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The effects of five chitosan oligomers on the intestinal absorption of fluorescein isothiocyanate-labeled
dextrans (FDs) and insulin were studied by an in situ loop method. The absorption of FD4 from the jejunum
was effectively improved in the presence of 0.5% (w/v) chitosan hexamer and dimer. However, chitosan
hexamer did not improve the colonic absorption of FD4, although we found a moderate increase in the
colonic absorption of FD4 in the presence of chitosan pentamer and dimer. The absorption enhancing effect
of chitosan hexamer decreased as the molecular weights of FDs increased. In addition, we found a remark-
able increase in plasma insulin levels and a significant hypoglycemic effect after jejunal administration of
insulin with chitosan hexamer. In the toxicity studies of chitosan hexamer, we found no significantincrease
in the release of total protein and activity of lactate dehydrogenase (LDH) from the intestinal epithelium
in the presence of chitosan hexamer (0.5%, w/v), indicating that this compound was a safe absorption
enhancer for improving the intestinal absorption of poorly absorbable drugs. Finally, the transepithelial
electrical resistance (TEER) and the permeability of FD4 in rat jejunal membranes with or without chitosan
hexamer (0.5%, w/v) were examined by an in vitro diffusion chamber method. We observed a moderate
decrease in the TEER values of rat jejunal membranes and a corresponding increase in the permeability
of FD4 in the presence of chitosan hexamer (0.5%, w/v). These findings suggested that chitosan hexamer
might loosen the tight junction of the intestinal epithelium, thereby improving the intestinal permeability
of hydrophilic macromolecular compounds via a paracellular pathway.
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1. Introduction was demonstrated that nitric oxide (NO) donors and polyamines
were also effective for improving the intestinal absorption of
poorly absorbable drugs (Utoguchi et al., 1998; Fetih et al., 2005;

Miyake et al., 2006; Gao et al., 2008). However, some absorption

The intestinal absorption of hydrophilic macromolecules espe-
cially peptide and protein drugs after their oral administration

is usually very poor. This has been attributed to their exten-
sive hydrolysis by the proteolytic enzymes in the gastrointestinal
tract or their poor membrane permeability characteristics (Lee and
Yamamoto, 1989). Therefore, various approaches such as alterna-
tive routes of administration (Yamamoto et al., 1994b), absorption
enhancers (Morishita et al., 1993; Uchiyama et al., 1999), pro-
tease inhibitors (Yamamoto et al., 1994a), chemical modification
(Asada et al., 1994, 1995) and different dosage forms (Tozaki et
al., 1997; Fetih et al., 2006) have been examined in attempts to
overcome problems with the delivery of these peptides and pro-
teins via the gastrointestinal tract. Of these approaches, absorption
enhancers including surfactants, bile salts, chelating agents and
fatty acids is one of the most promising methods. Recently, it
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enhancers can cause damage and irritate the intestinal mucosal
membranes. This is a limiting factor for their clinical use. Indeed,
our previous studies demonstrated that there existed almost lin-
ear relationship between the effectiveness of various absorption
enhancers and their membrane toxicity (Yamamoto et al., 1996;
Uchiyama et al., 1996). Therefore, an absorption enhancer with
high effectiveness and low mucosal toxicity should be developed in
clinical use.

Chitosan is the second most abundant natural occurring organic
material after cellulose and can be obtained by the chemically
deacetylation of chitin, a natural material found in crab and
shrimp shells. This compound is very safe due to its biocom-
patibility and biodegradation characteristics (Hirano et al., 1988;
Chandy and Sharma, 1990). Chitosan also has mucoadhesive prop-
erties, which are probably mediated through ionic interactions
between positively charged amino groups in chitosan and neg-
atively charged surface of the epithelial cell membrane (Lehr et
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al., 1992). On the other hand, chitosan has also been employed as
a pharmaceutical excipient in oral drug formulations in order to
improve the dissolution of poorly absorbable drugs (Sawayanagi
et al.,, 1982a, 1982b; Imai et al.,, 1991) or for sustained release
of drugs by a process of slow erosion from a hydrated com-
pressed matrix (Miyazaki et al., 1981, 1988; Takayama et al,,
1990).

In the previous studies, chitosan has already been demon-
strated as an absorption enhancer to increase the transport of a
hydrophilic marker molecule across intestinal Caco-2 cell mono-
layers (Artursson et al., 1994), and to improve the absorption of
insulin and a decapeptide across the nasal and intestinal mucosa,
respectively (Illum et al., 1994). However, chitosans used in these
previous studies were macromolecular compounds and they gen-
erally had very poor solubility in water at physiological pH,
which brought much difficulty to use it in clinical application.
To overcome these drawbacks of chitosans, we recently focused
on chitosan oligomers, new types of chitosan molecules, which
have remarkably water-soluble characteristics due to their low
molecular weights. Therefore, these chitosan oligomers can be
expected to become useful absorption enhancers rather than con-
ventional chitosans. Furthermore, we recently found that these
chitosan oligomers could improve the pulmonary absorption of
interferon o without serious membrane damage to the lung tis-
sues (Yamada et al., 2005). However, no studies have been carried
out to examine the effects of chitosan oligomers on the intesti-
nal absorption of poorly absorbable drugs including peptide and
protein drugs. Moreover, the absorption enhancing mechanisms of
chitosan oligomers have not been fully elucidated in the previous
studies.

In this study, therefore, we selected five chitosan oligomers
including chitosan dimer, trimer, tetramer, pentamer, and hexamer
as absorption enhancers and effects of chitosan hexamer on the
intestinal absorption of fluorescein isothiocyanate dextrans (FDs)
(FD4,FD10 and FD70) and insulin were examined by an in situ closed
loop method. In addition, we also examined the intestinal mem-
brane toxicity of the chitosan hexamer by measuring the release
of protein and the activities of lactate dehydrogenase (LDH) from
the jejunal epithelium. Finally, to elucidate the absorption enhanc-
ing mechanisms of the chitosan oligomers, the permeability of FD4
and transepithelial electrical resistance (TEER) with or without chi-
tosan hexamer in the rat jejunal membranes were evaluated by an
in vitro diffusion chamber method.

