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epT1-Mediated Tripeptide KPV Uptake Reduces Intestinal Inflammation
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ackground & Aims: KPV is a tripeptide (Lys-Pro-
al), which possesses anti-inflammatory properties;
owever, its mechanisms of action still remain un-
nown. PepT1 is a di/tripeptide transporter normally
xpressed in the small intestine and induced in colon
uring inflammatory bowel disease (IBD). The aim of

his study was to 1) investigate whether the KPV
nti-inflammatory effect is PepT1-mediated in intes-
inal epithelian and immune cells, and 2) examine the
nti-inflammatory effects in two models of mice co-
itis. Methods: Human intestinal epithelial cells
aco2-BBE, HT29-Cl.19A, and human T cells (Jurkat)
ere stimulated with pro-inflammatory cytokines in

he present or absence of KPV. KPV anti-inflamma-
ory effect was assessed using a NF-�B luciferase gene
eporter, Western blot, real-time RT-PCR and ELISA.
ptake experiments were performed using cold KPV

s a competitor for PepT1 radiolabelled substrate or
sing [3H]KPV to determine kinetic characteristics of
PV uptake. Anti-inflammatory effect of KPV was

lso investigated in DSS- and TNBS-induced colitis in
ice. KPV was added to drinking water and in-

ammation was assessed at the histologic level and
y proinflammatory cytokine mRNA expression.
esults: Nanomolar concentrations of KPV inhibit

he activation of NF-�B and MAP kinase inflamma-
ory signaling pathways, and reduce pro-inflamma-
ory cytokine secretion. We found that KPV acts via
epT1 expressed in immune and intestinal epithelial
ells. Furthermore, oral administration of KPV re-
uces the incidence of DSS- and TNBS-induced coli-

is indicated by a decrease in pro-inflammatory cyto-
ine expression. Conclusions: This study indicates
ht KPV is transported into cells by PepT1 and might
e a new therapeutic agent for IBD.

ne of the normal transport functions of gut epithe-
lial cells is the absorption of small peptides from

he diet by peptide transport activity.1 This is mediated
ia the H�-coupled oligopeptide transporter (PepT1),
hich is located at the apical membrane of intestinal

pithelial cells (IECs) and that cotransports peptides and
�.2 The specificity of hPepT1 is broad and includes
any dipeptides and tripeptides in addition to various
eptide-derived drugs.3– 8 PepT1 is expressed mainly in
rush-border membranes of enterocytes in the small in-
estine, in proximal tubular cells of the S1 segment of the
idney, and in bile duct epithelial cells.4,5,9 –15 By contrast,

n the colon, expression of PepT1 messenger RNA
mRNA) and protein is low16 and sometimes cannot be
etected.10,15,17 Although human PepT1 (hPepT1) is not
xpressed in normal colonic epithelial cells,10,16,17 we de-
ected its expression at the apical membrane of epithelial
ells in chronically inflamed colon.17 Interestingly, we
lso have shown that immune cells, such as macrophages,
hich are in close contact with the lamina propria of the

ntestine, also express hPepT1 at their membranes.17,18

Because expression of colonic hPepT1 is up-regulated
n inflammatory bowel disease (IBD), its transport activ-
ty constitutes a potential new target for anti-inflamma-
ory therapies. Furthermore, the importance of hPepT1
xpression by immune cells during intestinal inflamma-
ion should be evaluated because it may be therapeuti-
ally advantageous to develop hPepT1-mediated anti-
nflammatory drugs. The tripeptide Lys-Pro-Val (KPV),
hich is the C-terminal sequence of �-melanocyte–stim-
lating hormone (�-MSH), has anti-inflammatory activ-

ty19 –21 and, although the underlying mechanisms re-
ain to be determined, it is known that KPV inhibits

uclear factor-�B (NF-�B) activation, indicating inhibi-
ion of proinflammatory cytokine synthesis. In the
resent study, we examined the tripeptide KPV as a me-
iator of anti-inflammatory effects via PepT1 expressed

n inflamed colonic epithelial and immune cells, as well
s its anti-inflammatory properties in vivo using murine
odels of colitis.

Abbreviations used in this paper: cAMPi, intracellular cyclic adeno-
ine monophosphate; DSS, dextran sodium sulfate; ELISA, enzyme-
inked immunosorbent assay; Gly-Leu, glycine-leucine; Gly-Sar, glycine-
arcosine; IEC, intestinal epithelial cell; IL, interleukin; KPV, Lys-Pro-
al; MAPK, mitogen-activated protein kinase; MCR, melanocortin
eceptor; MPO, myeloperoxidase; ��MSH, �-melanocyte–stimulating
ormone; NF-�B, nuclear factor-�B; PepT1, H�-coupled oligopeptide
ransporter 1; RT-PCR, reverse-transcription polymerase chain reac-
ion; TNF-�, tumor necrosis factor-�.

