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ABSTRACT
Causal connections between dipeptidyl peptidase IV, also known as CD26molecule (DPP IV/CD26) and inflammatory bowel disease (IBD) have

been shown, but mechanisms of these interactions are unclear. Our hypothesis was that DPP IV/CD26 could affect the neuroimmune response

during inflammatory events. Therefore, we aimed to evaluate its possible role and the relevance of the gut–brain axis in a model of IBD in

mice. Trinitrobenzenesulfonic acid-induced (TNBS) colitis was induced in CD26-deficient (CD26�/�) and wild-type (C57BL/6) mice.

Pathohistological and histomorphometrical measurements were done. Concentrations and protein expressions of DPP IV/CD26 substrates

neuropeptide Y (NPY) and vasoactive intestinal peptide (VIP) were determined. Concentrations of IL-6 and IL-10 were evaluated.

Investigations were conducted at systemic and local levels. Acute inflammation induced increased serum NPY concentrations in both

mice strains, more enhanced in CD26�/� mice. Increased NPY concentrations were found in colon and brain of C57BL/6 mice, while in

CD26�/� animals only in colon. VIP and IL-6 serum and tissue concentrations were increased in bothmice strains in acute inflammation, more

pronouncedly in CD26�/� mice. IL-10 concentrations, after a decrease in serum of both mice strains, increased promptly in CD26�/� mice.

Decreased IL-10 concentration was found in brain of C57BL/6 mice, while it was increased in colon of CD26�/� mice in acute inflammation.

DPP IV/CD26 deficiency affects the neuroimmune response at systemic and local levels during colitis development and resolution in mice.

Inflammatory changes in the colon reflected on investigated parameters in the brain, suggesting an important role of the gut–brain axis in IBD

pathogenesis. J. Cell. Biochem. 112: 3322–3333, 2011. � 2011 Wiley Periodicals, Inc.
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I nflammatory bowel disease (IBD) comprises two main chronic

pathologies of the gastrointestinal tract (GIT): ulcerative colitis

(UC) and Crohn’s disease (CD), both characterized by alternating

phases of active inflammation and clinical remission with

different complications and extraintestinal manifestations

[Hanauer and Hommes, 2010]. The ethiopathogenesis of IBD has

still not been elucidated, but it has been suggested that

inflammatory processes emerge in genetically susceptible individu-

als as a result of an irregular, over-expressed immunological

reaction to some undefined food antigens or some other agents

of microbial origin [Blumberg, 2009]. However, there is no

therapeutic approach which could finally make this debilitating

disease curable.

In the last few years, a very dynamic field of investigation in IBD

ethiopathogenesis is neuroimmunobiochemistry, whose hypothesis

is supported by a growing body of evidence that neurogenic

inflammation could be a key event in inflammatory mechanisms in

the GIT [Takami et al., 2009]. This is a consequence of the

bidirectional communication between the central and enteric

nervous system and, therefore, a term ‘‘gut–brain axis’’ has been

introduced and proposed to play an important role in the etiology of

gut inflammation [Romijn et al., 2008].
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Given the complexity of etiological factors in human IBD, a lot of

current knowledge regarding IBD pathogenesis has arisen from the

study of various animal models [Mizoguchi and Mizoguchi, 2010].

Although no ideal model of IBD has been accomplished so far,

they resemble different important clinical, histopathological, and

immunological aspects of human IBD, and therefore represent

essential tools in investigating mechanisms underlying inflamma-

tion in the GIT [Strober, 2008]. Chemically induced murine models

of IBD are the most commonly used due to their onset and duration

of inflammation which is immediate, reproducible, and shares a lot

of similarities with human IBD in multiple aspects, including

cytokine deregulations and production of inflammatory mediators

[Mizoguchi and Mizoguchi, 2010]. Trinitrobenzenesulfonic acid-

induced colitis (TNBS-colitis) is one of the most accepted and used

CD models in mice and has given insight in many processes at the

molecular level [Wirtz and Neurath, 2007].

Proteases are proposed as one of the key factors in the occurrence

of inflammatory processes due to their ability to metabolize

different biologically active molecules implicated in maintaining

the integrity of mucosal barrier [Detel et al., 2007; Ravi et al., 2007],

one of which is dipeptidyl peptidase IV, also known as CD26

molecule (DPP IV/CD26) [Gorrell et al., 2006]. DPP IV/CD26 is also a

T-cell differentiation antigen, expressed on various cell types,

having numerous functions in a variety of biological processes, as

well as immunological mechanisms. It is also present in a soluble

form which circulates in body fluids of living organisms, with a

specific peptidase function: it cleaves dipeptides from the N

terminus of polypeptides having proline or alanine at the

penultimate position [Vanderheyden et al., 2009]. Since Xaa-Pro

peptides are not easily metabolized by other proteases, the action of

DPP IV/CD26 is an essential step in the degradation of many

polypeptides [Matteucci and Giampietro, 2009].

Numerous biologically important cytokines, chemokines, and

neuropeptides with potential and/or confirmed role in IBD

ethiopathogenesis are effective DPP IV/CD26 substrates [Mentlein,

2004]. Vasoactive intestinal peptide (VIP) is a peptide hormone

produced in many areas of the human body including the gut,

pancreas, and brain [Delgado et al., 2004]. It has recently been

proposed as a healing mediator in CD, since VIP treatment promoted

the recovery of clinical symptoms, the amelioration of parameters

correlated to the recruitment and traffic of cell populations, and the

balance of inflammatory mediators derived from granulocytes,

antigen-presenting cells, and T lymphocytes comprising Th1, Th2,

and Th17 response in a TNBS model of colitis in mice [Arranz et al.,

2008]. Neuropeptide Y (NPY) is a gut–brain peptide, found in

different parts of living organisms, including central and enteric

nervous system [Gehlert, 2004]. Previous findings proved its

involvement in the pathogenesis of IBD, but its role is controversial

and not entirely clear. It has been shown that targeted deletion of

NPY modulates experimental colitis and that NPY and its receptor

Y1 are involved in processes of intestinal inflammation [Hassani

et al., 2005; Chandrasekharan et al., 2008]. DPP IV/CD26 cleaves

NPY and changes its affinity for Y1 receptor which has been

suggested to play an important role in inflammatory mechanisms

leading to colitis development [Dimitrijevic et al., 2008]. In addition,

a causal connection between NPY, VIP, and interleukins of critical

importance for IBD, such as IL-6 and IL-10, has been proved

[Delgado et al., 2004; Gehlert, 2004].

Previous studies from several research groups, including ours,

showed a correlation between IBD disease severity and serum DPP

IV/CD26 activity [Hildebrandt et al., 2001; Varljen et al., 2005].

Furthermore, a number of studies proposed a potential role of DPP

IV/CD26 in the pathogenesis of IBD, given its involvement in

immune regulations via its expression on immune cells and

capability to cleave biologically active molecules [Matteucci and

Giampietro, 2009; Reinhold et al., 2009]. Additionally, DPP IV/CD26

inhibitors have been pointed out as therapeutic agents in

ameliorating inflammatory processes in immunologically mediated

diseases such as IBD, however, further research is needed in this field

[Bank et al., 2008; Yazbeck et al., 2009].

