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ABSTRACT

Percutaneous absorpiion-enhancing effecis on the skin of hairless mice of 11 mono-
terpenes (I, (+ )-limonene; 2, {— )-menthone; 3, {+ -terpinen-4-ol; 4, a-terpineol;
5, 1.8-cinecle; 6, { +)-carvone; 7, (= )-verbenone; 8, (= )-fenchone; 9, p-cyvmene:
10, {+ J-neamenthol; and 11, geraniol] were investigated using three different model
drugs (caffeine, hvdrocortisone, triamcinolone aceionide [TA]) with varying lipo-
philicities. Terpenes were applied at 0.4 M in propylene glveol (PG) 1o mouse skin.
The madel drugs were applied as suspensions in PG 1 hr following enhancer pre-
treatment. The combination of terpenes in PG provided significant enhancement of
the permeation of caffeine through mouse skin. The most active compounds 10 and
Il increased permeation by between [3-fold and [6-fold. The terpenes also en-
hanced the delivery afl hydrocortisone, but not 1o as grear an extent. The most active
compounds 3 and 4 increased permeation benween 3.9-fold and 5-fold. The com-
pounds examined did not significantly increase the delivery of TA. The mosr aclive
compound 4 only increased delivery 2.5-fold, while the nexr most active compound
6 only increased delivery 1.7-fold. Overall, these results indicate that the combing-
tion af rerpenes with PG can significantly increase the transdermal penetration of
the hyvdrophilic drug caffeine and the polar sterpid hydrocortisone.
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INTRODUCTION

Duie to s accessibility, skin has long been considered
us a potential route for systemic drug administration, and
research into transdermal drug delivery has expanded
greatly over the last two decades. Transdermal drug de-
livery possesses several advantages over more traditional
methods, These include (@) avoidance of first-pass intes-
tinal and hepatic metabolism: (&) avoidance of variable
rates of absorption and metabaolism inherent with oral ad-
ministration: (¢) continuous, noninvasive infusion of
drugs having shon biological half-lives; (4} avoidance of
the risks and the inconvenience associated with parzn-
teral treatment: and (e) elimination of gastrointestinal ir-
ritation resulting from pharmaceutically active and inac-
tive ingredients. Unfortunately, only a few drugs possess
the physicochemical properties necessary for delivery in
quantities required for successful systemic therapy (1).

The main barrier to drug penetration through the skin
is the topmost layer of the skin, the stratum corneum. The
stratum corneum consists of protein-filled cells sur-
rounded by lipid lamellar sheets in a brick and mortar
wall-like configuration {2). Severul methods have been
employed (o [essen the barrier function of the skin. One
popular approach has been the use of transdermal pene-
tration cnhancers. These agents are chemical compounds
that reversibly alter the barrier function of the skin and
allow an increased rate of percutaneous permeation of
coadministered drugs. Although the exact mechanism of
action of enhancers has not been elucidared fully, it is
known that they exert their effects partially by altering
cither the siratem corneum proteins or lipids or both (1).

A number of compounds, such as sulfoxides, pyrroli-
dinones. fatty acids, and alcohols, have been evaluated
as penetration enhancers (3-6). The selection of an en-
hancer for a transdermal product should be based on its
efficacy. lack of toxicity, and compatibility with other
components of the transdermal system (7). An ideal en-
hancer should be pharmacologically inert, odorless, col-
orless, nontoxic, nonirritating, nonallergenic, and com-
patible with most drugs and excipients (8). In addition,
the onset und duration of the enhancer effect should be
predictable, reproducible, and reversible (7).

Many effective enhancers have not yet been adopted
due 1o concerns regarding their sysiemic and localized
toxicity (9). The use of nutural products as enhancers may
avoid some of these problems. Terpenes are constituents
of essential oils. which are the volatile and fragrant sub-
stances found mainly in flowers, fruits, and the leaves of
plants. These compounds have been used as flavorings,
perfumes, and medicines. Recently, these compounds
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have been shown to be effective enhancers for a number
of hydrophilic and lipophilic drugs, including diclofenac
sodium, ketoprofen, indomethacin, and 5-fluorouracil (5-
FU) (10-13). Terpenes are a series of naturally occurring
compounds that consist of isoprene (CyH,) units that are
highly lipophilic and have large partition coefficients be-
tween octanol and water (14). In addition to unsaturated
hydrocarbons, oxygen-containing compounds such as al-
cohols, ketones, and oxides have also been found to oceur
naturally. Terpenes have been given the designation of
generally recognized as safe (GRAS) by the FDA (15),

[t has been suggested that the mechanism of action of
terpenes involves disruption of the intercellular lipids of
the stratum comeum. [t appears that, for hydrophilic
drugs. the primary effect of terpene enhancer treatment
i5 1o increase drug diffusivity in the stralum cormneum
(i.e.. to reduce the barrier properties of the skin). For lipo-
philic drugs, terpenes seem to increuse drug diffusivity,
but also increase drug partitioning into the stratum cor-
neum. Increases in partitioning are likely due 1o bulk sol-
vent effects since many lipophilic drugs are moderately
soluble in many of the terpenes {16.17).

