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Abstract

Introduction: It remains unclear whether exposure to repeated positive accel-
eration (+Gz) can exacerbate endothelial dysfunction on the basis of hyper-
lipidemia. The aim of this study was to investigate the effect of repeated +Gz
exposure on endothelial function in high-fat-diet-induced hyperlipidemic rats.
Material and methods: Male Sprague-Dawley rats were randomly divid-
ed into control, repeat +Gz exposure, high-fat diet (HFD), and +Gz + HFD
groups. The rats in the +Gz group were exposed to +Gz and the rats in the
HFD group were fed a diet with 2% cholesterol. The rats in the +Gz + HFD
group received both the +Gz exposure and HFD. Eight weeks later, the endo-
thelium-dependent relaxation of the aorta was tested and the ultrastructure
of the endothelial cells was observed using transmission electron microsco-
py. Quantitative real-time polymerase chain reaction and Western blot were
used to detect the mRNA and protein expression of endothelial function-as-
sociated proteins.

Results: Repeated +Gz exposure elevated the serum level of LDL-C in HFD
rats. In the +Gz + HFD rats, the ACh-induced relaxation in the aorta rings
was significantly attenuated and the endothelial cells of the aorta were dra-
matically damaged compared with HFD rats. Nitric oxide content and eNOS
expression in the aortic tissue were markedly decreased and the oxidative
stress was more serious in the +Gz + HFD rats compared with HFD rats. In
addition, repeated +Gz exposure significantly increased serum ox-LDL level
and LOX-1 expression in the aorta of HFD rats, thereby activating NF-kB p65
and upregulating the expression of interleukin 6, ICAM-1 and VAP-1.
Conclusions: Repeated +Gz exposure promotes endothelial dysfunction in
HFD-induced hyperlipidemic rats.

Key words: positive acceleration, endothelial dysfunction, hyperlipidemia,
high-fat diet.

Introduction

Aircraft pilot is a special occupation which may constantly expose the
person to various abnormal environments including positive acceleration
(+G2) load. During execution of aerial tasks, the +Gz in the head-to-foot

Corresponding authors:
Jianchang Wang

Center of Clinical
Aviation Medicine
General Hospital

of PLA Air Force

No. 30 of Fucheng Road
Beijing 100142, China
Phone: +86 1066928001
E-mail: kzdw66@126.com
Chunya Wang
Emergency & Critical
Care Center

Beijing Anzhen Hospital
Capital Medical University
No. 2 of Anzhen Road
Beijing 100029, China
Phone: +86 1084052201
E-mail: drwangchunya@
163.com,
yanjiu999999@sina.com

AMS




Zhihui Yang, Hua Ge, Chunya Wang, Zhongdong Li, Qingjun Zhang, Jianchang Wang

direction generated by the accelerating aircraft is
characterized by high G values, long in duration,
and repeated occurrence [1]. Repeated +Gz expo-
sure strongly promotes blood flow toward the low-
er body, which tends to reduce cerebral, coronary
and renal blood flow, resulting in severe damage to
multiple organs [2—4]. Although the development
of anti-G equipment improves the +Gz tolerance
of pilots [5], the harmful effects of +Gz exposure
on pilots cannot be eliminated. Therefore, to bet-
ter understand the underlying mechanisms of the
pathological process of the damage induced by re-
peated +Gz exposure would be beneficial to avoid
the related diseases in pilots, thereby prolonging
the service years of pilots.

Besides the typical symptoms of loss of con-
sciousness and visual function, which were report-
ed by numerous studies [6-8], repeated +Gz expo-
sure-induced cardiovascular diseases are also a key
factor that threatens pilots’ health. A previous
study by Martin et al. reported that repeated high
+Gz and the methods to prevent loss of conscious-
ness cause stress on the cardiovascular system [9].
Atherosclerosis (AS) is a common cardiovascular
disease that is characterized by intimal plagues
and can lead to relative diseases throughout the
vascular system such as coronary artery disease,
stroke and peripheral artery disease. Hyperlip-
idemia is the main risk factor for AS [10]. During
flight maneuvers, +Gz load induces stress respons-
es and disorders of the neuroendocrine system,
which may have adverse effects on lipid metabo-
lism. Luo et al. found that +Gz exposure promoted
a metabolic disorder of serum lipid in rabbits fed
with a high-cholesterol diet [11], which indicated
that +Gz may accelerate the progression of AS.

