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Abstract: Severe burns may lead to intestinal inflammation and oxidative stress resulting in intestinal barrier dam-
age and gut dysfunction. In the management of severe burns, therapies are needed to attenuate whole-body inflam-
matory responses and control the burden of oxidative stress. In this study, we evaluated the effects of oral gluta-
mine (Gln) with probiotics on burn-induced intestinal inflammation and oxidative stress using a Wistar rat burn injury 
model. We then explored potential molecular mechanisms for the effects of glutamine and probiotics on intestinal 
tissue inflammation and oxidative stress. We found that glutamine and probiotics together significantly inhibited 
nitric oxide (NO) content; reduced levels of the inflammatory factors TNF-α, IL-6, and IL-8; and altered expression of 
oxidative stress factors including reactive oxygen species and superoxide dismutase. We found that the apoptotic 
proportion of intestinal epithelial cells in severely burned subjects was notably decreased following treatment with 
glutamine plus probiotics. We also found that glutamine and probiotics given together markedly reduced NO content 
by down-regulating the expression of iNOS in blood and intestinal tissue. These findings indicate that regulation 
of the iNOS gene plays a pivotal role in inflammation and oxidative stress in the response to severe burns in the 
Wistar rat. We then further investigated the mechanism by which combined therapy with glutamine and probiotics 
might reduce expression of iNOS and found that this treatment resulted in increased methylation of the iNOS gene. 
The methylation level of the iNOS gene was found to be regulated via differential expression of DNMT1 and Tet1. 
Collectively, our results suggest that combined therapy with glutamine and probiotics can markedly reduce the syn-
thesis of NO, suppressing intestinal inflammation and oxidative stress in the Wistar rat burn injury model.
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Introduction

Severe burns can be associated with intestinal 
inflammation and oxidative stress which may 
then lead to intestinal barrier damage and fur-
ther organ dysfunction [1-3]. The intestinal tract 
serves as the largest immune system organ in 
the body. Thus, following severe burn injury, the 
intestinal tract is the first organ to be damaged 
by associated systemic stress and inflamma-
tion [4, 5]. Severe burns can directly and indi-
rectly lead to intestinal injury by contributing to 
overgrowth of intestinal bacteria, compromis-
ing the integrity of the intestinal wall, and 
reducing immune system responsiveness. In 
the setting of ongoing inflammation, apoptosis 
and necrosis may occur among intestinal epi-

thelial cells, leading to increased permeability 
of the mucosa and thereby permitting bacteria 
and other macromolecular substances to pass 
into the bloodstream, causing additional oxida-
tive stress and provoking further inflammation. 
This cycle can cause progressive damage to the 
intestinal mechanical and immune barriers, 
eventually leading to worsening systemic infec-
tion and inflammation if not controlled [6-8]. 

A significant increase in intestinal tract nitric 
oxide (NO) following burn injury has been previ-
ously reported in a rat severe burn injury model 
[9]. Under physiological conditions, NO is widely 
distributed in gastrointestinal tract tissues, 
where this substance plays roles in peristalsis 
and mucosal protection [10, 11]. Following 
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severe burn injury, NO has been proposed to 
play an important role in the intestinal tract 
inflammatory response to injury [12, 13]. NO is 
generated from L-arginine through a reaction 
catalyzed by nitric oxide synthase (NOS). NOS is 
known to have the forms neuronal NOS (nNOS), 
endothelial NOS (eNOS), and inducible NOS 
(iNOS) [14]. In response to a range of stimuli, 
including pro-inflammatory factors, foreign anti-
gens, lipopolysaccharide (LPS), and cytokine 
stimulation, the expression of iNOS is upregu-
lated in macrophages, T lymphocytes, liver 
cells, muscle cells, and endothelial cells; abun-
dant NO production can induce a severe inflam-
matory response [15-17]. 

