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a b s t r a c t

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 d-penetratin (0.5 mM) was used for
glucagon-like peptide-1 (GLP-1), and exendin-4 as novel antidiabetic therapy, in addition to interferon-�
(IFN-�) 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
with penetratin whereas the intestinal route appears to be more restricted. The absolute bioavailability
enetratin
asal and intestinal absorption
herapeutic peptides and proteins

(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-� 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.
. Introduction

As potential therapeutics, bioactive peptides and proteins offer
igh specificity and potency for treating several disease condi-
ions (Kumar et al., 2006; Sato et al., 2006). Despite revolutionary
rogress in the large scale manufacturing of peptides and pro-
eins, developing effective and convenient non-invasive delivery
ystems of this therapeutics remains a major challenge (Khafagy
t al., 2007). Problems arise from the unfavorable physicochem-
cal and biological properties of therapeutic peptides, proteins
nd hydrophilic macromolecules, which affect their absorption.
o far, the parenteral route is the most common delivery system
or such biopharmaceutical products (Mustata and Dinh, 2006).
owever, the oral delivery route, even if it is the most chal-

enging for peptide and protein delivery regimens, remains the
ost convenient system as it is non-invasive, patient friendly

nd allows self-administration (Morishita and Peppas, 2006). The

ral administration of biotherapeutic agents is notoriously difficult
ecause of their poor permeability through the intestinal mucosa.
his is associated with their high molecular weights, hydrophilic-
ty 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 (Türker 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.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:morisita@hoshi.ac.jp
dx.doi.org/10.1016/j.ijpharm.2009.07.022
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Thus, improving the membrane permeability of macro-
olecules should help achieve an acceptable BA of macromolecules

Morishita and Peppas, 2006; Goldberg and Gomez-Orellana, 2003).
evertheless, highly cationic, naturally occurring low molecular
eight peptide sequences enriched with basic amino acids or pro-

ine, and synthetic molecules such as model amphipathic peptides,
an cross the lipid bilayer (Wagstaff and Jans, 2006). These cell-
enetrating peptides (CPPs) efficiently translocate through the cell
embrane without the need for a receptor, and can deliver a

ydrophilic cargo (peptide or protein) into cells. This ability of these
omains, together with their low toxicity, makes them promising
otential delivery vectors (Lindsay, 2002; Tréhin and Merkle, 2004).

A previous study from our laboratory established that oligoargi-
ine is talented for assisting the non-invasive absorption of
iotherapeutic agents (Morishita et al., 2007). It produced high
A and showed no apparently undesirable effects on biological
embranes, but required relatively high doses. Moreover, the

bsorption of INF-� was slightly improved by coadministration of
ligoarginine. Therefore, the main goal of our present study is to
valuate the effects of penetratin as one of the most promising CPP
o improve the BA of new therapeutic peptides, such as glucagon-
ike peptide-1 (GLP-1) and exendin-4 that offer a novel treatment
ption for patients with type 2 diabetes (Sadrzadeh et al., 2007). In
ddition, interferon-� (IFN-�), a model of high molecular weight
rotein has insufficient absorption through the mucosal route of
dministration. We also studied the stereoisomeric effects of l-
nd d-forms of penetratin and their abilities to enhance the BA of
eptides and proteins drugs, and comparing the penetratin effi-
iency for enhancing biotherapeutics absorption through the nasal
nd intestinal routes, which were not examined before for in vivo
bsorption study and are used as first time.

. Materials and methods

.1. Materials

GLP-1 and exendin-4 were purchased from Sigma–Aldrich Co.
St Louis, MO, USA). Recombinant human IFN-� (0.6 × 107 IU/vial)
as kindly supplied by Toray Industries, Inc. (Kanagawa, Japan).

- and d-penetratins (RQIKIWFQNRRMKWKK, 2247 Da, and purity
95% for each peptide) were synthesized by Sigma Genosys, Life Sci-
nce Division of Sigma–Aldrich Japan Co. (Ishikari, Japan). All other
hemicals were of analytical grade and available commercially.

