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High altitude increases the expression of
hypoxia-inducible factor 1a and inducible nitric oxide
synthase with intest-inal mucosal barrier failure in rats
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Abstract: Background: The failure of intestinal mucosal barrier may induce multiple organ dysfunction and systemic
inflammatory response syndrome, but little work has been done on whether hypobaric hypoxia related to the failure
of intestinal mucosal barrier. Aims: To study the expression of hypoxia-inducible factor 1a (HIF-1), inducible nitric
oxide synthase (iNOS) and morphological changes of intestinal mucosa in albino rats at different altitude. Methods:
30 male Wistar rats raised in plain for one month were randomly divided into 3 groups: Plain 500 m group (n=10),
High-altitude (HA) 3842 m group (n=10) and HA4767 m group (n=10). Each group was delivered to different altitude
area at the same shipping time and executed after 3 days’ exposure to different altitude. Intestinal segments with
the same location of all rats were removed for morphological analyses. Morphologic parameters (villous height,
crypt depth, mucosal wall thickness and villous surface area) were measured by optical and scanning electron
microscope. The expression of iNOS and HIF-1a were detected by immunohistochemistry. Results: Morphological
indexes in higher altitude groups were exacerbated obviously compared with those of lower altitude groups. While
the expression of iINOS and HIF-1« in higher altitude groups were significantly increased than those of lower altitude
groups. Linear correlation analysis showed that the expression of iINOS was positively correlated with that of HIF-1a.
Conclusions: Hypobaric hypoxia increases the expression of HIF-1a and iNOS in intestinal mucosa, however exac-
erbates the mucous morphologic parameters with altitude increasing. HIF-1a may regulate the expression of iNOS
and be involved in the damage of intestinal mucosa.
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and molecular regulated mechanisms and
abundant biological functions, together with
each signal pathway to protect against exoge-
nous factors attack. The failure of intestinal
mucosal barrier may cause symptom of primary
affection, induce multiple organ dysfunction
and systemic inflammatory response syndrome,
finally may result in a vicious circle, even die.

Introduction

High altitude affects the human body because
of oxygen deprivation. Other environmental fac-
tors, such as severe cold, squall, and intense
solar radiation are also involved in the damnifi-
cation [1]. The pathophysiologic changes in
intestinal blood vessel and mucosa, caused by
hypoxia of high altitude are severe. The intes-

tine is not only the digestion and absorption
viscera, but also immunity and incretion vis-
cera. Hypobaric hypoxia always causes symp-
tom of various gastric-intestinal reactions, but
little work has been done on whether hypobaric
hypoxia related to the failure of intestinal muco-
sal barrier. Which posses various structural

Some papers suggested that the pattern of
high altitude exposure-associated damage
resembles ischemia/reperfusion injury [2]. The
intestinal mucosa with a high density of capil-
lary network and a high metabolic rate, so that
depends on a high demand of blood oxygen
supply. The small intestinal mucosal villi are
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very sensitive to ischemia/reperfision. On the
other hand, hypoxia triggers various systemic,
cellular, and metabolic responses necessary
for tissues to adapt to low oxygen conditions
(31

Hypoxia-inducible factor 1 (HIF-1) plays as an
important role in the coordination of oxygen
supply and cellular metabolism [4]. When
humans are exposed to hypoxia, systemic and
intracellular changes operate together to mini-
mize hypoxic injury and restore adequate oxy-
genation. The emerging role of HIF in systemic
physiology, described here in terms of the
response to high altitude, in fact translates to
any clinical scenario in which hypoxia is a
feature.

