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Abstract

Zonula occludens toxin (Zot) and its biologically active fragment, delta G, have been shown to reversibly open tight junctions (TJ) in endothelial
and epithelial cells. Recently, a six-mer synthetic peptide H-FCIGRL-OH (AT1002) was identified and synthesized that retains the Zot permeating
effect on intercellular TJ. The objective of this study was to evaluate the biological activity of AT1002 on enhancing the oral administration of
cyclosporin A (CsA). The intestinal permeability enhancing effect of AT1002 on the transport of CsA across Caco-2 cell monolayers was examined
after the following treatments, i.e., CsA, CsA/protease inhibitors (PI), CsA/Pl/benzalkonium chloride (BC), CsA/AT1002, CsA/PI/AT1002, and
CsA/PI/BC/AT1002 (CsA 0.5 pCi/ml, PI (bestatin 15 mM and E-64 5 mM), BC 0.005 w/v%, and AT1002 5 mM, respectively). Apparent permeabil-
ity coefficients (P,,p) were calculated for each treatment. In addition, four treatments, i.e., CsA, CsA/PI/BC, CsA/AT1002, and CsA/PI/BC/AT1002
(CsA 120 p.Ci/kg, PI (bestatin 30 mg/kg and E-64 10 mg/kg), BC 0.1 w/v%, and AT1002 doses of 5, 10 or 40 mg/kg, respectively) were prepared
and administered intraduodenally to male Sprague—Dawley rats (230-280 g, n =4-5). Blood samples were collected at 0, 20, 60, and 120 min post-
dosing and CsA plasma concentrations were determined subsequently using a Beckman Liquid Scintillation Counter. No significant increases in
CsA transport were observed in the Caco-2 cell culture experiments following pre-treatment with AT1002 (5 mM). Even though, AT1002 appeared
to increase the P,,, of CsA in each treatment (CsA/AT1002, 1.54 £0.13 x 1078 cm/s and CsA/PI/AT1002, 1.76 £ 0.05 x 1076 cm/s) compared to
each control (CsA and CsA/PI), respectively. The plasma concentration of CsA was significantly increased over a range of 1.55-2.50 at 10 and
40 mg/kg dose of AT1002. Also, AUCq 120min Of CSA over a range of 1.64-2.14 and the Cy,,, of CsA over a range of 1.77-2.56 was statistically
and significantly increased at 10 and 40 mg/kg of AT1002 after the intraduodenal administration of CsA/PI/BC/AT1002 to Sprague—Dawley rats.
AT1002 significantly increased the in vivo oral absorption of CsA in the presence of PI. This study suggests that AT1002-mediated tight junction
modulation, combined with metabolic protection and stabilization, may be used to enhance the low oral bioavailability of certain drugs when
administered concurrently.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The low bioavailability (BA) of efficacious pharmacother-
apeutic drugs continues to be a major obstacle in drug
development and in many instances may be the deciding factor
on whether or not a potent agent is developed. These therapeu-
tic agents experience low BA after oral administration due to
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poor absorption or susceptibility to first pass metabolism. The
search for an efficient novel drug delivery system to overcome
this problem cannot be overemphasized. A means of enhancing
the gastrointestinal absorption of these drugs would significantly
extend their therapeutic usefulness as well as decreasing the dose
required to produce efficacy.

Absorption enhancers, including surfactants, fatty acids, and
chitosan derivatives, have been used to modify bioavailability
by either disruption of the cell membrane or modulation of
the tight junctions (TJ) (Aungst, 2000). In general, the opti-
mal absorption enhancer should possess the following qualities;
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1 MSIFIHHGAP GSYKTSGALW LRLLPAIKSG
61 IDTDHPDGRL TMARFWHWAR KDAFLFIDEC
121 FEVAFDMHRH HGWDICLTTP NIAKVHNMIR
181 SGQMDSHALT RQVKKIPSPI FKMYASTTTG
241 SFYGLHDNPI FTGGNDATIE SEQSEPQSKA
301 TVGDERYRLY DNLDIPYRGL WATGHHIYKD
361 DFNHFVVFDT FAAQALWVEV KRGLPIKTEN

RHIITNVRGL NLERMAKYLK MDVSDISIEF
GRIWPPRLTA TNLKALDTPP DLVAEDRPES
EAAEIGYRHF NRATVGLGAK FTLTTHDAAN
KARDTMAGTA LWKDRKILFL FGMVFIMFSY
TAGNAVGSKA VAPASFG CVQDGFV
KLTVFFETES GSVPTELFAS SYRYKVLPLP
DKKGLNSIF

Fig. 1. Amino acid sequence of Zot. Highlighted (265-399) is delta G, the biologically active fragment of Zot, and box (288-293) is AT1002, active domain of Zot.

