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Abstract: Our previous studies had confirmed that the essential oil from Zanthoxylum bungeanum Maxim.
(Z. bungeanum oil) could effectively enhance the percutaneous permeation of drug molecules as a natural transdermal
penetration enhancer. The aim of the present study is to investigate and compare the skin penetration enhancement
effect of Z. bungeanum oil and its main components on traditional Chinese medicine (TCM) active components.
Toxicities of Z. bungeanum oil and three selected terpene compounds (terpinen-4-ol, 1,8-cineole, and limonene) in
epidermal keratinocytes (HaCaT) and dermal fibroblast (CCC-ESF-1) cell lines were measured using an MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Five model drugs in TCM external preparations,
namely osthole (OT), tetramethylpyrazine (TMP), ferulic acid (FA), puerarin (PR), and geniposide (GP), which were
selected based on their lipophilicity denoted by logKqw, were tested using in vitro permeation studies in which vertical
Franz diffusion cells and rat abdominal skin were employed. The secondary structure changes of skin stratum
corneum (SC) and drug thermodynamic activities were investigated to understand their mechanisms of action using
Fourier transform infrared (FTIR) spectroscopy and saturation solubility studies, respectively. It was found that Z.
bungeanum oil showed lower toxicities in both HaCaT cells and CCC-ESF-1 cells compared with three terpene
compounds used alone. The enhancement permeation capacities by all tested agents were in the following increasing
order: terpinen-4-ol=1,8-cineole<limonene<Z. bungeanum oil. The mechanisms of permeation enhancement sug-
gested that these enhancers promoted the skin permeation of drugs mainly by affecting SC lipids. These results in-
dicated that Z. bungeanum oil exhibited better performance in enhancing the skin permeation of active components in
TCM preparations.
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1 Introduction

The pericarp of Zanthoxylum bungeanum Maxim.,
commonly named Huajiao in China, belongs to the
Rutaceae family and has been widely used as an im-
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portant spice and traditional Chinese medicine (TCM)
for its special flavors and medicative characters. It is
effective for the therapy of epigastric pain, dysentery,
pathogenic wind, eczema, and pruritus (Wei et al.,
2011). Meanwhile, the pericarp of Zanthoxylum
bungeanum Maxim. is also an important herbal
medicine in TCM external preparations not only be-
cause of its medicative functions described above.
Based on the statement in Li Yue Pian Wen (published
in 1870), a classic literature on topical remedies in
China, the pericarp of Z. bungeanum can facilitate the
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percutaneous absorption of active components in a
prescription for its unique properties, and the function
mainly results from its essential oil (Huang et al.,
2009). Our previous studies have also verified that the
essential oil from Zanthoxylum bungeanum Maxim.
(Z. bungeanum oil) can effectively promote the per-
cutaneous permeation of two hydrophilic and lipo-
philic model drugs, and possesses low skin irritation
potential (Lan et al., 2014). The Z. bungeanum oil is
mainly composed of oxygenated monoterpenes and
monoterpene hydrocarbons like terpinen-4-ol and
limonene according to gas chromatography-mass
spectrometry (GC-MS) analysis, and it has been re-
ported that most of these oil contributors can enhance
the transdermal permeation of the polar or non-polar
drugs, such as terpinen-4-ol (Godwin and Michniak,
1999), 1,8-cineole (Narishetty and Panchagnula,
2005), limonene (Zhang et al., 2006), and linalool
(Lakshmi et al., 2014). It has not been reported
whether the satisfactory performance in enhancing
the permeation of drugs across the skin can be
achieved through using the essential oil or only one of
the main oil contributors. This needs further study.
On the other hand, the active components in
TCM external preparations are generally complex,
and the enhancement effect of Z. bungeanum oil on
TCM external preparations cannot be fully assessed
due to the complexity of their active components,
which also restricts the potential application of the
natural transdermal penetration enhancer in TCM ex-
ternal preparations. During the past decades, the ma-
jority of quantitative structure-permeation relationship
(QSPR) models were developed to provide algorithms
to relate the skin permeability of compounds to their
physicochemical parameters or structure descriptors,
because the skin permeability of drug molecules
is closely associated with their physicochemical
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properties, such as molecular size, lipophilicity, and
solubility. Among the studies of QSPR models, Potts
and Guy (1992) proposed a QSPR model that is now
the most cited and applied QSPR model for predicting
skin permeability: logk,=—6.3+0.7110gK,—0.006 1MW
(+*=0.67), where ky is the skin permeability coeffi-
cient, K, is the n-octanol/water partition coefficient,
and MW is the molecular weight. The drug lipo-
philicity appears to be the predominant factor affect-
ing the skin permeability of drugs within a
certain range of molecular weight (Yamashita and
Hashida, 2003), and the complex active components
in TCM external preparations can thus be roughly
represented by model drugs with different lipophilic-
ities. Therefore, in the present study, a series of active
components with a wide range of lipophilicity, in-
cluding the extremely lipophilic and hydrophilic
drugs, was selected from the TCM external prepara-
tions, in an attempt to investigate the permeation
enhancement activities of Z. bungeanum oil and the
main oil contributors.

