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Treatment options for inflammatory bowel disease (IBD)
are incompletely helpful, and surgery is often needed.
One promising class of future therapeutic agents for
IBD is melanocortin-related peptides, which exhibit po-
tent immunomodulatory effects. We investigated KdPT,
a tripeptide derivative of the C-terminus of �–melano-
cyte-stimulating hormone, as an anti-inflammatory
small molecule in vivo and in vitro. Intestinal inflamma-
tion was studied after oral administration of dextran
sodium sulfate and in IL-10 gene–deficient mice. The
effects of KdPT on key colonic epithelial cell functions
were studied in vitro and in vivo by evaluating prolifer-
ation, wound healing, transepithelial resistance, and ex-
pression of tight junction proteins. Melanin assays were
performed to determine the melanotropic effects of
KdPT. KdPT-treated animals showed markedly reduced
severity of inflammation in both colitis models. In co-
lonic epithelial cells, KdPT increased proliferation,
accelerated closure of wounds, and improved transepi-
thelial electrical resistance after stimulation with inter-
feron-�/tumor necrosis factor-�. Moreover, treatment
with KdPT also prevented the loss of tight junction pro-
tein expression and improved barrier function in vivo.
KdPT acted independently of IL-1 receptor type I in vivo
and did not affect melanogenesis in vitro. KdPT is capa-
ble of attenuating the course of experimental colitis in
different models and maintains epithelial cell function.
Furthermore, KdPT does not induce pigmentation, em-
phasizing the potential of this small molecule for the fu-
ture treatment of IBD. (Am J Pathol 2011, 179:1230–1242;

DOI: 10.1016/j.ajpath.2011.05.013)
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Inflammatory bowel disease (IBD) is an umbrella term com-
prising the two main entities Crohn’s disease and ulcerative
colitis. In the United States, IBD is among the five most
prevalent gastrointestinal diseases, costing approximately
$1.7 billion annually. An estimated 1.4 million Americans
were diagnosed as having IBD in 2005.1 Commonly, IBD
shows chronic, uncontrolled inflammation of the mucosa.2

Although great research efforts have been made regarding
the pathogenetic understanding of IBD, its etiology is still
not completely understood. However, a breakdown of epi-
thelial barrier function seems to play a crucial role.

Most therapeutic strategies for IBD target immunosup-
pression to inhibit mucosal inflammation. These strate-
gies include mesalazine, budesonide, prednisolone, aza-
thioprine, methotrexate, and antibodies toward tumor
necrosis factor-� (TNF-�).3 Despite these therapeutic op-
tions, 70% of patients with Crohn’s disease will need
surgery at least once in their lifetime. In contrast, ulcer-
ative colitis can be cured by resection of the colon and
rectum. However, note that the risk of complications (eg,
pouchitis) rises up to 50%.4,5 In addition, many of the
previously mentioned agents have adverse effects, such
as bone marrow suppression, liver toxicity, and in-
creased risk of infections or osteoporosis. Therefore,
novel therapeutic approaches are needed.

KdPT is a tripeptide that is structurally similar to the
three C-terminal amino acids of �–melanocyte-stimulat-
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ing hormone (�-MSH) and KPV, which are thought to
mediate many of the anti-inflammatory effects of �-MSH.6

�-MSH belongs to the family of melanocortins, which
elicit their effects via melanocortin receptors (MC-Rs).7,8

We previously showed that MC-1R has a crucial role in
intestinal inflammation.9 Among the intracellular target
molecules that mediate the anti-inflammatory effects of
�-MSH is the transcription factor NF-�B, whose activation
by proinflammatory cytokines, such as IL-1� and TNF-�,
is attenuated.10,11 Similarly, a substantial body of data
demonstrates that KPV exerts anti-inflammatory effects.12

We recently showed that KPV has salutary effects in
experimental colitis and acts partially independently of
MC-1R.13 These data were confirmed by others, and it
was also proposed that the reduction of intestinal inflam-
mation by KPV is mediated through an H�-coupled oli-
gopeptide transporter, called PepT1, located at the api-
cal membrane of intestinal epithelial cells.14

In contrast to �-MSH and KPV, few data exist on KdPT.
In 1988, Ferreira et al15 demonstrated that KdPT sup-
presses IL-1�–induced pain in the hind paws of the rat.
Because the L-enantiomer of KdPT is homologous to the
amino acids 193 to 195 of IL-1�, an antagonistic interac-
tion between KdPT and IL-1� was suggested.16,17 Re-
garding the anti-inflammatory potential of KdPT, no fur-
ther studies have been conducted to our knowledge.
Preliminary data from our group, however, suggest that
KdPT suppresses experimentally induced contact der-
matitis in mice more effectively than does KPV.18 Herein,
we provide evidence that KdPT has potent concentration-
dependent anti-inflammatory effects in two different mod-
els of experimental colitis. In addition, we demonstrate
various anti-inflammatory effects on colonic epithelial
cells in vitro and in vivo, suggesting that KdPT might be
beneficial for the treatment of intestinal inflammatory dis-
orders by stabilizing intestinal barrier function.

Materials and Methods

Animals

C57BL/6 WT mice were purchased from Charles River
Laboratories, Sulzfeld, Germany. In initial experiments,
no major sex-specific differences could be detected in
the course of colitis, so the experiments described herein
were conducted using female mice for practical reasons
only. The animals were 6 to 8 weeks old at the beginning
of the experiments.

Homologous IL-10 gene–deficient mice (strain name:
B6.129P2-Il10tm1Cgn/J) were purchased from The Jack-
son Laboratory (Bar Harbor, ME). In the experiments
described herein, female mice were 8 to 9 weeks old
when they received treatment with piroxicam, a non-
steroidal anti-inflammatory drug. Signaling-deficient
MC-1R mice (MC1Re/e) on a C57BL/6 background were
a gift from Roger D. Cone (Vollum Institute and the Center
for Weight Regulation and Associated Disorders, Oregon
Health and Science University, Portland, OR). Owing to a
single nucleotide deletion in position 549, the MC-1R

protein from this animal is out of frame, resulting in pre-
mature termination of the protein after the fourth trans-
membrane domain. No major sex-specific differences
were reported in the course of colitis or its severity,19 so
the experiments described herein were performed using
female mice for practical reasons only. B6.129S7-
Il1r1tm1Imx/J mice and corresponding control animals
were purchased from The Jackson Laboratory. The ex-
periments described herein were performed with 10- to
12-week-old female mice.

All the animals were kept under pathogen-free condi-
tions at 24°C with a controlled 12-hour day-night cycle
and had free access to a standard diet and drinking
water. The animal studies were approved by the local
animal subjects committee at the University of Münster
(permit G92/2002).

