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Abstract. We have reported that the cell-penetrating peptide (CPP) penetratin acts as a potential
absorption enhancer in oral insulin delivery systems and that this action occurs through noncovalent
intermolecular interactions. However, the region-dependent role of CPPs in intestinal insulin absorption
has not been clarified. To identify the intestinal region where CPPs have the most effect in increasing
insulin absorption, the region-dependent action of penetratin was investigated using in situ closed
intestinal loops in rats. The order of the insulin area under the insulin concentration–time curve (AUC)
increase effect by L-penetratin was ileum>jejunum>duodenum>colon. By contrast, the AUC order after
coadministration of insulin with D-penetratin was colon>duodenum≥jejunum and ileum. We also
compared the effects of the L- and D-forms of penetratin, R8, and PenetraMax on ileal insulin absorption.
Along with the CPPs used in this study, L- and D-PenetraMax produced the largest insulin AUCs. An
absorption study using ilea pretreated with CPPs showed that PenetraMax had no irreversible effect on
the intestinal epithelial membrane. The degradation of insulin in the presence of CPPs was assessed in rat
intestinal enzymatic fluid. The half-life (t1/2) of insulin increased from 14.5 to 23.7 and 184.7 min in the
presence of L- and D-PenetraMax, respectively. These enzymatic degradation-resistant effects might
contribute partly to the increased ileal absorption of insulin induced by D-PenetraMax. In conclusion, this
study demonstrated that the ability of the L- and D-forms of penetratin to increase intestinal insulin
absorption was maximal in the ileum and the colon, respectively, and that D-PenetraMax is a powerful
but transient enhancer of oral insulin absorption.

KEY WORDS: absorption enhancement; cell-penetrating peptide; enzymatic degradation; insulin;
intestinal membrane.

INTRODUCTION

Insulin is a universal clinical drug used in the treatment
of diabetes. Current methods for insulin administration are
based primarily on subcutaneous injection, which may
produce peripheral hyperinsulinemia leading to hypertension
and atherosclerosis (1–3). Oral delivery of insulin, if available,
would be the most desirable and frequently used mode
because of its convenience and high patient compliance. Oral
insulin therapy is thought to be close to the physiological state
because it may improve the portal insulin level and may
curtail the risk of peripheral hyperinsulinemia (4). However,
the oral delivery of peptide/protein drugs such as insulin is
beleaguered by their poor bioavailability, which is caused
primarily by susceptibility to digestion by proteolytic enzymes
in the gastrointestinal (GI) tract and poor permeability
through the epithelial cell layer of the intestinal mucosal

membrane (5). To have therapeutic activity, orally adminis-
tered insulin must be absorbed efficiently from the intestinal
lumen into the circulation without being metabolized exten-
sively in the intestine (6).

Several approaches have been used to improve the oral
absorption of insulin from the GI tract, including encapsula-
tion of insulin in nanoparticles (7,8), coating of insulin-loaded
nanoparticles with protease inhibitors (9), enteric coating of
insulin-loaded nanoparticles (10), and hydrogels (11). Al-
though some permeation enhancers can facilitate the poor
permeation of these drugs through the epithelial membrane,
advances in these reagents for clinical use are limited by
biological efficiency at tolerable levels of safety (2). Although
the susceptibility to protease digestion has been largely
circumvented, the poor permeability through the intestinal
mucosal layer remains the primary challenge that must be
overcome to significantly augment the oral bioavailability of
insulin (5,6). Consequently, a strategy to improve the
absorption of peptide/protein drugs such as insulin across
the intestinal epithelial barrier is essential to achieving
sufficient oral bioavailability for clinical applications.

In our previous reports, we showed that, by using a
noncovalent cargo-interaction strategy, cell-penetrating pep-
tides (CPPs) can successfully deliver the most challenging
peptide and protein cargos, including insulin, through the
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intestinal and nasal mucosae with highly effective bioavail-
ability (12–15). Penetratin, which is derived from the Dro-
sophila Antennapedia homeoprotein (16–18), was most
successful in overcoming the barrier to the permeability of
peptides and proteins through the epithelial mucosal mem-
brane and increased the enteral insulin bioavailability by up
to 35% (13). The assembly of cargo–CPP complexes via
noncovalent interactions can be used to avoid the loss of
function because our approach relies on the electrostatic
interactions between the CPP and the peptide or protein drug
under physiological conditions, whereas hydrophobic residues
may contribute to hydrophobic interactions (19,20). We
recently reported our findings of an in silico analysis in which
we found that an innovative CPP, “PenetraMax,” developed
by sequence modification of penetratin, had a superior insulin
absorption-enhancing efficiency over the parent penetratin
(21,22). A subchronic study of nasal administration of insulin
with PenetraMax at two selected concentrations (0.5 and
2.0 mM), which significantly increased the systemic bioavail-
ability of insulin reaching almost 100% relative to subcuta-
neous insulin administration, found no increase in the risk of
detectable local or systemic inflammation and immunogenic-
ity and without causing detectable epithelial membrane
damage (23).

