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Abstract. Intestinal ischemia-reperfusion (IR) is a common 
clinical pathophysiological process that is common in 
severe trauma, major surgery, and in post-resuscitation. 
Glutamine (Gln) reduces intestinal IR injury, however, 
its mechanism of action remains to be determined. High 
mobility group box 1 (HMGB1) protein, nuclear factor-κB 
(NF-κB), tumor necrosis factor-α (TNF-α), and interleukin-1 
(IL-1) are mediators involved in the pathophysiology of 
intestinal IR injury. The aim of the present study was to 
investigate the effects of Gln on the intestinal mucosa of 
HMGB1 expression following IR to determine whether Gln 
relieved intestinal IR injury in the intestinal mucosal barrier. 
Forty-eight Sprague-Dawley rats were included in the present 
study. A model of intestinal ischemia-reperfusion injury was 
established by clamping the superior mesenteric artery of the 
rats to cause ischemia, followed by restoring blood flow. The 
animals were randomly divided into the control (n=24) and 
the Gln (n=24) groups for the experiments. The two groups 
of rats were given enteral nutrition with equal heat, nitrogen 
(heat 125.4 kJ/kg/day, nitrogen 0.2 g/kg/day). The Gln group 
of rats was fed with enteral nutrition plus 3% Gln, while the 
control rats were fed with enteral nutrition plus 3% soybean 
protein. After 7 days, the HMGB1 and plasma levels of NF-κB, 
TNF-α, IL-1, Gln, D-lactic acid and diamine oxidase (DAO) 
were observed. The changes in the morphology of intestinal 
mucosa were observed using electron microscopy. The plasma 
levels of TNF-α, IL-1, D-lactic acid and DAO, and the level of 
HMGB1, NF-κB, TNF-α and IL-1 in intestinal mucosa were 
significantly higher after IR (p<0.05), while the plasma level 

of Gln was lower in the two groups. In the control group, the 
plasma level of IL-1, TNF-α, DAO and D-lactic acid, and that 
of HMGB1, NF-κB, TNF-α, and IL-1 in intestinal mucosa 
were significantly higher, while the plasma level of Gln was 
lower than that prior to modeling on the 3rd and 7th days of the 
experiment. In the Gln group, the plasma level of IL-1, TNF-α, 
DAO and D-lactic acid, and that of HMGB1, NF-κB, IL-1, and 
TNF-α in intestinal mucosa were significantly higher (p<0.05) 
compared to the control on the 3rd and 7th days of the experi-
ment. By contrast, after the 7th day, the plasma level of IL-1, 
TNF-α, DAO and D-lactic acid, and the level of HMGB1, 
NF-κB, IL-1, TNF-α in intestinal mucosa were significantly 
lower in the Gln group, while the plasma level of Gln was 
significantly higher than those in control group and after IR 
on the 7th day of the experiment. Additionally, the structure of 
villi and recess was damaged, villi was sparse and short, and 
considerable inflammatory cell influx embellished the lamina 
propria, lymphangiectasia, and edema after IR. On the 7th day, 
compared to after IR, the intestinal villi and recess structure 
of the controls was significantly restored in the Gln group. In 
conclusion, Gln repaired the intestinal mucosal injury in IR by 
reducing the expression of HMGB1 and inflammatory cyto-
kines, and reducing the permeability of the intestinal mucosa.

Introduction

During intestinal ischemia-reperfusion (IR), mucosal tissue 
damage is associated with cytokine release, increase in 
intestinal mucosal permeability, translocation of endotoxins 
and intestinal microflora. These can lead to multiple organ 
dysfunction syndrome (MODS) (1,2). Inflammatory response 
of lower intestinal mucosa is a crucial factor defining mucosal 
damage after IR caused by major surgery or severe trauma (3).

