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Chemotactic Peptide
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Arbor, Michigan 48109, United States

Abstract

The primary purpose of this study was to evaluate the intestinal permeability (Peff) of A-formyl-
methionyl-leucyl-phenylalanine (fMet-Leu-Phe), a bacterially derived chemotactic tripeptide, in
the duodenum, jejunum, ileum, and colon of wild-type and PepT1 knockout mice. A secondary
purpose was to determine if the presence of intestinal PepT1 translated into fMet-Leu-Phe directed
neutrophil migration in these animals. Using an in situ single pass perfusion technique, the Py of
[3H]fMet-Leu-Phe was substantially reduced in the duodenum, jejunum, and ileum of PepT1
knockout mice as compared to wild-type animals. In contrast, the Pugs of [2H]fMet-Leu-Phe in
colon was unchanged between genotypes and about 5% of that in small intestine. Jejunal uptake of
[3H]fMet-Leu-Phe was specific for PepT1 and saturable with an intrinsic Kj 5 of 1.6 mM. The
peptide/histidine transporters PhT1 and PhT2 were not involved in [2H]fMet-Leu-Phe uptake.
Myeloperoxidase activity (a measure of neutrophil migration) was significantly increased
following 4 h perfusions of 10 M fMet-Leu-Phe in the jejunum of wild-type mice and was
abolished by 50 mM glycylglycine; no change was observed in the jejunum of PepT1 knockout
mice. Likewise, fMet-Leu-Phe perfusions had no effect on myeloperoxidase activity in the colon
of either genotype. In conclusion, these findings demonstrated that PepT1 had a major influence
on the permeability of fMet-Leu-Phe in duodenum, jejunum, and ileum in wild-type mice and on
inflammatory response in intestinal regions that expressed PepT1.
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INTRODUCTION

Since PepT1, a proton-coupled oligopeptide transporter, had been cloned from the rabbit
intestine,! subsequent studies suggested that the end products of digested protein were
absorbed predominantly by PepT1 in the form of di/tripeptides rather than free amino acids.?
PepT1 was shown to be expressed throughout the small intestine (duodenum, jejunum, and
ileum) with little or no expression in the colon.3 Immunofluorescent staining demonstrated
that PepT1 was expressed at the apical side of the enterocyte with decreasing expression
from the tip to the crypt of the villus.3 In theory, PepT1 can transport 400 dipeptides and
8000 tripeptides, but it has been suggested that not all possible di/tripeptides are transported
by this protein.# In addition to endogenous small peptides, PepT1 can transport several
peptide-like drugs such as some Alactam antibiotics,® angiotensin-converting enzyme
inhibitors,% the anticancer drug bestatin,” and the antiviral prodrug valacyclovir.8 Because of
its broad substrate specificity, PepT1 has been proposed as a drug delivery target to increase
the intestinal permeability of poorly absorbed compounds. A successful example,
valacyclovir, has been shown to exhibit a 3-to 5-fold increase in oral bioavailability as
compared to its parent compound acyclovir.?

PepT1 regulation, under a variety of experimental and clinical conditions, has been recently
reviewed by Smith et al.10 Pharmacological agents, hormones, diet, and disease have been
shown to modify the expression of PepT1 mRNA or protein levels. Most interestingly,
PepT1 was upregulated in the colon, where normally no PepT1 is expressed, under certain
intestinal disease states. For example, PepT1 was detected at the apical membrane of colon
in patients with inflammatory bowel disease (IBD) as shown by immunohistochemical
staining.! The upregulation of colonic PepT1 was also observed in patients with short
bowel syndrome (SBS).12 Therefore, a pathological role was suggested for PepT1 based on
its ability1 ?'Eo transport bacterially produced chemotactic peptides and its aberrant expression
in colon.

