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Abstract

Endoplasmic reticulum (ER) stress and apoptotic cell death play an important role in the pathogenesis and perpetuation of
inflammatory bowel disease (IBD). We aimed to explore the potential of glutamine to reduce ER stress and apoptosis in a rat
model of experimental IBD. Colitis was induced in male Wistar rats by intracolonic administration of 30 mg of 2,4,6-
trinitrobenzene sulfonic acid (TNBS). Glutamine (25 mg/dL) was given by rectal route daily for 2 d or 7 d. Both oxidative
stress (TBARS concentration and oxidised/reduced glutathione ratio) and ER stress markers (CHOP, BiP, calpain-1 and
caspase-12 expression) increased significantly within 48 h of TNBS instillation, and glutamine attenuated the extent of the
changes. Glutamine also inhibited the significant increases of ATF6, ATF4 and spliced XBP-1 mRNA levels induced by TNBS
instillation. TNBS-colitis resulted in a significant increase in p53 and cytochrome c expression, and a reduced Bcl-xL
expression and Bax/Bcl-2 ratio. These effects were significantly inhibited by glutamine. Treatment with the amino acid also
resulted in significant decreases of caspase-9, caspase-8 and caspase-3 activities. Double immunofluorescence staining
showed co-localization of CHOP and cleaved caspase-3 in colon sections. Phospho-JNK and PARP-1 expression was also
significantly higher in TNBS-treated rats, and treatment with glutamine significantly decreased JNK phosphorylation and
PARP-1 proteolysis. To directly address the effect of glutamine on ER stress and apoptosis in epithelial cells, the ER stress
inducers brefeldin A and tunicamycin were added to Caco-2 cells that were treated with glutamine (5 mM and 10 mM). The
significant enhancement in PERK, ATF6 phosphorylated IRE1, BiP and cleaved caspase-3 expression induced by brefeldin A
and tunicamycin was partly prevented by glutamine. Data obtained indicated that modulation of ER stress signalling and
anti-apoptotic effects contribute to protection by glutamine against damage in TNBS-induced colitis.
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Introduction

Inflammatory bowel disease (IBD), which two major forms are

Ulcerative colitis (UC) and Crohn’s disease (CD), is a multifac-

torial inflammatory disease of the colon and rectum. Although its

aethiology remains unknown, many factors, such as neutrophil

infiltration and overproduction of proinflammatory mediators,

including cytokines and reactive oxygen mediators, are implicated

in the pathogenesis of IBD [1,2]. Previous reports suggest that the

endoplasmic reticulum (ER) stress response is also induced in

association with the development of IBD [3,4]. However, its

contribution to the pathogenesis of IBD remains unclear. The

physiological role of the ER includes the synthesis, folding and

modification of secretory and transmembrane proteins [5]. Any

disturbance of ER homeostasis can result in excessive accumula-

tion of misfolded or unfolded proteins in the ER lumen. This

accumulation leads to ER stress, and triggers the unfolded protein

response (UPR), which initiates the development of apoptosis [6].

Three proximal effectors of the UPR exist in mammalian:

pancreatic ER kinase (PERK), activating transcription factor 6

(ATF6), and inositol-requiring transmembrane kinase/endonucle-

ase 1 (IRE1). Autophosphorylation of PERK permits the

translation of specific cap-independent ER stress response genes,

such as ATF4. Secondly, ATF6 is activated by proteolytic cleavage

following traslocation to the Golgi. Finally, IRE1 autophosphory-

lation promotes the splicing of X-box-binding protein-1 (XBP-1)

mRNA to its short form XBP-1s [7]. Association of the

immunoglobulin-heavy-chain-binding protein (BiP/GRP78) fine-

tunes IRE1 signaling, while unfolded proteins act as activating

ligands of ER stress sensors [8]. Epithelial-specific deletion of

XBP-1 in mice results in spontaneous ileitis and increased

susceptibility to chemically induced colitis [9], and activation of

the three UPR-related arms has been recently reported in colonic

IBD [10]. ER stress also induces phosphorylation of c-Jun N-

terminal kinase (JNK) [11], a family member of the stress-activated

protein kinases, whose activation has been proposed to be a

proapoptotic event through direct phosphorylation of mitochon-

drial proteins, including members of the B-cell lymphoma (Bcl-2)

family of proteins [12]. Although many factors are involved in the

apoptotic program, caspases have been shown to play a major role

in the transduction of apoptotic signals and several studies have

demonstrated that ER stress induces activation of caspases [13,14].

Apoptosis increases in gastrointestinal diseases such as colon and
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pancreas cancer, acute pancreatitis, and radiation enteritis [15].

The frequency of apoptosis and its contribution to the loss of

epithelial cells is also considerably increased in IBD [12].

Conventional IBD therapy typically involves pharmacological

agents such as aminosalicylates, corticosteroids and immunosup-

pressive drugs. However, these treatments have demonstrated

variable efficacy, adverse side effects and potential long-term

toxicity [16]. Therefore, the need for alternative therapeutic

strategies is of utmost importance. Amino acids are key regulators

of metabolic pathways, and evidence has indicated additional roles

for amino acids in maintaining gut health [17]. Glutamine, the

most abundant amino acid in the bloodstream, plays a central role

in nitrogen transport within the body, is a fuel for rapidly-dividing

cells, and has many other essential metabolic functions. Lower

levels of glutamine have been associated with immune dysfunction

and increased mortality [18], and it has been reported that

glutamine therapy improves outcome of in vitro and in vivo

experimental colitis models [19]. A mechanism by which

glutamine seems to exert its beneficial effects appear to be

correlated with the decrease of oxidative stress [19,20]. In

addition, different studies have shown that glutamine supplemen-

tation delays human neutrophil apoptosis and reduced T-cell

apoptosis [21]. Glutamine deprivation also induces apoptosis in rat

intestinal epithelial cells [22] and renders premonocytic and HL-

60 cells significantly more susceptible to Fas-mediated apoptosis

[23].

