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Pretreatment with alanyl-glutamine suppresses T-helper-cell-associated
cytokine expression and reduces inflammatory responses in mice with

acute DSS-induced colitis☆
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Abstract

T-helper (Th) cells play a major role in initiating and shaping the pathologic response in inflammatory bowel disease (IBD). Glutamine (GLN) is a nutrient
with immune-modulating effects. This study investigated the effect of GLN on cytokine expressions and inflammatory responses of three subsets of Th cells in
dextran sulfate sodium (DSS)-induced IBD. There were one normal control (NC) and two DSS groups. Mice in the DSS groups drank distilled water containing 3%
DSS for 5 days, whereas the NC group received distilled water. Mice in the G-DSS group were given intraperitoneal injection of 0.5 g GLN/kg/d for 3 days before
receiving DSS water. The other DSS group (C-DSS) received an identical amount of amino acid solution without GLN. After induction of IBD, the mice were
allowed to recover for 3 days and then were sacrificed. Blood and colon samples were collected for further analysis. The C-DSS group had higher percentages of
blood interleukin (IL)-17A, IL-17F, IL-22, IL-4 and interferon-γ than the NC group. The G-DSS group had lower Th1/Th17/Th2 cytokine expressions, which
showed no differences from the NC group. Plasma haptoglobin, colon immunoglobin G and chemokine levels and myeloperoxidase activities were higher in the
DSS groups than the NC group. These parameters were significantly lower in the G-DSS than the C-DSS group. These results suggest that pretreatment with GLN
suppressed Th-associated cytokine expressions and may consequently reduce inflammatory mediator production and leukocyte infiltration into tissues, thus
ameliorating the severity of acute DSS-induced colitis.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Inflammatory bowel disease (IBD) is a complex multifactorial
disease of unknown etiology. It comprises two major forms of chronic
inflammatory disorders of the gastrointestinal tract, Crohn's disease
and ulcerative colitis (UC), which are characterized by distinct clinical
histopathological and endoscopic features. It is widely accepted that
the pathogenesis is likely dependent on interactions between luminal
immune reactions and environmental factors in genetically susceptible
individuals [1]. Studies of experimental models of IBD suggest that this
immunopathological process consists of an excessive and dysregulated
immune response to components of the bacterial microflora [2]. CD4+
T-cells play a major role in initiating and shaping this pathologic
response [3]. T-helper (Th) cells are traditionally divided into two
distinct subsets, Th1 and Th2, characterized by distinct cytokine
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profiles and effector functions. Recently, an additional Th cell subset
which preferentially produces interleukin (IL)-17 was found and
designated Th17. There is dynamic cross-regulation among the Th1,
Th2 and Th17 pathways. The proper balance of this cross-regulation is
critical for optimizing defenses to microbes while simultaneously
avoiding chronic tissue inflammation in IBD [4].

Glutamine (GLN) is the most abundant free amino acid in the
plasma and tissue pool. It is a critical substrate for enterocytes and
rapidly proliferating immune cells [5,6]. Numerous studies showed
that GLN has immune-modulating effects and is considered an
essential amino acid in catabolic conditions [7,8]. Previous studies
showed that GLN supplementation attenuated proinflammatory
cytokine release, protected against organ damage and decreased
mortality in a lipopolysaccharide-treated animal model [9]. Studies
performed by our laboratory also found that GLN supplementation
produces a more balanced Th1/Th2 response during sepsis [10]. Some
investigators suggested that GLN is useful in treating established
infections and inflammation. A study by Vicario et al. [11] found that
GLN supplementation improved barrier functions in rats with dextran
sulfate sodium (DSS)-induced colitis. However, studies concerning
the effect of GLN on Th1/Th2/Th17 pathways in IBD are rare.
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Table 1
Histological score of colitis

Feature Score Description

Loss of epithelium 0 None
1 0%–20% loss of epithelium
2 20%–30% loss of epithelium
3 Over 30% loss of epithelium

