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1. Introduction

ABSTRACT

The use of solubilizing agents to improve the solubility of poorly water-soluble drugs often results in an
alteration of intestinal membrane barrier function and intestinal membrane damage. In this study, 5(6)-
carboxyfluorescein (CF) and fluorescein isothiocyanate-labeled dextran (MW 4400, FD4) were used as
model compounds to examine the effects of twelve common solubilizing agents, sodium taurocholate
(NaTC), Labrasol, polyethylene glycol 400 (PEG 400), Transcutol P, propylene glycol, Gelucire 44/14,
HCO-60, ethanol, Cremophor EL, Tween 80, 2 hydroxypropyl-f3-cyclodextrin (2HP-3-CyD) and dimethyl-
sulfoxide (DMSO), on intestinal membrane barrier function and membrane toxicity in rats. Intestinal
transport and absorption of CF were examined using an in vitro diffusion chamber and an in situ closed-
loop technique. The in vitro diffusion chamber study showed that only 5 and 10% (w/v) NaTC significantly
increased the transport of CF across the intestinal membrane. The in situ closed-loop study showed a
remarkable increase in the absorption of CF and a bioavailability of more than 30% in the presence of
5 and 10% (v/v) Labrasol, 5 and 10% (w/v) NaTC and 10% (v/v) Transcutol P. Furthermore, we evaluated
the effect of NaTC and Labrasol on the intestinal absorption of FD4, a high molecular weight compound.
The results indicated that the absorption of FD4 also increased in the presence of 5 and 10% (w/v) NaTC
and 10% (v/v) Labrasol, suggesting that these concentrations of NaTC and Labrasol may alter the intesti-
nal membrane barrier functions in rats. We measured the release of protein and lactate dehydrogenase
(LDH) from the intestinal membrane to examine the safety of solubilizing agents in the intestine. 5 and
10% (w/v) NaTC and 5 and 10% (v/v) Gelucire 44/14 significantly increased the presence of these toxicity
markers compared to the control. The LDH level was also increased in the presence of 10% (v/v) of Cre-
mophor EL. These findings suggest that the solubilizing agents at these concentrations except for NaTC,
Gelucire 44/14 and Cremophor EL are considered safe and do not cause intestinal membrane damage. In
conclusion, this study provides a basic approach in screening and predicting the effects of solubilizing
agents for intestinal absorption studies using drugs poorly soluble in water.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

size and crystal polymorphism, the use of a salt formation, the
use of a solid dispersion system and the application of a dosage

Pharmaceutical companies initially identify new drug candi-
dates from vast libraries of compounds utilizing high-throughput
screening. However, these compounds sometimes have very
lipophilic characteristics and show very poor solubility in water
(Lipinski et al., 2001). Furthermore, the variable absorption rate and
low bioavailability of these compounds in the gastrointestinal tract
present serious complications in the subsequent drug development
process. Therefore, the solubility of these drug candidates must be
increased to achieve higher bioavailability after oral administration.

Many strategies have been examined to improve the solubility
of these lipophilic compounds, including the selection of particle
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form such as emulsion (microemulsion) or liposome (Strickley,
2004). Of these strategies, the application of solubilizing agents
is one of the simplest and easiest methods to improve the water
solubility and to achieve the higher bioavailability after oral admin-
istration.

Solubilizing agents can be classified according to their chem-
ical properties and their main solubilizing mechanism (Himmel,
2007). The classifications include: (1) water-soluble complexation
builders/carriers such as cyclodextrins, (2) water-soluble organic
(co)solvents (e.g., DMSO, ethanol, PEG 400, and propylene gly-
col), (3) water-soluble solubilizers/surfactants (e.g., Cremophor EL,
Tween 80, Labrasol, HCO-60, Transcutol P, Gelucire 44/14, and
NaTC), (4) lipid-based complexation builders (e.g., liposomes), and
(5) nanoparticles. However, some of these solubilizing agents alter
the intestinal membrane barrier functions and cause damage to
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the intestinal epithelium. Indeed, our previous study demonstrated
that NaTC, a bile salt and natural surfactant, increases the intesti-
nal absorption of polar drugs and enhances the release of proteins
and phospholipids from intestinal membranes (Yamamoto et al.,
1996; Uchiyama et al., 1996). Furthermore, it was reported that
NaTC enhances nasal absorption of insulin (Johansson et al., 2002).

The effect of solubilizing agents on intestinal membrane
integrity was previously evaluated by in vitro experimental mod-
els such as Caco-2 cell monolayers (Sakai et al., 1997; Totterman et
al,, 1997; Rege et al., 2001; Takahashi et al., 2002) and excised rat
intestinal segments, which are useful for examining transporter-
mediated absorption (Sugiyama et al., 1997; Johnson et al., 2002).
The solubilizing agents used in the Caco-2 cell system study (20%
propylene glycol, 5% Tween 80, 5% PEG 400, 5% HP-3-CyD, and 5%
Tween 80 +5% PEG 400) were reported to exhibit no effect on 21
days cultures of Caco-2 monolayers (Takahashi et al., 2002). How-
ever, few studies have examined the effects of solubilizing agents
on the intestinal membrane barrier functions and membrane toxi-
city using in situ or in vivo studies with intact animal models (Oda
et al., 2004).

