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bstract

13-cis-Retinoic acid (13-cis-RA), also known as isotretinoin, is commonly used in the management of severe acne. Its clinical efficacy in oncology
as also been documented. As a vitamin A derivative, it is not soluble in water. This solubility barrier not only affects its oral absorption but also makes
arenteral delivery difficult. Recently, water-soluble formulations of 13-cis-RA have been attempted with 2-hydroxypropyl-�-cyclodextrin (HP-
-CD) and randomly methylated-�-cyclodextrin (RM-�-CD). In this study, the pharmacokinetic profiles of these two formulations were assessed

n Sprague–Dawley rats after single intravenous or oral administration. We found that 13-cis-RA was eliminated from the body through a dose-
ndependent process after intravenous injection of either sodium salt or the HP-�-CD formulation within the tested dosage range (2.0–7.5 mg/kg).
urthermore, HP-�-CD did not alter the kinetic profile of 13-cis-RA after intravenous administration in comparison with 13-cis-RA sodium salt.
e also found that RM-�-CD dramatically enhanced the oral absorption of 13-cis-RA. At 10.0 mg/kg, the bioavailability of 13-cis-RA formulated

ith RM-�-CD was about three-fold higher than that of the control (13-cis-RA suspended in 0.5% carboxymethylcellulose (CMC)). Similarly,

he oral absorption of 13-cis-RA was not saturated within our tested range (2.5–10.0 mg/kg) and the bioavailability remained unchanged. These
esults demonstrated that HP-�-CD and RM-�-CD were suitable excipients for the delivery of 13-cis-RA.

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

13-cis-Retinoic acid (13-cis-RA), also known as isotretinoin,
s an endogenous vitamin A derivative (Tang and Russell, 1990).
t is commonly used in dermatology for the management of
ystic acne, recalcitrant nodular acne, as well as several other
kin disorders (Ward et al., 1984; Gollnick et al., 1990). Besides
ts dermatological indications, the clinical efficacy of 13-cis-RA
n oncology has also been documented. It could be used for the
reatment of oral leukoplakia (pre-malignant lesion) (Hong et al.,
986); as a chemoprophylaxis, 13-cis-RA effectively prevented
he second primary tumors in patients who have been treated for
quamous cell carcinoma and the skin cancers in patients with

eroderma pigmentosum (Kraemer et al., 1988; Hong et al.,
990). In other studies, the therapeutic efficacy of 13-cis-RA
as demonstrated in juvenile chronic myelogenous leukemia

∗ Corresponding author. Tel.: +65 6516 2651; fax: +65 6779 1554.
E-mail address: phahocl@nus.edu.sg (P.C. Ho).

i
n
v

s
s
B

378-5173/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2007.03.050
xtrin

Castleberry et al., 1994), high-risk neuroblastoma (Matthay et
l., 1999), advanced skin squamous cell carcinoma (Aass et al.,
005), and progressive metastatic renal cell carcinoma (Shin et
l., 2002).

Being a lipophilic retinoid, the aqueous solubility of 13-cis-
A is almost nil, making it difficult for parenteral delivery.
or systemic administration, 13-cis-RA is usually given through
epeated oral dosing. However, the estimated bioavailability was
nly approximately 25% (Gollnick et al., 1990). Partially due
o first-pass effects, such limited oral bioavailability could be
ttributed to its poor solubility. As 13-cis-RA is almost insolu-
le in aqueous solution, its oral absorption could be affected by
he pH value of gastric intestinal fluid, the fatty acid composition
n the diet, and the excretion of bile. Therefore, the pharmacoki-
etic profile of 13-cis-RA after oral drug administration is highly
ariable (Ward et al., 1984).
Cyclodextrins (CDs), cyclic oligosaccharides derived from
tarch, are well known for their abilities to form inclu-
ion complexes with various guest molecules (Davis and
rewster, 2004). Inclusion of hydrophobic drugs into cyclodex-

mailto:phahocl@nus.edu.sg
dx.doi.org/10.1016/j.ijpharm.2007.03.050
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rins usually leads to an increase in aqueous solubility,
mprovement in oral bioavailability, and enhanced chem-
cal stability (Davis and Brewster, 2004). It has been
ell documented that cyclodextrins, especially �-cyclodextrin
erivatives, were able to form inclusion complexes with retinoids
nd such cyclodextrin-based formulations displayed beneficial
ffects. For example, 2-hydroxypropyl-�-cyclodextrin (HP-�-
D) increased the aqueous solubility, photo-stability as well as

he oral bioavailability of all-trans-retinoic acid (all-trans-RA,
retinoin) (Lin et al., 2000a,b); similarly, both HP-�-CD and
andomly methylated-�-cyclodextrin (RM-�-CD) improved the
queous solubility and photo-stability of acitretin while RM-
-CD dramatically enhanced the oral absorption of acitretin

