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Abstract
AIM: To study whether over-starvation aggravates intes-
tinal mucosal injury and promotes bacterial and endotox-
in translocation in a high-altitude hypoxic environment. 

METHODS: Sprague-Dawley rats were exposed to hy-

pobaric hypoxia at a simulated altitude of 7000 m for 
72 h. Lanthanum nitrate was used as a tracer to detect 
intestinal injury. Epithelial apoptosis was observed with 
terminal deoxynucleotidyl transferase dUTP nick end la-
beling staining. Serum levels of diamino oxidase (DAO), 
malondialdehyde (MDA), glutamine (Gln), superoxide dis-
mutase (SOD) and endotoxin were measured in intestinal 
mucosa. Bacterial translocation was detected in blood 
culture and intestinal homogenates. In addition, rats 
were given Gln intragastrically to observe its protective 
effect on intestinal injury. 

RESULTS: Apoptotic epithelial cells, exfoliated villi and 
inflammatory cells in intestine were increased with 
edema in the lamina propria accompanying effusion of 
red blood cells. Lanthanum particles were found in the 
intercellular space and intracellular compartment. Bac-
terial translocation to mesenteric lymph nodes (MLN) 
and spleen was evident. The serum endotoxin, DAO and 
MDA levels were significantly higher while the serum 
SOD, DAO and Gln levels were lower in intestine (P  < 
0.05). The bacterial translocation number was lower in 
the high altitude hypoxic group than in the high altitude 
starvation group (0.47 ± 0.83 vs  2.38 ± 1.45, P  < 0.05). 
The bacterial translocation was found in each organ, es-
pecially in MLN and spleen but not in peripheral blood. 
The bacterial and endotoxin translocations were both 
markedly improved in rats after treatment with Gln. 

CONCLUSION: High-altitude hypoxia and starvation 
cause severe intestinal mucosal injury and increase bac-
terial and endotoxin translocation, which can be treated 
with Gln.
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INTRODUCTION
Multiple organs can be damaged by rapid ascent to an alti-
tude above 3000 m. High altitude cerebral edema (HACE) 
and high altitude pulmonary edema (HAPE) are the clin-
ical manifestations of  acute mountain sickness (AMS)[1-3]. 
AMS is a threat to those who live at or ascend to a high 
altitude. Our previous study showed that multiple organ 
dysfunction syndrome (MODS) can occur if  HAPE and 
HACE are not treated timely and properly, and the con-
dition of  such patients can deteriorate, thus complicating 
their treatment[4]. However, the mechanism underlying 
acute severe mountain sickness (ASMS) accompanying 
MODS is still poorly understood. 

The gastrointestinal tract is an important organ, and its 
primary function is to digest and absorb nutrients. How-
ever, in addition to nutrient absorption, the gastrointestinal 
tract functions as a barrier to prevent the translocation of  
intraluminal bacteria and endotoxin to systemic organs 
and tissues. It has been confirmed that intestinal mucosal 
injury caused by a variety of  factors may decrease the in-
testinal barrier function, thus leading to the translocation 
of  intraluminal bacteria and endotoxin to systemic organs 
and tissues, which is a principal cause of  systemic inflam-
matory response syndrome (SIRS), MODS and multiple 
organ failure[5-7]. However, little is known about the rela-
tion between intestinal barrier dysfunction and ASMS 
accompanying MODS, and whether the intestinal barrier 
dysfunction caused by hypobaric hypoxia promotes bacte-
rial translocation and spread of  endotoxin. In addition, the 
degree of  dysfunction caused by hypobaric hypoxia and 
the role of  acute intestinal barrier dysfunction in the oc-
currence and development of  ASMS are still unclear. 

To explore the detrimental effect of  hypobaric hy-
poxia on intestinal barrier function and the role of  acute 
intestinal barrier dysfunction in the occurrence and devel-
opment of  ASMS, we examined the microstructure and 
ultra-structure of  intestinal mucosa from rats exposed to 
hypobaric hypoxia, under light and electron microscopes. 
The activity of  serum and intestinal diamine oxidase 
(DAO), malondialdehyde (MDA), superoxide dismutase 
(SOD) and NO, as well as glutamine (Gln) was assayed. 
In addition, rats were given Gln intragastrically to explore 
its protective effect on intestinal mucosa. The results of  

this study may provide the functional and morphological 
information about the effect of  ASMS on the spread of  
endotoxin and bacterial translocation, as well as impor-
tant information about the pathogenesis, prevention and 
treatment of  MOSD caused by hypobaric hypoxia. 

MATERIALS AND METHODS
Instruments
Instruments used in the present study were animal de-
compression chamber (Guizhou Aviation Industry, Chi-
na), electronic balance (Shanghai Balance, China), ultralow 
freezer (Heraneus, Germany), microplate reader (Bio-
tek, USA), spectrophotometer (Changsha Persee, China), 
endotoxin detection system (Tianjin Wireless Electronics, 
China), scanning electron microscope (Hitachi, Japan) and 
transmission electron microscope (Philips, Netherlands). 

