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Abstract

AT1002 is a six-mer synthetic peptide, H-FCIGRL-OH, that retains the delta G and Zot biological activity of reversibly opening tight
junctions and increases the paracellular transport of drugs. The objective of this study was to evaluate the possible use of AT1002 in
enhancing the nasal availability of macromolecules using large paracellular markers as model agents. Male Sprague-Dawley rats cann-
ulated in the jugular vein were randomly assigned to receive radiolabelled paracellular markers, ['*CJPEG4000 or ['*Clinulin, with/with-
out AT1002, for each intranasal study. The plasma concentration of PEG4000 with AT1002 (10 mg/kg) was significantly higher than that
from PEG4000 control over 360 min following intranasal administration. The AUC( 360 min and Cpax from the PEG4000/AT1002
(10 mg/kg) treatment were statistically (p < 0.05) increased to 235% and 357%, of control, respectively. When inulin was administered
with AT1002 (10 mg/kg), the plasma concentration was significantly higher (p <0.05) than control over 360 min, and increases
(p <0.05) of 292% and 315% for AUCq_360 min @and Cpax over control were observed, respectively. AT1002 significantly increased the
nasal absorption of molecular weight markers, PEG4000 and inulin. This study suggests that AT1002 may be used to enhance the sys-

temic availability of macromolecules when administered concurrently.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The nasal mucosa has become an increasingly attractive
site for the systemic administration of therapeutic agents. It
has a relatively high surface area (160—180 cm?, epithelium
covered with microvilli), good vascularity, and lower enzy-
matic activity than the gastrointestinal tract [1-3]. Further,
the nasal pathway is responsive to reversible modification
using permeation enhancing formulations for safe and
effective drug transport [1-3]. Thus, it has the potential
to provide for a more rapid and complete drug absorption
into systemic circulation and to allow for increased bio-
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availability. Nonetheless, many therapeutically active
agents experience low bioavailability after oral or nasal
administration due to poor permeation. An approach to
improve the absorption of drugs may be to reversibly
loosen the epithelial tight junctions so as to enhance their
paracellular transport. Absorption enhancers are capable
of improving the transport/absorption of low bioavailable
drugs. Some absorption enhancers specifically loosen tight
junctions and enhance paracellular permeability. Surfac-
tants, chitosans, and calcium chelators are among the most
well known absorption enhancers [4-6]. However, they
may cause serious damage to epithelial integrity, morphol-
ogy, and function [6-8].

As stated, a viable approach to enhance nasal drug
delivery may be to exploit the physiological regulation of
intercellular tight junctions in order to enhance paracellu-
lar drug transport. Reports have indicated that tight junc-
tions are not static, rather they are dynamic and can be
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manipulated to enhance paracellular transport by a protein
referred to as Zonula Occludens Toxin (Zot) [9-11]. Zot, a
45-kDa protein, elaborated from Vibrio cholera exerts its
permeating effect by mimicking a eukaryotic analogue,
referred to as Zonulin which is in charge of modulation
of intercellular tight junctions [10,11]. Since Zot exploits
the physiologic Zonulin pathway, it reversibly opens inter-
cellular tight junctions after binding to the Zonulin recep-
tor present on the surface of epithelial and endothelial
cells [10,11].

