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Effect of Vitamin E Supplementation on Intestinal Barrier Function
in Rats Exposed to High Altitude Hypoxia Environment
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"The Key Laboratory for Space Bioscience and Biotechnology, School of Life Sciences, Northwestern Polytechnical University, “Affiliated
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The study was conducted to investigate the role of vitamin E in the high altitude hypoxia-induced
damage to the intestinal barrier in rats. Sprague-Dawley rats were divided into control (Control), high
altitude hypoxia (HH), and high altitude hypoxia+ vitamin E (250 mg/kg BW*d) (HV) groups. After
the third day, the HH and HV groups were placed in a hypobaric chamber at a stimulated elevation
of 7000 m for 5 days. The rats in the HV group were given vitamin E by gavage daily for 8 days.
The other rats were given equal volume saline. The results showed that high altitude hypoxia caused
the enlargement of heart, liver, lung and kidney, and intestinal villi damage. Supplementation with
vitamin E significantly alleviated hypoxia-caused damage to the main organs including intestine,
increased the serum superoxide dismutase (SOD) (p<0.05), diamino oxidase (DAO) (p<0.01) levels,
and decreased the serum levels of interleukin-2 (IL-2) (p<0.01), interleukin-4 (IL-4) (p<0.001),
interferon-gamma (IFN-7) (p<0.01) and malondialdehyde (MDA) (p<0.001), and decreased the serum
erythropoietin (EPO) activity (p< 0.05). Administration of vitamin E significantly increased the S-IgA
(p<0.001) in ileum and significantly improved the expression levels of occludin and IxBea, and
decreased the expression levels of hypoxia-inducible factor 1 alpha and 2 alpha (HIF-1a and HIF-2a),
Toll-like receptors (TLR4), P-I1 « Ba and nuclear factor-« B p65(NF-« B P65) in ileum compared to the
HH group. This study suggested that vitamin E protectis from intestinal injury caused by high altitude
hypoxia environment. These effects may be related to the HIF and TLR4/NF-« B signaling pathway.
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INTRODUCTION

High altitude hypoxia is a challenge for people residing
in or visiting high altitudes. The exposure to high altitude
hypoxia causes severe damage to different organs, espe-
cially the intestinal tract. There is increasing experimental
evidence suggesting that hypoxia induced inflammation in
the gastrointestinal tract [1-3]. Hypoxia may induce severe
primary intestinal barrier dysfunction, promote bacterial
and endotoxic translocation, and cause systemic in-
flammatory response; it is the major factor causing high-al-
titude multiple organ dysfunction syndromes [4]. The intes-
tine is not only an important organ of digestion and nu-
trient absorption, but also has immunomodulatory, endo-
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crine, and mucosal barrier functions. Intestinal mucosal
barrier function is an important part of the barrier system
of the body. The different structures, molecular mecha-
nisms, and biological functions of each barrier allow them
to collectively defense against the invasion of foreign anti-
gens through combined signaling pathways [5]. Although
high altitude hypoxia is the most common pattern, studies
on effect of it on intestine are limited.

Vitamin E, a lipophilic vitamin, is an essential and com-
plex nutrient for all species of animals. Vitamin E has
many biological functions, the antioxidant function being
the most important. As an antioxidant, vitamin E acts as
a peroxyl radical scavenger, preventing the propagation of
free radicals in tissue. Besides, it protects critical cellular
structures against damage from oxygen free radicals and
reactive products of lipid peroxidation [6,7]. In many spe-
cies, T- and B-cell functions are impaired by vitamin E defi-
ciency [8]. Vitamin E is absorbed from the gastrointestinal
tract and enters the circulation via the lymph. Vitamin E
deficiency may be associated with a discrete syndrome espe-
cially in intestinal fat malabsorption [9]. The exogenous

ABBREVIATIONS: SOD, superoxide dismutase; DAO, diamino oxi-
dase; EPO, erythropoietin; IL, interleukin; IFN- 7, interferon-gam-
ma; MDA, malondialdehyde; secretory IgA, S-IgA; HIF, hypoxia-
inducible factor; TLRs, Toll-like receptors; NF- «# B, nuclear factor- «
B; 1« B, inhibitor of nuclear factor- x B; TBA, thiobarbutiric acid;
ROS, reactive oxygen species.