Previous studies have found significantly 
decreased glutamine in muscle tissues and 
plasma after severe burn injury [18]. Glutamine 
supplementation has been found to promote 
biological processes necessary for intestinal 
repair, intestinal injury relief, maintenance of 
intestinal barrier functions, and prevention of 
intestinal bacterial and endotoxin translocation 
[19-21]. In addition, probiotics, microbial prepa-
rations containing physiologically active bacte-
ria and their byproducts, have also been found 
to inhibit the growth of pathogenic bacteria, 
reduce intestinal inflammation, and inhibit sig-
naling pathways including the NF-κB pathway; 
these activities may result in suppression of 
inflammatory reactions, protection of intestinal 
epithelial cells, and enhancement of the intesti-
nal mechanical barrier [22-24]. To achieve syn-
ergistic benefits in the treatment of intestinal 
injury following severe burns, glutamine and 
probiotics can be used together. However, the 
degree of synergy and the specific mechanisms 
accounting for the combined effects of gluta-
mine and probiotics remain to be studied. 

In this investigation we evaluated the effects of 
glutamine combined with probiotics on intesti-
nal injury using a Wistar rat severe burn model. 
The objectives of this study were to identify and 
characterize treatment effects and mecha-
nisms for further exploration in subsequent 
clinical trials in burn patients. 

Materials and methods

Materials

L-glutamine was purchased from Jiangsu 
Shenhua Pharmaceutical Co., Ltd (Z320210, 

Jiangsu, China). Probiotics were purchased 
from Beijing Tongrentang Co., Ltd (X12-110, 
Beijing, China). 

Wistar rat burn injury model: model creation, 
study groups, and data collection

120 healthy male Wistar rats (4-6 weeks) from 
local experimental animal center in Southwest 
hospital were used in this study. Rats were 
obtained and then fed for one week. Subjects 
were randomly selected for inclusion in the 
severe burn group (n = 80). All rats were 
weighed prior to burn injury creation or control 
warm water treatment. Burn injuries were cre-
ated by scalding the skin of the back using boil-
ing water. Prior to burn creation, each rat 
received an intraperitoneal injection of 3%  
pentobarbital sodium (40 mg/kg) as an anes-
thetic. The hair on each subject’s back was 
then removed using scissors. The analgesic 
buprenorphine (1 mg/kg) was injected to pro-
vide pain relief. A custom-made positioning 
apparatus was used to hold subjects while a 
scald burn injury was created on the back of 
the animal. To create the burn injury, the test 
area on the back was completely immersed in 
boiling water (100°C) for 15 seconds (s), creat-
ing a 20% body surface area full thickness 
burn. Rats in the normal control group were 
treated with warm water (25°C, 15 s) and other-
wise received the same treatment as rats in  
the burn group. Following burn injury creation, 
animals were caged individually for 1 day, then 
returned to their cages and permitted to eat 
and drink freely. 

Oral gavage was used to administer the follow-
ing treatments to burn injury and control rats: 
control group (n = 15), 1 ml normal saline; burn 
model group (n = 15), 1 ml normal saline; gluta-
mine treatment group (Gln group; n = 15), 1.5 
g/kg glutamine + 1 ml normal saline; probiotics 
treatment group (probiotics group; n = 15), 300 
mg/kg probiotic + 1 ml normal saline; gluta-
mine and probiotics combined treatment group 
(n = 15), 1.5 g/kg + 300 mg/kg glutamine + 1 
ml normal saline. Treatments were given once 
per day for seven days. Wounds were treated 
with iodophor (Mosen disinfection technology 
Co. Ltd, Shandong, China) each day. Wounds 
were kept dry and clean. And rats were treated 
according to the following methods: subjects in 
the control group (n = 15) and the burn model 
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group (n = 15) were administered 1 ml saline  
by tail intravenous injection immediately after 
injury. Rats in the L-NAME (N-nitro-L-arginine 
methyl ester, NOS-specific inhibitor, S0006, 
Beyotime Biotechnology, Shanghai, China) 
group (n = 15) received L-NAME HCL (100 mg/
kg) by tail intravenous injection immediately 
after burn injury creation. 

Blood and tissue samples were collected after 
three and seven days of treatment. Subjects 
were weighed and then anesthetized using an 
intraperitoneal injection of sodium pentobarbi-
tal (40 mg/kg). Each rat was then placed on a 
dissecting table tray, the abdominal cavity was 
opened using scissors, the position of the heart 
was observed, and 2 ml of blood was collected 
by inserting a 1 ml needle (G2100573425002, 
Zhengkang instruments Co., Ltd, Jiangsu, 
China) into the heart. The collected blood was 
kept in room temperature for 20 minutes (min) 
and then centrifuged at 4°C at 4000 rpm for  
15 min. Then, the collected blood was divided 
into two parts, to be frozen in liquid nitrogen 
and stored at -20°C, Samples of intestinal tis-
sue were surgically resected and immediately 
immersed in 10% formaldehyde, and rats were 
sacrificed. 