Accordingly, three main oil contributors, namely
terpinen-4-ol (18.42%), 1,8-cineole (15.49%), and
limonene (7.47%), are selected according to GC-MS
analysis previously reported by Lan et al. (2014), and
the aims of the present paper are (1) to evaluate the
toxicities of Z. bungeanum oil and three main oil
contributors in skin cells, and (2) to compare their
penetration enhancement activities using the TCM
active components with different lipophilicities, i.e.,
osthole (OT) (Fu and Du, 2010), tetramethylpyrazine
(TMP) (Han et al., 2012), ferulic acid (FA) (Li et al.,
2013), puerarin (PR) (Chao, 2012), and geniposide
(GP) (Sun et al., 2013). The physicochemical prop-
erties and main plant origins of these model drugs are
presented in Table 1. In addition, the mechanisms of
action of these enhancers were investigated.

Table 1 Plant origins and physicochemical parameters of model drugs

. . .. logK o Solubility in water
Active component Main plant origin at 32 °C MW at 32 °C (mg/ml) pK,
Osthole Cnidii Fructus (Shechuangzi); 3.85 244.34 1.32x10°
Angelicae Pubescentis Radix (Duhuo)
Tetramethylpyrazine Chuanxiong Rhizoma (Chuanxiong) 2.34 136.20 4.72 3.20
Ferulic acid Angelicae Sinensis Radix (Danggui); 1.26 194.18 0.54 4.58
Cimicifugae Rhizoma (Shengma)
Puerarin Puerariae Lobatae Radix (Gegen) -0.35 432.38 3.64 6.46
Geniposide Gardeniae Fructus (Zhizi); —-1.01 388.37 481.87 12.80

Eucommiae Cortex (Duzhong)

K, n-octanol/water partition coefficient; MW: molecular weight; pK,: acidity strength, from the SciFinder database
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2 Materials and methods
2.1 Drugs and chemicals

Limonene, 1,8-cineole, and terpinen-4-ol, all of
purity >95.0%, were obtained from TCI Chemical
Industry Co., Ltd. (Shanghai, China). OT, PR, and GP
were supplied by NCE Biomedical Co., Ltd. (Wuhan,
China). TMP and FA were purchased from Si-
nopharm Chemical Reagent Co., Ltd. (Beijing, China)
and Sigma-Aldrich (Shanghai, China), respectively.
Propylene glycol (PG), polyoxyethylene (20) oleyl
ether (Brij 98), and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were obtained
from Sigma-Aldrich (Shanghai, China). Acetonitrile
of high performance liquid chromatography (HPLC)
grade and acetic acid were supplied by Merck KGaA
(Germany) and Beijing Chemical Reagent Co., Ltd.
(China), respectively. All other chemicals were of the
highest reagent grade available.

2.2 Plant materials and essential oil extraction

The dried pericarps of Zanthoxylum bungeanum
Maxim. were supplied by Anguo Lulutong Co., Ltd.
(Hebei, China), and identified by Prof. Peng TANG
(School of Chinese Materia Medica, Beijing Univer-
sity of Chinese Medicine, China). A voucher speci-
men (No. ZB120928) was preserved in the Depart-
ment of Chinese Pharmacy, Beijing University of
Chinese Medicine, China. The unground Z. bungeanum
pericarps (2.0 kg) were subjected to hydrodistillation
in 5 volumes of deionized water for 3 h according to
the method reported previously by Lan et al. (2014).
The essential oil was collected in a yield of 2.9%
(w/w) after drying under anhydrous sodium sulphate
and stored at 4 °C until use.

The Z. bungeanum oil mainly consisted of high
contents of oxygenated monoterpenes and monoter-
pene hydrocarbons, and the major compounds were
terpinen-4-ol (18.42%), 1,8-cineole (15.49%), limo-
nene (7.47%), a-terpineol (5.79%), y-terpinene (5.62%),
terpinyl acetate (4.62%), and linalool (4.55%) based
on the GC-MS analysis (Lan et al., 2014).