Length of crypts 0 None
1 Length of crypts was less than

1.5 times of normal thickness
2 Length of crypts was 1.5–3 times

of normal thickness
3 Length of crypts was 3 or more

times of normal thickness
Infiltration of leukocytes 0 None

1 Mild
2 Moderate
3 Severe
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According to previous studies, the cytokine profile of acute DSS-
induced colitis is consistent with an acute inflammatory response and
was found to be characterized by polarization toward the Th1–Th17
panel [12]. We hypothesized that GLN modulates the balance of T-
cells and reduces the inflammatory response in acute colitis.
Therefore, we pretreated mice with GLN before inducing colitis to
investigate whether preventive use of GLN modulates cytokine
expressions associated with Th1/Th17 and Th2. Also, systemic and
intraluminal inflammatory parameters were measured in the recov-
ery phase of DSS-induced acute colitis.
2. Materials and methods

2.1. Animals

Six-week-old male C57BL/6 mice weighing 22–25 g at the beginning of the
experiment were used in this study. All mice were housed in a temperature- and
humidity-controlled room and were allowed free access to a standard chow diet for 1
week before the study. Care of laboratory animals was in full compliance with the
Guide for the Care and Use of Laboratory Animals (National Research Council, 1996),
and protocols were approved by the institutional Animal Care and Use Committee at
Taipei Medical University.
Fig. 1. Percentage of body weight changes of the three groups. Data are presented as the
mean±S.E.M. Differences among groups and different time schedules were analyzed
by two-way ANOVA using the Bonferroni posttest. ⁎Significantly differs from the C-DSS
group (Pb.05).
2.2. Study protocols

There were one normal control (NC, n=9) group and two DSS groups (n=9 for
each group) in this study. Mice in the NC group received distilled water, whereas the
DSS groups drank distilled water containing 3% (wt/vol) DSS (MW 40 kDa; MP
Biomedicals, Solon, OH, USA) for 5 days as previously described [13]. One of the DSS
groups (G-DSS) was administered a GLN solution (Dipeptiven; Fresenius Kabi, Bad
Homburg, Germany), while the other DSS group (C-DSS) received a commercially
available mixed amino acid solution without GLN (Moriamin-SN; Chinese Pharma-
ceuticals, Taipei, Taiwan). The amino acid solution was injected intraperitoneally daily
for 3 days before receiving DSSwater. The amount of amino acids injected was identical
in the two DSS groups. The dosage of GLN was 0.75 g amino acid/kg body weight as
alanyl-GLN, which provided 0.5 g GLN/kg/d. This amount of GLN was found to have
antioxidant and antiproteolytic properties in a muscular dystrophy mice model [14].
After feeding the DSSwater for 5 days, themice were allowed to recover for 3 days with
an intraperitoneal saline injection daily. During the experimental period, body weights
were recorded daily. All mice had free access to a standard chow diet and water. At the
end of the experiment, mice were anesthetized and sacrificed by cardiac puncture.
Fresh blood samples were collected in tubes containing heparin for the analysis of the
Th lymphocyte subpopulation distribution. Whole blood was centrifuged at 3000g for
10min at 4°C to obtain plasma. Plasma samples were used tomeasure haptoglobin (ICL
Inc., Newberg, OR, USA). To harvest cells from the peritoneal cavity, a middle
abdominal incision was made, and 2 ml of phosphate-buffered saline (PBS) was
intraperitoneally injected to elute the peritoneal cells. The peritoneal lavage fluid (PLF)
was collected and centrifuged at 300g for 10 min. The pellet was used to analyze the
population of leukocytes. The colon was cut close to the ileocecal valve, and the length
and weight were measured. Luminal content of colons was collected by flushing each
specimen with 2 ml of ice-cold PBS. Tissues and colon lavage fluid were kept at −80°C
until processed for further analysis.
2.3. Measurements and analytical procedures

