface such as lowering both HDL’s largest
subfraction (HDL2) and its major binding protein (apo
A1) [34]. Since PON1 is a lipid-dependent enzyme whose
activity hinges on its conformationwithinHDL, the impaired
binding in results decreased enzyme activity.

Measurements of oxidative stress have previously been
proposed as a predictor of atherosclerosis in end stage
renal disease patients [7]. In their study, Dursan et al. [7]
demonstrated significant positive correlation between CIMT
and serum TBARS and nitrite/nitrate levels and a significant
negative correlation between CIMT and antioxidant markers
superoxide dismutase (SOD), catalase (CAT), and plasma
sulfhydryl (P-SH) levels in patients on chronic haemodialysis.
We found total antioxidants (FRAP, AREase) to be negatively
correlated with CIMT, whilst markers of oxidative stress (ox-
LDL and TBARS) showed a positive correlation, but the
association was not retained in further adjusted regression
analyses and there were suggestions that diabetes affects these
associations since theywere generally stronger and significant
in nondiabetics compared to diabetics. Instead, traditional
CVD risk factors, age, gender, obesity, and diabetes, were sig-
nificant determinants of subclinical atherosclerosis, account-
ing for 29.2% of CIMT variability. Previous studies have
demonstrated that only a fraction of CVD risk is explained by
traditional risk factors [35, 36] prompting a search for alter-
nate and additional predictors. Emerging data from around
the world support the pivotal role of chronic inflammation in
the occurrence of CVD complications. Although influences
of PON1 and oxidative stress have been demonstrated to be
on the early steps of atherosclerosis [37], our results exclude
measurements of PON1 activity and indices of antioxidant
status in prediction of atherosclerotic risk.

Some limitations should be accounted for when inter-
preting our findings. First, the cross-sectional design of our
study precludes drawing inferences on the direction of the
associations. Second, we did not establish the intraobserver
variability between the sonographers who performed CIMT
measurements; however we used multiple measurements at
different points. Third, because our study population was
ethnically exclusive, our results can only be generalized to
mixed-ancestry South African subjects. Fourth, we used
BMI as the marker of obesity although it cannot distinguish
between visceral and subcutaneous fat. Visceral fat is partic-
ularly strongly associated with atherosclerotic CVD risk [38].
Fifth, we did not evaluate other residual confounders that
may affect oxidative stress markers such as dietary factors.
Lastly, the number of males versus that of females is skewed,
with this being a common trend in South African population
studies. Nonetheless, we used two methods for each of the
three measures of oxidative status. Besides allowing us to
demonstrate the consistency of our findings, this approach
reinforces the accuracy of antioxidant status results since
the measured total antioxidant status of biological samples
is known to be method specific [39]. Furthermore, the
nonspecific nature of the MDA-TBARS method requires
corroboration. Since PON1 is purported to function as an
antioxidant, another key strength distinguishing this study
from several others is the evaluation of its activity in the
context of antioxidant status.

In conclusion, although atherosclerosis is considered an
inflammatory/oxidative condition, our results argue against
a major role of PON1 and oxidative status in prediction
of atherosclerotic risk as none of these indices impacted
on the model’s value in explaining the variability of CIMT.
Rather, the findings reaffirm the importance of conventional
risk factors such as age, gender, adiposity, and chronic
hyperglycemia in estimatingCVD risk in thismixed-ancestry
population.
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Dedifferentiated vascular smooth muscle cells (VSMCs) are phenotypically modulated from the contractile state to the active
synthetic state in the vessel wall. In this study, we investigated the effects of resveratrol on phenotypemodulation by dedifferentiation
and the intracellular signal transduction pathways of platelet derived growth factor-bb (PDGF-bb) in rat aortic vascular smooth
muscle cells (RAOSMCs). Treatment of RAOSMCs with resveratrol showed dose-dependent inhibition of PDGF-bb-stimulated
proliferation. Resveratrol treatment inhibited this phenotype change and disassembly of actin filaments and maintained the
expression of contractile phenotype-related proteins such as calponin and smooth muscle actin-alpha in comparison with only
PDGF-bb stimulated RAOSMC. Although PDGF stimulation elicited strong and detectable Akt and mTOR phosphorylations
lasting for several hours, Akt activation was much weaker when PDGF was used with resveratrol. In contrast, resveratrol only
slightly inhibited phosphorylations of 42/44 MAPK and p38 MAPK. In conclusion, RAOSMC dedifferentiation, phenotype, and
proliferation rate were inhibited by resveratrol via interruption of the balance of Akt, 42/44MAPK, and p38MAPK pathway
activation stimulated by PDGF-bb.

1. Introduction

Vascular smooth muscle cells (VSMC) exhibit differentiated,
biosynthetic, contractile roles in the media layer of mature
blood vessels. However, VSMC dedifferentiation is induced
in response to injury in a vessel, followed by phenotypic
modulation toward a proliferative, migratory, and synthetic
phenotype with extracellular matrix protein deposition,
which contributes to intimal hyperplasia [1–3]. Differentiated
VSMCs in normal vessels have a contractile phenotype, a
spindle-like elongated morphology, and a smaller cell size.
In contrast, dedifferentiated VSMCs in injured vessels have
a synthetic phenotype, a hypertrophic appearance, hill and
valley growth, and a relatively larger size. In addition to
thesemorphological and functional alterations, the change in
VSMCs from contractile to synthetic phenotype is controlled
by SMC-specific molecular markers such as caldesmon,

calponin, alpha-tropomysin, smooth muscle myosin heavy
chain, SM22𝛼, and smoothmuscle alpha actin (𝛼SMA) [4–6].

Platelet derived growth factor-bb (PDGF-bb) is one of
the most potent mitogens and chemoattractants for VSMCs.
PDGF-bb binds to the PDGF receptor (PDGFR)-𝛽 and
utilizes the tyrosine kinase receptor signaling leading to gen-
eration of reactive oxygen species (ROS) and subsequently
activates several intracellular signaling cascades, including
the extracellular signal-regulated kinase (ERK) and p38
mitogen-activated protein kinase (MAPK) pathways and the
phosphatidylinositol 3-kinase-Akt (PI3K-Akt) pathway. It has
also been shown to stimulate VSMC dedifferentiation [7–
9]. Akt is the major signal transducer in growth factor-
mediated transcription and promotes cell survival by inhibit-
ing apoptosis. Furthermore, theAkt pathway is the key trigger
of mTOR signaling, and Akt-mediated phosphorylation is
directly related to mTOR activation. The mTOR protein has
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been implicated in cardiovascular diseases and specifically in
cardiac hypertrophy [10, 11].

Resveratrol (3,4,5-trihydroxystilbene), a naturally occur-
ring molecule known as a phytoalexin, is a polyphonic
compound found in grapes and red wine. Resveratrol
is also known to possess antioxidant, anti-inflammatory,
antithrombotic, and antiproliferative effects. Additionally,
various studies have shown that resveratrol inhibits the
oxidation of low-density lipoprotein (oxLDL) and the early
progression of atherosclerotic lesions and also protects car-
diomyocytes against ischemia-reperfusion injury [12–14].
Although numerous studies have addressed the effects of red
wine consumption on cardioprotection, alcohol contained
in red wine interacts with resveratrol to elicit the desired
effects. For that reason, several studies have demonstrated
that both resveratrol supplement and dealcoholized red wine
have physiological activity for cardiovascular protection [15,
16].

In this study, we investigated the effects of resveratrol
on proliferation, phenotype modulation, and intracellular
signal transduction pathways in PDGF-bb-induced rat aor-
tic vascular smooth muscle cells (RAOSMCs). Our results
demonstrate the inhibitory mechanism of resveratrol on
phenotype modulation of PDGF-bb-stimulated RAOSMCs.

2. Materials and Methods

2.1. Cell Culture. Primary cultured rat aortic smooth mus-
cle cells (RAOSMCs, Biobud, Seoul, Korea) were routinely
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (Sigma, St. Louis, MO, USA) and a 1%
antibiotic-antimycotic solution containing 10,000 units peni-
cillin, 10mg streptomycin, and 25 𝜇g/mL amphotericin B
(Sigma) at 37∘C in a humidified atmosphere of 5% CO

2
. For

experiments, cells were used between passages 5 and 10.

2.2. Cell Stimulation by PDGF-bb and Treatment of Resver-
atrol. RAOSMCs were grown to 80–90% confluence and
synchronized in serum-free DMEM medium for 48 h before
experiments. Trans-resveratrol (Sigma) was dissolved in 50%
dimethylsulphoxide (DMSO) (Sigma) for a stock solution
of 100mM and then diluted to desired concentrations with
media prior to cell treatment. Cells were treated with various
concentrations of resveratrol: 10∼200𝜇M in cell proliferation
assay, 20 𝜇M in cell morphology analysis, and 100 𝜇M in
western blotting on quiescent cells with or without 10 ng/mL
PDGF-bb for designated times.

2.3. Cell Proliferation and DNA Synthesis. Cell viabil-
ity was determined by MTT assay [reduction of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to a
purple formazan product, Sigma]. For the MTT assay, cells
were incubated with 0.5mg/mL MTT in the last 4 h of the
culture period and tested at 37∘C in the dark. The media
were decanted, the produced formazan salts were dissolved
in DMSO, and the absorbance was determined at 570 nm by
an automatic microplate reader (Spectra Max 340, Molecular

Devices Co., Sunnyvale, CA, USA). DNA synthesis was per-
formed by a 5-bromo-2-deoxyuridine (BrdU) incorporation
assay (Roche Applied Science, Seoul, Korea). Briefly, BrdU-
labeling solution was added to the cells, and cells were incu-
bated for 2 h at 37∘C.The labelingmediumwas then removed,
and cells were incubated with fixation solution for 30min
at room temperature. After fixation of the cells, anti-BrdU-
POD working solution was added, and cells were incubated
for 90min at room temperature. Then, the substrate solution
was added, and the absorbance was measured at 370 nm with
a 492 nm reference wavelength by an automatic microplate
reader (Spectra Max 340, Molecular Devices Co.).

2.4. Immunofluorescence Assay. Cells were grown on cov-
erslips to 50% confluence, serum-starved for 48 h, and
then stimulated with or without 10 ng/mL PDGF-bb and
10 or 20𝜇M resveratrol. Stimulated cells were fixed in 10%
formalin solution and permeabilized with 0.5% Triton X-
100 in phosphate buffer saline (PBS, pH 7.6). Then, cells
were blocked with 5% bovine serum albumin (BSA, Sigma)
and incubated with anti-smooth muscle actin-𝛼 (𝛼SMA,
Dako North America Inc., CA, USA) and anti-calponin
(Santa Cruz Biotechnology Inc., Sana Cruz, CA, USA). Cells
were then incubated with the secondary antibody, goat-
anti-mouse IgG-conjugated Texas Red (Santa Cruz). Alexa
488-conjugated rhodamine phalloidin (5U/mL, Invitrogen,
Carlsbad, CA, USA) was used to visualize F-actin stress
fibers, and nuclei were stained with Hoechst 33528. Cover-
slips were mounted with aqueous mounting medium (Dako
Faramount, Dako North America Inc.), and images were
evaluated using fluorescence microscope (Olympus, Tokyo,
Japan) equipped with a DP-71 digital camera (Olympus).

2.5. Morphology Analysis. For morphology analysis, a cell
plasma membrane was visualized by staining it with Texas
Red C2-maleimide (5U/mL, Invitrogen) and Hoechst 33258
(1 𝜇g/mL in PBS, Sigma). Images were captured on a fluores-
cence microscope (Olympus) equipped with a DP-71 digital
camera (Olympus). Cell circularity and an area of 100 cells
for each group were analyzed using ImageJ software (NIH,
Bethesda, MD, USA). The circularity was measured to deter-
mine the morphological distribution between the contrac-
tile phenotype and the synthetic phenotype of RAOSMCs.
Circularity was presented from 0 to 1, with values closer
to 0 indicating spindle morphology and those closer to 1
indicating a circular phenotype [17, 18].

2.6. Western Blotting. After time-course stimulation with
PDGF-bb, the cells were washed twice with cold PBS (10mM,
pH 7.4). Ice-cold RIPA lysis buffer (Santa Cruz Biotechnol-
ogy) was added to the cells for 5min. The cells were scraped,
and the lysate was cleared by centrifugation at 14,000×g for
20min at 4∘C.The resultant supernatant (total cell lysate) was
collected. The protein concentration was determined using
a DC Bio-Rad assay kit (Bio-Rad Laboratories, Hercules,
California, USA). For immunoblot analysis, proteins were
separated by 10–15% SDS-PAGE and then electrotransferred
onto a PVDF membrane. The membrane was blocked with
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blocking buffer (5% bovine serum albumin and 1% Tween-20
in 20mM TBS, pH 7.6) for 1 h at room temperature and then
probed overnight with antibodies to phospho-PDGFR-𝛽
(p-PDGFR-𝛽, Tyr751), total PDGFR-𝛽, phospho-MEK1/2 (p-
MEK1/2, Ser217/221), total MEK1/2, phospho-p42/44MAPK
(p-p42/44MAPK, Thr202/Tyr204), total p42/44MAPK,
phospho-Akt (p-Akt, Ser473), total Akt, phospho-mTOR
(p-mTOR, Ser2448), total mTOR, phospho-p38 MAPK (p-
p38MAPK,Thr180/Tyr182), and total p38MAPK. Antibodies
were purchased from Cell Signaling Technology (Danvers,
MA, USA) and used at 1 : 1,000 dilutions. Detection of
horseradish peroxidase-conjugated secondary antibody (i.e.,
anti-rabbit IgG (1 : 2,000) and antimouse IgG (1 : 2,000) from
Santa Cruz Biotechnology Inc.) was accomplished using
enhanced chemiluminescence of the ECL Plus detection
kit (Amersham Biosciences, Buckinghamshire, England).
The band intensity was quantified using ImageJ software
(NIH) and relative fold exchanges averaged across the three
experiments (normalized to phosphorylated forms and total
forms) are shown below each band.

2.7. Statistical Analysis. All variables were tested in three
independent cultures for each experiment. The results are
reported as mean ± SD compared to nontreated controls.
Statistical analysis was performed using a one-way ANOVA,
followed by a Tukey’s HSD test for multiple comparisons
using SPSS software. A 𝑃 value < 0.05 was considered
statistically significant.

3. Results

3.1. Inhibitory Effect of Resveratrol on PDGF-bb-Induced Pro-
liferation in RAOSMCs. To assess whether resveratrol inhib-
ited PDGF-bb-stimulated RAOSMC proliferation, serum-
starved RAOSMCs were incubated with 10 ng/mL PDGF-
bb and increasing concentrations of resveratrol for 48 h.
Treatment with 10 ng/mL PDGF-bb induced proliferation of
RAOSMCs in comparison with nonstimulated cells. How-
ever, the presence of resveratrol resulted in significant (𝑃 <
0.05) dose-dependent decreases in cell growth (Figure 1(a)).
When cells were treated with increasing concentrations of
resveratrol, a significant (𝑃 < 0.05) dose-dependent reduc-
tion in cell growth was observed starting at 50 𝜇M.The level
of DNA synthesis was also measured by cell proliferation
assay. Stimulation of RAOSMCs with 10 ng/mL PDGF-bb
caused a significant increase in the DNA amount, and resver-
atrol significantly inhibited this increase in a concentration-
dependent manner (Figure 1(b)). Furthermore, increases
in cell viability and DNA synthesis induced by PDGF-bb
stimulation were completely suppressed in cells treated with
concentrations of resveratrol greater than 100 𝜇M. These
results suggest that resveratrol exerts a potent antiprolifera-
tive effect on PDGF-bb-stimulated RAOSMC proliferation.

3.2. Inhibitory Effect of Resveratrol on PDGF-bb-Stimulated
RAOSMC Morphology and Phenotype. To define pheno-
type exchange in PDGF stimulation, we assessed RAOSMC
phenotype and morphology using immunofluorescence and
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Figure 1: Antiproliferative activity of resveratrol in PDGF-bb-
stimulated RAOSMCs. After 24 h of starvation with serum-free
DMEM, cells were treated with 10 ng/mL PDGF-bb and increasing
concentrations (10–200𝜇M) of resveratrol for 48 h. (a) The effect of
resveratrol growth inhibition on PDGF-bb-stimulated RAOSMCs.
Cell viability was detected using the MTT assay. (b) The effect
of resveratrol on PDGF-bb-induced DNA synthesis in RAOSMCs.
DNA synthesis was detected using the BrdU incorporation assay.
∗

𝑃 < 0.05 compared with nonstimulated controls; #
𝑃 < 0.05

compared with 10 ng/mL PDGF-bb-stimulated controls.

immunocytochemical stainingwith antibodies against𝛼SMA
and calponin. RAOSMCs were grown on glass cover slips,
starved of serum for 48 h, and stimulated in the presence and
absence of PDGF-bb and resveratrol for 24 h.

RAOSMCs exhibited elongation and spindlemorphology
during prolonged serum deprivation. As shown in Figure 2,
RAOSMCs serum-starved for 48 hr revealed an aligned
arrangement of actin filaments with an organized cytoskele-
ton network. In contrast, PDGF-bb-stimulated RAOSMCs
showed disassembled distribution and aggregation around
the perinuclear region of actin filaments without clear fil-
amentous organization. However, RAOSMCs treated with
resveratrol maintained spindle-like shapes and organization
of the actin filaments by inhibiting the effects of PDGF-bb-
stimulation.
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10𝜇m

5𝜇m

10𝜇m 10𝜇m

5𝜇m 5𝜇m

Serum free
10ng/mL PDGF-bb

10ng/mL PDGF-bb with 20𝜇M resveratrol

Figure 2: Arrangement of F-actin filaments of RAOSMCs with or without 10 ng/mL PDGF-bb stimulation and 20 𝜇M resveratrol. Nuclei
were stained blue with Hoechst 33528, and F-actin was green due to alexa (388)-rhodamine phalloidin. Images in the upper and low panels
were obtained at ×400 and ×1000 original magnifications, respectively. The micrographs shown in this figure are representative of three
independent experiments with similar results.

Therefore, cells were examined for accumulation of
the contractile-related proteins, 𝛼SMA (Figure 3(a)) and
calponin (Figure 3(d)), in clear actin filament organization.
When RAOSMCs were stimulated with PDGF-bb, cells were
observed to undergo morphological changes from spindle-
shaped to polygonal, and relatively low levels of 𝛼SMA
(Figure 3(b)) and calponin were noted (Figure 3(e)) with dis-
assembled distribution of actin filaments in the cytosol. How-
ever, treatment with 20𝜇Mresveratrol inhibited themorpho-
logical changes. Furthermore, when cells were treated with
resveratrol, the actin cytoskeleton maintained parallel actin
filaments by forming a complex with contractile phenotype-
related proteins, including 𝛼SMA (Figure 3(c)) and calponin
(Figure 3(f)). To determine the morphological distribution
of the cells, circularity was measured by ImageJ analysis.
Compared to serum-starved cells, PDGF-bb-stimulated cells
showed a greater distribution in circularity, whereas cells
treated with resveratrol exhibited lower circularity (Fig-
ure 4(a)). The average circularity of PDGF-bb-stimulated
cells was significantly higher than that of nontreated cells.
However, resveratrol-treated cells stimulated with PDGF-
bb were not significantly different from the nontreated cells
(Figure 4(b)). Therefore, PDGF-bb-stimulated RAOSMCs
had a greater area compared with serum-starved RAOSMCs.
Resveratrol inhibited the change in area stimulated by PDGF-
bb (Figure 4(c)).

3.3. Inhibitory Mechanism of Dedifferentiation on PDGF-
bb-Stimulated RAOSMCs by Resveratrol. Treatment of

RAOSMCs with resveratrol significantly inhibited PDGF-
bb-stimulated proliferation in a dose-dependent manner.
Furthermore, treatment of cells with 100 𝜇M resveratrol
almost completely inhibited the growth of ROASMCs, as
shown by DNA synthesis assay and MTT assay.

To define the effects of resveratrol on signaling pathways
involved in PDGF-bb-stimulated dedifferentiation, serum-
starved cells were stimulated with 10 ng/mL PDGF-bb in the
absence or presence of resveratrol for specified times. Then,
we analyzed the activation of p42/44MAPK, p38MAPK, and
Akt, downstream effectors of PDGF-bb-induced signaling, by
Western blotting.

Addition of 10 ng/mL PDGF-bb to serum-starved cells
led to PDGFR-𝛽 phosphorylation that peaked within 10min
of stimulation and returnedto baseline level after 2∼4 h,
with similar results achieved in atleast three independent
experiments (Figure 5(a)). However, resveratrol treatment
inhibited PDGFR-𝛽 phosphorylation induced byPDGF-bb at
only 10min, while no inhibition of PDGFR-𝛽 phosphoryla-
tion was observed during incubations longer than 30min.

In a similar manner, PDGF-bb stimulated the phos-
phorylations of downstream effectors such as MEK1/2,
p42/44MAPK (Figure 5(b)), and p38 (Figure 5(c)), and
resveratrol only slightly inhibited the PDGF-bb-induced
phosphorylations of MEK1/2, p42/44MAPK, and p38MAPK
in a time-dependent manner. However, as shown in Fig-
ure 5(d), while PDGF stimulation elicited strong and
detectable signals for Akt and mTOR phosphorylations for
several hours, resveratrol treatment clearly inhibited the
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Figure 3: Characterization ofmorphologymodulation by resveratrol on PDGF-bb-stimulatedRAOSMCs. Cells were incubated in serum-free
media (a, d), 10 ng/mL PDGF-bb (b, e), or 20 𝜇M resveratrol with 10 ng/mL PDGF-bb (c, f). Nuclei were stained blue with Hoechst 33528,
𝛼SMA (a∼c) and calponin (d∼f) are red, and F-actin is green due to alexa (388)-rhodamine phalloidin. The micrographs (magnification,
×100) shown in this figure are representative of three independent experiments with similar results.

PDGF-mediated phosphorylations of Akt and mTOR, a
downstream effector dependent on Akt.

4. Discussion

Changes of the differentiated VSMC play a critical role
in cardiovascular diseases, such as atherosclerosis, hyper-
tension, asthma, and vascular aneurisms. Identification of
dedifferentiated VSMCs was based onmorphological criteria
that met the terms for “phenotypic modulation” or “pheno-
typic switching” in functional and structural properties. A
phenotypic switch from a contractile to synthetic phenotype
accompanies the proliferation and migration of cells [19, 20].

PDGF, a key mediator in the proliferation of VSMCs,
plays an important role in the pathogenesis of various
vascular disorders. It has already been reported that PDGF-
bb is implicated in intracellular ROS generation and VSMC
growth [7, 21]. Furthermore, the signaling pathways affected
by PDGF are so similar to that activated by oxidative stress
[22, 23]. PDGF-bb represses the characteristic VSMC gene
expression by activating extracellular signal-regulated kinase
1/2-mitogen activated protein kinase (ERK1/2-MAPK), p38
MAPK, and Akt pathways in cultured VSMCs [24, 25].

This study reports that PDGF-bb treatment causes phe-
notypic changes typical of dedifferentiation in RAOSMCs by

activating p42/44 MAPK, p38 MAPK, and Akt pathways.
In our experimental system, resveratrol inhibited the prolif-
eration of PDGF-bb-stimulated RAOSMCs. The contractile
morphology and spindle phenotype of the cells were also
preserved by resveratrol treatment. Therefore, markers of
VSMC differentiation, such as 𝛼SMA and calponin, were not
inhibited by resveratrol treatment. In other words, resveratrol
might prevent morphologic changes from contractile to
synthetic phenotype. VSMCs inmature animal vessels exhibit
a contractile phenotype (differentiated state) and express
multiple contractile proteins, including 𝛼SMA, SM22𝛼, and
SM-MHC [26, 27]. Calponin and 𝛼SMA are characterized in
detail as F-actin binding components of smooth muscle thin
filaments, and they control actin-based cellular processes by
regulating the stability of the actin cytoskeleton [6, 28].

The investigation of signal transduction pathways
induced by PDGF-bb showed that resveratrol can inhibit
phosphorylation of PDGFR-𝛽, 42/44 MAPK, Akt, and
p38MAPK. In particular, Akt/mTOR phosphorylation was
preferentially inhibited in PDGF-bb-induced cells treated
with resveratrol. It is known that VSMC phenotype is
determined by changes in the balance of activation between
the Akt pathway, the ERK, and p38MAPK pathways.
Therefore, the Akt pathway plays a vital role in maintaining
the differentiated phenotype [29].
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Figure 4: Morphology modulation by resveratrol in PDGF-bb-stimulated RAOSMCs. (a) The distribution of circularity ranged from 0 to 1,
for linear to circular, respectively. (—in serum free, —∙— in 10 ng/mL PDGF-bb, and ∙ ∙ ∙ ∙ ∙ in 10 ng/mL PDGF-bb with 20 𝜇M resveratrol).
(b)The average circularity ±SD was obtained from 100 single cells per each type. ∗𝑃 < 0.05 compared with nonstimulated control; #
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compared with 10 ng/mL PDGF-bb-stimulated control. (c) The average area (𝜇m2/cell) ± SD was obtained from 100 single cells of each type.
∗

𝑃 < 0.05 compared with nonstimulated control; #
𝑃 < 0.05 compared with 10 ng/mL PDGF-bb-stimulated control.

The phosphoinositol-Akt-mammalian target of the
rapamycin-p70S6 kinase (PIK/Akt/mTOR/p70S6K) pathway
regulates cell growth and cell differentiation in response to
nutrients, growth factors, and cytokines [30, 31]. Pharma-
cological inhibition with rapamycin was shown to induce
contractile morphology, SM2-MHC, and calponin, protein
reduction, and collagen synthesis in cultures of synthetic
phenotype VSMCs by regulation of the mTOR/p70 S6K1
pathway [30]. Previous studies have shown that mTOR acti-
vation induced SMCproliferation and required the activation
of the signaling cascade PI3K/PDK1/Akt, as assessed by the
effect of the PI3K inhibitors wortmannin and Ly294002,
which block PDK [10, 11, 32].Thus, resveratrol inhibited SMC
phenotypic modulation by changing the balance between the
Akt and MAPK pathways via hindering PDGF-bb-induced
Akt pathways, but not the ERK and p38MAPKpathways. Fur-
thermore, inhibition ofAkt/mTORpathways by resveratrol in
SMC affected not only DNA synthesis, but also expression of
phenotype-related proteins. Acute or chronic administration
of plant polyphenols in patients has been found to result
in the vasoprotective, antiangiogenic, antiatherogenic,
vasorelaxant, and antihypertensive effects [33]. Several

reports demonstrate resveratrol’s efficacy in inhibiting VSMC
proliferation [34, 35]. Furthermore, it has been shown that
resveratrol specifically blocks the PI3K/PDK1/Akt pathway,
thereby inhibiting oxLDL-induced SMC proliferation [14].

In this study, we focused on the effect of resveratrol on
phenotypic modulation of RAOSMCs following stimulation
with PDGF-bb. From a general point of view, resveratrol
exhibits various potentially inhibitory properties on dediffer-
entiation, including an antiproliferative effect and an ability
to modulate important growth signaling pathways.

5. Conclusion

In this study, we investigated the effect of resveratrol on
dedifferentiation of RAOSMCs induced byPDGF-bb. Resver-
atrol inhibited dedifferentiation, phenotypic alterations, and
proliferation rate stimulated by PDGF-bb in RAOSMC. In
conclusion, our results indicate that this effect was probably
mediated via a differential regulation of the balance between
Akt, 42/44MAPK, and p38MAPK pathway activations stim-
ulated by PDGF-bb at least in part for the effect of resveratrol.
This result suggests that resveratrol may be an inhibitor of the
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Figure 5: Continued.
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Figure 5: The effects of resveratrol on modulation of PDGF-bb-stimulated signaling pathways in RAOSMCs. RAOSMCs starved of serum
were stimulated with 10 ng/mL PDGF-bb and 100 𝜇M resveratrol for the indicated times (10m, 30m, 1 h, 2 h, and 4 h) and lysed. Lysates were
immunoblotted with antibodies. After densitometric quantification using the ImageJ program, data were expressed each as the mean ± SD
from three independent experiments. Black bar indicates expression by PDGF-bb stimulation. White bar indicates expression by PDGF-
bb stimulation with EGCG. (a) The expression of phospho-PDGFR-𝛽 in a time-dependent manner. The band intensities were normalized
to PDGFR-𝛽 expression. (b) The time-dependent expressions of phospho-MEK1/2 and phospho-p42/44MAPK. The band intensities were
normalized to MEK1/2 and p42/44MAPK expression. (c) The time-dependent expression of phospho-p38 MAPK.The band intensities were
normalized to p38 MAPK expression. (d) The time-dependent expression of phospho-Akt and phospho-mTOR. The band intensities were
normalized to Akt and mTOR expression.

phenotype modulation occurring in arterial stenosis and in
postangioplasty restenosis following vascular injury.
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inhibits themTORmitogenic signaling evoked by oxidized LDL
in smooth muscle cells,” Atherosclerosis, vol. 205, no. 1, pp. 126–
134, 2009.

[15] L. Fremont, L. Belguendouz, and S.Delpal, “Antioxidant activity
of resveratrol and alcohol-free wine polyphenols related to LDL
oxidation and polyunsaturated fatty acids,” Life Sciences, vol. 64,
no. 26, pp. 2511–2521, 1999.

[16] Z. Wang, J. Zou, K. Cao, T.-C. Hsieh, Y. Huang, and J. M.
Wu, “Dealcoholized red wine containing known amounts of
resveratrol suppresses atherosclerosis in hypercholesterolemic
rabbits without affecting plasma lipid levels,” International
Journal of Molecular Medicine, vol. 16, no. 1, pp. 533–540, 2005.

[17] H.-J. Sung, S. G. Eskin, Y. Sakurai, A. Yee, N. Kataoka, and
L. V. McIntire, “Oxidative stress produced with cell migration
increases synthetic phenotype of vascular smooth muscle cells,”
Annals of Biomedical Engineering, vol. 33, no. 11, pp. 1546–1554,
2005.

[18] S. Li, S. Sims, Y. Jiao, L. H. Chow, and J. G. Pickering, “Evidence
from a novel human cell clone that adult vascular smooth
muscle cells can convert reversibly between noncontractile and
contractile phenotypes,” Circulation Research, vol. 85, no. 4, pp.
338–348, 1999.

[19] G. K. Owens, “Regulation of differentiation of vascular smooth
muscle cells,” Physiological Reviews, vol. 75, no. 3, pp. 487–517,
1995.

[20] G. K. Owens, M. S. Kumar, and B. R. Wamhoff, “Molecular
regulation of vascular smooth muscle cell differentiation in
development and disease,” Physiological Reviews, vol. 84, no. 3,
pp. 767–801, 2004.

[21] P. U. Rani, R. Kesavan, R. Ganugula et al., “Ellagic acid inhibits
PDGF-BB-induced vascular smooth muscle cell proliferation
and prevents atheroma formation in streptozotocin-induced
diabetic rats,” Journal of Nutritional Biochemistry, vol. 24, no.
11, pp. 1830–1839, 2013.

[22] K. K. Griendling and M. Ushio-Fukai, “Redox control of
vascular smooth muscle proliferation,” Journal of Laboratory
and Clinical Medicine, vol. 132, no. 1, pp. 9–15, 1998.

[23] Y. Taniyama and K. K. Griendling, “Reactive oxygen species in
the vasculature: molecular and cellularmechanisms,”Hyperten-
sion, vol. 42, no. 6, pp. 1075–1081, 2003.

[24] F. Romano, C. Chiarenza, F. Palombi et al., “Platelet-derived
growth factor-bb-induced hypertrophy of peritubular smooth
muscle cells is mediated by activation of p38 MAP-kinase and
of Rho-kinase,” Journal of Cellular Physiology, vol. 207, no. 1, pp.
123–131, 2006.

[25] H. P. Reusch, S. Zimmermann, M. Schaefer, M. Paul, and
K. Moelling, “Regulation of Raf by Akt controls growth and

differentiation in vascular smooth muscle cells,” Journal of
Biological Chemistry, vol. 276, no. 36, pp. 33630–33637, 2001.

[26] G. K. Owens and G. Wise, “Regulation of differentia-
tion/maturation in vascular smooth muscle cells by hormones
and growth factors,” Agents and Actions Supplements, vol. 48,
pp. 3–24, 1997.

[27] R. S. Blank and G. K. Owens, “Platelet-derived growth factor
regulates actin isoform expression and growth state in cultured
rat aortic smooth muscle cells,” Journal of Cellular Physiology,
vol. 142, no. 3, pp. 635–642, 1990.

[28] M. Gimona, I. Kaverina, G. P. Resch, E. Vignal, and G.
Burgstaller, “Calponin repeats regulate actin filament stability
and formation of podosomes in smoothmuscle cells,”Molecular
Biology of the Cell, vol. 14, no. 6, pp. 2482–2491, 2003.

[29] K. Hayashi, M. Takahashi, W. Nishida et al., “Phenotypic mod-
ulation of vascular smooth muscle cells induced by unsaturated
lysophosphatidic acids,” Circulation Research, vol. 89, no. 3, pp.
251–258, 2001.

[30] M.N. Corradetti andK.-L. Guan, “Upstream of themammalian
target of rapamycin: do all roads pass through mTOR?” Onco-
gene, vol. 25, no. 48, pp. 6347–6360, 2006.

[31] R. C. Braun-Dullaeus, M. J. Mann, U. Seay et al., “Cell cycle
protein expression in vascular smooth muscle cells in vitro and
in vivo is regulated through phosphatidylinositol 3-kinase and
mammalian target of rapamycin,” Arteriosclerosis, Thrombosis,
and Vascular Biology, vol. 21, no. 7, pp. 1152–1158, 2001.

[32] N. Auge, V. Garcia, F. Maupas-Schwalm, T. Levade, R. Salvayre,
andA. Negre-Salvayre, “Oxidized LDL-induced smoothmuscle
cell proliferation involves the EGF receptor/PI-3 kinase/Akt and
the sphingolipid signaling pathways,”Arteriosclerosis,Thrombo-
sis, and Vascular Biology, vol. 22, no. 12, pp. 1990–1995, 2002.

[33] J.-C. Stoclet, T. Chataigneau, M. Ndiaye et al., “Vascular protec-
tion by dietary polyphenols,” European Journal of Pharmacol-
ogy, vol. 500, no. 1–3, pp. 299–313, 2004.

[34] A. M. El-Mowafy and R. E. White, “Resveratrol inhibits MAPK
activity and nuclear translocation in coronary artery smooth
muscle: reversal of endothelin-1 stimulatory effects,” FEBS
Letters, vol. 451, no. 1, pp. 63–67, 1999.

[35] V. P. Ekshyyan, V. Y. Hebert, A. Khandelwal, and T. R. Dugas,
“Resveratrol inhibits rat aortic vascular smooth muscle cell
proliferation via estrogen receptor dependent nitric oxide pro-
duction,” Journal of Cardiovascular Pharmacology, vol. 50, no. 1,
pp. 83–93, 2007.