its effect should be reversible, it should provide a rapid per-
meation enhancing effect on the intestinal cellular membrane,
it should be non-cytotoxic at the effective concentration level
without deleterious and/or irreversible effects on the cellular
membrane or cytoskeleton of the TJ. Zonula occludens toxin
(Zot), a 44.8 kDa protein (399 amino acids; AA) located in the
cell envelope of the bacterial strain Vibrio cholerae, is capa-
ble of reversibly opening the TJ between cells and increasing
the paracellular transport of many drugs in a non-toxic man-
ner (Fasano et al., 1991, 1995, 1997a, 1997b; Cox et al., 2001,
2002). Intensive investigation of the biological activity of Zot
as an absorption enhancer was triggered by reports of effec-
tive oral administration of insulin with Zot in diabetic rats
(Fasano et al., 1997a). Recently, a smaller 12kDa fragment
(AA 265-399, Fig. 1) of Zot, referred to as delta G (AG),
was introduced as the biologically active fragment of Zot (Di
Pierro et al., 2001). Amino acid comparison between Zot active
fragment and Zonulin, combined with site-directed mutagenesis
experiments, confirmed the presence of an octapeptide receptor-
binding domain toward the amino terminus of the processed
Zot.

Studies in our laboratory have shown that Zot enhances the
intestinal transport of drug candidates of varying molecular
weight (mannitol, PEG4000, inulin, and sucrose) or low BA
(paclitaxel, acyclovir, cyclosporin A, and doxorubicin) across
Caco-2 cell monolayers (Cox et al., 2001, 2002) and the trans-
port enhancing effect of Zot is reversible and non-toxic (Fasano
et al., 1991; Cox et al., 2002). In addition, AG significantly
increased the in vitro transport of paracellular markers (manni-
tol, PEG4000, and inulin) in a non-toxic manner and the in vivo
absorption of low bioavailable therapeutic agents (cyclosporin
A, ritonavir, saquinavir, and acyclovir) (Salama et al., 2003,
2004, 2005). Even though promising results were obtained with
the use of AG with therapeutic agents, the isolation/purification
process did not yield sufficient amounts of biologically active
AG to allow for conduct of in vivo studies at higher doses. In
an attempt to resolve this issue, several modifications of AG
sequence were evaluated (Di Pierro et al., 2001). It was noted
that the amino acid sequence ‘IGRL’, identified as part of the
binding domain in Zot/delta G is the same as that observed
in the PAR-2 agonists (fur-LIGRL, FCIGRL) (Di Pierro et al.,
2001). PAR-2 agonists have been reported to increase paracel-
lular permeability (Cenac et al., 2004). As such, this lead to the
hypothesis that Zot/ AG may act at these receptors and produce
an increase in the paracellular permeability. Recently, AT 1002, a
six-mer synthetic peptide H-FCIGRL-OH, was isolated from the
active fragment of AG, subsequently synthesized and assumed

to retain AG or Zot permeating effect on intercellular TJ. FCI-
GRL is identical to the AA residues 288-293 of Zot and the
XX-IGRL sequence is part of the putative receptor-binding motif
of Zot/ AG, thus the peptide was expected to have similar prop-
erties as Zot/ AG (Fig. 1). Hence, this is the first study to evaluate
the effectiveness of AT1002 as an absorption enhancer after
oral co-administration with a low bioavailable therapeutic agent
across Caco-2 cell monolayers and after intraduodenal dosing in
rodents. Cyclosporin A (CsA) as a low bioavailable therapeutic
agent is a potent immunosuppressant agent with high molecu-
lar weight, efflux properties, and low oral BA (<20%) (Ogino
et al., 1999). Increases in the absorption of CsA would sug-
gest that AT1002 could be used to improve the BA for novel
therapeutic macromolecules (e.g., proteins, peptides, and pep-
tidomimetics).

2. Materials and methods
2.1. Materials

AT1002 (>98%) was purchased from Alba Therapeutics
Corp. (Baltimore, MD). [3H]-cyclosporin A (CsA; 8Ci/mM,
1 mCi/ml) was purchased from Amersham Radiochemicals (Pis-
cataway, NJ). Ketamine HCI injection, USP, was purchased
from Bedford Laboratories (Bedford, OH). [!*C]-mannitol
(46.6 mCi/mM, 60 pCi/ml), benzalkonium chloride (BC),
xylazine, captopril, protease inhibitors (PI; bestatin and E-64)
were purchased from Sigma Chemical Co. (St. Louis, MO).
All chemicals were of analytical grade. All surgical supplies
were purchased from World Precision Instruments (Sarasota,
FL). Polyethylene 50 (PE50) tubing was obtained from Clay
Adams (Parsippany, NJ). Universol Scintillation counting cock-
tail was purchased from ICN (Cost Mesa, CA). The Caco-2
cell line was obtained from American Tissue Culture Collection
(ATCC; Rockville, MD). Caco-2 cell culture supplies (Dul-
becco’s modified Eagle medium, phosphate buffer saline (PBS),
non-essential amino acids, fetal bovine serum, L-glutamate,
trypsin (0.25%)-EDTA (1 mM), and penicillin G—streptomycin
sulfate antibiotic mixture) were purchased from Gibco Labora-
tories (Lenexa, KS). Transwell clusters, 12-well (0.4 wm pores,
surface area 1 cm?) were purchased from Corning Costar (Cam-
bridge, MA).