Endothelial cell dysfunction is an important
contributor to the pathology of AS [12, 13]. Endo-
thelial dysfunction is characterized by a reduction
of the bioavailability of vasodilators and increase
of endothelium-derived contracting factors, which
leads to endothelium-dependent vasodilation im-
pairment [14]. Endothelial cell dysfunction can
be induced by numerous factors including oxida-
tive stress, proinflammatory cytokines, disturbed
blood flow, etc. [12]. Aeromedical studies have
found that +Gz exposure increased plasma lev-
els of calcitonin gene related peptide (CGRP) and
endothelin and reduced superoxide dismutase
(SOD) activity and increased malondialdehyde
(MDA) levels in serum [15]. Based on these find-
ings, we hypothesized that +Gz exposure may in-
duce endothelial cell dysfunction and promote the
process of AS. In the present study, high-fat diet
(HFD)-induced AS rats were used to investigate
the effects of repeated +Gz exposure on endothe-
lium-dependent vasodilation of the aorta and the
production of associated bioactive factors.

Material and methods
Animals

A total of 32 male Sprague-Dawley (SD) rats
weighing 180-220 g were obtained from the An-
imal Center of the Academy of Military Medical
Sciences (Beijing, China). All the animals were
housed at 22 +2°C on a 12 h light-dark cycle and
received free water ad libitum in the Centre of
Laboratory Animals of the 304" Clinical Depart-
ment of General Hospital of PLA (Beijing, China) in
accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Experimental design

The animals were randomly divided into four
groups: (1) control group (n = 8) (Con), (2) re-
peat positive acceleration exposure group (n = 8)
(+Gz), (3) high-fat diet group (n = 8) (HFD), and
(4) +Gz + HFD group (n = 8). The rats in the con-
trol and the +Gz group received standard labora-
tory food. The rats in the HFD and the +Gz + HFD
groups received HFD (2% cholesterol) during the
period of the experiment. The centrifuge protocol
was based on the previous studies with modifi-
cations according to our preliminary experiments
[16]. Each rat was put into a box fixed on the arm
of the centrifuge facing towards the axis of the
centrifuge. Rats in the +Gz and +Gz + HFD groups
were exposed to +Gz in an animal centrifuge with
2 m radius. The peak value of gravity was set at
+10 G and the onset rate was set at 1 G/s. The
rotation lasted for 30 s and was repeated 3 times
The interval between 2 rotations was 1 min. Rats
in the Con and HFD groups were not exposed to
the acceleration. The centrifuge was performed
8 weeks with the frequency of 3 times a week.

Aortic ring assay

The rat was anesthetized with 10% chlo-
ral hydrate and the thoracic aorta was isolated.
The aorta was transferred into Krebs’ solution
(118.0 mM NaCl, 4.75 mM KCl, CaCl, - 2 H,0 2.54,
KH,PO, 1.19, MgSO, - 7 H,0 1.19, NaHCO, 25, glu-
cose 10.0, pH 7.4) and the surrounding tissue and
fat was gently removed. The aorta was cut into
5-mm long pieces and hung between 2 |-shaped
stainless steel sticks. One stick was fixed at the
bottom of the organ bath and the other connect-
ed to a force transducer. The organ bath was filled
with 10 ml of Krebs’ solution and with a continu-
ing supply of carbogen (95% O, and 5% CO,) at
37°C. The aortic ring was then allowed to equili-
brate in the bath at 1.5 g for 1 h. The Krebs’ solu-
tion was refreshed every 30 min and the tension
was readjusted to 1.5 gif necessary. In the first set
of experiments, the aortic ring was pre-contract-
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ed with norepinephrine (NE, terminal concentra-
tion: 1077 M). When the plateau was achieved, the
aortic ring was relaxed by cumulative addition of
acetylcholine (ACh, terminal concentrations: 107,
1078, 107, 107, and 10~ M). In the second set of
experiments, the aortic ring was washed using
Krebs’ solution 3 times, the tension readjusted to
1.5 g, then it was allowed to equilibrate for 1 h.
After pre-contraction with NE, the aortic ring was
relaxed by cumulative addition of sodium nitro-
prusside (SNP terminal concentrations: 107, 107,
107, 10, and 10~ M). The changes of tension
were recorded by the signaling collecting system
(ZH, Zhenghua Bioinstrumentation Co., Ltd, Anhui,
China) and concentration-response curves were
constructed.