314 C Xu, et al

provision of water and lipid-soluble antioxidant vitamins
at the prescribed doses is an apparently safe and poten-
tially effective intervention that can attenuate acute moun-
tain sickness (AMS) and improve the physiological profile
of mountaineers at high altitude [10]. Vitamin E supple-
mentation results in preventing oxidative damage caused
by high altitude stress [11]. There is growing evidence that
free radicals mediated oxidative injury due to oxygen avail-
ability is an important factor in various pathologies at high
altitude. Vitamin E is known to protect the cells from oxida-
tive damage due to its potent antioxidant properties.
Vitamin E recoveres the viability of vascular smooth mucle
cells of rat aorta from gamma-radiaton injury [12].
However, the molecular mechanism of the protection effect
of vitamin E on intestine mucosal barrier under high alti-
tude hypoxia environment is still unclear.

The present study was conducted to investigate the role
of vitamin E in the preservation of epithelial barrier func-
tion in the gastrointestinal tract of rat exposed high alti-
tude hypoxia environment. We determined whether the
small intestine was subjected oxidative damage during hy-
poxia accompanying changes in antioxidant status, eval-
uated changes in the expression of occludin,HIF-1 ¢ and
HIF-2 @ in the ileum, and detected the serum related in-
flammatory mediators and erythropoietin (EPO) level. In
addition, we investigated the role of TLR4/NF- « B signal
pathway in the protective effect of vitamin E on intestinal
barrier function damage induced by high altitude hypoxia.

METHODS
Instruments and reagents

The main instruments used in this study were hypobaric
chamber (Guizhou Fenglei Aviation Ordnance Co., Ltd,
China); fluorescence microscope (Nikon, Japan); ultraviolet
spectrophotometer (HITACHI, Japan). The main regents
used in this study were Vitamin E (Zhenjiang Medicine,
China), MDA kit (Nanjing Jiancheng, China), SOD kit
(Nanjing dJiancheng, China), Total protein kit (Nanjing
Jiancheng, China), 4% formaldehyde (Beijing Dingguo
Changsheng Biotechnology Co., Ltd.). Rat IL-2, IL-4, TNF-
a, INF-7, S-IgA, EPO and DAO ELISA kits (R&D systems,
USA); TLR4 and NF- £B p65 rabbit polyclonal antibody, oc-
cludin rabbit polyclonal antibody, and /A-actin mouse poly-
clonal antibody (Santa Cruz, USA); HIF-1a rabbit poly-
clonal antibody (EPI); HIF-2 @ rabbit polyclonal antibody
(Abcam, USA); I « Ba rabbit polyclonal antibody (Abcam,
USA) and P-I « Ba rabbit polyclonal antibody (CST, USA).

Experimental animals

This experiment was approved by the Institutional
Animal Care and Use Committee of the Northwestern
Polytechnical University (permit Number: 20130425) and
was conducted in accordance with the National Institutes
of Health guidelines for the care and use of experimental
animals. Thirty adult male Sprague-Dawley rats (200+£20
g) were purchased from the Experimental Animal Center
of Xi’an Jiaotong University.

Experimental design

Adult male Sprague-Dawley (SD) rats were divided into

control (Control), high altitude hypoxia (HH), and high alti-
tude hypoxia+vitamin E group (HV). The experiment peri-
od was divided into two stages: on the first 3 days, all rats
were placed in normal environment; then except for Control
group, the other two groups were transferred into a hypo-
baric chamber at a simulated elevation of 7000 m for 5
days. During the 8 days, rats in group HG were given vita-
min E (250 mg/kg B.W. d) by gavage daily. The rats in the
control and HH groups received intragastric administration
of an equal volume of saline. The chamber altitude was re-
turned to sea level daily for 30 min to clean the cages and
replenish the animal’s food and water and give drugs.
Besides, all the groups were free to food and water. All of
the experimental animals had free access to food and water
and were weighed daily.

Animal observation and sample collection

During the experiment, the food-intake, weight-gain, and
their mental state, spontaneous activity were observed and
recorded every day. Five days after exposure to high alti-
tude hypoxia, the rats were anesthetized with ether and
the abdomen was opened to collect 5 ml blood from abdomi-
nal aorta. The blood was centrifuged at 1,000 g for 10 min
at 4°C, and the serum was separated and stored in
Eppendorf tubes. The general condition of the rats and
overall changes in the abdominal cavity were observed.
Additionally, the heart, liver, spleen, lungs and kidney were
removed from the rats and weighed. Approximately 5 cm
of ileum were collected into RNAase-free tubes. All of the
samples were frozen by immersion in liquid nitrogen and
stored at —80°C until needed for analysis.

