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bstract

Absorption enhancement of poorly absorbed hydrophilic compounds from various mucosal sites by co-administration of a mucolytic agent and
non-ionic surfactant was examined in rats. Fluorescein isothiocyanate-labeled dextran with average molecular weight of ca. 4.4 kDa (FD-4),

nd salmon calcitonin (SCT) were used as model compounds. N-acetylcysteine (NAC) and p-t-octyl phenol polyoxyethylene-9.5 (Triton X®-100,
X-100) were selected as a mucolytic agent and a non-ionic surfactant, respectively. Dosing solutions containing these agents were administered

nto various mucosal sites including the nose, the lung and the large intestine, and the bioavailabilities were determined. The combination of 5%
AC and 5% TX-100 significantly enhanced the nasal, the pulmonary and the large intestinal absorption of FD-4 compared to the control, and

he enhancement ratios relative to the control were 7.2-, 2.8- and 4.5-fold, respectively. The different enhancement ratio among the administration
ites explored indicates that the absorption enhancing effect of the combination of NAC and TX-100 is site-dependent. This combination also

mproved the nasal and the pulmonary absorption of SCT, and the enhancement ratios relative to the control were 6.1- and 8.1-fold, respectively.
ll these results suggest that the combination strategy of a mucolytic agent and a non-ionic surfactant may be widely applicable to various mucosal
eliveries of poorly absorbed hydrophilic compounds.

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

Recently, numerous protein and peptide drugs have been used
s therapeutic agents for the clinical treatment of various chronic
iseases (Struck, 1994; Walsh, 2003). Due to their susceptibil-
ty to enzymatic degradation and low permeability across the
pithelium via the paracellular pathway, however, absorption of
hese drugs from mucosal sites is generally poor. Therefore, the
dministration of these drugs is mostly limited to invasive injec-
ions, which can be painful and inconvenient. Significant efforts
ave been directed to explore the development of alternative

elivery routes such as oral (Mahato et al., 2003; Hamman et
l., 2005), pulmonary (Agu et al., 2001), nasal (Illum, 2003),
olonic (Haupt and Rubinstein, 2002).

∗ Corresponding author. Tel.: +81 6 6300 2778; fax: +81 6 6300 2582.
E-mail address: s-taka@tanabe.co.jp (S. Takatsuka).
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sorbed hydrophilic compounds

For the successful development of these alternatives, the poor
bsorption of these drugs from the mucosal sites should be
ne of the most important problems to be solved. Recently, we
ave proved that the combination of a mucolytic agent and a
on-ionic surfactant enhanced the small intestinal absorption of
oorly absorbed hydrophilic compounds in a synergistic manner,
hich was demonstrated using model compounds like fluores-

ein isothiocyanate-labeled dextran with an average molecular
eight of ca. 4.4 kDa (FD-4) (Takatsuka et al., 2006a) and

almon calcitonin (SCT) (Takatsuka et al., 2006b). As a specula-
ive mechanism, a mucolytic agent reduces the mucus viscosity,
hich enables the target drug as well as the surfactant molecules

o diffuse more efficiently onto the epithelial membrane. This
nhanced accessibility of both the target drug and the surfac-

ant molecules leads to the synergistic absorption enhancement.
n other mucosal sites such as the nose, the lung and the large
ntestine, the mucus layer is known to exist and may act as a dif-
usion barrier (Edwards, 1997; Agu et al., 2001; Ugwoke et al.,

mailto:s-taka@tanabe.co.jp
dx.doi.org/10.1016/j.ijpharm.2007.01.027
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005). In addition, the epithelium itself would act as a penetra-
ion barrier. Considering the physiological barriers mentioned
bove, the strategy of the simultaneous perturbation of those
arriers might be widely applicable to various mucosal deliver-
es of poorly absorbed hydrophilic compounds. In other words,
he combination of a mucolytic agent and a non-ionic surfactant

ay possess a potential as an effective strategy for enhancing
he mucosal absorption.