In vitro and in vivo studies have shown that Zot signifi-
cantly enhances the intestinal absorption of a variety of
structurally dissimilar co-administered agents [11-17]. A
smaller 12-kDa fragment of Zot, named delta G (AG),
has been identified as its biologically active fragment [12].
AG significantly increased the in vitro transport and the
in vivo absorption of low bioavailable therapeutic agents
[15-17]. Even though promising results were obtained with
the use of AG, the isolation/purification process does not
yield sufficient amounts 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 [12].
It was noted that the amino acid sequence ‘IGRL’, identi-
fied as part of the binding domain in Zot/delta G, is the
same as that observed in the PAR-2 agonists (fur-LIGRL,
FCIGRL) [12]. PAR-2 agonists have been reported to
increase paracellular permeability [18]. As such, this led
to the hypothesis that Zot/AG may act at these receptors
and produce an increase in paracellular permeability.
Recently, the sequence of AT1002, a six-mer synthetic pep-
tide H-FCIGRL-OH, was isolated from the active frag-
ment of AG, subsequently synthesized and assumed to
retain AG or Zot permeating effect on intercellular tight
junctions. FCIGRL is identical to the AA residues 288—
293 of Zot and the XX-IGRL sequence is part of the puta-
tive receptor binding motif of Zot/AG, thus the peptide was
assumed to have similar properties as Zot/AG (Fig. 1).

The purpose of this study was to evaluate the biological
ability of AT1002 to enhance the systemic bioavailability of
molecular weight hydrophilic markers (i.e., PEG4000, inu-
lin) after intranasal administration. Increases in the
absorption of molecular weight markers would suggest that
AT1002 could be used to improve the nasal absorption of
therapeutic macromolecules, such as peptides, or adjuvants
for the nasal delivery of vaccines.

2. Materials and methods
2.1. Materials

AT1002 was purchased from Alba Therapeutics Corpo-
ration (Baltimore, MD). ['*CJPEG4000 (13.4 mCi/g,
50 uCi/ml) and [**Clinulin (1.2 mCi/g, 100 uCi/ml) were
purchased from Amersham Radiochemicals (Piscataway,
NJ) and American Radiolabeled Chemicals, Inc. (St.
Louis, MO), respectively. Dextrose injection solution was
purchased from Baxter Healthcare Corporation (Deerfield,
IL). Ketamine HCI injection, USP, was purchased from
Bedford Laboratories (Bedford, OH). Xylazine was pur-
chased from Sigma Chemical Co. (St. Louis, MO). All sur-
gical supplies were purchased from World Precision
Instruments (Sarasota, FL). All chemicals were of analyti-
cal grade.

2.2. Animals

Male Sprague-Dawley rats (280-300g) were pur-
chased from Harlan Laboratories (Indianapolis, IN).
Rats were housed individually in cages and allowed to
acclimate at least 2 days after arrival. Rats were fed
Rat Chow (Harlan Teklad, Madison, WI) and water
ad libitum and maintained on a 12-h light: 12-h dark
cycle. The protocol for the animal studies was approved
by the School of Pharmacy, University of Maryland
IACUC.

2.3. Preparation of PEG4000 and inulin formulations

PEG4000 solutions for intranasal administration were
obtained by mixing [*CJPEG4000 with 5% dextrose
solution to form the PEG4000 control dosing solution.
After addition of an appropriate amount of AT1002
to the control, the ATI002 treatments were prepared
as 5% dextrose-['*CIPEG4000 (15 uCi/kg) with AT1002
(5 and 10 mg/kg) solutions. The dosing control solution
for inulin was prepared by mixing ["*Clinulin with 5%
dextrose and the treatment dosing solutions were pre-
pared by combining 5% dextrose-['*Clinulin (30 nCi/kg)
with AT1002 (5 and 10 mg/kg). The control and treat-
ment solutions were prepared immediately prior to
dosing.

1 MSIFIHHGAP GSYKTSGALW LRLLPAIKSG
61 IDTDHPDGRL TMARFWHWAR KDAFLFIDEC
121 FEVAFDMHRH HGWDICLTTP NIAKVHNMIR
181 SGQMDSHALT RQVKKIPSPI FEKMYASTTTG
241 SFYGLHDNPI FTGGNDATIE SEQSEPQSKA
301 TYGDERYRLY DNLDIPYRGL WATGHHIYKD
361 DFNHFVVFDT FAAQALWVEV KRGLPIKTEN

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

AT1002, active domain of Zot.