In previous research we have demonstrated that treatment

with glutamine markedly decreases the severity of macroscopic

damage and the histopathological scores in several experimental

animal models of colitis [1,2]. Reduced myeloperoxidase activity

and expression of inducible nitric oxide synthase, cyclooxygen-

ase-2 and adhesion molecules confirmed the anti-inflammatory

effect of glutamine. These protective effects are associated with

changes in nuclear factor kappa B and signal transducers and

activators of transcription (STAT) signaling pathways [1,2].

Moreover, glutamine treatment not only attenuates the outcome

of colitis by impairing the inflammatory response, but also by

reducing the risk of fibrosis and stricture formation through

down-regulation of several gene pathways that contribute to the

accumulation of matrix proteins [24]. The purpose of our study

was to investigate, using both in vitro and in vivo models, whether

inhibition of ER stress and apoptosis contributes to the

beneficial effects of glutamine. The present research provides

evidence that reduction of colon damage by glutamine is

associated with direct attenuation of ER stress through a

modulation of the three arms of UPR signaling, and with a

diminution of apoptotic cell death.

Results

Glutamine Inhibits Oxidative Stress in Rats with TNBS-
induced Colitis

Oxidative stress is an important contributor to the pathogenesis

of IBD [25]. The presence of oxidative stress was determined by

measurement of the cytosolic concentration of thioarbituric acid

reactive substances (TBARS) and the oxidised/reduced (GSSG/

GSH) ratio. Data shown in Table 1 indicate that TBARS

concentration increased in colonic samples taken from rats

receiving TNBS at different time points. Treatment with

25 mg/kg of glutamine attenuated this effect. GSSG/GSH ratio

was also significantly higher in rats with experimental colitis.

Glutamine prevented this elevation and values did not significantly

differ from untreated controls (Table 1).

Glutamine Reduces ER Stress in Rats with TNBS-induced
Colitis

ER stress represents a new pathway that involves the intestinal

epithelium, and several reports suggest that the IBD is associated

with an induction of the ER stress [3,4,10]. Taken together, the

active transcription factors ATF6, ATF4, and spliced XBP-1

(XBP-1s) regulate the expression of ER chaperones that enhance

the folding capacity of the ER, including BiP, as well as other stress

genes such as CCAAT/enhancer-binding protein homologous

protein (CHOP) [26]. In our study, mRNA expression level of

XBP-1s increased only at 7 d of treatment with TNBS. However,

the induction of colitis by TNBS resulted in significant increases in

the mRNA levels of ATF6, ATF4, BiP and CHOP, both at 2 d

and 7 d. Values were significantly lower in the rats which received

TNBS plus glutamine (Table 2).

We also investigated by Western blot CHOP, BiP, calpain-1

and caspase-12 to identify effects of glutamine on the activation of

factors involved in the ER stress of TNBS-inflamed colon tissues.

Fig. 1 shows that at 2 d and 7 d after treatment, exposure to

TNBS caused higher expression of CHOP, BiP, calpain-1 and

caspase-12 in extracts from colonic mucosa. Protein levels were

significantly lower in glutamine-treated rats receiving TNBS

(Fig. 1A–E).

In order to confirm if ER-stress was increased in epithelial cells,

immunohistochemistry for BiP, a major marker of the ER stress

response, was performed. Immunoreactivity for BiP was negative

in colon section from control rats. In comparison to the TNBS-

treated groups, immunoreactivity was markedly reduced in rats

with colitis receiving glutamine (Fig. 1F).

Glutamine Reduces Apoptosis in Rats with TNBS-induced
Colitis

In IBD, frequency of apoptosis is considerably increased and

loss of epithelial cells appears to occur mainly by apoptosis [27].

To identify the apoptotic pathways inhibited by glutamine, we

examined different markers of apoptosis. The expression of the

pro-apoptotic protein phospho-p53 showed a significant increase

in the group receiving TNBS when compared with control rats.

Glutamine partially prevented this effect after 7 d of treatment

(Fig. 2A, E). Bax is a member of the Bcl-2 family that also favours

apoptosis, contributing to the release of the intermembrane

mitochondrial cytochrome c. Fig. 2 shows a slight increase of

Bax and a significantly increased expression of cytosolic cyto-

chrome c in colon of rats receiving TNBS, which were prevented

by glutamine (Fig. 2A, D). Formation by Bax of the mitochondrial

pore that allows the release of cytochrome c is prevented by Bcl-2.

Expression of this antiapoptotic protein was markedly impaired in

TNBS-inflamed colon tissues, but increased in rats receiving

glutamine (Fig. 2A). When the Bax/Bcl-2 ratio was calculated

according to Western blotting results, values were significantly

lower in TNBS plus glutamine compared to TNBS both at 2 d

and 7 d of instillation (Fig. 2B). Inhibition of the expression of Bcl-

xL, another antiapoptotic protein of the Bcl-2 family, was also

significantly prevented by glutamine (Fig. 2A, C).

To determine whether caspases were activated by hapten-

induced colitis, samples were incubated with specific fluorigenic

substrates, whose cleavage indicated that exposure to TNBS

resulted in marked increases in caspase-9, caspase-8, and

downstream caspase-3 activities. These effects were prevented by

glutamine (Fig. 3A–C). To further assess activation, immunohis-

tochemistry for caspase-3 was performed. No positively stained

cells appeared in control rats. In colon sections from rats receiving

glutamine, the number of positively stained cells was markedly

Glutamine in TNBS-Induced Colitis
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reduced in comparison to those detected in TNBS-induced colitis

(Fig. 3D).

A double immunofluorescence analysis for CHOP and for

cleaved caspase-3 was performed in colon sections to confirm the

correlation between the levels of ER stress and the apoptotic cell

death. TNBS induced at 7 d expression of CHOP and cleaved

caspase-3, compared to the control group (Fig. 3E). Double

staining also showed that co-localization of both proteins in colon

sections. Immunostaining decreased markedly with glutamine

treatment.

