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Abstract

To develop more effective compounds as penetration enhancers, O-acylmenthol derivatives were synthesized by /-menthol and satu-
rated fatty acid, O-ethylmenthol (MET), was also synthesized as a reference compound. Their promoting activity on the percutaneous
absorption of five model drugs, 5-fluorouracil (5-FU), isosorbide dinitrate (ISDN), lidocaine (LD), ketoprofen (KP), indomethacin (IM),
which were selected based on their lipophilicity represented by log Kow, was tested in vitro across full thickness rat skin with each of the
evaluated drugs in saturated donor solution. Only 2-isopropyl-5-methylcyclohexyl tetradecanoate (C14 alkyl chain) had promoting
effects on the percutaneous permeation of 5-FU; 2-isopropyl-5-methylcyclohexyl hexanoate (C6 alkyl chain), which increased the perme-
ation coefficient (P) 1.91-fold, had the highest permeation for ISDN; in the case of LD, the highest increase in P was observed with
2-isopropyl-5-methylcyclohexyl heptanoate (C7 alkyl chain), which increased the P by 1.58-fold; MET, which increased the P by
2.02-fold, provided the best enhancement for KP; 2-isopropyl-5-methylcyclohexyl heptanoate (C7 alkyl chain) produced the highest
increase in P, 3.70-fold for IM. These results suggest that some newly designed percutaneous absorption enhancers have the potential
to enhance drugs with different lipophilicities. A chain length of C6—-C10 seemed to be favorable for lipophilic drugs, while C14 was

the most effective enhancer for hydrophilic drug (5-FU).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The transdermal route has many advantages for the
administration of drugs for local and systemic therapy.
However, the outermost layer of skin, the stratum corneum
(SC), forms a strong barrier to most exogenous substances
including drugs. The barrier function of the SC is attrib-
uted to its multilayered wall-like structure, in which
terminally differentiated keratin-rich epidermal cells (cor-
neocytes) are embedded in an intercellular lipid-rich matrix
[1]. One approach to deliver an effective dose of drug
through skin is to reversibly reduce the barrier function
of skin with the aid of penetration enhancers or accelerants

* Corresponding author. Department of Pharmaceutical Sciences,
Shenyang Pharmaceutical University, 103 Wenhua Road, Shenyang,
Liaoning 110016, China. Tel./fax: +86 24 23986330.

E-mail address: fangliang2003@yahoo.com (L. Fang).

0939-6411/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejpb.2007.10.015

[2]. Numerous compounds have been evaluated for pene-
tration enhancing activity, including sulfoxides, laurocap-
ram, pyrrolidones, alcohols and alkanols, glycols,
surfactants, and terpenes [3]. Terpenes may offer advanta-
ges over such enhancers because of their natural origin as
well as generally regarded as safe (GRAS) status [4]. A
variety of terpenes, especially the /-menthol, have been
investigated as enhancers for drugs such as fluorouracil
[5], tamoxifen [6], zidovudine [7], morphine hydrochloride
[8], and several cardiovascular agents [9]. Recently, consid-
erable attention has been given to /-menthol derivatives,
and some researchers have synthesized O-alkymenthol
and O-acylmenthol derivatives, and evaluated their pro-
moting activity on the percutaneous absorption of KP
from hydrogel in rats both in vivo and in vitro [10]. Among
these compounds, O-ethylmenthol (MET) was most effec-
tive and caused relatively little skin irritation. Nakamura
et al. [11] evaluated percutaneous absorption of KP from
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carboxyvinyl polymer hydrogels in rats in vivo and in vitro.
In the in vitro permeation study, at least 2% /-menthol was
required to obtain the same activity as 0.25% MET. Fur-
thermore, thiomenthol derivatives were synthesized and
their enhancing activity on the percutaneous absorption
of KP from hydrogels was also evaluated in rats by the
same group [12]. Unfortunately, irritation caused by the
thiomenthol was almost linearly related to the enhancing
activity. Encouraged by the marked enhancing activity of
MET, 1-0O-ethyl-3-n-butylcyclohexanol (OEBH) was also
synthesized by the same research group [13]. An in vivo
study in rats showed that the enhancing activity of OEBH
was approximately two times higher than MET; however,
the skin irritation was almost the same as that of MET.
Fuji et al. [14] reported that -Menthoxypropane-1,2-diol
(MPD) had an enhancing effect on indomethacin and
antipyrine which was almost three times greater than the
control but was less active than the same concentration
of I-menthol. In conclusion, no synthetic /-menthol deriva-
tive has exhibited both high enhancing potency and low
irritancy; none of the /-menthol derivatives has been
adopted in clinical situations.

In this study, /-menthol was selected as a lead compound
to synthesize new types of O-acylmenthol derivatives as
candidates for percutaneous absorption enhancers. O-acyl-
menthol derivatives have a structure which can be consid-
ered to be a chemical combination of menthol and fatty
acids, both of which are known to be potent percutaneous
absorption enhancers. Both the long alkyl chain moiety
and the relative mild polar ring moiety of O-acylmenthol
seem to be necessary for its action as a penetration pro-
moter. Examination of the effects of these moieties on the
action of penetration enhancers, therefore, should give use-
ful information to help with the development of absorption
enhancers. There are many factors that influence the effec-
tiveness of penetration enhancers, such as vehicle proper-
ties, enhancer concentrations, and the physicochemical
properties of the penetrant, however, there are few reports
which have dealt systematically with the relationship
between the physicochemical properties of the penetrants
and the structure-activity of the percutaneous penetration
enhancers.

To examine the effectiveness of these enhancers for
penetrants having different physicochemical properties,
the enhancement of the skin penetration of five drugs
with a wide range of n-octanol/water partition coeffi-
cients by O-acylmenthol was examined in this report.
In order to further evaluate the effectiveness of the
O-acylmenthol derivatives, the compound MET was also
synthesized as a reference enhancing promoter. The pur-
pose of the present study was to investigate if a correla-
tion exists between the efficacy of the O-acylmenthol
derivatives with different carbon chain length and model
drugs (5-fluorouracil, isosorbide dinitrate, lidocaine, keto-
profen, indomethacin, the physicochemical parameters of
these five model drug are presented in Table 1) having
different lipophilicities.

Table 1
Physicochemical properties of 5-FU, ISDN, LD, KP, and IM
Parameters Drugs

5-FU ISDN LD KP M
Melting point® (°C)  282-283 70 68-69 94 160
MW (g mol™!) 130.08 236.14 2343 25428  357.8
SP® (J em™3)'? 34.37 27.13 21.57 2246 21.70
log Koyw* —-0.95¢ 134 2560 3115 380"
PLB! 9.59 17.58 27.64  28.01 37.34

2 From the Merk index®.

® Solubility parameter, calculated by the approaches of Hoftyzer/Van
Krevelen [20].

