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Effects of aerobic exercise on the expressions and
activities of nitric oxide synthases in the blood
vessel endothelium in prediabetes mellitus
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Abstract. Previous studies by our group have indicated
that exercise intervention can ameliorate endothelial
dysfunction, which is an early pathophysiological change
of prediabetes mellitus. The present study aimed to test
the hypothesis that nitric oxide synthases (NOSs), which
are expressed in blood vessel endothelium, contribute to the
mitigation of vascular endothelium-dependent dysfunction
by aerobic exercise in prediabetes mellitus. A prediabetic
rat model was established by feeding the rats an additional
high-energy diet,and was confirmed by testing blood glucose
levels, the area-under-the-curve for the blood glucose tests
(P<0.05) and the changes to the histological morphology
of the thoracic aorta. Further examination identified that
NOS expression changed significantly between the control
and prediabetes groups, indicating endothelial dysfunc-
tion in the prediabetic rats. Following aerobic exercise, a
significant increase in NOS, endothelial (eNOS) mRNA
and protein expression (P<0.05), and a significant decrease
in NOS, inducible (iNOS) mRNA and protein expression
(P<0.05) was identified in the prediabetic rats compared
with the control group. No significant change in nitric oxide
synthase, brain expression was observed in the prediabetic
rat group compared with the control group. Notably, there
was also a significant increase and decrease in eNOS
and iNOS activity, respectively, in the prediabetes group
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compared with the control group (P<0.05). Furthermore,
nitric oxide (NO) concentration in the vascular endothe-
lium was detected, which revealed a significant increase in
NO concentration in the prediabetic rats following aerobic
exercise compared with the control (P<0.05). The present
study provided results that demonstrated that aerobic
exercise ameliorated the vascular endothelium-dependent
dysfunction through the NOS/NO signaling pathway, which
is primarily regulated by NOS expression and activity, in
prediabetes mellitus. The current study provided the theo-
retical basis for the use of exercise intervention to prevent
diabetes mellitus during the early stage.

Introduction

Prediabetes mellitus is a pathological state that represents an
elevation of plasma glucose above the normal range but below
that of clinical diabetes (1-5). Prediabetes mellitus is charac-
terized by impaired fasting glucose (IFG) and/or impaired
glucose tolerance (IGT) (4,5). IFG and IGT are risk factors for
type 2 diabetes, and the risk is even greater when IFG and IGT
occur together (1,2). The annual risk of prediabetes developing
into diabetes is 5-10%, with a similar proportion converting
back to normoglycaemia (2,3).

The intact vascular endothelium prevents injury to
blood vessels under physiological conditions and in diabetes
mellitus hyperglycemia is associated with the develop-
ment of endothelial dysfunction (4-6). Several studies have
suggested that endothelial dysfunction contributes to macro-
and micro-vascular complications in diabetes mellitus (7-9).
Beneficial effects of exercise training on remedying diabetic
endothelial dysfunction by inhibiting oxidative stress and
improving nitric oxide (NO) bioavailability in the vascular
wall have been reported (10,11). Xie et al (12) also demon-
strated that exercise protects endothelium continuity through
increasing NO production in collateral-dependent porcine
coronary arterioles. Furthermore, NO synthesis depends on
physical stimuli that modulate the activity of NO synthase
(NOS) (13-15).
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Atpresent, three isoforms of NOS are recognized, including
NOS, brain (nNOS), macrophage or NOS, inducible (iNOS)
and NOS, endothelial (eNOS) (13). Studies have revealed that
exercise-induced relaxation of the collateral coronary arteries
is associated with the increased expression of eNOS mRNA
and protein in healthy dogs and miniature swine (16,17).
Miyauchi et al (18) demonstrated that, following exercise,
eNOS mRNA expression was remarkably increased and the
protein level decreased, while iNOS was not significantly
affected in the lungs of animals. Tatchum-Talom ef al (19)
identified that swimming enhanced hindquarter acetyl-
choline-induced vasodilatation with an increase in nNOS
activation in skeletal muscle, and eNOS in the lung, atria and
aorta. Pellegrin er al (20,21) observed that swimming raised
eNOS protein expression in mice with hypercholesterolemia
and atherosclerosis, and had no effect on eNOS protein levels
in normal mice. The results of these studies investigating
exercise training suggest that the NOS/NO signaling pathway
serves an important role in the regulation of vascular func-
tion. However, the contribution of eNOS/NO activity to the
mitigation of vascular endothelium-dependent dysfunction
by aerobic exercise in prediabetes mellitus requires further
investigation.