Research Article
Efficacy of a Low Dose of Estrogen on Antioxidant Defenses
and Heart Rate Variability

Cristina Campos,1 Karina Rabello Casali,2 Dhãniel Baraldi,1

Adriana Conzatti,1 Alex Sander da Rosa Araújo,1 Neelam Khaper,3 Susana Llesuy,4

Katya Rigatto,5 and Adriane Belló-Klein1

1 Universidade Federal do Rio Grande do Sul, Sarmento Leite, 500 Bairro Farroupilha, 90050-170 Porto Alegre, RS, Brazil
2 Instituto de Cardiologia do Rio Grande do Sul, 90620-001 Porto Alegre, RS, Brazil
3Medical Sciences Division, Northern Ontario School of Medicine, Lakehead University, Thunder Bay, ON, Canada P7B 5E1
4Universidad de Buenos Aires, C1053ABJ Buenos Aires, Argentina
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This study tested whether a low dose (40% less than the pharmacological dose of 17-𝛽 estradiol) would be as effective as the
pharmacological dose to improve cardiovascular parameters and decrease cardiac oxidative stress. Female Wistar rats (𝑛 =
9/group) were divided in three groups: (1) ovariectomized (Ovx), (2) ovariectomized animals treated for 21 days with low dose
(LE; 0.2mg), and (3) high dose (HE; 0.5mg) 17-𝛽 estradiol subcutaneously. Hemodynamic assessment and spectral analysis for
evaluation of autonomic nervous system regulation were performed. Myocardial superoxide dismutase (SOD) and catalase (CAT)
activities, redox ratio (GSH/GSSG), total radical-trapping antioxidant potential (TRAP), hydrogen peroxide, and superoxide anion
concentrations were measured. HE and LE groups exhibited an improvement in hemodynamic function and heart rate variability.
These changes were associated with an increase in the TRAP, GSH/GSSG, SOD, and CAT. A decrease in hydrogen peroxide and
superoxide anion was also observed in the treated estrogen groups as compared to the Ovx group. Our results indicate that a low
dose of estrogen is just as effective as a high dose into promoting cardiovascular function and reducing oxidative stress, thereby
supporting the approach of using low dose of estrogen in clinical settings to minimize the risks associated with estrogen therapy.

1. Introduction

The risk of cardiovascular disease (CVD) increases dramat-
ically in the postmenopausal women as compared to the
premenopausal women. Estrogen helps to protect women
against CVD during the childbearing years and, after
menopause, the CVD can be prevented or at least reduced
by estrogen therapy [1–3]. It has been demonstrated that
estrogen therapy can reduce many risk factors, improving
lipid profile and glucose metabolism [1].

The increased risk of CVD inmenopause is also accompa-
nied by oxidative stress, a condition when there is an increase
in reactive oxygen species (ROS) levels which may cause
oxidative damage to cells [4]. On the other hand, cells have

mechanisms to protect from ROS mediated toxicity. Glu-
tathione (GSH) is the major nonenzymatic antioxidant and
participates in many cellular reactions of ROS scavenging. In
such reactions, GSH is oxidized to form glutathione disulfide
(GSSG). An increase in the redox ratio which is represented
by GSH/GSSG is indicative of reduced oxidative stress [5].
An impairment in redox balance plays an important role in
the reduced nitric oxide bioavailability which may ultimately
affect the sympathovagal balance (SVB) [6, 7]. Moreover,
some studies have reported a link between menopause and
SVB impairment [8, 9] suggesting a role of estrogen in the
autonomic nervous control of the cardiovascular system.

Power spectral analysis of heart rate variability (HRV) is
a noninvasive method to assess SVB [10]. Alterations in HRV,

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2014, Article ID 218749, 7 pages
http://dx.doi.org/10.1155/2014/218749

http://dx.doi.org/10.1155/2014/218749


2 Oxidative Medicine and Cellular Longevity

which primarily reflect the tonic autonomicmodulation,may
have substantial clinical implications. Low HRV, which has
been shown in postmenopausal women, is associated with
an increased risk of CVD [11]. In addition, some studies
indicate that menopausal women have a sympathovagal
imbalance and that estrogen improves the SVB centrally
and peripherally by decreasing sympathetic and increasing
parasympathetic tone [12].

Estrogen therapy improveswomen’s quality of life [13] and
is widely used for controlling typical menopausal symptoms
such as vaginal atrophy, hot flushes, osteoporosis, and sleep
disturbances [14]. However, at standard pharmacological
doses, several adverse effects, including higher risk of breast
cancer, stroke, and venous thromboembolism, outweigh the
benefits of estrogen therapy [15].

As cardiovascular diseases are highly prevalent after
menopause [16] and estrogen is the most commonly used
treatment to reduce menopause symptoms [13], the need to
find a safer estrogen dose to control menopause related dis-
comforts has been recommended. Indeed, studies evaluating
different regimens of hormone therapy have demonstrated
that a low dose of estrogen is associated with a significant
decrease in mammographic density [17]. According to Mer-
curo et al. [18], low doses of estrogen are just as effective
as conventional doses to improve the lipid profile and the
endothelial function. Moreover, a low dose of estrogen has
demonstrated to be effective for the alleviation of climacteric
symptoms [19] and it has good tolerability associated with a
low incidence of the most common side effects [20].

There have been no studies to date that have tested the
effects of low dose of estrogen on oxidative stress and its asso-
ciation with the cardiac autonomic control in ovariectomized
rats. Thus, the aim of this study was to test whether the
treatment with a low dose of 17-𝛽 estradiol to ovariectomized
rats could be as effective as a pharmacological dose to reduce
the cardiac oxidative stress and improve the SVB.

2. Methods

2.1. Drugs and Reagents. Ketamine hydrochloride was pur-
chased from König Lab S.A., SP, Brazil, and xylazine, from
Virbac do Brazil I.P., SP, Brazil. 17-𝛽 estradiol and all other
drugs/reagents were purchased from Sigma Chemical Co., St.
Louis.

2.2. Animals and Groups. In total, 27 female Wistar rats
(body weight 200–230 g) from the animal care of the Federal
University of Rio Grande do Sul, Brazil, were kept at 20–22∘C
in a 12 : 12 h dark/light cycle. They were subjected to bilateral
ovariectomy under ketamine hydrochloride (80mg/kg i.p.)
and xylazine (16mg/kg i.p.) anesthesia. After one week
following ovariectomy, each ovariectomized animal received
subcutaneously (under ketamine and xylazine anesthesia)
silastic capsules either filledwith 17-𝛽 estradiol diluted in sun-
flower oil (treated groups) or only sunflower oil as a vehicle
(ovariectomized control group). Rats were divided into three
experimental groups (𝑛 = 9, per group): (1) ovariectomized
(Ovx) receiving only sunflower oil, (2) animals treated with

40% of the pharmacological (LE; 0.2mg/pellet for 21 days)
dose of estradiol, and (3) animals treated with a pharmaco-
logical (HE; 0.5mg/pellet for 21 days) dose of estradiol [21].
All animals had access to water and regular rodent chow ad
libitum. All procedures were approved by the Institutional
Animal Care Ethics Committee and the experiments were
conducted in accordance with the Guide for the Care and
Use of Laboratory Animals (US Department of Health and
Human Services, NIH publication number 86-23).

2.3. Hemodynamic Measurements. Under anesthesia (keta-
mine 80mg/kg, i.p.; xylazine 16mg/kg, i.p.), the left carotid
artery was cannulated with a PE 50 catheter connected to a
strain gauge transducer (Narco Biosystem Pulse Transducer
RP-155, Houston, TX, USA) linked to a pressure ampli-
fier (HP 8805C, Hewlett Packard). Pressure readings were
recorded on a microcomputer equipped with an analog-
to-digital conversion board (WinDaq, 2 kHz sampling fre-
quency; DataQ Instruments, Inc., Akron, OH). The catheter
was advanced into the left ventricle (LV) to record the left ven-
tricular systolic pressure (LVSP, mmHg), the left ventricular
end-diastolic pressure (LVEDP, mmHg), +dP/dt (mmHg/s),
−dP/dt (mmHg/s), and heart rate (HR). After hemodynamic
measurements, animals were sacrificed by decapitation for
heart and blood collection.

2.4. Autonomic Evaluation. After detecting the pulse inter-
vals, the heart rate was automatically calculated on a beat-
to-beat basis as the time interval between two consecutive
systolic peaks or pulse interval (PI). All detection was care-
fully checked to avoid erroneous or missed beats. Sequences
of 150–160 beats were randomly chosen and if there was an
inconsistent pattern, it was discarded and a new random
selection was performed. Frequency domain analysis of HRV
was performed with an autoregressive algorithm [22] on
the PI interval sequences (tachograms) and on respective
systolic sequences (cystograms). The power spectral density
was calculated for each time series. In this study, two spectral
components were considered: low frequency (LF), from 0.10
to 1.00Hz and high frequency (HF), from 1.00 to 5.00Hz.The
spectral components were expressed in absolute (abs) and
normalized units (nu). Normalization consisted of dividing
the power of a given spectral component by the total power,
then multiplying the ratio by 100 [23]. All recordings were
performed in a sound attenuated room. The ratio of LF/HF,
as an index of SVB, was also calculated.

2.5. Plasma Hormone Concentration. Plasma estradiol was
measured by electrochemiluminescence (Roche Diagnostics)
at the Weinmann Clinical Analysis Laboratory. Briefly, this
test employs the principle of competitive assay using a
polyclonal antibody against the 17-𝛽 estradiol.

2.6. Hydrogen Peroxide Concentration. The assay was based
on the horseradish peroxidase- (HRPO-) mediated oxidation
of phenol red by H

2
O
2
, leading to the formation of a com-

poundmeasureable at 610 nm.Heart slices were incubated for
30min at 37∘C in 10mmol/L phosphate buffer consisting of
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140mmol/L NaCl and 5mmol/L dextrose. The supernatants
were transferred to tubes with 0.28mmol/L phenol red and
8.5U/mL HRPO. After 5min incubation, 1mol/L NaOH was
added and it was read at 610 nm. The results were expressed
in nmol H

2
O
2
/g tissue [24].

2.7. Determination of Superoxide Anion Concentration.
Superoxide anion concentration was determined in heart
mitochondrial samples isolated by centrifugations. It was
based on the spectrophotometric measurement of the
epinephrine oxidation reaction in which superoxide anion
is a reactant, leading to the formation of a compound meas-
ureable at 480 nm. The results were expressed in mmol/mg
protein [25].

2.8. Preparation of Heart Homogenates for Analysis of Antiox-
idants. Hearts were homogenized in an ultra-Turrax blender
using 1 g of tissue for 5mL of 150mmol/L potassium chlo-
ride added to 20mmol/L phosphate buffer, pH 7.4. The
homogenates were centrifuged at 1000 g for 20min at −2∘C
as described elsewhere [26].

2.9. TRAP. Total antioxidant capacity (TRAP) was mea-
sured by chemiluminescence using 2,2-azo-bis(2-amidi-
nopropane) (ABAP, a source of alkyl peroxyl free radicals)
and luminol. A mixture consisting of 20mmol/L ABAP,
40 𝜇mol/L luminol, and 50mmol/L phosphate buffer (pH
7.4) was incubated to achieve a steady-state luminescence
from the free radical-mediated luminol oxidation. A calibra-
tion curve was obtained by using different concentrations
(between 0.2 and 1 𝜇mol/L) of Trolox (hydrosoluble form
of vitamin E). Luminescence was measured in a liquid
scintillation counter using the out-of-coincidence mode and
the results were expressed in units of Trolox/mg protein [27].

2.10. Determination of Total and Oxidized Glutathione Con-
centration. To determine oxidized (GSSG) and total glu-
tathione concentration, tissue was homogenized in 2mol/L
perchloric acid and centrifuged at 1000 g for 10min and
2mol/L potassium hydroxide was added to the supernatant.
The reaction medium contained 100mmol/L phosphate
buffer (pH 7.2), 2mmol/L NADPH, 0.2U/mL glutathione
reductase, and 70 𝜇mol/L 5,5 dithiobis (2-nitrobenzoic acid).
To determine oxidized glutathione, the supernatant was neu-
tralized with 2mol/L potassium hydroxide and inhibited by
the addition of 5𝜇mol/L N-ethylmaleimide and absorbance
was read at 420 nm [28]. Reduced glutathione (GSH) values
were determined from the total andGSSG concentration.The
redox status was represented by the GSH/GSSG ratio.

2.11. Determination of Antioxidant Enzyme Activities. Super-
oxide dismutase activity was expressed as units per milligram
of protein and is based on the inhibition of superoxide
radical reaction with pyrogallol [29]. Catalase activity was
determined in heart homogenates by following the decrease
in absorption of hydrogen peroxide. It was expressed as
pmol/mg protein [30]. Protein was measured in heart

Table 1: Morphometrics data.

Ovx (𝑁 = 9) LE (𝑁 = 9) HE (𝑁 = 9)
Uterine weight (g) 0.15 ± 0.01 0.63 ± 0.02∗ 0.89 ± 0.13∗†

Body weight (g) 234 ± 11 209 ± 9∗ 210 ± 7∗

Data are mean ± SD. Ovx: ovariectomized group; HE: high dose estrogen-
treated group; LE: low dose estrogen-treated group. ∗𝑃 < 0.05 versus Ovx;
†
𝑃 < 0.05 versus LE.

Table 2: Left ventricular hemodynamic parameters.

Ovx (𝑁 = 5) LE (𝑁 = 5) HE (𝑁 = 5)
LVEDP (mmHg) 12.17 ± 4.54 5.10 ± 1.98∗ 7.95 ± 2.21∗

LVSP (mmHg) 101.71 ± 12.78 120.91 ± 20.71 110.40 ± 7.51
HR (bpm) 212 ± 12.78 221 ± 22.59 183.81 ± 20.83

+dP/dt (mmHg/s) 5809 ± 924 6435 ± 549 5505 ± 450

−dP/dt (mmHg/s) −3946 ± 786 −5262 ± 890 −4098 ± 251
Data are mean ± SD. Ovx: ovariectomized group; HE: high dose estrogen-
treated group; LE: low dose estrogen-treated group. ∗𝑃 < 0.05 versus Ovx.

homogenates, using bovine serum albumin as described by
Lowry et al. [31].

2.12. Statistical Analysis. Data are shown as mean ± standard
deviation. Statistical analyses were performed using one-way
ANOVA followed by Student Newman-Keuls post hoc test.
The Pearson correlation was used to assess the association
among variables. 𝑃 < 0.05 was considered significant.

3. Results

3.1. Ovariectomy and Estradiol Therapy. As expected, the
ovariectomy decreased plasma estrogen concentration and
17-𝛽 estradiol treatment increased its concentration (LE = 587
± 19 pg/L, HE = 1813 ± 37 pg/L versus Ovx = 58 ± 6 pg/L).
This result is in consonance with Paigel et al. [32], who
observed serum estrogen levels in ovariectomized rats similar
to those observed by us. Moreover, in ovary-intact animals,
Paigel et al. [32] found estrogen serum concentration of about
120 pg/L. The 17-𝛽 estradiol treatment also significantly (𝑃 <
0.001) decreased the body weight and increased the uterine
weight (Table 1), confirming the effectiveness of hormonal
treatment.

3.2. Hemodynamic Parameters. The LVEDP, which is a dias-
tolic function, was significantly (𝑃 < 0.05) decreased in
LE (by 60%) and HE (by 35%) groups when compared to
Ovx animals. Moreover, no changes were found in +dP/dt,
a cardiac contractility index, and −dP/dt, a cardiac relaxation
index, LVSP, and HR, among any of the groups (Table 2).

3.3. Autonomic Evaluations. Hfabs, which represents the
parasympathetic drive, and HRV were significantly higher
(𝑃 < 0.05) in both the HE and LE groups as compared to
the Ovx group. LFabs, LFnu, HFnu, and LF/HF ratio did
not show any statistically significant differences with estrogen
treatment (Table 3).



4 Oxidative Medicine and Cellular Longevity

Table 3: Power spectral analysis.

Ovx (𝑁 = 5) LE (𝑁 = 5) HE (𝑁 = 5)
HRV (ms2) 14.34 ± 3.56 39.98 ± 11.00∗ 69.62 ± 27.32∗

LFabs (ms2) 2.49 ± 1.53 5.03 ± 1.89 8.09 ± 7.04

HFabs (ms2) 9.78 ± 2.84 28.04 ± 9.718
∗
53.35 ± 29.96

∗

LFnu 20.22 ± 5.20 16.67 ± 5.12 11.05 ± 3.03

HFnu 79.77 ± 5.14 83.32 ± 5.10 88.95 ± 15.74

LF/HF 0.25 ± 0.07 0.2 ± 0.07 0.12 ± 0.08

Data are mean ± SD. Ovx: ovariectomized group; HE: high dose estrogen-
treated group; LE: low dose estrogen-treated group; HRV: heart rate variabil-
ity; LFabs: absolute low frequency; HFabs: absolute high frequency; LFnu:
normalized low frequency; HFnu: normalized high frequency. ∗𝑃 < 0.05
versus Ovx.
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Figure 1: (a) Hydrogen peroxide concentration in myocardium
(in nmol/g tissue) and (b) superoxide anion concentration in
myocardium (inmmol/mg protein). Data are mean ± SD.𝑁 = 9 per
group. Ovariectomized group = Ovx; ovariectomized group treated
for 21 days with low dose of estrogen = LE; ovariectomized group
treated for 21 dayswith high dose of estrogen=HE. ∗𝑃 < 0.05 versus
Ovx.

3.4. Reactive Oxygen Species Concentrations. Cardiac H
2
O
2

concentration (in nmol/g tissue) was significantly decreased
(𝑃 < 0.05) in estrogen groups as compared to the Ovx
group (LE = 0.43 ± 0.10; HE = 0.38 ± 0.14 versus Ovx =
0.83 ± 0.32 (Figure 1(a)). Similarly, the cardiac superoxide
anion concentration (mmol/mg protein) was significantly
(𝑃 < 0.05) decreased in the treated groups (LE = 6.87 ± 3.13;
HE = 2.65 ± 1.37) as compared to the Ovx group (Ovx =
12.22 ± 3.90) (Figure 1(b)).

3.5. TRAP, Glutathione Concentration, and the Redox Ratio.
Total antioxidant capacitywas significantly higher in estrogen
treated groups as compared to the Ovx group. Moreover, a
strong positive correlation between TRAP and HRV (𝑟 =
0.8922; 𝑃 < 0.01) was also observed. GSSG levels decreased
in the HE group as compared to Ovx group. The redox
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Figure 2: (a) Superoxide dismutase activity (U/mg protein) and (b)
catalase activity (pmol/mg protein). Data are mean ± SD.𝑁 = 9 per
group. Ovariectomized group = Ovx; ovariectomized group treated
for 21 days with low dose of estrogen = LE; ovariectomized group
treated for 21 dayswith high dose of estrogen=HE. ∗𝑃 < 0.05 versus
Ovx.

(GSH/GSSG) ratio, which is an index of oxidative stress, and
GSHwere significantly (𝑃 < 0.05) higher in both the estrogen
treated groups when compared to the Ovx group (Table 4).

3.6. Antioxidant Enzyme Activities. SOD and CAT activities
were significantly higher in estrogen treated groups (SOD in
U/mg protein: LE = 33.65 ± 5.54; HE = 32.10 ± 6.80; CAT in
pmol/mg protein: 12.5 ± 2.0; 12.8 ± 2.9) as compared to the
Ovx group (SOD: 22.24±3.00; CAT: 8.9±1.4), and there was
no difference between HE and LE groups (Figures 2(a) and
2(b)).

4. Discussion

The present study showed for the first time that a low dose
of estrogen is just as effective as a high dose to improve the
antioxidant reserve and reduces cardiac oxidative stress. This
was associated with a lower LVEDP and higher HRV, which
signifies reduced cardiovascular risk.

In this study, we reported a significant decrease in LVEDP
in both estrogen-treated groups. This result is in agreement
with a study from Bhuiyan et al. [33] who demonstrated
similar values of LVEDP in ovariectomized rats. Moreover,
we did not observe significant differences in +dP/dt, an
index of myocardial contractility, or −dP/dt, an index of
myocardial relaxation, neither in LVSP andHR. Furthermore,
our study also is in consonance with Nekooeian and Pang
[34] who documented a decrease in LVEDP in rats treated
with a pharmacological dose of estrogen. This result suggests
a reduction in afterload with maintained systolic function.
Indeed, in another study we observed that estrogen therapy
induces an increase in aortic nitric oxide bioavailability,



Oxidative Medicine and Cellular Longevity 5

Table 4: Myocardial nonenzymatic antioxidant defenses.

Ovx (𝑁 = 9) LE (𝑁 = 9) HE (𝑁 = 9)
TRAP (units of Trolox/mg protein) 25.50 ± 7.96 57.60 ± 24.13∗ 53.55 ± 16.15∗

Total GSH (nmol/mg protein) 0.18 ± 0.08 0.32 ± 0.06∗ 0.28 ± 0.14∗

GSSG (nmol/mg protein) 0.026 ± 0.008 0.022 ± 0.005 0.014 ± 0.005
∗

GSH/GSSG 5.98 ± 2.45 13.57 ± 2.23
∗

19.55 ± 9.03
∗

Data are mean ± SD. Ovx: ovariectomized group; HE: high dose estrogen-treated group; LE: low dose estrogen-treated group. ∗𝑃 < 0.05 versus Ovx.

resulting in an increase in vasodilation and blood pressure
reduction [7]. Estradiol has been reported to play a role
in mediating a reduction in blood pressure in hypertensive
female animalmodels [7, 35, 36]. Moreover, since nitric oxide
is reported to increase diastolic distensibility [37], estrogen
treatment could prevent the increase of LVEDP by increasing
nitric oxide synthase activity in the heart as reported by
others [38].

We did not find changes in LFa, LFnu, HFnu, and LF/HF
ratio in the two treated groups. These results are consistent
with Schuchert et al. [39] who have also demonstrated
no changes in these parameters after estrogen treatment.
On the other hand, HFabs, an important index of cardiac
parasympatheticmodulation [23], was significantly improved
after estrogen treatment representing reduced cardiovascular
risk [40]. HRV was also increased in the estrogen treated
groups. This result is in agreement with Liu et al. [41] who
have reported that estrogen therapy is able to improve cardiac
autonomic control. Although no changes were found in HR,
our results demonstrated that there was a significant increase
in HRV after estrogen treatment. This result highlights the
effectiveness of estrogen, even in a low dose, to increase
HRV and potentially lower the risk factors for cardiovascular
complications [42]. More importantly, in our current study,
we also found a positive correlation between HRV and TRAP
(𝑟 = 0.8922; 𝑃 < 0.01), suggesting that an increase in the
antioxidant capacity might contribute to the improvement
in cardiac autonomic control. This association supports the
hypothesis that estrogen administration increases nonen-
zymatic antioxidants, which improves cardiac autonomic
control and reduces oxidative stress. According to Semen et
al. [43], a decrease in oxidative stress results in an improved
HRV. It has also been reported that estrogen therapy leads
to an increase in total serum antioxidant capacity resulting
in an improvement in the antioxidant status in women [44].
Accordingly, in the treated groups, we have observed an
increase in TRAP that represents an index of nonenzymatic
antioxidants, especially the hydrosoluble ones. One possible
explanation to this preservation in the nonenzymatic antiox-
idants could be the enhanced antioxidant enzyme activity.
In fact, SOD and CAT activities were significantly higher
after estrogen treatment. These results are in agreement with
others who have reported that estradiol has antioxidant prop-
erties whereby it increases CAT [45] and SOD activities and
decreases NADPH oxidase enzyme activity and superoxide
production [7, 45–47]. In the present study a significant
decrease in cardiac concentrations of superoxide anion and
hydrogen peroxide in animals treated with estrogen was also
documented. These results are in consonance with a study of

Lam et al. [48] who demonstrated a significant decrease in
superoxide anion production in aortas from ovariectomized
rats treated with estrogen. According to our results, the low
dose was also able to decrease these ROS concentrations.
Additionally, it is widely recognized that estrogen exhibits
protective antioxidant effects through the phenolic hydroxyl
group of 17-𝛽 estradiol that can act as a ROS scavenger [49].
Our findings do suggest that estrogen, even in a low dose, is
able to improve the antioxidant defenses and decrease ROS
concentrations.

Indeed, GSH/GSSG ratio was significantly increased and
GSSG was decreased in our treated groups. These results
indicate that there was a reduction in oxidative stress after
estrogen treatment. Our data are in agreement with Baeza et
al. [50], who also demonstrated that estrogen in a conven-
tional dose was able to decrease oxidative stress in liver, heart,
and kidney from ovariectomized rats.

This scenario, where antioxidants are increased and ROS
concentration is decreased, contributes to a more favorable
redox balance.

5. Conclusion

In conclusion, based on our results, estrogen therapy, even in
a low dose, reduced cardiac ROS concentration and increased
enzymatic and nonenzymatic antioxidants in ovariectomized
rats. This was reflected in improved left ventricle function
and cardiac autonomic control. Once these cardioprotective
effects were similar in low and high dose of estrogen, it is
reasonable to recommend low doses in clinical settings to
avoid undesirable side effects associated with the high dose.
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[19] R. Schürmann, T. Holler, and N. Benda, “Estradiol and
drospirenone for climacteric symptoms in postmenopausal
women: a double-blind, randomized, placebo-controlled study
of the safety and efficacy of three dose regimens,” Climacteric,
vol. 7, no. 2, pp. 189–196, 2004.

[20] P. H. van deWeijer, L. A. Mattsson, and O. Ylikorkala, “Benefits
and risks of long-term low-dose oral continuous combined
hormone therapy,”Maturitas, vol. 56, no. 3, pp. 231–248, 2007.

[21] S. E. Campbell and M. A. Febbraio, “Effect of the ovarian
hormones on GLUT4 expression and contraction-stimulated
glucose uptake,” The American Journal of Physiology—
Endocrinology and Metabolism, vol. 282, no. 5, pp. E1139–E1146,
2002.

[22] A. Malliani, M. Pagani, F. Lombardi, and S. Cerutti, “Cardio-
vascular neural regulation explored in the frequency domain,”
Circulation, vol. 84, no. 2, pp. 482–492, 1991.

[23] N. Montano, T. G. Ruscone, A. Porta, F. Lombardi, M. Pagani,
and A. Malliani, “Power spectrum analysis of heart rate vari-
ability to assess the changes in sympathovagal balance during
graded orthostatic tilt,” Circulation, vol. 90, no. 4 I, pp. 1826–
1831, 1994.

[24] E. Pick and Y. Keisari, “A simple colorimetric method for the
measurement of hydrogen peroxide produced by cells in cul-
ture,” Journal of ImmunologicalMethods, vol. 38, no. 1-2, pp. 161–
170, 1980.

[25] A. Boveris, “Determination of the production of superoxide
radicals and hydrogen peroxide in mitochondria,” Methods in
Enzymology, vol. 105, pp. 429–435, 1984.

[26] S. F. Llesuy, J. Milei, and H. Molina, “Comparison of lipid per-
oxidation and myocardial damage induced by adriamycin and
4-epiadriamycin in mice,” Tumori, vol. 71, no. 3, pp. 241–249,
1985.

[27] P. Evelson, M. Travacio, M. Repetto, J. Escobar, S. Llesuy, and
E. A. Lissi, “Evaluation of total reactive antioxidant potential
(TRAP) of tissue homogenates and their cytosols,” Archives of
Biochemistry and Biophysics, vol. 388, no. 2, pp. 261–266, 2001.

[28] T. P. Akerboom and H. Sies, “Assay of glutathione, glutathione
disulfide, and glutathione mixed disulfides in biological sam-
ples,”Methods in Enzymology, vol. 77, no. C, pp. 373–382, 1981.

[29] S. L. Marklund, “Superoxide dismutase isoenzymes in tissues
and plasma from New Zealand black mice, nude mice and
normal BALB/c mice,” Mutation Research, vol. 148, no. 1-2, pp.
129–134, 1985.

[30] H. Aebi, “Catalase in vitro,”Methods in Enzymology, vol. 105, no.
C, pp. 121–126, 1984.

[31] O. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J. Randall,
“Protein measurement with the Folin phenol reagent,” The
Journal of biological chemistry, vol. 193, no. 1, pp. 265–275, 1951.

[32] A. S. Paigel, R. F. Ribeiro Junior, A. A. Fernandes, G. P. Targueta,
D. V. Vassallo, and I. Stefanon, “Myocardial contractility is pre-
served early but reduced late after ovariectomy in young female
rats,” Reproductive Biology and Endocrinology, vol. 9, article 54,
2011.

[33] M. S. Bhuiyan, N. Shioda, and K. Fukunaga, “Ovariectomy
augments pressure overload-induced hypertrophy associated



Oxidative Medicine and Cellular Longevity 7

with changes in Akt and nitric oxide synthase signaling path-
ways in female rats,” The American Journal of Physiology—
Endocrinology andMetabolism, vol. 293, no. 6, pp. E1606–E1614,
2007.

[34] A. A. Nekooeian and C. C. Y. Pang, “Estrogen restores role of
basal nitric oxide in control of vascular tone in rats with chronic
heart failure,” The American Journal of Physiology—Heart and
Circulatory Physiology, vol. 274, no. 6, pp. H2094–H2099, 1998.

[35] Z. Wu, C. Maric, D. M. Roesch, W. Zheng, J. G. Verbalis, and K.
Sandberg, “Estrogen regulates adrenal angiotensin AT1 recep-
tors by modulating AT1 receptor translation,” Endocrinology,
vol. 144, no. 7, pp. 3251–3261, 2003.

[36] C. Hinojosa-Laborde, D. L. Lange, and J. R. Haywood, “Role of
female sex hormones in the development and reversal of Dahl
hypertension,” Hypertension, vol. 35, no. 1, pp. 484–489, 2000.

[37] B. D. Prendergast, V. F. Sagach, and A. M. Shah, “Basal release
of nitric oxide augments the Frank-Starling response in the
isolated heart,” Circulation, vol. 96, no. 4, pp. 1320–1329, 1997.

[38] S. Nuedling, S. Kahlert, K. Loebbert et al., “17𝛽-estradiol stim-
ulates expression of endothelial and inducible NO synthase in
rat myocardium in-vitro and in-vivo,” Cardiovascular Research,
vol. 43, no. 3, pp. 666–674, 1999.

[39] A. Schuchert, M. Liebau, G. Behrens, A. O. Mueck, and T.
Meinertz, “Are the acute effects of transdermal estradiol in
postmenopausal women with coronary artery disease related to
changes of the autonomic tone?” Zeitschrift fur Kardiologie, vol.
91, no. 2, pp. 156–160, 2002.

[40] F. M. Abboud, S. C. Harwani, andM.W. Chapleau, “Autonomic
neural regulation of the immune system: implications for
hypertension and cardiovascular disease,”Hypertension, vol. 59,
no. 4, pp. 755–762, 2012.

[41] C. C. Liu, T. B. J. Kuo, and C. C. H. Yang, “Effects of
estrogen on gender-related autonomic differences in humans,”
The American Journal of Physiology—Heart and Circulatory
Physiology, vol. 285, no. 5, pp. H2188–H2193, 2003.

[42] M.W. Gillman,W. B. Kannel, A. Belanger, and R. B. D’Agostino,
“Influence of heart rate on mortality among persons with
hypertension: the Framingham Study,” The American Heart
Journal, vol. 125, no. 4, pp. 1148–1154, 1993.

[43] K. O. Semen, O. P. Yelisyeyeva, D. V. Kaminskyy et al., “Interval
hypoxic training in complex treatment of Helicobacter pylori-
associated peptic ulcer disease,” Acta Biochimica Polonica, vol.
57, no. 2, pp. 199–208, 2010.

[44] M. Darabi, M. Ani, A. Movahedian, E. Zarean, M. Pan-
jehpour, and M. Rabbani, “Effect of hormone replacement
therapy on total serum anti-oxidant potential and oxidized
ldl/ß2-glycoprotein i complexes in postmenopausal women,”
Endocrine Journal, vol. 57, no. 12, pp. 1029–1034, 2010.
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Objectives. To evaluate if the prooxidant environment present in atherosclerotic plaque may oxidatively modify filtered albumin.
Methods. Fluorescein-5-maleimide labelled plasma samples and plaque extracts from 27 patients who had undergone carotid
endarterectomy were analysed through nonreducing SDS-PAGE for albumin-Cys34 oxidation. Furthermore, degree and pattern
of S-thiolation in both circulating and plaque-filtered albumin were assayed. Results.Albumin filtered in the atherosclerotic plaque
showed higher levels of Cys34 oxidative modifications than the corresponding circulating form as well as different patterns of S-
thiolation.Conclusions.Data indicate that the circulating albumin, once filtered in plaque, undergoes Cys34 oxidative modifications
and demonstrate for the first time that albumin is a homocysteine and cysteinylglycine vehicle inside the plaque environment.

1. Introduction

Human serum albumin (HSA) is the most abundant mul-
tifunctional plasma protein (about 60% of total protein
content). It is a small globular protein of 66,438Da that
accounts for both antioxidant functions such as ROS/RNS
scavenging, extracellular redox balance, and redox active
transition metal ion binding and transport functions for
many molecules such as fatty acids, nitric oxide, hemin and
drugs [1, 2]. Paradoxically, for cycling transition metal ions
such as iron and copper from less reactive (ferric/cupric) to
more prooxidant (ferrous/cuprious) states, albumin can also
display prooxidant properties [3]. Furthermore, albumin acts
as a strong inhibitor of apoptosis in cultured macrophages,
neutrophils, lymphocytes, and endothelial cells [4–7]. In its
primary structure, it contains 34 cysteine residues that con-
tribute with 17 disulfide bridges to overall tertiary structure
and one redox active free cysteine residue (Cys34), responsible
for many functions described above [1, 2]. It has been
reported that this highly reactive residue, which accounts for

80% (500 𝜇mol/L) of total thiols in plasma, is the preferential
plasma scavenger of oxygen and nitrogen reactive species,
having an unexpectedly low pKa compared to that of cysteine
and glutathione [8].

HSA is present primarily in the reduced form (mercaptal-
bumin), although about 30–40% could be variably oxidized
(nonmercaptalbumin), both reversibly as mixed disulfide
with low molecular weight thiols [9], S-nitroso Cys [10], or
sulfenic acid and irreversibly as sulfinic or sulfonic acid [11].
Furthermore, recently, it has been described that albumin,
through nucleophilic residues and in particular Cys34, is the
main plasma target of reactive carbonyl species such as 4-
hydroxy-trans-2-nonenal, therefore acting as an endogenous
detoxifying agent for these proatherogenic species [12].

Although a large number of clinical studies have associ-
ated both the albumin levels and the oxidation state of Cys34
to various clinical conditions such as aging [13], renal disease
[14], hepatic disease [15], diabetes [16], and coronary artery
disease [17–19], little is known about its pathophysiological
significance.
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Albumin S-thiolation by low molecular weight (LMW)
thiols, such as cysteine (Cys), homocysteine (Hcy), cys-
teinylglycine (Cys-Gly), glutamylcysteine (Glu-Cys), and
glutathione (GSH), is the most common Cys34 oxidative
modification. Even though high plasma levels of homocys-
teine are known to be an important risk factor in arterial
disease, the pathophysiological processes leading to arterial
injury have not been fully understood yet. It has been
reported that homocysteine promotes vascular endothelial
dysfunctions [20], stimulates the proliferation of vascular
smooth muscle cells [21], and induces extracellular matrix
remodelling through activation of latent metalloproteinases
[22, 23]. In this regard, also the activation of the pro-MMP-
1, -8, and -9 by S-glutathionylation, via the so-called cysteine
switch mechanism, has been described [24]. One interesting
hypothesis on the molecular mechanisms of homocysteine
action on vascular cells was proposed by Sengupta et al.
[25], who suggested that albumin could be homocysteine
vehicle inside the cells by some different described endocytic
pathways [26–29].