In the present study, the enhancing effects of naturally
occurring terpenes on the in vitro percutaneous absorp-
tion of the model drugs caffeine, hydrocortisone, and tri-
amcinolone acetonide (TA) in propylene glycol (PG)
were investipated. Terpenes were chosen lrom the broad
chemical classes of hydrocarbons, alcohols, ketones, and
oxides. ;

MATERIALS

The struciures of the terpenes used in this study are
shown in Fig. 1. All were extru pure reapent grade
and were obtained from Aldrich Chemical Company
{Milwaukee, W1). Sigma supplied the model drugs hy-
drocortisone, caffeine, and TA. Baxter Diagnostics,
Incorporated (McGraw Park, IL) supplied reagent-grade
solvents, except for methanol and acetonitrile, which
were high-performance liquid chromatography (HPLC)
grades. Male hairless mice, strain SKHI (h/h), § weeks
old, were supplied by Charles Rivers Laboratories {Wil-
mington, MAJ,

METHODS
In Vitro Permeability Studies

Permeability studies were performed using methods
previously described { 1B). Full-thickness skins were ob-
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Figure 1. Structures of terpene enhancers: 1, (+)-limonene;
2, (= )-menthone; 3, {+)-lerpinen-4-0l; 4, a-lerpineol; §, 1,8-
cinevle; 6, (+)-carvone; 7, (—)-verbenone; B, (—)-fenchone;
9, p-cymene; 10, (+ }-neomenthol; and 11, geraniol.

tained from 8-week-old male hairless mice. Animals
were sacrificed by CO, asphyxiation, and full-thickness
abdominal and dorsal skin was excised. Any extraneous
subcutaneous fat was removed from the dermal surface,
The skins were stored at —80°C (Revco Scientific, Ashe-
ville, NC) until utilized. Skins then were thawed slowly,
cut into small pieces, and mounted on modified Franz
diffusion cells (Permegear, Riegelsville, PA).

Each diffusion cell (donor surface area 0.64 cm®; re-
ceplor volume 5.1 ml) comained isotonic phosphate
buffer solution (pH 7.2), 0.1% v/v 36% aqueous formal-
dehyde as a preservative, and 0.5% w/v polyoxyethylene
20 cetyl ether as a solubilizer (19). The receptors were
maintained at 37°C * 0.5°C by a circulating water bath.
The receptors were stirred continuously at 600 rpm using
magnetic stirring bars. Skins were allowed 1o hydrate for
| hr prior to experimentation.

Following this hydration period, 1.6 pl of enhancer in
PG was spread uniformly over each skin. All enhancers
were liquids and were applied at a concentration of 0.4
M. The enhancer solution was left on the skin for | hr
prior to drug application and was not washed off. Control
experiments consisted of no pretreatment of the skin with
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enhancer solution, while PG pretreatment consisted of
treating the skin with 1.6 pul of PG alone.

Following pretreatment. 16 pl of a suspension of drug

{hydroconisone, caffeine, or TA) in PG were placed on
each skin (18). The drug suspensions were prepared by
adding excess drug to PG to create a salurated solution,
This solution was shaken gently, and the suspension of
drug was administered to the skin. The drug suspension
provided a high dose of drug to maintain a concentration
gradient across the skin for the duration of the 24-hr ex-
periment. The solubilities of the drugs in PG a1 32°C =
0.5°C were 0.03 M, 0.0043 M, and 0.015 M for hydrocor-
tisone, caffeine, and TA, respectively (20). Following ap-
plication of drug suspension, the donor compartment was
occluded with Parafilm®. Samples (300 pl) of recepior
phase were withdrawn at specified time points over 24 hr,
with the samples being immediately replaced with fresh
buffer. Analysis of samples was corrected for all previous
samples removed.

Skin Homogenization

Al 24 hr, the skins were removed from the receptor
cells and washed three times in 100 ml of methanol for
a total of 15 sec. Following room temperature drying,
each skin was weighed, cut, placed in 4 ml of methanol,
und homogenized using a tissue homogenizer (Biospec
Products, Racine, WI). The homogenate was then gravity
liliered and passed through a Sep-Pak Cy cartridge (Wa-
ters, Milford, MA); all samples were stored at —B0°C
until analysis (18).

Sample Analysis

Analysis of skin and receptor samples for drug content
was performed using HPLC. All solvents were HPLC
grade. The liquid chromatograph consisted of a binary
pump solvent delivery system (Model P1500, Thermo-
separations Products, Riviera Beach, FL), a 10-pl injec-
tion loop autosampler (Model AS 1000, Thermosepa-
rations Products), and a variable-wévelength ultraviole
light absorbance detector (Model UV 1000, Thermosep-
arations Products). The analytical column was a 5-um
pore size, 4.6 mm X 150 mm Microsorb-MV C; column
{Rainin Instrument Company, Woburn, MA), with a
guard column of the same material. The sysiem was con-
trolled and integrated by a personal computer running
chromatography management software (PC 1000, Ther-
moseparations Products). Hydrocortisone was detected at
242 nm with a retention time of approximately 4.5 min
using a mobile phase of 40:60 acetonitrile: water. Caf-
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feine was detected at 270 nm with a retention time of
approximately 3.5 min using a mobile phase of 60:40
methanol: water. TA was detected at 240 nm with a reten-
tion time of approximately 3.0 min usidg a mobile phase
of 50:50 acetonitrile:water. All flow rates were | ml
min~". Testing the linearity of the validation plot from
1.0 to 100 pg ml~' revealed correlation coefficients of
0.9960, 0.9991, and 0.99992 for hydrocortisone, caffeine,
and TA, respectively. Intraday and interday variability
were also calculated and determined to be 6.6% and
11.4%, 4.4% and 11.5%, and 1.8% and 4.3%, for hydro-
cortisone, caffeine, and TA, respectively.

