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The purpose of our study was to investigate the potential of cell-penetrating peptides; penetratin as novel
delivery vector, on the systemic absorption of therapeutic peptides and proteins across different mucosal
administration sites. The absorption-enhancing feasibility of L- and p-penetratin (0.5 mM) was used for
glucagon-like peptide-1 (GLP-1), and exendin-4 as novel antidiabetic therapy, in addition to interferon-f3
(IFN-B) as protein biotherapeutic model from nasal and intestinal route of administration was evaluated
as first time in rats. Nasal route is the most feasible for the delivery of therapeutic peptides coadministered

Ic(?lll‘f;)erﬁ;ratmg peptides with penetratin whereas the intestinal route appears to be more restricted. The absolute bioavailability
Penetratin (BA (%)) values depend on the physichochemical characters of drugs, stereoisomer character of penetratin,

and site of administration. Penetratin significantly increased the nasal more than intestinal absorption
of GLP-1 and exendin-4, as the BA for nasal and intestinal administration of GLP-1 was 15.9% and 5%,
and for exendin-4 were 7.7% and 1.8%, respectively. Moreover, the BA of IFN-3 coadministered with
penetratin was 11.1% and 0.17% for nasal and intestinal administration, respectively. From these findings,
penetratin is a promising carrier for transmucosal delivery of therapeutic peptides and macromolecules
as an alternative to conventional parenteral routes.

Nasal and intestinal absorption
Therapeutic peptides and proteins
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1. Introduction

As potential therapeutics, bioactive peptides and proteins offer
high specificity and potency for treating several disease condi-
tions (Kumar et al., 2006; Sato et al., 2006). Despite revolutionary
progress in the large scale manufacturing of peptides and pro-
teins, developing effective and convenient non-invasive delivery
systems of this therapeutics remains a major challenge (Khafagy
et al., 2007). Problems arise from the unfavorable physicochem-
ical and biological properties of therapeutic peptides, proteins
and hydrophilic macromolecules, which affect their absorption.
So far, the parenteral route is the most common delivery system
for such biopharmaceutical products (Mustata and Dinh, 2006).
However, the oral delivery route, even if it is the most chal-
lenging for peptide and protein delivery regimens, remains the
most convenient system as it is non-invasive, patient friendly
and allows self-administration (Morishita and Peppas, 2006). The
oral administration of biotherapeutic agents is notoriously difficult
because of their poor permeability through the intestinal mucosa.
This is associated with their high molecular weights, hydrophilic-
ity and susceptibility to enzymatic degradation (Goldberg and
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Gomez-Orellana, 2003). Various pharmaceutical strategies that
have been proposed to maximize peptide and protein bioavail-
ability (BA) (Katsuma et al., 2006; Morishita et al., 2006; Werle
and Takeuchi, 2008). However, acceptable BA has not attained
yet.

Because of the complexity and poor success in the oral deliv-
ery of biotherapeutic peptides and proteins, the nasal route offers
an interesting option to conventional parenteral routes of admin-
istration (Costantino et al., 2007). It offers numerous benefits as a
non-invasive target issue for drug delivery. The large surface area
of the nasal mucosa affords a rapid onset of therapeutic effects
and there is no first-pass metabolism. These benefits maximize
patient convenience, comfort and compliance (Tiirker et al., 2004).
Nonetheless, as with any such surface the nasal mucosa poses a per-
meation barrier to macromolecular therapeutics such as peptides
and proteins. There remain the problems of enzymatic degrada-
tion and rapid mucociliary clearance (Illum, 2003), which limit the
ability of peptides and proteins to reach the general circulation in
therapeutic quantities. Previously, several approaches are used to
improve the absorption of peptides and proteins through the nasal
mucosa, including using absorption enhancers (Pillion et al., 2002),
carrier systems (Wang et al., 2006), and mucoadhesive polymers
(Dyer et al., 2002). Although such methods have been successful in
delivering biotherapeutic peptides, they have been hampered by
limited biological efficiency at tolerable levels of safety.
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Thus, improving the membrane permeability of macro-
molecules should help achieve an acceptable BA of macromolecules
(Morishita and Peppas, 2006; Goldberg and Gomez-Orellana, 2003).
Nevertheless, highly cationic, naturally occurring low molecular
weight peptide sequences enriched with basic amino acids or pro-
line, and synthetic molecules such as model amphipathic peptides,
can cross the lipid bilayer (Wagstaff and Jans, 2006). These cell-
penetrating peptides (CPPs) efficiently translocate through the cell
membrane without the need for a receptor, and can deliver a
hydrophilic cargo (peptide or protein) into cells. This ability of these
domains, together with their low toxicity, makes them promising
potential delivery vectors (Lindsay, 2002; Tréhin and Merkle, 2004).