In the present study, we examined the effects on intestinal mem-
brane barrier function of the following 12 solubilizing agents at
varied concentrations: 5 and 10% (v/v) Labrasol, 5 and 10% (v/v)
PEG 400, 5 and 10% (v/v) Transcutol P, 10% (v/v) propylene gly-
col, 5 and 10% (v/v) Gelucire 44/14, 10% (v/v) HCO-60, 5 and 10%
(v/v) ethanol, 10% (v/v) Cremophor EL, 10% (v/v) Tween 80, 10%
(w/v) 2HP-B-CyD, 10% (v/v) DMSO and 5 and 10% (w/v) NaTC.
The model compounds 5(6)-carboxyfluorescein (CF) and fluores-
cein isothiocyanate-labeled dextran (MW 4400, FD4) were used as
they are mainly transported across the intestinal membranes via
a paracellular pathway and allow for easy estimation of intestinal
epithelium barrier function. In addition to in vitro diffusion cham-
ber method and in situ closed-loop techniques, we also measured
the release of protein and lactate dehydrogenase (LDH) from the
intestinal membranes in rats to evaluate membrane toxicity of the
solubilizing agents.

2. Materials and methods
2.1. Materials

CF was obtained from Eastman Kodak Company (Rochester, NY,
USA). FD4, NaTC, Cremophor EL, and Tween 80 were obtained from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Propylene glycol,
2HP-3-CyD and DMSO were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). PEG 400 was obtained from Nacalai
Tesque, Inc. (Kyoto, Japan). Labrasol, Gelucire 44/14 and Transcutol
P were kindly supplied from Gattefossé Corp. (Saint-Priest, France).
HCO-60 was provided by Nikko Chemicals (Tokyo, Japan). Ethanol
was purchased from Kanto Chemicals (Tokyo, Japan). All other
chemicals and solvents were of analytical grade.

2.2. Preparation of drug solution

For the in vitro diffusion chamber studies, CF was dissolved in
Hepes-Tris buffer solution at pH 7.4 to yield a final concentration
of 10 wM. For intravenous administration, the drug dose was 1/10
as compared with the dose to the intestine. CF and FD4 solution
were dissolved separately in a Hepes—Tris buffer solution adjusted
to pH 7.4 toyield a final concentration of 0.05 and 0.8 mg/kg, respec-
tively. For the intestinal absorption studies, CF was dissolved in a
Hepes-Tris buffer solution of pH 7.4 to yield a final concentration
of 0.125 mg/rat. FD4 was dissolved in the same buffer to a final
concentration of 2 mg/rat. Solubilizing agents tested were NaTC,
Labrasol, PEG 400, Transcutol P, propylene glycol, Gelucire 44/14,
HCO-60, ethanol, Cremophor EL, Tween 80, 2HP-3-CyD and DMSO.

CFwas dissolved in Hepes-Tris buffer solution containing these sol-
ubilizing agents to yield a final concentration of 5 and 10% (v/v or
w/v).

2.3. Transport of CF across the intestinal membranes using in
vitro diffusion chamber method

All studies were carried out in accordance with the guidelines
of the animal ethics committee at Kyoto Pharmaceutical University.
The in vitro transport of CF across the rat intestinal membrane in the
presence or absence of solubilizing agents was evaluated by diffu-
sion chamber method (Corning Coster Corp.) (Grass and Sweetana,
1988). Male Wistar albino rats, weighing 250-280 g, were fasted
overnight and anesthetized with sodium pentobarbital (32 mg/kg
body weight i.p.). The intestine was exposed through a midline
abdominal incision, removed and washed with PBS. Intestinal seg-
ments were then isolated, cut open, and stripped off the muscle
layer. Intestinal sheets were mounted to diffusion chamber pins and
the half-chambers were clamped together. Drug solution (7 ml) was
added to the donor side, and equal volume of drug free buffer was
added to the receiver side. To mix each solution and to maintain the
intestinal membrane viability, each side of the diffusion chamber
was aerated with 95% O, and 5% CO; gas and maintained at 37°C
throughout the experiment. At predetermined times over 120 min,
0.1 ml aliquots were taken from the receiver side, and immediately
replaced with an equal volume of buffer solution. Drugs were then
assayed and the apparent permeability coefficient (Papp) was cal-
culated using following equation:

1 1 1

Papp = FI X X — 1
app = FIUX X 2ea * G * 60 (M
where Papp is the apparent parameter of permeability (cm/s) and
flux, F, is the slope of linear portion of cumulative transport curve
(pmol/min), Area is the surface area of the diffusion chamber used
for transport (1.78 cm?), and Cy is the initial drug concentration

(pmol/ml).

2.4. Absorption experiments

Absorption experiments were performed using an in situ closed-
loop technique, as reported previously (Yamamoto et al.,, 1994;
Gotoh et al., 1996; Fetih et al., 2005). The concentrations of solu-
bilizing agents used in these experiments were 5-10% (v/v or w/v)
based on results from the in vitro transport study. Male Wistar rats
(body weight, 250-280g) were fasted overnight, 16 h prior to the
start of the experiment, and anesthetized with sodium pentobarbi-
tal (32 mg/kg body weight, i.p.). The intestine was exposed through
a midline abdominal incision, flushed with Hepes-Tris buffer solu-
tion (pH 7.4), and any remaining buffer was expelled with air. A
closed jejunal loop was prepared with the distal portion cannulated
with polyethylene tubing and clamped with forceps. Drug solution
(1 ml), maintained at 37 °C, was introduced into the loop through
a cannulated opening in the proximal portion and clamped with
forceps. The jugular vein was exposed and blood samples (0.25 ml)
were collected using heparinized syringes at predetermined time
intervals over 240 min. Blood plasma (100 1) was immediately
obtained by centrifuging blood samples at 12,000 rpm for 5 min
and then placed on ice until determination.