2. Materials and methods

2.1. Materials

Chitosan dimer, trimer, tetramer, pentamer and hexamer were
obtained from Seikagaku Co. (Tokyo, Japan) and the chemical struc-
ture and physicochemical properties of these chitosan oligomers
are listed in Table 1. FDs with different molecular weights (FD4,
FD10 and FD70) were obtained from Sigma-Aldrich Chemical Co.
(St. Louis, MO). Insulin was purchased from Nacalai Tesque Inc.
(Kyoto, Japan). All other chemicals and solvents were of analytical
grade.

2.2. Preparation of drug solution

For an in situ closed loop absorption study, dosing solutions
of FDs (FD4, FD10 and FD70) and insulin were prepared in the
phosphate-buffered saline (PBS, pH 7.4) to yield a final concentra-
tion of 2 mg/ml and 20 IU/ml, respectively. For an in vitro transport
study, 0.1 mM FD4 dissolved in PBS solution (pH 7.4) was prepared
to examine the transport of FD4 across the jejunal membranes.
Chitosan oligomers were added to the dosing solutions at a con-
centration of 0.1% (w/v), 0.5% (w/v), 1.0% (w/v), respectively. The
solution containing chitosan hexamer (0.5%, w/v) was prepared for
evaluating its intestinal membrane toxicity, permeability of FD4
and measuring the TEER values of rat jejunal membranes.

2.3. Absorption experiments

Absorption experiments were performed by an in situ closed
loop method (Fetih et al., 2005; Gao et al., 2008). The stud-
ies were performed in accordance with the guidelines of animal
ethics committee at Kyoto Pharmaceutical University. Animals were
fasted for about 16 h before the experiment. Male Wistar rats,
weighing 230-250 g, were anesthetized with sodium pentobarbi-
tal (50 mg/kg body weight) by intraperitoneal injection. The rats
were kept in a supine position on a thermostatically controlled
board at 37°C. And then intestine was exposed through a mid-
line abdominal incision and washed by phosphate-buffered saline
(PBS, pH 7.4). The remaining buffer was expelled with air. Seg-
ments (jejunum and colon) were cannulated at both ends using
polyethylene tubing, and the distal part was closed by clipping with
a forceps. Drug solutions (1 ml), kept at 37 °C, were administered

Table 1
Chemical structure and physicochemical properties of various chitosan oligomers
CH,0H CH,OH CH,OH
o o 0
\ H-OH
OH o OH OH
) N
HO
NH,-HClI NH,-HCI NH,-HClI
\ Jn
Chitosan oligomer n MW (Da) Solubility in water
Dimer 0 4244 190 g/100 ml
Trimer 1 610.9 177 g/100 ml
Tetramer 2 808.5 158 g/100 ml
Pentamer 3 1006.1 86g/100ml
Hexamer 4 1203.7 68 g/100 ml
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into the loop through a cannulated opening in the proximal part of
the loop, which was then closed by clipping with another forceps.
A closed loop was prepared of jejunum and colon. The jugular vein
was exposed and blood samples were collected into heparinized
syringes at predetermined time intervals up to 240 min. Samples
were immediately centrifuged at 10,000 rpm for 5min to obtain
the plasma fraction, which was then kept in ice until determina-
tion. The intravenous administration of the drug was carried out
separately via the femoral vein.

2.4. Analytical methods

Absorption of FDs was determined with a fluorescence spec-
trophotometer (Spectrafluor Plus, TECAN, Switzerland) at an
excitation wavelength of 485nm and emission wavelength of
535 nm, respectively.

Plasma glucose concentration was measured with the glucose
oxidase method (Glucose B Test Wako Kit, Wako Pure Chemical
Industries, Osaka, Japan) and the magnitude of the hypoglycemic
response was calculated using the trapezoidal method as the area
above the curve (AAC) for 0-4 h. The pharmacological availability
(PA%) of insulin was calculated as follows:

PA% — {AAC(mtestme) x dose(lv)} 100

AAC(iv) x dose(intestine)

The plasma insulin concentration was estimated using an
enzyme immunoassay method (Insulin-EIA TEST Kit, Wako Pure
Chemical Industries, Osaka, Japan) and the total area under the
insulin concentration curve (AUC) from 0 to 4h was calculated
with the sum of successive trapezoids between each data point.

2.5. Evaluation of intestinal membrane toxicity caused by
chitosan hexamer

The release amount of tissue protein and the activity of LDH
from the intestinal mucosa were studied to assess intestinal mem-
brane damage caused by chitosan hexamer. PBS, chitosan hexamer
(0.5%, w/v) and Triton X-100 (3%, v/v) were administered into the
intestinal loop, respectively in a similar manner to that used for the
absorption experiment. Rats were left for 4 h after administration
and at the end of the experiment, the perfusate in the intestine
was washed with PBS (5ml) for the determination of the release
amount of protein and the activity of LDH. The concentrations of
protein were measured with bovine serum albumin as a standard
using BCA™ Protein Assay Kit (Pierce Tech., USA). The activity
of LDH was determined using the LDH CII assay kit (Wako Pure
Chemical Industries, Ltd).

2.6. Measurement of TEER and the transport of FD4 in the
presence of chitosan hexamer

The TEER values of the intestinal membranes were measured
by an in vitro diffusion chamber method using stripped rat jejunal
membranes. After surgical operation, the small intestine was iso-
lated, the first 10 cm of the top of small intestine was cut away and
the next 10 cm was used as the jejunum. The underlying muscularis
of the jejunal membranes was removed and the jejunal segments
were mounted in a diffusion chamber in which a surface area of
1.78 cm? was exposed. Two pairs of electrodes connected to a Short-
Circuit Amplifier (CEZ-9100, NIHON KOHDEN) were inserted into
each side of the diffusion chamber, respectively. PBS (7 ml) at pH
7.4 was added to the serosal side, and an equal volume of chitosan
hexamer solution (0.5%, w/v) was added to the mucosal side. Each
side of the chamber was bubbled with a mixture of 95% O, and 5%
CO, in order to maintain the viability of the intestinal membranes.

