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Abstract

Amino acids, a critical energy source for the intestinal epithelial cells, are more efficiently assimilated in the normal intestine via peptide

co-transporters such as proton:dipeptide co-transport (such as PepT1). Active uptake of a non-hydrolyzable dipeptide (glycosarcosine) was

used as a substrate and PepT1 was found to be present in normal villus, but not crypt cells. The mRNA for this transporter was also found in

villus, but not crypt cells from the normal rabbit intestine. PepT1 was significantly reduced in villus cells also diminished in villus cell brush

border membrane vesicles both from the chronically inflamed intestine. Kinetic studies demonstrated that the mechanism of inhibition of

PepT1 during chronic enteritis was secondary to a decrease in the affinity of the co-transporter for the dipeptide without an alteration in the

maximal rate of uptake (Vmax). Northern blot studies also demonstrated unaltered steady state mRNA levels of this transporter in the

chronically inflamed intestine. Proton dipeptide transport is found in normal intestinal villus cells and is inhibited during chronic intestinal

inflammation. The mechanism of inhibition is secondary to altered affinity of the co-transporter for the dipeptide.

D 2005 Published by Elsevier B.V.
Keywords: Proton; Dipeptide; Chronic enteritis; Amino acid absorption; Regulation of amino acid transport
1. Introduction

Amino acid assimilation is essential for the normal

functioning of the small intestinal epithelium as it is a prime

energy source for cell maintenance, turnover, and repair

mechanisms [1–3]. Therefore, malabsorption of amino

acids may seriously compromise the health of the small

intestine [3]. In addition, altered amino acid absorption may

further compromise the diseased intestinal epithelium and

certainly diminish its ability to return to health. Dipeptide

transporters represent a much faster and more efficient way

of absorbing amino acids in the normal intestine and their

regulation is therefore important to normal absorption of

amino acids [1–3].
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One of the most common, chronic and debilitating

diseases of the small intestine is inflammatory bowel

disease (IBD). IBD is characterized by malabsorption of

nutrients, electrolytes and fluid in the small intestine [4,5].

This results in diarrhea, malnutrition, and weight loss in

patients with this condition. Since amino acids are essential

for the well being of the small intestine, better under-

standing of amino acid uptake alterations during chronic

intestinal inflammation is important. In the normal small

intestine, active amino acid absorption occurs primarily by

Na-dependent amino acid co-transporters systems or peptide

transporters such as proton dipeptide co-transport (i.e.

PepT1; [1,2,6]). How the latter is affected during chronic

enteritis is unknown. This due to the lack of suitable animal

models of chronic small intestinal inflammation from which

viable enterocytes suitable for the study of nutrient transport

can be isolated.

In a model of chronic small intestinal inflammation, it

has been demonstrated that Na-dependent amino acid co-
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transport is inhibited [7]. The mechanism of inhibition at the

level of the co-transporter on the BBM was due to a

decrease in affinity for the amino acid without an alteration

in the number of co-transporters [7]. The effect of chronic

intestinal inflammation on proton:dipeptide assimilation

pathway, specifically, PepT1, is unknown. Therefore, the

aims of this study are first to determine the distribution of

PepT1 along the villus-crypt axis of the rabbit small

intestine. Next, the aim will be to determine the alterations

in this co-transport process in the chronically inflamed

intestine and to decipher the mechanisms of this alteration.
Fig. 1. Proton:dipeptide co-transport (PepT1) in the rabbit intestine. (A) The

distribution of proton:dipeptide co-transport (PepT1) along the villus–crypt

axis of the normal rabbit intestine. Active uptake of 14C-GlySar was defined

as the uptake of 14C-GlySar in the presence of 20 AM unlabeled GlySar

minus the uptake of 14C-GlySar in the presence of saturating levels of

unlabeled GlySar (20 mM). Active 14C-GlySar is present in normal

intestinal villus, but not crypt cells. (B) Effect of an inwardly directed

proton gradient on the proton:dipeptide co-transporter in villus cells. An

inwardly directed proton gradient, pH 6.9, stimulates the active uptake of
14C-GlySar in normal ileal villus cells.
2. Materials and methods

