Influence of Aerobic Training on the Reduced
Vasoconstriction to Angiotensin II in Rats Exposed to
Intrauterine Growth Restriction: Possible Role of
Oxidative Stress and AT2 Receptor of Angiotensin II
Vanessa Oliveira1, Eliana Hiromi Akamine2, Maria Helena C. Carvalho2, Lisete Compagno Michelini3,
Zuleica Bruno Fortes2, Tatiana Sousa Cunha4, Maria do Carmo Franco1,5*
1 Nephrology Division, School of Medicine, Federal University of São Paulo, São Paulo, Brazil, 2 Pharmacology Department, University of São Paulo, São Paulo, Brazil,
3 Physiology Department, University of São Paulo, São Paulo, Brazil, 4 Science and Technology Institute, Federal University of São Paulo, São Paulo, Brazil, 5 Physiology
Department, School of Medicine, Federal University of São Paulo, São Paulo, Brazil

Abstract
Intrauterine growth restriction (IUGR) is associated with impaired vascular function, which contributes to the increased
incidence of chronic disease. The aim of this study was to investigate whether aerobic training improves AngII-induced
vasoconstriction in IUGR rats. Moreover, we assess the role of superoxide dismutase (SOD) isoforms and NADPH oxidasederived superoxide anions in this improvement. Female Wistar rats were randomly divided into two groups on day 1 of
pregnancy. A control group was fed standard chow ad libitum, and a restricted group was fed 50% of the ad libitum intake
throughout gestation. At 8 weeks of age, male offspring from both groups were randomly assigned to 4 experimental
groups: sedentary control (SC), trained control (TC), sedentary restricted (SRT), and trained restricted (TRT). The training
protocol was performed on a treadmill and consisted of a continuous 60-min session 5 days/week for 10 weeks. Following
aerobic training, concentration–response curves to AngII were obtained in endothelium-intact aortic rings. Protein
expression of SOD isoforms, AngII receptors and the NADPH oxidase component p47phox was assessed by Western blot
analysis. The dihydroethidium was used to evaluate the in situ superoxide levels under basal conditions or in the presence
of apocynin, losartan or PD 123,319. Our results indicate that aerobic training can prevent IUGR-associated increases in
AngII-dependent vasoconstriction and can restore basal superoxide levels in the aortic rings of TRT rats. Moreover, we
observed that aerobic training normalized the increased p47phox protein expression and increased MnSOD and AT2 receptor
protein expression in thoracic aortas of SRT rats. In summary, aerobic training can result in an upregulation of antioxidant
defense by improved of MnSOD expression and attenuation of NADPH oxidase component p47phox. These effects are
accompanied by increased expression of AT2 receptor, which provide positive effects against Ang II–induced superoxide
generation, resulting in attenuation of AngII-induced vasoconstriction.
Citation: Oliveira V, Akamine EH, Carvalho MHC, Michelini LC, Fortes ZB, et al. (2014) Influence of Aerobic Training on the Reduced Vasoconstriction to
Angiotensin II in Rats Exposed to Intrauterine Growth Restriction: Possible Role of Oxidative Stress and AT2 Receptor of Angiotensin II. PLoS ONE 9(11): e113035.
doi:10.1371/journal.pone.0113035
Editor: Michael Bader, Max-Delbrück Center for Molecular Medicine (MDC), Germany
Received May 4, 2014; Accepted July 21, 2014; Published November 18, 2014
Copyright: ß 2014 Oliveira et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are included within the
manuscript.
Funding: This study was supported by project grants from Fundação de Amparo a Pesquisa do Estado de São Paulo (FAPESP) (2007/58044-2 and 2010/51904-9).
The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* Email: maria.franco@unifesp.br

maintenance of redox balance appear to contribute to decreasing
cardiovascular risk [6–10].
In recent decades, some metabolic and cardiovascular comorbidities have been associated with an unfavorable intrauterine
environment. Several insults (e.g., diet manipulation, hormonal
treatments, or surgical procedures) during fetal life can contribute
to the development of CVDs in adulthood [11–15]. The
occurrence of these insults during a critical period of development
can result in intrauterine growth restriction (IUGR) and lead to
fetal programming [11–15]. IUGR significantly correlates with
high blood pressure levels, abnormalities in RAS components, and
endothelial dysfunction [16–18]. In this regard, these comorbid-