The temperature was maintained at 37 °C during the experiment
by a circulating water bath. At different time intervals up to 2 h, the
potential difference (PD) and the short-circuit current (Isc) were
measured, respectively, and then TEER values were calculated by
Ohm’s law. The initial value of TEER in the rat jejunal membranes
was 46.4 + 7.9 ohm cm?.

The effect of chitosan hexamer on the permeability of FD4 was
also examined by this in vitro diffusion chamber method. This
method was already reported by our previous papers (Yamamoto
et al,, 1992, 2001; Yodoya et al., 1994) and the operation was the
same as the TEER experiments as indicated above. Drug solution
(7 ml) containing 0.1 mM of FD4 was applied to the mucosal side,
whereas an equal volume of buffer solution was added to the serosal
solution. In certain experiments, chitosan hexamer (0.5%, w/v) was
applied to the drug solution in the mucosal side. At predetermined
times up until 150 min, solution was sampled from the serosal
side and the concentrations of drugs were determined spectroflu-
orometrically. The apparent permeability coefficients (Papp) were
calculated by the following equation.

b 11
w=AT A G

where Papp, is the apparent permeability coefficient in centimeters
per second, Xg is the amount of the drugs in moles in the recep-
tor side, A is the diffusion area (i.e., in square centimeters), Cy is
the initial concentration of drugs in the donor side in moles per
milliliter.

The viability of intestinal membrane during the test period was
monitored by measuring the transport of trypan blue dye and
electrophysiological parameters, including potential difference,
short-circuit current and membrane resistance. There was no trans-
port of dye during the incubation and no remarkable change of the
electrical parameters, confirming that the viability of the intestinal
membrane was maintained during the transport experiment.

2.7. Statistical analyses

Eachvalue is expressed as the mean =+ S.E. and statistical analysis
was performed by the analysis of variance (ANOVA) with a one-
way layout for comparisons with P<0.05 as the minimum levels of
significance.

3. Results

3.1. Effect of chitosan oligomers on the absorption of FDs from the
jejunum and the colon in rats

Fig. 1 shows the effects of various chitosan oligomers on the
absorption of FD4 from the jejunum (A) and the colon (B). As shown
in Fig. 1(A), chitosan hexamer and chitosan dimer significantly
increased the absorption of FD4 from the jejunum, but its absorp-
tion was not enhanced in the presence of other chitosan oligomers.
On the other hand, in the colonic absorption of FD4 with or with-
out various chitosan oligomers (Fig. 1(B)), only chitosan pentamer
and chitosan dimer showed moderate increase in the absorption
of FD4 following colonic administration, while we found no sig-
nificant increase in the absorption of FD4 from the colon in the
presence of other chitosan oligomers including chitosan hexamer.
These findings indicated that chitosan hexamer appeared to be a
most effective absorption enhancer in the jejunum among all the
chitosan oligomers and the absorption enhancing effect of chitosan
hexamer on the absorption of FD4 was much greater in the jejunum
than that in the colon.

Fig. 2 shows the effect of different concentrations of chitosan
hexamer on the intestinal absorption of FD4 from the jejunum (A)
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Fig. 1. Effects of various chitosan oligomers (0.5%, w/v) on the absorption of FD4 from the jejunum (A) and colon (B) in rats. Results are expressed as the mean +S.E. of 3-5
rats. Keys: (O) control, (®) chitosan dimer, (A) chitosan trimer, (a) chitosan tetramer, (O) chitosan pentamer, (B) chitosan hexamer.

and the colon (B). As shown in Fig. 2(A), the absorption enhancing
effect of chitosan hexamer in the jejunum was influenced by its
concentration and a greatest absorption enhancement effect was
obtained at the concentration of 0.5% (w/v) chitosan hexamer fol-
lowing jejunal administration. In contrast, no significant increase
in the absorption of FD4 from the colon was observed even though
0.5% (w/v) of chitosan hexamer was co-administered with FD4 to
the colon (Fig. 2(B)).
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Table 2 summarizes the AUC values of FD4 with or without var-
ious chitosan oligomers and their absorption enhancing ratio after
jejunal and colonic administration. The absorption of FD4 from the
jejunum without any absorption enhancers was limited. However,
the AUC value of FD4 was greatly improved by the addition of
chitosan hexamers (0.5%, 1.0%, w/v) and dimer (0.5%, w/v) from
jejunum and the absorption enhancement ratio in the presence
of 0.5% chitosan hexamer, 1.0% chitosan hexamer and 0.5% dimer
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Fig. 2. Effects of various concentrations of chitosan hexamer on the absorption of FD4 from the jejunum (A) and colon (B) in rats. Results are expressed as the mean + S.E. of
3-5 rats. Keys: (O) control, (®) 0.1% (w/v) chitosan hexamer, (a) 0.5% (w/v) chitosan hexamer, (B) 1.0% (w/v) chitosan hexamer.
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Table 2
AUC values of FD4 after intestinal administration with or without chitosan oligomers
Jejunum Colon
AUC (g min/ml) Ratio AUC (g min/ml) Ratio