One type of naturally occurring product of bacteria was the A-formyl peptides. In fact, the
tripeptide A-formyl-methionyl-leucyl-phenylalanine (fMet-Leu-Phe) was shown to be the
major peptide neutrophil chemotactic factor produced by £. colil* PepT1 as well as its
homologue PepT2 have been shown to transport some bacterially derived compounds such
as fMet-Leu-Phe,1® muramy! dipeptide (MDP),16 and j-D-glutamyl-meso-diaminopimelic
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acid (y-iE-DAP).17 The functional consequence of taking up bacterially derived compounds
has also been demonstrated in cell culture and perfusion studies. Thus, luminal fMet-Leu-
Phe resulted in the direct movement of neutrophils across Caco-2-BBE cells and specific
inhibition of hPepT1-mediated fMet-Leu-Phe transport decreased neutrophil migration by
about 50%.15 Moreover, the hPepT1-mediated epithelial transport of fMet-Leu-Phe
increased MHC Class | surface expression in HT29-C1.19A cells expressing GFP-hPepT1
but not in untransfected control cells.1! In situ 4 h jejunal perfusions of fMet-Leu-Phe in rats
also demonstrated an increase of myeloperoxidase (MPO) activity, a biomarker of
neutrophil migration, presumably because of the presence of PepT1 in this intestinal
region.18 Finally, in an animal model of SBS, 4 h colonic infusions of fMet-Leu-Phe
resulted in both increased PepT1 mRNA expression and MPO activity two weeks following
the 80% small intestinal resection, effects that were reversed by dipeptide inhibition.1?
Overall, these studies support the hypothesis that colonic PepT1 is involved in the
pathological progression of intestinal inflammation in addition to being a nutritional and
drug transporter.13

Crohn’s disease, a major form of IBD that usually affects the ileum and colon, may attack
any part of the digestive tract. Yet, little if any information is available on the regional
permeability of bacterially derived chemotactic peptides such as fMet-Leu-Phe in the small
and large intestines. In addition, the relative contribution of intestinal PepT1 (Slc15al) in
this process is unknown as is the contribution of other potential peptide transporters of the
Slc15 family such as PepT2 (Slc15a2),2% PhT1 (Slc15a4), and PhT2 (Slc15a3).21:22 The in
situ singlepass intestinal perfusion technique has proven to be a useful tool in examining the
effective permeability of a model dipeptide, glycylsarcosine (GlySar), in wild-type and
PepT1 null mice.23:24 Therefore, the specific aims of the present study were (1) to
characterize the intestinal permeability of fMet-Leu-Phe in the duodenum, jejunum, ileum,
and colon of mice and (2) to determine if the presence of intestinal PepT1 translates into
fMet-Leu-Phe directed neutrophil migration in these animals. Specifically, the regional
permeability, concentration dependency, substrate specificity, and dynamic activity of fMet-
Leu-Phe were studied in PepT1-competent and-deficient mice.

EXPERIMENTAL SECTION

Materials

Animals

[3H-Phe]fMet-Leu-Phe (15 Ci/mmol) was purchased from AmBios Laboratories
(Newington, CT), [4C]inulin (2.38 mCi/g) from Moravek Biochemicals and
Radiochemicals (Brea, CA), and glycylproline (GlyPro) from Bachem (Torrance, CA). All
other chemicals were acquired from Sigma-Aldrich (St. Louis, MO).

Mouse experiments were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted by the U.S. National Institutes of Health. Gender-matched
wild-type and PepT1 knockout mice (8-10 week old) were used in all the experiments. The
mice were kept under 12 h light and dark cycles and fed a standard diet and water ad libitum
(Unit for Laboratory Animal Medicine, University of Michigan, Ann Arbor, MI).

Metabolism of fMet-Leu-Phe in Intestinal Segments and Exposure in Portal Vein

One centimeter pieces of intestinal segments (duodenum, jejunum, ileum, and colon) were
taken from wild-type mice and the luminal surface exposed longitudinally. Each intestinal
segment was incubated with 0.5 mL phosphate buffered saline (pH 7.4) containing 0.8 mM
fMet-Leu-Phe for 5 min at 37 °C. The incubation medium was then placed on ice and 10 /L
of 10% trifluoroacetic acid (TFA) was added to stop the reaction. The mixture was
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centrifuged at 12 000¢ for 5 min and an aliquot of supernatant was analyzed by high-
performance liquid chromatography (HPLC) consisting of a 600S controller, 616 pump,
2487 dual A absorbance detector, and Empower 2 data acquisition software (Waters,
Milford, MA). HPLC separations were carried out on a reversed-phase C18 column, 250 x
4.6 mm (Symmetric, Waters), under ambient conditions, with ultraviolet detection at 210
nm. The mobile phase consisted of 100% acetonitrile plus 0.1% TFA (buffer A) and 100%
H,0 plus 0.1% TFA (buffer B). A gradient elution was run over 30 min, starting from 15%
buffer A to 30% buffer A, at a flow rate of 1.0 mL/min. Under these conditions, the
retention times were 5.0 min for Phe, 6.5 min for fMet, 13.0 min for Leu-Phe, 14.5 min for
fMet-Leu, and 24.0 min for fMet-Leu-Phe. All compounds were identified using known
standards.