Liu et al., 2003, 2004). As HP-�-CD is an injectable excipient
Davis and Brewster, 2004), parenteral delivery of all-trans-
A, all-trans-retinoyl-�-d-glucuronide, and acitretin becomes
ossible (Lin et al., 2000a, 2001; Liu et al., 2004). The physico-
hemical properties of 13-cis-RA-cyclodextrin complexes have
lso been evaluated (Yap et al., 2005). Similar to its effects
n the all-trans isomer, HP-�-CD enhanced the aqueous sol-
bility and photo-stability of 13-cis-RA (Yap et al., 2005).
owever, the biopharmaceutical properties of this cyclodextrin

omplex have yet to be assessed. Furthermore, the delivery of
3-cis-RA with the aid of RM-�-CD has never been attempted.
hen compared with HP-�-CD, methylated cyclodextrins, such

s RM-�-CD, usually have superior effects on the aqueous
olubility and the oral bioavailability of the complexed drug.
herefore, we hypothesized that HP-�-CD could be used as a
ehicle for the parenteral delivery of 13-cis-RA, while RM-�-
D could enhance the systemic exposure of 13-cis-RA after
ral administration. To prove this hypothesis, the pharmacoki-
etics of 13-cis-RA formulated with HP-�-CD and RM-�-CD,
espectively, was studied in Sprague–Dawley rats. Our results
emonstrated that HP-�-CD and RM-�-CD were suitable excip-
ents to improve the delivery of 13-cis-RA.

. Materials and methods

.1. Special precaution

All laboratory procedures involving the manipulations of 13-
is-RA were executed in a dimly lit environment to prevent its
hoto-isomerization.

.2. Materials

13-cis-Retinoic acid was purchased from Toronto Research
hemicals (North York, Ontario, Canada). 2-Hydroxypropyl-
-cyclodextrin (degree of substitution: about 0.6) and randomly
ethylated-�-cyclodextrin (degree of substitution: about 1.8)
as kindly donated from Roquette (Lestrem, France) and
acker (Burghausen, Germany), respectively. HPLC grade
ethanol and acetonitrile were obtained from Tedia (Fairfield,

H 45014, USA). Ammonium acetate and the sodium salt of

arboxymethylcellulose (CMC) were purchased from Merck
Darmstadt, Germany) and Sigma (St. Louis, MO 63178, USA),
espectively. Purified water (18.2 M� cm at 25 ◦C) was gen-

M
1
i
1

harmaceutics 341 (2007) 238–245 239

rated from a Millipore Direct-Q® ultra-pure water system
Billerica, MA 01821, USA) and used throughout the study.

.3. High-performance liquid chromatographic (HPLC)
ssay

A Shimadzu (Kyoto, Japan) 2010A liquid chromatography
as used for the analysis. The separation was done on a reversed-
hase HPLC column (ODS Hypersil, 5 �m, 250 mm × 4 mm,
gilent, Palo Alto, CA 94306, USA), which was protected with
mechanical filter (Rheodyne, Cotati, CA 94928, USA) and
guard column (Agilent). The assay was performed at 60 ◦C

hrough isocratic delivery of the mobile phase, consisting of
cetonitrile–methanol–1% ammonium acetate (20:55:25, v/v).
he flow rate was set at 1.5 ml/min. 13-cis-RA was quantitated
y measuring UV absorbance at 350 nm. For sample prepa-
ation, 300 �l acetonitrile was added to 100 �l plasma. After
igorous vortex, the sample was centrifuged at 5000 × g for
min. The supernatant was then placed into an amber auto-

ampler vial and 50 �l of the supernatant was injected into
he HPLC. The limit of quantitation (LOQ) of the assay was
0 ng/ml. 13-cis-RA was calibrated through an external standard
ethod. The calibration curve, obtained by spiking 13-cis-RA

nto pooled rat plasma, was linear (R2 > 0.999) within the range
f 10–1000 ng/ml. The intra-day and inter-day variation were
ll less than 7% and the recovery rate of 13-cis-RA in plasma
as >96%. For the pharmacokinetic study, plasma samples with
igh 13-cis-RA concentration were properly diluted to within
ur calibration range (10–1000 ng/ml) before HPLC analysis.
imilarly, those concentrated samples from the formulation
reparation were diluted with methanol and only 5 �l diluted
amples were injected into the HPLC. The calibration range
or the formulation samples was 1–50 �g/ml. This HPLC assay
ethod was a slight modification of the previously described
ethods (Lin et al., 2000a, 2001; Liu et al., 2004; Yap et al.,

005).