Introduction
Several approaches that reverse endothelial dysfunction have
important applications in a variety of cardiovascular diseases
(CVDs). Various pharmacological and nonpharmacological interventions can improve endothelial function [1–4]. For example, an
epidemiological study suggests that aerobic exercise training is
associated with lower morbidity and mortality due to CVDs [5].
Although the mechanisms involved in the reduction of cardiovascular morbidity by aerobic exercise training remain unclear, the
reduction of blood pressure levels, modulation of the reninangiotensin system (RAS), improvement of vascular function, and
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Rats were initially adapted to walking/running on a motor
treadmill (8 to 10 sessions at 0.4 up to 0.6 km/h; 0% grade;
10 minutes). Subsequently, rats were subjected to a maximal
exercise test (graded exercise with increments of 0.3 km/h every
3 minutes, beginning at 0.3 km/h up to the maximal intensity
attained for each animal), which was necessary to establish the
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All experimental procedures were approved by the Ethical
Committee for Animal Research (Approval Number: 0092/10) at
the Federal University of São Paulo and conformed to the
guidelines for ethical conduct in the care and use of animals
established by the Brazilian Society of Laboratory Animal Science
(SBCAL/COBEA). During all of the procedures, the rats were
housed in a constant room temperature environment; with a
12:12 h light–dark cycle and free access to standard rat chow and
tap water. The female rats were mated overnight with male
breeders (age range of 12–14 weeks) that were obtained from
colonies maintained at the Institute of Biomedical Sciences of the
University of São Paulo, and the day on which spermatozoa were
found in the vaginal smear was designated as the day of
conception (day 0). Pregnant rats were transferred to individual
standard cages and randomly allocated into one of two groups: the
control group (C, n = 10) was fed with a standard chow laboratory
animal diet (Nuvilab CR1 - based on the recommendation of the
National Research Council and National Institutes of Health,
USA) ad libitum, and the restricted group (RT, n = 16) was fed
with 50% of the typical daily food intake determined by the
amount of food consumed by the C group through the gestation
period. The amount of food provided daily was weighed, and food
intake was monitored. At least four females from the RT group
were unable to complete the gestation period due to miscarriages
during pregnancy and/or occurrence of fetal resorption, and were
excluded from the present study. To prevent any variation in
neonatal growth due to the availability of milk intake during
suckling, the litter size was standardized to eight pups, and the
gender ratio was kept as close to 1:1 as possible. The offspring was
nursed by their mothers until weaning at day 21, after that was fed
with a standard chow laboratory animal diet. Beginning at 8 weeks
of age, male offspring from each experimental group (C = 40;
RT = 40) were randomly assigned to 4 experimental groups:
sedentary control (SC, n = 20 from 10 litters), trained control (TC,
n = 20 from 10 litters), sedentary restricted (SRT, n = 20 from 12
litters), and trained restricted (TRT, n = 20 from 12 litters).

TC (n)
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Table 1. Birth Weight, Hemodynamic Measurements, and Maximal Response to Angiotensin II in the experimental groups.

Materials and Methods

P (Two-Way ANOVA)

Interaction
IUGR6Trained

ities perpetuate a vicious positive-feedback cycle that can lead to
subsequent CVD development.
There is a growing recognition of the need to reduce the
negative effects of IUGR. Although clear beneficial roles exist for
aerobic exercise in the development and progression of cardiometabolic disease, this influence has been poorly investigated in an
experimental model of IUGR. Exercise training has been
previously reported to improve insulin sensitivity and restores
deficits in pancreatic b-cell mass associated with IUGR in adult
rats [19–20]. However, the mechanisms underlying the beneficial
effects of aerobic exercise training on blood pressure and vascular
function in IUGR rats remain unclear.
Thus, we evaluated whether aerobic training improves AngIIinduced vasoconstriction in IUGR rats. Moreover, we assess the
role of superoxide dismutase (SOD) isoforms and NADPH
oxidase-derived superoxide anions in this improvement.
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Figure 1. Effect of the IUGR and aerobic training on the vascular reactivity to Angiotensin II. (A) Dose-dependent contractions (B)
Maximal response to angiotensin II in aortic rings isolated from the sedentary control (SC), sedentary restricted (SRT), trained control (TC), and trained
restricted (TRT) groups. Values are expressed as the mean 6 SEM from seven animals per group. Two-way ANOVA analysis was performed to assess
the effects of IUGR, aerobic training and of their interaction (IUGR X Trained) on the aortic contractile responses. **P = 0.001 and ***P,0.001 in Tukey’s
post Hoc test.
doi:10.1371/journal.pone.0113035.g001

expressed as grams of tension. At the end of the experiment, the
presence of functional endothelium was verified in all aortic rings
by observing whether relaxation occurred upon exposure to
acetylcholine (ACh, 1025 M). The endothelium was considered
intact if the aortic ring relaxed more than 80% upon ACh
treatment. The maximal response (Rmax) and the log agonist
concentration resulting in 50% of the Rmax (log EC50) were
calculated for each concentration-response curve using nonlinear
regression analysis (GraphPad Prism Software, USA).

intensity of the aerobic training. The aerobic training protocol was
performed over 10 weeks, 5 day/week, with intensity between 50–
60% (low-intensity training) of the maximal capacity test. The
duration was progressively increased until 1 hour/day. At 5 weeks,
the maximal capacity test was repeated to readjust the running
speed. The untrained animals were handled every day and
subjected once per week to a period of aerobic exercise (0.4 up to
0.6 km/h; 0% grade; 10 minutes). This approach has been used in
order of submitting untrained animals to the same handled stress
that the trained rats, however, it is unable to promote the aerobic
training adaptations.