2.3 Cell line and culture

Human skin epidermal keratinocytes (HaCaT;
Fig. 1b) and dermal fibroblasts (CCC-ESF-1; Fig. 1c)
were supplied by the Cell Resource Center of Institute
of Basic Medical Sciences, Chinese Academy of

Medical Sciences (Peking Union Medical College,
China). HaCaT cells were incubated in minimum
essential medium (MEM Eagles with Earle’s Bal-
anced Salts) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and 100 U/ml penicillin/
streptomycin in a humidified incubator at 37 °C
and 5% CO,. CCC-ESF-1 cells were maintained in
Dulbecco’s modified Eagle’s medium (DME H-21
4.5 g/L glucose) containing 10% FBS and 100 U/ml
penicillin/streptomycin under the above conditions.

2.4 HPLC methods for determination of model
drugs

The HPLC system for determining the drug
content was equipped with an SPD-20A variable-
wavelength ultraviolet absorbance detector and two
LC-20AT pumps (Shimadzu Corporation, Tokyo,
Japan). A reversed phase column (Purospher STAR
RP-18, 25 cmx4.6 mm, 5 um particle size; Merck)
was employed to measure the content of TMP. The
Alltima HP C18 AQ column (25 cmx4.6 mm, 5 um
particle size; Grace) was used to determine the con-
tents of GP and PR. The Lichrospher RP-18e reversed
phase column (25 cmx4.6 mm, 5 pm particle size;
Merck) was selected to analyze the contents of OT
and FA. The HPLC conditions were as follows: the
mobile phase was a mixture of 80/20 (v/v) water/
acetonitrile and 70/30 (v/v) water (1% acetic acid)/
acetonitrile for the assay of OT and FA, respectively,
and the ultraviolet detector was set at 320 nm for OT
and 323 nm for FA; The mobile phase consisted of
40/60 (v/v) water/acetonitrile for the determination of
TMP, and the wavelength was set at 282 nm; The
mobile phase was a mixture of 80/20 (v/v) water/
acetonitrile for the assay of PR and GP, and the ul-
traviolet detector was set at 240 nm for PR and
251 nm for GP, respectively; The mobile phase was
delivered at a flow rate of 1 ml/min for five drugs. The
specificity, linearity, intra- and inter-day variability,
and recovery of these methods were tested and satis-
fied the quantitative analysis request for the samples.

2.5 Determination of drug solubility

To determine the saturation solubility of the five
model drugs in the vehicle (80/20 (v/v) PG/water)
with and without enhancers, excess drug was added to
known volumes of vehicle, votexed for 5 min followed
by sonication for 15 min to dissolve the drug, and then
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equilibrated at (3240.3) °C for more than 48 h. Finally,
the saturated solution was centrifuged at 10000 r/min
for 10 min. Aliquots of supernatant were filtered
through a 0.22-um nylon filter and diluted with the
corresponding mobile phase before HPLC analysis.

2.6 Calculation of model drug parameters

The five model drugs, which were common ac-
tive components in TCM for external use, were se-
lected based on their lipophilicity denoted as logK.
The physicochemical parameters of the drugs were
obtained from literature or experimentally measured.
The exact logK,, values of these drugs were deter-
mined with reference to a previously reported method
(Chen et al., 2014). The solubilities of five drugs in
water at 32 °C were measured using the method de-
scribed in Section 2.5. The pK, (acidity strength)
values of model drugs were obtained from the
SciFinder database.

2.7 Cytotoxicity assay

The MTT assay was employed to determine the
toxic effects of Z. bungeanum oil and its components
on human skin epidermal keratinocytes and dermal
fibroblasts in vitro. HaCaT or CCC-ESF-1 cells were
seeded into 96-well plates at 7000 cells/well. After
24 h, the cells were treated with varying concentra-
tions of Z. bungeanum oil, limonene, 1,8-cineole, and
terpinen-4-ol for 24 h at 37 °C. The cells that were
incubated with a culture medium containing 1% di-
methyl sulphoxide (DMSO) were used as control.
Then the medium was replaced by a fresh medium
containing 20 pl MTT solution (5 mg/ml in phosphate
buffer) and incubated again for 4 h. Subsequently, the
medium was removed and 150 ul DMSO was added
to dissolve the formazan crystals. The plate was in-
cubated for 10 min while shaking. The microplate
spectrophotometer (Thermo Scientific, Finland) was
used to determine absorbance at 490 nm. The half
maximal inhibitory concentrations (ICsp) were cal-
culated using SPSS software v16.0 with reference to
the method previously reported (Xiang et al., 2010).