DSS–Induced Colitis

Dextran sodium sulfate (DSS)–induced colitis was ac-
complished as described previously.9,13 In brief, mice
were given 3% DSS (ICN Biomedicals Inc., Eschwege,
Germany) in drinking water for 5 days, and disease ac-
tivity was monitored daily by body weight measurement.
Afterward, the mice received regular drinking water again
to monitor the improvement in inflammation. PBS-diluted
KdPT (Bachem Americas Inc., Torrance, CA) was given
daily by i.p. injection, by oral gavage, or locally by rectal
application in various concentrations until the end of the
experiment. Control mice received PBS only.

At the end of the experiment, the mice were sacrificed
and the colons removed. The colons were opened, em-
bedded in Tissue-Tek O.C.T. (Sukura Finetek Europe,
Zoeterwoude, The Netherlands), and kept frozen at
�80°C until further use. Sections (5 �m) were stained
with H&E and were analyzed by two blinded investigators
(D.B. and C.M.).

Induction of Colitis in IL-10�/� Mice

The targeted disruption of the IL-10 gene in mice leads to
spontaneous development of chronic enterocolitis.20,21

To aggravate the developing colitis, piroxicam was given
on days 1 to 7 (60 mg/250 g of food) and on days 15 to
22 (80 mg/250 g of food).22 Piroxicam was mixed with
rodent chow. PBS-diluted KdPT was given daily by oral
administration beginning on day 0 before the start of
piroxicam administration until the end of the experiment.
Control mice received PBS only. Disease activity was
monitored daily by body weight measurement. At the end
of the experiment, mice were sacrificed and the colons
removed. Colons were opened, embedded in O.C.T.,
and kept frozen at �80°C until further use. Sections (5
�m) were stained with H&E and were analyzed by two
blinded investigators (D.B. and A.L.).

Detection of IL-1� Expression

In distal colon samples, IL-1� was measured by real-time
RT-PCR. RNA was isolated by TRIzol (Invitrogen, Carls-
bad, CA), followed by DNA digestion with DNase (Strat-

agene, La Jolla, CA) and reverse transcription using 1 �L
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of SuperScript II reverse transcriptase (Invitrogen) per
sample. Amplification of IL-1� was performed with 40
cycles and the sense 5=-CAGGATGAGGACATGAG-
CACC-3= and antisense 5=-CTCTGCAGACTCAAACTC-
CAC-3= primers, generating a 455-bp product. The am-
plification cycles consisted of 1 minute of denaturation at
95°C, 1 minute of annealing at 60°C, and 1 minute of
extension at 72°C. �-Actin was amplified with 35 cycles
and the sense 5=-CAAAGACCTGTACGCCAACAC-3=
and antisense 5=CATACTCCT GCTTGCTGATCC-3= prim-
ers. The quantitative detection of IL-1� was performed by
delta CT values using the ABI PRISM 7000 sequence
detection system (Applied Biosystems, Foster City, CA).

Ki-67 Immunohistochemical Analysis

Five-micrometer colonic tissue sections were blocked
(1% rabbit serum in PBS) for 1 hour and incubated over-
night at 4°C with a diluted (1:100) primary rat anti-mouse
Ki-67 monoclonal antibody (TEC-3; Dako, Copenhagen,
Denmark). After washing with PBS, the sections were
incubated for 30 minutes with biotinylated anti-rat IgG
antibody diluted 1:100 in 1% rabbit serum for 1 hour at
room temperature, rinsed, and reacted with fluorescein
isothiocyanate–conjugated streptavidin (Vector Labora-
tories, Burlingame, CA) for 60 minutes. DAPI was used for
nuclear counterstaining. To assess proliferation activity,
the number of Ki-67–positive cells per total crypt epithe-
lial cells was counted. The Ki-67 labeling index was de-
fined as the percentage of Ki-67–positive cells per
crypt.23 All the sections were analyzed by two blinded
investigators (D.B. and A.L.).

Cell Culture

Normal human melanocytes (PromoCell, Heidelberg,
Germany) were maintained in MGM-M2 plus all supple-
ments (Cascade Biologics, Portland, OR). HT-29 (pas-
sage 21), Caco-2, and T84 cells (passages 22 to 28)
were cultured in Dulbecco’s modified Eagle’s medium
(Gibco-Invitrogen, Cergy-Pontoise, France) supple-
mented with 20% fetal bovine serum (Gibco-Invitrogen),
1% nonessential amino acids, and 1% penicillin/strepto-
mycin in a 5% CO2, 95% humidity environment at 37°C.

Cells were seeded on Costar Transwell membrane in-
serts with 0.4-�m pores (Corning, New York, NY) at a
density of 5 � 104 cells/cm2 for transport measurements
or on 24-well plastic culture dishes for uptake experi-
ments. Three days after seeding, the medium was
changed daily. The experiments were conducted on day
17 of culture if not specified otherwise.

In Vitro KdPT Uptake Studies

On the day of the uptake experiment, the medium was
removed and monolayers were washed three times with a
Krebs’ modified buffer at pH 5, 6, or 7.4. Cells were then
incubated for 5 minutes with 0.5 mL of a 20 �mol/L
Gly-Sar solution containing 0.4 �Ci/mL 3H–Gly-Sar (Iso-
bio, Fleurus, Belgium) (specific activity, 0.5 Ci/mmol) or a

20 �mol/L KdPT solution containing 0.4 �Ci/3H-KdPT
(Isobio) as a tracer with or without Gly-Gly (Sigma-
Aldrich, St Louis, MO), KPdT, and KPV (Bachem) or Gly-
Sar (Sigma-Aldrich), Gly-Pro (Sigma-Aldrich) as potential
competitors. At the end of incubation, cells were washed
three times in ice-cold buffer. Radioactivity was deter-
mined by liquid scintillation counting, and the results are
expressed as disintegrations per minute per square cen-
timeter per 5 minutes or as disintegrations per minute per
gram per milliliter.

Transport Experiments

On the day of the transport experiment, the medium was
removed and apical and basolateral compartments were
washed three times with a Krebs’ modified buffer at pH 6
or 7.4, respectively, at 37°C or 4°C. Transepithelial elec-
trical resistance (TER) was measured in each well using
an EVOM epithelial voltohmmeter (World Precision Instru-
ments, Saratosa, FL). No monolayer was used if the TER
value was �150 �/cm2. Cells were then incubated for 15
minutes with gentle circular shaking. After incubation, the
apical buffer was removed and filled with 0.5 mL of 20
�mol/L KdPT solution containing 0.4 �Ci/mL 3H-KdPT
(Isobio) (specific activity, 0.4 Ci/mmol) as a tracer with or
without 50 mmol/L of Gly-Gly (Sigma-Aldrich), KPdT
(Bachem), or Gly-Sar (Sigma-Aldrich) or Gly-Pro (Sigma-
Aldrich) as potential competitors. Basolateral compart-
ments were sampled at 0, 5, 10, 15, 20, 25, and 30
minutes, and 3H-KdPT concentration was calculated after
measuring radioactivity using a �-counter (Beckman LS
6000 TA liquid scintillation counter; Beckman Coulter,
Fullerton, CA). Apparent permeability (Papp) was used to
describe Gly-Sar or KdPT transport across the monolayer
following the equation Papp � (dC/dt).(V/C0.A), where V
is the volume of the basolateral compartment, C0 is the
initial drug concentration in the apical compartment
chamber, A is the surface of the membrane, and dC/dt is
the permeability rate (plot slope of the concentration in
the receiver chamber versus time).