A previous study from our laboratory established that oligoargi-
nine is talented for assisting the non-invasive absorption of
biotherapeutic agents (Morishita et al., 2007). It produced high
BA and showed no apparently undesirable effects on biological
membranes, but required relatively high doses. Moreover, the
absorption of INF-3 was slightly improved by coadministration of
oligoarginine. Therefore, the main goal of our present study is to
evaluate the effects of penetratin as one of the most promising CPP
to improve the BA of new therapeutic peptides, such as glucagon-
like peptide-1 (GLP-1) and exendin-4 that offer a novel treatment
option for patients with type 2 diabetes (Sadrzadeh et al., 2007). In
addition, interferon-f3 (IFN-[3), a model of high molecular weight
protein has insufficient absorption through the mucosal route of
administration. We also studied the stereoisomeric effects of L-
and p-forms of penetratin and their abilities to enhance the BA of
peptides and proteins drugs, and comparing the penetratin effi-
ciency for enhancing biotherapeutics absorption through the nasal
and intestinal routes, which were not examined before for in vivo
absorption study and are used as first time.

2. Materials and methods
2.1. Materials

GLP-1 and exendin-4 were purchased from Sigma-Aldrich Co.
(St Louis, MO, USA). Recombinant human IFN-f3 (0.6 x 107 IU/vial)
was kindly supplied by Toray Industries, Inc. (Kanagawa, Japan).
L- and D-penetratins (RQIKIWFQNRRMKWKK, 2247 Da, and purity
>95% for each peptide) were synthesized by Sigma Genosys, Life Sci-
ence Division of Sigma-Aldrich Japan Co. (Ishikari, Japan). All other
chemicals were of analytical grade and available commercially.

2.2. Preparation of drug-penetratin solutions

Specificamounts of GLP-1 and exendin-4 equivalent to adminis-
tered dose were dissolved in 1.5 ml phosphate buffered saline (PBS),
pH 7.4, containing 0.001% methylcellulose to prevent adsorption of
the CPP onto the tube surface. L- or D-penetratin (0.5 mM) were
measured into polypropylene tubes and an appropriate aliquot
of drug solution was added to the tubes and mixed gently to
yield a clear solution. In the case of IFN-f3, one vial of IFN-3 was
diluted on ice with 1 ml of PBS, pH 7.4, containing 0.05% Tween
20 to prevent the adsorption of IFN-[3 onto the tube surface, then
100 .l of IFN-[3 solution was diluted to prepare the IFN-f3 solution
at 0.9 x 106 IU/ml in PBS. Specific amounts of L- or D-penetratin
(0.5 mM) were measured into polypropylene tubes and an appro-
priate aliquot of the IFN-3 solution was added to the tubes and
mixed gently to yield a clear solution.

2.3. Nasal absorption study
This research was performed at Hoshi University and complied

with the regulations of the Committee on Ethics in the Care and
Use of Laboratory Animals. Male Sprague Dawley rats weighing

180-220 g were purchased from Tokyo Laboratory Animals Science
Co., Ltd. (Tokyo, Japan). Animals were housed in rooms controlled
between23 4+ 1°Cand 55 £ 5%relative humidity and had free access
to water and food during acclimatization. Animals were fasted for
24 h before the experiments.

The in vivo experiments were performed in rats as described
(Hirai et al., 1981). Following anesthesia using an intraperitoneal
(i.p.) injection of sodium pentobarbital (50 mg/kg; Dainippon Phar-
maceutical Co., Ltd., Osaka, Japan), rats were restrained supine at
an angle of 15° on a thermostatically controlled board at 37°C
and a small midline incision was made carefully in the neck. The
trachea was then cannulated with a 7 cm long polyethylene tube
with a diagonally cut end (2.08 mm outer diameter, 0.d., 1.57 mm
inner diameter, i.d.; Becton Dickinson, Franklin Lakes, NJ, USA),
to maintain respiration. The esophagus was then cannulated with
a blind-ended polyethylene tube (8 cm 1.; 2.42 mm o.d.; 1.67 mm
i.d.). This was moved rostrally to block the nasal cavity, to main-
tain solutions in the nasal cavity and eliminate oral absorption. The
nasopalatine ducts were closed with medical cyanoacrylate poly-
mer glue (Aron Alpha A® Super Glue, Daiichi Sankyo Co., Tokyo,
Japan) to prevent drainage of the solution from the nasal cavity to
the mouth. Rats were left on the board at 37 °C for a further 30 min
to recover from the resulting surgery. After 30 min rest, each rat
was then given 20 wl of the drug-penetratin mixture or drug solu-
tion alone (control) with a micropipette inserted directly 0.5cm
into each nostril. The doses were 0.1 mg/kg for GLP-1, 0.25 mg/kg
for exendin-4, and 0.18 x 108 [U/kg for IFN-B. Additional i.p. injec-
tions of sodium pentobarbital (12.5 mg/kg) were used every 1h to
maintain anesthesia.