Glutamine (Gln) is a conditionally essential amino acid 
with a variety of biological functions. It is the key energy 
substrate for intestinal epithelial cells and lymphocytes. It is 
required to maintain proper mucosal barrier function as it 
promotes cell differentiation and proliferation (4-6). To the 
best of our knowledge, few studies have focused on the effects 
of Gln on inflammatory cytokine production in intestinal 
mucosa after IR.
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In the present study, we established an animal model of 
intestinal IR injury and tested the effects of Gln on mucosal 
function as well as the high mobility group box 1 (HMGB1), 
tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1). The 
results showed that Gln repaired the intestinal mucosal injury 
in IR by reducing the expression of HMGB1 and inflammatory 
cytokines, and reduce the permeability of intestinal mucosa.

Materials and methods

Animals
Animal model of IR. Forty-eight healthy male Sprague-Dawley 
rats were obtained from the Experimental Animal Center 
of Tongji University (Shanghai, China). The animals had 
an average weight of 150±12 g. After feeding for 3 days, the 
animals were anesthesized and fixed on a wooden board, and 
a ventral midline incision (3-4 cm long) into the abdomen was 
performed. The mesenteric arteries were identified and isolated, 
the initial part of the upper mesentery artery was clamped with 
a non-damagebulldog clamp (Jinzhong Co., Shanghai, China) 
for 35 min, prior to the clamp being loosened to re-perfuse for 
2 h. This established a small intestinal IR injury.

Animal groups. Animals were randomly divided into the 
control and Gln groups (n=24 per group). The rats were fed 
separately in a clean animal house with stainless steel cage. 
The control group rats were fed vegan chow (Nutricia) supple-
mented with 3% soy protein, whereas the Gln group animals 
were fed vegan chow (Nutriciacompany, Paris, France) 
supplemented with 3% Gln. The enteral nutrition of the two 
groups had the following calorie and nitrogen supply: calorie 
125.4 kJ/kg/day and nitrogen 0.2 g/kg/day. Enteral nutrition 
supplemented with 3% Gln and 3% soybean protein was given 
once. Prior to feeding enteral nutrition to rats, daily disposable 
lavage, change of food intake and body weight were measured.

Prior and after induction of IR injury (days 3 and 7 of 
the experiment), 6 rats were selected to obtain 5 ml of arte-
rial blood from the femoral artery. Blood was centrifuged for 
10 min at 2,000 x g to collect serum, and then stored at -80˚C. 
In addition, small intestine 10 cm away from the ileocecal 
intestinal tissue was also obtained to evaluate the levels of 
HMGB1, TNF-α and IL-1, and for pathological analysis.

HMGB1 expression. HMGB1 expression was assessed using 
western blot analysis, as previously described (7). The homo-
genates of intestinal mucosa were prepared and supernatants 
were obtained and separated with SDS-PAGE. The primary 
antibody, anti-HMGB1 antibody (catalog no.: sc-191583; 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and 
secondary antibody (Santa Cruz Biotechnology, CA, USA; 
catalog no.:sc-395763) were subsequently applied. The gel 
image was captured and bands were analyzed with quantity 
one image analysis software (Bio-Rad, Berkeley, CA, USA).

TNF-α and IL-1 expression. A 2 cm specimen of small intes-
tine proximal jejunum was obtained. The specimen was rinsed 
with normal saline and 200-300 mg of intestinal mucosa were 
scraped off the jejunum. The tissue homogenate were diluted 
with nine volumes of normal saline. The specimen was centri-
fuged (800 x g for 10 min) and the supernatant was obtained. 

The concentrations of TNF-α and IL-1 were quantified with 
respective ELISAs (R&D Systems, Inc., Minneapolis, MN, 
USA). The results were expressed as pg cytokine/g wet weight.

Plasma Gln TNF-α, IL-1, diamine oxidase (DAO) and 
D-lactic acid. TNF-α and IL-1 were quantified by respective 
ELISAs (R&D Systems, Inc.). The concentration of plasma 
D-lactic acid was also calculated by ELISA (Sigma, St. Louis, 
MO, USA) whereas the concentration of DAO was quantified 
spectrophotometrically (Hitachi 7600 automatic biochemical 
analyzer; Hitachi, Tokyo, Japan). Gln concentration was quan-
tified by HPLC (7) (Waters, Milford, MA, USA).