2.1. Rabbit model of chronic small intestinal inflammation

Chronic intestinal inflammation was produced in rabbits

as previously reported [8]. Pathogen-free New Zealand

white male rabbits (Prince’s Rabbitry, Oakvile, KY) were

inoculated with Eimeria magna oocytes or sham inoculated

with 0.9% NaCl (control animals). None of these sham

inoculations and more than 80% of inoculation with

coccidia resulted in chronic small intestinal inflammation

during days 13–14. During the chronic phase of ileal

inflammation histologically the intestine is free of the

coccidia. Only enterocytes from those animals that had

chronic small intestinal inflammation were utilized.

2.2. Cell isolation

Villus and crypt cells were isolated from the ileum by a

calcium chelation technique as previously reported [8,9].

Previously established criteria were utilized to validate good

separation of villus and crypt cells [8,9]. Previously

established criteria were also utilized to study cells with

good viability and to exclude those that showed evidence of

poor viability [8,9].

2.3. Uptake studies in villus and crypt cells

Villus or crypt cells were washed and re-suspended in a

Na–HEPES buffer containing (in mM) 8 A1 14C-Glyco-

sarcosine (GlySar), 20 AM or 20 GlySar, 1 mM MgSO4, 130

NaCl, 1.2 K2HPO4, 4.7 KCl, 1.25 CaCl2, 20 HEPES–Tris,

pH 6.9. The uptake was stopped by mixing with 3 ml of

cold stop solution which consisted of the Na–HEPES buffer

without GlySar. The mixture was filtered on 0.65 Am
Millipore HAWP filters. After two washes the filter was

dissolved in Liquiscient scintillation fluid and counted in a

Beckman LS-5500 scintillation counter.

2.4. Brush border membrane vesicles preparation

Brush border membrane vesicles (BBMV) from rabbit

intestinal villus cells were prepared by calcium precipitation
and differential centrifugation as previously reported [10].

BBMV were re-suspended in the medium appropriate to

each experiment. BBM purity was assured with appropriate

marker enrichment (e.g. alkaline phosphatase).

2.5. Uptake studies in BBMV

BBMV uptake studies were performed by rapid filtration

as previously described [10]. In brief, 5 A1 of BBMV were

re-suspended (mM) 50 HEPES–Tris, 0.1 MgSO4, and 150

gluconate, pH 7.5, and incubated in 95 A1 of reaction mix

containing 8 A1 14C-GlySar, 20 AM GlySar, 0.1 mMMgSO4

150 mM gluconate, and either 50 mMHEPES–Tris, or 50 mM

MES–Tris, pH 5.5. At desired times, the reaction was stopped

with ice cold stop solution consisting (mM) 0.1 MgSO4, 150



Fig. 2. Steady state messenger RNA levels of PepT1 along the villus–crypt

axis of the normal rabbit intestine. The data are representative of 4

experiments. Northern blot analysis demonstrated that the mRNA for this

co-transport process is found primarily in villus, but not crypt cells from the

normal rabbit intestine. Densitometric quantitation also demonstrated the

paucity of PepT1 mRNA in crypt cells (villus standardized to 1.0, crypt

0.16, P <0.05). h-actin was utilized to ensure equal loading of mRNA in

gel.
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NMG gluconate, and 50 HEPES–Tris, pH 7.5. The mixture

was filtered on a 0.45-Am Millipore HAWP filters and washed

twice with ice cold stop solution. Filters were then dissolved in

Liquiscient and counted in a Beckman LS-5 liquid scintillation

counter.