The concentrations of drugs in plasma were determined and the
plasma concentrations-time profiles of drugs with or without vari-
ous solubilizing agents were plotted. Peak concentration (Cpax ) and
time to reach peak concentration (Tnax) were determined directly
from plasma concentration-time curves. The area under the curve
(AUC) was calculated using the trapezoidal method from zero to
the final sampling time (240 min). The extent of bioavailability was
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calculated as follows:

D(i.vy

F= AUC(intestine) : W()
LV

'D(intestine) x 100 (2)
where F is bioavailability (%) and D is the administered dose. The
Dintestine) is the drug dose administered to the intestine while Dy )
is the dose for intravenous administration.

For intravenous administration, male Wistar rats (250-280g)
were fasted overnight and anesthetized with sodium pentobar-
bital (32 mg/kg body weight i.p.). 0.2ml of CF (0.0625 mg/ml,
0.05 mg/kg) solution or 0.2 ml of FD4 (1 mg/ml, 0.8 mg/kg) solu-
tion was introduced directly by bolus injection into femoral
vein, respectively. Then, the jugular vein was exposed and blood
samples (0.25ml) were collected using heparinized syringes at
predetermined time intervals at 0-240 min. Plasma (100 1) was
immediately obtained by centrifuging blood samples at 12,000 rpm
for 5min and then placed on ice until determination with fluores-
cence spectrophotometer. The AUC value of i.v. administration was
calculated using the trapezoidal method from zero to the final sam-
pling time (240 min) and we also calculated the AUC from zero to
infinity by the extrapolation method. The extent of bioavailability
was calculated as shown in Eq. (2).

2.5. Assessment of intestinal membrane damage

The release of the toxicity markers, protein and LDH, from the
jejunal membrane was measured by an in situ closed-loop tech-
nique to assess membrane damage, as reported previously (Gao et
al., 2008a,b). Following completion of the absorption experiments
(4h after starting the experiment) intestinal perfusate was with-
drawn and measured for the presence of protein and LDH. LDH
activity was determined using an LDH CII assay kit (Wako Pure
Chemical Industries, Osaka, Japan), and protein concentration was
determined using a BCA™ Protein Assay kit (Pierce, WI, USA) with
bovine serum albumin as a standard.

2.6. Analytical methods

Fluorescence intensities of CF and FD4 were measured with
a fluorescence spectrophotometer (Spectrafluor Plus, TECAN,
Switzerland) at an excitation wavelength of 485 nm and an emis-
sion wavelength of 535 nm, respectively, as reported previously
(Yamamoto et al., 2001a,b).

2.7. Statistical analyses

Results were expressed as the mean +S.E. and statistical sig-
nificance was performed with analysis of variance (ANOVA) for
multiple comparisons with the minimum level of significance
(P<0.05).

3. Results

3.1. Effects of solubilizing agents on the transport of CF across the
intestinal membranes using in vitro diffusion chamber method

The effect of various solubilizing agents on the transport of CF
was examined using the in vitro diffusion chamber method, and
Table 1 shows the Papp values of CF in the presence or absence of
various solubilizing agents in the jejunum. Most of the solubilizing
agents did not significantly alter the transport of CF across the jeju-
nal region of the intestinal membrane. In contrast, the transport of
CF remarkably increased in the presence of 5-10% (w/v) NaTC com-
pared to the control, and slightly increased in the presence of 5%
(v/v) Gelucire 44/14. Values of P,pp for CF in the presence of 5 and

Table 1
Papp of CF with or without various solubilizing agents in the jejunum.

Concentration Papp (x10-¢ cm/s) Enhancement ratio

Control - 6.0 + 0.8 -

NaTC 5% 13.7 £ 07" 2.3
NaTC 10% 221 +0.8" 3.7
Labrasol 5% 5.2 2 05" 0.9
Labrasol 10% 49 + 03NS 0.8
PEG 400 5% 41 + 0.6NS 0.7
PEG 400 10% 21 4k Q5 0.4
Transcutol P 5% 6.2 + 0.7NS: 1.0
Transcutol P 10% 5.7 + 0.5NS- 0.9
Propylene glycol 10% 6.2 + 1.2Ns 1.0
Gelucire 44/14 5% 82+ 04" 14
Gelucire 44/14 10% 5.7 + 0.4Ns 0.9
HCO-60 10% 4.1 + 0.4NS 0.7
Ethanol 5% 6.1 + 0.1NS 1.0
Ethanol 10% 7.2 + 0.8Ns 1.2
Cremophor EL 10% 3.5 + 03NS 0.6
Tween 80 10% 2.8 + 0.3NS 0.5
2HP-B-CyD 10% 4.4 + 04N 0.7
DMSO 10% 49 + 0.7\ 0.8

Results are expressed as the mean + S.E. of at least 3 experiments. " P<0.01, "P<0.05,
N.S. not significant difference, compared with the control.

10% NaTC were about 2.3 and 3.7 times higher, respectively, than
control values.