Given the potential role of DPP IV/CD26 and possible involve-

ment of neurogenic inflammation in the pathogenesis of IBD, the

aim of this study was to investigate does DPP IV/CD26 and in which

manner affect the neuroimmune response during development,

progression, and resolution of inflammatory events in a Crohn-like

model of colitis in mice. Furthermore, we wanted to evaluate the

relevance of the gut–brain axis in the development of inflammatory

processes and tissue healing.

MATERIALS AND METHODS

EXPERIMENTAL ANIMALS

The study comprised two mice strains: wild-type mice strain C57BL/

6 and mice with inactivated gene for molecule CD26 (C57BL/6

Jbom-ob, CD26�/�), generated on a C57BL/6 genetic background as

described previously [Marguet et al., 2000]. CD26�/� mice were

kindly provided by Dr. Didier Marguet (Centre d’Immunologie

Marseille-Luminy, France). Male, 8- to 10-week-old mice, group-

housed and bred under conventional conditions at the Central

Animal Facility of the School ofMedicine (University of Rijeka) were

used in this study. Laboratory animals were housed in plastic cages,

fed with standard pellet food (MK, Complete Diet for Laboratory Rats

and Mice, Slovenia), given tap water ad libitum and maintained

under a 12/12 h dark/light cycle at constant temperature (20� 1)8C
and humidity (50� 5)%. Each study group comprised 8–10 animals.

Handling laboratory animals, experimental procedures, and

anesthesia were performed following general principles contained

in the Guide for the Care and Use of Laboratory Animals (National

Academic Press). The Ethical Committee of the School of Medicine

(University of Rijeka), approved all experimental procedures.

COLITIS INDUCTION

Crohn-like colitis (TNBS-colitis) was induced by rectal administra-

tion of 5% (w/v) TNBS (Sigma–Aldrich, Germany) dissolved in 50%

ethanol (Kemika, Croatia). Each animal received 0.1ml of TNBS–

ethanol solution, using a vinyl catheter that was positioned 4 cm

from the anus, as described in literature [Scheiffele and Fuss, 2002].

Two control groups of mice were used for each mice strain. Control

mice underwent indistinguishable procedures, but were instilled

equal volumes of saline (NaCl 0.9%) or ethanol solution. Prior to

administration of TNBS, saline, or ethanol solution, mice were

anesthetized with a combination of ketamine/xylazine solution.
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EXPERIMENTAL PROCEDURES

Mice body weights and overall clinical characteristics were

monitored daily. Laboratory animals were sacrificed by cervical

dislocation after 2, 7, 15, and 30 days following administration of

TNBS, saline, or ethanol solution. Peripheral blood samples were

taken and underwent centrifugation at 3,000 rpm for 10min in order

to collect serum samples. Liver and spleen were isolated, washed in

ice-cold saline, and weighted. The entire GIT was isolated, carefully

examined, the colon was freed from adhering connective and

adipose tissue and macroscopic changes were noted. Colonic lumens

were carefully washed with ice-cold saline and their weights and

lengths were measured. One part of the colon was separated for

further histological procedures and analyses, and another part was

used for protein extraction. Immediately after sacrifice and skull

dissection, both brain hemispheres were taken, washed in ice-cold

saline, and separately frozen in liquid nitrogen. Samples were stored

at �808C until further analyses.

PATHOHISTOLOGICAL EVALUATION AND HISTOMORPHOMETRIC

MEASUREMENTS

Colon tissues were fixed in 4% formalin for 24 h; samples were

processed and embedded in paraffin wax. Two micrometers tissue

sections were stained with hematoxylin and eosin and analyzed by

an experienced pathologist, blinded to treatment allocation.

Microscopical changes including overall severity of damage,

number of crypts of Lieberkuhn, and their depth and width were

evaluated. Results were expressed as mean� SD. Microscopic

analysis was carried out using an Olympus BX40 microscope

(Tokyo, Japan) and the Pulnix TMC 76S digital camera (Tokyo,

Japan). Analyses of digital images were performed using Issa

software package (VAMS, Zagreb, Croatia).

ELISA AND EIA ANALYSES

ELISA and EIA analyses were performed in order to quantify levels

of interleukins and neuropeptides in mouse serum, colon, and brain

homogenates in determined time intervals during colitis develop-

ment and resolution. In order to obtain tissue homogenates, brains

and colons were homogenized on ice in a 0.5M acetic acid solution

with addition of commercially available inhibitors of proteases an

phosphatases (Santa Cruz Biotechnology Inc., CA), according to the

method of El-Karim et al. [2003]. The volume of peptide extraction

solution used in all extraction procedures was 8ml/g of tissue.

Samples were heated at 958C for 10min then centrifuged at

14,000 rpm for 20min at þ48C. Resulting supernatants were

measured for total protein concentrations according to the method

of Bradford [1976]. Samples were aliquoted before being stored at

�808C.
Concentrations of neuropeptides NPY and VIP and interleukins

IL-6 and IL-10 in serum and tissue homogenates were determined

according to the manufacturer’s instructions (NPY and VIP EIA kits;

Phoenix Pharmaceuticals, Belmont, CA; IL-6 and IL-10 ELISA kits,

R&D Systems, Europe, UK). Results of measurements in serum

samples are expressed as mean� SEM per ml of serum and as pg/mg

of total protein in tissue homogenates.

WESTERN BLOT ANALYSES

Protein expressions of NPY and VIP were determined in brain and

colon tissues. Samples were homogenized on ice using RIPA lysis

buffer including inhibitors of proteases and phosphatases (Santa

Cruz Biotechnology Inc.). Homogenates were then centrifuged at

14,000 rpm for 20min at þ48C and resulting supernatants were

measured for total protein concentrations according to the method

of Bradford [1976]. Samples were then heated at 958C for 5min in a

sample buffer mixture.

Equal amounts of total proteins (50mg/lane) were separated by

SDS–PAGE on 12.5% gels. Prestained molecular weight markers

(Kaleidoscope Prestained Standards, BIO-RAD and Fermentas Life

Sciences PageRulerTM) were used as standards. Samples were

electrophorized at 50V for 6 h on ice. Proteins were transferred from

polyacrylamide gels to polyvinylidenedifluoride membranes by

electroblotting technique in a semi-dry transfer device at 0.22 mA

for 45min. Nonspecific sites of antibody recognition were blocked

by immersing membranes for 2 h at 48C in phosphate-buffered

saline containing 0.05% Tween 20 (PBS-T, Amersham Biosciences),

containing 5% (w/v) nonfat milk powder (Santa Cruz Biotechnology

Inc.). Membranes were incubated overnight with primary anti-NPY

and anti-prepro-VIP antibody (Santa Cruz Biotechnology Inc.,

1:200 in blocking buffer). Blots were washed three times for 15min

in PBS-T. Horseradish peroxidase-conjugated mouse-anti-rabbit

IgG were used as secondary antibodies, in a dilution of 1:2,000

(Santa Cruz Biotechnology Inc.). After washing procedure, NPY and

VIP were detected by a two-compound system chemiluminescent,

Amersham ECL-plus Western blotting detection reagent (Amer-

sham, Little Chalfont, UK), which enabled visualization of bends

after exposure to photosensitive films (AGFA Ortho CP-G plus).