Data Analysis

Cumulative amounts of drug (uM) corrected for sam-
ple removal were plotted against time (hr). Permeation
profiles were calculated from flux (F, pM cm™ hr™'),
receptor concentrations at 24 hr (., uM), and skin con-
tent of drug (SC, pg g *'). Enhancement ratios { ERs) were
calculated from Aux, 24-hr receptor concentration {Q,),
and skin conient of drug (SC) after enhancer treatment
of skin divided by the same parameter from control.

_ Permeation parameter after enhancer treatment
Permeation parameter from control

ER

Duata treatment involved the use of analysis of variance
{ANOVA), two-lailed Student r test, and a Tukey-Kramer
post hoc multiple comparison analysis. The p value was
sel at .05, and the null hypothesis assumed the variances
between enhancer and control(s) 1o be equal. Thercfore,
il p < .03, there was a significant differcnce between the

enhancer and control(s).

RESULTS

Caflfeine

The effects of the most active terpenes are shown in
Fig. 2 {compounds 4, 6, 7. and 10). The flux, 24-hr recep-
wor concentrations, and skin content, along with their en-
hancement ratios, are presented in Table 1. Control val-
ues for caffeine were determined 10 be 149.87 = 49.43
uM for receplor concentrations at 24 hr (Q.,), 241 =
1.04 uM em ™ hr! for Aux, and 252.3 = 20317 pg g™
for skin concentrations. PG pretreatment significantly in-
creased both @y, (278.3 = 76.5 pM) and flux (21.56 =
4.12 uM cm™* hr™'). PG pretreatment decreased cafieine
content in the skin,. bul not to a significant amount
(1466 = 54.9 ug g "). All terpenes tested significantly
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Figure 2. Cumulative amount of caffeine permeated across
hairless mouse skin as u function of time. Each point is the
mean of four determinations.

increased flux over the control, and all compounds, with
the exception of 1, 2, and 10, increased @, figures. How-
ever, only compounds 10 and 11 significantly increased
flux aver the PG pretreated skins. Fluxes for compounds
10 and 11 were 32.7 = 4.5] and 37.8 * 4.84 yM em ™
hr™', respectively. It was also determined that only two
compounds significantly increased @, for caffeine when
compared to PG pretreatment. Compounds 4 and 6 in-
creased receptor concentrution to 4429 * 46.5 pM and
452.3 = 68.3 uM, respectively. All other enhancers had
no significant increase in O, values when compared to
PG pretreaiment. Compounds 1, 2, and 9 decreased 24-
hr receptor concentrations to 192.5 £ 15.3, 205.0 = 5.30,
and 227.5 = 57.0 pM., respectively. No enhancer
changed the skin content of caffeine in hairless mouse
skin to any significant extent versus the control. It was
also observed that only one enhancer, compound 6
{3744 = 1309 pg g7"). increased skin content when
compared to PG pretreatment despite the decrease in skin
content associated with the pretreatment.

Hydrocortisone

The effects of the most active terpenes are shown in
Fig. 3 (compounds 3,4, 6, and 10). The fux, 24-hr recep-
tor concentrations, and skin content, along with their en-
hancement ratios, are presented in Table 2. Control val-
ues for hydrocortisone were determined 1o be 9.82 = 3,11
UM @.,,0.72 = 0.24 uM em™? hr™! for Aux, and 44.6 =
18.4 pg g~' for skin concentrations. PG pretreatment had
no significant effect on Q. (9.83 = 246 puM) or flux
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Table |

Effect af Propylene Glveol Pretreatment and Enhancers 1-11 on Permention
and Skin Retention of Caffeine { Enhancement Ratios in Parentheses)