Everted Intestinal Rings Uptake Assays

Uptake of (3H)KdPT or (3H)Gly-Sar by everted intestinal
rings was determined as previously described.24 Briefly,
animals were anesthetized, and the entire intestine from
the duodenum to the colon was quickly excised, rinsed
with ice-cold saline solution, everted, and cut into 1-cm
pieces. Rings from the duodenum, the jejunum, the ileum,
and the colon were incubated for 5 minutes in MES buf-
fer, pH 6, in a shaking water bath at 37°C, with continuous
bubbling with 95% oxygen. The buffer contained 1 �Ci/
(3H)KdPT � 170 mmol/L of a mixture of Gly-Gly and
Gly-Pro(94:6) or 0.5 �Ci/mL (3H)Gly-Sar � 170 mmol/L of
a mixture of Gly-Gly and Gly-Pro. After the incubation
period, rings were washed three times in ice-cold saline
solution and weighed. Radioactivity incorporated into the
tissue was determined by liquid scintillation counting af-
ter solubilization of the tissues in Soluene (Beckman)
overnight at 56°C. Results are expressed as disintegra-

tion per minute per gram (dpm g�1) tissue wet weight.
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Mechanically Induced Cell Layer Wound Assays

In vitro wound assays were performed using a modified
method first described by Burk.25 Confluent monolayers
of Caco-2 cells grown in 60-mm plastic dishes (Falcon;
Becton Dickinson, Mount View, CA) were cut using a
razor blade. Two wounds (20 to 25 mm) at a distance of
10 mm were established per dish. Cells were washed
twice with PBS to remove residual cell debris. Wounded
monolayers were then cultured for 24 hours in fresh se-
rum-deprived medium (0.1% fetal bovine serum) with or
without KdPT at various concentrations. After methylene
blue staining, the number of cells across the wound bor-
der was expressed as the mean number of cells that
crossed the wound border in a standardized wound area.
Wound areas were standardized by taking photographs
at 200-fold magnification using a DM LB microscope with
a DC 300F Leica camera (Leica Microsystems Schweiz,
Heerbrugg, Switzerland). Experiments were performed in
triplicate, and several wound areas per plate were used
to quantify migration.

MTS Cell Proliferation/Viability Assay

The CellTiter 96 AQueous nonradioactive cell proliferation
assay (Promega, Mannheim, Germany) was used to de-
termine the number of viable cells in culture. Caco-2 cells
were seeded into 96-well microplates containing routine
growth medium. The plates were preincubated with or
without KdPT at concentrations from 10�5 to 10�11 mol/L
for 24 hours at 37°C. MTS reagent was added, and cell
cultures were incubated at 37°C for 4 hours. Absorbance
was recorded at 490 nm.

TER Assays after Cytokine Stimulation

T84 epithelial cells (American Type Culture Collection,
Manassas, VA) were grown in 1:1 Dulbecco’s modified
Eagle’s medium and Ham’s F-12 medium supplemented
with 15 mmol/L HEPES (pH 7.5), 14 mmol/L NaHCO3,
antibiotics, and 6% NCS.26 Cells were then seeded on
collagen-coated, permeable polycarbonate filters (5-�m
pore size) with surface areas of 5 cm2 (Costar, Cam-
bridge, MA), as described previously. TNF-� (10 ng/mL;
Genzyme, Cambridge, MA) and interferon-� (IFN-�) (100
U/mL; Genentech, San Francisco, CA) were added ba-
solaterally to monolayers. T84 cells were co-stimulated
with KdPT at various concentrations. All the monolayers
were checked for high TER every 24 hours using an
epithelial voltohmmeter.

Immunofluorescence of Tight Junction Proteins

On day 10 after the start of DSS application and on day
31 after the start of KdPT application in IL-10–deficient
mice, frozen sections (5 �m) with histologically intact
epithelium were collected on coated slides, dried over-
night, fixed in acetone for 3 minutes, and dried for 30
minutes. Fixed sections were washed in PBS and
blocked in PBS with 2% bovine serum albumin (Sigma-

Aldrich) for 30 minutes. Slides were incubated with the
primary antibody for 30 to 60 minutes at room tempera-
ture (rabbit anti–ZO-1, rabbit anti-occludin, rabbit anti–
claudin-1, rabbit anti–claudin-3, and rabbit anti–clau-
din-5; Zytomed Systems GmbH, Berlin, Germany). Slides
were washed three times with PBS and were incubated
for 1 hour with the appropriate secondary antibody [Alexa
Fluor 488–conjugated goat anti-rabbit Ig (Invitrogen)].
Slides were washed, and nuclei were counterstained with
DAPI (Sigma-Aldrich). Stained sections were mounted
using ProLong Gold antifade (Invitrogen). Samples were
imaged using a Nikon epifluorescence microscope
(Eclipse E800; Nikon Instruments, Melville, NY) con-
nected to a Nikon FDX-35 camera (Nikon Instruments).

In Vivo Permeability to Evans Blue

An isoflurane-N2O anesthesia laparotomy was per-
formed, and a small polyethylene tube (G22) was in-
serted into the proximal colon ascendens (immediately

Figure 1. KdPT ameliorates DSS-induced colitis. C57BL/6 WT mice received
3% DSS in their drinking water for 5 days, and inflammation was monitored
by daily measurement of individual weights. A: From day 2 onward, one
group was treated with 10 �g of KdPT i.p. daily, and control animals received
an equivalent volume of PBS i.p. Data are mean � SE; n � 5 for each group.
*P � 0.05. B: Representative histologic images of control mice and KdPT-
treated animals 13 days after induction of colitis. C: Histologic scores of
colonic tissue according to the method of Dieleman et al29 of control mice

and KdPT-treated animals 13 days after induction of colitis. Data are mean �
SE; n � 5 for each group. *P � 0.003.
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adjacent to the cecum) and secured by a ligature. Via this
tube, the colon was gently flushed until all stool was
rinsed out. Evans blue (Sigma-Aldrich) was instilled into
the colon and was left in place for 15 minutes. The colon
was rinsed with PBS until the perianal washout was clear.
The animals were euthanized, and the colon was rapidly
taken out. It was rinsed again, followed by 1 mL of 6
mmol/L N-acetylcysteine to eliminate dye sticking to the
colonic mucus. The colon was opened and rinsed once
more with PBS. The whole colon was placed in 2 mL of N,
N-dimethylformamide for 12 hours to extract the Evans
blue dye. Dye concentration in the supernatant was mea-
sured spectrophotometrically at 610 nm and was given
as extinction per gram colonic tissue.27,28

Melanin Assays

Normal human melanocytes (1 to 1.5 � 105 cells) were
seeded into 3.5-cm tissue culture plates. After deprivation
from bovine pituitary extract for 48 hours, cells were treated
with KdPT at 10�6 to 10�10 mol/L. As a positive control,
bovine pituitary extract was used. After 5 days, cells were
detached by trypsinization and centrifuged. Cell pellets
were dissolved in 1 N of NaOH, and melanin concentra-
tion was determined by measuring the OD at 405 nm in
relation to a standard curve generated by synthetic mel-
anin (Sigma-Aldrich).

