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Abstract: Flavonoids are bioactive phytochemicals that exhibit protective potential against cutaneous
inflammation and photoaging. We selected eight flavonoid aglycones or glycosides to elucidate
the chemistry behind their skin absorption capability through experimental and computational
approaches. The skin delivery was conducted using nude mouse and pig skins mounted on an in vitro
Franz cell assembly. The anti-inflammatory activity was examined using the O2

•– and elastase
inhibition in activated human neutrophils. In the equivalent dose (6 mM) application on nude mouse
skin, the skin deposition of naringenin and kaempferol was 0.37 and 0.11 nM/mg, respectively,
which was higher than that of the other flavonoids. Both penetrants were beneficial for targeted
cutaneous therapy due to their minimal diffusion across the skin. The absorption was generally
greater for topically applied aglycones than glycosides. Although naringenin could be classified
as a hydrophilic flavonoid, the flexibility of the chiral center in the C ring of this flavanone could
lead to better skin transport than the flavonols and flavones with a planar structure. An optimized
hydrophilic and lipophilic balance of the flavonoid structure was important for governing the
cutaneous delivery. The hydrogen bond acceptor and stratum corneum lipid docking estimated
by molecular modeling showed some relationships with the skin deposition. The interaction with
cholesteryl sulfate could be a factor for predicting the cutaneous absorption of aglycone flavonoids
(correlation coefficient = 0.97). Baicalin (3 µM) showed the highest activity against oxidative burst
with an O2

•– inhibition percentage of 77%. Although naringenin displayed an inhibition efficiency of
only 20%, this compound still demonstrated an impressive therapeutic index because of the high
absorption. Our data are advantageous to providing the information on the structure–permeation
relationship for topically applied flavonoids.
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1. Introduction

Strong evidence links oxidative stress with several pathologies [1]. The skin, the largest organ
in the body, is a main target of oxidative stress because of its size [2]. Reactive oxygen species (ROS)
play a key role in some cutaneous diseases, including photoaging, psoriasis, dermatitis, acne, rosacea,
alopecia, and skin cancer [3]. Flavonoids are antioxidants ubiquitously found in vegetables and fruits.
The structure of flavonoids is associated with the derivatives of chalcone. They can prevent or treat
cutaneous inflammation and malignancy by maintaining the skin’s homeostasis [4]. Some flavonoids,
such as naringenin and quercetin, have been reported to exhibit anti-aging activity that slows down the
skin’s natural senescence [5]. Flavonoids have been largely used in dermatology and cosmeceuticals in
the form of crude extracts.

Topical application provides an efficient method for facilitating the local action of drugs on
the skin [6]. For an active ingredient to exhibit bioactivity, its delivery into the targeted skin must
be successful. It is evidenced that the absorption rate and scavenging activity of some flavonoids
depend on their chemical structure [7]. The exploration of the structure–permeation relationship
(SPR) offers insights into the understanding of how the physicochemical properties of chemicals
influence cutaneous absorption or targeting. The establishment of SPR is useful for predicting
the skin delivery of the compounds and for facilitating the development of new topically applied
actives. In addition to the aglycone form, flavonoids are present in the form of glycoside in nature.
Some aglycones and glycosides, such as quercetin/rutin and baicalein/baicalin, are paired. Glycosides
also show potent bioactivity in many cases. For example, baicalin is proven to protect the skin from
UV radiation, burning, and aging [8]. Although many reports have dealt with the biological effect
of glycoside flavonoids, investigation of how the sugar moiety affects cutaneous absorption is still
lacking. In a continuing attempt to elucidate SPR, the objective of this study was to evaluate the
physicochemical characteristics and the skin absorption of a series of aglycone flavonoids and their
corresponding glycosides. These included myricetin, naringenin, quercetin, baicalein, kaempferol,
naringin, rutin, and baicalin (Figure 1).
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In the present study, the in vitro Franz cell model was utilized to assess the skin absorption of
flavonoids. Both nude mouse skin and baby pig skin were employed as the permeation barriers.
In inspecting the permeation behavior of a penetrant, it is important to identify the possible transport
pathways [9]. We examined flavonoid permeation via the skin after removal of the stratum corneum
(SC), lipid, sebum, and protein in order to understand the delivery routes. Data collected for the
capacity factor (log K’), the partition coefficient (log P), and the aqueous solubility allowed us to
distinguish the relative contribution to cutaneous absorption. The anti-inflammatory activity of these
compounds was determined by the capacity of inhibiting superoxide anion (O2

•–) and elastase of
formyl-methionyl-leucyl phenylalanine (fMLF)-activated human neutrophils. A wealth of information
on the hydrogen bond acceptor, the hydrogen bond donor, the total polarity surface, and the molecular
volume was obtained by the computation of molecular modeling. We also investigated the predicted
interaction between flavonoids and SC lipid components to explain the skin permeation trend.
The present study sheds light on the effect of the flavonoid structure on skin absorption and targeting,
broadening the comprehension of SPR in natural antioxidants.

2. Materials and Methods

2.1. Materials

All flavonoids tested in this study were purchased from Sigma-Aldrich (St. Louis, MO, USA).
All other chemicals and solvents were of reagent grade without further purification.

2.2. Capacity Factor (Log K’)

The HPLC setup for the calculation of log K’ was an HPLC system (7-series, Hitachi, Tokyo,
Japan) with a LiChrospher® C18 column (200 × 4.6 mm, Merck, Darmstadt, Germany). The mobile
phase consisted of a mixture of methanol and pH 2 phosphate buffer solution (1:1). The flow rate
and wavelength for determination were 1 mL/min (L-7110 pump) and 256 nm (L-7455 diode array
detector), respectively. The retention times of flavonoids were detected, and the log K’ was computed
as log [(tr − t0)/t0], where tr and t0 were the retention time of the flavonoid and the nonretained
solvent peak, respectively.

2.3. Partition Coefficient (Log P)

Flavonoids in methanol (0.5 mg/mL) were pipetted into a tube at a volume of 1 mL. Methanol was
then evaporated under vacuum. In the amount of 1 mL of each, n-Octanol and water were incorporated
into the tube. After being shaken for 24 h at 37 ◦C, the tube was centrifugated at 10,000× g for 10 min.
The flavonoid content in both phases was analyzed by HPLC. The log P was calculated as log (flavonoid
content in n-octanol/flavonoid content in water).

2.4. Saturated Solubility in 20% PEG400 Aqueous Solution

The saturated solubility of flavonoids in 20% PEG400/pH 7.4 buffer was measured by loading
20 mM compounds in the vehicle and shaking them at 37 ◦C for 2 h. The suspension was then
centrifuged at 10,000× g for 10 min. The supernatant was filtered across the polyvinylidene fluoride
membrane with a pore size of 0.45 µm. The resulting supernatant was analyzed by HPLC to record the
solubility (mM).

2.5. Animals

Eight-week-old female nude mice were provided by the National Laboratory Animal Center
(Taipei, Taiwan). One-week-old specific-pathogen-free pigs were obtained from the Animal
Technology Institute Taiwan (Miaoli, Taiwan). All animals were treated in strict accordance with
the recommendations set forth in the Guidelines for the Institutional Animal Care and Use Committee
of Chang Gung University (CGU15-083).
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2.6. Preparation of SC-Disrupted Skin

The full-thickness dorsal skin of the nude mouse was excised after sacrifice. The SC-stripped skin
was obtained by stripping the skin surface 20 times with adhesive tape (Scotch®, 3M, Maplewood, MN,
USA). The delipidized skin was achieved by incubating the skin surface onto a chloroform/methanol
solution (2:1) for 2 h [10]. To prepare the desebumed skin, the SC side of the skin was washed with
cold hexane (4 ◦C) five times, based on the procedure of the previous study [11]. The skin’s surface
was then treated with a 40% ethanol/water solution for 2 h, a process that successfully denatured the
skin’s proteins.