2.3.1. Distribution of helper T-lymphocyte subpopulations in blood
To determine the phenotypes of lymphocytes in the blood, 100 μl of whole blood

was divided into aliquots and incubated with eFluor 450-conjugated anti-mouse CD4
for 30 min. After lysis of red blood cells, the remaining leukocytes were fixed and
permeated for intracellular cytokine staining. Th17-associated cytokines were detected
using a Mouse Th17 Cytokine Staining Panel (eBioscience, San Diego, CA, USA)
according to the instruction manual. CD4-labeled leukocytes were incubated with
fluorescein isothiocyanate (FITC)-conjugated anti-mouse IL-17A, phycoerythrin (PE)-
conjugated anti-mouse IL-17F and PerCP-eFlour 710-conjugated anti-mouse IL-22
antibodies. To determine populations of Th1 and Th2 cells, FITC-conjugated anti-mouse
interferon (IFN)-γ and PE-conjugated anti-mouse IL-4 (Biolegend, San Diego, CA, USA)
antibodies were used for incubation with CD4-labeled leukocytes. After incubation for
20 min, cells were washed and suspended in staining buffer and then analyzed with
flow cytometry (BD Biosciences, San Jose, CA, USA). CD4-positive cells were gated on
the basis of their forward- and side-scatter profiles. The results are presented as a
percentage of cytokine-producing cells in CD4-positive cells.

2.3.2. Distribution of leukocyte populations in PLF
Pelleted peritoneal cells were suspended in staining buffer and split into three vials

with 100 μl in each vial. Cells in each vial were incubated with allophycocyanin (APC)-
conjugated anti-CD45 (Biolegend), a marker of leukocytes. To investigate the distri-
bution of T- and B-cells, FITC-conjugated anti-CD3 and PE-conjugated anti-CD19
antibodies (Biolegend) were added. FITC-conjugated anti-CD4 and PE-conjugated anti-
CD8 antibodies (Biolegend) were added when the populations of CD4 and CD8 T-
lymphocytes were analyzed. To measure macrophage and neutrophil distributions,
Pacific Blue-conjugated anti-CD11b (Biolegend) and PE-conjugated anti-Ly6G anti-
bodies (BD) were used. After incubating the respective vials for 30 min at 4°C in the
dark, cells were washed and resuspended in staining buffer to measure the leukocyte
population by flow cytometry. Fluorescence data were recorded, and results are
presented as a percentage of specific CD-marker-expressing cells in leukocytes.

2.3.3. Immunoglobin (Ig) quantification in colon lavage fluid
Luminal IgA and IgG contents were determined in colon washings. Colon lavage

fluid was centrifuged at 2000g for 10 min at 4°C, and supernatants were collected for
analysis of Ig by an enzyme-linked immunosorbent assay (ELISA) with the
corresponding capture antibody for IgA or IgG (ICL, Inc.). The amount of Ig was
determined by a detection antibody conjugated to horseradish peroxidase. The protein
concentration of the colon lavage fluid was measured by a BioRad Bradford protein
assay (Hercules, CA, USA) to adjust the amount of Ig.

2.3.4. Measurements of myeloperoxidase (MPO) activity in the colon
MPO activity was measured using a method modified by Suzuki et al. [15].

Colon samples were homogenized in PBS and centrifuged at 15,000g and 4°C for 15
min. The supernatants were collected for further analysis of chemokines, and the
pellets were suspended in PBS containing 0.5% hexadecyltrimethylammonium
bromide. After freezing and thawing for three cycles, samples were sonicated and
centrifuged at 15,000g for 15 min at 4°C. Aliquots (30 μl) were added to 470 μl of
the reaction mixture containing 40% PBS, 8% N,N-dimethylformadine, 1.6 mM
3,3′,5,5′-tetramethylbenzidine, 0.3 mM H2O2 and 80 mM sodium phosphate (pH 5.4).
The absorbance at 655 nm was immediately measured for 3 min at 37°C. The change
in absorbance per min was calculated, and the activity of MPO was presented as Δ
absorbance per gram of colon tissue.
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2.3.5. Chemokine levels in colon homogenates
Keratinocyte-derived chemokine (KC) and monocyte chemoattractant protein