Our strategy of using new CPPs to increase oral insulin
absorption is based on their ability to increase the permeation
of insulin across the intestinal mucosal membrane (13,15,22).
Insulin absorption appears to differ between intestinal
regions because the protease content is much higher in the
upper small intestine than in the descending small intestine
(24). Furthermore, the permeability of macromolecular drugs
is molecular weight-dependent passage over different regions
of the small intestine (25). Therefore, the design of an optimal
oral delivery system of insulin using a physical complex of
CPPs depends on understanding the different effects of CPPs
on the insulin absorption along the intestinal tract. In
addition, the effects of the enzymatic degradation of insulin
coadministered with the L- and D-forms of CPPs along the
intestinal tract and the consequent effects on the ability of
CPPs to increase insulin absorption must be investigated to
clarify whether the protease inhibitory effects of CPPs affect
the oral insulin bioavailability.

The purposes of our study were to investigate the effects
of L- and D-penetratin on insulin absorption in different
segments of the intestine (duodenum, jejunum, ileum, and
colon) in the rat using an in situ loop technique and to
compare the intestinal absorption-enhancing efficiency of
insulin coadministered with the L- and D-forms of CPPs (R8,
penetratin, and PenetraMax). We also examined whether the
L- and D- forms of CPPs protected insulin against enzymatic
degradation in rat intestinal fluid and measured insulin
absorption in intestinal segments pretreated with CPPs to
determine whether the effects of CPPs are reversible.

MATERIALS AND METHODS

Materials

Recombinant human insulin (26 IU/mg) and soybean
trypsin inhibitor (STI) were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). The CPPs listed

in Table I were synthesized by Sigma-Genosys, Life Science
Division, of Sigma–Aldrich Japan Co. (Hokkaido, Japan). All
other chemicals were of analytical grade and were commer-
cially available.

Preparation of the Mixed Insulin–CPP Solutions

Specific amounts of insulin and CPPs were dissolved in
phosphate-buffered saline (PBS; 137 mM NaCl, 2.6 mM KCl,
6.4 mM Na2HPO4·12H2O, and 1.4 mM KH2PO4 adjusted to
pH 6.0). The PBS also contained 0.001% methylcellulose,
which prevents the adsorption of the peptides to the plastic
vial surface. To prepare the insulin solution, specific amounts
of recombinant human insulin were dissolved in 100 μL of
0.1 M HCl in a polypropylene plastic vial. The insulin–HCl
solution was diluted to 0.8 mL with PBS and normalized with
100 μL of 0.1 M NaOH. The insulin solution was prepared at
40 IU/mL in PBS (for a 50-IU/kg insulin dose).

Specific amounts of CPPs were measured in polypropyl-
ene plastic vials and dissolved in PBS (pH 6.0) containing
0.001% methylcellulose. The CPP solution was prepared at
1 mM in PBS. Equal volumes of insulin and CPP solutions
were mixed gently at room temperature. The final concen-
trations of the insulin and CPP solutions were 20 IU/mL and
0.5 mM, respectively. Each insulin and CPP solution was clear
after mixing.

Animals

This research was performed at Kobe Gakuin 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 Japan SLC, Inc. (Shizuoka, Japan). The animals were
housed in rooms with controlled temperature (23±1°C) and
relative humidity (55±5%) and were allowed free access to
water and food during acclimatization. Animals were fasted
for 24 h before the experiments but were allowed to drink
water ad libitum.

In Situ Closed-Loop Absorption Study

Following anesthetization by intraperitoneal (i.p.) injec-
tion of sodium pentobarbital (50 mg/kg; Somnopentyl®;
Kyoritsu Seiyaku Corp., Tokyo, Japan), the rats were
restrained in a supine position on a thermostatically
controlled board at 37°C. Additional i.p. injections of
sodium pentobarbital (12.5 mg/kg) were used every 1 h to
maintain the anesthesia.