Statistical Analysis

For statistical analysis of body weight, mean � SE body
weights were determined each day. To test the results for
significance, a two-way analysis of variance test was
applied where suitable. A P � 0.05 was considered sig-
nificant.

Results

KdPT Attenuates DSS-Induced Colitis

In the first set of experiments, the effect of i.p.-adminis-
tered KdPT was investigated. For evaluation of the pro-

Figure 2. Effect of KdPT at various concentrations after i.p. administration
various amounts of KdPT by daily i.p. injections starting 2 days after inductio
weight loss was significantly less intense in mice receiving 5 and 25 �g of KdP
for each group. *P � 0.05. B: Histologic scores of colonic tissue according t
doses of KdPT i.p. Note that KdPT doses of �5 �g of KdPT per day did no
*P � 0.05. C: Impact of oral administration of KdPT on DSS-induced colitis. C

treatment. Note that only 100 �g was effective. Data are mean � SE; n � 5 for each gr
colitis. Data are mean � SE; n � 5 for each group. *P � 0.05.
phylactic potency, mice received 10 �g of KdPT i.p.
beginning 2 days before DSS application for 13 days until
the end of the experiment, and control animals received
PBS. At the beginning of the experiment, the mean � SE
body weight of all the animals was 20.4 � 0.53 g. Pro-
gressive weight loss was observed in both groups start-
ing on day 6 after KdPT application (Figure 1A). KdPT-
treated animals, however, lost significantly less body
weight (mean � SE maximum: 17.5% � 1.78%) com-
pared with PBS-treated mice (mean � SE maximum:
27.9% � 1.41%; P � 0.05). All the animals survived DSS
treatment. Histologic examination on day 13 after starting
KdPT application showed less epithelial disintegration
and denudation, ulceration, edema, and muscular thick-
ening and fewer immune cell infiltrates and lymphatic
follicles in KdPT-treated mice than in controls (Figure 1B).
Histologic scoring according to the method of Dieleman
et al29 confirmed a significantly higher mean � SE score
in control mice (25.8 � 2.25 AU) versus KdPT-treated
animals (9.0 � 3.29 AU; P � 0.003; Figure 1C).

Next, the effect of KdPT on colonic inflammation was
tested in a therapeutic setting and at various concentra-
tions. Mice received 0.5, 5, 10, 25, or 50 �g of KdPT i.p.
daily from day 2 after starting DSS for 9 days until the end
of the experiment, and control animals received PBS
(Figure 2A). Animals treated with 5, 10, or 25 �g of KdPT
i.p. daily showed a significantly reduced loss of body
weight and recovered significantly earlier from colitis than
did controls. For example, the mean � SE body weight of
all animals treated with 10 �g of KdPT i.p. daily was
17.1 � 0.46 g at the beginning of the experiment. Body
weight dropped in both groups starting on day 6 after
DSS application. KdPT-treated animals again exhibited
significantly less reduction in body weight (mean � SE
maximum: 11.6% � 3.41%) compared with that of PBS-
treated mice (mean � SE maximum: 22.6% � 2.88%; P �
0.05). None of the treated animals died, and histologic
analysis was performed on sacrificed mice on day 10
after DSS. In accordance with the reduced body weight
drop, KdPT-treated mice had less epithelial disintegra-
tion with ulcerations, edema, and muscular thickening;
fewer immune cell infiltrates and lymphatic follicles; and

r oral and rectal application in DSS-induced colitis. C57BL/6 mice received
S colitis. Inflammation was monitored by individual body weight. A: Overall
whereas lower concentrations were not effective. Data are mean � SE; n � 5
ethod of Dieleman et al29 in control mice and animals treated with different
orate DSS-induced colitis. Data are mean � SE; n � 5 to 7 for each group.
mice received 10 or 100 �g of KdPT by oral gavage 2 days after starting DSS
and afte
n of DS
T daily,
o the m
t ameli
57BL/6
oup. *P � 0.05. D: Rectal application of KdPT (10 �g) improves DSS-induced
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smaller areas of epithelial denudation (mean � SE score:
13.5 � 1.8 AU) than did PBS controls (mean � SE score:
25.5 � 2.3 AU; Figure 2B). Moreover, IL-1� mRNA ex-
pression was reduced approximately threefold in muco-
sal samples of KdPT-treated mice (P � 0.01; data not
shown). Treatment with 0.5 �g of KdPT i.p. daily did not
attenuate the course of DSS-induced colitis, whereas the
group treated with 50 �g of KdPT i.p. daily even devel-
oped significantly higher loss of body weight than did
control animals (data not shown).

In another set of experiments, we investigated whether
administration of KdPT by oral gavage might have anti-
inflammatory effects on DSS-induced colitis (Figure 2C).
For this purpose, mice were treated with 10, 100, and 500
�g of KdPT p.o. daily beginning on day 2 after the start of
DSS application. Treatment with 10 �g of KdPT did not
alter the course of colitis. In contrast, mice treated with
100 �g of KdPT lost significantly less body weight than
did controls (P � 0.05). Treatment with higher dosages of
KdPT, eg, 500 �g daily, aggravated the course of colitis,
as indicated by an increased loss of body weight (data
not shown).

Finally, we checked whether local intraluminal applica-
tion of KdPT had anti-inflammatory effects in DSS-in-
duced colitis (Figure 2D). Mice received 10 �g of KdPT

Figure 3. KdPT attenuates colitis in nonsteroidal anti-inflammatory drug–
treated IL-10–deficient mice. A: IL-10–deficient mice orally received 100 �g
of KdPT per day beginning on day 0 after administration of piroxicam until
the end of the experiment on day 31, and control animals received PBS. Note
the progressive weight loss in PBS-treated animals compared with KdPT-
treated mice. Data are mean � SE; n � 7 mice. *P � 0.05. B: Histologic scores
of colonic tissue in PBS- and KdPT-treated animals after 31 days. Data are
mean � SE; n � 7 per group. *P � 0.01.
rectally by gavage needle on day 2 before starting DSS
until day 12. The initial mean � SE body weight of all the
animals was 18.5 � 0.37 g, and it dropped in KdPT- and
PBS-treated mice. KdPT-treated mice lost a mean � SE
maximum of 14.8% � 2.62% of their initial weight,
whereas controls lost 20.7% � 1.31% at most (P � 0.05;
Figure 2D). In accordance with the weight data, histo-
logic scoring of colonic tissue of sacrificed mice (day 12)
revealed significantly less inflammation in KdPT-treated
animals (mean � SE: 2.4 � 1.83 AU) than in controls
(mean � SE: 20.8 � 2.8 AU; P � 0.04).

