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P38/Mk2 (mitogen-activated protein kinase (MAPK)-activated protein kinase-2, also known as MAKAP kinase-2) is a
member of the mitogen-activated protein kinases (MAPKs) family, and participates in inflammatory responses directly or
indirectly. WIN55, 212-2 (WIN55) is a synthetic non-selective agonist of cannabinoid (CB) receptors with remarkable anti-
inflammatory properties. This study was to explore the roles of WIN55 and p38/Mk2 signaling pathway in dextran sodium
sulfate (DSS)-induced mouse colitis and ascertain their anti-inflammatory mechanisms. Colitis was induced in C57BL Mk2
gene homozygous deletion (Mk2� /� ) and wild-type mice by replacing the drinking water with 4% DSS solution for
7 days. DSS-treated mice developed bloody stool, weight loss, and eye-visible multiple bleeding ulcers on colon mucosa.
The mRNA expressions levels of TNF-a and IL-6, as well as the protein levels of p38 and its phosphorylated form (p-p38),
were upregulated in the colon. The plasma levels of TNF-a, IL-6, cytokine-induced neutrophil chemoattractant-1 (CINC-1),
monocyte chemoattractant protein-1 (MCP-1), and lung myeloperoxidase (MPO) activities were raised; however, all these
changes were less severe in Mk2� /� mice. After WIN55 intervention, the Mk2� /� mice recovered faster and better
from the induced colitis than their wild-type counterparts. The results indicate that the Mk2 homozygous deletion in mice
impedes the induction of experimental colitis by DSS, confirming the notion that p38/Mk2 is involved in this in-
flammatory response. WIN55 protects mice against DSS-induced colitis, in particular when the p38/Mk2 pathway is
obstructed, implying that the activation of CB system, together with blocking of p38/Mk2 pathway, serves as a potential
drug target for colitis treatment.
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Inflammatory bowel disease (IBD) is a group of chronic in-
testinal diseases. Among them, ulcerative colitis (UC) and
Crohn’s disease (CD) are the most common types1

characterized by the overactive immune system and
excessive production of inflammatory mediators. The
manifestations of IBD include abdominal pain and cramps,
weight loss, diarrhea, disrupted digestion, and rectal bleeding,
accounting for substantial burden and discomfort in patients’
everyday life.2,3 Despite the fact that much efforts and
resources have been invested into the investigation of IBD, the
etiology and pathogenesis of the diseases remain elusive.

Different groups of investigators have discovered that the
p38 mitogen-activated protein kinase (MAPK) is a crucial
mediator of inflammation in IBD.4,5 In patients suffering
from IBD, an increased activity of p38 MAPK has been
observed,6 in both immune and non-immune cells. It has
been well established that p38 MAPK positively regulates the
expression of inflammation-related genes including those
coding for proinflammatory cytokines, such as tumor
necrosis factor-a (TNF-a), interleukin 1b (IL-1b), IL-6, and
IL-8 in different cell types, however, especially in monocytes
and macrophages.7 On the other side, non-immune cells,
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such as human intestinal microvascular endothelial cells,
intestinal epithelium, fibroblasts, and myofibroblasts,
participate in the pathogenesis of IBD as well, and p38
MAPK affect these cells directly or indirectly.8,9 Studies have
found that SB203580, an inhibitor of p38 activation,
suppressed inflammation in mice with dextran sodium
sulfate (DSS)-induced colitis and trinitrobenzene sulfonic
acid (TNBS)-treated mice by inhibiting p38 MAPK and
RICK/NF-kB signaling pathways.5,10 MAPK-activated
protein kinase-2, known as MAKAP kinase-2 or Mk2, is a
downstream substrate of p38, and can impact inflammatory
responses by regulating the synthesis and secretion of
proinflammatory cytokines and by controlling the
migration of macrophages, as shown by several
investigations.11–13 In a murine gene knockout model, the
homozygous deletion of Mk2 led to a drastic reduction of
TNF-a in these mice when responding to lipopolysaccharide
stimulation.13 Furthermore, Mk2 deletion interferes with a
variety of inflammatory reactions, which include
inflammation in the pancreas,14,15neurons,16 and joints.17

The role of cannabinoids (CBs) in modulating gastro-
intestinal (GI) inflammation has attracted much research
interest in recent years,18,19 and investigators have presented
solid evidences of the presence of CB receptors, including
CB1 and CB2 receptors in the GI tract.19–22 Specifically, the
murine model colitis induced by different chemicals is
generally more severe in CB1 knockout mice than that in
wild-type (WT) mice, and pretreatment of WT mice with
CB1 receptor antagonists prompts an upregulated
inflammatory response in various models, whereas the
administration of CB1 receptor agonists resulted in reduced
inflammatory response.23 The current knowledge of CB2
receptor in the GI tract supports its role in modulating
intestinal inflammation and limiting visceral sensitivity and
pain.24 WIN55, 212-2 (WIN55), an aminoalkylindole
derivative, is a potent synthetic non-selective agonist of
CB1 and CB2 receptors, and the studies, both in vivo and
in vitro systems, have showed that WIN55 exerts multifacet
effects on GI, such as reduction of GI transit, defecation and
fluid accumulation in mice or rats, inhibition of
pentagastrin-stimulated gastric acid secretion, and stress-
induced ulceration in rats.21,25 Some data indicate that the
activation of CB receptors mediates the protection in colonic
inflammation models,22,26 yet it is not fully understood
where and how the endocannabinoids function in the
protection of GI tract. Hence, more detailed investigation is
emphatically justified. In addition, medical practice
continually demands more options of beneficial therapy for
the patients who suffer from IBD and other GI tract
disorders.27

In this study, we investigated the characteristics and anti-
inflammatory effects of WIN55 on DSS-induced colitis using
Mk2 homozygously deleted (Mk2� /� ) mice to further
understand the roles of p38/Mk2 signal pathway and endo-
cannabinoids in the colitis pathogenesis aiming to identify

the interplay between them, and to explore new treatment
options for IBD.