In this study, therefore, the effects of the combination of a
ucolytic agent and a non-ionic surfactant on the nasal, pul-
onary and large intestinal absorption of FD-4 were examined in

ats. Also, the applicability of this absorption enhancing strategy
o the nasal and pulmonary absorption of SCT was investigated.

. Materials and methods

.1. Materials

Fluorescein isothiocyanate-labeled dextran (MW, ca.
.4 kDa, FD-4) and N-acetylcysteine (NAC) were purchased
rom Sigma–Aldrich Chemical Co. (MO, USA). p-t-Octyl
henol polyoxyethylene-9.5 (Triton® X-100, TX-100) was
urchased from Nacalai Tesque (Kyoto, Japan). Salmon
alcitonin (SCT) was purchased from Bachem (Bubendorf,
witzerland). SCT enzyme immunoassay kit was obtained
rom Peninsula Laboratories (CA, USA). Ethylcellulose was
urchased from Dow Chemical Company (MI, USA). Carbopol
74P was obtained as a gift from BFGoodrich (OH, USA). All
ther materials were of reagent grade.

.2. Preparation of dosing solution

The dosing solution was prepared as follows. FD-4 or SCT
as dissolved in saline to a concentration of 1 g/mL and
0 mg/mL, respectively. Separately, NAC and TX-100 together,
r either of them were dissolved in saline to a concentration of
0% (w/v), i.e. enhancer solution. An aliquot of drug solution
as mixed with the same volume of enhancer solution, and kept

ool until administration to rats. Thus, in case of FD-4, dosing
olution finally contained 500 mg/mL of FD-4 and 5% (w/v)
f NAC and/or TX-100. Also, in case of SCT, dosing solution
nally contained 20 mg/mL of SCT and 5% (w/v) of NAC and/or
X-100. The pH of both dosing solution was 2.1.

.3. Animal experiments

All animal experiments were carried out in accordance with
he ethical guidelines established by the Animal Experimental
thical Committee of Tanabe Seiyaku Co. Ltd. Male Wistar rats

Nippon SLC, Hamamatsu, Japan), weighing 170–240 g, were
asted for about 20 h and anesthetized by intraperitoneal injec-
ion of 50 mg/kg sodium pentobarbital (50 mg/mL in saline).

Nasal administration was performed according to Hirai’s

ethod (Hirai et al., 1981) with minor modification. Briefly,

he rats were tracheotomized and the outlets of the nasal cav-
ty were sealed by another blind-ended cannula placed in the
sophagus to prevent drainage of the drug into the esophagus or

2

r
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rachea and thus avoid overestimation of drug absorption. Five
icroliters of dosing solution with or without enhancers (5%
AC, 5% TX-100) was administered (FD-4; 2.5 mg/head, SCT;
.1 mg/head) into the nasal cavity with a micropipette.

Pulmonary administration was performed according to the
ethod of Enna and Schanker (Enna and Schanker, 1972).
riefly, the trachea was exposed through a ventral middle inci-

ion in the neck. A 2.5cm length of polyethylene tubing (i.d.,
.5 mm; o.d., 2.3 mm), which served as a tracheal cannula, was
nserted through an incision between the fourth and fifth tra-
heal rings caudal to the thyroid cartilage to a depth of 0.6 cm.
ive microliters of dosing solution with or without enhancers
5% NAC, 5% TX-100) was administered intratracheally (FD-
; 2.5 mg/head, SCT; 0.1 mg/head) through a tube inserted in the
rachea by a Hamilton micro-syringe.

Large intestinal administration was performed using a reser-
oir made with a gelatin capsule. The reservoir was prepared
sing a part of gelatin capsule. A body part of capsule was coated
ith ethylcellulose, and the bottom of the brim of the capsule
as covered with Carbopol 974P for adhesion with mucosa.
inally, the top of the capsule was pierced using an 18-G needle
or applying the dosing solution. The large intestine was exteri-
rized through a midline abdominal incision. The exposed large
ntestine was incised, and the empty reservoir was adhered to
he mucosal surface. Five microliters of dosing solution with or
ithout enhancers (5% NAC, 5% TX-100) was instilled (FD-4;
.5 mg/head) into the capsule reservoir through the small hole.