Taken together, these findings highlight a significant
anti-inflammatory action of KdPT in experimentally in-
duced colitis. When applied i.p., doses of 10 to 25 �g of
KdPT per day are sufficient to attenuate the course of
DSS-induced colitis (Figure 2A). To elicit beneficial ef-
fects of KdPT on DSS-induced colitis by oral administra-
tion, higher doses, ie, beginning at 100 �g, are needed.

KdPT Attenuates Colitis in Nonsteroidal
Anti-Inflammatory Drug–Treated
IL-10–Deficient Mice

To extend the previous findings, we used another model
of experimental colitis. IL-10–deficient mice are known to
develop a spontaneous colitis that can be aggravated by
oral administration of a nonsteroidal drug, such as piroxi-
cam.22 Accordingly, IL-10–deficient mice received an
effective oral dose of KdPT (100 �g daily) beginning on
day 0 after administration of piroxicam until the end of the
experiment on day 31, and control animals received PBS.
Immediately after starting the first piroxicam treatment, all
the placebo-treated animals showed progressive weight
loss up to a mean � SE of 19.9% � 3.8% on day 27.
However, the KdPT-treated group exhibited a signifi-
cantly less pronounced loss of body weight of a mean �
SE of 8.4% � 2.9% (P � 0.05) on day 27, confirming the
protective effect of KdPT regarding intestinal inflamma-
tion (Figure 3A).

Histologic examination on day 31 after starting KdPT
application revealed less severe inflammation with re-
duced involvement of the submucosa and a lower num-

Figure 4. Induction of cell proliferation after stimulation with KdPT in
DSS-treated and IL-10�/� mice. Immunohistochemical analysis of the cell
proliferation marker Ki-67 in colonic tissue of PBS-treated mice and KdPT-
treated animals 13 days after induction of DSS colitis (A) and in IL-10�/� mice

31 days after piroxicam treatment (B). Data are mean � SE; n � 5 for each
group. *P � 0.05.
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ber of crypt abscesses in KdPT-treated animals than in
controls (Figure 3B). Histologic scoring according to
Berg et al30 confirmed a significantly higher mean � SE
score in control mice (13.6 � 3.2 AU) versus KdPT-
treated animals (4.8 � 1.5 AU; P � 0.01).

KdPT Stabilizes Intestinal Barrier Function

Intestinal epithelial cells provide an effective barrier that
is crucially involved in the pathogenesis of intestinal in-
flammation. Because regeneration of the epithelial cell
lining is important for recovery from intestinal inflamma-
tion, we first studied the effect of KdPT on epithelial cell
proliferation in vivo and in vitro. Therefore, the number of
Ki-67–immunoreactive cells in colonic tissue was as-
sessed as a proliferative cell marker, determined after
KdPT administration in DSS-treated and IL-10–deficient
mice. KdPT, given either i.p. or p.o., dramatically in-
creased the number of Ki-67–immunoreactive cells com-
pared with control (P � 0.05; Figure 4) in both models
tested, whereas no effects of KdPT were determined in
control mice (data not shown). We also performed MTS

Figure 5. Induction of cell proliferation after stimulation with KdPT in vitro.
A: MTS activity in Caco-2 cells after stimulation with KdPT. Cells were
stimulated with KdPT at the doses indicated for 24 hours. The number of
viable Caco-2 cells after treatment with 10�7 and 10�9 mol/L KdPT was
significantly increased compared with cells incubated with medium alone
(mean � SE relative increase: 1.43 � 0.06 and 1.64 � 0.19, respectively) Data
are mean � SE; n � 6, *P � 0.05. B: Increased wound healing in Caco-2
monolayers after stimulation with KdPT. A defined wound was set, and cells
were stimulated with medium or medium plus KdPT at various concentra-
tions. Migration of Caco-2 cells after in vitro wounding and KdPT treatment
as determined by cell counting in a standardized viewing field. Data are
mean � SE. Independent experiments (n � 5) were performed in quadru-
plicate. *P � 0.05.
assays to determine directly the impact of KdPT on cell
proliferation and viability in vitro: stimulation of Caco-2 cells
with 10�7 and 10�9 mol/L KdPT for 24 hours increased MTS
activity by approximately mean � SE 43% � 6.3% and
64% � 19%, respectively (P � 0.05; Figure 5A).

To further characterize the effect of KdPT on epithelial
cell injury, we analyzed the effect of KdPT on mechani-
cally induced cell monolayer wounds. After setting a de-
fined wound to a monolayer of Caco-2 cells, KdPT at
10�5 and 10�7 mol/L significantly accelerated wound
healing within 24 hours compared with control (*P � 0.05;
Figure 5B).

KdPT Stabilizes Tight Junction Proteins in Vitro
and in Vivo

Because the proinflammatory cytokines IFN-� and TNF-�
have been reported to break down the epithelial barrier
function by affecting tight junction protein localization, we
next analyzed the effects of KdPT on IFN-�/TNF-�–
treated T84 epithelial monolayers.26 Confluent T84 mono-
layers grown on permeable supports were incubated with
KdPT after IFN-�/TNF-� stimulation, and TER was mea-

Figure 6. KdPT increases TER in colonic epithelial cells. A: TER in epithelial
cells (T84) decreases after stimulation with IFN-�/TNF-�. After 48 hours,
mean � SE TER was 70.4% � 7%, and co-stimulation with KdPT significantly
increased TER (110% � 10%). Data are mean � SE; n � 6. *P � 0.01, 48
hours; **P � 0.04, 72 hours. B: KdPT prevents increased colonic epithelial
permeability in acute DSS-induced colitis. To assess the permeability of the
colonic epithelium, the colon was perfused with Evans blue in vivo for 15
minutes, and its uptake into the mucosa was quantified spectrophotometri-
cally. Compared with controls (mean � SE extinction/gram colon tissue:
0.39 � 0.07), there was a massively increased uptake of Evans blue in the
DSS-treated group (mean � SE extinction/gram colon tissue: 1.11 � 0.13),
indicating a disrupted epithelial barrier. Concomitant treatment with KdPT com-
pletely prevented this increase in permeability (mean � SE: 0.69 � 0.09). Values

are given as mean � SE; n � 5 per group. *P � 0.026, healthy control versus
DSS-treated; **P � 0.48, DSS-treated versus KdPT-treated.
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sured every 24 hours for 96 hours. At all time points
tested, KdPT-treated T84 cells maintained significantly
better resistance after IFN-�/TNF-� stimulation, suggest-
ing that KdPT also targets tight junction protein localiza-
tion in epithelial cells (Figure 6A).