Glutamine Reduces JNK Phosphorylation and Poly (ADP-
ribose) Polymerase (PARP)-1 Expression in Rats with
TNBS-induced Colitis

JNK phosphorylation is secondary to ER stress and may

participate in the development of apoptosis [11]. We further

determined the expression of the active phosphorylated form of

JNK by Western blot. Analysis showed that JNK activity steadily

increased at 2 d after TNBS administration and remained

activated at 7 d. Administration of glutamine to TNBS-instillated

rats resulted in a significant loss of JNK phosphorylation (Fig. 4A,

B).

Inhibition of the nuclear enzyme PARP-1 may reduce the

apoptotic process by shifting the ratio of apoptotic regulators along

with reduction of JNK activity, and beneficial effects of inhibitors

of this nuclear polymerase have been reported in experimental

models of colitis [12,28]. We compared the expression of PARP-1

in rats subjected to TNBS-induced colitis and colitic rats treated

with glutamine. Western blot analysis demonstrated a marked

PARP-1 proteolysis in rats with experimental colitis, which was

significantly lower in the groups of TNBS-treated rats which

received glutamine (Fig. 4A, C).

Glutamine Reduces ER-stress and Apoptosis in Caco-2
Cells

The direct anti-ER stress effect of glutamine was established in

in vitro experiments using brefeldin A or tunicamycin as ER

stressors. Caco-2 cells were differentiated after 2 weeks of

incubation and assumed intestinal epithelium like features. After

cells were cultured with brefeldin A or tunicamycin and treated

with glutamine 5 mM or 10 mM cell viability was measured by 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) assay. Incubation with the ER stressors and glutamine

treatment did not induce any significant change in cell viability

(data not shown).

Brefeldin A and tunicamycin treatment induced a significant

up-regulation of BiP. When Caco-2 cells were treated with

glutamine in combination with brefeldin A or tunicamycin,

glutamine showed an inhibitory effect on BiP protein concentra-

tion (Fig. 5A, E). Moreover, in cells treated with the two ER

stressors, glutamine reduced the expression of the ER stress sensors

PERK, ATF6 and phosphorylated IRE1 (Fig. 5A, B–D). Data

obtained demonstrate that all UPR signaling branches are

inhibited in vitro by glutamine administration.

Table 2. Effect of treatment with glutamine on mRNA levels of genes related to ER stress in rats with TNBS-induced colitis at 2 d
and 7 d of saline or TNBS instillation.

Fold of control

Control Control+G TNBS 2d TNBS+G 2d TNBS 7d TNBS+G 7d

ATF4 1.0060.02 1.0960.07 1.5860.14* 0.9260.08# 1.4160.10* 0.9860.02#

ATF6 1.0060.07 1.1160.04 1.6660.10* 1.2860.04*# 1.8160.19* 0.9860.10#

XBP-1s 1.0060.08 0.9960.05 1.0960.02 1.1060.15 1.4260.05*& 1.1360.06#

CHOP 1.0060.09 1.0360.03 1.4860.13* 0.9160.07# 1.7060.16* 1.1360.04#

BiP 1.0060.04 1.1260.06 1.5460.08* 1.3660.12* 1.3060.06* 1.1260.09#&

Data are expressed as mean 6 S.E.M. of 8 rats.
*P,0.05 compared with control group.
#P,0.05 compared with TNBS group.
&P,0.05 compared with same group 2 d.
doi:10.1371/journal.pone.0050407.t002

Table 1. Effect of treatment with glutamine on markers of oxidative stress in rats with TNBS-induced colitis at 2 d and 7 d of saline
or TNBS instillation.

Groups

Control Control+G TNBS 2d TNBS+G 2d TNBS 7d TNBS+G 7d

TBARS (nmol/mg protein) 0.9660.04 0.9360.029 2.1460.06* 1.2260.05*# 3.8860.05*& 1.6560.044*#

GSH (mmol/mg protein) 3.4260.29 3.1060.13 2.3260.21 2.5760.15 2.3660.15 3.4560.11&

GSSG (mmol/mg protein) 0.1160.01 0.1060.01 0.1160.01 0.0860.01*# 0.1160.01 0.1060.01

(GSSG/GSH)x100 3.2060.11 3.2260.09 4.7460.19* 2.9260.12# 4.6660.17* 2.8760.09#

Data are expressed as mean 6 S.E.M. of 8 rats.
*P,0.05 compared with control group.
#P,0.05 compared with TNBS group.
&P,0.05 compared with same group 2 d.
doi:10.1371/journal.pone.0050407.t001
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To investigate the effect of glutamine in the relationship

between ER stress and apoptosis, cleaved caspase-3 was also

determined in Caco-2 cells. An induction at the active caspase-3

protein level was observed after treatment with brefeldin A and

tunicamycin. Glutamine administration resulted in a significant

inhibitory effect on caspase-3 induction by both ER stressors

(Fig. 5A, F).

Discussion

Alteration of epithelial function is associated in IBD with an

aberrant production of reactive oxygen and nitrogen species.