2.8 Preparation of full thickness skin and stratum
corneum (SC)

Male Sprague-Dawley rats (five weeks of age,
(200£10) g) were supplied by SPF (Beijing) Labora-

tory Animal Technology Co., Ltd., China. All the
animal experiments were performed according to the
approved protocols and in accordance with the Guide
Principles for the Care and Use of Laboratory Ani-
mals, Beijing University of Chinese Medicine, China.
The rats were anesthetized with excess ether inhala-
tion, and the abdominal skin was excised after re-
moval of hair by animal hair clipper (Codos, China).
After removing the fat and subcutaneous tissue, the
skin was cleaned with isotonic 0.01 mol/L phosphate
buffer saline (PBS; pH 7.2).

The excised skin was immersed in 4 g/L trypsin
in PBS solution at room temperature for 10 h. The SC
sheets were separated by using a cotton swab mois-
tened with distilled water, and dried in a vacuum
desiccator after cleaning with water.

2.9 Skin permeation studies

The vertical Franz diffusion cells (Shanghai
Kaikai Technology Trade Co., Ltd., China), with a
diffusional area of 1.77 cm” and a receptor chamber
volume of 7 ml, were used in skin permeation ex-
periments. The skin prepared was sandwiched be-
tween the diffusion cells with the SC side up and the
dermal side in contact with the receiver compartment.
The donor chambers were filled with the drug solu-
tion (20 mg/ml tested model drug in 80/20 (v/v)
PG/water) and the receiver compartments with pH 7.2
PBS for TMP, FA, PR, and GP. The 3% Brij 98 in
PBS was used as receiver solution for OT on account
of its poor water solubility. The temperature and stir-
ring rate of the diffusion apparatus were set at 32 °C
and 300 r/min, respectively. A 2-ml corresponding
drug solution was added into the donor compartment,
and the control was treated with the vehicle only. At
predetermined time intervals, an aliquot (1 ml) of the
sample was withdrawn from each receptor chamber
and replaced with the equivalent volume of fresh
receiver solution. All samples were determined using
the corresponding HPLC method described above.

2.10 Fourier transform infrared (FTIR) spec-
troscopy studies

The SC samples were treated with the respective
enhancer solution for 12 h at room temperature, and
the SC sheet that was incubated with the vehicle was
used as control. Then SC samples were taken out,
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cleaned with distilled water to remove the residual
solvent on the surface of SC, and dried in a vacuum
desiccator prior to use. The spectral measurements of
all samples were made with a Nexus FTIR spec-
trometer (Thermo Nicolet, USA) equipped with an
attenuated total reflectance (ATR) attachment under
the following conditions: scanning times of 100 in the
range of 650-4000 cm ' and resolution of 2 cm . The
spectral curves in each group were recorded using an
OMNIC 6.2 program attached to the IR apparatus.

2.11 Data analysis

The cumulative amount of drug permeated
though a unit area of skin was plotted against time (h).
Steady state flux (J;, pg/(cm™h)) and lag time (T1ag, h)
were calculated from the slope and the x-intercept of
the linear portion of the plot (between 6 and 12 h),
respectively. The cumulative amount of drugs per-
meating through the skin at 24 h (Q.s, pg/cm?)
was calculated from the drug concentration in the
receiver compartments. The diffusion parameter
(D/h*) was calculated using the following equation:
D/R*=1/(6Ty,g), where D (cm’*/h™") was the diffusion
coefficient within the skin, and /# (cm) was the diffu-
sional path length. To compare the permeation en-
hancement capacities of each enhancer, the en-
hancement ratio (ER) was calculated as follows:
ER=(flux for skin treated with enhancer)/(flux for
control).

The data were expressed as mean+standard de-
viation (SD) and the number of replicates (n) was
given in the pertinent figures. A two-tailed Student’s
t-test was used when comparing two different condi-
tions. P<0.05 was considered to be statistically
significant.

3 Results and discussion
3.1 Toxicities of selected enhancers in skin cells

The toxicities of Z. bungeanum oil and three
main oil contributors selected were examined using
MTT assay in two skin cell lines including keratino-
cytes and fibroblasts. The ICs, values (the concentra-
tion of drugs inducing a 50% decrease in cell viability)
of all agents are summarized in Table 2, and all ex-
amined enhancers roughly induced dose-dependent
reductions in cellular viability as displayed in Fig. 1a.

