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Abstract: Ultraviolet (UV) radiation, especially types A (UVA) and B (UVB), is one of the main causes
of skin disorders, including photoaging and skin cancer. Ultraviolent radiation causes oxidative stress,
inflammation, p53 induction, DNA damage, mutagenesis, and oxidation of various molecules such
as lipids and proteins. In recent decades, the use of polyphenols as molecules with an antioxidant
and anti-inflammatory capacity has increased. However, some of these compounds are poorly
soluble, and information regarding their absorption and bioavailability is scarce. The main objective
of this study was to compare the intestinal absorption and biological activity of apigenin and its
more soluble potassium salt (apigenin-K) in terms of antioxidant and photoprotective capacity.
Photoprotective effects against UVA and UVB radiation were studied in human keratinocytes, and
antioxidant capacity was determined by different methods, including trolox equivalent antioxidant
capacity (TEAC), ferric reducing antioxidant power (FRAP) and oxygen radical absorbance capacity
(ORAC) assays. Finally, the intestinal absorption of both apigenins was determined using an in vitro
Caco-2 cell model. Apigenin showed a slightly higher antioxidant capacity in antioxidant activity
assays when compared with apigenin-K. However, no significant differences were obtained for their
photoprotective capacities against UVA or UVB. Results indicated that both apigenins protected cell
viability in approximately 50% at 5 J/m? of UVA and 90% at 500 J/m? of UVB radiation. Regarding
intestinal absorption, both apigenins showed similar apparent permeabilities (Pyp), 1.81 X 107> cm/s
and 1.78 x 107 cm/s, respectively. Taken together, these results suggest that both apigenins may
be interesting candidates for the development of oral (nutraceutical) and topical photoprotective
ingredients against UVA and UVB-induced skin damage, but the increased water solubility of
apigenin-K makes it the best candidate for further development.
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1. Introduction

The skin is the largest organ of the body acting as a physical and chemical barrier to protect the
body against harmful external agents such as ultraviolet (UV) radiation, dehydration, temperature
changes, and pathogens [1-3]. Furthermore, the skin is a sensitive organ because the nerve endings
and receptors related to the sense of touch and temperature are located within the skin. UV radiation
exposure is a main factor for age-related changes, including immunosuppression and allergy disorders,
degenerative aging, inflammation, extracellular matrix (ECM) degeneration, DNA damage, oxidative
stress, and carcinogenesis [4,5]. These effects are included in the term photoaging, which resumes the
biological consequences of UV exposure, not only on skin, but also in the whole organism.

UV radiation is divided into (a) long-wave UVA (320-400 nm), (b) medium-wave UVB (280-320 nm),
and (c) short-wave UVC (100-280 nm) radiation, of which UVC is absorbed by the ozone layer [4].
UVA comprises more than 90% of all solar UV radiation that reaches the Earth’s surface and is
considered the “aging ray” that penetrates the epidermis and dermis [6]. UVA enhances the expression
of metalloproteinases (MMPs) that lead to collagen decrease and abnormal elastic fiber overgrowth,
resulting in stratum corneum thickening and epidermal hyperplasia [7,8]. Moreover, UVB is a minor
component of sunlight that is capable of producing direct changes on biomolecules, causing the
acute effects of sunlight exposure, such as erythema (sunburn) or pigmentation (tanning). It is well
established that UVB photons target DNA causing dimeric photoproducts between adjacent pyrimidine
bases to form [9]. The incorrect repair of these photolesions can affect tumor suppressor genes and
oncogenes, and therefore, UVB is the main radiation associated with melanoma and nonmelanoma
skin cancer risk. Nonetheless, it has been suggested that UVA has mutagenic and carcinogenic actions
through the generation of reactive oxygen species (ROS), which also damage DNA [10]. In addition,
excessive ROS formation, not only after UVA but also following UVB overexposure, can oxidize several
DNA repair proteins, compromising their efficiency [11].

In recent years, there have been a large number of studies and publications related to natural
extracts and compounds that exert beneficial effects for human health [4], especially polyphenols [12].
These compounds are widely distributed in fruits, vegetables, and legumes, as well as in red wine and
tea [13,14]. Polyphenols are divided into the phenolic acids, stilbenes, flavonoids, and lignans [15]
(Supplementary Figure S1A). Their structural diversity is the reason why polyphenols present
different biological functions, such as antitumor [15,16], anti-inflammatory [17], antimicrobial [18],
antioxidant [19], and photoprotective activities [20-22]. Furthermore, prospective studies have reported
that polyphenols have the ability to prevent cardiovascular diseases [23,24].