Portal venous blood was obtained during the 80-90 min time period of jejunal perfusion in
wild-type mice with 2 #Ci/ml (0.1 £M) of [3H-Phe]fMet-Leu-Phe. The blood sample was
centrifuged at 3300g for 3 min after which a 100 gL aliquot of plasma was deproteinated
with 200 gL of acetonitrile. The supernatant was evaporated to dryness by a Savant SVC
200H SpeedVac Concentrator and then reconstituted in 20 £ of water. The reconstituted
sample was analyzed on an HPLC system, which consisted of a Waters 515 pump, a Packard
500TR radiochemical detector (PerkinElmer Life and Analytical Sciences, Boston, MA),
and a reversed-phase C18 column, 250 x 4.6 mm (Discovery, Supelco, Bellefonte, PA). The
mobile phase consisted of 30% acetonitrile plus 0.1% TFA, pumped isocratically at 1.0 mL/
min under ambient conditions. Under these conditions, the retention times were 3.5 min for
[3H-Phe] and 14.5 min for [3H-Phe]fMet-Leu-Phe. Known radiolabeled standards were used
to identify compounds of interest.

In Situ Single-Pass Jejunal Perfusion of fMet-Leu-Phe

Jejunal perfusions were performed in wild-type and PepT1 knockout mice (8-10 week old)
as described previously.2324 In brief, animals were fasted overnight and then anesthetized
with sodium pentobarbital (40-60 mg/kg ip). An 8 cm segment was isolated (i.e., 2cm
distal to the ligament of Treitz), and glass cannulas (2.0 mm outer diameter), attached to
Tygon Laboratory tubing, were inserted at both ends of the intestinal segment and secured in
place with silk sutures. Following cannulation, the isolated intestinal segment was rinsed
with isotonic saline solution, and then covered with saline-wetted gauze and parafilm to
prevent dehydration. After the surgical procedure, the mice were transferred to a
temperature-controlled chamber (31 °C) to maintain body temperature during the
experiment. The inlet cannula was connected to a 30 mL syringe containing perfusate and
placed on a pump (Harvard Apparatus, Syringe Infusion Pump 22, South Natick, MA).

The perfusate contained 135 mM NaCl, 5 mM KCI, 10 mM MES (pH 6.5), 0.01%
[14Clinulin, and 2 4Ci/ml (0.1 £M) of [®H-Phe]fMet-Leu-Phe, in the presence of 100 mM
phenylalanine, at a flow rate of 0.1 mL/min. The exiting perfusate was collected every 10
min for 90 min. A 100 i aliquot of this perfusate was added to a vial containing
scintillation fluid (CytoScint, MP Biomedicals, Solon, OH) and measured on a dual-channel
liquid scintillation counter (Beckman LS 6000 SC, Beckman Coulter, Inc., Fullerton, CA).
Water flux was corrected by the nonpermeable marker [14CJinulin. During the
concentration-dependent studies, [3H-Phe]fMet-Leu-Phe was studied over 0.1 M to 7.5
mM and during the specificity studies, potential inhibitors were present in perfusate at 50
mM.

Regional Intestinal Permeability of fMet-Leu-Phe

Each intestinal segment (i.e., duodenum, jejunum, ileum, and colon) was studied separately
in wild-type and PepT1 knockout mice, as described previously for jejunal perfusion. For
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duodenal perfusions, a 2 cm segment was studied (i.e., ~0.25 cm distal to the pyloric
sphincter), for jejunal perfusions, an 8 cm segment was studied (i.e., ~2 cm distal to the
ligament of Treitz), for ileal perfusions, a 6 cm segment was studied (i.e., ~1 cm proximal to
the cecum), and for colonic perfusions, a 3 cm segment was studied (i.e., ~0.5 cm distal to
the cecum).