¢ Koyw is the n-octanol/water partition coefficient.
[15].
[16].
7).
8].
9].

d
f
g
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! Polarizability, calculated using MARVIN® software.
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2. Materials and methods
2.1. Materials

5-FU, ISDN, LD, KP, and IM were supplied by Fan-
gge Pharmaceutical Co., Ltd. (Zhejiang, China), Huang-
shan Zhonghuang Pharmaceutical Co., Ltd. (Anhui,
China), Jianglong Pharmaceutical Co., Ltd. (Shanxi,
China), Zhongdan Pharmaceutical Co., Ltd. (Jiangshu,
China), Dahongyin Pharmaceutical Co., Ltd. (Ningbo,
China), respectively. Acetaniline, propylparaben and
butoben were purchased from Beijing Xingjin Chemical
Plant (Beijing, China); isopropyl myristate (IPM), acetic
acid, propanoic acid, butyric acid, pentanoic acid, hexa-
noic acid, heptanoic acid, octanoic acid, nonylic acid,
decanoic acid, dodecanic acid, tetradecanoic acid, pal-
mitic acid, stearic acid, diethyl sulfate, and I-menthol
were supplied by China National Medicines Co., Ltd.
(Shanghai, China); Methanol and acetonitrile of HPLC
grade were obtained from the Yuwang Pharmaceutical
Co., Ltd. (Shandong, China). All other chemicals were
of the highest reagent grade available.

2.2. Synthesis of MET and O-acylmenthol derivatives

Chemical structures of MET and the synthetic O-acyl-
menthol derivatives are shown in Fig. 1. These compounds
were synthesized by two methods. The reaction sequences
for the preparation of MET are outlined in Fig. 2a; the
reaction sequences for the preparation of O-acylmenthol
derivatives are outlined in Fig. 2b. The physicochemical
parameters of the synthetic enhancers are shown in
Table 2. The purity of each compound was over 98% as
shown by gas chromatography (GC-14C, Shimadzu,
Japan). The structures of the compounds were confirmed
by NMR (ARX-300, Bruker, Switzerland) and HPLC-
MS (ZQ-2000, Waters, USA). The "H NMR and MS data
are as follows:
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iﬂ VOCH,CH;

1 [O-Ethylmenthol (MET)]

2 (O-acylmenthol)

R R
1 CH3 8 (CH2)7CH3
2 | CH,CH,3 9 (CH,)sCH;
3 | (CHp),CH, 10 (CH2)10CH;
4 | (CH2)3CH; 1 (CHy)1,CH
5 | (CHz)CH; (CHZ)‘ZCH:“
6 (CH,)sCH3 12 2)14CH3
7 | (CHy)eCH; 13 | (CHg)16CH3

Fig. 1. The chemical structure of MET and O-acylmenthol derivatives
used as percutaneous absorption enhancers.

a
NaOH
I OH (C2H5)280,4 I OCyH;
3 (Fmenthol) 1 (MET)
b
ocCl, THF
RCOOH RCOCI ﬁ
I-menthol : 0—C—R
/_\

2 (O-acylmenthol)

Fig. 2. (a) The reaction sequences for the preparation of MET; (b) the
reaction sequences for the preparation of O-acylmenthol derivatives.

2.2.1. MET

"H NMR (CDCls), é: 0.78(3H, d, J = 7.0 Hz, Me-2-iso-
propyl), 0.86-0.99(8H, m), 1.10-1.50(2H, m), 1.58-1.67
(2H, m), 1.93H, t, J=7.0Hz, Me-ether), 2.06-2.11
(1H, m), 2.18-2.23(1H, m), 3.01(1H, sex, J=4.1 Hz,
10.5 Hz, H-1), 3.33(1H, m, H-6), 3.67(1H, m, H-6); ESI-
MS m/z: 184.3 [M ™).

Table 2
Physicochemical properties of IPM, menthol, MET, and O-acylmenthol
derivatives

Enhancers Parameters

logKopw® MW (gmol™))  SP°*(Jem™3)Y?  PLB®
IPM 5.61 270.45 16.76 32.82
Menthol 2.78 156.28 20.54 19.05
MET 3.40 184.32 16.63 22.81
M-ACE 291 198.3 17.54 22.87
M-PRO 3.54 212.33 17.47 24.71
M-BUT 3.93 226.36 17.41 26.55
M-PEN 433 240.38 17.36 28.39
M-HEX 4.73 254.41 17.32 30.24
M-HEP 5.12 268.44 17.28 32.08
M-OCT 5.52 282.46 17.25 33.93
M-NON 5.92 296.49 17.22 35.77
M-DEC 6.31 310.52 17.19 37.62
M-DOD 7.10 338.57 17.15 41.31
M-TET 7.90 366.62 17.12 45.00
M-PAL 8.69 394.67 17.09 48.69
M-STE 9.48 422.73 17.06 52.38

2 Calculated using MARVIN® software.

® Solubility parameter, calculated by approaches of Hoftyzer/Van
Krevelen [20].

© Polarizability, calculated using MARVIN® software.

2.2.2. 2-Isopropyl-5-methylcyclohexyl acetate (M-ACE)

'"H NMR (CDCl,), d: 0.71(3H, d, J = 7.0 Hz, Me-2-iso-
propyl), 0.83(3H, d, J = 2.2 Hz, Me-2-isopropyl), 0.85(3 H,
d, J = 1.6 Hz, Me-5), 0.96-1.05(3H, m), 1.33-1.45(2H, m),
1.73-1.83(2H, m), 1.91-1.94(2H, m), 1.96(3H, s, Me-ester),
4.6§(1H, sex, J = 4.4 Hz, 10.8 Hz, H-1); ESI-MS m/z: 198.3
M™]

2.2.3. 2-Isopropyl-5-methylcyclohexyl propionate ( M-PRO)

"H NMR (CDCls), é: 0.76(3H, d, J = 7.0 Hz, Me-2-iso-
propyl), 0.89(3H, d, J = 2.2 Hz, Me-2-isopropyl), 0.91(3H,
d, J= 1.6 Hz, Me-5), 0.99-1.04(2H, m), 1.07-1.11(1H, m),
1.14(3H, t, J=7.6 Hz, Me-ester), 1.33-2.00(6H, m),
2.30(2H, q, /= 7.6 Hz), 4.68(1H, sex, J = 4.4 Hz, 10.8 Hz,
H-1); ESI-MS m/z: 212.3 [M"].