MATERIALS AND METHODS
Animals
At least 40 healthy mature C57BL/6J WT mice and same
number of Mk2� /� mice weighing 25–30 g, half male and
half female, were used in this study. The WT mice were
purchased from Charles River (Sulzfeld, Germany) and the
Mk2� /� animals were generated on a C57BL/6J genetic
background as described previously.11 These mice were kept
in-house for 2 weeks before experiments. Before and during
the experiments, the animals were housed and maintained
under controlled environmental conditions: in plastic
sawdust floor cages at constant temperature (22 1C) and a
12:12-h light–dark cycle with free access to standard
laboratory chow and tap water. The animal experiments were
carried out in accordance with the national and international
guidelines as outlined in the Guide for the Care and Use of
Laboratory Animals, using the protocols approved by the
Government of Bavaria animal use committee.

Induction of Experimental Mouse Colitis and
Pharmacological Administration
Experimental colitis was induced by administrating 4% DSS
(molecular weight 40 kDa; Sigma, Deisenhofen, Germany) in
drinking water for 7 consecutive days (DSS group), WIN55
(Tocris Bioscience, St Louis, MO, USA; catalog (cat.) no.
1038) was administered by intraperitoneal injection, once per
day at 5mg/kg body weight during the mouse intake period
of DSS (DSSþWIN group). For control experiments, mouse
tissues and blood samples were analyzed from animals of (1)
control group: animals drinking normal water and receiving
intraperitoneal injection of 0.9% NaCl (normal saline solu-
tion, NS) or the WIN55 solvent (Tocrisolve 100; cat. no.
1684); and (2) sole WIN55 group: animals drinking normal
water and receiving WIN55 intraperitoneally in the same
manner as that of the experimental groups. Thus, totally
eight different animal groups with at least eight mice in each
group were generated using the C57BL WT and Mk2� /�
mice.

During the 7 days of colitis induction, the weight, physical
condition, stool consistency, and the presence of gross and
occult blood in excreta and at the anus of the mice were
examined and documented daily (Haemocare, Care Diag-
nostics, Vörde, Germany). At the end of this 7-day period, all
the animals were killed by decapitation under isoflurane
anesthesia, and blood specimens were collected and plasma
samples were prepared from blood specimens by cen-
trifugation at 12 000 g for 10min at 4 1C, and stored at
� 80 1C until further investigations. The colon (starting from
0.5 cm above the anus to the top of the cecum), and lungs of
mice that were killed were carefully dissected, removed, and
weighted. To evaluate the injury, colon segments were opened
longitudinally, gently cleared of stool, rinsed with normal
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saline, and put on a Whatmann paper for length measure-
ment as an indirect marker of inflammation. The detached
colon was then divided into several portions, and one of
them was fixed in 10% neutrally buffered formalin im-
mediately, whereas others were shock-frozen in liquid ni-
trogen and stored at � 80 1C until further investigations.

Disease Activity Index
The colitis disease activity index (DAI) was assessed by an
experienced pathologist blinded to the project, by using the
evaluation system of Cooper et al28 and Hartmann et al:29 (i)
body weight loss (no weight loss was scored as 0 points,
weight loss of 1–5% as 1 point, 5–10% as 2 points, 10–20% as
3 points, and more than 20% as 4 points); (ii) stool con-
sistency (0 point was given for well-formed pellets, 2 points
for pasty and semiformed stools that did not stick to the
anus, and 4 points for liquid stools that remained adhesive to
the anus); and (iii) bleeding (0 point was given for negative
stool hemoccult test, 2 points were given for positive he-
moccult test, 4 points for gross bleeding from the rectum).
These scores were summed up and divided by 3, resulting in a
total clinical DAI ranging from 0 (healthy) to 4 (maximal
score for the DSS-induced colitis).

Evaluation of Histological Changes and Inflammatory
Cell Infiltration in Colon
The colon portions fixed in 10% neutral-buffered formalin as
described above were freeze-sliced and paraffin-embedded,
and thereafter cut on a Leica RM2126 microtome (Leica,
Shanghai, China). Tissue sections (5 mm) were stained with
hematoxylin and eosin (HE). Five sections at 50 mm apart per
colon sample were evaluated and repeated in three mice per
group in a blinded manner, and scored according to the
method of Siegmund et al:30 (i) cell infiltration of
inflammatory cells (0 point for zero or rare inflammatory
cells in the lamina propria, 1 for increased numbers of
inflammatory cells, including neutrophils in the lamina
propria, 2 for confluence of inflammatory cells, extending
into the submucosa, and 3 for transmural extension of the
inflammatory cell infiltrate); and (ii) epithelial damage (0
point for the absence of mucosal damage, 1 for discrete focal
epithelial lesions, 2 for mucosal erosion/ulceration, and 3 for
extensive mucosal damage and/or extension through deeper
structures of the bowel wall). The two subscores were
summed up and the combined histological score ranged
from 0 (no changes) to 6 (highest score with extensive cell
infiltration and tissue damage).