Detection of Superoxide Anions in the Aorta
The oxidation-sensitive fluorescent dye dihydroethidium (DHE)
was used to evaluate the in situ concentration of superoxide, as
previously described [21]. Thoracic aortas were carefully dissected
and cleaned of connective tissue. Aortas were then divided into
cylindrical segments of 4 mm in length and were first immersed in
an embedding medium (tissue freezing medium) and then frozen
and stored at 280uC until the determination of superoxide anion
levels. Transverse aortic sections (7 mm) were obtained in a
cryostat from the previously frozen aortas, collected on glass slides,
and allowed to reach equilibrium for 30 min at 37uC in
phosphate-buffered saline (PBS). Fresh PBS containing DHE
(5 mmol L21) was topically applied to each tissue section and
incubated in a light-protected, humidified chamber at 37uC for
30 min. Control sections received an identical volume of PBS.
Some assays were performed in the presence of AngII (1024 M),
apocynin (an inhibitor of NADPH oxidase, 1024 M), losartan (an
AT1 receptor antagonist, 1024 M), or PD 123,319 (an AT2
receptor antagonist, 1024 M). Images were obtained using a Nikon
E1000 microscope equipped for epifluorescence (excitation at
488 nm; emission at 610 nm). Fluorescence was detected using a
585-nm long-pass filter. The fluorescence intensity was quantified
using ImageJ software (Wayne Rasband, National Institutes of
Health, USA) and is expressed in arbitrary units. The fluorescence
ratio was evaluated in at least three locations in each image.

Measurement of Blood Pressure (BP) and Heart Rate (HR)
Resting BP and HR were noninvasively determined using a
computerized tail-cuff system (PowerLab 4/S ADInstruments Pty
Ltd, Castle Hill, Australia) prior to and following the aerobic
training protocol. Rats were acclimatized to the apparatus during
daily sessions over 5 days, 1 week prior to the commencement of
the experimental period.

Vascular Reactivity Study
Forty-eight hours after the last training session, the rats were
decapitated and vascular function was evaluated. Segments of the
thoracic aorta (4 mm in length), which were free of connective
tissue, were mounted in an isolated tissue chamber containing
Krebs–Henseleit solution, which consisted of 118 mM NaCl,
4.7 mM KCl, 25 mM NaHCO3, 2.5 mM CaCl2?2H2O, 1.2 mM
KH2PO4, 1.2 mM MgSO4?7H2O, 11 mM glucose, and 0.01 mM
EDTA. The solution was gassed with 95% O2–5% CO2 and was
maintained at a resting tension of 1.5 g at 37uC and pH 7.4.
Isometric tension was recorded using an isometric force transducer
(Letica TRI 210, Barcelona, Spain) connected to an acquisition
system (PowerLab 8/30, ADInstruments Pty Ltd, Castle Hill,
Australia). After 60 min of equilibration, concentration–response
curves to angiotensin II (AngII, 1029 to 361025 M) were obtained
in endothelium-intact aortic rings. Vascular responses to AngII are
PLOS ONE | www.plosone.org

3

November 2014 | Volume 9 | Issue 11 | e113035

Aerobic Training and Intrauterine Growth Restriction

Figure 2. Effect of the IUGR and aerobic training on the vascular superoxide concentration. (A) Histogram and (B) digital images
illustrate the presence of superoxide in dihydroethidium (DHE)-treated sections of aortic rings from SC, SRT, TC, and TRT rats. Values are expressed as
the means 6 SEM from six animals per group. Two-way ANOVA analysis was performed to assess the effects of IUGR, aerobic training and of their
interaction (IUGR X Trained). **P = 0.001 in Tukey’s post Hoc test.
doi:10.1371/journal.pone.0113035.g002

the BCA (bicinchoninic acid) Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA). Proteins from homogenized aortas
(70 mg of protein extracts) were treated with Laemmli buffer
containing 200 mmol/L dithiothreitol (DTT) and then subjected
to SDS-PAGE in 10% polyacrylamide gels. Following electrophoresis, proteins were electrotransferred onto PVDF membranes
(BioRad, Hercules, USA).

Tissue Preparation for Western Blot Analysis
Forty-eight hours after the last training session, the rats were
decapitated, and the thoracic aorta samples were harvested,
weighed, frozen, stored at 280uC, and used for Western blot
analysis. For the analysis of CuZnSOD, MnSOD, and p47phox, the
total tissue lysates were prepared using lysis buffer [100 mM TrisHCl at pH 7.4, 100 mM sodium pyrophosphate, 10 mM sodium
orthovanadate, 100 mM NaF, 10 mM EDTA, 2 mM phenylmethylsulfonyl fluoride (PMSF), 0.01 mg/mL aprotinin, and 1%
Triton X-100]. For the analysis of the AT1 and AT2 receptors, the
aortas were homogenized in a buffer containing 50 mM Tris-HCl
at pH 7.4, 1 mM EDTA, 10% sucrose, 2 mM PMSF, 0.01 mg/
mL leupeptin, and 0.01 mg/mL aprotinin. Homogenates were
centrifuged (15,000 g, 30 min, 4uC), and the supernatant was
collected. The protein content of the lysates was determined using