(MCP)-1 levels were measured by ELISA kits (R & D Systems, Minneapolis, MN, USA).
Fig. 2. Percentage of Th cell populations in blood. Blood leukocytes were surface stained for CD4
cells were considered as Th cells (A) and gated to determine the intracellular IFN-γ and IL-4 ex
cytokines was measured, and data are presented as the mean±S.E.M. (D). The ratio of IFN-γ-
analyzed by one-way ANOVA using the Tukey's test. ⁎Significantly differs from the other two
Antibodies specific for KC or MCP-1 were coated onto the wells of microtiter strips
provided. Procedures followed the manufacturer's instructions. The chemokine
concentrations were adjusted by the weight of colon tissue.
, fixed, stained for intracellular cytokines and analyzed by flow cytometry. CD4-positive
pressions (B and C). The percentage of cells in the CD4+ cells that express the indicated
and IL-4-expressing Th cells was also calculated (E). Differences among groups were
groups (Pb.05).



Fig. 3. Percentages of Th17-associated-cytokine-producing cell populations in blood. CD4-positive cells were gated to analyze the intracellular cytokine expressions by flow cytometry.
The percentage of Th17-associated-cytokine-expressing cells in CD4+ cells weremeasured (A, B and C), and values are shown as themean±S.E.M. (D). Differences among groups were
analyzed by one-way ANOVA using the Tukey's test. ⁎Significantly differs from the other two groups (Pb.05).
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Fig. 4. Distribition of leukocytes in PLF. Pelleted peritoneal cells were surface stained with indicated surface markers and analyzed by flow cytometry. CD45-positive cells were
considered as leukocytes and gated to determine the population of leukocyte in PLF. Percentages of T- and B-lymphocytes (A) were determined by CD3- and CD19-expressing cells in
CD45+ cells. The subpopulation of T-lymphocytes (B) was analyzed by CD4- and CD8-expressing cells, and the ratio of CD4- and CD8-positive cells (C) was also calculated. Double
staining for CD11b and Ly-6G was used to identify macrophages (CD11b+/Ly-6G−) and neutrophils (CD11b+/Ly-6G+) populations (D). Values are presented as the mean±S.E.M.
Differences among groups were analyzed by one-way ANOVA using the Tukey's test. ⁎Significantly differs from the other two groups (Pb.05).
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2.3.6. Histopathology
Sections (1 cm) of the distal and proximal colon were cut out. The middle segment

of colon tissues was collected and fixed with buffered 4% paraformaldehyde. After
being embedded in paraffin, specimens were sectioned at 5 μm, mounted on glass
slides and stained with hematoxylin and eosin for the histopathology analysis. Digital
images at 40× magnification per section were captured by a Zeiss Axiphot light
microscope (Carl Zeiss MicroImaging LLC, Thornwood, NY, USA) and a Nikon D1X
digital camera (Tokyo, Japan). Five fields per section were examined to determine the
morphological lesions and changes of the colon mucosa. The degree of IBDs was
measured by themodified scoring system of Iba et al. [16]. The inflammatory colitis was
scored from 0 to 3 for lesions based on loss of epithelium, length of crypts and
infiltration of leukocytes (Table 1). The total histological score ranged from 0 to 9,
which represented the sum scores of loss of epithelium, length of crypts and infiltration
of leukocytes.
2.4. Statistical analysis

All data are expressed as the mean±standard error of the mean (S.E.M.).
Differences among groups were analyzed by analysis of variance (ANOVA) using the
Tukey's test. Two-way ANOVA using the Bonferroni posttest was used to analyze the
differences of body weight changes. A P value of b.05 was considered statistically
significant.
3. Results

3.1. Weight change

There were no differences in initial body weights among the three
groups. Clinical symptoms of exposure to DSS for 5 days (days 3–8 of
the experimental period) were loss of body weight and fecal blood.
Body weight loss was observed 4 days (day 7) after drinking the DSS
water and reached a peak 2 days (day 10) after exposure to DSS was
stopped. Weight loss was less in the G-DSS group than in the C-DSS
group at 7–11 days (Fig. 1).
3.2. Cytokine expressions in blood CD4 cells

The CD4 percentage was lower in the DSS groups than the NC
group. The percentages of IL-17A, IL-17F, IL-17A+/IL-22+, IL-4 and
IFN-γ were significantly lower in the G-DSS group than the C-DSS
group and showed no differences from the NC group (Figs. 2, 3). There
were no differences in the IFN-γ/IL4 ratio among the three groups.