On each animal experiment, blood samples (200 �L) were
aken directly from jugular vein with heparinized syringes at
redetermined time intervals. For nasal administration, blood
amples were at 5, 10, 20, 30, 45, 60, 90 and 120 min. Also,
he blank blood sample was taken prior to the administration of
osing solution. For pulmonary administration, blood samples
ere taken at 1, 5, 10, 20, 30, 45, 60, 90 and 120 min. For large

ntestinal administration, blood samples were taken at 10, 20,
0, 45, 60, 90 and 120 min. In these experiments, the blank
lood sample was also taken prior to the administration of dosing
olution. The plasma sample was collected after centrifugation
t 12,000 rpm for 3 min.

.4. Determination of plasma concentration

For the determination of FD-4, the plasma samples (20 �L)
ere diluted with 680 �L of 0.1 M sodium hydrogen carbonate

olution. FD-4 concentrations in plasma were determined by a
pectrofluorometer (HITACHI model F-4010, Tokyo, Japan) at
xcitation wavelength of 495 nm and emission wavelength of
12 nm. For the determination of SCT, plasma concentrations
f SCT were assayed with an enzyme immunoassay kit using
0 �L of rat plasma. The testing was performed according to the
rotocol shown in the kit (the limit of qualification: 0.32 ng/mL,
he limit of detection: 0.16 ng/mL).
.5. Kinetic calculation

The maximum plasma concentration (Cmax), and the time to
each Cmax (Tmax) were taken directly from the observed plasma
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oncentration versus time data. The area under the plasma
oncentration versus time curve based on the period 0–2 h
AUC0–2 h) was calculated according to the trapezoidal rule.
bsolute bioavailability based on the period 0–2 h (BA0–2 h) was

alculated as follows:

A0–2h (%) =
(

AUC0–2h various routes

AUCi.v.∞

)

×
(

dosei.v.

dosevarious routes

)
× 100

he area under the plasma concentration versus time (0–∞)
urve after i.v. administration (AUCi.v.∞) was cited from our pre-
ious report. AUCi.v.∞ s at 50 mg/kg of FD-4 (Takatsuka et al.,
006a) and at 0.1 mg/head of SCT (Takatsuka et al., 2006b) were
087.4 ± 911.8 �g min/mL and 30437.2 ± 3147.3 ng min/mL,
espectively.

.6. Statistical analysis

Statistical analysis of AUC0–2 h was performed with the Stu-
ent’s t-test or Dunnett’s test for multiple comparisons. P-value
f 0.05 was used as the significant level for all tests. All data
re presented as the mean ± standard deviation (S.D.) unless
therwise noted.

. Results
.1. Nasal absorption study with FD-4 and SCT

Fig. 1(A) shows the plasma concentration–time profile of
D-4 after nasal administration with or without 5% NAC and/or

3

F

ig. 1. Plasma concentration profiles of (A) FD-4 and (B) SCT after nasal co-admin
ach point presents the mean ± S.D. (n = 3–5). Control (©), NAC (�), TX-100 (�);

able 1
harmacokinetic parameters of FD-4 after nasal co-administration with 5% NAC and

gent Cmax (�g/mL) Tmax (min) AU

one (control) 1.5 ± 0.1 105.0 ± 30.0 12
AC 2.2 ± 0.6 85.0 ± 37.7 20
X-100 5.0 ± 0.9 26.7 ± 5.8 39
AC + TX-100 17.9 ± 183 14.0 ± 8.9 91

ach value presents the mean ± S.D. (n = 3–5).
a BA0–2 h was determined using AUC after i.v. administration at 50 mg/kg (AUCi.v.
b Enhancement ratio was determined as the AUC0–2 h increase relative to the contro
* Significantly different from the control (P < 0.05).
of Pharmaceutics 338 (2007) 87–93 89

