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Abstract

Background: Reduced arterial compliance is associated with an increased rate of morbidity and mortality in
cardiovascular disease. Exercise is beneficial for compromised arterial compliance. However, the beneficial effects of
exercise are lost with exhaustion. Lycium barbarum L. has been used in China for centuries to maintain good
health. In this regard, the primary purpose of this study was to characterize the effects of the polysaccharides from
Lycium barbarum (LBPs) on arterial compliance during exhaustive exercise.

Methods: A four-week swimming exercise program was designed for rats, and the blood levels of
malondialdehyde (MDA), super oxide dismutase (SOD), nitric oxide(NO) and heat shock protein 70(HSP70) were
detected. The tension of aorta rings was measured to evaluate the response of rats on noradrenaline (NA)-induced
contractions.

Results: The rats administered LBPs showed longer swimming time until exhaustion than the control group of rats.
Exercise-induced MDA elevation was repressed by LBPs supplementation. The LBPs-supplemented rats displayed

a significant increase of SOD, NO, HSP70 than the non-supplemented rats. Additionally, LBPs significantly
up-regulated the expression of eNOS and improved the endothelium-dependent vasodilatation of the aorta ring.

Conclusion: Our study proved that LBPs administration significantly inhibited the oxidative stress, and improved

the arterial compliance.
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Introduction

Arterial compliance, the inverse of arterial stiffness, is
now recognized as an important determinant of cardio-
vascular morbidity and mortality [1]. Exercise can affect
arterial compliance. It is well known that aerobic exer-
cise reduces arterial stiffness. Moderate-intensity aerobic
exercise at 65% of its maximal oxygen uptake lowers
both central and peripheral arterial stiffness [2]. In ad-
dition, twelve weeks of aerobic exercise enhances vascu-
lar compliance (especially of the arms and legs) in obese
male adolescents [3]. However, the beneficial effects of
exercise are lost with exhaustion. For example, High-
intensity strength exercise leads to a decrease in arterial
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compliance [4,5]. Twenty to forty hours of continuous
mountain trail running decreases the large artery com-
pliance [6]. Moreover, marathon runners have increased
aortic stiffness compared to that of the control group
[7]. In contrast, one-year of exercise fails to improve the
arterial stiffness or function of heart failure with pre-
served ejection fraction (HFpEF) in patients [8]. The
mechanism of different effects of exercise on arterial
compliance remains unclear.

Lycium barbarum (also called Wolfberry, Fructus Lycii
or Gougqizi), belonging to the plant family Solanaceae,
has been widely used for 2000 years in traditional Chinese
Medicine [9-11]. Polysaccharides (LBPs) which constitute
more than 40% of the fruit extract are the major valuable
and active ingredient in Lycium barbarum [12]. LBPs
have been shown to exert a large variety of biological
activities including eye-protective, anti-aging, antioxidant,
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immunoregulating, neuroprotective, cytoprotective and
antitumor properties [13-17]. It has been reported that
LBPs treatment prevented the increase of blood pressure
in hypertension rats induced by the two-kidney, one clip
method in vivo. LBPs-treated rats showed a significant de-
crease in the concentration of phenylephrine in isolated
aortic rings as compared with non-treated hypertensive
rats [18]. However, the effects of LBPs on arterial compli-
ance in rats with exhaustive exercise have not been inves-
tigated. In the present study, we aimed to determine the
effects of LBPs on the arterial compliance from lesions in-
duced by exhaustive exercise.

Materials and methods

Animals

A total of 40 male Sprague Dawley rats (180 + 20 g) were
bred, five per cage, in light-and temperature-controlled
conditions (12 hours light: 12 hours dark; 24.0 + 0.2°C)
and provided with standard laboratory diet and tap water
ad libitum. The experimental procedures were approved
by the animal ethics committee of the Ningxia Medical
University and Use Committee in accordance with the
guidelines of the Council of the Physiological Society
of China.