Body, heart, liver, lung, kidney and spleen weight

The rats were sacrificed after completing the high alti-
tude hypoxia. The body and organ weights of the heart, liv-
er, lung, kidney and spleen were determined for each
animal. The organ index was calculated as percentage of
body weight.

Light microscopy for observation of intestinal mor-
phology

Approximately 2 cm of duodenum, jejunum and ileum
were obtained and cut open longitudinally and trans-
versely. Then each collected intestinal segment was washed
with normal saline immediately, fixed in 4% formaldehyde
at 4°C for 24 h, rinsed with phosphate buffered solution
(PBS) and embedded in paraffin. The tissues were consec-
utively cut into 4- #m thick sections that were stained by
hematoxylin and eosin (H&E). The intestinal morphology
was observed using fluorescence microscope and the length
and area of the intestinal villi were measured and calcu-
lated according to the following equation: Area=2 r7rh,
where r represents the radius of the villus and h is the
villus height.

Measurement of serum total SOD activity and MDA
concentration

100 serum was used to detect the total SOD activity and
MDA concentration. The SOD activity was measured using
the hydroxylamine method. The serum MDA was measured
with the thiobarbutiric acid (TBA) colorimetric method. The
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kits were used according to the manufacturer’s instruc-
tions. The absorbance was measured at 550 nm and 532
nm respectively using an ultraviolet spectrophotometer.
The activity of SOD was expressed as units per ml. The
MDA content was calculated using the following formula:
(nmol/ml)=[A (sample)-A (sample blank)]/[A (standard)-A
(standard blank)], where A represents the absorbance
value.

Detection of serum levels of IL-2, IL-4, EPO, IFN- y,
and DAO, and intestinal S-IgA levels

The levels of IL-2, IL-4, IFN-y, EPO and DAO in the
serum, and the S-IgA level in the intestine were detected
using commercially available enzyme-linked immunosor-
bent assay (ELISA) kits according to the manufacture’s rec-
ommended protocol. A Synergy HT Multi-Detection Micro-
plate Reader (Bio-Tek) was used to read the optical density
at 450 nm. The concentrations of IL-2, IL-4, IFN-y , EPO,
S-IgA and DAO in the samples were determined using a
standard curve.

Real-time RT-PCR for detection of occludin mRNA
levels in ileum

Total RNA was extracted from the ileum with TRIzol re-
agent (Invitrogen, Carlsbad, CA, USA). The concentrations
and purity of the RNA samples were assessed by ultraviolet
spectrophotometer at 260 nm and 280 nm. The cDNAs were
synthesized using a First-Strand ¢cDNA Synthesis kit (Pro-
mega, Madison, WI, USA) according to the manufacturer’s
protocol. Real-time PCR was carried out using the
Chromo4™ Real-time PCR System (Bio-Rad, USA) and
SYBR® Premix Ex Taq™ kit (TAKARA). Each real-time
PCR assay contained 2 1 ¢cDNA template, 12.5 1 SRBR
Premix Ex Taq, and 0.25 1 of each forward and reverse
primer (10 #M) in a 25 1 reaction. The primers used in
this study were as follows: occludin-F: 5'-GAGGCTTCA-
GAACGAGGCTATTT-3', occludin-R: 5'-CATGTCGGAGAG-
TAGAGGTTCGA-3"; B -actin-F: 5-GGAGATTACTGCCCT-
GGCTCCTA-3', B-actin-R: 5'-GACTCATCGTACTCCTGC-
TTGCTG-3'. All runs were performed according to the PCR
protocol (95°C for 30 min, and 45 cycles of 95°C for 5 s and
60°C for 20 s). For each sample, real-time PCR was per-
formed in triplicate, and the average threshold cycle (Ct)
was calculated. A standard curve was generated to convert
the Ct into copy number. Expression of occluding mRNA
was normalized to actin mRNA expression. The average
copy number of occludin mRNA was set to 1.0 in the control
samples. The relative expression of occluding mRNA in the
treated samples was determined as a fold increase com-
pared with control samples.

