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Abstract: Background/Objectives: Skin hyperpigmentation is a biological process that results in an
excessive production of melanin and is highly regulated by several mechanisms, tyrosinase being
one of the key enzymes involved. Current reported inhibitors lack clinical efficacy, show toxic side
effects, have poor bioavailability, or low formulation compatibility. The aim of this study was to
design a new effective tyrosinase inhibitor for topical hyperpigmentation and anti-aging treatments.
Methods: Homology modeling was used to build the tridimensional structure of human tyrosinase,
and virtual docking was used to predict molecule–enzyme binding modes. The tyrosinase activity
of the designed and synthesized compounds was assessed and water solubility was determined
by HPLC. Cell assays were performed to determine melanin content, cytotoxicity, wound healing,
anti-glycation, antioxidation, and autophagy efficacy. Gene expression and miRNA levels were
quantified by qPCR and chromatin accessibility by ATAC-Seq. Human reconstructed epidermis
was used to test the depigmenting efficacy as well as the skin irritation potential. Results: The 3D
structure of human tyrosinase was designed and validated. The new molecule could effectively
inhibit human tyrosinase and melanin synthesis in 2D monocultures and a 3D epidermis model.
Two melanogenesis-related miRNAs were increased in treated cells. Anti-glycation, antioxidant,
mitochondria protection, autophagy activation, and wound healing properties were also observed,
with special emphasis on epigenetics. Conclusions: The designed molecule is a potential candidate
to be used as a depigmenting and anti-aging agent, with suitable properties to be introduced in final
product formulations for dermatology or cosmetics treatments.

Keywords: pigmentation; epigenetics; skin aging; chemical synthesis; cell culture

1. Introduction

Melanogenesis is a process driven by the synthesis of melanin, which is produced by
the enzymatic oxidation of L-tyrosine in melanocytes [1]. Although it plays a physiological
role protecting skin from UV damage, excessive accumulation of this pigment occurs in
some skin conditions such as melasma, post-inflammatory hyperpigmentation, or solar
lentigo [2].

Tyrosinase is a copper-containing enzyme demonstrated to be a key regulator in the
process of melanogenesis. Thus, the inhibition of this enzyme has been selected as the main
approach to treat skin hyperpigmentation [3,4]. However, among the numerous tyrosinase
inhibitors that have been reported in the scientific literature, the majority show at least
one drawback (lack of clinical efficacy, toxic side effects, poor bioavailability, or chemical
instability) that limits their use in topical formulations [4,5]. Among the described chemical
families targeting this enzyme, chalcone derivatives have promising results showing a
potent inhibitory activity against tyrosinase [6,7]. These chemical entities have advantages
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over other families of compounds, as they show promising biological activities such as
antioxidant, antimicrobial, anti-aging, anti-inflammatory, or antiviral activities, among
others [8–10]. Moreover, these compounds are also easy to modify and synthesize by
basic chemistry reactions. In fact, a wide range of derivatives can be synthesized due
to the large number of substitutable hydrogen atoms. These features make chalcones
promising scaffolds for the discovery of new chemical entities [8–10]. One example of a
designed chalcone-based molecule is a phloretin sulfonated derivative that shows good
water solubility properties while exerting anti-photoaging effects on skin [11].

Thus, despite the clear advantages of chalcones, these kinds of chemical entities have
limitations as topical ingredients such as low solubility, showing values of water solubility
lower than 1 µg/mL [8,12,13]. For this reason, there is a need for finding new chemical
entities that have both inhibitory activity for tyrosinase and increased water solubility,
key parameters for their introduction in skin depigmentation formulations. Increased
water solubility allows for the incorporation of water-soluble compounds in topical galenic
emulsions formed by both an aqueous and oily phase.

Apart from pigmentation disorders, another feature of UV damage is the rise of
skin aging processes such as the formation of wrinkles, loss of elasticity, or roughness.
Several molecular mechanisms have been described as protective against the aging process,
such as autophagy [14], a reduction in advanced glycation end products (AGEs) [15], or
antioxidation [16], as some examples.

