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Aim: Silibinin (SB), silydianin (SD), and silychristin (SC) are components of silymarin. These compounds can be used to protect the skin
from oxidative stress induced by ultraviolet (UV) irradiation and treat it. To this end, the absorption of silymarin constituents via the

skin was examined in the present report.

Methods: Transport of SB, SD, and SC under the same thermodynamic activity through and into the skin and the effects of pH were

studied in vitro using a Franz diffusion assembly.

Results: The lipophilicity increased in the order of SC<SD<SB. Increased lipophilicity of a compound resulted in higher skin deposition
but had a minor effect on permeation across the skin in the less-ionized form (pH 8). It is apparent that compounds in the less-
ionized form showed higher skin uptake compared to the more-ionized form. Hyperproliferative skin produced by UVB exposure
showed increased permeation of silymarin constituents in the less-ionized form, but it did not affect deposition within the skin. With
in vivo topical application for 4 and 8 h, the skin deposition of SB was higher than those of SD and SC by 3.5~4.0- and 30~40-fold,
respectively. The skin disruption and erythema test demonstrated that the topical application of these compounds for up to 24 h

caused no apparent skin irritation.

Conclusion: The basic profiles of silymarin permeation via skin route were established.
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Introduction

Exposure of skin to ultraviolet (UV) radiation results in a
variety of biological effects, including inflammation, induc-
tion of oxidative stress, formation of sunburned cells, and
0 All of these play important roles
in the development of non-melanoma skin cancer (NMSC),

immunologic alterations

which is the most frequently diagnosed malignancy in Cauca-
sians around the world®?!. Surgical and medical treatments
of NMSC are difficult because of a high recurrence rate, the
occurrence of multiple lesions, and location of tumors on the

head, neck, and outer arms*

. These limitations suggest the
need for additional approaches to protect skin against UV-
caused cellular damage and NMSCF!.

Silymarin, a polyphenolic flavonoid isolated from seeds of
the milk thistle [Silybum marianum (L) Gaertn], has been used
for more than 2000 years as a traditional medicine to treat

liver disorders and to protect the liver against poisoning from
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chemical and environmental toxins”. Silymarin is composed
primarily of silibinin (SB) together with small amounts of
other stereoisomers, such as silydianin (SD) and silychristin
(SC) (Figure 1)"). The UV light that reaches the earth’s surface
comprises primarily UVA wavelengths (315-400 nm) and the
remainder (approximately 5%) contains the (295-320 nm) UVB
radiation. Both UVA and UVB cause wavelength-dependent
damage to human skin including skin cancer, whose incidence
is dramatically increasing!®. Recent studies showed that sily-
marin constituents could strongly protect against photocar-
cinogenesis and inhibit UVB and chemical tumor promoter-
induced skin inflammation and edema!" *"". Silymarin also
attenuates UVA-induced damage to human keratinocytes!.

A previous study™ reported that the skin tissue distribution
of silibinin is low by oral administration in mice. Hence topi-
cal delivery via the skin may be capable of attaining sufficient
pharmacological activity by silymarin constituents. Suitable
absorption is known to be an essential requirement for the
satisfactory application of topical agents. Although silymarin
and its components were demonstrated to have significant
activity on UV-irradiated skin, there is no information on the
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Figure 1. Chemical structures of silibinin (SB), silydianin (SD), and
silychristin (SC).

absorption and permeability parameters of these flavonoids in
skin.

The aim of this work was to establish basic profiles of SB,
SD, and SC permeation via the skin. Another purpose was to
investigate the correlation between skin absorption and physi-
cochemical characteristics of these compounds. Both in vitro
and in vivo skin absorption experiments were performed in
this study. Possible pathways of the compounds via the skin
were elucidated using skin treated by various strategies as
permeation barriers. Moreover, UVB-irradiated skin was used
as a skin barrier for permeation in order to mimic the clinical
situation.

Materials and methods

Materials

SB (CAS: 22888-70-6) was purchased from ChromaDex (Irvine,
CA, USA). SD (CAS: 29782-68-1) was supplied by USP refer-
ence standards (Rockville, MD, USA). SC (CAS: 33889-69-9),
a-terpineol, and oleic acid were obtained from Sigma-Aldrich
(St Louis, MO, USA). All other chemicals and solvents were
analytical grade and were used as received.