Table 2 shows the values of Papp for CF in the presence or absence
of various solubilizing agents within the ileum. The transport of CF
significantly increased in the presence of 5 and 10% (w/v) NaTC
and 10% (v/v) ethanol. The other solubilizing agents did not affect
the transport of CF across the ileum. The values of P,pp for CF co-
administered with 5 and 10% (w/v) NaTC and 10% (v/v) ethanol
in the ileum were 5.3, 4.1 and 1.8 times higher, respectively, than
control values.

Table 3 also shows that 5 and 10% (w/v) NaTC and 10% (v/v)
ethanol significantly increased the transport of CF within the colon.
The values of Papp for CF co-administered with of 5 and 10% (w/v)
NaTC and 10% (v/v) ethanol were 5.3, 4.2 and 1.7 times higher,
respectively, than control values. These cumulative results sug-
gest that NaTC significantly enhances the transport of CF across all
intestinal regions. In the presence of 10% (v/v) ethanol, the trans-
port of CF across the ileal and colonic regions was significantly
increased and only slightly increased in the jejunum. In contrast, we
found almost no significant effect on the transport of CF across all

Table 2
Papp of CF with or without various solubilizing agents in the ileum.

Concentration Papp (x10-% cm/s) Enhancement ratio

Control - 59 + 0.5 -

NaTC 5% 315+ 35" 53
NaTC 10% 244 + 05" 4.1
Labrasol 5% 6.2 + 0.7NS- 1.1
Labrasol 10% 5.5 + 0.4NS- 0.9
PEG 400 5% 4.6 + 0.9\ 0.8
PEG 400 10% 2.1 + 03NS 0.4
Transcutol P 5% 6.4 + 0.7NS- 1.1
Transcutol P 10% 5.5 + 0.4Ns- 0.9
Propylene glycol 10% 7i9) 2k 3 1.3
Gelucire 44/14 5% 7.7 + 0.4Ns 13
Gelucire 44/14 10% 7.5 + 1.0NS 1.3
HCO-60 10% 3.9 + 0.9NS 0.7
Ethanol 5% 7.2 + 0.4Ns 1.2
Ethanol 10% 10.4 + 017 1.8
Cremophor EL 10% 43 + 0.8\ 0.7
Tween 80 10% 4.3 + 05N 0.7
2HP-B-CyD 10% 49 + 05N 0.8
DMSO 10% 6.6 + 0.8NS: 1.1

Results are expressed as the mean + S.E. of at least 3 experiments. "P<0.01, N.S. not
significant difference, compared with the control.
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Table 3
Papp of CF with or without various solubilizing agents in the colon.

Concentration Papp (x 1076 cm/s) Enhancement ratio

Control - 49+ 0.5 -

NaTC 5% 259 + 23" 53
NaTC 10% 20.8 + 03" 4.2
Labrasol 5% 4.1 + 0.4NS 0.8
Labrasol 10% 5.0 + 0.6NS 1.0
PEG 400 5% 6.4 + 0.1NS 13
PEG 400 10% 3.3 + 0.7NS 0.7
Transcutol P 5% 5.5 &+ 0.4N5- 1.1
Transcutol P 10% 7.0 £ 0.5NS- 14
Propylene glycol 10% 6.2 + 0.5NS 1.3
Gelucire 44/14 5% 5.4 + 0.7NS 1.1
Gelucire 44/14 10% 45 + 03NS 0.9
HCO-60 10% 5.4 + 0.9NS- 1.1
Ethanol 5% (5,3 2 @ 13
Ethanol 10% 81+ 04" 1.7
Cremophor EL 10% 6.9 + 0.5NS 1.4
Tween 80 10% 6.0 £ 0.2N5- 1.2
2HP-B-CyD 10% 6.0 £ 0.4N5 1.2
DMSO 10% 49 + 0.7\ 1.0

Results are expressed as the mean + S.E. of at least 3 experiments. 'P<0.01, N.S. not
significant difference, compared with the control.

intestinal regions when co-administered with the other solubilizing
agents.

3.2. Effect of solubilizing agents on the intestinal absorption of CF
and FD4 using in situ closed-loop technique

We examined the effects of these solubilizing agents on intesti-
nal absorption of CF and FD4 based on results obtained using the in
vitro diffusion chamber.

At first, we examined the plasma concentration profiles
of CF and FD4 after their intravenous administration to rats.
Fig. 1(a) and (b) shows the plasma concentration-time profiles
of CF and FD4 after their intravenous administration to the rat
femoral vein, respectively. As shown in Fig. 1(a) and (b), the
plasma concentrations of both compounds rapidly decreased
and the elimination of these compounds was quite fast. Table 4
shows the pharmacokinetic parameters of CF and FD4 after their
administration to the rat femoral vein. The AUCg_540min» AUCo_s0,
MRT, Tyjp, CLiot, and Vdss of CF were 5968.8 +905.3 ng min/ml,
6526.3 + 1041.5 ng min/ml, 78.9 + 13.5 min, 84.5 + 12.5 min, 0.01 +
0.0L/(minkg) and 0.6 4+0.1 L/kg, respectively. On the other hand,
the AUC0—24Ominv AUCO_OO, MRT, T]/Z’ CLtOtv and Vdss of FD4 were
226.5+23.8 wgmin/ml, 321.74+53.2 pg min/ml, 194.04+24.7 min,
167.5+2.4min, 0.03+0.0L/(minkg) and 0.5+0.0L/kg, respec-
tively.