A small midline incision was made carefully in the
abdomen, and 6–7-cm segments of the duodenum, jejunum,
ileum, and colon were identified and cannulated at both ends
using silicone tubing (5 mm OD, 3 mm ID; Sanyo Co., Ltd.,
Tokyo, Japan). The duodenal loop was made for the first
portion of the intestine, which was the closest to the stomach.
The next portion, 5 cm away from the ligament of Treitz, was
used as the jejunal loop. The ileal loop was made at the end
of the small intestine, just proximal to the ileocecal junction.
The colonic loop was made of the ascending colon. In the
experiments, the exposed segments were cannulated at both
ends using silicone tubing. These segments were ligated
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securely to prevent fluid loss. To wash out the exposed segment
content and to remove the luminal enzymes, PBS warmed to
37°C was circulated through the cannula at 5 mL/min for 4 min
using an infusion pump (KD Scientific Inc., Holliston, MA,
USA). Following the perfusion, the cannulation tubing was
removed, and the segments were tightly closed; about 1 mL of
PBS remained in the segments. The segments were returned
carefully to their original location inside the peritoneal cavity.
The rats were left on the board at 37°C for a further 30 min to
allow recovery from the elevated blood glucose concentration
caused by the surgery described above.

After the 30-min rest, 0.5 mL of insulin–CPP mixed solution
or insulin solution (control) was administered directly into the 6-
cm loop segment of the duodenum, jejunum, ileum, or colon. The
dose of insulin was fixed at 50 IU/kg body weight (132 μM) for all
absorption experiments. In the experiments designed to compare
the absorption-enhancing ability of CPPs, the dose of each CPP
was 1.25 μmol/kg body weight (0.5 mM). The loop was ligated
securely to prevent loss of the administered solutions, and the
abdominal wall was sutured to prevent heat loss. An absorption
study using ileal loops pretreated with CPPs was also conducted.
Following the 30-min rest, the 6-cm ileal loop was treated with
0.5 mL of L- or D-PenetraMax (0.5 mM). After 3 h of incubation,
the CPP solution in the ileal loop was removed by perfusion with
20mLof PBSwarmed to 37°C at a flow rate of 5mL/min using an
infusion pump. The insulin solution was then administered into
the ileal loop at a dose of 50 IU/kg.

During the experiment, a 0.25-mL blood aliquot was
taken from the jugular vein using a 1-mL tuberculin
heparinized syringe before and 5, 10, 15, 30, 60, 120, and
180 min after dosing. Plasma was separated by centrifugation
at 12,000 rpm (13,400×g) for 1 min and stored at −80°C until
analysis. The plasma insulin concentration was measured
using a human insulin ELISA kit (Mercodia AB, Uppsala,
Sweden), and the absorbance at λmax 450 nm was detected by
using a Synergy HT microplate reader (BioTek Instruments
Inc., Winooski, VT, USA).

Pharmacokinetic Analysis

The bioavailability of intestinal-administered insulin was
calculated relative to the subcutaneous (s.c.) route. Briefly, an
insulin solution was prepared by dissolving an appropriate
amount of insulin in PBS for s.c. injection (1 IU/kg). The peak
plasma concentration (Cmax) and time to reach Cmax
(Tmax) were determined directly from the plasma insulin
concentration–time curves. The total area under the insulin
concentration–time curve (AUC) for 0–3 h was estimated
from the sum of successive trapezoids between each data

point. The relative bioavailability (BA) of insulin was
calculated relative to the s.c. injection as follows:

BA %ð Þ ¼ AUC½ �=doseð Þ � 100= AUC½ �s:c:=doses:c:
� �

Insulin Degradation in Intestinal Fluid in the Presence
of CPPs

Intestinal fluid was collected frommale SpragueDawley rats
by inserting a Sonde needle into the upper portion of the small
intestine, and the intestine was then cannulated on the lower side
(length=20 cm) to remove the intestinal fluid. The contents of the
small intestine were washed out with 20 mL of PBS. Because
intestinal fluid contains a high lipid content, the efflux solution
was treated with two volumes of methylene chloride to remove
any lipids that might interfere with the analysis of insulin by
HPLC (26). This removal of lipid contents was repeated five
times. CPP (0.25 mM final concentration) was mixed with insulin
(10 IU/mL final concentration) and incubated in the intestinal
fluid at 37°C.At 5, 15, 30, 45, and 60min, 50 μLwas collected, and
50 μL of ice-cold mobile phase solution was added to terminate
the reaction. STI (1.25 mg/mL final concentration) was used as a
positive control. Insulin concentration was measured by HPLC
(LaChrom Elite System, Hitachi High-Technologies Corpora-
tion, Tokyo, Japan) using the following conditions: mobile phase,
acetonitrile, trifluoroacetic acid (0.1%), and sodium chloride
(31:69:0.58, v/v/w); 20 μL injection volume; 1.0 mL/min flow rate;
220 nm wavelength; 4.6×150 mm column; 5 μm (GL-Pack
Nucleosil 100-5C18, GL Science Inc., Tokyo, Japan).

Statistical Analysis

Significant differences in the mean values were evaluated
by a one-way layout analysis of variance (ANOVA) followed
by a Bonferroni multiple-comparison test. A p value <0.05
was considered significant.