Measurement of serum lipid

The whole blood was collected from the ab-
dominal aorta and centrifuged at 1,000 g for
10 min at 4°C. Total cholesterol (TC) and triglycer-
ide (TG), high-density lipoprotein cholesterol
(HDL-C) and low-density lipoprotein cholesterol
(LDL-C) in the serum were measured using an
automatic analyzer (Hitachi model 7600 Hitachi
High-Technologies Corporation, Ibaraki, Japan).

Transmission electron microscopy

Ultrastructural alterations of the thoracic aorta
of the rats were detected by transmission elec-
tron microscopy (TEM). Samples for TEM exam-
ination were cut into pieces less than 1 mm? and
immersed in 3% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for 3 h for primary fix-
ation. After being rinsed using sucrose buffer, the
samples were postfixed in 1% 0s0O,, dehydrated
in ethanol and embedded in Epon 812. Ultrathin
sections cut from blocks after staining with ura-
nyl acetate and lead citrate in darkness were ex-
amined with a H-7650 transmission electron mi-
croscope (Hitachi — Science & Technology, Tokyo,
Japan).

Measurements of oxidative stress and NO
content in the aorta

Samples of aortic tissue were homogenized in
cooled PBS on ice and centrifuged at 12,000 rpm
for 10 min at 4°C. The supernatant was collected
and the concentration of protein was determined
using a BCA protein assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The to-
tal antioxidation (T-AOC) and the content of MDA
and nitric oxide (NO) in the aorta were determined
using indicated commercial biochemical assay
kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) following the manufacturer’s in-
structions.

ELISA

Samples of aortic tissue were prepared as
above. The supernatant was used for ELISA and
the results were standardized by protein concen-
tration. The whole blood was collected and centri-
fuged at 3,500 rpm for 15 min and the serum was
collected and used for ELISA. The serum levels of
oxidized low-density lipoprotein (oxLDL) and sol-
uble intercellular adhesion molecule 1 (sICAM-1)
and interleukin (IL)-6 levels in the aorta of the
rats were examined using commercial ELISA kits
purchased from Nanjing Jiancheng Bioengineering
Institute. The examinations were performed ac-
cording to the manufacturer’s protocols.

RNA isolation and real-time PCR

The aortic tissue was homogenized in liquid
nitrogen and the total mRNA was isolated using
the TaKaRa MiniBEST Universal RNA Extraction Kit
(TaKaRa Biotechnology CO., LTD. Dalian, China).
Complementary DNA was synthesized from 3 pl
of total RNA, 0.5 pl of oligonucleotide primer
(50 uM), 1 pl of super Moloney murine leukemia
virus reverse transcriptase (M-MLV) (200 U/pl),
5 x M-MLV buffer, 1.25 pl of dNTP mixture, and
0.625 pl of RNase inhibitor (40 U/ul) (TaKaRa) in
a 25-pl reaction system. Quantitative real-time
polymerase chain reaction (PCR) was performed
using 2 ul of cDNA, 1 pl of forward and reverse
primers (10 uM each), 25 pl 2 x SYBR mix (with
4 mM Mg?) and 0.3 ul of Tag DNA polymerase in
a 50-pl reaction system on a fluorescent quantita-
tive PCR detection system (LineGene 9600, Hang-
zhou Bioer Technology Co., Ltd., Hangzhou, China).
The sequences of primers are presented in Table I.