Equal amounts of total protein loading were controlled by using

primary mouse ß-actin antibody (Chemicon International), in a

dilution of 1:40,000, and secondary horseradish peroxidase-

conjugated goat-anti-mouse IgG in a dilution of 1:2,000 (Santa

Cruz Biotechnology Inc.).

STATISTICAL ANALYSES

Statistical comparisons were made using STATISTICA version 8.0

(StatSoft Inc., Tulsa). Differences between groups have been tested

using ANOVA, followed by post hoc Scheffé test. The level of

P< 0.05 was considered statistically significant.

RESULTS

COLITIS EVALUATION

Systemic features associated with intrarectal administration of

TNBS solution included poor clinical state, body weight loss up to

15%, and a mortality rate of approximately 11% in both CD26�/�

and C57BL/6 mice which was mostly pronounced in the first 5 days

of experiment. Macroscopic inspection of the distal part of the colon

revealed mucosal erosions, congestion, localized inflammation, and

some ulceration. Symptoms of inflammation were mostly prominent

the 2nd day following TNBS administration and additionally

comprised: noticeable macroscopic inflammation localized in the

distal part of the colon, colon shortening and thickening, marked

colonic edema, and presence of hemorrhagic changes (Fig. 1B,C).
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Therefore, the 2nd day following TNBS administration was classified

as acute phase of colitis, which is in accordance with previously

reported findings [Scheiffele and Fuss, 2002].

Pathohistological analyses confirmed the presence of inflamma-

tory changes in colons of both CD26�/�and C57BL/6 mice.

Intraluminal infusion of a TNBS–ethanol solution in both mice

strains induced an acute granulomatous, transmural inflammation

with infiltration of inflammatory cells mainly located in the distal

part of the colon, which resembles human CD with regard to

histological and immunological features as previously described in

literature [Wirtz and Neurath, 2007]. The typical sign of early state

of disease was focal mucosa ulceration, along with predominantly

neutrofilic infiltration in lamina propria, fibrin deposition, and

submucosal edema (Fig. 2B,C). In the ulcerated tissue, abundant

hemorrhage with some necrotic part of mucosa without any crypt

residue or epithelial layer could be seen (Fig. 2D). With disease

progression, further destruction of the mucosa leads to outright

ulceration, extending into submucosa and deeply through bowel

wall leading to serositis. During colitis resolution and tissue healing,

architectural crypt distortion with mononuclear inflammatory cells

infiltration in lamina propria as well as submucosa could be seen

(Fig. 2E,F). Necrotic parts of tissue were replaced with mild fibrosis

in lamina propria (Fig. 2G).

Results of histomorphometrical analyses confirmed the presence

of inflammatory changes in both CD26�/�and C57BL/6 mice that

received TNBS–ethanol solution. Number of crypts of Lieberkuhn

per mm ofmucosa, their depth andwidth for different groups of both

mice strains at specified days of experiment were measured (Table I).

A statistically significant (P< 0.05) decrease in number of crypts of

Lieberkuhn per mm of mucosa was observed in the acute phase of

colitis in both mice strains with induced colitis. Changes persisted

during tissue healing in CD26�/� mice. The widths of Crypts of

Lieberkuhn were increased in the acute phase of colitis in both mice

strains, but in C57BL/6 mice the reappearance of physiological

values was slower. Finally, the depth of Crypts of Lieberkuhn was

Fig. 1. Macroscopic appearance of colons harvested from (A) CD26�/�

control mice, and TNBS-treated CD26�/� mice in the acute phase of inflam-

mation, 2 days after administration of TNBS solution (B,C). Colon shortening

and thickening, marked colonic edema, and presence of hemorrhagic changes

could be seen. [Color figure can be seen in the online version of this article,

available at http://wileyonlinelibrary.com/journal/jcb]

Fig. 2. Histopathologic examination of H&E-stained paraffin colonic tissues sections from CD26�/� mice. A: Normal colon of control mouse. B–D: TNBS-instilled colons in

acute inflammation. Mucosal ulceration, associated with predominantly neutrofilic infiltration in lamina propria, fibrin deposition, and submucosal edema. Abundant

hemorrhage with some necrotic part of mucosa without any crypt residue or epithelial layer could be seen. E–G: Colon sections 7 days after administration of TNBS solution.

Architectural crypt distortion with mononuclear inflammatory cells infiltration in lamina propria and submucosa could be seen. Necrotic parts of tissue replaced with mild

fibrosis in lamina propria are observed. Magnifications: (A,D,G) 20�; (C,F) 10�; (B,E) 4�. [Color figure can be seen in the online version of this article, available at http://

wileyonlinelibrary.com/journal/jcb]
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decreased in the acute phase of colitis in both mice strains. Observed

changes represent an outcome of inflammatory processes in the

colon which comprise mucosa thickening and formation of edema

due to tissue damage induced by TNBS solution. Histomorphome-

trical measurements confirmed characteristic inflammatory changes

as found in IBD humans. Nevertheless, there were no statistically

significant differences observed between CD26�/�and C57BL/6

mice in analyzed histomorphometrical parameters. Statistical

analyses of obtained histomorphometrical results among both

control groups of animals did not reveal statistically significant

changes in observed parameters.

EFFECT OF CD26 DEFICIENCY ON NEUROPEPTIDES

CONCENTRATIONS IN SERUM, COLON, AND BRAIN

Concentrations of neuropeptides VIP and NPY were determined at

systemic and local levels, among the gut–brain axis, at different time

points after colitis induction in CD26�/�and C57BL/6 mice.

CD26 DEFICIENCY CAUSES HIGHER VIP CONCENTRATIONS IN

ACUTE INFLAMMATION

Changes in VIP concentration in mice serum, colon, and brain at

specified time points of experiment are shown in Figure 3. It can be

seen that CD26�/� mice constitutionally have statistically signifi-

cantly (P< 0.05) higher serum VIP concentrations compared to

C57BL/6 mice (Fig. 3A). VIP serum concentrations in both mice

strains reach their maximum values in the acute phase of colitis. The

increment in serum VIP concentration is more pronounced in

CD26�/�mice, with an increase of 58.5% compared to physiological

values. VIP serum concentrations are statistically significantly

increased (P< 0.05) in acute inflammation in both mice strains

compared to their controls, but VIP concentration remains

statistically significantly higher (P< 0.05) only in CD26�/� mice

7 days after application of TNBS solution, when the process of

healing starts. Serum VIP concentrations normalize to physiological

values in later days of experiment, when clinical and histological

signs of inflammation disappear.

No statistically significant differences in colon VIP content were

found between mice strains in physiological conditions (Fig. 3B).

However, under conditions of colon inflammation, VIP concentra-

tions statistically significantly increase (P< 0.05) in the acute phase

of colitis in both strains, compared to their control groups.