Table 2 ICs, values of selected penetration enhancers in
HaCaT Kkeratinocyte and CCC-ESF-1 fibroblast cell lines

ICsp (mg/ml)
Enhancer
HaCaT CCC-ESF-1
Z. bungeanum oil 2.435+0.019 3.649+0.055
Limonene 2.027+0.035" 0.938+0.059"
Terpinen-4-ol 0.908+0.033" 0.745+0.063"
1,8-Cineole 1.400+0.139" 1.391+0.113"

Each value represents the meantSD (n=6). *P<0.05, statistically
significant difference between Z. bungeanum oil and the three
selected terpene compounds

The ICsy values showed that the cellular toxici-
ties of the examined agents were in the following
decreasing order: terpinen-4-ol>1,8-cineole>limonene>
Z. bungeanum oil (HaCaT keratinocytes) and terpinen-
4-ol>limonene>1,8-cineole>Z. bungeanum oil (CCC-
ESF-1 fibroblasts), respectively. It was obvious that
the ICs, values of Z. bungeanum oil were significantly
higher in both HaCaT cells and CCC-ESF-1 cells in
comparison to those of all three terpene compounds,
indicating that Z. bungeanum oil probably exhibited
lower skin irritation compared with three terpene
compounds used alone. However, the argument needs
to be further verified by studying the irritation effects
of these enhancers on animal or human skin.

Furthermore, our previous studies (Lan et al.,
2014) showed that the ICs, values of Azone, a well-
established and standard chemical penetration enhancer,
were 0.047 and 0.048 mg/ml in HaCaT cells and
CCC-ESF-1 cells, respectively, which were promi-
nently lower than those of all three terpene compounds
and suggested that the natural transdermal penetration
enhancers possessed relatively low skin irritation po-
tential due to their natural origin (Fox et al., 2011).

3.2 Effects of penetration enhancers on percuta-
neous absorption of model drugs

To compare the penetration enhancement activ-
ities of Z. bungeanum oil and three selected terpene
compounds through the excised rat skin, 3% enhancer
solutions with model drugs were prepared by dis-
solving the corresponding content of the agents in a
mixture of 80/20 (v/v) PG/water. PG/water was se-
lected as a base solvent due to its negligible impact on
skin tissue (Lan et al., 2014) and the ability to solu-
bilize all tested agents, including Z. bungeanum oil
and the highly lipophilic drug OT. Furthermore, the
poor water solubility of OT was taken into consideration
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Fig. 1 Toxicity of select penetration enhancers in HaCaT keratinocyte and CCC-ESF-1 fibroblast cell lines
(a) Effect of selected enhancers on HaCaT and CCC-ESF-1 cell viabilities. Data are expressed as mean+SD (n=6).
(b) Cellular morphology of HaCaT. (c¢) Cellular morphology of CCC-ESF-1

and 0.03 g/ml Brij 98 in PBS was used as the receiver
fluid to achieve the sink condition during its in vitro
skin permeation process (Lan et al., 2013).

The effects of Z. bungeanum oil and three se-
lected terpene compounds on the percutaneous profile
and permeation parameters of model drugs (flux, Ti,g,
(0,4, and ER values) through the excised rat skin are
presented in Fig. 2 and Table 3, respectively. The Z.
bungeanum oil significantly enhanced (P<0.05) steady
state fluxes or cumulative amounts of all five model
drugs and produced the longer Ti,, for most drugs
in comparison with the control, which showed the

greatest steady state fluxes or cumulative amounts for
all five model drugs among all examined agents.
Meanwhile, along with the decrease of the logK,y
values of model drugs, the permeation ER gradually
increased after being treated with Z. bungeanum oil.
This indicated that Z. bungeanum oil could signifi-
cantly promote the percutaneous absorption of drugs
with different lipophilicities, including the highly
lipophilic and hydrophilic drugs. Among the three
terpene compounds assayed, the highest permeation
fluxes and cumulative amounts were observed with
limonene for all five model drugs, while terpinen-4-ol
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Fig. 2 Permeation profiles of five model drugs through excised rat skin
(a) Osthole (OT); (b) Tetramethylpyrazine (TMP); (c, d) Ferulic acid (FA); (e, f) Puerarin (PR); (g, h) Geniposide (GP).