2.6. Northern blot studies

Total RNAwas extracted from rabbit intestinal villus and

crypt cells by the guanidinium isothiocyanate and cesium

chloride methods as previously described [11]. Messenger

RNAwas prepared from total RNA using oligo-dT-cellulose

chromatography columns [12]. mRNA was fractionated by

electrophoresis on 1.8% agarose/formaldehyde gel, trans-

ferred to nylon plus membrane (Schleicher and Schuell,

Keene, NH) and incubated with prehybridization solution.

Membranes were hybridized with 32P labeled cDNA
Fig. 3. PepT1 in villus cell BBMV. Proton gradient (pH 7.5 in/5.5 out) stimulated

ileum. Villus cell BBMV proton gradient stimulated 14C-GlySar uptake is compe
(pSPORT/PepT1, from Dr. V. Ganapathy, Augusta, GA),

hybridized membranes were washed, dried and exposed to

autoradiography film (NEN Research Products, Boston,

MA). 32P labeled human h-actin (Clontech, CA) was used

to ensure equal loading of RNA onto the electrophoresis gels.

2.7. Data presentation

When data are averaged, meansTS.E.M. are shown

except when error bars are inclusive within the symbol.

All vesicle uptakes were done in triplicate. The n number

for any set of experiments refers to vesicle or isolated cell

preparation from different animals. Preparations in which

cell viability was less than 85% were excluded from the

analysis. Proton gradient stimulated uptake for cells and

vesicles is defined as uptake in the presence of an inwardly

directed proton-gradient minus uptake without such gra-

dient. Student’s t-test was used for statistical analysis.
3. Results

The distribution of proton dipeptide co-transport (PepT1)

along the villus–crypt axis of the normal rabbit ileum was

initially determined (Fig. 1A). Active uptake of 14C-GlySar

defined as the uptake of 14C-GlySar in the presence of 20 AM
GlySar minus the uptake of 14C-GlySar in the presence of

saturating levels of unlabeled GlySar (20 mM) was deter-

mined in both cell types. As demonstrated in Fig. 1A,

active uptake of 14C-GlySar was present in normal ileal

villus cells. However, active uptake of 14C-GlySar was not

present in crypt cells. Thus, PepT1 activity is present in

villus, but not crypt cells from the normal ileum.

An inwardly directed proton-gradient would be ex-

pected to stimulate the active uptake of 14C-GlySar [13–
14C-GlySar uptake in BBMV prepared from villus cells in the normal rabbit

titively inhibited by cefoperazone.



Fig. 4. The effect of chronic intestinal inflammation on intestinal PepT1.

(A) The active uptake of 14C-GlySar is significantly reduced in villus cells

from the chronically inflamed ileum. (B) The effect of chronic enteritis on

proton gradient-dependent dipeptide co-transport. The proton gradient

stimulated uptake of 14C-GlySar is diminished in villus cells from the

chronically inflamed intestine.
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17]. Thus, the effect of acidic extra-cellular pH on PepT1

was determined in villus cells. As shown in Fig. 1B, an

extra-cellular pH of 6.9 as compared to 7.4, did indeed

stimulate active uptake of 14C-GlySar. Thus, the rabbit

intestinal villus cell PepT1 is an active and proton

dependent co-transporter.

Having demonstrated the presence of PepT1 activity in

normal ileal villus, but not crypt cells, we next looked at the

message for this co-transport process by Northern blot

analysis. As shown in Fig. 2, the message for the PepT1 is

present primarily in villus rather than in crypt cells from the

normal rabbit ileum. Thus, the PepT1 message and the

functional protein appears to be localized to the absorptive

villus cells in the normal rabbit ileum.

Proton dipeptide co-transport was then further charac-

terized at the level of the villus cell brush border membrane

(BBM). In Fig. 3, the proton gradient-dependent 14C-GlySar

uptake in villus cell BBMV from the normal rabbit ileum is

shown. It has previously been demonstrated that certain

antibiotics of the cephalosporin family may be transported

by the proton dipeptide co-transport system [1,18]. If

cephalosporins were to utilize this co-transporter in the

normal rabbit intestine, then a cephalosporin would be

expected to competitively inhibit this transport process.