Plasma concentration-time profiles following the administra-
tion of CF in the presence or absence of various solubilizing agents

(a)

400
300
200

100

Plasma Conc. of CF (ng/mL)

0o 2 5

Time (min)

10 15 30 60 90 120 180 240

Table 4
Pharmacokinetic parameters of CF and FD4 after their intravenous administration
to the femoral vein.

CF (0.05 mg/kg) FD4 (0.8 mg/kg)
AUC)_240 min 5968.8 + 905.3 ng min/ml 226.5 + 23.8 g min/ml
AUCy_o 6526.3 + 1041.5 ng min/ml 321.7 £+ 53.2 g min/ml
MRT 78.9 + 13.5min 194.0 + 24.7 min
Ty 84.5 + 12.5min 167.5 £+ 2.4 min
CLtot 0.01 &+ 0.0L/(minkg) 0.03 & 0.0L/(minkg)
Vdss 0.6 + 0.1L/kg 0.5 + 0.0L/kg

Results are expressed as the mean + S.E. of at least 3 experiments.

into the rat jejunum are shown in Fig. 2. The co-administration of 5
and 10% (v/v) PEG 400, 5 and 10% (v/v) Gelucire 44/14 and 10% (v/v)
propylene glycol with CF showed little effect on intestinal absorp-
tion of CF with levels nearly comparable to the administration of
CF alone (Fig. 2a). Similarly, results comparable to the control were
observed for 10% (v/v) Tween 80, 10% (v/v) DMSO and 5 and 10%
(v/v) of ethanol (Fig. 2b). Co-administration of CF with 10% (v/v) of
HCO-60 and 10% (w/v) 2HP-B-CyD did not produce any significant
effect on the intestinal absorption, but intestinal absorption of CF
was remarkably increased in the presence of 5 and 10% (w/v) NaTC
compared to the control (Fig. 2c). No significant effect on intesti-
nal absorption of CF in the presence of 5% (v/v) Transcutol P or 10%
(v/v) Cremophor EL was seen, but intestinal absorption of CF was
significantly increased using 5 and 10% (v/v) Labrasol and 10% (v/v)
Transcutol P compared to the control (Fig. 2d).

The summary of AUC values and bioavailability (F%) of CF after
co-administration with solubilizing agents to the jejunum using the
in situ closed-loop technique shows that 5 and 10% (w/v) NaTC, 10%
(v/v) Labrasol, and 10% (v/v) Transcutol P increased the AUC values
and F% of CF in the jejunum (Table 5). The F% of CF in the presence of
5 and 10% (w/v) NaTC and 5 and 10% (v/v) Labrasol was more than
45%, and 10% (v/v) Labrasol displayed the largest AUC value and
F% of CF in the absorption studies. The F% of CF in the presence of
Transcutol P was about 35%, and the remaining solubilizing agents
showed no significant effect on the intestinal absorption of CF using
the in situ closed-loop technique.

To confirm whether the presence of NaTC and Labrasol enhances
drug concentration in blood plasma of a high molecular weight sub-
stance, we examined the effect of 5 and 10% (w/v) NaTC and 5 and
10% (v/v) Labrasol on the intestinal absorption of FD4 (MW 4400)
which has a higher molecular weight than CF (MW 376.32).

Both 5 and 10% (w/v) NaTC significantly increased the absorp-
tion of FD4 in the jejunum (Fig. 3). In addition, 10% (v/v) Labrasol
remarkably increased the intestinal absorption of FD4, while 5%
(v/v) Labrasol only slightly increased absorption.

The AUC values and F% of FD4 after administration of FD4 with
5 and 10% (w/v) NaTC and 5 and 10% (v/v) Labrasol to the jejunum

—
)

(b)

—
<

Plasma Conc. of FD4 (Lg/mL)

0 2 5 10 15 30 60 90 120 180 240

Time (min)

Fig. 1. Plasma concentration-time profiles of CF (0.0625 mg/ml) (a) and FD4 (1 mg/ml) (b) after their intravenous administration to the rat femoral vein. Results are expressed

as the mean £ S.E. of at least 3 experiments.
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Fig. 2. Plasma concentration-time profiles of CF (0.125 mg/rat) after jejunal administration in the presence or absence of solubilizing agents of varying concentrations. Results
are expressed as the mean +S.E. of 3-4 experiments.

are summarized in Table 6. The AUC values and F% of FD4 signifi-
cantly increased in the presence of 5 and 10% (w/v) NaTC and 10%
(v/v) Labrasol, respectively, resulting in F% values of more than 19%.
However, we found no significant effect on the intestinal absorp-

tion of FD4 in the presence of 5% (v/v) Labrasol. These results
confirmed that higher concentrations of NaTC and Labrasol signif-
icantly increased the intestinal absorption of drugs regardless of
molecular weight.