Several studies suggest that peripheral blood monocytes and

isolated intestinal macrophages from patients with IBD produce

increased amounts of free radicals [29]. High numbers of

peripheral neutrophils, which are capable of generating large

amounts of oxygen-derived free radicals, also migrate into the

intestinal wall of IBD patients [30]. Evidence consistent with

damage by reactive radical species is also provided by the increase

in lipid peroxides in rectal biopsy specimens from patients with

UC [31]. Data in the present study confirm these findings by

showing that both the colonic concentration of TBARS and the

molecular ratio between GSSG and GSH, sensitive indicators of

the cellular redox state, were significantly increased within 2 d of

TNBS instillation. In the TNBS model of IBD it has been shown

that prophylactic glutamine administration is associated with

decreased TBARS and increased glutathione levels in colonic

mucosa [2]. A mechanism by which glutamine seems to exert its

Figure 1. Glutamine reduces the ER stress induced by TNBS-colitis. (A–E). Protein from colonic extracts was separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, followed by immunoblotting for CHOP, BiP, calpain-1 and caspase-12. CHOP, BiP, calpain-1 and caspase-
12 were markedly expressed in rats treated with TNBS alone. However, glutamine administration partially abolished CHOP, BiP, calpain-1 and caspase-
12 expression induced by TNBS. Results are representative of four independent experiments. Equal loading of proteins is illustrated by b-actin bands.
(A) Representative Western-blot photographs for CHOP, calpain-1, BiP, caspase-12, and b-actin. (B) Densitometric quantification of CHOP. (C)
Densitometric quantification of calpain-1. (D) Densitometric quantification of BiP. (E) Densitometric quantification of caspase-12. Data are expressed
as mean 6 S.E.M. from 8 rats. *P,0.05 compared with control group. #P,0.05 compared with TNBS group. &P,0.05 compared with same group 2 d.
(F) Photomicrographs of immunohistochemistry for BiP in sections of colonic samples. Paraffin-embedded sections were immunostained with a BiP
antibody. Original magnification: 200X.
doi:10.1371/journal.pone.0050407.g001
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beneficial effects appear to be correlated with the biosynthesis of

glutathione, since is the precursor of the glutamate used for

glutathione synthesis. The present finding that glutamine prevents

increases in TBARS concentration and GSSG/GSH ratio after

both 2 d and 7 d of TNBS instillation supports that inhibition of

oxidative stress contributes to the attenuation of colonic damage

by glutamine.

In the reducing environment of the mammalian cytosol, GSH

exceeds GSSG by a ratio between 30:1 and 100:1. A significant

increase of this ratio is reflective of a more oxidizing compartment,

and alterations of the luminal redox conditions affect protein

processing, are sensed by the accumulation of misfolded/unfolded

proteins, and may induce ER stress and unfolded protein response

[32]. The activated signaling pathways attempt to restore the

balance between protein loading and processing and induce

programmed cell death if these attempts fail. Recent findings

strongly support the involvement of redox-based ER stress in a

plethora of human diseases, including IBD, either as causative

agents or as complications [33]. The transcription factor CHOP is

a good marker of ER stress, because it is expressed specifically

under the conditions of ER dysfunction [6]. It has been shown that

CHOP is up-regulated by dextran sulfate sodium (DSS) or TNBS

administration and that CHOP-null mice are resistant to

development of experimental colitis in these models [29]. In

addition to CHOP, other molecules may be involved in the ER-

dependent exacerbation of TNBS-induced colitis. Thus, the

chaperone BiP has been recently shown to play a central role

modulating the sensitivity and duration of the UPR [8]. Consistent

with the notion that intestinal oxidative stress/inflammation can

secondarily induce ER stress in IBD is the observation that BiP

Figure 2. Glutamine reduces the apoptotic pathways induced by TNBS-colitis. (A–E) Protein from colonic extracts was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, followed by immunoblotting for Bax, Bcl-2, Bcl-xL, cytochrome c, p53 and phospho-p53. Bax,
cytochrome c and phospho-p53 were markedly expressed in rats treated with TNBS alone. On the contrary, Bcl-2 and Bcl-xL were markedly reduced in
rats treated with TNBS alone. However, glutamine administration partially abolished the changes in Bax, Bcl-2, Bcl-xL, cytochrome c and phospho-p53
expression induced by TNBS. Results are representative of four independent experiments. Equal loading of proteins is illustrated by b -actin bands. (A)
Representative Western-blot photographs for Bax, Bcl-2, Bcl-xL, cytochrome c, p53, phospho-p53, and b-actin. (B) Densitometric quantification of
ratio Bax/Bcl-2. (C) Densitometric quantification of Bcl-xL. (D) Densitometric quantification of cytochrome c. (E) Densitometric quantification of
phospho-p53. Data are expressed as mean 6 S.E.M. from 8 rats. *P,0.05 compared with control group. #P,0.05 compared with TNBS group.
&P,0.05 compared with same group 2 d.
doi:10.1371/journal.pone.0050407.g002
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expression is increased to a similar degree in epithelial cells from

patients with CD, UC as well non-IBD inflammatory controls

(sigmoid diverticulitis) compared to uninflamed controls [34]. Our

results support this idea, and up-regulation of CHOP and BiP is

observed in the TNBS-inflamed colon. On the other hand, down-

regulation of CHOP activity compromises cell viability, and cells

lacking CHOP are significantly protected from the lethal ER stress

[35]. Glutamine treatment reduces CHOP and BiP expression in

TNBS rats and may therefore be involved in the inhibition of both

the initiation and/or perpetuation of mucosal inflammation in

IBD. However, the decrease in ER stress after treatment with

glutamine is not simply due to diminished inflammation and is not

Figure 3. Glutamine reduces the caspase activities induced by TNBS-colitis. (A–C) Colon activity of caspase-9, caspase-8, and caspase-3
were markedly increased in rats treated with TNBS alone. However, glutamine administration abolished caspase-9, caspase-8, and caspase-3 activities
induced by TNBS. (A) Activity of caspase-9. (B) Activity of caspase-8. (C) Activity of caspase-3. Data are expressed as mean 6 S.E.M. from 8 rats.
*P,0.05 compared with control group. #P,0.05 compared with TNBS group. &P,0.05 compared with same group 2 d. (D) Photomicrographs of
immunohistochemistry for cleaved caspase-3 in sections of colonic samples. Paraffin-embedded sections were immunostained with a cleaved
caspase-3 antibody. Original magnification: 200X. (E) Photomicrographs of double immunofluorescence for CHOP and cleaved caspase-3 in sections
of colonic samples. Paraffin-embedded sections were double staining with a CHOP (red) and cleaved caspase-3 (green) antibodies, and the yellow
colour visualized in the merged images represented co-localization of CHOP with cleaved caspase-3. Data shown are representative from four rats.
Scale bar 50 mm.
doi:10.1371/journal.pone.0050407.g003
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indicative of the level of inflammation and/or oxidative stress. In

fact, results from our additional in vitro studies in Caco-2 cells

treated with the ER stressors brefeldin A and tunicamycin

demonstrated that glutamine may directly attenuate ER stress in

epithelial cells and alleviate UPR signaling emerging from diverse

types of ER insults. Thus, protein concentration of BiP and CHOP

was reduced by glutamine in cells treated with brefeldin A, which

disrupts ER-to-Golgi vesicle trafficking, and also in cells treated

with tunicamycin, an inhibitor of N-linked glycosylation, which

constitutes an early event in protein folding within the ER [36].

