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Abstract

Oxidative stress (OS) influences vascular function and structure in spontaneously hypertensive rats 

(SHRs). It is also responsible for the decreased nitric oxide (NO) bioavailability that influences 

endothelial vasodilation. The effects of high-intensity exercise on endothelial function and 

ultrastructure in hypertension remain unknown. Thus, this study investigated the effects of 

moderate- and high-intensity exercise on hypertension-associated endothelial dysfunction and 

ultrastructural remodeling. Moderate-intensity (SHR-M) and high-intensity (SHR-H) aerobic 

exercise training groups were compared in age-matched sedentary SHRs (SHR-C) and 

normotensive Wistar–Kyoto rats (WKY-C). The results showed that the endothelial ultrastructure 

was impaired in the SHR-H and SHR-C groups. Glutathione peroxidase levels were significantly 

increased in the SHR-M group compared to the SHR-C group. MDA content was higher in the 

SHR-H group than in the SHR-C group, but the levels of antioxidant enzymes did not increase 

accordingly. Apocynin scavenging reactive oxygen species (ROS) ameliorated endothelium-

dependent vasodilator function in the SHR-H group. However, the SHR-M and WKY-C groups 

abolished the increased vasodilation induced by apocynin. L-NAME, a NO synthase inhibitor, was 

applied to isolated mesenteric arteries (MAs) to evaluate NO contribution. Moderate-intensity 

exercise reversed the decreased NO contribution to MAs in hypertension, and high-intensity 

exercise aggravated this change. These data suggest that moderate-intensity exercise ameliorated 

adverse remodeling of the endothelial ultrastructure and function in hypertension by decreasing 

oxidative stress and increasing NO contribution. However, high-intensity exercise exacerbated all 

of these changes by increasing OS and ROS contribution, and decreasing NO contribution.
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INTRODUCTION

Hypertension, a prominent risk factor and leading cause of death from cardiovascular and 

cerebrovascular diseases, accounts for 9.4 million deaths annually.1 Considerable research 

has demonstrated that altered vascular structure and function, such as increased vascular 

stiffness, decreased endothelium-dependent vasodilation, and enhanced contractile response, 

are closely related to hypertension.2 Hypertension leads to inward eutrophic remodeling 

with corresponding greater media thickness, reduced lumen and external diameter, and 

increased media-to-lumen ratio.3 Endothelial cells modulate many physiological activities of 

the cardiovascular system and respond quickly to chronic pathophysiological stimuli, which 

can lead to injured intercellular junctions of endothelial cells, some protrusions, and 

bridging of the endothelium into lumen accompanied by luminal narrowing.4

Nitric oxide (NO) plays an important role in the regulation of vascular tone and inhibition of 

vascular smooth muscle cell migration, white blood cell adhesion, and platelet aggregation.5 

Endothelial nitric oxide synthase (eNOS), the NO synthase (NOS) isoform expressed in 

endothelial cells, synthesizes NO from L-arginine in endothelial cells. As the production of 

NO and/or effects to the arteries decrease, this type of pathological process called NO 

bioavailability decreases. The decreased NO bioavailability leads to impairment of NO-

dependent dilation in resistant vessels, and influences the endothelial vasodilation. Many 

studies have demonstrated that oxidative stress (OS), a critically pathophysiological process 

in hypertension, is responsible for the decreased NO bioavailability.6 Erbs et al.7 observed 

that as vitamin C was injected into spontaneously hypertensive rats (SHRs), the function of 

the coronary artery improved by increasing NO bioavailability and decreasing the levels of 

reactive oxygen species (ROS). ROS plays an important role in various cellular processes, 

such as cell growth and gene expression. Moderate levels of ROS stimulate activation of the 

Nrf2 transcription factor and trigger an increase in antioxidant enzymes such as catalase, 

glutathione peroxidase/glutathione disulfide-reductase (GSH-Px/GSR), and glutathione S-

transferase.8 However, excess ROS activates the overexpression of pro-inflammatory and 

adhesion factors.9 Therefore, ROS are crucial factors in the modulation of the cardiovascular 

system.