Reagents
Reagents used in this study include compound glutamine 
granules (Heilongjiang Aolida, China), horseradish peroxi-
dase (Shanghai Guoyuan Biotech, China), 3,3’-dimethoxy-
benzidine (Sigma, USA), cadaverine dihydrochloride (Sig-
ma, USA), lysine (Sigma, USA), protein kinase (Amresco, 
USA), levamisole (Sigma, USA), sodium dimethyl arsenite 
(Shanghai Genebase, China), limulus test kit (Zhanjiang 
Bokang, China), control standard endotoxin (Zhanjiang 
Bokang, China), terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) kit (Roche, Swit-
zerland), MDA kit (Nanjing Jiancheng, China), NO kit 
(Nanjing Jiancheng, China), SOD kit (Nanjing Jiancheng, 
China), glutamine kit (Nanjing Jiancheng, China) and lan-
thanum nitrate (Chongqi Boyi, China). 

Animals and grouping 
A total of  40 male Sprague-Dawley rats weighing 200 ±  
20 g were purchased from Animal Center of  Third Mili-
tary Medical University (Chongqing, China) and housed 
in dedicated cages. The rats were randomly divided into 
normal control group (C), hypobaric hypoxia group (H), 
hypobaric hypoxia plus starvation group (HH), and hypo-
baric hypoxia plus Gln group (HG), 10 rats in each group. 
All procedures were performed in accordance with the 
Animal Care Guidelines of  Third Military Medical Uni-
versity, conforming to the Health Guide for the Care and 
Use of  Laboratory Animals of  Third Military Medical 
University. This study was approved by the Ethics Com-
mittee of  Third Military Medical University. 

Experimental regimen 
Rats in the control group were housed under a normal at-
mospheric pressure and weighed daily, with free access to 
food. Rats in groups H, HH and HG were exposed to a 
simulated altitude of  7000 m for 72 h in an animal decom-
pression chamber, to established rat model of  hypoxia ex-
posure. Rats in group H had free access to food and water 
and weighed daily, rats in group HH were fasted with free 
access to water, and rats in group HG had free access to 
food and water in addition to intragastric Gln (0.5 g/d per 
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100 g body weight) at 09:00, am, daily. Gln was prepared 
in warm water at a dilution of  1:4. The animals were taken 
out of  the chamber for feeding, medication, weighing and 
cleaning for 30 min, and returned to the chamber for con-
tinuous hypoxia exposure. 

Three days after exposed to hypobaric hypoxia, the 
rats were sacrificed by decapitation with 5 mL blood col-
lected into a pyrogen-free tube. The blood was centrifuged 
at 2500 r/min at -4℃, and serum was stored at -20℃ 
before use. Additionally, the heart, liver, spleen, lungs and 
mesenteric lymph nodes (MLN) were removed from rats, 
weighed, and subjected to bacterial culture. About 5 cm of  
ileum, approximately 5 cm from the ileocecal junction, was 
obtained for light and electron microscopy. About 3 cm of  
intestine was put into a 3-fold volume of  PBS (0.1 mol/L, 
pH 7.2), homogenized and centrifuged at 1000 r/min for 
30 min. Then, the supernatant was collected. 

General observations
The spontaneous activity, mental state, eating status and 
weight of  rats were observed. 

Light microscopy
About 2 cm of  intestine at 5 cm from the ileocecal valve 
was obtained and cut open longitudinally. The intestine 
was washed with normal saline, fixed in 10% formal-
dehyde at 4℃ for 24 h, rinsed with PBS, embedded in 
paraffin and consecutively cut into 4-μm thick sections 
which were stained with hematoxylin and eosin (HE). 
The structure of  intestinal mucosal epithelium was ob-
served and the thickness of  mucosa was measured[8]. The 
height and area of  15 randomly selected intestinal villi 
were measured and averaged[9] according to the following 
equation: Area = 2πrh, where r represents the radius of  
villus and h is the height of  villus. The number of  villi 
was counted in each field of  vision.

Assay of apoptotic intestinal mucosal epithelial cells 
About 2 cm of  intestine at 5 cm from the ileocecal valve 
was obtained and cut open longitudinally. The intestine 
was washed with normal saline, fixed in 10% formalde-
hyde at 4℃ for 24 h, rinsed with PBS, embedded in paraf-
fin, and consecutively cut into 4-μm thick sections which 
were mounted onto 0.05% lysine-treated slides. The slides 
were dried at room temperature for 20 min, dry-heated at 
60℃ for 30 min and stored at room temperature before 
use. The sections were stained with TUNEL as previously 
described[10]. The cells with blue nuclei were considered 
positive cells. Two slides of  each sample were selected, 
and 4 randomly selected fields were used to calculate the 
apoptotic intestinal mucosal epithelial cells at a magnifi-
cation × 400. The counts were averaged. The apoptotic 
index (AI) was calculated as follows: number of  TUNEL 
positive cells/number of  total cells[11]. 