Western blotting analysis

The whole protein in aorta was extracted from
a total of 20 mg of aortic tissue in each sample us-
ing 200 ul of lysis buffer (Beyotime) on ice. The ho-
mogenate was centrifuged at 12,000 g for 10 min
at 4°C and the supernatant was collected. The
concentration of protein was determined using
the BCA kit (Beyotime). A total of 50 ug of proteins
in each sample were then separated on 10% SDS
gels and transferred onto polyvinylidene fluoride
membranes (Millipore, Billerica, MA, USA). After
a blocking stage using 5% non-fat milk for 1 h
at room temperature, the membranes were incu-
bated with anti-NOX4 (1 : 500, Santa Cruz), eNOS
(1 : 500, Santa Cruz), LOX-1 (1 : 1000, Abcam,
Cambridge, UK), vascular adhesion protein-1
(VAP-1) (1: 500, Santa Cruz), p-65 (1 : 1000, Santa
Cruz), p-p65 (1: 1000, Santa Cruz) and anti-B-actin
(1:1000, Santa Cruz) antibodies at 4°C overnight.
The membranes were then washed in PBS 3 times
and incubated with HRP conjugated secondary
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Table I. Primers in real-time PCR

Primer

Forward

Reverse

NADPH oxidase type 4 (NOX4)

5’-TGTTGGGCCTAGGATTGTGT-3’

5’-CTTCTGTGATCCGCGAAGGT-3’

Endothelial nitric oxide synthase (eNOS)

5’-CTGCCAACGTGGAGATCACT-3’

5’-GTGAAGAGTTCTGGGGGCTC-3’

oXLDL receptor-1 (LOX-1)

5’-GCCACGGGCTATATCACCTC-3’

5’-ACATCTGCCCCTCCAGGTAT-3’

ICAM-1

5’-GCCTGGGGTTGGAGACTAAC-3’

5’-CTGTCTTCCCCAATGTCGCT-3’

B-actin

5’-CTCTGTGTGGATTGGTGGCT-3’

5’-CGCAGCTCAGTAACAGTCCG-3’

antibodies (1 : 10000, Beyotime) at room tem-
perature for 1 h and scanned using the Alphalm-
ager HP fluorescent and visible light gel imaging
system (ProteinSimple, San Jose, CA, USA). The
grey value was analyzed using IPP6 software.

Statistical analysis

All the data are presented as mean * standard
deviation (SD). The significance between groups
was analyzed using two-way analysis of variance
(ANOVA) followed by the least significant difference
(LSD) post hoc test using the SAS 9.2 software. P <
0.05 was considered to be statistically significant.

Results

Effect of repeated positive acceleration
exposure on body weights and lipid
metabolism

All the rats survived after 8 weeks. The lipid
metabolism in the serum was tested following
8 weeks of HFD treatment and +G exposure. As
shown in Table Il, in the HFD group, serum TC and
LDL-C levels were markedly increased compared
with the control group, but no change was ob-
served in serum triglyceride (TG) and HDL-C lev-
els. Repeated +Gz exposure alone did not affect
lipid metabolism in the serum, but significantly
increased the serum LDL-C level in HFD rats.

Repeated +Gz exposure and HFD impaired
endothelium-dependent relaxation

Effects of +Gz and HFD on endothelium-depen-
dent relaxation were evaluated on rats’ thoracic

aorta. The isolated aorta rings were pre-contract-
ed with 10”7 M NE and then relaxed with cumula-
tive addition of ACh (10 to 10~° M), an endothe-
lium-dependent vasodilator agent. +Gz exposure
did not apparently affect the relaxation induced
by ACh. However, HFD feeding for 8 weeks signifi-
cantly attenuated the relaxation response to ACh.
The maximal relaxation response decreased from
82.1 +4.0% to 66.5 +4.3% (p < 0.01). In addition,
this impairment induced by HFD was exacerbat-
ed by repeated +Gz exposure. The maximal relax-
ation of aorta rings from repeated +Gz exposed
HFD rats was 58.2 +4.2%, significantly lower than
that in the HFD rats (p < 0.05) (Figure 1 A). HFD,
+Gz exposure, or the combination of the two fac-
tors did not change the relaxation response of the
aorta rings to SNPR an endothelium-independent
vasodilator agent (Figure 1 B).

