
Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.elsevier.com/locate/redox

Research Paper

Exercise intervention attenuates hyperhomocysteinemia-induced aortic
endothelial oxidative injury by regulating SIRT1 through mitigating NADPH
oxidase/LOX-1 signaling

Shih-Hung Chana,1, Ching-Hsia Hungb,c,1, Jhih-Yuan Shihd, Pei-Ming Chue, Yung-Hsin Chengf,
Huei-Chen Linc,g, Pei-Ling Hsiehh, Kun-Ling Tsaib,⁎

a Department of Internal Medicine, National Cheng Kung University Hospital, College of Medicine, National Cheng Kung University, Tainan, Taiwan
b Department of Physical Therapy, College of Medicine, National Cheng Kung University, Tainan, Taiwan
c Institute of Allied Health Sciences, College of Medicine, National Cheng Kung University, Tainan, Taiwan
d Department of Internal Medicine, Chi-Mei Hospital, Tainan, Taiwan
e Department of Anatomy, School of Medicine, China Medical University, Taichung, Taiwan
f Department of Education and Research, Taipei City Hospital, Taipei, Taiwan
g Department of Physical Therapy, Shu-Zen Junior College of Medicine and Management, Taiwan
h Institute of Oral Sciences, Chung Shan Medical University, Taichung, Taiwan

A R T I C L E I N F O

Keywords:
Sirtuin 1
Coronary artery disease
Hyperhomocysteinemia
Oxidative stress

A B S T R A C T

Coronary artery disease (CAD) is a critical cardiovascular disease and a cause of high morbidity and mortality in
this world. Hyperhomocysteinemia (HHcy) has been suggested as a risk factor for CAD. In addition, SIRT1
(sirtuin 1) has been reported to play a protective role in a variety of diseases, especially in the cardiovascular
system. The main purpose of this study was to investigate the effects of exercise training on apoptosis and
inflammation in HHcy animals. We also tested whether exercise protected against Hhcy-induced dysfunction of
endothelium through modulation of SIRT1. C57BL mice (8 in each group) were fed with or without 1% L-
methionine (w/w) in water for 4 months to induce HHcy. We found that Hhcy repressed SIRT1 and AMPK
expression and increased NADPH oxidase activity. Plasma MDA, endothelium LOX-1 and p-p38 were up-regu-
lated by Hhcy induction. NF-κB and it downstream molecules were activated under Hhcy situation, thereby
promoting pro-inflammatory responses. Moreover, we also reported that Hhcy caused endothelium apoptosis
involving Akt inhibition and mitochondria-dependent apoptotic pathways. Exercise training significantly pro-
tected against endothelium from Hhcy caused oxidative injuries. In addition, EX527 (SIRT1 inhibitor) reduced
the therapeutic effects by exercise. Our results had indicated that exercise training prevent the development of
atherosclerosis through SIRT1 activation and oxidative stress inhibition under Hhcy situation.

1. Introduction

Coronary artery disease (CAD) is a critical cardiovascular disease
and a leading cause of morbidity and mortality all over the world [1].
Hyperhomocysteinemia (HHcy) is caused by dysfunction in enzymes
associated with blood homocysteine (Hcy) metabolism. Plasma homo-
cysteine levels above 15.0 μmol/L are classified as abnormal plasma
homocysteine levels or hyperhomocysteinemia [2]. Previous studies
have suggested that there is an association between high homocysteine
concentrations in human plasma and the risk of CAD. The Boushey

group first reported the correlation between Hcy and CAD via a meta-
analysis. This study reported that higher levels of plasma Hcy are as-
sociated with a relatively higher risk of developing atherosclerotic
disease in the coronary, cerebral, and peripheral circulatory systems. In
addition, the significance of plasma Hcy up-regulation was comparable
to the CAD risk of a 19 mg/dL increase in plasma cholesterol [3].