To define the inflammatory cells involved in the patho-
genesis of DSS-induced mouse colitis and to determine the
effect of Mk2� /� and WIN55 treatment, the numbers of
macrophages, neutrophils, and eosinophils in colon tissues
were counted. In brief, tissue sections were stained with H
and E (0.5% and 0.5%) for eosinophils counting; for
macrophages and neutrophils, the tissue sections were
immunostained with antibodies recognizing mouse CD68

(Abcam, Cambridge, MA, USA; cat. no. ab125212) or MPO
(Biosynthesis Biotechnology Co. Ltd., Beijing, China; cat. no.
bs-1061R) in a 1:200 dilution and incubated overnight at
4 1C. Thereafter, tissue sections were incubated with biotin-
labeled goat anti-rabbit IgG working fluid (Biosynthesis
Biotechnology, Beijing, China; cat. no. SP0023) at 37 1C
for 15min, followed by incubation with an HRP-labeled
streptavidin working solution at 37 1C for 15min.
Finally, the slides were DAB stained and nuclear re-stained
with hematoxylin. The tissue sections for the negative
control were processed through the identical steps, but
the primary antibody was replaced by PBS. All slides
were visualized and analyzed on a Nikon ECLIPSE Ti
microscope employing an NIS-Elements Image Analysis
System (Nikon Corporation, Tokyo, Japan). Cells in colon
samples of three mice per group were counted in at least
three high-power fields (HPF, original magnification, � 400)
randomly selected in each slide. Results were averaged and
expressed as cell number per HPF.

Examination of p38 MAPK Expression by
Immunohistochemistry
The expression and localization of p38 and p-p38 in the
colon of mice were determined by immunohistochemistry.
The colon portion fixed in 10% neutral-buffered formalin
was freeze-sliced and paraffin-embedded as described above,
and the sections (5 mm) were de-paraffinized and rehydrated,
followed by 3% peroxide-methanol soaking at room tem-
perature for endogenous peroxidase ablation. After blocking
with normal goat serum, the slides were incubated overnight
at 4 1C in a humidified chamber with the anti-p38a (l:25
dilution) or anti-p-p38a (l:50 dilution) rabbit polyclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA;
cat. nos. SC-728 and SC-101758, respectively). Biotin-labeled
goat anti-rabbit IgG working fluid 50 ml (Beijing Biosynthesis
Biotechnology, Beijing, China; cat. no.: SP0023) was
applied onto each slide and incubated at 37 1C for 15min,
followed by incubation with an HRP-labeled streptavidin
working solution at 37 1C for 15min. The slides were sub-
sequently DAB stained (DAB Staining Kit; Wuhan Boster
Biological Technology, Wuhan, China; cat. no. AR1022) fol-
lowed by nuclear re-staining with hematoxylin. Finally, the
slides were dehydrated, mounted with neutral gums, and
cleared for subsequent examination. The specimens of the
negative control group were processed with the same
steps, but the primary antibody was replaced by PBS (pH
7.4). Positive signals (brown dyeing) in five sections at least
50 mm apart per colon sample were evaluated by using
digital Motic Med 6.0 image analysis system (Motic, Wetzlar,
Germany).

Quantification of Cytokine and Chemokine mRNA
Expression in Colon Tissues by qRT-PCR
To determine the mRNA expression of different cytokines
(IL-6, IL-10, and TNF-a) and chemokines (cytokine-induced
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neutrophil chemoattractant-1 (CINC-1), monocyte che-
moattractant protein-1 (MCP-1), and cyclooxygenase-2
(Cox-2)) in the mouse colonic tissue, quantitative real-time
reverse-transcription polymerase chain reaction (qRT-PCR)
was performed. A colon specimen 4 cm proximal to the anus
from an animal that was killed was excised, homogenized in
guandinium buffer (25mM sodium citrate tribasic salt de-
hydrate, 4M guanidine thiocyanate, 0.5% N-lauroylsarcosine,
0.15M sodium chloride, 0.1M 2-mercaptoethanol, pH 7.0),
and total RNA extraction was performed according to a
protocol described by Chomczynski and Sacchi.31 DNase-
treated total RNA (1 mg) from every RNA preparation was
reverse-transcribed using random nonamers and a First
Strand cDNA Synthesis Kit for RT-PCR (Roche, Mannheim,
Germany; cat. no. 11483188001).

qRT-PCR reactions were performed with a Light Cycler 1.5
(Roche) in a reaction volume of 10 ml using a LightCycler
FastStart DNA Masterplus SYBR Green I Kit (Roche; cat. no.
04957164702) and 50 pmol of each primers (see below). After
initial denaturation for 10min at 95 1C, 40 cycles of ampli-
fication were performed: denaturation at 95 1C for 10 s; an-
nealing at 58 1C (IL-6) or 56 1C (Cox-2) or 60 1C (TNF-a) or
66 1C (IL-10) or 57 1C (CINC-1) or 64 1C (MCP-1 and 18S
rRNA) for 5 s; and extension at 72 1C for 15 s. At least two
independent qRT-PCR reactions were performed on each
template of at least five mice per group. The expression level
of each transcript within the different samples was quantified
as the relative value against 18S rRNA expression level ac-
cording to the protocols of Roche.