Repeated +Gz exposure and HFD induced
ultrastructure changes of endothelial cells

Under TEM examination, in the control group,
the endothelial cells were well organized, the
basement membrane was integrated, and the
structure of mitochondria was clearly observed
(Figure 2 A). However, the endothelial cells in the
repeated +Gz exposed rats were disorganized and
endothelial denudation was observed. Some swol-
len mitochondria were found as well (Figure 2 B).
For the HFD group, shed endothelial cells and vac-
uolar degeneration were found. The mitochondria
were swollen and the mitochondria structure was
not obvious (Figure 2 C). In the repeated +Gz plus
HFD group, shed endothelial cells were increased,
the basement membranes were damaged, the mi-

Table Il. Effects of +Gz exposure on serum lipid in HFD rats

Parameter Control (n = 8) +Gz (n = 8) HFD (n = 8) +Gz + HFD (n = 8)
TC [mM] 1.80 +0.15 1.84 +0.41 4.66 +1.54** 4.79 £0.51

TG [mM] 0.90 £0.11 0.86 +0.18 0.87 +0.17 0.85 +0.11
HDL-C [mM] 1.32 £+0.13 1.30 £0.35 1.20 £0.38 1.10 £0.25
LDL-C [mM] 0.30 +0.02 0.30 +0.06 0.55 +0.16** 0.75 +0.12%

Data are expressed as mean + SD. **P < 0.01 compared with control group, *p < 0.01 compared with HFD group. +Gz — positive acceleration,
HFD — high-fat diet, TC — total cholesterol, TG — triglyceride, HDL-C — high-density lipoprotein cholesterol, LDL-C — low-density lipoprotein

cholesterol.

940

Arch Med Sci 4, June / 2017



Repeated positive acceleration exposure exacerbates endothelial dysfunction in high-fat-diet-induced hyperlipidemic rats

100 150
80
8 . *F 1004
S 60 - *% 8
® # ©
X x
K =
g 2
Q [
2 40 2
& * % ®
-_— -_ 50 -
& * % &
20
0 T T T T T 0- T T T T
9 8 7 6 5 9 8 7 6 5
ACh (-log M) SNP (-log M)
-@- Con - 4Gz —A— HFD  —%— +Gz + HFD -@- Con - 1+GZ  —A& HFD —¥— +Gz + HFD

Figure 1. Effects of +Gz exposure and HFD on the aorta responsiveness to ACh and SNP. A — HFD attenuated
ACh-induced vasodilation and +Gz further decreased the maximal relaxation. B — Neither +Gz nor HFD affected

SNP-induced vasodilation

Data are expressed as mean + SD. N = 8. **P < 0.01 compared with Con group, *p < 0.05 compared with HFD group.

Figure 2. Effects of +Gz exposure and HFD on ultrastructure of endothelial cells in rat thoracic aorta. A — Con-

trol group: normal structure of endothelial cells. B — Repeated +Gz exposure group: endothelial denudation and
swelling of mitochondria were seen. C — HFD group: shedding of endothelial cells and vacuolar degeneration were
found. D — Repeated +Gz exposure plus HFD group: increased shedding of endothelial cells, swelling of mitochon-
dria and damaged basement membranes were seen. The scale bar in the left panel in D represents 2 pm and the
right one represents 100 nm. Ultrastructural changes are indicated by arrows

tochondria was swollen and the crests were dis-
solved, and cell debris accumulated (Figure 2 D).

Effect of repeated +Gz exposure and HFD
on NO production

The HFD or +Gz exposure alone decreased NO
level in the thoracic aorta but it was not signifi-
cant (p > 0.05, Figure 3 A). However, HFD rats that
were repeatedly exposed to +Gz showed a signifi-
cantly reduced NO level in the thoracic aorta. In

addition, mRNA and protein expression of eNOS
were detected as well. The expression of eNOS
was dramatically diminished in the +Gz + HFD
group, which was significantly lower than that in
the +Gz and HFD groups (Figures 3 B, C).

Effect of repeated +Gz exposure and HFD
on oxidative stress

Markedly reduced T-AOC was observed in +Gz
and HFD groups compared with the control group
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Data are expressed as mean + SD. N = 8. **P < 0.01 compared with Con group, *p < 0.05 compared with HFD group, **p < 0.01
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Figure 4. Effects of +Gz exposure and HFD on T-AOC (A), MDA content (B), and mRNA (C) and protein (D) expression
of NOX4 in rat thoracic aorta