.4. Preparation of dosing formulations

The sodium salt of 13-cis-RA for intravenous injection was
repared by dissolving 15 mg of 13-cis-RA in 10 ml of 0.9%
aCl–0.3% NaOH (w/v) solution according to the previously
escribed procedure (Guchelaar et al., 1992). This solution
as clear; therefore 13-cis-RA was completely dissolved. Such
osing solution was freshly prepared daily. The 13-cis-RA–HP-
-CD inclusion complex solution for intravenous injection was
repared as follow: 100 mg of 13-cis-RA was suspended in 10 ml
f 0.067 M (pH 7.4) phosphate buffer containing 0.3 M HP-�-
D, the suspension was sonicated for 1 h and then shaken on
horizontal rotary shaker for 8 days at a speed of 300 rpm

t ambient temperature. Finally, the suspension was filtered
hrough a 0.22 �m syringe driven filter (Millipore, Billerica,
A 01821, USA). A sample of the clear solution was diluted
00 times with methanol and injected into HPLC to quantitate
ts 13-cis-RA concentration. The method for the preparation of
3-cis-RA–HP-�-CD inclusion complex solution was modified
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rom a previous study (Yap et al., 2005). The 13-cis-RA–RM-
-CD inclusion complex solution for oral administration was
repared in the similar way as described above. The 13-cis-
A suspension for oral dosing was prepared by suspending
5 mg13-cis-RA into 5 ml 0.5% CMC (pH 7.4). The suspension
as shaken vigorously before oral gavage.

.5. Animals

Adult male Sprague–Dawley rats (250–300 g) were obtained
rom the Laboratory Animal Center of the National University
f Singapore. The rats were maintained on a 12-h light/dark
ycle. No restriction to food and water was applied to the rats
hat received intravenous administration of 13-cis-RA. Rats that
eceived oral administration were fasted overnight before the
tudy and no food was provided up to 6 h after oral gavage. On
he day before the pharmacokinetic study, a polyethylene tube
i.d. 0.58 mm, o.d. 0.965 mm, Becton Dickinson, Sparks, MD
1152, USA) was placed into the jugular vein under anesthesia.
his cannula was used for intravenous drug administration as
ell as blood sample collection. The rats were randomly divided

nto 10 groups; six groups (each group with four rats) received
ntravenous administration of 13-cis-RA and four groups (each
roup with six rats) received oral dosing through gavage. Rats in
roups 1, 3, and 5 received a single bolus intravenous injection
f 13-cis-RA sodium salt solution (1.5 mg/ml) at the dose of 2.0,
.0, and 7.5 mg/kg, respectively. Blood samples were collected
t 10 min, 20 min, 40 min, 1 h, 1.5 h, 2 h, 3 h, 4 h, 6 h, 8 h, and 10 h
fter intravenous injection. Rats in Group 2, 4, and 6 received
he same doses as Group 1, 3, and 5, respectively, as 13-cis-
A–HP-�-CD solution at the same concentration of 1.5 mg/ml.
oth Groups 7 and 8 received a single oral administration of 13-
is-RA at the dose of 10.0 mg/kg. For, in Group 7, 13-cis-RA
as suspended in 0.5% CMC (3 mg/ml, pH 7.4); while for Group
, 13-cis-RA–RM-�-CD (3 mg/ml, pH 7.4) was administered.
imilarly, 13-cis-RA–RM-�-CD was given to Groups 9 and 10
t the dose of 5.0 and 2.5 mg/kg, respectively. For group 7, blood
amples were collected at 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8, and
0 h; while for Groups 8, 9, and 10, blood samples were collected
t 15 min, 30 min, 45 min, 1 h, 1.5 h, 2 h, 3 h, 4 h, 6 h, 8 h, and
0 h. After each intravenous injection or blood sampling, 0.3 ml
eparin–saline (5 �/ml) was used to flush the cannula. The blood
amples were centrifuged at 5000 × g for 5 min, and the plasma
as collected and stored at −80 ◦C until HPLC analysis. This

tudy was performed according to the guidelines for the humane
se of animals in scientific research. This animal experimental
rotocol was modified from several previous studies (Lin et al.,
000a, 2001; Liu et al., 2004); and approved by the Institutional
nimal Care and Use Committee of the National University of
ingapore.