The aim of this study was to develop a new chalcone-related molecule that is effective
against the hyperpigmentation process while being a good candidate to be included in
topical formulations. The design involved predicting the 3D structure of human tyrosinase
used to design chemical entities that both inhibit the enzyme activity in an efficient manner
and have higher solubility in aqueous-based formulations. Chalcones have been described
as modulators of age-related processes [17]; therefore, the anti-aging properties of the new
molecule were also investigated.

2. Materials and Methods
2.1. Computational Design

The structural model of human tyrosinase was built using the MAFFT tool [18] by the
alignment of sequences between tyrosinase-related (PDB: 5M8P and 5M8S) and human
tyrosinase (EC 1.14.18.1). Then, the obtained structure was aligned with TYRP1 structures
(5M8S and 4P6R), and the resulting coordinates were extracted and incorporated manually
by a homology model (MODELER 9.1, Hitachi Zosen Information Systems Co., Ltd.,
Osaka, Japan) [19]. The resulting tridimensional structure was compatible with the ionic
configuration of the tyrosinase activity [20].

The 3D structure was validated by interacting the tyrosinase active site and its natural
substrate, L-tyrosine. The binding modes between tyrosinase and the molecules were
predicted by virtual docking (AutoDock 4.2, The Scripps Research Institute, La Jolla, CA,
USA) [21].

2.2. Synthesis of Compounds
2.2.1. Synthesis of 5-Acetyl-2-hydroxybenzenesulfonic Acid (Intermediate)

An amount of 2 g (0.015 mol) of 1-(p-hydroxyphenyl)-1-ethanone was added dropwise
to 17.6 g (0.151 mol) of chlorosulfonic acid at 0 ◦C. After 18 h at RT, 75 mL of deionized
water was added, and the mixture was extracted with ethyl acetate. The organic phase
was evaporated until dryness. A total of 1.71 g (0.008 mol) of crude product containing
5-acetyl-2-hydroxybenzenesulfonic acid was obtained (yield 54%).

1H NMR (d-DMSO, 360 MHz): δ 2.50 (3H), 6.88 (d, 1H), 7.84 (d, 1H), 8.06 (s, 1H).
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2.2.2. Synthesis of 5-[(E)-3-(p-Hydroxyphenyl)acryloyl]-2-hydroxybenzenesulfonic Acid
(Compound 1)

A volume of 1.61 mL of sulfuric acid 98% was added dropwise to a suspension of
563 mg (0.003 mol) of the obtained crude (intermediate) product and 362 mg (0.003 mol) of
p-hydroxybenzaldehyde in ethanol at 0 ◦C. The reaction was stirred for 21 h at RT and the
obtained suspension was added dropwise to a solution of 0.2 g/mL of sodium chloride
in water at 0 ◦C. The suspension was extracted with ethyl acetate and the organic phase
was evaporated until dryness. A total of 230 mg (0.001 mol) of crude product containing
5-[(E)-3-(p-hydroxyphenyl)acryl]-2-hydroxybenzenesulfonic acid was obtained (yield 28%).

1H NMR (d-DMSO, 360 MHz): δ 6.83 (d, 2H), 6.94 (d, 1H), 7.66 (d, 2H), 7.72 (d, 2H),
8.11 (d, 1H), 8.23 (s, 1H).

IR spectrum: 1227 cm−1 (s, R−S(=O)2−OH, sulfonic group), 1505 (s, C=C, aromatic),
1524 (m, C=C, aromatic), 1549 (s, C=C, aromatic), 1585 (m, C=C, aromatic) (where s: strong;
m: medium). The spectrum is shown in the Supplementary Information.