2.7. In Vitro Franz Cell Assembly

The cutaneous absorption of flavonoids was assessed using a Franz diffusion cell system.
The excised animal skin or cellulose membrane was mounted between the donor and receptor
compartments with the SC facing up toward the donor. The receptor was filled with 30%
ethanol/pH 7.4 buffer and placed on a magnetic stirring plate. The effective permeation area of the cell
was 0.785 cm2. The stirring rate and temperature of the receptor were 600 rpm and 37 ◦C, respectively.
Saturated solution or a 6 mM flavonoid suspension was prepared in 20% PEG400/pH 7.4 buffer to
be loaded into the donor compartment. A 300-µL aliquot in the receptor was collected at determined
durations, followed by an immediate replacement with fresh receptor medium. The amount of
flavonoid in the receptor was determined by HPLC. The skin was removed from the cell after a 24-h
application. After being washed with water, the skin sample was weighed and positioned in a vial
with 1 mL methanol. MagNA Lyser (Roche) was used to homogenize the skin. The homogenate was
centrifuged at 10,000× g for 10 min. The supernatant was analyzed by HPLC to quantify the flavonoid
deposition in the skin reservoir.

2.8. Inhibition of Neutrophilic Inflammation by Flavonoids

The protocol was approved by the Institutional Review Board at Chang Gung Memorial Hospital,
and written informed consent was obtained from all volunteers (201600500B0C101). Whole blood
was withdrawn from healthy volunteers between 20 and 30 years of age. Human neutrophils were
isolated using a typical method of dextran sedimentation prior to centrifugation in a Ficoll-Hypaque
gradient and hypotonic lysis of erythrocytes [12]. The granulocyte layer was harvested and suspended
in calcium-free HBSS at pH 7.4, which was maintained at 4 ◦C until use.

The reduction of ferricytochrome c was utilized for measuring the superoxide anion (O2
•–)

release from the neutrophils [13]. The human neutrophils (6 × 105 cells/mL) were incubated with
0.5 mg/mL ferricytochrome c and 1 mM CaCl2 at 37 ◦C, and were then treated with flavonoids (3 µM)
in DMSO for 10 min. Neutrophils were stimulated by adding 0.1 µM fMLF with cytochalasin B
(1 µg/mL). The reduction of ferricytochrome c was monitored by the absorbance at 550 nm using
a U3010 ultraviolet/visible spectrophotometer (Hitachi, Tokyo, Japan). The human neutrophils were
equilibrated with an elastase substrate (MeO-Suc-Ala-Ala-Pro-Val-p-nitroanilide, 100 µM) at 37 ◦C for
2 min. Flavonoids at a concentration of 3 µM were added into the neutrophil suspension for 10 min.
The cells were activated by fMLF and cytochalasin B for a further 10 min. Elastase release was detected
by measuring the change of absorbance at 405 nm.

2.9. Molecular Modeling

The structures of the flavonoids were sketched using Discovery Studio® version 4.1 workstation
(Accelrys, San Diego, CA, USA). The hydrogen bond acceptor or donor number, total polarity surface,
and molecular volume of the flavonoids were estimated. The superimposition of flavonoids with
ceramides, palmitic acid, cholesteryl sulfate, and cholesterol was computed to observe the conformation
and ligand-binding activity. The negative CDOCKER energy was calculated after conducting the
molecular docking simulation of the flavonoids with these SC lipids.
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2.10. In Vivo Cutaneous Tolerance of Flavonoids

The 20% PEG400/pH 7.4 buffer loaded with flavonoids at 6 mM was topically applied daily
(0.6 mL) on the nude mouse back for 7 days. The flavonoid-containing vehicle was replaced with
a new one each day. After removal of the vehicle, the treated skin region was evaluated by Tewameter
TM300 (Courage and Khazaka, Köln, Germany) to determine the transepidermal water loss (TEWL).
Stained by hematoxylin and eosin (H&E), the treated skin was excised for histological examination
after a 7-day flavonoid application.

2.11. Data Analysis

In the cutaneous absorption experiment, flavonoid deposition in the skin was estimated as the
molar amount per mg of skin (nM/mg). In the case of the skin deposition from the saturated solution,
the calibrated skin deposition (CSD) was measured as flavonoid deposition divided by the applied dose
(saturated solubility). The flux (nM/cm2/h) was estimated by the slope of the penetrated amount–time
curve. The permeability coefficient (PC) was calculated from the flux divided by the saturated solubility
of the flavonoids. The dermal/transdermal selectivity index (S value) was calculated using an equation
of skin deposition/flux (for equivalent dose application) or CSD/PC (for saturated dose application).

The data in the present study were presented as mean and standard deviation (S.D.). The statistical
difference in the data of different experimental groups was evaluated using the Kruskal–Wallis test.
The post hoc test for checking individual differences was Dunn’s test. A 0.05 level of probability was
taken as the statistical significance. The software used for statistical comparison was WINKS (Texasoft,
Cedar Hill, TX, USA).

3. Results

3.1. Physicochemical Properties of Flavonoids

To understand the relationship between skin permeation and physicochemical properties,
the molecular weight (MW), lipophilicity (log K’ and log P), and aqueous solubility of flavonoids were
considered as presented in Table 1. Figure 1 demonstrates that the aglycone flavonoids tested in this
study have different hydroxyl groups from 3 to 6, with myricetin showing the most abundant hydroxyl
moieties and the highest MW. The structures of most aglycones belong to flavonols, with the exception
of the flavanone naringenin and flavone baicalein. Naringin, rutin, and baicalin are the glycosides with
sugar residue in the structures of naringenin, quercetin, and baicalein, respectively. The glycosides had
a higher MW than their corresponding aglycones. Both log K’ and log P are the indicators of lipophilicity.
The capacity factor was increased following the decrease of hydroxyl moieties for flavonols and
flavones. The trend of log P correlated well with that of log K’. Although kaempferol exhibited a higher
partition coefficient compared to baicalein (3.71 versus 3.59), no statistically significant difference was
found (p > 0.05). Naringenin, a flavanone, revealed a lower lipophilicity than baicalein, though both
compounds possessed the same hydroxyl group number (3). The lipophilicity of glycosides was less
than that of aglycones because of the presence of sugar. As expected, the compounds with lower
lipophilicity displayed higher solubility in PEG400/pH 7.4 buffer solution. The flavanone showed
much higher solubility compared to the flavonols and flavones. Naringenin was 470-fold more soluble
than baicalein. The same result was achieved with naringin, which showed an aqueous solubility
of >20 mM.



Nutrients 2017, 9, 1304 6 of 20

Table 1. Physicochemical properties of aglycone and glycoside flavonoids.

Category Compound MW (Da) log K’ log P Solubility in 20% PEG400 (mM)

Aglycone

Myricetin 318.24 0.34 3.18 ± 0.07 0.53 ± 0.01
Naringenin 272.25 0.51 3.21 ± 0.04 3.62 ± 0.28
Quercetin 302.24 0.51 3.32 ± 0.09 0.38 ± 0.0025

Kaempferol 286.24 0.65 3.71 ± 0.57 0.19 ± 0.0047
Baicalein 270.24 0.73 3.59 ± 0.08 0.0077 ± 0.0019

Glycoside
Naringin 580.54 0.19 0.15 ± 0.04 >20

Rutin 610.52 0.24 0.76 ± 0.22 1.84 ± 0.04
Baicalin 446.36 0.42 0.89 ± 0.02 5.32 ± 0.15

MW, molecular weight; log P, partition coefficient measured by n-octanol/water partitioning; log K’, logarithm of
(tr − t0)/t0, tr is the retention time of compound peak, t0 is the retention time of solvent peak. Each value represents
the mean and S.D (n = 4).