© 2008 by the AGA Institute
0016-5085/08/$34.00
doi:10.1053/j.gastro.2007.10.026
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Materials and Methods
Cell Culture
Caco2-BBE and HT29-Cl.19A cells were grown in

ulbecco’s modified Eagle medium supplemented with
4 mmol/L NaHCO3, 10% fetal bovine serum, and pen-

cillin/streptomycin (Invitrogen, Grand Island, NY). Jur-
at cells were grown in RPMI 1640 (Invitrogen) supple-
ented with 10% fetal bovine serum.

Reagents
See supplementary information (see supplemen-

ary material online at www.gastrojournal.org).

Animals
Female C57BL/6 mice (8 wk, 18 –22 g; Jackson

aboratories, Bar Harbor, ME) used for this study were
roup-housed under a controlled temperature (25°C)
nd photoperiod (12:12-hour light-dark cycle), and al-
owed unrestricted access to standard diet and tap water.

ice were allowed to acclimate to these conditions for at
east 7 days before inclusion in experiments.

Induction of Colitis
Colitis was induced by the addition of 3% (wt/vol)

extran sodium sulfate (DSS) (molecular weight 40,000
altons; ICN Biochemicals, Aurora, OH) to the drinking
ater or by colonic injection of 150 mg/kg body weight
f trinitrobenzene sulfonic acid (TNBS; Sigma, St. Louis,
O) dissolved in 50% ethanol. Colonic inflammation was

ssessed 8 days after DSS treatment or 48 hours after
NBS administration. N � 10 mice/group.

Myeloperoxidase Activity in the Colon
See supplementary information (see supplemen-

ary material online at www.gastrojournal.org).

Dual-Luciferase Reporter Assay
See supplementary information (see supplemen-

ary material online at www.gastrojournal.org).

Western Blot Analysis
See supplementary information (see supplemen-

ary material online at www.gastrojournal.org).

Uptake Experiments
Caco2-BBE cells were grown on filters for 15 days

area, 1 cm2; pore size, 0.4 �m; Transwell-Clear polyester
embranes; Costar VWR, Suwanee, GA), washed, and

tabilized in Hank’s balanced salt solution (HBSS)�-10
mol/L HEPES (pH 7.4) in the basolateral compartment

nd 10 mmol/L 2-[N-Morpholino]ethanesulphonic acid
MES) (pH 6.2) in the apical compartment for 15 min-
tes at 37°C. The apical compartment was loaded for 15
inutes at room temperature with HBSS�-10 mmol/L
ES (pH 6.2) containing 20 nmol/L [3H]KPV � 20

mol/L glycine-leucine, or 20 �mol/L [14C]glycine-sar- (
osine � 100 �mol/L KPV, or 20 �mol/L [14C]glycine-
arcosine � 100 �mol/L glycine-leucine, or 20 nmol/L
14C]glycine-sarcosine � 20 mmol/L glycine-leucine. Cells
hen were washed in ice-cold phosphate-buffered saline
PBS), and cell-associated radioactivity was determined
y liquid scintillation counting in a �-counter.

For Jurkat cells, 5.106 cells were used per assay. Cells
ere washed twice with HBSS�-10 mmol/L MES (pH
.2), stabilized for 15 minutes at 37°C, and incubated for
hour at room temperature in the same buffer contain-

ng different concentrations of [3H]KPV � 20 mmol/L
lycine-leucine. Afterward, cells were washed in ice-cold
BS and total radioactivity was determined.
Specific uptakes were calculated as follows: (uptake of

adiolabel peptide) � (uptake of radiolabel peptide �
lycine-leucine).

Cyclic Adenosine Monophosphate
Measurement
See supplementary information (see supplemen-

ary material online at www.gastrojournal.org).

RNA Extraction and Real-Time Reverse-
Transcription Polymerase Chain Reaction
Total RNA was extracted from cells or colon using

he TRIzol reagent (Invitrogen) and reverse transcribed
sing the RETROscript System (Ambion Inc, Austin, TX).
he real-time iCycler sequence detection system (Bio-
ad, Hercules, CA) was used for real-time reverse-tran-

cription polymerase chain reaction (RT-PCR). Briefly, 10
g of complementary DNA (cDNA) was amplified at
5°C for 3 minutes, followed by 40 cycles of 95°C for 15
econds, and 60°C for 1 minute using 10 �mol/L of
ene-specific primers (supplementary Table 1; see supple-
entary material online at www.gastrojournal.org) and

he iQ SYBR Green Supermix (Bio-Rad). The glyceralde-
yde-3-phosphate dehydrogenase or 36B4 expression lev-
ls were used as housekeeping genes, and fold-induction
as calculated using the cycle threshold (Ct) method as

ollows: ��CT � (CtTarget � Cthousekeeping) treatment �
CtTarget � Cthousekeeping) nontreatment, and the final data
ere derived from 2-��CT.