Examination of intestinal tissue sections using 
hematoxylin and eosin (HE) staining 

Intestinal tissue specimens were removed from 
10% formaldehyde solution after 24 h and 
rinsed with saline. Surface liquid was gently 
and carefully wiped using filter paper (Yiyuan 
machine tool accessory Co., Ltd, Yangtai, 
China). Specimens were dehydrated overnight 
using 95-100% alcohol in an. automatic hydro-
extractor (TP1020, Leica, Wetzlar, Germany).  
A pathological tissue embedding machine 
(HistoCore Arcadia, Leica, Wetzlar, Germany) 
was used to section intestinal tissue into slices 
of 3 μm. Using forceps, slices were gently 
placed onto glass slides and any folds were 
stretched. The slices were then de-waxed twice 
with xylene, each time for 10 min. Afterwards, 
the slices were rinsed with saline. Sections 
were then stained for 5 min with hematoxylin, 
rinsed, and stained for 30 s with 0.5% eosin. 
Slices were then dehydrated with alcohol and 
de-alcoholized with xylene. Neutral gum and 
coverslips were applied. Sections were exam-
ined using light microscopy with ×400 magnifi-

cation (Leica DM1000, Leica, Wetzlar, Germany) 
and photographed.

Blood sample biochemical index determination

IL-6, IL-4, IL-8 and TNF-α (ASS3189, ASS3182, 
KHC0081 and KHC3012, Abgent, San Diego, 
CA, USA) were measured using ELISA assays. 
ROS (MAK144-1KT, Sigma-Aldrich, St. Louis, 
MO, USA) and SOD (19160-1KT-F, Sigma-
Aldrich, St. Louis, MO, USA) were measured 
using chemiluminescent assays. NO was mea-
sured using a NO detection kit (23479-1KT-F, 
Sigma-Aldrich, St. Louis, MO, USA). All tests 
were performed by one technologist. All opera-
tions were carried out according to kit 
instructions. 

Flow cytometry analysis of cellular apoptosis 
proportion 

Intestinal epithelial cells were isolated from 
rats in the control group, burn model group, glu-
tamine treatment group, probiotics treatment 
group, and combined glutamine and probiotics 
group. 1×106 cells from each rat were harvest-
ed following normal protocols, and these  
were double-stained with Tali® Apoptosis Kit 
(A10788, Invitrogen, Carlsbad, CA, USA) con-
taining annexin V and PI. Percentages of apop-
totic cells were detected after staining using 
flow cytometry (FACSCalibur, Becton and 
Dickinson Company, Franklin Lakes, NJ, USA). 
The experiment was repeated three times, and 
representative images were shown. 

Quantitative real-time polymerase chain reac-
tion (PCR) assays

Total ribonucleic acids (RNAs) were isolated 
from intestinal epithelial cells using TRIzol® 
Reagent kit (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions. 
NanoDrop-1000 (Thermo Fisher Scientific, 
Waltham, MA, USA) was used to determine the 
concentration and purity of total RNAs. 1 μg 
total RNA was synthesized as the first strand 
cDNA according to the instructions from the 
reverse transcription kit (A5001, Promega, 
Madison, WI, USA). RT-PCR was used to detect 
mRNA expression of iNOS, eNOS, nNOS, 
DNMT1, and Tet1 (ab15323, ab76198 and 
ab102087 ab2849 and ab191698, Abcam, 
Cambridge, MA, USA). GAPDH mRNA (ab70699, 
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Abcam, Cambridge, MA, USA) served as an 
inner control of other mRNAs. 

