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Abstract Objective: Given the importance of knowing the effects of blood flow restriction
(BFR) plus exercise training (BFR training) on the cardiovascular system, present study con-
ducted to determine the effect of combination of BFR with low intensity endurance exercise
on aorta of old rats.
Methods: Animal groups were control (CTL), sham (Sh), BFR, exercise (Ex), sham þ exercise
(Sh þ Ex), and BFR þ exercise (BFR þ Ex). BFR induced by partial closing of the bilateral
femoral arteries and duration of exercise was 10 weeks.
Results: BFR induced increasing of aorta wall thickness and decreasing its elastin/collagen ra-
tio. Training alone increased the expression of apelin (P < 0.05) and angiotensin AT2 receptor
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(AT2R) (P < 0.01 versus CTL, Sh and P < 0.05 versus BFR groups) and the elastin/collagen ratio
(P < 0.001) but, decreased the expression of angiotensin AT1 receptor (AT1R) (P < 0.01 versus
CTL, Sh and BFR groups), the AT1R/AT2R ratio and the wall thickness (P < 0.001) of aorta. In
Ex þ BFR group, the expression of mentioned receptors increased and reached to more than
levels of Ex groups, and the AT1R/AT2R ratio reduced in comparison with CTL, Sh and BFR
and was higher than training groups (P < 0.5). Exercise also reversed the negative effect of
BFR on elastin/collagen ratio and wall thickness.
Conclusion: The beneficial effects of low intensity endurance exercise on aorta of aged male
rats are conserved partially in presence of BFR.
ª 2018 Association for Research into Arterial Structure and Physiology. Published by Elsevier
B.V. All rights reserved.

Introduction

The prevalence of cardiovascular diseases, the most com-
mon cause of death, increases dramatically with age.1 Age-
dependent remodeling of the aorta and arterial branches
including hypertrophy, collagen accumulation and endo-
thelium abnormalities, are considered as key factors in
hypertension which increases the chance of mortality.2,3

Renin-Angiotensin system plays an important role in car-
diovascular homeostasis and in the development of car-
diovascular diseases.4,5 Angiotensin II has two type
receptors, AT1R and AT2R. The biological and primary

effects of angiotensin II through AT1R are including smooth
muscle contraction, cell proliferation, cell migration,
extracellular matrix aggregation, and inflammation.6e8

Activating the AT2R increases the production of NO and
inhibits norepinephrine secretion and thus regulates blood
pressure and inhibits hypertrophy and fibrosis.9,10 On the
other hand, the apelin receptor (APJ) is also present in the
heart, coronary arteries and aorta.11 Apelin has potent
vasodilatory, blood pressure reducing and cardiac inotropic
effects.12e17 It has two-dimensional role in vascular tonicity
which includes an endothelium-dependent action to pro-
duce NO and dilatation of the vessel and a non-
endothelium-dependent effect, which can cause a
contraction of the vessel in the absence of the endothe-
lium.18 Apelin 13 bonds to APJ receptors in vascular endo-
thelial cells and activates NO synthesis.19,20 There is a
reverse arrangement between the apelin system and its
receptor (APJ) with the angiotensin system.21 While apelin
is a vasodilator and reduces blood pressure, angiotensin II
increases vascular tonicity.22

Aging is associated with an increase in expression of the
type I angiotensin II receptors (AT1Rs),23 and a decrease in
expression of the APJ receptors.24 Moderate aerobic exer-
cise reduces the age-dependent effects of angiotensin II,
which in turn reduces the remodeling changes and improves
endothelial function of the aorta in hypertensive rats.25 It
also reported that long term swimming exercise reverses
the down-regulation of the cardiovascular apelin/APJ sys-
tem induced by hypertension in rats and effectively re-
duces hypertension and pathological cardiac hypertrophy.26

In addition, sports activities improve the function of
vascular endothelium and prevent atherosclerosis.26e28