In the present study, the effects of low-moderate exercise
training on vascular pathological changes in prediabetic rats
were examined, as well as the potential molecular mechanisms
underlying these effects.

Materials and methods

Animals. The present study used 54 2-month-old male Wistar
rats (230-235 g) that were obtained from Wushi Experimental
Animal Supply Co., Ltd. (Fuzhou, China). All the rats were
housed under optimal hygiene conditions at 23-25°C and with
50-60% humidity and a 12 h light/dark cycle. The animals
were given a standard rat pellet diet and water ad libitum. The
experimental protocol was approved in accordance with the
Guide for the Care and Use of Laboratory Animals prepared
by the Institutional Animal Care and Use Committee of Fujian
Normal University (Fuzhou, China).

Experimental design. Rats were randomly divided into the
control group (n=24) and the prediabetes group (n=30). In the
control group, animals were fed a standard chow diet, while
the prediabetes group received an additional high-energy
diet emulsion, as previously described (22). For 1 month, the
rats were given the high-energy diet daily. In the first 5 days,
animals were intragastrically administered with the emulsion
once a day; 1 ml was added to the volume of the emulsion
administered each time until day 5. Thereafter, they were
administered 5 ml of emulsion. Water was intragastrically
administered to the control group at the same volume.

Blood was collected at the end of the tail using a pin-prick
technique. Blood glucose levels were assayed using the
Accu-Chek test strip (Roche Diabetes Care, Burgess Hill,
UK) according to the manufacturer's protocol. The glucose
tolerance of the rats was detected at 3 months of age, as
described previously (22). The animals underwent fasting for
14-18 h prior to testing. An intraperitoneal (IP) injection with
6 ml 30% glucose (w/v)/kg of body weight was administered
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to each animal. Glucose levels were measured at 30, 60, 90
and 120 min after glucose loading. The area-under-the-curve
(AUC) after 120 min of glucose level testing was calculated
using the trapezoid rule.

Following a comprehensive analysis of glucose levels
and the AUC of the glucose tolerance test for the predia-
betes and control groups, 28 rats comprised the prediabetes
group and 24 rats in the control group. Two rats in the
prediabetes group succumbed. The animals in each group
were randomly divided into two subgroups: The control and
exercise intervention groups.

A total of 24 h after the last bout of aerobic exercise training
the rats were anesthetized with an IP injection of pentobarbital
solution (40 mg/kg; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) and sacrificed by cervical dislocation. The thoracic
aorta was rapidly removed and loosely adherent tissues were
also removed. The aortic tissue was divided into two parts,
one part was frozen with liquid nitrogen and stored at -80°C
for biochemical analysis, and the other part was immersed
in 4% paraformldehyde at room temperature for 24-48 h for
histopathological evaluation.

Exercise training. Aerobic exercise training was performed
according to the method used by Braga et al (23), but with
modifications. All rats were acclimated to treadmill running
for 10 min periods for 1 week. On the first day, an electric
shock of 1 mA was applied to make the rats start running,
following which they would run spontaneously. The maximal
aerobic velocity (MAV) was evaluated with an incremental
test to exhaustion using a protocol with an initial velocity of
5 m/min being intensified every 5 min with an increase in
speed of 5 m/min, until the animal was unable or unwilling
to continue. Aerobic exercise training was performed on a
treadmill at a low-moderate intensity (50-60% MAV), 1 h/day,
5 days/week for 8 weeks. The experiment was performed in
a quiet, well-ventilated room with 30-40% humidity and at
~18+2°C. Sedentary rats in the control group were handled
in the same way as the exercise group; however, they did not
engage in the regular running.