3.3. Plasma haptoglobin levels

Haptoglobin levels were higher in the DSS-treated groups than the
NC group (6.75±3.05 vs. 853.0±74.5 μg/ml, Pb.0001). The level in the
G-DSS group was significantly lower than that in the C-DSS group
(617.8±75.9 vs. 1089.2±46.2 μg/ml, Pb.01).

3.4. Leukocyte expressions in PLF

Both DSS groups had lower percentages of B, T, CD4 and CD8 cells
than the NC group. There were no differences in these parameters
between the two DSS groups. The percentage of macrophages
(CD11b+/Ly-6G−) was significantly higher in the C-DSS group than
in the G-DSS and NC groups. There were no differences in
neutrophil (CD11b+/Ly-6G+) expressions in the PLF among the
three groups (Fig. 4).

3.5. Colon length, Ig, chemokine levels and MPO activities

The length of the colon was significantly shorter in the C-DSS
group than the other two groups (Table 2). IgA levels in the colon
lavage fluid did not differ among the three groups, whereas IgG
levels were significantly higher in the DSS groups than the NC group
(Table 3). Also, KC and MCP-1 levels as well as MPO activities in
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Table 3
Colon Ig concentrations in lavage fluid and MPO activities and chemokines
concentrations in homogenates

NC G-DSS C-DSS

Colon lavage fluid
IgA (μg/mg protein) 9.78±3.56 4.68±1.76 7.07±1.82
IgG (μg/mg protein) 3.95±0.97 8.38±1.66a 22.92±4.19a,b

Colon homogenates
MPO (ΔABS/min/g tissue) 0.957±0.030 1.067±0.074 1.405±0.089a

KC (ng/g tissue) ND 3.00±0.85a 40.22±17.33a,b

MCP-1(ng/g tissue) 0.48±0.16 6.12±0.87a 14.27±2.69a,b

Data are expressed as the mean±S.E.M. Differences among groups were analyzed by
ANOVA using the Tukey's test. ND: not detectable; MPO, myeloperoxidase.

a Significantly differs from the NC group.
b Significantly differs from the G-DSS group (Pb.05).

Table 2
Length and weight of colons

NC G-DSS C-DSS

Length (cm) 6.85±0.27 6.07±0.13 5.59±0.21a

Weight (g) 0.504±0.041 0.526±0.025 0.544±0.035
Weight/length (g/cm) 0.072±0.004 0.083±0.004a 0.101±0.05a,b

Data are expressed as the mean±S.E.M. Differences among groups were analyzed by
ANOVA using the Tukey's test.

a Significantly differs from the NC group.
b Significantly differs from the G-DSS group (Pb.05).
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colon homogenates were significantly higher in the C-DSS group
than in the NC and G-DSS groups. The G-DSS group had lower IgG,
KC and MCP-1 levels than the C-DSS group (Table 3).

3.6. Histopathological aspects of the colon

Histological observations showed that colon tissues of the NC
group had intact epithelium, well-defined gland length and no
leukocyte infiltration in the mucosa (Fig. 5A). DSS-induced colitis
resulted in mucosal ulceration, infiltration of leukocytes, crypt
distortion and hyperplastic epithelium. Compared to the G-DSS
group, more severe inflammatory lesions of the colic mucosa were
observed in the C-DSS group (Fig. 5B, C). Histological evaluation of
inflammatory score is shown in Fig. 5D. The G-DSS group had a lower
score than the C-DSS group.