The flavonoid group represents 60% of the total natural polyphenols and can be classified
into different subgroups (Supplementary Figure S1A). In recent years, flavonoids have generated
great interest because they are the major group of polyphenols present in the human diet [25,26].
Pure flavonoids are quite insoluble in water, making this characteristic their main drawback when
both studying their biological activity and using them on a new nutraceutical, cosmeceutical and/or
pharmaceutical formulation. There are different strategies to solve this water insolubility problem.
Plants usually glycosylate flavonoids to enhance their solubility or to store them in vacuoles [27,28].
Another strategy, which is especially relevant for industrial purposes, is to derivate these compounds
by obtaining salt species with an improved water solubility profile [29]. Solubility is a relevant property
in drug development, but drug absorption must not be forgotten. In fact, the actual Biopharmaceutics
Classification System (BCS) is based on both solubility and absorption data, allowing researchers and
pharmaceutical companies to predict in vivo bioavailability based on in vitro data [30].

One of the most known and studied flavonoids is 4’,5,7-trihydroxyflavone, commonly known as
apigenin (Supplementary Figure S1B). This bioactive compound is found in many fruits and vegetables,
such as chamomile flowers, thyme, onions, and spices [13]. Several studies have shown that this
natural compound has potential anti-cancer activity [31], antioxidant and anti-inflammatory effects [32],
and antimicrobial activity [33] (Supplementary Figure S1B). However, it exhibits poor solubility in
water, hampering the in vitro dissolution rate, efficacy and oral bioavailability [34]. This situation also
hinders in vitro studies, as most assays are developed in an aqueous environment using cell culture
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assays that require the compounds to be soluble enough to be used. To avoid this situation, different
apigenin salt derivates were obtained, leading to increased solubility [30,34]. However, there have
been no comparative works studying whether this salt derivatization influences biological activity
except for one covering angiotensin-converting enzyme inhibitory activity from a structural point of
view and comparing this activity with that of a collection of other non-salt-derived flavonoids [35].

In the present study, apigenin flavone and its more water-soluble potassium salt derivative
(apigenin-K) were compared to determine their antioxidant capacity, their inhibition of UVA and UVB
harmful effects on human keratinocytes, and their protection against DNA damage. In addition, the
apparent permeability of both apigenins was studied in an in vitro model of intestinal absorption using
the Caco-2 cell line.

2. Results

2.1. Antioxidant Activity

A set of antioxidant assays was carried out to determine the antioxidant potential of apigenin
and apigenin-K (Table 1). The single-electron transfer-based methods Trolox equivalent antioxidant
capacity (TEAC) and ferric reducing antioxidant power (FRAP) were performed. These methods are
widely used in a large variety of food and biological samples [36,37]. For the TEAC assay, no significant
differences were obtained. For the FRAP assay, apigenin and apigenin-K exhibited slight but significant
differences (Table 1) between them. In addition, the oxygen radical absorbance capacity (ORAC) assay,
based on a hydrogen atom transfer mechanism, was used to measure the capacity to eliminate peroxyl
radicals. Values for apigenin and apigenin-K revealed a high oxygen radical absorbance capacity for
both compounds with small, but significant differences (Table 1).

Table 1. Values for different antioxidant measurements performed with apigenin and apigenin-K.

Antioxidant Assay (units) Apigenin Apigenin-K
TEAC (umol TE ?/mmol) 2022.2 +154.8 1903.6 + 210.5
FRAP (umol Fe?*/mmol) 1132 +12.2 88.7 + 14.4 ***
ORAC (pmol TE @/mmol) 8879 +£5.8 840.2 £ 283 *

2 Trolox equivalents. Values are expressed as the means + SDs. * p < 0.05 and *** p < 0.001 indicate statistically
significant differences between the antioxidant capacities measured for both apigenins.

The absorption spectra were compared for both apigenins, showing no differences between them
and both presenting the typical flavone absorption maxima at 270 and 340 nm [38]. These absorption
maxima partially match the UVA and UVB ranges.