Furthermore, VIP concentration in colon is statistically significantly

(P< 0.05) higher in CD26�/� compared to C57BL/6 mice under

conditions of acute inflammation. Like in serum, colon VIP

concentrations remain statistically significantly higher (P< 0.05)

only in CD26�/� mice 7 days after TNBS application, compared to

their control group. Western blot analyses confirmed the results

obtained by EIA, showing a higher level of VIP protein expression in

colons during the acute phase of colitis compared to control groups

in both mice strains (Fig. 4A).

Most prominent VIP increment in the brain was also seen in the

acute phase of colitis (Fig. 3C). The increase in VIP concentration in

brain is statistically significantly higher in both mice strains

compared to their controls (P< 0.05), and it is higher in CD26�/�

mice compared to C57BL/6 mice. Results of EIA were confirmed by

Western blotting which showed an enhanced level of VIP proteinT
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expression in brains in the acute phase of colitis, compared to

control groups in both mice strains (Fig. 4B).

CD26 DEFICIENCY AFFECTS NPY CONCENTRATIONS IN

INFLAMMATORY PROCESSES

Serum, colon, and brain NPY concentrations at different time

schedule during colitis development and resolution in CD26�/� and

C57BL/6 mice and their controls are presented on Figure 5. CD26�/�

mice were found to have slightly, but not statistically significantly

higher serum NPY concentrations compared to C57BL/6 mice

(Fig. 5A). Inflammatory changes in the colon lead to an increase in

serum NPY concentrations in both mice strains, starting in the acute

phase of colitis and reaching its maximum on the 7th day of

experiment (P< 0.05) in CD26�/� mice, compared to control group.

Changes are more emphasized in CD26�/� mice, where concentra-

tions of serum NPY remain statistically significantly higher

compared to their controls and to C57BL/6 mice (P< 0.05), even

the 15th day after colitis induction, during colitis resolution.

In physiological conditions, colon NPY content did not differ

statistically significantly between mice strains (Fig. 5B). Under

conditions of colon inflammation, NPY concentrations statistically

significantly increase (P< 0.05) in the acute phase of colitis in both

CD26�/� and C57BL/6 mice compared to their control groups.

Interestingly, NPY concentration in colon is statistically signifi-

cantly (P< 0.05) higher in C57BL/6 compared to CD26�/� mice

under conditions of acute inflammation and in the recovery phase.

Results obtained by Western blotting confirmed an enhanced NPY

expression in the acute phase of colitis in colons of both CD26�/�

and wild-type mice. In C57BL/6 mice, the enhanced NPY protein

expression persists longer, till the beginning of the recovery phase

(Fig. 6A).

In physiological conditions, CD26�/� had slightly, but not

statistically significantly higher NPY brain content (Fig. 5C). We

noticed that CD26 deficiency causes opposite changes in brain NPY

content during inflammatory processes compared to C57BL/6 mice.

While colitis induces a statistically significant increase (P< 0.05) in

NPY concentration in the acute phase in C57BL/6 mice, in CD26�/�

mice a statistically significantly decrease (P< 0.05) of NPY

concentration in brain has been determined the 2nd and 7th day

following TNBS application, compared to their controls. On the

other hand, a statistically significant decrease (P< 0.05) in brain

NPY content was found in C57BL/6 mice in the period of colitis

resolution, the 15th day after application of TNBS solution. Western

blot analyses confirmed results obtained by EIA, showing decreased

NPY protein expression in brain of CD26�/� mice the 2nd and 7th

day after colitis induction, while it was increased in the acute phase

in wild-type mice (Fig. 6B).

Fig. 4. Western blot detection of VIP protein expression in (A) colon and (B)

brain of CD26�/� and C57BL/6 mice at different time schedule during colitis

development and resolution. Equal total protein loading was controlled by the

same level of detected b-actin protein expression in each group.

Fig. 3. (A) Serum, (B) colon, and (C) brain VIP concentrations at different

time schedule during colitis development and resolution in CD26�/� and

C57BL/6 mice. aStatistically significantly different (P< 0.05) from related

control group. bStatistically significantly difference (P< 0.05) between

CD26�/� and C57BL/6 mice.
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EFFECT OF CD26 DEFICIENCY ON SERUM, COLON, AND BRAIN

INTERLEUKINS CONCENTRATIONS

In order to have an insight in alterations of proinflammatory IL-6

and anti-inflammatory IL-10 at systemic (in serum) and local levels

(among the gut–brain axis), their concentrations have been

determined at scheduled time points during colitis development

and tissue healing.

CD26 DEFICIENCY AFFECTS IL-6 LEVELS

Figure 7 shows serum, colon, and brain IL-6 concentrations at

different time points during colitis development and resolution in

CD26�/� mice and their controls. CD26�/� mice were found to have

constitutionally statistically significantly (P< 0.05) higher IL-6

concentrations in serum compared to C57BL/6 mice. Consequently,

serum IL-6 concentrations remain statistically significantly higher

during the entire experimental period in CD26�/� mice. The highest

serum IL-6 concentrations have been determined in the acute phase

of colitis in both mice strains (Fig. 7A).

On the other hand, CD26�/� and C57BL/6 mice did not

statistically significantly differ in the content of IL-6 in colon in

physiological conditions (Fig. 7B). A statistically significant increase

(P< 0.05) in colon IL-6 concentrations at sites of inflammation has

been found in both mice strains in the acute phase of inflammation

compared to their controls. The increase was more pronounced in

CD26�/� mice, but not statistically significantly.

As in case of neuropeptides, alterations of IL-6 concentrations in

colon were followed by changes in IL-6 content in brain (Fig. 7C).

CD26�/� mice had higher brain IL-6 concentrations compared

to C57BL/6 mice in physiological conditions. The highest IL-6

concentrations in brain were found in both mice strains in the acute

phase of colitis. Values decreased 7 days after TNBS solution

administration in both mice strains, but interestingly, in CD26�/�

mice the decrease was more accentuated and IL-6 concentrations

reached statistically significantly lower (P< 0.05) concentrations

compared to their physiological controls. Furthermore, those values

were found to be statistically significantly lower (P< 0.05) also

when compared to values found in C57BL/6 mice with induced

colitis, on the same day of experiment.

CD26 DEFICIENCY CAUSES CHANGES IN IL-10 CONCENTRATIONS

IL-10 concentrations in serum, colon, and brain at different time

points during colitis development and resolution in CD26�/� and

C57BL/6 mice and their controls are presented on Figure 8. As in

Fig. 5. (A) Serum, (B) colon, and (C) brain NPY concentrations at different

time schedule during colitis development and resolution in CD26�/� and

C57BL/6 mice. aStatistically significantly different ( P< 0.05) from related

control group. bStatistically significantly difference (P< 0.05) between

CD26�/� and C57BL/6 mice.