4. Discussion

IBD is a disorder that flares up with remissions and relapses.
Animal models of IBD have significantly contributed to our present
understanding of the disease, as they provide a platform through
which some of these complex mechanisms can be systemically
investigated. DSS is a physical agent with an intrinsic capacity to
disrupt the epithelial cell barrier and activate mucosal macrophages,
which in turn produce immunomodulatory cytokines [17]. Dieleman
and colleagues [18] demonstrated that adaptive immune system is
not required for development of DSS-induced colitis in severe
combined immunodeficient mice. However, Shintani et al. [19]
found that CD4+ T (Th) cells are responsible for the modulation of
DSS-induced colitis. Moreover, Melgar et al. [13] indicated that acute
colitis induced by DSS progressed to chronicity in C57BL/6 mice. After
DSS removal, IFN-γ and IL-17 in colon homogenates and infiltration of
immune cells into colon tissue were progressively up-regulated
leading to chronic colitis, suggesting that activated T-cells are
involved in progression of DSS-induced colitis. In this study, we
administered DSS orally to C57BL/6 mice because animals in this
model were found to develop acute colitis that progressed to severe
chronic inflammation resembling UC [13]. We pretreated animals
with GLN for 3 days before colitis was induced. This model may be
valid for the acute phase of UC in patients, in whom preventive
administration of GLN may be recommended.

A cascade of inflammatory mediators, primarily cytokines,
represents key players of the innate and adaptive immune response.
Under normal conditions, the intestinal mucosa functions with a
delicate balance of inflammatory cells for which cytokine-induced
signals are tightly regulated by intricate feedback mechanisms[12]. In
IBD, the pathophysiologically dysregulated immunologic response is
reflected by an imbalance in the cytokine production profile at
different stages of the disease process [12]. This dysregulated
imbalance is thought to be represented by a Th1/Th2/Th17 polariza-
tion pattern in IBD [20]. Th1 cells produce large quantities of IFN-γ,
while Th2 cells produce IL-4 and IL-10. Th17 effector functions are
distinct from Th1- and Th2-mediated immunity. Th17 cells produce
IL-17A, IL17F, IL-21 and IL-22 [21]. By producing cytokines and
attracting highly specialized effector cells like neutrophils and
macrophages, Th17 cells appear to be critical for enhancing host
protection against tissue-infiltrating pathogens. On the other hand,
this also correlates with a high potency to initiate substantial
immunology and autoimmune diseases [22]. Dysregulation in either
Th direction can result in intestinal inflammation.

In this study, we observed that DSS-induced colitis resulted in
immune suppression because blood CD4 cells together with T- and B-
cells in the PLF were lower than those in control mice. A previous
study showed that acute DSS-induced colitis demonstrated a
cytotoxic and chemotactic profile with significantly elevated levels
of IL-6, IL-17, tumor necrosis factor-α and KCs when compared to
controls. This cytokine profile is characterized by a polarized Th1–
Th17 panel [12]. In this study, we analyzed Th17-associated cytokines
including IL-17A, IL-17F and IL-17A+/IL-22+. IL-22 plays critical
roles in inflammation, immune surveillance and tissue homeostasis at
mucosal sites [23]. Because IL-22 is produced by immune cells other
than Th17 cells [24], we measured IL-17A+/IL-22+-presenting cells
to ensure that IL-22 was derived from Th17 cells. Our results were
consistent with previous findings that Th17-associated cytokines and
Th1-associated IFN-γ were higher in the C-DSS group [12]. In
addition, we also found that IL-4 expressions were higher in the
DSS colitis groups, and thus, the IFN-γ/IL-4 ratio showed no
differences among the normal and DSS groups. This finding was
comparable to a report by Dieleman et al. [25], who also found
increased splenic IFN-γ- and IL-4-presenting cells after cessation of
DSS consumption. This phenomenon could be due to a slow recovery
after DSS damage followed by nonspecific immune activation in
which both Th1 and Th2 cytokines play a role [25]. A recent report by
Sonnenberg et al. [24] showed that IL-17A may regulate the
expression and/or proinflammatory properties of IL-22. Coexpres-
sions of IL-17A and IL-22 promote tissue damage and inflammation
[23]. In this study, we found that pretreatment with GLN produced
lower Th1/Th2/Th17 cytokine expressions in the recovery phase of
acute DSS-induced colitis. This finding might mean that inflamma-
tion mediated by populations of Th cells was attenuated when GLN
was administered.

