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Primers were designed and synthesized by 
Sangon Biotech (CN). Quantitative-PCR was 
performed using the SYBR Green Realtime  
PCR Master Mix (TOYOBO, OSAKA JAPAN) on an 
Applied Biosystems 7500 Real-Time PCR Sy- 
stem (Foster City, CA, USA). The delta cycle 
threshold (CT) method was used to analyze the 
relative expressions of the target genes.

Glutamine concentration in plasma and IECs

The glutamine concentration in plasma and 
IECs was quantified using high-pressure liquid 
chromatography (HPLC). 0.5 mL of plasma or 
IECs were mixed with 4% sulfosalicylic acid and 
centrifuged at 10,000 rpm for 15 min to pre-
cipitate protein. The supernatant (100 mL) was 
injected into the HPLC (Gilson, France). Detailed 
methodology has been described previously 
[26].
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IMBF was detected by microcirculatory Doppler 
blood flow meter. Laparotomy was performed 
under superficial anesthesia. Then 0.5 cm of 
intestinal wall on the opposite side of the hol-
low mesentery was cut, and the probe gently 
placed in contact with the side wall of the mes-
entery side. Results after stabilization were re- 
corded, and average value was calculated after 
repeating 8 times.

ATP content in IECs

A mortar and pestle was used to mull intestine 
tissue into a powder, which was transferred into 
a test tube containing 0.6 N perchloric acid. 
After extracting the metabolites, the extraction 
was neutralized with a mixture of KOH and 
K2CO3. Then the extraction was centrifuged at 

Figure 1. Effects of glutamine on intestinal mucosal morphology. The morphological structure of intestinal mucosa 
was observed under a light microscope (HE staining, 200T). A. Intestinal mucosa of group C on post-burn day (PBD) 
1; B. Intestinal mucosa of group B on PBD 1; C. Intestinal mucosa of group B+G on PBD 1; D. Intestinal mucosa of 
group C on PBD 3; E. Intestinal mucosa of group B on PBD 3; F. Intestinal mucosa of group B+G on PBD 3; G. Intes-
tinal mucosa of group C on PBD 5; H. Intestinal mucosa of group B on PBD 5; I. Intestinal mucosa of group B+G on 
PBD 5.
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8000 rpm for 15 min at 4°C. 10 mL of super- 
natant was subjected to high performance liq-
uid chromatography with UV/VIS-152 (Gilson, 
France). The results were expressed as micro-
mole ATP per gram protein.

Intestinal mucosal damage index

Histopathologic examination of jejunum was 
performed by H & E staining; the slides were 
observed and photographed with an Olympus 
microscope. Index scoring method for mucosal 
injury: normal villi, 0 point; presence of a cystic 
space on the top of the villi, with hyperemic 
capillaries, 1 point; intraepithelial interstitial 
enlargement, moderate endothelial edema, ce- 
ntral chylous dilation, 2 points; obvious edema 
in lamina propria, degeneration and necrosis of 
epithelial cells, abscission on the tip of villi, 3 
points; epithelial cell layer degeneration, necro-
sis, shedding, partial villi abscission, nude lam-
ina propria, capillary dilatation, hyperemia, 4 
points; villi shed, disintegration of lamina pro-
pria, bleeding or ulceration, 5 points.

Diamine oxidase (DAO) activity in plasma

The DAO activity in plasma was determined as 
described previously [27]. In the final volume  
of 3.8 mL, containing 3 mL of phosphate buffer 
(0.2 M, pH 7.2), 100 μL (4 μg) of horse radish 
peroxidase, 100 μL (500 μg) of o-dianisidine, 
500 μL of plasma, and finally 100 μL (175 μg) 
of cadaverine. After mixing thoroughly, the sa- 
mple was incubated for 30 min at 37°C, and 
DAO activity was measured at the absorbance 
level of 436 nm.