Antioxidant therapy can control the development of hypertension in animal models, but it 

remains controversial in humans. Thus, selecting a non-pharmacological therapy to prevent 

the development of hypertension has become a hot topic in recent years. Exercise training is 

a well-recommended non-pharmacological measure that can effectively treat patients with 

hypertension.10 To date, most research has used low- and moderate-intensity aerobic 

exercise as exercise prescriptions. Moreover, most studies have used large arteries to 

investigate the effects of exercise on vascular function and structure in hypertensive model; 

however, minimal attention has been given to the vital role that resistance arteries play in 

regulating blood pressure during exercise.
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METHODS

Animals and experimental protocols

Three-month-old male SHRs (n = 24) and the same-aged Wistar Kyoto Rats (WKYs, n = 8) 

were purchased from Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China). 

The rats were randomly assigned to four groups: the sedentary WKY control group (WKY-

C, n = 8), the sedentary SHR control group (SHR-C, n = 8), the moderate-intensity exercise 

group (SHR-M, n = 8), and the high-intensity exercise group (SHR-H, n = 8). All of the rats 

were housed in a temperature-controlled room with a 12:12 h light-dark cycle. All of the 

experimental protocols were approved by the Ethics Committee of Beijing Sport University 

and they were performed in accordance with the Chinese Animal Protection Laws and 

Institutional Guidelines.

All of the rats, including the sedentary animals, were habituated to treadmill exercise. Each 

rat walked on a motor-driven treadmill at 15 m/min (0° slope) for 5 min/day for 5 days. 

After one-week acclimation period, the animals in the SHR-M and SHR-H groups ran on a 

motor treadmill (0° slope) at 18–20 m/min (~55–65% of the maximal aerobic velocity) and 

26–28 m/min (~75–85% of the maximal aerobic velocity), respectively. Each exercise-

trained group ran 60 min per day for 5 days each week for 8 weeks. To determine the 

maximal exercise capacity, the rats underwent a progressive exercise test using an 

incremental speed protocol of 5 m/min every 3 min and no grade until exhaustion. The rats 

were considered to be exhausted when they could no longer run at the treadmill speed. The 

treadmill exercise test was repeated after 4 weeks to adjust the training intensity.

Blood pressure (BP) was measured using an indirect tail–cuff method (BP-2010A, Softron 

Biotechnology, Japan). Before the measurements, experimental rats were restrained for 

about 10 min to keep calm and feel comfortable at the room temperature. Temperature-

controlled (37°C) warming holder was equipped with the rat’s tail. The sampling of data was 

usually repeated three times at intervals of about 1 min, and the average of three recordings 

was used as the data of individual rats.11

Assessment of vascular function

At the end of the 8-week exercise training, the rats were anesthetized with sodium 

pentobarbitone (60 mg/kg, intraperitoneal) and decapitated using a guillotine. The 

mesenteric arteries (MAs) were rapidly extracted and removed in cold Krebs’ solution 

composed of (mM): 131.5 NaCl, 5 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.5 CaCl2, 11.2 glucose, 

13.5 NaHCO3, and 0.025 EDTA, and they were continuously gassed with 95% O2 and 5% 

CO2 (pH 7.4). Short segments of third-order branches (A3) were used for contractile studies 

with a multi-myograph system (620 M, DMT, Denmark), and pEC50 (−logEC50), the 

negative logarithm of the half-maximal inhibitory concentration, a measure of the 

effectiveness of a substance in inhibiting a specific biological or biochemical function, was 

calculated.

To determine the ROS and NO contributions of vasodilation function, the following 

experiments were conducted. (1) KCl (60 mM) was first applied to induce the maximal 

contraction. Krebs’ solution was washed three times after the tension reached the platform. 
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(2) Endothelium-dependent relaxation response to acetylcholine (ACh) was measured as 

MAs pre-constricted with norepinephrine (NE). (3) As pre-incubated with apocynin (15 

min), an important antioxidant to scavenge ROS, we observed the changes of relaxant 

responses to ACh. (4) With L-NAME incubation (20 min), we measured the NO-dependent 

vasodilation to evaluate the NO bioavailability. (5) Endothelium-independent vasodilatation 

response to sodium nitroprusside (SNP) was measured.

Oxidative stress biomarkers in serum

Blood samples were immediately collected from the postcava and centrifuged at 3,500 rpm 

for 15 min. Then, the serum was frozen and stored in −80°C until OS markers’ 

determination next time. The concentrations of malondialdehyde (MDA) was measured 

using thiobarbituric-acid-reacting substance (TBARS) production at 532 nm.12 The activity 

of superoxide dismutase (SOD) was measured using the method of Sun et al at 560 nm by 

detecting the exhibition degree of this reaction.13 The activity of glutathione peroxidase 

(GSH-Px) was measured using the method of Paglia and Valentine.14 All reagents and 

samples were equilibrated to room temperature before the assay was performed.