After an adaptation period of one week, all animals
were randomly divided into 4 groups (n = 10): control
sedentary group (CS), swimming exercise group (SE),
exhaustive swimming exercise group (ES), exhaustive
swimming exercise with LBPs group (ES-LBP). The rats
in ES-LBP group received 200 mg/kg/day by gavage for
28 days. In CS, SE, ES groups, the rats were given the
same volume of isotonic saline solution by oral adminis-
tration for 28 days. The dose of LBPs was chosen on the
basis of preliminary experiments, which was safe and ef-
fective without undue toxicity in rats.

Exercise protocol

During the first week, rats were acclimated to swimming
exercises for 5 days with increasing duration from 5
minutes on the first day to 60 minutes by the fifth day
[19]. The rats in the control group were subjected to
water immersion without exercises. The rats swam in a
plastic tank (diameter, 60 cm; depth, 80 c¢m) filled with
water at 32 +1°C. After acclimation, rats were assigned
to swim for 60 minutes per day, 5 days per week, for 4
weeks (between 8:00 am and 12:00 am). At the end of
the training, the rats of the ES and ES-LBP groups were
subjected to a swim to exhaustion with a load of 5% of
their body weight strapped on their backs. The point of
exhaustion was defined when a rat failed to rise to the
surface of water, drown over 10 seconds and could not
maintain coordination [20]. This exhaustion time was
subsequently recorded.
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Samples collection

All animals were anesthetized with urethane (1.5 g/kg)
and sacrificed immediately after the exhaustive exercise.
The chest was rapidly opened and the thoracic aorta was
carefully isolated in order to preserve the vascular en-
dothelium, which was then placed into modified cold
Krebs’ solution. The isolated vessel was cut into rings of
approximately 3-4 mm wide for measuring isometric
force. The rest of the aorta was frozen in liquid nitrogen
immediately and stored at —80°C for the assay of en-
dothelial NO synthase (eNOS) mRNA expression . Blood
was collected from inferior vena cava in heparinized
tube and centrifuged at 1,700xg for 10 minutes (at 4°C)
to obtain plasma. The plasma was frozen at —80°C to
measure the expression of malondialdehyde (MDA), super
oxide dismutase (SOD), nitric oxide (NO) and heat shock
protein 70(HSP70).

Assay of isometric force in Rat aorta rings

The isolated aortic rings were cleaned to remove the ad-
herent tissues and hung in 10-ml organ bath with Krebs’
solution at 37°C, pH 7.4, and containing 95% O, and 5%
CO,. The modified Krebs’ solution was composed of the
following components: 110 mM NaCl, 4.6 mM KCl,
2.5 mM CaCl,, 24.8 mM NaHCOs;, 1.2 mM KH,PO,,
1.2 mM MgSOy,, and 5.6 g glucose. The tissue’s isometric
tension was measured with force transducers that con-
nected with a BL-420E" biological function experimental
system (Chengdu Technology and Market, Chengdu,
China). The vessel rings were equilibrated for 1 hour
with the tension of 2.0 g and pre-contracted with KCI
(60 mM) to produce the maximal KCL-induced con-
tractile plateau. Subsequently the cumulative dose—
response curve for noradrenaline (NA) (10°-10°M)
was obtained. The values of the NA-induced contrac-
tion were expressed as a percentage of maximal con-
traction induced by KCI.

Measurement of SOD, MDA and nitrite/nitrate (NOx)
levels in plasma

The oxidative stress indices were measured to explore
whether LBP could reduce exhaustive exercise-induced
oxidative stress. The levels of SOD, MDA and NOx
(NO* and NO*) were determined by using commer-
cially available kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufac-
turer’s instructions.