2.2. Caco-2 transport studies of CsA with AT1002

Caco-2 cells, a human colon adenocarcinoma cell line, were
grown as monolayers for 21 days in Dulbecco’s Modified Eagle’s
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medium (1x) containing 10% fetal bovine serum, 1% non-
essential amino acid solution, 1% penicillin—streptomycin and
2% glutamine at 37 °C in an atmosphere of 5% CO, and 90%
relative humidity. Caco-2 cells from passage numbers of 51-52
were seeded on permeable polycarbonate inserts (1 cm?, 0.4 wm
pore size) in 12 Transwell plates at a density of 80,000 cells/cm?.
The inserts were fed with media every other day until they
were used for experiments 21 days after the initial seeding.
The integrity of the cell monolayers was evaluated by mea-
suring the transepithelial electrical resistance (TEER) values
before the study using a Millicell®-ERS meter (Millipore Corp.,
Bedford, MA) with chopstick electrodes. The transport of [14CI-
mannitol was also performed prior to the transport studies. The
cell monolayers were considered to be tight when the appar-
ent permeability coefficients (Pypp) value of [14C]-mannitol was
<1 x 107% cm/s. The cell monolayers were washed twice with
PBS prior to the transport experiments. After the wash, the plates
were incubated for 30 min at 37 °C, and the integrity of the
cell monolayers was evaluated by measurement of TEER. The
cell inserts were used in transport experiments when the TEER
values reached >300 €2 cm?.

To measure the apical to basolateral transport of CsA, 0.5 ml
of each CsA treatment, i.e., (1) PBS solution of CsA, (2) PBS
solution of CsA/PI, (3) PBS solution of CsA/PI/BC, (4) PBS
solution of CsA/AT1002, (5) PBS solution of CsA/PI/AT1002,
and (6) PBS solution of CsA/PI/BC/AT1002. The following con-
centrations were used in the previously mentioned treatments:
CsA 0.5 wCi/ml, PI (bestatin 15 mM and E-64 5 mM), BC 0.005
w/v%, and AT1002 5 mM. Each solution was added to the apical
side, and 1.5 ml of PBS was added to the basolateral side of the
insert. The insert was moved to a well containing fresh PBS every
10 min for 40 min. Samples were collected from the basolateral
side of each well, and the radioactivity of CsA transported was
measured by Beckman Coulter LS 6500 multi-purpose Scintil-
lation counter.

2.3. Cytotoxicity study of AT1002 on Caco-2 cell
monolayers

Cell viability in the presence of AT1002 was evaluated using
a commercially available kit (Cytotoxicity Detection KitP-US
(LDH), Roche, Mannheim, Germany), based on the measure-
ment of lactate dehydrogenase (LDH) activity released from the
cytosol of damaged cells. LDH is a stable cytoplasmic enzyme
present in all cells. An increase in the amount of dead or plasma
membrane-damaged cells results in an increase of LDH activity.
An increase of LDH activity directly correlates to the amount
of formazan formed during the incubation. The formazan dye
formed has an absorption maximum at 490 nm. For these stud-
ies, Caco-2 cell monolayers were incubated with AT1002 (2.5
and 5 mM) in PBS for 30 or 60 min. LDH activity was assessed
as a function of time by the addition of LDH kit reagents to
an aliquot of the solution in the 96 Transwell plate at the end
of each incubation period following the manufacturer’s manual.
PBS and Triton X-100 (5%) were used as negative and posi-
tive controls, respectively, and the absorbance was measured at
490 nm.

2.4. Animals

Male Sprague—Dawley rats (230-280 g) were purchased from
Harlan Laboratories (Indianapolis, IN). Rats were housed indi-
vidually in cages and allowed to acclimate at least 2 days after
arrival. Rats were fed rat chow and water ad libitum and main-
tained on a 12-h light:12-h dark cycle. The protocol for the
animal studies was approved by the School of Pharmacy, Uni-
versity of Maryland IACUC.