Statistical analysis

All data are expressed as mean ± standard 
deviation (SD). Correlation between variables 
was assessed by two-way Analysis of Variance 
(ANOVA). Since the experimental design involv- 
ed repeated measures, repeated measures  
an-alysis of variance was performed to test  
the significance of the two variables (variable  
1: treatment; variable 2: time) and their inter- 
action simultaneously. All statistical analyses 

Figure 2. Effects of glutamine on morphological structure of BBMVs. BBMVs were extracted from the intestine by 
magnesium-ion differential centrifugation. The morphological structure of BBMVs was observed under transmission 
electron microscope (bar, 1 μm). A. BBMVs of group C on PBD 1; B. BBMVs of group B on PBD 1; C. BBMVs of group 
B+G on PBD 1; D. BBMVs of group C on PBD 3; E. BBMVs of group B on PBD 3; F. BBMVs of group B+G on PBD 3; G. 
BBMVs of group C on PBD 5; H. BBMVs of group B on PBD 5; I. BBMVs of group B+G on PBD 5. BBMV, brush-border 
membrane vesicle.
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were performed using SPSS 19.0. P<0.05 was 
considered statistically significant.

Results

Morphologic changes of intestinal mucosa

Light microscopy revealed disordered villi, di- 
lated interstitial blood vessels, hemorrhage, 
edema, and degeneration and necrosis of mu- 
cosal cells in intestinal tissues isolated from 
rats in the burn group. The morphology of the 
villi was slightly improved after 3 days of gluta-
mine treatment, and nearly returned to normal 
after 5 days of administration, which indicates 
that glutamine helped maintain the structure of 
the intestinal mucosa after the burn (Figure 1).

Morphological changes of BBMVs

On electron microscopy, all rats in burn group 
showed signs of serious damage to the intesti-
nal BBMVs, i.e., irregular shape, collapsed vesi-
cle wall, broken vesicles, rough borders and 

BBMVs; in particular, sodium-dependent gluta-
mine transport in BBMVs was doubled on PBD3 
(P<0.05, Figure 3).

Changes in the expression and synthesis of 
glutamine transporter ASCT2 and B0AT1

The results showed that the mRNA and pro- 
tein levels of ASCT2 and B0AT1 in IECs were 
decreased markedly after burns. Compared 
with burn group, glutamine treatment signifi-
cantly enhanced the mRNA and protein expres-
sions of ASCT2 and B0AT1, both of which re- 
turned to near normal levels after 5 days of 
treatment (P<0.05, Figure 4). The results show- 
ed that glutamine could promote the expres-
sion and synthesis of ASCT2 and B0AT1 in 
intestines after burns.

Endoplasmic reticulum stress in IECs

The expression of ERS marker protein GRP78  
in IECs of rats increased significantly after 
burns, with 4 times the normal level on PBD3. 

Figure 3. Effects of glutamine on its transport. BBMVs were extracted from 
the intestine by magnesium-ion differential centrifugation, and IECs were 
isolated by calcium-ion chelation technique; the ejection activity was de-
tected by liquid scintillation method. A. Na+-dependent glutamine transport 
in BBMVs; B. Non-Na+-dependent glutamine transport in BBMVs; C. Na+-
dependent glutamine transport in IECs; D. Non-Na+-dependent glutamine 
transport in IECs. The above four indicators decreased after burns, and then 
recovered after glutamine treatment. Data presented as mean ± standard 
deviation and analyzed by two-way ANOVA. *P<0.05 versus control group 
(n=8); #P<0.05 versus burn group (n=8).

broken vesicle pieces. Gluta- 
mine treatment for 3 days  
significantly improved the mo- 
rphology of BBMVs. After 5 
days of treatment, the mem-
brane structure was complete, 
the cavity was full, and the 
border was clear (Figure 2). 
The present study showed th- 
at glutamine helped maintain 
the structural integrity of BB- 
MVs after burns.

Changes of glutamine trans-
port in BBMVs and IECs

The study results showed that 
the ability for glutamine trans-
port in IECs and BBMVs was 
significantly reduced after bu- 
rns and sodium-dependent gl- 
utamine transport in BBMVs 
was particularly attenuated. It 
dropped to 30% of the control 
group on post-burn day (PBD) 
1; despite a subsequent reb- 
ound, it was significantly lower 
than that in the control group 
on PBD5. Compared with the 
burn group, glutamine admin-
istration significantly promot-
ed its transport in IECs and 
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Compared with the burn group, glutamine sup-
plementation reduced the expression of GR- 
P78, which returned to near normal level after 
5 days of treatment (P<0.05, Figure 5). The 
results showed that glutamine obviously re- 
duced the ERS in IECs of rats with burn injury.