Western blot analysis

Intestinal epithelial cells were collected and 
total proteins were extracted using Proteo- 
Prep® Total Extraction Sample Kit (PROTTOT-
1KT, Sigma-Aldrich, St. Louis, MO, USA) accord-
ing to the manufacturer’s instructions. Then 
supernatant was collected for detection of pro-
tein concentration using a BCA protein assay 
kit (P0012, Beyotime Biotechnology, Shanghai, 
China). A 20 μg protein sample was used  
for SDS-PAGE electrophoresis and then this 
was transferred to a nitrocellulose (NC) mem-
brane. Afterwards 5% skimmed milk powder/
Phosphate Buffer Solution (PBST) was used for 
sealing at room temperature for 2-4 h. Anti-
iNOS (1:500), eNOS (1:500), nNOS (1:500), 
DNMT1 (1:400), Tet1 (1:1000), and GADPH 
(1:1000) primary antibodies were incubated 
overnight at 4°C. Horseradish Peroxidase 
(HRP)-labeled secondary antibodies were then 
incubated with specimens at room tempera-
ture for 2 h. Electrochemical luminescence 
(ECL) luminescent liquid was applied prior to 
analysis using a chemiluminescence imaging 
system (Leica M205 FCA, Leica, Wetzlar, 
Germany).

Bisulfite sequencing PCR (BSP) and methyla-
tion-specific PCR (MSP)

Intestinal tissue samples were collected from 
the control group, burn model group, glutamine 

group, probiotics group, and combined gluta-
mine and probiotics group. Genomic DNA were 
extracted from intestinal tissues using a DNA 
extraction kit (10503027, Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s 
instructions. Recovery of DNA was performed 
using a Promega DNA purification kit (A1620, 
Promega, Madison, WI, USA) for PCR detection. 
The methods for these procedures have been 
previously published [25].

Statistical analysis 

All data in the manuscript are presented as 
mean ± standard error of the mean (SEM). 
GraphPad Prism 5 (GraphPad Software, Inc., 
San Diego, CA, USA) was used for graphical 
analyses and data processing. Statistical sig-
nificance was determined by one-way or two-
way analyses of variance, depending on the 
concentration of different factors or the level of 
gene expression. P < 0.05 was considered to 
be a statistically significant difference. 

Results

Rats in the severe burn group demonstrated 
aggravated inflammatory reactions with an 
increase in the apoptosis proportion among 
intestinal epithelial cells

In order to assess whether combined supple-
mentation with glutamine and probiotics can 
effectively reduce inflammation and oxidative 
stress in the intestinal tract following burn inju-
ry, a rat severe burn injury model was created. 

Figure 1. Damage to the intestinal tissue following burn injury on the third and seventh day in the burn model group 
compared to a control tissue section. Sections were stained with hematoxylin and eosin (HE) and photographed at 
40× magnification.
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Examination of intestinal tissue samples at 
three and seven days after injury was per-
formed using HE staining. Inflammatory chang-
es were observed in intestinal tissues from rats 
in the severe burn group on days 3 and 7 after 
burn injury creation, compared with the control 
group (Figure 1).

It has been reported that synthesis and release 
of NO within the intestinal tract following severe 

burn injury may be a major factor in the stress 
response contributing to subsequent intestinal 
injury [26]. Levels of NO in the blood and intes-
tinal tissues from burned rats were assessed 
using chemiluminescence, and we observed 
that NO content was significantly higher in 
blood and intestinal tissue samples from sub-
jects in the burn group compared to controls 
(Figure 2A, 2B). Furthermore, our data also 
revealed that ROS was markedly increased in 

Figure 2. In blood and intestinal tissue samples, the content of nitric oxide (NO), oxidative stress factors, and inflam-
matory factors (IF) were significantly increased and the apoptosis rate of the intestinal epithelial cells was increased 
in the burn model group: A: NO content detected in blood. B: NO content detected in intestinal tissue. C: OSFs were 
detected in blood. D: OSFs were detected in intestinal tissue. E: IFs were detected in blood. F: IFs were detected 
in intestinal tissue. G: The apoptosis ratio of intestinal epithelial cells was determined by flow cytometry. Data are 
presented as the mean ± standard error of measurement (SEM) (n = 3) with *P < 0.05 or ***P < 0.001, analyzed 
by two-way ANOVA.
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blood and intestinal tissues from the burn 
group, while SOD activity was significantly inhib-
ited (Figure 2C, 2D). We also found that blood 
levels of TNF-α, IL-6, and IL-8 in the burn group 
were higher than those in the control group, but 
that the level of IL-4 was significantly lower in 
the burn group (Figure 2E). Except for IL-4, 

these trends for intestinal tissue samples were 
consistent with those observed in blood (Figure 
2F). 