The following primers were used in qRT-PCR reactions,
and were purchased from Eurofins MWG Operon (Ebers-
berg, Germany)—18S rRNA: sense, 50-GGACAGGATTGACA
GATTGATAG-30; antisense, 50-CTCGTTCGTTATCGGAATT
AAC-30; IL-6: sense, 50-CAACGATGATGCACTTGC-30; anti-
sense, 50-GTACTCCAGGTAGCTATG-30; IL-10: sense, 50-CA
GGCAGAGAAGCATGGC-30; antisense, 50-TGCTCCACT
GCCTTGCTC-30; TNF-a: sense, 50-GCAGCTGGAGTGGC
TGAG-30; antisense, 50-GGTGAGGAGCACGTAGTC-30; Cox-
2: sense, 50-GAGTCATTCACCAGACAG-30; antisense, 50-GA
AGCGTTTGCGGTACTC-30; MCP-1: sense, 50-CTCAAGAGA
GAGGTCTGTGCTG-30; antisense, 50-GTAGTGGATGCATTA
GCTTCAG-30; CINC-1: sense, 50-GTCATAGCCACACTC
AAG-30; antisense, 50-CCATCAGAGCAGTCTGTC-30.

Determination of Cytokine and Chemokine in Mouse
Plasma by ELISA
The plasma levels of cytokines and chemokines were
determined using commercially available mouse-specific
enzyme-linked immunosorbent assay (ELISA) kits for
TNF-a, IL-6, CINC-1, and MCP-1 (R&D Systems, Minnea-
polis, MN, USA; cat. nos. MTA00, M6000B, MKC00B,
MJE00, respectively) based on the manufacturer-re-
commended protocols. Each sample was measured in du-
plicate using a microplate reader, and the data were expressed
as pg/ml plasma or percentage of the control.

Quantification of Mouse Lung MPO Activity
MPO activity in the mouse lung tissue was measured as
described previously.13 Briefly, tissue samples were
homogenized using an Elmer Potter homogenizer at
2400 r.p.m. An aliquot of this homogenate was taken for
protein determination using the Bio-Rad protein assay kit,
whereas the rest was centrifuged at 10 000 g at 4 1C for
10min. Each pellet was re-suspended in 0.5ml extraction
buffer, snap-frozen, and thawed four times. Samples were
subsequently sonicated and centrifuged. The supernatant was
used for MPO measurement, and the activity was calculated
from the measured absorbance slope and expressed as
milliunits per milligram of wet weight of lung tissue, or
presented as percentage of control.

Statistical Analysis
The data are expressed as mean values±s.e.m. Values were
obtained from multiple determinations in four or more se-
parate experiments with 2–3 animals per group. All data
were analyzed by using one-way ANOVA followed by
Tukey’s multiple comparison with SPSS 13.0 software
(SPSS, Shanghai, China). Values of Po0.05 were considered
statistically significant.

RESULTS
Mk2 Deficiency and WIN55 Administration Improve DAI
and Colon Length in Mice with DDS-induced Colitis
After intake of DSS in drinking water, WT and Mk2-deficient
mice developed severe colitis, and suffered weight loss and
bloody stools, which typically started at days 3 and 4 and
continued to the end of experimental period (day 7). As
shown in Figure 1, high scores of DAI for colonic specimens
were found in WT and Mk2� /� mice. Furthermore, these
mice suffered from a shortened colon. Although Mk2� /�
genotype did not prevent the pathological changes of colitis ,
both the DAI and the colon shortening were ameliorated to
certain extent. WIN55 significantly attenuated the magnitude
of DSS-induced DAI and colon shortening in both types of
mice, but a more evident effect on DAI was noticed in the
Mk2� /� mice, which even showed significant values when
compared with the WT DSS- and WIN55-treated group
(Figures 1a and b; Po0.05). In the control groups, in which
no animal was given DSS, mice developed neither colon-local
nor systemic inflammatory responses, regardless of solvent or
WIN55 administration.

Mk2 Deficiency and WIN55 Administration Improve
Histological Changes in the Colon of Mice with
DSS-Induced Colitis
The results of histological examinations demonstrated no
signs of colitis in Mk2� /� or WT mice, which exclusively
received WIN55 or drug solvent. Treatment of WT mice
with DSS induced an obvious colitis with multiple erosive
lesions and dropouts of entire crypts in the colon, as well
as a marked infiltration of inflammatory cells, especially
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neutrophil granulocytes and lymphocytes, into the colonic
submucosa (Figure 2aB, labeled with asterisk (*)); hence, a
higher histological score was presented when compared with
the WT mice in the control group or in the DSSþWIN55
group (Po0.05) (Figure 2b). In contrast, Mk2� /� mice
with DSS intake manifested much milder inflammatory re-
sponses: light edema, fewer lesions, and modest filtration,
justifying lower histological score (Figures 2aE) and b).
Treating Mk2� /� mice additionally with WIN55 sig-
nificantly reduced the DSS-induced mucosal injury, edema,
and infiltration of inflammatory cells, and decreased the

histological scores of the tissues, showing significant values
even when compared with DSS-induced colitis and WIN55-
treated WT mice (Figures 2aC, F and b).