RHIITNVRGL NLERMAKYLK MDVSDISIEF
GRIWPPRLTA TNLKALDTPP DLVAEDRPES
EAAEIGYRHF NRATVGLGAK FTLTTHDAAN
KARDTMAGTA LWKDRKILFL FGMVFLMFSY
TAGNAVGSKA VAPASFG CVQDGEV
KLTVFFETES GSVPTELFAS SYRYKVLPLP
DKKGLNSIF
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2.4. Intranasal administration with AT1002 to Sprague—
Dawley rats

Jugular vein cannulated Sprague-Dawley rats were
anaesthetized with an intra-muscular injection of a keta-
mine/xylazine solution (80 mg/kg ketamine, 12 mg/kg xyla-
zine). The following formulations were administered per
radiolabelled compound intranasally to rats: (1) 5% dex-
trose solution of PEG4000 (15 uCi/kg), (2) 5% dextrose
solution of PEG4000 (15 pCi/kg) and AT1002 (5 mg/kg),
(3) 5% dextrose solution of PEG4000 (15 pCi/kg) and
AT1002 (10 mg/kg) for the PEG4000 studies, and (1) 5%
dextrose solution of inulin (30 uCi/kg), (2) 5% dextrose
solution of inulin (30 uCi/kg) and AT1002 (5 mg/kg), (3)
5% dextrose solution of inulin (30 uCi/kg) and AT1002
(10 mg/kg) for the inulin studies. The rats were manually
restrained in a supine position and the head was tilted back
slightly while the formulation was instilled into the nostril.
Doses were administered with a maximum administrated
volume (50 pl/nostril, [19,20]) via a micropipette and dis-
posable tip, considering the solubility of AT1002. Extreme
care was taken during dosing to avoid tissue damage
potentially resulting from contact of intranasal mucosa.

2.5. Sample analysis

Blood samples (250 pl) were drawn via the jugular can-
nula into heparinized syringes at 0, 10, 20, 30, 40, 60, 90,
120, 240, and 360 min into polypropylene tubes, centri-
fuged (13,000 rpm for 10 min) immediately and plasma
was obtained. Scintillation cocktail was added and plasma
samples were analyzed for radioactivity using Beckman
Coulter LS 6500 multi-purpose Scintillation counter.

2.6. Data analysis

The amount of each radiolabelled compound absorbed
was converted to concentrations using the specific activity
of the radiolabelled stock solution. The pharmacokinetic
parameters were calculated using the non-compartmental
analysis Winnolin® pharmacokinetic software package
(Pharsight Inc., Mountain view, CA). The area under the
plasma concentration—time curve (AUC_,) was calculated
using the linear trapezoidal method. Peak plasma concen-
tration of each compound (Cp,.x), time to reach the peak
(Tmax), mean residence time (MRT), clearance normalized
by bioavailability (CI/F), and distribution volume normal-
ized by bioavailability (V4/F) following intranasal adminis-
tration were determined from the observed data. The
percent enhancement ratio, ER (%), for the pharmacoki-
netic parameters was calculated from the formula

PKar: -(treatment)
ER % _ parameter-(trea % 100 1
( ) PKparamctcr(control) ( )
All data were expressed as the mean and standard error of
the mean of the values (mean + SEM). The statistical sig-
nificance of differences between treatments and/or controls

was evaluated using the Student’s r-test and ANOVA fol-
lowed 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 or p <0.01.