Apoptosis and necrosis of intestinal epithelial 
cells after intestinal tissue injury were then 
assayed. We found that the apoptosis ratio for 

Figure 3. The oxidative stress and inflammation in the blood and intestine were effectively reduced, and increased 
NO was markedly inhibited, by treatment of burned rats with combined glutamine and probiotics: A: NO levels in in-
testinal tissue and blood samples were measured for different treatment groups. B: The apoptosis rate of intestinal 
cells for different treatment groups was determined by flow cytometry. C: Oxidative stress factors (OSFs) were mea-
sured in blood. D: OSFs were measured in intestinal tissue. E: Inflammatory factors (IFs) were measured in blood. F: 
IFs were measured in intestinal tissue. Data are presented as the mean ± standard error of measurement (SEM) (n 
= 3) with *P < 0.05 or ***P < 0.001, analyzed by two-way ANOVA.
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Levels of inflammatory factors were also 
assayed after treatment. Our data showed that 
treating burned rats with glutamine or probiot-
ics alone rarely controlled increases in the  
levels of TNF-α, IL-6, and IL-8 after injury, but 
levels of TNF-α, IL-6, and IL-8 were markedly 
decreased after treatment with glutamine  
and probiotics combined. Blood levels of IL-4 
were also significantly increased in the com-
bined treatment group than Gln or Probiotics 
single treatment group (P < 0.05, P < 0.05) 
(Figure 3E, 3F), indicating a remarkable and  
pronounced anti-inflammatory effect. Taken 
together, these results suggest that the combi-
nation of glutamine with probiotics can signifi-
cantly reduce oxidative stress and inflamma-
tion in the blood and intestine in the setting of 
severe burn injury. 

Combined application of glutamine and probi-
otics downregulates expression of iNOS and 
reduces the synthesis of NO

In order to further explore how the combined 
application of glutamine and probiotics can 
reduce NO synthesis, inhibit intestinal oxidative 
stress and inflammation, and reduce intestinal 
cell apoptosis after severe burn injury, we 
assayed the expression and activity of iNOS, 
eNOS, and nNOS following the study treatment 
protocols. Compared with controls, expression 
and activity of iNOS were both significantly 
increased in the burn model group (P < 0.05). 
The expression and activity of iNOS was signifi-
cantly reduced by treatment of the burned rats 
with glutamine and probiotics alone (P < 0.05, 
P < 0.05). Our data also showed that the 
expression and activity of iNOS was decreased 
in combined treatment group compare to burn 
model group, Gln group and probiotics single 
treatment group (P < 0.01, P < 0.05, P < 0.05), 
compared with the burn model group, glutamine 
group, or probiotics group. Of note, the expres-
sion and activity levels of eNOS and nNOS were 
rarely found to differ from other groups (P > 
0.05) (Figure 4A, 4B). The expression of iNOS, 
eNOS, and nNOS proteins were then further 
examined by western blot, and these results 
were consistent with the above findings (Figure 
4C). Accordingly, our results suggest that abnor-
mal expression of iNOS in the intestine is the 
main factor accounting for the increase in NO 
following severe burn injury. This abnormal 
expression of iNOS was clearly inhibited by 

intestinal epithelial cells in the burn group was 
markedly increased (Figure 2G). These results 
characterize the Wistar rat model of severe 
burn injury which was found to have measur-
able associated systemic and gastrointestinal 
tract inflammation markers. These measured 
outcomes reflect burn-injury-induced oxidative 
stress and inflammatory responses.