Control 180.1 + 15.1 - 1451 + 12.7 -
Chitosan dimer (0.5%) 366.4 + 50.4* 2.0 226.4 + 27.5* 1.6
Chitosan trimer (0.5%) 269.7 + 50.7 1.5 221.6 £ 33.5 1.5
Chitosan tetramer (0.5%) 175.8 +£ 10.4 1.0 124.6 +£ 333 0.9
Chitosan pentamer (0.5%) 147.5 £ 7.6 0.8 246.9 + 58.0* 1.7
Chitosan hexamer (0.1%) 1341 + 25.3 0.7 91.7 + 10.6 0.6
Chitosan hexamer (0.5%) 440.2 + 66.6™ 24 156.3 + 36.7 1.1
Chitosan hexamer (1.0%) 2324 4 8.3* 1.3 118.7 £ 27.7 0.8
Results are expressed as the mean =+ S.E. of 3-5 rats. (*) P<0.05, (**) P<0.01, compared with the control.
were 2.4, 1.3 and 1.5 times, respectively, compared with the con- 600 O Control
trol studies. On the other hand, a moderate increase in the colonic " ) .
absorption of FD4 was observed in the presence of chitosan pen- s00 - M. Canrol 4 Chitoirs Heimer ({:5%, V)
tamer (0.5%, w/v) and dimer (0.5%, w/v), although other chitosan -y
oligomers had almost no absorption enhancing effect in the colon. -E 400

To confirm whether the absorption enhancing effect of chitosan E I
hexamer is dependent on the molecular weights of drugs, we next ]
examined the effect of chitosan hexamer (0.5%, w/v) on the jeju- = 300f

. . . . O

nal absorption of FDs with different molecular weights. As shown =]
in Fig. 3, chitosan hexamer (0.5%, w/v) significantly increased the < 200 |
AUC values of FD4 and FD10 in the jejunum, but we found no sig-
nificant increase in the AUC value of FD70 even in the presence 100 L
of chitosan hexamer (0.5%, w/v). Overall, the absorption enhanc-
ing effect of chitosan hexamer in the jejunum decreased as the
molecular weight of FDs increased. 0 *

3.2. Effect of chitosan hexamer on the absorption of insulin from
the rat jejunum

We next examined the effect of chitosan hexamer on the absorp-
tion of insulin from the jejunum in rats. In this study, chitosan
hexamer was chosen as a model of absorption enhancer, because
it had a greatest absorption enhancing effect for improving the
absorption of FD4 from the jejunum as described above. Fig. 4 shows

-Cr control
250 -@ Chitosan Hexamer (0.1%)
-l Chitosan Hexamer (0.5%)
=k Chitosan Hexamer (1.0%)
200

150

100

Plasma insulin level (uU/mL)

50F

0 30 60 90 120 150 180 210 240

Time (min)

FD4 FD10 FD70

Fig. 3. Effect of chitosan hexamer (0.5%, w/v) on the absorption of FDs with various
molecular weights from the jejunum in rats. Results are expressed as the mean & S.E.
of 3-5 rats. (*) P<0.05, (**) P<0.01, compared with the control.

concentration-time profiles of insulin (A) and glucose (B) in plasma
after jejunal administration of insulin with various concentrations
of chitosan hexamer. As shown in Fig. 4(A), we found a signifi-
cant increase in plasma insulin levels after jejunal administration

-C-Control
250 I -@-cChitosan Hexamer (0.1%)
-H-Chitosan Hexamer (0.5%)
- Chitosan Hexamer (1.0%)
200

150

100 &

50

Plasma glucose level (% of initial value)
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Time (min)

Fig.4. Concentration-time profiles of insulin (A) and glucose (B) in plasma after jejunal administration of insulin with or without different concentrations of chitosan hexamer.
Results are expressed as the mean + S.E. of 3-5 rats. Keys: (O) control, (®) 0.1% (w/v) chitosan hexamer, (a) 0.5% (w/v) chitosan hexamer, (B) 1.0% (w/v) chitosan hexamer.
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Table 3
Pharmacokinetic parameters of insulin following jejunal administration with or without different concentrations of chitosan hexamer (CH)

Crax (pU/ml) Tmax (mMin) AUC (U min/ml) BA (%) AAC (% glu.reduc.min) PA (%)
Control 233 +£19.7 151 £ 0.0 5742.9 + 1334.7 0.28 0.0 + 0.0 0.0
0.1% CH 60.0 + 25.4 283+ 46 6958.0 + 2030.1 0.34 0.0 +0.0 0.0
0.5% CH 202.1 £ 7.6 30.3 + 6.1 14391.1 + 1125.2** 0.70™* 1229.2 + 157.3 0.38
1.0% CH 116.0 &+ 23.6 319 £ 4.7 11637.5 + 1679.3* 0.57* 503.9 + 78.2 0.16

Results are expressed as the mean = S.E. of 3-5 rats. (*) P<0.05, (**) P<0.01, compared with the control.
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Fig. 5. Amount of total protein and the activity of lactate dehydrogenase (LDH) at 4 h after jejunal administration of chitosan hexamer (0.5%, w/v). Results are expressed as

the mean £ S.E. of 3-5 rats.

of insulin with 0.5-1.0% (w/v) of chitosan hexamer. In addition, a
corresponding significant hypoglycemic effect was also obtained
after jejunal administration of insulin with 0.5-1.0% (w/v) of chi-
tosan hexamer, as indicated in Fig. 4(B), Of these concentrations
of chitosan hexamer, 0.5% (w/v) of chitosan hexamer appeared to
be a greatest absorption enhancing effect for improving the jejunal
absorption of insulin in rats.

Table 3 summarizes the pharmacokinetic and pharmacody-
namic parameters of insulin in the presence or absence of various
concentrations of chitosan hexamer. As indicated in Table 3, chi-
tosan hexamer, especially at the concentration of 0.5% (w/v)
significantly increased the peak plasma concentration (Cmpax ), AUC,
bioavailability (BA) %, AAC and PA% of insulin as compared with
the control, suggesting that the chitosan hexamer could improve
the absorption of insulin from the rat jejunum as well as other
hydrophilic macromolecular drugs including FDs.