RNA extraction and reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis of NOS mRNA expression. Total
RNA was extracted from the thoracic aorta samples using
TRIzol solution (Thermo Fisher Scientific, Inc., Waltham,
MA, USA), quantified by ultraviolet spectrometric detection
using BioPhotometer Plus (Eppendorf, Hamburg, Germany)
according to the manufacturer's protocol (24) and reverse
transcribed into complementary DNA using a PrimeScript
RT Reagent kit (Takara Biotechnology, Co., Ltd., Dalian,
China), according to the manufacturer's protocol. gPCR
analysis was performed to analyze the mRNA expres-
sion of eNOS, iNOS and nNOS using the SYBR Premix
Ex Taq II kit (Takara Biotechnology, Co., Ltd.) with a
program of 30 sec at 95°C, followed by 40 cycles of 15 sec
at 95°C and 1 min at 60°C. The primers were synthesized by
Takara Biotechnology, Co., Ltd., including eNOS primers
[forward (F): 5-GGCAGAGGAGTCCAGCGAAC-3,
reverse (R): 5-TGTGGAACAGACCCCATAGTGC-3'],
iNOS primers (F: 5-GGACCACCTCTATCAGGAA-3', R:
5'-CCTCATGATAACGTTTCTGGC-3"), nNOS primers
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(F: 5-GGCAAACATGACTTCCGAGTGT-3, R: 5-CCCCAA
GGTAGAGCCATCTG-3") and GADPH primers (F: 5'-CGA
CCCCTTCATTGACCTCAAC-3', R: 5" AAGACGCCAGTA
GACTCCACGAC-3'). The amount of target gene mRNA
relative to the internal control gene, GADPH, mRNA was
calculated in accordance with the 244 method (25). Relative
mRNA levels are reported as 2"22% values. The results of three
independent experiments were used for statistical analysis.

Immunohistochemistry for NOS. Following fixation, aortic
segments were embedded in paraffin and then sectioned into
5-um-thick sections. Certain sections were stained using
hematoxylin for 3 min and eosin for 30 sec at room tempera-
ture for pathological evaluation. Immunohistochemical
localization of eNOS, iNOS and nNOS was performed using
mouse anti-eNOS (1:1,000; cat. no. ab76198), goat anti-nNOS
(1:2,000; cat. no. ab1376) and rabbit anti-iNOS (1:100; cat.
no. ab15323) antibodies (Abcam, Cambridge, MA, USA). The
sections were incubated at room temperature overnight with
the primary antibodies. The immunoreactivity of the specific
protein was visualized using the Elite ABC kit (BioGenex
Laboratories, San Ramon, CA, USA), according to the manu-
facturer's protocol. Then, the sections were counter-stained
with hematoxylin for 2 min at room temperature, and mounted
with coverslips to identify the structure and types of cells in
the rat aorta. The negative control was treated with concen-
trated goat serum (1:10 dilution; Boster Biological Technology,
Ltd., Wuhan, China) instead of primary antibodies. The slides
were examined under an optical microscope at a magnification
of x100 or x400.

Western blotting for examining eNOS protein expression.
The western blot procedure was performed as previously
described (26). Aorta tissue was homogenized and left for
30 min in ice-cold RIPA buffer [SO mM Tris (pH 7.4), 150 mM
NaCl, 1% Triton X-100, 1% sodium deoxycholate and 0.1%
SDS; all Beyotime Institute of Biotechnology, Jiangsu, China]
containing 2 mM phenylmethylsulfonyl fluoride (Beyotime
Institute of Biotechnology). Thereafter, protein was extracted
by centrifuging the cells at 4°C for 20 min at 13,000 x g, the
protein concentration was calibrated using the BCA method
and the samples were boiled in SDS-PAGE sample loading
buffer (Beyotime Institute of Biotechnology). Sample were
resolved by SDS-PAGE (6% acrylamide gel, 35 ug protein
per lane) and transferred onto a polyvinylidene difluoride
membrane. The transferred blots were blocking with 5%
non-fat milk at room temperature for 1 h and then incubated
at 4°C overnight with rabbit polyclonal anti-eNOS antibodies
(1:500; cat. no. sc-654; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA). Mouse monoclonal anti-B-actin antibodies (1:1,000
dilution; cat. no. AFO003; Beyotime Institute of Biotechnology,
Jiangsu, China) were used as the internal loading control for
overnight at 4°C. Following washing with PSB, the blots were
incubated with goat anti-rabbit (cat. no. A0208) and goat
anti-rat (cat. no. A0192) horseradish peroxidase-conjugated
immunoglobulin G secondary antibodies (1:1,000 dilution;
Beyotime Institute of Biotechnology) at room temperature
for 2 h. Protein bands were detected with BeyoECL Star
Western Blotting Detection reagent (Beyotime Institute of
Biotechnology). The relative intensity of eNOS compared with
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[B-actin bands was quantified using the AlphaView® Q soft-
ware (version 3.0; Proteinsimple; Bio-Techne, Minneapolis,
MN, USA).