.6. Pharmacokinetic analysis
All compartmental and non-compartmental pharmacokinetic
arameters were obtained with the software WinNonlin standard
ersion 1.0 (Scientific Consulting Inc., Apex, NC 27502, USA).
he area under the plasma concentration–time curve (AUC0→t)

a
o
c
i
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n rats that received oral administration (Groups 7, 8, 9, and
0) was calculated by the trapezoidal rule with the time point
rom 0 to the last detectable time point, whereas the AUC in rats
hat received intravenous dosing (Groups 1–6) was calculated
hrough the same rule except the logarithmic scale was taken.
imilarly, clearance (Cl) in Groups 1–6 was also calculated

hrough non-compartmental method as: Cl = dose/AUC0→t. The
bsolute bioavailability (F) values of 13-cis-RA in Groups 7–10
as calculated as

(%) = AUC0→t(Groups 7, 8, 9, or 10)/dose (Groups 7, 8, 9, or 10)

AUC0→t(Group 1)/2 mg kg−1
× 100%.

Because a distribution phase followed by a prolonged termi-
al elimination phase was observed after intravenous dosing in
ll of the tested rats, the plasma 13-cis-RA concentration–time
ata was fitted into the classical two-compartment first-order
pen model (C = Ae−αt + Be−βt) using nonlinear least squares
urve fitting with a weighting factor of 1/Y2 as described previ-
usly (Lin et al., 2001; Liu et al., 2004).

.7. Statistics

Statistical analysis was conducted with the software Graph-
ad Prism Version 2.00 (San Diego, CA 92130, USA). All
xperimental data were expressed as mean ± standard devia-
ion (S.D.) except time to maximal concentration (Tmax) after
ral administration, because it was a non-continuous data due
o the pre-decided sampling schedule. Two-tail independent
ample t-test was used to compare the pharmacokinetic param-
ters between the two different formulations at the same dose
13-cis-RA sodium salt versus 13-cis-RA–HP-�-CD, 13-cis-RA
uspended in 0.5% CMC versus 13-cis-RA–RM-�-CD). One-
ay ANOVA with the post hoc Tukey test was used to compare

he pharmacokinetic parameters among the three doses with
he same formulations (13-cis-RA sodium salt, 13-cis-RA–HP-
-CD, or 13-cis-RA–RM-�-CD). Kruskal–Wallis test with the
ost hoc Dunn test and two-tail Mann–Whitney test were used
o compare the Tmax among Groups 8, 9, and 10 and between
roups 7 and 8, respectively. A p value less than 0.05 was

dopted to indicate statistically significant difference.

. Results

.1. Pharmacokinetics after intravenous administration

The plasma pharmacokinetic profiles of 13-cis-RA after
ntravenous administration are shown in Fig. 1. After intra-
enous injection, 13-cis-RA appeared to be eliminated from the
ody through a bi-exponential process. Therefore, the plasma
3-cis-RA concentration versus time data of individual rat was
tted into the classical two-compartment first-order elimination
odel. However, in agreement with the previous published lit-

ratures (Gollnick et al., 1990), we noted that 13-cis-RA had

fairly long terminal elimination half-life. Furthermore, sec-

ndary peaks in the plasma 13-cis-RA concentration versus time
urve was observed in half of the animals at about 6–10 h after
ntravenous drug administration. Thus, it is difficult to make
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ig. 1. Pharmacokinetics of 13-cis-RA after a single intravenous administratio
alues (n = 4); error bar represent the S.D.

ccurate estimation of the model-dependent pharmacokinetic
arameters, including the elimination rate constant (Ke), the
limination half-life (t1/2), and distribution rate constant from
entral/peripheral compartment to peripheral/central compart-
ent (K1:2/K2:1), in about half of the animals. So, the only
odel-dependent pharmacokinetic parameter obtained from the

odeling was the volume of distribution of the central compart-
ent (Vc), which had small calculation error in all rats (CV all

ess than 17%). The area under the plasma concentration–time
urve (AUC0→t) and clearance (Cl) were obtained through non-

o
T
2
C

able 1
harmacokinetic parameters of 13-cis-RA after intravenous administration

Parameters

Group 1 Group 2 Group 3

ormulation Sodium salt HP-�-CD Sodium sal
ose (mg kg−1) 2.0 2.0 4.0

c (ml kg−1) 322 ± 17 308 ± 43 304 ± 11
UC (ng h ml−1) 5922 ± 271 6464 ± 362 13280 ± 14
l (ml h kg−1) 338 ± 15 310 ± 18 304 ± 33

= 4, data is presented as mean ± S.D.
e line represents the predicted values. Symbols represent the mean observed

ompartmental methods. All these pharmacokinetic parameters
re listed in Table 1.