3.2. Cutaneous Absorption of Flavonoids

The cutaneous absorption of the penetrants was compared using a Franz cell assembly.
Nude mouse and baby pig dorsal skins were used in this experiment due to their close similarity
to human skin. The donor dose was first set at an equivalent concentration (6 mM). This dose
surpassed the saturated solubility. This led to a condition of suspension in the donor except for
naringin, which showed a solution type because of the extremely high solubility in the aqueous
vehicle. Both flavonoid deposition within the skin and the flux across the skin were examined in this
study. Dermal delivery should be addressed in the skin deposition that is carried out with the aim of
cutaneous targeting with minimizing systemic absorption. Flux is a factor to use in predicting how
well the penetrant will reach the systemic circulation. Figure 2A,B depicts the skin permeation profiles
of flavonoids via nude mouse skin and pig skin, respectively. Both animal skins demonstrated similar
trends of cutaneous absorption. Among the aglycones tested, naringenin and kaempferol showed
the greatest skin deposition. Our results showed that myricetin, which had the lowest lipophilicity
among the flavonoids examined, was the aglycone with the least deposition. The glycosides may
be susceptible to enzymatic hydrolysis in skin tissue with aglycone release. After HPLC analysis,
we found no aglycone in the skin deposition and receptor after topical application of glycosides.
This indicated that the glycosides were not metabolized in this case. The skin deposition of the
glycosides was minor compared to that of the corresponding aglycones.

Naringenin revealed a high cutaneous delivery not only in skin deposition but also in flux.
The highest flux of aglycones was observed with naringenin, followed by baicalein. Myricetin and
quercetin levels in the receptor were negligible or even below the HPLC detection limit, giving a flux
of near zero. Contrary to the result with skin deposition, glycosylation generally increased the flux,
except in the case of naringin diffusion across nude mouse skin. The flux of naringin and baicalin
was comparable and significantly higher than that of rutin. Cutaneous targeting is a strategy for local
skin prevention or therapy with reduced systemic effects. As shown in Figure 2, we calculated S
value as an index of selectivity between cutaneous targeting and transdermal delivery. Kaempferol
demonstrated the highest S value (2.7 and 1.5 for nude mouse skin and pig skin); Myricetin and
quercetin were absorbed into the skin reservoir without reaching the receptor, leading to the infinity of
S value (∞). Rutin was the compound with the highest S value (1.3 and 0.4 for nude mouse skin and
pig skin, respectively) among the glycosides.
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Figure 2. Skin deposition, flux, and S value of flavonoids at a dose of 6 mM after topical treatment on nude mouse and pig skins: (A) nude mouse skin; and (B) pig skin. 
The donor vehicle is 20% PEG400 in pH 7.4 buffer. All data are presented as the mean of four experiments ± S.D. 

Figure 2. Skin deposition, flux, and S value of flavonoids at a dose of 6 mM after topical treatment on nude mouse and pig skins: (A) nude mouse skin; and (B) pig
skin. The donor vehicle is 20% PEG400 in pH 7.4 buffer. All data are presented as the mean of four experiments ± S.D.
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The flavonoids in the donor were also dosed with saturated solubility to achieve the maximum
thermodynamic equivalents for all penetrants. Naringin was excluded in this experiment because we
could not determine the saturated solubility of this compound (>20 mM). The extremely high solubility
would lead to skin damage, complicating the discussion of SPR. The trend of the cutaneous absorption
profiles was similar for nude mouse skin and pig skin after topical application of saturated solution,
as shown in Figure 3A,B, respectively. Equivalent doses of naringenin and kaempferol showed the
highest skin deposition in saturated solubility. The CSD of baicalein was below the quantification
limit, which may have been due to the negligible solubility (0.0077 mM). Among the topically applied
aglycones, only naringenin and baicalein could penetrate across the skin to the receptor. The neglected
PC of myricetin, quercetin, and kaempferol led to the infinity of S value. The S value of baicalein
was 0. The S value of baicalin was greater than that of rutin. This result was opposite to the S value of
glycosides vehiculated at the equivalent dose.

3.3. Flavonoid Permeation via SC-Disrupted Skin

The SC is the outermost layer of the skin, consisting of the main barrier of most penetrants.
Effective permeation through the SC is necessary to obtain successful skin targeting. The SC-disrupted
skin was prepared to explore the possible permeation pathways of flavonoids. These included
SC-stripped, delipidized, desebumed, and deproteinized nude mouse skins. The penetrants at the
equimolar dose (6 mM) were used as the donor in this experiment. Figure 4A demonstrates the
released percentage of flavonoids that penetrated the cellulose membrane at 24 h. The release rate was
related to the penetrant escape from the vehicle. The release was a delivery stage before penetrant
entrance into the SC. The glycosides showed a higher release percentage compared to the aglycones.
Naringenin and kaempferol were the two penetrants with greater release than the other aglycones.
Figure 4B–I summarizes the cutaneous deposition of eight flavonoids in different SC-disrupted skins.
The deposition in SC-stripped skin and delipidized skin was comparable for all flavonoids tested,
indicating that intercellular lipid bilayers are an important route for flavonoid transport. The removal
of the SC could evoke skin deposition of myricetin and quercetin by >30 fold compared to the intact skin.
Myricetin deposition in desebumed skin was 140-fold higher than that in untreated skin. The other
flavonoids showed a 2–6-fold increase in skin deposition after sebum removal. The enhancement of skin
deposition by protein denaturation was lower than that by lipid removal. The deproteinization process
even failed to change the skin deposition of quercetin and its corresponding glycoside. The result of
protein removal suggests the minor role of the intracellular route compared to the intercellular route
for flavonoid diffusion across the SC.
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Figure 3. Calibrated skin deposition, permeability coefficient, and S value of flavonoids at a dose of saturated solubility after topical treatment on nude mouse and pig
skins: (A) nude mouse skin; and (B) pig skin. The donor vehicle is 20% PEG400 in pH 7.4 buffer. All data are presented as the mean of four experiments ± S.D.
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Figure 4. The released percentage and skin deposition of flavonoids (6 mM) via cellulose membrane, stratum corneum (SC)-stripped skin, delipid skin, desebum skin, and 
deprotein skin: (A) released percentage of flavonoids across cellulose membrane; (B) skin deposition of myricetin in SC-disrupted skins; (C) skin deposition of naringenin 
in SC-disrupted skins; (D) skin deposition of quercetin in SC-disrupted skins; (E) skin deposition of kaempferol in SC-disrupted skins; (F) skin deposition of baicalein in 
SC-disrupted skins; (G) skin deposition of naringin in SC-disrupted skins; (H) skin deposition of rutin in SC-disrupted skins; and (I) skin deposition of baicalin in 
SC-disrupted skins. All data are presented as the mean of four experiments ± S.D. 

Figure 4. The released percentage and skin deposition of flavonoids (6 mM) via cellulose membrane, stratum corneum (SC)-stripped skin, delipid skin, desebum skin,
and deprotein skin: (A) released percentage of flavonoids across cellulose membrane; (B) skin deposition of myricetin in SC-disrupted skins; (C) skin deposition of
naringenin in SC-disrupted skins; (D) skin deposition of quercetin in SC-disrupted skins; (E) skin deposition of kaempferol in SC-disrupted skins; (F) skin deposition
of baicalein in SC-disrupted skins; (G) skin deposition of naringin in SC-disrupted skins; (H) skin deposition of rutin in SC-disrupted skins; and (I) skin deposition of
baicalin in SC-disrupted skins. All data are presented as the mean of four experiments ± S.D.
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3.4. Inhibition of Neutrophil Inflammation by Flavonoids

The O2
•– production and elastase release in stimulated neutrophils are indicators reflecting

a massive neutrophil infiltration into the inflamed skin. The flavonoids were rated for the inhibition
percentage of O2

•– and elastase in response to fMLF, as shown in Table 2. Incubation of fMLF-activated
neutrophils in the presence of flavonoids resulted in an inhibition on superoxide anion, with baicalein
and baicalin exhibiting the greatest activity (77% and 76%). The O2

•– inhibition effect was comparable
for the aglycones and the corresponding glycosides. The flavonoids generated less inhibition on
elastase than superoxide. Quercetin was among the most potent flavonoids to repress elastase (29%).
The elastase inhibition ranged between 10% and 20% for most of the flavonoids. The glycosides had
a lower effect on elastase inhibition than the corresponding aglycones. Baicalin did not change the
elastase release of fMLF-stimulated neutrophils. To estimate the possible bioactivity after topical
delivery, we calculated TI based on multiplying the nude mouse skin deposition and the inflammatory
inhibition percentage as shown in Table 2. Although the O2

•– inhibition of naringenin was weak,
this flavanone showed the highest TI because of the preferred delivery into the skin reservoir.
The potent activity of baicalein on O2

•– inhibition had led to a TI of 2.60, which approximated
the TI level of kaempferol. The compound with the highest TI for elastase inhibition was also found to
be naringenin, followed by kaempferol. Naringin was the penetrant with a higher TI than the other
glycosides. Naringin demonstrated less TI value compared to naringenin.