.2. Preparation of drug-penetratin solutions

Specific amounts of GLP-1 and exendin-4 equivalent to adminis-
ered dose were dissolved in 1.5 ml phosphate buffered saline (PBS),
H 7.4, containing 0.001% methylcellulose to prevent adsorption of
he CPP onto the tube surface. l- or d-penetratin (0.5 mM) were

easured into polypropylene tubes and an appropriate aliquot
f drug solution was added to the tubes and mixed gently to
ield a clear solution. In the case of IFN-�, one vial of IFN-� was
iluted on ice with 1 ml of PBS, pH 7.4, containing 0.05% Tween
0 to prevent the adsorption of IFN-� onto the tube surface, then
00 �l of IFN-� solution was diluted to prepare the IFN-� solution
t 0.9 × 106 IU/ml in PBS. Specific amounts of l- or d-penetratin
0.5 mM) were measured into polypropylene tubes and an appro-
riate aliquot of the IFN-� solution was added to the tubes and
ixed gently to yield a clear solution.
.3. Nasal absorption study

This research was performed at Hoshi University and complied
ith the regulations of the Committee on Ethics in the Care and
se of Laboratory Animals. Male Sprague Dawley rats weighing
of Pharmaceutics 381 (2009) 49–55

180–220 g were purchased from Tokyo Laboratory Animals Science
Co., Ltd. (Tokyo, Japan). Animals were housed in rooms controlled
between 23 ± 1 ◦C and 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, o.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 l.; 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 �l of the drug-penetratin mixture or drug solu-
tion alone (control) with a micropipette inserted directly 0.5 cm
into each nostril. The doses were 0.1 mg/kg for GLP-1, 0.25 mg/kg
for exendin-4, and 0.18 × 106 IU/kg for IFN-�. Additional i.p. injec-
tions of sodium pentobarbital (12.5 mg/kg) were used every 1 h 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 × 106 IU/kg for IFN-�.

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 × 10−3 mg/kg for GLP-1, 12.5 × 10−3 mg/kg for exendin-4, and
3 × 103 IU/kg for IFN-�. 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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ig. 1. Plasma GLP-1 concentration–time profiles following nasal (a) and intestina
0.5 mM). GLP-1 (×); l-penetratin (�); d-penetratin (©). Each data point represents

nd 240 min after dosing. Plasma was separated by centrifuga-
ion at 13,400 × g for 1 min and stored at −80 ◦C until analysis.
lasma concentrations of peptide drugs were determined using
nzyme-linked immunoassays (ELISA). IFN-� and exendin-4 ELISA
its (Toray Industries, Inc.) and rat GLP-1 ELISA kit (Wako Pure
hemical Industries Ltd.) were used.

.6. Data analysis

The peak plasma concentration (Cmax) and time to reach
max (Tmax) were directly determined from plasma drug
oncentration–time curves. The total area under the drug con-
entration curves (AUC) for 0–4 h was estimated from the sum of
uccessive trapezoids between each data point ([AUC]n., [AUC]situ,

nd [AUC]i.v. for nasal, in situ, and i.v. administrations, respec-
ively). The absolute bioavailability (BA (%)) of drugs was calculated
elative to the i.v. injections using the following equation.

A(%) = ([AUC]n. or [AUC]situ/dosen. or dosesitu) × 100/[AUC]i.v./dosei.v.

ig. 2. Plasma exendin-4 concentration–time profiles following nasal (a) and intestina
-penetratin (0.5 mM). Exendin-4 (×); l-penetratin (�); d-penetratin (©). Each data poin
dministration of GLP-1 (0.1 and 1.25 mg/kg, respectively) with l- or d-penetratin
ean ± S.E.M. (n = 3).