Coronary artery luminal obstructions and atherosclerotic plaque
ruptures are characteristic of CAD, which is identified by the presence
of endothelial injury and lipid accretion as well as the formation of
atherosclerotic plaques [4]. Apoptosis and necrosis of endothelial
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vessels followed by excessive inflammation are key sources of vascular
injury in CAD [5]. Therefore, agents that mitigate endothelial vessel
death and control pro-inflammatory events during CAD are potential
therapeutic modalities for ameliorating the clinical prognosis of sub-
jects with CAD.

The idea of oxidative stress has been acquainted for study in redox
biology and medicine in 1985 [6]. Oxidative stress is one situation that
occurs when the formation of reactive oxygen species (ROS) has sur-
passed the free radical scavenging capacity of antioxidant enzymes [7].
Oxidative stress is characterized as one critical regulator of the devel-
opment of cardiovascular diseases. For example, previous reports have
indicated that hyperlipidemia and diabetes mellitus (DM) are both
correlated with increased oxidative stress, which may affect the de-
velopment of atherosclerotic injury and CAD [8]. Hcy causes en-
dothelial oxidative injury by increasing LOX-1/NADPH oxidase activity
and antioxidant enzyme inhibition [9]. Under normal physical condi-
tions, mammalian cells are protected from oxidative stress by anti-
oxidant enzymes such as superoxidase dismutase (SOD), glutathione
peroxidase (GPx), and catalase [10]. SOD quickly catalyzes the chela-
tion of O- to H2O2, which is converted to O2 and H2O by catalase or
GPx [11]. Therefore, antioxidant enzyme activity is important for
normal redox balance in humans.

SIRT1 (sirtuin 1) is thought to play a critical function in modulating
cellular physiological processes, such as metabolism, cell degeneration,
cell growth and cell survival. In human endothelial cells, SIRT1 controls
anti-aging in endothelial cells and protects against endothelial in-
flammation [12,13]. SIRT1 is associated with many advantageous in-
fluences, including lengthening of the lifespan and postponing the be-
ginning of age-related diseases such as CVD, neurodegenerative
diseases and DM [14]. SIRT1 has also been shown to promote anti-
oxidant enzyme activity and protect against ROS-mediated oxidative
damage through suppressing NADPH oxidase activation [15,16]. A
previous study reported that the expression level and activity of SIRT1
were reduced in inflammatory endothelial cells [17]. Our group also
found that Hcy treatment causes endothelial apoptosis by repressing
SIRT1 expression [9]. In addition, SIRT1 represses the uptake of oxLDL
by inhibiting the expression level of LOX-1 and the NF-κB signaling
pathway [18]. Thus, SIRT1 activation has been considered as a novel
therapeutic approach in the management of clinical cardiovascular
diseases.

Exercise training has been used as an important therapeutic inter-
vention against cardiovascular diseases [19], and regular exercise has
been shown to have beneficial effects on the cardiovascular system
[20]. Claudio et al. suggested that regular exercise protects against

Fig. 1. Characteristics of experimental animals. (A) Body weight. (B) Systolic blood pressure. (C) Blood glucose and (D) homocysteine levels. The data are presented as the mean±SD.
*P< 0.05, significant differences compare to the control group. #P<0.05, significant differences compared to the 1% methionine group.
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ovariectomy-induced coronary endothelial dysfunction by repressing
oxidative stress [21]. Our group previously found that the activation of
SIRT1 function protected against Hcy-induced endothelial apoptosis
and oxidative stress [9]. Exercise training has been confirmed to pro-
mote SIRT1 activity in aged animals, thereby increasing Mn-SOD and
catalase levels in both the heart and adipose tissues [22]. This study
was designed to understand whether exercise intervention could reduce
HHcy-induced apoptosis and inflammation in mouse vessels through
the modulation of SIRT1 function.

2. Materials and methods

2.1. Animals

A total of 32 C57BL mice (8 in each group) were used in this study.
The animals were fed with or without 1% L-methionine (w/w) in water
for 4 months to induce HHcy. At week 2, half of the mice had access to a
motor treadmill for involuntary exercise training. All of the animal
studies followed the guidelines that were required for the care and use
of laboratory animals and were approved by the animal center of the
National Cheng Kung University in Tainan, Taiwan. The Hcy levels in
the serum were tested to confirm that HHcy was induced.