Endothelial ultrastructure

The MAs were rapidly dissected from unnecessary tissues to prevent autolysis and they were 

quickly removed in cold (4°C) fresh 2.5% glutaraldehyde. The PBS was washed three times 

(every washing lasting for a minimum of 15 min) in the next day. Tissues were dehydrated in 

acetone (70%, 80%, 90%, and 100%). The vessels were embedded vertically in paraffin 

blocks using standard histological steps. Sections were cut and stained to detect the 

endothelial ultrastructure by transmission electron microscope (JEOL JEM-1230, Japan).

Arterial morphology

Vascular structure was measured using histological method. The segments of MAs were 

fixed in 4% paraformaldehyde. Haematoxylin and eosin (HE) staining was applied in 

sections of MA with paraffin. Sections cut into 5-μm and underwent series of steps for 

histological analysis. These steps were consistent with our former studies.15

Western blotting

Total proteins were isolated and pooled for use in Western blots as previously described.16 

Briefly, fresh segments of MAs were frozen in liquid nitrogen and stored at −80°C until 

assay. After pulverization, frozen MAs were homogenized in ice cold Tris-EDTA buffer. 

Protein concentration was determined using a protein assay (Bio-Rad Laboratories; 

Hercules, USA). Equivalent amounts (60 μg) of total protein from the MAs were added to 

the adjacent lanes. The related primary antibody was mouse monoclonal antibodies for 

eNOS (1:1000, Transduction Laboratories, Lexington, UK). The secondary antibody was 

anti-mouse IgG-HRP (1:8000, Proteintech Group Inc., Chicago, Illinois, USA). The 

immunoreactive bands were visualized with enhanced chemiluminescence, and the signals 

were recorded with Bio-Rad ChemiDOC XRS+ (Bio-Rad Laboratories, Hercules, CA, 

USA). GAPDH was detected and used to correct for the equal loading of all of the samples. 

The eNOS protein content was expressed relative to the GAPDH content.
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Data analysis

Data are expressed as the mean ± SEM. pEC50 (−logEC50), the negative logarithm of the 

half-maximal inhibitory concentration, a measure of the effectiveness of a substance in 

inhibiting a specific biological or biochemical function, was calculated from the 

concentration–response curve by nonlinear regression curve calculation using Graph Pad 

Prism 5.0. The data were analyzed statistically with Student’s t-test or one-way ANOVA 

followed by Bonferroni adjusted t-test. The Student’s t-test was used for comparisons 

between two groups. A value of P < 0.05 was considered to be statistically significant.

RESULTS

Blood pressure

As shown in Table 1, before 8-week exercise training, systolic blood pressure (SBP) was 

significantly higher in the SHRs than in the WKYs. After long-term exercise training, the 

SBP was significantly lower in the moderate-intensity SHR group (SHR-M group) than in 

the age-matched sedentary SHR group (SHR-C group) (P < 0.05), whereas it was 

significantly higher in the high-intensity SHR group (SHR-H group) than in the SHR-M and 

SHR-C groups (P < 0.05). Similar observations were made with regard to diastolic blood 

pressure (DBP). The DBP was significantly lower in the SHR-M group than in the SHR-C 

and SHR-H groups (P < 0.05)

Vascular ultrastructure

The endothelial ultrastructure of the WKY-C group showed flat shapes and microvilli on the 

cell surface (Fig. 1). In addition, there was good inner membrane continuity, a flat inner 

elastic membrane, and smooth muscle cells that were neatly arranged. Images of the SHR-C 

group showed that the endothelium in the mesenteric arteries (MAs) lacked a normal 

ultrastructure. Endothelial cells with swelling of the nucleus and disappearance of the 

microvilli appeared as finger-like projections oriented to the inner cavity. There was an 

irregular internal elastic membrane, and a large number of collagen fibers proliferated in the 

endothelium. However, moderate-intensity exercise inhibited endothelial cell changes in 

SHR rats, maintaining normal ultrastructural integrity. High-intensity exercise in SHRs 

demonstrated severe damage to the endothelium with swelling of the nucleus, and collagen 

fibers had excessive proliferative activity. As shown in Figure 2, the SHR-C group had 

greater media thickness and narrowed lumen compared with the WKY-C group. Moderate-

intensity exercise improved hypertension-associated adverse structural remodeling. 

However, high-intensity exercise exacerbated these changes and increased media thickness 

compared with the SHR-C group.

