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Abstract

Topically-applied antioxidant drugs represent a successful strategy for protecting the skin against UV-mediated
oxidative damage. However, they can afford to the skin a satisfactory photoprotection only if able to permeate
through the stratum corneum and thus to reach deeper cutaneous layers. Caffeic and ferulic acids, dissolved in
saturated aqueous solutions at pH 3 or 7.2, have been tested for their capability to permeate through excised human
skin mounted in Franz cells. At both pH values, ferulic and, at a lower degree, caffeic acids appeared able to permeate
through the stratum corneum. The known higher lipophilicity of ferulic acid may explain the fact that it permeates
through the stratum corneum better than caffeic acid. However, vehicle pH values proved to have no influence on
biophenol skin permeation profile; this observed lack of pH effect may reflect the drug higher concentration attainable
in saturated solutions at high pH. On the basis of the findings obtained in these in vitro experiments, we designed the
schedule of a series of in vivo experiments, carried out to evaluate the ability of caffeic and ferulic acids to reduce,
in healthy human volunteers, UVB-induced skin erythema, monitored by means of reflectance spectrophotometry.
Caffeic and ferulic acids, dissolved in saturated aqueous solution pH 7.2, proved to afford a significant protection to
the skin against UVB-induced erythema. To conclude, we have confirmed, by means of in vitro and in vivo
experiments, that caffeic and ferulic acids may be successfully employed as topical protective agents against UV
radiation-induced skin damage; however their skin absorption is not influenced by the pH of the formulation. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

The skin is exposed to a broad variety of
biological, chemical and physical attacks. Ultra-
violet light, the most described physical attack, is
well-known to cause skin damage, resulting in
both precancerous and cancerous skin lesions
and acceleration of skin ageing (Dalle Carbonare
and Pathak, 1992; Darr and Fridovich, 1994). In
fact, UVB and UVA radiation (the biologically
relevant solar radiation) has been shown to sig-
nificantly reach epidermal and dermal layers,
where they can provoke damage and degradation
of both cellular components (lipids, proteins and
DNA) and noncellular elements (like collagen
and elastin fibres).

Reactive oxygen species (ROS) are believed to
be largely responsible for some of the deleterious
effects of UV light upon skin (Fuchs and Packer,
1991). Particularly, prolonged skin exposure to
UV light results in a severe decrease of its an-
tioxidant content (Shindo et al., 1994; Podda et
al., 1998); overproduction of nitric oxide from
keratinocytes seems to play a major role in the
integrated response leading to erythema produc-
tion and inflammation process following UV ra-
diation exposure (Deliconstantinos et al., 1996;
Romero-Graillet et al., 1997).

Endogenous antioxidant capacity of the skin is
a major determinant in its response to oxidative
stress-mediated damage. In fact, because it pro-
vides an efficient way to enrich the endogenous
cutaneous protection system, topical administra-
tion of antioxidants has recently proved to repre-
sent a successful strategy for protecting the skin
against UV-mediated oxidative damage (Bonina
and Montenegro, 1996; Weber et al., 1997; Saija
et al., 1998; Saliou et al., 1999).

Caffeic and ferulic acids are two hydroxycin-
namic acids largely present in plants and also in
vegetable foods, such as olives and olive oil.
Their biological properties and, especially, their
antioxidant activity are well recognized (Castel-
luccio et al., 1995; Rice-Evans et al., 1996; Chen
and Ho, 1997). In particular, ferulic acid is em-
ployed as photoprotective ingredient in many
skin lotions and sunscreens. However, literature
reports little evidence concerning the utility of

topically-applied hydroxycinnamic acids to pro-
tect against photooxidative skin damage. We
have demonstrated previously that caffeic and
ferulic acids are able, in vitro, to efficiently pro-
tect phosphatidylcholine liposomes from UV ra-
diation-induced peroxidation and to react with
nitrogen oxides produced from sodium nitroprus-
side (Saija et al., 1999). Furthermore, ferulic acid
was shown to be a strong UV absorber (Graf,
1992). These findings represent an interesting
background supporting a potentially successful
employment of caffeic and ferulic acids as topical
protective agents against UV radiation-induced
skin damage.

Given that UV radiation penetrates deeply
into the skin, topically applied antioxidant drugs
can afford to the skin a satisfactory photoprotec-
tion only if they are able to reach deeper cuta-
neous layers, permeating through the stratum
corneum (the main obstacle against the penetra-
tion of exogenous substances through the skin).