Data are expressed as mean+SD (n=5)

and 1,8-cineole appeared to provide significant en-
hancement in the fluxes or cumulative amounts of
more lipophilic model drugs like OT and TMP.
Compared with the control, the Ti,g values of most
model drugs (except TMP) were obviously increased
in the presence of limonene, while there were no
significant differences (P>0.05) between the control

and other two terpene compounds in terms of 7Ti,
values apart from PR. Taken as a whole, according to
the permeation results of the model drugs with dif-
ferent lipophilicities, the enhancement permeation
capacities by all examined penetration enhancers
were in the following increasing order: terpinen-4-ol~
1,8-cineole<limonene<Z. bungeanum oil.
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Table 3 Percutaneous permeation parameters of five drug models through excised rat skin

Prug  Enhancer oginh  Guglomty) " o) ER
OT  Control 9.14+0.36 1.68+0.14 2.79+0.61 38.26+4.09
3% terpinen-4-ol 11.18+0.24" 3.20+1.107 3.88+1.15 72.73429.31" 1.90
3% 1,8-cineole 11.96+0.35" 3.82+0.25" 3.43+0.29 120.55+19.10" 227
3% limonene 9.42+0.24 17.7243.36" 434+0.13" 359.91+46.33" 10.55
3% Z. bungeanum oil 10.25+0.21" 17.90+0.94" 3.11+0.83 339.72422.45" 10.65
TMP  Control 268.97+0.92 20.10+2.36 2.10+0.39 525.36+47.46
3% terpinen-4-ol 314.23424.58" 33.00+4.50" 2.73+0.78 1090.21+310.07" 1.64
3% 1,8-cincole 319.68+23.55" 43.42+7.47 2.26+0.29 1262.84+235.47" 2.16
3% limonene 308.98+25.85 193.12+34.40 1.24+0.34" 5154.02+846.68" 9.61
3% Z. bungeanum oil  288.02+7.21" 552.08+91.75" 4.53£021°  10097.61£965.53" 27.47
FA  Control 53.51+0.16 1.63+0.55 2.52+0.87 34.21+13.99
3% terpinen-4-ol 66.04+0.55" 3.29+1.43 3.72+0.13 123.24+110.49 2.02
3% 1,8-cineole 64.72+2.49" 1.99+0.33 3.49+0.26 76.07+17.62" 1.22
3% limonene 55.65+1.17 87.66+9.36 3.87+0.47 2874.48+214.38" 53.78
3% Z. bungeanum oil ~ 62.82+1.21" 352.94+178.38"  5.32+0.30° 8921.58+2102.27°  216.53
PR  Control 126.60+0.52 0.05+0.04 2.59+0.61 1.24+1.05
3% terpinen-4-ol 125.38+6.98 0.02+0.00 4.34+1.16" 3.23+1.78 0.40
3% 1,8-cineole 128.63+1.72 0.03+0.00 5.28+0.96" 3.73+1.23" 0.60
3% limonene 128.18+3.61 0.92+0.11" 4.83+0.15 37.88+6.06" 18.40
3% Z. bungeanum oil ~ 129.72+0.25" 14.23+1.44" 6.65+0.16" 1945.07+83.29" 284.60
GP  Control 340.78+4.59 0.10+0.01 0.80+0.39 3.06+1.06
3% terpinen-4-ol 345.41+1.46 0.20+0.04" 1.47+0.83 3.49+1.41 2.00
3% 1,8-cineole 345.88+2.90 0.28+0.08" 0.49+0.05 8.34+3.68 2.80
3% limonene 321.00+2.35" 0.57+0.02" 5.39+0.26" 19.18+2.19" 5.70
3% Z. bungeanum oil ~ 338.71£5.72 46.25+31.03" 6.58+0.15" 2734.29+540.83" 462.50

OT: osthole; TMP: tetramethylpyrazine; FA: ferulic acid; PR: puerarin; GP: geniposide; Ti,,: lag time; O,4: cumulative amount of drugs
permeating through the skin at 24 h; ER: enhancement ratio. Each value represents the mean+SD (n=5), except for ER. ~ P<0.05, statistically
significant difference between enhancers and control for the same drug model

Further, the plots of the ERs of model drugs by
penetration enhancers against the drug logK,, values
were established as displayed in Fig. 3, and correla-
tion analysis was performed between the ERs and
lipophilicity of model drugs. The relationship for
Z. bungeanum oil was found to be negative linear
(y=—90.24x+310.27, r=0.946, P=0.014; Fig. 3a),
which indicated that Z. bungeanum oil displayed a
higher capacity for the transdermal absorption of
highly hydrophilic drugs. Limonene exhibited the