Mk2 Deficiency and WIN55 Administration Reduce
Inflammatory Cell Infiltration in the Colon of Mice with
DSS-Induced Colitis
The numbers of macrophages, neutrophils, and eosinophils
in colon tissues of WT and Mk2� /� mice treated with DSS,
DSS and WIN55, WIN 55 alone, or untreated were counted
and representative pictures are shown in Figures 3a–c. CD68

Figure 1 Disease activity index (DAI) and colon length in mice with dextran sodium sulfate (DSS)-induced colitis. Colitis was induced in wild type (WT)

and Mk2� /� mice by oral intake of 4% DSS for 7 days. Bar graphs representing DAI (a) or colon length (b) in control (Con) animals (white bars), DSS-

treated animals (gray bars), DSS- and WIN-treated animal (black bars), and single WIN-treated animals (ruled bars). The treatment in every group was:

Con: control group in which mice drank water; DSS: the group in which mice drank 4% DSS solution; DSSþWIN: the group in which mice drank 4%

DSS solution and received WIN55, 212-2 (WIN55) intraperitoneally (i.p.); WIN: the group in which mice drank water and received WIN55 i.p. DAI was

assessed according to the system of Cooper et al28 and Hartmann et al.29 and the total score drifts from 0 (healthy) to 4 (maximal activity of colitis)

described in the Materials and Methods section. Colon length (cm) starts from 0.5 cm above the anus to the top of the cecum. Data are shown as

means±s.e. (n¼ 6–8 per group, one-way analysis of variance (ANOVA), Tukey’s multiple comparison).*Po0.05 when compared with the Con or WIN

group; #Po0.05 when compared with the DSSþWIN group; &Po0.05 when compared with the values of WT mice in the identically treated groups.

Mk2, mitogen-activated protein kinase (MAPK)-activated protein kinase-2, also known as MAKAP kinase-2.

Figure 2 Histological changes in colonic specimens of mice with dextran sodium sulfate (DSS)-induced colitis. (a) Hematoxylin and eosin staining of

colonic tissue sections from wild-type (upper panel) and Mk2� /� mice (lower panel). Wild-type mice, upper panel: control (Con) group (A), DSS group

(B), and DSSþWIN group (C); Mk2� /� mice: control group (D), DSS group (E), and DSSþWIN group (F). (original magnification, � 100; scale

bar¼ 50 mm). The arrows point to crypt loss and inflammatory cell infiltration. The inset (original magnification, � 400) in (B) shows inflammatory cells,

especially neutrophils (*). (b) Bar graphs representing the histological score of colon tissue samples isolated from wild-type or Mk2� /� mice of Con,

DSS-, and DSS and WIN 55-treated mice or from mice treated with WIN55, 212-2 (WIN55) alone. Data represent means±s.e. (n¼ 6–8 per group, one-

way analysis of variance (ANOVA), Tukey’s multiple comparison). *Po0.05 when compared with the values of wild-type mice in the identically treated

groups. Mk2, mitogen-activated protein kinase-activated protein kinase-2, also known as MAKAP kinase-2.
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and MPO staining clearly showed the presence of macro-
phages and neutrophils (stained in brown) infiltrated in the
mucosal and submucosal layers of the colon tissues (Figures
3a and b), and eosinophils with red cytoplasm and blue
nucleus mainly located in the submucosa (Figure 3c). The
quantification revealed significantly increased numbers of
macrophages, neutrophils, and eosinophils in DSS-treated
WT mice when compared with DSS-treated Mk2� /� mice
(Po0.05). The administration of WIN55 significantly atte-
nuated the DSS-induced changes of inflammatory cells in
WT animals (Po0.05 for eosinophils, and Po0.01 for
macrophages and neutrophils); however, it exhibited small
effect on Mk2� /� animals (P40.05). These outcomes
confirmed that Mk2 deficiency and CB receptor activation
had forwarded synergistic protection against deleterious
effects of DSS-induced mouse colitis.

Mk2 Deficiency and WIN55 Administration Inhibit p38
MAPK Expression in the Colon of Mice with DSS Colitis
As shown in Figures 4a–d, p38 and its p-p38 were expressed
slightly in the mucosa epithelium and submucosa of
the colon tissues in the control groups of both WT and
Mk2� /� mice. Treatment with DSS significantly enhanced
their expressions, especially p-p38 expression, and the strong
positive signs with brown dyeing were mainly located in in-
flammatory cells in the colonic submucosal plexus in the
both kinds of mice. It is of particular importance that mouse
Mk2 homozygous deletion phenotype can alleviate the DSS-
induced enhancement of p38 and p-p38 expression
(Po0.01), and WIN55 furthers this effect, especially by
inhibiting p-p38 expression (Po0.01) (Figures 4e and f).

Mk2 Deficiency and WIN55 Administration Inhibit mRNA
Expression of Proinflammatory Cytokines and
Chemokines in the Colon of Mice with DSS-induced
Colitis
Cytokine profile is the decisive parameter of any in-
flammatory process, and cytokine synthesis is regulated by
p38/Mk2 signaling pathways. Hence, we examined the
mRNA expression level of TNF-a, IL-6, IL-10, and Cox-2 in
the colonic tissues of mice with DSS-induced colitis using
qRT-PCR. The results showed that the mRNA expressions of
TNF-a, IL-6, IL-10, and Cox-2 were upregulated significantly
(Po0.01 or Po0.05) when mice were challenged with DSS
(Figures 5a–d). Interestingly, homozygous deletion of Mk2
gene attenuated the increased expressions of all the four
parameters (Po0.01 or Po0.05), and the effects were even
strengthened by WIN55 with regard to the expression of
TNF-a and Cox-2 (Po0.05) (Figures 5a and d). In the colon
tissues from WT mice, WIN55 downregulated mRNA levels
of cytokines, but a significant effect was found only for IL-10
expression (Figure 5c; Po0.05), not for TNF-a, IL-6, and
Cox-2 (P40.05) (Figures 5a, b, and d).