Western blotting for detection of occludin, HIF-1 «,
HIF-2 2, TLR4, I#Be, p-I#*Ba and NF-+B pé65
expression

Ileum mucosal tissues (100 mg) were homogenized in 1
ml lysis buffer (Sangon Biotech, China). The total protein
was extracted with a Protein Extract Kit (Beyotime, China)
according to the manufacturer’s instructions. The protein
concentration was measured via a bicinchoninc acid assay
using a BioRad protein microassay (BioRad, Hercules, CA,
USA). An aliquot containing 30 #g of protein was diluted
in loading buffer (loading buffer : sample=5 : 1, vole/vol)

and heated to 98°C for 10 min. The protein sample was
separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The protein was trans-
ferred onto a 0.45 1 m-pore polyvinylidene difluoride mem-
brane (PVDF, Immuno-Blot, BioRad) at 100 V for 1 h. The
membranes were blocked at room temperature for 2 h with
5% fat-free milk in PBS-T (PBS with 0.1% Tween-20). TLR4
(1 : 1000), NF-« B p65 (1 : 500), I« Ba (1 :1000), p-1« Ba
(1 :1000), HIF-1e (1 : 1000), HIF-2@ (1 : 1000), occludin
(1 :500) and B-actin (1 : 1000) primary antibodies were
added, incubated at 4°C overnight. After washing with
PBS-T (0.1% BSA), the membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary an-
ti-rabbit antibody (diluted 1 : 10,000; Boster Co., Wuhan,
China) for 2 h at room temperature. After additional wash-
ing, bound conjugates were detected with ECL Super-
Signal™ West Pico substrate (Piece, Rockford, IL, USA).
The proteins were visualized by exposing the blot to an
X-ray film and were photographed with a digital camera.
The net intensities of individual bands were measured us-
ing Quantity One (version 4.6.2). The relative expression
levels of the proteins were expressed as the gray value of
the target band over the gray value of £ -actin in the same
sample.

Statistical analysis

All data are shown as the means+S.E.M. The data were
analyzed by a one-way analysis of variance (ANOVA) and
by using Student’s ¢-test (version 9.1, SAS, NC, USA).
Differences were considered to be statistically significant
at p<0.05.

RESULTS
General conditions including body and main organs

There were no animal deaths during the experiment. The
rats in the control group were active, energetic and had
no pathological reaction in the abdominal cavity that was
visible to the naked eye. The rats in the HH and HV groups
were less active and were notably more tired. Prominent
swelling was observed in their intestinal canals, and the
intestinal mucosa was congested. While in the hypobaric
chamber, the food intake was significantly lower in the HH
and HV groups than in the control group. Thus, reduced
body weight was observed in all rats in the groups exposed
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Fig. 1. Effects of vitamin E and hypoxia on body weight in rats.
Control, Control group; HH, High altitude hypoxia group; HV, High
altitude hypoxia plus vitamin E group.
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Table 1. Effects of vitamin E and high altitude hypoxia on visceral index of rats (mg/g)

Groups Heart Liver Kidney Lung Spleen
Control 3.870+0.010 29.140+0.196 6.983+0.360 5.665+0.217 2.963+0.223
HH 4.780+0.023% 34.290+0.751% 8.200+0.307" 9.257+0.281" 2.183+0.185"
HV 4.510+0.310 31.460+0.619* 7.860+0.660 6.125+0.316%* 2.893+0.230*

#5<0.05, #p<0.01, ™p<0.001 vs Control; *p<0.05, **p<0.01 vs HH. Values are expressed as mean+S.E.M. (n=10). Control, Control
group; HH, High altitude hypoxia group; HV, High altitude hypoxia plus vitamin E group.

Table 2. Effect of vitamin E and high altitude hypoxia on intestinal villi and mucosa

Groups Height of villi (#m) Thickness of mucosa (x«m) Villous area (zm?
Control 685.756+14.397 278.813+5.375 802.790+52.350

HH 358.271+18.290" 198.695+3.439™ 332.187+35.461%
HV 540.000£26.300** 227.200+6.740* 578.100+53.410%*

###p<0.001 vs Control; *p<0.05, **p<0.01, vs HH. Values are expressed as mean+S.E.M. (n=10). Control, Control group; HH, High
altitude hypoxia group; HV, High altitude hypoxia plus vitamin E group.