Combined application of glutamine and probi-
otics inhibits the synthesis of NO, effectively 
reducing oxidative stress and inflammation in 
the blood and intestinal tissues in the Wistar 
rat burn model

In order to further study the effects of com-
bined application of glutamine and probiotics 
on intestinal inflammation and oxidative stress, 
subjects were divided into five groups: control 
group, burn model group, glutamine group, pro-
biotics group, and combined treatment group 
(Gln + probiotics group). Since NO is a critical 
stress factor and a main contributor to intesti-
nal injury following severe burn injury, we first 
investigated the effects of glutamine and probi-
otics, alone and in combination with each other, 
on the content of NO. We observed that the 
increase in NO after burn injury was sharply 
depressed when burned rats received either 
glutamine or probiotics single treatment, slight-
ly alleviating the effects of the burn injury 
(Figure 3A). Levels of NO were significantly 
inhibited in blood and intestinal tissue samples 
compared to controls (P < 0.01) when receiving 
combined treatment with both glutamine and 
probiotics (Figure 3A). Apoptosis and necrosis 
of intestinal epithelial cells was then further 
assessed using flow cytometry. The apoptosis 
ratio for intestinal epithelial cells was signifi-
cantly lower in the glutamine with probiotics 
group compared to the Gln and Probiotics sin-
gle treatment groups (P < 0.05, P < 0.05) 
(Figure 3B). In addition, levels of ROS in the 
combined treatment group compared with the 
Gln or Probiotics single treatment groups were 
decreased (P < 0.05, P < 0.05) in the blood  
and intestinal tissue, while SOD activity was 
remarkably increased (P < 0.01, P < 0.01) 
(Figure 3C, 3D). These results suggest that  
the combination of glutamine with probiotics 
can significantly reduce oxidative stress, which 
can then effectively attenuate stress injury to 
the intestines in the setting of severe burn 
injury. 
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treatment of the severely burned rats with com-
bined gavage doses of glutamine and probiot-

together, the finding that repression of NO  
synthesis by L-NAME results in reduced levels 

Figure 4. Expression of iNOS was down-regulated and synthesis of NO was 
decreased by treatment of severely burned rats with combined glutamine 
and probiotics. A: The relative gene expression of iNOS, eNOS and nNOS 
were detected for the different treatment groups by RT-PCR. B: The relative 
gene activities of iNOS, eNOS, and nNOS were detected for the different 
treatment groups. C: The expression of iNOS, eNOS, and nNOS were detect-
ed for the different treatment groups by western blot. Data are presented as 
the mean ± standard error of measurement (SEM) (n = 3) with *P < 0.05, 
**P < 0.01, or ***P < 0.001, analyzed by two-way ANOVA.

ics. Combined treatment re- 
sulted in a measurable and 
significant decrease in the 
abnormal production of NO, 
thereby inhibiting intestinal 
inflammation and reducing 
intestinal injury.

iNOS plays a critical role in 
intestinal inflammation and 
oxidative stress reactions in 
severely burned rats

To further study how NO syn-
thesis is impacted by regula-
tion of iNOS expression, rats 
that had received severe 
burns were treated with the 
NOS-specific inhibitor L-NAME 
in order to block the activity  
of NOS. We then measured 
changes oxidative stress mar- 
kers and expression of inflam-
matory factors in the blood 
and intestinal tissues. While 
the activities of iNOS, eNOS, 
and nNOS were all obviously 
inhibited by L-NAME (Figure 
5A), only the activity of iNOS  
in the burn model group was 
significantly improved com-
pared with the control group 
(Figures 4A, 5A). Changes in 
eNOS and nNOS activity were 
rarely observed. In addition, 
NO content was significantly 
inhibited by L-NAME in the 
blood and intestinal tissues, 
compared with the burn mo- 
del group (Figure 5B). These 
results indicate that the in- 
hibitory effect of L-NAME on 
NOS activity is achieved  
mainly by depressing iNOS 
activity to decrease NO syn-
thesis. Moreover, the signifi-
cant increases in inflammato-
ry factors (TNF-α, IL-6, IL-8) 
and oxidative stress factors  
in the burn model group  
all declined markedly when  
iNOS activity was inhibited by 
L-NAME (Figure 5C, 5D). Taken 
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of oxidative stress and inflammatory response 
markers provides further support for the roles 
of NO and iNOS in secondary intestinal tract 
injury following severe burns.