To better characterize the effect of glutamine in TNBS-induced

stress signaling, we investigated mRNA levels of factors involved in

the three individual UPR signaling branches. Data obtained

indicate that TNBS-instillation resulted in significant increases of

ATF4 and ATF6 mRNA levels both a 2 d and 7 d, while splicing

of XBP-1 mRNA was enhanced at 7 d. Our results confirm

previous research indicating that activation of the ATF6, IRE and

PERK signaling branches is seen in patients with colonic IBD

[10], and are also consistent with data from mice with conditional

deletion of XBP-1 in the intestinal epithelium [9]. Data obtained

also demonstrate that all UPR signaling branches are inhibited in

TNBS-treated rats by glutamine administration. This was further

confirmed by the fact that in Caco-2 cells treated with the two ER

stressors, glutamine reduced the expression of the ER stress sensors

PERK, ATF6 and phospho-IRE1.

At the final step of mammalian ER stress response, the

apoptotic response is initiated to eliminate cells. CHOP is involved

in ER stress-induced apoptosis through various mechanisms such

as down-regulation of Bcl-2 and translocation of Bax to

mitochondria [29]. BiP has also demonstrated its role in ER

stress-mediated apoptosis both in in vivo and in vitro studies [37,38].

Caspase-12, a murine protein also associated with the ER

membrane, normally exists in an inactive procaspase form. During

ER stress, caspase-12 dissociates from the ER membrane is

cleaved to a fragment, and then activates, initiating downstream

apoptotic pathways. Caspase-12-deficient mice are resistant to ER

stress-induced apoptosis [39]. Calpains have been proposed to

mediate processing and activation of caspase-12 after induction of

the unfolded protein response and ER stress [40]. Calpain-

deficient mouse embryonic fibroblasts show decreased ER stress-

induced activation of caspase-12 and are resistant to ER stress-

induced apoptosis [41]. Our data indicate that both caspase-12

and calpain-1 are significantly induced in the colonic mucosa of

TNBS-treated rats and this induction is partly abolished by

glutamine.

Reactive oxygen and nitrogen species formation and ER stress

may result in the expression of genes for pro-inflammatory

mediators and cellular death by apoptosis [28]. In UC, the

frequency of apoptosis is considerably increased and loss of

epithelial cells appears to occur mainly by apoptosis. In fact,

previous research has shown significant apoptosis in colonic

epithelial cells during mild acute inflammation induced by DSS

[42] and TNBS-induced colitis [43]. In our study, a significant

increase in the pro-apoptotic Bax protein was found in the colon

tissue of TNBS-treated rats. In addition, the expression of the anti-

apoptotic Bcl-2 and Bcl-xL proteins significantly decreased in the

TNBS group. Bcl-2 and Bcl-xL function to prevent cell death,

whereas Bax accelerates the cell death signal [44]. Because the

Figure 4. Glutamine reduces the JNK phosphorylation and PARP-1 proteolysis induced by TNBS-colitis. (A–C) Protein from colonic
extracts was separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis, followed by immunoblotting for JNK, phospho-JNK (cytosolic
extracts) and PARP-1 (nuclear extracts). Phospho-JNK and PARP-1 were markedly expressed in rats treated with TNBS alone. However, glutamine
administration partially abolished phospho-JNK and PARP-1 expression induced by TNBS. Results are representative of four independent
experiments. Equal loading of proteins is illustrated by b-actin (cytosolic extracts) and lamin B (nuclear extracts) bands. (A) Representative Western-
blot photographs for JNK, phospho-JNK, b-actin, PARP-1 and lamin-B. (B) Densitometric quantification of phospho-JNK. (C) Densitometric
quantification of PARP-1. Data are expressed as mean 6 S.E.M. from 8 rats. *P,0.05 compared with control group. #P,0.05 compared with TNBS
group.
doi:10.1371/journal.pone.0050407.g004
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ratio of Bax/Bcl-2, a parameter of apoptotic cell death, was

increased in colon tissue of TNBS treated rats, it appears that

apoptosis was involved in TNBS-induced colitis. The present

findings are in accordance with other studies, in which colonic cell

death was associated with apoptosis in the colon lesion 48 h after

intracolonic administration of TNBS [27]. Our results also

indicate that glutamine induces a slight non significant decrease

in Bax protein level that is accompanied by increased Bcl-2 and

Bcl-xL. Furthermore, the relative Bax/Bcl-2 ratio decreased with

glutamine treatment, thereby skewing the balance away from one

which would favor cell survival as seen in the control rats, even at

early time points. Finally, although many factors are involved in

the apoptotic program, caspases have been shown to play a major

role in the transduction of apoptotic signals. In line with this,

caspase-3, caspase-9 and caspase-8 activities of colonic tissues was

significantly higher in TNBS-treated rats compared to the control

group, while treatment with glutamine significantly decreased

caspase activities compared to that in TNBS-treated rats. The

relationship of ER stress and apoptosis was supported by results

from the double immunofluorescence analysis for CHOP and

cleaved caspase-3, and by data obtained in Caco-2 cells

experiments indicating that BiP and cleaved caspase-3 expression

were reduced by glutamine in cells treated with brefeldin A and

tunicamycin.