Changes in glutamine and ATP content, IMBF, 
intestinal mucosal injury index, and DAO activ-
ity.

The glutamine content in plasma and IECs 
decreased by different degrees from days 3 to 

Figure 4. Effects of glutamine on the glutamine transporters ASCT2 and B0AT1. A. The protein levels of ASCT2 and 
B0AT1 were detected by Western blot, which showed a decrease after burns and increase after glutamine treat-
ment. B. The gray scale values of six independent experiments were quantitatively analyzed. The results are ex-
pressed as mean ± standard deviation (SD); *P<0.05 versus control group (n=8); #P<0.05 versus burn group (n=8). 
C. The mRNA levels of ASCT2 and B0AT1 were detected by real-time RT-PCR. Data are presented as mean ± SD and 
analyzed by two-way ANOVA. *P<0.05 versus control group (n=8); #P<0.05 versus burn group (n=8).
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5 after burns. A significant recovery was ob- 
served after glutamine supplementation; in 
particular, the glutamine content in IECs was 
restored to a normal level on PBD3 (P<0.05, 
Figure 6A, 6B). In addition, the mucosal blood 
flow and the ATP content decreased to 50%  
of that in the control group on PBD1; both of 
these were restored to normal levels after glu-
tamine treatment for 3 days (P<0.05, Figure 
6C, 6D). The more obvious change was with re- 
spect to the intestinal mucosa damage index 
and DAO activity, which reflects the degree of 
intestinal damage after burns; its value in- 
creased considerably as compared to group C. 
After 5 days of glutamine treatment, intestinal 
mucosa damage index and the DAO activity 
were down by 55% and 25%, respectively 
(P<0.05, Figure 6E, 6F).

Discussion

In this study, we found that the intracellular 
uptake of glutamine was significantly decreas- 
ed after burn injury. Analysis of the trend of 
change in different transporter subtypes re- 
vealed that the effects of burns on sodium-
dependent transporters were more obvious 
than those on non-sodium-dependent trans-
porters. The main reason for decrease in gluta-
mine transport is the significant impairment of 
transmembrane transport due to an inverse 
glutamine concentration gradient, while the 
amplitude of variation of CIS concentration gra-
dient is not very large. These results suggest 
that impaired energy metabolism in the intesti-
nal epithelial cells may be an important reason 
for the decreased capacity of glutamine trans-

port in the intestines. With respect to gluta-
mine transport in different parts, the effects  
of burns and glutamine administration on BB- 
MVs were more significant than those on IECs. 
BBMV is a specialized structure for absorption 
of materials that is located in the intestinal villi, 
which is the most apical portion of the intesti-
nal mucosa and is extremely sensitive to isch-
emia and hypoxia [28].

The results of this study showed marked reduc-
tion in intestinal blood perfusion after burn 
injury. The intestinal mucosal blood flow re- 
achedthe lowest value on the first burn day. 
Subsequently, the blood flow recovered, but 
remained significantly lower than baseline lev-
els at the fifth burn day. Supplementation of 
glutamine increased IMBF and improved intes-
tinal blood perfusion as compared to that in  
the control group. In our previous studies, glu-
tamine supplementation was shown to allevi-
ate the degree of stress response to burn inju-
ry, reduce the secretion of adrenergic neuro- 
transmitters, decrease intestinal vascular sys-
tolic state, and improve intestinal perfusion 
[20]. Another study showed that through trans-
amination, glutamine could be converted to 
arginine, the substrate of nitric oxide, which 
promotes NO synthesis, and eventually im- 
proves intestinal blood flow [29].