2.5. Intraduodenal administration of CsA with AT1002 to
rats

Peptides like AT1002, when administered orally, are likely
to undergo substantial degradation in the stomach and gas-
trointestinal tract. In order to exclude the variability in effect
as a result of gastric degradation, AT1002 was administered
intraduodenally to rats, and plasma concentrations of CsA
were monitored for 120 min. Rats were anesthetized with an
intra-peritoneal injection of ketamine (80 mg/kg) and xylazine
(12 mg/kg) and both the duodenum and jugular vein were cannu-
lated as previously described (Salama et al., 2003, 2004, 2005).
Male Sprague-Dawley rats were fasted overnight prior to and
during the study with free access to water. Cannulated animals
were administered one of the following four treatments, i.e.,
(1) a distilled water solution of CsA (120 nCi/kg), (2) a dis-
tilled water solution of CsA/PI/BC (120 n.Ci/kg, PI (bestatin
30mg/kg and E-64 10mg/kg), BC 0.1 w/v%, respectively),
(3) a distilled water solution of CsA/AT1002 (120 n.Ci/kg and
40 mg/kg, respectively), and (4) distilled water solutions of the
CsA/PI/BC/AT1002 (120 p.Ci/kg, PI (bestatin 30 mg/kg and E-
64 10 mg/kg), BC 0.1 w/v%, AT1002 doses of 5, 10 or 40 mg/kg)
in each group of study and CsA (5) CsA/PI/BC/control pro-
tein, 10 mg/kg (120 wCi/kg, PI (bestatin 30 mg/kg and E-64
10 mg/kg), respectively). The doses selected for the study were
determined in a preliminary study. Doses were then slowly
administered to intraduodenally cannulated rats with a volume
dose of 2ml/kg rat. Blood samples (250 l) were drawn via
the jugular cannula into heparinized syringes at 0 (actual time
point was —5 min before the administration), 20, 60, and 120 min
into polypropylene tubes, centrifuged (13,000 rpm for 10 min)
immediately and plasma was obtained. Scintillation cocktail was
added and samples were analyzed for radioactivity by Beckman
Coulter LS 6500 multi-purpose Scintillation counter.

2.6. Data analysis

Ppp was calculated according to the following equation:

P, do 1 1
PP dr ACy )
where dQ/dt is equal to the linear appearance rate of mass in the
receiver solution, A the cross-sectional area (1 cmz), and Cy is
equal to the initial concentration in the donor compartment.
In the in vivo study, the amount of radiolabelled CsA absorbed
was converted to concentrations using the specific activity of
the radiolabelled stock solution. The area under the plasma
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concentration—time curve (AUCq_;) was calculated using the
linear trapezoidal rule. The highest observable concentration
was defined as maximum concentration (Cpax). The percent
enhancement ratio (ER) for the pharmacokinetic parameters was
calculated from the formula:

PKparameter (treatment)

ER =

@)
PKpa.rameter (control)

All data were expressed as the mean and standard error of the
mean of the values (mean =+ S.E.M.). The statistical significance
of differences between treatments and/or controls was evaluated
using the Student’s #-test and ANOVA followed by Dunnett’s
post hoc test where appropriate (SPSS for Windows versions
12.0, SPSS Inc., Chicago, IL) and the level of significance was
set at p<0.05.

3. Results
3.1. Caco-2 transport studies of CsA with AT1002

Table 1 summarizes the permeability coefficients (Pypp)
associated with the various transport studies performed with
AT1002 and CsA. The mean P,p, determined for CsA was
1.28 £0.10, 1.54 +0.13, 1.59 £ 0.07, 1.76 + 0.05, 1.60 £ 0.03,
and 1.52 +0.06 (x 10~° cm/s, mean =+ S.E.M., n = 3), for the fol-
lowing treatments CsA, CsA/AT1002, CsA/PI, CsA/PI/AT1002,
CsA/PI/BC, and CsA/PI/BC/AT1002, respectively. The fold
increases of CsA across Caco-2 cell monolayers were min-
imal after each AT1002 treatment as compared to control
treatments as seen in Table 1. In addition, there were no sig-
nificant differences observed in P,pp, or fold increase for the
transport of CsA across Caco-2 cell monolayers between treat-
ments and each control. Mannitol permeability was found to be
6.8640.57 x 1077 cm/s suggesting integrity of the tight junc-
tions in the Caco-2 cells.

3.2. Cytotoxicity study of AT1002

The LDH assay was used to investigate the toxic effects of
AT1002 on the plasma membrane of cells. Caco-2 cell monolay-
ers were incubated with PBS, AT1002, and Triton X-100 (5%)

Table 1
The apparent permeability coefficient (P) of mannitol, CsA, and CsA treatments
across Caco-2 cell monolayers

Pypp (x 1076 cm/s) ER (%)
Mannitol 0.69 £ 0.06 -
CsA 1.28 £ 0.10 -
CsA/AT1002 1.54 £0.13 120
CsA/PI 1.59 £ 0.07 -
CsA/PI/AT1002 1.76 £ 0.05 111
CsA/PI/BC 1.60 + 0.03 -
CsA/PI/BC/AT1002 1.52 £ 0.06 95

Mannitol 0.5 pCi/ml, CsA 0.5 nCi/ml, PI (bestatin 15mM and E-64 5 mM),
BC 0.005 w/v%, and/or AT1002 5mM, respectively. Data presented as
mean + S.EM. (n=3).

for a period of 30 and 60 min. Statistical comparisons of the
viability of the cells after incubation with AT1002 for 30 and
60 min were not statistically different from the negative control,
PBS after incubation. However, both PBS and AT1002 incuba-
tion results were significantly different (p <0.01) from Triton
X-100 (5%) as a positive control. These results suggest that at a
concentration up to 5 mM, AT1002 was not cytotoxic to Caco-2
cells over that period time.