Determination of NOS activity and NO content. According to
the method for NOS activity established by Wu et al (24), the
total (t)NOS [constitutive (¢)NOS and iNOS] and iNOS activi-
ties were assayed in accordance with the NOS typed assay kit
(cat. no. AO14-1; Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). As cNOS is eNOS in the rat aorta, the eNOS
activity was calculated as tNOS minus iNOS. The enzyme
activities were expressed as units/mg of protein. The results of
six independent experiments were used for statistical analysis.
NO content was examined with the nitrate reductase method
using the NO assay kit (cat. no. AO12; Nanjing Jiancheng
Bioengineering Institute) according to the manufacturer's
protocol.

Statistical analysis. Data are presented as mean =+ standard
error of the mean. The significant differences in mean values
within and between multiple groups were evaluated using
one-way analysis of the variance, followed by a Tukey's
multiple range test. The tests were performed using SPSS soft-
ware (version 19.0, IBM Corp., Armonk, NY, USA). P<0.05
indicated that the difference between groups was statistically
significant.

Results

Blood glucose levels and glucose intolerance are increased
in prediabetic rats. To investigate the effects of aerobic exer-
cise on the expression and activity of NOS, a prediabetic rat
model was developed and used in the present study. Significant
increases in blood glucose levels (P<0.05; Fig. 1A) and glucose
intolerance (P<0.05; Fig. 1B) were identified in the predia-
betes group compared with the control group, indicating that
these animals were in a prediabetic state and suitable for the
following exercise intervention experiments.

Aerobic exercise improves prediabetes mellitus-induced aortic
damage. The histological morphology of the thoracic aorta was
examined by HE staining in each group of rats. Intact vascular
endothelial layers and smooth muscle layers were identi-
fied in the control groups, while, in the prediabetes groups,
the vascular tunica intima was damaged (Fig. 2). Vascular
endothelium staining was shallow and the internal elastic
fibers were partially broken in the prediabetic rats, while the
severity of histopathological alterations in the prediabetic rats
subjected to aerobic exercise intervention was lower compared
with those without exercise intervention. These observations
indicating that aerobic exercise improved the damage caused
to the thoracic aorta by prediabetes mellitus.

Aerobic exercise increases NO levels in the aorta. The NO
levels in the aortas of the different groups were significantly
increased following exercise intervention compared with the
control groups (P<0.05; Fig. 3). However, the NO concentra-
tion in the control group with exercise intervention increased
more compared with that in the prediabetes group with
exercise intervention (P<0.05). Notably, NO concentrations
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Figure 1. Blood glucose levels are higher and glucose intolerance is greater in prediabetic rats. (A) Blood glucose levels and (B) the glucose intolerance in the
control and prediabetic rats. "P<0.05 vs. the control group. AUCg, area-under-the-curve for glucose tolerance test.
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Figure 2. Aerobic exercise improves prediabetes mellitus-induced aortic damage. The histological morphology of thoracic aorta was examined by hematoxylin
and eosin staining in each group of rats. AL, adventitia layer; ML, medial layer; IL, intimal layer. The black and blue arrows indicate the elastic membranes
and the smooth muscle nuclei, respectively. Original magnification, x100 (upper row) or x400 (lower row).
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Figure 3. NO concentrations in aorta increase following aerobic exercise.
NO, nitric oxide. "P<0.05 vs. the control/control group, “P<0.05 vs. the
control/exercise group, $P<0.05 vs. the prediabetes/control group.

between the two groups without exercise intervention were
similar. These results indicated that increased NO production
is associated with the repair of the vascular endothelial injury
in prediabetic rats following exercise intervention.