Data are expressed as mean + SD. N = 8. **P < 0.01 compared with Con group, *p < 0.05 compared with Con group, *p < 0.05
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(Figure 4 A). In the +Gz + HFD group, the value of
T-AOC was much lower than that in +Gz and HFD
groups. Meanwhile, the level of MDA, a marker of
oxidative stress, was significantly increased in +Gz
and HFD groups compared with the control group
(Figure 4 B), and was further increased in the +Gz
plus HFD group. These findings indicate that +Gz
can induce oxidative stress in the aorta and can
exacerbate it in HFD rats. NADPH oxidase is the
primary source of reactive oxygen species (ROS) in
the vasculature [20]. NOX4 is one of the important
catalytic subunits of NADPH oxidase. The results
of quantitative real-time PCR and Western blot-
ting analysis showed that repeated +Gz exposure
and HFD induced upregulation of NOX4 in the aor-
ta, and the highest levels of NOX4 mRNA and pro-
tein expression were seen in the +Gz+HFD group
(Figures 4 C, D).

Effect of repeated +Gz exposure and HFD
on ox-LDL/LOX-1 expression

As illustrated in Figures 5 A and B, repeated
+Gz exposure or HFD caused increases of various
magnitude in the serum level of ox-LDL and mRNA
and protein expression of LOX-1 in the thoracic
aorta, whereas repeated +Gz exposure plus HFD
induced the highest levels of these indexes. ox-
LDL and LOX-1 lead to endothelial dysfunction
through various pathways. In the present study,
we also found that repeated +Gz exposure and
HFD induced NF-xB p65 activation (Figure 5 C). In
the +Gz+HFD group, the strongest expression of
p-p65 was found.

The IL-6 content in the aorta, mRNA expres-
sion of ICAM-1, serum sICAM-1 level and protein
expression of VAP-1 were markedly increased in
repeated +Gz exposure and HFD groups, and in
line with the results of ox-LDL and LOX-1 expres-
sion, repeated +Gz exposure plus HFD induced the
highest levels of these indexes (Figures 5 D—F).

Discussion

Although the dramatic effects of +Gz exposure
on the cardiovascular system have been described
in clinical and experimental studies [17-19], the
mechanisms that convert +Gz stress into physiolog-
ical dysfunction and changes of molecular expres-
sion and functions are much less well known. In the
present study, we investigated the effects of +Gz
exposure on endothelial function in normal rats and
HFD rats. The results demonstrated that HFD in-
duced endothelial dysfunction, representing by the
attenuation of endothelium-dependent relaxation
in the rat thoracic aorta, and +Gz exposure exacer-
bated the endothelial dysfunction induced by HFD.

Rats, rabbits, and swine have been used in
studies of the effects of +Gz exposure on the car-

diovascular system [11, 19, 20]. Rats are suscep-
tive to HFD and the experiments are easy to per-
form. Therefore, based on the previous report and
the experience in our lab, HFD rats were used to
evaluate the effect of +Gz exposure on endothelial
function in the present study. After 8 weeks HFD
feeding and repeated +Gz exposure, serum TC and
LDL-C significantly increased in the HFD group,
and the serum LDL-C level was further increased
when HFD was combined with +Gz exposure.
The fact that not all the serum lipid indexes were
changed in HFD rats may be due to the relatively
short HFD feeding period. In order to observe the
typical symptoms of AS, most of the studies may
extend the HFD feeding period to 16-36 weeks.
In our study, we aimed to observe the effect of
+Gz on the development of AS in HFD rats. There-
fore, we selected the early stage of AS. At this time
point, we found that +Gz had not affected serum
lipid in normal rats, but had increased the LDL-C
level in HFD rats. These findings conflict with
Luo’s study in rabbits [11], in which the effect of
+Gz exposure on lipid was found as early as the
4t week. We considered that this may be due to
the differences in the species, experimental meth-
ods and the content of cholesterol in the diet. Al-
though we observed only the early stage of AS, the
findings indicated that +Gz may be involved in the
development of AS in HFD rats.

Nitric oxide is a crucial endothelium-derived
molecule that regulates vascular relaxation. The
reduction in metabolism and biological activity
of NO is a key event of endothelial dysfunction,
which contributes to atherosclerosis [21]. In the
vascular system, the production of NO is mediat-
ed by eNOS. In the present study, we found that
the NO level was decreased in the aorta, as well
as the mRNA and protein expression of eNOS. In
addition, the effects of +Gz exposure plus HFD
were more obvious than those in the treatment
of any factor alone. These results suggest that the
abnormal NO production contributes to the endo-
thelial dysfunction induced by +Gz exposure plus
HFD, and repeated +Gz exposure exacerbates the
impairment of NO production in HFD rats.