Blood flow restriction (BFR) with low-intensity exercise
(Kaatsu model) is used as a way to increase the strength and
hypertrophy of skeletal muscle in various exercises, such as
resistance exercises, hiking, and cycling. This type of sport
is popular in Japan and has recently become an interesting
research topic.29 In this method, a pressure cuff is typically
used to close the proximal part of the upper or lower
limbs30e32 so that, blood flow to the muscle in the resting
state is well done, but during the activity, the limb be-
comes ischemic. This method apparently is suitable for the
aging people, who are not able to carry out heavy exercises
due to some degrees of joint damage and muscle weakness
or with cardiovascular disease. In addition to inducing

Abbreviations

ACE Angiotensin converting enzyme
ACE2 Angiotensin converting enzyme type 2
Ang (1e7) Angiotensin (1e7)
Ang II Angiotensin II
ANOVA Analysis of variance
APJ Apelin receptor
AT1 Angiotensin II receptor type 1
AT2 Angiotensin II receptor type 2
BFR þ Ex Blood flow restriction þ exercise group
BFR Blood flow restriction
BFR Blood flow restriction group
CTL Control group
ECG Electrocardiogram
ECL Enhanced chemiluminescence
Ex Exercise group
EPR exercise pressor reflex
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
mRNA Messenger ribonucleic acid
NADPH Nicotinamide adenine dinucleotide

phosphate
QTc Corrected QT
RAS Renineangiotensin system
Ripa Radioimmunoprecipitation assay
RM Repetition maximum
Sh þ Ex Sham þ exercise group
Sh Sham group
SPSS Statistical Package for the Social Sciences
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changes in muscle volume and strength, Kaatsu method
may have hemodynamic and cardiovascular effects.33

However, so far, the cardiovascular effects of this method
in senescence have been less addressed and there is a
concern regarding the potentially risk of deleterious car-
diovascular events especially in aging individuals perform-
ing resistance training exercise with BFR. Recently, we
showed that mild endurance exercise plus BFR altered the
expression of angiotensin II and apelin receptors of heart
which was associated with cardiac hypertrophy and
improved the ventricular conductivity of the aging rats.34

Regarding the role of renin-angiotensin and apelinergic
systems in structural changes of the aorta during the aging
process, the purpose of this study was to answer the
question whether combination of limb blood flow restric-
tion and low-intensity endurance exercise has any effect on
histological indices and angiotensin II and apelin receptors
of aorta in old male rats?

Materials and methods

Animals

Experiments were performed on 60 male rats (24e22
months) weighing 450e350 g. The animals randomly were
divided into 6 equal groups and were kept under conditions
of 12 hours of darkness and 12 hours of light and free access
to water and food.

Ethical approval

All experimental methods were approved by the Ethics
Committee of Kerman University of Medical Sciences,
Kerman, Iran (Permission No. IR.KMU.RE.1395/275).

Study design

Animal groups were control (CTL), sham (Sh), Blood flow
restriction (BFR), Exercise (Ex), Sham þ exercise (Sh þ Ex)
and Blood flow restriction þ Exercise (BFR þ Ex) groups.
CTL group was not subjected to any intervention and they
were taken care of for 11 weeks. Sham (Sh), animals group
were anesthetized by ketamine (100 mg/kg) and xylazin
(10 mg/kg)35 and the inner surfaces of groins of this group
were incised to access femoral arteries. After separation of
femoral arteries from femoral sheaths, a small amount of
powder of penicillin was shed on the wounds. Then the sites
of surgery were sutured and animals were under observa-
tion for 11 weeks. Blood flow restriction (BFR) group was
operated similar to sham group. Then a 0.014 inch diameter
steel wire was placed on the femoral artery and it was
tightly fixed using a silk stitch thread (4-0). Then the wire
removed and incision sites were stitched. In this condition
during contraction and training but not resting, the muscle
is experiencing ischemia.34e36

In Ex group, the intact animals were monitored for one
week after division and then trained with low intensity
exercise for 10 weeks according to the method explained in
the previous studies.34,37 Animals of Sh þ Ex group were
operated as explained for sham group and after one week

recovery period, they subjected to low intensity treadmill
exercise for 10 weeks.

BFR þ Exgroup was subjected to surgery as BFR group
and also trained with low intensity exercise for 10 weeks
after recovery period.34,35,37

Forty-eight hours after the last training session, all ani-
mals groups were sacrificed under deep anesthesia using
thiopental sodium (100 mg/kg). Then the thorax and
abdomen was opened and descending aorta was removed to
evaluate the histological parameters and to measure the
values of the APJ, AT1R and AT2R proteins.