3.3. Evaluation of intestinal membrane toxicity of chitosan
hexamer by measuring the amount of protein and lactate
dehydrogenase released from the intestinal epithelium

We also examined the intestinal membrane toxicity of chitosan
hexamer by measuring the amount of protein and the activity of
LDH released from the intestinal epithelium. The effect of chitosan
hexamer on the amount of protein and the activity of LDH released
from the jejunal epithelium are shown in Fig. 5. As shown in this
figure, chitosan hexamer (0.5%, w/v) did not increase the amount of
protein and the activity of LDH released from the jejunal epithelium
as compared with the control (no enhancer), although we found a
significant increase in these biochemical parameters in the pres-
ence of Triton X-100 (3%, v/v) as a positive control. These findings
suggested that chitosan hexamer might not cause any membrane

damage to the intestinal epithelium and this compound was quite
safe after intestinal administration.

3.4. Effect of chitosan hexamer on TEER and the transport of FD4
in rat jejunal membranes

To elucidate the absorption enhancing mechanism of chitosan
hexamer, the TEER and the permeability of FD4 in rat jejunal
membranes with or without chitosan hexamer (0.5%, w/v) were
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— -8~ CH (0.5%, wiv)
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=] L
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Fig.6. Transportof FD4 and transepithelial electrical resistance (TEER) with or with-
out chitosan hexamer (0.5%, w/v) in the rat jejunum. Results are expressed as the
mean +S.E. of at least 4 rats. (*) P<0.05, (**) P<0.01, compared with the control
group, and (#) P<0.05, (##) P<0.01, compared with the EDTA group. Keys: (O)
TEER values without enhancer (control), (®) TEER values with 0.5% (w/v) chitosan
hexamer, (ao) TEER values with 10 mM EDTA, (4) permeability of FD4 (Control), (W)
permeability of FD4 with 0.5% (w/v) chitosan hexamer.
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examined by an in vitro diffusion chamber method (Fig. 6).
As shown in Fig. 6, chitosan hexamer (0.5%, w/v) moderately
decreased the TEER values of rat jejunal membrane, while this
value remarkably decreased in the presence of EDTA (10 mM) as a
positive control. Moreover, we found a corresponding increase in
the permeability of FD4, a paracellular marker compound, in the
presence of chitosan hexamer (0.5%, w/v). The Papp value of FD4
with chitosan hexamer in the jejunum was 5.65 +0.31 cm/s x 106,
which was significantly greater than that without chitosan hex-
amer (3.87 +£0.29 cm/s x 10-6) used as the control. These findings
suggested that chitosan hexamer might loosen the tight junction
of the intestinal epithelium, thereby improving the intestinal
permeability of hydrophilic macromolecular compounds via a
paracellular pathway.

4. Discussion

Although many researchers already reported that chitosan
derivatives as absorption enhancers could effectively improve the
absorption of hydrophilic drugs after nasal and intestinal adminis-
tration (Schipper et al., 1996; Kotze et al., 1997a, 1997b; Thanou et
al,, 2000, 1999; Hamman et al., 2002), few studies have been exam-
ined on the effects of chitosan derivatives with water-soluble and
low molecular weight compounds on the intestinal absorption of
poorly absorbable drugs. Therefore, in the present study, we stud-
ied the effect of chitosan oligomers, water-soluble and relatively
low molecular weight compounds on the intestinal absorption of
hydrophilic drug including FDs with different molecular weights
and insulin in rats. In this study, the membrane toxicity caused by
chitosan hexamer was also examined to assess the safety of chi-
tosan hexamer. We also measured the TEER in order to elucidate
the absorption enhancing mechanism of chitosan hexamer.

The present study demonstrated that chitosan hexamer had a
greatest absorption enhancing effect for improving the intestinal
absorption of FD4 and insulin among various chitosan oligomers
(Figs. 1, 2 and 4). These findings were well correlated with the
results of Yamada et al. (2005) who showed that chitosan hexamer
had the greatest absorption enhancing effect for improving the pul-
monary absorption of interferon « in rats. The present study also
found that the number of sugar ring of these chitosan oligomers
was not related to their absorption enhancing effects. Although the
absorption enhancing mechanism of these chitosan oligomers is
still unknown, we can conclude that the number of sugar rings of
these chitosan oligomers is not a main factor regulating their poten-
cies of absorption enhancing effects. We also demonstrated that
there exist regional differences in the absorption enhancing effect
of these chitosan oligomers for improving the intestinal absorp-
tion of FD4 in rats. That is, the absorption of FD4 from the jejunum
was improved in the presence of chitosan hexamer, while this com-
pound did not improve the absorption of FD4 from the colon. This
result was remarkably different from the previous findings that the
absorption enhancing effects of many absorption enhancers in the
large intestine were generally much greater than those in the small
intestine (Yamamoto et al., 1997). However, we recently found that
the absorption enhancing effects of NO donors and polyamines in
the small intestine was almost same as those in the large intestine
for improving the intestinal absorption of insulin in rats (Fetih et al.,
2005; Gao et al., 2008). Therefore, this finding suggests that there
exist some absorption enhancers, which show greater or similar
absorption enhancing effects in the small intestine compared with
those in the large intestine.

We found that the absorption enhancing effect of chitosan hex-
amer for improving the intestinal absorption of FD4 was affected
by its concentration and a maximal absorption enhancing effect

was observed at a concentration of 0.5% (w/v). Yamada et al. (2005)
reported that the effects of chitosan hexamer on the pulmonary
absorption of interferon o were also influenced by its concentra-
tion and chitosan hexamer at a concentration of 0.5% (w/v) had a
greatest absorption enhancing effect for improving the pulmonary
absorption of interferon . Artursson et al. (1994) also reported
that the absorption enhancing effect of chitosan for mannitol trans-
port across Caco-2 cells was dependent on its concentration, but its
absorption enhancing effect was almost saturable up to 0.5% (w/v),
although the type of chitosan and administration route of chitosan
were different. Therefore, our present result is consistent with the
previous reports and chitosan oligomers as well as other chitosan
derivatives have some optimal concentration to show the great-
est absorption enhancing effects for improving the intestinal and
pulmonary absorption of poorly absorbable drugs in rats.