Biomarkers of oxidative stress

As shown in Figure 3A, MDA concentrations did not significantly differ between the WKY-

C group (8.5 ± 0.6 μM) and SHR-C group (10.9 ± 1.2 μM, P ˃ 0.05). MDA serum levels 

were significantly increased in the SHR-H group (21.0 ± 3.1 μM) compared with the SHR-C 

and SHR-M groups (10.7 ± 2.0 μM; P < 0.05). As shown in Figure 3B, GSH-Px activity was 

much lower in the SHR-C group than in the WKY-C group (1348.1 ± 42.5 U vs. 1562.6 
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± 68.9 U, respectively; P < 0.05). Compared with the SHR-C group, GSH-Px activity was 

significantly increased in the SHR-M (1639.2 ± 119.5 U; P < 0.05) and SHR-H groups 

(1685.1 ± 35.00 U, P < 0.05). However, there was no apparent difference in GSH-Px activity 

between the SHR-M and SHR-H groups. As shown in Figure 3C, there was no marked 

difference in superoxide dismutase activity among the WKY-C (217.68 ± 0.58), SHR-C 

(222.32 ± 3.14), SHR-M (230.07 ± 1.18), and SHR-H groups (225.70 ± 3.81).

Vascular function

Contractile response—The contractile response was evaluated with potassium chloride 

(KCl) followed by norepinephrine (NE) (10−5 M). In each MA ring, KCl (60 mM) was first 

applied to induce maximal contractions (Kmax). The response induced by KCl (60 mM) was 

not significantly different between WKYs and SHRs. Exercise training with different-

intensity levels did not modify this response. Then NE was added to the bath to induce 

vessel constriction, and the different groups had distinct reactions to NE (10−5 M). The 

contractile response was defined as the maximal response induced by the NE to Kmax ratio 

(Fig. 4). The NE-induced contractile response in the SHR-C group (190.6 ± 9.1% Kmax) 

was not markedly different than that in the WKY-C group (175.5 ± 8.3% Kmax; P > 0.05), 

but it tended to worsen the maximal response to NE. However, the force was markedly 

decreased in the SHR-M group (155.8 ± 5.1% Kmax), although there were no apparent 

differences between the SHR-H group (200.2 ± 10.8% Kmax) and SHR-C group.

Endothelium-dependent vasodilation response—To determine the effects of 

exercise training on endothelium-dependent vasodilation in MAs, we investigated the 

concentration-dependent response in MAs induced by acetylcholine (ACh). As shown in 

Figure 5A–F, after the tension equilibrium of the NE-mediated vasoconstriction, ACh (10−9–

10−5 M) was added in half-log increments. As expected, ACh induced concentration-

dependent vasorelaxation, with a pEC50 of 7.10 ± 0.15 in the SHR-C group, which was 

significantly lower than that in the WKY-C group (7.65 ± 0.06; P < 0.05). However, the 

pEC50 was higher in the SHR-M group (7.65 ± 0.05; P < 0.05) than in the SHR-C group. 

The pEC50 in the SHR-H group (6.47 ± 0.07) was significantly than that in the SHR-C 

group, and even lower than that in the SHR-M group (both P < 0.05; Fig. 5F). Of note, 

moderate-intensity exercise promoted hypertension-associated lower vessel sensitivity to 

ACh, while high-intensity exercise worsened this sensitivity. The relaxant responses to ACh 

were calculated as the percentage reduction of NE-induced maximum contraction, which 

was much lower in the SHR-C group (87.2 ± 4.8% NE) than in the WKY-C group (97.9 

± 1.2% NE; P < 0.05). There was a significant difference in maximum relaxation induced by 

ACh between the SHR-C and different intensity exercise SHR groups. The SHR-M group 

(95.7 ± 1.2% NE) improved hypertension-associated with the decline of endothelium-

dependent relaxation (Fig. 5E). However, endothelium-dependent relaxation was 

significantly decreased after high-intensity exercise training. These results suggest that 

compared with the WKY group, there was a profound decrease in ACh-mediated 

endothelium-dependent vasodilation in the SHR groups, which was reversed by moderate-

intensity exercise training but exacerbated with high-intensity exercise training.