To test whether KdPT is also functionally capable of
maintaining intestinal barrier function after DSS challenge
in vivo, we measured Evans blue uptake into the colonic
mucosa (Figure 6B). Compared with controls, a strong
and significant increase of Evans blue uptake into the
colonic mucosa of DSS-treated mice was observed. This
increase of Evans blue uptake could be significantly re-
duced by concomitant oral administration of KdPT (P �
0.05), demonstrating that KdPT therapy ameliorates the
leakiness of the colonic epithelium.

To further investigate the effect of KdPT treatment on
tight junction protein expression in vivo, we examined the
effect of the tripeptide on protein expression and organi-
zation of candidate tight junction proteins by immunoflu-
orescence microscopy after DSS treatment and in IL-10–
deficient mice. In the colon of control mice, the tight
junction proteins ZO-1, occludin, claudin-1, claudin-3,
and claudin-5 were strongly expressed at the epithelial
apical cell-cell contacts, at the surface, and in the crypts
(Figure 7). For claudin-5, a typical additional staining of
the basolateral plasma membrane was observed. After
treatment with DSS, a substantial loss of ZO-1, occludin,
and claudin-5 was detected, as reported earlier.31 This
loss was manifested by a reduction in staining intensity
and complete discontinuations in membrane staining in
multiple areas. This was most dramatically observed for
occludin and ZO-1 at the apical membrane. In contrast,
in the colon of KdPT-treated animals, the expression of
ZO-1, occludin, and claudin-3 was essentially maintained
at the epithelial surface and in the crypts. Only a few
areas showed reduced expression of these proteins.
However, no effects on tight junction protein expression
could be observed in the early phase after the induction
of colitis (days 0 to 2; data not shown). In addition, stain-
ing for ZO-1, occludin, claudin-1, claudin-3, and clau-
din-5 in KdPT-treated IL-10 gene–deficient mice indi-
cates that the expression of these tight junction proteins
was maintained.

KdPT Attenuates Colitis in IL-1
Receptor–Deficient Mice

Owing to the sequence similarity between KdPT and
amino acids 193 to 195 of human IL-1�, KdPT may act as
an IL-1 antagonist.15 Indeed, we recently found potent
attenuating effects of KdPT on IL-1�–induced IL-6 and
IL-8 expression in human sebocytes, presumably by in-
teraction between the small peptides and the IL-1 recep-
tor (IL-1R).32 In addition, recent findings revealed in-
creased susceptibility of DSS-induced colitis in mice with
deficient IL-1R type I.33 Therefore, we tested the effect of
KdPT in DSS-induced colitis of IL-1R type I–deficient
mice. IL-1R–deficient mice received an effective oral
dose of KdPT (100 �g/d) beginning on day 2 after ad-
ministration of DSS until the end of the experiment on day
9, and control animals received PBS. Progressive weight
loss was observed in both groups starting on day 6 after
DSS application (Figure 8A). KdPT-treated animals, how-
ever, again lost significantly less body weight (mean �
SE maximum: 7.4% � 2.2%) compared with that ob-

Figure 7. KdPT maintains tight junction protein
localization in colonic epithelium in situ. The
tight junction proteins ZO-1, occludin (Occ),
claudin-1 (Cl-1), Cl-3, and Cl-5 were stained after
DSS challenge and in IL-10–deficient mice. In
control animals, ZO-1, Occ, Cl-1, and Cl-3 are
mostly localized at the apical membrane and are
displayed by an intense apical fluorescence
band; Cl-5 was additionally expressed at the ba-
solateral membrane. In IL-10 gene–deficient
mice (day 31 after the start of KdPT application)
and after treatment with DSS (day 10 after the
start of DSS application), the apical staining of
ZO-1, Occ, Cl-1, Cl-3, and Cl-5 is strongly re-
duced, whereas in KdPT-treated animals, the
junction proteins stain markedly longer. Images
are representative of five animals in each group.
Arrowheads represent the positive membrane
staining of indicated tight junction proteins.
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served in PBS-treated mice (mean � SE maximum:
14.3% � 1.9%; P � 0.05). All the animals survived DSS
treatment. On day 9 after DSS application, histologic
examination according to the method of Dieleman et al29

confirmed a significantly higher score in control mice
(mean � SE: 11.8 � 2.8 AU) than in KdPT-treated ani-
mals (mean � SE: 6.7 � 1.7 AU; P � 0.05; Figure 8B).

Uptake of KdPT Is Transporter Mediated

Previous data have shown that the effect of KPV, another
anti-inflammatory tripeptide sharing 100% identity with
the last three amino acids of the C-terminal domain of
�-MSH, involves the oligopeptide transporter PepT1.14 To
analyze the characteristics of KdPT transport into epithelial
cells, we first studied the impact of extracellular pH on KdPT
absorption in Caco-2 cells. This human colonic cell line
expresses PepT1.34 KdPT uptake increased with the proton
gradient, and it was lowest when the proton gradient was
abolished (intracellular and extracellular pH fixed at 7.4).
Second, KdPT transport was shown to be energy depen-
dent because it was drastically reduced at 4°C. Finally,
KdPT transport was saturable, suggesting that KdPT uptake
is transporter mediated (Figure 9).

However, in Caco-2 cells, KdPT was absorbed only

Figure 8. KdPT ameliorates DSS-induced colitis in IL-1R type I–deficient
mice. A: IL-1R type I–deficient mice received 3% DSS in their drinking water
for 5 days, and inflammation was monitored by daily measurement of indi-
vidual weights. From day 2 after the start of DSS application, one group was
treated with 100 �g of KdPT p.o. daily, and control animals received an equiv-
alent volume of PBS i.p. Data are mean � SE; n � 7 for each group. *P � 0.05.
B: Histologic scores of colonic tissue according to the method of Dieleman et al29

of control mice and KdPT-treated animals 9 days after induction of colitis. Data
are mean � SE; n � 7 for each group. *P � 0.05.
at very low efficacy compared with Gly-Sar, a classical
and specific PepT1 substrate (mean � SE: 561 � 29
versus 7946 � 336 dpm/cm2/5 minutes). In HT-29 cells
lacking PepT1,14 Gly-Sar uptake was drastically re-
duced, whereas KdPT uptake was decreased by only
approximately 50% compared with KdPT uptake in
Caco-2 cells (mean � SE: 561 � 29 versus 286 � 47
dpm/cm2/5 minutes; Figure 10A). PepT1 protein expres-
sion in Caco-2 cells increases with confluence and cell
differentiation, as does Gly-Sar uptake (day 4: 469 � 66
dpm/g/mL versus day 17: 2194 � 92 dpm/g/mL). How-
ever, KdPT uptake actually decreased with increasing
cell differentiation in Caco-2 cells (day 4: 417 � 98 dpm/
g/mL versus day 17: 155 � 8 dpm/g/mL; Figure 10B). If
KdPT were a substrate of PepT1, it would competitively
inhibit Gly-Sar uptake. We, therefore, examined the inhib-
itory effect of increased concentrations of KdPT, KPV, or
Gly-Pro, a well-characterized dipeptide PepT1 substrate,
on PepT1-mediated uptake of Gly-Sar (Figure 10C). As
already described, Gly-Pro induced a dose-dependent
inhibition of Gly-Sar uptake (40% inhibition at 0.1 mmol/L,
80% at 1 mmol/L, and 92% at 10 mmol/L). On the other
hand, KPV decreased Gly-Sar uptake only at a high con-
centration (92% inhibition at 10 mmol/L) without any ef-
fect at lower concentrations. KdPT (10 mmol/L) induced a
60% maximum decrease in Gly-Sar uptake. Conse-
quently, at comparable concentrations, KdPT seemed