Table 2. The inhibition percentage (%) of superoxide anion (O2
•–) and elastase and the therapeutic

index (TI) of aglycone and glycoside flavonoids at 3 µM.

Category Compound O2
•– Inhibition TIsuperoxide Elastase Inhibition TIelastase

Aglycone

Myricetin 42.07 ± 6.22 0.58 16.81 ± 4.76 0.23
Naringenin 19.72 ± 8.23 7.36 17.97 ± 6.62 6.71
Quercetin 26.44 ± 8.07 0.89 28.67 ± 8.51 0.96

Kaempferol 26.49 ± 8.41 2.97 18.11 ± 9.01 2.03
Baicalein 77.48 ± 5.27 2.60 12.25 ± 2.15 0.41

Glycoside
Naringin 21.51 ± 2.53 1.59 13.89 ± 9.67 1.02

Rutin 33.87 ± 8.67 0.39 13.16 ± 3.39 0.15
Baicalin 75.73 ± 6.21 0.53 0 0

TI is calculated by the multiplication of inhibition percentage at 3 µM and nude mouse skin deposition at equivalent
dose (6 mM). Each value represents the mean and S.D (n = 3).

3.5. Molecular Modeling

The informative explanation of the effect of molecular structure on cutaneous delivery is based
on the hydrogen bond number, the total polarity surface, and the molecular volume. The parameters
for flavonoids are computed by Discovery Studio® 4.1 as presented in Table 3. The number of
hydrogen bond acceptors and donors increased following the increase of hydroxyl groups in the
structure. The hydrogen bond number of glycosides was much higher than that of aglycones due to
the presence of hydroxyl moieties in the sugar. Rutin exhibited the highest hydrogen bond numbers
among all flavonoids examined. The total polarity surface correlated well with the hydrogen bond
number, with the glycosides showing a greater polarity surface than aglycones. This indicates more
polar interactions of the glycosides in aqueous medium. The molecular volume is a reflection
of MW. We found a high positive correlation between molecular volume and MW (correlation
coefficient = 0.9979).

To study the cutaneous transport characteristics of the flavonoids in greater detail, we applied
computational molecular docking to analyze the possible interaction of the penetrants to SC lipids.
The three-dimensional lipid model was generated for their posterior use as the target structure in the
in silico calculation. Table 4 summarizes the best docking score (negative CDOCKER) of the flavonoids
interacting with SC lipids, including ceramides II, III, and VI, palmitic acid, cholesteryl sulfate,
and cholesterol. The flavonoids were docked into conformationally minimized SC lipids. The cooperativity
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of the interaction included van der Waals, hydrogen bonding, and lipophilic and electrostatic forces.
The greater negative energy dictated a stronger binding interaction. The glycosides revealed greater
interaction to ceramides than aglycones, with rutin showing the highest interaction. The discrepancy
of the negative CDOCKER between ceramides and different aglycones was not large (−24 to −18).

Table 3. The hydrogen bond number, total polarity surface and molecular volume of aglycone and
glycoside flavonoids determined by molecular modeling.

Category Compound Hydrogen Bond
Acceptor Number

Hydrogen Bond
Donor Number

Total Polarity
Surface

Molecular
Volume

Aglycone

Myricetin 8 6 147.68 225.35
Naringenin 5 3 86.99 204.42
Quercetin 7 5 127.45 217.11

Kaempferol 6 4 107.22 203.74
Baicalein 5 3 86.99 195.85

Glycoside
Naringin 14 8 225.05 437.66

Rutin 16 10 265.52 444.18
Baicalin 11 6 183.21 316.93

Table 4. The negative CDOCKER energy of aglycone and glycoside flavonoids to interact with the
stratum corneum components determined by molecular modeling.

Compound Ceramide II Ceramide III Ceramide VI Palmitic Acid Cholesteryl Sulfate Cholesterol

Myricetin −19.454 −25.852 −22.285 −19.048 −117.792 -
Naringenin −19.143 −25.670 −24.231 −18.155 −121.188 -
Quercetin −18.928 −21.850 −22.063 −18.032 −118.533 -

Kaempferol −21.053 −20.831 −19.639 −17.399 −119.485 -
Baicalein −18.841 −20.637 −20.427 −18.073 −118.632 -
Naringin −27.144 −28.937 −37.266 −17.326 −109.196 -

Rutin −33.007 −35.341 −38.940 −23.502 −109.365 −47.1637
Baicalin −24.573 −30.721 −28.555 −19.751 −112.425 −53.8485

- Means no interaction.

Rutin showed the highest negative CDOCKER level with palmitic acid among the flavonoids
detected. A relatively higher negative CDOCKER energy was found for cholesteryl sulfate than for the
other lipids. It appears that the flavonoids preferentially interacted with cholesteryl sulfate. In the case
of cholesteryl sulfate, the negative CDOCKER of aglycones was higher compared to the corresponding
glycosides. Naringenin (−121) and kaempferol (−119) exhibited a more potent interaction with
cholesteryl sulfate than the other penetrants. No interaction was detected between cholesterol and the
compounds except with rutin and baicalin. Figure 5 illustrates the best docking poses of the flavonoids
interacting with cholesteryl sulfate. The flavonoids displayed the ligand binding activity to cholesteryl
sulfate but in different conformations.Nutrients 2017, 9, 1304 14 of 20 

 

 
Figure 5. Superimposition of the computed poses for flavonoids with cholesteryl sulfate. 

3.6. In Vivo Cutaneous Tolerance of Flavonoids 

The tolerance at the equivalent dose to the skin was determined by in vivo topical exposure for 
seven days. We examined ΔTEWL, as shown in Figure 6A. ΔTEWL was calculated by the TEWL 
value of the treated skin area minus the value of the aqueous vehicle control. Most of the flavonoids 
exhibited a near-zero point ΔTEWL profile. This suggests that these compounds did not induce a 
barrier defect of SC. Naringenin and kaempferol even reduced TEWL as compared to the vehicle 
control. This may imply a protective capability of both compounds on barrier function. Figure 6B–K 
reveals the histology of flavonoid-treated skin after a seven-day administration. We could see a 
decrease in the SC layers of the vehicle control compared to the sham group (Figure 6B versus Figure 
6C), indicating an interruption of barrier position. The SC layers could be recovered through the 
application of naringenin, kaempferol, and naringin. The flavonoid treatment did not alter the viable 
skin morphology, expressing a negligible irritation. 

 

 

Figure 5. Superimposition of the computed poses for flavonoids with cholesteryl sulfate.