2.4. In situ intestinal loop absorption study

Rats, anesthetized as above, were restrained in a supine posi-
tion on a thermostatically controlled board at 37°C. The ileum
was exposed following a small midline incision made carefully
in the abdomen and its proximal-to-ileocecal junction segment
(length 10 cm) was cannulated at both ends using polypropylene
tubing (4 mm o.d., 2 mm i.d.; Saint-Gobain Norton Co. Ltd., Nagano,
Japan). These were securely ligated to prevent fluid loss and care-
fully returned to their original location inside the peritoneal cavity.
To wash out the intestinal contents, PBS at 37°C was circulated
through the cannula at 5.0 ml/min for 4 min using an infusion pump
(KD Scientific Inc., Holliston, MA, USA). The cannulation tubing was
removed and the segments were then tightly closed; about 1 ml
of perfusion solution remained in the segments. Rats were left on
the board at 37 °C for a further 30 min to recover from the surgery
described above. After 30 min rest, 0.5 ml of drug-penetratin mix-
ture or drug solution alone (control) was directly administered into
the 6 cm ileal loop made from the 10 cm pretreated segment. The
doses were 1.25 mg/kg for GLP-1, 1.25 mg/kg for exendin-4, and
2.25 x 108 IU/kg for IFN-B.

The BA of nasally and intestinally administered drugs was calcu-
lated relative to the intravenous (i.v.) route for administered drugs.
Briefly, a drug solution was prepared by dissolving an appropri-
ate amount of drug in PBS as described before for i.v. injections at
6.25 x 1073 mg/kg for GLP-1, 12.5 x 10~3 mg/kg for exendin-4, and
3 x 103 IU/kg for IFN-B. To maintain the same physical conditions
for the rats, the same surgery was performed on animals receiving
i.v. injections of drugs as that performed on rats in the nasal and
ileal loop absorption studies.

2.5. Analytical methods
During the nasal and in situ ileal loop experiments, a 0.25 ml

blood aliquot was taken from the jugular vein using 1 ml tuber-
culin heparinized syringes before and 5, 10, 15, 30, 60, 120, 180
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Fig. 1. Plasma GLP-1 concentration-time profiles following nasal (a) and intestinal (b) administration of GLP-1 (0.1 and 1.25 mg/kg, respectively) with L- or D-penetratin
(0.5mM). GLP-1 (x); L-penetratin (®); D-penetratin (O). Each data point represents the mean+S.E.M. (n=3).

and 240 min after dosing. Plasma was separated by centrifuga-
tion at 13,400 x g for 1 min and stored at —80°C until analysis.
Plasma concentrations of peptide drugs were determined using
enzyme-linked immunoassays (ELISA). IFN-[3 and exendin-4 ELISA
kits (Toray Industries, Inc.) and rat GLP-1 ELISA kit (Wako Pure
Chemical Industries Ltd.) were used.

2.6. Data analysis

The peak plasma concentration (Cpax) and time to reach
(Tmax) were directly determined from plasma drug
concentration-time curves. The total area under the drug con-
centration curves (AUC) for 0-4 h was estimated from the sum of
successive trapezoids between each data point ([AUC],,, [AUC]jty,
and [AUC];,. for nasal, in situ, and i.v. administrations, respec-
tively). The absolute bioavailability (BA (%)) of drugs was calculated
relative to the i.v. injections using the following equation.

C‘l’l'laX

2.7. Statistical analysis

Data are expressed as the mean + standard error of the mean
(S.E.M.). The significance of differences in mean values was eval-
uated using Student’s unpaired ¢ test. For multiple comparisons,
a one-way layout analysis of variance (ANOVA) with Dunnett’s
test was applied. Differences were considered statically significant
when p was less than 0.05.

3. Results

3.1. Effect of L- and D-penetratin on GLP-1 and exendin-4
absorption from the nasal cavity and ileal loop

The plasma profiles after nasal and intestinal delivery of GLP-
1 and exendin-4 are shown in Figs. 1 and 2, respectively. Table 1
summarizes the pharmacokinetic parameters derived from the
GLP-1 and exendin-4 concentration-time profiles following nasal
and intestinal administration with L- or p-penetratin. For nasal

BA(%) = ([AUC],,, or [AUC]s; /dosen. or doses;ty ) x 100/[AUC]; /dose;y, delivery, L-penetratin significantly increased GLP-1 and exendin-
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Fig. 2. Plasma exendin-4 concentration-time profiles following nasal (a) and intestinal (b) administration of exendin-4 (0.25 and 1.25 mg/kg, respectively) with L- or
D-penetratin (0.5 mM). Exendin-4 (x); L-penetratin (®); D-penetratin (O). Each data point represents the mean £ S.E.M. (n=3).
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Table 1
Pharmacokinetic parameters following nasal and intestinal administration of drugs with p- or L-pentratin (0.5 mM).
Nasal Intestinal
C‘max Tmax AUC Cmax Tmax (Il]il’l) AUC
GLP-1 (control) 10.6 + 3.52 45.0 + 15.0 12.2 £3.3¢ 42 4222 11.6 £5.3 0.8 + 0.4¢
+D-penetratin 13.7 + 4.62 233 + 6.6 9.0 + 3.2¢ 2.1 +0.52 10.0 + 0.0 0.9 + 0.7¢
+L-penetratin 724 + 11.5%° 11.6 + 1.6 349 + 8.3¢ 47.0 + 16.8%" 133 +16 11.0 + 3.4
Exendin-4 (control) 21+1.1° 5.0 + 0.0 2.0 £+ 1.2¢ 0.6 + 0.12 10.0 + 2.8 0.9 + 0.4¢
+D-penetratin 0.8 + 0.5° 65.0 + 30.4 2.1 +£1.3¢ 2.5+ 0.127 60.0 + 10.0” 2.0 £ 1.2¢
+L-penetratin 457 + 11.0 11.6 + 1.6° 15.1 + 2.3 214 +£232" 30.0 £ 1.5 17.9 + 1.0¢"
IFN-f3 (control) 2.7 £ 0.5P 180.0 + 60.0 8.8 +2.3d 0.8 £ 0.2° 53.3 +33.8 0.0 + 0.0¢
+D-penetratin 18.9 + 6.0" 84.0 + 14.6 80.1 + 32.6%" 6.4 + 1.1°" 54.0 £ 6.0 0.1 + 0.09"
+L-penetratin 15.0 + 4.0°" 60.0 + 0.0 44.7 + 8.04" 0.6 + 0.1° 40.0 + 10.0 0.0 £ 0.0¢