3.3. Intraduodenal administration of CsA with AT1002 to
rats

Fig. 2 illustrates the mean (+S.E.M.) plasma concentra-
tion versus time profile for CsA in jugular vein cannulated
Sprague—Dawley rats following the ID administration of four
treatments of CsA, i.e., CsA, CsA/PI/BC, CsA/AT1002, and
CsA/PI/BC/AT1002 (at AT1002 doses of 5, 10, or 40 mg/kg).
The plasma concentration of CsA from CsA/PI/BC/AT1002
with the dose of 40mg of AT1002 was 1.78 and 1.55 sig-
nificantly (p <0.05) higher than those from CsA/PI/BC as the
control at 20 and 60 min time period, respectively. Further, the
plasma concentration of CsA was significantly increased by 2.01
(p<0.05), 2.05 (p<0.01), and 2.50 (p <0.05) from the dose of
10mg/kg of AT1002 compared to the control at each 20, 60,
and 120 min time period, respectively. Also, the plasma con-
centration of CsA from the dose of 5mg of AT1002 was 1.34
significantly (p <0.05) higher than the control at 20 min time
period, indicating a significant enhancement in absorption of
CsA by AT1002. In comparison, no significant differences were
found in the plasma concentration of CsA between the CsA,
CsA/PI/BC, and CsA/AT 1002 solutions at time points evaluated.

The AT1002 treatments (CsA/PI/BC with AT1002 10 or
40 mg/kg) were found to significantly (p <0.01) increase the
extent (AUC_120 min) and rate (Cpax ) of absorption compared to
the control treatment (CsA/PI/BC) without AT1002. AT1002 ata
dose of 5 mg/kg (CsA/PI/AT1002 5 mg/kg) produced a 1.45-fold
increase in the AUCg_120 min (34.28 & 3.23 min ng/ml) and 1.46
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Fig. 2. Average plasma concentration vs. time profile for CsA in jugular cannu-
lated Sprague—Dawley rats following the ID administration of four treatments,
i.e., CsA (@), CsA/AT1002 (O), CsA/PI/BC (¥), and CsA/PI/BC/AT1002 (CsA
120 nCi/kg, PI (bestatin 30 mg/kg and E-64 10 mg/kg), BC 0.1 w/v%, and/or
AT1002 5 mg/kg (V), 10 mg/kg (M) or 40 mg/kg (OJ)). Each data point repre-
sents the mean = S.E.M. of four to five rats. *Significant at p <0.05 compared
to CsA/PI/BC of each same time point and **significant at p <0.05 compared
to CsA/PI/BC + AT1002 5 mg/kg of same time point.
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Table 2

Mean + S.E.M. bioavailability parameters for CsA (120 w.Ci/kg) after ID administration to jugular vein cannulated Sprague—Dawley rats (n =4-5) alone and/or with
PI/BC (PI (bestatin 30 mg/kg and E-64 10 mg/kg) and BC 0.1 w/v%) and/or AT1002

AUC0-120 min (min ng/ml) ER Crnax (ng/ml) ER
CsA 21.97 £ 3.79 - 0.22 £+ 0.04 -
CsA + AT1002 40 mg/kg 16.56 £ 1.81 0.75 0.18 £ 0.03 0.83
CsA/PI/BC + AT1002 0 mg/kg 2370 £ 1.79 - 0.24 £ 0.02 -
CsA/PI/BC + AT1002 5 mg/kg 3428 £3.23 1.45 0.36 £ 0.03 1.46
CsA/PI/BC + AT1002 10 mg/kg 50.70 + 1.78" 2.14 0.62 4 0.03" 2.56
CsA/PI/BC + AT1002 40 mg/kg 38.81 + 4.27" 1.64 0.43 & 0.06" 1.77
CsA/PI/BC + control protein 10 mg/kg 22.26 + 2.11 - 0.22 + 0.03 -

* Significant (p <0.01) compared to CsA and CsA/PI/BC.

(0.36 £ 0.03 ng/ml) increase in Cpax of CsA. However, these
increases were found to be non-significant as compared to the
control treatment (CsA/PI/BC). When CsA was co-administered
with only AT1002 at a dose of 40 mg/kg, no significant changes
were observed in AUC(_120min Of Cimax When compared to the
control treatment. Further, the increase in AUC(_120 min and Cinax
was not statistically different for the CsA/PI/BC without AT1002
treatment or the control protein regimen as compared with those
of CsA administered alone (Table 2).

The influence of increasing doses of AT1002 (0, 5, 10, and
40 mg/kg) on the plasma concentration of CsA is shown in Fig. 3.
The plasma concentrations of CsA at each sampling time point
correlated well with the dose range over 0—10 mg/kg of AT1002,
with 72 of 0.9665 at 20 min, 0.9731 at 60 min, and 0.9991 at
120 min. No significant increase in the plasma concentration of
CsA was observed for the 40 mg/kg dose of AT1002 versus the
10 mg/kg dose of AT1002. This suggests that that the increase
of CsA may have reached a plateau at the 10 mg/kg of AT1002.