Preparation of saturated solutions
Saturated solutions of SB, SD, and SC were prepared in
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Na,HPO,-citric acid buffer (Mcllvain buffer) with respective
pH values of 6, 8, 9.9, and 10.8. An excess amount of each
compound was added to 1 mL of the selected buffers, and
shaken reciprocally in an incubator at 37 °C for 24 h. The sus-
pension was centrifuged at 10 000 r/min for 10 min, and the
concentration of the compound in the supernatant was deter-
mined by high-performance liquid chromatography (HPLC)
after an appropriate dilution.

HPLC analytical method
The HPLC system for silymarin constituents included an
L-2130 pump, an L-2200 sample processor, and an L-2400 UV-
visible detector all from Hitachi (Tokyo, Japan). A 25-cm-long,
4-mm inner diameter stainless RP-18 column (Merck, Darm-
stadt, Germany) was used as the stationary phase. The mobile
phase was an acetonitrile-water (35:65) mixture at a flow rate
of 1 mL/min. The UV-visible detector was set at 288 nm. The
log K’ value (capacity factor) of the compounds was deter-
mined isocratically using HPLC. The retention time of each
compound was measured, and the K’ value was calculated
from the following equation:

Log K" =g [(t: - to)/ tol;
where t, is the retention time of each compound, and f, is the
retention time of the non-retained solvent peak (methanol).

At the range 0.1-100 pg/mL, the concentration of all sily-
marin constituents was linearly proportional to their chro-
matographic peak area. The limit of detection (LOD) of SB,
SD, and SC was determined to be 10 ng/mL, 15 ng/mL, and
15 ng/mL, respectively. The intra- and inter-assay precision
and accuracy values were evaluated at the concentration range
0.1-100 pg/mL. The overall precision, defined by the rela-
tive standard deviation (RSD), ranged from 0.9% to 7.2% on
average. Analytical accuracy, expressed as the percentage dif-
ference between the mean of measured value and the known
concentration, varied from -5.3% to 7.1%.

Preparation of skin membranes

Female nude mice (8 weeks old) were sacrificed, and full-thick-
ness skin was excised from the dorsal region. To obtain deli-
pidized skin, the stratum corneum side was pretreated with
chloroform-methanol (2:1) for 1 h. Five percent a-terpineol or
oleic acid in a 25% ethanol/water vehicle was used to pretreat
skin mounted on a Franz cell for 2 h, followed by the in vitro
skin absorption experiment.

To obtain UVB-irradiated skin, a Bio-Spectra System Illu-
minator (Vilber Lourmat, France) was used to emit UVB at
a wavelength of 312 nm. This method was modified from
Moore et al™. Briefly, mice were exposed to a single UVB
dose of 150 mJ/cm? for 7 d and killed after the last exposure.
The distance between the UVB lamps and the dorsal skin was
about 40 cm. The morphology of the skin was verified by
cyclooxygenase (COX)-2 and proliferating cell nuclear antigen
(PCNA) staining. Each specimen was dehydrated using etha-
nol, embedded in paraffin wax, and stained with COX-2 or
PCNA. For each skin sample, three different sites were exam-
ined and evaluated under light microscopy (Olympus IX70,
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Tokyo, Japan).

In vitro skin absorption
Skin with or without the various treatments was mounted on
the receptor compartment of a Franz cell with the stratum cor-
neum side facing upwards into the donor compartment. Five
and a half milliliters of a 3: 7 (v/v) ethanol-pH 7.4 buffer was
used as the receptor medium to maintain the sink condition of
the three compounds. The donor compartment was occluded
by parafilm and filled with 0.5 mL of the vehicle contain-
ing flavonoids at a dose which ensured saturated solubility.
The available diffusion area between the compartments was
0.785 cm®. The stirring rate and temperature were kept at 600
r/min and 37 °C, respectively. At appropriate intervals,
300-pL aliquots of the receptor medium were withdrawn and
immediately replaced with an equal volume of fresh medium.
At the end of the in vitro experiment (24 h), the skin was
removed from the cell and the skin surface was cleaned with
a cotton wool swab immersed in water and methanol three
times each. The skin was then weighed, cut with scissors,
positioned in a glass homogenizer containing 1 mL of metha-
nol, and homogenized for 10 min at 300 r/min. The resulting
solution was centrifuged for 10 min at 10000 r/min and then
filtered through a polyvinylidene difluoride (PVDF) mem-
brane with a pore size of 0.45 pm. All samples were analyzed
by HPLC.