Nutrients 2017, 9, 1304 14 of 20

3.6. In Vivo Cutaneous Tolerance of Flavonoids

The tolerance at the equivalent dose to the skin was determined by in vivo topical exposure for
seven days. We examined ∆TEWL, as shown in Figure 6A. ∆TEWL was calculated by the TEWL
value of the treated skin area minus the value of the aqueous vehicle control. Most of the flavonoids
exhibited a near-zero point ∆TEWL profile. This suggests that these compounds did not induce
a barrier defect of SC. Naringenin and kaempferol even reduced TEWL as compared to the vehicle
control. This may imply a protective capability of both compounds on barrier function. Figure 6B–K
reveals the histology of flavonoid-treated skin after a seven-day administration. We could see a decrease
in the SC layers of the vehicle control compared to the sham group (Figure 6B versus Figure 6C),
indicating an interruption of barrier position. The SC layers could be recovered through the application
of naringenin, kaempferol, and naringin. The flavonoid treatment did not alter the viable skin
morphology, expressing a negligible irritation.
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Figure 6. The in vivo safety of topically applied flavonoids on skin after a 7-day exposure:
(A) ∆TEWL-time curves; (B) the histology of sham control skin; (C) the histology of aqueous
medium-treated skin; (D) the histology of myricetin-treated skin; (E) the histology of naringenin-treated
skin; (F) the histology of quercetin-treated skin; (G) the histology of kaempferol-treated skin; (H) the
histology of baicalein-treated skin; (I) the histology of naringin-treated skin; (J) the histology of
rutin-treated skin; and (K) the histology of baicalin-treated skin. The TEWL data are presented as the
mean of six experiments ± S.D.
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4. Discussion

Sustained inflammation contributes to the pathogenesis of some skin disorders, including
photoaging, psoriasis, and atopic dermatitis. Flavonoids exert potent anti-inflammatory effects on
the skin. Nevertheless, whether the cutaneous absorption of flavonoids is sufficient to trigger the
bioactivity is questionable. An ideal topical administration has a much higher absorption accomplished
in the cutaneous reservoir compared to that in the systemic circulation to achieve efficient targeting
and escape systemic toxicity [14]. We examined the skin delivery and anti-inflammatory activity of
aglycone and glycoside flavonoids to select the potential candidates for topical application with the aim
of prevention or therapy. The aqueous vehicle was used as the flavonoid donor since most attempts
for modeling SPR had been based on the data of aqueous solution application [15]. Naringenin and
kaempferol were efficacious for topical application with respect to targeting into the skin and possible
treatment capability based on the data of S value and TI, respectively. The cutaneous permeation
of flavonoids exhibited a similar trend either at an equivalent dose or at the saturated solubility.
Both aglycones also produced a protective effect on skin-barrier function. The glycosides generally
showed lower absorption than the corresponding aglycones. Previous study [16] also suggests a low
skin bioavailability of flavonoid glycosides such as baicalin.

The physicochemical properties of flavonoids from the experimental data and molecular modeling
prediction were beneficial to discussing the SPR. The aglycone lipophilicity was decreased following
the increase of the hydroxyl group number. An exception was naringenin, which had only 3 hydroxyl
groups but low lipophilicity. Different from the flavonols and flavones, naringenin is a flavanone
with fewer double bonds in the C ring. The flavonols were more lipophilic and assumed a planar
structure [17]. The flexibility of the chiral center in the C ring of naringenin could fold to form
a three-dimensional structure. The approximation of the B ring to the A and C rings increased the
possibility of the production of intramolecular hydrogen bonds, leading to the decrease of lipophilicity
and enhancement of aqueous solubility. This effect did not occur with flavonols and flavones due to
the rigidity of the structure.

Some physicochemical factors of penetrants can influence the skin permeation. These include
lipophilicity, solubility, release rate, MW, and hydrogen bonding. The penetrants with higher
lipophilicity can increase the skin-absorption capacity due to the facile partitioning and entrance
into the SC lipids [18]. Both log K’ and log P are the parameters of lipophilicity. Another parameter
for anticipating the skin absorption is the total polarity surface, which correlates inversely with
lipophilicity and biomembrane absorption [19]. The correlation coefficient between log P and the
total polarity surface for the flavonoids was 0.9003. The polar surface area is defined as the total sum
of the surface of the polar atoms [20]. The highest total polarity surface of myricetin could explain
the low skin absorption of this compound. However, the lipophilicity could not explain the high
skin deposition of naringenin and kaempferol. There was no correlation between lipophilicity and
skin absorption of the flavonoids. The penetrants should first partition into the SC before diffusion
across the SC. The sebum spread on the SC surface contributes to a capacity-governing penetrant
partitioning from the vehicle to the SC [21]. Theoretically, this partitioning is highly dependent
on the lipophilicity [22]. Our results showed that the skin deposition enhancement after sebum
removal was less for naringenin and kaempferol than for the other flavonoids. This suggests an ease
in the partitioning of naringenin and kaempferol to the SC layer, and sebum was a barrier for the
permeation of the other flavonoids. From these data, it can be concluded that the cutaneous absorption
of flavonoids cannot be solely ascribed to their lipophilicity. The skin more facilely absorbed the
flavonoids with moderate hydrophilicity and aqueous solubility.

Although a lipophilic nature is required for transport across the SC, a hydrophilic property is
also needed for entry into the viable skin [23]. The penetrants with the log P > 3 show a decrease
of viable-skin diffusion following the increase of lipophilicity [24]. Both the SC and the viable
epidermis/dermis are the permeation barriers. The role of viable skin in flavonoid absorption could be
understood by the permeation via SC-stripped skin. Myricetin and quercetin were the flavonoids with
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low skin absorption. The SC removal largely promoted the deposition of both flavonoids by >30 fold.
This indicates a significant barrier function of the SC for the two penetrants. The skin deposition of
myricetin and quercetin was 0.4 and 1.2 nM/mg after the SC’s removal, respectively. This value was still
lower than the naringenin deposition after stripping. Baicalein was a lipophilic flavonoid with facile
entrance into the SC because of the limited enhancement of skin deposition after stripping. However,
the baicalein deposition in the stripped skin was only 0.2 nM/mg. These results demonstrate that the
viable skin could be a barrier to the flavonoid permeation. The cellulose membrane is like viable skin
due to its hydrophilic property. We found that the released percentage across the cellulose membrane
was lower for myricetin, quercetin, and baicalein than for naringenin and kaempferol, confirming the
diffusion barrier of viable skin. Naringenin and kaempferol could conquer the viable-skin barrier,
resulting in the effortless absorption. The much higher aqueous solubility of naringenin compared to
the other penetrants was the reason for the easy diffusion into the viable skin. Although kaempferol
exerted a comparable lipophilicity to baicalein, the considerable solubility of kaempferol had led
to greater absorption than with baicalein. Because of the existence of sugar moiety, the glycoside
flavonoids had good solubility in the aqueous vehicle. Although the glycosides might easily permeate
into viable skin according to the high percentage of release, the absorption of glycosides was less
compared to that of the aglycones. The SC was the main barrier to retard glycoside delivery since SC
removal could greatly enhance their deposition.

The SC layer contains lipids and corneocytes cross-linked by keratin. The SC lipids and keratin
contribute to the nonpolar and polar pathways for permeation. Similar absorption should be observed
for the permeation into SC-stripped skin and delipidized skin if the penetrants predominantly transport
via the nonpolar route [25]. Our data supported the lipid pathway being the main diffusion mechanism
for the flavonoids. Although proteins occupy 80% of the SC constituents, the polar pathway is not
the major route for flavonoids because of the limited skin deposition enhancement after protein
denaturation. A high affinity of the penetrants to the SC lipids can generate a reservoir in the skin for
plentiful absorption [26]. To obtain detailed information on the absorption of flavonoids, we established
the possible flavonoid-lipid interaction employing molecular docking. The lipid content of the SC
basically comprises ceramides, fatty acids, cholesteryl sulfate, and cholesterol [27]. There are nine
classes of ceramide identified in the SC [28]. We chose ceramides II, III, and VI for docking because of
their abundance in human SC [29]. Palmitic acid was used as the model fatty acid. Cholesteryl sulfate
presented much stronger interaction with the flavonoids than the other SC lipids. Naringenin and
kaempferol showed the highest negative CDOCKER for interacting with cholesteryl sulfate. This result
coincided with the highest skin deposition of both compounds. The correlation coefficient between
nude mouse skin deposition and CDOCKER of aglycones was 0.9673. The negative CDOCKER
of glycosides was inferior to that of aglycones with respect to interacting with cholesteryl sulfate.
A contrary result was detected for the other lipids. The aglycones even showed no interaction with
cholesterol. Thus, cholesteryl sulfate could offer the most suitable flavonoid-lipid interaction for
predicting flavonoid absorption. The CDOCKER of other lipids such as ceramides are infeasible to
be the indicator of flavonoid absorption because of the low correlation between the energy and skin
deposition. For example, rutin had the highest negative CDOCKER with ceramides and fatty acid but
a low skin delivery capability.