Control

duodenum

Fig. 2. Effect of vitamin E on intestinal morphology in rats from different groups. Control, Control group; HH, High altitude hypoxia

group; HV, High altitude hypoxia plus vitamin E group (H&E, x200).

to high altitude hypoxia (Fig. 1). Moreover, the eyes of the
rats from the HH and HV groups were reddish brown.
Table 1 showed that the heart, liver, kidney and lung index
in group HH was significantly increased compared to the
control group (p<0.05; p<0.01; p<0.01; p<0.001, re-
spectively). However, the spleen index in the HH group de-
creased compared to the control group (p<0.05). Supple-
mentation with vitamin E significantly alleviated high alti-
tude hypoxia- induced liver and lung enlargement (p<0.05
and p<0.01, respectively) and spleen atrophy (p<0.05).

Morphology of the intestinal tract

The intestinal villi with intact epithelia were dense and
long and showed an ordered arrangement in the control
group. Additionally, the intestinal mucosa was smooth and
thick. There were no detected defects in the intestinal mu-
cosa and villi using a light microscope. The intestinal villi
in the HH group were sparse, short, and defective and had
a scattered arrangement. In addition, the lodged and ex-
foliated villi became thinner than that in the control group
(Fig. 2). The tight junctions between the intestinal epi-
thelial cells were widened. The intestinal mucosa was ex-
foliated and showed signs of atrophy. Compared with the
HH group, the intestinal villi in group HV were relatively
intact and long. The intestinal mucosal also became thick.
As shown in Table 2, the height of intestinal villi (p<0.001)
and the thickness of mucosa (p<0.001) accompanying a de-

creased villi area (p<0.001) significantly decreased in the
HH group compared to the control group. The height of in-
testinal villi (p<0.01), the thickness of mucosa (p<0.05),
and villi area (p<0.01) significantly increased in group HV
compared to the HH group.

Serum total SOD activity and MDA concentration

The serum total SOD activity in the HH group decreased
dramatically compared to the control group (p<0.01) (Fig.
3). However, the serum total SOD activity in the HV group
increased compared to the HH group (p<0.05). In contrast,
the serum MDA content in the HH group was higher than
the control group (p<0.001). However, the serum MDA con-
tent in HV group significantly decreased compared to the
HH group (p<0.001).

Serum IL-2, IL-4, IFN-y, EPO and DAO levels, and
intestinal S-IgA level

As shown in Fig. 4, the serum levels of IL-2 (p <0.05),
IL-4 (p<0.001) and IFN-7 (p<0.01) in the HH group were
significantly higher than those in the control group. This
result suggests that hypoxia-induced inflammatory re-
sponse. The serum levels of IL-2 (p<0.01), IL-4 (p<0.001)
and IFN-7 (p<0.01) in the rats from the HV group were
lower than those from the HH group. Moreover, the serum
DAO levels (p<0.05) and intestinal S-IgA level (p<0.001)
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Fig. 3. Serum total SOD activity and MDA concentration. “p<
0.01, ##p<0.001 vs Control; *p<0.05, ***p<0.001 vs HH. Values
are expressed as mean+S.E.M. (n=10). SOD, superoxide dismutase;
MDA, malondialdehyde; Control, Control group; HH, High altitude
hypoxia group; HV, High altitude hypoxia plus vitamin E group.

2000

a
S

st
3 # g
B 1500 —_ ®
~Ef ** H 100 o
—_ E
; 1000 §
c E 50
o~ 500 .
2 2
L - o o Control HH HV
e Groups Groups
2000 # 800
_ —_
3 - =
2 1500] == 3 600 #
E E
g H
& 1000 8 400
£ £
> 500 2 200
z [=]
c
0 - . o v .
Control HH HV Control HH HV
Groups Groups

8
b

S-gAin ileum (pg/mL)
3 8
Ei ||a
EPO activity in serum (IU/L)
- -
E
<

Control HH
Groups

Control HH

Groups

Fig. 4. Serum IL-2, IL-4, IFN-7, EPO and DAO levels, and
intestinal S-IgA levels. *p<0.05, #p<0.01, *p<0.001 vs Control;
*p<0.05, **p<0.01,***p<0.001 vs HH. Values are expressed as
mean+S.E.M. (n=10). IL-2, interleukin-2; IL-4, interleukin-4; IFN-
7, interferon-gamma; DAO, diamine oxidase; EPO, erythropoietin;
S-IgA, secretory Immunoglobulin A; Control, Control group; HH,
High altitude hypoxia group; HV, High altitude hypoxia plus
vitamin E group.

in the HH group decreased compared to the control group
and increased significantly (DAO: p<0.01; S-IgA: p<0.001)
in the HV group compared to the HH group. High altitude
hypoxia exposure significantly increased the EPO activity
(p<0.001) compared with the control group. Administration
of Vitamin E significantly decreased the serum EPO activ-
ity (p<0.05) compared to the HH group.