We have previously demonstrated that LDL apolipopro-
tein B-100 is able to bind all plasma thiols [30–32] and
that human carotid atherosclerotic plaques contain all LMW
thiols present in plasma but with a different distribution
[33]. Recently, by means of a proteomic approach on
human carotid atherosclerotic plaques, we evidenced that
the majority of extracted proteins were of plasma origin
(about 70% of total proteins), with albumin being the most
represented, and identified a panel of proteins differentially
expressed/oxidized in stable and unstable lesions [34, 35].

The aim of this work was to evaluate if the prooxi-
dant environment present in atherosclerotic plaque could
oxidatively modify the filtered albumin. In particular we
analysed fluorescein-5-maleimide labelled plasma andplaque
extracts by nonreducing SDS-PAGE for Cys34 oxidation and
assayed degree and pattern of HSA S-thiolation by applying
a highly sensitive quantitative method recently developed by
our research group [36].

2. Materials and Methods

2.1. Sample Collection. Twenty-seven atherosclerotic plaque
specimens were collected from patients undergoing carotid
endarterectomy and stored at −80∘C until analysis. Blood
samples were collected into Vacutainer tubes containing
EDTA and immediately processed. After centrifugation at
2,000 g for 10 minutes at 4∘C, plasma was separated and
stored at−80∘Cuntil analysis. Informed consentwas obtained
before enrolment.The studywas approved by the local Ethical
Committees of the University of Sassari and of Centro Cardi-
ologico “F. Monzino,” IRCCS, in accordance with institution
guidelines and conformed to the principles outlined in the
Declaration of Helsinki.

2.2. Plaque Proteins Extraction. Plaque segments were
thawed at 4∘C,washed in phosphate buffered saline to remove
residual blood, weighed, and finely minced with a tissue
slicer blade. Protein extraction was conducted in a buffer

containing 6mol/L guanidinium chloride, 50mmol/L
sodium acetate, 100 𝜇mol/L 4-amidinophenylmethanesul-
fonyl fluoride, 2𝜇g/mL Kallikrein inactivator, and 50𝜇mol/L
leupeptin (pH 7) at a ratio of 7mL of extraction buffer for 1 g
of wet weight tissue, under continuous shaking for 1 hour at
room temperature. The resulting suspension was centrifuged
at 65,000 g in a TL-100 centrifuge (Beckman Coulter, Brea,
USA) for 30 minutes at 20∘C. Extracts were delipidated [37]
and resolubilized in 250mmol/L Tris, 4% SDS, pH 7. Protein
concentration was quantified with the DC Protein Assay Kit
(Bio-Rad, Hercules, USA) using bovine serum albumin as a
standard.

2.3. Fluoro-Tagging of Protein Reduced Sulfhydryl Groups.
To evaluate HSA-Cys34 residue oxidation, we analysed
fluorescein-5-maleimide (F5M) labelled plasma samples and
plaque extracts by nonreducing SDS-PAGE, followed by
fluorescence image acquisition and Coomassie Brilliant Blue
G250 staining [35]. A calibration curve with commercial
bovine serum albumin, ranging from 0.04 to 1.0 𝜇g, was
set up. Both standards and samples were incubated with
phosphate buffered saline containing 25-fold molar excess of
F5M for two hours in the dark at room temperature follow-
ing the manufacturer instructions (PIERCE Biotechnology,
Rockford, USA). The fluorescent probe used is known to be
effective for labelling reduced protein sulfhydryl groups at pH
6.5–7.5 forming a stable thioether bond [38].

2.4. Nonreducing SDS-PAGE. After F5M labelling both stan-
dards and samples were solubilised with Laemmli buffer 4X
containing 250mmol/L Tris, 8% SDS, 40% glycerol, 0.0008%
bromophenol blue, and pH 6.8 at 60∘C for 30 minutes. 4 𝜇L
of each of derivatized standards and samples (about 1𝜇g
and 20𝜇g of total proteins for plasma and plaque extracts,
resp.), in duplicate, was resolved by Tris-glycine SDS-PAGE
in 0.75mm thick 10% T, 3% C running gel with a 5% T,
3% C stacking gel, in a Mini-Protean Tetra cell vertical
slab gel electrophoresis apparatus (Bio-Rad, Hercules, USA).
Electrophoresis was carried out in the dark at 50V for 15
minutes and subsequently at 150V until the bromophenol
dye front reached the lower limit of the gel. Fluorescence
images of resolved proteins were acquired by using the Gel
Doc XR system (Bio-Rad). Subsequently, gels were stained
with Coomassie Brilliant Blue G250 (CBB) and acquired by
using GS-800 calibrated densitometer (Bio-Rad, Hercules,
USA) at 63 𝜇m resolution. Gel images were analysed using
QuantityOne 4.6.3 software (Bio-Rad,Hercules, USA). HSA-
fluorescence intensity data were normalized forHSA content.

Precision tests were performed as follows: intra-assay CV
was evaluated bymeasuring fluorescent band intensity/𝜇gHSA
in the same sample, independently prepared ten times and
loaded in the same gel, while inter-assay CV was determined
by carrying out the measure on ten consecutive days.

2.5. HSA-Bound LMW Thiols Analysis. Levels of Cys34-
bound LMW thiols were evaluated as described previ-
ously [36]. Briefly, circulating and plaque-resident HSA
were resolved by nonreducing SDS-PAGE. Then, HSA
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Table 1: Levels of HSA-bound LMW thiols in plasma and plaque assayed by CE-LIF analysis.

HSA-bound thiols Plasma Plaque Plaque versus plasma
(pmol/nmol HSA) (pmol/nmol HSA) 𝑃 value∗

Cys-Gly 37.5 ± 24.5 5.1 ± 5.6 <0.001
Hcy 23.2 ± 8.7 9.8 ± 12.8 <0.001
Cys 402.2 ± 150.1 324.2 ± 329.0 0.227
GSH 3.4 ± 1.9 9.6 ± 6.5 <0.001
Glu-Cys 1.5 ± 0.9 1.8 ± 1.2 0.347
TOTALThiol 468.8 ± 165.2 351.1 ± 345.6 0.097
Values are mean ± SD.
Significant differences are reported in bold (𝑃 < 0.05).
∗Paired Student’s t-test.

bands were excised from the gel, destained and LMW
thiols extracted by incubating dried bands with 1% tri-
n-butylphosphine in aqueous solution (10% tri-n-butyl-
phosphine stock solution in N,N-dimethylformamide). After
5-iodoacetamidofluorescein (5-IAF) derivatization, LMW
thiols were resolved by using a P/ACE 5510CE system with
488 nm Argon ion laser (CE-LIF) (Beckman Coulter, Brea,
USA).

2.6. Statistical Analysis. Differences between circulating
human serumalbumin and the corresponding plaque-filtered
form were evaluated by using the paired Student’s 𝑡-test.
Both levels and distribution of LMW thiols in the two forms
have been analysed by using Pearson’s Product Moment
Correlation test.

3. Results

Preliminarily, we set up calibration curves and performed
precision tests on the adopted method for evaluating HSA
Cys34 total oxidation (Figure 1). Fluorescein-5-maleimide is
a reagent effective for labelling free sulfhydryl-containing
molecules since, at pH 7, the maleimide group is ∼1,000
times more reactive toward a free sulfhydryl than to an
amine [38]. Intra- and inter-assayCVswere 2.48%and 4.40%,
respectively. Analyses evidenced deep differences between
the circulating form of HSA and the corresponding filtered
in plaque, the latter being about 2.8-fold less fluorescent with
a 𝑃 value < 0.001 (Figure 2).

CE-LIF analyses evidenced no differences in total levels
of HSA-bound LMW thiols (35% versus 47% of thiolation,
𝑃 = 0.097) but a significant reduction of Cys-Gly (∼7-fold)
and Hcy (∼2-fold) as well as an increase of GSH (∼2.8-fold)
in plaque-filtered HSA compared to the circulating form
(Table 1 and Figure 3) that reflect distinct patterns of thio-
lation (Table 2 and Figure 4). Overall, results on Cys34 thiola-
tion highlight that, once filtered into the plaque environment,
HSA releases 15.8±10.9 and 32.4±24.9 pmoL/nmoLHSA of
HCy and Cys-Gly, respectively (corresponding to 16.2 ± 11.2
and 32.8 ± 23.9 nmoL/g extracted proteins for HCy and Cys-
Gly, resp.), which is noteworthy considering the high HSA
levels in plaque extracts (971.7 ± 536.9 nmoL/g extracted
proteins). Pearson’s correlation tests showed no correlation
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Figure 1: Calibration curves (a) showing a fluorescence linear
response of fluorescein-5-maleimide (F5M) labelled BSA over the
tested range (0.04–1.0𝜇g) with a determination coefficient R2 =
0.998, and a Coomassie Brilliant Blue G-250 (CBB) second order
polynomial response with R2 = 0.999 obtained by image analysis on
1D gels (b). AU: arbitrary units; BSA: bovine serum albumin.

between LMW thiols bound to circulating HSA and the
corresponding plaque-filtered form (Table 3).

4. Discussion

It is generally held that atherosclerotic plaques are character-
ized by a proinflammatory and prooxidant environment [39].
Previously, by applying proteomics to the study of carotid
plaque vulnerability, we identified a panel of proteins differ-
entially expressed in stable/unstable lesions, with prooxidant
and proinflammatory potentials, according to our current
understanding of the molecular basis of the atherosclerotic
process [34]. Furthermore, the study evidenced that about
70% of extractable proteins from plaques were of plasma ori-
gin, with albumin being the most represented [34]. Recently,
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Table 2: Distribution of HSA-bound LMW thiols in plasma and plaque.

HSA-bound thiols Plasma (%) Plaque (%) Plaque versus plasma 𝑃 value∗

Cys-Gly 8.01 ± 4.22 1.61 ± 1.26 <0.001
Hcy 5.10 ± 1.69 2.52 ± 1.07 <0.001
Cys 85.84 ± 5.15 89.78 ± 5.80 <0.001
GSH 0.73 ± 0.33 5.29 ± 5.55 <0.001
Glu-Cys 0.32 ± 0.15 0.79 ± 0.54 <0.001
Values are mean ± SD.
Significant differences are reported in bold (𝑃 < 0.05).
∗Paired Student’s t-test.
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Figure 2: Degree of HSA-Cys34 labelling by F5M in plasma and
in the corresponding plaque extracts expressed as fluorescent band
intensity normalized for 𝜇g of HSA (a) obtained by image analysis
of 1D gels. Circulating HSA (lanes 1, 3, . . .) and the corresponding
plaque-filtered form (lanes 2, 4, . . .) from 10 representative patients
are reported (b). CBB: Coomassie Brilliant Blue; F5M: fluorescein-5
maleimide.

we focused on some protein oxidative modifications, which
might occur in the plaque environment, observing a higher
degree of protein sulfhydryl oxidation of both plasma-derived
and topically expressed proteins in unstable plaques, partly
due to higher levels of S-thiolation [35]. In situ oxidative
events may have important functional consequences on
protein metabolic fate as well as on their bioactivity and

Table 3: Pearson’s correlations between HSA-bound LMW-thiols
levels in plasma and in plaque.

HSA-bound thiols Correlation coefficient 𝑃 value
Cys-Gly 0.049 0.812
Hcy −0.144 0.482
Cys 0.275 0.174
GSH 0.269 0.183
Glu-Cys 0.005 0.980
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Figure 3: Levels of LMW thiols extracted from both circulating and
plaque-filtered HSA, expressed as pmoles per pmoles of albumin,
obtained by CE-LIF analysis. ∗Significant differences between the
two HSA forms (𝑃 < 0.001). Cys-Gly: cysteine-glycine. HCy:
homocysteine. Cys: cysteine. GSH: glutathione. Glu-Cys: glutamyl-
cysteine.

antigenic properties. Therefore, in this study, we evaluated
albumin Cys34 oxidation/thiolation that could follow its
subendothelial infiltration in atherosclerotic plaque.

The degree of Cys34 oxidation was evaluated by
fluorescein-5-maleimide labelling of plasma and plaque
extracts. Samples were resolved by nonreducing SDS-
PAGE and analysed for fluorescent band intensity after
normalization for HSA quantity. The Cys34 residue of
plaque-filtered HSA was almost 3 times more oxidized with
respect to the corresponding circulating form, indicating
that the latter, once filtered in plaque, is subjected to
Cys34 oxidative modifications, probably due to the strong
prooxidant environment.
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Figure 4: Pattern of S-thiolation of circulating (a) and filtered HSA (b).

Degree and pattern of protein S-thiolation are the result
of both reactivity and levels of LMW-thiols and of protein-
SH groups microenvironment. S-Thiolation of circulating
albumin by LMW thiols is the most prevalent Cys34 oxidative
modification. Although the proinflammatory mechanisms
mediated by LMW thiols are not yet completely understood,
one interesting hypothesis suggests that albumin could be an
homocysteine vehicle inside the cells where it could exert its
noxious effects. In particular, after proteolysis in lysosomes,
both Hcy and the other LMW thiols could be released into
the cytosol, where they may alter the intracellular redox
potential or modify intracellular proteins resulting in cellular
dysfunction [25].

We evaluated albuminCys34 thiolation in plasma samples
and in the corresponding plaque extracts by a new approach
consisting of a preanalytical HSA purification by nonreduc-
ing SDS-PAGE, in gel extraction of LMW thiols and analysis
by CE-LIF [36]. Although no differences in total HSA-
bound LMW thiols levels between the circulating and filtered
forms were found, the obtained results evidenced pattern of
thiolation specific for the vascular compartment in which
HSA resides. In confirmation of these findings, Pearson’s
test indicated no correlation between levels of LMW thiols
bound to the two forms. Interestingly, GSH was significantly
higher while both Cys-Gly and Hcy were lower in plaque-
filtered HSA. Our data demonstrates, for the first time, that,
once filtered, albumin releases significant amounts of Hcy
and Cys-Gly in the plaque environment corresponding to
16.2 ± 11.2 and 32.8 ± 23.9 nmoL/g extracted proteins,
respectively. Compared to our previous data on total and

protein-bound intraplaque LMW thiols [33], such levels
represent the bulk of free Hcy and Cys-Gly inside the plaque
environment. The different equilibrium in the LMW thiols
bound to filtered albumin, with respect to the circulating
form, could be partly explained by the high intraplaque GSH
levels [33]. We hypothesize that, after being filtered into the
carotid subendothelial space, albumin is subjected to Cys34-
glutathionylation leading to the release of both Hcy and Cys-
Gly in the plaque environment. The high intraplaque GSH
levels are probably due to cell lysis during apoptotic and/or
necrotic events, as suggested by the positive correlation
between haemoglobin and GSH levels previously described
in carotid plaque extracts [33]. In this regard, haemoglobin
represented about 2.6% of total extracted proteins [34],
suggesting the relevance of red blood cell lysis in the elevated
levels of intraplaque GSH. We have previously demonstrated
that circulating LDL apolipoprotein B-100 is able to bind
all plasma thiols [30–32]. After infiltration in subendothelial
space, oxidative events could lead to proatherogenic LDL
isoformsmore susceptible to internalization bymacrophages.
Together with our previous report [33], the present results
highlight in situ oxidative modifications of plaque extractable
protein sulfhydryl groups that could play noteworthy roles
in atherosclerotic plaque development and deserve further
investigations. Since no differences in the degree of total
Cys34 thiolation between the two forms of albumin have been
detected, the higher degree of oxidation observed could be
ascribed to other oxidative modifications driven by ROS,
RNS, and reactive electrophilic aldehydes [10–12].
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5. Conclusions

By comparing circulating and plaque-filtered HSA, we
evidenced that the prooxidant environment present in
atherosclerotic plaque could modify filtered proteins also by
protein-SH group oxidation, probably contributing to plaque
progression. Moreover, the results showed patterns of HSA
thiolation specific for the filtered form and demonstrated,
for the first time, that albumin is a homocysteine and cys-
teinylglycine vehicle inside the plaque environment. In this
respect, the contribution of GSH to the intra-plaque protein-
bound LMW thiols equilibrium seems to be of particular
importance. For the first time, such a modification in a
plasma protein largely filtered in carotid plaque has been
described.
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Type 2 diabetes mellitus (T2DM) significantly increases risk for vascular complications. Diabetes-induced aorta pathological
changes are predominantly attributed to oxidative stress. Nuclear factor E2-related factor-2 (Nrf2) is a transcription factor orches-
trating antioxidant and cytoprotective responses to oxidative stress. Sulforaphane protects against oxidative damage by increasing
Nrf2 expression and its downstream target genes. Here we explored the protective effect of sulforaphane on T2DM-induced aortic
pathogenic changes in C57BL/6Jmice whichwere fedwith high-fat diet for 3months, followed by a treatment with streptozotocin at
100mg/kg bodyweight. Diabetic and nondiabeticmice were randomly divided into groups with andwithout 4-month sulforaphane
treatment. Aorta of T2DM mice exhibited significant increases in the wall thickness and structural derangement, along with
significant increases in fibrosis (connective tissue growth factor and transforming growth factor), inflammation (tumor necrosis
factor-𝛼 and vascular cell adhesionmolecule 1), oxidative/nitrative stress (3-nitrotyrosine and 4-hydroxy-2-nonenal), apoptosis, and
cell proliferation. However, these pathological changes were significantly attenuated by sulforaphane treatment that was associated
with a significant upregulation of Nrf2 expression and function. These results suggest that sulforaphane is able to upregulate aortic
Nrf2 expression and function and to protect the aorta from T2DM-induced pathological changes.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a growing public health
problem, associated with a substantial burden of morbidity
and mortality [1]. Youth with T2DM had higher rates of all
complications than nondiabetes subjects, and an overall 6.15-
fold increased risk of any vascular disease [2]. Individuals
with T2DM have a unique propensity towards microvascular
and macrovascular diseases [3]. The macrovascular disor-
ders include atherosclerosis, coronary artery disease, and
peripheral vascular diseases. Although application of drugs
and changing life style had been widely promoted to con-
trol the complications, unfortunately, the preventive of the
development and progression of vascular complications in

the diabetic patients remains unoptimistic [4]. Therefore, an
effective approach to prevent and/or delay the development
and progression of diabetic vascular complications urgently
needs to be developed.

Impaired endothelial function is considered as a major
diabetic vascular alteration, which may be mainly derived
from diabetes-induced overexpression of inflammation. Dia-
betic inflammation in the vascular endothelium leads to
continuous infiltration and accumulation of leukocytes at
sites of endothelial cell injury. Consistent with our previous
studies, vascular inflammatory responsewas increased in dia-
betic mice reflect by increased expression of tumor necrosis
factor-alpha (TNF-𝛼) and vascular cell adhesion molecule 1
(VCAM-1) [5, 6]. It is known that inflammation and oxidative
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Figure 1: Schematic illustration for the animal experimental design.

stress are reciprocal cause and outcomes [7]. There was also
increasing evidence indicating that the increased production
of reactive oxygen and/or nitrogen species (ROS and/or
RNS) is the major pathogenic factor responsible for the
development and progression of vascular complications in
diabetic patients, although several other mechanisms are also
proposed [8–10]. Clinical trials with single antioxidants or a
few have shown ineffective intervention in diabetic patients
[6, 9–11]; therefore, upregulation of multiple endogenous
antioxidants may be a better approach for the prevention of
diabetic vascular complications. Transcription factor nuclear
factor E2-related factor-2 (Nrf2) has been shown to play a
pivotal role in cellular preventing against oxidative stress and
damage in vitro and in vivo [12, 13]. Under physiological
conditions, Nrf2 generally localizes in the cytoplasm and
binds to its inhibitor Kelch-like ECH-associated protein 1
(Keap1) [14]; however, under oxidative or electrophilic stress
conditions, Nrf2 detaches from Keap1 and translocates into
the nucleus to bind to antioxidant-responsive elements (ARE)
in the promoter region of its downstream genes, such as
NADPH quinoneoxidoreductase (NQO1), heme oxygenase-1
(HO-1), glutathione S-transferase (GST), superoxide dismu-
tase (SOD), catalase (CAT), and other genes regulating the
responses to oxidative stress [15, 16]. The Nrf2-ARE pathway
is important in the cellular detoxification, antioxidant, and
anti-inflammatory system to protect the cell and tissue from
oxidative stress [17, 18]. Therefore, Nrf2 is widely appreciated
for its potential prevention of and/or therapy for diabetic
vascular complications [5, 19].

Sulforaphane (SFN) is an isothiocyanate that is found
in cruciferous vegetables and has a strong cytoprotective
function against oxidative stress. This beneficial effect was
mediated by its direct interaction with Keap1, resulting in the
disruption of Nrf2—Keap1 interaction. Released Nrf2 from
Keap1 enters into the nucleus to induce the expression of Nrf2
downstream antioxidant genes [14]. Evidence has confirmed
the specific cysteine residues of Keap1 that act as “sensors”
to be modified by SFN [20]. SFN as a Nrf2 activator [21]
has been reported to prevent oxidative damage [22] and
cardiovascular diseases [23]. SFN has garnered particular
interests as an indirect antioxidant due to its extraordinary
ability to induce expression of endogenous, multiple enzymes
via the upregulation of Nrf2 function [24]. Our previous
study has found that SFN had a beneficial effect on type 1

diabetic vascular complications [5]. However, there was no
report yet whether SFN can prevent the development of aortic
pathogenesis alterations in T2DM.

To this end, we used a type 2 diabetic mouse model to
verify the protective function of SFN against diabetic aortic
damage and dissect the underlying mechanisms. The experi-
mental design was illustrated in Figure 1. Type 2 diabetic
and age-matched control mice were treated with SFN for 4
months. At the end of 4 months treatment of SFN mice were
euthanatized for collecting tissues to perform the experi-
mental measurements.

2. Materials and Methods

2.1. Animals. C57BL/6J male mice, 8–10 weeks of age, were
purchased from the Jackson Laboratory (Bar Harbor, Maine)
and housed at theUniversity of Louisville ResearchResources
Center at 22∘C with a 12 h light/dark cycle with free access
to food and tap water. All experimental procedures for these
animals were approved by the Institutional Animal Care
and Use Committee of the University of Louisville, which is
compliant with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication number 85–23, revised 1996).

2.2. Type 2 Diabetes Model. To establish type 2 diabetic
model, mice were fed with high-fat diet (HFD, Research
Diets 12492, 60% kcal from fat) for 3 months, which made
these mice become significantly obese (44.6 ± 2.9 g for HFD
versus 32.4 ± 1.5 g for control, 𝑃 < 0.05). Insulin resistance
was also induced, shown by the increased area size under
curves for both Intraperitoneal (IP) glucose tolerance test
(IPGTT) (35493.28 ± 5270.90 for HFD versus 25114.82 ±
4630.55 for control, 𝑃 < 0.05) and IP insulin tolerance test
(IPITT) (15403.26±3252.76 for HFD versus 9790.5±3462.36
for control, 𝑃 < 0.05). These insulin resistant mice were
randomly injected intraperitoneally with STZ (Sigma-Aldich,
St. Louis, MO, dissolved in 0.1M sodium citrate (pH4.5,
Vehicle a, Figure 1)) at 100mg/kg body weight once [25,
26]. Five days after STZ injection, mice with hyperglycemia
(blood glucose levels ≥ 250mg/dL, blood sample collected
from the tail veinmeasured using a Free Style Lite glucometer
(Abbott Diabetes Care, Alameda, CA)) were defined as
diabetic. In parallel, age-matched control mice were given
low-fat diet (LFD, Research Diets 12450B, 10% kcal from fat)
for 3 month, followed by an injection of the same volume
of sodium citrate buffer when HFD-fed mice were received
STZ injection. Both diabetic and control mice continually
received HFD or LFD feeding for additional 4 months
(Figure 1). During this 4-month period, both diabetic and
control mice were further divided into two groups, with and
without SFN treatment (Sigma-Aldich), which were given
SFN at 0.5mg/kg subcutaneously for five days per week. Dose
of SFN used was based on our previous study [27].

At the end of the additional 4 months, these diabetic
mice remained showing the significantly increased insulin
resistance (29230±3173.43 for HFD versus 7947.50±1209.02
for control, 𝑃 < 0.05) and blood glucose (324.66 ± 51.07 for
HFD versus 116.00 ± 11.04 for control, 𝑃 < 0.05), insulin
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Figure 2: Protective effect of SFN on diabetes-induced aortic pathological changes. The pathogenic changes of aortas were examined by
H&E staining (a) and the accumulation of collagen was detected by Sirius-red staining (b), followed by semiquantitative analysis. Data were
presented as means ± SD (𝑛 = 6); ∗𝑃 < 0.05 versus corresponding Ctrl; #

𝑃 < 0.05 versus corresponding DM. Bar = 50𝜇M.

(0.8293 ± 0.13 for HFD versus 0.55 ± 0.05 for control, 𝑃 <
0.05), triglyceride (395.05±64.43 for HFD versus 48.48±4.80
for control, 𝑃 < 0.05), and cholesterol (139.12 ± 6.53 for
HFD versus 80.39 ± 15.56 for control, 𝑃 < 0.05) levels; all
of which are typical magnifications, suggesting the induction
of T2DM. In summary, there were four groups of mice (𝑛 = 6
at least per group): LFD control (Ctrl), LFD/SFN (SFN), type
2 diabetes (DM), and DM plus SFN (DM/SFN). At the end
of 4 months of SFN treatment, mice were euthanatized for
experimental measurements. Since SFN was dissolved in 1%
dimethyl sulfoxide (DMSO) and diluted in PBS, mice serving
as controls were also subcutaneously given the same volume
of PBS containing 1% DMSO (Vehicle b, Figure 1), based on
our own and other studies [27–29].

2.3. Aorta Preparation and Histopathological Examination.
After mice were anesthetized with 2,2,2-tribromoethanol
(commercial name: avertin) at 4–6mg/kg body weight,
thoraxes were opened and the descending thoracic aortas
were isolated carefully without rips or cuts. Aortic tissues
were fixed in 10% buffered formalin overnight. The fixed

tissues were cut into ringed segments (approx. 2-3mm in
length) so they can be dehydrated in graded alcohol series,
clean with xylene, embedded in paraffin, and sectioned at
5 𝜇m thickness for pathological and immunohistochemical
or immunofluorescent staining. Histological evaluation of
aorta was performed by H&E staining.The thickness of aorta
was evaluated by measuring the width of tunica media using
Image Pro Plus 6.0 software. For immunohistochemical or
immunofluorescent staining, paraffin sections from aortic
tissues were dewaxed, incubated with 1x Target Retrieval
Solution (Dako, Carpinteria, CA) in a microwave oven for
15min at 98∘C for antigen retrieval, followed by 3% hydrogen
peroxide for 10min at room temperature and 5% bovine
serum albumin for 60min, respectively. These sections
were then incubated with primary antibodies against con-
nective tissue growth factor (CTGF) at 1 : 100 dilution (BD
Bioscience, San Jose, CA) and transforming growth factor
(TGF-𝛽1) at 1 : 100 dilution (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), tumor necrosis factor-alpha (TNF-𝛼) at
1 : 50 dilution (Abcam, Cambridge, MA), vascular cell adhe-
sion molecule 1 (VCAM-1) at 1 : 100 dilution (Santa Cruz
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Figure 3: Protective effect of SFN on diabetes-induced aortic fibrosis. Aortic fibrosis was examined by immunohistochemical staining for
the expression of CTGF (a) and TGF-𝛽1 (b), followed by semiquantitative analysis. Data were presented as means ± SD (𝑛 = 6); ∗𝑃 < 0.05
versus corresponding Ctrl; #

𝑃 < 0.05 versus corresponding DM. Bar = 50𝜇M.

Biotechnology, Santa Cruz, CA, USA), 3-nitrotyrosine (3-
NT) at 1 : 400 dilution (Millipore, Billerica, CA), 4-hydroxy-
2-nonenal (4-HNE) at 1 : 400 dilution (Alpha Diagnostic
International, San Antonio, TX), Nrf2 at 1 : 50 dilution, and
Cu-Zn super oxide dismutase-1 (SOD-1) at 1 : 400 dilution
(both from Santa Cruz Biotechnology, Santa Cruz, CA,
USA) over night at 4∘C. Afterwards sections were washed
with PBS, and incubated with horseradish peroxidase con-
jugated secondary antibody (1 : 100–400 dilutions with PBS)
or Cy3-coupled donkey anti-rabbit or anti-goat IgG sec-
ondary antibody (1 : 200 dilution with PBS) for 1 h at room
temperature. For color development purposes, immunohis-
tochemical staining sections were treated with peroxidase
substrate DAB kit (Vector Laboratories, Inc. Burlingame,
CA) and counterstained the nuclei with hematoxylin, while
immunofluorescent staining sectionswere stainedwithDAPI
at 1 : 1000 dilution to localize the nucleus.

For quantitative analysis of these immunohistochemical
and immunofluorescent staining, the Nikon Eclipse E600
microscopy system was used and 3 sections at interval of 10
sections from each aorta (per mouse) were selected and at
least five high-power fields randomly sections were randomly

recaptured. Image Pro Plus 6.0 software was used to translate
the interesting area staining density into an integrated optical
density (IOD) that was divided by the area size of interest to
reflect the staining intensity, and the ratio of IOD/area size in
experimental group was presented as a fold relative to that of
control.

2.4. Sirius-Red Staining for Collagen. Aortic fibrosis was
detected by Sirius-red staining of collagen, as described in
our previous study [6]. Briefly sections were stained with
0.1% Sirius-red F3BA and 0.25% Fast Green FCF.The stained
sections were then assessed for the presence of collagen using
a Nikon Eclipse E600 microscopy system.

2.5. Terminal Deoxynucleotidyl-Transferase-Mediated dUTP
Nick-End Labeling (TUNEL) Staining. TUNEL staining was
performed with formalin-fixed, paraffin-embedded sections
using peroxidase in situ Apoptosis Detection Kit S7100 (Mil-
lipore, Billerica,MA), according to themanufacture’s instruc-
tion. The positively stained apoptotic cells were counted
randomly in five microscopic fields at least for each of the
three slides from each mouse under light microscopy. The
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Figure 4: Protective effect of SFN on diabetes-induced aortic inflammation. Aortic inflammation was examined by immunohistochemical
staining for the expression of TNF-𝛼 (a) and immunofluorescent staining for the expression ofVCAM-1 (red) (b), followed by semiquantitative
analysis. Data were presented asmeans± SD (𝑛 = 6); ∗𝑃 < 0.05 versus correspondingCtrl; #

𝑃 < 0.05 versus correspondingDM. Bar = 50𝜇M.

percentage of TUNEL positive cells relative to 100 nuclei was
presented.

2.6. Proliferating Cell Nuclear Antigen (PCNA) Staining. The
PCNA staining kit (Invitrogen, Camarillo, CA) was used for
staining proliferating cells, according to the manufacture’s
instruction. The positively stained proliferating cells were
counted randomly in five microscopic fields at least for each
of the three slides per mouse under light microscopy. The
percentage of PCNA positive cells relative to 100 nuclei was
presented.

2.7. Real-Time qPCR. Aortas were frozenwith liquid nitrogen
and stored at −80∘C. Total RNA was extracted using the
TRIzol Reagent (Invitrogen, USA). RNA concentrations and
purity were quantified using a Nanodrop ND-1000 spec-
trophotometer. First-strand complimentary DNA (cDNA)
was synthesized from total RNA according to manufacturer’s
protocol from the RNA PCR kit (Promega, Madison, WI).
Reverse transcription was performed using 0.5𝜇g of total
RNA in 12.5 𝜇L of the solution containing 4𝜇L 25mMMgCl

2
,

4 𝜇L AMV reverse transcriptase 5x buffer, 2𝜇L dNTP, 0.5 𝜇L
RNase inhibitor, 1 𝜇L of AMV reverse transcriptase, and
1 𝜇L of oligodT primer, which were added with nuclease-
free water to make a final volume of 20 𝜇L. Reaction system
was run at 42∘C for 50min and 95∘C for 5min. Primers
of Nrf2, SOD-1, HO-1, and GAPDH were purchased from
Applied Biosystems (Carlsbad, CA). Real-time quantitative
PCR (qPCR) was carried out in a 20𝜇L reaction buffer
that included 10 𝜇L of TaqMan Universal PCR Master Mix,
1 𝜇L of primer, and 9 𝜇L of cDNA with the ABI 7300
Real-Time PCR system. The fluorescence intensity of each
sample was measured at each temperature change to monitor
amplification of the target gene. The comparative cycle time
(CT) was used to determine fold differences between sam-
ples.

2.8. Statistical Analysis. Data were presented as mean ± SD
(𝑛 = 6). Comparisons were performed by two-way ANOVA
for the different groups.When therewas significant difference
among groups, the repetitive comparing Tukey’s test was
used to further analyse with Origin 7.5 Lab data analysis and
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Figure 5: Protective effect of SFN on diabetes-induced aortic oxidative damage. Aortic oxidative damage was examined by immunohisto-
chemical staining for the accumulation of 3-NT (a) and 4-HNE (b), followed by semiquantitative analysis. Data were presented as means ±
SD (𝑛 = 6); ∗𝑃 < 0.05 versus corresponding Ctrl; #

𝑃 < 0.05 versus corresponding DM. Bar = 50𝜇M.

graphing software. 𝑃 < 0.05 was considered as statistical
significance.

3. Result

3.1. SFN Prevented T2DM-Induced Aortic Pathological
Changes and Fibrosis. At the end of experiment, aortas were
examined pathologically by H&E staining, which displayed
significantly increase of the tunica media thickness in
T2DM mice (Figure 2(a)). Sirius-red staining also revealed
an increased collagen accumulation in tunica media of
aortas in T2DM group (Figure 2(b)). However, all these
pathological changes observed in the aortas of T2DM mice
were completely prevented by the 4-month SFN treatment.

To further detect the preventive effect of SFN on
T2DM-induced aortic fibrosis, immunohistochemical stain-
ing showed the increased expression of profibroticmediators,
CTGF (Figure 3(a)), and TGF-𝛽1 (Figure 3(b)), in aortic
tunica media of diabetic mice. Supplementation with SFN
completely prevented these fibrotic responses in the aortas of
type 2 diabetic plus SFN mice (DM/SFN group).

3.2. SFN Prevented T2DM-Induced Aortic Inflammation and
Oxidative Damage. On account of the fact that both inflam-
mation and oxidative damage are primary risk factors for the
vascular endothelium remodeling, the expression of TNF-
𝛼 (Figure 4(a)) and VCAM-1 (Figure 4(b)) was examined
with immunohistochemical and immunofluorescent stain-
ing, which showed a significant increase in aortic tunica
media of T2DMmice, an effect that was completely prevented
by 4-month SFN treatment.