2.2.4. 2-Isopropyl-5-methylcyclohexyl butyrate (M-BUT)

'"H NMR (CDCl5), d: 0.76(3H, d, J= 6.9 Hz, Me-2-
isopropyl), 0.89(3H, d, J=2.2Hz, Me-2-isopropyl),
091(3H, d, J=1.6Hz, Me-5), 097-1.11(6H, m),
1.13-1.15(2H, m), 1.59-1.69(4H, m), 1.83-1.87(1H, m),
1.92-1.98 (1H, m), 2.26(2H, t, J=7.6 Hz), 4.68(1H,
sex, J=42Hz, 10.8 Hz, H-1); ESI-MS m/z: 2264
M']

2.2.5. 2-Isopropyl-5-methylcyclohexyl pentanoate ( M-PEN )

"H NMR (CDCls), 6: 0.76(3H, d, J = 7.0 Hz, Me-2-iso-
propyl), 0.89(3H, d, J = 2.2 Hz, Me-2-isopropyl), 0.91(3H,
d, J=1.6 Hz, Me-5), 0.92-1.08(6H, m), 1.31-1.41(4H, m),
1.56-1.69(4H, m), 1.85-1.89(1H, m), 1.96-2.02(1H, m),
2.28(2H, t, J =17.5 Hz), 4.68(1H, sex, J = 4.4 Hz, 10.8 Hz,
H-1); ESI-MS m/z: 240.4 [M"].
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2.2.6. 2-Isopropyl-5-methylcyclohexyl hexanoate ( M-HEX)

'"H NMR (CDCl;), &: 0.76(3H, d, J=7.0 Hz, Me-2-
isopropyl), 0.89(3H, d, J=2.5Hz, Me-2-isopropyl),
091(3H, d, J=19Hz, Me-5), 0.90-1.11(6H, m),
1.26-1.41(5H, m), 1.49-1.60(1H, m), 1.62-1.69(4H, m),
1.84-1.89(1H, m), 2.27(2H, t, J=7.5Hz ), 4.68(1H,
sex, J=42Hz, 10.8 Hz, H-1); ESI-MS m/z: 2544
M"].

2.2.7. 2-Isopropyl-5-methylcyclohexyl heptanoate ( M-HEP)

'"H NMR (CDCl,), d: 0.77(3H, d, J = 7.0 Hz, Me-2-iso-
propyl), 0.90(3H, d. J = 2.2 Hz, Me-2-isopropyl), 0.92(3H,
d, J = 1.8 Hz, Me-5), 0.90-1.11(7H, m), 1.31-1.40(6H, m),
1.58-1.70(5H, m), 1.85-2.03(2H, m), 2.29(2H, t,
J="7.4Hz), 4.69(1H, sex, J=4.3 Hz, 10.8 Hz, H-1); ESI-
MS m/z: 268.4 [M*].

2.2.8. 2-Isopropyl-5-methylcyclohexyl octanoate (M-OCT)

"H NMR (CDCl3), é: 0.76(3H, d, J = 6.9 Hz, Me-2-iso-
propyl), 0.88(3H, d, J = 2.3 Hz, Me-2-isopropyl), 0.91(3H,
d, J=1.9 Hz, Me-5), 0.86-1.08(7H, m), 1.28-1.41(8H, m),
1.59-1.69(5H, m), 1.84-2.01(2H, m), 2.29(2H, t,
J="17.3Hz), 4.68(1H, sex, J =4.4 Hz, 10.8 Hz, H-1); ESI-
MS m/z: 282.5 [M*].

2.2.9. 2-Isopropyl-5-methylcyclohexyl nonanoate ( M-NON )

"H NMR (CDCls), §: 0.76(3H, d, J = 6.9 Hz, Me-2-iso-
propyl), 0.89(3H, d, J = 2.5 Hz, Me-2-isopropyl), 0.92(3H,
d, J=1.8 Hz, Me-5), 0.90-1.11(7H, m), 1.29-1.41(12H,
m), 1.60-1.70(4H, m), 1.83-1.97(1H, m), 2.28(2H, t,
J="7.4Hz), 4.68(1H, sex, J=4.3 Hz, 10.8 Hz, H-1); ESI-
MS m/z: 296.5 [M*].

2.2.10. 2-Isopropyl-5-methylcyclohexyl decanoate ( M-DEC)

'"H NMR (CDCl;), é: 0.77(3H, d, J= 7.0 Hz, Me-2-
isopropyl), 0.88(3H, d, J=2.5Hz Me-2-isopropyl),
0.92(3H, d, J=1.9 Hz, Me-5), 0.90-1.09(7H, m), 1.29—
1.38(12H, m), 1.42-1.51(1H, m), 1.60-1.70(5H, m), 1.86—
1.89(1H, m), 1.90-2.01(1H, m), 2.292H, t, J=7.4Hz ),
4.68(1H, sex, J=4.3Hz, 10.8 Hz, H-1); ESI-MS m/z:
310.5 [M1].

2.2.11. 2-Isopropyl-5-methylcyclohexyl dodecanoate ( M-DOD )

'"H NMR (CDCls), 8: 0.76(3H, d, J = 6.9 Hz, Me-2-iso-
propyl), 0.88(3H, d, J = 2.6 Hz, Me-2-isopropyl), 0.92(3H,
d, J=1.9 Hz, Me-5), 0.91-1.09(6H, m), 1.26-1.40(16H,
m), 1.50-1.69(6H, m), 1.85-2.05(2H, m), 2.27(2H, t,
J="7.3Hz), 4.68(1H, sex, J =4.3 Hz, 10.8 Hz, H-1); ESI-
MS m/z: 338.6 [M™].

2.2.12. 2-Isopropyl-5-methylcyclohexyl tetradecanoate (M-TET)

"H NMR (CDCl3), é: 0.75(3H, d, J = 7.0 Hz, Me-2-iso-
propyl), 0.88(3H, d, J = 2.6 Hz, Me-2-isopropyl), 0.91(3H,
d, J=19Hz, Me-5), 0.91-1.08(6H, m), 1.26-1.40(20H,
m), 1.50-1.69(6H, m), 1.84-2.002H, m), 2.27(2H, t,
J=73Hz), 468 (1H, sex, J=4.3Hz, 10.7 Hz, H-1);
ESI-MS m/z: 366.6 [M™].

2.2.13. 2-Isopropyl-5-methylcyclohexyl palmitate ( M-PAL)

'"H NMR (CDCl,), d: 0.75(3H, d, J = 6.9 Hz, Me-2-iso-
propyl), 0.88(3H, d, J = 2.5 Hz, Me-2-isopropyl), 0.91(3H,
d, J=1.9 Hz, Me-5), 0.91-1.04(6H, m), 1.25-1.3 (22H, m),
1.59-1.69(6H, m), 1.86-2.00(2H, m), 2.27(2H, t, J=7.3 Hz ),
4.68(1H, sex, J=4.4Hz, 10.7Hz, H-1); ESI-MS m/z:
394.7 [M™"].