After single intravenous administration of 13-cis-RA sodium
alt, the Vc value in Groups 1, 3, and 5 were very similar
Group 1, 3, and 5: 322 ± 17, 304 ± 11, and 328 ± 40 ml/kg,
espectively). The dose appeared to have no significant impact

n the distribution of 13-cis-RA (one-way ANOVA, p > 0.05).
he values of AUC of 13-cis-RA in Groups 1, 3, and 5 (dose:
.0, 4.0, 7.5 mg/kg) were proportional to the dose and the
l remained unchanged (one-way ANOVA, p > 0.05). Similar

Group 4 Group 5 Group 6

t HP-�-CD Sodium salt HP-�-CD
4.0 7.5 7.5
273 ± 26 328 ± 40 283 ± 22

30 13949 ± 1682 23226 ± 1954 22319 ± 1097
290 ± 36 322 ± 26 334 ± 16
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ig. 2. Pharmacokinetics of 13-cis-RA after a single oral administration. Sym-
ols represent the mean values of the group (n = 6); error bar represent the
.D.

esults were also observed in the rats that received a single
ntravenous administration of 13-cis-RA–HP-�-CD solution.
he values of AUC of 13-cis-RA RA in Groups 2, 4, and 6
ere proportional to the dose, while the values of Vc and Cl

emained unchanged (one-way ANOVA, p > 0.05). Therefore,
fter a single intravenous administration, 13-cis-RA was elim-
nated through a dose-independent process within the dosing
ange of 2.0–7.5 mg/kg.

Although HP-�-CD dramatically enhanced the aqueous sol-
bility of 13-cis-RA, it did not alter the pharmacokinetic profile
fter intravenous administration in comparison to 13-cis-RA
odium salt. The plasma 13-cis-RA concentration versus time
urves (Fig. 1) of Groups 2, 4, and 6 are very similar to those of
roup 1, 3, and 5, respectively, suggesting an unchanged phar-
acokinetic profile. Furthermore, the values of AUC, the Vc and

he Cl between 13-cis-RA sodium salt and 13-cis-RA–HP-�-CD
ere all similar (independent sample t-test: p > 0.05). Therefore,
P-�-CD did not have a significant impact on the pharmacoki-
etics of 13-cis-RA after intravenous administration within the
osing range of 2.0–7.5 mg/kg.
.2. Pharmacokinetics after oral administration

The plasma kinetic profiles of 13-cis-RA after oral dosing
re shown in Fig. 2. The pharmacokinetic parameters were

n
G
o
2

able 2
harmacokinetic parameters of 13-cis-RA after oral administration

Parameters

Group 7 Grou

ormulation CMC Suspension RM-�
ose (mg kg−1) 10.0 10.0

max (h) 3 or 4 0.25

max (ng ml−1) 441 ± 226 2911
UC (ng h ml−1) 1757 ± 638 7281
(%) 5.9 ± 2.2 24.6 ±
= 6, data is presented as mean ± S.D. except Tmax.
* p < 0.05 between this group and Group 8.

** p < 0.001 between this group and Group 7.
** p < 0.0001 between this group and Group 7.
harmaceutics 341 (2007) 238–245

alculated with non-compartmental method and are listed in
able 2. A delayed absorption was observed after a single
ral gavage of 13-cis-RA suspended in 0.5% CMC (pH 7.4)
t the dose of 10.0 mg/kg (Group 7). The plasma 13-cis-RA
oncentration increased slowly and the time to maximal concen-
ration (Tmax) was either 3 or 4 h (3 h: four rats, 4 h: two rats).
he maximal concentration (Cmax) was only 441 ± 226 ng/ml.
he absolute bioavailability (F) was as low as 5.9 ± 2.2%.