PLOS ONE | www.plosone.org

Western Blot Analysis
The protein expression of CuZnSOD, MnSOD, p47phox, and
the AT1 and AT2 receptors was analyzed using Western blot
analysis. After blocking nonspecific sites with T-TBS buffer
containing 5% nonfat dry milk and 3% bovine serum albumin
(BSA) at room temperature for 1 hour, the membranes were
incubated overnight at 4uC with the following primary antibodies:
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Figure 3. Expression profile of aortic SOD isoforms. Western blot analyses of CuZnSOD (A) and MnSOD (B) protein expression in thoracic
aortas from SC, SRT, TC, and TRT rats. Representative immunoblots and the corresponding optical density normalized to the optical density of a-actin.
Values are expressed as the mean 6 SEM from five animals per group. Two-way ANOVA analysis was performed to assess the effects of IUGR, aerobic
training and of their interaction (IUGR X Trained). *P,0.05 in Tukey’s post Hoc test.
doi:10.1371/journal.pone.0113035.g003

anti-CuZnSOD (1:1000, Upstate Biotechnology, USA); antiMnSOD (1:2000, Upstate Biotechnology, USA); anti-p47phox
(1:1500, Upstate Biotechnology, USA); anti-AT1 (1:1000, Proteimax Inc., Brazil); and anti-AT2 (1:1000, Proteimax Inc., Brazil).
The primary antibody was detected using peroxidase-conjugated
secondary anti-rabbit IgG antibodies (MnSOD and p47phox,
1:4000; CuZnSOD, 1:2000; AT1 and AT2, 1:15,000). Identical
membranes were used to determine a-actin protein expression
using a mouse monoclonal antibody (1:1500, Sigma-Aldrich). The
immune complexes were detected using an enhanced luminol
chemiluminescence system (ECL Plus, GE Healthcare, UK),
which was subsequently exposed to a photographic film. The film
was developed, and the bands were analyzed using ImageJ
software (Wayne Rasband, National Institutes of Health, USA).
The total expression of the analyzed proteins was normalized to aactin protein expression levels and is expressed as the ratio
between the optical density of the specific protein and the optical
density of a-actin.

intergroup differences. A level of 5% probability was considered
significant.

Results
Maternal nutrient restriction during pregnancy resulted in
IUGR, as indicated by a marked reduction in the birth weight (C:
6.860.2; RT: 4.160.1, n = 40, P,0.001). Higher BP was
observed in SRT rats, however, after 10 weeks of aerobic training
the BP levels was reduced in these rats (Table 1). Two-way
ANOVA revealed significant interaction between IUGR and
aerobic training on BP (F (1,34) = 9.491, P = 0.001), indicating that
these factors acted dependently. However, the HR significantly
decreased after 10 weeks of aerobic training for both TRT and TC
rats in comparison to the sedentary groups (Table 1). Two-way
ANOVA indicated no significant interaction between IUGR and
aerobic training on HR (P = 0.736), but very significant main
effects for trained (F (1,26) = 23.99, P,0.01).
In comparison to the aortic rings from SC rats, the aortic rings
from SRT rats were more responsive to AngII. Aerobic exercise
training decreased the hyperreactivity to AngII of aortic rings
isolated from TRT rats to levels that are similar to those observed
in SC rats, but aerobic exercise training did not alter the
corresponding responses in aortic rings from TC rats (Table 1,
Figure 1). A significant interactive effect of IUGR and aerobic
training on maximal contractile responses to AngII was confirmed
by two-way ANOVA (F (1, 25) = 14.4, P = 0.001). Moreover, main
effects for IUGR (P = 0.002) and aerobic training (P = 0.005) were
also significant.
As shown in Figure 2, in DHE fluorescence intensity the twoANOVA revealed significant IUGR-dependent differences (F (1,
14) = 23.584, P,0.001, main effect of IUGR) with highest values

Statistical Analysis
Statistical analysis was carried out using the SPSS (v17, SPSS
Inc., Chicago, IL, USA). Concentration–response curves were
constructed using Prism (v.6; GraphPad Software, San Diego, CA,
USA) and sigmoidal curves fitted to the data using the least squares
method. The results are expressed as the means 6 S.E.M. The
normality of distribution of each variable was tested and
transformed data were used when necessary. Where appropriate,
data were analyzed using a Student’s unpaired t test, two-way
ANOVA to determine IUGR/aerobic training interaction or
three-way ANOVA to determine IUGR/aerobic training/treatment interaction effects for dependent variables. A subsequent
Tukey’s post-hoc test was used to examine data for specific
PLOS ONE | www.plosone.org
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Figure 4. Role of the angiotensin II stimulation on the vascular superoxide production. (A) Histogram and (B) digital images illustrate the
presence of superoxide in dihydroethidium (DHE)-treated sections of aortic rings from SC, SRT, TC, and TRT rats under basal conditions and following
stimulation with angiotensin II (Ang II: 1024 M). Three-way ANOVA analysis was performed to assess the effects of IUGR, aerobic training, Ang II
treatment and of their interactions. Values are expressed as the mean 6 SEM from six animals per group. **P = 0.001 and *P,0.05 in Tukey’s post Hoc
test.
doi:10.1371/journal.pone.0113035.g004