Figure 9. Saturable uptake of KdPT is dependent on pH and energy. Uptake
or transport of KdPT by intestinal epithelial cells was measured in vitro in
Caco-2 cells. With increased proton gradient, uptake of KdPT was signifi-
cantly enhanced approximately threefold (P � 0.05) (A), whereas a temper-
ature of 4°C almost completely abolished its transport (B). C: Saturable
uptake of KdPT by Caco-2 cells was shown by increasing the concentration

of KdPT up to 500 �mol/L. Data are mean � SE. All the experiments were
performed in triplicate.
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less potent than did Gly-Pro or KPV in inhibiting Gly-Sar
uptake. Conversely, excess Gly-Sar or Gly-Pro (50
mmol/L) induced a decrease in KdPT transport across

Figure 10. PepT1 mediated transport of KdPT in vitro. A: Caco-2 cells expressing
the oligopeptide transporter PepT1 effectively transport the PepT1 substrate Gly-Sar,
whereas HT-29 cells lack PepT1 expression. In contrast, the transport of radiolabeled
KdPT was significantly less effective in Caco-2 cells compared with Gly-Sar, whereas
HT-29 cells did not exhibit a significant difference. B: Uptake of Gly-Sar increased
from day 4 to day 17, whereas uptake of KdPT significantly dropped. C: Competition
assays showed that Gly-Sar uptake was only partially inhibited by high concentra-
tions of KdPT. D: Conversely, excessive amounts of various PepT1 substrates in-
duced a decrease in KdPT uptake in Caco-2 cells. Data are mean � SE. All the
experiments were performed in triplicate.
Caco-2 monolayers (Figure 10D).
In in vivo experiments, uptake of Gly-Sar and KdPT was
analyzed in control and DSS-treated mice in different
intestinal segments (ie, duodenum, jejunum, ileum, and
colon) in the presence or absence of large amounts of
cold competitive substrates (Figure 11A). The uptake of
Gly-Sar followed the PepT1 gradient of protein expres-
sion along the digestive tract [mean � SE: (179 � 32) �
103 dpm/g/5 minutes in the duodenum versus (34 � 8) �
103 dpm/g/5 minutes in the colon]. Moreover, the com-
petitors (Gly-Gly � Gly-Pro) completely blocked Gly-Sar
uptake. Gly-Sar uptake was greater than KdPT uptake in
all intestinal segments except the colon. In contrast, KdPT
uptake was maximal in the distal part of the digestive tract
(where PepT1 is absent) compared with other intestinal
segments, and the presence of PepT1 competitors did not
affect KdPT uptake. DSS treatment did not modify Gly-Sar
uptake regardless of the intestinal segment studied (Figure
11B). DSS treatment induced a significant increase in KdPT
absorption in the inflamed colon [(20 � 2) � 103 dpm/g/5

Figure 11. Intestinal uptake of KdPT in vivo. Whereas absorption of KdPT
was maximal in the colon (A, left), PepT1-specific Gly-Sar was more effec-
tively absorbed in the small intestinal tract and followed the PepT1 gradient
of protein expression (A, right). PepT1 competitors (cp) totally blocked
Gly-Sar uptake, whereas KdPT uptake was unaffected (A, hatched bars). DSS
treatment did not modify Gly-Sar uptake (B) but induced significantly in-

creased KdPT absorption in the inflamed colon (C). duo, duodenum; jeju,
jejunum.
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minutes versus (33 � 3) � 103 dpm/g/5 minutes; P � 0.05]
but did not alter KdPT uptake in the small intestine, sug-
gesting increased availability under inflammatory condi-
tions (Figure 11C). Taken together, these data propose
that the uptake of KdPT in vitro and in vivo is transporter
mediated but is not solely dependent on the oligopeptide
transporter PepT1.

KdPT Does Not Affect Melanin Synthesis in
Normal Human Melanocytes

Although several melanocortin peptides, including
�-MSH, have potent immunomodulatory effects in vitro
and in vivo, a major disadvantage limiting their clinical use
in humans is pigment induction. We, therefore, performed
melanin assays of normal human melanocytes exposed
to KdPT at various doses. In contrast to bovine pituitary
extracts (containing natural melanocortins) and used as a
positive control, none of the examined KdPT concentra-
tions led to a significant change in melanin synthesis
(Figure 12).

Discussion

In this study, we demonstrate potent anti-inflammatory
efficacy of the MSH-related tripeptide KdPT in two well-
established models of experimental colitis. Systemic and
local administration of KdPT attenuated the course of
acute DSS-induced colitis in a concentration-dependent
manner, and similar efficacy was demonstrated in IL-10
knockout mice. Furthermore, the compound is able to
facilitate the regeneration of epithelial wounds, and it also
protects the epithelial barrier by reducing the inflamma-
tion-induced breakdown of paracellular permeability in
vitro and in vivo.

In light of the melanocortin peptides tested so far, the
present results introduce a novel anti-inflammatory agent
with future potential for the treatment of IBD. Rajora et al35

originally reported that �-MSH reduces colonic inflamma-
tion in the DSS model. These authors found decreased
colonic expression of TNF-� and nitric oxide after �-MSH

Figure 12. KdPT does not alter melanin synthesis. Normal human melano-
cytes were exposed to various doses of KdPT for 5 days. Bovine pituitary
extracts (BPE) (containing natural melanocortins) were used as positive
control. Melanin amounts in the lysed cells were determined photometrically
using a synthetic melanin standard. Melanin measurements were performed
in triplicate and represent mean � SD. Data depict one of three individual
experiments with identical results.
treatment. In support of the anti-inflammatory effect of
�-MSH in experimental colitis, it was shown that �-MSH
attenuates trinitrobenzene sulfonic acid–induced coli-
tis.36 Recently, Lactobacillus casei–secreting �-MSH was
also reported to ameliorate DSS-induced colitis,37 and
we could show that the �-MSH fragment KPV has anti-
inflammatory effects in the DSS and transfer colitis
model.13 We do not know which of the previously men-
tioned peptides is most efficient in experimental colitis
because direct comparative pharmacologic studies are
not yet available. However, preliminary data indicate a
more robust inhibition of the murine contact hypersensi-
tivity reaction by KdPT compared with KPV.18 In addition,
KdPT does not induce melanogenesis, which represents
a significant advantage compared with �-MSH.