Enhancer in PG Flux (pM cm™hr ) O (pMY* SCipge 'y
Control 241 = 1.4 1498 = 49.43 2523 = 203.17
(1.m (1.0 i1
PG pretreatment 2046 £ 412 2763 = 7647 1466 = 54.9
(8.9 (1.9) {0.5%)
1 744 = 1.12 1925 = 1532 465.1 = 254.4
[ER Y 1.3 (1.%)
2 792 =273 205.0 = 5.30 2599 = Bh4l
(3.3) (1.4) (1.0}
3 2113 2R3 3669 > 62.64 3423 = 207.64
(E.4) (2.5) (1.4)
4 273 =28 4429 * 46,53 245.7 = 1249
(11.2) 2.9} {0.97)
5 22.88 = .61 31549 = 1037 554.3 = 35217
(9.5) (2.1} (2.2}
i 2994 = 10.561 4523 = 68.32 3743 = 1309
(12.4) (3.0 (.5)
T NG = B9y 1595 £ 62.93 124.9 = 66,77
(12.8) 2.4) (0.50)
B 2660 = 499 3940 * 58.27 703 = 26,08
(110 (2.7 10,309
9 20.50 = 6.23 2175 = 51.11 7371 = 47,54
(8.5) (1.5} (0.28)
10 3272 = 4.5] 3434 = 24.54 1866 = 127.5
(13.6) (2.3) (0.74)
11 37.77 = 484 3215 = 147 1265 = 25.58
{15.7) (2.2) {0.50)

* PGL prapylene glyeoel,
* 0. M-hr recepuor concentration.
* 8C. skin content of calleine.

(0.69 = 0.22 pM cm * hr™') and decreased skin content
to 32.8 = 20.2 pg g . Four compounds significantly in-
creased the transdermal delivery of hydrocontisone over
the control. Compounds 3, 4, 7, and 11 increased Qy, 10
26.8 = 7.97 uM, 27.7 = 9.9 uM, 25.5 = 4.9 uM. and
1594 = 1.21 pM, respectively. All other compounds
showed nonsignificamt increases in 24-hr receptor content
or decreased the amount of drug penetrating the skin.
Only compounds 3 and 4 showed any significant in-
creases in the flux of hydroconisone, with values of
285 = 0.29 uM ecm™ hr™' and 4.79 = 2.93 pM cm™?
he™', respectively. No terpene enhancers increased or de-
creased skin content of hydrocortisone 1o a statistically
significant amount. Compounds 2, 4, and 9 had the high-
est skin concentrations of hydrocontisene, with concen-
trations of B9 = 26.1, 7i.4 + 28.1, and 89.2 * 46.5

1E g7, respectively.

Triamcinolone Acetonide

The effects of the most active terpenes are shown in

Fig. 4 (compounds 4, 6, 10, and 11). The flux, 24-hr re-
ceptor concentrations, and skin content, along with their
enhancement rutios, are presented in Table 3. TA was
generally not well absorbed through the skin. Control val-
ues for TA were determined 1o be only 2.02 = 0.33 uM
for @y and a flux of 0.23 = 0,16 uM em™? hr' ', Skin
concentration was 1824 = 0.3 ug g™'. PG pretreatment
did increase both 3, (2.72 = 0.8]1 pM) and flux (0.33 =
0.ipM em™? hr™'), although neither was significantly
higher than the control. PG did. however, significantly
decrease the skin content of TA 1027.3 = 331 pgg™".
All enhancers tested, with the exception of compound 4,
had no significant effects on the penetration of TA
through hairless mouse skin. Only compound 4 had a sig-
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Figure 3. Cumulative amount of hydrocortisone permeated
across hairless mouse skin as a function of time. Each point is
the mean of four determinations.

nificant increase in flux (3.10 = 0.28 pM cm™ hr™")
when compared to PG pretreatment control. This signifi-
cance does not extend to 4. Terpene enhancers signifi-
cantly decreased the amount of TA retained in the skin,
with the exception of compound 1. This enhancer de-
creased skin content from 182.4 = 90.3 10 101.6 = 66.7
ug g°', but this difference was not significant.

DISCUSSION

Terpene enhancers tested showed varying results for
cach of the model drugs tested. The enhancers exhibited
the highest activity for caffeine. Terpenes in combination
with PG as the vehicle demonstrated high permeation en-
hancement ratios for flux and Q4. All compounds tested
showed significant enhancement of flux when compared
to the control, and all compounds, with the exceptions of
compounds 1 and 2 (both hydrocarbon terpenes), showed
significant 24-hr enhancement concentration. Compound
11 had the highest ERp,, with a value of 15.7. Several
other compounds exhibited high ER,, values, with com-
pounds 10, 7, 6, and 4 showing values of 13.6, 12.8, 12.4,
and 11.2, respectively. It must be noted that both flux and
24-hr receptor concentrations are given in Table | since,
for the more active enhancers, espccially for caffeine, the
donor was depleted faster, and the cumulative amount of
drug permeated through the skin plateaved by 24 hr (Fig.
2). The use of this finite-dosing technique was chosen
for its similarity to the clinical use of topical agents and
because the authors have used it previously to examine
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enhancer compounds. Flux values were calculated using
the early steady-state portion of the time-concentration
graph.

Although the terpenes tested did exhibit high enhance-
ment ratios, it must be noted that the use of PG pretreat-
ment also significantly enhanced the percutancous per-
meation of caffeine. PG pretreatment showed an ERy,, of
8.9 when compared to the control. When subtracting the
effect of PG on the penetration of caffeine, only com-
pounds 4, 10, and 11 exhibited significant enhancement
of flux, and their enhancement values fell dramatically
to 1.27, 1.52, and 1.76, respectively.