Fig. 6. Western blot detection of NPY protein expression in (A) colon and (B)

brain of CD26�/� and C57BL/6 mice at different time schedule during colitis

development and resolution. Equal total protein loading was controlled by the

same level of detected b-actin protein expression in each group.
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case of IL-6, CD26�/� mice were found to have statistically

significantly higher (P< 0.05) serum IL-10 values, compared to

C57BL/6 mice (Fig. 8A). IL-10 concentrations decrease in both mice

strains in acute phase of colitis. Seven days after administration of

TNBS solution, serum IL-10 concentrations significantly increase in

CD26�/� mice, reaching statistically significantly higher values

(P< 0.05) compared to physiological conditions. On the other hand,

C57BL/6 mice had a statistically significantly (P< 0.05) increased

serum IL-10 concentration 15 days after colitis induction, in later

days of colitis resolution, when CD26�/� mice have already

achieved physiological values.

Results of our study showed that CD26�/� and C57BL/6 mice do

not differ statistically significantly in the content of colon IL-10 in

physiological conditions (Fig. 8B). Under conditions of colon

inflammation, statistically significant differences were found

between investigated mice strains. CD26 deficiency caused a

statistically significant increase in colon IL-10 concentration in

the acute phase of inflammation, compared to physiological

Fig. 8. (A) Serum, (B) colon, and (C) brain IL-10 concentrations at different

time schedule during colitis development and resolution in CD26�/� and

C57BL/6 mice. aStatistically significantly different (P< 0.05) from related

control group. bStatistically significantly difference (P< 0.05) between

CD26�/� and C57BL/6 mice.

Fig. 7. (A) Serum, (B) colon, and (C) brain IL-6 concentrations at different

time schedule during colitis development and resolution in CD26�/� and

C57BL/6 mice. aStatistically significantly different (P< 0.05) from related

control group. bStatistically significantly difference (P< 0.05) between

CD26�/� and C57BL/6 mice.
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conditions. On the other hand, C57BL/6 mice did not show

significant changes in the acute phase. Furthermore, a statistically

significant decrease in the content of IL-10 in the colon was found

the 7th day after colitis induction in C57BL/6 mice, compared to

their controls. Generally, under conditions of CD26 deficiency, IL-10

concentrations in colon were statistically significantly higher

(P< 0.05) in acute phase of inflammation and at the beginning

of tissue healing processes, compared to C57BL/6 mice with induced

colitis.

Moreover, a sharp decrease in brain IL-10 concentration was

observed in C57BL/6 mice, in the acute phase of colitis and when the

process of healing starts, while in CD26�/� mice this decrease was

less expressed and determined only the 7th day of colitis (Fig. 8C).

DISCUSSION

Nowadays, the largely accepted fact that IBD is an immune-

mediated chronic disorder is enriched with increasing evidence

showing that neurogenic inflammation is a key contributing factor

in inflammatory mechanisms [Engel et al., 2011]. Results of this

study provide new data regarding alterations of significant

neuropeptides and interleukins during colitis development under

conditions of CD26 deficiency. Obtained results showed that

inflammatory changes at the local site of inflammation, in the

colon, reflected on investigated parameters in the central nervous

system, which suggests and confirms an important role of the gut–

brain axis in IBD pathogenesis.

Previous results from different research groups, including ours,

provided knowledge regarding causal connection between patients

affected with IBD and DPP IV/CD26 [Hildebrandt et al., 2001;

Varljen et al., 2005]. It has been shown that inhibitors of DPP IV/

CD26 partially ameliorate inflammatory processes and modify the

course of disease in a model of IBD in mice [Yazbeck et al., 2008].

Moreover, DPP IV/CD26 inhibitors have recently been proposed as

an emerging drug class for treatment of inflammatory diseases

[Yazbeck et al., 2009].

Given the potential role of DPP IV/CD26 and the importance of its

biologically active substrates in the pathogenesis of IBD, we

hypothesized that DPP IV/CD26 could have an important

neuroimmunomodulative role at systemic and local levels in

processes leading to inflammation and tissue healing in a model of

IBD in mice. There is evidence that gastrointestinal inflammation is

related to an imbalance in the function of peptidergic neurons,

including VIP and NPY [Okajima and Harada, 2006; Chandrase-

kharan et al., 2008]. VIP has previously been shown to possess anti-

inflammatory properties given that treatment with VIP led to the

recovery of clinical symptoms, amelioration of parameters of

inflammation related to the recruitment and traffic of cell

populations in a TNBS-induced model of colitis [Arranz et al.,

2008]. Therefore, VIP has been proposed as a potential healing

mediator in CD. Our results showed that VIP concentrations increase

statistically significantly (P< 0.05) in acute inflammation in serum,

colon, and brain of both CD26�/� and C57BL/6 mice. Since changes

were more conspicuous in CD26�/� mice, it can be concluded that,

in the absence of DPP IV/CD26, concentrations of this protective

neuropeptide are higher both in physiological conditions and during

inflammatory events in experimental colitis at systemic and local

levels. Being a DPP IV/CD26 substrate, VIP is truncated via its

enzymatic activity in serum and tissues. Our results showed that

CD26 deficiency has an important impact on systemic and local VIP

concentrations, suggesting a more significant role of DPP IV over

DPP IV-like enzymes in its metabolism.

However, although VIP is a known in vivo substrate of DPP IV/

CD26, it is not entirely clear if increased levels of VIP are in total or

partially attributable to its less truncation. It has previously been

shown that VIP is upregulated after neural injury and has potent

neuroprotective properties [Gressens et al., 1997]. Therefore, another

possible explanation of the results of this study could also be that

higher concentrations of VIP are produced through an indirect

mechanism under inflammatory conditions.

Results of previous research revealed a local VIP augmentation

upon DPP IV/CD26 inhibition in experimental lung transplantation.

Inhibition of intragraft DPP IV/CD26 enzymatic activity induced

preservation of endogenous intragraft VIP levels which correlated

with maintaining lung function and structural integrity [Jungraith-

mayr et al., 2009]. Therefore, application of DPP IV/CD26 inhibitors

could have multiple implications in therapeutic approaches to

immunologically mediated diseases.

Since DPP IV/CD26 inhibitors are in clinical use for therapy of

Diabetes mellitus type 2, it would be worth to know the impact of

such inhibition on the neuroimmune response, given its involve-

ment in a wide spectrum of biological functions. Scarce reports are

available regarding influence of DPP IV/CD26 inhibition on

biological activity and actions of neuropeptides and other biogically

active compounds. Therefore, investigations including patients

under therapy with DPP IV/CD26 inhibitors and their influence on

the neuroimmune response should be performed in order to evaluate

possible side-effects of such therapeutic approach.

A potential increase in circulating NPY as a consequence of

reduced DPP IV/CD26 activity may have impacts on blood pressure.

Jackson and Mi [2008] found that inhibition of DPP IV/CD26

enhanced the ability of exogenous NPY to improve renovascular

responses to angiotensin II in kidneys of genetically hypertensive

rats. Nevertheless, no complications with blood pressure have been

observed in clinical trials investigating the effects of DPP IV/CD26

inhibitors in nondiabetic patients [Mistry et al., 2008]. Furthermore,

DPP IV/CD26 inhibition appears to enhance the antilipolytic action

of NPY in human adipose tissue [Kos et al., 2009]. Future studies

are required to analyze whether this observation could explain the

lack of weight loss in diabetic patients treated with DPP IV/CD26

inhibitors.