Detection of Melanocortin Receptors in Cells
PCR of cDNA for each of the melanocortin recep-

ors (MCRs) was conducted by a seminested approach
ith forward and reverse primers in the first PCR and

nner forward and reverse primers in the subsequent PCR
s previously described.22 Primers are shown in supple-
entary Table 2 (see supplementary material online at
ww.gastrojournal.org). PCR products were cloned in
GEM-T Easy Vectors (Promega, Madison, WI), ampli-
ed, and sequenced.

Statistical Analysis
All evaluations were performed using SigmaPlot
SPSS, Chicago, IL) and InStat v3.06 (GraphPad, San

http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
http://www.gastrojournal.org
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January 2008 KPV REDUCES INTESTINAL INFLAMMATION 169
iego, CA) software, with data reported as means �
EM. Multiple groups were compared by analysis of
ariance, using the Tukey post hoc test. P values less than
05 were considered statistically significant.

Results
KPV Decreases Inflammatory Responses in
Caco2-BBE Cells Stimulated by Interleukin-
1�

Many cell types, including IECs, express NF-�B,
hich is a transcriptional factor activated in response to

mmune and proinflammatory signals. NF-�B is known
o be involved in the up-regulation of several immuno-

odulatory genes including interleukin-8 (IL-8).23,24 Af-
er transient transfection of IEC Caco2-BBE with an
F-�B– dependent luciferase reporter plasmid, IL-1�

reatment led to an approximate 6-fold increase in lucif-
rase activity compared with untreated cells (Figure 1A).
owever, co-incubation of Caco2-BBE cells with KPV (10
mol/L) and IL-1� significantly decreased the IL-1�–

nduced luciferase activity (Figure 1A). To confirm that
PV decreases NF-�B activation, I�B-� degradation and
hosphorylation, which can account for NF-�B activa-
ion, were assessed by immunoblot analyses in Caco2-
BE cells treated with IL-1� � KPV. We found high levels
f I�B-� degradation 20 minutes after IL-1� stimulation
hereas, in the presence of KPV, I�B-� degradation was

educed at this time (Figure 1B). The I�B-� level then
eturned to the baseline level after 180 minutes of IL-1�
timulation whereas, in the presence of KPV, I�B-� base-
ine levels were reached within 90 minutes of stimulation
Figure 1B). Furthermore, I�B-� still was phosphorylated
fter 45 minutes of IL-1� stimulation, but not in the
resence of KPV (Figure 1C). Collectively, our results
how that KPV delays NF-�B activation and also shortens
he delay of I�B-� recovery, suggesting that KPV de-
reases the duration of NF-�B activation. KPV-mediated
ecrease of NF-�B activity also was confirmed by electro-
horetic mobility shift assay (EMSA) (Figure 1, supple-
entary Results section; see supplementary material on-

ine at www.gastrojournal.org).
Because mitogen-activated protein kinases (MAPKs)

lso can play an important role in inflammation,24 we

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
igure 1. KPV decreases inflammatory response in Caco2-BBE cells s
ith 2 ng/mL IL-1� � 10 nmol/L KPV. (A) Luciferase assay. Cells were
hours. Data were normalized by Renilla activity and expressed as rela

�B-� degradation and phosphorylation in stimulated cells, using antib
epresent the densitometric quantification of I�B-� at time points of 20 an
xperiments. (D) Western blot analyses of the time course of ERK1/2,
nti–phospho-protein antibodies. Bar graphs represent the densitome
eans � SEM of 4 blots from 4 independent experiments. �, -KPV; □

ours of stimulation. Values represent means � SEM of 3 determinatio
ell culture medium after 3 or 5 hours of stimulation. Values represent m

005.
ested, by immunoblot analysis, the effect of KPV on
APK phosphorylation and, therefore, activation. Figure

D shows that IL-1� induces rapid phosphorylation of
xtracellularly regulated kinase (ERK1/2), c-Jun NH2-
erminal kinase (JNK) and p38 in Caco2-BBE cells. How-
ver, cotreatment with KPV strongly decreased IL-1�–
nduced MAPK phosphorylation and, therefore, their
ctivation (Figure 1D).

It is known that MAPK and NF-�B pathway activations
n IECs induces the production of proinflammatory cy-
okines that have a role in the recruitment of immune
ells such as IL-8.25 To examine whether KPV affects IL-8
xpression and secretion by Caco2-BBE cells, IL-8 mRNA
nd protein levels were assessed by real-time RT-PCR and
nzyme-linked immunosorbent assay (ELISA). We found
hat IL-1� induced an approximately 200-fold increase of
L-8 mRNA after 3 hours of stimulation in comparison
ith untreated cells (Figure 1E). In the presence of KPV,
owever, the IL-1�–induced increase of IL-8 mRNA was
educed significantly (by �35%) (Figure 1E). Correla-
ively, the increase of IL-8 concentration in the culture

edium of Caco2-BBE cells treated with IL-1� for 3 or 5
ours was decreased significantly by co-incubation with
PV (Figure 1F).
Together, these results show that KPV reduces NF-�B

nd MAPK activation, which constitute the classic signal-
ng pathways involved in cytokine secretion by inflamed
ECs.