Observation of intestinal mucosa ultra-structure by 
scanning electron microscopy
Part of  the ileum was obtained, rinsed with cold normal 

saline, and cut into 2 mm × 2 mm sections which were 
fixed in 2.5% glutaraldehyde and 10% osmium, dehy-
drated in sucrose solution containing PBS. Subsequently, 
the cells were labeled with gold and observed under a 
scanning electron microscope[12]. The arrangement of  mi-
crovilli in intestinal mucosa and organelles in columnar 
epithelial cells were observed. Special attention was paid 
to the deformed and exfoliated villi and the intercellular 
space between epithelia. 

Observation of intestinal mucosa ultra-structure by 
transmission electron microscopy
Jejunal tissue was cut into 0.7 cm × 0.7 cm sections and 
adherent feces were removed from the colon mucosa 
with saline. The sections were immediately placed into 
a 4℃ fixative (4 g paraformaldehyde, 20 mL glutaral-
dehyde, 100 mL 0.2 mol/L phosphate buffer solution, 
and 80 mL distilled water, pH 7.4) for 2 h, and then cut 
into 1 mm × 1 mm ×1 mm pieces. The specimens were 
washed three times (10 min each) with 10% sucrose 
phosphate buffer, fixed in 1% osmium tetroxide at 4℃ 
for 1 h, dehydrated, embedded in resin, then cut into 
ultra-thin sections which were stained with uranyl acetate 
and lead citrate, and examined by transmission electron 
microscopy and photographed. The tight junctions be-
tween intestinal mucosal epithelia, arrangement of  mi-
crovilli, integrity of  columnar epithelial cells, organelles 
and nuclei, and structure of  glands in lamina propria 
were observed.

Detection of intestinal mucosal injury
Two rats in each group were anesthetized through intra-
peritoneal administration of  1% sodium pentobarbital 
(1.0 mL/100 g body weight). Transcardial perfusion was 
performed with a mixture containing 3% glutaraldehyde, 
4% paraformaldehyde and 2% lanthanum nitrate. The 
mixture was prepared with 0.1 mol/L sodium dimethyl 
arsenite in PBS. Part of  the intestine was obtained and 
fixed in the same mixture followed by 1% osmium. The 
tissues were rinsed with 0.1 mol/L sodium dimethyl ar-
senite solution, and slides were prepared as indicated for 
transmission electron microscopy[13]. 

Detection of bacterial translocation 
The blood, heart, liver, spleen, lungs and MLN were 
independently placed into a 9-fold volume of  normal 
saline, and the mixture was homogenized. Then, 0.5 mL 
homogenates was loaded onto the MacConkey solid me-
dium to culture bacteria for 24 h, and the bacteria were 
analyzed biochemically. 

Measurement of serum endotoxin level 
The serum endotoxin level was measured by limulus test 
as previously described[14]. The serum was prepared with 
warm water, and 0.1 mL serum was mixed with 0.9 mL 
processing solution and incubated at 70℃ for 15 min. 
Subsequently, 0.2 mL serum was added into the enzyme 
reaction solution and reacted in the endotoxin detection 
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system EDS-99 for 1 h. The serum endotoxin level was 
automatically outputted from the system.

Measurement of serum DAO, SOD, MDA, NO, Gln, DAO 
and Gln levels in intestine 
About 0.5 mL serum was mixed with a solution contain-
ing 0.1 mol/L PBS (3 mL, pH 7.2), horseradish peroxidase 
(4 g, 0.1 mL), 3,3´-dimethoxybenzidine (500 g, 0.1 mL)  
and cadaverine dihydrochloride (175 g, 0.1 mL) and in-
cubated at 37℃ for 30 min. The solution was replaced 
by PBS as a blank control. The optical density (OD) was 
detected at 436 nm, and the DAO content was measured. 
The standard curve was delineated with DAO[15]. About  
0.5 mL intestinal homogenates was used to measure the 
DAO content with the same method. Approximately 0.1 mL  
serum was used to detect the SOD activity and measure 
the NO and MDA content as previously described[16]. The 
SOD and NO contents were measured using the nitrate 
reductase activity, the MDA content was measured using 
the thiobarbituric acid method, and the OD values of  Gln 
were calculated using the Gln synthetic enzymatic method. 
In addition, the content of  proteins in homogenates was 
measured with Coomassie brilliant blue, and the OD value 
of  Gln was obtained and the Gln content was measured. 

Statistical analysis
Statistical analysis was performed using the SPSS version 
13.0, and quantitative data were presented as mean ± 
SD. One-way ANOVA was used for comparison between 
groups. Qualitative data were expressed as percentages, 
and t test was used for comparison of  means between 
groups. P < 0.05 was considered statistically significant. 

RESULTS
General information 
No rats died during the experiment. The activity of  rats 

was markedly lower in groups H, HH and HG with a 
poor mental state than in control group. The food-intake 
was significantly higher in group C than in group H 
(50 g/d vs 23 g/d, P < 0.05). The food intake was slight 
decreased in group HG (38 g/d). The body weight in 
group C increased stably, and decreased most evidently 
in group HH, followed by groups H and HG (Figure 1). 