2.2.14. 2-Isopropyl-5-methylcyclohexyl stearate ( M-STE)

"H NMR (CDCl;), é: 0.75(3H, d, J = 7.0 Hz, Me-2-iso-
propyl), 0.88(3H, d, J = 2.4 Hz, Me-2-isopropyl), 0.91(3H,
d, J=19Hz, Me-5), 0.93-1.04(6H, m), 1.25-1.39(30H,
m), 1.61-1.69(6H, m), 1.87-2.002H, m), 2.27(2H, t,
J=7.4Hz), 4.67(1H, sex, J =4.4 Hz, 10.8 Hz, H-1); ESI-
MS m/z: 422.7 M)

2.3. Drug analysis

The HPLC system for analyzing drug concentrations
was equipped with an L-2420 variable-wavelength ultravi-
olet absorbance detector and an L-2130 pump (Hitachi
High-Technologies Corporation, Tokyo, Japan). The
reversed phase stainless-steel column (20 cm X 4.6 mm)
was packed with Diamonsil C-18 (5 pm particle size; Dik-
ma Technologies, Beijing, China). The HPLC conditions
were as follows: the mobile phase of 5-FU consisted of
acetonitrile and 0.0364 mol/L monobasic potassium phos-
phate in distilled water (1:99 v/v), the wavelength was set
at 265 nm, and an absolute calibration method was used.
The mobile phase of ISDN consisted of methanol and
0.1% acetic acid in distilled water (50:50 v/v), the wave-
length was set at 230 nm, and acetanilide was used as
internal standard. The mobile phase of LD consisted of
methanol,water, acetic acid and triethylamine
(62:38:0.3:0.6 v/v), detection was at 230 nm, and acetani-
lide was used as an internal standard. The mobile phase
of KP consisted of methanol and 0.5% acetic acid in dis-
tilled water (3:1 v/v), the pH was adjusted to 6.0 with tri-
ethylamine, detection was at 260 nm, and butoben was
employed as the internal standard. The mobile phase of
IM was the same as KP, the wavelength was set at
266 nm, and propylparaben was used as internal standard.
The flow rate under the above five conditions was 1.0 ml/
min.

2.4. Determination of drug solubility

To determine the saturation solubility of the five drugs
in IPM, with and without enhancer, excess drug was added
to known volumes of vehicle, vortexed for 2 min followed
by sonication for 10 min to dissolve the drug and then
equilibrated at 32 + 0.5 °C for more than 48 h. Finally,
the contents were centrifuged at 16,000 rpm for 10 min
and aliquots for the supernatant saturated solution were
diluted and analyzed by HPLC. The experiments were per-
formed in triplicate.
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2.5. Calculation of drug parameters and O-acylmenthol
parameters

Five model drugs were selected based on their lipophil-
icity represented as log Koyw. The physicochemical param-
eters of the drugs and O-acylmenthol derivatives were
obtained from the literature or calculated by MARVIN®
software; the Hansen solubility parameters of the com-
pounds were calculated from the chemical structures using
the approaches of Hoftyzer/Van Krevelen [20]. The calcu-
lation of the solubility parameter was based on the average
molecular weight. The unit of the solubility parameters is
(Jem )2 [21].

2.6. Permeation experiments

2.6.1. Preparation of donor solutions

Donor solutions of the different drugs, including 5-FU,
ISDN, LD, KP, and IM, were obtained by equilibration of
excess amounts of solute in IPM, with and without selected
concentration enhancers, vortexed for 2 min followed by
sonication for 10 min to dissolve the drug, and an excess
amount of solute was present throughout the experiments.

2.6.2. Skin preparation

Male Wistar rats weighing 180-220 g (6-8 weeks old)
used in all experiments were supplied by the Experimental
Animal Center of Shenyang Pharmaceutical University
(Shenyang, China). All experiments were carried out in
accordance with the NIH Guidelines for the Care and
Use of Laboratory Animals and also in accordance with
the guidelines for animal use published by the Life Science
Research Center of Shenyang Pharmaceutical University.
All efforts were made to minimize animal suffering and to
limit the number of animals used. The rats were anesthe-
tized with urethane (20% w/v, i.p.) and the abdomen was
carefully shaved with a razor after removal of hair by elec-
tric clippers (model 900, TGC, Japan). Full thickness skin
(i.e. epidermis with SC and dermis) was excised from the
shaved abdominal site. Any skin which had a disrupted
barrier was rejected. After removing the fat and sub-dermal
tissue, the skin was kept frozen at —20 °C and used within
one week. Before starting the experiments, the skin was
allowed to reach room temperature for at least 10 h.

2.6.3. Permeation experiments

Skin permeation experiments were performed accord-
ing to the method of Fang et al. [22]. A diffusion cell con-
sisting of two half-cells with a water jacket connected to a
water bath at 32 °C was used. Each half-cell had a volume
of 2.5ml and an effective area of 0.95cm” The dermis
side of the skin was in contact with the receiver compart-
ment and the SC with the donor compartment. The donor
compartment was filled with the drug suspension and the
receiver compartment with pH 7.4 PBS. During all the
experiments, excess drug was maintained in the donor
compartment. Both donor and receiver compartments

were stirred with a star-head bar driven by a constant
speed synchronous motor at 600 rpm. At predetermined
time intervals, 2.0 ml of receptor solution was withdrawn
from each receiver compartment for analysis and replaced
with the same volume of fresh solution to maintain sink
conditions. The drug concentration was determined by
reversed phase HPLC with reference to a calibration
curve.

2.7. Data analysis

The cumulative amount of drugs permeating through
the skin was plotted as a function of time. The skin flux
was determined from Fick’s law of diffusion:

Js =dQ,/Adt (1)

where J; is the steady-state skin flux in pg/cm?/h, dQ, is the
change in quantity of the drug passing through the skin
into the receptor compartment in pg, A4 is the active diffu-
sion area in cm?, and d¢ is the change in time. The flux was
calculated from the slope of the linear portion of the pro-
files. The lag-time was determined by extrapolating the lin-
ear portion of the curve to the abscissa [23].
The permeability coefficient (P) was calculated as [24]

P=J,/C; (2)

where C is the saturated solubility of drugs in donor
solutions.

To evaluate the promoting activity of each enhancer, an
enhancing ratio (ER) was defined as follows: ER = P (with
enhancer)/P (without enhancer). Statistical analysis was
carried out using analysis of variance (ANOVA), the level
of significance was taken as P <0.05. A correlation analy-
sis was performed with the help of the SPSS® program, and
correlation coefficients were examined for significance
(P <0.05) using Student’s ¢-test.

3. Results

3.1. Percutaneous absorption of drugs with different
l-menthol concentrations in vitro

When cumulative amounts permeating as a function of
the enhancer concentration were compared at 8 h, a wide
fluctuation was apparent. At 5%, 10%, and 20% [-menthol
levels (w/w), the cumulative transport of 5-FU was
333.59 +32.64, 374.55419.45, 259.07 +47.08 pug/cm?,
there is no significant difference with control group which
was 416.92 + 22.02 pg/cm? (P > 0.05), also, there was no
significant difference among 5%, 10%, and the 20% group
(P > 0.05), as shown in Fig. 3a, so the 5% level was chosen
to perform latter experiment.

As far as the ISDN was concerned, the cumulative
amounts of the control group, 5% group, and 10% group
were 827.79 4+ 40.3, 827.26 + 16.3, and 905.11 + 140.3 ug/
cm?, respectively, there was no significant difference among
the three (P> 0.05). In contrast, the 20% group was
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582.65 + 69.84 pg/cm?, significantly lower than the control
group (P < 0.05), as shown in Fig. 3b. Accordingly, 5% was
selected as the most suitable concentration for ISDN dur-
ing subsequent experiments.