All of the effective compounds for the enhancement
of caffeine penetration were capable of hydrogen bond-
ing (Fig. 1). It has been well established that terpenes
capable of hydrogen bonding are more effective penetra-
tion enhancers for hydrophilic drugs than for lipophilic
drugs. Arellano and coworkers found that aleohol ter-
penes were most effective for the penetration enhance-
ment of diclofenac sodium. Their most effective en-
hancer was geraniol (20-fold increase), followed by
nerolidol (14-fold increase) and menthol (11-fold in-
crease). d-Limonene (hydrocarbon) was shown to have a
slight enhancing activity, while ketones were less effec-
tive (a decrease of 2-fold 1o 3-fold) (10).

In another study that looked at diclofenac sodium,
Obata et al. (21) examined the effects of compounds o-
limonene and 1-menthol in combination with ethanol on
the skin permeation of both un-icnized and ionized diclo-
fenac sodium. The permeability coefficient on ionized
and un-ionized drug was dramatically enhanced by a 1-
hr pretreatment of d-limonene (100-fold and 10-fold, re-
spectively). The present study also employed a |-hr pre-
treatment of the skin, although the effects were not as
pronounced. The observation that only a 1-hr pretreat-
ment was necded for d-limonene to reach maximum en-
hancement suggests that d-limonene distributes or attacks
the skin surface very quickly. In comparison, a relatively
long pretreatment time was-required to obtain a sufficient
promoting activity with l-menthol. With this enhancer,
permeability coefficients increased proportionally with
the extension of the |-menthol pretreaiment time.

Other hydrophilic drugs that have been studied in con-
junction with terpenes include 5-FU, azidothymidine
(AZT), and propranolol. With each of these drugs, it was
found that hydrophilic terpenes enhanced their perme-
ation to a greater extent than hydrocarbon terpenes. Gao
and Singh reported 5-FU enhancement ratios of 91.62 for
carvone, 153.72 for 1.8-cineole, and 273.75 for thymol
when using the terpenes in conjunction with a 50% etha-
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Figure 3. Cumulative amount of hydrocortisone permeated
across hairless mouse skin as a function of time. Each point is
the mean of four determinations.

nificant increase in flux (3.10 = 0.28 pM cm™ hr™")
when compared to PG pretreatment control. This signifi-
cance does not extend to 4. Terpene enhancers signifi-
cantly decreased the amount of TA retained in the skin,
with the exception of compound 1. This enhancer de-
creased skin content from 182.4 = 90.3 10 101.6 = 66.7
ug g°', but this difference was not significant.

DISCUSSION

Terpene enhancers tested showed varying results for
cach of the model drugs tested. The enhancers exhibited
the highest activity for caffeine. Terpenes in combination
with PG as the vehicle demonstrated high permeation en-
hancement ratios for flux and Q4. All compounds tested
showed significant enhancement of flux when compared
to the control, and all compounds, with the exceptions of
compounds 1 and 2 (both hydrocarbon terpenes), showed
significant 24-hr enhancement concentration. Compound
11 had the highest ERp,, with a value of 15.7. Several
other compounds exhibited high ER,, values, with com-
pounds 10, 7, 6, and 4 showing values of 13.6, 12.8, 12.4,
and 11.2, respectively. It must be noted that both flux and
24-hr receptor concentrations are given in Table | since,
for the more active enhancers, espccially for caffeine, the
donor was depleted faster, and the cumulative amount of
drug permeated through the skin plateaved by 24 hr (Fig.
2). The use of this finite-dosing technique was chosen
for its similarity to the clinical use of topical agents and
because the authors have used it previously to examine
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enhancer compounds. Flux values were calculated using
the early steady-state portion of the time-concentration
graph.

Although the terpenes tested did exhibit high enhance-
ment ratios, it must be noted that the use of PG pretreat-
ment also significantly enhanced the percutancous per-
meation of caffeine. PG pretreatment showed an ERy,, of
8.9 when compared to the control. When subtracting the
effect of PG on the penetration of caffeine, only com-
pounds 4, 10, and 11 exhibited significant enhancement
of flux, and their enhancement values fell dramatically
to 1.27, 1.52, and 1.76, respectively.

All of the effective compounds for the enhancement
of caffeine penetration were capable of hydrogen bond-
ing (Fig. 1). It has been well established that terpenes
capable of hydrogen bonding are more effective penetra-
tion enhancers for hydrophilic drugs than for lipophilic
drugs. Arellano and coworkers found that aleohol ter-
penes were most effective for the penetration enhance-
ment of diclofenac sodium. Their most effective en-
hancer was geraniol (20-fold increase), followed by
nerolidol (14-fold increase) and menthol (11-fold in-
crease). d-Limonene (hydrocarbon) was shown to have a
slight enhancing activity, while ketones were less effec-
tive (a decrease of 2-fold 1o 3-fold) (10).