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 t 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 d-penetratin. For nasal
delivery, l-penetratin significantly increased GLP-1 and exendin-

l (b) administration of exendin-4 (0.25 and 1.25 mg/kg, respectively) with l- or
t represents the mean ± S.E.M. (n = 3).
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Table 1
Pharmacokinetic parameters following nasal and intestinal administration of drugs with d- or l-pentratin (0.5 mM).

Nasal Intestinal

Cmax Tmax AUC Cmax Tmax (min) AUC

GLP-1 (control) 10.6 ± 3.5a 45.0 ± 15.0 12.2 ± 3.3c 4.2 ± 2.2a 11.6 ± 5.3 0.8 ± 0.4c

+d-penetratin 13.7 ± 4.6a 23.3 ± 6.6 9.0 ± 3.2c 2.1 ± 0.5a 10.0 ± 0.0 0.9 ± 0.7c

+l-penetratin 72.4 ± 11.5a* 11.6 ± 1.6* 34.9 ± 8.3c* 47.0 ± 16.8a* 13.3 ± 1.6 11.0 ± 3.4c*

Exendin-4 (control) 2.1 ± 1.1a 5.0 ± 0.0 2.0 ± 1.2c 0.6 ± 0.1a 10.0 ± 2.8 0.9 ± 0.4c

+d-penetratin 0.8 ± 0.5a 65.0 ± 30.4 2.1 ± 1.3c 2.5 ± 0.1a** 60.0 ± 10.0** 2.0 ± 1.2c

+l-penetratin 45.7 ± 11.0a* 11.6 ± 1.6* 15.1 ± 2.3c** 21.4 ± 2.3a** 30.0 ± 1.5* 17.9 ± 1.0c**

IFN-� (control) 2.7 ± 0.5b 180.0 ± 60.0 8.8 ± 2.3d 0.8 ± 0.2b 53.3 ± 33.8 0.0 ± 0.0d

+d-penetratin 18.9 ± 6.0b* 84.0 ± 14.6 80.1 ± 32.6d* 6.4 ± 1.1b** 54.0 ± 6.0 0.1 ± 0.0d**

+l-penetratin 15.0 ± 4.0b* 60.0 ± 0.0 44.7 ± 8.0d* 0.6 ± 0.1b 40.0 ± 10.0 0.0 ± 0.0d
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ach value represents the mean ± S.E.M. (n = 3–7). Cmax, maximum concentration
(IU h/ml).

* p < 0.05, significant difference compared with the corresponding “control”.
** p < 0.01, significant difference compared with the corresponding “control”.

absorption at doses of 0.1 and 0.25 mg/kg, respectively, although
-penetratin showed no difference in enhancing ability compared
ith controls (Figs 1a and 2a). The same trend was found for the

ntestinal route; l-penetratin produced significantly higher perme-
bility of GLP-1 (1.25 mg/kg) and exendin-4 (1.25 mg/kg) through
he ileal membrane than did d-penetratin (Figs 1b and 2b). As
bserved for GLP-1 and exendin-4, the AUC for nasal administration
as consistently higher than using the intestinal route (Table 1).

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

.2. Effects of l- and d-penetratin on IFN-ˇ absorption from the
asal cavity and ileal loop
We next evaluated the effects of l- and d-penetratin (0.5 mM)
n the extent of IFN-� absorption from the nasal cavity and
leal loop. Fig. 3 shows plasma IFN-� concentration–time pro-
les after administration from the nasal cavity and ileal loop in
he presence or absence of 0.5 mM l- or d-penetratin. The phar-

ig. 3. Plasma IFN-� concentration versus time profiles following nasal (a) and intestina
r d-penetratin (0.5 mM). IFN-� (×); l-penetratin (�); d-penetratin (©). Each data repres
l), or (IU/ml); Tmax, time to reach Cmax; AUC, area under the curve (ng h/ml), or