The hydrogen bond acceptor is another factor that inversely correlates with cutaneous absorption.
Since the SC is the hydrogen bond acceptor [30], an increase in the number of hydrogen bonds reduces
the permeation across the SC [31]. Myricetin is the compound with a higher hydrogen bond acceptor
number than the other aglycones. The hydrogen bond acceptor number of glycosides was much higher
than that of aglycones. Myricetin and glycosides were inferred to have less interaction with the SC
according to hydrogen bonding and cholesteryl sulfate docking. Molecular size rather than lipophilicity
would impact skin absorption if less interaction was detected between the penetrants and the SC
components [32]. The skin diffusion is size-dependent, with the larger penetrants demonstrating
lower skin delivery. Both MW and molecular volume illustrated a larger size of myricetin and
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glycoside structures. The consequence was the low absorption of these compounds. The molecules
partially associated with the solvent cage when they traversed the skin from the aqueous vehicle.
The permeation rate involved not only the molecule itself but also the entire solvated complex [33].
Myricetin and the glycosides with a higher hydrogen bond number might attract more water molecules
to produce a large solvation complex, causing a detrimental effect on skin transport. Although the MW
and molecular volume of naringenin were not the lowest, the folding character of this flavanone might
generate a smaller size than the flavonols and flavones with a planar structure. The small molecular
size after bending favored the diffusion into the skin reservoir.

The aim of topically applied flavonoids was to offer better targeting to the skin with minimal
systemic absorption. The S value is a parameter for judging the skin-targeting efficacy. With respect to
aglycones, naringenin and kaempferol showed efficient targeting to the skin tissue. The high S value
of myricetin and quercetin was due to there being no or negligible flux. The low cutaneous deposition
of myricetin and quercetin might not elicit significant bioactivity on the skin. Rutin presented a high
S value in the case of the equivalent dose, which could favor the cutaneous efficacy. In the case of
a saturated dose, baicalin had the highest S value among the glycosides. As with myricetin, the low
deposition has limited the topical application of glycosides for therapeutic use.

Neutrophils act as the predominant phagocytic cells for the first line of defense. Although the
activation of neutrophils enhances immunity to retard xenobiotic invasion, the overwhelming
stimulation contributes to inflammatory disorders and adaptive immune responses [34]. Chronic
inflammatory skin diseases such as psoriasis and photoaging can be characterized by neutrophil
infiltration [35]. The activated neutrophils damage the skin by the production of reactive oxygen
species (ROS). A respiratory burst of neutrophils is an oxygen-dependent process leading to the
formation of ROS. The protective effect of flavonoids on the skin is directly linked to the antiradical
potency [7]. Our results revealed a flavonoid-driven mitigation of O2

•– in fMLF-stimulated neutrophils.
The O2

•– inhibition was the highest for baicalein. Although baicalein reduced O2
•– more effectively,

it only exerted moderate TI due to the low efficiency of cutaneous absorption. The lowest superoxide
inhibition was found for naringenin. However, this flavanone still exhibited the highest TI because of
the efficacious skin targeting. The intramolecular hydrogen bond can suppress antioxidant activity [36].
This is the reason for the low O2

•– inhibition by the flavanone.
The number of hydroxyl groups in the structure of the antioxidants is a factor influencing the

antiradical effect, with the presence of more hydroxyl groups resulting in stronger activity [37].
This was not the case in our study since no correlation was observed between the hydroxyl
moiety number and the scavenging capacity. The O2

•– inhibition of glycosides was similar to their
corresponding aglycones. The lower skin deposition of glycosides had resulted in the lower TI of
O2

•– compared to the aglycones. Both neutrophil trafficking and elastase release are elevated in skin
photoaging. Elastase plays a role in wrinkling after photoaging [38]. The experimental data provided
evidence that the flavonoids showed less inhibition on elastase than O2

•–. The glycosylation decreased
the inhibitory activity on elastase. The same as O2

•–, the greatest TI of elastase proved to be topically
applied naringenin.

The ∆TEWL data demonstrated that the flavonoids did not damage the skin barrier as compared
to the aqueous vehicle control. No SC disruption was observed for naringenin and kaempferol,
though the skin deposition was very high. It is surprising that naringenin and kaempferol even
alleviated ∆TEWL. Water contact with the SC in high content can disturb the barrier’s nature [39].
The aqueous vehicle used in this study could increase TEWL. The skin histology demonstrated fewer
SC layers of the aqueous medium control than the sham group. Naringenin and kaempferol with
high cutaneous absorption might protect the skin to reduce the impairment generated by the water.
Further work is needed to elucidate the protection mechanism. Naringenin, extensively contained
in lemons, oranges, and grapes, is reported to be a potent active of attenuating skin inflammation
and oncogenesis [4,40]. Kaempferol has been demonstrated to restrain photoaging and UV-induced
carcinogenesis [41]. The synthetic drugs such as indomethacin and celecoxib provide protection
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against photoaging and skin cancers but have severe adverse effects. Topically applied naringenin and
kaempferol can be promising candidates as alternatives for skin-inflammation treatment.

5. Conclusions

This study examined the cutaneous absorption and anti-inflammatory activity of flavonoids with
the goal of choosing the optimal candidates for topical delivery. The results revealed that the glycosides
showed less absorption and targeting than the aglycones. The low lipophilicity and large molecular
size of glycosides contributed to the unsatisfied absorption. Naringenin and kaempferol were the
compounds with the greatest deposition in the skin. They also protected the skin from the barrier
disruption induced by the aqueous medium. Both flavonoids are potential candidates for topical
application to treat skin inflammation. Both the SC and viable skin were the permeation barriers for
flavonoid transport. The SPR demonstrated the importance of the hydrophilic and lipophilic balance
of the flavonoid structure in order to achieve feasible skin delivery. The hydrogen bond acceptor
and docking calculated from molecular modeling described the cutaneous absorption trend. We had
utilized the aqueous vehicle as the flavonoid formulation. It is expected that the different compositions
of vehicle may largely affect the skin permeation of the penetrants. The flavonoids may exhibit different
permeation trend in other vehicles such as oil and nanoparticles. Further study is needed to elucidate
the impact of different vehicles on flavonoid absorption. Our results offer essential information for the
development of a topically applied flavonoid formulation. The experimental profiles in this study also
provide the direction to design or synthesize new compounds for facilitating skin delivery.

Acknowledgments: The authors are grateful to the financial support by Ministry of Science and Technology of
Taiwan (MOST-105-2320-B-182-010-MY3) and Chang Gung Memorial Hospital (CMRPG2F0491-3).

Author Contributions: S.-Y.C. and J.-Y.F. conceived the topic. S.-Y.C., Y.-K.L. and E.-L.C. performed the
experimental works. Y.-K.L. outlined the paper and mainly wrote it. P.-W.W. and J.-Y.F. contributed to the
drafting of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Petrou, A.L.; Terzidaki, A. A meta-analysis and review examining a possible role for oxidative stress and
singlet oxygen in diverse diseases. Biochem. J. 2017, 474, 2713–2731. [CrossRef] [PubMed]

2. Rinnerthaler, M.; Bischof, J.; Streubel, M.K.; Trost, A.; Richter, K. Oxidative stress in aging human skin.
Biomolecules 2015, 5, 545–589. [CrossRef] [PubMed]

3. Ascenso, A.; Ribeiro, H.M.; Marques, H.C.; Simões, S. Topical delivery of antioxidants. Curr. Drug Deliv.
2011, 8, 640–660. [CrossRef] [PubMed]

4. George, V.C.; Vijesh, V.V.; Amararathna, D.I.M.; Lakshmi, C.A.; Anbarasu, K.; Kumar, D.R.N.; Ethiraj, K.R.;
Kumar, R.A.; Rupasinghe, H.P.V. Mechanism of action of flavonoids in prevention of inflammation-associated
skin cancer. Curr. Med. Chem. 2016, 23, 1–20.