The Anti-Inflammatory Effect of KPV Is
hPepT1-Mediated in IECs
KPV constitutes the 3 C-terminal amino acids of

-MSH that bind the MCRs. We found by RT-PCR that
aco2-BBE cells express 2 of the 5 MCR isoforms: MC3R
nd MC5R (Figure 2A). Therefore, we cannot exclude the
ossibility that KPV acts via these receptors. Because
CR activation induces an increase of intracellular cyclic

denosine monophosphate (cAMPi), we assessed cAMPi

evels in Caco2-BBE cells after KPV treatment. ELISA
esults showed that cAMPi levels were not increased after
timulation by KPV, indicating that KPV does not act via
hese receptors (Figure 2B). Moreover, we also found that
hese receptors may not be functional in IECs because

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
ated by IL-1�. Caco2-BBE cells were untreated (control), or stimulated
fected with a NF-�B–luciferase promoter construct and stimulated for
ciferase activity. (B and C) Western blot analyses of the time course of
s against (B) I�B-� and (C) phospho–I�B-�, respectively. Bar graphs
minutes. Values represent means � SEM of 4 blots from 4 independent
and p38 kinases phosphorylation in stimulated cells, using respective
uantification of phospho-protein at indicated times. Values represent
PV. (E) Real-time RT-PCR assay for the detection of IL-8 mRNA after 3
) ELISA experiment for the determination of IL-8 concentrations in the
� SEM of 3 determinations. (A, B, E, and F) *P � .05; (B and D) **P �
™™™
timul
trans
tive lu
odie
d 90

JNK,
tric q
, �K
ns. (F
eans

http://www.gastrojournal.org
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reatment of Caco2-BBE cells with 10 nmol/L and 100
mol/L of �-MSH did not affect cAMPi levels (Figure
B). To confirm that MCRs are not functional in Caco2-
BE cells, cells were stimulated by IL-1� in the presence
r absence of �-MSH, and I�B-� degradation was as-

essed by immunoblot analyses. Our results showed that m
hen administered at either a low (10 nmol/L; Figure 2C
nd D) or high dose (100 �mol/L; Figure 2E and F),
-MSH, unlike KPV (Figure 1B and C), did not signifi-
antly alter the kinetics of IL-1�–induced I�B-� degrada-
ion. This confirms that MCRs expressed in IECs do not

Figure 2. The anti-inflamma-
tory effect of KPV is not associ-
ated with MCRs in Caco2-BBE
cells. (A) RT-PCR analysis of
MC3R and MC5R expression in
Caco2-BBE cells. (B) ELISA as-
say for intracellular cAMP levels
in Caco2-BBE cells after differ-
ent times of stimulation with
10 nmol/L KPV, 10 nmol/L,
�-MSH 100 �mol/L �-MSH, or
10 �mol/L forskolin (FSK, positive
control). Values represent
means � SEM of 3 determina-
tions. ***P � .001 vs untreated
cells (control). (C–F) Western blot
analyses of the time course of
I�B-� degradation in Caco2-
BBE cells stimulated with (C and
D) 2 ng/mL IL-1� � 10 nmol/L
�-MSH or (E and F) 2 ng/mL
IL-1� � 100 �mol/L �-MSH, us-
ing anti–I�B-� antibodies. Bar
graphs represent densitometric
quantification of I�B-� at time
points of 20 and 90 minutes. Val-
ues represent means � SEM of
4 blots from 4 independent ex-
periments.
ediate the KPV inhibitory effect on inflammatory sig-
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January 2008 KPV REDUCES INTESTINAL INFLAMMATION 171
aling pathways stimulated by IL-1�. In previous studies,
t has been hypothesized that a stereochemical analogue
f KPV, Lys-D-Pro-Val, can be an antagonist of IL-1�
eceptors.26 Therefore, we examined the effects of KPV in
he human colonic cell line HT29-Cl.19A, which does not
xpress hPepT1.17 We found that treatment of HT29-
l.19A cells with IL-1� increased NF-�B– dependent lu-

iferase activity (Figure 3A), induced I�B-� degradation
Figure 3B), and increased IL-8 mRNA expression (Figure
D), indicating that HT29-Cl.19A cells express functional
L-1� receptors. However, cotreatment of HT29-Cl.19A
ells with KPV did not decrease NF-�B– dependent lucif-
rase activity and I�B-� degradation induced by IL-1�
reatment (Figure 3A and B). Furthermore, Figure 3C
hows that, in the presence of KPV, I�B-� basal level was
ot reached as fast as we found in Caco2-BBE cells