Considering that inflammation and oxidative stress are
reciprocal cause and outcomes, oxidative and nitrative dam-
age was examined by immunohistochemical staining for
increased accumulation of 3-NT (Figure 5(a)) and 4-HNE
(Figure 5(b)), which was found to be significantly increased
in the aortic tunicamedia of T2DMmice.However, treatment
with SFN for 4 months completely prevented the oxidative
damage (Figures 5(a) and 5(b)).

3.3. SFN Prevented T2DM-Induced Aortic Apoptotic Cell
Death and Proliferation. We recently reported the induction
of apoptotic cell death and cell proliferation in the aortas of
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Figure 6: Diabetes-induced aortic apoptosis and proliferation increased. The apoptotic cell was examined by TUNEL staining (a) and the
proliferation of aortic tunicamedia was examined by PCNA staining (b), followed by semiquantitative analysis. Data were presented asmeans
± SD (𝑛 = 6). ∗𝑃 < 0.05 versus corresponding Ctrl; #

𝑃 < 0.05 versus corresponding DM. Bar = 50𝜇M.

T2DM mice [6]. The next study was conducted to further
examine the effect of SFN on the cell death and prolifera-
tion by TUNEL staining (Figure 6(a)) and PCNA staining
(Figure 6(b)), which showed significant increases of apop-
totic cell death and proliferation in the aortas of T2DMmice,
but not in the aortas of diabeticmicewith SFNadministration
(DM/SFN group).

3.4. SFN Upregulated the Expression of Nrf2 and Its Down-
stream Genes. The above results showed that SFN protected
diabetic induction of aortic fibrosis, inflammation, and
oxidative damage. Considering that oxidative stress has been
extensively considered as the pivotal mediator for various
cardiovascular complications of diabetic patients, we assume
that the above pathological changes in the aortas of T2DM
mice may predominantly attribute to the increased oxidative
stress.The protective effect of SFNon diabetes-induced aortic
pathogenesis may be mediated by upregulation of endoge-
nous antioxidants. SFN is an Nrf2 activator [21], therefore,
whether SFN protects the aorta from diabetes by activating
Nrf2 was examined first by measuring the expression and

transcription of Nrf2. Immunofluorescent staining showed
that diabetes significantly decreased Nrf2 protein (Figures
7(a) and 7(b)) expression in the aorta of T2DM compared to
control. Similarly, the Nrf2-downstream gene SOD-1 protein
(Figures 8(a) and 8(b)) expression also decreased in the aorta
of T2DM compared to control. Furthermore, diabetes also
significantly downregulated the mRNA expression of Nrf2
(Figure 7(c)) and its downstream antioxidant genes SOD-1
(Figure 8(c)) and HO-1 (Figure 8(d)) in the aorta of T2DM
compared to control. Although 4 months of SFN treatment
significantly increased Nrf2 and its downstream antioxidant
genes at both protein and mRNA levels in non-DM and
T2DMmice.

4. Discussion

We have provided the first experimental evidence to show
the significant protective effect of SFN on the aorta against
T2DM-induced damage. Significant increase of aortic wall
thickness, fibrosis, inflammation, oxidative damage, apopto-
sis and proliferation was developed in type 2 diabetic mice,
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Figure 7: Effects of SFN on aortic expression of Nrf2. Aortic expression of Nrf2 was examined by immunofluorescent staining for its protein
expression (red) (a) with semiquantitative analysis (b) and real-time PCR for its mRNA level (c). Data were presented as means ± SD (𝑛 = 6).
∗

𝑃 < 0.05 versus corresponding Ctrl; #
𝑃 < 0.05 versus corresponding DM. Bar = 50𝜇M.

and these pathological changes were significantly prevented
by treatment with SFN, which is associated with the upregu-
lation of aortic Nrf2 expression and transcription.

Chronic inflammation plays an important role for the
development of various chronic pathogeneses, including
diabetes [30–33].The effects of chronic inflammation include
induction of oxidative stress, apoptotic cell death, and
abnormal cell proliferation, all of which could contribute to
the tissue structural and functional abnormalities [30–33]. In
the present study we demonstrated the diabetic induction of
aortic inflammation, shown by increased expression of TNF-
𝛼 (Figure 4(a)), VACM-1 (Figure 4(b)) in the aorta of T2DM,
whichwas accompaniedwith increased aortic oxidative stress
(3-NT (Figure 5(a)) and 4-HNE (Figure 5(b))), apoptotic cell
death (TUNEL (Figure 6(a))), cell proliferation (PCNA (Fig-
ure 6(b))), and remodeling (CTGF (Figure 3(a)) and TGF-𝛽1
(Figure 3(b))) in T2DM group. All these pathogenic alter-
ations were prevented by SFN administration.These findings
are consistent with the classic concept that inflammation and
oxidative stress are reciprocal cause and outcomes [7], both
of which are main pathogenic factors for the development of
various cardiovascular diseases under stress conditions.

It is known that Nrf2 expression and transcription in
vitro and in vivo are increased in response to oxidative
stress [34–36]. Ungvari et al. found that HFD increased
endothelia ROS levels and endothelial dysfunctions were
significantly severer in Nrf2-KOmice than in wild-type mice
[37], indicating that adaptive upregulation of Nrf2-driven
antioxidant systems effectively attenuates cellular oxidative
stress under diabetic conditions [37]. There are a few studies
recently, indicating the protective effect by activation of
Nrf2 with various compounds on the aortas under various
pathological conditions [6, 38, 39]. Here we have found that
SFN treatment also significantly increased Nrf2 expression
and function (Figure 7), which indicates that SFN prevents
diabetes-induced aortic pathogenesis that may be associated
with the upregulation of Nrf2.

In previous studies from our group and others, Nrf2 was
found to play a critical role in preventing diabetes-induced
aortic damage [5, 6, 19] and cardiac or renal damage [40–43].
We found that Nrf2 expression in the aorta was significantly
upregulated at 3 months without significant aortic damage,
but significantly downregulated at 6 months along with
significant aortic damage in type 1 diabetic mouse model [5].
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Figure 8: Effects of SFN on aortic expression of Nrf2 downstream genes. Aortic expression of Nrf2 downstream genes SOD-1 expression was
examined by immunohistochemical staining for protein expression (a) in aortic tunicamedia with semiquantitative analysis (b) and real-time
PCR at mRNA level SOD-1 (c) and HO-1 (d). Data were presented as means ± SD (𝑛 = 6). ∗𝑃 < 0.05 versus corresponding Ctrl; #

𝑃 < 0.05

versus corresponding DM. Bar = 50𝜇M.

Similarly, aortic expression of Nrf2-driven antioxidant
enzymes markedly increases in young mice fed a HFD, but
tend to decrease or only mild increase in middle-aged mice
fed a HFD, despite the fact that vascular oxidative stress is
more severe in HFD-fed middle-aged mice than in young
mice [44]. Consistent with these previous studies, we found
the significant reduction of Nrf2 expression at both pro-
tein andmRNA levels in the aorta of type 2 diabetic mice at 4
months (Figure 7), along with significant downregulation of
its transcription function that is reflected by the expression
of its downstream antioxidant genes SOD-1 and HO-1 (Fig-
ure 8), which were accompanied by significant aortic dam-
age. Most importantly, SFN-treated type 2 diabetic mice
showed a significant increase of aortic Nrf2 expression and
function. The upregulated Nrf2 and its downstream anti-
oxidant genes in SFN-treated type 2 diabetic mice efficiently
reduced diabetes-induced oxidative damage, inflammation,
apoptosis, proliferation, and remodeling and eventually
significantly prevented the aortic pathological and structural
changes.

5. Conclusions

In summary, to our knowledge, this is the first study to inves-
tigate the protective effects of SFN against T2DM-induced
aortic pathological changes. We found that treatment with
SFN can completely reverse and/or prevent the progression
of diabetes-induced aortic fibrosis, inflammation, oxidative
damage, apoptosis, and proliferation in T2DMmice. Mecha-
nism responsible for the preventive effect of SFN is related
to upregulation of Nrf2 expression and function to afford
potent antioxidant effect. Considering the fact that SFN is a
molecule able to be obtained fromcruciferous vegetables such
as broccoli, cauliflower, or cabbages [24], our findings would
be very important for patients with T2DM consider intaking
foods rich with SFN for preventing vascular complica-
tions.
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We examined whether cellular antioxidant-defence enhancement preserves diastolic dysfunction via regulation of both diastolic
intracellular free Zn2+ and Ca2+ levels ([Zn2+]

𝑖
and [Ca2+]

𝑖
) levels N-acetyl cysteine (NAC) treatment (4 weeks) of diabetic rats

preserved altered cellular redox state and also prevented diabetes-induced tissue damage and diastolic dysfunction with marked
normalizations in the resting [Zn2+]

𝑖
and [Ca2+]

𝑖
. The kinetic parameters of transient changes in Zn2+ and Ca2+ under electrical

stimulation and the spatiotemporal properties of Zn2+ and Ca2+ sparks in resting cells are found to be normal in the treated diabetic
group. Biochemical analysis demonstrated that the NAC treatment also antagonized hyperphosphorylation of cardiac ryanodine
receptors (RyR2) and significantly restored depleted protein levels of both RyR2 and calstabin2. Incubation of cardiomyocytes
with 10 𝜇M ZnCl

2
exerted hyperphosphorylation in RyR2 as well as higher phosphorphorylations in both PKA and CaMKII in

a concentration-dependent manner, similar to hyperglycemia. Our present data also showed that a subcellular oxidative stress
marker, NF-𝜅B, can be activated if the cells are exposed directly to Zn2+. We thus for the first time report that an enhancement
of antioxidant defence in diabetics via directly targeting heart seems to prevent diastolic dysfunction due to modulation of RyR2
macromolecular-complex thereby leading to normalized [Ca2+]

𝑖
and [Zn2+]

𝑖
in cardiomyocytes.

1. Introduction

Diabetic cardiomyopathy was first recognized by Rubler
et al. [1] in diabetic humans with congestive heart failure
without any evidence of coronary atherosclerosis. It is well
accepted that chronic hyperglycemia is an important risk
factor for myocardial infarction, and importantly, both acute
and chronic hyperglycemia trigger several biochemical and
electrophysiological changes resulting in an impaired cardiac
contractile function [2]. Hypoglycemia first initiates repeated
acute changes in cellular metabolism and then followed by
cumulative long-term changes in macromolecules. The long-
term changes include mainly a big amount of increases in
the production of reactive oxygen species, ROS, which then
induce a diabetic tissue/cell damage in several target organs
including the heart [3–5]. Although oxidants are produced

also in healthy tissues, increased oxidative stress plays an
important role in the development of a number of diseases
such as cardiovascular system disorders [6].

Accumulated evidence indicates that oxidative stress has
closely been associated with diabetes and its complication
including diabetic cardiomyopathy. Increased oxidative stress
results also from a reduction of antioxidants/antioxidant
defence system, thereby contributing to the initiation and
progression of cardiac dysfunction [7]. Hyperglycemia-
induced oxidative stress can also result in formation of
misfolded or damaged proteins as well as changes in cellular
redox status, which is closely modulated by reductants or
antioxidant molecules as well as enzymes [8, 9]. There-
fore, an imperfection in the cellular defence systems leads
to development over time of oxidatively damaged cellular
macromolecules and consequently, in part, dyshomeostasis
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in intracellular free Ca2+ [10]. In addition, it has been also
shown that intracellular free Zn2+ level can increase rapidly
in cardiomyocytes due to the mobilization of Zn2+ from
intracellular stores mostly by ROS [11, 12].

Zinc, being an essential trace element, is vital in main-
taining normal physiology and cellular functions inmany cell
types. Intracellularly, it is mostly bound to metalloproteins
and plays a key role as an activating cofactor for many
enzymes. On the cellular level, it has been demonstrated
that the intracellular Zn2+ homeostasis is involved in signal
transduction, in which Zn2+ acts as an intracellular mediator,
similar to Ca2+ [13, 14]. Total Zn2+ in eukaryotic cells (up
to 200𝜇M) is not too different from the Ca2+ one with 30%
localized in the nucleus, 50% in the cytosol and organelles,
and the remainder associated with the proteins [15]. In
cardiomyocytes, the intracellular free Zn2+ concentration
([Zn2+]

𝑖
) is measured to be less than one nanomolar under

physiological conditions [11, 16], similar to the one reported
in HT-29 cells [17], that is, some 100-fold less than that of
intracellular free Ca2+. Moreover, oxidants caused about 30-
fold increase in intracellular free Zn2+ but only 2-fold in
intracellular free Ca2+ in freshly isolated cardiomyocytes [11].

Zinc, a redox-inactive metal, has been long viewed as a
component of the antioxidant network, and growing evidence
points to its involvement in redox-regulated signaling via a
direct or indirect regulation [18, 19]. Although there are a
number of findings on cell/tissue dysfunction and its associ-
ation with cellular oxidative stress level, redox signaling, and
intracellular free Zn2+ level, very little is known about the
contribution as well as the intracellular control of free Zn2+ in
cardiomyocytes under physiological and pathophysiological
conditions. Ca2+ release from intracellular storesmainly from
sarcoplasmic reticulum (SR) via ryanodine receptors (RyR2)
plays an important role in the regulation of cardiac func-
tion. Changes in the channel regulation are demonstrated
to cause diastolic Ca2+ leakage from SR, which underlies
many cardiac dysfunctions including diabetic cardiomyopa-
thy [20]. Since redox modifications of RyR2 with direct
and/or indirect action of oxidants contribute to SR Ca2+
leak in cardiomyocytes under many diseased-heart models
[21–24], RyR2s are modulated with sulfhydryl oxidation in
cardiomyocytes biphasically [25], high glucose attenuates
protein S-nitrosylation via superoxide production [26], and
nitric oxide (NO)mediates intracytoplasmic and intranuclear
Zn2+ release [27], we aimed to test a hypothesis that the
intracellular free Zn2+ changes, via increased oxidative stress
and/or defective antioxidant defence system, play an impor-
tant role in the development of diabetes-related alterations
in RyR2 function. Under published data, we hypothesized
that alterations in phosphorylation status of RyR2 are not
the only type of biochemical modification in diabetic heart
[20]. Shortly, diabetes is accompanied by increased oxidative
stress and defective antioxidant defence system [28, 29] via
increased ROS/RNS production, which can cause changes in
RyR2 function as well as release of Zn2+ from intracellular
stores [11, 12]. Accordingly, the goal of the present study
was to test whether intracellular Zn2+ release besides Ca2+

release due to an increased oxidative stress/defective antioxi-
dant defence system in cardiomyocytes under hyperglycemia
mediates in part RyR2 leak and consequently diastolic dys-
function in heart from streptozotocin (STZ)-diabetic rats by
using N-acetyl cysteine (NAC), under in vivo and in vitro
approaches.

2. Materials and Methods

2.1. Experimental Rats and Diabetes Model. Male Wistar rats
were used (200–250 g). Diabetes was induced in diabetic
group as previously described [20]. One week after injection
of STZ, blood glucose level was measured and rats with at
least 3-fold higher level of blood glucose than preinjection
level were used in the experiments as diabetic animals (DM
group). Diabetic animals, 4 weeks after diabetes confirma-
tion, received eitherN-acetyl cysteine (NAC; 150mg/kg, daily
and intragastrically, DM + NAC group) or vehicle (saline)
for 4 weeks in an identical fashion, while nondiabetic rats
(CON group) received saline alone. All rats had free access
to standard chow and water. All animals were handled in
accordance to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH publication number 85-23, revised 1996). The protocol
was approved by the Ankara University Experimental Ani-
mals Ethics Committee, and approval reference number is
2011-115-449.

2.2. Assessment of Oxidative Stress/Antioxidant Status in Plas-
ma and Heart Homogenates. Lipid peroxides, derived from
polyunsaturated fatty acids, are unstable and decompose to
form a complex series of compounds, which include reactive
carbonyl compounds, such as MDA. Plasma lipid peroxida-
tion was determined by measuring malondialdehyde (MDA)
level with thiobarbituric acid reactive substances (TBARS)
assay kit (Cayman Chemical Company). The MDA-TBA
adduct was formed under high temperature and acidic
condition was measured colorimetrically at 530–540 nm.

Plasma glutathione status was determined by measuring
reduced glutathione (GSH) and oxidized glutathione (GSSG)
levels, carried out with glutathione assay kit (Cayman Chem-
ical Company) containing 2-(N-morpholino)ethanesulfonic
acid buffer, GSSG standard, enzyme mixture, and 5,5-
dithiobis(2-nitrobenzoate). Levels of GSH and GSSG were
calculated using reduced glutathione standard and the results
were expressed as 𝜇mol/L. Detection limits for GSH and
GSSG were 0.1 𝜇mol/L and 0.001 𝜇mol/L, respectively, while
intraassay coefficients of variation for GSH and GSSG were
0.96% and 6.45%, respectively.

To prepare heart homogenates, first frozen hearts were
pulverized at liquid N

2
temperature and then homogenized

[30]. Protein contents in homogenateswere analyzed by using
the Bradford method (Bio-Rad). Bovine serum albumin was
used as a protein standard. Protein oxidation level in heart
homogenates was determined as described previously [31].

Total sulfhydryl (SH) and acid-soluble sulfhydryl (total
thiol and free thiol) groups of proteins were estimated
with Ellman’s reagent as described previously [31]. Shortly,
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heart homogenates were thawed and lysed in 0.2MTris/HCl
buffer, pH 8.1, containing 2% sodium dodecylsulfate. For
determination of total SH groups, 0.05mL of aliquots of cell
lysates was mixed with 0.8mL of distilled water and 0.1mL
of 2mM5,5-dithiobis-(2-nitrobenzoic acid). Absorbances of
the supernatants were read at 412 nm (Shimadzu UV-120-
02 spectrophotometer). After correction of the absorbances
with sample and reagent blanks, levels of SH groups in each
sample were calculated employing an extinction coefficient
of 1.31mM−1⋅mm−1. To determine level of acid-soluble SH
groups, 0.7mL aliquots of heart homogenate lysates were
mixed with 0.35mL of 20% trichloroacetic acid (TCA) and
final precipitates were washed with 0.2mL of 20% TCA in
a similar manner and the supernatants were combined and
brought to pH 8 with NaOH. The total SH levels of the
supernatants were measured as described above for free SH
measurement.

2.3. Electron Microscopy. Histological examination was per-
formed as described elsewhere. For electron microscopy
evaluation, samples were fixed in 2.5% glutaraldehyde in
phosphate buffer for 2–4 h at 4∘C and postfixed in 1% osmium
tetroxide. Following samples dehydration through graded
alcohol concentrations (50%, 75%, 96%, and 100%), the heart
tissues were embedded into Araldite 6005. The embedded
samples were sliced at a thickness of 4–6 𝜇m using a Leitz-
1512 microtome. Sections were stained with uranyl acetate-
lead citrate for examination by using a Leo 906E transmission
electron microscopy.

2.4. Isolated Langendorff-Perfused Hearts. Hearts were iso-
lated and perfused as described previously [30]. Briefly,
isolated hearts were electrically stimulated (DCS, Harvard
Instruments) at 300 beats/min by a square wave of twice the
threshold voltage of 1.5ms duration. Hearts were perfused
for a total of 50–60min and functional parameters were
determined at 40min. The left ventricular end-diastolic
pressure (LVEDP) changes of isolated hearts were measured.

2.5. Isolation of Ventricular Cardiomyocytes. Cell isolation
was performed as described elsewhere [31]. Briefly, rats
were anaesthetized using sodium pentobarbital (30mg/kg,
intraperitoneal) and ventricles were removed from rapidly
excised hearts andminced into small pieces and gently passed
through a nylon mesh. Following collagenase digestion, dis-
sociated cardiomyocytes were washed with collagenase-free
solution. Subsequently Ca2+ in the medium was gradually
increased to a final concentration of 1.3mM. Cells were kept
in this solution at 37∘C and only Ca2+ tolerant cells were used
in the experiments.

2.6. Measurement of Cytosolic Zn2+ and Ca2+ in Resting
and Electrically Stimulated Cells. Fluorescence changes were
recorded using microspectrophotometer and FELIX soft-
ware (PTI, Lawrenceville, NJ, USA) as described previously
[12]. Cardiomyocytes were loaded with cell-permeable ace-
toxymethoxy derivatives of FluoZin-3 or Fluo-3 (FluoZin-
3-AM or Fluo-3 AM; 35–40min incubation) and excited at

0.2Hz by field stimulation using two platinum electrodes
positioned on either side of the recording chamber.The basal
levels of [Zn2+]

𝑖
and [Ca2+]

𝑖
were measured from Fura-2

loaded (4𝜇M Fura-2 AM) cardiomyocytes at room tempera-
ture as described previously [11]. The transient fluorescence
changes under electrical stimulation, which are estimated
from the difference between peak and basal levels, were
detected. All experiments were performed at room tem-
perature. Cells were superfused continuously with HEPES-
buffered solution as used for confocal imaging. Cells were
excited at 488 nm for FluoZin-3 and at 480 nm for Fluo-3, and
emissionswere recorded at 520 and 515 nm, respectively. Cells
showing a significant fluorescence decrease during the 5min
equilibration period were eliminated. The amplitude of Zn2+
or Ca2+ transients was stable within 10% during experimental
period.

2.7. Confocal Measurement of Zn2+- and Ca2+-Sparks. Short-
lived, tiny, and localized light emissions (named sparks)
were recorded fromdifferent cardiomyocytes after 35–40min
incubationwith FluoZin-3-AMor Fluo-3AM, respectively, as
described previously [12]. Loaded cells were transferred to the
experimental chamber mounted on the stage of a Leica TCS
SP5 laser scanningmicroscope. Experiments were conducted
on quiescent cardiomyocytes. FluoZin-3 or Fluo-3 was
excited at either 485 or 506 nm, and emission was collected
at either 535 or 526 nm, respectively. In some experiments,
recordings were obtainedwithHEPES-buffered solution sup-
plemented with either zinc ionophore pyrithione (ZnPT; 1 or
10 𝜇M), with the subsequent addition of 50mM N,N,N,N-
tetrakis(2-pyridylmethyl) ethylenediamine (TPEN) to bring
the intracellular free Zn2+ level to zero. Experiments were
performed at room temperature.

Sparks were initially detected with ImageJ (SparkMaster,
plug-in) which is an open access programme (http://rsb.info
.nih.gov/ij) and then were manually selected.The parameters
of fluorescence changes such as peak amplitude (Δ𝐹/𝐹

0
,

where Δ𝐹 = 𝐹 − 𝐹
0
; 𝐹 was identified as local maximum

elevation of fluorescence intensity over basal level,𝐹
0
), time to

peak (TP), frequency, full duration at half-maximum, or rise
time (FDHM) were calculated automatically by using ImageJ
programme.

2.8. Western Blot Analysis. For preparation of tissue ho-
mogenates, frozen heart samples from left ventricle were
crushed at liquid N

2
temperature and then homogenized

to measure the phosphorylation and protein levels of con-
tractile machinery complex as described previously [20]
(CaMKII, phospho-CaMKII-Thr286, PKA, phospho-PKA-
Thr198, FKBP12.6, RyR2, phospho-RyR2-Ser2808, phospho-
NF𝜅B, NF𝜅B, and 𝛽-actin were identified using specific
antibodies with recommended dilutions of either Santa Cruz
biotechnology (USA) or Badrilla Ltd. (UK) companies). Den-
sity analysis of protein bands was performed using ImageJ
programme.

Similar Western blot analysis was also performed in the
diabetic rat cardiomyocytes from left ventricle incubatedwith
N-acetyl cysteine (NAC; 1mM) for 1 h at 37∘C.
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2.9. Chemicals andDataAnalysis. Unless otherwise stated, all
chemicals used were purchased from Sigma (Sigma-Aldrich
Chemie, Steinheim, Germany).

Groups were tested and compared using one-way
ANOVA and Tukey post hoc test. Values of 𝑃 < 0.05 were
taken as statistically significant. Significance levels are given
in the text, and data are presented as means ± SEM.

3. Results

3.1. General Characteristics of the Experimental Animals. A
single administration of streptozotocin, STZ, to rats induced
diabetic symptoms compared to the aged-matched controls
including body weight loss (199 ± 14 g versus 279 ± 13 g;
number of rats 32 versus 24) and marked increase in blood
glucose level (425 ± 25mg/dL versus 109 ± 13mg/dL). The
rats from an antioxidant N-acetyl cysteine (NAC)-treated
diabetic group (DM + NAC group) gained body weight
similar to the controls (281 ± 17 g versus 279 ± 13 g; 𝑛 = 11
rats) although they had high blood glucose level at the end
of the experimental period (438 ± 33mg/dL versus 109 ±
13mg/dL) (Figure 1). In order to demonstrate whether there
is hypertrophy in the diabetic rat hearts and to avoid the
possible insensitive heart to body weight ratio measurement,
we measured the cell capacitance in the isolated cardiomy-
ocytes and compared the values between the groups. In STZ-
induced diabetic rat heart during 7-8 weeks, hypertrophy has
not been measured (data not shown).

3.2. Ultrastructure, Oxidative Stress, and Redox Status in
Diabetic Rat Heart. The extent of hyperglycemia-induced
oxidative stress, lipid peroxidation level evaluated by MDA
analysis in the heart homogenate, was significantly decreased
in N-acetyl cysteine (NAC)-treated diabetic group (298 ±
47 𝜇mol/mg protein) when compared to untreated diabetic
group (917 ± 36 𝜇mol/mg protein), which was also signifi-
cantly higher compared to that of the control group (324 ±
31 𝜇mol/mg protein), suggesting both increased oxidative
stress and an antioxidant role of NAC during hyperglycemic
stress in heart. The extent of altered redox status in the
heart was detected by measuring a ratio of GSH to GSSG
(GSH/GSSG). This ratio was found to be significantly lower
in the diabetic group (27 ± 3) when compared to both
the controls (41 ± 4) and NAC-treated diabetics (48 ± 9),
suggesting the altered cellular redox status in the heart
during hyperglycemic stress. Furthermore, we found that
the oxidation level of protein-SH (thiol) was significantly
higher in diabetic rat heart homogenate (free thiol level:
1.3 ± 0.3 𝜇mol/mg wet wt) compared to that of the control
(free thiol level: 2.8 ± 0.2 𝜇mol/mg wet wt) (Figure 1). Free
protein-thiol level in the homogenate from NAC-treated
diabetic group (2.7 ± 0.3 𝜇mol/mg wet wt) was found to be
significantly lower compared to that of untreated diabetic
group. Furthermore, total protein-thiol level was not affected
by either diabetes or NAC treatment (data not shown).
We, therefore, demonstrated that there is marked increase
in oxidative stress in the heart of diabetics besides a high
circulatory level of lipid peroxidation [32] from STZ-induced

diabetic rat, and it can be controlled to normal level by NAC
treatment, which is confirmed also with previously published
data [33–35].

Although diabetic rats did not show abnormal behaviour
or any sign of heart failure as well as any signs of any
tissue necrosis, as shown previously [36], the ultrastructure
of diabetic rat heart showed various morphological changes
including a loss in cardiomyocyte diameter, alterations in
myofilaments and Z-lines of myofibers, myofibrillar degener-
ation, and destruction and loss of myofibrils over sarcomere
lengths when compared to control hearts (Figures 2(a) and
2(b)). In the diabetic group most of the mitochondria of the
cardiomyocytes showed loss of cristae and granular matrix
and also increased numbers of lipid droplets (Figure 2(b)).
NAC treatment normalized fully these alterations in the
myofilaments (Figure 2(c)).

For quantification of electronmicroscopy findings among
diabetic and nondiabetic rat hearts, we investigated only
the lipid droplets and observed basically that the number
and size of the lipid droplets in the diabetic group were
significantly higher than that of the control group (∼40% and
∼15% for diabetic versus control group) while these changes
have fully disappeared in the NAC-treated group. The lipid
quantification of cardiac tissue was performed by using oil
red O staining which revealed severe lipid accumulation in
the heart. The lipid contents were expressed as lipid area
normalized to total investigated tissue area.

3.3. Cardiac Function of Diabetic Rat Heart. We, previously,
showed that STZ injection in rats either short- (4-5 weeks)
or long-period (8–12 weeks) experimental durations induced
marked several alterations in electrical and mechanical
parameters of heart [12, 29, 37, 38]. Left ventricular systolic
and diastolic dysfunctions are among these alterations. In
the present study, since we aimed to investigate a possible
contribution of intracellular free Zn2+ release besides that
of Ca2+ release due to an increased oxidative stress under
hyperglycemia, we first examined diastolic function of heart
from diabetic rat and compared it to those of control and N-
acetyl cysteine (NAC)-treated rats. Rats following 5-6 weeks
of STZ injection developed increased diastolic dysfunction
(Figure 3(a)), as evidenced by about 80% increase in left
ventircular end diastolic pressure (LVEDP). NAC treatment
of diabetic rats for 4 weeks induced a full normalization in
LVEDP.

3.4. Basal Levels of Intracellular Free Zn2+ and Ca2+ in
Cardimyocytes from Diabetic Rats. To identify and compare
basal intracellular free Zn2+ level in diabetic rat cardiomy-
ocytes with that of the control, we used a ratiometric fluo-
rescence dye, Fura-2 AM. In order to compare the individual
data, we normalized the initial fluorescence values to obtain
a common ratio in all cardiomyocytes, and then we used
TPEN responses for minimum and maximum fluorescence
changes (Δ𝐹

340/380
). The original fluorescence changes for

basal [Zn2+]
𝑖
level are given in Figure 3(b). The data are

given as percentage changes in order to compare diabetic
andN-acetyl cysteine (NAC)-treated diabetic groupswith the
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Figure 1: Body weight, blood glucose, and oxidative stress markers of normal rats (CON group) and diabetic (DM) rats treated withN-acetyl
cysteine (DM+NAC group) or untreated DM rats. (a) Body weight (left) and blood glucose levels (right) in the rats both at the beginning
(first column) and 5th week end (second column) of experimental period. (b) The levels of lipid peroxidation marker malondialdehyde,
MDA, (left) and the reduced glutathione to oxidized glutathione (GSH/GSSG) ratio (right), and (c) total (right) and free (left) thiol (SH)
levels measured in heart homogenates. Bar graphs represent mean ± SEM values and number of rats in groups; 𝑛CON = 8, 𝑛DM = 7, and
𝑛DM+NAC = 6, respectively. Significant at

∗
𝑃 < 0.05, due to comparison between 1st and 5th weeks.

control group. As can be seen in Figure 3(b), the addition
of the membrane-permeant Zn2+ chelator TPEN (50𝜇M)
caused a rapid decrease in fluorescence ratio (Δ𝐹

340/380
) to a

level lower than that of initial value, verifying that the initial
observed fluorescence ratio is attributable to intracellular
basal free Zn2+ level. This decrease is bigger in the diabetic
group compared to that of the control groupwhile it is almost
the same level in the NAC-treated diabetic group and the
control group as well. As can be seen in the same bar graphs,
the fluorescence change with respect to the basal level of
intracellular free Ca2+ is significantly higher in the diabetic
cardiomyocytes compared to those of both the control and
NAC-treated diabetic groups. The present data demonstrate
that both increased intracellular basal free Zn2+ andCa2+ lev-
els are dependent on increased oxidative stress and decreased
antioxidant-defence system in the hyperglycemic rats.

To test directly whether increased oxidative stress can
induce simultaneous increases in basal levels of both intra-
cellular free Zn2+ and Ca2+ of diabetic rat cardiomyocytes,

we incubated cardiomyocytes from diabetic rats with NAC
(1mM, for 1 h at 37∘C) before loading the cells with Fura-
2 AM. As can be seen from Figure 3(c), NAC incubation
of diabetic cardiomyocytes (+NAC group) induced a similar
change in the fluorescence ratios related to basal levels of both
intracellular free Zn2+ andCa2+.These groups of experiments
confirmalso that diabetes can induce significant increases not
only in basal Ca2+ level but also in basal Zn2+ level, at most,
due to increased reactive oxygen species, ROS.

3.5. Local Intracellular Releases of Both Zn2+ and Ca2+ in Dia-
betic Rat Cardiomyocytes. Recently, we have demonstrated
that there are local tiny Zn2+ releases (named as Zn2+ sparks)
in resting quiescent cardiomyocytes isolated from 3-month-
old male rats and loaded with a Zn2+-specific fluorescence
dye, FluZin-3, which can be visualized in a similar manner
to known Ca2+ sparks [12]. The contributions of elementary
Zn2+ release similar to Ca2+ release, either Zn2+ or Ca2+
sparks, to increased basal levels of both Zn2+ and Ca2+
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Figure 2: Morphological findings in experimental rat hearts. Micrographs of left ventricular cross section through control (CON), diabetic
(DM), and N-acetyl cysteine (NAC)-treated diabetic (DM + NAC group; 150mg/kg, daily and intragastrically, for 4 weeks) groups,
respectively, obtained by electron microscopy. (a) There is no sign of any tissue necrosis in CON group. Marked alterations in myofilaments
and sarcoplasmic reticulum (SR), destruction in Z-lines (Z), loss of cristae and granular matrix in mitochondria (M), and also increased
numbers of lipid droplets (L) are seen inDMgroup (b)while these alterations have almost disappearedwithNAC treatment (c);magnifications
are ×12, 390, ×10, 000, and ×12, 990 for (a), (b), and (c), respectively.

(mentioned in previous section) and altered Zn2+/Ca2+ con-
tents of SR (of which, in part, present a function of SR Ca2+
release channels, RyR2) were examined and monitored the
differences in parameters of these sparks among the diabetic
and control groups. Representative line-scan images of of
both type of sparks from control (CON group), diabetic (DM
group), and N-acetyl cysteine (NAC)-treated diabetic (DM
+ NAC group) rats (individual Zn2+ or Ca2+ sparks images
as 𝑥 versus t) are displayed in Figure 4(a). The maximum
fluorescence intensity, determined as Δ𝐹/𝐹

0
at the peak of

either Zn2+ or Ca2+ sparks (Figure 4(b); left and right, resp.),
and spontaneous Zn2+/Ca2+-spark frequencies (Figure 4(c);
left and right, resp.) were calculated from individual gamma
distribution function fits. The maximum FluoZin-3 intensity
as well as Fluo-3 intensity was not significantly different
among the DM and CON groups. On the other hand, we
observed marked increases in their occurrence frequency
of both fluorescences during diabetes. Furthermore, time to
peak (TP) of maximum FluoZin-3 intensity was found to
be similar among the DM and CON groups; TP value for
maximum Fluo-3 was markedly prolonged in DM group
compared to that of the CON group (Figure 4(d); left and
right, resp.). Moreover, the full duration at half-maximum
(FDHM) of both FluoZin-3 and Fluo-3 was also found to

be significantly prolonged in DM group with respect to age-
matched CON group (Figure 4(e); left and right, resp.). N-
acetyl cysteine (NAC)-treatment of the diabetic rats (DM +
NAC group) for 4 weeks significantly prevented diabetes-
induced all changes in bothZn2+ andCa2+ sparks parameters.

Of note, as shown in Figures 4(b)–4(e), essentially similar
results on the parameters of both Zn2+ and Ca2+-sparks were
obtained in cardiomyocytes isolated from diabetic rats after
1 h incubation with 1mM NAC at 37∘C (+NAC group).