Light microscopy
The intestinal mucosa was smooth with intact epithelia 
and ordered arrangement of  villi in group C with no de-
fects detected in villi (Figure 2A). The intestinal mucosa 
was exfoliated and the villi became thinner in group H. 
In addition, the number of  mucosal villi was reduced, 
and the villi were irregular and disorganized (Figure 2B). 
In group HH, atrophic and thinned of  villi accompany-
ing a loose and disordered arrangement were observed 
with edema and infiltration of  inflammatory cells in the 
mastoid lamina of  villi, lodged and exfoliated villi with loss 
of  goblet cells and effusion of  red blood cells around 
the capillaries (Figure 2C). In group HG, the intestinal 
mucosal villi were relatively intact with ordered arrange-
ment with alleviated edema in the mastoid lamina of  
villi accompanying a few infiltrated inflammatory cells 
(Figure 2D). The height of  intestinal villi and the thick-
ness of  mucosa accompanying a decreased villous area 
were lower in groups H and HH than group C (P < 0.05). 
The height and area of  intestinal villi and the thickness 
of  mucosa were significantly higher in group HG than 
in group H (P < 0.05, Table 1). 

Scanning electron microscopy
Orderly intestinal villi with a smooth surface and fullness 
were observed in group C (Figure 3A). The epithelia 
were atrophic with disordered arrangement of  the villi 
and widened villous spaces in group H (Figure 3B). Vil-
lous atrophy and disordered villi with widened villous 
spaces and exfoliated microvilli were observed in group 
HH (Figure 3C). The intestinal mucosa was almost intact 
with orderly villi with few lodged villi, less effusion of  
red blood cells and no disc-shaped cells and cellulose in 
group HG (Figure 3D). 

Observation by transmission electron microscopy with 
nitric acid lanthanum tagging
Orderly mucosal villi and integrated tight junctions as 
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Figure 1  Body weight changes in rats of different groups. The body weight 
of rats in group C increased stably, and reduced body weight was observed in 
all rats exposed to hypobaric hypoxia. Decreased body weight was most evi-
dent in group HH, followed by groups H and HG. C: Control group; H: Hypobar-
ic hypoxia group; HH: Hypobaric hypoxia plus starvation group; HG: Hypobaric 
hypoxia plus Gln group.

Table 1  Morphological manifestations of intestinal mucosa in 
different groups (mean ± SD)

Group Rats (n) Height of villi Thickness of mucosa Villous area (m2) 

C 10 242 ± 19              380 ± 4 15324 ± 1027
H 10   228 ± 23a 296 ± 7b 13450 ± 999b

HH 10   200 ± 24b 314 ± 7b 11341 ± 997b

HG 10   215 ± 23c 370 ± 9d 12901 ± 989d

aP < 0.05, bP < 0.01 vs group C; cP < 0.05, dP < 0.01 vs group H. C: Control 
group; H: Hypobaric hypoxia group; HH: Hypobaric hypoxia plus starva-
tion group; HG: Hypobaric hypoxia plus Gln group.
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Figure 2  Light microscopy. Smooth intestinal mucosa with intact epithelia and ordered villi in group C (A), exfoliated and incomplete intestinal mucosa with thickened 
mucosa and reduced villi accompanying irregular morphology and disorganized villous epithelia in group H (B), atrophic and thinned villi accompanying a loose and disor-
dered arrangement as well as edema and infiltration of inflammatory cells in mastoid lamina of villi and lodged and exfoliated villi with loss of goblet cells and red blood cell 
effusion around the capillaries in group HH (C), relatively intact intestinal mucosal villi with ordered arrangement and alleviated edema in mastoid lamina of villi accompa-
nying a few infiltrated inflammatory cells in group HG (D) (HE, × 200). 

200 μm200 μm
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Figure 3  Scanning electron microscopy. A smooth surface of intestinal mucosa with a clear structure as well as complete and orderly villi in group C (A) (× 6900), 
atrophic epithelial structure of intestinal mucosa and lodging villi accompanying a rough surface with disordered villi and widened villous spaces in group H (B) (× 
6900), severely injured intestinal mucosa as well as disc-shaped cells and cellulose in mucosal defects along with evident atrophy and disordered villi with widened 
villous spaces and exfoliated microvilli in group HH (C) (× 11 500), almost intact intestinal mucosa with orderly villi and less effusion but no disc-shaped cells and cel-
lulose in group HG (D) (× 11 500). 
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well as intact organelles with regular nuclei were observed 
with no edge aggregation in chromatin and no lanthanum 
granules in tissue space and cells in group C (Figure 4A). 
The microvilli were exfoliated and incomplete with wid-
ened cellular spaces, swollen endoplasmic reticulum and 
mitochondria as well as a small number of  lanthanum 
granules in group H (Figure 4B). The Golgi complex 
was dilated with irregular nuclei with edge aggregation in 
chromatin and a large number of  lanthanum granules in 
the tight junction gap and cells in group HH (Figure 4C). 
Mildly deformed microvilli and gland proliferation in the 
lamina propria and a small number of  lanthanum granules 
were confined to vessels and epithelial surface in group 
HG (Figure 4D). The number of  blue particles was 3.5 ± 
1.5 unit/cell/gap in group C, 17.5 ± 2.5 unit/cell/gap in 
group H, 36 ± 2.7 unit/cell/gap in group HH, and 12 ± 2.1 
unit/cell/gap in group HG, respectively.