% TX-100. Also, Table 1 summarizes the pharmacokinetic
arameters of FD-4 after administration. When FD-4 was admin-
stered without enhancer, a slow absorption was observed (Tmax:
05.0 min). The AUC0–2 h was 126.8 �g min/mL, and the abso-
ute bioavailability was 8.3%. The administration of FD-4 with
AC slightly enhanced the absorption of FD-4 (1.6-fold). When
D-4 was administered with TX-100, a rapid absorption and a
lear improvement of absorption were observed. The AUC0–2 h
as increased to 390.9 �g min/mL, which was significantly
igher than that of FD-4 alone (3.1-fold). The administration
f FD-4 in combination with NAC and TX-100 provided a
emarkable and a synergistic absorption enhancement, and the
bsolute bioavailability was 7.2-fold significantly higher than
hat of FD-4 alone.

Fig. 1(B) shows the plasma concentration–time profile of
CT after nasal administration with or without 5% NAC and/or
% TX-100. Also, Table 2 summarizes the pharmacokinetic
arameters of SCT after administration. When SCT was admin-
stered alone, the AUC0–2 h was 2591.5 ng min/mL, and the
bsolute bioavailability was 8.5%. The administration of SCT
ith NAC slightly but significantly enhanced the absorption

2.1-fold). When SCT was administered with TX-100, a signifi-
ant absorption enhancement was also observed (3.7-fold). The
dministration of SCT in combination with NAC and TX-100
rovided a remarkable and an additive absorption enhancement,
nd the absolute bioavailability was 6.1-fold higher than that of
CT alone.
.2. Pulmonary absorption study with FD-4 and SCT

Fig. 2(A) shows the plasma concentration–time profile of
D-4 after pulmonary administration with or without 5% NAC

istration with NAC and/or TX-100. NAC and TX-100 were given at 5% (w/v).
NAC + TX-100 (�).

/or 5% TX-100

C0–2 h (�g min/mL) BA0–2 h
a (%) Enhancement ratiob

6.8 ± 7.4 8.3 ± 0.5 –
5.4 ± 45.7 13.5 ± 3.0 1.6
0.9 ± 115.7* 25.7 ± 7.6 3.1
7.9 ± 183.1* 60.3 ± 12.0 7.2

∞) of 6087.4 �g min/mL.
l.
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Table 2
Pharmacokinetic parameters of SCT after nasal co-administration with 5% NAC and/or 5% TX-100

Agent Cmax (ng/mL) Tmax (min) AUC0–2 h (ng min/mL) BA0–2 h
a (%) Enhancement ratiob

None (control) 48.9 ± 14.9 1.5 ± 417.8 2591.5 ± 417.8 8.5 ± 1.4 –
NAC 90.3 ± 3.1 20.0 ± 10.0 5452.3 ± 915.4* 17.9 ± 3.0 2.1
TX-100 498.9 ± 116.7 5 9527.5 ± 1278.1* 31.3 ± 4.2 3.7
NAC + TX-100 706.3 ± 203.4 5 15714.2 ± 2395.8* 51.6 ± 7.9 6.1

Each value presents the mean ± S.D. (n = 3).
a BA0–2 h was determined using AUC after i.v. administration at 0.1 mg/head (AUCi.v.∞) of 30437.2 ng min/mL
b Enhancement ratio was determined as the AUC0–2 h increase relative to the control.
* Significantly different from the control (P < 0.05).

Fig. 2. Plasma concentration profiles of (A) FD-4 and (B) SCT after pulmonary co-administration with NAC and TX-100. NAC and TX-100 were given at 5% (w/v).
Each point presents the mean ± S.D. (n = 3). Control (©); NAC + TX-100 (�).