Figure 1C) after degradation induced by IL-1� treat-

igure 3. The anti-inflamma-
ory effect of KPV is associated
ith hPepT1 expression. Cells
ere untreated (control), or stim-
lated with 2 ng/mL � 10 nmol/L
PV. (A) Luciferase assay.
T29-Cl.19A cells were trans-

ected with a NF-�B–luciferase
romoter construct and stimu-

ated for 8 hours. Data were nor-
alized by Renilla activity and

xpressed as relative luciferase
ctivity. Values represent means

SEM of 3 determinations. (B
nd C) Western blot analyses of
he time course of I�B-� degra-
ation in stimulated HT29-
l.19A cells, using anti–I�B-�
ntibodies. (D) Real-time RT-
CR assay for the detection of

L-8 mRNA in HT29-Cl.19A cells
fter 3 hours of stimulation. (E
nd F) Luciferase assays. (E)
aco2-BBE cells or (F) HT29-
l.19A cells stably transfected
ith hPepT1 were transfected
ith a NF-�B–luciferase pro-
oter construct. Cells then were

timulated with IL-1� � 10
mol/L KPV� 20 mmol/L Gly-
eu for 8 hours. Data were nor-
alized by Renilla activity and

xpressed as relative luciferase
ctivity. Values represent means

SEM of 3 determinations. (E)
P � .05; (F) **P � .005.
ent. Finally, no inhibitory effect of KPV on IL-1�– a
nduced increased IL-8 mRNA expression was observed in
T29-Cl.19A cells (Figure 3D).
Together, these results indicate that the anti-inflam-
atory effect of KPV is not mediated via IL-1� receptors

ut may involve the transporter hPepT1.
To confirm the dependence of KPV anti-inflamma-

ory effect on hPepT1 expression, Caco2-BBE cells were
ransfected with a NF-�B– dependent luciferase re-
orter plasmid and stimulated with IL-1� alone or
L-1� � KPV in the presence or absence of glycine-
eucine (Gly-Leu), which is a commonly used substrate
or hPepT1. Figure 3E shows that unlike KPV, Gly-Leu
id not affect IL-1�–induced activation of NF-�B,
howing the specificity of the KPV effect. However,
PV-mediated decrease of IL-1�–induced activation of
F-�B was reversed completely by the addition of
ly-Leu. This result suggests that KPV effect on NF-�B
ctivation is dependent on hPepT1. To further confirm
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172 DALMASSO ET AL GASTROENTEROLOGY Vol. 134, No. 1
his result, we used HT29-Cl.19A cells previously stably
ransfected with hPepT1 or empty vector.17 These cells
ere transfected transiently with a NF-�B– dependent

uciferase reporter plasmid and treated with the earli-
r-mentioned stimuli. We found that KPV reduces
F-�B activation in HT29-Cl.19A cells expressing
PepT1 (Figure 3F), whereas the addition of Gly-Leu
bolished this KPV-mediated effect (Figure 3F). In con-
rast, KPV did not decrease IL-1�–induced NF-�B lu-
iferase activity in HT29-Cl.19A cells stably transfected
ith empty vector (Figure 2, supplementary Results

ection; see supplementary material online at www.gas-
rojournal.org). Together, these results confirm that
PV anti-inflammatory effect is hPepT1-mediated.
We therefore investigated whether KPV can be trans-

orted by hPepT1 into Caco2-BBE cells. We first as-
essed the inhibitory effect of KPV vs Gly-Leu on
PepT1-mediated transport of [14C]glycine-sarcosine

Gly-Sar), which is a commonly used hPepT1 substrate.
total of 100 �mol/L KPV inhibited [14C]Gly-Sar

ptake more efficiently than 100 �mol/L Gly-Leu
�45% inhibition by KPV vs �25% by Gly-Leu) (Figure
A). This indicates that hPepT1 has a higher affinity
or KPV than for Gly-Leu. To further confirm that
PepT1 transports KPV, uptake experiments were per-

ormed using [3H]KPV. We show that, in contrast to
14C]Gly-Sar, nanomolar concentrations of [3H]KPV
ere transported efficiently by hPepT1 (Figure 4B).
hese results were confirmed by kinetic experiments

howing that hPepT1 had a low Michaelis-Menton
onstant (Km) of approximately 160 �mol/L for KPV
Figure 4C).

Together, these results indicate that the anti-inflam-
atory effect of KPV is not caused by its interaction with

he IL-1� receptor, but is mediated after transport by
PepT1 into cells where it accumulates and inactivates

nflammatory pathways.

hPepT1-Mediated KPV Transport Decreases
Inflammatory Responses in Tumor Necrosis
Factor-� Stimulated Jurkat Cells
Because the immune system plays a crucial role in

BD and is in close contact with IECs, we investigated the
nti-inflammatory effect of KPV in the human T-cell line
urkat. Cells were stimulated with tumor necrosis factor-�
TNF-�) in the presence or absence of KPV, and I�B-�
egradation was assessed by immunoblot. We found that
fter 15 minutes of TNF-� treatment, in the presence of
PV, I�B-� protein level was higher compared with that in

ells treated with TNF-� alone (Figure 5A), suggesting a
artial inhibitory effect of KPV on TNF-�–induced I�B-�
egradation.