5. Shen, C.Y.; Jiang, J.G.; Yang, L.; Wang, D.W.; Zhu, W. Anti-ageing active ingredients from herbs and
nutraceuticals used in traditional Chinese medicine: Pharmacological mechanisms and implications for drug
discovery. Br. J. Pharmacol. 2017, 174, 1395–1425. [CrossRef] [PubMed]

6. Abd, E.; Roberts, M.S.; Grice, J.E. A comparison of the penetration and permeation of caffeine into and
through human epidermis after application in various vesicle formulations. Skin Pharmacol. Physiol. 2016, 29,
24–30. [CrossRef] [PubMed]

7. Arct, J.; Pytkowska, K. Flavonoids as components of biologically active cosmeceuticals. Clin. Dermatol. 2008,
26, 347–357. [CrossRef] [PubMed]

8. Zhou, B.R.; Liu, W.L.; Luo, D. Protective effect of baicalin against multiple ultraviolet b exposure-mediated
injuries in C57BL/6 mouse skin. Arch. Pharm. Res. 2011, 34, 261–268. [CrossRef] [PubMed]

9. Dayan, N. Pathways for skin penetration. Cosmet. Toilet. 2005, 120, 67–76.

http://dx.doi.org/10.1042/BCJ20161058
http://www.ncbi.nlm.nih.gov/pubmed/28768713
http://dx.doi.org/10.3390/biom5020545
http://www.ncbi.nlm.nih.gov/pubmed/25906193
http://dx.doi.org/10.2174/156720111797635487
http://www.ncbi.nlm.nih.gov/pubmed/22313160
http://dx.doi.org/10.1111/bph.13631
http://www.ncbi.nlm.nih.gov/pubmed/27659301
http://dx.doi.org/10.1159/000441040
http://www.ncbi.nlm.nih.gov/pubmed/26540487
http://dx.doi.org/10.1016/j.clindermatol.2008.01.004
http://www.ncbi.nlm.nih.gov/pubmed/18691514
http://dx.doi.org/10.1007/s12272-011-0212-2
http://www.ncbi.nlm.nih.gov/pubmed/21380810


Nutrients 2017, 9, 1304 19 of 20

10. Liu, K.S.; Chen, Y.W.; Aljuffali, I.A.; Chang, C.W.; Wang, J.J.; Fang, J.Y. Topically applied mesoridazine
exhibits the strongest cutaneous analgesia and minimized skin disruption among tricyclic antidepressants:
The skin absorption assessment. Eur. J. Pharm. Biopharm. 2016, 105, 59–68. [CrossRef] [PubMed]

11. Campbell, C.S.J.; Contreras-Rojas, L.R.; Delgado-Charro, M.B.; Guy, R.H. Objective assessment of
nanoparticle disposition in mammalian skin after topical exposure. J. Control. Release 2012, 162, 201–207.
[CrossRef] [PubMed]

12. Boyum, A.; Lovhaug, D.; Tresland, L.; Nordlie, E.M. Separation of leucocytes: Improved cell purity by fine
adjustments of gradient medium density and osmolality. Scand. J. Immunol. 1991, 34, 697–712. [CrossRef]
[PubMed]

13. Yang, S.C.; Chung, P.J.; Ho, C.M.; Kuo, C.Y.; Hung, M.F.; Huang, Y.T.; Chang, W.Y.; Chang, Y.W.; Chan, K.H.;
Hwang, T.L.; et al. Propofol inhibits superoxide production, elastase release, and chemotaxis in formyl
peptide-activated human neutrophils by blocking formyl peptide receptor 1. J. Immunol. 2013, 190, 6511–6519.
[CrossRef] [PubMed]

14. Sawamura, R.; Sakurai, H.; Wada, N.; Nishiya, Y.; Honda, T.; Kazui, M.; Kurihara, A.; Shinagawa, A.; Izumi, T.
Bioactivation of loxoprofen to a pharmacologically active metabolite and its disposition kinetics in human
skin. Biopharm. Drug Dispos. 2015, 36, 352–363. [CrossRef] [PubMed]

15. Riviere, J.E.; Brooks, J.D. Predicting skin permeability from complex chemical mixtures: Dependency of
quantitative structure permeation relationships on biology of skin model used. Toxicol. Sci. 2011, 119,
224–232. [CrossRef] [PubMed]

16. Mir-Palomo, S.; Nácher, A.; Díez-Sales, O.; Busó, O.V.; Caddeo, C.; Manca, M.L.; Manconi, M.; Fadda, A.M.;
Saurí, A.R. Inhibition of skin inflammation by baicalin ultradeformable vesicles. Int. J. Pharm. 2016, 511,
23–29. [CrossRef] [PubMed]

17. Lin, C.F.; Leu, Y.L.; Al-Suwayeh, S.A.; Ku, M.C.; Hwang, T.L.; Fang, J.Y. Anti-inflammatory activity and
percutaneous absorption of quercetin and its polymethoxylated compound and glycosides: The relationships
to chemical structures. Eur. J. Pharm. Sci. 2012, 47, 857–864. [CrossRef] [PubMed]

18. Lin, C.F.; Hung, C.F.; Aljuffali, I.A.; Huang, Y.L.; Liao, W.C.; Fang, J.Y. Methylation and esterification of
magnolol for ameliorating cutaneous targeting and therapeutic index by topical application. Pharm. Res.
2016, 33, 2152–2167. [CrossRef] [PubMed]

19. Schaftenaar, G.; De Vlieg, J. Quantum mechanical polar surface area. J. Comput. Aided Mol. Des. 2012, 26,
311–318. [CrossRef] [PubMed]

20. Ertl, P.; Rohde, B.; Selzer, P. Fast calculation of molecular polar surface area as a sum of fragment-based
contributions and its application to the prediction of drug transport properties. J. Med. Chem. 2000, 43,
3714–3717. [CrossRef] [PubMed]

21. Liu, K.S.; Hsieh, P.W.; Aljuffali, I.A.; Lin, Y.K.; Chang, S.H.; Wang, J.J.; Fang, J.Y. Impact of ester promoieties
on transdermal delivery of ketorolac. J. Pharm. Sci. 2014, 103, 974–986. [CrossRef] [PubMed]

22. Liu, X.; Testa, B.; Fahr, A. Lipophilicity and its relationship with passive drug permeation. Pharm. Res. 2011,
28, 962–977. [CrossRef] [PubMed]

23. Song, K.; An, S.M.; Kim, M.; Koh, J.S.; Boo, Y.C. Comparison of the antimelanogenic effects of p-coumaric
acid and its methyl ester and their skin permeabilities. J. Dermatol. Sci. 2011, 63, 17–22. [CrossRef] [PubMed]

24. Schneider, M.; Stracke, F.; Hansen, S.; Schaefer, U.F. Nanoparticles and their interactions with the dermal
barrier. Dermatoendocrinology 2009, 1, 197–206. [CrossRef]

25. Yan, Y.D.; Sung, J.H.; Lee, D.W.; Kim, J.S.; Jeon, E.M.; Kim, D.D.; Kin, D.W.; Kim, J.O.; Piao, M.G.; Li, D.X.; et al.
Evaluation of physicochemical properties, skin permeation and accumulation profiles of salicylic acid amide
prodrugs as sunscreen agent. Int. J. Pharm. 2011, 419, 154–160. [CrossRef] [PubMed]

26. Pierre, M.B.R.; Lopez, R.F.V.; Bentley, M.V.L.B. Influence of ceramide 2 on in vitro skin permeation and
retention of 5-ALA and its ester derivatives, for photodynamic therapy. Braz. J. Pharm. Sci. 2009, 45, 109–116.
[CrossRef]

27. Mojumdar, E.H.; Gooris, G.S.; Barlow, D.J.; Lawrence, M.J.; Deme, B.; Bouwstra, J.A. Skin lipids: Localization
of ceramide and fatty acid in the unit cell of the long periodicity phase. Biophys. J. 2015, 108, 2670–2679.
[CrossRef] [PubMed]