The combination of glutamine and probiotics 
decreases iNOS expression and NO synthesis 
by increasing methylation of the iNOS gene

We then explored the molecular mechanisms 
by which glutamine and probiotics might regu-
late iNOS expression in our rat severe burn 
injury model. Hori et al. have previously report-
ed that the promoter region of the iNOS gene  
is hyper-methylated under non-pathological 
conditions, blocking transcription of the iNOS 
gene. However, various stimulating factors, 
including burn injury and oxidative stress, are 
known to change the DNA methylation status  
of the iNOS gene in vivo [27]. Accordingly, the 
methylation state of the iNOS gene in our rat 

model was first probed by MS-PCR and BS- 
PCR, and we found that the methylation level  
of the iNOS gene was decreased significantly 
following burn injury creation. The methylation 
level of the iNOS gene was then found to 
improve after treatment of with combined glu-
tamine and probiotics (Figure 6A, 6B). The level 
of DNA methylation is controlled by two pro-
cesses: DNA methylation and demethylation. 
Therefore, expression levels of methyltransfer-
ase and demethylase were then further 
assessed by western blot and RT-PCR. We 
observed that expression of methyltransferase 
DNMT-1 was significantly down-regulated and 
that the expression of demethylase Tet1 was 
significantly increased in rats following burn 
injury. Following treatment of burned rats with 
glutamine and probiotics, the expression of 
DNMT-1 improved and the expression of Tet1 
was reduced (Figure 6C-E). These findings sug-
gest that the methylation level of the iNOS gene 

Figure 5. iNOS plays a critical role in inflammation and oxidative stress processes in severely burned rats. A: The 
relative gene activity of iNOS, eNOS, and nNOS were assayed after treatment with L-NAME. B: The content of NO was 
measured after treatment with L-NAME. C: Inflammatory factors (Ifs) were measured after treatment with L-NAME. 
D: Oxidative stress factors (OSFs) were measured after treatment with L-NAME. Data are presented as the mean ± 
standard error of measurement (SEM) (n = 3) with *P < 0.05, **P < 0.01, or ***P < 0.001, analyzed by two-way 
ANOVA.
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was impacted by changes in the activities of 
DNA methyltransferase DNMT1 and demethyl-
ase Tet1, thus leading to altered synthesis of 
NO, intestinal cell apoptosis, and tissue capa-
bility for repair and maintenance of the intesti-
nal barrier. 

Discussion

Severe burns can cause oxidative stress reac-
tions and inflammation throughout the body, 
contributing to reduced immunity and a variety 
of burn complications, including sepsis and 
possible death [28-30]. In our study, we 
observed measurable increases in ROS and  

NO in the plasma of Wistar rats following the 
creation of severe scald burn injuries. At the 
same time, our results showed excessive  
consumption of SOD anti-oxidant capacity. 
Oxidative stress can induce the production of 
inflammatory mediators such as leukotrienes 
and prostaglandins, which can mediate further 
inflammatory reactions. In this investigation, 
consistent with previous reports, we found that 
levels of TNF-α, IL-6, and IL-8 were markedly 
increased in the blood and intestinal tissues of 
rats in our burn injury model.

Previous studies have shown that glutamine 
contributes to the regulation of immune 

Figure 6. Expression of iNOS and synthesis of NO was clearly decreased by increasing the methylation level of the 
iNOS gene after treatment of severely burned rats with combined glutamine and probiotics. A: The methylation sta-
tus of the iNOS gene was detected for the different treatment groups by MS-PCR. B: The methylation status of the 
iNOS gene was detected for the different treatment groups by BSP-PCR. C: The relative gene expression of DNMT1 
was determined by RT-PCR. D: The relative gene expression of TET1 was determined by RT-PCR. E: The expression of 
DNMT1 and TET1 were determined by western blot. Data are presented as the mean ± standard error of measure-
ment (SEM) (n = 3) with *P < 0.05, **P < 0.01, or ***P < 0.001, analyzed by two-way ANOVA.
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responses in the body, enhances the prolifera-
tion of immune cells, reduces inflammation, 
and promotes the expression and secretion of 
anti-inflammatory cytokines. Moreover, results 
from animal experiments and clinical trials 
have also reported that probiotics can regulate 
oxidative stress and improve anti-oxidant activ-
ity [31]. In a study by de Oliveira, probiotics 
were found to mediate the expression of SOD 
and GSH-Px, increasing the activity of SOD and 
decreasing levels of ROS and IL-6 in vivo [32].  
In this study, our results confirmed that oral  
glutamine and probiotics, alone or in combina-
tion, can reduce oxidative stress and inflamma-
tion in the intestinal tract following severe burn 
injury in a rat model. Following glutamine and/
or probiotic oral therapy, levels of NO, ROS,  
IL-6, TNF-α, and IL-8 were effectively controlled, 
while SOD levels were found to improve in  
blood and intestinal tissue samples. Of further 
note, our results also demonstrated that com-
bined treatment with glutamine and probiotics 
achieved superior outcomes compared to treat-
ment with either substance alone. These syner-
gistic effects of glutamine and probiotics mean 
that they can be used to complement each 
other to achieve more effective anti-inflamma-
tory and anti-oxidant control of intestinal com-
plications following severe burn injury, particu-
larly to effectively reduce ongoing burn-induced 
oxidative stress and inflammation. 