Results of our study showed a significant impact of DPP IV/CD26

on the regulation of NPY concentrations in serum and tissues. DPP

IV/CD26 induced opposite effects on NPY concentration in brain in

analyzed mice strains, which could not be attributed only to its

proteolytic activity, but most probably it is a consequence of DPP

IV/CD26 costimulatory actions on immune cells and involvement in

T lymphocyte activation [Reinhold et al., 2009]. Activated T

lymphocytes express high levels of DPP IV/CD26 and specific DPP

IV/CD26 inhibitors have been shown to suppress cytokine

production of stimulated human and murine T lymphocytes

3330 DPP IV/CD26 DEFICIENCY AND MURINE COLITIS JOURNAL OF CELLULAR BIOCHEMISTRY



[Matteucci and Giampietro, 2009]. A causal connection in these

processes is not well understood, but it is known that NPY is readily

processed by DPP IV/CD26, affecting its capability to bind to its

receptor NPY-Y1 [Mentlein, 1999]. Murine T lymphocytes also

express functional NPY-Y1 receptors [Gehlert, 2004]. It has

previously been shown that experimental colitis is attenuated by

preventing NPY-Y1 signaling [Hassani et al., 2005]. Furthermore,

targeted deletion of NPY was confirmed to modulate experimental

colitis and greater susceptibility to colitis development was found in

C57BL/6 mice compared to NPY-deficient mice [Chandrasekharan

et al., 2008].

Given the fact that our results showed statistically significantly

higher (P< 0.05) NPY concentrations in colon of C57BL/6 mice

compared to CD26�/� in both acute phase of inflammation and at

time when tissue healing takes part, a potential protective role of

DPP IV/CD26 deficiency could be implied in those processes. Our

results of NPY concentrations in brain additionally confirmed the

relevance of a causal connection between DPP IV/CD26 and NPY

during inflammatory events, showing opposite changes under

conditions of DPP IV/CD26 deficiency. Therefore, it can be

concluded that DPP IV/CD26, via both its proteolytic function

and involvement in complex immunological mechanisms like T-cell

activation, cytokine secretion, and immunoglubulins production

[Fan et al., 2003], is implicated in neuroimmunological processes,

including modulation of VIP and NPY concentrations at systemic

and local levels.

Acute inflammation of the colon in our studied model was

characterized by an enhanced concentration of IL-6 in serum of both

CD26�/� and C57BL/6 mice. Likewise, concentrations of IL-6 were

increased at the site of inflammation in both mice strains,

additionally confirming the presence of inflammatory processes

in the colon. Our results are in agreement with previously published

data regarding patients affected with CD, showing high levels of IL-6

concentration in both serum and intestinal tissues [Gross et al.,

1992; Holtta et al., 2008]. As in other investigated parameters in this

study, inflammatory events in the colon reflected on alterations of

IL-6 concentrations in the brain.

Earlier experiments have proved that IL-6 plays an important role

in the course of colitis [Ding et al., 2009]. Furthermore, IL-6-

deficient mice were found to be partially protected from TNBS-

induced colitis in mice, most likely via their significantly elevated

baseline levels of anti-inflammatory cytokines [Gay et al., 2006].

CD26�/� mice constitutionally showed higher IL-6 serum and brain

concentrations while no differences were found in colon IL-6

concentration compared to C57BL/6 mice. Our results are in

agreement with previously published studies regarding secretion of

cytokines and immunoglobulins in CD26�/�mice after activation of

immune response [Yan et al., 2003]. Nevertheless, in spite of an

accentuated and expected increase of IL-6 in inflamed colon, no

statistically significant differences were found between CD26�/�

and C57BL/6 mice. Therefore, results from our and other study

groups showed that even though IL-6 is a potential substrate of DPP

IV/CD26 [Hildebrandt et al., 2000], CD26�/� mice are not more

vulnerable to IL-6 actions compared to C57BL/6 mice. Most

probably, on one hand because other proteases showing similar DPP

IV/CD26 activity undertake its action, and on the other hand because

of interactions with other biologically active molecules, such as VIP

and IL-10, as demonstrated by our study.

The importance of IL-10 in IBD pathogenesis is supported by

evidence that IL-10-deficient mice spontaneously develop colitis

[Rennick and Fort, 2000]. Furthermore, IL-10 gene therapy was

found to prevent inflammatory changes in TNBS-induced colitis

model [Lindsay et al., 2002]. Results of this study indicated that

CD26�/� mice have constitutionally statistically significantly

(P< 0.05) higher IL-10 concentrations in serum compared to

C57BL/6 mice, while no differences were found in colon and brain.

In the colitis model used in this study, IL-10 concentrations in serum

were found to be decreased in the acute phase of colitis in both mice

strains. However, CD26�/� mice showed a prompt increase in IL-10

concentration the 7th day after induction of colitis, after which its

concentration normalizes to physiological conditions. On the other

hand, C57BL/6 mice took longer time to undertake similar pattern of

changes. This prompt increase in IL-10 concentration in CD26�/�

mice could be explained as a consequence of DPP IV/CD26

deficiency, since IL-10 is also a potential DPP IV/CD26 substrate.

Furthermore, DPP IV/CD26 deficiency significantly alleviated

changes of IL-10 concentration in the brain, additionally showing

an important role of DPP IV/CD26 in immunomodulatory processes.

Therefore, our results suggest a potential significant role of DPP IV/

CD26 in normalizing IL-10 concentrations in serum and tissues in

inflammation. Results of this study are in agreement with previously

published research including patients affected with IBD, showing

that serum IL-10 is increased during disease recovery [Mitsuyama

et al., 2006].

Taken all together, results of this study indicate that DPP IV/CD26

possess neuroimmunomodulative properties in a TNBS-induced

colitis in mice. Although both mice strains developed colitis, results

of biochemical determinations at molecular level showed a different

pattern of changes in concentrations of investigated neuropeptides

and interleukins in CD26�/� mice. Besides the fact that other DPP

IV/CD26-like peptidases could undertake its action in CD26�/�

mice, statistically significant differences in analyzed parameters

were found in comparison to C57BL/6 mice, indicating an

important role of DPP IV/CD26. Therefore, a partially protective

role of DPP IV/CD26 deficiency in inflammatory events, supported

by previously published results that showed positive effects of

DPP IV/CD26 inhibitors in ameliorating the severity of inflamma-

tion in animal IBD models [Yazbeck et al., 2008, 2009], could be

proposed.