RESULTS

Effect of l- and d-Penetratin on Insulin Absorption
in the Intestinal Loops

The time profiles of the plasma insulin concentration
after the coadministration of insulin and L- or D-penetratin
(0.5 mM) in the different intestinal segments are shown in
Fig. 1. Whereas insulin alone was poorly absorbed from all
intestinal regions, L- and D-penetratin increased the intestinal

Table I. Amino Acid Sequences and Molecular Weight of the Cell-Penetrating Peptides Used in This Study

CPPs Sequencea,b Amino acid no. Molecular weight

D-R8 rrrrrrrr 8 1393.6
L-R8 RRRRRRRR 8 1393.6
D-Penetratin rqikiwfqnrrmkwkk 16 2246.7
L-Penetratin RQIKIWFQNRRMKWKK 16 2246.7
D-PenetraMax kwfkiqmqirrwknkr 16 2246.7
L-PenetraMax KWFKIQMQIRRWKNKR 16 2246.7

aC, cysteine; F, phenylalanine; I, isoleucine; K, lysine; M, methionine; N, asparagine; Q, glutamine; R, arginine; and W, tryptophan
bUppercase and lowercase letters indicate the L- and D-forms of the amino acids, respectively
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absorption of insulin markedly when each was coadministered
with insulin into the duodenum, jejunum, ileum, and colon. The
pharmacokinetic parameters derived from the insulin concen-
tration–time profiles following in situ administration of insulin
with L- or D-penetratin into different intestinal segments are
shown in Table II. The AUC was derived from the plasma
insulin concentration–time profiles, and relative BA was calcu-
lated from data obtained in the s.c. injection study. The largest
insulin AUCwas observed after coadministration of insulin with
L-penetratin (0.5 mM) into ileum loops. The order of the effect
of insulin AUC coadministered with L-penetratin was ileum>
jejunum>duodenum>colon. By contrast, the AUC order after
coadministration of insulin with D-penetratin (0.5 mM) was
colon>duodenum≥jejunum and ileum. Treatment with 0.5 mM
D-penetratin produced an insulin BA that was 13.6 times higher
than that for insulin solution alone after colonic administration.
By contrast, treatment with 0.5 mM L-penetratin produced an
insulin BA that was 70.7 times higher than that with insulin
solution alone after ileal administration (Table II).

Effect of CPPs on Insulin Absorption from the Ileum

Figure 2 shows the ileal absorption of insulin
coadministered with either the L- or D-form of penetratin,
R8, and PenetraMax. No apparent absorption was observed

following administration of the insulin solution in the absence
of CPP. When the L- or D-form of R8 (0.5 mM) was
coadministered with insulin (50 IU/kg) into the ileal loop,
insulin absorption through the ileal membrane was greater
for D-R8 compared with L-R8. By contrast, L-penetratin
produced a larger increase in insulin absorption compared
with D-penetratin. L- and D-PenetraMax (0.5 mM) produced
the greatest increase in ileal insulin absorption.

Table III summarizes the pharmacokinetic parameters
derived from the insulin concentration–time profiles following
in situ loop administration of insulin with various CPPs to the
ileal segments. The coadministration of L- or D-PenetraMax
significantly increased the Cmax, AUC, and BA of insulin
and produced the greatest increase in ileal insulin absorption
compared with the L- and D-forms of penetratin and R8. The
coadministration of L- and D-PenetraMax (0.5 mM) increased
the insulin AUC from 5.2±0.8 to 570.2±45.5 and 777.6±
118.1 μU h/mL, respectively. Treatment with 0.5 mM L- and
D-PenetraMax resulted in a greater increase in insulin BA
compared with L-penetratin by 1.5 and 2.1 times, respectively.
Thus, among the CPPs used in this study, L- and D-
PenetraMax showed the greatest effects on ileal insulin
absorption. Therefore, L- and D-PenetraMax were used in
further studies to examine the effects of pretreatment with
CPPs on ileal insulin absorption.

Fig. 1. a–d Plasma insulin concentration vs. time profiles following in situ administration of insulin (50 IU/kg) with
L- or D-penetratin (0.5 mM) in various sites of the intestine. Each data point represents the mean±SEM (n=4–5).
Multiplication signs indicate insulin–PBS solution, black circles L-penetratin, and white circles D-penetratin
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Effect of PenetraMax Pretreatment on Insulin Absorption
in the Ileum