In vivo skin absorption

For the in vivo experiment, an 8-week-old nude mouse was
used. A glass cylinder with an available area of 0.785 cm”
was placed on the dorsal skin with glue (Instant Super Glue®,
Kokuyo, Japan). An aliquot of 0.2 mL of vehicle with sily-
marin constituents was added to the cylinder. The application
times of the vehicle were 4 and 8 h. The application region of
the skin was excised at the end of the experiment. The proce-
dures for washing and extraction of the compound from the
skin were the same as for the in vitro experiment.

In vivo skin irritation test

A 0.6-mL aliquot of pH 8 buffer with flavonoids was spread
uniformly over a sheet of non-woven polyethylene cloth (1.5
cmx1.5 cm), which was then applied to the back area of a nude
mouse. The polyethylene cloth was fixed with Tegaderm®
adhesive dressing (3M, USA) and Fixomull® stretch adhesive
tape (Beiersdorf AG, Germany). After 24 h, the cloth was
removed, and the treated skin area was swabbed clean with a
cotton wool swab. After withdrawal of the vehicle for 30 min,
transepidermal water loss (TEWL), colorimetric parameters,
and the pH of the applied skin were measured. TEWL was
recorded using a Tewameter® (TM300, Courage & Khazaka,
Koln, Germany). Measurements taken at a stable level were
performed 30 s after application of the TEWL probe to the
skin. The TEWL was automatically calculated and expressed
in gm™h". A spectrocolorimeter (CD100, Yokogawa Electri-
cal, Tokyo, Japan) was used to measure the skin erythema (a*).
The instrument records color reflectance three-dimensionally
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(L*, a* b*) as recommended by the CIE (Commission Interna-
tionale de I'Eclairage). When recording the color values, the
measuring head was held perpendicular to the dorsal skin of
the mouse, and the aperture was fitted with an applicator, to
avoid compression of the subcutaneous capillaries. The read-
ing was obtained within a few seconds on the display. The
skin surface pH was determined by a Skin-pH-Meter® PH 905
(Courage & Khazaka, Germany). An adjacent untreated site
was used as a baseline standard for each determination. The
temperature and relative humidity in the laboratory were kept
at 26 °C and 55%, respectively. The sample number for each
experiment was six (n=6).

Data analysis

To calculate the permeation parameters of Fick’s law from
the plot of the cumulative amount versus time, a graph was
plotted as shown in Figure 2. The flux value at the steady-
state was determined and expressed per unit of diffusion area
in pgem™h™ by a linear regression calculation from the slope
of the linear portion of the cumulative amount-time profiles.
The permeability coefficient (K,, cm/h) was calculated from
the flux divided by the saturated compound concentration
in the donor compartment. The compound amount in the
skin (pg/g) was also calibrated by the saturated solubility
(pg/mL) in the donor compartment (calibrated skin deposi-
tion) to compare the skin absorption among different sily-
marin constituents.

A statistical analysis of differences between different treat-
ments was performed using unpaired Student’s t-test. A 0.05
level of probability was taken as the level of significance. An
analysis of variance (ANOVA) test was also used if necessary.

Results

In vitro skin absorption of SB

The effect of the pH of buffers on skin permeation of SB was
examined from pH 6 to 10.8. The ionization of these com-
pounds increased following an increase in the pH. The satu-
rated solubilities of SB in pH 6, 8, 9.9, and 10.8 buffers were
4.20+0.41, 31.41+1.86, 190.53+6.63, and 565.10+24.64 pg/mL,
respectively. This indicates that the ionic form of SB provided
a more-hydrophilic condition of molecules.