Thus, we next determined the effect of cefoperozone on
14C-GlySar uptake as demonstrated in Fig. 3. Cefoperozone

significantly reduced the proton gradient-dependent uptake

of 14C-GlySar. This indicates that the rabbit PepT1 may

transport cephalosporin type of antibiotics.

Having determined the villus–crypt distribution and

characteristics of the rabbit intestinal PepT1, we then

studied the effect of chronic ileal inflammation on this

system. Active uptake of 14C-GlySar was inhibited in intact

villus cells from the chronically inflamed intestine as shown

in Fig. 4A. In order to ensure that it is the proton dependent
14C-GlySar uptake that is affected rather than an increase in

the nonspecific movement of 14C-GlySar during chronic

intestinal inflammation, we then determined the effect of an

acidic pH on PepT1 in intact villus cells from the chroni-

cally inflamed intestine. As demonstrated in Fig. 4B, the

proton gradient-dependent 14C-GlySar uptake is indeed

significantly reduced in villus cells from the chronically

inflamed intestine. These data demonstrate that PepT1 is

inhibited in villus cells during chronic enteritis.

To characterize the inhibition of PepT1 in villus cells

during chronic enteritis is at the level of the transporter on

the BBM, we studied the proton gradient-stimulated uptake

of 14C-GlySar in BBMV prepared from villus cells from

chronically inflamed intestine. As shown in Fig. 5, proton

gradient-stimulated that 14C-GlySar uptake is significantly

reduced in BBMV prepared from villus cells during

chronic enteritis. To ensure that active uptake of 14C-

GlySar was inhibited in BBM from the chronically

inflamed intestine, peptide uptake in the absence of a

proton gradient was measured. Indeed, peptide uptake in

the absence of a proton gradient was also inhibited in BBM
from the chronically inflamed intestine (0.90T0.11 nmol/

mg protein/9 s in normal and 0.28T0.06 in the chronically

inflamed intestine, n =3, P <0.05). These data demonstrate

that PepT1 is inhibited in villus cell BBM during chronic

enteritis.

Kinetic studies were then performed to decipher the

mechanism of inhibition of PepT1 inhibition in the chronic

inflamed intestine. Uptake for various concentrations were

carried out at 3 s since initial uptake studies for proton

gradient-dependent 14C-GlySar uptake in BBMV was linear

for at least 8 s (data not shown). Fig. 6A demonstrates the

kinetics of 14C-GlySar uptake in villus cell BBMV from the

normal and chronically inflamed ileum. As the concen-

trations of extra-vesicular GlySar was increased, proton

gradient-dependent 14C-GlySar uptake was stimulated and



Fig. 5. The effect of chronic intestinal inflammation on PepT1 in villus cell BBMV. The proton gradient stimulated uptake of 14C-GlySar is markedly reduced

in BBMV prepared from villus cells in the chronically inflamed intestine.
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subsequently became saturated in all conditions. Using

Enzfitter, kinetic parameters derived from these data

demonstrated that the maximal of uptake of GlySar was

not altered in the chronically inflamed ileum (Fig. 6B; Vmax

for GlySar uptake in villus cell BBMV was 12.9T1.5 nmol/

mg protein in normal and 13.1T1.9 in inflamed, n =4).

However, the affinity (1/Km) for GlySar was significantly

reduced in the chronically inflamed ileum (Km for GlySar

uptake in villus cell BBMV was 2.5T0.2 mM in normal and

5.7T0.5 in inflamed, n =4, P <0.01). These data indicated

that PepT1 was inhibited in the chronically inflamed ileum

secondary to a decrease in the affinity for GlySar rather than

a change in the number of co-transporters.