2.2. Exercise protocol

The exercise protocol is considered as an involuntary exercise. This
protocol had been reported to mitigate pro-inflammatory cytokines in
rats fed a high-fat diet and to improve cardiovascular functions in aged
animals [23,24]. The speed of the motor treadmill was 10 m/min for
60 min. The exercised mice were further divided into two groups:
Group 1, exercise only; and Group 2, for which 1.2 mM EX527 was
prepared in phosphate-buffered saline for a single intravenous (5 μl)
injection at 2 h before exercise. The exercise groups were trained for
60 min/day and 5 days/week for a total of 14 weeks. Prior to the
training protocol, the animals in the exercise groups were adapted to
the training procedure at a speed of 6 m/min for the first week. Run-
ning time was extended by 15 min/day until a running time of 60 min/
day was reached. During the training period, the running speed was
gradually elevated to 10 m/min. This intensity reflects a moderate ex-
ercise intensity for humans. No electrical stimulation was used in this
study. The sedentary (control) animals were placed on the treadmill
without exercise intervention to expose them to the same environ-
mental conditions.

Fig. 2. Exercise training reduced HHcy-induced SIRT1 inhibition. (A) The protein levels of SIRT1, p-AMPK and p-PKC in the aortic endothelium of the control group, the 1% methionine
group, and the 1% methionine plus exercise group were investigated by Western blot analysis. (B, C, D) The bars represent the relative protein levels of SIRT1, p-AMPK and p-PKC, which
were normalized to β-actin, and indicate the mean±SD (n = 8 in each group). *P< 0.05, significant differences compared to the control group. #P<0.05, significant differences
compared to the 1% methionine group.
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2.3. SOD and MDA levels

The SOD and MDA levels were tested using kits (Sigma). Plasma was
obtained through blood collection. The SOD (19160 Sigma) and MDA
(MAG085 Sigma) levels in the plasma were tested via an enzymatic
assay method using a commercial kit according to the manufacturer's
instructions.

2.4. Resting blood pressure

All animals were loosely restrained when measuring the resting
blood pressure. A tail-cuff pressure meter system was used to measure
the systolic/diastolic blood pressure (LE5001, Panlab, Wood Dale, IL).

2.5. Western blot

RIPA buffer, which was purchased from Millipore, was used to ex-
tract total protein. Thoracic aortic endothelial tissue extracts were
collected via homogenization at 4 °C in RIPA buffer supplemented with

protease and phosphatase inhibitors (Roche Applied Science,
Mannheim, Germany). The homogenates were centrifuged at 13,000×g
for 30 min, and the supernatant was collected. The proteins were
transferred to a polyvinylidene difluoride (PVDF) membrane after the
proteins were separated by electrophoresis on an SDS-polyacrylamide
gel. The membranes were blocked by buffer for 1 h at 37 °C. Then, the
membranes were incubated with primary antibodies overnight at 4 °C
followed by hybridization with HRP-conjugated secondary antibodies
for one hour. The intensities were quantified by densitometric analysis.

2.6. Antibodies

Anti-LOX-1, anti-β-actin, anti-p-AMPK, anti-p-PKCβ anti-gp91, anti-
p22phox, anti-NOX-1, anti-p-p38, anti-p-Akt and anti-SIRT1 were pur-
chased from Santa Cruz Biotechnology (CA, USA). Anti-p-ERK, anti-
ICAM-1, anti-VCAM-1, anti-Bax, anti-Bcl-2, anti-cleaved caspase-3 and
anti-NF-κBp65 were obtained from Cell Signaling (MA, USA). Anti-Rac-
1 and anti-p47phox were obtained from BD Biosciences (NJ, USA).