The mRNA level of occludin in ileum
The mRNA level of occludin in the ileum from each group

was examined by real-time RT-PCR and the result was
shown in Fig. 5. The occludin mRNA level in the ileum of
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Fig. 5. occludin mRNA levels in ileum. Values present means+t
S.EM. n=10). *p<0.05 vs. Control. *p<0.05 vs. HH. Control,
Control group; HH, High altitude hypoxia group; HV, High altitude
hypoxia plus vitamin E group.
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Fig. 6. Occludin, HIFs, TLR4 and NF- « B p65 protein expression
in ileum. *p<0.01, ®p<0.01, #p<0.001 vs Control; *p<0.05, ***p
<0.001 vs HH. Values are expressed as mean+S.E.M. (n=10).
Values present means+S.E.M. (n=10). Control, Control group; HH,
High altitude hypoxia group; HV, High altitude hypoxia plus
vitamin E group.

the HH group was significantly decreased compared to the
control group (p<0.05). The occludin mRNA level in the
HV group was significantly higher than the HH group (p
<0.05).

Occludin, HIF-1 2z, HIF-2 «, TLR4,NF- #B p65, I#Ba«
and p-I# B« protein expression in ileum

Western blot analysis (Fig. 6) showed that the expression
level of NF-« B p65 (p<0.05), p-I« Ba (p<0.05), HIF-1«a
(p<0.05), HIF-22 (p<0.01)and TLR4 (p<0.001) in the HH
group were higher than those in the control group.
Supplementation with vitamin E significantly decreased
the expression levels of NF-« B p65 (p<0.05), p-I« Ba (p
<0.05), HIF-1a (p<0.05), HIF-22 (p<0.05) and TLR4 (p
<0.001) compared with the HH group. However, the influ-
ence of high altitude hypoxia on occludin expression was
contrary to it on above proteins. The expression level of oc-
cludin in group HH significantly decreased compared to the
control group (p<0.001). Supplementation with vitaminm
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E rescued high altitude hypoxia-induced reduction of occlu-
din, and the HV group showed increased occludin ex-
pression (p<0.001).

DISCUSSION

Special geological and climatic environments might cause
the increase of susceptibility to intestinal diseases for hu-
mans or animals exposed to high altitude. In the study,
high altitude hypoxia caused the decrease of the body
weight of rats, the enlargement of the heart, liver, kidney,
and lung, and caused spleen atrophy. We further found that
the intestinal mucosa and villi of rats was serious injured
under high altitude hypoxia environment. This is consistent
with previous reports of high altitude hypoxia-induced
functional damage of the intestinal barrier [13]. Internal
mucosa surfaces need to permit exchange of gas, fluid, and
nutrients. Thus, as a trade-off, internal mucosal barrier are
vulnerable and targeted by numerous pathogens that cause
infection [14]. The mammalian intestinal tract harbors a
highly microbial population that plays a major role in nu-
trition, metabolism, protection against pathogens, and de-
velopment of the immune system [15,16]. Intact intestinal
mucosa is so important that we have to seek some sub-
stance to protect intestine. Fortunately, the state of the in-
testinal mucosa and villi of rats exposed to high altitude
hypoxia environment can be improved after administration
of vitamin E (250 mg/kg B.W.d), which may be related to
the antioxidant activity of vitamin E. Vitamin E acts as
a biological antioxidant at the cell membrane level. The in-
gestion of high doses of antioxidant nutrient such as vita-
min E is considered a preventative measure against cell
damage. Vitamin E has been reported to protect small in-
testinal crypt cell, mucosal height, and goblet cell from radi-
ation [17].