Effect of fMet-Leu-Phe on Myeloperoxidase (MPO) Activity

Wild-type and PepT1 knockout mice (8—10 week old) were perfused as described above in
the jejunum and colon with minor modifications. In particular, the Krebs—Ringer buffer was
perfused at a flow rate of 0.067 mL/min in jejunum and 0.1 mL/min in colon for 30 min,
after which 10 4M of fMet-Leu-Phe was added to the buffer and perfused for another 4 h.
For the inhibition study, 50 mM of glycylglycine (GlyGly) was added to the perfusate with
fMet-Leu-Phe. Following the 4 h perfusion, MPO activity was determined by a
spectrophotometric method based on the oxidation of o-dianisidine, as previously
described.18 Briefly, intestinal segments (50-100 mg) were homogenized (PowerGen Model
125 Homogenizer, Fisher Scientific, Pittsburgh, PA) on ice for 30 s in 50 mM potassium
phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide (1 mL
per 50-100 mg intestine). The homogenates underwent three freeze—thaw procedures (-80
°C/37 °C) and were then centrifuged at 12 800g for 15 min at 4 °C. The supernatant (0.1
mL) was added to 2.9 mL of 50 mM phosphate buffer (pH 6.0) containing 0.167 mg/mL
(0.53 mM) of o-dianisidine dihydrochloride and 0.0005% (0.15 mM) of hydrogen peroxide.
Changes in absorbance were measured at 460 nm over 15 s intervals for 2 min on a UV/Vis
spectrophotometer (BU-530 Beckman Coulter, Fullerton, CA). The MPO activity was
reported as 1U/g wet tissue where one IU was defined as the quantity of enzyme able to
convert 1 zmol of hydrogen peroxide to water in 1 min at room temperature.

Hydrolysis Kinetics of fMet-Leu-Phe in Jejunal Homogenates

The mucous layers of jejunum from wild-type and PepT1 knockout mice were scraped off
with a glass slide and homogenized on ice in 0.5 mL of ice-cold PBS for 2 min. The
homogenates were centrifuged at 12 000g for 15 min, and the supernatant measured for total
protein using a Pierce protein assay kit (Thermo Scientific, Rockford, IL). A 25 gL aliquot
of 0.5 mg/mL protein was then incubated with different concentrations of [3H-Phe]fMet-
Leu-Phe (0.4-100 pM) for 1 min at 37 °C. The reaction mixture was stopped by the addition
of 50 pL of 10% TFA and centrifuged at 15 000g for 15 min. A 20 pi aliquot of supernatant
was then analyzed by HPLC/radiochemical detection as described above. The rate of
hydrolysis was calculated by the loss of fMet-Leu-Phe in the supernatant.

Data Analysis

Effective permeability (Peff) was determined by the steady-state loss of fMet-Leu-Phe from
perfusate according to a complete radial mixing (parallel tube) model:25:26

_Q X hl(cout/cin)
Peﬁ':
2rRL

where Qs the flow rate (mL/min), Ris the intestinal radius (cm), L is the length of intestine
(cm), Cout is the outlet concentration (water flux-corrected), and G, is the inlet
concentration. In our perfusion studies, steady-state was reached by 30 min. The intrinsic
transport parameters ( 7max, Kos) Were determined by analyzing the steady-state flux (J) of
fMet-Leu-Phe, referenced to estimated intestinal wall concentrations (G,), after factoring
out resistance of the unstirred water layer:
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Ko 5+Cy

The transformation of inlet to intestinal wall concentrations was based on the equation?’
Post
Cy=Cin X (1 - P:q)

where Py is the estimated unstirred aqueous permeability as determined by

(AR /3
g

in which the aqueous diffusion coefficient (D= 3.18 x 1074 cm?/min) was calculated by the
Hayduk-Laudie expression.28 Gz is the Graetz number (0.0399), and A is a unitless constant
(1.225) estimated by A=2.5Gz+ 1.125.

Kinetic parameters (Viax: Km) from the fMet-Leu-Phe hydrolysis study were estimated by

Vinax X C
Kn+C

V=

where Vis the hydrolysis rate of fMet-Leu-Phe (nmol/mg/min), and Cis the substrate
concentration (fMet-Leu-Phe, in ¢/M).

Statistical Analysis

RESULTS

Data were expressed as mean + SE. A two-tailed Student’s #test was used to compare
differences between two groups. For multiple comparisons, one-way analysis of variance
(ANOVA) was used followed by Dunnett’s or Tukey’s post hoc test (Prism v5.0, GraphPad
Software, Inc., La Jolla, CA). A probability of p< 0.05 was considered significant.
Nonlinear regression analyses were also performed using GraphPad Prism in which the
goodness of fit was determined by the coefficient of determination (/2), the standard error of
parameter estimates, and by visual inspection of the residuals.