The insulin concentration–time profiles and AUC fol-
lowing in situ administration of insulin into ileal segments
pretreated with L- or D-PenetraMax for 3 h are shown in
Figs. 3 and 4, respectively. The coadministration of L- or D-
PenetraMax significantly increased ileal insulin absorption
(insulin AUC 570.2±45.5 and 777.6±118.1 μU h/mL, respec-
tively) as shown in Fig. 2 and Table III. By contrast,
pretreatment of ileal segments with L- or D-PenetraMax had
a slight effect on the insulin AUC (18.1±1.9 and 29.6±
0.4 μU h/mL, respectively). Although the slight increase in
insulin AUC following pretreatment with L- or D-PenetraMax
was significant, no therapeutically effective increase in the
insulin (50 IU/kg) absorption was obtained after pretreatment
with and removal of L- or D-PenetraMax before insulin
administration

Insulin–CPP Stability in Intestinal Fluid

The effects of CPPs (0.25 mM) on the stability of insulin
(10 IU/mL) in intestinal fluid are shown in Fig. 5. The
elimination of insulin followed apparent first-order kinetics.
Although insulin was rapidly degraded in intestinal enzymatic
fluid, all CPPs used in this study, especially D-PenetraMax

and D-penetratin, markedly reduced insulin degradation. STI
was used as a positive control because it prevents the
degradation of insulin by major proteases such as trypsin
and chymotrypsin in rat intestinal fluid. Table IV summarizes
the elimination rate constant (kel) and the half-life (t1/2) of
insulin in intestinal enzymatic fluid in the presence or absence
of CPPs. The insulin kel was significantly reduced, and t1/2 was
significantly prolonged by D-penetratin (222.9 min), D-R8
(50.6 min), D-PenetraMax (184.7 min), and L-PenetraMax
(23.7 min). In addition, the prolongation of insulin t1/2 by D-
penetratin, D-R8, and D-PenetraMax was greater than that by
the L-form of the corresponding CPPs.

DISCUSSION

Oral delivery systems for insulin as a peptide/protein
model remain an attractive alternative to parenteral delivery,
and the development of such systems has been a challenge.
Clinicians seek methods for the oral insulin delivery for the
treatment of diabetes because of its convenience and high
patient compliance. However, the actual application in
clinical practice has been hindered by two major obstacles: a
high susceptibility of insulin to digestion by proteolytic
enzymes in the GI tract and poor permeability of insulin
through the mucosal barrier. Incorporation into the delivery
system of new methods to increase the membrane

Table II. Pharmacokinetic Parameters Following In Situ Administration of Insulin (50 IU/kg) with L- or D-Penetratin (0.5 mM) in Various
Intestinal Segments

Data: mean±SEM (n=4–5)
Cmax maximum concentration, Tmax time to reach Cmax, AUC area under the curve, BA relative bioavailability compared with s.c.
*p<0.05, **p<0.01: significantly different from the corresponding Binsulin solution^ for each segment. ##p<0.01: significant difference between
the L- and D-peptide for each measurement
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permeability to macromolecules is essential for attaining a
high oral bioavailability that is acceptable in clinical applica-
tions (2,5,6).

Recently, CPPs have opened a new horizon for drug
delivery of a vast collection of biomolecules that otherwise do
not cross the plasma membrane (27,28). CPPs comprise short
polycationic peptides based on hydrophobic sequences de-
rived from signal peptides, viral peptides, or other sources
(29), and are recognized as promising tools for the intracel-
lular delivery of macromolecular medicines (30–33). Our
recent study has shown that the absorption of insulin and
other medicinal peptides and proteins across the epithelial
mucosal membrane can be improved significantly by the
coadministration of new CPPs with biodrug cargos (13–15).

In our recent study of oral peptide/protein delivery
systems with high bioavailability based on noncovalent
intermolecular interactions with insulin, both L- and D-
penetratin seemed to be promising carriers for oral insulin
delivery (34). Considering that the apparent insulin perme-
ability varies between different intestinal regions (24,35),
there may be a possibility for increasing further insulin oral
bioavailability by delivering it to the best site. Thus, we

designed this study to investigate whether the site influences
the insulin absorption efficiency of the L- and D-forms of CPPs
in various intestinal regions and the effects of pretreatment of
intestinal membranes with CPPs.

As shown in Fig. 1, insulin absorption following coad-
ministration of L- and D-penetratin differed between the four
intestinal regions: duodenum, jejunum, ileum, and colon. The
greatest insulin absorption was observed following coadmin-
istration with L-penetratin to the ileal segments. The plasma
insulin concentration was lower after colonic administration
of L-penetratin than after ileal administration (Table II). The
greatest insulin absorption from the ileum might reflect
differences in proteolytic activity along the intestine. Insulin
degradation was much greater in the duodenum and jejunum
than in the ileum because the protease content is much higher
in the upper small intestine than in the descending small
intestine (36). The ranking order for the total different
endopeptidase activity in gut luminal fluids and exopeptidase
activity in gut mucosal homogenates of rats was jejunum>
ileum>colon. The proteolytic activities of trypsin and chymo-
trypsin in the duodenum are almost twice those in the
jejunum and three times those in the ileum (37).