As shown in Figures 5e and f, the mRNA expression level
of leukocyte chemoattractants, CINC-1 and MCP-1, were

also increased significantly in the colon tissues of DSS-treated
WT mice (Po0.01 vs normal control), and homozygous
deletion of Mk2 gene attenuated their increase significantly
(Po0.01). WIN55 downregulated mRNA levels of both
chemokines, especially in the colon tissues of WT mice
(Figures 5e and f; Po0.01).

Mk2 Deficiency and WIN55 Administration Attenuate
the Increase of Proinflammatory Cytokines and
Chemokines in the Plasma of Mice with DSS-induced
Colitis
To assess the protein levels of TNF-a, IL-6 in mouse plasma,
ELISA assay was performed in both Mk2� /� and WTmice.
As shown in Figures 6a and b, the levels of TNF-a and IL-6
markedly increased after the DSS challenge (Po0.05 or
Po0.01) in WT animals. In Mk2� /� mice, plasma level
increase of both cytokines was less severe, and IL-6 showed
even significant reduced values when compared with values
of DSS-treated WT mice (Po0.05). Concomitant treatment
of mice with WIN55 reduced plasma levels of TNF-a and IL-
6 in WTand Mk2� /� mice, a trend that had been observed
on mRNA level, too. DSS treatment increased plasma levels
of the chemoattractants CINC-1 and MCP-1, as well, how-
ever, to a much lesser extent in Mk2� /� mice (Figures 6c
and d). WIN55 supplementation partly attenuated the esca-
lation of CINC-1 and MCP-1 plasma levels, and the effects
were even more obvious in Mk2� /� mice. Treatment with
solvent or WIN55 alone had no obvious effect on these
chemokines. Thus, the results evidently demonstrate that the
increased plasma levels of proinflammatory cytokines and
chemokines in mice with experimental colitis induced by
DSS had been partly reversed by Mk2 deficiency and by the
activation of CB receptors.

Mk2 Deficiency and WIN55 Administration Decrease
Lung MPO Activity in Mice with DSS-Induced Colitis
To further evaluate the systemic inflammation in the mouse
acute colitis model, we assessed MPO activation, a marker
for neutrophil infiltration, in the lung tissue of WT and
Mk2� /� mice after DSS challenge. In WTmice, DSS intake
induced a significant increase of MPO activity (12.5-fold
compared with control, Po0.01) (Figure7). In contrast, the
DSS intake only meekly increased MPO activity inMk2� /�
mice (6-fold compared with control, Po0.01) (Figure 7).
Treatment of mice with WIN55 supplementation sig-
nificantly reduced the lung MPO activity in both kinds of
mice with a reduction about 25% in WT DSS-treated mice
and 40% in Mk2� /� DSS-treated mice (Po0.05).

DISCUSSION
DSS-induced colitis in mice is characterized by epithelial
damage and robust inflammatory responses in the colon, and
this experimentally induced colitis is commonly used as a
model system to evaluate the efficacy of new drugs for
IBD.32,33 In this report, we evaluated the impact of Mk2
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homozygous deletion (Mk2� /� ) and WIN55, an agonist of
CB receptors, on the local and systemic inflammatory
response in mice with DSS-induced colitis taking advantage

of the availability of Mk2� /� mice and the mouse colitis
model. Our results confirm that uptake of 4% DSS in
drinking water for 7 consecutive days causes colitis with

Figure 3 Inflammatory cell counting in colonic specimens of mice with dextran sodium sulfate (DSS)-induced colitis. Left panels show representative

pictures (original magnification, � 400) of macrophages (a) (stained in brown), neutrophils (b) (stained in brown), and eosinophils (c) (showing red

cytoplasmic staining), and the bar graphs of the right panels present the corresponding data of cell numbers per high-power field (HPF) in colon tissue

samples isolated from wild–type (WT) and Mk2� /� mice that were either treated with DSS, DSS and WIN55, 212-2 (WIN55), WIN55 alone, or

untreated. Data represent means±s.e. (n¼ 3 per group, one-way analysis of variance (ANOVA), Tukey’s multiple comparison). *Po0.05 when compared

with the values of wild-type mice in the identically treated groups. Con, control; Mk2, mitogen-activated protein kinase-activated protein kinase-2, also

known as MAKAP kinase-2; n.s, nonsignificant.
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typical manifestations: colonic epithelial damage and evident
inflammatory responses paired with bloody stool and
shortened colon owing to shrinkage, an indirect marker of
inflammation,34 followed by body weight loss.

It is well known that cytokines have an important role in
the pathogenesis of experimental colitis and human IBD.35,36

In our experiment, DSS was found as a stimulant that readily
induced expression of inflammatory mediators in mice,
including cytokines (TNF-a, IL-6, and IL-10), chemokines
(CINC-1 and MCP-1), and Cox-2, at mRNA level and/or
protein level, and raise MPO activity in the lung tissue (a
marker of neutrophil infiltration). Although inflammation is
essential for protection against various pathogenic attacks in

the primary stages of IBD, lasting and uncontrolled
inflammatory responses, as the disease progresses, may lead
to cytokine cascade effects resulting in the damage of
intestinal tissues and even remote organs.