High altitude is considered as an acute physiological
stress leading to oxidative stress [10]. Oxidative stress re-
flects an imbalance between the systemic manifestation of
reactive oxygen species (ROS) and a biological system’s
ability to readily detoxify the reactive intermediates or to
repair the resulting damage [18]. Since high altitude hypo-
xia produced ROS directly, the counter balancing effect of
the antioxidant enzymes is lost [19]. Oxidative damage and
other related diseases occurred. SOD catalyzes the con-
version of superoxide radical to hydrogen peroxide and pro-
tects body against the potential damage from superoxide
radicals [20]. ROS also triggers lipid peroxidation. MDA is
formed as an end product of lipid peroxidation and acts as
an indicator of it [21,22]. The current results revealed that
supplementation with vitamin E alleviated the increase of
serum MDA concentration and the decrease of total SOD
activity in serum caused by high altitude hypoxia. Indeed,
antioxidant appeared to play a special role in protection
of the intestinal cells from inflammation. It is believed that
highly reactive free radicals literally disrupt cell mem-
branes and cause inflammation in the gut. Vitamin E as
one of the most abundant lipid-soluble antioxidants exists
in two forms, as tocopherols and tocotrienols. « -tocopherol
is the most potent antioxidant and plays an important role
in peroxyl radical scavenging [8]. Vitamin E terminates the
chain reaction of lipid peroxidation in membranes and
lipoproteins. Therefore, vitamin E can alleviate the toxic
effects of ROS, limits the effects of oxidant molecules on
tissues and is active in the defense against oxidative cell

injury by means of its being free radical scavengers [23].

The function of the intestinal barrier may be regulated
by a network of multiple cytokines, including ILs, IFNs and
TNF-« [24]. Inflammation is an important process in the
pathogenesis of a variety of diseases [25]. An imbalance of
pro-inflammatory cytokines and anti-inflammatory cyto-
kines is another important mechanism of intestinal mu-
cosal injury. High altitude hypoxia causes mucosal hyper-
permeability in vivo. Subsequently, the activity of innate
immune cells is increased, and this is associated with the
activation of the mucosal immune system [26]. Along with
other cytokines, like IL-4, IL-2 shares the common cytokine
receptor ¥ chain, which is mutated in humans with X-
linked severe combined immunodeficiency [27]. Increase of
serum IL-2, I1.-4 and INF-7 in rats exposed to high alti-
tude hypoxia environment was observed in the study. INF-
7 is a cytokine that is critical for innate and adaptive im-
munity against viral and bacterial infections [28,29].
However, administration of vitamin E inhibited the in-
crease of IL-2, IL-4 and INF- 7. Tocopherol could affect the
immune system through its antioxidant function either by
decreasing reactive oxygen metabolites or by altering the
formation of arachidonic acid metabolites, both of which
have been shown to suppress immune responsiveness [30].
The mechanisms of vitamin E immunomodulation require
further elucidation. Vitamin E has been influence cell func-
tion and homeostasis, and prostaglandin synthesis, which,
through a number of interrelated processes mediate im-
mune function [31].

DAO belongs to the class of copper-containing amine oxi-
dases that convert primary amines to corresponding alde-
hydes, hydrogen peroxide, and ammonia. Human DAO may
play an important role in histamine metabolism [32].
Among several tissues, DAO activity is particularly high
in the upper portion of the small intestinal villi. Serum
DAO level is employed as a useful marker of intestinal mu-
cosal integrity to indicate the function and structure of the
small intestine [33]. In the current study vitamin E treat-
ment increased the DAO concentration of serum, which
suggested that Vitamin E may play an important role in
maintaining the integrity of the small intestine of rats ex-
posed to high altitude hypoxia environment.

The intestinal tract is a complicated immune system. The
S-IgA is the main component of mucosal secretions that can
provide immune exclusion and defend mucosal surfaces
from colonization and invasion by pathogens [34]. In the
study, we observed the levels of S-IgA in intestine was in-
creased in the vitamin E treatment group compared to the
HH group. Tight junction (TJ) proteins including occludin,
claudins, and cytoskeleton proteins play a critical role in
maintaining the intestinal barrier integrity. Occludin is the
first transmembrane protein discovered in the tight junc-
tion. Occludin plays a crucial role in the assembly or main-
tenance of epithelial tight junctions [35]. The C-terminal
domain of occludin interacts with various intracellular pro-
teins of tight junctions; this interaction is required for the
assembly of occludin into the tight junctions [36]. The ab-
sence of occludin increases the ion permeability of Tds [37].
In the present study, high altitude hypoxia caused the sig-
nificant decrease of occludin mRNA and protein expression.
However, supplementation with vitamin E effectively alle-
viated the decrease of occludin expression levels in rats liv-
ing in a high altitude hypoxia environment. These results
indicated that administration of vitamin E can effectively
alleviate high altitude hypoxia exposure leads to intestinal
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barrier dysfunction, decrease the intestinal permeability,
and maintain the intestinal mucosal structure and barrier
function integrity.