At 0%, 5%, and 20% concentrations of -menthol, the
cumulative amounts of LD permeated were 3158.87 +

183.28, 3048.70 4 443.25, 3414.77 + 323.91 pg/cm?, respec-
tively, there is no significant difference between one another
(P > 0.05), as shown in Fig. 3c. However, the 10% group was
4655.73 + 162.76 pg/cm?, significantly higher than control
(P <0.05), and consequently, 10% was chosen for LD to per-
form subsequent experiments.
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At 0%, 5%, and 20% concentrations of /-menthol, the
cumulative amounts of KP permeated were 2049.63 +
2114, 2617.75+64.73, and 2795.61 + 123.26 pg/cm?,
respectively, both 5% and 20% levels were higher than con-
trol (P < 0.05), while no significant difference was observed
between the two (P > 0.05). However, the amount of /-men-
thol at 10% led to a reduction which was 1771.02 +
125.32 pg/cm? (Fig. 3d), so 5% level was selected.

Fig. 3e shows the permeation profiles of IM from
donor solution containing 0%, 5%, 10%, and 20% [-men-
thol. It can be seen that at 10% concentration, the cumu-
lative permeation of IM was higher than the 20%, 0%,
and 5% levels (P <0.05); the permeated amounts of
0%, 5%, 10%, and 20% were 139.55 4 22.96 ug/cmz,
130.80 4= 35.22, 265.36 & 75.33, and 194.89 & 15.14ug/
cm?, respectively, and therefore, 10% level was chosen
to perform latter experiment.

The concentrations of MET and O-acylmenthol deriva-
tives during the subsequent experiments were at the same
molar concentration with /-menthol which was selected
for different drugs, respectively.

3.2. Percutaneous absorption of 5-FU in vitro

The effects of MET and O-acylmenthol on the percu-
taneous permeation parameters of 5-FU (solubility, flux,
Tiag, P, and ER) through rat skin are shown in Table 3.
The values for the percutaneous permeation parameters
of the 5-FU control group were as follows: 13.14 pg/
ml for solubility, 52.254+ 3.61 pg/cm® per h for flux,
0.10h for the lag-time, and 3.98 +0.27cm per h for
P. Almost all the evaluated enhancers had no promot-
ing effects on the percutancous permeation of 5-FU
(P>0.05), except M-TET, relative to the control. It
increased the P value by 1.34-fold relative to the con-
trol. The highest increase in the Qg was also provided
by M-TET (585.63 +28.92 pg/cm?), as shown in
Fig. 4a.

3.3. Percutaneous absorption of ISDN in vitro

The effects of MET and O-acylmenthol on the percutane-
ous permeation parameters of ISDN (solubility, flux, Ti,e, P
and ER) through rat skin are presented in Table 3. The con-
trol values for ISDN were determined to be 32625.49 pg/ml
for the solubility, 107.87 + 4.50 pg/cm? per h for the flux,
0.44 h for the lag-time, and 3.31 + 0.14 x 10~ cm per h for
P. Most of the evaluated enhancers had effects on the percu-
taneous permeation of ISDN (P < 0.05), except M-ACE,
M-BUT, M-PEN, M-DOD, M-TET, and M-STE relative
to the control. The highest increase in P was observed with
M-HEX, which increased the P by 1.91-fold, followed by
M-DEC (1.73-fold), M-OCT (1.51-fold), and M-PAL
(1.43-fold). Similar to the ER, M-HEX provided the highest
increase in Qg (1395.73 + 128.25 pg/cm?), followed by
M-PAL (1233.82 + 156.57 pg/cm?) and M-DEC (1221.43 +

39.74 pg/cm?), from Fig. 4b. All the enhancers had a longer
lag-time relative to the control.

3.4. Percutaneous absorption of LD in vitro

The effects of MET and O-acylmenthol on the percutane-
ous permeation parameters of LD (solubility, flux, Ti,e, P,
and ER) through rat skin are presented in Table 4. The con-
trol percutaneous permeation parameters for LD were
171.88 mg/ml for the solubility, 502.21 =+ 20.41 pg/cm? per
h for the flux, 1.74h for the lag-time, 2.92 +0.12 %
103 cm per h for P. Only had M-HEP and M-OCT effects
on the percutaneous permeation of LD relative to the control
(P <0.05). The highest increase in P was observed with
M-HEP, which increased it by 1.58-fold, followed by
M-OCT (1.18-fold). However, M-OCT provided the highest
increase in Qg (6239.13 + 263.62 pg/cm?) from Fig. 4c, fol-
lowed by M-HEP (5683.98 + 332.82 ug/cm?®) and M-DOD
(5360.30 =+ 684.47 pg/cm?). All the enhancers had a shorter
lag-time relative to the control.

3.5. Percutaneous absorption of KP in vitro

The effects of MET and O-acylmenthol on the percu-
taneous permeation parameters of KP (solubility, flux,
Tiae, P and ER) through rat skin are shown in Table
3. The values for the percutaneous permeation parame-
ters of the KP control group are as follows:
15540.06 ug/ml for the solubility, 284.12 4 23.68 pg/cm?
per h for the flux, 0.72h for the lag-time, and
18.28 + 1.52x 10 * cm per h for P. Most of the enhanc-
ers had effects on the percutanecous permeation of KP
relative to the control (P <0.05), except M-PEN, M-
DEC, M-DOD, M-TET, M-PAL, and M-STE. MET
provided the best enhancement activity for KP, it
increased the KP in P by 2.02-fold relative to the con-
trol, followed by M-PRO (1.87-fold), M-BUT (1.81-fold),
M-HEX (1.82-fold), and M-OCT (1.79-fold), no differ-
ence was found among these four enhancers (P> 0.01).
The highest increase in the Qg was also provided by
MET (3227.34 + 263.79 pg/cm?), the Qs of M-PRO, M-
HEX, M-OCT, M-NON, M-PAL, and M-STE are
almost identical (P> 0.01), shown in Fig. 4d.

3.6. Percutaneous absorption of IM in vitro

The effects of MET and O-acylmenthol on the percu-
tanecous permeation parameters of IM (solubility, flux,
Tiag, P and ER) through rat skin are presented in Table
4. The control percutaneous permeation parameters for
IM  were 1668.84 ug/ml for the solubility, 19.50 4
2.37 pg/em? per h for the flux, 0.83 h for the lag-time,
and 11.68 +1.42x 10 *cm per h for P. The enhancers
which had effects on the percutaneous permeation of
IM are M-ACE, M-PRO, M-HEP, M-NON, and M-
DEC, relative to the control (P <0.05), while the effects
of MET, M-PEN and M-DOD are not significant



Table 3

Permeation parameters of 5-FU, ISDN, and KP through rat abdominal skin

Enhancer 5-FU ER* ISDN ER* KP ER?