In vitro delivery of SB into/across excised skin was investi-
gated for all buffers from pH 6 to 10.8. The permeation char-
acteristics of SB are summarized in Table 1. Figure 2 shows an
example of an SB permeation profile to illustrate the perme-
ation kinetics during 48 h. Cumulative amount-time profiles
demonstrated the attainment of a steady-state flux of SB across
the skin. SB flux was greatest from the saturated solution at
pH 10.8 and least from that at pH 6. This trend corresponded
to the trend in the concentrations of SB in different saturated
solutions. When calibrated by the saturated solubility (K,), the
SB permeability from pH 6 buffer showed the greatest level,
followed by pH 10.8, 9.9, and 8. For topical formulations, the
drug skin content is considered an important parameter. In
the present work, the skin deposition was determined at the
end of the in vitro experiments as depicted in Table 1. The
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Table 1. Permeation data of SB from aqueous solutions with various pH
values. n=4. Mean+SD.

Table 2. Permeation data of SB from pH 8 and pH 9.9 aqueous solutions
across various skin types. n=4. Mean+SD.

Vehicle Flux K, Calibrated
(ugem2h™x103) (cm/hx10%)? skin deposition
(x10™°
pH 6 buffer 10.92+4.20 2.60+1.00 9.35+0.91
pH 8 buffer 48.18+13.02 0.74+£0.20 8.31+1.09
pH 9.9 buffer 209.58+43.82 1.10+0.23 0.78+0.19
pH 10.8 buffer 858.95+124.32 1.52+0.22 0.17+0.02

?K,, Permeability coefficient=Flux (ugcm>h™)/solubility (ug/mL).
® Calibrated skin deposition=compound amount retained in skin (ug/g)/
solubility (ug/mL).

Cumulative amount (ug/cm?)

Time (h)

Figure 2. Cumulative amount versus time profiles of in vitro topical
silibinin (SB) application permeating across nude mouse skin from
aqueous buffers with different pH values. n=4. Mean+SD.

deposition of SB was noted to have an increasing trend as the
pH of the donor compartment decreased. The calibrated skin
deposition from pH 6 buffer exhibited a 55-fold increase com-
pared to that from pH 10.8 buffer.

In vitro skin permeation of SB across various skin types

Although the examination of drug permeability across the
skin is less advantageous when targeting skin tissue, an
understanding of the permeability may be helpful to elucidate
the mechanisms involved in the skin absorption of the drugs.
Table 2 summarizes the K, of SB across various skin mem-
branes from pH 8 and 9.9 buffers. The K;, of SB with pH 8 buf-
fer across delipidized skin showed a 2.15-fold (P<0.05) increase
compared to that of intact skin. On the other hand, the data
indicated that the K, of SB with pH 9.9 buffer across delip-
idized skin was 11.46-fold higher (P<0.05) than that across
intact skin. To further explore the permeation mechanisms of
SB, a-terpineol and oleic acid were used to pretreat the skin.
Ethanol at 25% was used as the pretreatment medium for solu-
bility considerations. Ethanol had no statistically significant
effect (P>0.05) on SB permeability at pH 8. Similar K, values
(P>0.05) were observed for permeation across skin treated
with a-terpineol or oleic acid and 25% ethanol. Ethanol at 25%

) K, Enhancement
pH value Skin type (cm/hx 102 ratio (ER)?
pH 8 Intact skin 0.74+0.20 -

Delipid skin 1.59+0.15 2.15
25% ethanol treatment 0.93+0.47 1.26
o-Terpineol treatment® 0.85+0.11 1.15
Oleic acid treatment® 1.06+£0.34 1.43
pH 9.9 Intact skin 1.10+0.23 -
Delipid skin 12.61+0.45 11.46
25% ethanol treatment 4.78+2.41 4.35
o-Terpineol treatment® 12.49+0.48 11.35
Oleic acid treatment® 5.39+0.91 4.90

®K,, Permeability coefficient=Flux (ugcm™h™)/solubility (ug/mL).
®Enhancement ratio (ER), K, across treated skin/K, across intact skin.
°The medium is 25% ethanol.

significantly increased (P<0.05) the K, of SB compared to the
control by 4.35-fold. The enhancement ratios (ERs) of K, for
a-terpineol and oleic acid were 11.35 and 4.90, respectively.
This indicated that pretreatment of the skin with a-terpineol
further increased the permeation of SB in a more-ionized form.