Aberrant increases in ROS are important mark-
ers of oxidative stress. Moreover, NO is a ROS 
component, which has been reported to be an 
important biological messenger and the only 
substance that can compete with SOD for 
superoxide anion; therefore, NO plays crucial 
roles in immune and digestive physiological 
processes, especially in the intestines where it 
is essential for the maintenance of intestinal 
functions [33]. However, Zhang has suggested 
that stress responses can lead to excessive 
production of NO in the intestines [34]. In this 
investigation, when rats with severe burns were 
treated with the NOS-specific inhibitor L-NAME, 
we observed significantly decreased NO and 
ROS levels, markedly increased SOD activity, 
and significant reductions in production of the 
inflammatory factors TNF-α and IL-6 in the 
blood and intestinal tissues. In addition, we 
found that expression levels of eNOS and nNOS 
were rarely increased following severe burn 
injury in our model, which provides further indi-

cation that iNOS functions as the main enzyme 
contributing to increase NO production after a 
severe burn. Targeted regulation of iNOS there-
fore appears to offer a main strategy for deal-
ing with inflammatory responses after severe 
burns.

How iNOS is regulated as part of the intestinal 
stress response following severe burn injury 
has not been clearly established. Hai has previ-
ously reported that various types of stimuli, 
such as burns and oxidative stress, can change 
DNA methylation status in vivo [35]. It has also 
been reported that O6-methylguanine produced 
by ROS oxidation of DNA, which can be paired 
with thymine, eventually results in reduced 
DNA methylation. Moreover, it has been found 
that ROS can regulate the expression and activ-
ity of methyltransferases, such as Tet1 [36]. 
The stability of DNA methylation patterns is 
maintained by a balance between DNA methyl-
ation and demethylation. Neri has reported 
that Tet1 protein can mediate demethylation 
reactions by the base excision repair pathway, 
and accordingly, it is necessary to understand 
the effects of severe burns on the expression 
of Tet1 in the intestinal tract [36]. Since severe 
burns can immediately trigger oxidative stress 
and rapid increases in ROS, such increases in 
ROS might be expected to influence relative 
methylase and demethylase activities, includ-
ing the activity of DNMT-1 which may ultimately 
result in altered expression of iNOS. Abnormal 
expression of iNOS can then be expected to 
further aggravate the inflammatory state [37]. 
In this study, our data reveal decreased expres-
sion of DNMT-1 and increased expression of 
Tet1 in Wistar rats with severe burns. Our data 
also showed that the application of glutamine 
and probiotics in combination effectively 
enhanced expression of DNMT-1 and inhibited 
expression of Tet1, efficiently restoring the 
high-methylation status of the iNOS gene. This 
restoration of the methylation status of the 
iNOS gene silenced the expression of NOS and 
would be expected to eventually lead to a 
reduced inflammatory reaction. Taken together, 
our findings demonstrate that the combination 
of glutamine and probiotics can regulate the 
production of NO via altered iNOS gene meth-
ylation, and these effects were found to reduce 
oxidative stress and inflammatory response in 
our Wistar rat severe burn injury model.
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Conclusion

In this study, we found that glutamine and pro-
biotics given together following burn injury can 
reduce expression of iNOS by restoring its high-
methylation state, leading to decreased syn-
thesis of NO. Reduction in NO production was 
found to be associated with reduced systemic 
and intestinal tissue markers of inflammation 
and oxidative stress in the Wistar rat burn inju-
ry model. Moreover, we further demonstrated 
that methylation of iNOS in this model was reg-
ulated by the DNA methyltransferase DNMT1 
and demethylase Tet1. 
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