3.6. Regulation of Both Zn2+ and Ca2+ Transients with an
Antioxidant, N-Acetyl Cysteine. To further understand the
effects of both diabetes and NAC treatment of diabetes on
the distributions of both intracellular free Zn2+ and Ca2+
changes in isolated cardiomyocytes, we performed some
additional experiments to monitor intracellular transient
changes of either intracellular free Zn2+ or Ca2+ elicited by
electrical-field stimulation. Figure 5(a) (left) shows original
recordings of Zn2+ and Ca2+ transients elicited in control,
diabetic, and N-acetyl cysteine (NAC)-treated (4 weeks) dia-
betic rat cardiomyocytes as well as NAC-incubated diabetic
cardiomyocytes for 1 h with 1mMNAC at 37∘C.The averaged
peak fluorescence amplitudes of both FluoZin-3 and Fluo-
3 as 𝐹/𝐹

0
were significantly smaller in diabetic cells than
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Figure 3:N-acetyl cysteine (NAC) treatment normalizes diastolic function of the heart due to normalization of increased levels of basal Ca2+
and Zn2+. (a) Left ventricular end diastolic pressure, LVEDP, changes among the groups are given for controls (CON), diabetics (DM), and
NAC-treated diabetics (DM + NAC group; 150mg/kg, daily and intragastrically, for 4 weeks). (b) Representative traces showing how basal
levels of intracellular free Ca2+ and Zn2+ can be demonstrated by using fluorescence changes following TPEN application in cardiomyocytes
loaded with Furo-AM. The average values of basal intracellular free Zn2+ (left) and Ca2+ (right) are given in (c). Bar graphs represent mean
± SEM values. In here, a fourth group is NAC-incubated diabetic cells (+NAC; 1mM, for 1 h at 37∘C). The numbers of animals/cells for each
group as well as for each protocol, at least used, are the following; 𝑛CON = 5, 𝑛cell = 15; 𝑛DM = 5, 𝑛cell = 20; 𝑛DM+NAC = 4, 𝑛cell = 12; 𝑛+NAC = 5,
𝑛cell = 19 for CON, DM, DM + NAC, and +NAC groups, respectively. Significant at ∗𝑃 < 0.05 versus CON group.

in control cells (Figure 5(a), right) while their amplitudes
in either NAC-treated diabetic rat cardiomyocytes or NAC-
incubated diabetic cardiomyocytes were found to be similar
to those of the controls. The time to peak amplitude (TP)
and the half-time for recovery (DT

50
) of transient changes

of FluoZin-3 were found to be similar between diabetic and
control groups as well as NAC-treated or NAC-incubated
diabetics (Figure 5(b)). In addition, the similar parameters
of transient changes of Fluo-3 were significantly prolonged
in diabetic groups compared to that of the controls. These
changes were also significantly prevented with either NAC
treatment of diabetic rats or NAC incubation of diabetic
cardiomyocytes for 1 h with 1mM at 37∘C (Figure 5(c)).

3.7. Biochemical Analysis of Cardiac Ryanodine Receptors,
RyR2 and Calstabin2. It has been previously shown that the
mechanisms underlying the dysfunction of RyR2 in diabetes
include, in part, a hyperphosphorylation of RyR2 due to
both high phosphorylation levels of both protein kinase
A (PKA) and Ca2+-calmodulin kinase II (CaMKII) under
hyperglycemia [12]. The phosphorylation level of RyR2 in
diabetic and control rat left ventricular heart tissue was
evaluated by using specific antibodies directed against RyR2
and phosphorylated RyR2 (Figure 6(a), left). Total RyR2 in
the diabetic group was about 64% less than that of the control
group as estimated from the Western blot bands. From the
band-intensity analysis, there was a strong evidence for the



8 Oxidative Medicine and Cellular Longevity

50ms

50ms

50ms 50ms

50ms50ms

(A) (B) (C)
F

 (a
.u

.)

20ms
10

15

F
 (a

.u
.)

20ms
10

15

(a)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

A
m

pl
itu

de
(F
/F

0
)

A
m

pl
itu

de
(F
/F

0
)

(b)

0.0

0.5

1.0

0

1

2

3

4

∗

∗

∗

† ∗†

∗†
∗†

Fr
eq

ue
nc

y 
(1
0
0

s−
1
𝜇

m
−
1
)

Fr
eq

ue
nc

y 
(1
0
0

s−
1
𝜇

m
−
1
)

(c)

0

5

10

15

0

10

20

30

40

50

TP
 (m

s)

TP
 (m

s)

∗

∗
∗

†
†

(d)

0

25

50

0

25

50

FD
H

M
 (m

s)

FD
H

M
 (m

s)∗

∗

∗

†
†

∗

∗ ∗† †

CON

DM

DM + NAC

+NAC

(e)

Figure 4:N-acetyl cysteine (NAC) treatment/incubation of diabetic rats/diabetic cells ameliorates altered parameters of both Ca2+ and Zn2+
sparks. (a) Representative line-scan images of freshly isolated cardiomyocytes (CON: control group, DM: diabetic group, DM + NAC: N-
acetyl cysteine-treated DM group (150mg/kg, daily and intragastrically, for 4 weeks), and +NAC: NAC-incubated diabetic cells; 1mM, for
1 h at 37∘C). The peak intensity and frequency of either FluoZin-3 (left) or Fluo-3 (right) recorded in the groups are given in (b) and (c),
respectively. Time to peak amplitude (TP) and full duration at half-maximum (FDHM) of both fluorescence changes are given in (d) and (e),
respectively. Bar graphs represent mean ± SEM values (𝑛rat = 5, 𝑛cell = 44, 𝑛spark = 150; 𝑛rat = 5, 𝑛cell = 55, 𝑛spark = 165; 𝑛rat = 5, 𝑛cell = 38,
𝑛spark = 135 in CON, DM, DM + NAC, and +NAC, resp.). Significant at ∗𝑃 < 0.05 versus CON; †𝑃 < 0.05 versus DM.
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Figure 5: Altered intracellular global either Ca2+ or Zn2+ changes in cardiomyocytes are normalized with either N-acetyl cysteine (NAC)-
treatment of diabetic rats or NAC-incubation in diabetic cardiomyocytes. (a) Inset: representative Ca2+ or Zn2+ transients in freshly isolated
cardiomyocytes loadedwith either FluoZin-3 (low) or Fluo-3 (up) and field-stimulated at 0.2Hz (left).Thepeak amplitude of the fluorescences
related to either global Ca2+ or Zn2+ (the transient changes) is given as 𝐹/𝐹

0
. The effect of NAC treatment of diabetic rats (DM +NAC group:

150mg/kg, daily and intragastrically, for 4 weeks) or NAC incubation of diabetic cardiomyocytes (+NAC group; 1mM, for 1 h at 37∘C) on
the time to peak fluorescence, TP (left), and half-decay time, DT

50
(right), of fluorescences either FluoZin-3 (b) or Fluo-3 (c). Bars represent

mean ± SEM for controls (CON; 𝑛rat = 5, 𝑛cell = 21) and diabetics (DM; 𝑛rat = 5, 𝑛cell = 28) as well as DM + NAC (𝑛rat = 6, 𝑛cell = 34) and
+NAC (𝑛rat = 4, 𝑛cell = 22) groups, respectively. Significant at

∗𝑃 < 0.05 versus CON.

RyR2 phosphorylation in diabetic rat heart homogenates
while no detectable band in the heart homogenates of the
control group. The amount of calstabin2 (FKBP12.6) was
decreased by 40% in the diabetic rat heart compared to that
of the control (Figure 6(a), right). There was no significant
difference in the protein levels of actin in diabetic and control
groups (Figure 6(a), right). In addition, these parameters
were found to be markedly prevented by NAC treatment of
diabetic rats for 4 weeks.

For an assessment of a direct action of antioxidant
NAC, we first incubated freshly isolated cardiomyocytes
from diabetic rats with 1mM NAC for 1 h at 37∘C and then
performed the similarWestern blot analysis for pRyR2, RyR2,

FKBP12.6. Incubation of diabetic cardiomyocytes with 1mM
NAC significantly declined hyperphosphorylation level in
RyR2, while there was no effect of its depressed protein level
(Figure 6(b), left). Similarly, NAC incubation did not affect
the decreased FKBP12.6 protein level in diabetic cardiomy-
ocytes (Figure 6(b), right).

3.8. Direct Effects of External Zn2+ on RyR2 Macromolecular-
Complex of Ventricular Heart Tissue. The intracellular free
Zn2+ distribution is linked to redox metabolism despite Zn2+
itself not being redox-active and generally Zn2+-proteins
being redox-inert [39, 40]. Therefore, since we previously
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Figure 6: Effect of N-acetyl cysteine (NAC) treatment of diabetic rats or NAC incubation of diabetic cardiomyocytes on hyperphospho-
rylation and protein levels of SR Ca2+ release channel (RyR2) and its accessory proteins. (a) Top: representative Western blot images for
phospho-RyR2-Ser2808 (pRyR2; upper left band), and FK-binding protein, calstabin2 (FKBP; upper right band), RyR2 (lower left band), and
𝛽-actin (lower right band). Bottom: quantification for the ratio of pRyR2 to RyR2 and FKBP to 𝛽-actin. Data presented in (a) are obtained
from control (CON), diabetic (DM), and NAC-treated diabetic (DM + NAC; 150mg/kg, daily and intragastrically, for 4 weeks) rat heart
homogenates. (b) Top: representative Western blotting for phospho-RyR2-Ser2808 (pRyR2; upper left band), calstabin2, (FKBP; upper right
band), RyR2 (lower left band), and 𝛽-actin (lower right band). Bottom: quantification for the ratio of pRyR2 to RyR2 and FKBP to 𝛽-actin.
Data presented in (b) are obtained from controls (CON), diabetics (DM), and NAC-incubated diabetic cardiomyocytes (+NAC group: 1mM,
for 1 h at 37∘C). Bar graphs represent mean ± SEM (𝑛rats = 6–8 for each protocol/group). Significant at ∗𝑃 < 0.05 versus CON and †𝑃 < 0.05
versus DM.

have shown a mediation of rapid, large, and selective ele-
vation of intracellular free Zn2+ through the modulation of
the redox status of intracellular protein thiols, in here, we
aimed to examine the effects of external ZnCl

2
incubation

(10 𝜇M) of heart homogenates from both control and diabetic
groups rats for 20–30min at 37∘C on members of RyR2-
macromolecular complex. As can be seen from Figures 7(a)
and 7(b), total protein levels of RyR2 and its accessory
proteins, FKBP12.6, PKA, and CaMKII, were not affected
with either 1 𝜇M(data not shown) or 10 𝜇MZnCl

2
incubation

of left ventricular heart homogenates from both group rats.
However, we measured significantly increased phosphoryla-
tion levels of RyR2, PKA, and CaMKII with these two ZnCl

2

incubations in a concentration-dependent manner. The last
data further support the hypothesis that Zn2+ disbalance
results in a signaling disbalance caused by a local surplus of
Zn2+ interfering with cellular signaling networks.

3.9. Relation between Intracellular Zn2+ and Nuclear Factor
Kappa B (NF-𝜅B) Activation. There are multiple studies with
different conclusions regarding whether NF-𝜅B is protective
or detrimental for heart function although its important
role in cardiac pathology [41, 42] has been demonstrated.
This disagreement is not surprising considering the complex-
ity of NF-𝜅B signaling that involves multiple components
and regulation at several steps. Furthermore, NF-𝜅B is a
pleiotropic transcription factor that receives signals from
multiple pathways including different important modulators

of cardiac remodeling. To asses a possible direct role of intra-
cellular Zn2+ onNF-𝜅B, we tested the effect of external ZnCl

2

incubation (10 𝜇M) of heart homogenates from both control
and diabetic groups rats for 20–30min at 37∘C, similar to
previous section. As can be seen from Figures 7(a) and 7(b),
total protein level of NF-𝜅B was not affected with 10 𝜇M
ZnCl
2
incubation of left ventricular heart homogenates from

both control and diabetic group rats. However, the activation
levels of NF-𝜅B in both group rat heart homogenates were
significantly increased (∼3-fold in both groups) after ZnCl

2

incubations. This last data further supports the hypothesis
that although cardiac remodeling is associated with increased
oxidative stress, inflammation, and activation of hormonal
systems under hyperglycemia, increased intracellular ZnCl

2
-

mediated NF-𝜅B activation seems to be a distinct fact among
the others under high Zn2+ exposure of heart.

4. Discussion

This study on N-acetyl cysteine (NAC) effect in STZ-
induced diabetes in rats reports a significant role of cellular
antioxidant-defence enhancement on preservation of dias-
tolic dysfunction via regulation of not only diastolic Zn2+ but
also diastolic Ca2+ due to a prevention of RyR2-leak in dia-
betic rat heart. At first, we confirmed a defective intracellular
Zn2+ signaling, besides previously shownCa2+ signaling [20],
in part, due to increased oxidative stress/depressed antioxi-
dant defence in diabetic cardiomyocytes, with lower ampli-
tude of Zn2+ transients as well asmarkedly increased diastolic
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Figure 7: Direct effects of external Zn2+ on RyR2 macromolecular complex of ventricular heart tissue. (a) Top: representative Western blot
images for phospho-RyR2-Ser2808 (pRyR2), FK-binding protein, calstabin2 (FKBP), protein kinase A (PKA), phosphorylated PKA (phospho-
PKA-Thr198), Ca2+-calmodulin-dependent kinase (CaMKII), phosphorylated CaMKII (phospho-CaMKII-Thr286), nuclear factor kappaB
(NF-𝜅B), phosphorylated NF-𝜅B (phosoho-NF-𝜅B), 𝛽-actin. (b) Quantification for the ratio of pRyR2 to RyR2, FKBP to 𝛽-actin, pPKA
to PKA, pCaMKII to CaMKII and pNF-𝜅B to NF-𝜅B. Data presented in (b) obtained from control (CON), 1𝜇M ZnCl

2
incubated control

(+ZnCl
2,
light gray), diabetic (DM) and 1 𝜇M ZnCl

2
incubated diabetic (+ZnCl

2
, dark gray) rat heart homogenates. Bar graphs represent

mean ± SEM (𝑛rats = 7–9 for each protocol/group). Significant at ∗𝑃 < 0.05 versus CON and †𝑃 < 0.05 versus DM.

levels of both Zn2+ and Ca2+ since all these alterations could
be prevented with either NAC treatment of diabetic rats
or NAC-treatment of diabetic cardiomyocytes. Our electron
microscopy data further corroborated these findings fully.
Furthermore, we clearly established that these defects in dia-
betic cardiomyocytes could be attributed to anomalous RyR2
behavior, as revealed by the spatiotemporal properties of both
Zn2+ andCa2+ sparks that especially exhibited slower kinetics
and higher frequencies. The reduced amount of RyR2 and
FKBP12.6 levels as well as a marked hyperphosphorylation
of RyR2 could be responsible for most of these observations,
in part, due to a disbalanced ratio of oxidants/antioxidant-
defence. Moreover, the initial findings of this study indicate

that supplementation with NAC improves the general status
of diabetic rats, with an effect on body weight gain and
hyperglycemia, protecting diastolic function, and helping to
maintain baseline myocardial mechanics.

4.1. Antioxidant N-Acetyl Cysteine Prevents RyR2 Leak and
Plays an Important Role in Diastolic Dysfunction via Increased
Levels of Both Zn2+ and Ca2+ in Diabetic Heart. The present
study shows that systemic antioxidant treatment of diabetic
rats preserves changes in both Zn2+ and Ca2+ regulation in
diabetic cardiomyocytes without any effect on high blood
glucose level and restores normal macromolecular complex
composition and function of the RyR2 channels in diabetic
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rat hearts. There is associated restoration of myocardial
diastolic function and reverse structural remodeling of the
left ventricle in diabetic rats with N-acetyl cysteine, NAC
treatment for 4 weeks. Furthermore, we clearly established
that these defects in diabetic cardiomyocytes could be
attributed to anomalous RyR2 behavior, as revealed by the
spatiotemporal properties of both Zn2+ and Ca2+ sparks that
especially exhibited slower kinetics and higher frequencies.
These alterations can coincide perfectly with the behaviour of
leaky RyR2 under strong oxidative/nitrosative stress. Indeed,
it is known that both acute and chronic hyperglycemia
trigger several biochemical and electrophysiological changes
resulting in impaired cardiac contractile function [2], atmost,
due to hypoglycemia-induced big amount of reactive oxygen
species, ROS, and followed by tissue/cell damage in several
target organs including heart [3–5, 43]. Furthermore, it has
been demonstrated that RyR2s aremodulatedwith sulfhydryl
oxidation in cardiomyocytes biphasically [25] while high
glucose attenuates protein S-nitrosylation via superoxide
production [26], and nitric oxide (NO) mediates intracy-
toplasmic and intranuclear Zn2+ release [27]. Moreover,
an important contribution of redox modification of RyR2
with direct and/or indirect action of oxidants into SR Ca2+
leak in cardiomyocytes has also been shown under various
diseased heart models induced in animals [21–24]. Another
supporting fact of our current hypothesis arises from the
present data on rapidly increased resting free Zn2+ level in
cardiomyocytes due to Zn2+ release from intracellular stores
by reactive, ROS/RNS [11]. Moreover, ROS/RNS have been
proposed to contribute to direct and/or indirect damage
to cardiomyocytes in diabetes [28, 44], providing a close
relationship between both increased and deleterious effects
of intracellular basal free Zn2+ level in the heart. A group
of supporting data has been previously shown by our group,
in which we demonstrated that inhibiting SR-Ca2+ release
or increasing Ca2+ load in a low Na+ solution suppressed
or increased Zn2+ movements, respectively. Furthermore,
we also showed that mitochondrial inhibitors significantly
reduced Zn2+ transients as well as Zn2+ sparks. In addition,
either oxidation by H

2
O
2
or changing to acidic pH inhibited

the Ca2+-dependent Zn2+ release. Taken into consideration
the previous ones with the present data, we proposed that
Zn2+ release results, in part, from Zn2+ displacement by Ca2+
ions from metalloproteins binding sites whose availability
depends on pH and redox status of cardiomyocytes, or rather
that Ca2+ triggers ROS production inducing changes inmetal
binding properties of metallothioneins and other redox-
active proteins as well as more Zn2+ release from SR due to
defective RyR2 [11, 12, 15, 28, 45]. Additionally supporting
this hypothesis, we have also demonstrated that an increase
in Zn2+ alters several enzymatic activities and leads to
RyR2 phosphorylation as seen in pathological conditions.
Moreover, another supporting data to this study has been
given by Kamalov et al. [46]. Their data showed that the
basal intracellular free Zn2+ level is increased by 70% in
cardiomyocytes from male diabetic rats being parallel to an
unbalanced oxidant-status/antioxidant capacity in the same

heart preparations, and by over 200% in aldosteronism.
Coordinated changes in the basal intracellular free levels of
both Ca2+ and Zn2+ have recently been also reported by
our group under experimental conditions (intracellular Zn2+
overload or intracellular Ca2+ decrease), as well as during a
single beat (transients or elementary events) in the cells [12].

Taken together, these data suggest that one of the
beneficial effects of NAC treatment, under in vivo or in
vitro conditions, may improve cardiac muscle function by
reversing a maladaptive defect in Zn2+ signaling besides
already known Ca2+ signaling, being parallel or individual,
in cardiac myocytes of diabetic rats.

4.2. Increased Intracellular Free Zn2+ Phosphorylates Intra-
cellular Ca2+ Signaling Kinases and Transcription Factor
NF-𝜅B. Notably, in here, we have shown that exogenously
applied Zn2+ caused marked phosphorylation in RyR2 while
there was no effect on the protein levels of both RyR2
and an accessory protein of RyR2 macromolecular complex,
FKBP12.6, as well as higher phosphorphorylations in both
PKA and CaMKII in a concentration-dependent manner,
similar to hyperglycemia.These data are further supported, in
part, with the fact that a Zn2+-binding protein calsequestrin
resides in the SR and can bind up to 200mol Zn2+ per
mol, independently of binding up to 50mol Ca2+ per mol
calsequestrin. It is known as an association of Zn2+ with
over 300 enzymes, where it can interact strongly with elec-
tronegative sulfur, nitrogen, and oxygen moieties in multiple
coordination forms, serving catalytic and structural roles in
maintaining active peptide conformations [47]. In addition
to metalloenzymes, Zn2+ is most known for its ability to
bind and stabilize proteins involved in gene regulation in
domains called Zn2+-fingers, Zn2+-clusters, and Zn2+-twists
[48]. Therefore, it is well accepted that intracellular free
Zn2+ plays critical roles in the redox signaling pathway and
maintains the normal structure and physiology of various
cell types while it can be toxic to cardiomyocytes [11, 49, 50].
Although Zn2+ is a vital element for mammalian in a certain
range, some triggers such as increased ROS/RNS, ischemia,
and infarction lead to release of Zn2+ from proteins and cause
myocardial damage [11, 51–54].

Therefore, it can be hypothesized that Zn2+ may compete
with or substitute for metal ions crucial for the activity
of signaling proteins. In addition to this hypothesis, it has
been shown that Zn2+ has multiple functional effects on
Ca2+/calmodulin-dependent protein kinase II (CaMKII) and
modulates RyR1 binding to sarcoplasmic reticulum vesicles
in skeletal muscle biphasically [55, 56]. Accordingly, it can
be clearly seen that intracellular free Zn2+ signaling can
easily interfere with that of Ca2+ signaling in cardiomyocytes,
particularly under pathological conditions, underlying, in
part, cardiac dysfunction. Moreover, supporting this last
statement, Zn2+ is known to induce CaMKII autophos-
phorylation, inhibit protein tyrosine phosphatases [55–57]
and voltage-gated Ca2+ channels in mammalian cells [58],
and to be highly cytotoxic [59] while divalent metal ions
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influence catalysis and active-site accessibility in the cAMP-
dependent protein kinase [60]. In here, although a likely
role for such intracellular Zn2+ signals is the modulation of
protein phosphorylation, it is a strong possibility that both
activated/phosphorylated CaMKII and PKA due to increased
intracellular free Zn2+ turn into a hyperphosphorylated RyR2
under high extracellular Zn2+ exposure. Therefore, increased
intracellular free Zn2+, most probably a contribution of
increased intracellular free Ca2+, under increased oxidative
stress togetherwith depressed antioxidant-defence in the cells
via hyperglycemia induces important defects in excitation-
contraction coupling of cardiomyocytes. This statement is
further supported with our previous observation related to
coordinated changes in the basal intracellular levels of both
free Ca2+ and Zn2+ under experimental conditions, as well as
during a single beat in isolated cardiomyocytes [12].

Thus, a major physiological role for Zn2+ may be
the modulation of cell signaling cascades, especially those
involving protein phosphorylation, and considering also that
intracellular Zn2+ can rise quickly and can influence Ca2+
regulation [49, 58], the relative very low abundance of Zn2+ in
cardiomyocytes suggests its availability as secondmessengers
for gene expression [49, 61]. In an early study, Atar et al.
[49] showed that external Zn2+ could activate gene expression
in GH3 cells due to modification of expression of Zn2+
regulating proteins by changes in intracellular free Zn2+
cellular systems [62]. In addition, with later findings on a
direct regulation of Zn2+-fingers of Zn2+-finger transcription
factors by Zn2+ availability [61, 63], it can be accepted that
intracellular free Zn2+ may serve as a second messenger for
transcription factor activation, and therefore, gene expression
in response to stress. Accordingly, our present data showed
that intracellular free Zn2+ can directly and markedly phos-
phorylate a transcription factor NF-𝜅B in cardiomyocytes, of
note much more range in hyperglycemia cells. Of particular
interest in cardiomyocytes, our data suggest that Zn2+ orZn2+
carryingmetalloproteinsmay be released from internal stores
during increased oxidative/nitrosative stress and thereby
affect transcription/translation pathways [64].

Taken into consideration all present and also previously
published data, in here, we report that an enhancement
of antioxidant defence in diabetics, directly targeting heart,
seems to prevent diastolic dysfunction, being associated
with normalization of RyR2 macromolecular-complex, and
thereby prevention of both Zn2+ and Ca2+ leaks leading
to normalization of basal levels of intracellular free Ca2+
and Zn2+ in the heart. This is nicely in line with an early
report performed on a rodent heart with hereditarymuscular
dystrophy, demonstrating accompany of intracellular Ca2+
overloading and oxidative stress with increased intracellular
free Zn2+ [52]. Besides, Kamalov et al. [46] suggested that
an optimal range of intracellular free Zn2+/Ca2+ ratio in
cardiomyocytes and mitochondria must be preserved to
combat oxidative stress. Thus, the increased cytosolic and
mitochondrial free Zn2+ level are coupled to the induction of
oxidative stress, while antioxidant effects result from the rise
in cytosolic and mitochondrial free Zn2+ levels accompanied

by a simultaneous activation of metal response element
transcription factor-1 and its induction of such antioxidants
as metallothionein-1 and glutathione peroxidase. However,
with a long-term treatment, by maintaining both a cellular
redox-status and intracellular Zn2+ level near to control
level, antioxidant NAC prevents the subsequent alterations
in intracellular Ca2+ homeostasis including both Zn2+/Ca2+
releases by RyR2, which leads to major defects in cardiac
activity.
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Glutathione peroxidase-1 (GPx1) is a pivotal intracellular antioxidant enzyme that enzymatically reduces hydrogen peroxide to
water to limit its harmful effects.This study aims to identify amicroRNA (miRNA) that targets GPx1 tomaintain redox homeostasis.
Dual luciferase assays combinedwithmutational analysis and immunoblottingwere used to validate the bioinformatically predicted
miRNAs. We sought to select miRNAs that were responsive to oxidative stress induced by hydrogen peroxide (H

2
O
2
) in the H9c2

rat cardiomyocyte cell line. Quantitative real-time PCR (qPCR) demonstrated that the expression of miR-181a in H
2
O
2
-treated

H9c2 cells was markedly upregulated. The downregulation of miR-181a significantly inhibited H
2
O
2
-induced cellular apoptosis,

ROS production, the increase in malondialdehyde (MDA) levels, the disruption of mitochondrial structure, and the activation
of key signaling proteins in the mitochondrial apoptotic pathway. Our results suggest that miR-181a plays an important role in
regulating the mitochondrial apoptotic pathway in cardiomyocytes challenged with oxidative stress. MiR-181a may represent a
potential therapeutic target for the treatment of oxidative stress-associated cardiovascular diseases.

1. Introduction

Growing evidence demonstrates that increased levels of
reactive oxygen species (ROS) are associated with a variety
of cardiovascular diseases [1]. Although ROS can originate
from different organelles, mitochondria are considered to be
the main producers of ROS. Approximately 80% of anion
superoxide (O

2

∙) is produced by mitochondria [2]. In the
heart, approximately 30% of the total volume is occupied by
mitochondria, and thus the heart is easily subjected to oxida-
tive damage by ROS [3]. To combat the deleterious effects
of ROS, mitochondria have evolved an intrinsic antioxidant
defense network that mainly consists of the superoxide
dismutase (SOD), NADH, and a complete glutathione redox
system, formedby glutathione reductase, reduced glutathione
(GSH), and glutathione peroxidase (GPx) [4].

GPx converts H
2
O
2
and lipid hydroperoxides into water,

using GSH as an electron donor. GPx1 is the main isoform,
produced in all tissues and expressed in both the cytosol and

themitochondrialmatrix. GPx1 prevents the formation of the
highly reactive hydroxyl radical [5]. Several geneticallymodi-
fied animalmodels have been used to show the protective role
of GPx1 in cardiac damage caused by ischemia-reperfusion
injury [6–8]. Recent findings also indicate that the lack of
GPx1 contributes to the risk of atherosclerosis and cardio-
vascular disease. Mice deficient in GPx1 (GPx1−/−/ApoE−/−)
developed significantly more atherosclerosis than the con-
trol apolipoprotein E-deficient mice [9, 10]. Additionally,
transgenic mice overexpressing Gpx1 were protected from
aging-related enhanced susceptibility to venous thrombosis
compared with wild-type mice [11]. Gpx1 also plays a pivotal
role in the protection against angiotensin II-induced vascular
dysfunction [12].

The posttranscriptional regulation of GPx1 expression in
oxidative stress via nuclear factor 𝜅B (NF𝜅B) and activator
protein 1 (AP-1) has been shown by many investigators
[13, 14]. However, the posttranscriptional mechanism of

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2014, Article ID 960362, 16 pages
http://dx.doi.org/10.1155/2014/960362

http://dx.doi.org/10.1155/2014/960362


2 Oxidative Medicine and Cellular Longevity

Gpx1 in response to H
2
O
2
-mediated oxidative stress in car-

diomyocytes has not been thoroughly studied. MicroRNAs
(miRNAs) are one example of a translational mechanism for
the regulation of a large number of developmental and phys-
iological processes in the heart [15]. An miRNA is a small,
single-stranded RNA that is approximately 22 nucleotides
(nt) long. miRNAs are widely distributed and induce both
messenger RNA (mRNA) degradation and the suppression
of protein translation based on sequence complementarity
between the miRNA and its target [16].

The H9c2 rat cardiomyocyte cell line was chosen in
the present study as this cell line retains the characteristics
of isolated primary cardiomyocytes [17]. We investigated
the role of miR-181a in regulating H9c2 cell apoptosis and
modulating the mitochondrial apoptotic pathway in the
setting of oxidative stress. We found that miR-181a is upreg-
ulated in cardiomyocytes with oxidative stress and that the
downregulation ofmiR-181a significantly inhibited theH

2
O
2
-

induced cellular apoptosis, ROS production, mitochondrial
structure disruption, and activation of key signaling proteins
in the mitochondrial apoptotic pathway. These protective
effects were mediated at least partially through the direct
targeting of Gpx1.

2. Materials and Methods

2.1. Cell Culture and Determination of Cell Viability. HEK293
cells, myogenic L6 cells, and H9c2 cells (from the Cell Bank
of the Chinese Academy of Sciences, Shanghai, China) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen) supplemented with 5 g/L glucose and 15% (v/v)
fetal bovine serum.The cells weremaintained in a humidified
37∘C incubator with 5% CO

2
, supplied with fresh medium

every 3 days, and subcultured before reaching confluence.
The H9c2 cells were seeded in 96-well microtiter plates and
treated with different concentrations of H

2
O
2
for 2 h. The

MTT assay was used to determine cell viability, following the
manufacturer’s protocols.

2.2. Bioinformatics Analysis. Rat Gpx1 3 untranslated
region (3UTR) sequences were retrieved from the Entrez
Nucleotide database (http://www.ncbi.nlm.nih.gov/nuc-
core). Potential miRNAs targeting Gpx1 were predicted by
miRDB (http://mirdb.org/miRDB/), TargetScan ( http://
www.targetscan.org/), and MicroRNA.ORG (http://www
.microrna.org/).

2.3. Transfections, Constructs, and Dual Luciferase Reporter
Assay. HEK293 and H9c2 cells were transfected with 50 nM
mature miR-181a and miR-CTL (GuangzhouRuiBio Corp.,
Guangzhou, China) using Lipofectamine 2000 (Invitrogen,
USA) as previously described [18]. H9c2 cells were also
transfected with a final concentration of 100 nM and for
miR-181a knockdown anti-miR-181a (GuangzhouRiBoCorp.,
Guangzhou, China).The anti-CTL and anti-miR-181a are rep-
resented as the scrambled inhibitor and miR-181a inhibitor,
respectively. The anti-miR-181a contained 2-OMe modifica-
tions at every base.

The 3UTR of the Gpx1 gene was amplified by PCR
from total RNA extracted with a Genomic DNA Extraction
kit (TaKaRa Bio Inc., Tokyo, Japan) from myogenic L6
cells. The sequences of the primers for the Gpx1 3UTR
and mutant Gpx1 3UTR were as follows: R-Gpx1-3UTR-
F, CCGCTCG AGCCTAAGGCATTCCTGGTATCTGG; R-
Gpx1-3UTR-R, GAATGCGGCCG CTTCTTTGACAT-
TCAGCACTTTATTC; and R-Gpx1-3UTR-Mut-R, GAA-
TGCGGC CGCTTCTTTGAGAATGAGCACTTTATTCT-
TAG. The bold letters in the primers indicate XhoI and
SalI restriction sites. The PCR products were excised with
XhoI andNotI and cloned into the pmiR-RB-REPORT vector
(GuangzhouRuiBio Corp., Guangzhou, China).This plasmid
contains hRluc (synthetic renilla luciferase gene), encoding
renilla luciferase as the reporter, and hluc (synthetic firefly
luciferase gene), encoding firefly luciferase as the internal
control. The recombinant plasmid pmiR-RB-Gpx1-3UTR
was confirmed by restriction enzyme digestion and DNA
sequencing.

The luciferase assays were performed according to the
manufacturer’s protocol. HEK293 cells, seeded into 96-well
plates at a density of 1.5 × 104 per well, were transfected
with pmiR-RB-Gpx1-WT-3UTR (100 ng/well), pmiR-RB-
Gpx1-Mut-3UTR (100 ng/well), mature miR-181a (50 nM),
or miR-control (50 nM) using Lipofectamine 2000. Forty-
eight hours after-transfection, the cells were lysed and assayed
for luciferase activity using the Dual Glo Luciferase Assay
System (Promega). Data recorded by the luminometer were
normalized by dividing the firefly luciferase activity with the
renilla luciferase activity.

2.4. Measurement of Lactate Dehydrogenase (LDH) and
Malondialdehyde (MDA) Levels. H9c2 cells were trans-
fected with miRNAs for 6 h and cultured for 24 h. H

2
O
2

(400 𝜇M) was added for the last 2 h. Subsequently, the cells
were harvested and lysed. LDH release and MDA content
were measured using commercial kits (Jiancheng Bioengi-
neering Institute, China), according to the manufacturer’s
instructions.

2.5. Intracellular Reactive Oxygen Species (ROS) Assay. H9c2
cells were grown to confluence in a 96-well plate and
then transfected with miRNAs for 6 h and cultured for
24 h. H

2
O
2
(400𝜇M) was added for the last 2 h. The cells

were then incubated with 2,7-dichlorofluorescin-diacetate
(DCFH-DA, Sigma) at 37∘C for 30min.The DCFH-DA stain
detecting ROS production was observed using a fluorescence
microscope (Nikon, Japan). Fluorescence was read at 485 nm
for excitation and 530 nm for emission with an Infinite M200
Microplate Reader (Tecan, Switzerland).

2.6. Annexin V and PI Binding Assay. The Annexin V and
PI Fluorescein Staining kits (Bender MedSystems, Austria)
were utilized tomeasureH9c2 cell apoptosis, according to the
manufacturer’s instructions. Briefly, a single-cell suspension
was prepared and cultured in a six-well plate at a density
of 1 × 105/well. Twenty-four hours after transfection, cells
from each group were collected and resuspended in two
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hundred microliters of 1x binding buffer. The cells were
then incubated with annexin V (1 : 20) for 3min followed
by incubation with propidium iodide (PI, 1mg/mL) for
15min. The apoptosis rate was evaluated by flow cytometry
(BD).

2.7. Measurement of Mitochondrial Membrane Potential.
H9c2 cells were grown on cover slips and incubated with
5 𝜇g/mL JC-1 dye (Enzo Life Sciences, USA) at 37∘C for
30min. The cells were analyzed immediately with a fluo-
rescence microscope. JC-1 accumulates in the mitochondria,
selectively generating an orange J-aggregate emission profile
(590 nm) in healthy cells. However, upon cell injury, the
membrane potential decreases, and JC-1 monomers are gen-
erated, resulting in a shift to green emission (529 nm). The
orange and green fluorescence intensities were detected using
an Infinite M200 Microplate Reader. The Δ𝜓m of the H9c2
cells in each treatment group was calculated as the ratio of
orange to green fluorescence and expressed as a multiple of
the level in the control group.