Hypoxia increases the expression of inducible
nitric oxide synthase (iNOS). Nitric oxide (NO)
generated from NOS is also involved in many
physiological and pathological processes,
including hypoxic damnification [6]. In mam-
mals including humans, NO is an important cel-
lular signaling molecule. The endothelium
(inner lining) of blood vessels uses nitric oxide
to signal the surrounding smooth muscle to
relax, thus resulting in vasodilation and increas-
ing blood flow as well as oxygen supply. The pro-
duction of nitric oxide is elevated in populations
living at high altitudes, which helps these peo-
ple avoid hypoxia by aiding in pulmonary vascu-
lature vasodilation. The dual role of NO as a
cytoprotective or a cytotoxic factor depended
upon the concentration of NO, which has been
noted in various types of pathophysiological
conditions, including the digestive system. The
low level and basal NO production are impor-
tant in minimizing mucosal and microvascular
barrier dysfunction associated with reperfusion
of postischemic intestine [7]. Oppositely, the
high level of NO can aggravate to ischemia-
reperfusion injury. Sustained upregulation of
NO production in the intestine can lead to intes-
tinal epithelial injury [8]. Moreover, the NO pro-
duction may also accelerated by ischemia-
reperfusion of small intestine and then
participate in the breakdown of intestinal
mucosa after ischemia-reperfusion insult [9,
10].

In order to study whether high altitude induced
intestinal injury, we transported rats from plain
to different altitude areas, and took a deep look
at the morphological changes of intestines and
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the expression of HIF-1a and iNOS. To explore
the relationship between hypoxia factors and
intestinal mucosa injury may prepare good con-
ditions for the continued clinic study.

Methods
Drugs and materials

The antibodies of iINOS (bs-0465R) and HIF-1a
(bs-0162R) were purchased from Biosynthesis
Biotechnology Company (Beijing, China).
Healthy male Wistar rats, aged 8-12 weeks,
weighted 250 g + 22 g, were provided by the
Reproduction and Experimental Animal Center
(CREAL) of the Animal Center of the Forth
Military Medical University (Xi’an, China).

Groups and experiments

All rats (n=30) were raised at 24 °c, witha 12 h
light/dark cycle, and provided with food and
water ad libitum for one month at the
Department of Clinical Laboratory, Lanzhou
General Hospital of Lanzhou Military Command.
Then they were randomly divided into 3 groups:
(1) Plain 500 m group: Rats were ascended to
plain (Xi'an, China, 500 m of altitude, Patm
=97.1 kPa, n=10); (2) HA3842 m group: Rats
were ascended to plateau (Yuzhong County,
Gansu, China, 3842 m of altitude, Patm =73.5
kPa, n=10); (3) HA4A767 m group: Rats were
ascended to plateau (Qinghai High Altitude
Medical Research Center, China, 4767 m of
altitude, Patm =50.2 kPa, n=10). All groups
were delivered by car at 24 h £ 1 h and were
killed on the 3rd day after the exposure to dif-
ferent altitude. The experiments were carried
out in accordance with the guidelines of the
Ethics Committee of our hospital. Small intes-
tines were harvested, rinsed with normal saline,
1 cmx1 cm segments were obtained from the
proximal ileum on the same area.

Observation

Segments of ileum were collected and cleaned
with cold phosphate-buffered saline. Then the
segments were immersed directly in a 4% buff-
ered formaldehyde solution overnight as fixa-
tive. The fixed tissues were processed routinely
into paraffin and 5 ym sections were stained
routinely with hematoxylin and eosin. The tis-
sue sections were observed under optical
microscope. The ultra-structural evaluation of
ileum was done by standard procedure.
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Figure 1. A. The small intestine villi in the plain 500 m group (HE, Original magnification x100). B. The small intes-
tine villi in the HA4767 m group (HE, Original magnification x100).

Desiccated samples were mounted on alumi-
num stub and sputter coated with gold palladi-
um to produce a uniform and reproducible
coating at a thickness of 200A° and examined
under scanning electron microscope (SEM,
JEOL JSM-6380LV at 30 kV).

Morphologic parameters

Hematoxylin-and-eosin-stained sections were
setting under the optical microscope.
Morphologic parameters (villous height, crypt
depth, mucosal wall thickness and villous sur-
face area) were measured by image measure-
ment software (Image-Pro Plus 6.0).

