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Abstract

In the present study the permeation of two flavonoids (naringenin and hesperetin) through excised human skin
mounted in Franz diffusion cells and its possible optimization following skin pretreatment with two penetration
enhancers (D-limonene and lecithin) were determined. Hesperetin and naringenin were able to permeate through
excised human skin; moreover, skin pretreatment with D-limonene and lecithin increased, to different degrees, their
cutaneous permeation. On the basis of findings obtained in these in vitro experiments, we designed a schedule for a
series of in vivo experiments, in which the protective effect of topically applied naringenin and hesperetin against
UV-B-induced skin damage was assessed monitoring the extent of erythema in human volunteers by means of
reflectance spectrophotometry. Hesperetin and naringenin from formulations containing the flavonoid alone were
completely ineffective in decreasing UV-B-induced erythema. Furthermore, both D-limonene and lecithin have
enhanced, to a significant extent, the photoprotective activity of naringenin and hesperetin. Taken together, these data
demonstrate that hesperetin and naringenin may be successfully employed as topical photoprotective agents. However
their topical activity needs to be optimized by using suitable penetration enhancers. © 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Skin is a biological interface with the environ-
ment and, due to its barrier function, is a poten-
tial target organ of oxidative stress from external
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insults, such as UV-irradiation, ozone, ionizing
radiation, various toxic chemicals, etc. This oxida-
tive stress, which could be an initiator in the
pathogenesis of skin cancer and photoaging
(Dalle Carbonare and Pathak, 1992; Darr and
Fridovich, 1994), is referred to as a condition of
imbalanced prooxidant/antioxidant equilibrium,
in favor of the former. In fact prolonged skin
exposure to UV light results in a severe decrease
of its antioxidant content and in a striking forma-
tion of active oxygen intermediates (Fuchs and
Packar, 1991; Shindo et al., 1994); moreover, in
chronically sun-exposed human skin products of
lipid peroxidation are elevated (Mefferth et al.,
1976).

Topical administration of antioxidants provides
an efficient way to enrich the endogenous cuta-
neous protection system and thus may be a suc-
cessful strategy for diminishing ultraviolet
radiation-mediated oxidative damage in the skin
(Iurkiewicz et al., 1995; Montenegro et al., 1995,
1996; Bonina and Montenegro, 1996; Weber et
al., 1997).

Flavonoids, a group of plant polyphenolic com-
pounds possessing broad biological properties
(Middleton and Kandswami, 1994), have been
demonstrated to exert beneficial effects on some
diseases involving uncontrolled lipid peroxidation
(Middleton and Kandswami, 1994). The capabil-
ity to interact with protein phosphorylation and
the antioxidant, iron-chelating and free radical
scavenging activity may account for the wide
pharmacological profile of flavonoids (Saija et al.,
1995a; van Acker et al., 1996).

Recently, much research has been focused on
the potential use of these drugs as free radical
scavengers to prevent oxidative skin damage
(Schoemaker et al., 1995; Mortimer, 1997) and
their topical application has met with consider-
able interest (Della Loggia et al., 1986; Casley-
Smith et al., 1993; Li and Birt, 1996; Li et al.,
1996).

However, to date little work has been done to
assess the in vivo protective effect of topically
applied flavonoids against photooxidative stress in
the skin.

In the present paper we investigated the ability
of topically applied flavonoids to reduce, in hu-

man volunteers, UV-B-induced skin erythema
(one of the most suitable models for studying in
vivo skin damage after acute UV exposure and a
useful tool to assess radical scavenger activity of
topically applied compounds). The flavonoids
tested were chosen because they had been proven,
in a previous in vitro study, to be good candidates
for successful employment as protective agents
against photooxidative damage (Bonina et al.,
1996; Kootstra, 1994). Moreover, flavonoids show
the additional advantages of possessing good anti-
inflammatory activities (Middleton and
Kandswami, 1994) and being free of side-effects
and harmless to the skin (Jager et al., 1988).

Suitable percutaneous absorption is known to
be an essential requirement for satisfactory topi-
cally applied photoprotective agents (Bonina et
al., 1996) and may be improved by selecting the
appropriate penetration enhancers (Barry, 1988,
1991). Thus in this study we evaluated the influ-
ence of some penetration enhancers on the photo-
protective effect of the flavonoids tested.

The schedule of in vivo experiments was de-
signed on the basis of findings obtained in prelim-
inary in vitro experiments, carried out to
determine the flavonoid permeation profile
through excised human skin and its possible opti-
mization following skin pretreatment with some
appropriate enhancers.