Our previous studies showed that ferulic and
caffeic acids, dissolved in buffer pH 3 (where
they exist, almost exclusively, as non-ionised spe-
cies), are able to permeate through the stratum
corneum of excised human skin mounted in
Franz cells (Saija et al., 1999). The aim of the
present paper was to determine the pH influence
on in vitro percutaneous absorption of caffeic
and ferulic acids. Thus the permeation profiles
through excised human skin of these two drugs
were evaluated at different pH values (3 and
7.2).

On the basis of the findings obtained in these
in vitro experiments, we designed the schedule of
a series of in vivo experiments, carried out to
evaluate the ability of caffeic and ferulic acids to
reduce, in healthy human volunteers, UVB-in-
duced skin erythema. In fact, UVB erythema,
whose extent may be monitored by means of
reflectance spectrophotometry, is regarded as one
of the most suitable models for studying in vivo
skin damage after acute UV exposure (Dawson
et al., 1980; Andersen et al., 1991) and provides
a useful tool to assess radical scavenger activity
of topically-applied compounds (Saija et al.,
1998).
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2. Materials and methods

2.1. In 6itro skin permeation experiments

2.1.1. Protocol
The experiments were carried out according to

the method described previously (Bonina and
Montenegro, 1994; Saija et al., 1998). Adult hu-
man skin samples (mean age 35915 years) were
obtained from breast reduction operations. Sub-
cutaneous fat was trimmed and the skin samples
were immersed in distilled water at 6091°C for 2
min; then stratum corneum and epidermis (SCE)
were peeled off, since the dermis in vitro can act
as a significant additional barrier to the absorp-
tion of lipophilic drugs. The SCE samples were
dried at room temperature in a desiccator main-
tained at �25% RH. The dried samples were
wrapped in aluminum foil and stored at 491°C
until use. Samples of dried SCE were rehydrated
by immersion in distilled water at room tempera-
ture for 1 h before being mounted in Franz diffu-
sion cells (LGA, Berkeley, CA). The exposed skin
surface area was 0.75 cm2 and the receptor vol-
ume was 4.7 ml. The receiving compartment con-
tained ethanol/water solution (1:1, v/v) to ensure
sink conditions. The receiving solution was stirred
and thermostated at 35°C during all the experi-
ments. Skin barrier integrity of the SCE samples
used in this study was assessed by determining
their tritiated water permeability coefficient (Kp).
Kp values were found to be 1.690.3×10−3 cm
h−1, and were consistent with those reported
previously (Bonina and Montenegro, 1994).

At the beginning of the experiment, 200 ml of a
saturated solution of ferulic acid and caffeic acid
in buffer solution, pH 3 or 7.2, were applied to
the skin surface. Each experiment was run in
duplicate on three different skin donors. Samples
of the receiving solution were withdrawn at differ-
ent times during the experimental period (24 h);
the sample volumes were replaced with the same
amounts of fresh solution. All samples were ana-
lyzed for caffeic or ferulic acid contents by means
of an HPLC with UV/visible detection, as re-
ported below.

2.1.2. Calculations
In vitro percutaneous fluxes (mg cm−2 per h) of

ferulic and caffeic acids were calculated by plot-
ting time versus the cumulative amount of active
compound permeated through the skin and divid-
ing the slope of the linear portion of the curve
(steady-state) by the area of the skin surface
through which diffusion took place. Data were
analysed statistically by using Student’s t-test.

2.1.3. HPLC analysis
The HPLC apparatus consisted of a Varian

5000 system (Varian, Walnut Creek, CA)
equipped with a 20 ml loop and a Polychrom 3060
UV/vis detector (Varian). Integration of the chro-
matographic peaks was achieved with a 4290 inte-
grator (Varian). Chromatography was performed
on a Hypersil ODS column (particle size: 5 mm; 25
cm×4.0 mm I.D.; Perkin–Elmer, Norwalk, CT).
The mobile phase was acetonitrile–water (19:81)
containing 2% acetic acid for ferulic acid and
acetonitrile–water (18:82) containing 2% acetic
acid for caffeic acid. The flow-rate was set at 1.0
ml min−1. Each sample was filtered prior to
injection using a Millex HV13 filter (Waters-Mil-
lipore Corporation, Milford, MA) and an aliquot
(20 ml) was injected into the HPLC apparatus.
Detection was effected at 302 nm.