Table 5
Pharmacokinetic parameters of CF (0.5 mg/kg) with or without solubilizing agents in the jejunum.
Cmax (ng/ml) Timax (min) AUCo_240 min (Ng min/ml) F(%)

Control - - 5993.5 + 385.1 10.0 + 0.7
NaTC (5%) 176.8 + 13.0 220.0 + 20.0 29229.1 + 1958.5 49.0 £33
NaTC (10%) 254.5 + 204 240.0 + 0.0 36129.1 + 5492.2" 60.5 + 9.2
Labrasol (5%) 193.8 + 39.0 30.0 + 10.6 30927.3 + 6692.6" 51.8 + 11.2
Labrasol (10%) 263.5 + 66.0 45.0 + 15.0 52364.0 + 15494.7" 87.7 £ 26.0
PEG 400 (5%) 323+99 240.0 + 0.0 4533.2 + 1161.5N 76 £2.0
PEG 400 (10%) 417 £ 6.3 180.0 + 60.0 7148.0 & 1124.4N5 12.0 £ 1.9
Transcutol P (5%) 724 £ 129 240.0 + 0.0 9675.2 + 1491.6N 16.2 £ 2.5
Transcutol P (10%) 164.7 + 26.6 30.0 £ 0.0 20802.9 + 3836.0° 349 +£ 64
Propylene glycol (10%) 452 + 6.5 225.0 + 15.0 7034.4 + 763.1N5: 11.8 £ 1.3
Gelucire 44/14 (5%) 14.5 &+ 2.5 90.0 + 12.3 2313.7 + 447.0NS 39+08
Gelucire 44/14 (10%) 303 + 4.6 195.0 + 45.0 4476.3 £ 596.6N> 75+ 1.0
HCO-60 (10%) 14.5 + 2.5 190.0 + 50.0 2358.6 + 307.0NS: 4.0 + 0.5
Ethanol (5%) 48.7 +£ 4.0 240.0 + 0.0 5571.0 + 338.8NS 93 + 0.6
Ethanol (10%) 401 + 74 240.0 + 0.0 6158.1 + 901.8N5 10.3 £ 1.5
CremophorEL (10%) 89+ 16 90.0 + 12.3 1699.5 + 337.5NS 29+0.6
Tween 80 (10%) 17.7 £ 73 165.0 + 43.3 2788.2 + 1002.8N- 4.7 + 1.7
2HP-3-CyD (10%) 204 + 3.7 210.0 + 17.3 3070.2 + 459.1N 51+0.8
DMSO (10%) 246 £ 11 240.0 + 0.0 4384.7 + 160.5N 74 £ 03
Results are expressed as the mean + S.E. of at least 3 experiments. ~P<0.01, "P<0.05, N.S. not significant difference, compared with the control.
Table 6
Pharmacokinetic parameters of FD4 (8 mg/kg) with or without some solubilizing agents in the jejunum.

Concentration Ciax (pg/ml) Tmax (min) AUCy_240 min (ng min/ml) F(%)
Control (FD4) - 0.6 £0.1 200 + 40.0 1001 + 184 44+08
NaTC 5% (v[v) 31+ 06 240 £ 0.0 4316 + 81.7° 19.1 + 3.6’
NaTC 10% (v/v) 54 +0.8 240 + 0.0 737.8 £ 175.3" 326+ 77"
Labrasol 5% (v[v) 1.8 +0.3 26 + 3.8 281.7 + 41.9N> 12.4 + 1.8N5
Labrasol 10% (v/v) 44 +0.8 30 £+ 0.0 688.5 + 183.6" 304 + 81"

Results are expressed as the mean + S.E. of at least 3 experiments. “P<0.01, "P<0.05, N.S. not significant difference, compared with the control.
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Fig. 3. Plasma concentration-time profiles of FD4 (2 mg/rat) after jejunal administration in the presence or absence of Labrasol and NaTC of varying concentrations. Results
are expressed as the mean + S.E. of at least 3 experiments. Key: (a) (O) control, (B) 5% (w/v) NaTC, (a), 10% (w/v) NaTC; (b) (O) control, (M) 5% (v/v) Labrasol, (a) 10% (v/v)

Labrasol.

3.3. Effect of solubilizing agents on intestinal membrane toxicity

Finally, we examined the effects of various solubilizing agents
on intestinal membrane toxicity by evaluating the total amount of
protein and LDH released from intestinal epithelial cells in the pres-
ence or absence of solubilizing agents. As shown in Fig. 4, the total
protein level at 4 h after administration of the solubilizing agents
significantly increased in the presence of 5 and 10% (w/v) NaTC and
5% (v/v) Gelucire 44/14. The remaining solubilizing agents showed
no significant effect on protein levels, suggesting that they may not
cause intestinal membrane damage.

The release of LDH at 4h after administration of solubilizing
agents significantly increased for 5 and 10% (w/v) NaTC, 5 and 10%
(v/v) Gelucire 44/14, 5 and 10% (v/v) Labrasol and 10% (v/v) Cre-
mophor EL compared to the control (Fig. 5). FD4 in the presence of

all other solubilizing agents produced nearly identical LDH levels
to control values.

4. Discussion

In the present study, we first examined the effects of several sol-
ubilizing agents on the transport of CF in various intestinal regions
(Tables 1-3). Only NaTCssignificantly increased the transport of CFin
every region of the intestine, but toxicity studies indicate that this
may be due to intestinal membrane damage. On the other hand,
there was a regional difference in the absorption enhancing effects
of Gelucire 44/14 and ethanol. Using 5% (v/v) Gelucire 44/14 signif-
icantly increased the transport of CF only within the jejunum, and
ethanol increased the transport of CF across the lower intestinal
regions (ileum and colon). All other solubilizing agents did not sig-
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Fig. 4. The total protein level at 4 h after jejunal administration of various solubilizing agents. Results are expressed as the mean + S.E. of at least 3-4 experiments. **P<0.01,

*P<0.05, compared with the control.
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Fig. 5. The activity of lactate dehydrogenase (LDH) at 4 h after jejunal administration of various solubilizing agents. Results are expressed as the mean + S.E. of at least 3-4

experiments. **P<0.01, *P<0.05, compared with the control.

nificantly affect the transport of CF across the intestinal membrane.
These in vitro transport results offer a preliminary look at the effect
of solubilizing agents on the transport of CF across the intestinal
membrane.