Each value represents the mean + S.E.M. (n=3-7). Cyax, maximum concentration ?(ng/ml), or ®(IU/ml); Tpax, time to reach Cpax; AUC, area under the curve ¢(ng h/ml), or

4(IU h/ml).
" p<0.05, significant difference compared with the corresponding “control”.
" p<0.01, significant difference compared with the corresponding “control”.

4 absorption at doses of 0.1 and 0.25 mg/kg, respectively, although
D-penetratin showed no difference in enhancing ability compared
with controls (Figs 1a and 2a). The same trend was found for the
intestinal route; L-penetratin produced significantly higher perme-
ability of GLP-1 (1.25 mg/kg) and exendin-4 (1.25 mg/kg) through
the ileal membrane than did p-penetratin (Figs 1b and 2b). As
observed for GLP-1 and exendin-4, the AUC for nasal administration
was consistently higher than using the intestinal route (Table 1).

The systemic BAs of GLP-1 and exendin-4 coadministered with
penetratin were significantly greater following nasal administra-
tion than with the intestinal route. Thus, the respective BA values
for the nasal and intestinal administration of GLP-1 were 15.9% and
5%, whereas for the nasal and intestinal administration of exendin-4
they were 7.7% and 1.8% (Fig. 4).

3.2. Effects of L- and p-penetratin on IFN-f absorption from the
nasal cavity and ileal loop

We next evaluated the effects of L- and p-penetratin (0.5 mM)
on the extent of IFN- absorption from the nasal cavity and
ileal loop. Fig. 3 shows plasma IFN-3 concentration-time pro-
files after administration from the nasal cavity and ileal loop in
the presence or absence of 0.5 mM L- or D-penetratin. The phar-
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macokinetic parameters of IFN-[3 absorption after administration
from these sites with or without L- or b-penetratin are summa-
rized in Table 1. No apparent uptake was observed following nasal
and intestinal administration of the IFN-f3 solution. On the con-
trary, when either L- or D-penetratin was coadministered with
IFN-3 (0.18 x 1081U/kg) in the nasal cavity, we detected signifi-
cantly higher effects on plasma IFN-[3 concentrations. However, the
absorption-enhancing ability of b-penetratin was higher than that
of L-penetratin (Fig. 3a). Fig. 4 shows that the relative BA of [FN-3
was 6.2% and 11.1% when coadministered with L- and D-penetratin,
respectively, through the nasal route compared with i.v. injection.
Table 1 shows that L-penetratin did not stimulate the intestinal
uptake of IFN- (2.25 x 108 IU/kg) compared with the control. Con-
versely, D-penetratin improved the ileal absorption of IFN-3 more
significantly than did the L-form. The BA for intranasal administra-
tion of IFN-[3 with D-penetratin was approximately 65 times higher
than for the intestinal route (Fig. 4).

4. Discussion

There has been much research on the non-invasive delivery
of bioactive peptides and proteins, nevertheless these approaches
have not yet been resulted an acceptable value of BA. For that, our
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Fig. 3. Plasma IFN-@ concentration versus time profiles following nasal (a) and intestinal (b) administration of IFN-3 (0.18 x 10° and 2.25 x 10 IU/kg, respectively) with L-
or D-penetratin (0.5 mM). IFN-3 (x); L-penetratin (®); D-penetratin (O). Each data represents the mean + S.E.M. (n=3-5).
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study focused on improving the BA of therapeutic peptides using
a non-parenteral route of administration, and aimed to overcome
the challenges inherent in the development of clinical therapeutic
delivery systems for biomolecules. In recent years, CPPs have been
characterized for their high ability to translocate poorly permeable
peptide through mucosal membranes efficiently without altering
drug bioactivity (Schwarze et al., 1999).

Our strategy for achieving a significant BA of therapeu-
tic peptides and proteins depends on the coadministration of
biomolecules and CPPs as a physical mixture (Morishitaetal.,2007).
Previously, a conventional covalent link between a CPP and its cargo
showed an insignificant effect on the pharmacological activity of
therapeutic peptides and proteins compared with the drug itself
(Kamei et al., 2008b). Our studies have shown that suitable CPPs
canincrease drug BA through biological membranes safely in a non-
disruptive way (Morishita et al., 2007; Khafagy et al., 2009; Kamei
et al,, 2008a).