Solubility Flux Thag P (cm/h) Solubility Flux Thag P (cm/h) Solubility Flux Thag P (cm/h)
(ng/ml) (ng/em?/h)  (h) (ng/ml) (ng/cm’/h) (h) x 10° (ng/ml) (ug/cm®/h) (h) x 10°

Control  13.14 52254361 0.10 398+£027 1.00 3262549 107.87 £4.50 0.04 3314+0.14 1.00 15540.06 284.12+23.68 0.72 1828 +1.52 1.00
5%-M 2343 47.65+7.65 0.76  2.03+0.33 0.51 33353.27 120.99 +13.04 044  3.63+0.39 1.10 19488.89 387.62+£6.68 123  19.894+0.34" 1.09
MET 9.94 39.474+8.60 0.08 397+0.86 1.00 32807.21 143854820 0.16 4224026 127 12576.95 464.16 +38.54 1.02 3691 +3.06" 2.02
M-ACE 1497 20.63+42 0.16 1.384+0.29 0.35 48090.74 78.81 £ 14.76 1.01 1.64+0.31 0.50 12192.50 288.81 £11.37 026  23.69+0.93 1.30
M-PRO  16.00 2547+£572 0 1.59 +£0.36 0.40 26982.70 12331 4+13.15 1.11 4574049 1.38  9550.74 325.68 £26.39 0.38 34104276 1.87
M-BUT  23.49 21.54 £8.14 1.00 0924035 023 2975831 93.424+7.06 1.07 3.14+£0.24 0.95 10373.10 343.39+£2021 1.04 33.10+1.95 1.81
M-PEN  15.35 26.83+£5.61 0.04 1.754+0.37 044 30277.81 112.67+4.01 074 3.72+0.13 1.12 10933.30 286.83 +28.38 1.15 2623+2.60 1.43
M-HEX 1231 3495+3.40 0.19 284+0.28 0.71 28872.31 182.674+3.55 072  6.334+0.12° 1.91 10541.86 350.08£17.25 1.16  33.21+1.60° 1.82
M-HEP  12.78 32.14+4.54 0.80 2.52+0.36 0.63 29975.73 146.13+£16.02 048  4.874+0.35 147  9943.94 288.844+10.35 1.15  29.05+1.04" 1.59
M-OCT  25.65 11.39+243 0 0.44+0.09 0.11 31933.98 159.2749.67 093  4.9940.30" 1.51 10649.27 349.16 £20.84 1.57 3279+ 1.96 1.79
M-NON  10.26 39.89+6.35 049 389+0.62 098 29722.54 124.66 +8.17 0.84 4194027 1.27 10600.00 3272542434 098  30.87+2.30" 1.69
M-DEC 15.73 33.30+£3.02 0.10 2.12+£0.19 0.53 28823.60 165214549 043  5734+0.19° 1.73 11286.06 257.054+£16.93 0.67 2278+1.50 1.25
M-DOD  12.48 26.00+6.42 0.19 2.08+0.51 0.52 35611.63 128.46 +12.75 1.74 3.614+036 1.09 11112.89 268.19+3248 099 24134292 1.32
M-TET 14.59 77754632 039  533+0.43" 134 28738.77 116.40 +13.22 0.33  4.054+046 1.22 11770.46 298.03 £44.01 0.58  2532+374 1.39
M-PAL  12.58 55.38+7.86 0.65 440+0.63 1.11 34592.21 163.31 £ 1529 0.55  4.724+044" 143 12430.14 307.224+28.62 0.19 2472+230 1.35
M-STE 19.94 16.05+0.82 0 0.81+£0.04 0.20 33710.71 111.34+9.42 1.04 330+£0.27 1.00 12080.29 317.74 +£28.83 0.18 2630+2.39 144

The receiver phase used an identical pH 7.4 PBS and donor phases consisted of IPM; IPM:Menthol (20:1) (w/w) and equivalent molar O-acylmenthol derivatives with menthol in IPM.
Data are given as average + SE (n = 4).
* ER is the enhancement ratio calculated as follows: ER = P (with enhancer)/P (without enhancer).
" P is significantly different from control group, P < 0.05.
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Fig. 4. Cumulative amount (average + SE; n = 4) of drugs through rat skin, the amount of MET or O-acylmenthol is equal to the molar concentration of
menthol in each profile. Profile (a) is 5-FU; profile (b) is ISDN; profile (c) is LD; profile (d) is KP; profile (e) is IM. 5%-M is 5% /-menthol in IPM; 10%-M

is 10% /-menthol in IPM (w/w).

(P >0.05). The highest increase in P was observed with
M-HEP, which increased it by 3.70-fold relative to the
control, followed by M-NON (2.09-fold), M-PRO
(2.01-fold), M-ACE (1.97-fold), and M-DEC (1.78-fold),
no significant difference of P was observed among these

four enhancers (P > 0.01). M-HEP provided the highest
increase in Qg (507.05 + 137.27 pg/cm?) from Fig. 4e, fol-
lowed by M-ACE (461.56 + 67.44 ug/cm?). Qg of M-
PRO, M-NON and M-DEC are not significantly different
from one another (P > 0.05).



Table 4

Permeation parameters of LD and IM through rat abdominal skin

Enhancer LD ER? IM ER*®

Solubility (mg/ml) Flux (ug/cm*/h) Thag (h) P (cm/h) x 10° Solubility (pg/ml) Flux (ug/cm*/h) Tag (h) P (cm/h) x 10°

Control 171.88 502.21 4+ 20.41 1.74 292 +£0.12 1.00 1668.84 19.50 +2.37 0.83 11.68 +1.42 1.00
10%-M 264.43 648.46 + 12.72 0.82 2.45+0.05 0.84 3486.37 31.63 £ 8.11 0 9.07 £2.33 0.78
MET 224.83 566.11 4+ 24.94 0.93 2.52+0.11 0.86 1610.49 20.57 £2.19 0.58 12.77 + 1.36 1.09
M-ACE 203.65 581.01 £ 15.53 0.80 2.80 +0.08 0.96 1829.77 42.14 £ 541 0 23.03 £ 2.96" 1.97
M-PRO 168.27 592.68 £+ 66.95 1.62 3.524+0.40 1.21 1717.42 40.27 +4.21 1.18 23.45+2.45" 2.01
M-BUT 160.07 561.75 +43.35 1.57 3.51+0.27 1.20 2482.21 1.52 +£0.48 0 0.61 +£0.19 0.05
M-PEN 194.12 509.56 4+ 70.03 0.27 2.62 £0.36 0.90 1436.81 20.34 £3.01 2.41 14.15 +£2.09 1.21
M-HEX 186.62 544.77 +19.02 0.72 2.92 £0.10 1.00 1452.35 13.12 +£0.87 1.96 9.03 + 0.60 0.77
M-HEP 175.82 810.45 + 12.71 0.66 4.61 +0.07° 1.58 1480.25 63.93 +17.01 0.08 43.19 £9.49" 3.70
M-OCT 270.18 931.97 +39.88 1.34 3.45+0.15 1.18 2556.82 15.76 + 1.58 0.16 6.16 +0.62 0.53
M-NON 222.94 667.82 + 61.33 0.83 3.00 +0.28 1.03 1533.28 37.38 £2.67 0.35 2438 +1.74" 2.09
M-DEC 219.88 606.68 + 58.96 1.34 2.76 £0.27 0.95 2041.28 42.47 £2.39 1.00 20.81 £1.17" 1.78
M-DOD 216.98 795.85 +110.37 1.25 3.67+0.51 1.26 1405.34 18.99 +0.98 0.98 13.154+0.70 1.13
M-TET 211.19 443.12 + 6.00 1.06 2.10+0.03 0.72 1663.65 1517 +£1.92 0.51 9.12+1.15 0.78
M-PAL 202.46 420.02 +23.11 0.80 2.07+0.11 0.71 1591.92 14.56 £ 0.77 1.29 9.15+0.48 0.78
M-STE 225.27 477.10 + 44.68 0.89 2.124+0.20 0.73 1605.28 14.05 +2.45 1.97 8.75£1.53 0.75