28. Kessner, D.; Ruettinger, A.; Kiselev, M.A.; Wartewig, S.; Neubert, R.H.H. Properties of ceramides and their
impact on the stratum corneum structure: A review. Skin Pharmacol. Physiol. 2008, 21, 58–74. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.ejpb.2016.05.025
http://www.ncbi.nlm.nih.gov/pubmed/27260201
http://dx.doi.org/10.1016/j.jconrel.2012.06.024
http://www.ncbi.nlm.nih.gov/pubmed/22732479
http://dx.doi.org/10.1111/j.1365-3083.1991.tb01594.x
http://www.ncbi.nlm.nih.gov/pubmed/1749920
http://dx.doi.org/10.4049/jimmunol.1202215
http://www.ncbi.nlm.nih.gov/pubmed/23670191
http://dx.doi.org/10.1002/bdd.1945
http://www.ncbi.nlm.nih.gov/pubmed/25765700
http://dx.doi.org/10.1093/toxsci/kfq317
http://www.ncbi.nlm.nih.gov/pubmed/20947718
http://dx.doi.org/10.1016/j.ijpharm.2016.06.136
http://www.ncbi.nlm.nih.gov/pubmed/27374324
http://dx.doi.org/10.1016/j.ejps.2012.04.024
http://www.ncbi.nlm.nih.gov/pubmed/22609526
http://dx.doi.org/10.1007/s11095-016-1953-x
http://www.ncbi.nlm.nih.gov/pubmed/27233503
http://dx.doi.org/10.1007/s10822-012-9557-y
http://www.ncbi.nlm.nih.gov/pubmed/22391921
http://dx.doi.org/10.1021/jm000942e
http://www.ncbi.nlm.nih.gov/pubmed/11020286
http://dx.doi.org/10.1002/jps.23888
http://www.ncbi.nlm.nih.gov/pubmed/24481782
http://dx.doi.org/10.1007/s11095-010-0303-7
http://www.ncbi.nlm.nih.gov/pubmed/21052797
http://dx.doi.org/10.1016/j.jdermsci.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21530181
http://dx.doi.org/10.4161/derm.1.4.9501
http://dx.doi.org/10.1016/j.ijpharm.2011.07.043
http://www.ncbi.nlm.nih.gov/pubmed/21839822
http://dx.doi.org/10.1590/S1984-82502009000100013
http://dx.doi.org/10.1016/j.bpj.2015.04.030
http://www.ncbi.nlm.nih.gov/pubmed/26039168
http://dx.doi.org/10.1159/000112956
http://www.ncbi.nlm.nih.gov/pubmed/18187965


Nutrients 2017, 9, 1304 20 of 20

29. Paige, D.G.; Morse-Fisher, N.; Harper, J.I. Quantification of stratum corneum ceramides and lipid envelope
ceramides in the hereditary ichthyoses. Br. J. Dermatol. 1994, 131, 23–27. [CrossRef] [PubMed]

30. N’Da, D.D. Prodrug strategies for enhancing the percutaneous absorption of drugs. Molecules 2014, 19,
20780–20787. [CrossRef] [PubMed]

31. Alikhan, A.; Farahmand, S.; Maibach, H.I. Correlating percutaneous absorption with physicochemical
parameters in vivo in man: Agricultural, steroid, and other organic compounds. J. Appl. Toxicol. 2009, 29,
590–596. [CrossRef] [PubMed]

32. Yamaguchi, K.; Mitsui, T.; Aso, Y.; Sugibayashi, K. Structure–permeability relationship analysis of the
permeation barrier properties of the stratum corneum and viable epidermis/dermis of rat skin. J. Pharm. Sci.
2008, 97, 4391–4403. [CrossRef] [PubMed]

33. Mohammed, D.; Matts, P.J.; Hadgraft, J.; Lane, M.E. In vitro–in vivo correlation in skin permeation.
Pharm. Res. 2014, 31, 394–400. [CrossRef] [PubMed]

34. Nauseef, W.M.; Borregaard, N. Neutrophils at work. Nat. Immunol. 2014, 15, 602–611. [CrossRef] [PubMed]
35. Kim, J.; Krueger, J.G. The immunopathogenesis of psoriasis. Dermatol. Clin. 2015, 33, 13–23. [CrossRef]

[PubMed]
36. Amorati, R.; Zotova, J.; Baschieri, A.; Valgimigli, L. Antioxidant activity of magnolol and honokiol: Kinetic

and mechanistic investigations of their reaction with peroxyl radicals. J. Org. Chem. 2015, 80, 10651–10659.
[CrossRef] [PubMed]

37. Alonso, C.; Lucas, R.; Barba, C.; Marti, M.; Rubio, L.; Comelles, F.; Morales, J.C.; Coderch, L.; Parra, J.L. Skin
delivery of antioxidant surfactants based on gallic acid and hydroxytyrosol. J. Pharm. Pharmacol. 2015, 67,
900–908. [CrossRef] [PubMed]

38. Takeuchi, H.; Gomi, T.; Shishido, M.; Watanabe, H.; Suenobu, N. Neutrophil elastase contributes to
extracellular matrix damage induced by chronic low-dose UV irradiation in a hairless mouse photoaging
model. J. Dermatol. Sci. 2010, 60, 151–158. [CrossRef] [PubMed]

39. Lombardi Borgia, S.; Schlupp, P.; Mehnert, W.; Schäfer-Korting, M. In vitro skin absorption and drug
release—A comparison of six commercial prednicarbate preparations for topical use. Eur. J. Pharm. Biopharm.
2008, 68, 380–389. [CrossRef] [PubMed]

40. Al-Roujayee, A.S. Naringenin improves the healing process of thermally-induced skin damage in rats.
J. Intern. Med. Res. 2017, 45, 570–582. [CrossRef] [PubMed]

41. Yao, K.; Chen, H.; Liu, K.; Langfald, A.; Yang, G.; Zhang, Y.; Yu, D.H.; Kim, M.O.; Lee, M.H.; Li, H.; et al.
Kaempferol targets RSK2 and MSK1 to suppress UV radiation-induced skin cancer. Cancer Prev. Res. 2014, 7,
958–967. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1365-2133.1994.tb08452.x
http://www.ncbi.nlm.nih.gov/pubmed/8043418
http://dx.doi.org/10.3390/molecules191220780
http://www.ncbi.nlm.nih.gov/pubmed/25514222
http://dx.doi.org/10.1002/jat.1445
http://www.ncbi.nlm.nih.gov/pubmed/19484700
http://dx.doi.org/10.1002/jps.21330
http://www.ncbi.nlm.nih.gov/pubmed/18228598
http://dx.doi.org/10.1007/s11095-013-1169-2
http://www.ncbi.nlm.nih.gov/pubmed/23943545
http://dx.doi.org/10.1038/ni.2921
http://www.ncbi.nlm.nih.gov/pubmed/24940954
http://dx.doi.org/10.1016/j.det.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25412780
http://dx.doi.org/10.1021/acs.joc.5b01772
http://www.ncbi.nlm.nih.gov/pubmed/26447942
http://dx.doi.org/10.1111/jphp.12382
http://www.ncbi.nlm.nih.gov/pubmed/25645286
http://dx.doi.org/10.1016/j.jdermsci.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/20965700
http://dx.doi.org/10.1016/j.ejpb.2007.05.003
http://www.ncbi.nlm.nih.gov/pubmed/17574402
http://dx.doi.org/10.1177/0300060517692483
http://www.ncbi.nlm.nih.gov/pubmed/28415935
http://dx.doi.org/10.1158/1940-6207.CAPR-14-0126
http://www.ncbi.nlm.nih.gov/pubmed/24994661
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Capacity Factor (Log K’) 
	Partition Coefficient (Log P) 
	Saturated Solubility in 20% PEG400 Aqueous Solution 
	Animals 
	Preparation of SC-Disrupted Skin 
	In Vitro Franz Cell Assembly 
	Inhibition of Neutrophilic Inflammation by Flavonoids 
	Molecular Modeling 
	In Vivo Cutaneous Tolerance of Flavonoids 
	Data Analysis 

	Results 
	Physicochemical Properties of Flavonoids 
	Cutaneous Absorption of Flavonoids 
	Flavonoid Permeation via SC-Disrupted Skin 
	Inhibition of Neutrophil Inflammation by Flavonoids 
	Molecular Modeling 
	In Vivo Cutaneous Tolerance of Flavonoids 

	Discussion 
	Conclusions 