Fig. 3. Exercise training reduced HHcy-induced NADPH oxidase activation. (A) The protein levels of NOX-1, p22, Rac-1 and p47 in the aortic endothelium of the control group, the 1%
methionine group, and the 1% methionine plus exercise group were investigated by Western blot analysis. (B, C, D, E) The bars represent the relative protein levels of NOX-1, p22, Rac-1
and p47, which were normalized to β-actin. (F) MDA levels and (G) SOD activity were measured from plasma. The data are presented as the mean±SD (n = 8 in each group). *P< 0.05,
significant differences compared to the control group. #P<0.05, significant differences compared to the 1% methionine group.
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2.7. Statistical analysis

The data are expressed as the mean± SD. One-way ANOVA fol-
lowed by Student's t-test was used to analyze the differences between
groups. Pearson's correlation coefficients were used to analyze the
correlation between Hcy and genes. p< 0.05 was accepted as statisti-
cally significant.

3. Results

3.1. Animal characteristics

The body weight (BW), systolic blood pressure (SBP), blood glucose
(BG) and plasma Hcy concentrations were recorded. As shown in Fig. 1,
There was no significant difference in BW, SBP and BG among the three
groups. However, the plasma Hcy concentrations in the 1% methionine-
fed animals were significantly reduced in the 1% methionine plus ex-
ercise group compared with the 1% methionine group.

3.2. SIRT1 and the expression of its downstream targets in the aortic
endothelium under HHcy conditions

To understand the mechanism of the cardiac SIRT1 signaling in
HHcy models with exercise training, the protein levels of SIRT-1,
phospho-AMPK and phospho-PKC in the aortic endothelium excised
from three groups were investigated using Western blotting. Compared
with the control animals, the protein expression levels of SIRT1 and
phospho-AMPK were significantly reduced in the 1% methionine group,
whereas they were significantly increased in the 1% methionine plus
exercise group compared with the 1% methionine group (Fig. 2A-C). In
addition, we also found that the protein expression levels of phospho-
PKC were significantly increased in the 1% methionine group, whereas
they were significantly decreased in the 1% methionine plus exercise
group compared with the 1% methionine group (Fig. 2A and D).

3.3. Exercise reduced HHcy-induced oxidative stress by NADPH oxidase
inhibition in the aortic endothelium

NADPH oxidases are multi-subunit enzyme complexes that generate
ROS from molecular oxygen using NADPH as the electron donor [25].

Fig. 4. Exercise training repressed HHcy-activated LOX-1 expression. (A) The protein levels of LOX-1, p-p38 and p-Akt in the aortic endothelium of the control group, the 1% methionine
group, and the 1% methionine plus exercise group were investigated by Western blot analysis. (B, C, D) The bars represent the relative protein levels of LOX-1, p-p38 and p-Akt, which
were normalized to β-actin, and indicate the mean±SD (n = 8 in each group). *P< 0.05, significant differences compared to the control group. #P<0.05, significant differences
compared to the 1% methionine group.
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NADPH oxidase consists of two membrane subunits, Nox2 (also called
gp91) and p22phox, in addition to three cytoplasmic proteins, p47phox,
p67phox, and the small GTPase Rac-1. In Fig. 3A-E, we showed that
compared with the control animals, the aortic endothelial protein ex-
pression levels of NOX-1, p22, Rac-1 and p47 were significantly in-
creased in the 1% methionine group, whereas they were significantly
decreased in the 1% methionine plus exercise group compared with the
1% methionine group. In addition, the plasma MDA levels in the 1%
methionine group were higher than that in the control group; however,
exercise intervention reversed HHcy-induced MDA activation (Fig. 3F).
A previous study suggested that plasma total homocystein (tHcy)
tended to elevate with more severe coronary atherosclerosis, while SOD
activity tended to be down-regulated with CAD severity [26]. We have
confirmed that compared with the control animals, the SOD activity in
plasma was significantly reduced in the 1% methionine group, whereas
it was significantly up-regulated in the 1% methionine plus exercise
group compared with the 1% methionine group (Fig. 3G).