2.8. Quantitative Real-Time PCR. Total RNA was extracted
from H9c2 cells using the Trizol Reagent (Invitrogen). The
RT primers and primer sets specific for each miRNA are
shown in Tables 1 and 2. The SYBR green stem-loop RT-
PCR method was used to assess the expression levels of
the miRNAs. The PCR conditions were as follows: 95∘C for
10min, followed by 40 cycles of 95∘C for 15 sec and 60∘C for
1min. Samples were run in duplicate with RNA preparations
from three independent experiments. The reactions were
conducted on the ABI PRISM 7900 system (Applied Biosys-
tems). The fold change in the expression of each gene was
calculated using the 2−ΔΔ𝐶𝑇 method, with U6 as an internal
control.

2.9. Western Blot Analysis. H9c2 cells growing on six-
well plates were transduced with miRNAs and treated
with 400𝜇M H

2
O
2
, as indicated. The proteins were sepa-

rated on SDS-polyacrylamide gels and transferred to PVDF
membranes. For immunoblotting, PVDF membranes were
blocked and probed with antibodies overnight at 4∘C. Immu-
nocomplexes were visualized with horseradish peroxidase-
coupled secondary antibodies.

2.10. Immunofluorescence Detection of Intracellular Cyto-
chrome c Localization by Fluorescence Microscopy. After the
appropriate treatment, the cells were washed with PBS and
stained with 200 nMMitoTracker Red CMXRos dye (Molec-
ular Probes, Inc., France), followed by incubation for 30min
at room temperature, to visualize the mitochondria.The cells
were fixed with 4% paraformaldehyde for 15min, permeabi-
lized with 0.1% Triton X-100 for 10min, and blocked using
3% serum dissolved in PBS for 30min at room temperature.
The cells were then probed with anti-cytochrome c antibody
(1 : 40; Santa Cruz Biotechnology) overnight at 4∘C.The cells
were washed with PBS twice and incubated with FITC-
conjugated secondary antibody (1 : 40; Biovision, China) for

2 h in the dark at 37∘C. After washing, images of stained cells
were obtained using a fluorescence microscope.

2.11. Statistical Analysis. All data are expressed as the mean ±
SEM, unless indicated otherwise. Differences among groups
were determined by ANOVA. Differences between groups
were determined by Student’s t-test, with𝑃 < 0.05 considered
statistically significant.

3. Results

3.1. Effects of H
2
O
2
on Cell Viability and Protein Expression.

The viability of H9c2 cells was determined using the MTT
assay by exposing the cells to different concentrations of
H
2
O
2
for 2 h. Although low concentrations of H

2
O
2
had

no effect on apoptosis and death, high concentrations (100–
800 𝜇M) increasedH9c2 cell death in a dose-dependentman-
ner after a 2 h treatment under our experimental conditions
(Figure 1(a)).

Because GPx1 is a major antioxidant enzyme that
catalyzes the breakdown of H

2
O
2
, we hypothesized that

exogenous H
2
O
2
must induce endogenous Gpx1 expression

changes in H9c2 cells. As shown in Figure 1(b), compared
with untreated cells, a significant increase in GPx1 protein
expression was observed in cells treated with H

2
O
2
(100

and 200 𝜇M), suggesting that the exposure to moderate
concentrations of H

2
O
2
induces a compensation response,

whereas 400 𝜇M H
2
O
2
damages the antioxidant enzyme

system, resulting in decreasedGpx1 expression.Therefore, for
the remainder of our experiments, a 400𝜇M concentration
of H
2
O
2
was used to assess H

2
O
2
-mediated effects on H9c2

cells.

3.2. Predicted miR-181a as a Negative Regulator of Gpx1. To
focus on the role of miRNAs as regulators of Gpx1, three
commonly utilized miRNA target prediction algorithms
(TargetScan, miRDB, and MiRanda) were interrogated for
possible miRNAs interacting with Gpx1. The results of these
three algorithms had four potential miRNA candidates in
common: miR-7a, 125a, 181a, and 423 (Figure 2(a)). Next, to
assess the expression of these candidate miRNAs induced by
the apoptotic H

2
O
2
concentration, H9c2 cells were exposed

to 400 𝜇M H
2
O
2
for 2 h, and the expression levels of the

miRNAs were determined by real-time PCR. If an miRNA
candidate is a negative regulator of Gpx1, then H

2
O
2
should

increase its expression in H9c2 cells because the Gpx1
expression was downregulated after stimulation with 400 𝜇M
H
2
O
2
(Figure 1(b)). At the apoptotic concentration of H

2
O
2
,

only miR-181a expression was increased compared with the
control group, whereas the expression of the other candidate
miRNAs was decreased (Figure 2(b)). To further confirm
the expression change, a 2 h exposure of H9c2 cells to
varying concentrations of H

2
O
2
resulted in concentration-

dependent increases in miR-181a expression, with a peak at
approximately 400 𝜇M (Figure 2(b)). Taken together, these
results suggest that miR-181a plays a key role in oxidative
stress-induced cardiomyocyte apoptosis and that miR-181a
may be linked with the expression of Gpx1.
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Table 1: Sequences of the RT primers.

Primer name RT primer sequence
U6 5CGCTTCACGAATTTGCGTGTCAT3

rno-miR-7a 5GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACACAACAA3

rno-miR-181a 5GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCATGGA3

rno-miR-125a 5GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACTCACAGG3

rno-miR-423 5GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACACTGAGG3

Table 2: Sequences of the primers used in the SYBR-green-based quantitative RT-PCR validation.

Primer name Primer sequence Tm (∘C) Length (bp)

U6 F: 5GCTTCGGCAGCACATATACTAAAAT3 60 89
R: 5CGCTTCACGAATTTGCGTGTCAT3

rno-miR-423 F: 5TAAGCTCGGTCTGAGGC3 60 65
R: 5CAGTGCGTGTCGTGGA3

rno-miR-7a F: 5GGGGTGGAAGACTAGTGATT3 60 67
R: 5CAGTGCGTGTCGTGGA3

rno-miR-181a F: 5GGGCAGCCTTAAGAGGA3 60 64
R: 5CAGTGCGTGTCGTGGA3

rno-miR-125a F: 5GCTCCCTGTAGACCCTTTA3 60 67
R: 5CAGTGCGTGTCGTGGAGT3

3.3. Validation of the In Silico Target Analysis of miR-181a.
To experimentally validate the computational data, a pmiR-
RB-REPORT luciferase construct with the Gpx1-3-UTR was
generated. The purified gel product of Gpx13-UTR was
inserted into the cloning site downstream of the luciferase
gene, as described in Section 2. A mutant version, pmiR-RB-
Gpx1-3-UTR-mut, with a three-base-pair mutation within
the seed region (Figure 3(a)), was also generated. A signifi-
cant decrease (∗𝑃 < 0.01) in the relative luciferase activity
was observed when the pmiR-RB-Gpx1-3-UTR was cotrans-
fected with a mature miR-181a into HEK293 cells compared
with the miR-control. The miR-181a-mediated suppression
was abolished by mutation of the 3-UTR miR-181a binding
site, which disrupts the interaction betweenmiR-181a and the
Gpx1-3-UTR (Figure 3(b)).

Western blotting analyses further confirmed the lucif-
erase assay results. The transfection with the mature miR-
181a resulted in decreased Gpx1 protein expression (∗𝑃 <
0.01) compared with the control, whereas the anti-miR-181a
protected against thematuremiR-181a-mediated inhibition of
Gpx1 expression (∗𝑃 < 0.05) (Figure 3(c)).

3.4. Transduction of the Anti-miR-181a Restored the H
2
O
2
-

Altered H9c2 Cell Morphology and Decreased the Levels of
LDH and MDA. H9c2 cells were transfected as described
in Section 2. As shown in Figure 4(a), the mature miR-
181a increased miR-181a expression in H9c2 cells, whereas
anti-miR-181a decreased miR-181a expression. The control
oligonucleotides had no effect on miR-181a expression.

H
2
O
2

treatment changed the spindle-shaped, well-
organized cell morphology into a shrunken, round, and
distorted morphology. Transduction of the anti-miR-181a,
however, almost restored the spindle-shaped morphology

observed in untreated cells (Figure 4(b)). MDA levels are
indicative of cardiomyocyte oxidativedamage. The H

2
O
2

treatment strikingly increased the MDA level, whereas
the miR-181a inhibitor significantly decreased the MDA
level (Figure 4(c)). LDH release is an indicator of cellular
injury. Compared with untreated cells, the LDH levels were
markedly increased by H

2
O
2
-induced injuries. Transduc-

tion of the anti-miR-181a decreased LDH release, whereas
transduction of the mature miR-181a elevated LDH levels
compared with the miR-control (Figure 4(d)).

3.5. Anti-miR-181a Reduced ROS Production. Because Gpx1
catalyzes the reduction of H

2
O
2
to water [5] and miR-181a

mediates the suppression of Gpx1 expression, we attempted
to investigate the effect of miR-181a upon ROS generation.
ROS production was detected using an ROS-sensitive dye,
2,7-dichlorofluorescein-diacetate (DCFH-DA). As shown
in Figure 5(a), H

2
O
2
treatment led to strong DCFH-DA

staining. Transduction of the mature miR-181a increased
the staining intensity, whereas the anti-miR-181a produced
relatively dimDCFH-DA staining.These data suggest that the
anti-miR-181a attenuates the production of ROS. ROS pro-
ductionwas quantified bymeasuring the cellular fluorescence
intensities (Figure 5(b)).

3.6. Anti-miR-181a AttenuatedH
2
O
2
-InducedH9c2 Cell Apop-

tosis. Compared with the control group, significantly more
H
2
O
2
-treated cells underwent apoptosis, as shown by the

bright DAPI staining in the H
2
O
2
group.TheH

2
O
2
treatment

caused nuclear condensation, an indicator of apoptosis.
Transduction of the anti-miR-181a, however, nearly restored
H9c2 nuclei to the normal morphology (Figure 6(a)). Quan-
titative analysis using flow cytometry confirmed that the
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Figure 1: Cell viability and protein expression changes in H
2
O
2
-

treated H9c2 cells. (a) H9c2 cells were treated with various doses of
H
2
O
2
for 2 h and assessed for cell viability. ∗𝑃 < 0.05 versus control

(CTL); ∗∗𝑃 < 0.01 versus control (CTL); the values represent the
mean ± SEM, 𝑛 = 5. (b) Gpx1 and 𝛽-actin protein levels were
detected by western blotting after the treatment of H9c2 cells with
different concentrations of H

2
O
2
for 2 h. ∗𝑃 < 0.05 versus control

(CTL); ∗∗𝑃 < 0.01 versus control (CTL); the values represent the
mean ± SEM, 𝑛 = 3.

anti-miR-181a significantly inhibited H
2
O
2
-induced apop-

tosis (Figures 6(b)-6(c)). To investigate the mechanism by
which the anti-miR-181a attenuates the H

2
O
2
-induced H9c2

apoptosis, we examined the protein levels of Bcl-2 and Bax.
Western blot analyses showed that Bcl-2 protein levels were
markedly increased in the anti-miR-181a-treated cells com-
pared with the miR-CTL group. As expected, Bax expression
was markedly decreased by the anti-miR-181a (Figures 6(d)
and 6(f)), suggesting that the anti-miR-181a prevents H9c2
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Figure 2: miRNA expression changes in H
2
O
2
-induced apoptotic

cardiomyocytes. (a) Fold change in miR-7a, 125a, 181a, and 423
expression after exposure to H

2
O
2
(400𝜇M) for 2 h. ∗𝑃 < 0.01

versus control (CTL); the values represent the mean ± SEM, 𝑛 = 3.
(b) H9c2 cells were treated with different concentrations of H

2
O
2
,

ranging from 50 to 800 𝜇M for 2 h. ∗𝑃 < 0.05 versus control (CTL);
∗∗
𝑃 < 0.01 versus control (CTL); the values represent the mean ±

SEM, 𝑛 = 3.

cells from undergoing apoptosis by increasing Bcl-2 while
inhibiting Bax.

3.7. Anti-miR-181a Restored the H
2
O
2
-Induced Loss of the

Mitochondrial Membrane Potential. Untreated cells con-
tained bright-staining mitochondria that emitted orange
fluorescence. The H

2
O
2
treatment caused the formation of

monomeric JC-1, indicative of a loss of mitochondrial mem-
brane potential. Transduction of the anti-miR-181a, however,
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Figure 3: Gpx1 3-UTR is a direct target of miR-181a. (a) Predicted miR-181a target site in the 3-UTR of rat Gpx1. The wild-type rat Gpx1
mRNA sequence is shown with the potential binding sites. The mature miR-181a sequence and potential binding between the miR-181a seed
region and the rat Gpx1 3-UTR sequence are shown, with the mutated bases indicated above in red. (b) Rat Gpx1 3-UTR reporter and the
miR-181a binding sitemutant reporter were cotransfected with either thematuremiR-181a (50 nM) ormiR-CTL intoHEK 293T cells, followed
by cell lysis and luciferase assays 48 h later. ∗𝑃 < 0.01 versus Gpx1-WT+miR-CTL group; the values represent the mean ± SEM, 𝑛 = 3. (c)
Gpx1 and 𝛽-actin protein levels were detected by western blotting 48 h after H9c2 cells were transfected with miR-CTL, miR-181a (50 nM),
anti-CTL, or anti-miR-181a (100 nM). ∗𝑃 < 0.01 versus miR-CTL; &

𝑃 < 0.01 versus anti-CTL group; the values represent the mean ± SEM;
𝑛 = 3.

blocked the H
2
O
2
-induced formation of JC-1 monomers

(Figure 7(a)), suggesting that the anti-miR-181a can restore
the H

2
O
2
-induced loss of the mitochondrial membrane

potential. The ratio of orange to green fluorescence was
used to quantify the Δ𝜓m, with a low ratio representing
mitochondrial depolarization. We found that the ratio of
the H

2
O
2
group was lower than that of the control group

(∗𝑃 < 0.01), that the anti-miR-181a showed protective effects

compared with the anti-CTL-treated groups, and that the
upregulation of miR-181a decreased the ratio (&𝑃 < 0.05,
#
𝑃 < 0.05; Figure 7(b)).

3.8. Downregulation of miR-181a Blocks the Mitochondrial
Apoptotic Pathway. The release of cytochrome c from the
mitochondrial intermembrane space into the cytoplasm is
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Figure 4: Effects of the down- or upregulation ofmiR-181a onH
2
O
2
-inducedH9c2 cell morphology and cellular injury. H9c2 cardiomyocytes

were treated with miRNAs for 6 h prior to H
2
O
2
(400𝜇M, 2 h) treatment. (a) H9c2 cells were transfected with miR-CTL, miR-181a (50 nM),

anti-CTL, or anti-miR-181a (100 nM) for 6 h, followed by real-time PCR analysis of the miR-181a expression levels 24 h later. ∗𝑃 < 0.01 versus
miR-CTL; &

𝑃 < 0.01 versus anti-CTL group; the values represent the mean ± SEM; 𝑛 = 3. (b) The downregulation of miR-181a restored the
oxidative stress-induced alteration of H9c2 cell morphology, whereas the upregulation of miR-181a exacerbated the morphological changes.
Scale bar: 25 𝜇m. (c)The cellularMDA levels weremeasured using the TBAmethod, and the concentration ofMDAwas expressed as nmol/mg
protein. ∗𝑃 < 0.01 versus control (CTL); &

𝑃 < 0.01 versus miR-CTL; #
𝑃 < 0.01 versus anti-CTL group; the values represent the mean ±

SEM; 𝑛 = 5. (d)The LDH activity in the culture mediumwas measured, and the results are expressed as U/L. ∗𝑃 < 0.01 versus control (CTL);
&
𝑃 < 0.01 versus miR-CTL; #

𝑃 < 0.01 versus anti-CTL group; the values represent the mean ± SEM; 𝑛 = 5.

a critical step in the progression of the intrinsic apoptotic
pathway [19]. H

2
O
2
treatment for 2 h increased the release of

cytochrome c from the mitochondria, as shown by the loss
of the colocalization of cytochrome c with the mitochondria
(Figure 8).The effect of H

2
O
2
was attenuated by transduction

with the anti-miR-181a, whereas the upregulation of miR-181a
exacerbated this effect (Figure 8).

Caspase-3 mediates apoptosis by regulating many impor-
tant events that lead to the completion of apoptosis [20].
To further investigate the effects of mature miR-181a and
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Figure 5: Effects of the miR-181a and anti-miR-181a on H
2
O
2
-induced H9c2 cell ROS generation. (a) The intracellular ROS levels were

estimated using the probeDCFH-DA.ROSproductionwas observed using a fluorescencemicroscope. (b)TheROSproductionwas quantified
by a fluorescence microplate reader, with the fluorescence read at 485 nm for excitation and 530 nm for emission. The cellular fluorescence
intensities were expressed as the multiple of the level in the control group. ∗𝑃 < 0.01 versus control (CTL); &

𝑃 < 0.01 versus miR-CTL;
#
𝑃 < 0.01 versus anti-CTL group; the values represent the mean ± SEM; 𝑛 = 5.

anti-miR-181aon cleaved caspase-3 activation, we measured
cleaved caspase-3 protein expression (Figures 6(d)-6(e)) by
western blots in five different groups. The H

2
O
2
treatment

increased the generation of cleaved caspase-3. This effect was
attenuated by transduction with the anti-miR-181a, whereas
the upregulation of miR-181a increased cleaved caspase-
3 expression (Figure 6(e)). These data suggest that the
anti-miR-181a reduces H

2
O
2
-induced apoptosis by blocking

caspase-3-dependent cardiomyocyte apoptosis.

4. Discussion

Increased ROS levels are a hallmark of oxidative stress-
induced cardiomyocyte apoptosis. Compared with other
ROS, H

2
O
2
is a relatively long-lived molecule commonly

used in models of oxidative stress in H9c2 cardiomyocytes
[21, 22]. High concentrations of H

2
O
2
(100–200𝜇M) have

been shown to increase apoptosis, whereas higher concen-
trations of H

2
O
2
(300–1000𝜇M) cause both apoptosis and
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Figure 6: Continued.
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Figure 6: Effects of the miR-181a and anti-miR-181a on H
2
O
2
-induced H9c2 cell apoptosis and the expression levels of key mediators of

apoptosis. The cells were transfected with miRNAs for 6 h and cultured for 24 h, with H
2
O
2
(400𝜇M) added for the last 2 h. (a) Oxidative

stress-induced DNA damage in the nuclei was shown by DAPI staining. ((b)-(c)) H9c2 cell apoptosis due to oxidative stress was analyzed by
flow cytometry. ∗𝑃 < 0.01 versus control (CTL); &

𝑃 < 0.01 versus miR-CTL; #
𝑃 < 0.01 versus anti-CTL group; the values represent the

mean ± SEM; 𝑛 = 5. (d) The cleaved caspase-3, Bcl-2, and Bax protein levels were detected by western blot. (e) The normalization of cleaved
caspase-3 expression to that of 𝛽-actin. ∗𝑃 < 0.01 versus miR-CTL; &

𝑃 < 0.01 versus anti-CTL group; the values represent the mean ± SEM;
𝑛 = 3. (f) Bcl2/Bax ratio. ∗𝑃 < 0.01 versus miR-CTL; &

𝑃 < 0.01 versus anti-CTL group; the values represent the mean ± SEM; 𝑛 = 3.

necrosis in adult rat ventricular myocytes [23]. In our exper-
iments, the treatment of H9c2 cells with H

2
O
2
(50–800𝜇M)

for 2 h caused a dose-dependent decrease in cell viability. A
400 𝜇Mdose ofH

2
O
2
induced both apoptosis andnecrosis, as

shown by flow cytometry. The dynamic oxidant/antioxidant
balance is perturbed following the addition of exogenous
H
2
O
2
to the medium of cultured cells. In cultured neu-

rons isolated from GPx1 knockout (GPx1−/−) mice, the

susceptibility to H
2
O
2
-induced apoptosis correlates with the

increasing accumulation of intracellular ROS [24]. We found
that the levels of Gpx1 protein were significantly increased
in cells exposed to 100 or 200𝜇M H

2
O
2
, suggesting that

the exposure to moderate concentrations of H
2
O
2
induces

a compensation response, whereas 400 𝜇M H
2
O
2
damages

the antioxidant enzymes system and leads to decreased Gpx1
expression.
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Figure 7: Effects of the miR-181a and anti-miR-181a on the H
2
O
2
-induced reduction of the mitochondrial membrane potential. (a) The

mitochondrial membrane potential was assessed by the lipophilic cationic probe JC-1. An orange signal indicates the aggregation of JC-1
in the mitochondria. A green signal represents cytosolic JC-1 monomers, indicative of the loss of the mitochondrial membrane potential.
Merged images show the colocalization of the JC-1 aggregates and monomers. Scale bar: 25𝜇m. (b) Quantitative analysis of the membrane
potential in (a). The Δ𝜓m of the H9c2 cardiomyocytes in each group was calculated as the ratio of orange to green fluorescence, expressed as
the multiple of the level in the control group. ∗𝑃 < 0.05 versus control (CTL); &

𝑃 < 0.05 versus miR-CTL; #
𝑃 < 0.05 versus anti-CTL group;

the values represent the mean ± SEM, 𝑛 = 3.

miRNAs are endogenous regulators of gene expression.
Previous reports have shown that the binding sites of target
mRNAs with as few as seven complimentary base pairs (the
seed sequence) to themiRNA 5 end are sufficient formiRNA
regulation in animals [25]. More recently, several studies
indicated that miRNA expression levels were sensitive to
H
2
O
2
in cardiac myocytes. miRNAs can be used as powerful

tools to modulate a functional phenotype that involves the
participation of multiple proteins, as in the case of ROS-
mediated events [26–29]. This finding raises the question
of whether the oxidative stress-responsive miRNAs play a
role in altering the expression of antioxidant genes that
quench ROS to maintain redox homeostasis. With the help
of current bioinformatics tools, we predicted several miRNAs
that may target Gpx1. Although potential miRNAs can be
predicted by computational analysis, these miRNAs must
be experimentally verified in cells because the targets and
functions ofmiRNAs are cell-specific and each single protein-
coding gene can be regulated bymultiplemiRNAs [30, 31]. To
test which miRNAs target Gpx1 mRNA in H9c2 cells, we first
confirmed that the 400𝜇M H

2
O
2
treatment decreased Gpx1

expression. Considering the negative relationship between
miRs and Gpx1, the selected miRs were expected to be
upregulated in H

2
O
2
-treated H9c2 cells. By qPCR analyses,

we validated that the miR-181a expression was upregulated
approximately 4-fold in H

2
O
2
-treated cells compared with

the controls. In addition, Gpx1 expression in H9c2 cells was
regulated by miR-181a in unstimulated cells, as determined
both by gain-of-function and loss-of-function approaches.
To further confirm this effect, we utilized a luciferase vector
with the cloned target 3-UTR region of Gpx1 mRNA. We

demonstrated that the negative effect ofmiR-181a on theGpx1
levels in H9c2 cells was the result of the direct targeting of
Gpx1 mRNA by miR-181a. Hutchison et al. used microarray
analysis to assess the effects of miR-181 on the transcrip-
tome in primary astrocytes. Pathway and signaling pathway
analyses demonstrated that miR-181 targets genes encoding
antioxidant enzymes, including glutathione peroxidases 1 and
4 (Gpx1 and Gpx4, resp.) [32].

To ascertain the role of miR-181a in ROS-mediated
H9c2 cells apoptosis, miR-181a expression was modulated
via a miR-181a inhibitor and miR-181a mimic. ROS cause
damage to intracellular macromolecules, including DNA
breakage and lipid membrane peroxidation, both of which
can be detected morphologically (cell shrinkage and nuclear
condensation) and biochemically (DNA fragmentation and
extracellular exposure of phosphatidylserine). We found that
the downregulation of miR-181a expression protected against
the H

2
O
2
-induced injury of H9c2 cells by restoring the

alterations of H9c2 morphology and nuclear condensation,
inhibiting the production of ROS and blocking LDH release
and MDA production, two indicators of oxidative stress-
induced injury [33].

The pivotal role of mitochondria in cell death and cell
survival has been well established: mitochondrial dysfunc-
tion constitutes a critical event in the apoptotic process [34,
35]. Excessive levels of ROS damage mitochondria, induce
the translocation of Bax and Bad, open the permeability
transition pore (PTP), and, thus, lead tomitochondrial depo-
larization and outer membrane rupture, accompanied by the
mitochondrial release of cytochrome c and late activation
of caspase-3, finally causing cell apoptosis or death [19].
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2
O
2
-induced cytochrome c release from themitochondria inH9c2 cells. Fluorescence

microscopy analysis of H9c2 cells transfected with miRNAs for 6 h prior to exposure to H
2
O
2
(400 𝜇M) for 2 h shows immunostaining of

cytochrome c (green), Mito tracker staining of the mitochondria (red) andmerged images of the two, showing colocalization in yellow. Upon
the release of cytochrome c from the mitochondria, green fluorescence can be seen independently. Scale bar: 25𝜇m. The images presented
are representative of three independent experiments.
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Our data demonstrate that the anti-miR-181a blocked H
2
O
2
-

induced H9c2 apoptosis by regulating mitochondria-related
apoptotic pathways. H

2
O
2
induced a decrease in the mito-

chondrial membrane potential, suggesting an impairment of
mitochondrial function. Transduction of the anti-miR-181a,
however, restored the mitochondrial membrane potential.
These data demonstrate that the anti-miR-181a protected
H9c2 cells from H

2
O
2
-induced apoptosis by maintaining

mitochondrial membrane integrity and cardiomyocyte func-
tion.Moreover, previous studies indicated that the Bcl-2 fam-
ily is upregulated during the opening of the PTP [36]. Critical
interactions between Bcl-2 family proteins cause permeabi-
lization of the outer mitochondrial membrane, a common
decision point early in the intrinsic apoptotic pathway that
irreversibly commits the cell to death [37, 38]. Our results
demonstrate that miR-181a regulates the expression of the
Bcl-2 family. The anti-miR-181a significantly increased Bcl-
2 levels while decreasing Bax protein levels, attenuating the
alterations caused by H

2
O
2
-induced injury. One recent study

demonstrated that cardiac mitochondria from GPx1−/− mice
lost their resistance to hypoxia/reoxygenation damage [39].
Previous studies have indicated that Bcl-2 knockout mice
have reduced glutathione levels and glutathione peroxidase
activity in brain tissue [40]. Other works have shown that
GPx1 may modify the ratio of Bax to Bcl-2 to create a more
antiapoptotic environment [41]. Therefore, it is reasonable
to conclude that miR-181a regulates the expression of Gpx1
and that Gpx1 directly influences the expression of Bcl-2.
However, the direct regulation of Bcl-2 by miR-181a has been
confirmed bymany investigations, mainly in tumor cells [42–
44]. In the future, luciferase reporter assays and western blot
analyses should be used to validate Bcl-2 as a direct target of
miR-181a in H9c2 cells.

In addition to cis-regulation (direct targeting of mRNAs
to induce degradation or inhibit protein translation), miR-
NAsmay alter the expression of transcription factors or other
regulatory genes that can affect the regulation of the target
gene via trans-regulatory mechanisms [45]. Prior studies
have identified several targets formiR-181a, includingGRP78,
a major endoplasmic reticulum chaperone and signaling
regulator [46, 47], and sirtuin-1, an NAD-dependent protein
deacetylase [48]. We assume that these targets may partic-
ipate in the trans-regulation of Gpx1. Furthermore, other
studies have demonstrated that miR-181a represses important
antiapoptotic targets such as X-linked inhibitor of apoptosis
(XIAP), a function that could help explain the proapoptotic
effects of this miRNA [32].

In other studies, miRNAs have been shown to be directly
linked to the regulation of antioxidant enzymes, including
catalase [49], SOD

2
[50], and NADPH oxidase [51]. Our

study illustrates the role of miR-181a as a proapoptotic mod-
ulator in the regulation of Gpx1. Future studies, especially
in ischemia/reperfusion animal models, are necessary to
validate the possible therapeutic use of miR-181a regulation.

In summary, we have demonstrated thatmiR-181a expres-
sion is upregulated in H

2
O
2
-treated H9c2 cells and that

inhibition of miR-181a confers cardiac protection against
oxidative stress-induced H9c2 cell apoptosis through the

direct inhibition of Gpx1 expression and ROS generation,
which are important for the maintenance of mitochondrial
membrane integrity and the inhibition of mitochondrial
apoptotic pathway under oxidative stress conditions. These
novel findings may have extensive diagnostic and therapeutic
implications for a variety of cardiovascular diseases related to
ROS, including atherosclerosis, hypertension, restenosis after
angioplasty or bypass, diabetic vascular complications, and
transplantation arteriopathy.
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Thyroid hormone (TH) is critical for adapting living organisms to environmental stress. Plasma circulating tri-iodothyronine (T3)
levels drop in most disease states and are associated with increased oxidative stress. In this context, T3 levels in plasma appear to be
an independent determinant for the recovery of cardiac function after myocardial infarction in patients.Thyroid hormone receptor
𝛼1 (TR𝛼1) seems to be crucial in this response; TR𝛼1 accumulates to cell nucleus upon activation of stress induced growth kinase
signaling. Furthermore, overexpression of nuclear TR𝛼1 in cardiomyocytes can result in pathological or physiological growth (dual
action) in absence or presence of its ligand, respectively. Accordingly, inactivation of TR𝛼1 receptor prevents reactive hypertrophy
after myocardial infarction and results in heart failure with increased phospholamban (PLB) expression and marked activation
of p38MAPK. In line with this evidence, TH is shown to limit ischemia/reperfusion injury and convert pathologic to physiologic
growth after myocardial infarction via TR𝛼1 receptor. TR𝛼1 receptor may prove to be a novel pharmacological target for cardiac
repair/ regeneration therapies.

1. Introduction

Adaptation to the environmental oxygen variations was
an evolutionary challenge and allowed life to evolve in
earth. Transition from low to high oxygen environments
can increase oxidative stress and result in tissue dam-
age. However, living organisms evolved from aquatic to
terrestrial environments by developing mechanisms that
enabled adaptation to changes in environmental oxygen.
These mechanisms have been evolutionary conserved in
mammals allowing mammalian birth to oxygen rich envi-
ronment or implicated in freeze tolerance and arousal from
hibernation [1]. Understanding the molecular basis of the
adaptive responses of living organisms to stress may be of
physiological relevance in the therapy of diseases. In this
context, recent experimental and clinical evidence shows that
thyroid hormone (TH) may be critical in stress response
and low TH in diseased states is associated with increased
oxidative stress [2, 3]. With this evidence in mind, this
review highlights the role of thyroid hormone signaling and
particularly of thyroid hormone receptor alpha1 (TR𝛼1) in
cardiac recovery following myocardial injury.

2. Adaptation to Environmental Stress:
The Role of Thyroid Hormone (TH)

Amphibian metamorphosis is the most striking paradigm
of adaptation to oxygen rich environment. This biological
process is entirely dependent on TH. TH is low during
embryonic and early larva development and increases as
larva approaches metamorphosis. A similar developmental
TH secretion pattern is observed in most species and in
humans [4]. Furthermore, distinct changes in deiodinases
and thyroid hormone receptors (TRs) expression occur and
thus, a single hormone can coordinate responses among
different cell types and regulate the temporal sequence of
remodeling events during amphibian metamorphosis. More
importantly, TH can critically determine the amphibian
phenotype (low oxygen, aquatic versus high oxygen, and
terrestrial habitats). Thus, in salamanders, low TH results
in permanent aquatic habitats, delayed metamorphic timing,
and large body size, whereas high TH has opposite effects [4];
see Figure 1.

Environmental stress appears to cause changes in the
pattern of TH secretion similar to that observed in the early
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Figure 1: Critical levels of thyroid hormone (TH) induce metamorphosis in salamanders. Low TH can adapt salamander to low oxygen
aquatic environment by inducing growth with embryonic characteristics. Addition of TH allows adaptation to terrestrial life and completes
metamorphosis. Analogies seem to exist in mammals with TH to determine the phenotypic characteristics of the myocardium (pathological
versus physiological growth) after ischemic events. Evolutionary conserved mechanisms of adaptation may be the basis for cardiac repair.
(Permission by Johnson and Voss [4].)

embryonic stages.This response is likely to be part of an adap-
tive response of the living organism to environmental stress.
Thus, exposure of air breathing perch to water-born kerosene
resulted in low TH and unfavorable metabolic changes, while
the administration of TH reversed this response [5]. Along
this line, cold stunning in sea turtles resulted in undetectable
thyroid hormone levels and recovery induced by rewarming
was associated with restoration of TH levels [6]. Similarly,
in humans, TH levels decline after various stresses including
ischemia, infection, and organ failure, but the physiological
relevance of this response in regard to post-stress adaptation
remains largely unknown [7, 8].

3. TH Is Critical for the Recovery after
Myocardial Injury

Adecline in T3 levels occurswithin 48 hours(h) aftermyocar-
dial infarction (AMI) or 6–24 h after cardiac surgery [9, 10].
Low T3 syndrome is present in nearly 20% of patients with
AMI, despite primary percutaneous coronary intervention
(PCI). Low fT3 levels are associated with lower survival
rate particularly in patients with age less than 75 years [11],
indicating that TH may have a role in adapting the heart to
myocardial injury. In fact, a link of TH to cardiac recovery
after myocardial infarction has been recently established in
humans and in experimental studies.

In a series of patients with AMI and primary PCI, left
ventricular ejection fraction (LVEF%) 48 hours after the
index event was strongly correlated with T3 and not T4 levels
in plasma. Furthermore, at 6 months, recovery of cardiac
function was correlated with T3 plasma levels and T3 was
shown to be an independent determinant of LVEF% recovery
[12].

In accordance with this clinical evidence, acute T3
(and not T4) administration after ischemia/reperfusion in

isolated rat hearts resulted in significant improvement of
postischemic recovery of function [13, 14]. Furthermore,
in an experimental model of coronary ligation in mice,
cardiac function was significantly decreased and this was
associated with a marked decline in T3 levels in plasma. T3
replacement therapy significantly improved the recovery of
cardiac function [15, 16].

On the basis of these data, it appears that the active T3 and
not T4 is critical for the response to stress. In fact, T4 therapy
in patients with euthyroid syndrome due to severe illness was
not shown to be beneficial [17, 18].

4. TR𝛼1 Receptor and Its Physiologic Actions

T3, the active form of TH, exerts many of its actions through
its receptors (TRs): TR𝛼1, TR𝛼2, TR𝛽1, and TR𝛽2. TRs,
with the exception of TR𝛽2, are expressed in all tissues and
the pattern of expression varies in different types of tissues
[19]. TR𝛼1 is predominantly expressed in the myocardium
and regulates important genes related to cell differentiation
and growth, contractile function, pacemaker activity, and
conduction [20–22].