The anti-inflammatory effect of KPV in Jurkat cells was
onfirmed by real-time RT-PCR. After 6 hours of stimula-
ion, TNF-� induced an approximately 5-fold increase of

L-8 mRNA, which was reduced significantly in the presence s
f KPV (Figure 5B). By using RT-PCR, we found that Jurkat
ells express MC2,3,4,5R (Figure 5C). However, ELISA re-
ults showed that cAMPi levels were not increased after KPV

igure 4. hPepT1 transports KPV into Caco2-BBE cells. (A) Uptake of
0 �mol/L [14C]Gly-Sar alone or in combination with 100 �mol/L cold
PV or 100 �mol/L cold Gly-Leu by Caco2-BBE cells. Values represent
eans � SEM of 3 determinations. (B) Specific uptake of 20 nmol/L

14C]Gly-Sar or 20 nmol/L [3H]KPV by Caco2-BBE cells. Values repre-
ent means � SEM of 3 determinations. (C) Kinetic parameters of

3H]KPV specific uptake in Caco2-BBE cells. Values represent means �
EM of 3 determinations. (A) *P � .05; (A and B) ***P � .001.
timulation (Figure 5D), indicating that KPV does not act

http://www.gastrojournal.org
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igure 5. hPepT1-mediated
PV transport decreases in-
ammatory responses in Jurkat
ells stimulated by TNF-�. Jur-
at cells were untreated (con-
rol) or treated with 10 ng/mL
NF-� with or without pre-incu-
ation with (A and B) 10 nmol/L
PV or (D and E) 10 nmol/L
-MSH for 30 minutes. (A)
estern blot analysis of I�B-�

egradation after 15 and 30
inutes of stimulation with
NF-� after 30 minutes of incu-
ation with KPV, using anti–

�B-� antibodies. Bar graph
epresents the densitometric
uantification of I�B-� after 15
inutes of stimulation. Values

epresent means � SEM of 4
lots from independent experi-
ents. (B) Real-time RT-PCR

ssay for the detection of IL-8
RNA after 6 hours of stimula-

ion with TNF-�. Values repre-
ent means � SEM of 3 deter-
inations. (C) RT-PCR analysis
f MCRs expression in Jurkat
ells. (D) ELISA assay for intra-
ellular cAMP levels in Jurkat
ells after 10 and 30 minutes of
timulation with 10 nmol/L KPV,
0 nmol/L �-MSH, or 10
mol/L forskolin (FSK, positive
ontrol). Values represent
eans � SEM of 3 determina-

ions. (E) Western blot analysis
f I�B-� degradation after 15
nd 30 minutes of stimulation
ith TNF-� after 30 minutes of

ncubation with 10 nmol/L
-MSH, using anti–I�B-� anti-
odies. (H) Kinetic parameters
f [3H]KPV-specific uptake in
urkat cells. Values represent
eans � SEM of 3 determina-

ions. (A) **P � .005; (B) *P �

05; (D) ***P � .001 vs control.
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ia these receptors. Moreover, as found in Caco2-BBE cells
Figure 2B), �-MSH did not affect cAMPi levels (Figure 5D),
uggesting that these MCRs may not be functional. This
as confirmed by immunoblot analysis of I�B-� degrada-

ion in Jurkat cells stimulated with TNF-� � �-MSH, which
howed that �-MSH has no inhibitory effect on TNF-�–
nduced I�B-� degradation (Figure 5E).

We then investigated whether hPepT1 transports KPV
nto Jurkat cells. After confirmation of hPepT1 expression
t mRNA and protein levels (Figure 3, supplementary Re-
ults section; see supplementary material online at www.
astrojournal.org), uptake kinetic experiments were per-
ormed. The results showed that hPepT1 transports KPV
ith a Km of approximately 700 �mol/L (Figure 5F).
Together, these results show that Jurkat cells express a

unctional transporter hPepT1 and that intracellular ac-
umulation of KPV suppresses activation of inflamma-
ory signaling pathway in immune cells.

KPV Decreases Intestinal Inflammatory
Response In Vivo
Many experimental animal models have been used
or the study of human IBD.27 Here we investigated KPV r
nti-inflammatory effect on DSS- and TNBS-induced co-
itis in mice. The dose used in our study (100 �mol/L
PV) was based on previous publications using �-MSH

o treat experimental colitis.28,29 We first investigated the
nti-inflammatory effect of KPV in DSS-treated mice.
nimals received water � 3% DSS � KPV for 8 days. DSS

reatment resulted in a characteristic loss of body weight
hat started after 4 days of treatment (Figure 6A). Ad-

inistration of KPV significantly reduced weight loss at
ay 8 compared with mice that received DSS alone (Fig-
re 6A). Colonic myeloperoxidase (MPO) activity was
easured as an indicator of the extent of neutrophil

nfiltration. We found that DSS-induced increase of
PO activity was decreased significantly by approxi-
ately 50% by the addition of KPV in the drinking water