Fang et al. Page 6

Life Sci. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Endothelium-independent vasodilation response—Sodium nitroprusside (SNP) is 

an exogenous NO donor. When SNP (10−9–10−5 M) contributes to vascular smooth cell, it 

results in vasodilation. As shown in Figure 5G, the maximum relaxation induced by SNP 

was not different across all of the groups, which indicated that relaxation could be achieved 

in each group. Thus, exercise training had no effect on endothelium-independent 

vasodilation in SHRs. As shown in Figure 5H, the pEC50 values did not differ in SNP-

induced vasodilatation between the WKY-C (7.43 ± 0.13) and SHR-C groups (7.37 ± 0.07). 

However, the pEC50 values were higher in the SHR-M group (8.05 ± 0.09, P < 0.05) than in 

the SHR-C group.

Effects of ROS scavenging on endothelium-dependent relaxation—To assess the 

contribution of ROS to the endothelial function of MAs, after incubation for 15 min, 

apocynin improved the relaxation induced by ACh in each group. The results showed that 

apocynin failed to modify maximum relaxation in response to ACh in the WKY-C, SHR-C, 

and SHR-M groups. However, apocynin pre-incubation improved the impaired maximal 

relaxation induced by ACh in MAs in the SHR-H group (P < 0.05, Table 2). Apocynin also 

produced significant potentiation of MA sensitivity to ACh on NE pre-constricted rings in 

the SHR-C and SHR-H groups (P < 0.05; Fig. 6).

Effects of NOS antagonism on endothelium-dependent relaxation—L-NAME 

incubation (20 min) inhibited ACh-mediated relaxation in MAs from all of the experimental 

groups. As shown in Figure 7A and 7B, the relaxation response to ACh in each group 

showed different degrees of attenuation with L-NAME application.NO-dependent dilation 

was determined from the maximal endothelium-dependent dilation in the absence or 

presence of L-NAME according to the following formula:

NO-dependent relaxation (% NE) = maximum relaxation (relaxation induced by ACh) (% 
NE) - maximum relaxation (L-NAME incubation and relaxation induced by ACh) (% NE).

As shown in 7C, there was a significant difference in NO-dependent relaxation (% NE) 

between the SHR-C and SHR-M groups. It was significantly higher in the SHR-M group 

(46.8 ± 0.8% NE) than in the SHR-C group (40.1 ± 1.1% NE; P < 0.05). However, it was 

much lower in the SHR-H group (13.4 ± 0.1% NE) than in the SHR-C and SHR-M groups 

(P < 0.05).

eNOS protein expression

Next, eNOS protein expression in the MAs was determined. As shown in Figure 8, there was 

no apparent difference in eNOS protein expression between the SHR-C and SHR-M groups. 

However, eNOS protein expression was significantly higher in the SHR-H group than in the 

SHR-C group (P < 0.05), but it was significantly lower in the SHR-C group than in the 

WKY-C group (P < 0.05).

DISCUSSION

The novel finding of this study was that high-intensity exercise exacerbated hypertension-

associated endothelial dysfunction and ultrastructural remodeling in MAs by increasing 
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oxidative stress and ROS contribution to vasodilation, and decreasing NO contribution. 

These results suggested that different levels of exercise intensity play distinct roles in the 

endothelial function and ultrastructural remodeling in hypertension. This evidence suggests 

that exercises of reasonable intensity should be chosen for hypertensive patients.

Previous studies have suggested that low-intensity swimming training in SHRs of different 

ages decreased the arterial blood pressure.17 Long-term moderate-intensity exercise could 

influence hypertension patients’ blood pressure, as the SBP decreased by about 6–10 

mmHg, while the DBP decreased by about 4–8 mmHg.18 However, little information has 

been obtained on the effects of SHRs with high-intensity exercise on blood pressure. This 

experiment demonstrated the dose-effect relationship between exercise intensity and blood 

pressure. Our results demonstrated that the SBP and DBP were significantly lower in the 

SHR-M group than in the SHR-C group, but were significantly higher in the SHR-H group 

than in the SHR-C group. Thus, hypertension with different intensities exercise could exert 

the opposite influence on modulating blood pressure.

In hypertension, a series of unfavorable responses are triggered, such as adverse remodeling 

of endothelial ultrastructure and function.19 Previous studies have shown that in 

hypertension, endothelial cells with swelling of the nucleus and a lack of microvilli have loss 

of the normal ultrastructure, which was consistent with our results.20 This study also found 

that moderate-intensity exercise had a positive influence on the integrity of the endothelial 

cells in SHRs, while high-intensity exercise aggravated the deformity and apoptosis of 

endothelial cells, and caused swelling of the nucleus, disappearance of the microvilli, and 

increased collagen fibers in endothelial cells. A previous study21 demonstrated that inward 

eutrophic remodeling in SHRs is characterized by greater media thickness, and a reduced 

lumen and external diameter with increased media-to-lumen ratio, which is consistent with 

the results of our study. Moderate-intensity exercise reversed this inward eutrophic 

remodeling in SHRs, whereas high-intensity exercise increased media thickness.