2.2.3. Synthesis of 5-[(E)-2-(4-Hydroxy-3-sulfobenzoyl)-1-ethenyl]-2-hydroxybenzenesulfonic
Acid (Compound 2)

An amount of 1.04 g (0.004 mol) of (E)-1,3-bis(p-hydroxyphenyl)-2-propen-1-one was
added dropwise to 5.04 g (0.043 mol) of chlorosulfonic acid at 0 ◦C. The suspension was
stirred at RT for 22 h, and then 25 mL of water was added to the obtained mixture. The
aqueous phase was extracted with ethyl acetate and the organic phase was evaporated
until dryness. A total of 1.49 g (0.003 mol) of crude product containing 5-[(E)-2-(4-hydroxy-
3-sulfobenzoyl)-1-ethenyl]-2-hydroxybenzenesulfonic acid was obtained (yield 86%).

1H NMR (d-DMSO, 360 MHz): δ 6.86 (d, 1H), 6.91 (d, 1H), 7.62 (d, 1H), 7.70 (d, 1H),
7.82 (d, 1H), 7.86 (sd, 1H), 8.14 (s, 1H), 8.21 (s, 1H).

2.2.4. Synthesis of (E)-1,3-Bis(p-hydroxyphenyl)-2-propen-1-one (Compound 3)

An amount of 16.06 g of sulfuric acid (98%) was added dropwise to a mixture of 2 g
(0.016 mol) of p-hydroxybenzaldehyde and 2.23 g (0.016 mol) of 1-(p-hydroxyphenyl)-1-
ethanone. The reaction was stirred for 23 h at RT and the obtained mixture was added
dropwise to a solution of 10 g of NaCl and 33 mL of water at 0 ◦C. The aqueous phase was
extracted with ethyl acetate and the organic phase was evaporated until dryness. A total of
3.58 g (0.015 mol) of crude product containing (E)-1,3-bis(p-hydroxyphenyl)-2-propen-1-one
was obtained (yield 91%).

1H NMR (d-DMSO, 360 MHz): δ 6.83 (d, 2H), 6.88 (d, 2H), 7.63 (d, 2H), 7.69 (d, 2H),
8.02 (d, 2H).

2.3. Solubility Assay

Compounds were dissolved at a final concentration of 50 mg/mL in DMSO and in
water. The obtained solutions were stirred for 1 h at room temperature (RT), then filtered
and analyzed by HPLC. The solubility percentage of each compound was calculated by
taking the peak area obtained by HPLC from the sample dissolved in water divided by the
compound in DMSO.

2.4. HPLC Conditions

The HPLC system consisted of an Agilent 1260 Infinity II Prime. The HPLC column
used was Phenomenex™ LUNA C18 100 Å (250 mm × 4.6 mm × 5 µm) (Phenomenex,
Torrance, CA, USA). The chromatographic method was as follows: 90% mobile phase A
(1.3 mg/mL (NH4)2HPO4 at pH 7.2) and 10% mobile phase B (acetonitrile). Then, a linear
gradient elution up to 60% acetonitrile in 30 min was performed. Flow rate: 1.0 mL/min;
injection volume: 3 µL; column temperature: 25 ◦C.
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2.5. Cell Cultures

Human primary adult melanocytes (HEMs) (Cellsystems GmbH, Troisdorf, Germany)
were cultured in DermaLife™ Ma medium supplemented with Zellshield (Minerva Biolabs
GmbH, Berlin, Germany). Human dermal fibroblasts (HDFs) (Promocell, Heidelberg,
Germany) were cultured in DMEM (Capricorn Scientific GmbH, Ebsdorfergrund, Germany)
supplemented with 10% fetal bovine serum (Fisher Scientific, Hampton, NH, USA) and
Zellshield (Minerva Biolabs GmbH). Both cell types were incubated at 37 ◦C in 5% CO2
and 90% humidity.