Training protocol

Exercise groups were exercising 5 days/week for 10 weeks
as previously reported.34,35,37 In brief: During the familiar-
ization phase (the first week), 15 minutes waking on a ro-
dent treadmill with speed of 7.5 m/min was considered.
During overload phase (day 8e63) the treadmill speed
progressively increased to 15 meters/m and the duration of
the exercise sessions gradually increased to 60 minutes. At
the last week, the treadmill speed and duration of exercise
sessions were maintained as 15 meters/m and 60 minutes
respectively. The treadmill angle was 0� during protocol. It
should be noted that the first 5 minutes for heating, and the
last 5 minutes to cool down at a speed of 7 meters per
minute had considered. In addition, for the purpose of
familiarizing the control, sham and BFR groups were placed
on the treadmill at least twice a week.34,35,37

Western blot analysis

The western blot method was used to measure the protein
levels of angiotensin receptors 1 and 2 and APJ protein.
After collecting, the samples were washed in PBS solution.
Homogenization of 80 mg of aorta was performed in ice cold
RIPA buffer solution (Sigma Aldrich Company, USA; R0278)
plus protease inhibitor (Sigma Aldrich Company, USA;
S8820). All stages of homogeneity were performed on ice
and maintaining the cold conditions by Sony Kid device. In
the next stage, the homogenized tissues were centrifuged
at 4 �C at 13000 rpm for 20 minutes and the supernatant
was isolated and the total protein concentration of aortic
samples were measured by Lowry method and Bovine serum
albumin was used as standard. After matching the con-
centrations, 40 micrograms of protein from each sample
were electrophoresed on 11% polyacrylamide gels for 75
minutes. After electrophoresis, the proteins separated in
the gel were transferred after 100 minutes to PVDF paper
and then incubated overnight at 4 �C in a solution of 2%
non-fat dry milk (SigmaeAldrich, St. Louis, MO, USA).
Thereafter, After 4 times washing for 5 minutes with TBST
buffer the membranes were incubated for three hours with
primary antibody against AT1 (1:200; Sc-579; Santa Cruz
Biotechnology, USA), AT2 (1:200; Sc-9040; Santa Cruz
Biotechnology, USA), APJ (1:200; Sc-33823; Santa Cruz
Biotechnology, USA) or GAPDH (1:1000; Sc-47724; Santa
Cruz Biotechnology, USA). After 4 times washing for 5 mi-
nutes with TBST buffer (Tris-buffered saline, 0.1% Tween
20), the membranes were incubated for one and half hour
with horseradish peroxidase-conjugated secondary
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antibodies include goat anti-rabbit IgG-HRP (1:10,000; Sc-
2004; Santa Cruz Biotechnology, USA) for AT1,AT2, APJ and
goat anti-mouse IgG-HRP (1:5000; Sc-2005; Santa Cruz
Biotechnology, USA) for GAPDH. Then, four times washing
was performed for 5 minutes with TBST buffer, and the
membrane was incubated for one minute with chem-
iluminescence substrate (ECL) (Amersham ECL Prime
Western Blotting Detection Reagent). In the next step,
immune detection was recorded using Chemi Doc
XRS þ imaging system (Bio-Rad Company, USA) and
analyzed by the Image Lab 3 software. The amount of
protein expression was normalized by dividing the each
receptor band density to the corresponding GAPDH band
density.34,38

Histological assessment

The rats were killed and a part of descending aorta of each
animal was fixed in 10% neutral buffered formalin for 24 h
and after routine tissue processing, the specimen
embedded in paraffin. Serial 5 mm thick sections were
stained with hematoxylin eosin (H&E) (general
morphology), Orcein (elastic fibers detection), and Mas-
son’s trichrome (collagen fibers detection) methods.
Stained sections were examined and photographed using an
Olympus digital camera attached to Nikon 50i microscope.
The thickness of aortic wall was estimated from the
average thickness at 4 points of the cross-sectional aortic
wall in the H&E-stained sections. Image J software (NIH,
Bethesda, MD, USA) was used to measure of elastin and
collagen areas. Elastin content was calculated by dividing
the elastin-positive area by the cross-sectional media area
of the aortic wall, which was measured using the stained
sections to highlight the internal elastic lamina and
external elastic lamina. Collagen content was calculated by

measuring the adventitia layer thickness (collagen-positive
area by the cross-sectional aortic wall area). Then the ratio
of elastin to collagen was calculated.