A growing number of research studies have shown that hypertension is accompanied by 

decreased endothelium-dependent vasodilation, which is consistent with our results.22 The 

structural changes of small arteries in response to various agents is associated with 

functional changes, such as different vasoconstriction and vasodilation. These results reflect 

that moderate-intensity exercise decreased the maximal response to NE and ameliorated the 

hypertension-associated endothelium-dependent response to ACh. These results are in 

agreement with a study by Roque,23 which showed that aerobic exercise (55–65% of 

maximal running speed) normalizes altered vascular function by reducing contractile 

responses and increasing endothelium-dependent relaxation.23 However, high-intensity 

exercise enhanced the contractile response to NE and decreased endothelium-dependent 

relaxation, which exacerbated endothelial dysfunction in hypertension. NE constriction is 

mediated by both α1- and α2-adrenergic receptors (ARs).24 Consistent with the findings in 

this study, it was previously reported that chronic low- or moderate-intensity exercise could 

reduce vascular contraction to α-adrenergic stimuli in hypertensive rats, and α2-AR 

responsiveness was attenuated by mild-intensity exercise.25,26 During moderate-exercise 

intervention, the most likely mechanisms underlying the decreased contraction elicited by 

NE in hypertension with moderate-intensity exercise are changes in the sympathetic nerve 
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system,27 calcium sensitivity, calcium influx,28,29 and α-AR expression.30 Of note, that 

differences in NE-induced contraction might influence the vasorelaxation results which is a 

limitation of this study. To determine whether changes in smooth muscle dilation were due 

to different exercise intensities in hypertension, vasodilation induced by the endothelium-

independent agonist SNP was measured. The results showed that maximum response was 

not altered by exercise.

OS is the common pathophysiological process of hypertension and other cardiovascular 

diseases, and improved OS in the vasculature is proposed to be a vital mechanism by 

supplementing antioxidant products to improve cardiovascular function in rats.31 

Considerable evidence has suggested the excess production of ROS in SHRs,32 which plays 

a detrimental role in vascular endothelial function in SHRs,33 while an appropriate amount 

of ROS triggers some adaptive changes such as improvements in antioxidant capacity. 

Antioxidant therapy can control the development of hypertension in animal models, but 

remains controversial in humans because of possible confounding factors in patients, such as 

age, sex, diet, smoking, and degree of OS.34 Thus, selecting a non-pharmacological therapy 

to prevent hypertension is imperative. There is an evidence that exercise increases the 

amount of ROS produced by the mitochondria, and increases ROS by 10–20 fold than 

normal respiration.35 In exercise training, the production of ROS acts as a signal for the 

production of more related antioxidant enzymes to maintain homeostasis.36 We 

hypothesized that the change of OS in exercises of different intensities may induce changes 

in endothelial function and ultrastructure. The most common OS indicators are 

malondialdehyde (MDA, a biomarker of oxidative products), GSH-Px, and SOD 

(biomarkers of antioxidant enzymes).37 A previous study showed that the MDA content in 

serum did not change because exercise led to adaptive changes in the rats, which inhibited 

the temporary OS state resulting from a single movement cycle, which was consistent with 

our results.6 This study showed that the MDA content in the serum of the SHR-C group had 

a tendency to increase compared with that in the WKY-C group, but the difference was not 

significant. Serum levels of MDA and GSH-Px were increased in the SHR-H group by 1-

fold and 0.3-fold, respectively. These data showed that the oxidant capacity exceeded the 

antioxidant capacity in the SHR-H group. Compared with the SHR-C group, the MDA 

content of the SHR-M group was unchanged. However, GSH-Px levels were significantly 

increased, indicating that OS decreased in the SHR-M group upon an increase in antioxidant 

enzymes. In our experiment, SHRs with different intensity exercise showed a significant 

increase in GSH-Px content, which may be due to adaptive changes in the production of 

ROS during exercise. However, previous reports about changes in GSH-Px following 

exercise have been inconsistent. Although some studies have reported that GSH-Px activity 

increases following exercise, consistent with our results,38 a reduction of GSH-Px activity or 

no change in activity in hypertension after exercise have also been shown.39,40 A study by 

Azizbeigi41 showed that different antioxidant enzymes change in accordance with the mode 

of exercise. Thus, changes in antioxidant enzymes appear to correlate with the mode and 

intensity of exercise.