2.6. Cell Viability Assay

The cell viability assay of compound 1 against HEMs and HDFs was measured using
the SRB assay, as previously reported elsewhere [22]. Briefly, cells were incubated for 24 h
and then treated with different concentrations (3.125–1562.5 µM) of compound 1 for 72 h.
Then, 10% trichloroacetic acid was added to the cells and incubated at 4 ◦C for 1 h. The SRB
solution was added on cells that were incubated for 30 min at RT. The SRB solution was
removed, and cells were washed 4 times with 1% acetic acid, and they were allowed to dry
at RT. The dye was dissolved with 10 mM Tris base solution (pH 10), and the absorbance
was measured at 540 nm using a microplate reader.

2.7. ATAC-Seq Study

HDFs were treated for 24 h with compound 1 at 312.5 µM. After treatment, treated
and non-treated cells were harvested, pelleted, and frozen. The cells were then thawed in a
37 ◦C water bath, pelleted, washed with cold PBS, and tagmented, as previously reported
elsewhere [23], with some modifications based on a previous report [24]. An analysis of
ATAC-seq data was performed, as previously reported elsewhere [25].

2.8. Gene Expression and miRNA Level Quantification by qPCR

RNA was extracted from cell pellets using the Total RNA Purification Kit (Norgen,
Thorold, ON, Canada) according to the manufacturer’s protocol. Extracted RNA was quan-
tified using a NanoDrop™ ND-1000 UV–Vis spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

For gene expression quantification, 300 ng of RNA was retrotranscribed to cDNA
using the PrimeScript™ RT reagent kit (Takara Bio Inc., Shiga, Japan). cDNA was diluted
1/10 in ultrapure water and the qPCR mix was prepared by adding cDNA (12 ng), SYBR
Green Supermix (Bio Rad, Hercules, CA, USA), and forward and reverse primers (0.2 µM).
The primers and their respective sequences are listed in Supplementary Tables S1 and S2.
The qPCR protocol included one step at 95 ◦C for 30 s, 40 cycles at 95 ◦C for 10 s, and 60 ◦C
for 1 min. The results were analyzed with Bio-Rad™ CFX Manager software (version 3.1).
ACTB was used as a housekeeping gene to normalize gene expression.

For miRNA level quantification, Mir-XTM miRNA First Strand Synthesis kit (Takara
Bio Inc., Japan) was used to generate cDNA from miRNAs. This kit contains the universal
3′ primer and the 5′ and 3′ primer for U6 to be used as a housekeeping gene. The 5′ primer
for each miRNA corresponds to its sequence (Supplementary Table S3). The qPCR protocol
included one step at 95 ◦C for 10 s, 40 cycles at 95 ◦C for 5 s, and 60 ◦C for 20 s.

2.9. Tyrosinase Inhibition Assay

HEMs were incubated for 72 h with L-tyrosine at 2 mM. Tyrosinase extraction and an
enzyme assay were performed following the protocol of Winder and Harris [26]. Briefly,
cells were harvested and lysed in 100 µL PBS at pH 7 containing 1% Triton X-100 during
30 min at 4 ◦C. Lysates were then centrifuged at 14,000× g for 15 min. Finally, 90 µL of su-
pernatants containing tyrosinase were incubated in 96-well plates with 6 µL MBTH 126 mM,
10 µL L-DOPA 12.6 mM, and 20 µL of PBS or the compound to be tested. Absorbance at
492 nm was quantified after 60 min of reaction using Multiskan™ FC Microplate Reader
(Thermo Fisher Scientific, USA).
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2.10. Melanin Inhibition Assay

Melanin content was measured, as previously reported elsewhere [27], with minor
modifications. After 24 h of incubation, HEMs were treated with an aqueous solution
consisting of 2 mM L-tyrosine and 312.5 µM compound 1 and incubated for 72 h. After
treatment, cells were trypsinized and cell pellets were dissolved in 1 M NaOH at 80 ◦C for
30 min. The absorbance was measured at 340 nm using Multiskan™ FC Microplate Reader
(Thermo Fisher Scientific, USA).

