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Abstract
AIM: To study the modulation of glutamate on post-ischemic
intestinal and cerebral inflammatory responses in a ischemic
and excitotoxic rat model.

METHODS: Adult male rats were subjected to bilateral carotid
artery occlusion for 15 min and injection of monosodium
glutamate intraperitoneally, to decapitate them at selected
time points. Tumor necrosis factor alpha (TNF-) level and
nuclear factor kappa B (NF-B) activity were determined
by enzyme-linked immunosorbant assay (ELISA) and
electrophoretic mobility shift assay (EMSA), respectively.
Hemodynamic parameters were monitored continuously
during the whole process of cerebral ischemia and reperfusion.

RESULTS: Monosodium glutamate (MSG) treated rats
displayed statistically significant high levels of TNF- in
cerebral and intestinal tissues within the first 6 h of
ischemia. The rats with cerebral ischemia showed a minor
decrease of TNF- production in cerebral and intestinal
tissues. The rats with cerebral ischemia and treated with
MSG displayed statistically significant low levels of TNF-
in cerebral and intestinal tissues. These results correlated
significantly with NF-B production calculated at the same
intervals. During experiment, the mean blood pressure and
heart rates in all groups were stable.

CONCLUSION: Glutamate is involved in the mechanism of
intestinal and cerebral inflammation responses. The effects
of glutamate on cerebral and intestinal inflammatory responses
after ischemia are up-regulated at the transcriptional level,
through the NF-B signal transduction pathway.

© 2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Cerebral ischemia, a major threatening pathologic process in many
brain diseases, such as gastrointestinal ischemia and hemorrhage[1]

is complicated by multiple organ dysfunction. In this process,
proinflammatory cytokines, such as TNF-, are elevated in the
injured areas[2].
      During an early stage of cerebral ischemia, glutamate, a
ubiquitous excitatory amino acid in mammalian brains, is released
from neurons and cumulated in intercellular space[3,4]. Glutamate
and its receptors play key roles in pathology of ischemia injury[5],
leading to the glutamate-calcium overload hypothesis[6,7].
According to this hypothesis, glutamate is implicated in the
pathology in two ways: excessive accumulation of glutamate
in the extracellular spaces during ischemia, and subsequent
activation of glutamate receptors in postsynaptic cells[8,9].
       Thousands of agents are intentionally added into the food
we consume. Monosodium glutamate (MSG) is one of the
widely-used food addictives in our daily diet[10]. MSG treatment
provokes hormonal alterations and specific intestinal changes
in smooth muscle reactivity to agonists[11]. Oral or intestinal
stimulation with isotonic MSG solution could increase the
discharge rate of gastric branches of the vagus nerve[12]. In
addition, excitotoxic injury could also result in a marked
stimulation of TNF- mRNA expression in forebrain structure
lesions[13]. Although intestinal inflammatory response is
activated after the elevation of intracellular glutamate
concentrations[14], the effect of glutamate on the gastrointestinal
system after cerebral ischemia still remains unclear.
        In the present study, we used a post-ischemic and excitotoxic
animal model to investigate the effect of glutamate on
inflammatory response of intestine and brain after cerebral
ischemia. The involvement of glutamate in the mechanism of
post-ischemic inflammatory response and was discussed.

MATERIALS AND METHODS

The rat TNF- kit was purchased from DIACLONE (Besancon,
France). [32P]ATP was purchased from Free Biotech (Beijing,
China). A commercial kit for EMSA was purchased from
PROMEGA (Madison, WI). All other reagents were of molecular
biology grade and purchased from SIGMA. All reagents and
plasticwares used throughout the experiments were pyrogen-free.

Animal and experimental protocol
Adult male Sprague-Dawley rats, purchased from the Animal
Center of the Chinese Academy of Sciences (Shanghai, China),
were divided into experimental groups in a random manner. All
procedures were approved by the Institutional Animal Care
Committee. The rats were housed in plexiglass cages at 23±1 ℃,
and had free access to food and water ad libitum for 7 d, and
used for experiments when their body weights gained between
300-350 g. The rats were anesthetized with urethane (1 000 mg/kg
body weight, intraperitoneally). A polyethylene catheter was
implanted in the tail vein for continuous infusion of solutions
using a Razel Model WZ-50C syringe pump.
       The rats were randomly assigned into 4 groups (6 rats each
group). Group A (the control group) accepted a pseudo-
operation of cervical incision and was injected with the same
volume of physiological saline intraperitoneally. Group B was
administered 4 mg/kg body weight MSG after cervical incision.



Group C and group D served as the ischemic groups. An
ischemical model was established by 15-min of bilateral carotid
artery occlusion and reperfusion afterwards[15,16]. Group D,
however, accepted an additional MSG (4 mg/kg body weight)
at the beginning of carotid artery occlusion.
      In the experiments, the right femoral artery was intubated
with a 25 G catheter prefilled with heparin solution and
hemodynamical parameters were continuously observed by
using a Datex monitor. Pre-ischemia was appointed at 0, 10, 20,
30, 60, 120 min after onset of the cerebral ischemia at 10, 20, 30,
60, 120 min, respectively.
       The rats were decapitated at 6 h after ischemic insults. Blood
plasma, cerebral cortex and small intestine were collected for
TNF- or NF-B measurement. All samples were frozen
immediately in liquid nitrogen, and stored at -80 ℃.