The present results also demonstrate that the ER stress-related

proteins, CHOP, BiP and caspase-12, increase concomitantly with

Figure 5. Glutamine reduces the ER stress and apoptosis induced by brefeldin A and tunicamycin in Caco-2 cells. (A–F) Protein from
Caco-2 cells was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by immunoblotting for PERK, ATF6,
phosphorylated IRE1 (phospho-IRE1), BiP and cleaved caspase-3. PERK, ATF6 phospho-IRE1, BiP and cleaved caspase-3 were markedly expressed in
cells treated with brefeldin A or tunicamycin alone. However, glutamine administration (5 and 10 mM) partially abolished the changes induced by
brefeldin A and tunicamycin. Results are representative of four independent experiments. Equal loading of proteins is illustrated by b-actin bands. (A)
Representative Western-blot photographs for PERK, ATF6, phospho-IRE1, BiP, cleaved caspase-3 and b-actin. (B) Densitometric quantification of PERK.
(C) Densitometric quantification of ATF6. (D) Densitometric quantification of phospho-IRE1. (E) Densitometric quantification of BiP. (F) Densitometric
quantification of cleaved caspase-3. Data are expressed as mean 6 S.E.M. *P,0.05 compared with control group. #P,0.05 compared with same
stress inducer without glutamine group. &P,0.05 compared with same stress inducer +5 mM glutamine group.
doi:10.1371/journal.pone.0050407.g005
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phospho-JNK. During inflammation, oxidative and nitrosative

stress represents an important signal for the activation of JNK.

Moreover, JNK is also activated by the ER stress in mammalian

cells [11]. JNK activation has been proposed to be a proapoptotic

event through direct phosphorylation of mitochondrial proteins,

including Bcl-2 family members [12]. Therefore, it is possible that

the elevated and steady activity of JNK may be required for the

activation of different signaling cascades, including apoptotic

pathways at different stages of the inflammatory process.

Furthermore, it is known that inhibition of the nuclear enzyme

PARP-1 may reduce the apoptotic process by shifting the ratio of

apoptotic regulators towards Bcl-2, along with reduction of JNK

activity [12,28]. In fact, excessive activation of PARP-1 leads to

the loss of cell membrane integrity and viability. On the contrary,

inhibition of poly(ADP-ribosyl)ation preserves the cellular energy

pool, thus preventing metabolic failure and providing cytoprotec-

tion, and previous in vivo studies demonstrated that genetic

ablation of PARP-1 ameliorates the pathophysiological changes

of experimental colitis [12]. Inhibition of colon damage by

glutamine was associated with a significant reduction of the

activation of JNK and reduction of PARP-1 expression. These

data support a pathological role of PARP-1 in colitis, possibly by

regulating the early stress-related transcriptional response through

a positive modulation of the JNK pathways.

In summary, the present study supports the idea that treatment

with glutamine attenuates the outcome of TNBS-induced colitis

and reinforces the usefulness of exploring glutamine as a potential

alternative therapeutic strategy in IBD. Protection associated with

glutamine is due not only to the previously reported anti-

inflammatory effects of this amino acid, but also to a modulation

of ER stress signaling and a prevention of apoptosis development.

Our data suggest that the inhibition of different mechanisms, such

as factors involved in the ER stress response (CHOP, BiP and

caspase-12), UPR signaling branches (ATF6, ATF4, XBP-1s), the

mitogen-activated protein kinase JNK, Bcl-2 family proteins, and

caspase activation, would be implicated in the beneficial effects of

glutamine in experimental colitis.

Materials and Methods

Ethics Statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

study was specifically approved by the Ethics Committee of the

University of León (Permit Number: LE026A08). All surgery was

performed under isoflurane anesthesia, and all efforts were made

to minimize suffering.

Rats and Induction of Colitis
Male Wistar rats weighing 300–350 g, provided by Panlab

(Barcelona, Spain), were caged at 24uC, with a 12 h light dark

cycle and free access to standard food and water until the time of

experiments. Experimental colitis was induced by TNBS accord-

ing to the procedure described by Morris et al. [45]. Briefly, rats

fasted for 24 h were lightly anesthetized with isoflurane, and a

polyethylene catheter (2 mm in outer diameter) was inserted

rectally until the splenic flexure (6–8 cm from the anus). 30 mg of

TNBS (Sigma, St Louis, USA) dissolved in a volume of 0.25 mL of

ethanol 50% (v/v) were administered through the catheter. TNBS

was retained in the colon for 30 s, after which the fluid was

withdrawn.

Rats and Treatments
The rats were randomly divided into 4 groups up to 10 animals:

a colitis group which received TNBS, a control group which

received only vehicle, and two additional groups which received by

rectal route glutamine (G) (Sigma) (25 mg/kg/day in a volume of

3 mL of 0.9% saline), 4 h after the induction of colitis and once

daily up to the end of the study at d 7 [46]. Since molecular

alterations likely precede clinical signs of colitis and histopatho-

logical evidence of inflammation, signs of apoptosis and other

molecular events were evaluated at earlier time points. Thus, the

same experimental design was repeated and additional groups of

rats were sacrificed at 48 h of vehicle or TNBS instillation. The

rats were killed, and the distal 8 cm of the colon was excised,

opened by longitudinal incision, rinsed with saline, immediately

snap-frozen in liquid nitrogen, and stored at 280uC.

Cell Culture
In a set of confirmatory experiments, the human colon cancer

cell lines Caco-2 from the European Collection of Cell Cultures

were routinely grown. Caco-2 cells (passages 45–50) were seeded

at the density of 1.26105 cell.cm22 onto 60 mm plastic dishes

(Corning, NY, USA) at 37uC in a humidified atmosphere of 5%

CO2 in air in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 20% (v/v) fetal bovine serum, 1% (v/v)

nonessential amino acid solution, 100 unit.mL21 penicillin and

100 mg.mL21 streptomycin. The Caco-2 cells were cultured for

one week, and the experiment was conducted after their

differentiation. The cells were exposed to the ER stress inducers

brefeldin A (0.3 mg/mL) (Sigma), and tunicamycin (0.75 mg/mL)

(Sigma) for 12 hours [36]. Additional groups of cells consisted in

ER-stressed cells which were incubated for 12 hours in reduced-

serum DMEM containing a defined amount of L-glutamine

(5 mM or 10 mM) [47].

Cell Viability Assay
The cell viability was assessed by the mitochondrial function,

measured by MTT reduction activity as previously reported [48].