The present study indicated that chitosan oligomers not only
enhanced the intestinal absorption of FD4 but also improved the
intestinal absorption of insulin in rats. One possible mechanism
for improving the intestinal absorption of insulin by the chitosan
hexamer is that this compound may inhibit the degradation of
insulin in the intestine, thereby increasing the intestinal absorption
of insulin from the intestine. Indeed, it was previously reported that
chitosan-EDTA conjugate strongly inhibit the enzymatic activity
(Bernkop-Schnurch and Krajicek, 1998). However, the characteris-
tics of macromolecular chitosans were totally different from those
of chitosan oligomers, and chitosan hexamer could improve the
intestinal absorption of FD4, which was a quite stable compound in
the intestine. Therefore, it may not be plausible that this chitosan
hexamer might increase the stability of insulin in the intestine and
enhance its intestinal absorption in rats, although we do not have
enough evidence to support this hypothesis at present.

When absorption enhancers are applied in clinical use, their
potential local toxicity should be considered. The membrane
damage of these absorption enhancers is usually estimated by mea-
suring the biological markers including protein and LDH released
from the intestinal epithelial cells. Generally, protein is an index
of membrane damage, because protein is one of the components
of biological membrane and is released if the biomembrane was
damaged (Lee et al., 1991). LDH is a cytosolic enzyme and its pres-
ence in the luminal fluid is generally regarded as evidence of cell
membrane damage. As shown in Fig. 5, chitosan hexamer did not
increase the amount of protein and the activity of LDH, although
we observed a significant increase in these biological markers in
the presence of 3% Triton X-100, as a positive control. Yamada et al.
(2005) reported that the total amount of protein and the activity of
LDH in the presence of 0.5% (w/v) chitosan hexamer at 5 and 24 h
after intratracheal administration were the same levels as com-
pared with PBS. It was also reported that chitosan polymer with
the molecular weight of larger than 100 kDa were toxic towards
B16F10 cells (Carreno-Gomez and Duncan, 1997). These findings
suggested that chitosan hexamer (0.5%, w/v) with low molecular
weight might not cause any significant membrane damage to the
intestinal epithelium.

The TEER of rat jejunal membranes in the presence of chitosan
hexamer (0.5%, w/v) was measured in order to elucidate absorp-
tion enhancing mechanisms of chitosan hexamer. As shown in
Fig. 6, TEER value moderately decreased in the presence of 0.5%
(w/v) chitosan hexamer compared with the control, indicating
that chitosan hexamer might loosen the tight junction of the
intestinal epithelium, thereby increasing the permeability of drugs
via paracellular pathway. Many researchers previously examined
the absorption enhancing mechanisms of chitosan derivatives
for improving the transport and absorption of drugs. Schipper et
al. (1997) reported that the binding and absorption enhancing
effects of chitosans on epithelial cells were mediated through
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their positive charges and the interaction of chitosans with the
cell membrane resulted in a structural reorganization of tight
junction-associated proteins which is followed by enhanced
transport through the paracellular pathway. Artursson et al. (1994)
reported that the mechanism of the enhancement of the transport
of mannitol across the nasal mucosal membrane was proposed to
be a combination of mucoadhesion and an effect on tight junctions
in the epithelium. In order to determine which protein kinase C
(PKC) isozymes were responsible for the chitosan-mediated tight
junction disruption, the activation of the PKC isozymes alpha, beta
and delta was investigated by Smith et al. (2005) and a chitosan-
mediated translocation of PKC alpha but not PKC beta or delta
from the cytosol to the membrane fraction was observed. Thus,
treatment of Caco-2 cells with chitosan may result in the activation
of PKC-dependent signal transduction pathways which may affect
tight junction integrity (Smith et al., 2005). Smith et al. (2004)
also concluded that chitosan-mediated tight junction disruption
was caused by a translocation of tight junction proteins from the
membrane to the cytoskeleton. Probably, these mechanisms might
be related to the opening the tight junction of the intestinal epithe-
lium and the increased permeability of drugs across the intestinal
membranes caused by chitosan hexamer. Nevertheless, further
investigation on the mechanism of opening the tight junction by
these chitosan oligomers should be examined for developing the
pharmaceutical dosage forms of poorly absorbable drugs.

5. Conclusions

In conclusion, the present study demonstrated that the absorp-
tion of insulin and FD4 from the jejunum could be improved in
the presence of chitosan hexamer. In addition, chitosan hexamer
did not cause any serious membrane damage to the intestinal
epithelium. These findings indicated that chitosan hexamer is an
efficient and safe absorption enhancer for oral delivery of poorly
absorbable macromolecular drugs including peptide and protein
drugs.

Acknowledgements

This work was supported by 21 Century Center of Excellent Pro-
gram “Development of Drug Discovery Frontier Integrated from
Traditional to Proteome” from Ministry of Education, Science,
Sports and Culture in Japan.

References

Artursson, P, Lindmark, T., Davis, S.S., lllum, L., 1994. Effect of chitosan on the per-
meability of monolayers of intestinal epithelial cells (Caco-2). Pharm. Res. 11,
1358-1361.

Asada, H., Douen, T.,, Mizokoshi, Y., Fujita, T., Murakami, M., Yamamoto, A., Muranishi,
S., 1994. Stability of acyl derivatives of insulin in the small intestine: relative
importance of insulin association characteristics in aqueous solution. Pharm.
Res. 11, 1115-1120.

Asada, H., Douen, T., Waki, M., Adachi, S., Fujita, T., Yamamoto, A., Muranishi, S.,
1995. Absorption characteristics of chemically modified-insulin derivatives with
various fatty acids in the small and large intestine. J. Pharm. Sci. 84, 682-
687.

Bernkop-Schnurch, A., Krajicek, M.E., 1998. Mucoadhesive polymers as platforms for
peroral peptide delivery and absorption: synthesis and evaluation of different
chitosan-EDTA conjugates. ]. Control Release 50, 215-223.