2. Materials and methods

2.1. In 6itro skin permeation experiments

The experiments were carried out according to
the previously described method (Bonina and
Montenegro, 1994). Briefly, adult human skin
samples (mean age 3396 years) were obtained
from breast reduction operations. Subcutaneous
fat was trimmed and the skin samples were im-
mersed 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 absorption of
lipophilic drugs (Bronaugh and Stewart, 1984).
The SCE samples were dried at room temperature
in a desiccator maintained at approximately 25%
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RH. The dried samples were wrapped in alu-
minum foil and stored at 491°C until use. Sam-
ples of dried SCE were rehydrated by immersion
in distilled water at room temperature for 1 h
before being mounted in Franz diffusion cells
(LGA, Berkeley, CA, USA). 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 (Touitou and Fabin, 1988). The
receiving solution was stirred and thermostated at
35°C during the experiments. Skin barrier in-
tegrity of the SCE samples used in this study was
assessed by determining their tritiated water per-
meability coefficient (Kp). Kp values were found to
be 1.590.3×10−3 cm/h and were consistent
with those previously reported (Bronaugh et al.,
1986; Bonina and Montenegro, 1994).

The enhancer effects on flavonoid (hesperetin,
naringenin and quercetin) permeation was studied
by the pretreatment technique (Bonina and Mon-
tenegro, 1994). Pretreatment was performed by
applying on the skin surface 100 m l of the follow-
ing enhancer solutions: D-limonene (1% w/v
ethanol solution), lecithin (1% w/v aqueous solu-
tion). In order to determine if ethanol might have
a significant enhancing effect, two controls were
run; one consisted of pretreating the SCE sample
with the same amount of water, the other with the
same amount of ethanol. The enhancer solution
was left on the SCE sample for 6 h and the excess
enhancer wiped off with tissue paper. Then, 100
m l of a solution (4 mg/ml) of quercetin, narin-
genin or hesperetin in acetone were applied to the
skin surface; after which the solvent was allowed
to evaporate. Due to their poor solubility in
aqueous medium, flavonoids were dissolved in
acetone, which has been demonstrated not to
affect human skin permeability (Bond and Barry,
1988). Each experiment was run in duplicate on
three different skin donors. After 24 h all the
receiving solution was withdrawn and analyzed
for flavonoid content by means of an HPLC with
UV/visible detection, to calculate drug cumulative
amounts permeated through the skin during 24 h
(Q24). Statistical analysis was performed using
Student’s t-test. The effectiveness of penetration
enhancers was determined by comparing, for each

flavonoid, Q24 values in the presence and absence
of enhancers; this was defined as the enhancement
ratio (ER):

ER=
flavonoid Q24 in the presence of enhancers
flavonoid Q24 in the absence of enhancers

(1)

2.2. HPLC analysis

The HPLC apparatus consisted of a Varian
5000 system (Varian, Walnut Creek, CA, USA)
equipped with a 20-m l loop and a Polychrom 3060
UV/VIS detector (Varian). Integration of the
chromatographic peaks was achieved with a 4290
integrator (Varian). Chromatography was per-
formed on a Pecosphere HS-5 HC ODS column
(particle size: 10 mm; 15 cm×4.6 mm i.d.; Perkin-
Elmer, Norwalk, CT, USA). The mobile phase
was methanol-water (45:55) containing 1% acetic
acid. The flow-rate was set at 1.0 ml/min. Each
sample was filtered prior to injection using a
Millex HV13 filter (Waters-Millipore Corpora-
tion, Milford, MA, USA) and an aliquot (20 m l)
was injected into the HPLC apparatus. Detection
was effected at 254 nm (quercetin), 282 nm (hes-
peretin), or 287 nm (naringenin).

2.3. In 6i6o photoprotecti6e effect

2.3.1. Preparation of aqueous gel
Carbopol gels were prepared by dispersing Car-

bopol 934 (0.8% w/w as final concentration) and
triethanolamine (0.9% w/w as final concentration)
in the opportune amount of distilled water with
constant stirring. Separately, flavonoids (1.0% w/
w as final concentration) were solubilized in
ethanol (50.0% w/w as final concentration). Both
solutions were well mixed, and the resulting gels
were stored at room temperature for 24 h under
air-tight conditions prior to use. To prepare gels
containing penetration enhancers, D-limonene
(1.0% w/w as final concentration) or lecithin
(1.0% w/w as final concentration) were dissolved
in the ethanolic phase and in the aqueous phase
respectively. The gel formulation used as control
contained neither flavonoids nor penetration
enhancers.
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2.3.2. Instrument
UV-B-induced skin erythema was monitored by

using a reflectance visible spectrophotometer X-
Rite model 968, having 0° illumination and 45°
viewing angle as previously reported (Montenegro
et al., 1995). The instrument was calibrated with a
supplied white standard traceable to the National
Bureau of Standard’s perfect white diffuser. The
spectrophotometer was controlled by a computer,
which performed all color calculations from the
spectral data by means of a menu-driven suite of
programs (Spectrostart) supplied with the instru-
ment. Reflectance spectra were obtained over the
wavelength range of 400–700 nm using illuminant
C and 2° standard observer.