Detection of bacterial translocation
Negative bacterial cultures were obtained in group C. 
Bacterial translocation occurred in MLN and spleen of  
group H and group HH but not in peripheral blood (P 
< 0.05). The translocation organ number of  bacteria was 
the greatest in group HH. The incidence of  bacterial 
translocation was markedly lower in group HG than in 
group H (P < 0.05, Table 2). 

Serum DAO, Gln and intestinal homogenate levels in 
different groups 
The serum DAO level was higher in groups H and HH 
than in group C (P < 0.05), and lower in group HG than 
in groups H and HH (P < 0.05). The serum Gln level was 
lower in groups H and HH than in group C (P < 0.05), and 
higher in group HG than in groups H and HH (P < 0.05, 
Table 3). The intestinal DAO and Gln levels were lower in 
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Figure 4  Transmission electron microscopy with nitric acid lanthanum tagging. Orderly mucosal villi and integrated tight junctions as well as intact organelles 
with regular nuclei in group C (A), exfoliated and incomplete microvilli accompanying widened intercellular spaces as well as swollen endoplasmic reticulum and mito-
chondria and a small number of lanthanum granules in tissue spaces in group H (B), dilated Golgi complex with irregular nuclei and edge aggregation in chromatin as 
well as lanthanum granules in the tight junction gap and cells in group HH (C), mildly deformed microvilli and swollen mitochondria in lamina propria accompanying a 
small number of lanthanum granules confined to vessels and epithelial surface in group HG (D) (× 8900).

Table 2  Bacteria translocation in different organs (mean ± SD)

Group Rats (n ) Heart Liver Spleen Lung Lymph node Blood Bacteria translocation 

C 10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
H 10 0.00 0.00 1.5 ± 0.85 0.00 1.3 ± 0.95 0.00 0.47 ± 0.83a

HH 10 2.5 ± 0.85 2.9 ± 1.21 3.1 ± 1.21 2.6 ± 1.07 3.2 ± 1.03 0.00 2.45 ± 1.36a

HG 10 0.00 0.00 0.7 ± 0.48 0.00 0.6 ± 0.52 0.00 0.22 ± 0.42c

aP < 0.05 vs group C, cP < 0.05 vs groups H and HH. C: Control group; H: Hypobaric hypoxia group; HH: Hypobaric hypoxia plus starvation group; HG: 
Hypobaric hypoxia plus Gln group.
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groups H and HH than in group C (P < 0.05) and higher in 
group HG than in groups H and HH (P < 0.05, Table 4).

Serum endotoxin, SOD, MDA, NO and AI levels in 
different groups 
The serum MDA and endotoxin levels were higher in 
groups H and HH than in group C (P < 0.05) and lower 
in group HG than in groups H and HH (P < 0.05, Table 5). 
The serum SOD and NO levels were lower in groups H 
and HH than in group C (P < 0.05) and higher in group 
HG than in groups H and HH (P < 0.05, Table 5). 

DISCUSSION
The normal intestinal barrier function depends on the intact 
intestinal mechanical, biological, immunological and chemi-
cal barriers. The mechanical barrier is the most important. 
Complete intestinal mucosal epithelium is the dominant 
component of  the mechanical barrier, and the integrity of  
mucosal epithelium plays a critical role in protection against 
the spread of  endotoxin and bacterial translocation[17]. The 
tight junction between adjacent cells, composed of  proteins 
with various functions, can be found between villous and 
duct epithelia, and plays a crucial role in preventing mol-
ecules and ions from passing between cells[18,19]. 

Gastrointestinal motility is another component of  
the intestinal mechanical barrier. The swing of  intestinal 
villi reduces the adhesion of  pathogens to mucosal epi-
thelia. Furthermore, intestinal peristalsis pushes the food 
residue to the distal end and reduces the stay time of  
bacteria in intestinal mucosa and the chance of  bacteria 
reaching epithelia through the mucous layer, which re-

sults in intestinal self-cleaning. The normal flora in intes-
tine forms a biological layer with multiple levels, which 
comprises the immunological barrier of  intestine with 
no specific immune functions[20].

The balance between bacterial location, amount and 
type is critical for the maintenance of  intestinal homeostasis. 
Numerous environmental changes may lead to an imbal-
ance between humans and bacteria, and between different 
types of  bacteria, thus resulting in injury to the intestinal 
biological barrier[21]. The immunological barrier is composed 
of  secretory IgA, which is secreted by plasma cells in the 
lamina propria and lymphoid tissues in intestine. A few Pan-
eth cells consume necrotic cells and secrete several immune 
substances, which function as an immunological barrier[22]. 
Additionally, gastric acid, bile, lysozymes, mucopolysac-
charide and proteolytic enzymes form a gastrointestinal 
chemical barrier that exerts bactericidal effects. Normally, a 
viscoelastic layer on intestinal mucosa constitutes the chemi-
cal barrier, with no specific immunological function. The 
mucus secreted by goblet cells mainly consists of  mucin 
and its main function is to lubricate the intestinal mucosa, 
thus protecting the mucosa against mechanical and chemical 
injury. In addition, the non-specific and specific adhesions 
between oligosaccharides in mucin and cells interfere with 
the colonization of  opportunistic pathogens. 