Penetratin is one of the most promising CPPs tested to date,
characterized by a high content in basic amino acids (lysine and
arginine) and by the presence of hydrophobic residues (most
importantly tryptophan). It overcomes the plasma membrane bar-
rier of mammalian cells through a macropinocytotic pathway and
efficiently delivers molecular cargoes in a biologically active form,
although, the mechanism by which CPP-cargo uptake across the
cell membrane is still unclear (Jones et al., 2005; El Andaloussi et
al., 2007). Coadministration of 0.5 mM of penetratin in a physical
mixture with the administered peptides/proteins in this research,
showed the remarkable enhancing efficiency without aggregation
and irritation to the mucosa. We have also reported that the concen-
tration of penetratin can be increased to 2 mM without induction
of any toxicity (Khafagy et al., 2009). Therefore, the main goal of
our present study is to evaluate the potentiality of penetratin as a
bioenhancer of different clinically beneficial biodrugs providing a
non-invasive tool for peptides delivery across mucosal membrane
conserving adequate BA.

GLP-1 has a unique profile, considered highly desirable for an
antidiabetic agent, particularly since the glucose dependency of
its antihyperglycemic effects should minimize any risk of severe
hypoglycemia. However, GLP-1 is still restrictedly administered by
the parenteral route of administration (Deacon, 2004). As shown
in Fig. 1, L-penetratin significantly enhanced nasal and intestinal
GLP-1 absorption in rats, especially with nasal administration. In
particular, the L-form enhanced intranasal GLP-1 absorption more
than with in situ ileal loop administration. The highly positively

charged residues of penetratin, providing electrostatic interac-
tion with negatively charged peptides, might be associated with
the absorption-enhancing efficiency of this CPP (Christiaens et al.,
2004). Because GLP-1 has a low pl, a negative net charge at the
physiological pH of the administration site has been proposed
for its binding to positively charged penetratin, with a pl of 12.8
(Kamei et al., 2009). This property also allows penetratin to bind to
electrostatic membrane constituents, such as anionic lipids and gly-
cosaminoglycans at low micromolar concentrations, with potential
consequences for endocytotic pathways (Poon and Gariépy, 2007).

According to these results, L- and D-penetratin have different
efficiency on the nasal and intestinal GLP-1 absorption. Proteolytic
stability is a critical requirement for the therapeutic application of
CPPs, as it is essential that they can deliver their cargo effectively
to the site of administration without being cleaved by proteases,
which cause premature release of the cargo (Pujals et al., 2007). It
is possible that differences in the sensitivity to enzymatic degrada-
tion between the L- and b-forms of peptides affect the enhancement
of intestinal GLP-1 absorption by such CPPs (Kamei et al., 2008a).
Peptides containing the L-forms of amino acids in the nasal cavity
and intestinal lumen are more metabolically unstable than those
containing the p-forms (Pappenheimer et al., 1994). In contrast, L-
penetratin enhanced nasal GLP-1 absorption more strongly than
the p-form. The formation of complexes via electrostatic interac-
tions after mixing GLP-1 and penetratin is suspected to be degraded
by peptidases of the nasal and ileal enzyme fluids (Khafagy et al.,
2009; Kamei et al., 2008a). Clearly, a strong affinity between a
CPP and its cargo is required to stabilize the resulting complex
during transport and to achieve an optimum absorption. On the
other hand, a sufficient affinity between a CPP and its cargo is also
required to facilitate the release of the cargo after its cellular uptake,
as potentially achieved through enzymatic digestion of the CPP or
by competitive displacement of the cargo (Ziegler and Seelig, 2007).
In addition, the internalization efficiency of penetratin is retained
even when its sequence is partially modified, suggesting that frac-
tionated penetratin might still show the ability to internalize a
cargo drug (Christiaens et al., 2004).

The results of GLP-1 study show that coadministration of
penetratin with GLP-1 significantly enhance the nasal BA in com-
parison with previous approach developed to provide transmucosal
absorption as a possible alternative to injection treatment (Gutniak
etal.,, 1997). The significant improvement of nasal GLP-1 absorption
compared with the intestinal route might result from a deficiency
in luminal proteases, minimal contact of peptides and proteins with
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the resident proteases, or exposure to a smaller surface area. Hence,
a smaller fraction of the total proteases is present when compared
with the oral route; moreover, peptides and proteins are subjected
to less dilution in the nasal route (Lee, 1988). This maximizes the
concentration gradient for peptide and protein absorption, further-
more, the nasal mucosa is highly permeable than the oral route
(Duchateau et al., 1986; Hayashi et al., 1985).