It has previously been shown that inhibiting DPP IV/CD26

may cause changes in chemokine regulation and consequent anti-

inflammatory effects [Yazbeck et al., 2009, 2010]. Furthermore,

in vitro studies showed that inhibition DPP IV/CD26 activity can

induce a decreased secretion of proinflammatory cytokines, such as

TNF-a and IFN-g, as well as an increase in anti-inflammatory

cytokines like TGF-b [Reinhold et al., 1997]. Moreover, GLP-2, a

DPP IV/CD26 substrate involved in the maintenance of mucosal

tissue integrity and tissue healing, was proposed as potential

IBD therapeutic agent. DPP IV/CD26 inhibition markedly enhances

GLP-2 intestinotrophic properties in both rats and mice [Hartmann

et al., 2000]. However, animal studies showed that inhibitors are

protective only when DPP IV/CD26 is present, due to protective

JOURNAL OF CELLULAR BIOCHEMISTRY DPP IV/CD26 DEFICIENCY AND MURINE COLITIS 3331



conformational change driven events of DPP IV/CD26 inhibitors

[Yazbeck et al., 2010].

In conclusion, results of this study provide new data and for the

first time, as far as we are aware, give insights into alterations

of investigated neuropeptides and interleukins at systemic and

local levels during colitis development and tissue healing in TNBS-

induced colitis in CD26�/�mice. DPP IV/CD26 deficiency was found

to affect the neuroimmune response during colitis development and

resolution in mice. Inflammatory changes at the local level, in the

colon, reflected on investigated parameters in the brain, suggesting

an important role of the gut–brain axis in IBD pathogenesis.

ACKNOWLEDGMENTS

We gratefully acknowledge Dr. Didier Marguet (Centre d’Immuno-
logie Marseille-Luminy, France), for kindly providing us CD26
deficient mice. Many thanks to professor Sinisa Volarevic, PhD,
head of the department of Molecular Medicine and Biotechnology
and professor Stipan Jonjic, PhD, head of the department of
Histology and Embriology, School of Medicine, University of
Rijeka, for allowing us to complete a part of experiments using the
equipment at their departments.

REFERENCES

Arranz A, Abad C, Juarranz Y, Leceta J, Martinez C, Gomariz RP. 2008.
Vasoactive intestinal peptide as a healing mediator in Crohn’s disease.
Neuroimmunomodulation 15(1):46–53.

Bank U, Bohr UR, Reinhold D, Lendeckel U, Ansorge S, Malfertheiner P, Tager
M. 2008. Inflammatory bowel diseases: Multiple benefits from therapy with
dipeptidyl- and alanyl-aminopeptidase inhibitors. Front Biosci 13:3699–
3713.

Blumberg RS. 2009. Inflammation in the intestinal tract: Pathogenesis and
treatment. Dig Dis 27(4):455–464.

Bradford MM. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal Biochem 72:248–254.

Chandrasekharan B, Bala V, Kolachala VL, Vijay-Kumar M, Jones D, Gewirtz
AT, Sitaraman SV, Srinivasan S. 2008. Targeted deletion of neuropeptide Y
(NPY) modulates experimental colitis. PLoS ONE 3(10):e3304.

Delgado M, Pozo D, Ganea D. 2004. The significance of vasoactive intestinal
peptide in immunomodulation. Pharmacol Rev 56(2):249–290.

Detel D, Persic M, Varljen J. 2007. Serum and intestinal dipeptidyl peptidase
IV (DPP IV/CD26) activity in children with celiac disease. J Pediatr Gastro-
enterol Nutr 45(1):65–70.

Dimitrijevic M, Stanojevic S, Mitic K, Kustrimovic N, Vujic V, Miletic T,
Kovacevic-Jovanovic V. 2008. The anti-inflammatory effect of neuropeptide
Y (NPY) in rats is dependent on dipeptidyl peptidase 4 (DP4) activity and age.
Peptides 29(12):2179–2187.

Ding C, Cicuttini F, Li J, Jones G. 2009. Targeting IL-6 in the treatment
of inflammatory and autoimmune diseases. Expert Opin Investig Drugs
18(10):1457–1466.

El-Karim I, Lundy FT, Linden GJ, Lamey PJ. 2003. Extraction and radioim-
munoassay quantitation of neuropeptide Y (NPY) and vasoactive intestinal
polypeptide (VIP) from human dental pulp tissue. Arch Oral Biol 48(3):249–
254.

Engel MA, Becker C, Reeh PW, Neurath MF. 2011. Role of sensory neurons in
colitis: Increasing evidence for a neuroimmune link in the gut. Inflamm
Bowel Dis 17(4):1030–1033.

Fan H, Yan S, Stehling S, Marguet D, Schuppaw D, Reutter W. 2003.
Dipeptidyl peptidase IV/CD26 in T cell activation, cytokine secretion and
immunoglobulin production. Adv Exp Med Biol 524:165–174.

Gay J, Kokkotou E, O’Brien M, Pothoulakis C, Karalis KP. 2006. Interleukin-6
genetic ablation protects from trinitrobenzene sulfonic acid-induced colitis
in mice. Putative effect of antiinflammatory cytokines. Neuroimmunomo-
dulation 13(2):114–121.

Gehlert DR. 2004. Introduction to the reviews on neuropeptide Y. Neuropep-
tides 38(4):135–140.

Gorrell MD, Wang XM, Park J, Ajami K, Yu DM, Knott H, Seth D, McCaughan
GW. 2006. Structure and function in dipeptidyl peptidase IV and related
proteins. Adv Exp Med Biol 575:45–54.

Gressens P, Marret S, Hill JM, Brenneman DE, Gozes I, Fridkin M, Evrard P.
1997. Vasoactive intestinal peptide prevents excitotoxic cell death in the
murine developing brain. J Clin Invest 100:390–397.

Gross V, Andus T, Caesar I, Roth M, Scholmerich J. 1992. Evidence for
continuous stimulation of interleukin-6 production in Crohn’s disease.
Gastroenterology 102(2):514–519.

Hanauer SB, Hommes DW. 2010. Inflammatory bowel disease. Expert Rev
Clin Immunol 6(4):499–500.

Hartmann B, Thulesen J, Kissow H, Thulesen S, Orskov C, Ropke C, Poulsen
SS, Holst JJ. 2000. Dipeptidyl peptidase IV inhibition enhances the intesti-
notrophic effect of glucagon-like peptide-2 in rats and mice. Endocrinology
141(11):4013–4020.

Hassani H, Lucas G, Rozell B, Ernfors P. 2005. Attenuation of acute experi-
mental colitis by preventing NPY Y1 receptor signaling. Am J Physiol
Gastrointest Liver Physiol 288(3):G550–G556.

Hildebrandt M, Reutter W, Arck P, Rose M, Klapp BF. 2000. A guardian
angel: The involvement of dipeptidyl peptidase IV in psychoneuroendocrine
function, nutrition and immune defence. Clin Sci (Lond) 99:93–104.

Hildebrandt M, Rose M, Ruter J, Salama A, Monnikes H, Klapp BF. 2001.
Dipeptidyl peptidase IV (DP IV, CD26) in patients with inflammatory bowel
disease. Scand J Gastroenterol 36(10):1067–1072.

Holtta V, Klemetti P, Sipponen T, Westerholm-Ormio M, Kociubinski G, Salo
H, Rasanen L, Kolho KL, Farkkila M, Savilahti E, Vaarala O. 2008. IL-23/IL-17
immunity as a hallmark of Crohn’s disease. Inflamm Bowel Dis 14(9):1175–
1184.