It has been shown that a variety of  factors cause intes-
tinal barrier functional injury, and that hypobaric hypoxia 
may directly damage mucosal epithelia[23]. As a result of  
energy deficiency, the swing of  mucosal villi is also com-
promised, accompanying suppressed intestinal peristal-
sis, which enhances intestinal absorption. Furthermore, 
hypoxia may damage aerobic metabolism and increase 
glycolysis, resulting in intracellular acidosis. Subsequently, 
the mucosal permeability increases, leading to intestinal 
barrier functional injury. Intestinal mucosal injury, cy-
toclasis of  goblet cells, and reduced amount of  mucus 
caused by hypobaric hypoxia may attenuate the ability of  
intestinal mucosa to combat gastric acid and pepsin. At 
the same time, the gastrointestinal vagus nerve is in an 
excitatory state, which increases the secretion of  gastrin, 
and the gastric acid and pepsin deteriorate the intestinal 
injury. Hypobaric hypoxia may also reduce secretion of  
secretory IgG, which compromises the specific immune 
function of  intestine. Moreover, the expressed adhesion 
molecules of  white blood cells and endothelia enhance 
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Table 3  Serum diamino oxidase and glutamine levels in dif-
ferent groups (mean ± SD)

Table 5  Serum malondialdehyde, nitric oxide, superoxide dis-
mutase and endotoxin levels in different groups (mean ± SD)

Group Rats (n ) DAO (kU/L) Gln (mmol/L)

C 10 0.861 ± 0.359  3.083 ± 0.186
H 10 3.533 ± 0.584b   1.472 ± 0.079b

HH 10 4.991 ± 0.813b   1.075 ± 0.150b

HG 10 1.810 ± 0.450a   1.951 ± 0.070a

aP < 0.05 vs groups H and HH; bP < 0.01 vs group C. DAO: Diamino oxi-
dase; Gln: Glutamine; C: Control group; H: Hypobaric hypoxia group; 
HH: Hypobaric hypoxia plus starvation group; HG: Hypobaric hypoxia 
plus Gln group.

Table 4  Intestinal diamino oxidase and glutamine levels in 
different groups (mean ± SD)

Group Rats (n ) DAO (kU/L) Gln (mmol/L)

C 10  0.516 ± 0.062  3.083 ± 0.186
H 10   0.325 ± 0.053b   1.472 ± 0.079b

HH 10   0.271 ± 0.042b   1.075 ± 0.150b

HG 10   0.431 ± 0.049a   1.951 ± 0.070a

aP < 0.05 vs groups H and HH, bP < 0.01 vs group C. DAO: Diamino oxidase; 
Gln: Glutamine; C: Control group; H: Hypobaric hypoxia group; HH: Hy-
pobaric hypoxia plus starvation group; HG: Hypobaric hypoxia plus Gln 
group.

Group Rats 
(n )

endotoxin 
(kEU/L)

MDA
(mol/L)

SOD
(kU/L)

NO 
(mol/L)

C 10 0.032 ± 0.003   6.332 ± 0.649 146.659 ± 3.554 31.097 ± 1.491
H 10 0.277 ± 0.053b   9.732 ± 0.675b   66.550 ± 6.144b 23.397 ± 1.909b

HH 10 0.582 ± 0.061b 13.157 ± 0.848b   46.851 ± 3.183b 19.586 ± 1.203b

HG 10 0.113 ± 0.015a   7.183 ± 0.497a 119.682 ± 5.481a 27.584 ± 1.168a

aP < 0.05 vs groups H and HH, bP < 0. 01 vs group C. MDA: Malondialde-
hyde; SOD: Superoxide dismutase; C: Control group; H: Hypobaric hypoxia 
group; HH: Hypobaric hypoxia plus starvation group; HG: Hypobaric hy-
poxia plus Gln group; NO: Nitric oxide.
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the phagocytosis of  neutrophils, which release several 
proteolytic enzymes, thus resulting in intestinal mucosal 
injury[24,25]. There is evidence that hypobaric hypoxia can 
reduce bile secretion and cause disorderliness of  entero-
hepatic circulation, leading to gastrointestinal dysfunc-
tion and overpopulation of  intestinal bacteria, and fur-
ther intestinal biological barrier damage. The damaged 
biological barrier, together with the injured mechanical 
barrier and increased mucosal permeability, increases the 
possibility of  overproduced bacteria and endotoxin en-
tering parenteral organs through injured mucosa, thus 
resulting in the spread of  endotoxin and bacterial trans-
location[26], which is also the basic cause of  SIRS. 