3.4. Exercise reduced the HHcy-induced activation of LOX-1 signaling

LOX-1 is obviously activated in the human cardiovascular system
under proatherogenic conditions. LOX-1 activation results in AKT in-
hibition and the up-regulation of p38MAPK [27]. In Fig. 4A-C, we have
found that compared with the control animals, the aortic endothelial
protein expression levels of LOX-1 and phospho-p38 were significantly
up-regulated in the 1% methionine group, whereas they were sig-
nificantly repressed in the 1% methionine plus exercise group com-
pared with the 1% methionine group. As expected, phospho-AKT ex-
pression levels were reduced in HHcy animals. Exercise intervention

effectively reversed HHcy-induced AKT inhibition (Fig. 4A and D).

3.5. Exercise repressed HHcy-induced pro-inflammatory events

Previous studies have suggested that p38MAPK leads to the acti-
vation of NF-κB, which subsequently triggers downstream pro-in-
flammatory events [28]. To understand whether exercise protects
against HHcy-induced pro-inflammatory responses, we evaluated pro-
inflammatory markers using Western blotting. As shown in Fig. 5, we
found that HHcy induced phospho-ERK overexpression and NF-κB ac-
tivation, thereby enhancing ICAM-1 and VCAM-1 expression levels.
However, these findings were reversed by exercise intervention.

3.6. Exercise reduces HHcy-induced apoptosis in the aortic endothelium

We previously found that exercise protects against HHcy-induced
AKT inhibition in the aortic endothelium. AKT plays a key role in
maintaining cell survival in response to different stimuli. Next, we in-
vestigated the protective effects of HHcy-induced aortic apoptosis. In
addition, to further investigate whether exercise intervention reduced
upstream components of mitochondria-dependent apoptotic signaling
under HHcy conditions, we determined the protein levels of the Bcl-2
family (Bcl-2 and Bax) in the three groups by Western blotting. In
Fig. 6A-B, we showed that the levels of pro-apoptotic Bax were higher
in the 1% methionine group than the control animals, and Bax levels in
the 1% methionine plus exercise animals were lower than that in the
1% methionine group. Bcl-2 expression was reduced in the 1% me-
thionine group compared to the control animals, and Bcl-2 expression
in the 1% methionine plus exercise animals was higher than that in the

Fig. 5. Exercise training repressed HHcy-activated endothelial inflammation. (A) The protein levels of p-ERK, ICAM-1, VCAM-1 in the aortic endothelium of the control group, the 1%
methionine group, and the 1% methionine plus exercise group were investigated by Western blot analysis. Nuclear protein from endothelial tissues was prepared for NF-kBp65 and
LaminB1 detection. (B, C, D, E) The bars represent the relative protein levels of p-ERK, ICAM-1 and VCAM-1, which were normalized to β-actin, and the relative protein level of NF-kBp65,
which was normalized to Lamin B1. The data are presented as the mean± SD (n = 8 in each group). *P< 0.05, significant differences compared to the control group. #P<0.05,
significant differences compared to the 1% methionine group.
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1% methionine group. In addition, similar results were observed re-
garding activated-caspase-3 expression, which were reported in Fig. 6A
and D.

3.7. Exercise protected against HHcy-induced apoptosis and inflammation
in the aortic endothelium through the modulation of SIRT1

EX524, a SIRT1 inhibitor, was used to further confirm whether ex-
ercise reduces dysfunction of the aortic endothelium through SIRT1
activation. In Fig. 7, we showed that exercise intervention significantly
reversed HHcy-induced SIRT1 and phospho-AMPK inhibition to a level
similar to that in control animals. Exercise also reduced HHcy-induced
NADPH oxidase activation and pro-inflammatory events. SIRT1 and
phospho-AMPK expression was reduced to a level similar to that in
control animals. Remarkably, EX527 had a powerful inhibitory effect
on the exercise-mediated protection against HHcy-induced SIRT1 and
phospho-AMPK inhibition (Fig. 7A-C) as well as NOX-1 activation
(Fig. 7A and D), LOX-1 up-regulation (Fig. 7A and E) and activation of
pro-inflammatory responses (Fig. 7A, F and G). Furthermore, we have
also confirmed that EX527 reduced the exercise-mediated protection
against HHcy-induced apoptosis in the aortic endothelium (Fig. 8A- D).