Inflammatory response is dependent on stimulation of
signaling pathways within the cell. P38 MAPK pathway reg-
ulates inflammation through downstream proteins and ki-
nases, affecting gene transcription directly and indirectly.37

Activated p38 MAPK increases the recruitment and
activation of lymphocytes and neutrophils and delays
apoptosis of these cells,9,38,39 which are the major source of
perpetual production of inflammatory mediators. In the
colon of mice with DSS-induced colitis, we found a high

Figure 4 P38 MAPK expression in mouse colonic tissue. Representative pictures of mouse colonic tissue isolated from wild-type (a, c) or Mk2� /�
mice (b, d), respectively, stained (in brown) with antibodies specific for p38 (a, b) or pp38 (c, d). Mice received either normal drinking water (control

(Con)) or were treated with dextran sodium sulfate (DSS) or DSS and WIN55, 212-2 (WIN55). Scale bar¼ 50 mm. (e, f) Bar graphs representing the

quantitative analyses of the immunohistochemical stainings (a–d) of Con (white bars), DSS (gray bars), DSS and WIN55 (black bars), as well as animals

treated only with WIN55 (ruled bars) employing antibodies against p38 (e) or its phosphorylated form (p-p38) (f). Data represent means±s.e. (n¼ 4 per

group) *Po0.05, **Po0.01, when compared with the values of wild-type mice in the identically treated groups. Mk2, mitogen-activated protein

kinase-activated protein kinase-2, also known as MAKAP kinase-2.
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expression of both p38 MAPK and its phosphorylated
form p-p38 in recruited inflammatory cells of the
colonic submucosal plexus, together with the predicted
effects: high expression and high levels of CINC-1/KC and
MCP-1 and proinflammatory cytokines both in the local
tissues and in the blood. Capable of recruiting monocytes,
memory T cells, and dendritic cells to sites of tissue injury
and infection, MCP-1 indirectly contributes to neutrophil
recruitment to lungs,40–42 as shown by increased MPO
activity in lung tissue samples. In contrast, CINC-1 is a
functional analog of IL-8 concerning neutrophil recruitment
and activation.42 Our results demonstrate the toxic effect of
DSS on intestinal epithelium and mucosal barrier, causing a
robust inflammatory response. Throughout the progress of
inflammation, there is a constant recruitment of
inflammatory cells, such as neutrophils and monocytes in
the colon and lung tissues of mice with DSS-induced colitis.
In addition, as CD4 T cells are important effectors of IBD, it
will be of major interest to investigate their function in DSS-
induced colitis in WT and Mk2-deficient mice.

Numerous reports have shown that the CB1 receptor is
coupled to the activation of p38 MAPK in vitro and in vivo.43

Therefore, MAPK activation can be used as a screening assay
to evaluate CB1 agonists.44 Moreover, CB1 agonists promote
behavioral changes in rodents, including analgesia,
hypomotility, hypothermia, and catalepsy. A tetrad test has
been developed to monitor these behavioral changes in
animals. Mk2, the direct substrate of p38a and p38b, is a
multifunctional signaling protein in the progression of
inflammation.45 By the targeted disruption of Mk2 gene in
mice, a mouse strain with Mk2� /� homozygous deletion
has been generated earlier, and offered a useful tool for
research in relevant fields.13,15 In this report, we presented
fresh evidence that Mk2 deficiency attenuates the expression
of TNF-a, IL-6, IL-10, as well as CINC-1, MCP-1, and Cox-2
in mice with DSS-induced colitis at the transcriptional and/
or post-transcriptional level. Interestingly, Mk2 deficiency
also reduced the DSS-induced enhancement of p38 and
p-p38 expression, suggesting a positive feedback regulation
between Mk2 and p38. Attenuating the inflammatory
response induced by DSS, Mk2� /� mice manifested
lower DAI, reduced inflammatory cell infiltration and
histological score in colon, reduced MPO activity in lungs,
and decreased levels of inflammatory mediators in plasma

Figure 5 Cytokine and chemokine mRNA expression in mouse colonic tissues. Bar graphs representing the mRNA expression level of tumor necrosis

factor (TNF)a (a), interleukin (IL)-6 (b), IL-10 (c), cyclooxygenase-2 (Cox-2) (d), cytokine-induced neutrophil chemoattractant-1 (CINC-1) (f), and monocyte

chemoattractant protein-1 (MCP-1) (f) in colon tissue of wild-type or Mk2� /� mice, respectively, of control (Con) animals (white bars), or animals

treated with dextran sodium sulfate (DSS) (gray bars), or with DSS and WIN55, 212-2 (WIN55) (black bars). Values are presented as means±s.e. (n¼ 5

mice per group). *Po0.05 when compared with the values of wild-type mice in the identically treated groups. Mk2, mitogen-activated protein kinase-

activated protein kinase-2, also known as MAKAP kinase-2.
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and in intestinal tissues compared with those of WT mice,
further confirming the role of p38/Mk2 in the bowel
inflammatory disease.