4. Discussion
Many therapeutically active agents experience low bioavail-

ability after oral administration due to poor absorption or
susceptibility to first pass metabolism. Transient opening of TJ to

0.7 4
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@ @ 20 min post-dosing
S 0.14 ¥ 60 min post-dosing
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Dose of AT1002 (mg/kg)

Fig. 3. Average plasma concentration of CsA vs. AT1002 dose profile in jugu-
lar cannulated Sprague—Dawley rats following the ID administration of each
dose of AT1002 (0, 5, 10, and 40 mg/kg) with CsA/PI/BC (CsA 120 nCi/kg, PI
(bestatin 30 mg/kg and E-64 10 mg/kg) and BC 0.1 w/v%, respectively). Each
bar is expressed as the mean & S.E.M. for four to five rats. *Significant p <0.05
compared to CsA/PI/BC of each same time point.

improve paracellular drug transport and increase oral absorption
would be beneficial to enhancing the therapeutic effect. Absorp-
tion enhancers are capable of modulation of TJ to improve the
transport or absorption of low bioavailable drugs. However,
some absorption enhancers cause serious damage to the epithe-
lial integrity, morphology and function (Thanou et al., 2000).
Our studies examined the effect of AT1002 as an absorption
enhancer of CsA, one of the major potent immunosuppressive
drugs which exhibits a low therapeutic index and a poor BA with
amean of ~20% (Ogino et al., 1999), on Caco-2 cell monolayers
and after intraduodenal administration in male Sprague—Dawley
rats.

In previous studies with Zot, bioavailability of oral insulin
co-administered with Zot (4.4 x 10710 mol/kg) was sufficient
to lower serum glucose concentrations to levels comparable
to those obtained after parenteral injection of the hormone
in diabetic rats (Fasano et al., 1997a). Zot (0.45 x 1010 and
0.89 x 107! mol/ml) increased the permeability of molec-
ular weight markers (sucrose and inulin) over a range of
1.30-1.95 and chemotherapeutic agents (paclitaxel and dox-
orubicin) across the bovine brain microvessel endothelial
cells (BBMEC) (Karyekar et al., 2003). In addition, Zot
((0.22-0.89) x 10~'9 mol/ml) enhanced the transport of molec-
ular weight markers (mannitol, PEG4000, and inulin) or low
bioavailability therapeutic agents (doxorubicin, paclitaxel, acy-
clovir, cyclosporin A, and enaminones) by as much as 30-fold
across Caco-2 cell monolayers, without modulating transcellular
transport (Cox et al., 2001, 2002).

Also, studies have shown that AG ((0.83-1.50) x
10~8 mol/ml) increased the transport of paracellular markers
(mannitol, inulin, and PEG4000) by 1.2-2.8-fold across Caco-
2 cells relative to the transepithelial transport of markers in its
absence (Salama et al., 2003, 2004). Further, after ID adminis-
tration to rats, AG ((3.48-6.00) x 10~ mol/kg) displayed high
intrinsic biological activity with paracellular markers (manni-
tol, inulin, and PEG4000) and low bioavailable drugs (CsA,
ritonavir, saquinavir, and acyclovir) (Salama et al., 2003, 2004,
2005). Moreover, the in vivo studies with AG displayed up to
57- and 50-fold increased in Cpx and AUC as seen with CsA
after metabolic protection was provided (Salama et al., 2005).

A significant enhancement in the absorption of CsA was
observed in this study after dosing with AT 1002, suggesting that
the six-mer peptide retained the Zot domain directly involved in
the protein permeating effect. AT1002 statistically and signifi-
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cantly increased AUC(_120 min of CSA over arange of 1.64-2.14,
and Cpax of CsA over a range of 1.77-2.56 at 10 mg/kg
(1.41 x 107> mol/kg) and 40 mg/kg (5.65 x 107> mol/kg) dose
of AT1002 (p <0.01) from the treatment of CsA/PI/BC/AT1002
compared to CsA/PI/BC as control. Also, the plasma concen-
tration of CsA was statistically and significantly increased over
a range of 2.01-2.50 from CsA/PI/BC/AT1002 10 mg/kg com-
pared to the CsA concentration of CsA/PI/BC at every time
point examined in rats. In addition, the enhancement of CsA at
40 mg/kg seemed to be lower than the 10 mg/kg of AT1002 ver-
sus control. It would appear that at an AT1002 dose of 10 mg/kg,
the biological effect is maximal and this dose may represent the
maximum effective dose for this therapeutic agent under this
study protocol.

It was reported that protease inhibitors (a mixture of bestatin,
captopril, and leupeptin) are needed to minimize enzymatic
degradation of AG secondary to proteases or peptidases and
to display a high intrinsic biological activity of drug with AG
(Salama et al., 2003, 2005). Similarly, based on the low molec-
ular weight and the peptide nature of AT1002, it would be
expected that AT1002 would be extensively metabolized in the
gastrointestinal track by enzymes and intestinal flora. When
CsA was co-administered intraduodenally to rats with AT1002
excluding PI, the plasma concentration at each time point and
bioavailability parameters (AUCo-120min, Cmax) Were not sig-
nificantly changed compared to those of CsA. PI which was
composed of bestatin and E-64 was selected in one of the treat-
ment arms to minimize enzymatic degradation secondary to
proteases or peptidases because of their inhibitory effect on
leucine aminopeptidase, alanyl aminopeptidase, serine, and cys-
teine proteases. In addition, previous studies have evaluated the
use of BC in stabilizing peptide (Song et al., 2002). System-
atic investigations are underway to optimize the use of BC and
AT1002 by LC-MS as well as to identify more stable ana-
logues of the peptide. Studies of the effect of PI/BC showed
that PI/BC caused no significant difference in the absorption of
CsA. Therefore, administration of PI/BC did not result in signif-
icant absorption improvement, and PI/BC/AT1002 absorption
enhancement is due to metabolic protection and/or stabilizing
effect of AT1002.