macokinetic parameters of IFN-� absorption after administration
from these sites with or without l- or d-penetratin are summa-
rized in Table 1. No apparent uptake was observed following nasal
and intestinal administration of the IFN-� solution. On the con-
trary, when either l- or d-penetratin was coadministered with
IFN-� (0.18 × 106 IU/kg) in the nasal cavity, we detected signifi-
cantly higher effects on plasma IFN-� concentrations. However, the
absorption-enhancing ability of d-penetratin was higher than that
of l-penetratin (Fig. 3a). Fig. 4 shows that the relative BA of IFN-�
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 × 106 IU/kg) compared with the control. Con-
versely, d-penetratin improved the ileal absorption of IFN-� more
significantly than did the L-form. The BA for intranasal administra-
tion of IFN-� 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

l (b) administration of IFN-� (0.18 × 106 and 2.25 × 106 IU/kg, respectively) with l-
ents the mean ± S.E.M. (n = 3–5).
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tudy focused on improving the BA of therapeutic peptides using
non-parenteral route of administration, and aimed to overcome

he challenges inherent in the development of clinical therapeutic
elivery systems for biomolecules. In recent years, CPPs have been
haracterized for their high ability to translocate poorly permeable
eptide through mucosal membranes efficiently without altering
rug bioactivity (Schwarze et al., 1999).

Our strategy for achieving a significant BA of therapeu-
ic peptides and proteins depends on the coadministration of
iomolecules and CPPs as a physical mixture (Morishita et al., 2007).
reviously, a conventional covalent link between a CPP and its cargo
howed an insignificant effect on the pharmacological activity of
herapeutic peptides and proteins compared with the drug itself
Kamei et al., 2008b). Our studies have shown that suitable CPPs
an increase drug BA through biological membranes safely in a non-
isruptive way (Morishita et al., 2007; Khafagy et al., 2009; Kamei
t al., 2008a).

Penetratin is one of the most promising CPPs tested to date,
haracterized by a high content in basic amino acids (lysine and
rginine) and by the presence of hydrophobic residues (most
mportantly tryptophan). It overcomes the plasma membrane bar-
ier of mammalian cells through a macropinocytotic pathway and
fficiently delivers molecular cargoes in a biologically active form,
lthough, the mechanism by which CPP-cargo uptake across the
ell membrane is still unclear (Jones et al., 2005; El Andaloussi et
l., 2007). Coadministration of 0.5 mM of penetratin in a physical
ixture with the administered peptides/proteins in this research,

howed the remarkable enhancing efficiency without aggregation
nd irritation to the mucosa. We have also reported that the concen-
ration of penetratin can be increased to 2 mM without induction
f any toxicity (Khafagy et al., 2009). Therefore, the main goal of
ur present study is to evaluate the potentiality of penetratin as a
ioenhancer of different clinically beneficial biodrugs providing a
on-invasive tool for peptides delivery across mucosal membrane
onserving adequate BA.

GLP-1 has a unique profile, considered highly desirable for an
ntidiabetic agent, particularly since the glucose dependency of
ts antihyperglycemic effects should minimize any risk of severe
ypoglycemia. However, GLP-1 is still restrictedly administered by

he parenteral route of administration (Deacon, 2004). As shown
n Fig. 1, l-penetratin significantly enhanced nasal and intestinal
LP-1 absorption in rats, especially with nasal administration. In
articular, the l-form enhanced intranasal GLP-1 absorption more
han with in situ ileal loop administration. The highly positively
administration with l- or d-penetratin. Each value represents the mean ± S.E.M.