Fig. 2. a–c Plasma insulin concentration vs. time profiles following in situ administration of insulin (50 IU/kg) with CPPs (0.5 mM) in ileal
segments. Each data point represents the mean±SEM (n=4). Multiplication signs indicate insulin–PBS solution, black circles L-peptide, and
white circles D-peptide

Table III. Pharmacokinetic Parameters Following In Situ Administration of Insulin (50 IU/kg) with CPPs (0.5 mM) into Ileal Segments

Data: mean±SEM (n=4–5)
Cmax maximum concentration, Tmax: time to reach Cmax, AUC area under the curve, BA relative bioavailability compared with s.c.
*p<0.05, **p<0.01: significantly different from the corresponding Binsulin solution^ for each segment. ##p<0.01: significant difference between
the L- and D-peptide for each measurement
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The mucus/glycocalyx layers presumably also provide an
enzymatic barrier and/or diffusional barrier. The enzymatic
degradation of insulin in the mucus/glycocalyx layers tends to
increase toward the upper small intestine in the following
order: duodenum>jejunum>ileum (38). By contrast, the
colonic coadministration of insulin and penetratin had a
smaller effect on increasing insulin absorption, even though
the proteolytic activity in the colon may be much lower than
that in the small intestine (39). The absorption of insulin from

the colon is low, presumably because of the thickness of the
mucus layers (40,41) and tightness of tight junctions (42). The
mucus layer is a permeation barrier to peptide and protein
drug absorption (43,44). It was verified that the diminishment
of mucous/glycocalyx layers showed the significant increase of
insulin permeability (45). The tight junction is more rigid in
the large intestine than in the small intestine, which may
contribute to a lower permeability of macromolecular drugs
from the large intestine compared with the small intestine
(42). As a result of having thicker mucus layers and tightness
of mucosal membrane in the colonic region, insulin absorp-
tion in the colon may be decreased, even though the insulin
degradation with the proteolytic enzyme has a lower extent in
the colonic segment than in the small intestine. In this case,
the absorption-enhancing effect of D-penetratin for insulin
absorption was greater in the colon compared to the small
intestine. Thus, it was confirmed that the low intrinsic
permeability of insulin and/or the enzymatic degradation in
the small intestine was a major barrier for insulin absorption
(24).

Additionally, the intestinal pH is an important factor for
drug permeability across the intestinal epithelial membrane
(46,47). The luminal pH along the GI tract varies between 5
and 8 in rats. It has been shown that the pH varies between
6.6 and 7.1 in the duodenum, it lies in the interval 7.2–8.0
from the jejunum to ileum, while it is in the range of 6.8–7.5 in
the colon. Our previous study confirmed that the binding
efficiency between a peptide drug and CPP and the enhance-
ment of intestinal peptide drug absorption were affected by
altering the pH of the mixture, suggesting that the strength of
the electrostatic interaction was affected by a change in the
environmental pH which is associated with the enhancement
of intestinal absorption by CPP (19). Furthermore, our recent
study clearly demonstrated a pH-dependent characteristic of
the binding of penetratin to insulin and the efficiency of its

Fig. 3. Plasma insulin concentration vs. time profiles following in situ administration of
insulin (50 IU/kg) in ileal segments coadministered (circle) or pretreated (square) for 3 h
with PenetraMax (0.5 mM). Each data point represents the mean±SEM (n=4). Black
circles and squares denote L-PenetraMax and white circles and squares D-PenetraMax

Fig. 4. Effect of pretreatment with PenetraMax (0.5 mM) on the
AUC following in situ administration of insulin (50 IU/kg) in ileal
segments pretreated for 3 h. Each data point represents the mean±
SEM (n=4). Black bars denote coadministration of PenetraMax and
white bars pretreatment with PenetraMax. **p<0.01, significantly
different from the corresponding coadministration groups of
PenetraMax
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enhancement of epithelial insulin permeation through a
Caco-2 cell monolayer (48). In the study, a dose-dependent
increase in binding responses was observed depending on the
L- and D-penetratin concentration at neutral pH (6.0, 7.0, and
8.0). In contrast, the binding of L- and D-penetratin to insulin
was particularly decreased at pH 5.0. The permeability of
insulin through the epithelial monolayer was enhanced by

coincubation with penetratin, especially L-penetratin, at pH
6.0, 7.0, and 8.0; however, the inherent permeability of insulin
at pH 5.0 was lower than that at neutral pH.