Statistical methods

Results are expressed as mean � SEM. Statistical computing
was used SPSS 22 software. The normal distribution of data
was evaluated by Shapiro test and statistical analysis per-
formed by using of one way ANOVA and Post hoc Tukey
tests. P < 0.05 was taken as statistically significant.

Results

Receptors expression

Low intensity endurance exercise significantly increased
the expression of APJ receptor in the rats’ aorta of Ex and
Sh þ Ex groups in comparison to the CTL, Sh and BFR groups
(P < 0.05). Combination of low intensity endurance training
with limbs blood flow restriction induced a significant in-
crease in expression of APJ receptor in aorta of rats
(P < 0.001 versusCTL, Sh and BFR groups and (P < 0.05
versus Ex and Sh þ Ex groups) (Fig. 1).

On the other hand, the value of type 1 angiotensin re-
ceptor (ATR1) protein in the aorta of rats showed a signif-
icant decrease after 10 weeks of exercise in Ex and Sh þ Ex
groups compared to CTL, Sh and BFR groups (P < 0.01).
When animals subjected to endurance exercise along with
limitation of lower limbs blood flow, the effect of exercise
on ATR1 protein was masked, so that, this variable in
BFR þ Ex group did not show any significant difference with
CTL, Sh and BFR groups, but increased significantly in
comparison with the Ex and Sh þ Ex groups (P < 0.001)

Figure 1 Western blotting results of apelin receptor (APJ) protein expression in various experimental groups. Values are pre-
sented as mean � S.E. The number of animals in each group was 6e8. *p < 0.05 versus CTL, Sham and BFR groups; ***P < 0.001
versus CTL, Sham and BFR groups; # (p < 0.05) versus Ex and Sh þ Ex groups. CTL: control group, Sh: sham group, BFR: Blood flow
restriction group, Ex: Exercise group, Sh þ Ex: Sh þ exercise group, BFR þ Ex: Blood flow restriction þ exercise group.
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(Fig. 2). In addition, the value of ATR2 protein significantly
increased in Ex and Sh þ Ex groups when compared to CTL,
Sh (P < 0.01) and BFR (P < 0.05) groups. This protein also
was significantly higher in BFR þ Ex group (P < 0.001 versus
CTL and Sh, and P < 0.01 versus BFR, Ex and Ex þ Sh groups)
(Fig. 3). Accordingly, the ATR1/ATR2 proteins ratio signifi-
cantly was lower in Ex and Sh þ Ex groups (P < 0.001) and
BFR þ Ex group (P < 0.05) versus the values in CTL and
Sham groups (Fig. 4).

Histomorpholology

Histological findings showed limbs blood flow restriction
alone was associated with reduction in the elastin/collagen
ratio when compared with the control and sham groups
(P < 0.05). On the other hand, in the exercise groups (Ex
and Sh þ Ex) this ratio significantly increased in comparison
with CTL, Sh and BFR groups (P < 0.001).

In the BFR þ Ex group, this ratio was higher than CTL,
Sham and BFR groups (P < 0.001), but it was lower than Ex
and Sh þ Ex groups (P < 0.05) (Fig. 5).

Limitation of the bilateral lower extremity blood flow
significantly increased the intima-media and total wall
thickness of aorta (p < 0.001 versus CTL and Sh groups).
These parameters significantly decreased in presence of
low intensity endurance exercise in Ex and Sh þ Ex groups
(p < 0.001 versus CTL, Sh and BFR groups) and also in the
BFR þ Ex group (p < 0.001 versus CTL, Sh and BFR groups).
However, These indices were higher in BFR þ Ex than Ex
and Sh þ Ex groups (P < 0.05) (Figs. 6 and 7).

Discussion

This study was conducted to investigate the effects of 10
weeks of low intensity endurance exercise along with

limited limb blood flow on histomorphological parameters
and expression of angiotensin and apelin receptors in aorta
of old male rats.