Exendin-4, a peptide share approximately 52% amino acid
sequence resemblance to GLP-1 shows similar glucoregulatory
activities to GLP1 (Goke et al., 1993). Although it has been approved
only as parenteral dosage forms and has not established as non-
invasive delivery system (Gallwitz, 2006). Fig. 2 and Table 1
show that L-penetratin markedly enhanced the nasal and intesti-
nal absorptions of exendin-4, as with GLP-1 absorption. Thus,
L-penetratin appears to act by electrostatic and/or hydrophobic
interactions between its basic and/or hydrophobic residues and the
negatively charged amino acids of exendin-4. Exendin-4 (Mw 4186,
pl 4.5) has low pls in physiological nasal and intestinal fluids. This
might explain how the positively charged basic residues in L- or
D-penetratins enhance their permeability across the mucosal mem-
brane. There were rapid increases in plasma GLP-1 and exendin-4
concentrations to 64.2 and 43.6 ng/ml within 15 and 10 min, respec-
tively, and these levels were maintained for at least 120 min,
indicating the potential of intranasal coadministration with pen-
etratin (Figs 1a and 2a). Compared with the intranasal route, the
intestinal tract seems to have limited potential as a route for GLP-
1 and exendin-4 coadministered with penetratin (Figs 1b and 2b)
(Gedulin et al., 2008).

On the contrary, D-penetratin was more effective than the L-
form in enhancing IFN-f3 absorption in the present study (Fig. 3),
particularly through the nasal cavity (Fig. 3a and Table 1). The puta-
tive difference of cargo physicochemical parameters such as size
and charge and penetratin’s sensitivity to peptidases and proteases
might explain this diversity. As can be anticipated from the struc-
ture of the reacting molecules, electrostatic force is not the only
source of interactions between IFN-f3 and penetratin.

There are two possible explanations. First, penetratin is inher-
ently more hydrophobic than oligoarginine. Second, it may also
reflect the special hydrogen bond properties of the guanidinium
group, which will contribute to a greater non-electrostatic free
energy of binding by interacting with the membrane hydration
layer (Gongalves et al., 2005). IFN- has a high Mw (22,000)
and highly positive pl (9.6) and is therefore relatively positively
charged in the nasal cavity and intestinal lumen. This might
prevent intermolecular interactions with the hydrophilic oligoargi-
nine. However, significant translocation under these conditions
is observed for amphipathic CPPs such as penetratin. Penetratin
is characterized by a high content of basic residues and by the
presence of hydrophobic residues, most importantly tryptophan.
We hypothesize that CPP with intrinsic hydrophobic properties,
such as penetratin, which is more sensitive to hydrophobic car-
goes. Thisillustrates the dynamicrequirements for their association
with biological membranes and for the subsequent escape of any
cargo to the cell interior. Moreover, depending on the nature of
the cargo and the vector, distinct pathways could be used lead-
ing to equivalent biological activity (Joliot and Prochiantz, 2008).
The hydrophobic and the electrostatic contributions to the total
free energy of binding are of the same order of magnitude for
all amphipathic CPPs. In the case of penetratin, the hydrophobic
effect is the main driving force for the partitioning of peptides
into the cell membrane together with the formation of inter-
or intramolecular hydrogen bonds as the peptide forms a sec-
ondary structure. This assumes that the two tryptophan residues
of penetratin are important in penetrating into the membrane
and in the interaction with a hydrophobic cargo (Persson et al.,
2004).

As shown in Figs. 3 and 4, p-penetratin produced a higher
BA for coadministered IFN-3 than did L-penetratin, especially via
the intranasal route. The formation of complexes via hydrophobic
and/or H-bond interactions after mixing IFN-3 and penetratin is
suspected to affect the action of peptidases in the nasal and intesti-
nal mucus fluid. The L-penetratin-IFN-3 complex might be more
readily degraded by enzymes because of the lower resistance of
the L-form of the peptide to enzymatic degradation. In contrast,
the high stability of the p-penetratin—-IFN-3 complex plays a crit-
ical factor in determining its effect on enhancing drug absorption.
The relative BA demonstrated in Fig. 4 shows that penetratin has
different enhancing efficiency for peptides. In the case of GLP-
1, exendin-4, and IFN-[3 the difference of enzymatic activity and
mucosal permeability of site of administration markedly affect the
extent of absorbed drug.

5. Conclusions

The therapeutic application of penetratin regards to the site of
administration depends on the physicochemical characters of bio-
therapeutic drugs, and the chirality of the constituent amino acids
of penetratin isomers. Nasal delivery of therapeutic peptides and
proteins coadministered with penetratin significantly improved
the relative BA more than intestinal delivery. Penetratin markedly
enhanced the absorption of peptides such as GLP-1 and exendin-4,
in addition to protein as IFN-[3. Particularly, penetratin significantly
increase the BA of GLP-1 as an alternative treatment for type 2
diabetic patients, which may be feasible in the future for clinical
application. These findings may be useful in establishing funda-
mental guidelines for the development of non-invasive delivery
systems of many drugs, including therapeutic peptides and pro-
teins, using penetratin as a carrier.

Acknowledgements

The authors are grateful to Dr Nobuo Ida at Toray Industries,
Inc. for their cooperation. This study was supported in part by
the Research Program on Development of Innovative Technology
from the Japan Science and Technology Agency and The Ministry
of Education, Science, Sport and Culture of Japan. The authors
acknowledge the Egyptian Government (Ministry of High Educa-
tion, Cultural Affairs and Mission Sector) for the financial support
through a Ph.D. funding scholarship.

References

Christiaens, B., Grooten, ]., Reusens, M., Joliot, A., Goethals, M., Vandekerckhove, J.,
Prochiantz, A., Rosseneu, M., 2004. Membrane interaction and cellular internal-
ization of penetratin peptides. Eur. J. Biochem. 271, 1187-1197.