2.3.3. Protocol
In vivo experiments were performed on six

volunteers of both sexes in the age range of 25–35
years. The volunteer subjects were fully informed
about the nature of the study and the procedures
involved. No subject was known to exhibit abnor-
mal sensitivity to sunlight, or was taking any
medication at the time of the study. The experi-
ments were performed under standardized room
conditions (2292°C and 40–50% relative humid-
ity) after a resting time of 15 min. Skin erythema
was induced by UV-B irradiation using an ultravi-
olet lamp model UVM-57 (UVP, San Gabriel,
CA). This source emits in the range of 290–320
nm with an output peak at 302 nm. The fluence
rate measured at the skin surface was 0.80 mW/
cm2. For each subject, the minimal erythemal
dose (MED) was preliminarily determined and an
irradiation dose corresponding to the double of
the MED was used throughout the study.

For each subject, eight sites on the ventral
surface of one forearm and six sites on the other
were defined using a circular template (1 cm2) and
demarcated with permanent ink. Skin sites were
exposed to UV-B irradiation and the preparations
to be tested (50 mg) were spread uniformly on the
sites by means of a solid glass rod. For each
volunteer, two of the eight sites of each forearm
were used as controls (applying the gel without
active compounds) and the other six sites were
treated with the flavonoid-containing formula-
tions. The sites were then occluded for 6 h, using

Hill Top chambers (Hill Top Research, Cincin-
nati, OH), to prevent any loss of material from
the skin surface. After the occlusion period, the
chambers were removed and the skin surfaces
were washed to remove the gel and allowed to dry
for 15 min; after which the induced erythema was
monitored for 72 h.

From the spectral data obtained, the erythema
index (EI) was calculated using an equation simi-
lar to that reported by Dawson et al. (1980):

EI=100
�

log
1

R560

+1.5
�

log
1

R540

+ log
1

R580

�
−2

�
log

1
R510

+ log
1

R610

�n
(2)

where 1/R is the inverse reflectance at a specific
wavelength (560, 540, 580, 510 and 610 nm).

EI baseline values were taken at each desig-
nated site before UV-B irradiation of gel formula-
tions and they were subtracted from the EI values
obtained after UV-B exposure at each time point,
to obtain DEI values. For each site, plotting DEI
versus time the area under the curve (AUC0–72)
was computed using the trapezoidal rule.

To better compare the efficacy of the different
formulations tested, the percentage inhibition of
UV-B skin erythema (PIE) was calculated from
AUC0–72 values using the following equations:

Inhibition%(PIE)=
AUC(C)−AUC(T)

AUC(C)

×100

where AUC(C) is the area under the response-
time curve on the vehicle treated site (control) and
AUC(T) is the area under the response-time curve
on the drug-treated site. Statistical analysis was
performed by using Student’s t-test.

2.4. Drugs

Quercetin dihydrate, hesperetin and naringenin
(analytical grade) were purchased from Extrasyn-
thèse (Genay, France), D-limonene, soybean
lecithin, perchloric acid, Tris–HCl, ethanol,
methanol, chloroform, dimethylsulphoxide, ace-
tone and acetic acid from Sigma-Aldrich (Milan,
Italy), and carbopol 934 from Biochim (Milan,
Italy).
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Table 1
Effect of different penetration enhancers on cumulative amount permeated after 24 h through excised human skin (Q24, mg/cm2) and
percentage of the dose absorbed (%D) of quercetin, hesperetin and naringenin

ParametersPretreatment Flavonoids

Hesperetin Naringenin Quercetin

18.3293.75Water 14.7593.89Q24 2.2190.28
4.6390.95 3.7590.99%D 0.5990.07

ER – – –
18.4593.35 14.9293.81Q24 2.1590.36Ethanol
4.5590.84 3.6790.89 0.5590.09%D

– –ER –
Q24D-Limonene 29.3193.84** 42.8396.18** 2.5490.26

7.3190.98** 10.7291.57**%D 0.8590.08
ER 1.60 2.90 –

Lecithin Q24 52.3897.19* 22.8392.47* 2.6690.29
13.1091.77* 5.7490.69*%D 0.7090.07

3.21 1.58 –ER

Enhancement ratio values (ER) represent the effectiveness of the penetration enhancers tested. Each experiment was run in duplicate
on three different skin donors; results are expressed as mean9S.D.
* pB0.05 versus water; ** pB0.05 versus ethanol.