3. Results

3.1. Intranasal administration PEG4000 with ATI1002 to
Sprague—Dawley rats

Male Sprague-Dawley rats cannulated in the jugular
vein were randomly assigned to receive radiolabelled para-
cellular markers with/without AT1002. The pharmacoki-
netic profiles were characterized for each group and the
pharmacokinetic parameters were calculated using non-
compartmental analysis. Fig. 2 illustrates the mean plasma
concentration versus time profiles for ['*CJPEG4000 in rats
following intranasal administration of PEG4000,
PEG4000/AT1002 (5mg/kg), and PEG4000/AT1002
(10 mg/kg). Each PEG4000 plasma concentration from
the AT1002 10 mg/kg dose was found to be higher
(p <0.05) than control over a 360 min time period
(Fig. 2), indicating a significant enhancement in intranasal
absorption of PEG4000 by AT1002. At 20 min post-dos-
ing, the enhancement ratio for the plasma concentration
of PEG4000/AT1002 (10 mg/kg) was 439% higher
(p <0.05) than control. The pharmacokinetic profile for
PEG4000 when co-administered with AT1002 (5 mg/kg)
displayed enhancement at multiple times in comparison
to the control plasma concentrations. As shown in Table 1,
the administration of PEG4000 with AT1002 (10 mg/kg)
produced a statistically significant increase in AUC_360 min
(15.74 4= 2.32 min pg/ml) as compared to control (6.70 4
0.22 min pg/ml) along with an enhancement ratio (ER %)
of 235%. The Cpax (95.46 + 14.63 ng/ml) achieved after
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Fig. 2. Average plasma concentration versus time profile for
["*CJPEG4000 in jugular cannulated Sprague-Dawley rats following the
intranasal administration of treatments. i.e., PEG4000 (@), PEG4000/
AT1002 (5 mg/kg) (O), and PEG4000/AT1002 (10 mg/kg). Each data
point represents mean + SEM of 4-5 rats. *Significant at p <0.05
compared to PEG4000 only of each same time point.
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Mean 4+ SEM bioavailability parameters for paracellular markers (['*CJPEG4000, 15 uCi/kg; ['*Clinulin, 30 pCi/kg) after intranasal administration to jugular vein cannulated Sprague-Dawley rats

(n = 4-5) alone and/or with AT1002

Table 1
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Tmax (Min) MRT (min) V4/F (1/kg) CI/F (l/min/kg)
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4CIPEG4000 + AT 1002 (10 mg/kg)
14Clinulin + AT 1002 (5 mg/kg)
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4CIPEG4000 only (control)
4Clinulin only (control)

Significant (p < 0.05) compared to PEG4000 and inulin only control, respectively.
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Fig. 3. Average plasma concentration versus time profile for [**Clinulin in
jugular cannulated Sprague-Dawley rats following the intranasal admin-
istration of treatments, i.e., inulin (@), inulin/AT1002 (5 mg/kg) (O), and
inulin/AT1002 (10 mg/kg). Each data point represents mean + SEM of 4—
5 rats. *Significant at p < 0.05 compared to inulin only of each same time
point.

ATI1002 (10 mg/kg) was also higher (p < 0.01) than control
(26.72 + 3.12 ng/ml) as indicated by an ER of 357%.
PEG4000/AT1002 (5 mg/kg) led to a 149% increase in
the AUCO,360 min (999 + 1.71 min ug/ml) and 163%
(43.66 &= 6.82 ng/ml) increase in Cp,.x with non-significant
differences as compared to the PEG4000 control.

3.2. Intranasal administration of inulin with AT1002 to
Sprague—Dawley rats

The mean plasma concentration versus time profiles for
['*Clinulin in male Sprague-Dawley rats following the intra-
nasal administration of inulin and inulin/AT1002 (5 or
10 mg/kg) are shown in Fig. 3. The inulin plasma versus time
profile after AT1002 (10 mg/kg) was significantly higher
than control over 360 min. At 240 min post-dosing, inulin
levels associated with the AT1002 (10 mg/kg) dose were
328% higher (p <0.05) than control. Significant enhance-
ment in the rate and extent of absorption was observed with
292% increase in AUC 360 min (594.86 &= 168.91 min pug/ml)
and 315% increase in Cpay (2065.73 4= 517.80 ng/ml) com-
pared to control (AUC 360 min, 203.43 & 33.94 min pug/ml;
Crnax, 656.45 £100.68 ng/ml). The enhancement for the
AT1002 (5 mg/kg) treatment on AUC 360 min (110%) and
Chax (126%) was not statistically different as compared to
inulin alone.