Carreno-Gomez, B., Duncan, R., 1997. Evaluation of the biological properties of sol-
uble chitosan and chitosan microspheres. Int. J. Pharm. 148, 231-240.

Chandy, T., Sharma, C.P., 1990. Chitosan as a biomaterial. Biomater. Art. Cells Art. Org.
18, 1-24.

Fetih, G., Habib, F,, Okada, N., Fujita, T., Attia, M., Yamamoto, A., 2005. Nitric oxide
donors can enhance the intestinal transport and absorption of insulin and
[Asu7]-eel calcitonin in rats. J. Control Release 106, 287-297.

Fetih, G., Habib, F,, Okada, N., Fujita, T., Attia, M., Yamamoto, A., 2006. Colon-specific
delivery and enhanced colonic absorption of [Asu'’]-eel calcitonin using chi-
tosan capsules containing various additives in rats. J. Drug Target 14, 165-172.

Gao, Y., Lin, H., Katsumi, H., Sakane, T,, Fujita, T., Yamamoto, A., 2008. Improvement of
intestinal absorption of water-soluble macromolecules by various polyamines:
intestinal mucosal toxicity and absorption-enhancing mechanism of spermine.
Int. J. Pharm. 354, 126-134.

Hamman, ].H,, Stander, M., Kotze, A.F., 2002. Effect of the degree of quaternisation of
N-trimethyl chitosan chloride on absorption enhancement: in vivo evaluation
in rat nasal epithelia. Int. J. Pharm. 232, 235-242.

Hirano, S., Seino, H., Akiyama, Y., Nonaka, 1., 1988. Biocompatibility of chitosan by
oral and intravenous administrations. Polym. Eng. Sci. 59, 897-901.

[llum, L., Farraj, N.F, Davis, S.S., 1994. Chitosan as a novel nasal delivery system for
peptide drugs. Pharm. Res. 11, 1186-1189.

Imai, T,, Shiraishi, S., Saito, H., Otagiri, M., 1991. Interaction of indomethacin with low
molecular weight chitosan and improvements of some pharmaceutical prop-
erties of indomethacin by low molecular weight chitosans. Int. J. Pharm. 67,
11-20.

Kotze, A.E, de Leeuw, B.]., Luessen, H.L., de Boer, A.G., Verhoef, ].C., Junginger, H.E.,
1997a. Chitosans for enhanced delivery of therapeutic peptides across intesti-
nal epithelia: in vitro evaluation in Caco-2 cell monolayers. Int. J. Pharm. 159,
243-253,

Kotze, A.F, Luessen, H.L., de Leeuw, B.]., de Boer, B.G., Verhoef, ].C., Junginger, H.E.,
1997b. N-trimethyl chitosan chloride as a potential absorption enhancer across
mucosal surfaces: in vitro evaluation in intestinal epithelial cells (Caco-2).
Pharm. Res. 14, 1197-1202.

Lee, V.H.L, Yamamoto, A., 1989. Penetration and enzymatic barriers to peptide and
protein absorption. Adv. Drug Deliv. Rev. 4, 171-207.

Lee, V.H.L,, Yamamoto, A., Kompella, U.B., 1991. Mucosal penetration enhancers for
facilitation of peptide and protein drug absorption. Crit. Rev. Ther. Drug Carrier
Syst. 8,91-192.

Lehr, C.M., Bouwstra, J.A., Schacht, E.H., Junginger, H.E., 1992. In vitro evaluation of
mucoadhesive properties of chitosan and some other natural polymers. Int. J.
Pharm. 78, 43-48.

Miyake, M., Minami, T., Hirota, M., Toguchi, H., Odomi, M., Ogawara, K., Higaki, K.,
Kimura, T., 2006. Novel oral formulation safely improving intestinal absorption
of poorly absorbable drugs: utilization of polyamines and bile acids. J. Control
Release 111, 27-34.

Miyazaki, S., Ishii, K., Nadai, T., 1981. The use of chitin and chitosan as drug carriers.
Chem. Pharm. Bull. 29, 3067-3069.

Miyazaki, S., Yamaguchi, H., Yokouchi, C., Takada, M., Hou, W.-M., 1988. Sustained
release and intragastric-floating granules of indomethacin using chitosan in
rabbits. Chem. Pharm. Bull. 36, 4033-4038.

Morishita, M., Morishita, I., Takayama, K., Machida, Y., Nagai, T., 1993. Site-dependent
effect of aprotinin, sodium caprate, Na,EDTA, sodium glycocholate on intestinal
absorption of insulin. Biol. Pharm. Bull. 16, 68-72.

Sawayanagi, Y., Nambu, N., Nagai, T., 1982a. Use of chitosan for sustained release
preparations of water soluble drugs. Chem. Pharm. Bull. 30, 4213-4215.

Sawayanagi, Y., Nambu, N., Nagai, T., 1982b. Directly compressed tablets containing
chitin or chitosan in addition to mannitol. Chem. Pharm. Bull. 30, 4216-4218.

Schipper, N.G., Olsson, S., Hoogstraate, J.A., de Boer, A.G., Varum, K.M., Artursson, P,
1997. Chitosans as absorption enhancers for poorly absorbable drugs 2: mecha-
nism of absorption enhancement. Pharm. Res. 14, 923-929.

Schipper, N.G., Varum, K.M., Artursson, P., 1996. Chitosans as absorption enhancers
for poorly absorbable drugs: 1: influence of molecular weight and degree of
acetylation on drug transport across human intestinal epithelial (Caco-2) cells.
Pharm. Res. 13, 1686-1692.

Smith, J.M., Dornish, M., Wood, E.J., 2005. Involvement of protein kinase C in chitosan
glutamate-mediated tight junction disruption. Biomaterials 26, 3269-3276.
Smith, ], Wood, E., Dornish, M., 2004. Effect of chitosan on epithelial cell tight

junctions. Pharm. Res. 21, 43-49.