Jackson EK, Mi Z. 2008. Sitagliptin augments sympathetic enhancement of
the renovascular effects of angiotensin II in genetic hypertension. Hyperten-
sion 51:1637–1642.

Jungraithmayr W, De Meester I, Matheeussen V, Inci I, Augustyns K, Scharpe
S, Weder W, Korom S. 2009. Inhibition of CD26/DPP IV attenuates ischemia/
reperfusion injury in orthotopic mouse lung transplants: The pivotal role of
vasoactive intestinal peptide. Peptides 31:585–591.

Kos K, Baker AR, Jernas M, Harte AL, Clapham JC, O’Hare JP, Carlsson L,
Kumar S, McTernan PG. 2009. DPP-IV inhibition enhances the antilipolytic
action of NPY in human adipose tissue. Diabetes Obes Metab 11:285–
292.

Lindsay J, Van Montfrans C, Brennan F, Van Deventer S, Drillenburg P,
Hodgson H, Te Velde A, Sol Rodriguez Pena M. 2002. IL-10 gene therapy
prevents TNBS-induced colitis. Gene Ther 9(24):1715–1721.

Marguet D, Baggio L, Kobayashi T, Bernard AM, Pierres M, Nielsen PF, Ribel
U, Watanabe T, Drucker DJ, Wagtmann N. 2000. Enhanced insulin secretion
and improved glucose tolerance in mice lacking CD26. Proc Natl Acad Sci
USA 97(12):6874–6879.

Matteucci E, Giampietro O. 2009. Dipeptidyl peptidase-4 (CD26): Knowing
the function before inhibiting the enzyme. Curr Med Chem 16(22):2943–
2951.

Mentlein R. 1999. Dipeptidyl-peptidase IV (CD26)—Role in the inactivation
of regulatory peptides. Regul Pept 85(1):9–24.

Mentlein R. 2004. Cell-surface peptidases. Int Rev Cytol 235:165–213.

3332 DPP IV/CD26 DEFICIENCY AND MURINE COLITIS JOURNAL OF CELLULAR BIOCHEMISTRY



Mistry GC, Maes AL, Lasseter KC, Davies MJ, Gottesdiener KM, Wagner JA,
Herman GA. 2008. Effect of sitagliptin, a dipeptidyl peptidase-4 inhibitor, on
blood pressure in nondiabetic patients with mild to moderate hypertension.
J Clin Pharmacol 48:592–598.

Mitsuyama K, Tomiyasu N, Takaki K, Masuda J, Yamasaki H, Kuwaki K,
Takeda T, Kitazaki S, Tsuruta O, Sata M. 2006. Interleukin-10 in the
pathophysiology of inflammatory bowel disease: Increased serum concen-
trations during the recovery phase. Mediators Inflamm 2006(6):26875.

Mizoguchi A, Mizoguchi E. 2010. Animal models of IBD: Linkage to human
disease. Curr Opin Pharmacol 10(5):578–587.

Okajima K, Harada N. 2006. Regulation of inflammatory responses by
sensory neurons: Molecular mechanism(s) and possible therapeutic applica-
tions. Curr Med Chem 13(19):2241–2251.

Ravi A, Garg P, Sitaraman SV. 2007. Matrix metalloproteinases in
inflammatory bowel disease: Boon or a bane? Inflamm Bowel Dis 13(1):
97–107.

Reinhold D, Bank U, Buhling F, Tager M, Born I, Faust J, Neubert K, Ansorge
S. 1997. Inhibitors of dipeptidyl peptidase IV (DP IV, CD26) induces secretion
of transforming growth factor-beta 1 (TGF-beta 1) in stimulated mouse
splenocytes and thymocytes. Immunol Lett 58(1):29–35.

Reinhold D, Goihl A, Wrenger S, Reinhold A, Kuhlmann UC, Faust J,
Neubert K, Thielitz A, Brocke S, Tager M, Ansorge S, Bank U. 2009. Role
of dipeptidyl peptidase IV (DP IV)-like enzymes in T lymphocyte activation:
Investigations in DP IV/CD26-knockout mice. Clin Chem LabMed 47(3):268–
274.

Rennick DM, Fort MM. 2000. Lessons from genetically engineered animal
models. XII IL-10-deficient (IL-10(�/�) mice and intestinal inflammation.
Am J Physiol Gastrointest Liver Physiol 278(6):G829–G833.

Romijn JA, Corssmit EP, Havekes LM, Pijl H. 2008. Gut–brain axis. Curr Opin
Clin Nutr Metab Care 11(4):518–521.

Scheiffele F, Fuss IJ. 2002. Induction of TNBS colitis in mice. Curr Protoc
Immunol supplement 49, Chapter 15:Unit 15.19. 15.19.1–15.19.14. http://
www.ncbi.nlm.nih.gov/pubmed/18432874

Strober W. 2008. Why study animal models of IBD? Inflamm Bowel Dis
14(Suppl 2):S129–S131.

Takami Y, Mantyh CR, Pappas TN, Takahashi T, Koda K, Miyazaki M. 2009.
Extrinsic surgical denervation ameliorates TNBS-induced colitis in rats.
Hepato-gastroenterology 56(91–92):682–686.

Vanderheyden M, Bartunek J, Goethals M, Verstreken S, Lambeir AM,
DeMeester I, Scharpe S. 2009. Dipeptidyl-peptidase IV and B-type natriuretic
peptide. From bench to bedside. Clin Chem Lab Med 47(3):248–252.

Varljen J, Sincic BM, Baticic L, Varljen N, Detel D, Lekic A. 2005. Clinical
relevance of the serum dipeptidyl peptidase IV (DPP IV/CD26) activity in
adult patients with Crohn’s disease and ulcerative colitis. Croat Chem Acta
78(3):427–432.

Wirtz S, Neurath MF. 2007. Mouse models of inflammatory bowel disease.
Adv Drug Deliv Rev 59(11):1073–1083.

Yan S, Marguet D, Dobers J, Reutter W, Fan H. 2003. Deficiency of CD26
results in a change of cytokine and immunoglobulin secretion after stimu-
lation by pokeweed mitogen. Eur J Immunol 33(6):1519–1527.

Yazbeck R, Howarth GS, Geier MS, Demuth HU, Abbott CA. 2008. Inhibiting
dipeptidyl peptidase activity partially ameliorates colitis inmice. Front Biosci
13:6850–6858.

Yazbeck R, Howarth GS, Abbott CA. 2009. Dipeptidyl peptidase inhibitors, an
emerging drug class for inflammatory disease? Trends Pharmacol Sci
30(11):600–607.

Yazbeck R, SuldaML, Howarth GS, Bleich A, Raber K, von Horsten S, Holst JJ,
Abbott CA. 2010. Dipeptidyl peptidase expression during experimental
colitis in mice. Inflamm Bowel Dis 16(8):1340–1351.

JOURNAL OF CELLULAR BIOCHEMISTRY DPP IV/CD26 DEFICIENCY AND MURINE COLITIS 3333