n summary, the 13-cis-RA suspension was slowly absorbed
ith very low bioavailability. In contrast to the CMC sus-
ension, 13-cis-RA fully solublized with RM-�-CD had an
ltra-high absorption rate. In Group 8 (10.0 mg/kg), 15 min after
ral gavage (the first sample time point), maximum concen-
ration was observed in five out of the total six rats, making
he compartmentally based pharmacokinetic modeling difficult.
herefore, the absorption rate constant (Ka) was not estimated.
lthough the Tmax value of the 13-cis-RA–RM-�-CD was much

horter than that of the suspension (two-tail Mann–Whitney
est, p < 0.001), its Cmax was about five-fold higher than that of
he CMC suspension (2911 ± 386 versus 441 ± 226 ng/ml, two-
ail independent sample t-test: p < 0.0001). Most importantly,
he 13-cis-RA–RM-�-CD led to a three-fold enhancement in
ral bioavailability when compared to the CMC suspension
24.6 ± 7.3% versus 5.9 ± 2.2%, two-tail independent sample
-test: p < 0.0001). In summary, RM-�-CD increased both the
peed and the extent of the oral absorption of 13-cis-RA.

The absorption rate at 5.0 mg/kg (Group 9) was observed to
e slightly slower than that at 10.0 mg/kg (Group 8) and its Cmax
as observed up to 1 h after dosing. However, such difference
as not statistically significant (two-tail Mann–Whitney test:
= 0.1198). As the dose dropped further to 2.5 mg/kg in Group
0, decreased absorption speed was observed. Although no sta-
istically significant difference in Tmax between Groups 10 and 9
as observed, the Tmax of Group 10 was significantly longer than

hat of Group 8 (Kruskal–Wallis test with the post hoc Dunn test:
< 0.05). Interestingly, the extent of absorption of 13-cis-RA

olublized with RM-�-CD appeared to be dose-independent and

o significant difference in bioavailability was observed among
roups 8, 9, and 10 (one-way ANOVA, p > 0.05). Therefore, the
ral absorption of 13-cis-RA was not saturated within the dose
.5–10.0 mg/kg.

p 8 Group 9 Group 10

-CD RM-�-CD RM-�-CD
5.0 2.5

or 0.5** 0.25–1 0.25–3*

± 386*** 1211 ± 365 561 ± 260
± 2156*** 4113 ± 871 1616 ± 274

7.3*** 27.8 ± 5.9 21.8 ± 3.7
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. Discussion

Due to the lack of an injectable formulation, the pharmacoki-
etics of 13-cis-RA after intravenous administration has not been
ssessed in humans. Thus, the absolute bioavailability in humans
s still unknown, despite the fact that it has been used clinically
or more than 25 years. In this study, we found that HP-�-CD
as a suitable carrier for 13-cis-RA. As the safety of HP-�-CD

or intravenous application has been documented (Davis and
rewster, 2004), parenteral delivery of 13-cis-RA in human is
ossible. An injectable formulation of 13-cis-RA provides an
lternative route to deliver 13-cis-RA. This is potentially ben-
ficial to the cancer patients as their digestive system may be
mpaired due to the illness or the treatments.

The kinetic profile of 13-cis-RA after intravenous adminis-
ration has been studied in various pre-clinical models including

ouse (Wang et al., 1980), rat (Guchelaar et al., 1992), guinea
ig (Chien et al., 1992), rabbit (Huselton et al., 1996), dog
Cotler et al., 1983), and monkey (Sandberg et al., 1994). Gener-
lly, after intravenous dosing, a distribution phase followed by a
erminal elimination phase is observed in the drug plasma/serum
ersus time curve. Our findings were in agreement to the findings
f the previous studies. Similarly, the Cl of 13-cis-RA observed
n Sprague–Dawley rat was within the same scale when com-
ared with that of the rabbit, dog, and monkey (Patel et al., 1982;
otler et al., 1983; Sandberg et al., 1994; Huselton et al., 1996);
ut it was about three-fold lower than that observed in guinea
ig (Chien et al., 1992). In our study, we found that 13-cis-
A was eliminated from the body through a dose-independent
rocess (AUCs were proportional to the doses) and clearance
emained unchanged. A similar result was also obtained in mon-
eys (Sandberg et al., 1994). We observed secondary peaks in
he plasma 13-cis-RA concentration versus time curve in half of
he animals at about 6–10 h after intravenous drug administra-
ion. Such secondary peaks were probably due to enterohepatic
irculation, as biliary clearance 13-cis-RA has been reported
reviously (Cotler et al., 1983; Colburn et al., 1985; Meloche
nd Besner, 1986). In fact, such double peak phenomenon has
lso been observed before in rats, guinea pigs, and rabbits (Liu
t al., 1990; Chien et al., 1992; Huselton et al., 1996).