Takayama, K., Hirata, M., Machida, Y., Masada, T., Sannan, T., Nagai, T., 1990. Effect of
interpolymer complex formation on bioadhesive property and drug release phe-
nomenon of compressed tablet consisting of chitosan and sodium hyaluronate.
Chem. Pharm. Bull. 38, 1993-1997.

Thanou, M.M., Kotze, A.F, Scharringhausen, T., Luessen, H.L., de Boer, A.G., Ver-
hoef, ].C., Junginger, H.E., 2000. Effect of degree of quaternizaiton of N-trimethyl
chitosan chloride for enhanced transport of hydrophilic compounds across
intestinal Caco-2 cell monolayers. ]. Control Release 64, 15-25.

Thanou, M.M,, Verhoef, J.C., Romeijn, S.G., Nagelkerke, ].F.,, Merkus, EW., Junginger,
H.E., 1999. Effects of N-trimethyl chitosan chloride, a novel absorption enhancer,
on Caco-2 intestinal epithelia and the ciliary beat frequency of chicken embryo
trachea. Int. J. Pharm. 185, 73-82.

Tozaki, H., Komoike, J., Tada, C., Maruyama, T., Terabe, A., Suzuki, T., Yamamoto, A.,
Muranishi, S., 1997. Chitosan capsules for colon-specific drug delivery: improve-
ment of insulin absorption from the rat colon. J. Pharm. Sci. 86, 1016-1021.

Uchiyama, T., Yamamoto, A., Hatano, H., Fujita, T., Muranishi, S., 1996. Effectiveness
and toxicity screening of various absorption enhancers in the large intestine:
intestinal absorption of phenol red and protein and phospholipids release from
the intestinal membrane. Biol. Pharm. Bull. 19, 1618-1621.

Uchiyama, T., Sugiyama, T., Quan, Y.-S., Kotani, A., Okada, N., Fujita, T., Muranishi, S.,
Yamamoto, A., 1999. Enhanced permeability of insulin across the rat intestinal
membrane by various absorption enhancers: their intestinal mucosal toxic-
ity and absorption-enhancing mechanism of n-lauryl-B-p-maltopyranoside. J.
Pharm. Pharmacol. 51, 1241-1250.

Utoguchi, N., Watanabe, Y., Shida, T., Matsumoto, M., 1998. Nitric oxide donors
enhance rectal absorption of macromolecules in rabbits. Pharm. Res. 15,
870-876.



78 Y. Gao et al. / International Journal of Pharmaceutics 359 (2008) 70-78

Yamada, K., Odomi, M., Okada, N., Fujita, T., Yamamoto, A., 2005. Chitosan oligomers
as potential and safe absorption enhancers for improving the pulmonary absorp-
tion of interferon-a in rats. J. Pharm. Sci. 94, 2432-2440.

Yamamoto, A., Hayakawa, E., Kato, Y., Nishiura, A., Lee, V.H.L., 1992. A mechanistic
study on enhancement of rectal permeability to insulin in the albino rabbit. J.
Pharmacol. Exp. Ther. 263, 25-31.

Yamamoto, A., Taniguchi, T., Rikyuu, K., Tsuji, T., Fujita, T., Murakami, M., Muranishi,
S., 1994a. Effects of various protease inhibitors on the intestinal absorption and
degradation of insulin in rats. Pharm. Res. 11, 1496-1500.

Yamamoto, A., Umemori, S., Muranishi, S., 1994b. Absorption enhancement of intra-
pulmonary administered insulin by various absorption enhancers and protease
inihibitors in rats. J. Pharm. Pharmacol. 46, 14-18.

Yamamoto, A., Uchiyama, T., Nishikawa, R., Fujita, T., Muranishi, S., 1996. Effective-
ness and toxicity screening of various absorption enhancers in the rat small
intestine: effects of absorption enhancers on the intestinal absorption of phenol

red and the release of protein and phospholipids from the intestinal membrane.
J. Pharm. Pharmacol. 48, 1285-1289.

Yamamoto, A., Okagawa, T., Kotani, A., Uchiyama, T., Shimura, T., Tabata, S., Kondo,
S., Muranishi, S., 1997. Effects of different absorption enhancers on the perme-
ation of ebiratide, an ACTH analogue, across intestinal membranes. J. Pharm.
Pharmacol. 49, 1057-1061.

Yamamoto, A., Tatsumi, H., Maruyama, M., Uchiyama, T., Okada, N., Fujita, T., 2001.
Modulation of intestinal permeability by nitric oxide donors: implications in
intestinal delivery of poorly absorbable drugs. J. Pharmacol. Exp. Ther. 296,
84-90.

Yodoya, E., Uemura, K., Tenma, T., Fujita, T., Murakami, M., Yamamoto, A., Muran-
ishi, S., 1994. Enhanced permeability of tetragastrin across the rat intestinal
membrane and its reduced degradation by acylation with various fatty acids.
J. Pharmacol. Exp. Ther. 271, 1509-1513.



	Improvement of intestinal absorption of insulin and water-soluble macromolecular compounds by chitosan oligomers in rats
	Introduction
	Materials and methods
	Materials
	Preparation of drug solution
	Absorption experiments
	Analytical methods
	Evaluation of intestinal membrane toxicity caused by chitosan hexamer
	Measurement of TEER and the transport of FD4 in the presence of chitosan hexamer
	Statistical analyses

	Results
	Effect of chitosan oligomers on the absorption of FDs from the jejunum and the colon in rats
	Effect of chitosan hexamer on the absorption of insulin from the rat jejunum
	Evaluation of intestinal membrane toxicity of chitosan hexamer by measuring the amount of protein and lactate dehydrogenase released from the intestinal epithelium
	Effect of chitosan hexamer on TEER and the transport of FD4 in rat jejunal membranes

	Discussion
	Conclusions
	Acknowledgements
	References