Figure 6B). The anti-inflammatory effect of KPV was
onfirmed at the histologic level using H&E-stained co-
onic sections. DSS induced cell wall damage, interstitial
dema, and a general increase in the number of inflam-
atory cells in the lamina propria (Figure 6C). However,
ice that received both DSS and KPV showed a markedly

Figure 6. KPV decreases DSS-
induced intestinal inflammation.
(A) Body weight assessment in
DSS-treated C57BL/6 mice.
Mice were given water alone
(green circle), water � 100
�mol/L KPV (Œ), 3% DSS alone
(red triangle), or 3% DSS � 100
�mol/L KPV (blue triangle) (5
mice/group) and body weight
was assessed over time. Results
are expressed as percentage of
weight loss over time. *P � .05
vs 3% DSS-treated mice (red tri-
angle). (B) Determination of MPO
enzymatic activity in the colon.
Results are expressed as MPO
mUnits per �g protein and rep-
resent means � SEM of 5 deter-
minations. (C) Histologic assess-
ment of DSS-induced colitis
using H&E-stained colonic sec-
tions. Pictures were magnified
40 and 60 times. Assessment of
(D) weight and (E) length of
mouse colon. After the mice
died, colons were removed; their
length and weight then were
measured. Results represent
means � SEM of 5 determina-
tions. (B, D, and E) *P � .05.
educed intestinal inflammation compared with DSS-

http://www.gastrojournal.org
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reated mice (Figure 6C). Finally, KPV prevented other
nflammatory changes such as increase of colon weight
nd decrease of colon length (Figure 6D and E). The
dministration of KPV alone had no effect on the basal
PO levels and other inflammatory parameters in the

olonic mucosa (Figure 6).
The expression of proinflammatory cytokines is known

o be involved in intestinal inflammation. As expected,
eal-time RT-PCR experiments showed that DSS treat-

ent increased mRNA levels of various proinflammatory
ytokines (IL-6, IL-12, IFN-�, and IL-1�) in mouse colon
Figure 7). Interestingly, KPV treatment decreased the
xpression of these cytokines and this effect was signifi-
ant for IL-6 and IL-12 (Figure 7A and B). Because in-
ammation is a balance between proinflammatory and
nti-inflammatory cytokines, we also assessed the effect
f KPV on the main anti-inflammatory cytokine IL-10.
e found that KPV did not change IL-10 mRNA expres-

ion in mouse colon (data not shown), suggesting that
PV acts by decreasing proinflammatory cytokines rather

han increasing anti-inflammatory cytokines.
We then investigated the anti-inflammatory effect of

PV in TNBS-induced mouse colitis model 48 hours
fter its administration. Addition of KPV in the drinking
ater significantly reduced weight loss at days 1 and 2

ompared with mice that received TNBS alone (Figure
A). TNBS-induced increase of MPO activity was inhib-

igure 7. KPV decreases DSS-
nduced proinflammatory cyto-
ines mRNA in mouse colon. Af-
er treatment of mice with the
ifferent earlier-mentioned con-
itions, real-time RT-PCR was
sed to quantify mRNA levels of
ytokines (A) IL-6, (B) IL-12, (C)

FN-�, and (D) IL-1�. Values rep-
esent means � SEM of 3 deter-
inations. *P � .05; **P � .05;

**P � .001.
ted significantly by approximately 30% by the addition of h
PV (Figure 8B). Furthermore, KPV prevented other in-
ammatory changes such as decrease of colon length

Figure 4, supplementary Results section; see supplemen-
ary material online at www.gastrojournal.org). Finally,
he KPV anti-inflammatory effect was confirmed using
eal-time RT-PCR. We found that KPV significantly re-
uced TNBS-induced IL-1�, IL-6, TNF-�, and IFN-�
RNA levels in mouse colon (Figure 8C–F).
Together, these results show that orally delivered KPV de-

reases the severity of DSS- and TNBS-induced colitis in mice.

Discussion
�-MSH and other melanocortin peptides are po-

ent anti-inflammatory agents and have been shown to be
ffective in many diseases.30 Here, we show that the
ripeptide KPV, which is the C-terminal sequence of
-MSH, has an anti-inflammatory effect in vitro and in
ivo. We show that the anti-inflammatory effect of KPV is
ot MCR-mediated but PepT1-mediated. The finding
hat MCRs are not involved is supported by the results of
previous study showing that the anti-inflammatory and
olymorphonuclear leukocytes antimigratory activities
f KPV are retained in mice that have a nonfunctional
C1R.31 Furthermore, it recently was shown that KPV

oes not bind to MC1,3,5R32 and does not compete with
-MSH,20 indicating a non-MCR mechanism. By using

uman IECs and immune cell lines, we showed that

http://www.gastrojournal.org
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176 DALMASSO ET AL GASTROENTEROLOGY Vol. 134, No. 1
PepT1 transports KPV and that subsequent increased
ntracellular level of KPV decreases the activation of