The results showed that low intensity exercise alone
significantly decreased the expression of ATR1 but,
increased the expression of ATR2 and also apelin receptors.
When exercise combined with lower limbs blood flow re-
striction, the expression of all three mentioned receptors
was enhanced and reached to more than levels which
observed in exercise alone. Interestingly, the ratio of ATR1/
ATR2 was decreased in exercise condition with/without
blood flow restriction. In addition, blood flow restriction
alone increased the total and intima-media wall thickness
of aorta and decreased its elastin/collagen ratio, however
combination of this intervention with exercise reversed
these effects and improved the elastin/collagen ratio and
attenuated the wall thickness of aorta.

In agreement with present study, the positive role of
exercise on expression of apelin/APJ and promotion of
apelinergic system has been reported. Zhang et al. showed
long term swimming exercise increased both apelin and its
receptor on aorta and heart of spontaneous hypertensive
rats and they suggested that the improving effect of exer-
cise training on hypertension could be mediated by up-
regulating the cardiovascular apelin/APJ system.39 In our
previous study low intensity exercise increased the apelin
receptor in hearts of aging rats and combination of exercise
with BFR promoted the effect of exercise34 which is
consistent with the finding of present study. Also, in agree
with our findings there are evidences that exercise induces
down-regulation of ATR1 in heart of aging rats.34,40 In
addition exercise improves the expression of ATR2 and at-
tenuates ATR1 and the NADPH oxidase activity in aorta and
coronary vessels which resulting in attenuation of AngII-
induced vasoconstriction.41,42 As mentioned above, in pre-
sent study, in exercise plus blood flow restriction, the value

Figure 2 Western blotting results of aortic angiotensin II receptor1 (AT1R) protein expression in various experimental groups.
Values are presented as mean � S.E. The number of animals in each group was 6e8. **p < 0.01 versus CTL, Sham and BFR groups;
###P < 0.001 versus Ex and Sh þ Ex groups. CTL: control group, Sh: sham group, BFR: Blood flow restriction group, Ex: Exercise
group, Sh þ Ex: Sham þ exercise group, BFR þ Ex: Blood flow restriction þ exercise group.
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of ATR1, ATR2 and ATR1/ATR2 were more than Ex groups,
however the ratio of ATR1/ATR2 in this group was less than
CTL and sham groups. In present study, molecular findings
were consistent with the histological findings, so that the
ratio of elastin/collagen significantly increased and intima-
media and total wall thickness of aorta reduced in the
presence of exercise alone. Despite the fact that BFR alone
showed a negative effect on elastin/collagen ratio and
increased the intima-media and total wall thickness of

aorta, however, these negative effects were masked
remarkably by exercise, so that the histological indices in
Ex þ BFR group were significantly less than CTL, Sh and BFR
groups.

Aging is associated with increasing ATR1 receptor,43e45

decreasing ATR245 and APJ receptors46 in the cardiovascu-
lar system and also increasing collagen and reducing elastin
production in the vessels. Increasing collagen and reducing
elastin production during aging leads to increasing of aortic

Figure 3 Western blotting results of aortic angiotensin II receptor2 (AT2R) protein expression in various experimental groups.
Values are presented as mean � S.E. The number of animals in each group was 6e8. **p < 0.01 versus CTL and Sh groups;
***P < 0.001 versus CTL and Sh groups; #P < 0.05 versus BFR groups; ##P < 0.01 versus BFR groups. CTL: control group, Sh: sham
group, BFR: Blood flow restriction group, Ex: Exercise group, Sh þ Ex: Sham þ exercise group, BFR þ Ex: Blood flow
restriction þ exercise group.

Figure 4 The ratio of aortic angiotensin II receptor1 (AT1R)/angiotensin II receptor2 (AT2R) protein in various experimental
groups. Values are presented as mean � S.E. The number of animals in each group was 6e8. *p < 0.05 versus CTL and Sh groups;
***P < 0.001 versus CTL, Sh and BFR groups; #P < 0.05 versus BFR group. CTL: control group, Sh: sham group, BFR: Blood flow
restriction group, Ex: Exercise group, Sh þ Ex: Sham þ exercise group, BFR þ Ex: Blood flow restriction þ exercise group.
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wall thickness and pathological remodeling which can
result to hypertension. Stimulation of the AT1 receptor
activates fibroblasts and increases the production of
collagen levels and decreases elastin, but stimulation of
AT247 and APJ receptors48,49 alleviates the effects of AT1
receptors.