To determine whether the message for this co-transporter

may be altered during chronic enteritis we next measured the

steady state mRNA levels of this co-transporter in the villus

cells from the chronically inflamed intestine. As shown on

Fig. 7, Northern blot studies showed that the steady state
Fig. 6. Kinetic studies of proton dipeptide co-transport inhibition in the chronically

increased, the proton gradient-dependent 14C-GlySar uptake was stimulated and su

parameters derived from the data in panel A demonstrated the maximal rate of u

However, the affinity (1/Km) for GlySar uptake was markedly reduced in villus c
mRNA levels of PepT1 were unchanged in villus cells from

the chronically inflamed intestine.
4. Discussion

These studies for the first time demonstrate the distribu-

tion of proton dipeptide co-transport (PepT1) along the

villus–crypt axis of the normal rabbit intestine and the

effect of chronic intestinal inflammation on this co-transport

process. PepT1 is found in normal intestinal villus, but not

crypt cells. This co-transport process is inhibited in villus

cells from the chronically inflamed intestine. The mecha-

nism of inhibition is secondary to a reduction in the affinity

of the co-transporter for the dipeptide rather than an

alteration in the number of co-transporters.

Peptide and Na–amino acid co-transport systems repre-

sent the primary means of assimilation of amino acids in the
inflamed intestine. (A) As the concentration of extra-vesicular GlySar was

bsequently became saturated in all conditions. (B) Using Enzfititer, kinetic

ptake (Vmax) of GlySar was not altered in the chronically inflamed ileum.

ell BBMV from the chronically inflamed intestine.



Fig. 7. Effect of chronic intestinal inflammation on steady state mRNA

levels of PepT1. The data are representative of 3 experiments. Northern blot

analysis demonstrated that steady state mRNA levels of the proton

dipeptide co-transporter were unchanged in villus cells from the chronically

inflamed intestine. Densitometric quantitation also demonstrated no

significant change in PepT1 mRNA levels (villus from the normal intestine

standardized to 1.0, chronically inflamed villus cells 1.04). h-actin was

utilized to ensure equal loading of mRNA in gels.
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small intestine [1,2,6]. It has been well established that

amino acids are not only critical building blocks for the

organism as a whole, but that they are also the essential

source of energy for the small intestinal epithelium [1–3,6].

Thus, better understanding of the regulation of amino acid

assimilation is important in the normal intestine and may be

even more important in intestinal disorders such as

inflammatory bowel disease (IBD). In pathological states

such as (IBD) assimilation of key nutrients may be the most

important step in recovery back to health. Given this

background, our laboratory had previously studied Na–

amino acid co-transport (specifically the ASCT1 system; 7).

It was demonstrated that Na–amino acid co-transport was

found in rabbit intestinal villus, but not crypt cells. This co-

transport process was significantly diminished during

chronic intestinal inflammation. At the cellular level, the

inhibition was secondary to a decrease in Na-K-ATPase

levels and secondary to an alteration at the co-transporter

level. At the level of the co-transporter, the mechanism of

inhibition during chronic enteritis was secondary to a

reduction in the affinity of the co-transporter without a

change in number of co-transporters [7].

In contrast to Na–amino acid co-transport, PepT1 has

been less well studied. It has been demonstrated in mouse,

rat, rabbit and human small intestine [14–17,19–24]. It is

not only responsible for the absorption of amino acids, but it

is also important in the assimilation of certain types of

antibiotics such as beta lactams. Nevertheless, very little

was previously known about the distribution of this trans-

port process along the villus/crypt axis and how it may be

altered in diarrheal diseases characterized by chronic

intestinal inflammation.