4. Discussion

The low bioavailability after oral dosing for potent ther-
apeutic drugs, peptides or macromolecules continues to be
an impediment in the drug development process. The nasal
route for systemic drug delivery has been the focus of sig-
nificant research as an alternative to oral drug administra-
tion. Intranasal delivery is a convenient, reliable, rapid, and
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non-invasive delivery approach for low molecular weight
compounds. Studies have demonstrated that molecular size
and weight are determining factors that control efficient
nasal delivery [1-3]. For example, the increased absorption
of larger peptides is limited by their molecular weight, sur-
face charge and enzymatic degradation [21]. A strategy
used to minimize these issues is the co-administration of
therapeutic macromolecule with absorption enhancers
[4,21]. Hence, the use of the AT1002 technology as an adju-
vant to increase the nasal delivery of peptides and vaccines
seems to have significant potential in light of its mechanism
of modulating tight junctions [22].

The objective of this study was to evaluate the ability of
AT1002 to enhance the systemic bioavailability of the
hydrophilic markers, inulin and PEG4000 after nasal
administration. AT1002 is an active fragment of Zot and
AG, representing the amino acid sequence that presumably
retains their permeating effects (Fig. 1) [13-17]. Both Zot
and AG have been shown to bind to a surface receptor
and trigger a cascade of intracellular events mediated by
protein kinase C with polymerization of soluble G-actin,
subsequent displacement of proteins from the junctional
complex, and loosening of tight junctions [12,23]. Zot has
been reported to be capable of reversibly opening the tight
junctions between cells and increasing the paracellular
transport of many drugs in a non-toxic manner
[10,11,13-17]. Intensive investigation of the biological
activity of Zot as an absorption enhancer was triggered
by reports of effective oral administration of insulin with
Zot in diabetic rats [11]. Studies in our laboratory have
shown that Zot (0.22-0.89 x 10~'° mol/ml) enhances the
intestinal transport of macromolecules of varying molecu-
lar weight (mannitol, PEG4000, inulin, and sucrose) or
low bioavailability compounds (paclitaxel, acyclovir, cyclo-
sporin A, and doxorubicin) across Caco-2 cell monolayers
in a non-toxic manner [13-17]. In addition, AG (0.83—
1.50 x 10~® mol/ml) significantly increased the in uvitro
transport of paracellular markers (mannitol, PEG4000,
and inulin) in a non-toxic manner and the in vivo absorp-
tion of low bioavailable therapeutic agents (cyclosporin
A, ritonavir, saquinavir, and acyclovir) and mannitol over
a dose range of 3.48-6.00 x 10~® mol/kg [13-17]. AT1002 is
a six-mer modified synthetic peptide H-FCIGRL-OH that
was isolated on the basis of the biological activities of
Zot and AG and is assumed to retain their tight junction
modulating activity [12].

Recently, this laboratory examined the effect of AT1002
on the oral administration of the low bioavailable agent,
cyclosporin A (CsA) [22]. A significant enhancement in
the absorption of CsA was observed in this study after dos-
ing with AT1002, suggesting that the six-mer peptide
retained the Zot domain directly involved in the permeat-
ing effect. AT1002 significantly (p <0.05) increased the
AUC 150 min of CsA over a range of 164-214%, and Cy,ax
over a range of 177-256% after a dose of 10
(1.41 x 10> mol/kg) and 40 mg/kg (5.65x 10> mol/kg).
It should be noted that protease inhibitors (a mixture of

bestatin, captopril, and leupeptin) were used to minimize
enzymatic degradation of AT1002 in these studies. Further,
we evaluated the biological activity of a peptide with a sim-
ilar structure to AT1002 and did not observe enhancement
after co-administration with cyclosporin A absorption [22].