3. Results and discussion

UV radiation penetrates deeply into the skin
and topically applied drugs can afford a satisfac-
tory photoprotection only if they are able to
permeate through the stratum corneum and, thus,
to reach deeper skin layers. In the first part of the
present study the in vitro permeation profiles of
naringenin, hesperetin and quercetin through ex-
cised human skin were evaluated.

As clearly shown by drug Q24 values (Table 1),
hesperetin, naringenin and, at a very low degree,
quercetin, were able to permeate through SCE
membranes. In vivo and in vitro studies have
demonstrated that the flavonoid apigenin is able
to penetrate into deeper layers of mouse skin (Li
and Birt, 1996; Li et al., 1996).

Although lipid-soluble substances are usually
considered to penetrate the stratum corneum
fairly rapidly, lipophilicity does not appear, in the
present study, to be the key parameter in deter-
mining flavonoid skin permeation, since no rela-
tionship was observed between skin permeation
values and liposolubility of the drugs tested. In
fact, in a previous paper (Bonina et al., 1996), we
calculated, by means of reverse-phase chromato-
graphic retention times on octadecyl silica

columns, log K % values, a parameter known to be
well correlated to log octanol/water partition co-
efficients; the log K % values for naringenin,
quercetin and hesperetin were 0.458, 0.510 and
0.530, respectively.

One way to improve low drug permeability
through human skin is to use penetration en-
hancers (which include lipophilic solvents, surfac-
tants of various structures, fatty acids and
terpenes), which reversibly modify the barrier re-
sistance of the skin (Barry, 1988, 1991). For this
reason we also evaluated, in the same experimen-
tal system, flavonoid permeation after skin pre-
treatment with D-limonene and lecithin. These
two penetration enhancers are already established
as possessing low toxicity and being able to im-
prove cutaneous permeation, and are accepted for
cosmetic use (Bonina and Montenegro, 1994).

As may be noted from ER values (Table 1),
D-limonene and lecithin increased, to different
degrees, cutaneous permeation of hesperetin and
naringenin. However they were unable to increase
quercetin permeation through the skin.

Generally, the modes of action of skin penetra-
tion enhancers involve increased drug diffusivity
through the skin by affecting the intercellular
lipids or the intracellular proteins, or both, and/or
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increasing the partitioning of the drug into stra-
tum corneum (Barry, 1988, 1991). Enhancement
effect of D-limonene and lecithin is, very likely,
mainly due to the reduction of skin resistance to
drug permeation and a consequent increase in
permeant diffusion coefficient (Mahjour et al.,
1990; Bonina and Montenegro, 1994; Yamane et
al., 1995).

Thus the better permeation of hesperetin and
naringenin achieved following skin pretreatment
with D-limonene and lecithin should be due to
increased diffusion coefficients of these highly
lipophilic drugs (Saija et al., 1995b).

As to quercetin, its poor capability to permeate
through excised human skin, also following pre-
treatment with penetration enhancers, might be
explained by its absolute water insolubility. In
fact, skin absorption of a drug is determined by
its physicochemical properties; in particular, water
solubility may play a role as important as
lipophilicity in the skin permeation process, espe-
cially for very lipophilic drugs (Guy and Had-
graft, 1992).

Thus, on the basis of these in vitro findings, the
successive in vivo experimental phase was carried
out to evaluate the efficacy of naringenin and
hesperetin from gel formulations containing D-
limonene or lecithin. With the aim of determining
if the penetration enhancers employed in our
study had a significant photoprotective effect,
some preliminary experiments with gels contain-
ing only D-limonene and lecithin (applied to the
skin under the same experimental conditions de-
scribed above) were run. However, on their own,
both penetration enhancers proved to be ineffec-
tive in inhibiting UV-B-induced erythema (data
not shown).

To assess the protective effect of naringenin
and hesperetin against UV-B-induced skin ery-
thema, the extent of erythema in human volun-
teers was monitored by means of reflectance
spectrophotometry.