In the transport study across Caco-2 cells, no treatments
showed statistically increase in their transport in the presence of
AT1002 across cell monolayers compared to each control. The
Caco-2 cell monolayers have been reported to have lower para-
cellular permeability than the intestinal epithelium (Artursson
and Borchardt, 1997; Rubas et al., 1996) due to anatomical dif-
ferences between intestinal segments and by noting the colonic
origin of this cell line (Wilson and Dietschy, 1972), and there
are differences in the level of expression and substrate speci-
ficity of transporters and enzymes (Artursson and Borchardt,
1997; Audus et al., 1990; Borchardt, 1995; Brayden, 1997). The
enhancement of CsA by AT1002 is assumed to be related to pro-
tease activated receptor-2 (PAR-2) receptor. PAR-2 agonists are
6-mer peptides, with four of the amino acids being identical to
that of the Zot/Zonulin receptor-binding motif (XX-IGRL) (Di
Pierro et al., 2001). This suggests that AT1002 (H-FCIGRL-
OH) may possess similar biological activity at PAR-2 receptors.

The PAR-2 receptor belongs to a class of G-protein-coupled
receptors that are activated by cleavage of their N-terminal
by a proteolytic enzyme. Following the cleavage the newly
unmasked N-terminal acts as a tethered ligand and activates
the receptor (Nystedt et al., 1995). Intracolonic infusion of a
5 g dose of the PAR-2 agonist, SLIGRL, resulted in a twofold
increase in the paracellular permeability of [’!C]-EDTA (Cenac
et al., 2004). Thus, the difference in the in vitro versus in
vivo extent of enhancement observed in our studies might arise
from differences in the expression of PAR-2 receptors along
the gastrointestinal tract versus cultured Caco-2 cells. Studies
are underway to determine the level of expression of PAR-2
receptors in Caco-2 cells as a function of passage number.

5. Conclusion

This study provided information on the effectiveness of the
active fragment of Zot and/or AG, AT1002, in enhancing in
vivo oral absorption. The enhancing effects observed in vivo
(CsA/PI/BC/AT1002) were found to be significantly higher than
our controls (CsA or CsA/PI/BC), however, its effect in the in
vitro model was not apparent. The in vivo intraduodenal absorp-
tion study illustrates AT1002’s potential usefulness in enhancing
oral drug delivery. Formulations of the peptide to minimize the
adverse effects related to the physiology of the GI tract will be
useful and lead to the development of a practically relevant drug
delivery technology for low bioavailable drugs.

Acknowledgement

This research was funded by NIH Grant RO1 EB02771.

References

Artursson, P., Borchardt, R.T., 1997. Intestinal drug absorption and metabolism
in cell cultures: Caco-2 and beyond. Pharm. Res. 14, 1655-1658.

Audus, K.L., Bartel, R.L., Hidalgo, 1.J., Borchardt, R.T., 1990. The use of
cultured epithelial and endothelial cells for drug transport and metabolism
studies. Pharm. Res. 7, 435-451.

Aungst, B.J., 2000. Intestinal permeation enhancers. J. Pharm. Sci. 89, 429-442.

Borchardt, R.T., 1995. The application of cell culture systems in drug discovery
and development. J. Drug Target. 3, 179-182.

Brayden, D., 1997. Human intestinal epithelial cell monolayers as pre-screens
for oral drug delivery. Pharm. News 4, 11-15.

Cenac, N., Chin, A.C., Garcia-Villar, R., Salvador-Cartier, C., Ferrier, L.,
Vergnolle, N., Buret, A.G., Fioramonti, J., Bueno, L., 2004. PAR2 activation
alters colonic paracellular permeability in mice via IFN-gamma-dependent
and -independent pathways. J. Physiol. 558, 913-925.

Cox, D.S., Gao, H., Raje, S., Scott, K.R., Eddington, N.D., 2001. Enhancing the
permeation of marker compounds and enaminone anticonvulsants across
Caco-2 monolayers by modulating tight junctions using zonula occludens
toxin. Eur. J. Pharm. Biopharm. 52, 145-150.

Cox, D.S., Raje, S., Gao, H., Salama, N.N., Eddington, N.D., 2002. Enhanced
permeability of molecular weight markers and poorly bioavailable com-
pounds across Caco-2 cell monolayers using the absorption enhancer, zonula
occludens toxin. Pharm. Res. 19, 1680-1688.