29) = 28.671, P,0.001) on superoxide production. As shown in
Figure 5, treatment of the aorta segments with losartan significantly reduced basal superoxide levels in the aortas of SRT rats.
Three-way ANOVA revealed significant IUGR-dependent differences in superoxide concentration (F (1,30) = 9.797, P = 0.004,
main effect of IUGR) with IUGR/treatment interactions (F
(1,30) = 15.087, P = 0.001). Furthermore, IUGR or aerobic
exercise training did not alter the protein expression of the AT1
receptor in the isolated thoracic aortas (Figure 5C).
To determine whether NADPH oxidase was involved in the
production of superoxide, we evaluated the effect of the inhibitor
apocynin. Indeed, treatment with apocynin reduced basal
superoxide production in only SRT rats, suggesting that vascular
NADPH oxidases may participate in this production of superoxide
(Figure 6). This was confirmed by three-way ANOVA between
groups analysis that showed a significant main effect for IUGR (F
(1,30) = 25.809, P,0.001) with IUGR/treatment interaction (F
(1,30) = 19.280, P,0.001). Apocynin inhibits the release of
superoxide anions by NADPH oxidase by preventing the
translocation of the p47phox subunit to the membrane. The aortas
from SRT rats exhibited increased p47phox protein expression
(Figure 6C). However, aerobic exercise training reduced p47phox
protein expression in the aortas of TRT rats but did not alter
p47phox protein expression in TC rats (Figure 6). In this case two-

found in SRT rats than in SC rats, suggesting increased
superoxide production in IUGR rats. Aerobic exercise training
for 10 weeks significantly reduced superoxide levels in the aortas of
TRT rats. Superoxide production remained unaltered in the
aortas of TC rats (Figure 2). Moreover, we found significant
interaction between IUGR and aerobic training in superoxide
production (F (1, 14) = 17.554, P = 0.001).
As shown in Figure 3, we did not observe any significant
differences in the protein expression of CuZnSOD among all
groups. However, MnSOD protein expression was significantly
decreased in SRT rats compared with SC rats, whereas this
alteration was normalized by aerobic exercise training (Figure 3B).
In contrast, MnSOD protein expression was significantly decreased in SRT rats compared with SC rats, whereas this
alteration was normalized by aerobic exercise training (Figure 3B).
A significant interaction between IUGR and aerobic training was
observed for the MnSOD protein expression (F (1, 16) = 4.290,
P = 0.05) and main effects for IUGR (P = 0.022) and aerobic
training status (P = 0.034). In all experimental groups, we observed
that treatment of the aorta segments with AngII promoted an
increase in superoxide levels, although this effect was greater in
aortic rings isolated from SRT rats (Figure 4). This was confirmed
by three-way ANOVA that indicated significant main effect of
IUGR (F (1, 29) = 27.350, P,0.001) and treatment (F (1,
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Figure 5. Effect of the AT1 receptor antagonist on the vascular superoxide production and expression profile of aortic AT1 receptor.
(A) Histogram and (B) digital images illustrate the presence of superoxide in dihydroethidium (DHE)-treated sections of aortic rings from SC, SRT, TC,
and TRT rats under basal conditions and in the presence of losartan (Los: 1024 M). Three-way ANOVA analysis was performed to assess the effects of
IUGR, aerobic training, losartan treatment and of their interactions. (C) Representative immunoblots and the corresponding optical density of AT1
receptors normalized to the optical density of a-actin. Two-way ANOVA analysis was performed to assess the effects of IUGR, aerobic training and of
their interaction. Values are expressed as the mean 6 SEM from six animals per group. *P,0.05 in Tukey’s post Hoc test.
doi:10.1371/journal.pone.0113035.g005

interaction between IUGR and aerobic exercise training on ratio
(F (1,15) = 4.955, P = 0.042).

way ANOVA revealed a significant interaction between IUGR
and aerobic training on p47phox protein expression (F
(1,16) = 7.807, P = 0.013).
Given that AT2 receptors exert a beneficial vascular effect, we
further examined superoxide levels following antagonism with the
AT2 receptor antagonist PD 123,319. Interestingly, we observed
increased superoxide levels following PD 123,319 treatment in
only SRT and TRT rats, whereas PD 123,319 treatment did not
demonstrate an effect in SC or TC rats (Figure 7). Three-way
ANOVA did not reveal a significant interaction between IUGR/
aerobic training/treatment on superoxide concentration. Instead,
main effects were confirmed for IUGR (F (1,32) = 23.095, P,
0.001) and PD 123,319 treatment (F (1,32) = 14.004, P = 0.001),
indicating that these factors acted independently. To gain
additional insight into this response, we investigated the protein
expression of AT2 receptors. We observed that AT2 protein levels
were reduced in the aortas of SRT rats and were restored
following aerobic exercise training, whereas AT2 protein expression in TC rats was unaltered (Figure 7C). A significant interaction
between IUGR and aerobic training affected the AT2 protein
expression in aorta (F (1,15) = 4.540, P = 0.050). Additionally, the
AT1/AT2 ratio was significantly increased in SRT rats compared
with SC rats (Figure 8), whereas aerobic exercise training resulted
in the normalization of AT1/AT2 levels in TRT rats. No changes
were observed in the AT1/AT2 ratio in TC rats. Consistent with
these results, the two-way ANOVA also reveal significant