Excessive oxidative stress is an essential patho-
genetic feature of atherosclerosis. It is involved in
the initiation and progression of the disease and
even in the development of complications [22].
Oxidative stress also causes endothelial dysfunc-
tion [23]. In vascular tissues, excess superoxide
reacts with NO causing reduction of NO bioactiv-
ity and reduces eNOS expression and activity in
endothelial cells [24]. We found decreased T-AOC
and an increased level of MDA, a biomarker of lipid
peroxidation, in the aorta of +Gz and HFD exposed
rats, which indicated the imbalance of the antiox-
idant and oxidant in the vascular tissues. NOX4
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Figure 5. Effects of +Gz exposure and HFD on ox-LDL/LOX-1 expression and inflammatory responses in rat thoracic
aorta. A — Serum ox-LDL level. B — mRNA and protein expression of LOX-1 in the aorta. C — Expression levels of
NF-kB p-65 and p-p65 in the aorta. D — IL-6 content in the aorta. E — ICAM-1 mRNA expression in the aorta and
serum sICAM-1 level. F — VAP protein expression in the aorta

Data are expressed as mean + SD. N = 8. *P < 0.05 compared with Con group, **p < 0.01 compared with Con group, *p < 0.05
compared with HFD group, *p < 0.01 compared with HFD group, ''p < 0.01 compared with +Gz group.
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is @ major isoform of NADPH oxidase expressed
in endothelial cells and therefore the main source
of ROS in the vasculature [25]. Both the +Gz ex-
posure and HFD caused increased expression of
NOX4 in the aorta, whereas the combination of
the two factors induced the highest level of NOX4.
This result is consistent with the results of T-AOC
and MDA content, and indicates that +Gz expo-
sure may exacerbate the oxidative stress induced
by HFD. The decreased NO level and eNOS expres-
sion may, at least partly, result from the oxidative
stress in the vasculature.

The oxidative modification of LDL is a crucial
factor that promotes the development of athero-
sclerosis [26]. LOX-1 is the main oxLDL receptor in
endothelial cells. LOX-1 is undetectable under nor-
mal conditions. It is upregulated when exposed to
proatherogenic stimuli such as oxLDL[27]. Ox-LDL/
LOX-1 is associated with various pathological pro-
cesses in the development of AS including oxida-
tive stress and inflammatory responses. NADPH
oxidase has been demonstrated to be involved in
oxidation of LDL [28-30], and the expression of
LOX-1 can also be induced by proinflammatory cy-
tokines [31]. In the process of AS, ox-LDL/LOX-1 is
the primary factor that mediates endothelial dys-
function [32]. ox-LDL/LOX-1 mediates upregulat-
ing endothelial adhesion molecules, activating the
NF-kB signaling pathway and inducing expression
of inflammatory cytokines [33]. In our findings,
serum ox-LDL level and the expression of LOX-1
in the aorta were increased in +Gz exposed HFD
rats compared with those in the HFD rats. The
increased ox-LDL may be, at least partly, due to
the elevated serum LDL level, because it is derived
from circulating LDL. The underlying mechanism
for LDL elevation is unclear and is under investi-
gation presently. In addition, the phosphorylated
level of NF-kB p65 was higher in the +Gz+HFD
group than in the HFD rats, and the downstream
inflammatory cytokines and vasoactive factors
were also upregulated. These findings indicate
that repeated +Gz exposure induces AS through
enhancing ox-LDL production and LOX-1 expres-
sion, and these changes may accelerate the devel-
opment of HFD-induced endothelial dysfunction,
which can help to determine the mechanisms of
metabolic changes.

In conclusion, repeated +Gz exposure alone
can induce endothelial dysfunction in rats, and
exposure of the HFD rats to repeated +Gz exac-
erbates the dysfunction. The underlying mecha-
nisms include impaired NO production, oxidative
stress, abnormal ox-LDL/LOX-1 expression and
its downstream molecules. Our observations in-
dicate that repeated +Gz exposure may increase
the risk of AS and also may promote the develop-
ment of AS.
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