In the present study, after the rats were exposed to a 
simulated altitude of  7000 m for 72 h, their food intake 
was significantly reduced, accompanying weight loss. Light 
microscopy showed that the intestinal mucosa was exfoli-
ated, and the height of  mucosa decreased. The number 
of  villi was reduced, along with their height, accompany-
ing an irregular morphology. The epithelia had different 
sizes and disordered arrangement. The number of  goblet 
cells was decreased, and a few of  them showed signs of  
degeneration. Electron microscopy revealed atrophic and 
thinned intestinal villi and disordered epithelia. The villi 
were incomplete and exfoliated, accompanying widened 
intercellular spaces. Swollen endoplasmic reticulum and 
mitochondria and dilated Golgi complex were observed 
with irregular nuclei and edge aggregation of  chromatin. 
In addition, lanthanum granules were found in intercel-
lular spaces, basement membrane, tissue spaces, and intra-
cellular compartment. At the same time, TUNEL staining 
showed that the number of  apoptotic epithelial cells was 
significantly elevated after the rats were exposed to hypo-
baric hypoxia. Under a hypobaric hypoxia environment, 
starvation might markedly enhance the mucosal injury 
that leads to exfoliation, atrophy and decreased height of  
mucosal villi. Vacuolar degeneration was noted in a few 
epithelia with effusion of  red blood cells around capil-
laries, accompanying infiltration of  inflammatory cells. 
The intestinal mucosal injury was dramatically improved 
after treatment with Gln. These findings demonstrate that 
acute hypobaric hypoxia can severely damage intestinal 
mucosa, thus resulting in intestinal barrier functional in-
jury. In this study, Gln exerted its protective effects on the 
injured intestinal mucosa to a certain extent. 

Damage to the intestinal barrier function may increase 
mucosal permeability, which leads to bacterial translocation 
and SIRS. Therefore, detection of  bacterial translocation 
and spread of  endotoxin, as well as measurement of  some 
parameters (DAO, MDA, SOD, NO and Gln) related to in-
testinal function and systemic inflammatory reaction, may 
directly reflect the intestinal barrier function. The spread 
of  endotoxin and bacterial translocation represent an in-
creased mucosal permeability, which occurs after intestinal 
mucosal injury. The activity of  DAO in mucosal villi may 
reflect the structure and function of  intestine[27,28]. When 
mucosal cells are injured and necrotized, DAO is released 
into the blood or enters the intestinal tract together with 
necrotic mucosal cells, thus increasing the serum and intes-

tinal tract DAO level and decreasing the DAO levels in in-
testinal mucosa. The activity of  SOD represents its ability 
to scavenge free radicals. MDA is the end product of  lipid 
oxidation and indirectly represents lipid peroxidation. NO 
is an antioxidant. When the intestinal mucosa is damaged, 
the activity of  SOD decreases, accompanying decreased 
NO and increased MDA contents. It was reported that 
the serum Gln level is decreased in intestinal mucosa of  
patients with some critical illnesses. In the present study, 
the activity of  serum DAO and MDA and endotoxin levels 
were markedly higher in rats exposed to hypobaric hypoxia 
than in those not exposed to hypobaric hypoxia. However, 
the activity of  DAO and the content of  Gln, and the se-
rum NO and Gln levels in intestinal mucosa were signifi-
cantly lower in rats exposed to hypobaric hypoxia than in 
those not exposed to hypobaric hypoxia. These changes 
were more evident in rats after exposed to hypobaric hy-
poxia and starvation. The serum activity of  DAO, MDA 
and endotoxin was dramatically decreased after treatment 
with Gln. Moreover, the activity of  DAO in intestinal mu-
cosa and the serum NO and Gln levels in intestine were 
markedly increased. These results suggest that Gln, as an 
intestinal nutrient, can confer protective effects against in-
testinal mucosal injury caused by hypobaric hypoxia. 

The results of  this study show that hypobaric hypoxia 
can severely injure the intestinal barrier function and in-
crease the intestinal mucosal permeability. In addition, the 
release of  factors involved in SIRS was enhanced accom-
panying reduced production of  protective factors after 
exposed to hypobaric hypoxia. At the same time, the abil-
ity of  hypobaric hypoxia to combat lipid peroxidation was 
reduced. These changes finally resulted in the spread of  
endotoxin and bacterial translocation. The spread of  en-
dotoxin and bacterial translocation, on one hand, activates 
Kupffer cells in the liver, resulting in the release of  numer-
ous cytokines, and on the other hand, leads to endotox-
emia, which activates monocytes, macrophages, T and B 
lymphocytes, and promotes the release of  a large number 
of  cytokines, thus resulting in a cytokine cascade[24]. Addi-
tionally, the release of  numerous inflammatory mediators, 
including metabolites of  arachidonic acid (prostaglandin 
E2, prostacyclin, NO, platelet activating factor, leukotriene 
and bradykinin), may induce SIRS[29]. SIRS further pro-
motes the release of  inflammatory mediators, which result 
in inflammatory-mediator-related cascade effects, exacer-
bation of  intestinal mucosal injury[30], and suppression of  
intestinal immune function, thus leading to aggravation 
of  bacterial translocation and spread of  endotoxin, which 
are the basis of  the later stage of  SIRS[31]. Therefore, the 
intestinal tract is not only the target organ of  SIRS but 
also the initiator of  SIRS[32], which forms a vicious cycle 
that results in an endogenous and uncontrollable systemic 
inflammatory reaction, deterioration of  tissue, organ in-
jury, and finally, MODS. Therefore, the damaged intestinal 
barrier function resulting from hypobaric hypoxia may be 
one of  the important causes of  high-altitude MODS.