F-�B and MAPK inflammatory signaling pathways and
nally reduces IL-8 secretion. Interestingly, we found, in
aco2-BBE cells, that hPepT1 has a high affinity for KPV

Km �160 �mol/L) that allows low doses of KPV to be
fficiently targeted to the intracellular compartment. To
ur knowledge, this Km is among the lowest Kms re-
orted for hPepT1. For example Gly-Sar, which is the
ost commonly used PepT1 substrate, has a Km of 1
mol/L or greater in Caco2-BBE cells.33 Similar results

ere found in Jurkat cells. Indeed, the Km is approxi- t
ately 700 �mol/L and only one study reported kinetic
xperiments in immune cells showing that the Km of
PepT1 for its substrates Gly-Sar and formyl-methionyl-

eucyl-phenylalanine (fMLP) were approximately 2
mol/L.18

Up-regulated expression of colonic hPepT1 in intesti-
al inflammation could allow oral delivery of small pep-
ides into inflamed colonic cells. Such transport activity

ay therefore provide a good target for the development
f anti-inflammatory therapies.

Our in vivo experiments showed that orally adminis-

Figure 8. KPV decreases TNBS-
induced intestinal inflammation.
(A) Body weight assessment in
TNBS-treated C57BL/6 mice.
Mice were administrated intra-
rectal EtOH and oral water
(green circle); intrarectal EtOH
and oral KPV (100 �mol/L) (Œ);
intrarectal TNBS (150 mg/kg)
and oral water (red triangle); and
intrarectal TNBS (150 mg/kg)
and oral KPV (100 �mol/L) (blue
triangle) (10 mice/group). Mice
body weight was assessed 1
and 2 days after treatment. Re-
sults are expressed as percent-
age of weight. *P � .05 vs
TNBS/water (red triangle). (B)
Determination of MPO enzy-
matic activity in the colon. Re-
sults are expressed as MPO
mUnits per �g protein and rep-
resent means � SEM of 10 de-
terminations. (C–F) Quantifica-
tion of mRNA levels of cytokines
IL-1�, IL-6, TNF-�, and IFN-� by
real-time RT-PCR after the dif-
ferent earlier-mentioned treat-
ments of mice. Values represent
means � SEM of 10 determina-
tions. (A–F) *P � .05.
ered KPV significantly decreased inflammation in DSS-
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January 2008 KPV REDUCES INTESTINAL INFLAMMATION 177
nd TNBS-induced colitis. KPV reduced loss of body
eight, colonic MPO activity, and markedly decreased
istologic signs of inflammation and proinflammatory
ytokine mRNA levels. This work constitutes a report of
PV-mediated reduction of colitis. Our in vitro experi-
ents suggested that this anti-inflammatory role of KPV

esults from inhibition of proinflammatory mechanisms
n both IECs and immune cells.

The higher dose of KPV (100 �mol/L) used in our in vivo
tudies was based on previous studies using �-MSH to treat
xperimental colitis28,29 and was chosen to increase the
hances of KPV to reach mouse colon. Because our in vitro
tudies showed that PepT1 has a very high affinity for KPV,
t is very likely that KPV is transported into inflamed colonic
ells even if it is present at lower concentrations. It is
herefore reasonable to hypothesize that orally adminis-
rated KPV is taken up by small intestine and inflamed
olonic cells expressing PepT1, thereafter inhibiting epithe-
ial inflammatory responses, including cytokine secretion.
he inhibition of chemoattractant expression by colonic
pithelial cells reduces the transport of neutrophils through
he underlying matrix, as well as across the epithelium.

KPV also can reach the lamina propria through both
he transcellular and the paracellular pathways, where it
an interact directly with immune cells. We previously
howed that human monocytes express a functional
PepT1 protein.18 Our work shows that the human Jur-
at T-cell line also expresses a functional hPepT1 protein
ble to transport KPV into the cytosol, where it can
ccumulate and inhibit inflammatory signaling pathways
nd subsequent cytokine secretion. PepT1 expression in
mmune cells provides the opportunity to deliver small
eptides into cells that are actively involved in intestinal

nflammation. Therefore, immune cells may participate
n the reduction of colitis through KPV-mediated inhibi-
ion of immune responses.

Together our results show that (1) KPV reduces the 2
ost important intracellular signaling pathways in the

athogenesis of IBDs: the NF-�B and MAPK cascade
athways as well as the subsequent synthesis of proin-
ammatory cytokines; (2) the anti-inflammatory effect of
PV is mediated through the transporter PepT1; and (3)
ral delivery of KPV reduces the severity of DSS- and
NBS-induced colitis in mice.
These results indicate that targeting KPV transport

nto both epithelial and immune cells may reduce the
verall level of proinflammatory cytokine production
y mucosal and immune cells and therefore raise the
se of KPV as an attractive therapeutic strategy against

BD.

Supplementary Data

Note: To access the supplementary material ac-

ompanying this article, visit the online version of Gas-
roenterology at www.gastrojournal.org, and at doi:10.1053/
.gastro.2007.10.026.
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