HSP70 determination

The plasma level of HSP70 was detected by a com-
mercially available ELISA kit (Cusabio Biotechnology,
Wuhan, China). The amount of HSP70 in plasma was
estimated from the calibration curve ranging from 62.5
to 4000 pg/ml.
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Table 1 GenBank accession code, primer sequences, and predicted size of the amplified product

Gene Primer sequences GenBank bp

eNOS Forward primer: 5-CACACTGCTAGAGGTGCTGGAA-3' NM_021838 109
Reverse primer: 5-TGCTGAGCTGACAGAGTAGTAC-3'

B-actin Forward primer: 5-TCATGAAGTGTGACGTTGACATCCGT-3" 285

Reverse primer: 5-CCTAGAAGCATTTGCGGTGCAGGATG-3'

RT-PCR analysis

Total RNA was prepared from the thoracic aorta using
RNA AxyPrep Pure RNA isolation kit (AXYGEN, USA)
according to the manufacturer’s instructions. The purity
and concentration of RNA was determined by spectro-
photometry at 260 nm and 280 nm. Complementary
DNA (cDNA) was synthesized using a reverse transcrip-
tion kit (TransGen Biotechnology, Beijing). Quantitative
PCR was performed using a quantitect SYBR green PCR
kit (TransGen Biotechnology, Beijing) as follows: 35 cycles
of denaturation at 94°C for 30 sec, annealing at 62°C for
30 sec and extension at 72°C for 30 sec. Primers used for
the PCR were shown in Table 1. Relative gene expression
levels were determined using the 27" *“* method.

Statistical analysis

Results were presented as the mean + SD. Two-way
ANOVA was used to evaluate any differences between
the two sets of dose—response curves. The remaining
data were evaluated by one-way ANOVA and Student’s
t-test. The statistical analyses were performed by SPSS
for Windows 11.5.0 software. P<0.05 was considered to
indicate a statistically significant difference.

Results

Contractile response of vascular ring to NA

Vascular dysfunction is related to increased vasocon-
striction and weakened diastolic function. Therefore, we
are interested in determining whether there is any
change in the vascular function by detecting the vascular
reactivity of aortic rings to a physiological modulator,
noradrenaline (NA). Cumulatively added NA (101°-10°M)
caused concentration-dependent contractile responses in
isolated aortic rings. We found that there was no signifi-
cant difference between the SE and the CS group, while
the ES group significantly increased the vasoconstrictive
response to NA (P<0.01), LBPs treatment decreased the
vasoconstrictive effect ( P< 0.01) (Figure 1). Furthermore,
the contractile responsiveness to NA of the SE group was
significantly lower than that of the ES (P<0.01) and
ES-LBP (P<0.01) groups (Figure 1).

Effects of LBPs on body weight and exhaustive exercise
time in rats

After four weeks of swimming exercise, no significant
difference was observed in body weight in either group

(Table 2). However, as shown in Figure 2, LBPs pro-
longed the swimming time of rats compared with the ES
group ( P < 0.05), which was 77.07% higher.

Effects of LBPs on biochemical parameters after
exhaustive exercise
It is well known that SOD can inhibit the oxidation of
oxyamine by the xanthine—xanthine oxidase system.
Therefore we evaluated the plasmic level of SOD. As
shown in Figure 3a, the SOD level in the ES-LBP, SE
groups significantly increased compared with that in the
CS group (P<0.05 and P<0.01 respectively). However, the
plasmic SOD level of exhaustive swimming rats was
significantly lower than that of the ES-LBP and SE rats
(P< 0.01). The results demonstrated that LBPs were able
to increase antioxidant enzyme activities to attenuate the
oxidative stress induced by exhaustive exercise.
Exhaustive exercise induces the generation of free rad-
icals which may cause an increase in lipid peroxidation
[21]. Measuring MDA is one of the most widely used
approaches for evaluating oxidative damage to lipids.
Figure 3b illustrates that the plasmic MDA levels of SE
or ES-LBP rats significantly decreased compared with
that of ES rats (P<0.05 and P< 0.01 respectively). This re-
sult indicates that LBPs can attenuate lipid peroxidation.
NO is an important vasodiator factor produced by vas-
cular endothelial cells. We found that there was a signifi-
cant increase in the SE group. As expected, the NO level
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Figure 1 Contractile response of vascular ring to NA.
Dose-dependence of NA on contraction of the thoracic aorta rings

separated from rats in CS SE, ES and ES-LBP groups. The contraction
induced by 60 mM KCl was taken as 100%. Data are expressed as

mean + SD (n=10). *P<0.01 vs CS; *P<0.01vs SE; “P<0.01 vs ES.
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Table 2 Effects of LBP on body weight in rats