Comparison of the in vitro skin absorption levels of SB, SD, and
SC

The aqueous solubility and lipophilicity profiles of SD and SC
were established for comparison with those of SB as shown in
Table 3. The solubility increased in the order of SB<SD<SC
in both pH 8 and 9.9 buffers. The lipophilicity ranking was
evaluated by measuring the capacity factor (log K’), which
indicates the relative retention of a compound in the HPLC
system. The log K’ result confirmed the greater lipophilicity
of SB compared to SD and SC. Although there are similarities
in the structures of silymarin constituents, the K, and skin
deposition of these compounds showed discrepancies as
demonstrated in Figure 3. In the less-ionized form (pH 8), SC
showed the highest K, followed by SB and SD (P<0.05). A
similar trend was observed in the more-ionized form (pH 9.9)
although higher values were detected for pH 9.9 compared
to pH 8. The in vitro skin uptake of SB at pH 8 was ~4-fold
higher than that of SD and SC into intact skin. A correlation

Table 3. Solubility (ug/mL) and capacity factor (log K’) of SB, SD, and SC
in various vehicles. n=6. Mean+SD.

c d Solubility in Solubility in log K'®
ompoun pH 8 buffer pH 9.9 buffer g
Silibinin (SB) 31.41+1.86 190.53+6.63 0.80
Silydianin (SD) 91.08+22.71 440.83+3.13 0.45
Silychristin (SC) 187.89+12.75 821.68+4880  0.41

?log K, logarithm of (t-t,)/t,, t, is the retention time of product peak, t, is
the retention time of solvent peak.
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Figure 3. The permeability coefficient (K,) (A) and in vitro calibrated skin
deposition (B) of silibinin (SB), silydianin (SD), and silychristin (SC) from
pH 8 and 9 buffers across intact or UVB-irradiated skin. n=4. Mean+SD.
°P<0.05 vs pH 8/intact skin.

was noted between K, and skin retention of these compounds
with pH 9.9 buffer.

In vitro skin absorption across UVB-irradiated skin

The appearance, histological morphology, and compound
delivery of UVB-irradiated skin were examined. Figure 4A
and 4B depict representative examples of images of the skin
surface without and with UVB exposure, respectively. UVB
treatment was effective in inducing inflammatory responses
including erythema and edema formation. The skin of mice
was also desquamated after 7 d of UVB irradiation. As shown
in Figure 4C and 4D, COX-2 expression was observed in
epidermal cells of the dorsal skin of mice after UVB irradia-
tion. Skin samples isolated from the treated area revealed an
epidermal thickening in response to UVB-induced injury in
these animals. The UVB irradiation increased the epidermal
thickness by ~5-fold. Marked hyperplastic and hyperkera-
totic changes with acanthosis were also detected. As shown
in Figure 4E and 4F, the expression of PCNA was higher than
without UVB irradiation. The PCNA results confirm cellular
proliferation, reflecting the intense hyperproliferative process
induced by 7 d of UVB exposure.

Figure 3 compares in vitro skin absorption of silymarin
components via normal and hyperproliferative skin. UVB-
irradiated skin exhibited higher K;, values compared to normal
skin (P<0.05) in pH 8 buffer. ER values with UVB treatment
were 2.58, 5.19, and 1.97 for SB, SD, and SC, respectively. The
more-ionized form (pH 9.9) showed no significant differences
(P>0.05) between the two skin types. UVB irradiation did not
influence the in vitro skin uptake of these compounds in either
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Figure 4. Images of nude mouse skin before and after UVB irradiation for
7 d: (A) clinical observation before UVB irradiation; (B) clinical observation
after UVB irradiation; (C) COX-2 expression by immunochemical staining
before UVB irradiation, x400; (D) COX-2 expression by immunochemical
staining after UVB irradiation, x400; (E) PCNA expression by immuno-
chemical staining before UVB irradiation, x400; (F) PCNA expression by
immunochemical staining after UVB irradiation, x400.

pH 8 or 9.9 buffers (P>0.05).

In vivo skin absorption of SB, SD, and SC
Levels of flavonoids in the skin were determined following
a single application to the dorsal surface of nude mice. The
pH 8 buffer was selected as the vehicle because of the high
compound accumulation within the skin in the in vitro sta-
tus. Table 4 shows the in vivo skin deposition of SB, SD, and
SC after topical delivery for 4 and 8 h. Similar to the in vitro
results, the in vivo uptake of SB was greater than those of SD
and SC. There was no significant difference (P>0.05) between
the intradermal concentrations of any compound at 4 and 8 h.
Bioengineering methods such as TEWL, colorimetry, and
pH for evaluating the safety of silymarin constituents on skin
were conducted in vivo. The A value (the value of the treated
site minus the value of an adjacent untreated site) of TEWL,
skin redness (a*), and pH were determined after a 24-h admin-



Table 4. In vivo skin deposition of SB, SD, and SC from pH 8 aqueous
solution. n=6. MeanzSD.