In this study, a significant enhancement in the nasal
absorption of both paracellular markers, PEG4000 and
inulin (mw 5000 Da), was observed after dosing with
AT1002. The plasma concentration of PEG4000 when
administered with AT1002 (10 mg/kg, 1.41x 107> mol/
kg) was 439% higher (p <0.05) than the control at
20 min. Moreover, AUC( 360 min and Cpax for PEG4000
was increased by 235% and 357%, respectively, over the
control treatment in the presence of AT1002 (10 mg/kg).
When inulin was administered with AT1002 (10 mg/kg),
the plasma concentration of inulin was 328% higher
(p <0.05) than that for the inulin control at 240 min. Fur-
ther, the pharmacokinetic profile displayed significant
increases in both the extent and rate of inulin absorption
for a period of 6 h with 292% increase in AUC(_360 min
and 315% increase in Cp,,x for the AT1002 treatment versus
control.

The extent of nasal absorption observed for inulin was
found to be higher (292%) as compared to PEG4000
(235%). Previous in vitro Caco-2 studies with Zot also
noted a significant increase in the permeability of inulin
from 0.7 x 107®cm/s (control) to 4.37 x 10~®cm/s (4 pg/
ml Zot) compared to PEG4000 from 0.15x 10~®cm/s to
0.33x 10~®cm/s [13]. Studies have suggested that inulin
has a more compact cylindrical configuration relative to
the extended chain configuration associated with
PEG4000 [24,25]. Size exclusion chromatography analysis
retention times of 44.8, 48.2, and 49.6 min for PEG4000,
inulin and PEG900, respectively. These results suggest that
despite the higher molecular weight of inulin, it has a
molecular configuration that contributes to its retardation
in size exclusion chromatography [26]. In addition, it has
been reported that there are low molecular weight polysac-
charide impurities in inulin which may influence its trans-
port. Taken together, the higher permeability and/or
nasal absorption of inulin versus PEG4000 observed in this
study may be due to its compact cylindrical configuration
as well as the presence of low molecular weight
components.

The highest dose of AT1002, 10 mg/kg, for this study
was determined based on preliminary studies addressing
its solubility and in consideration of the volume limitations
associated with nasal dosing to rats. The biological activity
associated with the highest dose of AT1002 was found to
take place 20 min after dosing and was maintained approx-
imately for the duration of the sampling period. AT1002
produced its first significant difference in plasma
PEG4000 concentrations 20 min after dosing, and this dif-
ference was maintained for 360 min. On the other hand, the
most significant indication of AT1002 permeating activity
was observed 240 min after inulin dosing; however, higher
plasma levels were obtained 10 min after the dosing com-
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pared to the control treatment. These results observed with
both inulin and PEG4000 suggest that this six-mer peptide
produces its biological activity promptly and continuously
after dosing.

It should be noted that the enhancement of inulin and
PEG4000 by AT1002 is assumed to be related to protease
activated receptor-2 (PAR-2) receptor. PAR-2 agonists
are six-mer peptides, with four of the amino acids being
identical to that of the Zot/Zonulin receptor binding motif
(XX-IGRL) [12]. This suggests that AT1002 (H-FCIGRL-
OH) may possess similar biological activity at the PAR-2
receptors. The PAR-2 receptor belongs to a class of G-pro-
tein coupled receptors that are activated by cleavage of
their N-terminal by a proteolytic enzyme. Studies are
underway to determine definitive role of PAR-2 receptors
in the biological activity of AT1002.

Previous studies were performed with epithelial cells to
determine if AT1002 produced a cytotoxic response after
exposure [22]. The Caco-2 epithelial cell line was used to
investigate cytotoxicity and cells were exposed to
AT1002, PBS (negative control) and Tritox X-100 (positive
control) for up to 60 min. No significant differences were
observed with the AT1002 incubations as compared to
PBS, indicating that AT1002 did not produce cytotoxicity.