Morphological changes. A 2-cm specimen of the proximal 
jejunum was obtained. After paraffin embedding, tissue 
slices were prepared and stained with hematoxylin and eosin. 
The slides were viewed under magnification (x100), electron 
microscopy observation of small intestinal villus and crypt 
structure organization allowed the assessment of morpho-
logical changes.

Statistical analysis. SPSS 13.0 statististical software (SPSS, 
Inc., Chicago, IL, USA) was used to analyze the data. 
Quantitative data were presented as mean ± SD and analyzed 
by the paired t-test. Qualitative data were analyzed by the 
Chi-square test. P<0.05 indicated statistical significance.

Results

Expression of HMGB1 in intestinal mucosa. Compared with 
basal values, the expression of HMGB1 intestinal mucosa 
was significantly (p<0.05) increased immediately after, and 
on days 3 and 7 after IR (Table I). Animals treated with Gln 
showed a significantly faster recovery of this parameter on 
day 7 after IR (Table I).

Expression of nuclear factor-κB (NF-κB) in intestinal mucosa. 
Compared with basal values, the percentage of NF-κB-positive 
cells was markedly upregulated immediately after, and on 
days 3 and 7 after IR injury (Table II). Similar to HMGB1 
expression, the animals treated with Gln showed a signifi-
cantly (p<0.05 vs. control group; Table II) faster decrease in 
the number of NF-κB-positive cells on day 7.

Levels of IL-1 and TNF-α in plasma and intestinal mucosa. 
Compared with before modeling, two groups after modeling 
of blood plasma and intestinal mucosal IL-1 and TNF-α 
level increased significantly (p<0.05). On the 3rd and 7th 
day of the experiment, the control group of intestinal mucosa 
and serum IL-1 and TNF-α level was significantly higher 
than the former (p<0.05), while there was no statistical 
significance compared with the after modeling (p<0.05). 
On the 3rd day of the experiment, the Gln group of plasma 
and intestinal mucosal level of IL-1 and TNF-α level was 
significantly higher than before (p<0.05). Compared with the 
after modeling and control group, on the 7th day of experi-
ment, the Gln group of plasma and intestinal mucosal IL-1, 
and TNF-α levels were significantly decreased (p<0.05). 
There was no statistical significance compared with other 
data (Table III).
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Levels of Gln, D-lactic acid and DAO in rat plasma. Compared 
with before modeling, the two groups after modeling of rats 
plasma D-lactic acid and DAO levels were increased signifi-
cantly (p<0.05), while the plasma level of Gln was decreased. 
On the 3rd day and the 7th day of the experiment, the control 

group rats plasma D-lactic acid and DAO levels were signifi-
cantly higher than the before modeling, while the plasma level 
of Gln below the before modeling was increased significantly 
(p<0.05). There was no statistical significance compared with 
other data (Table IV).

Table I. Expression of HMGB1 protein was examined in rat intestinal mucosal.

Group n Before modeling After modeling 3rd day 7th day P1 P2 P3

Control 24 0.13±0.01 0.93±0.08 0.79±0.05 0.85±0.06 0.034 0.026 0.035
Gln 24 0.13±0.01 0.87±0.07 0.72±0.04 0.58±0.03a,b 0.023 0.032 0.029

P1, before building compared with after building; P2, the 3rd day compared with before building; P3, before building compared with the 
7th day; aP, Gln group compared with after molding on the 7th day; bP, Gln group compared with the control group on the 7th day; HMGB1, high 
mobility group box 1; Gln, glutamine.

Table II. Expression of NF-κB were examined by immunohistochemitry in rat intestinal mucosal [n (%)].

Group n Before modeling After modeling 3rd day 7th day P1 P2 P3

Control 24 2 (8.3) 18 (75.0) 16 (66.7) 15 (62.5) 0.013 0.027 0.002
Gln 24 2 (8.3) 17 (70.8) 14 (58.3) 9 (37.5)a,b 0.019 0.038 0.032

P1, before building compared with after building; P2, the 3rd day compared with before building; P3, before building compared with the 7th 
day; aP, Gln group compared with after molding on the 7th day; bP, Gln group compared with the control group on the 7th day. NF-κB, nuclear 
factor-κB; Gln, glutamine.

Table III. Levels of TNF-α and IL-1 in rat plasma and intestinal mucosa.