The absorption enhancing effects of various adjuvants, including
absorption enhancers and these solubilizing agents, were generally
greater in lower intestinal regions than in upper intestinal regions.
Previously, we reported that the effects of conventional absorption
enhancers were greater in the large intestine than in the small intes-
tine for improving the intestinal absorption of ebiratide (Yamamoto
et al., 1997). Similarly, the rank order of the effectiveness of
various absorption enhancers after their administration to sites
was reported as rectum>colon>small intestine > stomach > skin
(Muranishi, 1990). However, the absorption enhancing effects of
nitric oxide (NO) donors, novel absorption enhancers in the small
intestine, were nearly identical to effects seen in the large intes-
tine for improving the intestinal absorption of insulin (Fetih et al.,
2005). A more recent study shows that the absorption enhancing
effect of spermine, one of the typical polyamines, was greater in the
jejunum than in the colon (Gao et al., 2008a).

The reason for regional differences in absorption enhancing
effects of adjuvants is not fully understood, but may be related to
physiological differences, such as variations in mucous layer thick-
ness, number and tightness of cell junctions, or dissimilarities in
lipid composition.

Based on results obtained using the in vitro diffusion chamber,
we evaluated the effect of the solubilizing agents on the intesti-
nal absorption of CF using an in situ closed-loop technique. The
jejunal region, having the largest surface area available for drug
absorption, was chosen for the closed-loop study (Lin et al., 1994).

Results of the present study indicate that most of the solubiliz-
ing agents examined using the in situ closed-loop technique had
no significant effect on intestinal absorption, which includes the
non-ionic solubilizers Cremophor EL, Tween 80, 2HP-3-CyD, Gelu-
cire 44/14, HCO-60, (co)solvents of PEG 400, propylene glycol,
DMSO and ethanol in concentrations of 5 and 10% (v/v or w/v).
A previous study using Caco-2 cells reported that five different
solubilizing agents (20% propylene glycol, 5% Tween 80, 5% PEG
400, 5% HP-B-CD, and 5% Tween 80+5% PEG 400) did not affect
the viability of 21 days cultured Caco-2 monolayers (Takahashi et
al.,, 2002). Furthermore, 0.2 mg/ml Cremophor EL had no influence
on the permeability of amoxicillin (Legen et al., 2006) and on the
transport of rhodamine123 (Shono et al., 2004). However, these
non-ionic surfactants/solubilizers are often discussed in drug sol-
ubility (Kawakami et al., 2004; Zerrouk et al., 2006; Wang et al.,
2007) and in P-gp transport studies (Shono et al., 2004; Shen et al.,
2006; Lin et al., 2007).

Organic co-solvents are normally used to solubilize drugs that
are poorly soluble in water to a desired concentration in oral solu-
tions, and the maximum amount of solvent used is up to 55%
for propylene glycol, 17% for PEG 400 and up to 42% for ethanol
(Strickley, 2004). Ethanol is a common solubilizing excipient and
is often used in conjunction with propylene glycol in mixed aque-
ous or organic co-solvents, or with Cremophor EL in formulations
composed entirely of organic solvents (Strickley, 2004). DMSO was
reported to be inert towards other chemicals (David, 1972), easily
penetrates cell membranes without causing irreversible damage
and has been widely used because of a large solubilization capac-
ity and a low toxicity (Himmel, 2007). Lin et al. (2007) reported
that 0.01-10% (v/v) Gelucire 44/14 did not change the transport of
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rhodamine123 in the ileum and colon and was confirmed to form
micelles by surface tension (Kawakami et al., 2004).

Labrasol and NaTC with 5 and 10% (v/v, w/v) displayed remark-
able enhancing effects with bioavailability at more than 45%, and
10% (v/v) Transcutol P showed similar but less significant effects
(Fig. 2c and d). Labrasol has been widely used in solubilizing
hydrophobic drugs (Strickley, 2004), was reported to have a strong
absorption enhancing effect and was shown to improve the intesti-
nal absorption of poorly absorbed drugs, including gentamicin,
insulin and vancomycin (Hu et al., 2001; Eaimtrakarn et al., 2002;
Rama Prasad et al., 2003). Additionally, NaTC also plays a pivotal
role in enhancing the rectal absorption of insulin (Yamamoto et
al,, 1992). Our current results correlate well with these previous
studies.

The effects of NaTC and Labrasol on the intestinal absorption
of FD4, a high molecular weight model drug were studied and the
results are summarized in Fig. 3 and Table 6. A significant absorp-
tion enhancing effect, similar to that for CF, was observed for both
concentrations of NaTC as well as 10% (v/v) Labrasol. No significant
effect was observed using 5% (v/v) Labrasol and may be attributed to
the high molecular weight of FD4. Overall, our results suggest that
both NaTC and Labrasol have a notable effect on intestinal absorp-
tion, regardless of the drug molecular weight. NaTC, a natural bile
salt and commonly used absorption enhancer, increases paracellu-
lar absorption by opening tight junctions (Gizurarson, 1990). Recent
in vitro transport and in vivo absorption studies indicate that NaTC
has a significant effect in each intestinal region and correlates well
with the in vivo results.