Group Before experiment One week Two week Three week Four week
(@) 191.67+26.90 204.83£13.43 264.08+12.31 304.44+9.97 346.58+15.55
SE 187.5+4.74 209.53+6.15 258.43+9.88 309.35£19.11 340.5+22.31
ES 191.2+10.77 210.67£1091 263.5+£14.05 304.58+17.12 329.13£15.06
ES-LBP 198.2+9.66 215.14+7.22 267.70+£6.96 312.08+£10.14 344.33£14.91

Effects of LBPs on body weight in rats. The values are expressed as mean + SD (n=10).

was significantly reduced by exhaustive exercise. Further,
we found this reduction induced by exhaustive exercise
could be reversed by LBPs treatment (Figure 3c).

The expression of heat shock proteins (HSPs) is in-
duced by hyperthermia ischemia, oxidative cytokine,
muscular stress, glucose deprivation, alterations in cal-
cium and pH [22]. HSP70 is a group of binding proteins
with molecular weight of 70 KD, which is significantly
increased by high-intensity exercise [23]. To determine
the expression of HSP70 after exercise and supplement
with LBPs, the plasmic level of HSP70, analyzed by
ELISA, showed an immediate increase after both exer-
cise sessions. As shown in Figure 3d, the HSP70 levels of
SE or ES rats were increased. Furthermore, LBPs treat-
ment induced a much higher increase in the ES group
(P< 0.01).

Expression of eNOS mRNA

As the NO level can be up-regulated by LBPs, we there-
fore examined the effect of LBPs on the expression of
eNOS in the aorta after exhaustive exercise. The expres-
sion of eNOS mRNA in aorta of four groups was shown
in Figure 4. There were significant differences in the
eNOS mRNA expression level among different groups.
The eNOS expression was increased in both SE and ES-
LBP groups (P < 0.01). However, the level of eNOS ex-
pression was significantly attenuated in rats after ex-
haustive exercise (P < 0.01). LBPs treatment significantly
reversed the inhibition of the eNOS expression in rats
from ES group (p < 0.01).
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Figure 2 Effects of LBPs on exhaustive exercise time in the rats.
LBPs supplementation significantly increased the time to fatigue
compared to that of the ES. Data are mean + SD (n =10).
“P < 001 vs ES.

Discussion

The effects of LBPs on vascular vasoreactivity in ex-
haustive exercise rats were investigated. The major find-
ing of this study was that the contraction induced by
NA in thoracic aorta was increased in the presence of
exhaustive exercise. Furthermore, supplementation with
the LBPs for 4 weeks remarkably improved the vascular
reactivity of ES-LBP rats compared to the ES rats
(Figure 1). As the arterial compliance is judged by the
responsiveness to NA, the results showed that the
compliance or distensibility of aorta was increased in
LBPs treated animals [24].

Arterial compliance, the inverse of arterial stiffness, is
now recognized as an important determinant of car-
diovascular morbidity and mortality [1], which can in-
crease the workload placed on the myocardium. The
changes in arterial compliance of exercise training rats
depend on the exercise mode, intensity and duration.
Twelve weeks of air board exercise leads to an increase
in cardio-respiratory fitness and vascular compliance,
which may reduce the risk of later development of car-
diovascular disease [3] and improve coronary artery per-
fusion preventing ischemic events [25], and decline
pulse pressure and wall stress [26]. Moreover, Nickel
[27] showed that 30 minutes of moderate-intensity ae-
robic exercise transiently increased small arterial com-
pliance after exercise, but not sustained. Extremely high
volume exercise may be associated with decreases in car-
diovascular function and large artery compliance [6].
Ahmadi et al. [28] recently reported that coronary ar-
tery calcification was associated with impaired aortic
compliance.