PLOS ONE | www.plosone.org

Discussion
It is well recognized that IUGR can lead to several pathologies
including hypertension, type 2 diabetes mellitus, and cardiovascular disorders [11–18]. In contrast, aerobic exercise training
promotes several beneficial cardiovascular adaptations [6–10].
This study highlights five important findings. First, aerobic
exercise training can prevent the IUGR-associated increase in
AngII-dependent vasoconstriction in the aortic rings of TRT rats.
Second, exercise training reversed the increase in basal levels of
superoxide in TRT rats. Third, exercise training reversed the
downregulation of MnSOD protein expression in TRT rats.
Fourth, aerobic exercise training significantly upregulated AT2
receptor protein expression in TRT rats. Fifth, exercise training
significantly attenuated p47phox protein expression, which is a
subunit of NADPH oxidase.
In this study, we found that the thoracic aorta vasoconstriction
to AngII were higher in SRT rats. The modulation of AngIIinduced vasoconstriction exhibited a biphasic response, in which
the most potent vasoconstriction occurs at lower concentrations of
AngII. Additionally, we found that aerobic exercise training for 10
weeks attenuates AngII-induced vasoconstriction in aortic rings
from TRT rats. Although the possible beneficial effect of aerobic
exercise training on the endothelial dysfunction induced by IUGR
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Figure 6. Effect of the NADPH-oxidase inhibitor on the vascular superoxide production and protein expression of aortic NADPH
subunit. (A) Histogram and (B) digital images illustrate the presence of superoxide in dihydroethidium (DHE)-treated sections of aortic rings from
SC, SRT, TC, and TRT rats under basal conditions and in the presence of apocynin (Apo: 1024 M). Three-way ANOVA analysis was performed to assess
the effects of IUGR, aerobic training, apocynin treatment and of their interactions. (C) Representative immunoblots and the corresponding optical
density of the p47phox subunit normalized to the optical density of a-actin. Two-way ANOVA analysis was performed to assess the effects of IUGR,
aerobic training, apocynin treatment and of their interaction. Values are expressed as the mean 6 SEM from six animals per group. **P = 0.001 and
*P,0.05 in Tukey’s post Hoc test.
doi:10.1371/journal.pone.0113035.g006

was not investigated in this study, the notion that exercise training
primarily affects the modulatory function of endothelial cells is
supported by findings in animal models of hypertension [22],
diabetes [23], aging [24], and acute myocardial infarction [25].
However, the mechanisms involved in this beneficial effect on
IUGR-induced vascular dysfunction remain unclear.
Increasing studies suggest that superoxide anions are not only
implicated but also play an important role in the endothelial
dysfunction induced by IUGR [26–28]. Scavengers of superoxide
anions and treatment with other antioxidants have been shown to
improve IUGR-related endothelial dysfunction by restoring NO
bioavailability [26,28]. In this study, aerobic exercise training for
10 weeks significantly reduced superoxide generation, but only in
TRT rats. Several studies have demonstrated that an antioxidant
effect is induced by exercise training via the enhancement of the
activity of radical scavenger enzymes [29–33]. Aerobic training
decreases oxidative stress by increasing the efficiency of the
antioxidant system in isolated arteries from SHR [32] and diabetic
[33] rats. Consistent with these findings, our results indicated that
MnSOD protein expression levels were decreased in SRT rats in
comparison to SC rats, and aerobic exercise reversed this
downregulation. Numerous studies indicate that MnSOD is
abundantly expressed in endothelial cells compared with other
cell types, suggesting that MnSOD protects against endothelial
dysfunction [34–37]. Our results support the hypothesis that the
positive effect of aerobic exercise observed in the TRT rats is, in
PLOS ONE | www.plosone.org

part, due to an enhanced capacity of MnSOD to scavenge
superoxide.
The ability of AngII to stimulate the vascular production of
superoxide by mediating NADPH oxidase activation has been
widely recognized [38–40]. Our results support this finding by a
marked increase in superoxide production following AngII
treatment, which is inhibited by the addition of both losartan
and apocynin in SRT rats. Additionally, we observed that AT1
receptor protein expression was unaltered by IUGR or by aerobic
exercise training. Conversely, we found that the protein expression
of the NADPH oxidase subunit p47phox was higher in SRT rats,
whereas aerobic exercise training was effective in normalizing
p47phox expression. Physical training performed prior to lung
ischemia/reperfusion has been reported to be effective in
normalizing p47phox protein expression in mesenteric arteries
[41]. p47phox plays an important role in superoxide production in
response to AngII [42]. Recently, it has been shown the effects of
IUGR on AngII-mediated activation of the NADPH oxidase
complex [29]. Results presented here suggest that Ang II-mediated
generation of superoxide in a p47phox-dependent manner in SRT
rats, whereas 10 weeks of aerobic exercise training was effective in
downregulation of p47phox subunit protein expression.
The activation of AT1 receptors is known to promote
vasoconstriction through increased smooth muscle intracellular
Ca2+ availability, whereas AngII binding to AT2 receptors on the
endothelium causes vasodilation through the activation of the NO8
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Figure 7. Effect of the AT2 receptor antagonist on the vascular superoxide production and expression profile of aortic AT2 receptor.
(A) Histogram and (B) digital images illustrate the presence of superoxide in dihydroethidium (DHE)-treated sections of aortic rings from SC, SRT, TC,
and TRT rats under basal conditions and in the presence of PD 123,319 (PD: 1024 M). Three-way ANOVA analysis was performed to assess the effects
of IUGR, aerobic training, PD 123,319 treatment and of their interactions. (C) Representative immunoblots and the corresponding optical density of
AT2 receptors normalized to the optical density of a-actin. Two-way ANOVA analysis was performed to assess the effects of IUGR, aerobic training and
of their interaction. Values are expressed as the mean 6 SEM from six animals per group. **P = 0.001 and *P,0.05 in Tukey’s post Hoc test.
doi:10.1371/journal.pone.0113035.g007