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 pI, a negative net charge at the
physiological pH of the administration site has been proposed
for its binding to positively charged penetratin, with a pI 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- andd-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 d-forms (Pappenheimer et al., 1994). In contrast, l-
penetratin enhanced nasal GLP-1 absorption more strongly than
the d-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
et al., 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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he resident proteases, or exposure to a smaller surface area. Hence,
smaller fraction of the total proteases is present when compared
ith the oral route; moreover, peptides and proteins are subjected

o less dilution in the nasal route (Lee, 1988). This maximizes the
oncentration gradient for peptide and protein absorption, further-
ore, 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

equence resemblance to GLP-1 shows similar glucoregulatory
ctivities to GLP1 (Göke et al., 1993). Although it has been approved
nly as parenteral dosage forms and has not established as non-
nvasive delivery system (Gallwitz, 2006). Fig. 2 and Table 1
how that l-penetratin markedly enhanced the nasal and intesti-
al absorptions of exendin-4, as with GLP-1 absorption. Thus,
-penetratin appears to act by electrostatic and/or hydrophobic
nteractions between its basic and/or hydrophobic residues and the
egatively charged amino acids of exendin-4. Exendin-4 (Mw 4186,
I 4.5) has low pIs in physiological nasal and intestinal fluids. This
ight explain how the positively charged basic residues in l- or

-penetratins enhance their permeability across the mucosal mem-
rane. There were rapid increases in plasma GLP-1 and exendin-4
oncentrations to 64.2 and 43.6 ng/ml within 15 and 10 min, respec-
ively, and these levels were maintained for at least 120 min,
ndicating the potential of intranasal coadministration with pen-
tratin (Figs 1a and 2a). Compared with the intranasal route, the
ntestinal tract seems to have limited potential as a route for GLP-

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-
orm in enhancing IFN-� absorption in the present study (Fig. 3),
articularly through the nasal cavity (Fig. 3a and Table 1). The puta-
ive difference of cargo physicochemical parameters such as size
nd charge and penetratin’s sensitivity to peptidases and proteases
ight explain this diversity. As can be anticipated from the struc-

ure of the reacting molecules, electrostatic force is not the only
ource of interactions between IFN-� and penetratin.

There are two possible explanations. First, penetratin is inher-
ntly more hydrophobic than oligoarginine. Second, it may also
eflect the special hydrogen bond properties of the guanidinium
roup, which will contribute to a greater non-electrostatic free
nergy of binding by interacting with the membrane hydration
ayer (Gonçalves et al., 2005). IFN-� has a high Mw (22,000)
nd highly positive pI (9.6) and is therefore relatively positively
harged in the nasal cavity and intestinal lumen. This might
revent intermolecular interactions with the hydrophilic oligoargi-
ine. However, significant translocation under these conditions

s observed for amphipathic CPPs such as penetratin. Penetratin
s characterized by a high content of basic residues and by the
resence of hydrophobic residues, most importantly tryptophan.
e hypothesize that CPP with intrinsic hydrophobic properties,

uch as penetratin, which is more sensitive to hydrophobic car-
oes. This illustrates the dynamic requirements for their association
ith biological membranes and for the subsequent escape of any

argo to the cell interior. Moreover, depending on the nature of
he cargo and the vector, distinct pathways could be used lead-
ng to equivalent biological activity (Joliot and Prochiantz, 2008).
he hydrophobic and the electrostatic contributions to the total
ree energy of binding are of the same order of magnitude for
ll amphipathic CPPs. In the case of penetratin, the hydrophobic
ffect is the main driving force for the partitioning of peptides
nto the cell membrane together with the formation of inter-

r intramolecular hydrogen bonds as the peptide forms a sec-
ndary structure. This assumes that the two tryptophan residues
f penetratin are important in penetrating into the membrane
nd in the interaction with a hydrophobic cargo (Persson et al.,
004).
of Pharmaceutics 381 (2009) 49–55

As shown in Figs. 3 and 4, d-penetratin produced a higher
BA for coadministered IFN-� than did l-penetratin, especially via
the intranasal route. The formation of complexes via hydrophobic
and/or H-bond interactions after mixing IFN-� and penetratin is
suspected to affect the action of peptidases in the nasal and intesti-
nal mucus fluid. The l-penetratin–IFN-� 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 d-penetratin–IFN-� 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-� 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-�. 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.
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