It seems in aging rats low intensity exercise alone has
beneficial effect on aortic remodeling and corrects the
intima-media and total wall thickness by improving the
ratio of elastin/collagen partly through modulation of
apelin/APJ system and rennin-angiotensin system
including ATR receptors balance and relevant molecular
signaling cascades. Apparently, blood flow restriction
through increasing peripheral resistance can accelerate

the aortic remodeling and wall thickening in aging rats.
In addition, partial femoral stenosis may change the
pattern of blood flow in throat of stenosis and especially
immediately after it, from laminar to turbulent. This
new flow pattern in turn can be accompanied by change
in wall stress and pressure drop in and after the ste-
nosis. These alterations in flow, pressure, and wall
stress may cause the release of vasoactive mediators50

from downstream vessels that may modulate the ef-
fects of blood flow restriction on aortic remodeling.
However, regardless of how BFR induces aortic remod-
eling effect, it almost completely disappears in the
presence of the low intensity exercise training. In
consistent of the results of this study, recently we

Figure 5 The elastin-collagen ratio of descending aorta in various experimental groups. Values are presented as mean � S.E. The
number of animals in each group was 6e8. *p < 0.05 versus CTL and Sham groups; ###P < 0.001 versus CTL, Sh and BFR groups; D
P < 0.05 versus Ex and Sh þ Ex groups. CTL: control group, Sh: sham group, BFR: Blood flow restriction group, Ex: Exercise group,
Sh þ Ex: Sham þ exercise group, BFR þ Ex: Blood flow restriction þ exercise group.

Figure 6 The intima-media thickness of descending aorta in various experimental groups. Values are presented as mean � S.E.
The number of animals in each group was 6e8. ***p < 0.001 versus CTL and Sh groups; ###P < 0.001 versus CTL, Sham and BFR
groups; D P < 0.05 versus Ex and Sham þ Ex groups. CTL: control group, Sh: sham group, BFR: Blood flow restriction group, Ex:
Exercise group, Sh þ Ex: Sham þ exercise group, BFR þ Ex: Blood flow restriction þ exercise group.

28 M.-A. Bejeshk et al.



showed that BFR training improve cardiac performance
of old rats without significant effect on blood pres-
sure.51 A human study reported that in elderly subjects
when low endurance exercise is combined with BFR, it
can improves skeletal muscles strength and cross-
sectional area and also carotid arterial compliance52

which confirms our findings. It is comes from this fact
that the endurance exercise induces increasing of
elastin/collagen ratio, which observed in our study, and
thereby improves the arterial distensibility and compli-
ance. Of course, it should be remember that reductions
in blood flow of muscles especially during resistance
exercise activates the exercise pressor reflex (EPR)
which considerably contributes to the autonomic car-
diovascular response to exercise for increasing the blood
pressure through enhancing both cardiac output and
peripheral vascular resistance.53 Therefore, EPR acti-
vating and its likely contribution to the BFR-mediated
cardiovascular response to exercise should be consid-
ered in patient with cardiovascular diseases.

In conclusion, findings suggest that blood flow restric-
tion alone may be associated with undesirable aortic
remodeling. On the other hand low intensity endurance
exercise induced the beneficial physiological remodeling
effect on aorta of aged male rats. A part of this beneficial
effect is due to increasing of the aortic APJ and AT2 re-
ceptors and modulation of ATR1/ATR2 ratio. In presence of
both low intensity endurance exercise and BFR, the
beneficial effect of exercise on aortic structure is
conserved partially and hence increased aortic distensi-
bility and compliance by improving elastin/collagen ratio
in aging rats. Further studies are needed to understanding
the all of involving mechanisms and generalizing these
findings to human.

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgement

The authors express their thanks to Kerman University of
Medical Sciences, Kerman, Iran for the financial support of
this study. The results presented in this paper were derived
from a M.Sc. Student thesis (Mohammad-Abbas Bejesk).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.artres.2018.10.226.