2.2. In 6i6o e6aluation of the photoprotecti6e
effect

UVB induced skin erythema was monitored by
means of a reflectance visible spectrophotometer
X-Rite mod. 968, having 0° illumination and 45°
viewing angle. The instrument was calibrated with
a supplied white standard traceable to the Na-
tional Bureau of Standard’s perfect white diffuser.
The spectrophotometer was connected to a per-
sonal computer, which performed all color calcu-
lations from the spectral data by means of the
Spectrostart program supplied with the instru-
ment. Reflectance spectra were obtained over the
wavelength range 400–700 nm using illuminant C
and 2° standard observer.

In vivo experiments were performed on 6
healthy volunteers (both sexes) of skin types II
and III, with a mean age of 3199 years. All the
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volunteers were fully informed of the nature of
the study and the procedures involved and gave
their written consent. The subjects did not suffer
from any ailment, were not on medication at the
time of the study and were rested for 15 min prior
to the experiments. Room conditions were set at
2292°C and 40–50% relative humidity.

Skin erythema was induced by UVB irradiation
using an ultraviolet lamp mod. UVM-57 (UVP,
San Gabriel, CA), which emitted in the range
290–320 nm with an output peak at 302 nm. The
flux rate measured at the skin surface was 0.80
mW cm−2. For each subject, the minimal ery-
thema dose (MED) was determined preliminarily
and an irradiation dose corresponding to the dou-
ble of the MED was used throughout the study.

For each subject, six sites on the ventral surface
of one forearm were defined using a circular
template (1 cm2) and demarcated with permanent
ink. Freshly prepared saturated aqueous solu-
tions, pH 7.2, of caffeic or ferulic acids were
employed. Skin sites were exposed to UV-B irra-
diation and then 200 ml of caffeic or ferulic acid
solution were immediately applied to irradiated
sites for three hours using a Hill Top chamber
(Hill Top Research Inc., Cincinnati, OH). For
each subject two skin sites were left untreated but
exposed to UVB radiation (control).

After this period, the chambers were removed,
the skin surfaces were gently washed with water
to remove the solutions; after which the induced
erythema was monitored for 72 h using the reflec-
tance spectrophotometer described above.

From the skin spectral data obtained, the ery-
thema index (EI) was calculated using the follow-
ing equation (Dawson et al., 1980):
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where 1/R is the inverse reflectance at a specific
wavelength (560, 540, 580, 510, 610 nm). EI base-
line values were taken at each designated site
before UVB irradiation and were subtracted from
the EI values obtained at each time point, to
determine DEI values following UVB exposure.
For each site, the area under the response DEI/

time curve (AUC) was computed using the trape-
zoidal rule.

AUC values were inversely related to the ability
of the formulations tested to inhibit UVB skin
erythema. To better compare the efficacy of the
different products tested the percentage inhibition
of UVB skin erythema (PIE) was calculated from
AUC values using the following equation:

Inhibition % (PIE)=
AUC(C)−AUC(T)

AUC(C)

×100

where AUC(C) is the area under the response–
time curve of sites which received no treatment
(control), AUC(T) is the area under the response–
time curve of the sites treated with the solutions
being tested. Statistical analysis was performed by
using Student’s t-test.

2.3. Drugs

Caffeic acid, ferulic acid, acetonitrile, acetic
acid and ethanol were purchased from Sigma–
Aldrich srl (Milan, Italy).

3. Results and discussion

UV radiation penetrates deeply into the skin
and topically applied drugs can afford a satisfac-
tory photoprotection only if able to permeate
through the stratum corneum.

In the first part of the present study, we moni-
tored the skin permeation profile of caffeic and
ferulic acids in vitro, to evaluate if it may be
influenced by vehicle pH.

Typical trends of cumulative drug amounts per-
meated through excised human skin from differ-
ent buffered solutions (pH 3 and 7.2) are shown
in Fig. 1. Furthermore, Table 1 reports the drug
fluxes at steady-state, calculated for both experi-
mental conditions. As clearly evidenced by perme-
ation profiles and flux values, our findings
demonstrate that, at both pH values, ferulic and
caffeic acids are able to permeate through the
stratum corneum. However, ferulic acid possesses
a better percutaneous absorption than caffeic
acid.
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Fig. 1. Cumulative amounts (mg cm−2) of caffeic acid (a) and ferulic acid (b) permeated through excised human skin from different
buffered solutions (
, pH 3; ", pH 7.2).
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Table 1
Values, evaluated at pH 7.2 and 3, of: (A) water solubility (mg
ml−1) of caffeic and ferulic acids; (B) flux (mg cm−2 per h) at
steady-state of caffeic and ferulic acids permeated through
excised human skin