The promising results observed with AT1002 after intra-
nasal dosing of high molecular weight hydrophilic markers
suggest that this peptide may be a useful enhancer for pep-
tides or as an adjuvant for nasal vaccine delivery. This
study provides evidence of the effectiveness of the active
modified and synthesized fragment of Zot/AG, AT1002,
in enhancing the absorption of molecular weight markers
(PEG4000, inulin) after intranasal administration. The per-
meation enhancing effect of AT1002 observed in vivo was
found to be significantly higher than controls. The in vivo
intranasal absorption study illustrates the peptide’s poten-
tial usefulness in enhancing drug delivery, and positions it
to be an effective technology for enhancing the systemic
bioavailability of therapeutic agents and macromolecules.

Acknowledgements

This research was funded in part by NIH Grant RO1
EB02771, Maryland Industrial Partnerships and the Korea
Research Foundation (M01-2004-000-20396-0).

References

[1] Y.W. Chien, K.S.E. Su, S.F. Chang, Nasal Systemic Drug Delivery,
Marcel Dekker, New York, 1989.

[2] L. Illum, Nasal drug delivery: new developments and strategies, Drug
Discov. Today 7 (23) (2002) 1184-1189.

[3] L. Illum, Nasal drug delivery-possibilities problems and solutions, J.
Control. Release 87 (1-3) (2003) 187-198.

[4] J. Arnold, F. Ahsan, E. Meezan, D.J. Pillion, Nasal administration of
low molecular weight heparin, J. Pharm. Sci. 91 (7) (2002) 1707-1714.

[5] P. Sinswat, P. Tengamnuay, Enhancing effect of chitosan on nasal
absorption of salmon calcitonin in rats: comparison with hydroxy-
propyl- and dimethyl-beta-cyclodextrins, Int. J. Pharm. 257 (1-2)
(2003) 15-22.

[6] S.S. Davis, L. Illum, Absorption enhancers for nasal drug delivery,
Clin. Pharmacokinet. 42 (13) (2003) 1107-1128.

[7] E. Duizer, C. van der Wulp, C.H. Versantvoort, J.P. Groten,
Absorption enhancement, structural changes in tight junctions and
cytotoxicity caused by palmitoyl carnitine in Caco-2 and IEC-18 cells,
J. Pharmacol. Exp. Ther. 287 (1) (1998) 395-402.

[8] M. Thanou, B.I. Florea, M.W. Langemeyer, J.C. Verhoef, H.E.
Junginger, N-trimethylated chitosan chloride (TMC) improves
the intestinal permeation of the peptide drug buserelin in vitro
(Caco-2 cells) and in vivo (rats), Pharm. Res. 17 (1) (2000)
27-31.

[9] R. Lu, W. Wang, S. Uzzau, R. Vigorito, H.R. Zielke, A. Fasano,
Affinity purification and partial characterization of the zonulin/
zonula occludens toxin (Zot) receptor from human brain, J. Neuro-
chem. 74 (1) (2000) 320-326.

[10] A. Fasano, S. Uzzau, C. Fiore, K. Margaretten, The entero-
toxic effect of zonula occludens toxin on rabbit small intestine
involves the paracellular pathway, Gastroenterology 112 (3)
(1997) 839-846.

[11] A. Fasano, S. Uzzau, Modulation of intestinal tight junctions by
Zonula occludens toxin permits enteral administration of insulin and
other macromolecules in an animal model, J. Clin. Invest. 99 (6)
(1997) 1158-1164.

[12] M. Di Pierro, R. Lu, S. Uzzau, W. Wang, K. Margaretten, C.
Pazzani, F. Maimone, A. Fasano, Zonula occludens toxin structure—
function analysis. Identification of the fragment biologically active on
tight junctions and of the zonulin receptor binding domain, J. Biol.
Chem. 276 (22) (2001) 19160-19165.

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

[14] D.S. Cox, S. Raje, H. Gao, N.N. Salama, N.D. Eddington, Enhanced
permeability of molecular weight markers and poorly bioavailable
compounds across Caco-2 cell monolayers using the absorption
enhancer, zonula occludens toxin, Pharm. Res. 19 (11) (2002) 1680-
1688.