Metabolism of fMet-Leu-Phe in Intestinal Segments and Exposure in Portal Vein

Studies were performed initially to evaluate the stability of 0.8 mM fMet-Leu-Phe in
different segments of the small and large intestines. As shown in Figure 1 (panels A-D),
fMet-Leu-Phe was hydrolyzed to Phe, fMet, and fMet-Leu, but not to Leu-Phe (retention
time of 13.0 min, if present), in these segments. Moreover, substantial hydrolysis occurred
in the duodenum and jejunum with only minor hydrolysis in the ileum and colon. Following
jejunal perfusions of 0.1 1M [3H-Phe]fMet-Leu-Phe for 90 min, only phenylalanine (shown
as Phe* in Figure 1E) was detectable in the blood of portal vein. Thus, once fMet-Leu-Phe
was transported across the apical membrane of enterocytes, only degradation products
entered the portal vein prior to reaching the liver and systemic circulation.
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In Situ Single-Pass Jejunal Perfusion of fMet-Leu-Phe

Because of its degradation pattern in intestine (i.e., Phe but not Leu-Phe being formed), in
situ perfusions of [3H-Phe]fMet-Leu-Phe were performed in the presence of high
concentrations of unlabeled Phe (in order to prevent the uptake of radiolabeled Phe), thereby
ensuring a correct interpretation of the permeability results. As shown in Figure 2, the Pt
values of fMet-Leu-Phe were significantly reduced when 50, 100, or 150 mM of Phe was
present in the perfusate. Thus, subsequent studies were performed with 100 mM Phe even
though no statistical differences were observed between the three Phe treatments.

To examine whether the permeability of fMet-Leu-Phe was saturable, the concentration-
dependent uptake of [3H-Phe]-fMet-Leu-Phe was evaluated during jejunal perfusions in
wildtype mice (total substrate ranged from 0.1 M to 7.5 mM). As shown in Figure 3, fMet-
Leu-Phe exhibited a nonlinear uptake in which the data were best fitted to a single Langmuir
term. As such, the intrinsic transport parameters were estimated as 7ax = 0.73 + 0.07 nmol/
cm?/s and K5 = 1.6 + 0.4 mM (/2 = 0.964).

The specificity of 0.1 M [3H-Phe]fMet-Leu-Phe uptake was examined during jejunal
perfusions in wild-type and PeptT1 knockout mice by adding 50 mM of the PepT1 substrate
glycylproline (GlyPro) or the PhT1/PhT2 substrate L-histidine. Figure 4 demonstrates that
GlyPro significantly reduced the permeability of fMet-Leu-Phe in wild-type mice but not in
PepT1knockout animals. The inhibitory effect was weak, however, in which fMet-Leu-Phe
uptake was reduced by only 33%. On the basis of a competitive inhibition model, the Kj of
GlyPro was estimated at 100 mM. In contrast, L-histidine had no effect on the permeability
of fMet-Leu-Phe in either genotype. These results show that fMet-Leu-Phe transport was
specific for PepT1 but not PhT1/PhT2.

Regional Intestinal Permeability of fMet-Leu-Phe

The intestinal permeability of 0.1 zM [3H-Phe]fMet-Leu-Phe was determined in different
regions of the small and large intestines, as shown in Figure 5. We observed that the
effective permeability of fMet-Leu-Phe was considerably lower in the duodenum, jejunum,
and ileum of PepT1 knockout mice as compared to wild-type animals. Moreover, the
permeability of fMet-Leu-Phe was very low in the colon (i.e., ~5% of that in the small
intestine) and did not differ between the two genotypes. It was also observed that the
permeability of fMet-Leu-Phe in wild-type mice was duodenum = jejunum > ileum > colon,
whereas the permeability in PepT1 knockout mice was not different among the four
intestinal segments.