Aerobic exercise increases eNOS and decreases iNOS mRNA
expression in the aorta of prediabetic rats. Given the regulatory

role of NOS in NO production, the mRNA expression of NOS
was detected in the aortas of rats in each group (Fig. 4). This
revealed a significant decrease in eNOS mRNA expression
(P<0.05; Fig. 4A), a significant increase in iNOS mRNA
expression (P<0.05; Fig. 4B) and no obvious change in nNOS
mRNA expression (Fig. 4C) in the prediatetes rats compared
with the control rats, suggesting a possible mechanism for why
there was no significant change in NO levels between these
two groups. Following exercise intervention, eNOS mRNA
expression increased and iNOS mRNA expression decreased
significantly, indicating that eNOS serves an important role in
the reversal of endothelial injury following aerobic exercise
intervention.

For further determination of the changes in NOS expres-
sion, immunostaining was performed to examine NOS
expression in the thoracic aorta from each group. The expres-
sion and localization of NOS was revealed by arterial cross
sections immunolabelled with antibodies directed against
different NOS isoforms (Fig. 5). The results demonstrated
that prior to exercise intervention, eNOS was decreased in the
endothelial and smooth muscle layers of thoracic aorta in the
prediabetes group compared with the control group. Following
exercise intervention, eNOS immunostaining was stronger in
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Figure 4. Aerobic exercise increases eNOS and decreases iNOS mRNA
expression in the aortas of prediabetic rats. (A) eNOS, (B) iNOS and
(C) nNOS mRNA expression levels. "P<0.05 vs. the control/control group,
#P<0.05 vs. the control/exercise group, P<0.05 vs. the prediabetes/control
group. NOS, nitric oxide synthase; eNOS, NOS, endothelial; iNOS, NOS,
inducible; nNOS, NOS, brain.

these two groups. Nevertheless, iNOS expression decreased
following exercise intervention. Changes in nNOS immunos-
taining were not evident. These immunostaining results were
consistent with the NOS mRNA expression results and further
suggest that eNOS serves an important role in the regulation of
endothelial dysfunction in prediabetic rats.

Aerobic exercise increases eNOS protein expression in the
aorta of prediabetic rats. The present study detected eNOS
protein expression levels through western blot analyses
(Fig. 6). The results demonstrated a significant decrease in
eNOS protein levels in the sedentary prediabetic rats compared
with the sedentary control rats (P<0.05), and exercise interven-
tion significantly increased eNOS protein expression in these
two groups (both P<0.05 vs. their respective control groups),
which was consist with the identified changes in eNOS mRNA
expression.

Aerobic exercise increases eNOS and decreases iNOS activity
in the aortas of prediabetic rats. NOS activity was examined
in the present study in order to further explore the association
between exercise intervention and NO production. Compared
with the sedentary control group, a significant decrease in
eNOS activity (P<0.05; Fig. 7A) and a significant increase in
iNOS activity (P<0.05; Fig. 7B) in the vessels were identi-
fied in the sedentary prediabetic group. However, following
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exercise intervention, eNOS activity significantly increased in
the exercise and control groups (both P<0.05; Fig. 7A), while
iNOS activity significantly decreased in the prediabetes group
(P<0.05; Fig. 7B). These changes were similar to the observed
changes in NOS expression, indicating that NOS activity
depended upon NOS expression.

Discussion

The present study demonstrated that aerobic exercise interven-
tion helped to ameliorate vascular endothelium-dependent
dysfunction through the NOS/NO signaling pathway, primarily
regulated by NOS expression and activity in prediabetes
mellitus. These findings provide important insight that can
be used in further investigations of the underlying molecular
mechanism of exercise intervention and prevention of diabetes
mellitus.