Enzyme-linked immunosorbant assays (ELISA)
TNF- concentrations in plasma, cerebral and intestinal tissues
were quantified by ELISA according to the manufacturer’s
instructions.

Nuclear protein extracts and electrophoretic mobility shift assay
(EMSA)
Nuclear extracts from cerebral and intestinal tissues were
prepared by hypotonic lysis followed by high salt extraction as
described previously[17-19]. Intestinal tissue cells were incubated
in 0.5 mL ice-cold buffer (10 mmol/L HEPES, pH 7.9, 10 mmol/L
KCl, 2 mmol/L MgCl2, 0.1 mmol/L EDTA, 1 mmol/L dithiothreitol
(DTT)), then in 0.5 mmol/L phenylmethysulfonyl fluoride
(PMSF) for 15 min, and 50 L NP-40 was added. After 30 s, the
mixture was centrifuged at 5 000 g for 10 min at 4 ℃, the pellet
was suspended in 50 L ice-cold buffer (50 mmol/L HEPES,
pH 7.9, 50 mmol/L KCl, 300 mmol/L NaCl, 0.1 mmol/L EDTA,
1 mmol/L DTT, 0.5 mmol/L PMSF, with 100 mL/L glycerol) and
incubated on ice for 30 min and frequently mixed. After
centrifugation at 12 000 g for15 min at 4 ℃, the supernatants
were collected and stored at - 80 ℃ until use. Protein concentration
was determined as described previously[20,21].
        The NF-B consensus oligonucleotide probe (5’-AGT TGA
GGG GAC TTT CCC AGG C-3’) was end-labeled with [-32P]-
ATP with T4-polynucleotide kinase. Nuclear protein (intestine:
80 g, cerebra: 60 g) was pre-incubated for 10 min at room
temperature (RT) in 9 L of binding buffer, containing 10 mmol/L
Tris-HCl (pH 7.5), 4% glycerol, 1 mmol/L MgCl, and 0.5 mmol/L
EDTA, 0.5 mmol/L DTT, 50 mmol/L NaCl, and 0.05 mg/mL poly
(di-dc). After the 32P-lebaled oligonucleotide probe was added,
the incubation was continued for 20 min at RT. Reaction was
stopped by adding 1 L gel loading buffer, and the mixture was
subjected to nondenaturing 4% polyacrylamide gel
electrophoresis in 0.5×TBE buffer, pre-run at 300 V for 10 min.
Electrophoresis was conducted at 390 V for 1 h. After
electrophoresis, gels were transferred to Whatman DE-81 paper,
dried and exposed to autoradiographic film (Fuji hyperfilm) with
an intensifier screen at -70 ℃[22].

Data presentation and statistical analysis
Data were presented as mean±SE, and compared by analysis of
variance followed by one-way ANOVA and Tukey test (using
SPSS 10.0 software equipped with a Pentium 4 computer). P<0.05
was accepted as statistically significant.

RESULTS

Hemodynamical parameters were stable during cerebral-
ischemia/MSG insults
In the experiments, the mean artery pressure (MAP) fluctuated

at 80-90 mmHg, and the heart rate was190-210 beats per minute
(bpm). TNF- was not detected in plasma, there was no
significant difference in MAP or heart rate among all groups at
any time point (Figures 1, 2).

Figure 1  Mean artery pressure (MAP) changes during cere-
bral ischemia and MSG insults. There were no significant
changes between inter-groups or intra-groups.

Figure 2  Heart rate changes during cerebral ischemia and
MSG insults. There were no significant changes between in-
ter-groups or intra-groups.

MSG provoked TNF- production both in intestine and in
brain
Compared with control animals, the level of TNF- was elevated
3-fold both in MSG-treated rat intestine (6.08±0.52 vs 2.03±0.63
pg/g pro, P<0.05 , n = 6) and in cerebra (4.94±0.51 vs 1.85±0.32
pg/g pro, P<0.05 , n = 6) (Figure 3).

15-min cerebral ischemia increased TNF- production in
intestine and brain
TNF- concentrations were elevated both in cerebra and
intestine of the ischemic group, but did not differ significantly
from the data of control (Figure 3).

Ischemia/MSG treatments increased TNF- production but
attenuated MSG-induced TNF- elevation in intestine and brain
Cerebral-ischemic rats treated with MSG also had a high level
of TNF- (intestine: 3.02±0.49 vs 2.03±0.63 pg/g pro, cerebra:
3.09±0.69 vs 1.85±0.32 pg/g pro, P<0.05 , n = 6). Compared with
MSG-treatment, the values were deceased both in intestine
and cerebra (intestine: 3.02±0.49 vs 6.08±0.52 pg/g pro, cerebra:
3.09±0.69 vs 4.94±0.51 pg/g pro, P<0.05 , n = 6) (Figure 3).