Parameters BiophenolspH

Caffeic acid Ferulic acid

7.2(A) Solubility 6.51 6.63
(mg ml−1)

3 0.42 0.71
(B) Fluxa 7.2 0.5690.15 1.4590.32

(mg cm−2 per h)
0.3990.12 1.1890.253

a Data are expressed as mean9S.D. of three experiments at
least.

the higher aqueous solubility of the drug.
The present findings point out that pH does not

influence the skin penetration of the two biophe-
nols tested. Because at higher pH both caffeic and
ferulic acids are mainly in ionized form, the re-
sults suggest that also the corresponding anions
are skin permeable. The lack of pH effect on skin
permeation fluxes of caffeic and ferulic acids may
reflect the higher concentration of these two drugs
attainable in saturated solutions at high pH (see
Table 1); this higher concentration of the tested
compounds in the donor compartment at pH 7.2
should force more drug molecules to permeate
through the skin, so balancing the concomitant
decreased flux of the more lipophilic, non-ionised
species.

Thus, on the basis of these in vitro findings,
that show no difference in skin penetration of
caffeic and ferulic acids at both vehicle pH values,
the successive in vivo experimental phase was
carried out to evaluate the photoprotective effi-
cacy of caffeic and ferulic acids dissolved in
buffered pH 7.2 solution. In fact, formulations
with a neutral pH are generally more acceptable,
for cosmetic use, in comparison with acidic
formulations.

To assess the protective effect of caffeic and
ferulic acids against UV-B-induced erythema, the
extent of erythema in human volunteers was mon-
itored by means of reflectance spectrophotometry.
A brief methodological comment is needed before
discussing the results. This reflectance method
provides skin reflectance spectra, generally in the
range of 400–700 nm, from which the values of
different color space systems (CIELab, Lch, etc.)
can be obtained using different CIE illuminants
(C, D65, D50, A, etc.) and 2 or 10° illuminant
observer. From spectral data it is possible to
calculate, at different wavelengths, the relative
reflectance or the logarithm of inverse reflectance
(LIR), which indicates the absorption of skin
chromophores (hemoglobin, melanin, etc.). The
use of EI obtained from skin reflectance spectral
values has been suggested for more accurate and
reliable evaluations of skin erythema (Dawson et
al., 1980; Andersen et al., 1991). Because skin
erythema is due to increased hemoglobin content
in skin vessels, EI values are calculated by sub-

Skin absorption of a compound is determined
by its physicochemical properties; lipophilicity, in
particular, plays an important role in the skin
permeation process (Zatz, 1985). Thus, the known
higher lipophilicity of ferulic acid may explain the
fact that it permeates through the stratum
corneum better than caffeic acid (Shahrzad and
Bitsch, 1996).

Conversely, this concept does not justify the
fact that at pH 7.2 and 3 caffeic and ferulic acids
have a similar skin penetration, as shown by the
calculated fluxes: when dissolved in water at pH 3,
caffeic and ferulic acids exist, almost exclusively,
as non-ionised, and thus more lipophilic, species.

Several papers concerning skin permeation of
weak acidic drugs demonstrate that percutaneous
absorption of these compounds is higher at lower
pH values, since the skin seems to preferentially
support a current of the molecule indissociate
form (Hadgraft and Wotton, 1988; Lopez et al.,
1996). However, conflicting findings about the
effect of pH on skin permeability of weak acidic
drugs are reported in literature. For example, no
influence of vehicle pH on topical bioavailability
and percutaneous absorption of indomethacin
was found by De Vos et al. (1991); similarly
Hughes et al. (1995) stated that pH does not
affect in vitro percutaneous absorption of
dimethylarsinic acid. In addition, an increase in in
vitro indomethacin skin permeation at high pH
was shown by Chien et al. (1988), probably due to
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Fig. 2. Typical trend of erythema index variation (DEI) vs. time for one subject. Aqueous solutions were applied on skin sites after
exposure to UV-B radiation and left for 3 h.

tracting LIR values at 510 and 610 nm (mainly
due to melanin absorption) from the sum of
hemoglobin LIR values at 540, 560 and 580 nm,
which represent the wavelengths of hemoglobin
absorption peak (Dawson et al., 1980).

The time course of erythema for skin sites
treated with solutions of caffeic or ferulic acids
after UVB irradiation is shown in Fig. 2. From
DEI versus time plots, the area under the re-
sponse–time curve (AUC0–72) was computed us-
ing the trapezoidal rule. AUC0–72 values are
reported in Table 2.