Immunohistochemistry

Sections were dewaxed and endogenous per-
oxidase activity was quenched with methanol
and 3% H,0, for 15 minutes. Antigen retrieval
was achieved by means of microwave treat-
ment (two treatments for four minutes each for
all pathological sections). The primary antibod-
ies were applied overnight. After washing with
Tris buffered saline (TBS), sections were incu-
bated with a secondary rabbit antimouse anti-
body for 15 minutes and washed in TBS. The
Kwik streptavidin peroxidase reagent was
applied for 15 minutes and sections were again
washed in TBS. The colour was developed by
15 minute incubation with DAB solution and
the sections were weakly counterstained with
hematoxylin. Negative controls were performed
in all cases omitting primary antibody.
Immunohistochemistry images were processed
using an optical microscope and DP controller
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software. The mean optical density of INOS and
HIF-1a were obtained with image measurement
software (Image-Pro Plus 6.0).

Statistical analysis

Data were presented as means + SE and ana-
lyzed with the PASW Statistics for Windows
release 18.0 (SPSS, Inc., Chicago, lllinois).
Statistical differences between groups were
analyzed using one-way analysis and the
Student-Newman-Keuls’s post hoc test, as
appropriate. Differences were considered to be
significant at P < 0.05. The linear trends were
measured by corresponding test.

Results

Optical microscope features of intestinal
mucosa

Pathological changes were not found in the
plain group (Figure 1A), but they did occur in
the two higher altitude groups. Intestinal villus
appeared as swelling, shortening, thickening,
lodging, integration or even exfoliation. Lamina
propria were exposed and inflammatory granu-
locyte could be seen (Figure 1B).

SEM features of intestinal mucosa

The small intestine villi in plain group was about
150 ym x 50 ym, and its surface was smooth
and integrated (Figure 2A). However, the sur-
face in the two higher altitude groups was
swelling, shortening and structural disorganiza-
tion. Many epithelia showed inflammatory exu-
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Figure 2. A. The intestine mucosa in the plain 500 m group (SEM, Original magnification x500). B. The intestine
mucosa in the HA4767 m group (SEM, Original magnification x500).

Table 1. Small intestine morphologic parameters (um) of the rats exposured to different high altitude

Mucosal wall

Villous surface

Group thickness (um) Crypt depth (um) Villous heigh (um) area (um?)
Plain 322.00 £ 12.68 127.70 £ 7.24 44750 + 21.93 0.101 + 0.010
HA3842 292.60 + 9.8342 106.80 + 10.792 395.80 + 12.40° 0.071 + 0.0142
HA4767 235.80 + 19.542° 76.10 + 7.58%° 311.90 + 18.38%° 0.047 + 0.0082°

a: Significantly different compared to the plain 500 m group; P < 0.05; b: Significantly different from the HA3842 m group; P <

0.05.

Table 2. Expression of iNOS and HIF-1a dur-
ing rats exposed to different altitude

Group HIF-1x iNOS

Plain 0.128 + 0.030 0.068 + 0.022

HA3842 0.312 + 0.036° 0.164 + 0.0407°
HA4767 0.445 + 0.0322°  0.365 * 0.0222"

a: Significantly different compared to the plain 500 m
control group; P < 0.05; b: Significantly different from the
HA3842 m group; P < 0.05.

dation, necrotic changes or dissolved of the
epithelia, where honeycomb-like structure
could be found (Figure 2B).

There was significant injury in morphologic
parameters with the increase of altitude (Table
1).

Expression of HIF-1a and iNOS

In the high altitude groups, HIF-1a mainly
expressed in epithelial cells and vascular endo-
thelial cells of intestinal tissue (Figure 3B),
while rarely expressed or absent in the plain
group (Figure 3A). The positive granules of HIF-
1a were mainly located in cytoplasm or/and
membrane diffusely.
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The expression of iINOS mainly located in intes-
tinal lumen, glandular epithelium and inflam-
matory cells (lymphocytes and macrophages).
The positive presentation of iNOS in the high
altitude groups was brown or brown-yellow par-
ticles in nucleus or cytoplasm (Figure 4B),
While iINOS was almost negative in the plain
group (Figure 4A).