NF-B activation in intestine
Both MSG-treatment and cerebral ischemia insults induced a
significantly higher intensity of NF-B in the intestine than in
controls (P<0.05). Compared with MSG-treatment, NF-B
activity decreased with ischemia-MSG-treatment (Figure 4A).
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NF-B activation in brain
The similar results were found in the brain. MSG-treatment and
cerebral ischemia induced a significantly higher intensity of
NF-B in the cerebra than in control (P<0.05). Compared with
MSG-treatment, NF-B activity decreased significantly in ischemia-
MSG-treatment compared with control (P<0.05) (Figure 4B).

DISCUSSION

In the present study, we demonstrated that 15-min cerebral
ischemia plus exogenous glutamate or single exogenous
glutamate could provoke significant inflammation responses in
the central nervous system and gastrointestinal system
characterized by an excess production of TNF- and activation
of NF-B. However, the inflammatory response either in brain or
in intestine was not prominent during cerebral ischemia injury.
     It has been reported that TNF- is the most important
proinflammatory cytokine, which is released early after an
inflammatory stimulus[23], contributing to both morbidity and
mortality in conditions of ischemia-reperfusion injury. Among
the cytokines produced in intestinal mucosae during inflammation,
TNF- is particularly important because of its biological effects
on intestine and other systems[24].
     In cytoplasms, NF-B is associated with its inhibitory
subunits, inhibitory kappa B (IB), which prevents it from
translocating into nuclei[25]. Many stimuli including endotoxin,
induce the phosphorylation and degradation of IB, freeing
NF-B from NF-B/IBs complexes and enabling it to translocat

into nuclei[25,26], where it regulates gene transcription. Many
effector genes, including those encoding cytokines and
adhesion molecules, are in turn regulated by NF-B. Some anti-
inflammatory agents (e.g., salicylates, dexamethasone) can
inhibit NF-B, suggesting that it is an important molecular target
for the modulation of inflammatory diseases[27,28].
      Cytokines and inflammation in the central nervous system
(CNS) have been primarily studied in the context of autoimmune
and infectious diseases. In this study, we found that the
production of TNF- in the central nervous system and
gastrointestinal system was increased and NF-B activity was
increased after MSG treatment, indicating that the inflammatory
responses in the central nervous and gastrointestinal systems
can be enhanced by glutamate after cerebral ischemia. Glutamate
could induce gene transcription in numerous physiological and
pathological conditions. Among the glutamate-responsive
transcription factors, NF-kappaB has been mainly implicated in
neuronal survival and death. Glutamate could induce a rapid
reduction of I kappaB alpha levels and nuclear translocation of
the NF-kappaB subunit p65. The glutamate-induced reduction
of I kappaB alpha levels is blocked by the N-methyl-D-aspartate
inhibitor MK801[29]. Inflammatory mediators are involved in
the pathogenesis of focal ischemic brain damage and regulated
at transcriptional level[30].
      It seems that cerebral ischemia can attenuate the intestinal
inflammatory response during an exogenous glutamate
challenge. Cerebral ischemia might protect intestinal tissues
against exogenous glutamate insults. The intestine may be more

Figure 3  TNF- production in intestine (A) and cerebra (B). TNF- concentrations elevated in MSG-treated and ischemia/MSG-
treated rats. Compared with that of MSG-treated rats, TNF- levels deceased one-fold in ischemia/MSG-treated rats.  aP<0.05 vs
control, bP<0.01 vs control, cP<0.05 vs MSG group.

Figure 4  NF-B activation in intestinal tissues (A) and in cerebral tissue (B). Lane1: controls, lane 2: MSG-treated rats, lane 3:
cerebral-ischemic rats, lane 4: NF-B intensity of ischemia/MSG-treated rats aP<0.05 vs control, bP<0.01 vs control, cP<0.05 vs
MSG-treatment.
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resistant to glutamate-induced toxic effects after cerebral
ischemic injury. Perhaps this effect is associated with the
distinctive role of glutamate and its receptors in the brain-gut
axis[31]. Excitatory amino acid (EAA) transmission is in the center
of the brain-gut axis, the dorsal vagal complex. However, further
investigations need to be carried out.
     However, we do not advocate administrating glutamate,
because we found that exogenous glutamate exacerbated
inflammation of the central nervous system after cerebral
ischemia injury. After all, glutamate is the most important toxic
EAA in the pathogenesis of cerebral ischemia-reperfusion
injury, and systemic glutamate can be absorbed from portal
vein system and may penetrate the blood-brain-barrier (BBB)
during or after cerebral ischemia, since the BBB is destroyed
after cerebral ischemia-reperfusion injury[23].
        In conclusion, exogenous glutamate can provoke inflammatory
responses in brain and intestine. The effect of glutamate on
inflammatory response after ischemia is regulated at transcriptional
level. Ischemic treatment can attenuate glutamate-induced
TNF- production both in brain and in intestine.
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