As mentioned above, L- and D-penetratin stimulate
intestinal insulin absorption to different extents. The proteo-
lytic stability of CPPs is a critical requirement for their
therapeutic application, and it is essential that they can

Fig. 5. a–c Degradation profile of insulin over time in the presence of CPP (0.25 mM) in rat intestinal fluid. Each data point represents the
mean±SEM (n=3–4). White squares indicate soybean trypsin inhibitor (STI, 1.25 mg/mL), multiplication sign insulin–PBS solution (control,
10 IU/mL), black circles L-peptide, and white circles D-peptide

Table IV. Elimination Constant and Half-Life of Insulin in Rat Intestinal Fluid

kel

( ×10-2 min-1)

t1/2

(min)

Insulin solution 4.84±0.40 14.5±1.1  

   + L-penetratin 3.58±0.81 22.0±6.0  

## 
   + D-penetratin 0.32±0.03* 222.9±25.3* 

   + L-R8 3.75±0.76 20.2±4.4 
## 

   + D-R8 1.40±0.11* 50.6±4.5* 

   + L-PenetraMax 3.12±0.52* 23.7±4.7*  
## 

   + D-PenetraMax 0.38±0.03* 184.7±13.3* 

   + STI Stable Stable  

Data: mean±SEM (n=3–4)
*p<0.05: significantly different from the corresponding Binsulin solution^ for each measurement. #p<0.05: significant difference between the L-
and D-peptide for each measurement
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deliver their cargos to the site of administration effectively
without being cleaved by proteases in gut luminal fluids and/
or the peptidase of mucus/glycocalyx layers. The differences
in the sensitivity to enzymatic degradation between the L- and
D-forms of peptides affect the ability of penetratin to increase
intestinal insulin absorption. L-Penetratin comprising the L-

forms of amino acids is more metabolically unstable in the
intestinal lumen than that comprising D-form amino acids
(13,15,49). In addition to this proteolytic stability, we should
consider another factor. The formation of complexes via
electrostatic and/or hydrophobic interactions after mixing
insulin and penetratin may protect them from enzymatic
degradation. On the other hand, insulin must be dissociated
from complexes in the lumen and/or cytoplasm because the
bulky size of the complexes hampers their permeation
through the basal membrane of the epithelium. The dissoci-
ation rate of insulin from the complex is a critical factor in
determining the enhancing effect on drug absorption, and the
balance of both factors should be considered for evaluating
the results (14). In fact, in our in vivo proof of concept of oral
insulin study, D-penetratin showed higher pharmacological
availability (18.2%) than did L-penetratin (34). The fact is
apparently inconsistent with the current study. Despite the
lower stability of peptides comprising L-amino acids, L-

penetratin caused a greater increase in intestinal insulin
absorption than did D-penetratin in this study. However, both
experimental conditions are completely different. In the oral
absorption study, the physical mixture of insulin and
penetratin was exposed to the harsh environment in the oral
administration. L-Penetratin could not protect insulin, and
both were degraded easily. However, insulin associated with
D-penetratin was relatively stable, and with moving along to
the small intestine, insulin may be dissociated from D-
penetratin by diluting the intestinal fluid. On the other hand,
in the in situ study, insulin and penetratin may exist by
keeping the intermolecular interaction in a small intestinal
segment. The L-penetratin–insulin complex is degraded by
intestinal enzymes because of the low resistance of the L-form
of the peptide to enzymatic degradation, in contrast to the D-
form. In addition, the internalization efficiency of L-penetratin
is retained even when its sequence is partially modified, which
suggests that fractionated penetratin might retain the ability
to internalize a cargo drug (21). Thus, L-penetratin showed a
greater increase in intestinal insulin absorption, and this is
consistent with our former results obtained by in situ
absorption study (13).

Next, we used the CPPs assessed in our previous studies
to examine the differences between the abilities of different
CPPs to increase insulin absorption (12–15,22,23). The time
profiles for plasma insulin concentration after ileal coadmin-
istration of insulin with penetratin, R8, or PenetraMax, and
the pharmacokinetic parameters are shown in Fig. 2 and
Table III, respectively. Among the CPPs, L-penetratin, D-R8,
and L- and D-PenetraMax significantly increased ileal insulin
absorption. The differences in the chemical structure of these
CPP categories account for the differences in their affinity to
membrane lipids, membrane insertion capacity, and structural
transitions upon binding with negatively charged moieties in
the mucus layer of the epithelial membrane (50). Penetratin is
an amphipathic CPP that traverses pure lipid model

membranes used in drug interaction studies. By contrast,
cationic CPPs such as R8 have a lower translocation ability
under these conditions. PenetraMax is a rearranged and
sequence-modified penetratin analog developed from an in
silico design based on the molecular orbital method with a
self-organizing map classification (22).