with PD 123,319 increased superoxide formation, but only in SRT
and TRT rats, supporting the inhibitory role of AT2 receptors on
superoxide production in restricted rats. Knowledge of how AT2
mediates superoxide anion generation is limited, and little is
known regarding the likely beneficial effects of aerobic exercise on
the modulation of this receptor. Studies suggest that AngII
receptors differentially modulate endothelial superoxide generation [49]. Sohn et al. [49] reported that AT1 activates superoxide
formation and that AT2 receptors appear to attenuate this AT1induced effect, most likely via a pathway that involves tyrosine
phosphatases. A study by Sabuhi et al. [50] suggests that the
activation of AT2 receptors lowers oxidative stress by increasing
SOD activity and decreasing the expression of the NADPH
oxidase component gp91phox. Our study suggests the possibility of
an association between AT2 modulation and exercise training.
However, the exact mechanisms of these effects remain to be
elucidated.
In summary, the results of this study provide evidence that
aerobic training demonstrates a beneficial effect on antioxidant
capacity via the upregulation of MnSOD protein expression. The
vascular protective effects of exercise training may partially be due
to the downregulation of p47phox and, subsequently, the reduced
activation of NADPH oxidase. Finally, the increase in AT2
receptor protein levels may also provide beneficial effects against
superoxide generation. Nevertheless, we did not directly evaluate
the role of nitric oxide (NO) regarding the beneficial effects of

cGMP axis [43,44]. Our results indicate that an increased
response to AngII stimulation occurred with a decrease in AT2
receptor protein expression in isolated aortas of SRT rats.
Moreover, a higher ratio of AT1/AT2 receptors was also found
in these rats. The role of AT2 receptor stimulation in cardiovascular cells is not entirely understood. The AT2 receptor is a
counter-regulatory component of the RAS, and AngII stimulation
of this receptor opposes the effects mediated by the AT1 receptor
on cell growth, vascular function, and fluid balance [44]. Studies
have reported that AT2 activation increased NO production,
which significantly, but not entirely, contributes to the beneficial
effects observed following AT1 receptor antagonism [45,46].
Furthermore, some metabolites of AngII degradation (e.g., Ang
(1–7) and Ang III) are known to exert their biological actions, at
least partially, by binding to the AT2 receptor [47]. This versatility
of the AT2 receptor appears to be highly cell-type and tissue
specific in determining the complex cross-talk between angiotensin
receptors and certain metabolites.
A correlation exists between the AT2 receptor and aerobic
exercise. Some reports indicate an upregulation of AT2 receptor
protein levels in heart, ventricular tissue, and vessels in several
animal models [48]. In this study, we found that aerobic exercise
training for 10 weeks restores AT2 receptor protein expression in
aortic rings from TRT rats. The AT1/AT2 ratio in the aorta was
also normalized by exercise training, thereby locally modifying the
actions of AngII. Moreover, we observed that AT2 antagonism
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Figure 8. Representative histogram of the AT1/AT2 ratio in thoracic aortas of SC, SRT, TC, and TRT rats. Values are expressed as the
mean 6 SEM from six animals per group. Two-way ANOVA analysis was performed to assess the effects of IUGR, aerobic training and of their
interaction (IUGR X Trained). **P = 0.001 in Tukey’s post Hoc test.
doi:10.1371/journal.pone.0113035.g008

exercise training; assessment of this pathway would add considerable clarity to the mechanisms that regulate vascular function
and NO–redox–based signaling in IUGR rats submitted to
aerobic training.

Author Contributions
Conceived and designed the experiments: MF TSC EHA LCM ZBF VO.
Performed the experiments: VO. Analyzed the data: MF VO EHA LCM
TSC. Contributed reagents/materials/analysis tools: MF MHCC ZBF
EHA. Contributed to the writing of the manuscript: MF VO EHA.