All the other solubilizing agents showed similar results between
in vitro and in vivo studies, and had no significant effect on the
transport or absorption of CF in the rat intestine. Conversely, there
existed almost no correlation of absorption enhancing effect of
Labrasol between in vitro and in vivo studies with Labrasol indicated
as more potent in vivo than in vitro. Labrasol is mainly composed
of PEG esters and glyceride with medium acyl chains. Recent stud-
ies observed hydrolysis (lipolysis) of Labrasol by lipase, especially
gastric lipase, pancreatic lipase-related protein 2 (PLRP2) and car-
boxylester hydrolase (CEH) after oral administration (Fernandez
et al., 2007), and the digested components resulting from Labra-
sol lipolysis appeared to be more potent absorption enhancers
compared to Labrasol (Dahan and Hoffman, 2008). These findings
suggest that some components of Labrasol lipolysis have absorption
enhancing effects and subsequently improve intestinal absorption
of CF in the present in situ closed-loop study, where digestion may
occur more easily than in the in vitro diffusion chamber.

Gelucire 44/14 and ethanol, on the other hand, showed greater
absorption enhancing effects in the in vitro studies than the in vivo
studies, although the mechanism is not fully understood. One possi-
ble explanation for the different results is the dilution of solubilizing
agents in luminal fluid. During the course of the in situ closed-loop
absorption studies, concentrations of solubilizing agents within the
loop decreased as intestinal fluids were secreted into the lumen
from epithelial cells. In contrast, the concentrations of solubilizing
agents applied to the donor site in the in vitro transport studies
could be relatively maintained, because intestinal fluids were not
secreted nearly as much from the isolated intestinal membrane.

The present toxicity studies indicate that most of the solubiliz-
ing agents do not damage or irritate the rat intestinal membrane,
and are corroborated by previous investigations showing non-ionic
surfactants to be less toxic than ionic surfactants to biological mem-
branes (Davis et al., 1970). Only NaTC and Gelucire 44/14 showed
a significant increase in the release of protein and LDH, and 10%
(v/v) Cremophor EL exhibited a significant increase (P<0.05) only
in LDH activity. Measuring leakage of cytoplasm components has
been accepted as a valid method for estimating membrane damage,
and the release of protein and lactate dehydrogenase (LDH) from the

intestinal mucosa has been used as an index to assess tissue damage
(Uchiyama et al., 1999; Yamamoto et al., 2001a). The results clearly
indicate that 5 and 10% (w/v) NaTC significantly increased both
the amount of protein released and the activity of LDH. NaTC has
also been shown to have a concentration-dependent toxicity when
administered to Caco-2 cell monolayers and these concentration
dependent effects are seen using NaTC above the critical micelle
concentration (CMC), or about 2 mM in HBSS at 37 °C (Johansson
et al., 2002). Gelucire 44/14 also showed approximately ten times
more cytotoxic compared to control in Caco-2 cells system (Sachs-
Barrable et al., 2007). NaTC, a bile salt and natural surfactant, may
increase permeability by altering or damaging tight junctions of the
intestinal epithelium.

Membrane damage was not seen in the presence of Labrasol,
and suggests that it increases intestinal absorption of CF and FD4 by
alternate mechanisms, possibly by means of a paracellular pathway
established through the loosening of tight junctions in the intestinal
epithelium.

Previous studies have shown that 0.1% Labrasol does not damage
the intestinal membrane (Lin et al., 2007) and shows high tolerance
and low toxicity (Rama Prasad et al., 2003). Based on previous tox-
icity findings, we consider that 5 and 10% (v/v) Labrasol, 5 and 10%
(v/v)PEG 400, 5 and 10% (v/v) Transcutol P, 10% (v/v) propylene gly-
col, 10% (v/v) HCO-60, 5 and 10% (v/v) ethanol, 10% (v/v) Tween 80,
10% (v/v) 2HP-3-CyD and 10% (v/v) DMSO do not cause significant
membrane damage to the intestinal epithelium.

Solubility is an important requirement for absorption and sol-
ubilizing agents are normally used to increase the solubility of
lipophilic drugs. Other important factors to consider for absorption
include the drug’s molecular weight, lipid solubility, the partition
coefficient, the ionization constant, and pH of the administration
site. Unfavorable factors may negatively affect the absorption pro-
cess despite the presence of solubilizing agents or having achieved
acceptable solubility rates in vitro (Shah et al., 1996).

The present results indicate that 5 and 10% (v/v) of PEG 400, 10%
(v/v) propylene glycol, 10% (v/v) HCO-60, 5 and 10% (v/v) ethanol,
10% (v/v) Cremophor EL, 10% (v/v) Tween 80, 10% (w/v) 2HP-3-CyD
and 10% (v/v) DMSO are suitable solubilizing agents for evaluating
drugs that are poorly soluble in water using the in vitro diffusion
method and the in situ closed-loop technique. Additionally, these
solubilizing agents resulted in no significant damage to membrane
integrity and can be safely used in both in vitro and in situ absorption
studies with drugs having very limited water solubility. In conclu-
sion, the present study increases the fundamental knowledge of
screening and evaluating solubilizing agents, using in vitro and in
situ absorption methods, for drugs that are poorly absorbed.
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