The receiver phase used an identical pH 7.4 PBS and donor phases consisted of IPM; IPM:Menthol (10:1) (w/w) and equivalent molar O-acylmenthol derivatives with menthol in IPM.

Data are given as average + SE (n =4).

# ER is the enhancement ratio calculated as follows: ER = P (with enhancer)/P (without enhancer).

* P is significantly different from control group, P < 0.05.
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3.7. Correlation analysis results

The correlation analysis using the SPSS® program indi-
cated that the log Ko w of the drugs exhibited a good cor-
relation with the polarizability of drugs. The Pearson
correlation is 0.97 (P <0.01); furthermore, that there was
no correlation between solubility and flux nor solubility
and P for all the drugs with different lipophilicity. In the
case of O-acylmenthol derivatives, log Ko/w had a direct
correlation with polarizability, the Pearson correlation
being 1.00 (P <0.01). Interestingly, the log Ko w exhibited
a negative correlation with the solubility parameters of the
derivatives, the Pearson correlation being —0.97 (P < 0.01),
and there was no correlation between the log Ko w and flux
or P of each drug with a different lipophilicity.

4. Discussion

As the choice of vehicle is one of the important factors
in the evaluation of activity for a percutaneous penetration
enhancer [25], we evaluated the effect of IPM, a lipophilic
vehicle, on the skin permeation of selected drugs with a
wide range of lipophilicity (log Koyw, —0.95-3.8), in order
to further elucidate the effect of O-acylmenthol. The solu-
bility parameters of O-acylmenthol derivatives were similar
to that of IPM (Table 2), which could insure that all the
derivatives are fully compatible in IPM and, so, the mix-
ture of derivatives and IPM could also be considered as a
lipophilic vehicle. The P is equal to the product of the par-
tition coefficient and the diffusivity of the drug in the mem-
brane divided by the thickness of the membrane (assumed
to be relatively constant). The diffusivity of drugs should
depend inversely on the cube root of their molar volumes
so that the permeability coefficient should not change
much, since for many compounds, the MW is often a rea-
sonable approximation of the molecular volume, however,
within a narrow range of molecular mass (200-500), there

3
o
-

w
N

-1

N
H

-2

-

o
]

w

Solubility parameters of drugs
(chm3)1/2
The logP value of drugs in control
(cm/h)

-1 0 1 2 3 4
The logKo/w of the drugs

209

is little correlation between the size and penetration rate
[26]. In the case of the effect of IPM, as shown in Fig. 5a,
the experimentally determined permeabilities decreased
with increasing drug lipophilicity for a log Koyw < 2.56.
These results agreed well with a previous study [27], how-
ever, when logKo,w > 2.56, the permeation coefficients
increased slightly. The trend in the logP was similar to
the trend in the solubility parameters of the drugs, the
Pearson correlation coefficient between the two parameters
being 0.91 (P <0.05). At first, as log Ko/w increases, the
difference in the solubility parameter between the drug
and IPM falls (the drug should become more soluble in
IPM) and the log P values decrease to give an inverse rela-
tionship between log P and log Ko w. Then, as the log Ko/w
continues to increase, the distance of solubility parameters
between the drugs and solvent becomes larger again (the
drug should become more insoluble in IPM), so the log P
value increases. We can conclude that for drugs of a similar
size, the greater the difference in the solubility parameter
between drug and solvent, the larger the P values that
can be obtained from the vehicle. Interestingly, a reverse
relationship between the melting point and flux was
observed, as shown in Fig. 5b, which agreed well with the
report by Izumoto [28]: the lower the melting point, the
greater the amount of drug transferred to the skin. This
kind of behavior is attributed to the dependence of melting
point upon the sum of the energy required to disrupt the
crystal [29]. The drug (LD) had the highest flux value,
and this phenomenon could have a theoretical explanation.
It has been shown theoretically that “hydrophilic” drugs
will be enhanced most by agents which have a positive
impact on the SC diffusion process. Conversely, “lipo-
philic” drugs will be transported more efficiently if the
enhancer can, in some way, facilitate the SC-viable tissue
partitioning step [30]. Some reports [27,31] have shown that
when using the lipophilic vehicle IPM, the SC did not seem
to offer significant resistance although the viable epidermis
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Fig. 5. Graph (a) is the relationship between solubility parameters and permeability of drugs with different lipophilicity from the IPM through rat skin.
Graph (b) is the relationship between the melting point and flux of drugs with different lipophilicity from the IPM through rat skin. The data points of flux
and permeability represent the mean of four experiments. Key: (€3) solubility parameter values; (A) log P values; (@) flux values; (l) melting point values.
The flux and P values using the parameters are listed in Tables 3 and 4; the log Ko w and melting point are based on the parameters listed in Table 1.
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is the rate-limiting barrier for the transport of relatively
hydrophobic drugs, however, LD with the balance of lipo-
philicity and hydrophilicity [32].

Some researchers hypothesize that if the solubility
parameter of the vehicle alters that of the skin so that it
is closer to the solubility parameter of the drug, permeation
may be enhanced [33]. They found IPM can be permeating
into the skin lipids and altering the solubility properties,
the degree to which IPM can achieve this will depend on
the uptake into the skin and the solubility of caffeine (cal-
culated SP and log Ko/w were 30.7 (J cm*3)1/2 and —0.07)
which has similar physicochemical property with 5-FU in
the modified environment, so this theory may also account
for the enhancing activity of IPM for 5-FU. From the
information in the literature, it appears that for hydrophilic
drugs, such as 5-FU, the primary effect of terpene enhanc-
ers is to increase drug diffusivity in the horny layer, i.e. to
reduce the barrier properties of the skin [34]. As the pro-
moting effect of IPM focuses on increasing the diffusion
coefficient rather than the partition coefficient of the drug,
l-menthol had no synergistic effects with IPM on 5-FU.
However, many reports have shown that terpenes have
an enhancing activity on 5-FU in an aqueous vehicle, with
or without ethanol [35-37]. Whether O-acylmenthol deriv-
atives have a significant promoting activity on 5-FU in rel-
atively polar vehicles needs to be investigated in further
studies.