Exposure to high altitude hypoxia is characterized by a
strong haematopoietic response, driven by the production
of EPO, which increases oxygen carriage capacity. The
physiological role of EPO is to adjust the pool of circulating
erythrocytes to the actual oxygen demand. In the current
study, high altitude exposure caused the increase of EPO
in serum, which is consistent with previous results. Short
or prolonged residency at high altitude is associated with
increased secretion of EPO [38]. Increased EPO levels and
the consequent augmented production of red blood cells is
the best known systemic adaptation to reduced oxygen par-
tial pressure (pO2). Intensive research during the last years
revealed that the molecular mechanism behind the regu-
lation of EPO is ubiquitous and has far more implications
than first thought. EPO regulation results from the activa-
tion of the HIF-1 pathway under hypoxic conditions [39].
The marter regulator for many of the body’s adaptive re-
sponses to hypoxia is HIF-1, a heterodimeric transcription
factor comprising HIF-1 e and HIF-18. HIF-1« is both a
mediator of the hypoxic response and a useful cellular
marker of it. HIF-1 @ levels were elevated in the high alti-
tude placenta [40]. HIF-1 3 is constitutively present in the
nucleus, and when dimerized with HIF-1 @ is able to bind
to hypoxia response elements (HREs) in the regulatory re-
gion of a number of genes, such as EPO [41]. Our results
showed that the expression levels of HIF-1 a2 and HIF-2 «
are significantly elevated in the ileum in response to high
altitude hypoxia exposure when compared to the normal
control group, which are consistent with the change of EPO.
At high altitudes, hypoxia triggers HIF signaling [42,43].
These results further proved that the HIF signaling system
imparts a dominant role in sensing Os deprivation and sub-
sequent gene expression, including the upregulation of EPO
[44].

Toll-like receptors (TLRs) are a family of pattern-recog-
nition receptors that play a key role in the innate immune
system. As a key transmembrane protein closely related to
bacterial recognition, TLR4 is thought to be involved in the
first immune barrier of the gastrointestinal tract. NF-« B
is the final effector molecule of the TLR4 signaling path-
way. The increased expression of TLRs in the intestinal tis-
sues during experimental necrotizing enterocolitis acti-
vated downstream NF-« B pathway and cytokine pro-
duction [45]. NF-« B exists as a trimer of p65, p50, and
a distinct 14 B subunit. Activated NF- «# B migrates to the
nucleus for binding to DNA control elements and induces
via mRNA the expression of genes encoding large number
of cytokines [46]. Locally, these molecules can lead to apop-
tosis of intestinal mucosal epithelial cells and damage the
tissues and organs of the intestinal tract. Our result sug-
gested that high altitude hypoxia upregulated TLR4 ex-
pression and activated the TLR4/NF- « B signaling path-
way. Moreover, the degree of activation of TLR4/NF-« B
signaling pathway was consistent with changes in serum
levels of IL-2, IL.-4 and IFN- 7, and damage to the morphol-
ogy and structure of the small intestine. Furthermore, we
found that the expression of TLR4/NF- ¥ B signaling pro-
teins was inversely correlated with the expression level of
occludin under hypobaric hypoxic conditions. This redis-
tribution of occludin might damage barrier function. Thus,
high altitude hypoxia-induced activation of TLR4/NF-« B
may influence TJ complexes, eventually cause damage to

the intestinal barrier. TLR4 and NF-« B expression in-
creased in rat intestinal tissues after acute hypoxia
exposure. Pyrrolidinedithiocarbamic acid (PDTC)-treat-
ment reversed TLR4 and NF-« B upregulation and alle-
viated damage to the intestine tract and bacterial trans-
location [12]. These results suggest that TLR4/NF- « B sig-
naling pathway may be related to the mechanism of dam-
age to intestinal barrier function exposed to hypobaric hy-
poxia environment.

In summary, our results showed that a high altitude hy-
poxia environment causes pathological changes in the rat
organs including damage to the intestinal villi, increased
expression of cytokines and occludin, and activation of HIF
and TLR4/NF- « B signaling pathway. Vitamin E can play
a role to protect the intestinal barrier function, which may
be associated with its antioxidant activity. The HIF and
TLR4/NF- £ B signal pathway may represent significant
therapeutic targets for the prevention or treatment of in-
testinal barrier dysfunction and consequent intestinal dis-
eases under high altitude hypoxia environment.
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