In another study that looked at diclofenac sodium,
Obata et al. (21) examined the effects of compounds o-
limonene and 1-menthol in combination with ethanol on
the skin permeation of both un-icnized and ionized diclo-
fenac sodium. The permeability coefficient on ionized
and un-ionized drug was dramatically enhanced by a 1-
hr pretreatment of d-limonene (100-fold and 10-fold, re-
spectively). The present study also employed a |-hr pre-
treatment of the skin, although the effects were not as
pronounced. The observation that only a 1-hr pretreat-
ment was necded for d-limonene to reach maximum en-
hancement suggests that d-limonene distributes or attacks
the skin surface very quickly. In comparison, a relatively
long pretreatment time was-required to obtain a sufficient
promoting activity with l-menthol. With this enhancer,
permeability coefficients increased proportionally with
the extension of the |-menthol pretreaiment time.

Other hydrophilic drugs that have been studied in con-
junction with terpenes include 5-FU, azidothymidine
(AZT), and propranolol. With each of these drugs, it was
found that hydrophilic terpenes enhanced their perme-
ation to a greater extent than hydrocarbon terpenes. Gao
and Singh reported 5-FU enhancement ratios of 91.62 for
carvone, 153.72 for 1.8-cineole, and 273.75 for thymol
when using the terpenes in conjunction with a 50% etha-
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Table 2

Effect of Propviene Glyeal Pretreatment und Enhancers I=11 on Permeation
and Skin Retention af Hydrocortisone (Enhancement Ratios in Parentheses)

9n

Enhuncer in PG* Flux (M em “he') Qu (uM)* SCiugg '
Comral 072 = 0.24 982 = 311 4459 = 18.36
(1.0} (1.0} (1.
PG pretreatment 0.69 = 0.22 R93 x 246 32E0 = 20.4
10.96) (0.74) 10.74)
1 0.68 = D18 9.00 = 2.39 047 = 8.64
{0.94) (0.92) 1068}
2 081 = 0.15 2% £ 09 #2098 = 16,12
(1.1 1.y (L&)
3 2,85 = 0.29 268 = 7.97 2076 £ |17.38
(3.9 12.72) {0.67)
4 479 = 2.3 7.5 = 999 7144 = 28.06
(6.7} 12.8) (1.6)
-] 030 = 014 751 = 1.78 2661 = 199
' (0.42) (0,60} {0.60)
6 1.40 = 0.59 9,78 = 3.75 4258 * 147
(1.9} (0.95) (0.95)
7 .73 = 0.89 2552 = 492 4236 * |08
(2.4) (2.6) (0.95)
3 0.51 £0.18 604 = 218 2065 = 497
10.70) {0.46) 10.46)
9 0,92 = 034 [3.70 = 4.10 HO.19 = 46.51
(1.4} 1.4} (2.0}
10 1.60 = 0.41 14.10 = 2.47 G080 = 1177
(2.2) (1.4) (1.4}
11 |82 = 028 1594 = .21 44,35 = 9,14
(LM {1.6) (0.99)

* PG, propylene glycol.
" (e 2ehr revepto conceniration.
* 5C. skin content of hydrocortisone,

nolic vehicle (22). In another swdy invelving the use of
5-FU, Cornwell and Barry found that sesquiterpene com-
pounds with polar head groups were generzlly more po-
tent enhancers thun pure hydrocarbons. In addition, en-
hancers with the least-branched structures were the most
active (23).

In a study of the transdermal penetration properties of
AZT (a nonionic, relatively water-soluble compound
with a log P of 0.02), it was found all enhancers tested
{(l-menthol, r-anethole, curvacol, thymel, and linalool) en-
hanced transport at least 25-fold (24). Finally, Kunta et
al. reported that, at a | % enhancer concentration, the per-
meability of proprunolel was enhanced by all the terpenes
studied (menthol, carvacol, limonene, and linalool) com-
pared to the control. Menthol and carvacol were superior

in enhancing the transdermal penetration of propranolol
compared 0 limonene (25),

Terpenes showed less activity in the enhancement of
hydrocortisone permeation, Only compounds 3, 4, 7, and
11 showed significant enhancement of Q... and only com-
pounds 3, 4, and 10 showed significant enhancement of
flux. Like caffeine, the most active compounds for hydro-
cortisone show o plateauing effect on the time-concentra-
tion graph (Fig. 3). The ERy, are 3.96, 6.65, and 2.2 for
compounds 3, 4, and 10, respectively. The pretreatment
of the skin with PG alone had no significant effect on
the amount of hydrocortisone that penetrated through the
skin. Thus, the enhancement shown by the terpene/PG
mixture can be atributed exclusively to the enhancer, un-
like that of caffeine. When taking into account the en-
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Figured, Cumulative amount of triamcinolone acelonide per-
meated across hairless mouse skin as a function of time, Each

point is the mean of four determinations.

hancing effect of PG, the enhancement ratios for hydro-
cortisone actually exceed those of caffcine. While the
highest ERy, for caffeine when subtracting the effect
of PG was 1.76; the highest ER,, for hydrocortisone
was 6.65.

Like caffeine, the compounds that significantly en-
hanced the transdermal penewration of hydrocontisone
were also capable of hydrogen bonding. Hydrocortisone
is considered a polar steroid with a log P of 1.43 (26).
It is not unexpected that hydrophilic terpenes were more
successful in enhancing the penetration of hydrocarisone
than hydrocarbon terpenes.