The O-acylmenthol derivatives tested exhibited varied
enhancing activity for each of the model drugs selected,
however, the ER values were relatively low (<4) for both
O-acylmenthol derivatives and MET. This is a typical
observation in penetration enhancement studies: larger
effects are much more likely to be observed with penetrants
which transport poorly under control conditions. The effect
of MET on KP in IPM is not very significant (ER = 2.02)
compared with its effect on KP in hydrogels (E; almost
equal to 80) [11], this could be due to the fact that IPM also
has an enhancing effect.

The solubility parameters of O-acylmenthol derivatives
were similar to that of IPM, which could insure that all
the derivatives are fully compatible in IPM and, so, the
mixture of derivatives and IPM with a solubility parameter
close to that of the skin {~(10 cal cm*3)1/2, ie.
~(20.51] cm_3)1/2} [33], it might be hypothesized that such
vehicles should mix freely with the SC lipid and have
maximal enhancement properties. However, significant dif-
ferent activity was observed among the different O-acyl-
menthol derivatives. Similarly, permeants with a
solubility parameter close to that of the skin will have a
higher permeation rate through the skin, which could elu-
cidate the significantly higher permeation rate of LD and
KP than 5-FU and ISDN; the reason for the low flux of
IM which also has a solubility parameter close to that of
the skin is probably attributed to its high log Ko/w and
low water-solubility [38] which makes its partition into
the skin lipids more difficult. It is obvious that solubility
parameter alone cannot explain the interactions between

the skin membrane and vehicles in all cases. Rather, it is
likely that skin membrane flux reflects a combination of
different solvent, enhancer and solute characteristics, such
as the solubility parameter of solvent, the size and shape
of the penetration enhancers, the lipophilicity and water-
solubility of the permeants.

In the literature, an optimal chain length has been
reported for many enhancers, such as alkyl sulfoxides
[39], fatty acids [40], and surfactants [41]. From these
reports, a parabolic relationship between the carbon chain
length and skin permeation enhancement has been
observed. As far as the effect of O-acylmenthol on 5-FU
is concerned, a similar parabolic behavior was also found
(Fig. 6a), meaning that M-TET with a Cl14 alkyl chain,
which was a little different from the literature [42], had
the optimal effect and, no matter whether the chain length
decreased or increased, the promoting effects were reduced.
The O-acylmenthol derivatives may act via such a mecha-
nism: In general, the M-TET with polar functional group
and a C14 alkyl chain produced the greatest improvement
in the absorption of the model hydrophilic permeant 5-FU.
This is in agreement with the work of Cornwell and Barry
[36] on sesquiterpenes, which also showed that polar func-
tional groups with a relative long chain had improved
accelerant activities towards 5-FU. The common feature
of ceramides which is the main constituent of SC and pro-
viding resistance to chemicals is a relatively small polar
head and two long, straight, saturated hydrophobic chains
[43]. Because of their structure, M-TET is capable of insert-
ing itself into the lamellae, with their polar head in the
polar region and the hydrophobic chain between the
hydrophobic chains of the SC lipids. This may induce dis-
turbance of the lipid packing, lateral fluidization of the
lamellae and decrease of the skin barrier resistance. Com-
parison of the structures of M-DOD and M-TET with their
activities shows that changing from a C12 tail to a C14 tail
markedly improves the enhancing activity. This improve-
ment in activity could possibly be related to the achieve-
ment of an ideal carbon chain length [30].

Further structure-activity analysis was carried out by
calculation of the log Ko w of the tested derivatives using
the MARVIN® software. The relationships between the
calculated log Ko/w values and the ER values of different
drugs are shown in Fig. 6b—e. As far as the ISDN, LD,
KP, and IM were concerned, the straight-chain deriva-
tives from M-ACE to M-STE had different promoting
activity sequences compared with 5-FU. Although some
different orders also existed among the four lipophilic
drugs, it should be noted that the O-acylmenthol chain
length from C6-C10 provided significant enhancing
effects, especially M-HEP produced greatest improvement
for IM and LD. However, the reason why M-BUT had a
surprisingly low effect on IM is not understood. Since 5-
FU is far more hydrophilic than the other four drugs,
the addition of O-acylmenthol in the IPM system may
have a different enhancing mechanism on drugs with a
different lipophilicity.
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Fig. 6. Relationship between theoretical log Ko/w of O-acylmenthol (from M-ACE to M-STE) and ER of drugs with different lipophilicity. Each data
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As discussed previously, the SC is the main barrier for
“hydrophilic” drugs, however, in the case of “lipophilic”
drugs, the limiting step for absorption is the lipid (SC)-
to-aqueous (viable tissue) partitioning step. Krzysztof Cal
et al. [44] reported that both epidermis and dermis can
absorb terpenes, while the higher affinity of terpenes for
epidermis can be demonstrated, and the amount of terp-
enes found in the epidermis is over 50% of the total mass.
However, Barry [45] reported that the amount of terpenes
taken up by the SC ranged from 8.9% to 39%, which sug-
gests that terpene enhancer pooling may occur in the epi-
dermis. In this study, the O-acylmenthol derivatives with
a chain length from C6—C10 may pool in the epidermis
and dermis to reduce the transport of hydrophilic drug

(5-FU) from SC to the acceptor phase. However, this facil-
itates the permeation of relatively lipophilic drugs (ISDN,
LD, KP, and IM). To prove this hypothesis requires fur-
ther investigation. As ideal skin penetration enhancers
are effective, nonirritating, and reversible, the experiments
involving irritation tests now in progress will be of impor-
tance in assessing enhancer’ suitability for clinical use.

5. Conclusion

From the results of this investigation, it is concluded
that some newly designed percutaneous absorption
enhancers synthesized by /-menthol and fatty acids have
the potential to enhance drugs with different lipophilicity.
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The skin permeability of drugs in IPM was related to differ-
ences in the solubility parameters between drug and IPM,
and there is a reverse relationship between the melting
point and flux of the model drug. Furthermore, model drug
lipophilicity had a significant impact on the derivative
enhancer promoting activity, and a parabolic relationship
between flux and log Ko/w of drugs was observed in the
IPM. The structure-activity relationships of O-acylmen-
thol derivatives as percutaneous absorption enhancers are
summarized as follows: Tail chain length (C2-C18) has
important effects on the enhancing activity, C6-C10 seems
to be favorable for lipophilic drugs. A parabolic relation-
ship between the carbon chain length of O-acylmenthol
and skin permeation enhancement has been observed for
hydrophilic drug (5-FU), C14 is most effective.
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