Effect of fMet-Leu-Phe on Myeloperoxidase (MPO) Activity

The role of PepT1 in facilitating bacterial-induced neutrophil migration was evaluated
following 4 h perfusions of 10 /M fMet-Leu-Phe in the intestines of mice. Figure 6A shows
that, in wild-type animals, exposure of the jejunum to this tripeptide resulted in significant
increases in MPO activity (about 2-fold), which returned to control values when fMet-Leu-
Phe was coperfused with saturating (inhibiting) concentrations of the dipeptide GlyGly. In
contrast, fMet-Leu-Phe had no effect on MPO activity in PepT1 knockout mice, which were
similar to that of wild-type animals in the absence of tripeptide. Likewise, given the absence
of PepT1 protein in colon, fMet-Leu-Phe perfusions of this region were without change in
MPO activity for both wild-type and PepT1 null mice (Figure 6B). Although the MPO
activity was 3-fold higher in wild-type as compared to PepT1 knockout mice, all MPO
values in colon were much lower than that in jejunum.
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Hydrolysis Kinetics of fMet-Leu-Phe in Jejunal Homogenates

To rule out any potential differences in hydrolytic activity between genotypes, the
hydrolysis of [2H-Phe]fMet-Leu-Phe was examined in jejunal homogenates (total substrate
ranged from 0.4-100 ¢M). Figure 7 demonstrates that the hydrolysis rates were nonlinear
and the curves virtually superimposable between wild-type and PepT1 knockout mice.
Using a single Michaelis—Menten term to fit the results, the estimated parameters showed no
difference between genotypes in which Vs = 3.2 £ 0.2 nmol/mg/minand K, =7.0 £ 2.4
LM for wild-type mice (2 = 0.860) and Viyax = 3.3 £ 0.1 nmol/mg/min and Ky, = 6.9 £ 1.2
LM (72 =0.959) for PepT1 knockout animals.

DISCUSSION

The proposed studies have provided several unique findings in regard to the intestinal
disposition and dynamics of fMet-Leu-Phe in wild-type and PepT1 knockout mice.
Specifically, we found that (1) fMet-Leu-Phe exhibited substantial hydrolysis in duodenum
and jejunum but only minor hydrolysis in ileum and colon. In addition, no intact tripeptide
was found in the portal vein during in situ jejunal perfusions; (2) fMet-Leu-Phe uptake was
specific for PepT1 and saturable with a Kj 5 value of 1.6 mM. The peptide-histidine
transporters PhT1/PhT2 were not involved with fMet-Leu-Phe transport across the
enterocytes; (3) the permeability of fMet-Leu-Phe was substantially larger in duodenal,
jejunal, and ileal segments of wild-type mice as compared to PepT1 knockout animals

( 10% residual values, on average). No difference was observed between genotypes in the
permeability of fMet-Leu-Phe in colon, which was <6% of that observed in small intestine.
These results are consistent with previously reported immunoblot analyses in wild-type mice
in which PepT1 protein was abundantly expressed in small intestine with no protein
expression in colon;24 (4) jejunal perfusions of fMet-Leu-Phe in wild-type mice caused an
increase in neutrophil migration, which was completely blocked by coperfusion with
saturating concentrations of the PepT1 substrate GlyGly. In the absence of PepT1, such as in
PepT1 null mice or colonic perfusions in either genotype, fMet-Leu-Phe was without effect;
(5) there was no difference in the hydrolysis kinetics of fMet-Leu-Phe in jejunum of wild-
type and PepT1 knockout mice.

Previous studies have shown that fMet-Leu-Phe was accumulated in Caco2-BBE
monolayers and Xenopus oocytes expressing hPepT11° and that the tripeptide had a Kg 5
value of 2.9 mM in KG-1, a human monocytic cell line.2% The Kj 5 value of 1.6 mM in wild-
type mice, as determined during in situ jejunal perfusions, was comparable to the value in
KG-1 cells and was similar to other PepT1 substrates reported in the literature for this low-
affinity transporter.30-31 Qur in situ perfusion results differed, however, from a study in rats
where the authors32 reported that, during ileal loop incubations, fMet-Leu-Phe was not
absorbed because of restricted mucosal permeability and carboxypeptidase degradation. To
clarify this apparent discrepancy, we subsequently performed jejunal perfusion studies with
GlySar in which carboxypeptidase inhibitors (i.e., 25 mM benzylsuccinic acid or 10 mM
EDTA) were added to the perfusate, as had the previous authors to their ileal preparation.
For these experiments, we found that, in wild-type mice, the permeability of GlySar, a
nonhydrolyzable substrate of PepT1, was significantly reduced from 1.7 x 1074 cm/s
(control) to 0.21 x 1074 cm/s in the presence of benzylsuccinic acid or to 0.69 x 10~ cm/s
in the presence of EDTA (n = 3 for each group; p< 0.001). Thus, the addition of
carboxypeptidase inhibitors such as benzylsuccinic acid or EDTA can compromise the
transport activity of PepT1 and, as a result, lead to the erroneous conclusion that the gut
mucosa is impermeable to fMet-Leu-Phe.