2.2. Apigenin and Apigenin-K Protect Human Keratinocytes against UVA and UV B Radiation

Apigenin and apigenin-K were tested to determine their capacity to protect human keratinocytes
from UVA- and UVB-induced damage at different radiation doses (5 or 10 J/cm? and 500 or 1000 J/m?,
respectively). Photoprotection percentage was calculated according to Equation (1), showed in
Materials and Methods section. After cell irradiation with 5 J/cm? UVA, both apigenins showed over
50% protection when compared with control cells irradiated with the same UVA dose in the absence of
compound (Figure 1A). While there were no differences between equimolar concentrations of each
apigenin or between different concentrations of the same apigenin, apigenin (maroon bars) showed
statistically significant differences when compared with the control (white bar). When the UVA dose
was increased up to 10 J/cm?, cell viability was reduced accordingly. Once again, no differences were
observed between equimolar concentrations of each apigenin or between different concentrations of
the same apigenin; however, significant differences were obtained for the highest concentration of each
compound when compared with control cells (Figure 1A). Similar results were obtained after UVB
irradiation with 500 and 1000 J/m?, as both compounds exerted statistically significant photoprotection
versus control cells, also with a dose-response behavior (Figure 1B).
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Figure 1. Human keratinocyte survival after irradiation with a 5 J/em? or 10 J/cm? dose of UVA (A)
or 500 J/m? or 1000 J/m? dose of UVB (B), in the presence of apigenin or apigenin-K (50 or 100 M),
was determined using the MTT assay after the incubation of cells for 72 h post-irradiation. The data
are expressed as the means of 6 replicates + SDs. * p < 0.05, *** p < 0.001 and **** p < 0.0001 indicate
statistically significant differences compared with the irradiated sample in the absence of compound.

2.3. Determination of Apparent Permeability (Papp) Values

Caco-2 cells are a well-established in vitro model for the investigation of intestinal permeability
of different compounds or drugs [34-36]. The optimum concentration of apigenin and apigenin-K
was determined using the MTT assay before permeability studies to prevent monolayer damage.
Figure 2 shows statistically significant cytotoxicity only at a concentration of 100 uM for both apigenins.
However, a viability decrease was observed when Caco-2 cells were treated with 75 pM of each
apigenin. Therefore, a final concentration of 50 uM was used in the transport experiments.

The transport across the Caco-2 cell monolayer model was monitored for a period of 120 min, as
described in the Materials section, and the TEER values did not drastically change during the assay,
maintaining above the level of 300-400 Q/cm? for all monolayers. Concentration values from each
timepoint were determined by HPLC and were used to obtain the bidirectional P, values according
to Equation (2), shown in the Materials and Methods section. Results are shown in Table 2 and
Figure 3A,B. The estimated apparent permeability of both apigenins was similar in the apical (AP)
to basolateral (BL) direction. Lower, but also similar, values were obtained when BL-AP transport
was assayed. Moreover, the ratios of Py, (BL-AP) to Pgy, (AP-BL) were calculated to estimate the
absorption mechanism using Equation (3) as described in Materials and Methods section (Table 2
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and Figure 3C). This value tentatively indicates an active transport when is lower than 0.5, a passive
diffusion transport when it is between 0.5 and 2 and an active secretion mechanism when it is higher
than 2.

A I B I
Apigenin Apigenin-K

120 120

100 { —— 100 - T
T g0 < 804
£ £
:'=§ 60 - -.g 60
> =
= 40+ z 404
&} o

20 204
0 0
- 25 50 75 100 - 25 50 75 100
uM M

Figure 2. Cytotoxic effects of apigenin (A) and apigenin-K (B) treatment (25, 50, 75 or 100 uM) for 2 h in
Caco-2 cells determined using the MTT assay. The data are expressed as the means of 6 replicates + SDs.
*p < 0.05 and *** p < 0.0001 indicate statistically significant differences compared with nontreated cells.
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Figure 3. Py, values and diagram of permeation flow for both apigenins in AP-BL (A) and BL-AP
(B) directions respectively. (C) Efflux ratio plot for both apigenins, showing the different transport
mechanism categories.
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Table 2. Apparent permeability (P,p) values for apigenin and apigenin-K from apical-to-basolateral
(AP-BL) and basolateral-to-apical (BL-AP) compartments.