Antioxidant enzymes could not scavenge the serum MDA content, which triggered serious 

OS. To further assess the influence of ROS on endothelial function, maximum endothelium-

dependent response to ACh was compared in the absence and presence of apocynin 

Fang et al. Page 9

Life Sci. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment. Apocynin, which scavenges ROS, is an effective way to evaluate the effects of OS 

scavenging on endothelial-dependent vasodilation and ROS contribution. Our research 

provided evidence that apocynin improved the maximal response and sensitivity to ACh in 

the SHR-H group but not in the WKY-C and SHR-M groups. In addition, ROS contribution 

was greater in the SHR-H group than in the SHR-C group. The increased ROS contribution 

induced by high-intensity exercise promoted the impairment of endothelial dysfunction; and 

the reduction of ROS contribution induced by moderate-intensity exercise led to 

improvements in endothelium-dependent vasodilation in hypertension.

eNOS coupling can produce NO, while eNOS uncoupling is responsible for the switch from 

NO to O2
− production. eNOS function plays an important role in NO bioavailability and 

ROS production. It is also well known that OS is responsible for the decreased NO 

bioavailability.42 Thus, our research evaluated the contribution of NO to endothelial-

dependent vasodilation, and we found that NO-mediated vasodilation and eNOS protein 

expression were lower in the SHR-C group than in the WKY-C group. In addition, NO 

contribution was greater in the SHR-M group than in the SHR-C group, and the the SHR-H 

group had increased eNOS expression but decreased NO contribution. We focused on the 

correlation between the contribution of ROS and NO to explain the probable effects on 

endothelial function in SHRs with different-intensity exercise. This research showed that 

moderate-intensity exercise ameliorated endothelial dysfunction in SHRs, which could be 

attributed to the improvement in NO contribution. The reduction of NO contribution and 

increased ROS contribution in SHRs with high-intensity exercise was responsible for 

exacerbated endothelial dysfunction. eNOS expression enhanced with declined NO 

bioavailability in the SHR-H group does not mean “eNOS uncoupling,” but rather, might be 

a compensatory mechanism for decreased NO bioavailability and increased OS. However, 

our hypothesis was that “eNOS uncoupling” is a probable mechanism by which high-

intensity exercise worsens hypertension-associated endothelial dysfunction and adverse 

structural remodeling in MAs. Additional studies are needed to confirm the “eNOS 

uncoupling” mechanism.

Considering that eNOS inhibition with L-NAME failed to completely abolish ACh-mediated 

endothelial-dependent vasodilation, which is consistent with a previous study,43 We 

analyzed the reason that with the exception of NO as a dominant endothelium-derived 

relaxing factor, other endothelium-derived relaxing factors and endothelium-derived 

hyperpolarizing factors may play crucial roles in regulating vascular response.44 Previous 

research has shown that there is mutual compensation function between NO and hydrogen 

peroxide; as NO is inhibited, hydrogen peroxide acts as the dominant endothelium-derived 

relaxing factor; and as hydrogen peroxide is inhibited, NO acts as the dominant 

endothelium-derived relaxing factor.45 Hydrogen peroxide can activate the calcium-sensitive 

potassium channels of smooth muscle cells, or depend upon the cyclophosphate mechanism, 

which leads to hyperpolarization of vascular smooth muscle cells.46

CONCLUSION

The results of this study may contribute to optimizing exercise prescriptions in patients with 

hypertension who perform aerobic exercise. The data indicated that moderate-intensity 
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exercise prevented hypertension-associated endothelial ultrastructural remodeling and 

endothelial dysfunction by decreasing OS and elevating NO-mediated relaxation in MAs. 