Both high-altitude hypoxia and starvation may cause 
severe intestinal barrier function injury, and increased 
bacterial and endotoxin translocation, but high-altitude 
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starvation causes more sever intestinal mucosal injury, and 
bacterial and endotoxin translocation than simple hypoxic 
exposure. High-altitude over-starvation can aggravate 
intestinal mucosal injury and promote bacterial and endo-
toxin translocation, which can be markedly alleviated after 
intragastric administration of  Gln.

COMMENTS
Background
Rapid access to 3000 m above sea level can lead to body function change, and 
even acute severe mountain sickness (ASMS), which can be life-threatening. High 
altitude pulmonary edema and high altitude cerebral edema are normal in ASMS.
If they are not treated effectively, many people can develop multiple organ dys-
function syndrome (MODS). However, the mechanism for complication of ASMS 
by MODS is still unclear. It has been demonstrated that gastrointestinal mucosal 
barrier dysfunction plays an important role in translocation of intestinal bacteria 
and endotoxin, systemic inflammatory response syndrome (SIRS), and MODS.  
However, whether high altitude hypoxia can cause gastrointestinal mucosal barrier 
dysfunction promoting bacterial and endotoxin translocation is currently unknown.
Research frontiers
Studies have shown that high altitude hypoxia can directly cause pathological 
damage to the intestinal mucosa, and increase intestinal permeability. High 
altitude hypoxia can reduce secretion of IgG from the gastrointestinal mucosa, 
decrease the mucosal immune barrier, reduce bile secretion, cause enterohe-
patic circulation disorders, and destroy the intestinal biological barrier. Intestinal 
barrier damage can increase intestinal permeability, which results in bacterial 
translocation and occurrence of SIRS and MODS. Therefore, observation of 
intestinal translocation of bacteria and endotoxins can indirectly reflect intestinal 
mucosal barrier function. 
Innovations and breakthroughs
In this study, the authors found that high altitude hypoxia altered intestinal 
barrier function, and increased permeability and bacterial translocation. High 
altitude hypoxia complicated by excessive hunger can increase damage to the 
intestinal barrier function and translocation of intestinal bacteria and endotoxins, 
and induce high altitude MODS. Glutamine has a protective effect on gastroin-
testinal mucosal injury in the hypoxic environment, reduces intestinal bacterial 
and endotoxin translocation, and promotes repair of intestinal injury.
Applications 
This study has high clinical significance and practical value. First, it reminds 
people to improve monitoring of gastrointestinal mucosal injury in ASMS. Sec-
ond, when gastrointestinal mucosal injury is found, glutamine should be admin-
istered early.
Terminology
Intestinal mucosal barrier function: It included mechanical barriers, biological 
barrier, immune barriers and chemical barriers. Mechanical barrier is complete 
gastrointestinal mucosa to prevent bacterial translocation; biological barrier is 
the normal intestinal bacteria group in the intestine to form a multi-level special 
biological layer, a non-specific immune intestinal biological barrier; immune bar-
rier is the intestinal immune barrier lamina propria plasma cells by the secretion 
of secretory immunoglobulin A (SIgA) and together constitute the gut-associated 
lymphoid tissue; chemical barrier is the gastrointestinal tract such as gastric acid, 
bile, lysozyme, mucopolysaccharide and proteolytic enzymes have a certain 
material form the bactericidal effect of the chemical barrier. Bacterial and endo-
toxin translocation: Intestinal bacteria and endotoxin from the intestine into other 
organs or blood when the intestinal mucosal barrier is broken, the body can be an 
"intestinal" sepsis-like. Systemic inflammatory response syndrome (SIRS): When 
subject was suffered a variety of damage, and show a high metabolic response. 
As the body in a high metabolic state, it can increase oxygen consumption; on the 
other hand, metabolic hyperactivity can enhance the body break down protein, 
negative nitrogen balance; sugar enhanced anaerobic glycolysis, lactate accu-
mulation, acidosis, eventually leading to tissue failure. Multiple organ dysfunction 
syndrome: MODS is defined as severe trauma, infection and shock, the original 
organ dysfunction in patients with no more than two successive system and organ 
dysfunction. 
Peer review
This is a study of the effects of hypobaric hypoxia on intestinal integrity in rats 

(n = 40). Animals exposed to hypobaric hypoxia for 72 h demonstrated histo-
logical damage to the small intestine, translocation of lanthanum particles, and 
increased serum levels of DAO, MDA and endotoxin. This was accompanied by 
increased translocation of bacteria into lymph nodes and the spleen. Concomi-
tant treatment of rats with glucosamine reduced the severity of intestinal injury.
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