Costantino, H.R., [llum, L., Brandt, G., Johnson, P.H., Quay, S.C., 2007. Intranasal deliv-
ery: physicochemical and therapeutic aspects. Int. J. Pharm. 337, 1-24.

Deacon, C.F.,2004. Therapeutic strategies based on glucagon-like peptide 1. Diabetes
53,2181-2189.

Duchateau, G.S., Zuidema, J., Merkus, F.W., 1986. Bioavailability of propranolol after
oral, sublingual, and intranasal administration. Pharm. Res. 3, 108-111.

Dyer, A.M., Hinchcliffe, M., Watts, P., Castile, J., Jabbal-Gill, 1., Nankervis, R., Smith,
A., Illum, L., 2002. Nasal delivery of insulin using novel chitosan based formu-
lations: a comparative study in two animal models between simple chitosan
formulations and chitosan nanoparticles. Pharm. Res. 19, 998-1008.

El Andaloussi, S., Guterstam, P., Langel, U., 2007. Assessing the delivery efficacy and
internalization route of cell-penetrating peptides. Nat. Protoc. 2, 2043-2047.

Gallwitz, B., 2006. Exenatide in type 2 diabetes: treatment effects in clinical studies
and animal study data. Int. J. Clin. Pract. 60, 1654-1661.

Gedulin, B.R,, Smith, P.A,, Jodka, C.M., Chen, K., Bhavsar, S., Nielsen, L.L., Parkes,
D.G., Young, A.A., 2008. Pharmacokinetics and pharmacodynamics of exenatide
following alternate routes of administration. Int. J. Pharm. 356, 231-238.

Goke, R, Fehmann, H.C,, Linn, T., Schmidt, H., Krause, M., Eng, ]., Goke, B., 1993.
Exendin-4 is a high potency agonist and truncated exendin-(9-39)-amide an
antagonist at the glucagon-like peptide 1-(7-36)-amide receptor of insulin-
secreting beta-cells. J. Biol. Chem. 268, 9650-9655.

Goldberg, M., Gomez-Orellana, 1., 2003. Challenges for the oral delivery of macro-
molecules. Nat. Rev. Drug Discov. 2, 289-295.



E.-S. Khafagy et al. / International Journal of Pharmaceutics 381 (2009) 49-55 55

Gongalves, E., Kitas, E., Seelig, J., 2005. Binding of oligoarginine to membrane lipids
and heparan sulfate: structural and thermodynamic characterization of a cell-
penetrating peptide. Biochemistry 44, 2692-2702.

Gutniak, M.K., Larsso, H., Sanders, S.W., Juneskans, O., Holst, ].J., Ahrén, B., 1997. GLP-
1 tablet in type 2 diabetes in fasting and postprandial conditions. Diab. Care 20,
1874-1879.

Hayashi, M., Hirasawa, T., Muraoka, T., Shiga, M., Awazu, S., 1985. Comparison of
water influx and sieving coefficient in rat jejunal, rectal and nasal absorptions
of antipyrine. Chem. Pharm. Bull. 33, 2149-2152.

Hirai, S., Yashiki, T., Mima, H., 1981. Mechanisms for the enhancement of the nasal
absorption of insulin by surfactants. Int. J. Pharm. 9, 173-184.

[llum, L., 2003. Nasal drug delivery-possibilities, problems and solutions. J. Control.
Release 87, 187-198.

Joliot, A., Prochiantz, A., 2008. Hemoproteins as natural penetratin cargoes with
signaling properties. Adv. Drug Deliv. Rev. 60, 608-613.

Jones, S.W.,, Christison, R., Bundell, K., Voyce, CJ., Brockbank, S.M., Newham, P., Lind-
say, M.A., 2005. Characterisation of cell-penetrating peptide-mediated peptide
delivery. Br. J. Pharmacol. 145, 1093-1102.

Kamei, N., Morishita, M., Eda, Y., Ida, N., Nishio, R., Takayama, K., 2008a. Usefulness
of cell-penetrating peptides to improve intestinal insulin absorption. J. Control.
Release 132, 21-25.

Kamei, N., Morishita, M., Ehara, J., Takayama, K., 2008b. Permeation characteristics
of oligoarginine through intestinal epithelium and its usefulness for intestinal
peptide drug delivery. J. Control. Release 131, 94-99.

Kamei, N., Morishita, M., Takayama, K., 2009. Importance of intermolecualr interac-
tion on the improvement of intestinal therapeutic peptide/protein absorption
using cell-penetrating peptides. J. Control. Release 136, 179-186.

Katsuma, M., Watanabe, S., Kawai, H., Takemura, S., Sako, K., 2006. Effects of absorp-
tion promoters on insulin absorption through colon-targeted delivery. Int. J.
Pharm. 307, 156-162.

Khafagy, EI-S., Morishita, M., Isowa, K., Imai, ]., Takayama, K., 2009. Effect of cell-
penetrating peptides on the nasal absorption of insulin. J. Control. Release 133,
103-108.