4. Discussion

In summary, our critical discoveries showed that exercise inter-
vention in a HHcy mouse model reduced oxidative stress via SIRT1
activation. In addition, exercise reduced HHcy-induced apoptosis by
repressing mitochondria-dependent apoptotic pathways through SIRT1
activation. Exercise also reduced HHcy-induced inflammation in the
aortic endothelium. Thus, Hcy might have a critical pathophysiological
role, and exercise intervention have a therapeutic effect on vascular
dysfunction under Hcy stimulation, which may occur in patients with
long-term HHcy.

The initial atherosclerotic injuries arise from a fatty streak within
the intimal layer of the human endothelium due to lipid-filled foam
cells. Atherosclerotic plaques arise from macrophages that have de-
voured oxidized low-density lipoprotein (oxLDL) cholesterol molecules.
A recent study suggested that dyslipidemia might impact the develop-
ment of vascular pathologies via high plasma levels of Hcy [29]. Yang
et al. have reported that ApoE-/- mice treated with a methionine diet
exhibited high levels of blood Hcy and typical atherosclerotic injuries in
the thoracic aorta. In vitro investigations further confirmed that Hcy
treatment promoted lipid accumulation in the foam cells. They con-
cluded that Hcy promotes the development of atherosclerotic injury and
the generation of foam cells, thereby leading to the formation of

Fig. 6. Exercise training repressed HHcy-induced apoptosis. (A) The protein levels of Bax, Bcl-2 and cleaved caspase-3 in the aortic endothelium of the control group, the 1% methionine
group, and the 1% methionine plus exercise group were investigated by Western blot analysis. (B, C, D) The bars represent the relative protein levels of Bax, Bcl-2 and cleaved caspase-3,
which were normalized to β-actin, and indicate the mean± SD (n = 8 in each group). *P< 0.05, significant differences compared to the control group. #P<0.05, significant differences
compared to the 1% methionine group.
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atherosclerotic plaques [30]. In this present study, we found that ani-
mals that received methionine intervention had higher levels of pro-
apoptotic and pro-inflammatory events in the aortic endothelium.
MDA, which is produced from oxidized lipids, was expressed at higher
levels in the plasma of the methionine-fed group. In addition, plasma
SOD, an antioxidant enzyme, was also reduced in the methionine-fed
group, suggesting that oxidative stress was elevated in the methionine-
fed group (Fig. 1).

Pathological endothelium is distinguished by impaired en-
dothelium-dependent vasorelaxation, which symbolizes the initial
process in the pathogenesis of atherosclerotic injury [31]. The reported
signaling mechanisms of atherosclerotic injury resulted in vascular
dysfunction, including impaired eNOS expression by Akt signaling in-
hibition, elevated oxidative stress and endothelial inflammation [32].
Cardiovascular benefits of SIRT1 have been widely reported; for ex-
ample, SIRT1 activation reduces oxidative stress, apoptosis and in-
flammation in response to different stimuli [33]. SIRT1 overexpression
protected against high-fat diet-induced atherosclerotic lesions and
oxidative stress [34]. SIRT1 inhibition impaired cardiomyocyte ATP
production, metabolic flexibility and survival [35]. In addition, Hcy
caused the activation of LOX-1 by the regulation of an elaborate me-
chanism involving PKCβ up-regulation and NADPH oxidase activation,
which lead to the degradation of SIRT1 [9]. In this study, through the
induction of methionine, our data revealed that SIRT1 and phospho-
AMPK expression levels were down-regulated and phospho-PKC ex-
pression levels were up-regulated in HHcy animals (Fig. 2).

Previous reports have suggested that exercise training has positive
effects on the human cardiovascular system. In addition, exercise in-
tervention has been confirmed to be very helpful for both the delay and
management of many diseases, especially cardiovascular diseases [36].
Exercise training enhances SIRT1 activity in aged animals and increases
antioxidant capacity [22]. This study also revealed that exercise
training significantly reversed SIRT1 inhibition as well as pro-apoptotic
and pro-inflammatory events in animals receiving methionine inter-
vention (Figs. 5 and 6). EX527, a pharmacological inhibitor of SIRT1,
markedly reduced the therapeutic effects of exercise training, indicating
that exercise training protected against HHcy-induced endothelial
dysfunction by modulating SIRT1.