Intestinal perfusions of the bacterial-derived fMet-Leu-Phe in wild-type and Peptl knockout
mice demonstrated that PepT1-mediated uptake of this chemotactic peptide in enterocytes
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was a key step in the dynamics of increasing neutrophil migration. Our findings in Figure
6A clearly showed that, during jejunal perfusions of fMet-Leu-Phe, the MPO activity was
increased only in mice that were PepT1-competent or functionally active (i.e., in the absence
of inhibiting GlyGly). Likewise, since little or no PepT1 was expressed in mouse colon,
fMet-Leu-Phe perfusions of this region were without effect in either genotype (Figure 6B).

It is highly unlikely that Phe or fMet-Leu would have any effect on MPO activity since no
difference in neutrophil migration is observed in the jejunum of control vs fMet-Leu-Phe +
GlyGly studies in wild-type mice or the jejunum of control vs fMet-Leu-Phe studies in KO
mice (Figure 6A). The same is true in colon where no differences are observed in MPO
activity between the colon of control vs fMet-Leu-Phe studies in both genotypes (Figure
6B). Further, it has been demonstrated that amino-terminal formyl peptides, of which fMet-
Leu-Phe is the major component of £. coli culture filtrates, are the peptide mediators
responsible for the potent chemotaxis of leukocytes.14:33 Interestingly, there was a small but
significant difference between wild-type and PepT1 knockout mice in their baseline values
for MPO activity in colon (Figure 6B). The reason for this difference is unknown but may be
due, in part, to experimental variation since the measured activity was very low in colon as
compared to jejunum. Alternatively, this difference may be the result of sparse but
undetectable levels of PepT1 expression in the colon of wild-type mice. More experiments
will be needed to clarify this unexpected result.

To rule out the possibility that the lack of effect of fMet-Leu-Phe jejunal perfusions on MPO
activity in PepT1 knockout mice was the result of differences in enzymatic activity between
genotypes, the hydrolysis kinetics of fMet-Leu-Phe were evaluated in PepT1-competent and
-deficient mice. As described previously, no differences were found between genotypes in
the hydrolysis kinetic parameters (Vinax, Km) of fMet-Leu-Phe when incubated in
homogenates prepared from jejunum. Because the enzyme(s) responsible for fMet-Leu-Phe
hydrolysis are uncertain, we studied this process using a nonspecific approach.
Notwithstanding this uncertainty, one of the enzymes capable of hydrolyzing fMet-Leu-Phe
was a carboxypeptidase, inhibitable by benzylsuccinic acid.3* Carboxypeptidase M belongs
to the family of metallocarboxypeptidases, a class of enzymes that catalyze the hydrolysis of
the C-terminal peptide bond in peptides and proteins. Depending upon the specific isoform,
substrate, and experimental system, the K, of these carboxypeptidases can range from 6—
1573 tM.3% The Ky, of 7 M for fMet-Leu-Phe in our study is consistent with these
literature values. Moreover, with fMet-Leu but not Leu-Phe being formed during intestinal
degradation (see Figure 1), it appears that the initial direction of hydrolysis was from the
carboxyl terminus of the tripeptide.