A brief methodological comment is needed be-
fore discussing the results. This reflectance
method provides skin reflectance spectra, gener-
ally 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 pos-
sible 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 erythema index (EI) obtained
from skin reflectance spectral values has been
suggested for more accurate and reliable evalua-
tions of skin erythema (Dawson et al., 1980;
Andersen et al., 1991). Since skin erythema is due
to increased hemoglobin content in skin vessels,
EI values are calculated (Eq. (1)) by subtracting
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 repre-
sent the wavelengths of hemoglobin absorption
peak (Dawson et al., 1980).

A typical time-course of erythema for skin sites
exposed to UV-B radiation and then treated with
gels containing flavonoids, with or without pene-
tration enhancers, for one subject, is shown in
Fig. 1. From DEI versus time plots, the area
under the response-time curve (AUC0–72) was
computed using the trapezoidal rule; AUC0–72

values are reported in Table 2. As may be noted,
hesperetin and naringenin from formulations con-
taining the flavonoid alone were completely inef-
fective in decreasing UV-B-induced erythema,
since no significant difference was observed in
comparison with controls (sites treated with gel
without active compounds). The presence of pene-
tration enhancers in the formulation markedly
modulates flavonoid capability to reduce skin ery-
thema; in fact, both D-limonene and lecithin en-
hanced, to a significant extent, the
photoprotective activity of naringenin and
hesperetin.

These two flavonoids were previously shown to
protect efficiently phosphatidylcholine liposomal
membranes against UV radiation-induced peroxi-
dation (Bonina et al., 1996). The lack of in vivo
photoprotective activity observed in the present
study may be attributed to an insufficient skin
permeation of these drugs. Consistent with this
hypothesis, naringenin and hesperetin elicit a sig-
nificant protective effect against UV-B-induced
skin erythema when administered together with
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Fig. 1. Typical trend of erythema index variation (DEI) versus time for one subject. Gel formulations were applied on skin sites after
exposure to UV-B radiation and left for 6 h.

D-limonene or lecithin, which have proved to be
able to increase flavonoid in vitro skin permeation
(Table 1). However, as shown in Table 2, there is
no significant difference among AUC values cal-
culated for formulations containing both

flavonoids and penetration enhancers. The differ-
ent order of skin permeation enhancement ob-
served between in vitro and in vivo experiments
may be explained by several hypotheses. Firstly,
microcirculation may favour drug resorption at
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Table 2
AUC0–72 values obtained treating, after skin exposure to UV-B radiation, the skin sites with gel formulations containing flavonoids,
with or without penetration enhancers

AUC0–72
aSubject

Hesperetin HesperetinControl Hesperetin NaringeninNaringenin Naringenin

+ lecithin+D-limonene+ lecithin+D-limonene

1732A 14021855 1079 1585 1138 1029
B 15401626 1171 793 1418 934 836

1385 1059 8321475 1271C 1053 974
1361D 1462 983 690 1075 872 703
1715E 1360 847 1022 1122 1121 1058

1265 1213 6241659 1553F 793 765
1457 1112*§ 840*§Mean 13371615 985*^ 894*^
149 177 164160 197S.D. 128 134

9.8PIE 31.1– 48.0 17.2 39.0 44.6

a Each value represents the mean of two different sites in the same subject.
* pB0.05 compared with controls; § pB0.05 compared with hesperetin; ^ pB0.05 compared with naringenin.

the dermis. Secondly, drug protein binding and
metabolism can occur within viable skin layers.
Finally, biological responses are often observed
after times not comparable with the in vitro lag-
time of the drug tested.

Since the receptor fluid may be rate-limiting in
the diffusion process and so have influenced the
results obtained from in vitro experiments (Zatz,
1985), we carried out a series of preliminary ex-
periments to evaluate the photoprotective activity
of quercetin. The drug proved to be ineffective in
reducing UV-B-induced erythema, also in pres-
ence of lecithin or D-limonene (data not shown).
However quercetin was previously shown to pos-
sess strong effectiveness against UV-induced per-
oxidative degradation of liposomal membranes
(Bonina et al., 1996) and appeared able to protect
neurovascular structures in skin from oxidative
damage (Skaper et al., 1997). Furthermore oral
intake of quercetin prevents the UV-B-induced
suppression of skin contact hypersensitivity in the
mouse (Steerenberg et al., 1997). Thus other
strategies known to increase drug penetration into
the skin need to be taken into consideration so
that topically applied quercetin might be em-
ployed to prevent oxidative skin damage.

In conclusion we have demonstrated, by means
of in vitro and in vivo experiments, that hes-
peretin and naringenin may be successfully em-

ployed as topical photoprotective agents; however
their topical activity needs to be optimized by
using a suitable formulation.
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