Compound Calibrated skin deposition Calibrated skin deposition
at4 h (x10"7 at8h (x10™)°
Silibinin (SB) 8.07+1.93 7.25+1.94
Silydianin (SD) 2.11+0.25 2.03+0.42
Silychristin (SC) 0.20+0.04 0.25+0.07

? Calibrated skin deposition=compound amount retained in skin (ug/g)/
solubility (ug/mL).

istration as shown in Figure 5. No significant skin irritation
was determined when the bar of the standard deviation (SD)
passes across the zero line in Figure 5. Silymarin constituents
produced negligible changes in TEWL, suggesting a tolerance
of the skin to topically applied formulations. Colorimetry
measurements of a* in nude mice did not change during the
full treatment, indicating that erythema formation was not
induced. Only a slight increment (P<0.05) in the skin pH was
observed in the case of SC.

1SB

SD

B SC 4 TEWL
Erythema (a*)
pH

6 -4 2 4 6

AValue

Figure 5. In vivo skin irritation examination determined by transepidermal
water loss (TEWL), erythema (a*), and the pH value after a 24-h
application of topically applied silibinin (SB), silydianin (SD), and
silychristin (SC) from pH 8 buffer. The A value indicates the value of
the treated site minus the value of an adjacent untreated site. n=6.
Mean+SD.

Discussion

Studies focusing on the development of silymarin constituents
with protective activity against UV-induced skin damage are
intensively being carried out. Despite various reports link-
ing the beneficial properties of silymarin to dermal use, no
comprehensive study has been conducted investigating the
skin absorption ability of these compounds. The purpose of
this study was to identify formulation variables including
pH and compounds that influence silymarin absorption via
skin. We found that the structures of silymarin constituents
largely affected their skin absorption. The results showed that
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SB exhibited considerable absorption into the skin, especially
in the non-ionized form. Negligible skin irritation was also
detected.

SB was first selected to evaluate its skin absorption because
SB is the most active and abundant constituent present in
silymarin”!. In the skin absorption studies, the selection of
a skin model is an important prerequisite. The most reliable
skin absorption data are collected from human studies. How-
ever, such studies are generally not feasible during the initial
development of a novel dosage form or system. The availabil-
ity of such systems is also limited. The skin of rodents is most
commonly used for in vitro and in vivo skin permeation stud-
ies. There are a number of hairless species (eg, nude mice and
hairless rats) in which the absence of a hairy coat mimics the

[15]

human skin better than hairy skin Hence nude mice were

used as an animal model in this study. Although nude mouse

skin is more permeable than human skin!*® "

, it is still a good
model for examining the skin transport of permeants because
of the limited variability among individuals and similar hair
follicle density to human skin!®.

Saturated solutions were used for the skin absorption expe-
riment to ensure that there was uniform thermodynamic
activity and thus common activity by the compounds in each

formulation™ 2!,

The pH of the aqueous vehicle was shown
to be one of the major variables that can influence the diffu-
sivity of drugsm’ 2]

have multiple protonation sites. For example, the acidic-

. The structures of silymarin constituents

dissociation constants of SB at 37 °C were determined to be
PK.1=6.86, pK,,=8.77, pK,s=9.62, and pK,,=11.38*!. SB is pre-
dominantly in a non-ionic form in pH 6 buffer, which is bene-
ficial due to its lipophilicity. The neutral form of a compound
always shows higher skin partitioning compared to the ionic
form because of the lipophilic characteristics of the stratum
corneum. The ionized degree of SB increased following an
increase in the donor pH value. The results showed that the
skin deposition of SB from an aqueous solution was directly
related to its lipophilicity.

The higher skin reservoir of non-ionic SB may result in a
high release into the receptor compartment because of the fast
diffusion due to the concentration gradient. However, the
trend of K, values from pH 8 to pH 10.8 somewhat differed
from that of calibrated skin deposition although there was no
significant difference (P>0.05) among K, values from these
three solutions. Increased pH can ionize a greater part of the
intercellular fatty acids of the stratum corneum, changing the
phase behavior and packing of the barrier lipid mixture™!. A
long-term application of an alkaline formulation on the skin
surface might not be suitable for clinical use.