In our study, we found that HP-�-CD does not significantly
lter the pharmacokinetic profile of 13-cis-RA after intra-
enous administration when compared to 13-cis-RA sodium
alt (Fig. 1 and Table 1). This phenomenon can be explained
y the moderate binding affinity between 13-cis-RA and HP-�-
D and high binding affinity between 13-cis-RA and albumin.

n a previous discussion on the mechanisms of drug release
rom cyclodextrin complexes, Stella et al. suggested that after
arenteral administration, the major driving force for dissoci-
tion of weakly to moderately bound drugs in the inclusion
omplex is simply dilution (Stella et al., 1999). It has also
een noted that drug release from cyclodextrin complexes
s rapid and quantitative in most cases; in aqueous solution,

rug/cyclodextrin complexes are continually forming and dis-
ociating with lifetimes in the range of milliseconds or less
Stella et al., 1999). Therefore, such a short period of time
hould not result in differences in pharmacokinetics. Further-

d
i
i
m
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ore, protein binding may also facilitate drug dissociation from
he cyclodextrin–drug complex (Frijlink et al., 1991; Stella et
l., 1999). 13-cis-RA–HP-�-CD has a moderate inclusion sta-
ility constant (about 1.4 × 104 M−1), which was determined
y phase-solubility method (Yap et al., 2005). Also, its binding
ith albumin is as high as 99.9% (Brazzell and Colburn, 1982).
hus, upon intravenous administration, 13-cis-RA is expected

o be released rapidly from the HP-�-CD inclusion complex
nd bind well to the plasma proteins. Similar results were also
bserved in several parenteral formulations developed with HP-
-CD or sulfobutylether-�-cyclodextrin (SBE7-�-CD), where

he binding affinity (expressed as inclusion stability constant)
etween the drug and the cyclodextrin was weak or moderate
Frijlink et al., 1991; Piel et al., 1999; Lin et al., 2000a). Such
ormulations include all-trans-RA–HP-�-CD (2.7 × 102 M−1),
iconazole–HP-�-CD (1.1 × 102 M−1), miconazole–SBE7-�-
D (1.7 × 102 M−1), naproxen–HP-�-CD (2.2 × 103 M−1), and
urbiprofen–HP-�-CD (1.3 × 104 M−1) (Frijlink et al., 1991;
iel et al., 1999; Lin et al., 2000a). However, for the molecule

hat has high binding affinity with cyclodextrin, the impact
f cyclodextrin on its intravenous pharmacokinetics is not
eglectable. For example, after intravenous infusion of a syn-
hetic ozonide antimalarial complexed with 0.1 M SBE7-�-CD
inclusion stability constant: 2.3 × 106 M−1), there was an
.5-fold decrease in the steady-state blood volume of distri-
ution, a 6.6-fold decrease in the mean residence time, and a
reater than 200-fold increase in renal clearance in compari-
on to a cyclodextrin-free isotonic buffered glucose formulation
Charman et al., 2006).

It has been noted that the oral absorption of most retinoids
ere increased with food and differing dietary regimens may

ontribute to the wide intra- and inter-patient variations in
eak plasma 13-cis-RA concentration curve (Ward et al., 1984;
ollnick et al., 1990). It is very possible that the oral absorption
f 13-cis-RA depends on the pH, fatty acid composition and
he inherent bile salt solubilization capacity in the intestine. To
void the influence of these factors, the experimental animals in
roups 7–10 were kept fasted from the pre-experiment evening

o 6 h after dosing.
In our study, we demonstrated that 13-cis-RA–RM-�-CD

ramatically enhanced the speed and the extent of the oral
bsorption of 13-cis-RA. The mechanisms of oral absorption
f small molecules have been well studied. The oral absorp-
ion of a drug is influenced by many different biological and
hysicochemical factors (Lin and Lu, 1997). It has been well
emonstrated that the two most important physicochemical fac-
ors that affect both the extent and the rate of absorption are
ipophilicity and solubility (Lin and Lu, 1997). Since the mem-
rane of the gastrointestinal epithelial cells is composed of
ightly packed phospholipids interspersed with proteins, the
ranscellular passage of drugs depends on their permeability
haracteristics to penetrate the lipid bi-layer of the epithelial
ell membrane, which in turn depends on the lipophilicity of the