Caffeic acid and, at a higher degree, ferulic acid
proved to afford a significant protection to the
skin against UVB-induced erythema, since a sig-
nificant difference was observed with controls.
These hydroxycinnamic acids have been previ-
ously demonstrated to protect phospholipidic
biomembranes from UV light-induced peroxida-
tion (by inhibiting propagation of lipid peroxida-
tive chain reaction) and to react with nitrogen
oxides (Saija et al., 1999). Taking these data into
account, one can speculate that the photoprotec-
tive effect of ferulic acid and caffeic acid proven
in human volunteers is, very likely, correlated to
their antioxidant/radical scavenging effectiveness.

PIE values of 26.31 and 47.85% were calcu-
lated, respectively, for caffeic and ferulic acids.
The efficiency order of the two hydroxycinnamic
acids tested (ferulic acid\caffeic acid) observed
in in vivo experiments appears consistent with

Table 2
AUC0–72 values obtained, in healthy volunteers, treating, after
skin exposure to UV-B radiation, the skin sites with saturated
aqueous solution (pH 7.2) of caffeic or ferulic acids

Subject AUC0–72
a

Control Ferulic acidCaffeic acid

9241586 1231A
1044 824B 1675

8501465 1192C
D 7049771377

1210 6761450E
F 1390 934 686

1490Mean 1098* 777**,***
107 94S.D. 118

47.8526.31–PIEb

a Each value represents the mean of two different sites in the
same subject.

b Percentage inhibition of UVB skin erythema.
* PB0.05.
** PB0.01 compared with control.
*** PB0.05 compared with caffeic acid.
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that obtained in vitro in skin permeation studies
(see Table 1). Furthermore, a suggestive correla-
tion might be hypothesized also between the bet-
ter in vivo photoprotective activity of ferulic acid,
in comparison with caffeic acid, and its higher
effectiveness in scavenging nitric oxide (which is
involved in the production of UV-induced skin
erythema) (Saija et al., 1999).

In conclusion, we have confirmed, by means of
in vitro and in vivo experiments, that caffeic and
ferulic acids may be successfully employed as
topical protective agents against UV radiation-in-
duced skin damage; however their skin absorption
is not influenced by the pH of the formulation.

Acknowledgements

This work was supported by Italian MURST,
CNR FERS-PO-94/99 OEVOCAL and Europro-
ject Olitext FAIR-97-3053.

References

Andersen, P.H., Abrams, K., Bjerring, P., Maibach, H.A.,
1991. A time-correlation study of ultraviolet B-induced
erythema measured by reflectance spectroscopy and laser
Doppler flowmetry. Photodermatol. Photoimmunol. Photo-
med. 8, 123–128.

Bonina, F., Montenegro, L., 1994. Effects of some non-toxic
penetration enhancers on in vitro heparin skin permeation
from gel vehicles. Int. J. Pharm. 111, 191–196.

Bonina, F., Montenegro, L., 1996. In vivo evaluation of radical
scavenger compounds in cosmetic formulations by means of
skin reflectance spectrophotometry. SO8 FW-J. 122, 1–3.

Castelluccio, C., Paganga, G., Melikian, N., Bolwell, G.P.,
Pridham, J., Sampson, J., Rice-Evans, C., 1995. Antioxi-
dant potential of intermediates in phenylpropanoid
metabolism in higher plants. FEBS Lett. 368, 188–192.

Chen, J.H., Ho, C.-T., 1997. Antioxidant activities of caffeic
acid and its related hydroxycinnamic acid compounds. J.
Agric. Food. Chem. 45, 2374–2378.

Chien, Y.W., Xu, H., Chiang, C.-C., Huang, Y.-C., 1988.
Transdermal controlled administration of indomethacin.
I: enhancement of skin permeability. Pharm. Res. 5, 103–
106.

Dalle Carbonare, M., Pathak, M.A., 1992. Skin photosensitiz-
ing agents and the role of reactive oxygen species in
photoaging. J. Photochem. Photobiol. B 14, 105–124.

Darr, D., Fridovich, I., 1994. Free radicals in cutaneous
biology. J. Invest. Dermatol. 102, 671–675.

Dawson, J.B., Barker, D.J., Ellis, D.J., Grassam, E., Catterill,
J.A., Fischer, G.W., Feather, J.W., 1980. A theoretical and
experimental study of light absorption and scattering by in
vivo skin. Phys. Med. Biol. 25, 696–709.