Compound  Pgpp ap-r (X 1075 cm/s)  Pyyp pr-ap (X 1075 cm/s)  Efflux Ratio

Apigenin 1.81 £ 0.17 093 +0.13 0.51
Apigenin-K 1.78 +£0.21 092 +0.14 0.52

The data are expressed as the means of 6 replicates + SDs.

3. Discussion

UV radiation has an array of harmful effects, and chronic exposure to sunlight is the main cause of
photoaging and skin carcinogenesis. Novel approaches for skin protection have gained scientific interest
in diminishing UV exposure consequences, cancer morbidity, and the costs associated with treatment.
Several phytochemicals have shown substantial photoprotective and anticarcinogenic effects and have
attracted considerable attention due to their low toxicity [39]. One of these promising phytochemicals
is apigenin, of which high amounts are present in common fruits and plant species such as chamomile
(Chamaemelum nobile), celery (Apium graveolens), onion (Allium cepa), thyme (Thymus vulgaris), and
oregano (Origanum vulgare) [13,40].

In this work, the antioxidant and photoprotective abilities of apigenin flavone and its more soluble
potassium salt, apigenin-K, were evaluated in a skin cell model. The role of oxidative stress in the
consequences of UV radiation [10] has been demonstrated. For that reason, the antioxidant capacity of
both apigenins was examined first. Apigenin showed a slightly stronger capacity to scavenge free
radicals than apigenin-K in the TEAC, FRAP, and ORAC assays, but those results were significant
only for the FRAP and ORAC assays. As apigenin-K has one less hydroxyl (-OH) group, these results
are consistent with the antioxidant mechanism of polyphenols, which is based on the number of
hydroxyl (-OH) groups [41]. Furthermore, the antioxidant activity of flavonoids depends upon the
arrangement of the functional groups about the nuclear structure. Flavonoids vary in their chemical
substitution around the heterocyclic oxygen ring, but a C4—C3—C¢ carbon skeleton is characteristic of
all of them, comprising three rings (A, B and C), as Supplementary Figure S1B illustrates. It is generally
accepted that the presence of catechol hydroxyl groups in the B ring provides the strongest antioxidant
capacity exhibited by these compounds. In addition, greater antioxidant activity for flavonoids with
meta-5,7-dihydroxy arrangements in the A ring has been described, as is present in apigenin [41]. Salt
formation of apigenin-K may entail the loss of a hydrogen at the 7- or 4’-hydroxyl position, so the
apigenin-K reduction potential should be lower [34]. Despite this, apigenin-K antioxidant activity
is higher than that described for other well-known flavonoids, such as kaempferol, hesperidin, and
naringenin [41,42].

The small differences between the antioxidant capacity of both apigenins exerted in the
aforementioned assays were reflected in the survival increase achieved by keratinocytes exposed to
UVA and UVB radiation, where the higher photoprotection of apigenin was exhibited. However,
no statistically significant differences were obtained when the same concentrations of apigenin and
apigenin-K were compared, suggesting that both compounds share a similar photoprotective capacity.
Regarding the putative protective mechanism, some hypotheses can be deduced from the obtained data
and the current state of the art. Some polyphenols have shown the ability to rapidly reach intracellular
targets, so it can be postulated that apigenin and apigenin-K may be able to act as antioxidants,
scavenging the ROS that originate upon UVB and UVA radiation, such as hydroxyl radicals (OH),
superoxide anion radicals (O, ™) and lipoperoxyl radicals (ROO") [10]. In addition, both apigenins
present an absorption spectrum that matches the UVA and UVB ranges, so both effects, antioxidant
capacity and UV-absorption, contribute to reducing the harmful effects of radiation on cell viability.

Intestinal absorption of apigenin and its potassium salt derivative was estimated using the human
Caco-2 cell culture model for nutraceutical purposes, and no statistically significant differences were
found between the apparent permeability estimated for each compound regardless of the tested
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direction (AP-BL or BL-AP). Apigenin is usually found in its glycosidic form in fruits and vegetables,
but it has been dilucidated that glycosides are efficiently hydrolyzed to the free flavonoids in the
human intestinal tract by bacterial enzymes [43]. These enzymatic changes justify the use of aglicone
forms of apigenin and apigenin-K, with improved water solubility, in an attempt to enhance absorption,
and can be industrially obtained without significant costs and drawbacks.