References

1. Golbidi S, Laher I. Exercise and the aging endothelium. J Dia-
betes Res 2013:789607.

2. Ghiadoni L, Taddei S, Virdis A. Hypertension and endothelial
dysfunction: therapeutic approach. Curr Vasc Pharmacol 2012;
10(1):42e60.

3. Shantsila A, Shantsila E. Arterial stiffening in hypertension:
beyond blood pressure levels. J Hum Hypertens 2010;24(5):
303e6.

4. Lavoie JL, Sigmund CD. Minireview: overview of the renin-
angiotensin systemdan endocrine and paracrine system.
Endocrinology 2003;144(6):2179e83.

5. Li L, Yi-Ming W, Li Z-Z, Zhao L, Yu Y-S, Li D-J, et al. Local RAS
and inflammatory factors are involved in cardiovascular hy-
pertrophy in spontaneously hypertensive rats. Pharmacol Res
2008;58(3):196e201.

6. Blume A, Kaschina E, Unger T. Angiotensin II type 2 receptors:
signalling and pathophysiological role. Curr Opin Nephrol
Hypertens 2001;10(2):239e346.

7. De Gasparo M, Catt K, Inagami T, Wright J, Unger T. Interna-
tional union of pharmacology. XXIII. The angiotensin II re-
ceptors. Pharmacol Rev 2000;52(3):415e72.

8. Unger T. Björn Fokow Award Lecture: the angiotensin type 2
receptor: variations on an enigmatic theme. J Hypertens 1999;
17(12):1775e86.

Figure 7 The Wall thickness of descending aorta in various experimental groups. Values are presented as mean � S.E. The
number of animals in each group was 6e8. ***p < 0.001 versus CTL and Sh groups; ###P < 0.001 versus CTL, Sh and BFR groups; D
P < 0.05 versus Ex and Sh þ Ex groups. CTL: control group, Sh: sham group, BFR: Blood flow restriction group, Ex: Exercise group,
Sh þ Ex: Sham þ exercise group, BFR þ Ex: Blood flow restriction þ exercise group.

Aortic reaction to BFR training 29

https://doi.org/10.1016/j.artres.2018.10.226
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref1
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref1
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref2
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref2
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref2
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref2
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref3
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref3
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref3
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref3
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref4
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref4
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref4
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref4
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref4
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref5
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref5
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref5
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref5
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref5
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref6
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref6
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref6
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref6
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref7
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref7
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref7
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref7
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref8
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref8
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref8
http://refhub.elsevier.com/S1872-9312(18)30071-1/sref8


9. Li Y, Li X-h, Yuan H. Angiotensin II type-2 receptor-specific
effects on the cardiovascular system. Cardiovasc Diagn Ther
2012;2(1):56.

10. Padia SH, Carey RM. AT2 receptors: beneficial counter-
regulatory role in cardiovascular and renal function. Pflügers
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22. Peltonen T, Näpänkangas J, Vuolteenaho O, Ohtonen P, Soini Y,
Juvonen T, et al. Apelin and its receptor APJ in human aortic
valve stenosis. J Heart Valve Dis 2009;18(6):644e52.

23. Cao X-j, Li Y-f. Alteration of messenger RNA and protein levels
of cardiac alpha (1)-adrenergic receptor and angiotensin II
receptor subtypes during aging in rats. Can J Cardiol 2009;
25(7):415e20.

24. Feng F, Pan W-N, Chen F, Qin X-P, Zhang X-H, Li F. Changes in
expressions of Apelin-APJ receptor during the growth and aging
of rat myocardium. Chin Pharmacol Bull 2008;24(3):299.

25. Gu Q, Wang B, Zhang X-F, Ma Y-P, Liu J-D, Wang X-Z. Contri-
bution of renineangiotensin system to exercise-induced
attenuation of aortic remodeling and improvement of endo-
thelial function in spontaneously hypertensive rats. Cardiovasc
Pathol 2014;23(5):298e305.