Not only pretreatment with KdPT but also therapeutic
application after induction of colitis leads to reduced
disease activity in DSS-induced colitis. Moreover, the
tripeptide also mediates potent therapeutic effects in coli-
tis of IL-10 gene–deficient mice, demonstrating a robust
anti-inflammatory capacity regarding intestinal inflamma-
tion. Targeted disruption of the IL-10 gene leads to spon-
taneous development of chronic enterocolitis, with mas-
sive infiltration of lymphocytes, activated macrophages,
and neutrophils,21,30 that is primarily immune mediated
but is also dependent on luminal bacteria. In contrast,
KdPT does not alter the development of infection with
Citrobacter rodentium, an enteropathogenic Escherichia
coli infection in mice (data not shown).

Regarding the potential molecular mechanism of KdPT
as an anti-inflammatory agent, it has already been spec-
ulated that the tripeptide may compete with IL-1� for
binding to the IL-1R.16,17 This hypothesis was based on
the antagonistic effects of KdPT on IL-1�–induced pain in
the rat hind-paw assay and on the sequence homology
between amino acids 193 to 195 of IL-1� (KPT) and the
tripeptide as a stereoisomer. Recent studies investigating
the direct antagonistic action of KdPT and IL-1� in vitro in
fact further suggested an interference of KdPT with IL-1�
at the IL-1R type I level.32 These studies were performed
in vitro and on human cells. Using IL-1R type I–deficient
mice, however, we could not find an essential role of the
IL-1R type I as a mediator of the in vivo efficacy of KdPT.
Accordingly, KdPT exerts its anti-inflammatory and pro-
tective actions in chemically induced colitis of mice by
alternative mechanisms, eg, by acting on the epithelial
barrier.

Because KdPT has structural similarity with the last
three amino acids of the C-terminal domain of �-MSH, an
interaction with MC-Rs seemed possible a priori. Using
�-MSH radioligand binding assays and the natural
MC-1R antagonist Agouti signaling protein, we recently
demonstrated that KdPT does not bind to MC-1R in
vitro.32 In addition, we investigated whether KdPT has a
protective effect on the course of acute DSS-induced
colitis in MC-1R signaling–deficient mice. The effect of
KdPT was abolished in the previously mentioned mice
strain (see Supplemental Figure S1 at http://ajp.
amjpathol.org). Indeed, DSS-induced colitis is aggra-
vated in MC-1R–deficient mice,9 possibly reducing the in
vivo capacity of KdPT to control intestinal inflammation.

On the other hand, this finding may point to a complex

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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role of MC-1R in experimentally induced colitis and the
molecular effector mechanism of KdPT, which warrants
further investigation.

It has recently been shown that the KdPT-related and
truncated �-MSH tripeptide KPV is transported via an
H�-coupled oligopeptide transporter, PepT1, located at
the apical membrane of intestinal epithelial cells.14 In this
study, nanomolar concentrations of KPV inhibited the ac-
tivation of NF-�B and mitogen-activated protein kinases,
thereby reducing proinflammatory cytokine secretion by
epithelial cells and by Jurkat T cells. Owing to the struc-
tural similarity of KPV and KdPT, it seems likely that the
compound is also transported by PepT1; it was, there-
fore, important to check whether this transporter might be
involved in KdPT action on DSS-induced colitis. The pres-
ent experiments revealed that the presence of competi-
tive and noncompetitive inhibitors of PepT1 reduces the
intracellular uptake of KdPT. On the other hand, com-
pared with well-known substrates of PepT1, KdPT is
transported less efficiently into Caco-2 cells and in differ-
ent gastrointestinal segments, suggesting that the effi-
cacy of KdPT is not solely dependent on PepT1 and that
other transporters might also be involved. Considering
the temperature- and pH-dependent uptake characteris-
tics combined with the saturation kinetics, we assume
that PepT1, at least in part, mediates cellular uptake of
KdPT. Intriguingly, KdPT uptake in the inflamed colon
was significantly higher (50%), which may reflect up-
regulation of PepT1 or other transporters in chronically
inflamed colons. This might be of substantial advantage
in the treatment of IBD with such small anti-inflammatory
oligopeptides.14,38,39

We further believe that nonspecific, non–receptor-me-
diated effects of KdPT are rather unlikely for several rea-
sons. First, in vitro data suggest receptor-mediated up-
take into epithelial cells. Second, the concentrations of
KdPT used in both colitis models are low, and abundant
miscellaneous tripeptides are part of the general intesti-
nal contents. Furthermore, a saturating effect of KdPT on
intestinal transporters can also be excluded by the pres-
ent in vitro data, showing that quite high concentrations of
KdPT have to be used to inhibit the transport of other
peptides specific for PepT1. Finally, we demonstrated
that KdPT is still effective even in the presence of exces-
sive oligopeptides (data not shown).

In the present experiments, the tripeptide stimulated
proliferation of intestinal epithelial cells in vivo and in vitro,
enhanced closure of mechanically induced wounds of
Caco-2 monolayers, attenuated the TNF-�/IFN-�–in-
duced breakdown of TER, and also prevented the redis-
tribution of tight junction proteins in DSS colitis. All of
them are readouts of intestinal barrier function. Previous
findings could demonstrate that tight junction proteins
play a crucial role in experimental and human IBD.31,40

Tight junction proteins are internalized by macropinocy-
tosis into colonic epithelial monolayers when incubated
with proinflammatory cytokines and in DSS colitis.30 In
addition, occludin and JAM-A were found to be localized
in subapical vesicle-like structures in actively inflamed
human ulcerative colitis mucosa.41 The present in vitro

and in vivo data strongly suggest that KdPT prevents the
inflammation-associated changes in tight junction protein
distribution, thereby inducing a significantly improved
barrier function in experimental colitis.

The present results identifying epithelial integrity as a
mechanism of action for MSH-related peptides are sup-
ported by a study by Bonfiglio et al,42 who showed that
KPV facilitated corneal wound healing in rabbits. In ad-
dition, it is known that �-MSH has beneficial effects on gut
ischemia injury that may relate to the acceleration of
epithelial restitution.32 In addition, we did not show a
significant alteration in cytokine expression by lamina
propria lymphocytes after KdPT treatment in vivo, and
significantly higher doses of KdPT were needed to down-
regulate cytokine expression by RAW macrophages in
vitro (data not shown), suggesting that epithelial cells are
the primary target of KdPT.

In conclusion, we suggest KdPT to be a new nonmela-
notropic and potent anti-inflammatory tripeptide address-
ing epithelial integrity as a key mechanism involved in the
pathogenesis of IBD and, therefore, representing an ap-
pealing new therapeutic option for clinical trials in IBD.
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