Deliconstantinos, G., Villiotou, V., Stavrides, J.C., 1996. Ni-
tric oxide and peroxynitrite released by ultraviolet B-irradi-
ated human endothelial cells are possibly involved in skin
erythema and inflammation. Exp. Physiol. 81, 1021–1033.

De Vos, F., De Muynck, C., Geerts, M., Remon, J.P., 1991.
Percutaneous absorption of indomethacin from trasparent
oil/water gels in rabbits. J. Pharm. Pharmacol. 43, 237–
241.

Fuchs, J., Packer, L., 1991. Photooxidative stress in the skin.
In: Sies, H. (Ed.), Oxidative Stress: Oxidants and Antioxi-
dants. Academic Press, London, pp. 559–583.

Graf, E., 1992. Antioxidant potential of ferulic acid. Free
Radic. Biol. Med. 13, 436–448.

Hadgraft, J., Wotton, P.K., 1988. Facilitated percutaneous
absorption of anionic drugs. In: Bronough, R.L., Maibach,
H.I. (Eds.), Percutaneous Absorption. Mechanisms —
Methodology — Drug Delivery. Marcel Dekker, New
York, pp. 87–96.

Hughes, M.F., Mitchell, C.T., Edwards, B.C., Rahman, M.S.,
1995. In vitro percutaneous absorption of dimethylarsinic
acid in mice. J. Toxicol. Environ. Health 45, 279–290.

Lopez, A., Morant, M.J., Guzman, D., Borrasblasco, J.,
Diezsales, O., Herraez, M., 1996. Skin permeation model
of phenylalkylcarboxylic homologous acids and their en-
hancer effect on percutaneous penetration of 5-fluorou-
racil. Int. J. Pharm. 139, 205–213.

Podda, M., Traber, M.G., Weber, C., Yan, L.-J., Packer, L.,
1998. UV-irradiation depletes antioxidants and causes oxi-
dative damage in a model of human skin. Free Radic. Biol.
Med. 24, 55–65.

Rice-Evans, C.A., Miller, N.J., Paganga, G., 1996. Structure–
antioxidant activity relationships of flavonoids and pheno-
lic acids. Free Radic. Biol. Med. 20, 933–956.

Romero-Graillet, C., Aberdam, E., Clement, M., Ortonne,
J.P., Ballotti, R., 1997. Nitric oxide produced by ultravio-
let-irradiated keratinocytes stimulates melanogenesis. J.
Clin. Invest. 99, 635–642.

Saija, A., Tomaino, A., Trombetta, D., Giacchi, M., De
Pasquale, A., Bonina, F., 1998. Influence of different pene-
tration enhancers on in vitro skin permeation and in vivo
photoprotective effect of flavonoids. Int. J. Pharm. 175,
85–94.

Saija, A., Tomaino, A., Lo Cascio, R., Trombetta, D., Proteg-
gente, A., De Pasquale, A., Uccella, N., Bonina, F., 1999.
Ferulic and caffeic acids as potential protective agents
against photooxidative skin damage. J. Sci. Food Agric.
79, 476–480.

Saliou, C., Kitazawa, M., McLaughlin, L., Yang, J.-P., Lodge,
J.K., Tetsuka, T., Iwasaki, K., Cillard, J., Okamoto, T.,
Packer, L., 1999. Antioxidants modulate acute solar ultra-
violet radiation-induced NF-Kappa-B activation in a hu-
man keratinocyte cell line. Free Radic. Biol. Med. 26,
174–183.



A. Saija et al. / International Journal of Pharmaceutics 199 (2000) 39–47 47

Shahrzad, S., Bitsch, I., 1996. Determination of some pharma-
cologically active phenolic acids in juices by high-perfor-
mance liquid chromatography. J. Chromatogr. A 741,
223–231.

Shindo, Y., Witt, E., Han, D., Packer, L., 1994. Dose-response
effects of acute ultraviolet irradiation on antioxidants and
molecular markers of oxidation in murine epidermis and
dermis. J. Invest. Dermatol. 102, 470–475.

Weber, C., Podda, M., Rallis, M., Thiele, J.J., Trabber, M.J.,
Packer, L., 1997. Efficacy of topical applied tocoferols and
tocotrienols in protection of murine skin from oxidative
damage induced by UV-irradiation. Free Radic. Biol. Med.
22, 761–769.

Zatz, J., 1985. Percutaneous absorption. In: Smolen, V.F.,
Ball, L.A. (Eds.), Controlled Drugs Bioavailability, vol. 3.
Wiley, New York, pp. 185–239.

.