Table 3
Pharmacokinetic parameters of FD-4 after pulmonary co-administration with 5% NAC and 5% TX-100

Agent Cmax (�g/mL) Tmax (min) AUC0–2 h (�g min/mL) BA0–2 h
a (%) Enhancement ratiob

None (control) 4.3 ± 1.2 80.0 ± 17.3 353.9 ± 102.5 23.3 ± 6.7 –
NAC + TX-100 26.2 ± 10.5 6.7 ± 2.9 1002.9 ± 204.2* 65.9 ± 13.4 2.8

Each value presents the mean ± S.D. (n = 3).
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a BA0–2 h was determined using AUC after i.v. administration at 50 mg/kg (A
b Enhancement ratio was determined as the AUC0–2 h increase relative to the
* Significantly different from the control (P < 0.05).

nd 5% TX-100. Also, Table 3 summarizes the pharmacokinetic
arameters of FD-4 after administration. FD-4 alone showed a
low absorption (Tmax: 80.0 min), but provided the high bioavail-
bility. The AUC0–2 h was 353.9 �g min/mL, and the absolute
ioavailability was 23.3%. The administration of FD-4 in combi-
ation with NAC and TX-100 showed a rapid absorption (Tmax:
.7 min), and significantly enhanced the FD-4 absorption. The
UC0–2 h was 1002.9 �g min/mL, which is 2.8-fold higher than
hat of FD-4 alone.
Fig. 2(B) shows the plasma concentration–time profile of

CT after pulmonary administration with or without 5% NAC
nd 5% TX-100. Also, Table 4 summarizes the pharmacokinetic

4
a
p

able 4
harmacokinetic parameters of SCT after pulmonary co-administration with 5% NAC

gent Cmax (ng/mL) Tmax (min) AUC

one (control) 7.3 ± 1.2 10.0 ± 8.7 51
AC + TX-100 87.9 ± 40.6 11.7 ± 7.6 417

ach value presents the mean ± S.D. (n = 3).
a BA0–2 h was determined using AUC after i.v. administration at 0.1 mg/head (AUC
b Enhancement ratio was determined as the AUC0–2 h increase relative to the contro
* Significantly different from the control (P < 0.05).
∞) of 6087.4 �g min/mL.
l.

arameters of SCT after administration. When SCT was admin-
stered alone, the absolute bioavailability was low (1.7%). The
dministration of SCT in combination with NAC and TX-100
howed a significant enhancement, and its bioavailability was
.1-fold higher than that of SCT alone.

.3. Large intestinal absorption study with FD-4
Fig. 3 shows the plasma concentration–time profile of FD-
after large intestinal administration with or without 5% NAC

nd 5% TX-100. Also, Table 5 summarizes the pharmacokinetic
arameters of FD-4 after administration. When administered

and 5% TX-100

0–2 h (ng min/mL) BA0–2 h
a (%) Enhancement ratiob

6.3 ± 35.1 1.7 ± 0.1 –
7.3 ± 1367.7* 13.7 ± 4.5 8.1

i.v.∞) of 30437.2 ng min/mL.
l.
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Table 5
Pharmacokinetic parameters of FD-4 after large intestinal co-administration with 5% NAC and 5% TX-100

Agent Cmax (�g/mL) Tmax (min) AUC0–2 h (�g min/mL) BA0–2 h
a (%) Enhancement ratiob

None (control) 0.3 ± 0.1 110.0 ± 17.3 27.5 ± 11.7 1.8 ± 0.8 –
NAC + TX-100 1.5 ± 0.4 60.0 ± 26.0 122.9 ± 28.7* 8.1 ± 1.9 4.5

Each value presents the mean ± S.D. (n = 3).
a BA0–2 h was determined using AUC after i.v. administration at 50 mg/kg (AUQi.v.
b Enhancement ratio was determined as the AUC0–2 h increase relative to the contro
* Significantly different from the control (P < 0.05).
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ig. 3. Plasma concentration profiles of FD-4 after large intestinal co-
dministration with NAC and TX-100. NAC and TX-100 were given at 5%
w/v). Each point presents the mean ± S.D. (n = 3). Control (©); NAC + TX-100
�).

lone, FD-4 was slowly absorbed (Tmax: 110.0 min), and its
ioavailability was not so high (1.8%). The combination of NAC
nd TX-100 significantly enhanced the large intestinal absorp-
ion of FD-4, and its bioavailability was 4.5-fold higher than that
f FD-4 alone.