A vast majority of currently available evidence would

suggest that villus cells are absorptive, while crypt cells are

secretory in the normal intestine [25]. Coupled NaCl

absorption and a variety of Na-dependent nutrient co-
transport processes have been demonstrated to be a feature

of the absorptive villus, but not secretory crypt cells in the

normal small intestine [25]. This study demonstrates that

active uptake of dipeptide is present in villus, but not crypt

cells in the normal rabbit intestine. As expected, a proton-

gradient stimulated the uptake of the dipeptide in villus

cells. The message for PepT1 was also found primarily in

villus cells from the normal intestine. Taken together, these

data demonstrate that proton dipeptide co-transport is also a

feature of the absorptive villus, but not secretory crypt cells

in the normal rabbit intestine.

Most nutrient assimilation transport processes are local-

ized to the BBM of villus cells [7,10]. Indeed, this study

demonstrates that PepT1 is also localized to the BBM of

villus cells. It was previously demonstrated that certain

types of antibiotics (e.g., beta lactams) may be assimilated

via proton dipeptide co-transport [1,18]. This study dem-

onstrates that cephalosporins may very well be transported

by PepT1 on the BBM of villus cells in the normal intestine.

This observation has clinical implications. Antibiotics are

frequently utilized to treat IBD. However, if the transport

process responsible for the uptake of an antibiotic is altered

during IBD then treatment with that antibiotic is less likely

to be efficacious. Information in this area of intestinal

transport physiology was previously lacking. This study

demonstrates that PepT1 is inhibited during chronic enter-

itis. This study would suggest that certain types of

antibiotics may be less well absorbed during chronic

intestinal inflammation and therefore, may be less effica-

cious than other types of antibiotics.

In addition to serving as a carrier for certain types of

antibiotics, PepT1 serves as a primary means of assimilation

of an important metabolic fuel for the normal small

intestinal epithelial cells. Amino acid absorption may be

even more important in the compromised epithelium as the

inflamed intestine attempts to return to health. However,

how the absorption of this important nutrient source may be

altered in diarrheal diseases characterized by chronic

intestinal inflammation was previously unknown. The

results of these studies demonstrate that PepT1 is reduced

in intact villus cells from the chronically inflamed intestine.

The reduction was not simply secondary to an increase in

the passive uptake of dipeptide. Indeed, active uptake

dipeptide was inhibited in the intact villus cells during

chronic enteritis. Further, it is the proton gradient-dependent

uptake of peptide that is inhibited in the chronically

inflamed intestine. At the level of the co-transporter on

the BBM, proton dipeptide co-transport is also significantly

diminished in the chronically inflamed intestine. Thus,

PepT1 is inhibited in the chronically inflamed intestine.

Kinetic studies and molecular studies demonstrated the

mechanism of inhibition of PepT1 during chronic enteritis.

The affinity of PepT1 for the dipeptide was markedly

reduced. There was no change in the maximal rate of

uptake. Northern blot studies of villus cells from the

normal and chronically inflamed intestine also demonstra-
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ted no change in the message level of this co-transporter

during chronic enteritis. Taken together, these data

demonstrate that PepT1 is inhibited during chronic enteritis

secondary to a decrease in the affinity of co-transporter for

the dipeptide without a change in the number of co-

transporters. Affinity changes in PepT1 are likely post-

translational. Possible mechanisms which may alter the

transporter’s affinity could occur at the level of glyco-

sylation of PepT1 during chronic enteritis. Alternatively,

affinity changes occur at the level of phosphorylation of

NAcT during chronic enteritis.

It is interesting to note that the two primary means of

amino acid assimilation are markedly altered during chronic

intestinal inflammation. This laboratory had previously

demonstrated that the mechanism of inhibition of Na–

amino acid co-transport in the chronically inflamed intestine

was secondary to a reduction in the affinity of the co-

transporter for the amino acid without a change in the

number of co-transporters [7]. This study demonstrates a

similar mechanism for the other major pathway of amino

acid assimilation in the chronically inflamed intestine. Thus,

two important means of assimilation of amino acids in the

intestine are reduced during chronic intestinal inflammation

and the mechanism of inhibition of these two dissimilar

transport processes is similar during chronic intestinal

inflammation.
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