With the progress of understanding IBD pathogenesis, new
therapeutics, for example, leukocytapheresis and anti-TNF-a
antibody, together with some drugs aiming to attenuate local
inflammation in the mucosa (corticosteroids, 5-aminosali-
cylate compounds, and immune-suppressing agents), have
been proven effective for IBD patients.2 Nevertheless, clinical
practice uncompromisingly requires more optimal medical
therapies. In recent years, multiple lines of convincing
evidences demonstrate that CB1 and CB2 receptors’
agonists promote the release of endocannabinoids and exert
autoprotective effects in bowl inflammatory disease.46–48 CB
receptors are G-protein-coupled CB1 receptor is
predominantly expressed in nerve tissues, whereas CB2
receptor is mainly expressed in immune cells and mediates
cytokine and chemokine release. As a non-selective CB
receptor agonist, WIN55 has emerged as a promising agent
with remarkable anti-inflammatory properties. The study of
Sheng et al49 demonstrated that WIN55 suppresses the

production of inflammatory mediators such as nitric oxide
(NO) and TNF-a. In addition, TNF-a induced IL-8 release
and NF-kB activation drastically decreased upon WIN55
administration.50 In this study, we have scrutinized the anti-
inflammatory effect of WIN55 in DSS-induced mouse colitis
and evidenced that WIN55 counteracts the DSS-induced
enhancement of p38 and p-p38 expression, especially the
expression of p-p38 in Mk2-deficient mice, and furthermore
suppresses the expression of proinflammatory cytokines
(TNF-a and IL-6) and chemokines (CINC-1 and MCP-1,
Cox-2). The histological and DAI scores, as integrated
indexes, are affected by many factors, in addition to TNF-
a, IL-6, and Cox-2. These cytokines and Cox-2 have
important roles in the pathogenesis and pathological
changes of colitis, and the results showed that both DAI
and histological scores were significantly reduced by
WIN55 in WT and Mk2� /� mice, but more prominent
in Mk2� /� mice. IL-12, IL-23, and IL-17 are further
important factors involved in the pathogenesis of IBD.
Investigating their transcript levels in our experimental setup,
we found the same tendencies in gene expression as observed

Figure 6 Plasma level of proinflammatory cytokines and chemokines. The levels of tumor necrosis factor (TNF)-a (a), interleukin (IL)-6 (b), cytokine-

induced neutrophil chemoattractant-1 (CINC-1) (c), and monocyte chemoattractant protein-1 (MCP-1) (d) were determined by enzyme-linked

immunosorbent assay (ELISA). The treatment in every group was—Con: control group in which mice drank water; dextran sodium sulfate (DSS): the

group in which mice drank 4% DSS solution; DSSþWIN: the group in which mice drank 4% DSS solution and received WIN55, 212-2 (WIN55)

intraperitoneally (i.p.); WIN: the group in which mice drank water and received WIN55 i.p. Data are expressed as means±s.e. (n¼ 6 mice per group,

one-way analysis of variance (ANOVA), Tukey’s multiple comparison). *Po0.05 when compared with the values of wild-type mice in the identically

treated groups. Mk2, mitogen-activated protein kinase-activated protein kinase-2, also known as MAKAP kinase-2.
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for TNF-a and IL-6 in the different treated groups (data not
shown). These findings highlight that Mk2 deficiency and CB
receptor activation forward a synergistic protection against
the local and systemic pathological changes in the DSS-
induced mouse colitis model.

In this study, we found that deletion of Mk2 resulted in
decreased levels of phosphorylated p38 MAPK in the colon of
mice with DSS-induced colitis. It is well known that Mk2 is
one of several kinases directly regulated by p38 MAPK. Mk2
is directly activated via p38 MAPK phosphorylation, then
binds to p38 and stabilizes p38 by complex formation, and
finally contributes to stress responses. Hence, in the absence
of Mk2/3, reduced levels of p38 protein and activity have
been detected in some organ tissues, such as heart and spleen,
by Ronkina et al12 and Kotlyarov et al,13 and now detected in
colon tissue by us. However, reduced levels of pp38 in
Mk2� /� mice might also be the result of reduced TNF-a
level accounting for reduced stimulation of p38 MAPK
activation. The effect of WIN55 appears to be more
protective and effective at changing p38 MAPK
phosphorylation than that of Mk2 deficiency, but in
Mk2� /� mice the effect of WIN55 on inhibiting p38
MAPK phosphorylation is more significant. These results
provide some fresh and direct evidences through a different
avenue; however, further investigations are required to

elucidate the linkage and cross-talking between the p38
MAPK signaling pathway and the CB system.

In this study, by using a DSS-induced mouse colitis model,
we found the levels of proinflammatory cytokines, including
TNF-a, in colon and in blood, as well as the inflammatory
reaction in colon reduced in the Mk2� /� mice. Although
Mk2 absence showed a modest impact on the local in-
flammatory reaction, the analysis proved statistical differ-
ences in DAI, colon length, and histological score between
WT and Mk2� /� mice. Contrary to our results and even to
the presumed requirements for the activation of proin-
flammatory programs, Kontoyiannis et al51 found, by using a
TNF-a overexpression-mediated mouse IBD model, the
disease exacerbated in mice deficient for Mk2, correlated
with decreased apoptosis of mononuclear cells in the lamina
propria. The differences between our results and theirs could
be explained by different methodology, moreover, by the
different pathogenesis of both models.

In summary, we demonstrate that the local and systemic
pathological changes in DSS-induced mouse colitis are
effectively attenuated by WIN55 administration and/or by
Mk2 deficiency displaying that both the CB system and
p38/Mk2 signaling pathway are involved in the regulation of
inflammation, but with different functions: CB system has an
anti-inflammatory role, whereas p38/Mk2 participates in the
signal transduction of inflammatory processes. Furthermore,
we have confirmed that the CB receptor agonist WIN55
protects against DSS-induced mouse colitis and that this
effect is potentiated and enforced by the inhibition of the
p38/Mk2 pathway. Hence,Mk2might serve as a potential drug
target for IBD treatment in view of the fact that Mk2� /�
mice acquire a much stronger resistance to DSS-induced
inflammatory response in mouse experimental colitis.
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