There was significant increase in the mean opti-
cal density (MOD) of HIF-1a and iNOS with the
altitude increasing. (r=0.912, P < 0.05) (Table
2).

Discussion

People who are used to reside at or near sea
level may have the possibility to develop high-
altitude diseases when fleetly ascending to
highland over 2500 m [11]. The majority hypo-
baric hypoxia related diseases that previous
researchers focused on are acute mountain
sickness, high-altitude pulmonary edema, and
high-altitude cerebral edema. Little was known
about the dysfunction or injury in digestive
tract. Unfortunately, gastrointestinal problems
at high altitude are very common [12]. When
fleetly ascending to highland, the increase of
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Figure 3. A. Expression of HIF-1a in the plain 500 m group (IHC, Original magnification x400). B. Expression of HIF-1«a

in the HA4767 m group (IHC, Original magnification x400).

inferior vena cava flow and decrease of blood
flow into the mucosa of stomach and duode-
num were found, so that aggravate ischemia
injury in both organs. Our data showed that
high-altitude related intestinal injury was aggra-
vated with altitude increasing, such as the villi
of ileum mucosa were swollen, shorten, broken
and destroyed. But limited finding was seen in
a hypoxic cell model [13].

Hypoxia activates hypoxia-inducible factor (HIF-
1), a transcription factor essential in regulating
hypoxia-induced gene  expression [14].
Therefore, HIF-1 is a special factor of pathologi-
cal response for hypoxia adoption. For exam-
ple, HIF-1 is the key regulator in the formation
of erythropoietin (EPO), which elevates tissue
0, concentration to counteract the injury of
hypoxia. Under hypoxic conditions, O,-de-
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Figure 4. A. Expression of iNOS in the plain 500 m group (IHC, Original magnification x400). B. Expression of iNOS
in the HA4767 m group (IHC, Original magnification x400).

pendent hydroxylation of HIF-1a is decreased
[15], which means the activation of HIF-1c.
Numerous studies showed that hypoxia induced
HIF-1x via the PI3-kinase/AKT/mTOR pathway
[16, 17], but the exact mechanisms are not fully
understood. In our study, the expression of HIF-
1a was seen in the high altitude groups, but
rarely in plain group. The expression level of
HIF-1a0 was positively correlated with altitude
increasing and tissue injuring.

Consist with previous studies [18, 19], our data
also showed an upregulation in the expression
of iINOS expression in intestinal tissue.
Compared with the plain group, the levels of
iNOS in the HA3842 m and the HA4767 m
groups were significantly elevated in our study.
Some researches [10, 20] have shown that
sustaining upregulation in the expression of
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iNOS and NO are associated with the increased
nitrosative stress in the intestinal epithelium,
presumably as a result of the formation of per-
oxynitrite. Peroxynitrite is considered as the
causes of enterocyte apoptosis and increase of
intestinal permeability, which results in the
exposure of intestinal basement membrane
and further more facilitate bacterial adherence
and penetration [21, 22]. Bacteria induce the
formation of inflammatory mediators, amplify
the local inflammatory responses and worsen
the intestinal environment. These findings con-
firm a detrimental role for iINOS-derived NO
overproduction during reperfusion. But its pro-
tective or detrimental role remains still ques-
tion of debate.

In conclusion, our study firstly demonstrated
that high altitude hypoxia in rats severely injure
mucosa and up-regulates the expression of
both iINOS and HIF-1a in intestine. Statistical
results revealed that the expression of HIF-1a
and iNOS are positively correlated. Other study
indicated that hypoxia increased iNOS gene’s
expression through inducing HIF-1 in rat’s pul-
monary artery endothelial cells [23]. It means
that HIF-1a and iNOS may play a critical role in
the pathogenesis of hypoxic injury. We specu-
lated that HIF-1a may regulate the expression
of iINOS and be involved in the damage of intes-
tinal mucosa. The exact relationship between
HIF-1a and iNOS is uncertain. Its mechanism
still need for further study.
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