The lectin-like oxidized low-density lipoprotein receptor (LOX)-1 is
a critical receptor for oxLDL. OxLDL binding to LOX-1 is the first step in
the development of atherosclerotic injury [37]. In addition, LOX-1 ex-
pression is up-regulated in many pathological scenarios or systemic
diseases, such as hypertension, diabetes, and hypercholesterolemia
[38]. Up-regulated LOX-1 expression further triggers the formation of
free radicals and represses antioxidant capacity, thereby inducing oxi-
dative stress in the cardiovascular system [39]. SIRT1 negatively reg-
ulates LOX-1 expression by repressing the LOX-1 promoter [9]. Here,
we showed that LOX-1 expression levels were activated in HHcy ani-
mals and that this finding was reversed by exercise training through the
modulation of SIRT1(Figs. 4 and 7).

The procedure by which the NADPH oxidase enzyme complex is
stimulated starts with the phosphorylation of p47phox, which results in

Fig. 7. Exercise training repressed HHcy-activated endothelial inflammation and oxidative stress through the modulation of SIRT1. (A) The protein levels of SIRT1, p-AMPK, NOX-1, LOX-
1, p-ERK and ICAM-1 in the aortic endothelium of the control group, the 1% methionine group, and the 1% methionine plus exercise group were investigated by Western blot analysis. (B,
C, D, E, F, G) The bars represent the relative protein levels of SIRT1, p-AMPK, NOX-1, LOX-1, p-ERK and ICAM-1, which were normalized to β-actin, and indicate the mean± SD (n = 8 in
each group). *P< 0.05, significant differences compared to the control group. #P<0.05, significant differences compared to the 1% methionine group. & P<0.05, significant dif-
ferences compared to the 1% methionine plus exercise group.
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the translocation of the p47phox/p67phox complex to the plasma
membrane. Subsequently, p47phox collaborates with p22phox, while
p67phox acts as a NOX activator via a direct protein–protein interac-
tion. Previous reports have identified that PKC plays a critical role in
the up-regulation of NADPH oxidase through the modulation of
p47phox in the human cardiovascular system [40,41]. In this study, we
successfully confirmed that exercise reversed HHcy-induced NADPH
oxidase activation, MDA up-regulation and SOD repression through
SIRT1 activation (Figs. 3 and 7).

Apoptosis and inflammation in terminally differentiated endothelial
cells are important pathological mechanisms that induce athero-
sclerotic injury [42]. Therefore, we set out to confirm whether an un-
derstanding of the process of apoptosis and inflammation could allow
for the development of new strategies to delay or mitigate athero-
sclerotic injuries. Exercise training has been suggested to inhibit acti-
vated cardiac Fas and mitochondria-dependent apoptotic signaling
pathways in hypertensive animal models, DM or metabolic syndromes
[43–45]. In the present study, we further evaluated whether exercise
training could protect against endothelial apoptosis in HHcy animals.
Our data strongly implied that exercise training did prohibit or mitigate
HHcy-induced mitochondria-dependent apoptosis in the endothelium
via SIRT1 activation. The current report is the first to suggest that ex-
ercise training prevents HHcy-induced mitochondria-dependent apop-
tosis signaling in the endothelium through the modulation of SIRT1.
Moreover, NF-κB, ICAM-1 and VCAM-1 protein expression levels pro-
vided further evidence for the anti-inflammatory effects of exercise
training (Figs. 7 and 8).

Taken together, the data from the present study suggested that ex-
ercise training might be a method for interrupting endothelial apoptosis
and preventing the development of atherosclerosis through SIRT1 ac-
tivation and oxidative stress inhibition under HHcy conditions. Further
therapeutic or clinical investigations are required to clarify the poten-
tial clinical therapeutic applications.
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