Other studies have focused on examining the effect
the lipophilicity of mode] drugs have on the penetration-
enhancing propertics of terpenes. One study investigated
the effect of I-menthol on the penetration of a series of
benzoic acid derivatives with varying degrees of lipo-
philicity. The addition of a solution of l-menthol in 15%
ethanol increased the permeability coefficients of the rel-
atively hydrophilic derivatives in excess of 10-fold, but
there was no significant increase of the permeability coef-
ficients for the lipophilic derivatives (27).

Another study compared the enhancing action of
d limonene using mannitol (hydrophilic). &-mercapio-
purine (amphophilic), and butylparaben (lipophilic) as
model drugs. Only the higher doses (192, 288, 384 pumol)
of d-limonene could improve the penetration of 6-mer-
captopurine through intact skin. d-Limonene showed lit-
tle activity to improve mannitol permeation. d-Limonene
enhanced bulylparaben penetration through the intact
skin depending on its pretreatment doses (28).

Godwin and Michniak

While the tested compounds showed enhancement of
both caffeine and hydrocortisone penetration, the overall
transdermal penetration of TA was very low. While caf-
feine penetrated in the range of hundreds of pM and hy-
drocontisone penetraied between 10 and 20 uM, the high-
est (' for TA was only 3.10 pM with compound 4. PG
pretreatment did increase TA delivery across the skin,
but not to a significant extent. PG pretreatment’s ERg,
and ERy were only 1.43 and 1.35, respectively. Only
two compounds (4, ERy, 2.47; and 6, ER,,, 1.57) had
significant increases in flux for TA when compared to
the control, and only compound 4 had a flux that was
significantly greater when compared to PG pretreatment.
In addition, compound 4 (ER g, 1.53) was also the only
enhancer that significantly increased the 24-hr receplor
concentration, and this enhancement was also found o
be insignificant when compared to PG pretreatment.

The results of the TA swdy were unanticipated.
The authors expected the hydrocarbon terpenes |e.g..
{+)-limonene and (=)-menthone] to enhance the pene-
tration of TA through the skin. Other studies have shown
that hydrocarbon terpenes can be very effective in en-
hancing the penetration of lipophilic drugs. One study
demonsirated that, in both skin and plasma, the concen-
tration of indomethacin increased in a lincar fushion with
concentration {1-3%) of d-limonene in gel formulations.
The plasma concentration was proportional to the amount
of indomecthacin in the skin, suggesting that the rate-
limiting step of transdermal penetration was the penetra-
tion process from the gel 1o the skin rather than through
the skin (29).

Another study reported the promotional effects of cy-
clic monotérpenes present in essential oils us percutane-
ous absorption of indomethacin, ketoprofen, and diclo-
fenac sodium. Penetration of these drugs was remarkably
cnhanced on addition of hydrocarbons such as limonene,
methane, terpinene, and terpinolenc in the presence of
ethanol. In this work, gel ointments containing ethanal
were applied as test formulations. Previous reports noted
an impressive enhancement of d-limonene on the percu-
taneous penetration of ketoprofen in gel ointment, al-
though this effect disappears with the withdrawal of etha-
nol from the formulation. Ethanol and d-limonene are
important additives and are important for enhuncing the
percutaneous absorption of ketoprofen (11). The vehicle
used in the present study was PG. The results of this study
showed that PG significantly increased the amount of caf-
feine penetrating the skin, but did not significantly in-
crease the amount of hydrocortisone or TA through the
skin.
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Table 3

Effecs of Propylene Glveol Presreatment and Enhancers 1-11 on
Permeation and Skin Retention of Triamcinolone Acetonide
{Enhancement Ratios in Parentheses)

Enhancer in PG*  Flux (pM em~hr"') Qs (eM)" SCiuge™'r
Control 023 = 0.16 202=033 182.4 = 90.31
(1.0) (1.0) (1.0)
PG pretreatment 033 = 0.1 272 £ 0.8] 27.32 £ 331
(1.4) (1.4) {0.15)
1 029 =014 221 = 0.85 101.6 = 66.74
(1.3) (.1 {0.56)
2 0.27 = 0.05 1.59 = 0.20 44.11 = 26.09
(1.2} (0.79) (0.24)
3 0.22 = 0.04 1.37 = 0.27 54.21 = 40.82
{0.96) (0.68) (0.30)
4 0,57 = 0.04 110 = 0.24 1599 = 4.74
: (2.5 (1.5) {0.08)
s 0.25 = 002 1.37 = 0.08 23.40 = 6.91
(1.1} (0.68) {0.13)
6 038 = 0.13 1.3 = 0.16 2155 118
(.7 (0.63) 0.12)
7 0.31 = 0.03 1.53 = 0.11 33.39 = 28.67
(1.4) (0.76) (0.18)
8 0.32 = 0.03 195 = 0,21 2055 % 14.14
(1.4) (0.97) (0.1
9 031 = 009 217 £ 020 2241 = 342
(1.4) (.1 (0.12)
10 0.32 = 0.07 1.20 * 0.08 2537 = 1236
(1.4) (0.60) {0.14)
11 0.36 = 0.01 233 = 0.5l 14.16 = 2.97
(1.4} (1.2) {0.08)

* PG, propylere glycol.
* ... 24-hr receptor concentration.