The number of arginine residues in L-R8 is important to
the internalization efficiency, and the effects of this CPP
decrease markedly with a decreasing number of arginines
(12). By contrast, the internalization efficiency of penetratin is
retained even when its sequence is partially modified as
described above, which suggests that fractionated penetratin
displays an internalization ability (21,22). The superior
enhancing effect of PenetraMax on intestinal insulin absorp-
tion may be attributed to the change in the positions of the
aromatic amino acid tryptophan (Table I) (21,22,49). This
would allow a high degree of conformational flexibility of the
interacting moieties, thus stabilizing the conformation of the
peptide at the water–lipid interface and facilitating the
insertion of PenetraMax into the lipid bilayer (51,52). In the
case of PenetraMax, there was no difference between the L-
and D-forms in increasing insulin absorption. This tendency is
consistent with their nasal interferon absorption-enhancing
effect (data not shown). To clarify the mechanism, an
intermolecular interaction study of insulin and PenetraMax
under the same experimental in situ ileal absorption condi-
tions shows that the bound concentrations of penetratin and
PenetraMax were 66.2 and 91.9% of the total concentration,
respectively (22). Whatever the case, the greater capacity of
PenetraMax to interact with insulin than the parent
penetratin might be involved in its enhancing effect on ileal
absorption of insulin, especially in our approach using
physical mixtures of the drug and CPPs rather than their
conjugates (19,20,22).

We found that L- and D-PenetraMax were the most
effective absorption enhancers for insulin among the CPPs
assessed in the present study. However, despite this ability of
PenetraMax, only a slightly increased insulin absorption was
observed after administration of insulin into the ileal loop
that had been pretreated with L- and D-PenetraMax for 3 h
(Figs. 4 and 5). This result suggests two important aspects.
First is that the intermolecular interaction between insulin
and a CPP is a key factor governing the absorption-enhancing
effect of CPPs because only a small effect was observed
following insulin administration after removal of PenetraMax.
Second is that PenetraMax has no irreversible effect on the
mucosal structure, which means that CPPs do not induce
permanent functional change to the intestinal membrane.

As mentioned above, unlike penetratin and R8, the
difference between the enhancement efficiency of L- and D-
PenetraMax is not significant (Table III). In addition to the
enhancing effect of CPPs on insulin permeation across the
epithelial membranes (53,54), our current results suggest that
the protective effect of CPPs on insulin degradation in the
intestinal lumen is involved in the increase in insulin
absorption (34). Hence, we evaluated insulin degradation in
rat intestinal enzymatic fluid in the presence of the L- and D-
forms of penetratin, R8, and PenetraMax. As expected,
insulin degradation in the intestinal enzymatic fluid was faster
in the presence of the L-forms of penetratin and R8 than in
the presence of the D-forms (Fig. 5a, b and Table IV),
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reflecting the differences in their absorption-enhancing ef-
fects. Similarly, the stabilizing effect for insulin was signifi-
cantly stronger for D-PenetraMax than for L-PenetraMax
(Fig. 5c and Table IV), but this difference did not match the
differences in their absorption-enhancing efficiencies. At
present, we cannot identify the mechanisms responsible for
the different pattern of absorption enhancement by
PenetraMax, but the permeability of insulin–PenetraMax
complexes through the epithelium may be related to the
similar ability of L- and D-PenetraMax to improve ileal insulin
absorption. The increase in permeability caused by the
sequence-modified peptide analog may contribute to the high
bioavailability of this drug (55). The stabilizing effect of L-
and D-PenetraMax on insulin degradation appears to be a
separate means of increasing insulin absorption that works
synergistically with the membrane-penetrating effect. How-
ever, the mechanism underlying the membrane-penetrating
effect of PenetraMax needs further detailed studies.

CONCLUSIONS

In this study, we demonstrated that the amphipathic CPP
penetratin has a region-dependent enhancement effect on
intestinal insulin absorption. In addition to the improved
permeation through epithelial cells, the ability of CPPs to
protect insulin against enzymatic degradation appears to
contribute to the increase in intestinal insulin absorption.
The chirality of the constituent amino acids of CPPs affects
the absorption-enhancing efficiency and stability of insulin in
the intestinal enzymatic fluid. In the case of L- and D-forms of
penetratin, the most effective target delivery site in terms of
increasing oral bioavailability would be the ileum and the
colon, respectively. Among the CPPs examined in this study,
PenetraMax was the most effective in increasing the absorp-
tion of insulin from the ileum; the L- and D-forms had similar
effectiveness. PenetraMax had no irreversible effects on the
ileal mucosal structure. The current investigation provides a
foundation for the clinical realization of an effective oral
insulin delivery system using CPPs as potential enhancers of
insulin bioavailability.
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