The Caco-2 cell model is widely used due to its differentiation into polarized enterocyte-like
cells with an apical and basolateral surface and the presence of active transport systems. Generally,
high-absorbed drugs are found to have Pgpp values higher than 1 X 1075 cm/s, whereas moderately
absorbed drugs had P, values above (1-10) X 10_6, and a Pgp, value lower than 1 x 107° is related to
poorly-absorbed drugs [44]. According to these data, both apigenins present a high absorption profile,
with Py, values above 1 x 107 cm/s. The values estimated in the present manuscript were similar
to those reported in other studies [45-47] and higher than the values calculated for other flavonoids
such as quercetin and its metabolites [48]. Fang et al. recently studied the relationship between the
structure of thirty flavonoids and their apparent permeabilities in the Caco-2 cell model [47]. They
discovered that substitution on the 3’ carbon decreases flavonoid absorption, while substitution on
the adjacent 2’ or 4’ carbon (as occurs in apigenin) increases absorption. Furthermore, flavones show
greater permeability than their respective flavonols; for example, the apparent permeability of apigenin
is 2.5-fold higher than the estimated permeability for its respective flavonol kaempferol. The calculated
efflux ratios are close to 0.5, suggesting the putative participation of active transporters. However,
additional assays such as utilization of the P-glycoprotein (MDR1) inhibitor verapamil in permeability
studies are required [44,49] to confirm this hypothesis, as both ratios are just in the frontier between
active transport and passive diffusion mechanisms. A recent work has demonstrated that apigenin
and quercetin downregulate the gene expression levels of BRCP, MRP2 and MDR1 [50], the most
pharmacologically relevant ABC transporters to flavonoids, which are localized on the apical side of the
intestinal epithelium [51]. The function of these transporters is to efflux compounds out of the cells and
into the lumen, causing the reduction of basolateral-to-apical absorption with their downregulation,
which is consistent with our results. Nevertheless, the concentration-dependent behavior of apigenin
in rat duodenum and jejunum, which indicated active carrier-mediated saturable mechanism in those
intestinal segments [52].

Finally, according the initial objective of the study, which was the comparison between the
biological activity and absorption of both compounds, it can be concluded that although some small
differences in terms of antioxidant capacity have been obtained between apigenin and apigenin-K, both
the photoprotective and absorption results presented no significant differences. Moreover, according to
Fick’s Law of diffusion (see Equation (4) in the Material and Methods section), the increased solubility
of apigenin-K makes it more interesting for future studies, as higher concentrations can be obtained
in the absorption phase, increasing the absorption flow and subsequent plasma concentration and
biological effects. This last aspect allows the selection of apigenin-K as the best candidate for further
pharmaceutical, nutraceutical, or cosmeceutical developments.

4. Materials and Methods

4.1. Chemicals and Reagents

Human keratinocyte cells (HaCaT, a spontaneously immortalized cell line) were obtained from
Cell Lines Service GmbH (Eppelheim, Germany). Dulbecco’s Modified Eagle’s Medium (DMEM),
fetal bovine serum (FBS), penicillin-streptomycin, Hank’s Balanced Salt Solution (HBSS), MEM
Non-Essential Amino Acids (NEAA) Solution (100x) and 1 M HEPES were obtained from Gibco
(Thermo Fisher Scientific, Waltham, MA, USA). For high-performance liquid chromatography (HPLC),
all chemicals were of analytical reagent grade and were used as received. For mobile phase preparation,
trifluoroacetic acid (TFA) and acetonitrile were purchased from Merck (Millipore, Darmstadt, Germany)
and VWR (Barcelona, Spain), respectively. Dimethyl sulfoxide (DMSO) and the remaining reagents



Int. ]. Mol. Sci. 2019, 20, 2148 8of 13

were purchased from Sigma-Aldrich (Steinheim, Germany). Apigenin and its monopotassium salt
derivative (apigenin-K), which were 96.80% and 90.53% pure, respectively, were kindly provided by
NUTRAFUR, SA—Frutarom Group (Alcantarilla, Murcia, Spain).