Briefly, cells were seeded in a 24-well plate and incubated with ER

stressors (brefeldin A or tunicamycin) with or without glutamine

5 mM and 10 mM. After 12 h, the cells were incubated with

0.5 mg/mL MTT (Sigma) for 3 h at 37uC. Subsequently, the

media were aspirated and the cells were lysed dimethyl sulfoxide,

where after the absorbance was read at 560 nm, with background

subtraction at 650 nm, using a microplate reader (Bio-Rad

Laboratories, Veenendaal, The Netherlands).

Biochemical Markers of Oxidative Stress
Oxidative stress was determined by measuring the concentra-

tion of TBARS and the GSSG/GSH ratio. The amount of

aldehydic products generated by lipid peroxidation was quantified

by the thiobarbituric acid reaction using 3 mg of protein per

sample [49]. Results were referred as TBARS. The samples were

incubated at 90uC for 30 min after adding 500 mL of 0.67%

thiobarbituric acid in 10% trichloroacetic acid, them centrifuged

at 2,000 g for 15 min at 4uC. Spectrophotometric absorbance was

determined in the supernatant at 535 nm.

GSSG and GSH analysis was performed by the method of

Hissin and Hilf [50]. Briefly, 250 mg of tissue was homogenised in

0.1 M sodium phosphate 5 mM EDTA buffer (pH 8.0) with 25%

phosphoric acid at a proportion of 1:20. The mixture was

centrifuged at 100,000 g for 30 min at 4uC, the supernatant was

collected and 500 mL were diluted with 4.5 mL of buffer. For

GSH assay, to 100 mL supernatant 1.8 mL phosphate-EDTA
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buffer and 100 mL O-phthalaldehyde were added. After incubat-

ing for 15 min at 4uC, a spectrofluorometric reading was obtained

at an excitation wavelength of 350 nm and an emission

wavelength of 420 nm. For GSSG assay, 500 mL of the sample

supernatant was incubated with 200 mL of 0.04 M N-ethylmalei-

mide for 30 min; to this mixture 4.5 mL of 0.1 N NaOH was

added. A 100 mL portion of this mixture was then processed using

the procedure outlined above for GSH assay.

Caspase Activities
Lysates were prepared by homogenizing colon tissue in

0.25 mM sucrose, 1 mM EDTA, 10 mM Tris and a protease

inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Ger-

many) [51]. The lysates were then centrifuged at 14,000 g for

10 min at 4uC, and supernatants (50 mg protein) were incubated

for 1 h at 37uC in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES) buffer containing 100 mM concentrations of the

specific fluorogenic substrates 7-amino-4-methylcoumarin N-

acetyl-L-aspartyl-Lglutamyl-L-valyl-l-aspartic acid amide (Ac-

DEVD-AMC), 7-amino-4-methylcoumarin N-acetyl-l-leucyl-l-glu-

tamyl-l-histidyl-l-aspartic acid amide (Ac-LEHD-AMC), and N-

acetyl-Ile-Glu-Thr-Asp-7-amino-4-trifluoromethylcoumarin (Ac-

IEDT-AFC) for caspase-3, caspase-9 and caspase-8, respectively)

[52,53]. Cleavage of the caspase substrates was monitored using a

spectrofluorimeter (Hitachi F-2000 fluorimeter, Hitachi LTD,

Tokyo, Japan) at excitation/emission wavelengths of 360/460 nm

for caspase-9, 400/505 nm for caspase-8, and 380/460 nm for

caspase-3, respectively. Activity was expressed as fluorescence

units per milligram of protein per min of incubation.

Western Blot Analysis
Western blot analyses were performed on cytosolic and nuclear

extracts of colon tissue and Caco-2 cells. Nuclear extracts were

prepared from colon homogenates as described previously [2,21].

Briefly, 100 mg of colon from all animals were homogenized in

561024 L of buffer A (0.01 M Hepes- KOH pH 7.9, 250 g/L

glycerol, 0.420 M NaCl, 0.0015 M MgCl2, 261024 M EDTA,

561024 M DTT, 261024 M PMSF) and a phosphatase inhibitor

cocktail (Roche) to disrupt extracellular matrix and cellular

membranes. Homogenates were centrifuged at 1,000 g for

10 min at 4uC. The pellet was resuspended in 2.561024 L of

buffer B (0.02 M NaCl Hepes- KOH pH 7.9, 250 g/L glycerol,

0.42 M NaCl, 1561024 M MgCl2, 261024 M EDTA, 561024

M DTT, 261024 M PMSF) homogenized and incubated at 4uC
for 30 min. Cellular debris was removed by centrifugation at

14,000 g for 15 min at 4uC. The supernatant fraction containing

DNA binding proteins was recollected and stored at 280uC in

aliquots until use. Cytosolic extracts were prepared by colon tissue

homogenization in 0.25 mM sucrose, 1 mM EDTA, 10 mM Tris

and a phosphatase and 1% protease inhibitor cocktail (Roche) [2].

The homogenate was centrifuged at 4uC for 30 min at 13,000 g.