Khafagy, EI-S., Morishita, M., Onuki, Y., Takayama, K., 2007. Current challenges in
non-invasive insulin delivery systems: a comparative review. Adv. Drug Deliv.
Rev. 59, 1521-1546.

Kumar, T.R., Soppimath, K., Nachaegari, S.K., 2006. Novel delivery technologies for
protein and peptide therapeutics. Curr. Pharm. Biotechnol. 7, 261-276.

Lee, V.H., 1988. Enzymatic barriers to peptide and protein absorption. Crit. Rev. Ther.
Drug Carrier Syst. 5, 69-97.

Lindsay, M.A., 2002. Peptide-mediated cell delivery: application in protein target
validation. Curr. Opin. Pharmacol. 2, 587-594.

Morishita, M., Goto, T., Nakamura, K., Lowman, A.M., Takayama, K., Peppas, N.A.,
2006. Novel oral insulin delivery systems based on complexation polymer

hydrogels: single and multiple administration studies in type 1 and 2 diabetic
rats. J. Control. Release 110, 587-594.

Morishita, M., Kamei, N., Ehara, J., Isowa, K., Takayama, K., 2007. A novel approach
using functional peptides for efficient intestinal absorption. J. Control. Release
118,177-184.

Morishita, M., Peppas, N.A., 2006. Is the oral route possible for peptide and protein
drug delivery? Drug Discov. Today 11, 905-910.

Mustata, G., Dinh, S.M., 2006. Approaches to oral drug delivery for challenging
molecules. Crit. Rev. Ther. Drug Carrier Syst. 23, 111-1135.

Pappenheimer, ].R., Dahl, C.E., Karnovsky, M.L., Maggio, ].E., 1994. Intestinal absorp-
tion and excretion of octapeptides composed of D amino acids. Proc. Natl. Acad.
Sci. US.A. 91, 1942-1945.

Persson, D., Thorén, P.E., Lincoln, P., Nordén, B., 2004. Vesicle membrane interactions
of penetratin analogues. Biochemistry 43, 11045-11055.

Pillion, D.J., Ahsan, F., Arnold, JJ., Balusubramanian, B.M., Piraner, O., Meezan,
E., 2002. Synthetic long-chain alkyl maltosides and alkyl sucrose esters as
enhancers of nasal insulin absorption. J. Pharm. Sci. 91, 1456-1462.

Poon, G.M., Gariépy, J., 2007. Cell-surface proteoglycans as molecular portals for
cationic peptide and polymer entry into cells. Biochem. Soc. Trans. 35, 788-793.

Pujals, S., Sabidé, E., Tarragé, T., Giralt, E., 2007. all-D proline-rich cell-penetrating
peptides: a preliminary in vivo internalization study. Biochem. Soc. Trans. 35,
794-796.

Sadrzadeh, N., Glembourtt, M.]., Stevenson, C.L., 2007. Peptide drug delivery strate-
gies for the treatment of diabetes. J. Pharm. Sci. 96, 1925-1954.

Sato, A.K.,, Viswanathan, M., Kent, R.B., Wood, C.R., 2006. Therapeutic peptides: tech-
nological advances driving peptides into development. Curr. Opin. Biotechnol.
17, 638-642.

Schwarze, S.R., Ho, A., Vocero-Akbani, A., Dowdy, S.F., 1999. In vivo protein trans-
duction: delivery of biological active protein into the mouse. Science 285,
1569-1572.

Tréhin, R., Merkle, H.P., 2004. Chances and pitfalls of cell penetrating peptides for
cellular drug delivery. Eur. J. Pharm. Biopharm. 58, 209-223.

Tiirker, S., Onur, E., Ozer, Y., 2004. Nasal route and drug delivery systems. Pharm.
World Sci. 26, 137-142.

Wagstaff, K.M., Jans, D.A., 2006. Protein transduction: cell penetrating peptides and
their therapeutic applications. Curr. Med. Chem. 13, 1371-1387.

Wang, ], Tabata, Y., Morimoto, K., 2006. Aminated gelatin microspheres as a nasal
delivery system for peptide drugs: evaluation of in vitro release and in vivo
insulin absorption in rats. J. Control. Release 113, 31-37.

Werle, M., Takeuchi, H., 2008. Chitosan-aprotinin coated liposomes for oral peptide
delivery: development, characterisation and in vivo evaluation. Int. J. Pharm.
370, 26-32.

Ziegler, A., Seelig, ]., 2007. High affinity of the cell-penetrating peptide HIV-1 Tat-PTD
for DNA. Biochemistry 46, 8138-8145.



	Efficiency of cell-penetrating peptides on the nasal and intestinal absorption of therapeutic peptides and proteins
	Introduction
	Materials and methods
	Materials
	Preparation of drug-penetratin solutions
	Nasal absorption study
	In situ intestinal loop absorption study
	Analytical methods
	Data analysis
	Statistical analysis

	Results
	Effect of l- and d-penetratin on GLP-1 and exendin-4 absorption from the nasal cavity and ileal loop
	Effects of l- and d-penetratin on IFN-beta absorption from the nasal cavity and ileal loop

	Discussion
	Conclusions
	Acknowledgements
	References