Haptoglobin is an acute-phase protein. It is used as a marker of
systemic inflammation to monitor disease activity in experimental
colitis in murine models [13]. IgG concentration in gut lavage fluid
is a specific index for grading disease activity in patients with IBD
[26]. A previous study showed that intestinal lymphocytes of
patients with active IBD produce high levels of IgG [27]. In this
study, we found that DSS administration resulted in higher plasma
haptoglobin and intraluminal IgG, indicating that experimental
colitis was active. Pretreatment with GLN lowered IgG levels,
suggesting that the severity of DSS-induced colitis was attenuated
when GLN was administered. In contrast to IgG, IgA levels did not
differ among the NC and the DSS colitis groups. This result is
consistent with a report by Macpherson et al. [27], who also found



Fig. 5. Histopathology of colon tissues. Hematoxylin and eosin staining of colon tissues from mice in the control group (A), G-DSS group (B) and C-DSS group (C). Representative
histological images of normal and DSS-induced mice are shown at 40× magnification. Normal colon section showed intact epithelium, a well-defined gland and no leukocyte
infiltration in the mucosa. In contrast, mucosal ulceration, gland distortion and leukocyte infiltration were obvious in both DSS-induced colitis groups. Mucosal inflammation of the
C-DSS group was more severe compared to that of the G-DSS group. Histological scores of colitis (D) are presented as the mean±S.E.M., which were determined as described in
“Materials and Methods.” Differences among groups were analyzed by one-way ANOVA using the Tukey's test. ⁎Significantly differs from the other two groups (Pb.05).
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that total mucosal IgA concentrations did not differ between an
IBD group and controls.

MPO is an enzyme synthesized by neutrophils and monocyte
precursor cells. MPO plays an important role in leukocyte-mediated
tissue injury responses in inflammatory diseases [28]. A previous
study found that clinical and endoscopic activities correlated well
with intraluminal MPO concentrations in UC patients [29]. Because
oxyradicals released from leukocytes that accumulate in organs may
damage organ cells and induce organ dysfunction [28], we analyzed
MPO activities in the colon as an indicator for identifying the extent of
tissue injury resulting from colitis. We found that DSS resulted in high
MPO activities, indicating that more leukocytes had infiltrated into
colon tissues, and GLN administration reversed this inflammatory
condition. This result was consistent with a lower percentage of
macrophage presenting in the abdomen and lower KC and MCP-1 in
colon homogenates in the G-DSS group. KC is a chemokine that plays
an important role in mediating neutrophil infiltration to tissues, and
MCP-1 is a chemotactic and activating factor for mononuclear
phagocytes. The lower Th17 cytokine expressions observed in the
G-DSS group attracted fewer leukocytes to the site of inflammation
and attenuated damage to the colon. Colon length and histological
findings also confirmed that the severity of the inflammatory lesions
was lower in the G-DSS group.

A previous study showed that GLN supplementation reduced
intestinal luminal water contents during mild inflammation and
improved the barrier function in rats with DSS-induced colitis [11].
Oral GLN prevents gut mucosal injury and improvesmucosal recovery
after lipopolysaccharide endotoxemia in rats [30]. GLN is the
precursor for the synthesis of glutathione (GSH). GLN was found to
be rate limiting for GSH synthesis, and the availability of GLN is critical
for generating GSH stores [31]. Yu et al. [32] found that GLN-
supplemented nutrition preserved GSH stores after treatment with an
antineoplastic agent (5-fluorouracil). An in vitro study by Babu et al.
[33] also found that GLN prevented damage to the liver, and this was
possibly mediated by GSH synthesis. It is possible that GLN decreased
oxidative stress induced by colitis, which may consequently have
reduced the expressions of Th17 cytokines and decreased the
production of inflammatory mediators. The mechanism responsible
for the effect of GLN on colitis is under investigation in our laboratory.

In summary, this study showed for the first time that pretreatment
with GLN reduced plasma haptoglobin and suppressed Th1/Th17/Th2
cytokine production. Also, luminal IgG and colon chemokines levels
and MPO activities were lower in the G-DSS group. This result implies
that pretreatment with GLN suppressed Th-cell-associated cytokine
expressions, reduced inflammatory markers, decreased leukocyte
infiltration to tissues and may consequently have ameliorated the
severity of acute DSS-induced colitis.
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