IBD, which comprises Crohn’s disease and ulcerative colitis, is a chronic disorder
characterized by nonspecific inflammation and intestinal tissue damage.3¢ The
pathophysiology of IBD is incompletely understood but disease susceptibility includes a
complex interaction of host genetics, gut microbiota, environmental factors, and a
dysregulated mucosal immune system. Mounting evidence suggests an important role for
PepT1, including its aberrant expression in colon, in linking the intestinal uptake of
chemotactic bacterial-derived peptides and an aggravated inflammatory response.19:37 Thus,
internalization of these peptides leads to activation of NF-«B and MAPK pathways within
the enterocyte which, in turn, triggers proinflammatory cytokine/chemokine production and
the infiltration of neutrophils into inflammatory regions.3” However, it has also been shown
that factin/hPepT1 transgenic mice infected with Citrobacter rodentium, which can induce
PepT1 expression in mouse colon, had reduced bacterial colonization, production of
proinflammatory cytokines, and neutrophil infiltration of the colon as compared to wild-type
animals.38 Thus, colonic PepT1 may serve a dual purpose in exacerbating intestinal
inflammation via its transport of chemotactic peptides produced by commensal bacteria,
while also mitigating intestinal inflammation by interfering with those lipid rafts used as
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docking sites for murine attaching and effacing pathogens. The molecular mechanism
underlying the aberrant expression of PepT1 in colon is unknown but reveals a novel role for
PepT1 in both host susceptibility or host defense to IBD. It is noteworthy that a bidirectional
association was found between a functional SLC15A1 single nucleotide polymorphism and
Crohn’s disease in two cohorts of Swedish (increased risk) and Finnish (increased
protection) patients.3° This discussion illustrates, in part, the complex relationship of colonic
PepT1 expression and regulation and its influence on intestinal inflammation. To further
explore the role and relevance of intestinal PepT1 in IBD, it may prove useful to perform
more sophisticated studies in which transgenic PepT1 null mice expressing the human
PepT1 gene are evaluated under a variety of experimental conditions such as inducible
colitis and germ-free and gnotobiotic conditions.
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Figurel.

HPLC analyses of phenylalanine (Phe), A-formyl-methionine (fMet), A-formyl-methionyl-
leucine (fMet-Leu), and A-formyl-methionyl-leucyl-phenylalanine (fMet-Leu-Phe) after 5
min incubations of 0.8 mM fMet-Leu-Phe (37 °C) in intestinal segments of duodenum
(panel A), jejunum (panel B), ileum (panel C), and colon (panel D) of wild-type mice. All
compounds were identified by UV detection using known standards; the retention times
were 5.0 min for Phe, 6.5 min for fMet, 14.5 min for fMet-Leu, and 24.0 min for fMet-Leu-
Phe. The portal vein was also sampled during a 90 min jejunal perfusion of 0.1 pV
[BH]fMet-Leu-Phe (label on Phe*) (panel E). Using different chromatographic conditions
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(HPLC/radiochemical detection), retention times were 3.5 min for Phe* and 14.5 min for
fMet-Leu-Phe* (no signal observed).
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Figure 2.

Effective permeability (Put) of 0.1 M [3H]fMet-Leu-Phe during jejunal perfusions of wild-
type mice. Studies were performed in pH 6.5 buffer with varying concentrations of
unlabeled Phe (7= 3, mean + SE). Groups with different letters were statistically different as
determined by one-way ANOVA and Tukey’s test.
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Figure 3.

Concentration-dependent uptake of [3H]fMet-Leu-Phe (0.1 #M to 7.5 mM total substrate in
perfusate) during jejunal perfusions of wild-type mice. Studies were performed in pH 6.5
buffer with 100 mM unlabeled Phe (7= 4, mean * SE). fMet-Leu-Phe,, represents mean
estimated concentrations of tripeptide at the intestinal wall.
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Figure 4.

Effect of potential inhibitors (50 mM) on the P of 0.1 1M [3H]fMet-Leu-Phe during
jejunal perfusions of wild-type (panel A) and PepT1 knockout (panel B) mice. Studies were
performed in pH 6.5 buffer with 100 mM unlabeled Phe (/7= 4, mean + SE). Statistical
analyses were performed by one-way ANOVA and Dunnett’s test. *p < 0.05 as compared to
control.
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Figureb5.

Effective permeability (Pufr) of 0.1 £M [3H]fMet-Leu-Phe during intestinal perfusions of
wild-type and PepT1 knockout mice. Studies were performed in pH 6.5 buffer with 100 mM
unlabeled Phe (7= 6, mean + SE). Groups with different letters were statistically different as
determined by one-way ANOVA and Tukey’s test.
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Figure6.

Myeloperoxidase (MPO) activity, a measure of neutrophil migration, was measured in the
jejunum (panel A) and colon (panel B) of wild-type and PepT1 knockout mice following 4 h
in situ perfusions of 10 xM fMet-Leu-Phe + 50 mM GlyGly (n=5, mean £ SE). Groups
with different letters were statistically different as determined by one-way ANOVA and
Tukey’s test.
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Figure7.
Hydrolysis kinetics of [3H]fMet-Leu-Phe (0.4-100 M total substrate) in the jejunal
homogenates of wild-type and PepT1 knockout mice (7= 4, mean = SE).
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