26. Prior BM, Lloyd PG, Yang H, Terjung RL. Exercise-induced
vascular remodeling. Exerc Sport Sci Rev 2003;31(1):26e33.

27. Chan SY, Mancini GB, Burns S, Johnson FF, Brozic AP,
Kingsbury K, et al. Dietary measures and exercise training
contribute to improvement of endothelial function and
atherosclerosis even in patients given intensive pharmacologic
therapy. J Cardiopulm Rehabil Prev 2006;26(5):288e93.

28. Newcomer S, Roseguini B, Esquivel AA, Bender S, Turk J,
Laughlin H. Effects of endurance exercise training on endo-
thelial function and atherosclerosis in the hereditary hyper-
cholesterolemic swine model. FASEB J 2008;22(1 Supplement).
1119.6-.6.

29. Manini TM, Clark BC. Blood flow restricted exercise and skel-
etal muscle health. Exerc Sport Sci Rev 2009;37(2):78e85.

30. Laurentino G, Ugrinowitsch C, Aihara A, Fernandes A,
Parcell A, Ricard M, et al. Effects of strength training and
vascular occlusion. Int J Sports Med 2008;29(08):664e7.

31. Takarada Y, Sato Y, Ishii N. Effects of resistance exercise
combined with vascular occlusion on muscle function in ath-
letes. Eur J Appl Physiol 2002;86(4):308e14.

32. Takarada Y, Takazawa H, Sato Y, Takebayashi S, Tanaka Y,
Ishii N. Effects of resistance exercise combined with moderate
vascular occlusion on muscular function in humans. J Appl
Physiol 2000;88(6):2097e106.

33. Abe T, Sakamaki M, Fujita S, Ozaki H, Sugaya M, Sato Y, et al.
Effects of low intensity walk training with restricted leg blood
flow on muscle strength and aerobic capacity in older adults. J
Geriatr Phys Ther 2010;33(1):34e40.

34. Raji-amirhasani A, Joukar S, Naderi- Boldaji V, Bejeshk MA.
Mild exercise along with limb-blood flow restriction modulates
the electrocardiogram, angiotensin and apelin receptors of
heart in aging rats. Iran J Basic Med Sci 2018;21(6):558e63.

35. Pour MB, Joukar S, Hovanloo F, Najafipour H. Long-term low-
intensity endurance exercise along with blood-flow restric-
tion improves muscle mass and neuromuscular junction com-
partments in old rats. Iran J Med Sci 2017;42(6):569.

36. Yang HT, Feng Y, Allen LA, Protter A, Terjung RL. Efficacy and
specificity of bFGF increased collateral flow in experimental
peripheral arterial insufficiency. Am J Physiol Heart Circ
Physiol 2000;278(6):H1966e73.

37. Bahreinipour MA, Joukar S, Hovanloo F, Najafipour H, Naderi V,
Rajiamirhasani A, et al. Mild aerobic training with blood flow
restriction increases the hypertrophy index and MuSK in both
slow and fast muscles of old rats: role of PGC-1a. Life Sci 2018;
202:103e9.

38. Joukar S, Vahidi R, Farsinejad A, Asadi-Shekaari M,
Shahouzehi B. Ameliorative effects of endurance exercise with
two different intensities on nandrolone decanoate-induced
neurodegeneration in rats: involving redox and apoptotic sys-
tems. Neurotox Res 2017;32(1):41e9.

39. Zhang J, Ren CX, Qi YF, Lou LX, Chen L, Zhang LK, et al. Ex-
ercise training promotes expression of apelin and APJ of car-
diovascular tissues in spontaneously hypertensive rats. Life Sci
2006;79(12):1153e9.

40. Lee Y, Kwak H-B, Hord J, Kim J-H, Lawler JM. Exercise training
attenuates age-dependent elevation of angiotensin II type 1
receptor and Nox2 signaling in the rat heart. Exp Gerontol
2015;70:163e73.

41. Oliveira V, Akamine EH, Carvalho MH, Michelini LC, Fortes ZB,
Cunha TS, et al. Influence of aerobic training on the reduced
vasoconstriction toangiotensin II in rats exposed to intrauterine
growth restriction: possible role of oxidative stress and AT2
receptor of angiotensinII. PLoS One 2014;9(11), e113035.

42. Adams V, Linke A, Kränkel N, Erbs S, Gielen S, Möbius-
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