4.2. Cell Culture

HaCaT cells were cultured in high-glucose DMEM containing 10% heat-inactivated FBS, 0.1 mg/mL
penicillin and 100 U/mL streptomycin. Caco-2 cells were grown in high-glucose DMEM and
supplemented with 10% heat-inactivated FBS, 1% NEAA, 1% HEPES, 0.1 mg/mL penicillin, and
100 U/mL streptomycin. Both cell lines were trypsinized on the third day following purchaser
instructions and were maintained in a humidified 5% CO, atmosphere at 37 °C.

4.3. Determination of Antioxidant Capacity

Three different methods were performed to determine the antioxidant capacity of both apigenins.
The Trolox equivalent antioxidant capacity (TEAC) was performed, as previously reported to establish
the ABTS™ scavenging ability of both compounds [21]. The TEAC of the samples was calculated from
the standard curve of Trolox, and the results are expressed in micromoles of Trolox equivalents (TE)
per millimole of compound. The ferric reducing antioxidant power (FRAP) assay was performed,
as described elsewhere [37]. The reduction of a ferric-tripyridyltriazine complex was estimated, and
the results are expressed in micromoles of Fe?* per millimole of compound. To assay the capacity
of the compounds to scavenge peroxyl radicals, a validated assay of the oxygen radical absorbance
capacity (ORAC) method was used [53]. The ORAC assay was carried out on a microplate reader
(POLAstar Omega, BMG LabTech GmbH, Offenburg, Germany) with 495 nm excitation and 520 nm
emission filters to monitor fluorescein oxidation. The results are expressed in micromoles of TE per
millimole of compound.

4.4. Apigenin and Its Potassium Salt Derivative Absorption Spectra

Absorption spectra collection was performed using a microplate reader (SPECTROstar Omega,
BMG LabTech GmbH, Germany). Apigenin solutions were prepared by dissolving the compounds
in DMSO at a concentration of 1 pM. The results are represented by GraphPad Prism version 6.00
software using data in the range from 260 to 400 nm at 2 nm intervals [21].

4.5. Photoprotection Assay

Cells were cultured in 96-well plates and maintained in complete DMEM for 24 h. At 80-90%
confluence, cells were treated with phosphate-buffered saline (PBS) containing apigenin or apigenin-K
at a concentration of 50 or 100 uM, followed by treatment with UVA or UVB light emitted from
a Bio-Link Crosslinker BLX-E312 (Vilber Lourmat, France) at 5 or 10 J/em? or 500 or 1000 J/m?,
respectively [20]. Afterwards, the PBS was replaced with fresh medium, and the cells were incubated
for 72 h. Cell viability was measured using the MTT assay. The medium was removed, and the cells
were incubated with MTT for 3-5 h at 37 °C with 5% CO,. Then, the medium was discarded, and 100 uL.
of DMSO per well was added to dissolve the formazan crystals. After 15 min of shaking, the absorbance
was measured using a microplate reader (SPECTROstar Omega, BGM LabTech GmbH, Offenburg,
Germany) at 570 nm. The photoprotection percentage was obtained using the following formula:

(PC — sample)

Photoprotection (%) = 100 x 100 — (PC-NC)

)

where PC is the % survival in the nonirradiated control and the nontreated and nonirradiated sample
and NC is the % survival in the irradiated control and the nontreated but irradiated sample.
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4.6. Permeability Studies

The cytotoxic effects of apigenin and apigenin-K were tested using the MTT assay. Caco-2 cells
were seeded in 96-well plates until cell monolayers were obtained. Then, the cells were treated with
different concentrations of apigenin and apigenin-K (25, 50, 75, or 100 uM) for 2 h.