. Discussion

.1. Absorption enhancement from various mucosal sites
y the combination of NAC and TX-100
The present study investigated the absorption enhancement of
oorly absorbed hydrophilic compounds from various mucosal
ites by co-administration of NAC and TX-100. Bioavailabilities

b

b
d

able 6
ioavailabilities and enhancement ratios of FD-4 and SCT after administration from

ucosal sites Compounds Bioavailability (%)

No enhancer NAC +

ose FD-4 8.3 60.3
SCT 8.5 51.6

ung FD-4 23.3 65.9
SCT 1.7 13.7

mall intestinec FD-4 0.52 11.68
SCT 0.12 1.56

arge intestine FD-4 1.8 8.1

a Referred from Ugwoke et al. (2005).
b Referred from Agu et al. (2001).
c Data were cited from our previous reports (FD-4: Takatsuka et al., 2006a; SCT: T
d Referred from Atuma et al. (2001).
∞) of 6087.4 �g min/mL.
l.

nd enhancement ratios of FD-4 and SCT from various mucosal
ites by the combination of NAC and TX-100 are summarized
n Table 6. The results of the small intestinal absorption are cited
rom our previous reports (Takatsuka et al., 2006a,b).

When FD-4 was administered alone, the lung showed
he highest bioavailability among the administration sites
xplored. It is well known that the lung has large absorp-
ive area, extensive vasculature, thin layer alveolar epithelium
nd short distance of air-blood exchange passage (Hussain et
l., 2004). These favorable physiological characteristics may
xplain the highest bioavailability after pulmonary administra-
ion. In our present finding, the rank order of FD-4 absorption
as lung > nose > large intestine ≥ small intestine. Hosoya et al.

eported that the permeability of FD-4 in the nose was higher
han those in the small intestine and the large intestine (Hosoya
t al., 1993), which was consistent with our present result. On
he contrary, Yamamoto et al. showed the rank order of FD-
absorption was lung > small intestine ≥ nose ≥ large intestine

Yamamoto et al., 2001). The fact that the highest bioavailability
as obtained in the lung was consistent with our present result,
ut the other rank order was different from our result. Yamamoto
t al. performed the small and large intestinal absorption study
sing an in situ closed loop. On the contrary, we selected a direct
njection method and a capsule reservoir method for the small
ntestinal absorption study and the large intestinal absorption
tudy, respectively. This difference in the experimental tech-
ique may explain the discrepancy in the rank order of FD-4

ioavailability.

When SCT was administered alone, the rank order of
ioavailability was nose > lung > small intestine. Pulmonary
elivery of peptide drugs generally results in higher bioavail-

various mucosal sites

Enhancement ratio Thickness of mucus layer (�m)

TX-100

7.2 5a

6.1

2.8 1–10b

8.1

22.5 120d

12.5

4.5 830d

akatsuka et al., 2006b).
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bility than nasal delivery (Byron and Patton, 1994). Moreover,
ome previous studies show that the bioavailability of SCT
fter pulmonary administration is much higher than that
fter nasal administration (Patton et al., 1994; Kagatani et
l., 1996; Kobayashi et al., 1996; Sinswat and Tengamnuay,
003). Therefore, the pulmonary bioavailability of SCT in
his study is considered to be extremely low. Although the
etailed reasons are not clearly known, the difference in an
xperimental condition may lead to the discrepancy in the
ulmonary bioavailability of SCT. Namely, in those previous
tudies, about 50–100 �L of dosing solution was instilled into
he lung. On the other hand, 5 �L of dosing solution was
dministered in the present study for increasing local drug con-
entration. This difference in the volume of dosing solution
ay influence on the bioavailability of SCT after pulmonary