The importance of TH in organ maturation during
development and its implication in cell differentiation has
long been recognized.This unique action seems to be of phys-
iological relevance in stem cell biology and cancer [23, 24]. T3
can promote differentiation of human pluripotent stem cell
derived cardiomyocytes (hips-CM) [23] and glioma tumor
cell lines [24]. The implication of TR𝛼1 in cell differentiation
is shown in embryonic myoblast cultures (H9c2), which
is considered a suitable model to study cell differentiation.
Maturation of H9c2 is TH dependent process [25, 26]. TR𝛼1
expression is increased in parallel with the intracellular
T3 at the stage of cell differentiation and pharmacological
inactivation of TR𝛼1 significantly delays cardiac myoblast
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maturation [27]. Along this line, TR𝛼1 is shown to play
a critical role in pancreatic 𝛽-cell replication and in the
expansion of the 𝛽-cell mass during postnatal development
[28].

T3 can induce physiologic growth and this action involves
the activation of PI3 K/Akt/mTOR pathway. T3 regulates this
pathway by the interaction of the cytosol-localized TR𝛼1 with
the p85𝛼 subunit of PI3 K [29, 30].

TR𝛼1 appears to be required to repress basal expression of
𝛽-isoform of myosin heavy chain (𝛽-MHC) and T3 induced
𝛽-MHC repression [31]. Deletion of TR𝛼1 results in lower
levels of 𝛼-MHC and SERCA mRNA [32], whereas phos-
pholamban (PLB) expression is greater in the myocardium
of animals with mutated TR𝛼1 [33]. TR𝛼1 directly binds
at the PLB promoter region. T3 can trigger alterations in
covalent histone modifications at the PLB promoter which
are associated with gene silencing with lower histone H3
acetylation and histone H3 lysine 4 methylation [34]. In line
with this evidence, contractile dysfunction is a consistent
observation in all studies using animals with mutated or
deleted TR𝛼1 receptor [32, 33].

TH regulates the transcription of pacemaker channel
genes such asHCN2 andHCN4 and this action involves TR𝛼1
receptor [32]. Deletion of TR𝛼1 results in bradycardia [32, 35].
TR𝛼1 is also shown to bind to an element of rat connexin
43 promoter region which may be of physiological relevance
regarding electrical conduction [36].

TH can control glucose metabolism in the heart via
TR𝛼1 receptor. Thus, glucose utilization in the myocardium
is impaired in mice with mutated TR𝛼1 [37]. Furthermore,
pharmacological inhibition of TR𝛼1 in rats resulted in
increased glycogen content in the myocardium [38].

TR𝛼1 is the predominant TR isoform in mouse coronary
smooth muscle cells (SMCs) and seems to have a regulatory
role in the coronary artery contractile function. Coronary
SMCs from TR𝛼1 knock-out mice exhibit a significant
decrease in K+ channel activity. Furthermore, in those arter-
ies, vascular contraction is significantly enhanced [39].

Collectively, it appears that TR𝛼1 has a regulatory role in
cardiac homeostasis and thus, it is likely to be implicated in
the pathophysiology of cardiac disease. This hypothesis has
not, until recently, been explored.

5. TR𝛼1 and Response of
the Myocardium to Stress

The potential link of TH signaling to cardiac pathology
and particularly of TR𝛼1 receptor has been investigated in
several studies withmuch controversy surrounding this issue.
Initial observations showed that TR𝛼1 mRNA is suppressed
in left ventricles of patients with dilated cardiomyopathy
in comparison with donor hearts [40]. Accordingly, TR𝛼1
mRNA was found to be downregulated in the myocardium
of animals with ascending aortic constriction (TAC) [41, 42].
Furthermore, TR𝛼1 mRNA was found to be suppressed after
phenylephrine (PE, an alpha1-adrenergic agonist, which is a
stimulus for pathologic growth) administration in neonatal
cardiomyocytes [42]. Overexpression of TR𝛼1 was shown to

reverse PE and TAC induced hypertrophic phenotype [41,
42]. However, this was not a consistent result in all studies.
Overexpression of TR𝛼1 resulted in physiologic growth in
one study [42] and pathologic growth in another study [43].
Here it should be noted that, in all those studies, TR𝛼1 was
measured at mRNA level and not at protein level. TR𝛼1
protein expression was measured in subsequent studies in
cardiac specimens from patients with heart failure. TR𝛼1 was
found to be upregulated in one study [44] and downregulated
in another study [45]. To add to the controversy, TR𝛼1
was shown to be overexpressed [46] or downregulated [47]
in animal models of cardiac remodeling after myocardial
infarction. On the basis of this conflicting evidence, it is
conceivable that clear conclusions cannot be drawn regarding
potential role of TR𝛼1 receptor in stressed myocardium.

6. TR𝛼1: A Component of Stress Induced
Growth Signaling Pathways

Recent experimental studies have shed more light regarding
the role of TR𝛼1 in the response of the myocardium to stress
and seem to resolve the controversy. Thus, a distinct pattern
of TR𝛼1 expression is shown to occur in the myocardium
after acute myocardial infarction, indicating a potential link
of TR𝛼1 to reactive cardiac hypertrophy. TR𝛼1 (nuclear
part) was shown to be upregulated during the development
of compensatory pathological hypertrophy in parallel with
a greater activation of ERK and mTOR growth signaling.
Consequently, TR𝛼1 declines along with a marked reduction
in ERK and mTOR signaling activation on the transition
of pathological hypertrophy to congestive heart failure [48].
Studies in cultured cardiomyocytes further showed that TR𝛼1
receptor can be overexpressed in cell nucleus in response
to growth stimuli such as phenylephrine (PE) [27]. This
response was shown to be due to redistribution of TR𝛼1
from cytosol to nucleus. This process is regulated via ERK
andmTOR signaling. In those experiments, overexpression of
TR𝛼1 receptor was shown to be associated with pathological
growth (with dominant 𝛽-MHC expression) only in the
absence of TH in culture medium Figure 2. Furthermore,
inhibition of ERK andmTOR signaling abolished TR𝛼1 accu-
mulation in cell nucleus and prevented the development of
PE induced pathological growth; see Figure 2. This response
could be elicited by 𝛼1 adrenergic and not 𝛽2-adrenergic
stimulation (unpublished data) while treatment of neonatal
cells with inflammatory mediators, such as TNF-alpha, had
no effect on nuclear TR𝛼1 expression [49]. Collectively, these
data provide substantial evidence that stress induced accu-
mulation of TR𝛼1 in cell nucleus may be an important com-
ponent of the mechanisms involved in compensatory growth
response after myocardial infarction. This hypothesis has
recently been tested in studies in which debutyl-dronedarone
(DBD), a TR𝛼1 inhibitor, was administered after AMI inmice
[50]. DBD treatment was shown to reduce recovery of cardiac
function, prevent compensatory hypertrophy, increase PLB
expression (TR𝛼1 responsive gene), and result in marked
activation of p38 MAPK [51]. The latter may be of important
physiological relevance. Stress induced activation of p38
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Figure 2: Thyroid hormone (TH) determines the growth response
to stress. Stress induced (by PE, a growth stimulus) overexpression
of TR𝛼1 in neonatal cardiomyocytes resulted in pathologic growth
with dominant beta-MHC expression only in the absence of TH
in the cultured medium (PE-T3) (B). This response was abolished
after PD98059 administration (an ERK inhibitor) which prevents
PE induced TR𝛼1 accumulation in nucleus (PE-T3 + PD) (C). In the
presence of TH in culturedmedium, PE inducedTR𝛼1 accumulation
in nucleus resulted in physiologic growth with suppressed beta-
MHC and increased alpha-MHC (PE + T3) (D) ∗𝑃 < 0.05 versus
A, ∗∗𝑃 < 0.05 versus B, #𝑃 < 0.05 versus A, B, and C, PE =
phenylephrine, MHC = myosin heavy chain.

MAPK can cause apoptosis, low proliferative activity, and
impaired tissue repair/regeneration [52–54].

7. TR𝛼1: A Molecular Switch to Convert
Pathologic to Physiologic Growth

The potential link of TR𝛼1 to growth response has been
revealed in neonatal cardiomyocytes cultures in which
phenylephrine (PE) was administered in the presence or
absence of TH in culture medium. In this series of exper-
iments, PE administration resulted in increased nuclear
TR𝛼1 content and in pathologic growth (dominant 𝛽-MHC
expression) in the absence of T3 and physiologic growth in
the presence of T3 in culture medium [27]; see Figure 2.
Thus, TR𝛼1 receptor appears to act as a molecular switch
to convert pathologic to physiologic growth. Consistent with
this evidence, TH replacement therapy following myocardial
infarction in mice resulted in compensatory hypertrophy
with adult pattern of myosin isoform expression [16]. Fur-
thermore, increased expression of liganded TR𝛼1 in the
myocardium after physical training in patients with heart
failure and mechanical support devices was associated with
upregulation of physiologic growth kinase signaling [55].
Similarly, TH restoredmyelination and clinical recovery after
intraventricular hemorrhage by converting the unliganded,
aporeceptor TR𝛼1 to holoreceptor [56].

8. TR𝛼1 and Ischemia/Reperfusion Injury

TH has long been considered to be detrimental for the
response of themyocardium to ischemic stress. However, this
long standing belief has been challenged over the past years.
In fact, in a series of studies using isolated rat heart models
of ischemia/reperfusion, TH pretreatment was shown to be
beneficial and mimic the effect of ischemic preconditioning
[57]. Furthermore, T3 (and not T4) administration at reper-
fusion suppressed apoptosis, limited necrosis, and improved
postischemic recovery of function [13, 14]. Similarly, TH
treatment after myocardial infarction limited infarct size [58]
and reduced apoptosis in the border zone of the infarcted
area [59]. The reparative effect of TH seems to be mediated
via activation of prosurvival signaling pathways. Thus, TH
activates Akt [16, 59–61] and regulates PKC isoforms expres-
sion [62, 63], HSP70 expression [64], and HSP27 expression
and phosphorylation and translocation [65]. Furthermore,
TH suppresses ischemia/reperfusion induced p38MAPK and
JNK activation [14, 66]. TH reparative action is shown to be
mediated via TR𝛼1 receptor [13]. Here, it is worthmentioning
that T3 can also limit streptozotocin (STZ) induced beta
pancreatic cell apoptosis via TR𝛼1 receptor.Thus, TH admin-
istration in STZ treated animals with myocardial infarction
resulted in increased insulin levels in plasma and significant
improvement of the postischemic cardiac dysfunction [61].

9. Clinical and Therapeutic Implications

Reperfusion injury and postischemic cardiac remodeling
remain still a therapeutic challenge in the management
of patients with heart disease [67, 68]. The discovery of
novel pharmacological targets such as TR𝛼1 receptor may
be of important clinical and therapeutic relevance. TH
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Figure 3: Schematic showing TR𝛼1 involvement in the response of
the myocardial tissue to injury.

has already been tried in clinical settings of controlled
ischemia/reperfusion, such as CABG or heart donors preser-
vation. Thus, T3 treatment postoperatively limited reper-
fusion injury and improved haemodynamics in patients
undergoing CABG [69]. Furthermore, T3 treatment initiated
one week before GABG resulted in improved cardiac index
and reduced requirements of inotropes [70]. Similarly, TH
has been used in heart donors to increase the probability
of success in donor organ transplantation. However, a clear
benefit of this treatment has not been demonstrated [71].
This may be due to the fact that most of the patients were
receiving T4 instead of the active T3 and TH treatment
was used in nonischemic stable donor hearts. In fact, when
T3 was administered in a series of 22 unstable (ischemic)
heart donors (considered unsuitable for transplantation), 17
of those patients progressed to successful transplantation
[72]. Here it should be noted that TH was shown to facilitate
recovery in patients with end-stage heart failure andmechan-
ical support devices [73].

On the basis of these preliminary clinical data, large-scale
clinical trials may be needed to demonstrate the beneficial
effect of TH in clinical settings of ischemia/reperfusion.
Furthermore, the recognition that TH canmediate important
physiological and pharmacological actions via TR𝛼1 receptor
may allow selective pharmacological manipulation of TH
signaling via TR𝛼1 agonists. Currently, only TR𝛽 analogs
have been synthesized to control cholesterol metabolism.
However, a chemical compound (CO23) which is assumed
to be a TR𝛼1 selective agonist has recently been synthesized.

This compound, although it was shown to be selective for
TR𝛼1 receptor in amphibian models, it lost its selectivity in
rat [74, 75]. This may be due to differences in TR expression
in developing and mature tissues. This issue is of important
therapeutic relevance and merits further investigation.

10. Concluding Remarks

TH is long known to be critical in organmaturation and regu-
lation ofmetabolism.However, recent accumulating evidence
shows that TH is crucial for the response of living organisms
to environmental stress. In particular, TR𝛼1 receptor seems
to be an important determinant for the reactive growth
response which occurs after myocardial injury. TR𝛼1 can act
as a molecular switch to convert pathological to physiologic
growth; see Figure 3. Due to this dual action, TH, via TR𝛼1
receptor, can limit myocardial injury and rebuild the injured
myocardium. It is likely that TR𝛼1 receptormay prove a novel
pharmacological target for cardiac repair/regeneration.
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We tested the influence of estrogen on coronary resistance regulation by modulating nitric oxide (NO) and hydrogen peroxide
(H
2
O
2
) levels in female rats. For this, estrogen levels were manipulated and the hearts were immediately excised and perfused at a

constant flow using a Langendorff ’s apparatus. Higher estrogen levels were associated with a lower coronary resistance, increased
nitric oxide bioavailability, and higher levels of H

2
O
2
. When oxide nitric synthase blockade by L-NAME was performed, no

significant changes were found in coronary resistance of ovariectomized rats. Additionally, we found an inverse association between
NO levels and catalase activity. Taken together, our data suggest that, in the absence of estrogen influence and, therefore, reduced
NO bioavailability, coronary resistance regulation seems to be more dependent on the H

2
O
2
that is maintained at low levels by

increased catalase activity.

1. Introduction

Decreased levels of estrogen play a critical role in heart dis-
ease development after menopause. The loss of ovarian
hormones has a widespread adverse impact, increasing the
risk of cardiovascular events, such as myocardial infarction
(MI) [1–3].

The ischemic insult caused byMI can be increased during
the early moments of reperfusion, referred to as ischemia/
reperfusion (I/R) injury [4].Moreover,myocardial cells tissue
damage is aggravated by producing reactive oxygen species
(ROS) under ischemic conditions by mitochondrial electron
transport chain or by enzymes such as NADPH oxidase,
xanthine oxidase, and nitric oxide synthase (NOS) [5].

Under I/R situations, such as in acute MI, endothe-
lial injury decreases the production of nitric oxide (NO)
[6], and NOS can become a source of superoxide anion
[7, 8]. This process is termed NOS uncoupling. Moreover,
NO produced from NOS can react with superoxide anion
decreasing NO bioavailability and generating the potent
oxidant, peroxynitrite (ONOO−) [9]. On the other hand,

Yada et al. demonstrated that endogenous hydrogen peroxide
(H
2
O
2
) contributes to coronary vasodilatation during I/R in

vivo as a compensatorymechanism for the NO loss [10]. And,
according to Cosentino et al. [11], H

2
O
2
can be involved in

vasorelaxation during uncoupling of NO synthesis. More-
over, it has been shown that H

2
O
2
has a critical role as a

signalingmolecule for cardiac remodeling, probably due to its
greater stability and permeability as compared to other ROS.
In this context, the H

2
O
2
levels modulation by antioxidant

enzyme catalase (CAT) seems to play an important role in
cardiovascular function [11].

Estrogen therapy (ET) has been considered as a means
to reduce cardiovascular risk in postmenopausal women [1]
and in animals submitted to I/R injury [12–14]. Furthermore,
it has been reported that ET improves NO-mediated vasodi-
latation in ovariectomized rats [15]. However, the ET effects
on H
2
O
2
concentrations and its repercussion in coronary

tone are not known.
Therefore, the aim in this study was to verify if the

influence of estrogen over coronary resistance is modu-
lated by hydrogen peroxide concentrations through catalase
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activity control. Another aim of this study was to determine,
through the NOS blockade, whether NO participates of this
mechanism.

2. Methods

2.1. Animals. Twenty-nine femaleWistar rats (60 days, 200 ±
20 g) were obtained from the Central Animal House at Uni-
versidade Federal do Rio Grande do Sul, Brazil. The animals
were housed in plastic cages (four animals each) and received
water and food ad libitum. They were maintained under
standard laboratory conditions (controlled temperature of
21∘C, 12 hours light/dark cycle). They were divided into
three groups: SHAM, that was submitted to a sham surgery
of bilateral ovariectomy; OVX, which was ovariectomized;
and OVX + E

2
, that was ovariectomized and received 17𝛽-

estradiol replacement. Each group was divided into two
groups for the isolated heart perfusion, according to the
perfusion solution utilized (Tyrode or Tyrode + L-NAME).
Thus, the six experimental groups were TYRODE-SHAM
(𝑛 = 5); L-NAME-SHAM (𝑛 = 4); TYRODE-OVX (𝑛 = 6);
L-NAME-OVX (𝑛 = 4); TYRODE-OVX + E

2
(𝑛 = 4); L-

NAME-OVX + E
2
(𝑛 = 4).

2.2. Ethical Approval. The experimental design was approved
by the Committee on Animal Care and Use of the Universi-
dade Federal do Rio Grande do Sul, following the Principles
of Laboratory Animal Care published by the Council for
International Organizations of Medical Science.

2.3. Ovariectomy (OVX). The rats were anesthetized (keta-
mine 90mg kg−1; xylazine 10mg kg−1 i.p.) and bilateral
ovariectomy or sham operation was performed. After a week,
the animals were submitted to a 17𝛽-estradiol replacement or
replacement simulation.

2.4. 17𝛽-Estradiol Therapy. Briefly, 15mm medical grade
tubing (1.02mm i.d. × 2.16mm o.d.) was filled with 10 𝜇L
of 5% (w : v) 17𝛽-estradiol (Sigma Chemical Co., St. Louis,
MO, USA) in sunflower oil and sealed with silicone. Capsules
were soaked in sterile saline overnight and implanted subcu-
taneously between the scapulae under anesthesia. Sham ani-
mals were implanted with capsules containing just sunflower
oil [16].

2.5. 17𝛽-Estradiol Concentration. Blood samples were col-
lected 28 days after ovariectomy surgery by the retrorbital
venous plexus and immediately centrifuged at 1000 g for
10min. The plasma 17𝛽-estradiol concentration was esti-
mated by chemiluminescence using the Immunolite 2000
apparatus (Biomedical Technologies Inc. Strougerton, MA,
USA) at Weinmann Clinical Analysis Laboratory.The results
were expressed as pg mL plasma−1.

2.6. Estrous Cycle Determination. In female rats not submit-
ted to ovariectomy, cycle determination was started at the
28th day of the experimental protocol. The cycle of each

female rat was determined by observation of vaginal smears,
which were taken using plastic tip. Saline was placed on the
vaginal opening, aspirated, and then placed on a microscopic
slide. Animals in the diestrus phase were used [17].

2.7. Experimental Protocol. After 28 days of the ovariectomy,
the rats were killed by decapitation and the hearts were
immediately excised and perfused at a constant flow using a
Langendorff ’s apparatus [18]. After the connection of aorta
and insertion of the balloon into left ventricle, the hearts were
stabilized for 20min with an end-diastolic pressure set to
about 10mmHg. Animals that did not show stable conditions
at the end of this period were discarded. Global ischemia
was induced by suspending the coronary flow for 30min, and
after that hearts were reperfused for 20min.

2.8. Isolated Heart Perfusion. The hearts were rapidly excised
through a median sternotomy and aorta was retrogradely
perfused (Langendorff model) using a Langendorff appa-
ratus (Hugo Sachs Electronics, March-Hugstetten, Ger-
many). The isolated hearts were perfused with two modified
Tyrode solutions. One solution containing 120mmol L−1
NaCl, 5.4mmol L−1 KCl, 1.8mmol L−1 MgCl

2
, 1.25mmol L−1

CaCl
2
⋅2H
2
O, 2mmol L−1 NaH

2
PO
4
, 27mmol L−1 NaHCO

3
,

1.8mmol L−1 Na
2
SO
4
, and 11mmol L−1 glucose, and, other

containing similar composition plus 100 𝜇mol L−1 N𝜔-nitro-
L-arginine methyl ester (L-NAME) in a doses capable to
inhibit all NOS isoforms [19]. Both solutions were equili-
brated with a 95% oxygen and 5% carbon dioxide mixture
to give a pH of 7.4 and perfused at a rate of 10mLmin−1
with a peristaltic pump (MS-Reglo 4 channels, Hugo Sachs
Electronics) and kept at 37∘C. A latex balloon was introduced
into the left ventricle via the left atrium and was pressurized
with a spindle syringe until it reached a preload of 10mmHg
to standardize cardiac work load. Heart rate (HR) and left
ventricular end diastolic pressure (LVEDP) as well as the left
ventricular developed pressure (LVDP, systolic minus end
diastolic pressure) and coronary perfusion pressure (CPP)
were monitored with a TPS Statham transducer and used to
assess cardiac function.

2.9. Tissue Preparation. After perfusion protocol, the hearts
were weighed and homogenized (1.15% w/v KCl and phenyl
methyl sulphonyl fluoride PMSF 20mmol L−1) in Ultra-
Turrax.The suspension was centrifuged at 600 g for 10min at
0–4∘C to remove the nuclei and cell debris [20] and super-
natants were used for the assay of nitric oxide metabolism
and enzymatic activity. Cardiac tissue samples were rapidly
removed after perfusion protocol and frozen at −80∘C for the
evaluation of hydrogen peroxide steady state concentration.

2.10. Determination of Nitrates (NO3
−) and Nitrites (NO2

−).
Nitrites were determined using the Griess reagent, in which
a chromophore with a strong absorbance at 540 nm is
formed by reaction of nitrite with a mixture of naphthyl-
etilenediamine (0.1%) and sulphanilamide (1%). The
absorbance was measured in a spectrophotometer to give
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the nitrite concentration. Nitrates were determined as total
nitrites (initial nitrite plus nitrite reduced from nitrate) after
its reduction using nitrate reductase, fromAspergillus species
in the presence of NADPH. A standard curve was established
with a set of serial dilutions (10−8–10−3mol L−1) of sodium
nitrite. Results were expressed as mmol L−1 [21].

2.11. Determination of Hydrogen Peroxide. The assay was
based in horseradish peroxidase (HRPO)-mediated oxida-
tion of phenol red by hydrogen peroxide, leading to the
formation of a compound that absorbs at 610 nm. Tissues
were incubated for 30min at 37∘C in phosphate buffer
10mmol L−1, NaCl 140mmol L−1, and dextrose 5mmol L−1.
The supernatants were transferred for tubes with phenol
0.28mmol L−1 and 8.5UmL−1 HRPO buffer, where, after
5min incubation, NaOH 1N was added and the mixture
was read at 610 nm. The results were expressed as nmoles g
tissue−1 [22].

2.12. Determination of Antioxidant Enzyme Activities. Super-
oxide dismutase (SOD) activity, expressed as Umg protein−1
of protein, was based on the inhibition of superoxide radical
reaction with pyrogallol [23]. Catalase (CAT) activity was
determined by following the decrease in 240 nm absorption
of hydrogen peroxide (H

2
O
2
). It was expressed as nmoles mg

protein−1 [24].

2.13. Determination of Protein Concentration. Protein was
measured by the method of Lowry et al. [25], using bovine
serum albumin as standard.

2.14. Statistical Analysis. Data were expressed as mean ± S.D.
and compared using two way ANOVA followed by Student-
Newman-Keuls multiple comparison test. Values of 𝑃 < 0.05
were considered significant.

3. Results

3.1. 17𝛽-Estradiol Concentration and Body Weight. 17𝛽-
estradiol level was reduced significantly inOVX group (14.3±
2.1 pgmL−1) as compared with SHAM, in diestrus phase
(30.7 ± 5.6 pgmL−1), and higher in OVX + E

2
group (63.3 ±

2.8 pgmL−1). Body weight showed an opposite profile to 17𝛽-
estradiol concentration. OVX rats had significantly higher
body weight than SHAM and OVX + E

2
(252 ± 10; 232 ± 9;

and 210 ± 7 g, resp.).

3.2. Isolated Heart Perfusion. Tyrode-OVX rats have shown
a significant increase in CPP (32% and 28%, resp.) before
ischemia and after reperfusion when compared to SHAM.
CPP did not differ significantly in OVX + E

2
group before

ischemia as compared to SHAM and OVX groups perfused
with Tyrode (Figure 1). When NOS blockade by L-NAME
was performed, CPP was increased in SHAM (54% and
55%) and in OVX + E

2
(22% and 18%) groups, respectively,

before ischemia and after reperfusion as compared to their
respective Tyrode control groups (Figure 1).TheOVX groups
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Figure 1: Coronary perfusion pressure (CPP) (in mmHg) of the
different experimental groups before ischemia and after reper-
fusion. Values are expressed as mean ± S.D. of 4–6 animals/
group. ∗Significantly different from TYRODE-SHAM (𝑃 < 0.05);
#significantly different from L-NAME-SHAM (𝑃 < 0.05); †signi-
ficantly different from TYRODE-OVX + E

2
(𝑃 < 0.05); ∗∗signifi-

cantly different from L-NAME-OVX (𝑃 < 0.05).

showed no significant differences in CPP when comparing
Tyrode and L-NAME perfusion. No significant differences
were found in contractile function parameters (Table 1).

3.3. Determination of Nitrates (NO3
−) andNitrites (NO2

−) and
Hydrogen Peroxide (H

2
O
2
). Nitrates/nitrites and hydrogen

peroxide levels have shown the same profile of oscillation
(Figures 2(a) and 2(b)). In animals perfused with Tyrode,
both parameters were lower 35% in the OVXwhen compared
to SHAM. In OVX + E

2
these parameters increased 17% and

34%, respectively, in comparison to OVX (Figures 2(a) and
2(b)). The L-NAME SHAM and OVX + E

2
groups showed

a decrease in the nitrates/nitrites levels by 22% and 18%,
respectively, and H

2
O
2
levels by 36% and 30%, respectively,

as compared to their respective Tyrode control groups.
No significant differences were found in these parameters
evaluated in OVX groups.

3.4. Determination of Antioxidant Enzyme Activities. In the
Tyrode perfused groups, CAT activity was elevated in the
OVX group as compared to SHAM and was restored in
OVX + E

2
group (Table 2). In the L-NAME perfused groups,

SHAMandOVX+E
2
showed an increasedCAT activity (19%

and 31%, resp.), when compared to their respective Tyrode
control groups, reaching similar values than those observed
in OVX groups, that did not exhibit alterations according to
the solution utilized. No significant differences were found in
SOD activity in the different experimental groups.

4. Discussion

The main finding of this study was to demonstrate that the
protective role of estrogen in attenuating increased coronary
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Table 1: Contractile function of the different experimental groups before ischemia and after reperfusion.

Before Ischemia After Reperfusion
HR (bpm) LVEDP (mmHg) LVDP (mmHg) HR (bpm) LVEDP (mmHg) LVDP (mmHg)

TYRODE
SHAM 214 ± 27 10 ± 1 94 ± 21 188 ± 27 58 ± 12 21 ± 9

OVX 201 ± 38 10 ± 1 87 ± 20 176 ± 46 63 ± 23 31 ± 27

OVX + E2 184 ± 31 10 ± 1 95 ± 15 169 ± 28 62 ± 24 33 ± 21

L-NAME
SHAM 202 ± 39 10 ± 1 100 ± 15 190 ± 50 55 ± 21 38 ± 30

OVX 206 ± 36 9 ± 1 84 ± 30 195 ± 31 57 ± 23 32 ± 19

OVX + E2 186 ± 42 10 ± 1 99 ± 15 165 ± 58 66 ± 31 36 ± 29

Values are expressed as mean ± S.D. of 4–6 animals/group. Heart rate (HR), left ventricle end diastolic pressure (LVEDP), left ventricular developed pressure
(LVDP).
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Figure 2: Hydrogen peroxide (H
2
O
2
) concentration (in 𝜇mol g tissue−1) in cardiac tissue slices (a) and nitrites (NO

2

−) and nitrates (NO
3

−)
concentration (in mmol L−1) in cardiac muscle homogenates (b) of the different experimental groups at the end of reperfusion. Values are
expressed as mean ± S.D. of 4–6 animals/group. ∗Significantly different from TYRODE-SHAM (𝑃 < 0.05); †significantly different from
TYRODE-OVX + E

2
(𝑃 < 0.05).

Table 2: Antioxidant activity in cardiac muscle homogenates of the
different experimental groups at the end of reperfusion.

SOD
(Umgprot.−1)

CAT
(pmolmg prot.−1)

TYRODE
SHAM 13.3 ± 2.0 22.4 ± 1.7

OVX 11.7 ± 0.9 26.9 ± 0.7∗

OVX + E2 11.9 ± 1.2 20.8 ± 2.2
∗∗

L-NAME
SHAM 14.4 ± 1.7 26.6 ± 2.0∗

OVX 12.0 ± 0.7 27.9 ± 2.6

OVX + E2 12.2 ± 2.8 27.4 ± 3.1†

Values are expressed as mean ± S.D. of 4–6 animals/group.
∗significantly different from TYRODE-SHAM (𝑃 < 0.05); ∗∗significantly
different from TYRODE-OVX (𝑃 < 0.05); †significantly different from
TYRODE-OVX + E2 (𝑃 < 0.05).

resistance seems to be due toNO influence on themodulation
of CAT activity and, by this way, regulating H

2
O
2
concentra-

tion.
As expected, low estrogen levels were associated with

higher coronary resistance in OVX group. The decrease in
estrogen levels seems to impair the vascular tone regulation
and, thus, has been associated with higher risk of cardiovas-
cular disease [26]. In fact, an increased incidence of acute

MI in postmenopausal women has been observed [27]. This
fact, combined with the prior knowledge of H2O2 influence
on coronary vascular bed by modulating the activity and
expression of eNOS via the PI3-kinase and MAPK in-vitro
[28], were the main reason to support our choice to develop
this study utilizing the classical ex-vivo I/Rmodel. To analyze
the importance of estrogen in the coronary tone regulation
in adverse heart situations, we simulated menopause by
promoting bilateral ovariectomy and used ET to recover
its levels. These procedures were effective in reducing and
increasing, respectively, 17𝛽-estradiol plasma concentration.

In accordance with the literature, the increase in vascular
resistance in ovariectomized rats has been attributed, in
part, to a lower NO bioavailability [29]. It has been shown
that estrogen may act as an indirect coronary vasodilator
mediated by endothelium-derived vasodilatory substances,
such as NO [29]. Corroborating these findings, in this study
we observed an opposite profile between nitrates/nitrites
levels and CPP in the OVX group perfused with Tyrode. It
is possible that, with the withdrawal of estrogen influence,
endothelial dysfunction takes place, increasing coronary
resistance [27]. When NO levels were increased by ET, the
coronary resistance was attenuated in Tyrode-OVX + E

2

group. This important role of estrogen in modulation of
vascular tone appears to be mediated by PI3-kinase/Akt
pathway in endothelial cells resulting in increased expression
of NOS and leading to the greater production of NO [28].
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Associated with the decrease in NO bioavailability, the OVX
group also showed lower H

2
O
2
levels as compared to SHAM

perfused with Tyrode. The regulation of coronary tone is
physiologically modulated in great part by NO. Additionally,
numerous other molecules are involved in the regulation of
vascular tone. Among these, themore prominent influence of
H
2
O
2
in pathological situations has been highlighted, when

NO influence is reduced [11, 30]. Therefore, the control of
these substances appears to be an important mechanism
involved in coronary tone regulation. Hydrogen peroxide,
a downstream ROS also generate by NADPH-oxidase, has
been suggested to be a key molecule in the regulation of the
coronary tone by stimulating endothelium-dependent and/or
endothelium independent vasorelaxation [30]. These effects,
mediated by the regulation of smooth muscle’s potassium
channel and activation of eNOS, respectively, may represent
a cellular adaptation in adverse situations, as in I/R [31, 32]. In
this context, the estrogen influence in the vascular tone regu-
lation also appears to be determined by lessH

2
O
2
production,

since this hormone suppresses the activity and expression
of NADPH oxidase [33]. In the present study, Tyrode-OVX
grouppresented reducedH

2
O
2
levels andhigherCATactivity

in relation to SHAM group after I/R. Although an inverse
association between estrogen and ROS by suppression of
the expression and activity of NADPH oxidase has been
shown in the literature [33], the lower H

2
O
2
levels, showed

in this study, were associated with increased activity of
CAT in ovariectomized group. Our findings corroborate
previous findings of Behr et al. that showed an increase in
peroxidases CAT and glutathione in ovariectomized rats [34].
A consequent adaptation of antioxidant enzymes appears to
modulate the H

2
O
2
levels and thus contribute to vascular

tone regulation in rats with low estrogen levels.
Additionally, our findings suggest that this higher CAT

activity seems to be resultant from the lower NO bioavail-
ability in animals with reduced estrogen levels, since this
group exhibited lower nitrates/nitrites levels. In fact, the
antioxidant activity of CAT seems to be modulated by the
NO levels. It has been shown in the literature that NO and
CAT can quickly react and form a complex that culminate
in reduction of NO bioavailability and reduced activity of
catalase [35]. In order to determine the role of NO in the
estrogen influence on coronary tone, L-NAME was added
to the perfusion liquid. As expected, NOS blockade reduced
significantly nitrates/nitrites levels in SHAM and OVX +
E
2
to values similar to those of OVX group. Furthermore,

nitrates/nitrites were not modified in OVX groups perfused
with Tyrode or L-NAME, reinforcing our suggestion of a
reduced influence of NO in the regulation of coronary tone
in ovariectomized rats. Associated with this, CAT was more
effective to reduce H

2
O
2
levels in SHAM and OVX + E

2

groups perfused with L-NAME since its activity became
less inhibited by NOS blockade. These results suggest that
estrogen exerts its effects by its capacity to influence NOS
activity.

Taken together, our data highlight the influence of estro-
gen on NOS and the CAT contribution in the regulation
of NO and H

2
O
2
levels to an important joint action in the

control of coronary resistance. Regulating these parameters

by negative feedback mechanism, CAT emerges as a key
molecule in the regulatory control of the coronary tone.
Moreover, the increase in its activity with reduced NO levels
suggests a significant influence of H

2
O
2
as vasomodulator

in adverse situations. This knowledge may be relevant in the
proposal of therapeutical strategies capable to diminish the
adverse effects observed in the I/R syndrome.

Conflict of Interests

The authors declare that there is no conflict of interest that
could be perceived as prejudicing the impartiality of the
research reported.

Acknowledgments

This work was supported by CNPq and FAPERGS, Brazilian
Research Agencies. The authors would like to acknowledge
Weinmann Clinical Analysis Laboratory for 17𝛽-estradiol
hormone measurements.

References

[1] M. E. Mendelsohn and R. H. Karas, “The protective effects of
estrogen on the cardiovascular system,”New England Journal of
Medicine, vol. 340, no. 23, pp. 1801–1811, 1999.

[2] M. C. Solimene, “Coronary heart disease in women: a challenge
for the 21st century,” Clinics, vol. 65, no. 1, pp. 99–106, 2010.