ERs ware in parabolic curve relationship roughly with
the lipophilicity of model drugs (y=*4.89x2+12.34x+
25.87, r=0.682, P=0.534; Fig. 3b), implying that
limonene could achieve the optimum permeation
effect for moderate lipophilic drugs (an estimated
logK,n value of 1.0). After treatment with terpinen-4-ol
or 1,8-cineole, there was no obvious relationship
between their ERs and the logK,,, values of model
drugs (Figs. 3c and 3d), probably due to their rela-
tively low penetration enhancement activities.
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Fig. 3 Relationship between logK,,, of model drugs and enhancement ratio (ER) by penetration enhancers
(a) Z. bungeanum oil; (b) Limonene; (c) 1,8-Cineole; (d) Terpinen-4-ol

The approximate transdermal permeation through
human skin can be predicted from the in vitro per-
meation studies through excised rat skin according
to their relationship studies (van Ravenzwaay and
Leibold, 2004; Gu et al., 2009), though rat skin is
more permeable to most compounds than human skin.
Thus the rat skin can be used to gain the general in-
sights into the enhancement permeation properties of Z.
bungeanum oil and three selected terpene compounds.

3.3 Possible action mechanisms

Stratum corneum (SC), the outermost layer of
skin, consists of keratin-rich corneocytes and lipids,
and the lipids form bilayers surrounding the corne-
ocytes, producing a special “brick-and-mortar”” model
with the corneocytes as the bricks and the intercellular
lipids providing the mortar, which provides the prin-
cipal rate limitation to percutaneous drug delivery
(Moser et al., 2001; Williams and Barry, 2012). It is
generally accepted that the barrier property mainly
results from the intercellular lipids (Menon, 2002).

Data on the interaction between the enhancers and SC
ingredients, especially the SC lipids, would play a
crucial role in understanding their action mechanisms.

The FTIR spectrometer was employed to inves-
tigate the biophysical alterations of the skin SC on
account of its advantages on obtaining information
about the lipids and keratin conformation in the SC. A
representative spectrum of normal rat skin SC shows
the absorption peaks around 2850 and 2918 cm™' due
to symmetric and asymmetric C—H stretching vibra-
tion of lipid alkyl chains, respectively, —-C=0 peak of
ester (fatty acid carbonyl stretching) at 1740 cm’!
(Jain et al., 2002), and two strong keratin amide ab-
sorption peaks in the range of 1500-1700 cm™', namely
amide T (~1650 cm™') and amide I (~1550 cm™)
(Moore and Rerek, 2000). These peak positions and
peak areas are closely associated with the structure
and amounts of corresponding SC ingredients, re-
spectively. The alterations in peak position of lipid
alkyl chains or amides are always accompanied by the
structure changes of corresponding ingredients, and
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the reduction of the SC lipids or keratins can cause the
decrease in peak areas of lipids or amides. In addition,
the frequencies of the fatty acid carbonyl stretching
mode, amide I and amide II modes are sensitive to
hydrogen bonding in the polar head groups of SC
lipids, and the hydrogen bonding plays an important
role in the bilayer structure and integrity of lipids.
The FTIR absorption spectra of rat skin SC
treated with Z. bungeanum oil and three selected
terpene compounds are displayed in Fig. 4. The ob-
vious shift in peak position or change in peak area
was not observed after being treated with the solvent,
indicating that 80/20 (v/v) PG/water had negligible
effect on the SC lipids or keratins (as shown in Table 4
and Fig. 5). All examined penetration enhancers re-
sulted in no obvious change in symmetric C-H
stretching apart from 1,8-cineole or Z. bungeanum oil,
while they caused the shift of asymmetric C-H
stretching to higher wavenumber. Limonene and Z.
bungeanum oil induced the relatively wide shift of