The predominant route for most permeant transport into
or across the skin is the intercellular region of the stratum
corneum. The delipidation process can remove intercellular

201 The stratum corneum is

lipids in the stratum corneum
principally lipophilic in nature and far more resistant to polar
than non-polar compounds. This speculation is consistent
with the permeation profiles of SB with lipid removal which

largely increased the permeation of the more-ionized form
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(pH 9.9) but not the less-ionized form (pH 8). SB in pH 9.9
buffer showed the highest enhancement of skin permeation
across delipidized skin, suggesting that permeation through
the stratum corneum layer was the rate-limiting process. The
permeation of SB in pH 8 buffer was not greatly enhanced by
the extraction of lipid bilayers, or the main barrier to perme-
ation could lie in the lower viable skin layer. Thus, it appears
that the stratum corneum was not the sole significant contribu-
tor to resistance to the less-ionized form of SB. However, it
cannot be neglected that this superficial layer still constitutes
an important barrier for SB in pH 8 buffer.

a-Terpineol and oleic acid are used as permeation enhancers
for topical / transdermal drug delivery. Terpenes are known to
act at the lipid polar heads of ceramides, while fatty acids act
at the lipid tail portion of intercellular lipid bilayers™ . Nei-
ther enhancer in 25% ethanol was able to express any enhanc-
ing activity on the permeation of SB in the less-ionized form
after disruption of the lipid bilayers. This suggests that SB in
pH 8 buffer is easily partitioned into the bilayers. It also dem-
onstrates that the intracellular route might not be important
for lipophilic SB since oleic acid can affect corneocytes.

Ethanol at 25% increased SB permeation in pH 9.9 buf-
fer by 4.35-fold. The ER by enhancers should be normalized
to the value of 25% ethanol to neglect the vehicle influence.
After calculation, it is found that a-terpineol but not oleic
acid increased the permeation of the more-ionized form of
SB. This result confirms that the lipid bilayers are the main
barrier blocking the transit of ionic SB. Terpenes cause loosen-
ing of the lipid bilayers due to breaking of H-bonds between
ceramides as they have the potential to accept or donate
H-bonds™!. The higher enhancement by a-terpineol than by
oleic acid indicates that the diffusion of ionic SB along the
lipid portion was more significant than that along the H-bonds
between ceramides.

Skin absorption of a drug is determined by its physico-
chemical properties, in particular, the molecular weight and
lipophilicity which play major roles in the process™ *. SB,
SD, and SC possess the same molecular weight of 482.4 Da.
Therefore, any difference in skin absorption must have been
attributable to another factor. There was a correlation between
the skin deposition and lipophilicity of the three compounds
in pH 8 buffer. The highest lipophilicity of SB increased parti-
tioning into the stratum corneum, forming a reservoir. On the
other hand, SC has an additional hydroxyl group in its struc-
ture compared to SB and SD. The extra moiety contributes to
the lower lipophilicity of SC. The amount of SC retained in
the skin was also less because of its more-hydrophilic proper-
ties compared to the other compounds. However, lipophilic-
ity is not a common rule for explaining the absorption trend
of these flavonoids. SD generally showed the lowest values
of K, and deposition among the three compounds. A cyclic
ketone moiety forming a steric bridge is seen in SD’s structure
(Figure 1). Both SB and SC show a planar structure. Although
the molecular weights of these compounds are the same, SD
may present a larger molecular volume compared to SB and
SC. This suggests evidence of the selective absorption of SD
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over SB and SC. In order to confirm this hypothesis, molecu-
lar modeling software (Discovery Studio® version 2.0, Accelrys
Inc, San Diego, USA) was used to draw the stereo structure
of the three flavonoids as shown in Figure 6. It is clearly seen
that the three-dimensional structure of SD may hinder its
penetration into skin. Further study is needed to explore the
mechanisms involved in the relationship between the struc-
ture and skin absorption.

Figure 6. The stereo structure of silibinin (SB), silydianin (SD), and
silychristin (SC) pictured by a molecular modeling software (Discovery
Studio® version 2.0, Accelrys Inc, San Diego, USA).