< §C. skin content of tnamcinolone acetonide.
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Other lipophilic drugs that have been examined in
conjunction with lerpenes are testosterone and tamoxifen.
One study examined the effect of l-menthol on the trans-
dermal penetration of testosterone. It was discovered that
testosterone and l-menthol form an eutectic mixiure.
Applying this mixture to the skin resulted in a flux about
B times higher than that of testosterone alone. This result
was explained by two observations: (a) the solubility of
testosterone in the eutectic mixture was 2.8-fold higher
in the presence of menthol, and (b) the permeability coef-
ficient was increased 2.6-fold for the eutectic mixuure.
This dual mechanism of action has been termed a **push-
pull”* mechanism. The push results from the increase in
drug solubility in the vehicle, and the pull results from
the decreased barrier function of the stratum comeum,

which results from a disordering of the lipid lamel-
lae (30).

Another study examined the effects of terpenes on the
enhancement of the lipophilic anticancer drug tamoxifen.
It was reported that carvone was most efficient in enhanc-
ing the permeability of tamoxifen in comparison to a con-
trol. The rank order of the terpenes tested was carvone
> | 8-cineole > thymol > menthol. Once ugain, it was
shown that hydrocarbon terpenes are more efficient at en-
hancing the permeation of lipophilic drugs (31).

In addition to a Student i-test analysis of the data, a
Tukey-Kramer post hoc multiple comparison analysis
was undertaken to group levels of enhancement activity
by looking at ‘significant differences between the en-
hancers at an & level of 0.05. For the enhancement of
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caffeine flux. compound 11 was the most active en-
hancer, und this enhancement was significantly greater
than thal of any other compound. Compounds 10, 7, and
6 were the next most effective enhancers, and their flux
enhuncements were not significamly differemt from each
other. Compounds 4 and 8 were also grouped together.
The enhancements of compounds 5, 3, 9. and PG pretreat-
ment were not significant compared to each other. The
final grouping of terpene enhancers with the lowest activ-
« ities for flux enhancement included compounds 1 and 2.
" The flux enhancements of these two compounds were
significantly lower than that of the rest of the enhancers.
ulthough they were significantly greuter than that of the
control. A Tukey-Kramer analysis of Q.. enhancement
showed that all terpene compounds had significant en-
hancement for this parameter, probably relating to its
lurge values.

The same analysis was also performed on the enhance-
ment of Nux und @+ lor hydrocortisone. This analysis
demonstrated that the enhancement of flux was not sig-
nilicantly different for the top five most active com-
pounds (4. 3, 10. 6, and 7). The remaining enhancers, as
well as the control and PG pretreatment. all have flux
enhancements that are not significantly different from
each other. Tukey-Kramer analysis of ERy, presents a
slightly different result. The top two enhancers, com-
pounds 3 and 4. are not significantly different from each
other. However, their enhancement activity is signifi-
cantly higher than that of compound 7, while the en-
hancement of compound 7 was significantly greater than
_that of compound 11 and 10. The next grouping of com-
‘pounds included 9 and 2, and their ER »,'s were not sig-
nificantly greater than each other. The ERyy's of com-
pounds 1 and 6. as well as those of the control and PG
pretreatment, can all be ranked together with no signifi-
cant differences among them. Finally, the least-active
compounds are 5§ and 8, with enhancement ratios less
than | and no significant difference between them,

Finally, a Tukey-Kramer analysis of flux and Q,, en-
hancement ratios showed no significant differences
among any of the enhancers and controls for TA. For
ER .., comparing the most effective enhancer, compound
4, and the least effective enhancer, compound 3. gave a
Tukey-Kramer @ value of only 0.75, while a value of
4.98 is required to show significant difference at an a =
0.05. The same holds true for ERgy. Comparing com-
pound 4 (most active) and compound 8 (least active) only
gives a {J value of 3.77. It can be stated from these find-
ings that each of the terpenes tested is equally effective
(or ineffective) for the enhancement of TA.

Godwin and Michniak

The purpose of the Tukey-Kramer analysis was to
group the terpene enhancers together in cetegories of ef-
fectiveness for each of the model drugs. In the future,
pharmaceutical scientists may use these groupings 1o se-
lect a penetration enhancer capable of increasing, or per-
haps decreasing. the amount of drug penetrating through
the skin.

CONCLUSION

In conclusion, the results of the present study indicate
that percutaneous penetration of hydroconisone and caf-
feine can be significantly enhanced using a combination
of 1erpene compounds and PG. The same cannot be said
for increasing the penetration of TA. Final results of this
study show that compound 11 was the most effective for
the enhancement of caffeine penetration. Compound 4
was the most active enhancer for the percutaneous pene-
tration of both hydrocortisone and TA, although the in-
crease for TA was not significant. Further studies are re-
quired 10 investigate the effects of these compounds with
other vehicles, such as ethanol, and the effects of vehicles
on transdermal penetration of drugs.
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