Ischemic and hypoxia are the key factors that 
cause tissue damage after burn injury, and  
glutamine administration can alleviate tissue 
damage by improving blood flow. Furthermore, 
the physiological function of glutamine is to 
provide nitrogen and carbon which is critical for 

Figure 5. Effects of glutamine on ERS. A. The protein level of GRP78 was detected by Western blot to assess the in-
tensity of ERS. B. The gray scale values of the six independent experiments were quantitatively analyzed. The results 
are expressed as mean ± SD, *P<0.05 versus control group (n=8); #P<0.05 versus burn group (n=8).
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energy generation and tissue repair [8, 9]. Our 
results showed that the pathologic changes in 
intestinal mucosa or BBMVs in the glutamine 
treatment group were obviously mitigated as 
compared to those in the burn control group. 
The damage index of intestinal mucosa and the 
plasma DAO activity were remarkably decreas- 
ed after administration of glutamine. More im- 
portantly, glutamine can also improve energy 
metabolism and promote ATP synthesis in the 

mic reticulum, and weakens its protein modifi-
cation function. In this study we found that the 
ASCT2 and B0AT1, two major glutamine trans-
porters in IEC, were decreased markedly after 
burn injury. Compared with the burn group, glu-
tamine administration significantly promoted 
the synthesis of ASCT2 and B0AT1, both of 
which almost returned to normal levels after 
5-day treatment. Increased levels of transport-
er enhanced the capacity for transmembrane 

Figure 6. The changes in glutamine and ATP content, IMBF, intestinal mu-
cosal injury index and DAO activity. The glutamine content was quantified 
by HPLC in plasma (A), in IEC (B). (C) The mucosal blood flow was detected 
by Doppler meter. (D) The ATP content in IECs was quantified by HPLC. (E)
The intestinal mucosa was observed and scored using Olympus microscope. 
(F) The DAO activity was detected by spectrophotometric method. Data are 
presented as mean ± SD and analyzed by two-way ANOVA. *P<0.05 versus 
control group (n=8); #P<0.05 versus burn group (n=8).

IECs. It is of cardinal signifi-
cance to improve IEC func- 
tion by increasing ATP con- 
tent, which can provide enou- 
gh energy for glutamine tra- 
nsport, and reduce endoplas-
mic reticulum stress (ERS) af- 
ter burn injury.

Recent studies have shown 
that burns may induce ERS in 
multiple organs, including in- 
testines [30]. Protein misfold-
ing is the main reason leading 
to ERS, and this process is 
closely related to disordered 
cell metabolism. Insufficient 
energy may block the proce- 
ss of protein translation, mod-
ification and folding, induce 
some important protein struc-
tural errors and cause ERS 
[31]. Our research found that 
the content of GRP78, the 
ERS marker protein, was sig-
nificantly increased after burn 
injury. After supplementation 
of glutamine, the amplitude  
of change in GRP78 was obvi-
ously reduced and the recov-
ery was faster than that in the 
B group. These findings indi-
cate that burns induce ERS in 
IECs, and that administration 
of glutamine may significantly 
attenuate the severity of ERS. 
The trend of change in GRP78 
was opposite to that of intes- 
tinal blood flow and ATP con- 
tent. 

ERS decreases the activity of 
some important protein modi-
fier enzymes in the endoplas-
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transport of glutamine, and finally increased 
the glutamine concentration in IECs and blood.

ASCT2 and B0AT1 were shown to be cysteine-
containing transporter proteins with special 
space structure [22]. Upon peptide chain syn-
thesis, cysteine residues in the two transport-
ers are catalyzed by some special enzymes in 
the endoplasmic reticulum such as protein 
disulfide isomerase (PDI) to generate disulfide 
bonds and form a correct spatial structure  
[32]. Therefore, endoplasmic reticulum func-
tion has a direct bearing on the modification  
of glutamine transporter proteins. The present 
study demonstrated that severe burn-injury 
induced ERS in rat IECs, which led to impaired 
synthesis and modification of ASCT2 and 
B0AT1. 

After burn injury, ischemia and hypoxia can 
directly damage IEC and BBMV, which decreas-
es the amount of glutamine transporter and 
causes its dysfunction. Furthermore, disorder- 
ed energy metabolism caused by ischemia  
and hypoxia is an important reason for ERS-
induced glutamine transporter ASCT2 and B0- 
AT1 synthesis and modification disorder. The 
final result is a significant decrease in the in- 
testinal transport and utilization of glutamine 
after burn injury. Enteral feeding with glutamine 
alleviates intestinal tissue damage, improves 
mucosal blood flow, promotes energy synthe-
sis, and abates ERS. Ultimately it increases 
intestinal glutamine transport and metabo- 
lism through improved endoplasmic reticulum 
function and promotion of glutamine transport-
er ASCT2 and B0AT1 synthesis and modifica- 
tion.
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