2.11. Anti-Glycation Effect

Bovine serum albumin and glyceraldehyde glycation product (BSA-GYA) were used to
induce damage caused by advanced glycation end products (AGEs). HDFs were incubated
with 1 mg/mL BSA plus 0.4 mg/mL GYA (with or without compound 1) at 312.5 µM for
24 h. Cell viability was determined by SRB quantification, as described in the previous
section. For the live-cell imaging assay, cells were treated in the same conditions as
before for 24 h. Cells were recorded using the 3D Cell Explorer™ microscope (Nanolive,
Tolochenaz, Switzerland). An image of the last hour of incubation was then extracted to
compare the morphology of the cells after the different treatments.

2.12. Antioxidant Activity Assay

For the antioxidant assay, HDFs were treated with menadione (10 µM), compound 1
(312.5 µM), and CellROX™ (5 µM) for 6 h in the incubator. For the mitochondria protection
assay, HDFs were treated with menadione and compound 1 for 24 h and then incubated
with Mitotracker™ (200 nM) for 30 min in the incubator. In both cases, cells were washed
with PBS and fluorescent pictures using the FITC channel (excitation 474 nm/emission
515 nm) were taken using the 3D Cell Explorer™ microscope.

2.13. Wound Healing Assay

The wound healing assay was performed, as previously reported elsewhere [28], with
some modifications. HDFs were seeded and after 24 h of incubation, a linear scratch was
generated using a pipette tip. Then, compound 1 was added with a starved cell medium
(fetal bovine serum 0.5%) for 24 h and cells were imaged with a CKX41 phase contrast
microscope (Olympus, Tokyo, Japan). Regenerative capacity was quantified by counting
the number of cells in the region of interest (ROI) on the scratch. This quantification was
performed in 3 representative pictures for each condition using the Cell Counter plugin of
ImageJ software (ImageJ2 v2.35, National Institutes of Health, Bethesda, MD, USA).

2.14. RHPE Depigmentation Efficacy Assay

The RHPE of phototype VI, at an age of 10 days and with a 0.5 cm diameter were
used (Episkin, Lyon, France) according to the manufacturer’s instructions. Upon receipt of
the tissues, they were incubated overnight at 37 ◦C in 5% CO2 with fresh Episkin Growth
Medium™ (Episkin, Lyon, France). Tissues were then treated with PBS (control) and a 0.5%
w/w compound 1 solution in PBS. A 25 µL treatment of both formulations was applied
after 1, 2, 5, 6, and 7 days. Washes with PBS were performed after each treatment, and the
medium was replaced with fresh medium every 24 h.

Twenty-four hours after the last treatment, cell viability assays were performed by
MTT with duplicates of each formulation according to the manufacturer’s instructions [29].

Tissue melanin was semi-quantitatively analyzed by immunohistochemistry using a
Fontana–Masson staining kit™ according to the manufacturer’s instructions (Abcam, Cam-
bridge, UK). Tissues were fixed with 4% w/w paraformaldehyde (PFA) at 4 ◦C. Transverse
sections 10 µm thick were obtained by paraffin embedding at 4 ◦C and microtomy.

Representative images were obtained by optical microscopy on a Leica DM6000 micro-
scope (Leica Biosystems, Nussloch, Germany) at a 20× magnification. A semiquantitative
2D melanin analysis was performed using ImageJ software (ImageJ2 v2.35, National Insti-
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tutes of Health, Bethesda, MD, USA). The black stained pixels (melanin) were compared
semi-quantitatively between the two formulations.

2.15. Skin Irritation Test

Skin irritation was assessed using RHE from MatTek corporation (EPI-200-SIT) ac-
cording to the OECD 439 test method and following the validated EpiDerm™ Skin Irrita-
tion Test.

2.16. Statistical Analysis

The experiments were performed three times under the same conditions, and the aver-
age and statistical significance were determined with Student’s t-test (* p < 0.05, ** p < 0.01,
*** p < 0.001) using Microsoft Excel™ version 2408 (Microsoft Corporation, Redmond,
WA, USA).