Di Pierro, M., Lu, R., Uzzau, S., Wang, W., Margaretten, K., Pazzani, C.,
Maimone, F., Fasano, A., 2001. Zonula occludens toxin structure-function
analysis. Identification of the fragment biologically active on tight junc-
tions and of the zonulin receptor binding domain. J. Biol. Chem. 276,
19160-19165.



14 K.-H. Song et al. / International Journal of Pharmaceutics 351 (2008) 8—14

Fasano, A., Baudry, B., Pumplin, D.W., Wasserman, S.S., Tall, B.D., Ketley,
J.M., Kaper, J.B., 1991. Vibrio cholerae produces a second enterotoxin,
which affects intestinal tight junctions. Proc. Natl. Acad. Sci. U.S.A. 88,
5242-5246.

Fasano, A., Fiorentini, C., Donelli, G., Uzzau, S., Kaper, J.B., Margaretten, K.,
Ding, X., Guandalini, S., Comstock, L., Goldblum, S.E., 1995. Zonula occlu-
dens toxin modulates tight junctions through protein kinase C-dependent
actin reorganization, in vitro. J. Clin. Invest. 96, 710-720.

Fasano, A., Uzzau, S., 1997a. Modulation of intestinal tight junctions by zonula
occludens toxin permits enteral administration of insulin and other macro-
molecules in an animal model. J. Clin. Invest. 99, 1158—-1164.

Fasano, A., Uzzau, S., Fiore, C., Margaretten, K., 1997b. The enterotoxic effect
of zonula occludens toxin on rabbit small intestine involves the paracellular
pathway. Gastroenterology 112, 839-846.

Karyekar, C.S., Fasano, A., Raje, S., Lu, R., Dowling, T.C., Eddington, N.D.,
2003. Zonula occludens toxin increases the permeability of molecular weight
markers and chemotherapeutic agents across the bovine brain microvessel
endothelial cells. J. Pharm. Sci. 92, 414-423.

Nystedt, S., Emilsson, K., Larsson, A.K., Strombeck, B., Sundelin, J.,
1995. Molecular cloning and functional expression of the gene encod-
ing the human proteinase-activated receptor 2. Eur. J. Biochem. 232,
84-89.

Ogino, Y., Kobayashi, E., Fujimura, A., 1999. Comparison of cyclosporin A
and tacrolimus concentrations in whole blood between jejunal and ileal
transplanted rats. J. Pharm. Pharmacol. 51, 811-815.

Rubas, W., Cromwell, M.E., Shahrokh, Z., Villagran, J., Nguyen, T.N., Wellton,
M., Nguyen, T.H., Mrsny, R.J., 1996. Flux measurements across Caco-2
monolayers may predict transport in human large intestinal tissue. J. Pharm.
Sci. 85, 165-169.

Salama, N.N., Fasano, A., Lu, R., Eddington, N.D., 2003. Effect of the biolog-
ically active fragment of zonula occludens toxin, delta G, on the intestinal
paracellular transport and oral absorption of mannitol. Int. J. Pharm. 251,
113-121.

Salama, N.N., Fasano, A., Thakar, M., Eddington, N.D., 2004. The effect of
delta G on the transport and oral absorption of macromolecules. J. Pharm.
Sci. 93, 1310-1319.

Salama, N.N., Fasano, A., Thakar, M., Eddington, N.D., 2005. The impact of
DeltaG on the oral bioavailability of low bioavailable therapeutic agents. J.
Pharmacol. Exp. Ther. 312, 199-205.

Song, K.H., An, HM., Kim, H.J., Ahn, S.M., Chung, S.J., Shim, C.K., 2002.
Simple liquid chromatography—electrospray ionization mass spectrometry
method for the routine determination of salmon calcitonin in serum. J.
Chromatogr. B: Analyt. Technol. Biomed. Life Sci. 775, 247-255.

Thanou, M., Florea, B.I., Langemeyer, M.W., Verhoef, J.C., Junginger, H.E.,
2000. N-Trimethylated chitosan chloride (TMC) improves the intestinal per-
meation of the peptide drug buserelin in vitro (Caco-2 cells) and in vivo (rats).
Pharm. Res. 17, 27-31.

Wilson, F.A., Dietschy, J.M., 1972. Characterization of bile acid absorption
across the unstirred water layer and brush border of the rat jejunum. J. Clin.
Invest. 51, 3015-3025.



	Effect of the six-mer synthetic peptide (AT1002) fragment of zonula occludens toxin on the intestinal absorption of cyclosporin A
	Introduction
	Materials and methods
	Materials
	Caco-2 transport studies of CsA with AT1002
	Cytotoxicity study of AT1002 on Caco-2 cell monolayers
	Animals
	Intraduodenal administration of CsA with AT1002 to rats
	Data analysis

	Results
	Caco-2 transport studies of CsA with AT1002
	Cytotoxicity study of AT1002
	Intraduodenal administration of CsA with AT1002 to rats

	Discussion
	Conclusion
	Acknowledgement
	References