{Blank (SC without any treatment)
60 1

401
2014

60 _:Control

40 i____"_......_..‘__,_\/_r\

20 §

approximately 5.5 and 2.5 cm ', respectively, and the
decreasing trend of shift in peak position was limo-
nene>Z. bungeanum oil>terpinen-4-ol~=1,8-cineole.
Meanwhile, these enhancers induced significant re-
ductions in the peak areas of asymmetric and sym-
metric C—H stretching except 1,8-cineole, and the
decreasing trend in peak area reduction was Z
bungeanum oil>limonene>terpinen-4-ol>1,8-cineole.
These results were roughly in accordance with the
enhancement permeation capacities by all examined
agents, indicating that these enhancers promoted the
drug permeation mainly by perturbing and extracting
the SC lipids. In addition, the presence of Z
bungeanum oil and limonene resulted in the absence
of a —C=0 peak of fatty acid, which implied that they
could interact with the head polar regions of the SC
lipids, resulting in the increased skin permeability, to
some extent, due to the disorder of integrity of SC
lipids. The shift of amide II to high wavenumber was
observed after treatment with 1,8-cineole, while
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Fig. 4 FTIR absorption spectra of rat SC treated with various agents for 12 h
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Table 4 Peak positions of C—H stretching of lipids and amides of keratin treated with various agents

Peak position (cm ')

Enhancer ic C— ic C—

siroching otipids _ stiching o lpids Amide Amide I
Blank 2917.85 2849.82 1652.08 1538.89
Control 2918.10 2849.93 1651.77 1538.56
3% limonene 2923.58 2851.29 1652.31 1539.02
3% 1,8-cineole 2919.50 2850.08 1651.49 1544.01
3% terpinen-4-ol 2919.67 2851.03 1652.60 1539.28
3% Z. bungeanum oil 2920.61 2850.38 1651.73 1538.68

Blank was SC without any treatment

I Asymmetric C-H stretching
[0 Symmetric C—H stretching
N Amide |

3500 - [ Amide 1l

2500 -
=L LE b I i
oA N S O |

Peak area

N~
S e

Enhancer (g\o

Fig. 5 Peak areas of C—H stretching of SC lipids and
amides of keratin treated with various agents for 12 h
Blank was SC without any treatment. Data are expressed as
mean+SD (n=5). ~ P<0.05, statistically significant differ-
ence between enhancers and control

it had no significant effect on the peak area of amide
II, suggesting that it could alter the keratin confor-
mation to some extent. The other three enhancers
appeared to have no obvious effect on keratin ac-
cording to the negligible change in peak position or
peak area of lipids and amides.

Furthermore, the drug thermodynamic activities
probably were altered in the presence of these en-
hancers on account of their lipophilic properties. The
saturation solubilities of model drugs with and
without Z. bungeanum oil or three terpene compounds
were thus measured to investigate the effect of these
enhancers on thermodynamic activities of model

drugs (Narishetty and Panchagnula, 2004). As evident
from Table 3, Z. bungeanum oil could significantly
increase the saturation solubilities of OT, TMP, FA,
and PR (P<0.05), while it did not obviously alter the
saturation solubility of GP in comparison to the con-
trol (P>0.05). Similarly, both terpinen-4-ol and
1,8-cineole could obviously increase the saturation
solubilities of the more lipophilic drugs (OT, TMP,
and FA; P<0.05), and had negligible effect on the
saturation solubilities of the hydrophilic drugs (PR
and GP; P>0.05), which indicated that the thermo-
dynamic activities of the more lipophilic drugs were
changed in the presence of terpinen-4-ol, 1,8-cineole,
and Z. bungeanum oil. However, limonene had no
obvious effect on these lipophilic drugs like OT and
TMP (P>0.05), and significantly decreased the satu-
ration solubility of highly hydrophilic drug GP
(P<0.05). Results of this study suggested that these
enhancers promoted the percutaneous absorption of
drugs, especially the more lipophilic drugs, partially
by altering drug thermodynamic activities due to their
lipophilic properties.

4 Conclusions

The Z. bungeanum oil exhibited lower toxicities
in both HaCaT keratinocytes and CCC-ESF-1 fibro-
blasts compared with three studied terpene com-
pounds or chemical penetration enhancer Azone,
which indicated that the natural TCM penetration
enhancer would be helpful to decrease skin irritation.
The skin permeation studies revealed the enhance-
ment permeation capacities by all examined penetra-
tion enhancers in the following increasing order:
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terpinen-4-ol=1,8-cineole<limonene<Z. bungeanum
oil. Meanwhile, the Z. bungeanum oil displayed a
higher capacity for the transdermal permeation of
highly hydrophilic drugs, and limonene could achieve
the optimum permeation effect for moderate lipo-
philic drugs. The results of FTIR and saturation sol-
ubility studies indicated that these enhancers pro-
moted the percutaneous absorption of drugs mainly
by affecting the SC lipids, and the increased percu-
taneous permeation of lipophilic drugs partially re-
sulted from the alterations of drug thermodynamic
activities due to the lipophilic properties of these
penetration enhancers.
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