3. Results
3.1. Computational Approach for the Identification of Novel Tyrosinase Inhibitors and
Chemical Synthesis

The binding affinity between tyrosinase and its natural substrate, L-tyrosine, was
predicted by virtual docking showing an affinity of −4.8 kcal/mol. This result validated
the designed model of human tyrosinase; thus, it is suitable to predict binding affinities
with other compounds.

Compounds 1 and 2 (Figure 1), designed by the sulfonation of the chalcone structure at
the ortho position of hydroxyl groups, were selected for the computational analysis because
of their increased chances of solubility in water due to the presence of the sulfonate group
and chemical synthesis feasibility. Both compounds were subjected to docking studies
using the human tyrosinase model. Results indicated that the binding mode simulation of
the proposed structures was improved compared to the natural substrate, with affinities of
−8.0 and −8.1 kcal/mol for compounds 1 and 2, respectively. Both compounds showed a
similar degree of interaction. The docking analysis revealed interactions of compound 1
with Met374 and Lys334 of tyrosinase. A similar degree of binding was found for compound
2 interacting with residues Ser380, Met374, Asn364, Lys334, Phe347, and Ala357. These
results suggest that the sulfonic acid group in the ortho position is crucial to increase
interactions between compounds 1 and 2 and the tyrosinase active site.
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Compounds 1 and 2, as well as the reference compound, were then synthesized
according to the procedure described in the Section 2. The synthetic schemes of the three
compounds are shown in Supplementary Figure S1.

3.2. Solubility Study

HPLC was used to compare the aqueous solubility of synthesized molecules 1 and 2
with the reference chalcone 3 (Figure 1a). The reference compound showed no solubility in
water at 50 mg/mL. On the contrary, compounds 1 and 2 were almost completely dissolved
in water, showing solubilities of 84% (42 mg/mL) and 81% (40.5 mg/mL), respectively.

3.3. Tyrosinase Activity

Tyrosinase inhibition in cell extracts from melanocytes treated with compounds 1, 2,
and 3 was 56%, 22%, and 16%, respectively. The positive control compounds, hydroquinone
and kojic acid, showed a mild inhibition of 16% and 23%, respectively (Table 1).

Table 1. Tyrosinase inhibition percentage of compounds 1 and 2 and the reference 3, hydroquinone
and kojic acid, at 1 mM. Results indicate mean ± SD (n = 3).

Treatment Tyrosinase Inhibition

Control 0 ± 2%
Compound 1 56 ± 1%
Compound 2 22 ± 4%
Compound 3 16 ± 4%

Hydroquinone 16 ± 1%
Kojic acid 23 ± 1%

3.4. Cell Viability

Compound 1 was found to have no effect on HEM and HDF viability at concentrations
lower than 312.5 µM. At higher concentrations (≥1562.5 µM), this compound showed sig-
nificant cytotoxicity with respect to the control without treatment (Table 2). The maxi-mum
non-cytotoxic dose of 312.5 µM was used in the subsequent cellular assays to determine
the efficacy and mechanism of action of compound 1.

Table 2. Cell viability of compound 1 in HEMs and HDFs. Results indicate mean ± SD (n = 3).

Treatment
Melanocytes Fibroblasts

Cell Viability Student’s t-Test Cell Viability Student’s t-Test

Control 100 ± 1% - 100 ± 5% -
3.125 µM 96 ± 4% 0.086 95 ± 11% 0.290
31.25 µM 101 ± 4% 0.333 78 ± 14% 0.134

156.25 µM 103 ± 7% 0.260 83 ± 16% 0.259
312.5 µM 89 ± 8% 0.094 83 ± 14% 0.111

1562.5 µM 49 ± 3% 0.003 ** 60 ± 1% 0.035 *
* p < 0.05, ** p < 0.01.

3.5. Melanin Inhibition

Melanin accumulation in melanocytes treated for 72 h with L-tyrosine and compound
1 was reduced to 49% compared to melanocytes treated with L-tyrosine alone (Figure 2a).