The cells were seeded into 6-well inserts with a polyethylene terephthalate (PET) membrane (pore
size of 0.4 um) (BD Falcon) at a density of 1.0 x 10° cells. Cell culture was maintained at 37 °C under
90% humidity and 5% CO,. The medium was replaced every 2-3 days for both the apical (AP) and
basolateral (BL) chambers of the transwell filters. Cell monolayers were used 19-21 days after seeding,
once confluence and differentiation were achieved. To check the integrity of each cell monolayer, the
transepithelial electrical resistance (TEER) was measured before and after the experiments with an
epithelial voltohmmeter (Millicell-ERS®). Permeability studies were performed by adding apigenin
and apigenin-K at a concentration of 50 uM dissolved in HBSS medium (pH 7.4). The transport
experiment was initiated by removing the culture medium from the AP and BL chambers. HBSS
medium was prewarmed to wash the Caco-2 monolayers twice and, subsequently, to incubate the
monolayers for 30 min at 37 °C. Afterwards, the test compounds were added to the apical (AP) or
basolateral (BL) chambers to perform bidirectional permeability studies, while the receiving chamber
contained the corresponding volume of HBSS. The six-well plate containing the cell monolayers was
put into an orbital environmental shaker, which was set at a constant temperature (37 °C) and agitation
rate (54 rpm) for the duration of the permeability experiments. To follow transport across the cell
monolayer, several samples of 200 uL each were collected at different time points (0, 30, 60, 90, and
120 min) from the AP or BL chambers during the permeability assay. The total volume in the chamber
was maintained throughout the experiment, replacing the sample volume taken with an equal volume
of HBSS. Moreover, two samples of 200 uL were taken from the donor chamber at the beginning and
the end of the assay, for the mass balance calculation and validation of each replicate. The samples
were centrifuged for 15 min at 15,000 rpm and 4 °C. The supernatants (cytoplasmic fraction) and the
pellets (cell membranes) were stored at —80 °C until analysis was performed.

Transport studies were performed from apical-to-basolateral (AP-BL) and basolateral-to-apical
(BL-AP) chambers. The apparent permeability (P,pp) values for each compound and direction can be
calculated according to the following equation:

dQ 1

P = G5 X Ax Gy x 60 @)

where P, is the apparent permeability (cm/s), dQ/dt is the steady state flux, A is the diffusion area of
the membrane (cm?), Cy is the initial compound concentration in the donor compartment (M) and 60
is a conversion factor [54]. The dilution suffered in the receiving chamber after each sample was taken
into consideration.

In addition, the efflux ratio (ER) was calculated to determine the absorption mechanism, such as
the ratio of Py, (BL-AP) to Py (AP-BL).

Papp (BL-AP)

ER= " =
Papp (AP-BL)

®)
Finally, as mentioned in the Discussion section, the diffusive flow of a substance in a medium, such as
the epithelial barrier, depends on the concentration gradient of substance and the diffusion coefficient
of the substance in the medium, as is expressed by Fick’s First Law:

dC(x)

J=Dx dx

4)

where | is the flow in the direction from the donor side of the barrier, D is the diffusion coefficient, x is
the distance from the donor compartment, and C(x) is the concentration.
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4.7. Analytical Methodology

The analyses of the samples from the permeability assay were analyzed via a high-performance
liquid chromatograph Agilent LC 1100 series (Agilent Technologies, Inc., Palo Alto, CA, USA) controlled
by the ChemStation software and equipped with a pump, autosampler, column oven and UV-Vis diode
array detector. The samples were separated on a Poroshell 120 SB-C18 column (2.7 um, 4.6 X 150 mm)
after each 10 uL injection and were monitored at 280 nm. The mobile phases consisted of 0.1% TFA
in water as mobile phase A and acetonitrile as mobile phase B, using the following multistep linear
gradient: 0 min, 25% B; 5 min, 40% B; 10 min, 50% B; 15 min, 25% B; and 20 min, 25% B. The flow rate
used was 0.5 mL/min and the column temperature was set at 22 °C. Quantitative evaluations of the
apigenin or apigenin-K concentration were performed using the corresponding calibration graph of
each compound with a six-point regression curve (r2 > 0.999).

4.8. Statistical Analysis

Cellular data re expressed as the means + SDs of six-to-ten replicates depending on the assay.
One-way ANOVA and statistical comparisons of the different treatments were found using Tukey’s
test for the photoprotection assay. In the rest of the assays, statistically significant differences were
determined by applying the Student’s t-test. All analyses were performed in GraphPad Prism version
6.00 (GraphPad Software, San Diego, CA, USA).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/9/2148/s1.
Figure S1. Polyphenol (soft green) and flavonoid (dark green) classification (A) and apigenin basic structure and
main biological effects (B).
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