It was expected that permeation through the skin would
be reduced as the permeant is largely retained within the

skin reservoir®'.

This theory can explain the contrary trend
between K, and skin deposition for the three flavonoids in the
less-ionized form (pH 8). This phenomenon was not observed
in pH 9.9 bulffer since a direct correlation between K, and skin
deposition was achieved for the more-ionized form. The con-
centration gradient between the skin and receptor may have
contributed to this result. This suggests that the degree of ion-
ization can influence the delivery behavior via the skin route.
UVB exposure can trigger oxidative damage and inflamma-
tion of the skin, subsequently inducing prominent epidermal
thickening. Inflammation and DNA damage occur with UVB
irradiation which lead to COX-2 and PCNA expressions™ ',
PCNA expression is a marker of DNA repair and indirectly an

" These effects were con-

indicator of UVB-induced damage!
firmed by the histopathlogic profiles of skin tissue in the pres-
ent study. When epidermal hyperplasia was well developed
by UVB, K, values of the flavonoids significantly increased in
pH 8 buffer. The increment in thickness of the epidermis may
have created a longer pathway through which the permeant
had to pass. This was not the case in the present study. The
inflammation produced disruption of the epidermal structure.
As indicated in the previous section, viable epidermis/dermis
is an important barrier for neutral SB permeation. This disrup-
tion may attenuate the barrier function of viable skin, leading
to increased K, values. This result was not observed for ion-
ized SB, indicating a limited alteration of lipid bilayers of the
stratum corneum after UVB irradiation. Although permeabil-
ity across the skin could be enhanced after exposure, retention
within the skin reservoir remained unchanged. This result
indicates that the dermal use of silymarin constituents for topi-
cal aims can minimize absorption differentiation between nor-
mal and disordered skin. Most research papers have utilized



healthy skin to examine drug absorption, and results from
such studies might not be appropriately applied to predict the
skin targeting ability of a drug on disordered skin. The skin
model used in this work may be useful for resolving this prob-
lem.

The in vivo topical application data show that silymarin
constituents were efficiently absorbed into intact skin. A good
in vitro-in vivo correlation was observed for the skin absorp-
tion trends from various formulations. This suggests that the
amount of flavonoids retained in the skin in the in vitro status
can predict the in vivo compound accumulation within the
skin. According to a previous study by Lu et al®, the original
contents of SB, SD, and SC in silymarin determined by HPLC
were 33.40%, 3.51%, and 12.91%, respectively. It is beneficial
for topical silymarin administration since SB, the compound
with the highest percentage, showed greater skin absorption.

Besides the efficiency of diffusion into the skin, the skin tol-
erance is another concern for topical delivery systems. Many
cutaneous reactions to herbal preparations and natural prod-

dP*34. The most common cutaneous

ucts have been reporte
adverse effect is allergic contact dermatitis. By evaluating
established endpoints of skin irritation (TEWL, skin redness,
and pH), the present study demonstrates that the topical
application of SB, SD, and SC for up to 24 h did not cause skin
irritation. Oral administration and cell incubation of silymarin
and the components have shown that they are well tolerated
and do not cause any significant adverse health effects!® ">,

The same phenomenon was also observed in skin tissue.

Conclusions

The incidence of NMSC is directly associated with exposure
to solar UV radiation. Chemoprevention of skin cancer using
natural agents is suggested as a promising approach and
has generated enormous research efforts in recent years. As
demonstrated in this study, the compounds of silymarin were
readily absorbed by the skin in both in vitro and in vivo experi-
ments. SB showed higher skin absorption than SD and SC.
The skin deposition of the non-ionic form was superior to that
of ionic molecules. The viable epidermis/dermis represents
an important barrier for non-ionic SB permeation via the skin.
On the other hand, the stratum corneum is still the predomi-
nant permeation barrier for ionic SB. The uptake of silymarin
constituents into the skin remained the same after UVB
exposure. However, permeation across the skin significantly
increased in pH 8 buffer by this irradiation. The preliminary
safety examination of the skin showed an acceptable skin
tolerance to SB, SD, and SC. This present work indicates the
promise of further in vivo and clinical applications of silymarin
delivery via the skin. Further study is needed to explore the
the delivery vehicles with more-efficient absorption.
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