Moreover, high-intensity exercise exacerbated these changes in hypertension by augmenting 

OS and ROS contribution, and decreasing NO contribution. Thus, exercises need to be 

carefully chosen by intensity for hypertensive patients.
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PERSPECTIVES

Further studies on the endothelium-derived hyperpolarizing factor mediating the 

cardiovascular system will provide more insights into the molecular mechanisms 

underlying the amelioration endothelial dysfunction in hypertension with moderate-

intensity exercise. In addition, our hypothesis that “eNOS uncoupling” is likely 

responsible for the effects of high intensity exercise on exacerbating hypertension-

associated adverse remodeling of endothelial ultrastructure and function in MAs needs 

further investigation.
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Fig. 1. 
Exercise training of different-intensity in SHRs affect the endothelial ultrastructure in 

mesenteric arteries. EC, endothelial cell; IEL, internal elastic lamina; and COL, collagen.
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Fig. 2. 
Effect of different-intensity exercise on arterial morphology in rat mesenteric arteries.
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Fig. 3. 
Effects of different-intensity exercise on biomarkers of oxide stress. (A) Serum MDA 

content; (B) serum GSH-Px activity; and (C) serum SOD activity. *P < 0.05 versus WKY-C; 
#P < 0.05 versus the SHR-C group; and +P < 0.05 versus the SHR-M group. n=8 in each 

group.
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Fig. 4. 
NE-induced tension as %KCl (60 mM) in the small MAs. #P < 0.05 versus the SHR-C 

group, n=8 in each group.
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Fig. 5. 
Concentration-response curve to ACh and SNP in small MAs. (A–D) Example of real-time 

recording of ACh-induced vasorelaxation in MA rings. Black triangles mark the time of 

addition of ACh (10−9, 3 × 10−9, 10−8, 3 × 10−8, 10−7, 3 × 10−7, 10−6, 3 × 10−6, and 10−5 

M). (E) Concentration-response curves to ACh in MAs. (F) Sensitivity (pEC50) to Ach. (G) 

Concentration-response curves to SNP in MAs. (H) Sensitivity (pEC50) to SNP. *P < 0.05 

versus the WKY-C group; #P < 0.05 versus the SHR-C group; and $P < 0.05 versus the 

SHR-M group; n = 8 in each group.
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Fig. 6. 
Comparison of sensitivity (pEC50) to Ach between before and after apocynin treatment. $P < 

0.05 versus before apocynin treatment in each group.
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Fig. 7. 
NO-dependent relaxation in small MAs. (A) Example of real-time recording of ACh-

induced vasorelaxation in the absence and presence of L-NAME (0.1 mM). Black triangles 

mark the time of addition of ACh (10−9, 3×10−9, 10−8, 3×10−8, 10−7, 3×10−7, 10−6, 3×10−6, 

and 10−5 M). (B) Concentration-response curves of ACh in small MAs from the WKY-C, 

SHR-C, SHR-M, and SHR-H groups. (C) Summary of NO-dependent relaxation in the four 

groups. #P < 0.05 versus the SHR-C group; and $P < 0.05 versus the SHR-M group; n = 8 in 

each group.
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Fig. 8. 
Densitometric analysis and eNOS protein expression in homogenates of small MAs. 

GAPDH expression is shown as the loading control. * P < 0.05 versus WKY-C; #P < 0.05 

versus the SHR-C group, $P < 0.05 versus the SHRM group.
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Table 1

Effects of different-intensity exercise on blood pressure in rats

WKY-C (n=8) SHR-C (n=8) SHR-M (n=8) SHR-H (n=8)

SBP (mmHg) Initial 134.9±1.6 191.6±2.3* 192.1±1.9 189.7±3.4

Final 137.6±1.8
197.8±2.0*+

182.9±1.6
#+

212.1±5.6
#$+

DBP (mmHg) Initial 93.7±4.6 145.6±4.2* 145.4±2.4 147.7±4.7

Final 98.2±2.8 148.4±2.7*
139.6±2.7

#+
159.8±5.2

#$+

SBP, systolic blood pressure; DBP, diastolic blood pressure. Initial indicated before 8 weeks of exercise training; final indicated after 8 weeks of 
exercise training.

*
P < 0.05, versus the WKY-C group

#
P < 0.05, versus the SHR-C group

$
P < 0.05, versus the SHR-M group; and

+
P < 0.05, versus Initial.
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Table 2

Impact of apocynin on the maximumendothelial-dependent vasodilation

Tension (% NE) WKY-C (n = 8) SHR-C (n = 8) SHR-M (n = 8) SHR-H (n = 8)

Before treatment 98.9 ± 1.2 87.2 ± 4.8 95.7 ± 1.2 66.0 ± 3.0

After treatment 102.0 ± 1.1 95.8 ± 3.2 98.9 ± 0.9 97.9 ± 0.9*

Apocynin (300 μM) contribution to the relaxation in response to Acetylcholine (ACh) in small MAs.

*
P < 0.05 versus before treatment.
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