[3] T. Simoncini andA. R. Genazzani, “Non-genomic actions of sex
steroid hormones,” European Journal of Endocrinology, vol. 148,
no. 3, pp. 281–292, 2003.

[4] M. G. Perrelli, P. Pagliaro, and C. Penna, “Ischemia/reperfusion
injury and cardioprotective mechanisms: role of mitochondria
and reactive oxygen species,” World Journal of Cardiology, vol.
3, pp. 186–200, 2011.

[5] M. K. Misra, M. Sarwat, P. Bhakuni, R. Tuteja, and N. Tuteja,
“Oxidative stress and ischemicmyocardial syndromes,”Medical
Science Monitor, vol. 15, no. 10, pp. RA209–RA219, 2009.

[6] J. L. Mehta,W.W. Nichols,W. H. Donnelly, D. L. Lawson, and T.
G. P. Saldeen, “Impaired canine coronary vasodilator response
to acetylcholine and bradykinin after occlusion-reperfusion,”
Circulation Research, vol. 64, no. 1, pp. 43–54, 1989.

[7] S. Pou, W. S. Pou, D. S. Bredt, S. H. Snyder, and G. M. Rosen,
“Generation of superoxide by purified brain nitric oxide syn-
thase,” Journal of Biological Chemistry, vol. 267, no. 34, pp.
24173–24176, 1992.

[8] I. Huk, J. Nanobashvili, C. Neumayer et al., “L-arginine treat-
ment alters the kinetics of nitric oxide and superoxide release
and reduces ischemia/reperfusion injury in skeletal muscle,”
Circulation, vol. 96, no. 2, pp. 667–675, 1997.

[9] J. L. Zweier, J. Fertmann, and G. Wei, “Nitric oxide and perox-
ynitrite in postischemic myocardium,” Antioxidants and Redox
Signaling, vol. 3, no. 1, pp. 11–22, 2001.

[10] T. Yada, H. Shimokawa, O. Hiramatsu et al., “Cardioprotec-
tive role of endogenous hydrogen peroxide during ischemia-
reperfusion injury in canine coronarymicrocirculation in vivo,”
The American Journal of Physiology—Heart and Circulatory
Physiology, vol. 291, no. 3, pp. H1138–H1146, 2006.

[11] F. Cosentino, J. E. Barker, M. P. Brand et al., “Reactive oxy-
gen species mediate endothelium-dependent relaxations in



6 Oxidative Medicine and Cellular Longevity

Tetrahydrobiopterin-deficient mice,” Arteriosclerosis, Thrombo-
sis, and Vascular Biology, vol. 21, no. 4, pp. 496–502, 2001.

[12] E. A. Booth and B. R. Lucchesi, “Estrogen-mediated protec-
tion inmyocardial ischemia-reperfusion injury,”Cardiovascular
Toxicology, vol. 8, no. 3, pp. 101–113, 2008.

[13] P. Zhai, T. E. Eurell, R. Cotthaus, E. H. Jeffery, J. M. Bahr, and
D. R. Gross, “Effect of estrogen on global myocardial ischemia-
reperfusion injury in female rats,” The American Journal of
Physiology—Heart and Circulatory Physiology, vol. 279, no. 6,
pp. H2766–H2775, 2000.

[14] R. Tissier, X. Waintraub, N. Couvreur et al., “Pharmacological
postconditioning with the phytoestrogen genistein,” Journal of
Molecular and Cellular Cardiology, vol. 42, no. 1, pp. 79–87, 2007.

[15] M. Florian, A. Freiman, and S. Magder, “Treatment with 17-
𝛽-estradiol reduces superoxide production in aorta of ovariec-
tomized rats,” Steroids, vol. 69, no. 13-14, pp. 779–787, 2004.

[16] M. Elisa Prediger, G. Duzzo Gamaro, L. MacHado Crema, F.
Urruth Fontella, and C. Dalmaz, “Estradiol protects against
oxidative stress induced by chronic variate stress,” Neurochemi-
cal Research, vol. 29, no. 10, pp. 1923–1930, 2004.

[17] F. K. Marcondes, F. J. Bianchi, and A. P. Tanno, “Determination
of the estrous cycle phases of rats: some helpful considerations,”
Brazilian Journal of Biology, vol. 62, no. 4, pp. 609–614, 2002.

[18] A. S. D. R. Araujo, M. F. S. De Miranda, U. De Oliveira et
al., “Increased resistance to hydrogen peroxide-induced cardiac
contracture is associated with decreased myocardial oxidative
stress in hypothyroid rats,” Cell Biochemistry and Function, vol.
28, no. 1, pp. 38–44, 2010.

[19] H. Han, R. Kaiser, K. Hu, M. Laser, G. Ertl, and J. Bauersachs,
“Selective modulation of endogenous nitric oxide formation in
ischemia/reperfusion injury in isolated rat hearts: effects on
regional myocardial flow and enzyme release,” Basic Research
in Cardiology, vol. 98, no. 3, pp. 165–174, 2003.

[20] S. F. Llesuy, J. Milei, and H. Molina, “Comparison of lipid
peroxidation and myocardial damage induced by adriamycin
and 4-epiadriamycin in mice,” Tumori, vol. 71, no. 3, pp. 241–
249, 1985.

[21] D. L. Granger, N. M. Anstey, W. C. Miller, and J. B. Weinberg,
“Measuring nitric oxide production in human clinical studies,”
Methods in Enzymology, vol. 301, pp. 49–61, 1998.

[22] E. Pick and Y. Keisari, “A simple colorimetric method for
the measurement of hydrogen peroxide produced by cells in
culture,” Journal of Immunological Methods, vol. 38, no. 1-2, pp.
161–170, 1980.

[23] S. L. Marklund, “Superoxide dismutase isoenzymes in tissues
and plasma from New Zealand black mice, nude mice and
normal BALB/c mice,” Mutation Research, vol. 148, no. 1-2, pp.
129–134, 1985.

[24] H. Aebi, “Catalase in vitro,”Methods in Enzymology, vol. 105, pp.
121–126, 1984.

[25] O. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J. Randall,
“Protein measurement with the Folin phenol reagent,” The
Journal of Biological Chemistry, vol. 193, no. 1, pp. 265–275, 1951.

[26] H. R. Lee, T. H. Kim, and K. C. Choi, “Functions and
physiological roles of two types of estrogen receptors, ERalpha
and ERbeta, identified by estrogen receptor knockout mouse,”
Laboratory Animal Research, vol. 28, pp. 71–76, 2012.

[27] A. A. Knowlton andA. R. Lee, “Estrogen and the cardiovascular
system,” Pharmacology &Therapeutics, vol. 135, pp. 54–70, 2012.

[28] G. Han, H. Ma, R. Chintala et al., “Nongenomic, endothelium-
independent effects of estrogen on human coronary smooth

muscle are mediated by type I (neuronal) NOS and PI3-kinase-
Akt signaling,”The American Journal of Physiology—Heart and
Circulatory Physiology, vol. 293, no. 1, pp. H314–H321, 2007.

[29] I. Hernández, J. L. Delgado, L. F. Carbonell, M. C. Pérez, and T.
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Reactive oxygen species trigger cardiomyocyte cell death via increased oxidative stress and have been implicated in the pathogenesis
of cardiovascular diseases. The prevention of cardiomyocyte apoptosis is a putative therapeutic target in cardioprotection.
Polyphenol intake has been associated with reduced incidences of cardiovascular disease and better overall health. Polyphenols
like epigallocatechin gallate (EGCG) can reduce apoptosis of cardiomyocytes, resulting in better health outcomes in animal models
of cardiac disorders. Here, we analyzed whether the antioxidant N-acetyl cysteine (NAC) or polyphenols EGCG, gallic acid (GA) or
methyl gallate (MG) can protect cardiomyocytes from cobalt orH

2
O
2
-induced stress.We demonstrate thatMG can uphold viability

of neonatal rat cardiomyocytes exposed toH
2
O
2
by diminishing intracellular ROS,maintainingmitochondrialmembrane potential,

augmenting endogenous glutathione, and reducing apoptosis as evidenced by impaired Annexin V/PI staining, prevention of DNA
fragmentation, and cleaved caspase-9 accumulation. These findings suggest a therapeutic value for MG in cardioprotection.

1. Introduction

Reactive oxygen species (ROS), a product of normal cellular
metabolism, are usually handled effectively by the cellular
defense systems, thereby having little bearing on cellular
health. Cellular redox balance is maintained by antioxidant
enzymes, such as superoxide dismutase and catalase, and
by signaling mechanisms to conserve a state of oxidative
homeostasis. However, under situations of exaggerated stress
or hypoxia, the cellular defenses may be insufficient to
overcome ROS overload. Oxidative stress has been clinically
shown to be relevant in the progression of cardiac diseases
and heart failure [1, 2]. Excess ROS can cause a variety of
cellular damage including mitochondrial dysfunction, DNA
damage, and ultimately lead to apoptosis with apoptosis of
cardiomyocytes being critical in tissue damage and eventually

heart failure. Hence, protection of cardiomyocytes and their
increased survival is a putative target for cardioprotection [3].

Increasing evidence suggests that fetal hypoxia and
resultant increased ROS are factors that can program for
adult diseases, a phenomenon known as developmental
programming; the activation of oxidative stress pathways
in utero can program for cardiac dysfunction in adulthood
such as responses to ischemia/reperfusion, cardiac function,
coronary flow, and hypertension [4–7]. Hypoxia due to
intrauterine stress during fetal development affects cardio-
genesis and can have adverse effects on the developing heart,
affecting fetal heart morphology and function [5]. In this
scenario, fetal cardiomyocytes undergo hypertrophy, likely
due to increased cardiomyocyte loss resulting from increased
apoptosis [8]. Antioxidants such as vitamin C administered
during pregnancy to rats have proven effective in preventing
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oxidative stress-mediated cardiovascular dysfunction in the
offspring of this animal model [9, 10]. Cardiomyocytes also
undergo cell death under a variety of other physiological
stimuli such as oxidative stress due to hypoxia induced during
cardiac ischemia and glucose limitation amongst others [11].
Further, sustained volume and pressure overload, seen in
hypertension and other cardiac disorders, ultimately lead to
cardiac hypertrophy and result in cell death.

Naturally occurring polyphenols are antioxidants that
are well acclaimed for their protective effects particularly
in situations of oxidative stress and have been associated
with inhibiting cell apoptosis, increasing viability, and being
cytoprotective in nature [12]. Epidemiological studies have
provided strong evidence in support of improved cardiovas-
cular health in populations with consumption of diets rich in
polyphenols [13, 14]. Studies using polyphenols have shown
their beneficial effects in alleviating the effects of oxidative
stress or modulating signaling pathways or both thereby
reducing cardiovascular disease sequelae [15–17].

The goal of the current study was to examine the effect of
polyphenols on survival of cultured neonatal rat cardiomy-
ocytes (RCMs) under oxidative stress to evaluate mecha-
nisms of polyphenols in cardioprotection, with an emphasis
on effects on oxidative stress-related parameters. Hypoxia
and oxidative stress induce apoptosis in neonatal cardiac
myocytes [18–21]; further, these cells have been extensively
employed as a model to study the mechanisms underly-
ing electrophysiological heart functions and responses of
myocytes to various stimuli including responses to oxidative
stress and ROS, making them a suitable model for this study
[22]. Previously, we have shown that the polyphenol methyl
gallate (MG) is capable of protecting adrenalmedulla-derived
neuronal rat PC12 cells against H

2
O
2
-mediated apoptosis

[23]. Cell type specificity in themode of action of polyphenols
has been reported. For example, gallic acid (GA) behaves
as an antioxidant and protects HeLa cells from H

2
O
2
-

induced cytotoxicity; however, in A549 cells it behaves as
a prooxidant and induces apoptosis [24, 25]. Similarly, in
the case of epigallocatechin gallate (EGCG), its pro-oxidant
properties have been demonstrated in certain cancer cell
lines; however, its antioxidant and cytoprotective capability
has also been well recognized [26–28]. Hence, to assess the
action of polyphenols and ascertain cell-specific differences
in the mode of protection from apoptosis between PC12
and neonatal RCMs, the polyphenols EGCG, GA, and MG
were employed to analyze recovery of neonatal RCMs from
oxidative stress induced by H

2
O
2
or CoCl

2
to compare with

our previous work. This study shows that, similar to the
PC12 cells, in RCMs too, MG can enhance cell viability,
reduce ROS, increase mitochondrial stability, and restrict
progression to apoptosis in neonatal rat cardiomyocytes
stressed with H

2
O
2
.

2. Materials and Methods

2.1. Cell Culture. Neonatal rat cardiac myocytes (RCMs)
isolated from 2-day-old rat heart ventricle were purchased
from ScienCell Research Laboratories, Carlsbad, CA, USA.

The cells were maintained in a humidified incubator at
37∘C with 5% CO

2
, in cardiac myocyte medium (CMM)

supplemented with 5% FBS, 1% cardiac myocyte growth sup-
plement, and 1% penicillin/streptomycin (ScienCell Research
Laboratories; Carlsbad, CA).

2.2. Cell Treatment. To determine LD
50
, various concentra-

tions of H
2
O
2
or CoCl

2
were used in an MTT assay for

24 hours. Once LD
50

was determined, oxidative stress was
induced using the LD

50
concentration for 24 hours, specif-

ically H
2
O
2
(800𝜇M) or CoCl

2
(900𝜇M). The polyphenols

were chosen based on a prior screening study performed
in our lab identifying polyphenols that were able to reduce
ROS in PC12 cells under oxidative stress [29]. Polyphenol
concentrations were consistent with previous studies from
our lab using PC12 cells; pretreatment with N-acetylcysteine
(NAC) was a positive control [23, 29]. Epigallocatechin-3-
gallate (EGCG, 100 𝜇M), gallic acid (GA, 50𝜇M), methyl gal-
late (MG, 50𝜇M), or NAC (5mM) (Sigma-Aldrich; Oakville,
ON)were added toRCMs, incubated for 30minutes, and then
stressed with H

2
O
2
or CoCl

2
for 24 hours. The downstream

processing was assay/experiment specific. Cells were imaged
using an inverted microscope (Nikon ECLIPSE TS100) and
processed with Adobe Photoshop CS4.

2.3. Viability Assays. The MTT assay was used to determine
LD
50
concentrations of CoCl

2
and H

2
O
2
and in the polyphe-

nol protection experiments to determine cell viability. Cells,
cultured in a 96-well plates, were treated as above, and MTT
dye was added at 1/10th volume (5mg/mL in PBS) (Sigma-
Aldrich; Oakville, ON). Cells were incubated at 37∘C with
5% CO

2
in the dark for 4 hours, medium aspirated, 50 𝜇L of

DMSO added (Fisher Scientific; Whitby, ON), and incubated
in the dark for 15minutes.TheOD

570
wasmeasured on a plate

reader (BioTek, PowerWaveXS;Winooski, VT,USA).Optical
densities of samples were normalized to controls.

2.4. Intracellular ROS. Intracellular ROS was measured
using a fluorogenic dye, CM-H

2
DCFDA (5-(and-6)-

chloromethyl-27-dichlorodihydrofluorescein diacetate,
acetyl ester) (Invitrogen Canada; Burlington, ON) as per the
manufacturer’s instructions. Fluorescence was measured at
495 nm and emission at 525 nm via flow cytometry (FACS
Canto II, BD Biosciences; San Jose, CA). The fluorescence
from 10,000 events was averaged and relative fold changes
determined by comparing with controls.

2.5. JC-10 Staining. Mitochondrial membrane potential was
assessed by flow cytometry using a fluorogenic dye, JC-10
(Abcam; Cambridge, MA). Treated cells were loaded with
JC-10 dye according to the manufacturer’s instructions with
modifications: spent medium was aspirated and complete
medium added to scrape cells. JC-10 solution was added at
equal volume and incubated in the dark at 37∘C for 15minutes
prior to analysis. For the positive control, cells were incu-
bated with FCCP (carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone), preceding the JC-10 solution. Monomeric
(green) and J-aggregate (red) fluorescence were measured
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using the FL1 and FL2 channels, respectively, and analyzed
following compensation for spectral overlap.

2.6. Annexin V and PI Staining. Apoptosis was measured by
flow cytometry using CytoGLO Annexin V-FITC Apoptosis
Detection Kit (IMGENEX Corporation; San Diego, CA) as
per the manufacturer’s instructions. Relative fold changes in
the percentage of Annexin V+/PI+ and Annexin V−/PI− were
compared to controls.

2.7. Total Glutathione. Total glutathione was quantified enzy-
matically as per the manufacturer’s instructions (Enzo Life
Sciences, Plymouth Meeting, PA) and absorbance normal-
ized to protein concentration quantified by BCA assay
(Pierce,Thermo Scientific; Rockford, IL). Relative changewas
determined by comparing with controls.

2.8. DNAFragmentation. DNA from treated and control cells
was isolated as previously described [30], resolved on a 2%
agarose gel, and imaged with Biorad Chemidoc XRS and
Quantity One software.

2.9. Fluorescence Microscopy. RCMs were planted on acid
washed coverslips and treated as above.The cells were washed
with PBS, fixed with 3.7% p-formaldehyde, permeabilized
with 0.2% Triton X100, and stained with anticleaved caspase-
9 (rat specific Clone, Asp353, Cell signaling) for 1 hour. Alexa
488 conjugated secondary andDAPI were then applied for 30
minutes in the dark (Invitrogen, Burlington, ON, Canada).
The coverslips were visualized on a confocal microscope
(Zeiss TE2000). A minimum of 10 fields and 50 cells were
counted, 𝑛 = 3, and images processed using Adobe Photo-
shop CS4.

2.10. Statistical Analysis. Data are represented as mean ±
SEM. with a minimum 𝑛 = 3. Comparisons of treatment
groups were made to controls by one-way ANOVA and
Dunnett’s post hoc test (GraphPad Prizm, La Jolla, CA).
Values of 𝑃 ≤ 0.05 were considered statistically significant.

3. Results

3.1.MTTAssay. TheMTT assay was employed to assess LD
50

for each stressor as a function of cellular metabolic activity.
Varying concentrations of H

2
O
2
or CoCl

2
were added to the

cells and viability analyzed at 24 hours of treatment. The
LD
50

was determined to be 800 𝜇M for H
2
O
2
and 900𝜇M

for CoCl
2
(Figures 1(a) and 1(b), resp.). Applying the LD

50

concentrations, rescue of viability was assessed after oxidative
stress, in the presence or absence of NAC or the polyphenols
EGCG, MG, or GA. NAC was used as a positive control
because of its well-documented antioxidant effects, including
the scavenging of ROS, stimulation of glutathione synthesis,
and detoxification [31]. Viability of CoCl

2
-stressed cells did

not significantly change with prior exposure to EGCG, GA,
MG, orNAC (Figure 1(c)). However, pretreatment withNAC,
EGCG, or MG significantly increased viability of RCMs
stressedwithH

2
O
2
from49.5% to 209.9%, 76.9%, and 123.2%,

respectively (Figure 1(c)), indicating their protective effect
only against H

2
O
2
but not cobalt. The assessment of viability

by the MTT assay was verified with trypan blue exclusion,
since the former detects mitochondrial functionality, while
the latter depends on the integrity of the limiting membrane;
the data from both assays were consistent (data not shown).
A morphological assessment of treated RCMs was done
to visualize cellular damage. The images show that cells
treated with NAC or EGCG, MG, or GA were virtually
indistinguishable from controls (Figure 1(d)). In contrast,
cells treated with H

2
O
2
or CoCl

2
appeared stressed and did

not have the same attachment properties as controls. The
H
2
O
2
-stressed cells appeared to lose membrane integrity

with signs of membrane damage. Cells treated with CoCl
2

appeared rounded and lost their attachment properties. In
both stressors, pretreatments with NAC, EGCG, and MG
treatment considerably reversed these morphological effects,
while GA had little to no effect (Figure 1(d)).

Although EGCG improved viability and maintained cell
integrity, the cardioprotective effects of MG was further
examined due to its more potent ability to increase cell
viability and considering our prior investigations on MG’s
ability to prevent apoptosis in PC12 cells. Also, subsequent
experiments were restricted only toH

2
O
2
since no rescuewas

seen with cobalt.

3.2. Intracellular Reactive Oxygen Species. Since excess H
2
O
2

causes accumulation of intracellular ROS (iROS), which is
detrimental to cellular health, the ability of MG to reduce
iROS and thereby increase cell viability was examined.
Flow cytometry was used to quantify iROS in treated cells
compared to healthy controls. Exposure to H

2
O
2
resulted in

a 3.4-fold increase in production of iROS; both NAC andMG
significantly decreased H

2
O
2
-driven generation of iROS as

pretreatment with these compounds decreased iROS levels to
2.3-fold and 1.4-fold, respectively (Figure 2(a)).

3.3. Mitochondrial Potential. This study further evaluated
whether the increased iROS in H

2
O
2
-stressed cells was

accompanied by of a loss of mitochondrial potential and if
MG pretreatment could affect this phenomenon. The cells
were analyzed with the JC-10 dye that forms red J-aggregates
in healthy cells but stays a green monomer in cells that have
lost mitochondrial integrity; treatment with FCCP was used
as a positive control for functionality of the JC-10 dye. The
scatter plots show that majority of the cells treated with
H
2
O
2
shifted towards green fluorescence when compared

to controls (Figure 2(b)). Remarkably, in cells pretreated
with the antioxidants NAC or MG, a population shift to
the red channel was observed indicating preservation of
mitochondrial potential. Consequently, H

2
O
2
-stressed cells

maintained mitochondrial potential when pretreated with
either NAC or MG (Figure 2(c)).

3.4. Total Glutathione. The synthesis of glutathione, a key
antioxidant produced endogenously by cells to overcome
oxidative stress, can be modulated by polyphenols [32].
Thus, to assess the antioxidant capacity of the cells, total
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Figure 1: Oxidative stress affects viability andmorphology of neonatal rat cardiac myocytes. LD
50
concentrations were determined for RCMs

using varying concentrations of H
2
O
2
(a) or CoCl

2
(b). RCMs, pretreated with 5mM NAC, 100𝜇M EGCG, 50 𝜇MGA, or 50 𝜇MMG, were

exposed to 800 𝜇M H
2
O
2
or 900 𝜇M CoCl

2
for 24 hours before proceeding to MTT assay (c) or imaging (d) as described in the methods.

Stressed cells versus unstressed controls (†††𝑃 < 0.001) and versus stressed cells pretreated with NAC or polyphenols (∗∗∗𝑃 < 0.001, ∗𝑃 <
0.05). Data is expressed as mean ± S.E.M., 𝑛 = 3.

glutathionewasmeasured inH
2
O
2
-stressed cells and in those

that were treated with MG prior to the stressor. The level of
endogenous glutathione was significantly diminished upon
H
2
O
2
exposure. However, pretreatment of stressed RCMs

with NAC or MG significantly increased total glutathione to
normalcy (Figure 2(d)).

3.5. Apoptosis Assays. Numerous studies have established
H
2
O
2
as an inducer of cell apoptosis via loss of mitochon-

drial integrity and DNA damage. Evidence suggests that
polyphenolsmediate cell protective effects by interferingwith
apoptosis. Since MG seemed to increase viability, reduce
ROS, and protectmitochondria, wewanted to further analyze
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Figure 2: Methyl gallate represses oxidative stress. Neonatal RCMs pretreated with 5mM NAC or 50𝜇MMG were exposed to 800𝜇M
H
2
O
2
for 24 hours before proceeding to measurements of either intracellular ROS (a), or mitochondrial membrane potential presented

as a representative scatterplot (b) or graphically (c) and total glutathione levels as described in methods (d). Stressed cells versus unstressed
controls (†††𝑃 < 0.001) and versus stressed cells pretreated with NAC or MG (∗∗∗𝑃 < 0.001, ∗∗𝑃 < 0.01, ∗𝑃 < 0.05). Data is expressed as
mean ± S.D, 𝑛 = 3.

whetherMG could potentially affect progression to apoptosis
in H
2
O
2
-stressed cells. To determine this, we used flow

cytometry to quantify Annexin V+ and Propidium Iodide
(PI+) populations; late apoptotic cells are the dual positive
fluoresced population in Q2 while unstained cells segregate
in Q3 in the scatter plots (Figure 3(a)). Majority of the
control cells and MG or NAC treated cells were Annexin
V−/PI− indicating their healthy status (Figures 3(a) and 3(b)).
However, H

2
O
2
-stressed RCMs showed a shift to dual stained

with a 2.3-fold increase in this population when compared to
the controls (Figures 3(a) and 3(c)). Eminently, MG reduced
binding of Annexin V and PI in H

2
O
2
-stressed RCMs, with

a significant shift fromQ2 to Q3 suggesting that MG protects
RCM cells from late apoptotic events (Figures 3(a) and 3(b)).
NAC also demonstrated similar trends (Figures 3(a), 3(b),
and 3(c)).

Further DNA fragmentation assays were performed
to determine whether MG is capable of protecting DNA
from damage in cells undergoing H

2
O
2
-mediated apoptosis.

Indeed, pretreatment of RCMs with MG protected DNA; the
typical DNA laddering pattern seen in apoptotic cells was sig-
nificantly rescued in cells pretreated with MG (Figure 4(a)).
This corroborates the interpretation from the Annexin V/PI
data that MG protects cells under oxidative stress by pre-
venting apoptotic events. To understand a potential cellular
mechanism, levels of cleaved caspase-9 were analyzed, with
caspase-9 being an initiator caspase upregulated in apoptotic
cells. A microscopy-based approach was used to determine
the intensity of cleaved caspase-9 and nuclear architecture
revealed byDAPI staining. Control cells demonstrated aweak
signal in the green channel reflective of the absence of cleaved
caspase-9, with healthy rounded nuclei (Figure 4(b), Control



6 Oxidative Medicine and Cellular Longevity

105

104

103

102

105104103102

FL
2

(P
I)

FL1 (Annexin)

105

104

103

102

105104103102

FL
2

(P
I)

FL1 (Annexin)

105

104

103

102

105104103102

FL
2

(P
I)

FL1 (Annexin)

105

104

103

102

105104103102

FL
2

(P
I)

FL1 (Annexin)

105

104

103

102

105104103102

FL
2

(P
I)

FL1 (Annexin)

105

104

103

102

105104103102

FL
2

(P
I)

FL1 (Annexin)

(a)

5

4

3

2

1

0

Control NAC MG

No stress
+800𝜇mol/L H2O2

Re
lat

iv
e %

 A
nn

ex
in

 V
−
/P

I−

∗∗

(b)

5

4

3

2

1

0

Control NAC MG

No stress
+800𝜇mol/L H2O2

Re
lat

iv
e %

 A
nn

ex
in

 V
+
/P

I+

∗∗

(c)

Figure 3: Methyl gallate protects cell viability by preventing apoptosis. Neonatal RCMs, pretreated with 5mM NAC or 50 𝜇MMG prior to
stress induction with H

2
O
2
for 24 hours, were stained with Annexin V and PI and analyzed by flow cytometry to assess apoptotic events by

scatter distribution (a). The data is graphically represented asunstained Annexin−/PI− (healthy) RCMs (b) and late apoptotic Annexin+/PI+
cells (c). Stressed cells versus unstressed controls (††𝑃 < 0.01) and versus stressed cells pretreated with NAC or MG (∗∗𝑃 < 0.01, ∗𝑃 < 0.05).
Data is expressed as means ± S.D, 𝑛 = 3.

panel). The MG or NAC alone treated cells showed a similar
pattern as control (Figure 4(b), MG panel and data not
shown). Upon treatment with H

2
O
2
, an increase in intensity

is apparent in the green channel indicative of cleaved caspase-
9 accumulation, with the nucleus exhibiting a condensation
of chromatin into crescent-shaped structures and increased
blue intensity (Figure 4(b), H

2
O
2
panel). Remarkably, treat-

ment with MG rescued the cells from nuclear damage and
blocked the accumulation of cleaved caspase-9 (Figure 4(b),
H
2
O
2
+ MG panel); similar results were seen with NAC

(data not shown). It must be noted that a 100% effect was
not observed, with both healthy and unhealthy appearing

cells present in the H
2
O
2
+ MG group. Therefore, cells

were counted; a significant 30% reduction was calculated
in the number of unhealthy cells that were observed in
the MG pretreated group as compared to the H

2
O
2
alone.

Consequently, MG protects the nuclear architecture and
prevents cleaved caspase-9 accumulation in H

2
O
2
-stressed

cells.
Altogether, this study demonstrates the ability of MG

to protect neonatal RCMs exposed to H
2
O
2
from apoptosis

by preserving mitochondrial membrane integrity, reducing
ROS, increasing glutathione, protecting DNA from damage,
and reducing activation of caspase-9 due to oxidative stress.
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Figure 4: Methyl Gallate prevents DNA damage and inhibits
caspase-9 activation. Total DNA was isolated from treated neonatal
RCMs as described in methods. The lanes were regrouped from
different parts of a representative gel (a) showing: 1Kb + ladder, Lane
1: Control, Lane 2: NAC, Lane 3: MG, Lane 4: H

2
O
2
, Lane 5: NAC +

H
2
O
2
, and Lane 6: MG + H

2
O
2
. Fluorescent microscopy images of

RCMs stained for cleaved caspase-9 and DAPI (b) showing: Panel 1:
Control, Panel 2: MG, Panel 3: H

2
O
2
, and Panel 4: MG + H

2
O
2
.

4. Discussion

Oxidative stress, a major contributor to cell death, has been
widely implicated in cellular damage and progression to
cardiovascular disease [1]. Apoptosis is a significant cause
of ROS-mediated cardiomyocyte cell loss during hypoxia,

prenatal stress, ischemia-reperfusion, and other cardiac dis-
orders. Polyphenols have been widely studied for their
beneficial effects in reversing the effects of ROS thereby
protecting cells from death. Our data demonstrates that, of
the polyphenols analyzed, none were able to restore viability
of neonatal RCMs from CoCl

2
stress. Further, only EGCG

and MG restored cell viability of H
2
O
2
-stressed cells to

the same as untreated controls. GA was unable to increase
viability of either CoCl

2
- or H

2
O
2
-stressed cells indicating

a different mechanism of action from EGCG or MG. Addi-
tionally, EGCG and MG were able to rescue only from H

2
O
2

stress implying source-dependent specificity in protection
from oxidative stress; while cobalt reacts with H

2
O
2
via

a Fenton-based reaction to increase ROS, H
2
O
2
generates

highly reactive superoxide and hydroxyl radicals via the
Haber-Weiss reaction [33, 34].Moreover, certain polyphenols
like EGCG and GA can behave as prooxidants and increase
intracellular ROS ([35] and data not shown). The ability of
MG to reduce iROS indicates direct antioxidant potential by
acting as a scavenger for ROS or an indirectmediation of ROS
reduction by modulating cellular signaling pathways; both
mechanisms have been reported for polyphenols [36, 37].

Glutathione (GSH) is a crucial cellular antioxidant as it
interacts directly with ROS, thereby oxidizing it to GSSG,
which can be eliminated or converted by glutathione reduc-
tase (GSR) back to GSH. GSH also acts as a substrate for
glutathione S-transferase (GST) which complexes it with
electrophilic molecules destined for removal, like end prod-
ucts of oxidation and other toxics. GSH is also required in
the reaction for glutathione peroxidase- (GPx-) mediated
detoxification of H

2
O
2
[38]. Because of its ROS scavenging

properties, as evident by overall decreased iROS in cells
pretreated with MG prior to the stressor, it is plausible that
increased available GSH is a direct consequence of a reduced
demand to counteract ROS. The ability of MG to increase
cellular GSH has also been demonstrated inMDCK cells and,
by our group, in PC12 cells exposed to H

2
O
2
stress [29, 39].

The ability of MG to increase cellular GSH content is in
keeping with other polyphenols shown to increase phase II
enzymes in the oxidative stress response like GSR andGPx by
gene activation via antioxidant response elements (ARE); in
this regard, polyphenols have been noted to havemechanisms
of protection that are distinct from their antioxidant capa-
bilities alone [32]. However, based on the current data, we
cannot pinpoint the exactmechanism bywhichMG increases
cellular GSH or mediates iROS reduction.

The MTT assay data correlates with the JC-10 assay,
both indicators of mitochondrial functionality, implying that
MG rescued viability by preserving mitochondrial integrity.
Mitochondrial health and maintenance of mitochondrial
membrane potential are critical to cell survival.The exposure
of cells toH

2
O
2
has been shown to collapse themitochondrial

membrane potential in a variety of cell types. Damage to
the mitochondrial membrane is a proven central player in
the initiation of intrinsic apoptotic events, with cytochrome
c release from the inner mitochondrial membrane being a
factor that can be modulated by ROS [40]. In the ensuing
steps, caspase-9 is cleaved subsequently acting as an initiator
caspase and activates effector caspases like caspase-3 [41].
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Active caspase-3 ultimately leads to mobilization of caspase
activated DNase (CAD) into the nucleus, DNA fragmen-
tation, and end-stage apoptosis. Early apoptosis is marked
by the exposure of phosphatidylserine groups on damaged
limitingmembranes, which can bind to Annexin V with high
affinity. In addition, damaged membranes are permeable,
thus allowing the otherwise impermeable PI to enter cells
and intercalate with DNA. Healthy intact cells are Annexin
V−/PI−; cells in early apoptosis are characterized by Annexin
V+/PI−, while the dual stained population Annexin V+/PI+
characterizes late apoptotic/necrotic cells [42]. Our lab has
previously demonstrated MG’s protective abilities against
apoptosis in PC12 cells, specifically in preventing activation of
caspase-9 [23, 29]. In the current study, MG showed similar
cytoprotection in RCMs by diminished Annexin/PI staining,
reversal of DNA laddering, and reduction of caspase-9
activation.

However, not all H
2
O
2
-stressed cells showed cleaved

caspase-9+ staining, but the endpoint of apoptosis was
observed in the form of degraded DNA implying that the
extrinsic pathway of apoptosis was also likely activated by
H
2
O
2
. In the extrinsic pathway, the engagement of Fas ligand

(Fas L) to cell surface Fas leads to Fas trimerization, followed
by caspase-8 activation and recruitment of the death complex;
FLIP (FLICE inhibitory protein) can inhibit cell death by the
Fas/FasL pathway [43]. Previous studies showed that ROS
can regulate FLICE and that H

2
O
2
exposure can sensitize

cardiomyocytes to Fas-mediated cell death [44]. However, in
the current study, the role of extrinsic apoptotic factors was
not examined, with the primary focus on mitochondrion-
mediated intrinsic pathway. Nevertheless, polyphenols such
as EGCG can modify Fas receptor expression and modulate
STAT-1 phosphorylation thereby reducing apoptosis of car-
diomyocytes [45].Therefore, it is plausible thatMGmay have
played some role in inhibiting the extrinsic pathway, demon-
strated in the complete protection from DNA degradation
upon MG pretreatment.

In summary, our data emphasizes the role of MG in
repressing apoptosis progression in neonatal cardiomyocytes
subjected to H

2
O
2
stress by scavenging of ROS, increased

endogenous glutathione, safeguardingmitochondria and cel-
lular DNA, and inhibiting the intrinsic apoptotic pathway. In
conclusionMGhas the potential to combat oxidative stress in
neonatal cardiomyocytes and could have therapeutic value in
cardioprotection.
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