dministration.
The combination of NAC and TX-100 significantly enhanced

he nasal, the pulmonary and the large intestinal absorption
f FD-4 compared with the control. This combination also
mproved the nasal and the pulmonary absorption of SCT effec-
ively. Previously, we showed that the combination of NAC
nd TX-100 improved the small intestinal absorption of FD-4
Takatsuka et al., 2006a) and SCT (Takatsuka et al., 2006b) dra-
atically. Therefore, the present study, along with these previous
ndings, suggests that the combination strategy of a mucolytic
gent and a non-ionic surfactant would be widely applicable
o various mucosal deliveries of poorly absorbed hydrophilic
ompounds.

.2. Site dependency of the absorption enhancement by the
ombination of NAC and TX-100

The degree of the absorption enhancement of FD-4 and
CT from various mucosal sites by the combination of NAC
nd TX-100 was largely different among the administration
ites explored, indicating that the effect of co-administration of
AC and TX-100 is site-dependent. The rank order of enhance-
ent ratio of FD-4 absorption was small intestine � nose > large

ntestine > lung. In addition, the rank order of enhancement ratio
f SCT absorption was small intestine > lung > nose. For both
ompounds, the highest absorption enhancement was obtained
fter the small intestinal administration, which may be due to
he lower bioavailability when compounds were administered
lone. On the contrary, lower enhancement ratios obtained after
he nasal and the pulmonary administration may result from
he higher bioavailabilities when compounds were administered
ithout enhancers.
In a previous study, TX-100 alone showed essentially no

nhancing effect on the intestinal absorption of FD-4, although
t was a strong potent absorption enhancer. When TX-100 was
pplied together with NAC, however, the enhancing ratio rel-
tive to the control was dramatically increased (Takatsuka et
l., 2006a). Also, NAC is reported to reduce the mucus glyco-

rotein to smaller subunits and disrupt the surface network of
he mucus layer (Livingstone et al., 1990). From these find-
ngs, the mucus layer is considered to act as a strict barrier
gainst the absorption enhancing ability of TX-100. In addition,

H

H

of Pharmaceutics 338 (2007) 87–93

t is known that the mucus layer thickness is much different
mong the mucosal sites. So, we attempt the explanation of
ite-dependent absorption enhancement from a viewpoint of the
ifference of the mucus layer thickness. The mucus layer thick-
ess is similar in the nose and in the lung (Ugwoke et al., 2005;
gu et al., 2001). When SCT was administered with the com-
ination of NAC and TX-100, the enhancement ratios of SCT
bsorption were comparable in the nose and the lung. However,
he enhancement ratios of FD-4 absorption were quite different
etween the nose and the lung. In addition, although the mucus
ayer thickness of large intestine is much thicker than that of
mall intestine (Atuma et al., 2001), the enhancement ratio of
D-4 absorption from large intestine was considerably lower

han that from the small intestine. Given these results, the dif-
erence in the mucus layer thickness alone cannot explain the
ite-dependency. Besides the mucus layer thickness, the thick-
ess of epithelium, the tightness of tight junction, the absorption
rea after instilling of dosing solution, the composition of mucus
ayer may be involved. Nevertheless, it is difficult to discuss the
etailed mechanism of all observed phenomena on the basis
f the present data only, and further investigations are needed
or deeply understanding of the site-dependent absorption
nhancement.

. Conclusions

The present study showed the absorption enhancing effect
f the combination of NAC and TX-100 on the FD-4 absorp-
ion from various mucosal sites including the nose, the lung and
he large intestine. This combination also improved the nasal
nd the pulmonary absorption of SCT. The degree of absorption
nhancement was found to be different among the administration
ites explored, indicating that the absorption enhancing effect of
he combination of NAC and TX-100 is site-dependent. These
esults suggest that the combination strategy of a mucolytic
gent and a non-ionic surfactant may be widely applicable to
arious mucosal deliveries of poorly absorbed hydrophilic com-
ounds.
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