References
13. Gluckman PD, Hanson MA (2004) Living with the past: evolution, development,
and patterns of disease. Science 305: 1733–1736.
14. Gluckman PD, Hanson MA, Pinal C (2005) The developmental origins of adult
disease. Maternal and Child Nutrition 1: 130–141.
15. Brawley L, Itoh S, Torrens C, Barker A, Bertram C, et al. (2003) Dietary protein
restriction in pregnancy induces hypertension and vascular defects in rat male
offspring. Pediatric Research 54: 83–90.
16. Langley-Evans SC, Sherman RC, Welham SJ, Nwagwu MO, Gardner DS, et al.
(1999) Intrauterine programming of hypertension: the role of the reninangiotensin system. Biochem Soc Trans 27: 88–93.
17. Torrens C, Hanson MA, Gluckman PD, Vickers MH (2009) Maternal
undernutrition leads to endothelial dysfunction in adult male rat offspring
independent of postnatal diet. Br J Nutr 101: 27–33.
18. Ceravolo GS, Franco MC, Carneiro-Ramos MS, Barreto-Chaves ML, Tostes
RC, et al. (2007) Enalapril and losartan restored blood pressure and vascular
reactivity in intrauterine undernourished rats. Life Sci 80: 782–787.
19. Cambri LT, Dalia RA, Ribeiro C, Rostom de Mello MA (2010) Aerobic
capacity of rats recovered from fetal malnutrition with a fructose-rich diet. Appl
Physiol Nutr Metab 35(4): 490–497.
20. Cambri LT, de Araujo GG, Ghezzi AC, Botezelli JD, Mello MA (2011)
Metabolic responses to acute physical exercise in young rats recovered from fetal
protein malnutrition with a fructose-rich diet. Lipids Health Dis 10: 164.
21. Miller FJ Jr, Gutterman DD, Rios CD, Heistad DD, Davidson BL (1988)
Superoxide production in vascular smooth muscle contributes to oxidative stress
and impaired relaxation in atherosclerosis. Circ Res 82: 1298–1305.
22. Roque FR, Briones AM, Garcı́a-Redondo AB, Galán M, Martı́nez-Revelles S,
et al. (2013) Aerobic exercise reduces oxidative stress and improves vascular
changes of small mesenteric and coronary arteries in hypertension. Br J Pharmacol 168: 686–703

1. Green DJ, Maiorana A, O’Driscoll G, Taylor R (2004) Effect of exercise training
on endothelium-derived nitric oxide function in humans. J Physiol 561: 1–25.
2. Maiorana AJ, Naylor LH, Exterkate A, Swart A, Thijssen DH, et al. (2011) The
impact of exercise training on conduit artery wall thickness and remodeling in
chronic heart failure patients. Hypertension 57: 56–62.
3. McAllister RM, Newcomer SC, Laughlin MH (2008) Vascular nitric oxide:
effects of exercise training in animals. Appl Physiol Nutr Metab 33: 173–178.
4. Pal S, Radavelli-Bagatini S, Ho S (2013) Potential benefits of exercise on blood
pressure and vascular function. J Am Soc Hypertens 7: 494–506.
5. Bacon SL, Sherwood A, Hinderliter A, Blumenthal JA (2004) Effects of exercise,
diet and weight loss on high blood pressure. Sports Medicine 34: 307–316.
6. Hagberg JM, Park J-J, Brown MD (2000) The role of exercise training in the
treatment of hypertension: an update. Sports Medicine 30: 193–206.
7. Whelton SP, Chin A, Xin X, He J (2002) Effect of aerobic exercise on blood
pressure. Annals of Internal Medicine 136: 493–503.
8. da Rocha RF, de Oliveira MR, Pasquali MA, Andrades ME, Oliveira MW, et
al. (2010) Vascular redox imbalance in rats submitted to chronic exercise. Cell
Biochem Funct 28: 190–196.
9. Tinken TM, Thijssen DHJ, Hopkins N (2010) Shear Stress Mediates Endothelial
Adaptations to Exercise Training in Humans. Hypertension 55: 312–318.
10. Ciampone S, Borges R, de Lima IP, Mesquita FF (2011) Long-term exercise
attenuates blood pressure responsiveness and modulates kidney angiotensin II
signalling and urinary sodium excretion in SHR. J Renin Angiotensin
Aldosterone Syst 12: 394–403.
11. Barker DJP, Oosmond C, Bull AR, Simonds (1999) Fetal and placental size and
risk of hypertension in adult life. B M J 301: 259–262.
12. Barker DJP, Osmond C, Simmonds SJ, Wield GA (1993) The relation of small
head circuference and thinness at birth to death from cardiovascular disease in
adult life. British Med J 306: 422–426.

PLOS ONE | www.plosone.org

10

November 2014 | Volume 9 | Issue 11 | e113035

Aerobic Training and Intrauterine Growth Restriction

36. Andresen JJ, Faraci FM, Heistad DD (2004) Vascular responses in Mn-SOD
deficient mice. Am J Physiol Heart Circ Physiol 287: H1141–H1148.
37. Chrissobolis S, Faraci FM (2010) Sex differences in protection against
angiotensin II-induced endothelial dysfunction by manganese superoxide
dismutase in the cerebral circulation. Hypertension 55: 905–910.
38. Warnholtz A, Nickenig G, Schulz E, Macharzina R, Bräsen JH, et al. (1999)
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