 Plasma (ng/l) Intestinal mucosa (pg/g)
 ----------------------------------------------------------------------- ------------------------------------------------------------------------
Group n TNF-α IL-1 TNF-α IL-1

Control 24
  Before modeling 6 85.18±8.84 112.75±17.48 172.45±33.76 230.15±55.74
  After modeling 6 127.62±14.24a 148.55±21.56a 241.28±65.29a 315.86±74.36a

  The 3rd day 6 121.75±13.72a 140.79±18.36a 226.23±55.35a 301.24±69.45a

  The 7th day 6 113.83±11.69a 141.78±20.65a 214.76±54.82a 298.37±65.33a

    P1  0.018 0.027 0.036 0.031
    P2  0.025 0.021 0.042 0.028
    P3  0.041 0.029 0.038 0.022
Gln group 24
  Before modeling 6 85.18±8.84 113.82±17.28 172.45±33.76 230.39±54.66
  After modeling 6 123.86±13.75a 145.76±21.38a 240.35±64.86a 317.48±70.64a

  The 3rd day 6 117.35±11.29a 138.22±17.38a 213.78±43.76a 301.65±64.57a

  The 7th day 6 92.76±9.42b 131.65±14.57b 184.53±42.16b 237.26±56.81b

    P1  0.035 0.027 0.011 0.031
    P2  0.036 0.039 0.032 0.030
    P4  0.032 0.031 0.026 0.017
    P5  0.025 0.028 0.039 0.022

Data are presented as mean ± SD. aP<0.05 vs. before modeling, bp<0.05 vs. control group, day 7. TNF-α, tumor necrosis factor-α; 
IL-1, interleukin-1; Gln, glutamine.
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Figure 1. Changes in morphology of rat intestinal mucosa. Basal morphology prior to IR (A), basal morphology after IR (B), day 7 in control group (C), and 
day 7 in Gln group (D). Hematoxylin and eosin staining (magnification, x100). IR, ischemia-reperfusion.

Table IV. Levels of Gln, D-lactic acid and DAO in rat plasma.

Group n D-lactic acid (mmol/l) DAO (U/ml) Gln (g/l)

Control 24
  Before modeling 6 0.27±0.02 1.52±0.24 0.39±0.03
  After modeling 6 0.46±0.03a 2.76±0.57a 0.18±0.01a

  The 3rd day 6 0.41±0.03a 2.51±0.52a 0.22±0.01a

  The 7th day 6 0.53±0.05a 2.47±0.55a 0.21±0.03a

    P1  0.041 0.015 0.026
    P2  0.029 0.034 0.042
    P3  0.030 0.016 0.035
Gln group 24
  Before modeling 6 0.27±0.02 1.52±0.24 0.39±0.03
  After modeling 6 0.51±0.04a 2.58±0.51a 0.21±0.01a

  The 3rd day 6 0.45±0.03a 2.26±0.43a 0.32±0.02b

  The 7th day 6 0.31±0.02b 1.76±0.34b 0.40±0.03b

    P1  0.018 0.037 0.031
    P2  0.032 0.025 0.032
    P4  0.024 0.022 0.028
    P5  0.037 0.036 0.032

Data are presented as mean ± SD. aP<0.05 vs. before modeling, bp<0.05 vs. control group, day 7. Gln, glutamine; DAO, diamine oxidase.
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Morphology of small intestinal mucosa. Basal small intestinal 
mucosa and crypt structure was normal, with no obvious 
infiltration of inflammatory cells in the lamina propria (Fig. 1A). 
However, IR led to damage to the villi and crypt structure, 
and shorter, thinner hairs (Fig. 1B). Furthermore, the lamina 
propria exhibited a large number of invading inflammatory 
cells, lymphangiectasia and edema (Fig. 1B). On day 7 after 
IR, the animals treated with Gln showed a marked recovery 
of the structure of the intestine structure and crypts, such 
that they became comparable to the small intestinal mucosa 
at basal condition, and lamina propria had a small amount of 
invading inflammatory cells (Fig. 1C). However, the control 
group showed substantial morphological changes and marked 
inflammatory cell infiltration on day 7 (Fig. 1D).