The present study has confirmed these varying effects
of exercise on arterial compliance. In SE rats, which
were subjected to swimming exercise for four weeks, the
attenuated contractile responses of aorta to NA were
clearly observed, whereas in rats exposed to exhaustive
swimming exercise, depressed vasodilator response was
observed (Figure 1). This inhibition was completely re-
versed by the treatment of LBPs in the ES group. In
isolated aortic rings of LBPs-treated rats, the responsive-
ness to phenylephrine was attenuated in comparison
with non-treated hypertensive rats [18].

Generally, exhaustive exercise induced oxidative stress
impaired endothelial function [29] that decreased artery
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Figure 3 Effects of LBPs supplement and exhaustive exercise on SOD (a), MDA (b), NO (c) and HSP70 (d) expression in the rats. Values
are expressed as mean + SD (n = 10). *P < 0.05 and *P <001 vs CS; *P <005 and *< 001 vs SE: “P<0.01 vs ES.

compliance [30], which may interfere with NA-dependent
vasoconstriction. The present study indicated that a bout
of exhaustive swimming exercise caused a significant
increase in oxidative stress, which decreased the serum
antioxidant enzyme SOD and increased the lipid hy-
droperoxides MDA. LBPs were shown to be effective in
avoiding oxidative stress and cleaning out the excess free
radical and decreasing the level of lipid peroxidation
[10,31,32]. These increases in super oxide levels were cor-
related with attenuated responsiveness to NA. Our pre-
vious study also showed that LBPs could enhance the
immune function in exhausted swimming rat [33]. Com-
bination with results of this study, LBPs is a useful pro-
tective agent in rats of exhaustive exercise, and whether
LBPs are helpful for athletes needs a further research to
confirm.

NO, derived from a biochemical reaction catalyzed by
eNOS [34], plays an important role in the regulation of
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Figure 4 Effects of LBPs on eNOS mRNA expression in thoracic
aorta separated from rats in different groups. Values are
expressed as mean + SD (n = 10). “P<0.01 vs CS; “P<0.01 vs ES.

vascular tension [35]. The most important activity of
NO may be vasodilation in the cardiovascular system,
which is usually used as a surrogate index of endothelial
function [35]. Studies have demonstrated that arterial
stiffness was regulated by the endothelium through the
release of NO [36]. Our data showed that LBPs could
enhance the expression of eNOS, elevate NO levels and
consequently inhibit the contractile response to NA.
Previous studies have suggested that N-nitro-L-arginine
methyl ester increased the contraction to phenylephrine
in the aortic rings of LBPs-treated rats in vitro. LBPs
reduced the phenylephrine-induced contraction which
may be mediated by increasing the production of
endothelium-derived relaxation factor (EDRF) [18]. In
addition, aortic contractility of LBPs-treated rats re-
duced due to attenuated responsiveness to NA and prob-
ably to increase in plasmic level of NO. The up-regulation
of SOD levels during exercise training might lead to im-
provement in endothelial function through an increase in
NO production [37].

Heat shock proteins (HSP) belong to the family of
stress-responsive proteins that are induced by oxidative
stress, which are essential for modulating cell function
and maintaining protein homeostasis [38,39]. As a stress
protein, the response of HSP70 is different according to
the intensity and form of movement, which provides
new ideas and methods to further understand the cam-
paign laws and institute more scientific physical training
and exercise training [40,41]. In ES-LBP, the HSP70
levels were significantly increased compared with that of
ES. Meanwhile, the attenuation of the NA-induced aor-
tic contraction was observed in ES-LBP rats. Thus,
HSP70 may take part in this attenuation through pro-
tecting the cells from the deleterious effects of ROS and
reducing oxidative stress.
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Conclusion

In conclusion, this study clearly indicates that the con-
tractile response to NA is attenuated by LBPs treatment
in ES-LBP rats. The exhaustive swim time is also pro-
longed by LBPs supplement through activation of the
antioxidant defense system. Meanwhile, LBPs can up-
regulate the expression of eNOS, NO and HSP70. How-
ever, the mechanism of blunted contractile response to
NA in aorta of LBPs-treated rats is not fully investigated
in this study, further research including molecular study
is required to investigate this mechanism.
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