rugs (Lin and Lu, 1997). The lipophilicity required for good
ntestinal absorption is not a problem in 13-cis-RA, because it
s a highly lipophilic fatty acid with a log D value of 4 (deter-

ined in n-octanol/10 mM phosphate buffer (pH 7.4)) (Chien
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t al., 1992). Furthermore, its other key physiochemical proper-
ies, including molecular weight (300.4 g/mol), hydrogen donors
nd receptors (1 and 2, respectively), polar surface area (37.3 Å)
predicted by SciFinder Scholar. Version 2006), rotatable bonds
5) do not prompt issues in bio-membrane permeability. How-
ver, the aqueous solubility of 13-cis-RA is almost nil, posing a
ignificant problem and affecting its absorption in gastric intesti-
al tract. In Group 7 (13-cis-RA suspended in 0.5% CMC, pH
.4), an obvious delayed absorption of 13-cis-RA was observed,
robably a reflection of the slow dissolution of 13-cis-RA in
he gastric intestinal tract. However, when 13-cis-RA was fully
olubilized by RM-�-CD (Group 8), the plasma 13-cis-RA
oncentration increased very rapidly and reached peak concen-
ration at 15 or 30 min after dosing. Furthermore, the Cmax and

were five- and three-fold, respectively, higher than those in
roup 7. This can be explained by the difference in solubility
f 13-cis-RA in the two groups. A suspension of 13-cis-RA in
.5% CMC is insoluble in gastric acid and only slightly solu-
le in the weakly alkaline intestinal fluid over a long period of
ime. This may have resulted in the decrease in rate and extent of
ral absorption. When 13-cis-RA was formulated as an RM-�-
D complex for oral administration, its solubility in the gastric

ntestinal fluid solution was greatly improved, resulting in an
mmediate, rapid and more thorough absorption.

We observed a decrease in absorption rate when the dose was
ecreased from 10.0 to 2.5 mg/kg. This subsequently led to an
ncrease in the Tmax. Such a phenomenon can also be explained
y the solubility issue. We administered 13-cis-RA–RM-�-CD
olution orally at the concentration of 3 mg/ml to the rats in
roups 8, 9, and 10. However, this was not a saturated solution.
ccording to our phase solubility study (our unpublished data),
.3 M RM-�-CD (pH 7.4) can form a 13-cis-RA solution of
.5 mg/ml. Therefore, the 13-cis-RA–RM-�-CD (3 mg/ml) still
ad one-third unsaturated buffer capacity. Upon oral gavage, the
3-cis-RA–RM-�-CD would mix with the stomach fluid, which
s acidic. When a large amount of 13-cis-RA–RM-�-CD is given,
.g. at the dose of 10.0 mg/kg, 13-cis-RA might not precipitate
ut in the stomach acid due to the unsaturated buffer capacity.
fter gastric emptying, the solution entered the small intestine,

esulting in an immediate rapid absorption. On the other hand,
hen less 13-cis-RA–RM-�-CD was given, e.g. at the dose of
.5 mg/kg, part of the dosed 13-cis-RA may precipitate out as
he buffer capacity was insufficient to maintain the solubility of
3-cis-RA. After the 13-cis-RA precipitate goes into the small
ntestine, where it is slightly alkaline, it will re-dissolve and be
bsorbed. Hence, a delay in the absorption is observed. This
ight be the reason behind the prolonged absorption period in
roups 9 and 10. Fortunately, the delayed absorption did not
ave a significant impact on the bioavailability, indicating that
he oral absorption of 13-cis-RA was not saturated within our
ested range of 2.5–10.0 mg/kg. Similar results have also been
bserved in humans. Colburn and Gibson found that the Cmax
nd AUC were essentially dose related in the range of 80–240 mg

Colburn and Gibson, 1985). However, saturation was observed
t higher dose of 320 mg (Colburn and Gibson, 1985).

In this study, the biopharmaceutics of 13-cis-RA formulated
ith modified �-cyclodextrins was assessed in Sprague–Dawley

H

harmaceutics 341 (2007) 238–245

ats after intravenous or oral administrations. We found that
P-�-CD did not alter the kinetic profile of 13-cis-RA upon

ntravenous administration. As HP-�-CD is an injectable excip-
ent, it could work as a vehicle for the parenteral delivery of
3-cis-RA, which has never been attempted in humans. Since
M-�-CD dramatically improved the oral bioavailability of 13-
is-RA, it appeared to be a proper excipient for the oral delivery
f 13-cis-RA. However, these postulations warrant further inves-
igations.
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