Discussion

Visceral blood flow reduction following surgical trauma 
or shock is a common clinical phenomenon (8). It causes 
intestinal IR injury and activates neutrophils to release inflam-
matory cytokines and free radicals which cause tissue damage 
and affect intestinal mucosal permeability (9). Gln is the main 
energy material for intestinal mucosal rapidly dividing cells. 
During IR, deficiency of Gln can occur (10). In the present 
study, we demonstrate that animal IR is associated with lower 
levels of plasma Gln and the upregulation of inflammatory. 
However, supplementation with Gln led to increased recovery.

Gln is an important precursor of adenosine triphosphate 
and adenosine monophosphate which are used to power 
the intestinal mucosal cell metabolic oxidation (11,12). 
Furthermore, Gln is the precursor to glutathione, an important 
antioxidant that protects intestinal epithelial cells from oxidant 
damage and inhibits intestinal mucosal apoptosis (13,14). Gln 
can modulate inflammatory responses (15,16). Additionally, 
Gln increases the cell oxygen uptake rate, enterocyte mito-
chondrial respiratory function, and improves the intestinal 
blood supply (17).

HMGB1 is a nucleoprotein present in almost all eukary-
otic nuclei and involved in the regulation of inflammatory 
responses (18). When cells are stimulated with microbial 
pathogens or inflammatory factors, intracellular HMGB1 can 
be released into the extracellular compartment to stimulate 
immune responses (19). This stimulation increases intestinal 
mucosa monolayer permeability, facilitates bacterial translo-
cation, and allows the endotoxin from the gut lumen to reach 
inside the body. We have demonstrated that Gln supplementa-
tion decreases the expression of HMGB1 in the rat intestinal 
mucosa.

The same beneficial effect of Gln supplementation was 
observed with respect to NF-κB. This transcription factor 
is crucial for inciting and prolonging the inflammatory 
response (20). Activation of this transcription factor leads to 
upregulation of the production of inflammatory cytokines, 
such as TNF-α and IL-1, which were investigated in the 
present study. Downregulation of NF-κB expression by Gln 
supplementation, as observed in the present results, may be 
associated with reduced degradation of IκB, as demonstrated 
in Gln-supplemented cells (21). IκB normally prevents NF-κB 
from activation, thus, Gln beneficially modulated NF-κB in 
the present study.

Supporting the involvement of NF-κB in anti-inflam-
matory effects of Gln supplementation, TNF-α and IL-1, 
initially upregulated by IR injury, were downregulated in 
Gln-supplemented animals. Similar studies in the litera-
ture have shown that, Gln exerts a protective effect on the 
barrier function of intestinal mucosa during inflammatory 
insults (22). This can decrease exposure to gut microflora or 
their virulence factors.

We also studied the kinetics of plasma D-lactate and 
DAO levels as markers of intestinal membrane injury (23,10). 
Notably, plasma D-lactate levels have been found to reflect the 
permeability and barrier function of intestinal mucosa (24), 
whereas plasma DAO levels are associated with intestinal 
mucosal epithelial cell injury and repair (25,26). We observed 
that Gln supplementation markedly decreased the levels of the 
aforementioned markers.

These beneficial changes in Gln-supplemented animals 
were documented at day 7 after induction of the IR injury 
and were supported by less pronounced morphological 
changes of the intestinal mucosa. This is likely to indicate 
that inflammatory responses during IR strongly contribute 
to the damage to the intestinal mucosa, and that reducing the 
inflammatory response, as in the case of Gln-supplemented 
animals, is a prerequisite to preventing this damage to the 
intestinal mucosa.

Since the aforementioned beneficial changes of Gln 
supplementation occurred after 7 days post-IR injury, we 
believe that Gln facilitates cell recovery from the injury. In 
conclusion, we have demonstrated that Gln supplementation 
exerts beneficial anti-inflammatory effects in a rat model of 
IR injury and reduces morphological changes in the intestinal 
mucosa after this injury. This provides experimental evidence 
for the utilization of Gln supplementation to facilitate recovery 
of patients with intestinal IR injury.
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