Prediabetes mellitus is a pathological state between
normoglycemia and diabetes mellitus, which is characterized
by IGT and mild hyperglycemia (1-3). In the present study, a
prediabetic rat model was established based on the method
of Rato et al (22), and was used to examine blood glucose
levels and glucose intolerance. An intact vascular endothelium
inhibits atherosclerosis under physiological conditions and
vascular compliance is a direct indicator of the functional
status of the arteries (27). In the present study, an incom-
plete vascular endothelium and broken internal elastic fibers
were observed in the prediabetic rats, indicating vascular
endothelium-dependent dysfunction. These rats were used in
the following exercise intervention experiments.

Aerobic exercise intervention is widely considered to be
an important non-pharmacological tool for the improvement
of vascular endothelial function (10). Previous studies by our
group have indicated that regular aerobic exercise intervention
promotes the maintenance of vasomotor functions (1-5,9).
Xie et al (12) demonstrated that exercise protects the endothe-
lium through increasing NO production, which was consistent
with the results of the present study. The present study further
demonstrated that aerobic exercise intervention alleviated
vascular histopathological alterations through improving the
vascular endothelium and elevated NO production through
inducing eNOS expression in prediabetic rats.

NOis akey signaling molecule in vascular homeostasis (28),
which was originally identified as an endothelium-derived
relaxation factor (12). The present study identified that under
normal conditions without exercise intervention, marked
changes in NO levels were not identified in the prediabetic
rats. Notably, the expression of eNOS mRNA and protein
decreased significantly following exercise in the prediabetic
group. Given the regulatory role of NOS in the process of
NO biosynthesis, the expression of different NOS isoforms
was detected in order to further understand the molecular
mechanism of aerobic exercise intervention in the regulation
of vascular endothelium-dependent dysfunction in prediabetic
rats. The significant decrease in eNOS mRNA and protein
expression identified in prediabetic rats was reversed by exer-
cise intervention in the prediabetic rats, which is consistent
with previous reports (16-21). Several studies have indicated
that exercise-induced relaxation of the collateral coronary
arteries is associated with the increased expression of eNOS
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Figure 6. Aerobic exercise increases eNOS protein expression in the aorta of
prediabetic rats. (A) Representative western blotting images of the protein
levels of eNOS. (B) Quantification of the blot intensities of eNOS. ‘P<0.05
vs. the control/control group, “P<0.05 vs. the control/exercise group, *P<0.05
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mRNA and protein in healthy animals (16,17), and that swim-
ming increases eNOS expression at the protein level in mice
prone to hypercholesterolemia and atherosclerosis (20,21). The
present study demonstrated that the expression of iNOS mRNA
was in contrast to eNOS mRNA expression in the predia-
betic group, which led to the homeostasis of NO production.
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Figure 7. Aerobic exercise increases (A) eNOS and decreases (B) iNOS activity
in the aortas of prediabetic rats. "P<0.05 vs. the control/control group, “P<0.05
vs. the control/exercise group, *P<0.05 vs. the prediabetes/control group.
NOS, nitric oxide synthases; eNOS, NOS, endothelial; iNOS, NOS, inducible.

Gielen et al (29) identified that physical exercise decreased the
expression of iNOS at the mRNA and protein levels in blood
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vessels, and Wu er al (24) revealed that high glucose incuba-
tion led to a significant decrease in eNOS expression and NO
concentration, with increased iNOS mRNA and protein levels
in rat thoracic aortic rings. The activity of eNOS and iNOS was
also examined in the present study, which revealed increased
eNOS activity in prediabetic rats following exercise. These
results suggest that the eNOS/NO signaling pathway serves
an important role in the regulation of vascular dysfunction in
prediabetes mellitus.

In conclusion, the present study demonstrated that aerobic
exercise intervention attenuated vascular injury of the thoracic
aorta through activating the eNOS/NO signaling pathway in
prediabetic rats. However, the specific mechanism of eNOS
induction requires further investigation. In addition, the
exercise threshold may be important for the regulation of NO
production, but the precise identification of this threshold
requires further study. The results of the current study demon-
strated that aerobic exercise intervention improved endothelial
function and reduced aortic histopathological injury, due to
activating the eNOS/NO signaling pathway, in prediabetes
mellitus, which highlights a mechanism that could be targeted
to prevent diabetes mellitus in clinical practice.
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