The supernatant fraction was recollected and stored at 280uC in

aliquots until use. Caco-2 cells seeded on 60 mm plastic dishes

were treated with glutamine and/or an ER stress inducers for a

certain period of time, and total protein was recovered after

washing with PBS (Sigma). The recovered sample was centrifuged

at 12,000 g for 10 min at 4uC, and the resulting pellet was

dissolved by RIPA buffer (20 mM Tris-HCl (pH 7.6), 2 mM

EDTA, 150 mM NaCl, 1% Triton X-100, 1% Na-deoxycholate,

0.1% SDS, 1.0 mM DTT) with protease inhibitors (1 mM

benzamidine-HCl, 1 mM PMSF, and 5 mg/mL each pepstatin,

aprotinin, and leupeptin), and phosphatase inhibitors (5 mM

sodium fluoride, 5 mM sodium phosphate, 10 mM sodium

pyrophosphate, 10 mM sodium molybdate, 5 mM EDTA, and

5 mM EGTA). Protein concentration was measured by the

Bradford assay. Equal amounts of protein (10–50 mg) were

separated by 9–12% sodium dodecyl sulphate (SDS)-polyacryl-

amide gel electrophoresis for 1.5 h at 100 V and then blotted on

polyvinylidene fluoride (PVDF) membranes (Amersham Pharma-

cia, Little Chalfont, UK). The membranes were then blocked with

5% non-fat dry milk in phosphate buffered saline buffer containing

0.05% Tween 20 (PBST) for 1 hour at room temperature and

probed overnight at 4uC with polyclonal anti-Bax, Bcl-2, Bcl-xL,

poly(ADP-ribose) polymerase-1 (PARP-1), cytochrome c, tran-

scription factor CHOP/GADD153 (Santa Cruz Biotechnology,

Santa Cruz, CA, USA), JNK, phospho-JNK, BiP/glucose-

regulated protein 78 (GRP78), p53, phospho-p53, cleaved

caspase-3 (Cell Signaling Technology, Danvers, MA, USA),

calpain-1, caspase-12 and phospho-IRE1 (Abcam, Cambridge,

UK) antibodies at 1:200–1:1,000 dilution with PBST containing

3% non-fat dry milk. Equal loading of protein was demonstrated

by probing the membranes with a rabbit anti lamin-B polyclonal

antibody (1:200 Santa Cruz Biotechnology) or rabbit anti-b-actin

polyclonal antibody (1:1,000 Sigma). After washing with PBST,

the membranes were incubated for 1 h at room temperature with

secondary HRP conjugated antibody (Dako, Glostrup, Denmark,

1:4,000), and visualized using ECL detection kit (Amersham

Pharmacia, Uppsala, Sweden). The density of the specific bands

was quantified with an imaging densitometer (Scion Image,

Maryland, MA, USA).

Real-time Quantitative RT-PCR
Total RNA was extracted and reverse transcribed using High-

Capacity cDNA Archive Kit (Applied Biosystems, Foster City,

CA). cDNA was amplified using TaqMan Universal PCR Master

Mix (Applied Biosystems) on a Step One Plus (Applied Biosys-

tems). TaqMan primers and probes for ATF6 (GenBank accession

no BC168890.1 and Rn01490844_m1), ATF4 (GenBank acces-

sion no AF252627.1 and Rn00824644_g1), CHOP (GenBank

accession no AW916370.1 and Rn00492098_g1), BiP (GenBank

accession no M14050.1 and Rn00565250_m1), and glyceralde-

hyde-3-phosphate dehydrogenase (GenBank accession no

X02231.1 and Rn99999916_s1) genes were derived from the

commercially available TaqMan Gene Expression Assays (Applied

Biosystems). Spliced XBP-1 mRNA was also determined by real-

time PCR analysis using the following set of primers and Power

SYBR Green PCR Master Mix (Applied Biosystems):

CTGAGTCCGAATCAGGTGCAG (original CAG sequence

was mutated to AAT to reduce the background signal from

unspliced XBP-1) and ATCCATGGGGAAGATGTTCTGG

[54]. Relative changes in expression levels were determined using

the 22DDCT method [55]. The cycle number at which the

transcripts were detectable (CT) was normalized to the cycle

number of GAPDH gene detection, referred to as DCT.

Immunohistochemistry
Colonic samples were recovered; fixed in 10% buffered

formalin, and embedded in paraffin. Sections (4 mm) were

dewaxed and hydrated through graded ethanols, cooked in

25 mM citrate buffer, pH 6.0, in a pressure cooker for 10 min,

transferred into boiling deionized water and let to cool for 20 min.

Tissue sections were then treated with 3% hydrogen peroxide to

inactivate endogenous peroxidase activity. The slides were

incubated with rabbit polyclonal antibody BiP (Abcam) and

cleaved caspase-3 (Cell Signaling) overnight at 4uC, followed by

incubation with biotinylated second antibody (Biotinylated Anti-

Rabbit IgG; Vector Laboratories, Burlingame, CA) for 1 hour at

room temperature. After 45 min of avidin-biotin amplification
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(ABC Standard; Vector Laboratories), samples were incubated

with the substrate 0.1% 39,39-diaminobenzidine (DAB/Ni Sub-

strate; Vector Laboratories) at room temperature for 10 min. The

nuclei were lightly counter stained with hematoxylin solution [53].

Pathological findings were assessed by one of the authors blinded

to the group allocations.

Double Immunofluorescence
For immunofluorescent double staining, serial colonic sections

were dewaxed in xylene and rehydrated in graded ethanol to

distilled water, do not allowing slides to dry at any time during this

process. Heat-mediated antigen was performed in a cooker filled

with 1 mM EDTA (pH = 8.0). Sections were brought to a boil and

then maintain at a sub-boiling temperature for 15 min. All

subsequent incubations with immunochemicals were performed in

a humidified chamber.

After unmasking and after blocking the nonspecific binding, the

sections were co-incubated with the CHOP antibody (Santa Cruz

Biotechnology) and cleaved caspase-3 antibody (Cell Signaling

Technology) at (1:50 and 1:400, respectively) dilution overnight at

4uC. After incubation with primary antibodies, samples were

washed twice in PBS for 10 min at room temperature. Thereafter,

the secondary antibodies donkey anti-rrabit conjugated with FITC

(Jackson ImmunoResearch, Baltimore, PA) or donkey anti-mouse

conjugated with Texas Red (Jackson ImmunoResearch) were

applied for 2 h at 4uC. After washing in PBS, the coverslips were

mounted on DakoCytomation Fluorescent Mountaing Medium

(DAKO). In sections from each experimental group, the primary

antibody was replaced by antibody diluent to assess for nonspecific

binding of the secondary antibody [56]. The preparations were

analyzed with an inverted fluorescent microscope (Nikon Eclipse

Ti).

Statistical Analysis
Data were analyzed using an analysis of variance (ANOVA)

with repeated measures for time, colitis and treatment with

glutamine. Bonferroni post hoc analysis was used where appro-

priate. P,0.05 was considered statistically significant. SPSS+
version 14.0 statistical software was used.
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