[15] N.N. Salama, A. Fasano, R. Lu, N.D. Eddington, Effect of the
biologically active fragment of zonula occludens toxin, delta G, on the
intestinal paracellular transport and oral absorption of mannitol, Int.
J. Pharm. 251 (1-2) (2003) 113-121.

[16] N.N. Salama, A. Fasano, M. Thakar, N.D. Eddington, The effect of
delta G on the transport and oral absorption of macromolecules, J.
Pharm. Sci. 93 (5) (2004) 1310-1319.

[17] N.N. Salama, A. Fasano, M. Thakar, N.D. Eddington, The
impact of DeltaG on the oral bioavailability of low bioavail-
able therapeutic agents, J. Pharmacol. Exp. Ther. 312 (1)
(2005) 199-205.

[18] N. Cenac, A.C. Chin, R. Garcia-Villar, C. Salvador-Cartier, L.
Ferrier, N. Vergnolle, A.G. Buret, J. Fioramonti, L. Bueno, PAR2
activation alters colonic paracellular permeability in mice via IFN-
gamma-dependent and -independent pathways, J. Physiol. 558 (Pt. 3)
(2004) 913-925.

[19] Y. Kuboyama, K. Mori, K. Suzuki, A. Ishii, K. Shuto, Changes in
nasal cavity volume and target area of exposure to nasal drops with
age in rats, Exp. Anim. 45 (1) (1996) 15-22.

[20] P.E. Sharp, M.C. La Regina, The Laboratory Rat, CRC Press, New
York, 1998, pp. 138, 143.

[21] M.I. Ugwoke, N. Verbeke, R. Kinget, The biopharmaceutical aspects
of nasal mucoadhesive drug delivery, J. Pharm. Pharmacol. 53 (1)
(2001) 3-21.

[22] K.H. Song, A. Fasano, N.D. Eddington, Effect of the six-mer
synthetic peptide (AT1002) fragment of Zonula Ocludens Toxin on
the intestinal absorption of Cyclosporin A, Int. J. Pharm., (2007),
doi:10.1016/j.ijpharm.2007.09.011.

[23] A. Fasano, C. Fiorentini, G. Donelli, S. Uzzau, J.B. Kaper, K.
Margaretten, X. Ding, S. Guandalini, L. Comstock, S.E. Goldblum,


http://dx.doi.org/10.1016/j.ijpharm.2007.09.011

K.-H. Song et al. | European Journal of Pharmaceutics and Biopharmaceutics 69 (2008) 231-237 237

Zonula occludens toxin modulates tight junctions through protein [25] D. Eagland, N.J. Crowther, C.J. Butler, Interaction of poly(oxyeth-

kinase C-dependent actin reorganization, in vitro, J. Clin. Invest. 96 ylene) with water as a function of molar mass, Polymer 34 (13) (1993)
(2) (1995) 710-720. 2804-2808.

[24] K.J. Liu, J.L. Parsons, Solvent effect on the preferred confor- [26] H. Ghandehari, P.L. Smith, H. Ellens, P.Y. Yeh, J. Kopecek, Size-
mation of poly(ethylene glycols), Macromolecules 2 (1969) 529- dependent permeability of hydrophilic probes across rabbit colonic

533. epithelium, J. Pharmacol. Exp. Ther. 280 (2) (1997) 747-753.



	Enhanced nasal absorption of hydrophilic markers after dosing  with AT1002, a tight junction modulator
	Introduction
	Materials and methods
	Materials
	Animals
	Preparation of PEG4000 and inulin formulations
	Intranasal administration with AT1002 to Sprague-Dawley rats
	Sample analysis
	Data analysis

	Results
	Intranasal administration PEG4000 with AT1002 to Sprague-Dawley rats
	Intranasal administration of inulin with AT1002 to Sprague-Dawley rats

	Discussion
	Acknowledgements
	References