3.6. Epigenetic Effect on Depigmentation

Among the tested miRNAs involved in melanogenesis regulation, levels of miR-137
and miR-218 were significantly increased (p < 0.05) after the treatment with compound 1
compared to the control group (Figure 2b).
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type VI) treated for 8 days. (d) Model treated with PBS (control) and (e) model treated with 0.5% 
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(right), and bottom-up scanned tissue (upper right). (f) Two-dimensional melanin normalized semi-
quantification results (pixels/mm2, n = 8). Bar graphs indicate mean ± SD (n = 3). * p < 0.05; ** p < 0.01; 
*** p < 0.001 (Student’s t-test). 

Figure 2. (a) Percentage of melanin content of melanocytes treated with compound 1 at 312.5 µM.
(b) qPCR analysis of miR-137 and miR-218 levels in melanocytes treated with compound 1 at 312.5 µM.
(c) qPCR analysis of GPC1, TXNRD1, CEMIP, BECN1, LC3, and VMP1 gene levels in fibroblasts treated
with compound 1 at 312.5 µM. (d,e) Histological cross-sections and melanin semi-quantification by
Fontana–Masson image analysis of reconstructed human pigmented epidermis (phototype VI) treated
for 8 days. (d) Model treated with PBS (control) and (e) model treated with 0.5% w/w compound 1.
Representative images at 20× magnification (left), binary black and white mask (right), and bottom-
up scanned tissue (upper right). (f) Two-dimensional melanin normalized semi-quantification results
(pixels/mm2, n = 8). Bar graphs indicate mean ± SD (n = 3). * p < 0.05; ** p < 0.01; *** p < 0.001
(Student’s t-test).
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3.7. Effects on Chromatin Accessibility

The chromatin accessibility study indicated that there were three genes (CEMIP, PRPF6,
and VEPH1) downregulated and six genes (TXNRD1, FTH1, BECN1, TDP2, GPC1, and
FN1) upregulated in cells treated with compound 1 for 24 h compared to non-treated cells.

3.8. Effects on Anti-Aging Gene Expression

To further validate the results obtained in the ATAC-Seq study, qPCR was performed
using specific primers of the previous anti-aging genes. After incubating HDFs with
compound 1 for 24 h, the genes GPC1 and TXNRD1 were significantly increased compared
with the untreated group. On the contrary, CEMIP was downregulated. As the BECN1
gene did not change after the treatment, we quantified other interesting genes involved
in autophagy. Among these, LC3 and VMP1 were upregulated by compound 1 treatment
(Figure 2c).

3.9. Anti-Glycation Activity

The SRB assay of fibroblasts treated with BSA-GYA plus compound 1 for 24 h showed
that the compound was able to partially protect against the cytotoxic effects induced by
BSA-GYA compared to the control stimulated without compound 1 (74.3% vs. 63.7% cell
viability, Figure 3a).

The effects of compound 1 on glycation were also investigated by live-cell imaging.
BSA-GYA treatment induced cell death after 6 h of incubation, as appreciated in the
change in morphology towards cell shrinkage and membrane blebbing (Figure 3c). When
compound 1 was added with the glycation inducers, morphologic changes occurred to a
lower extent and cell death was not observed (Figure 3d), meaning that this molecule is
protecting from cell damage induced by glycation. Interestingly, an increase in intracellular
white dots is also observed with the treatment with BSA-GYA plus compound 1. This could
correlate with changes in intracellular organelles such as endocytic vesicles or lysosomes
as part of the stress response induced to protect cell integrity.

3.10. Wound Healing Effect

Microscope images of fibroblasts treated for 24 h with compound 1 after scratch show
that 112 ± 22 cells migrated into the scratch in compound 1-treated cells compared to
32 ± 14 cells in non-treated cells, indicating a significant regeneration response induced by
compound 1 (** p < 0.01) (Figure 3e,f).

3.11. Antioxidant Activity

The live-cell imaging assay using the fluorescent dye CellROX™ showed that mena-
dione itself increased the fluorescence intensity after 24 h of incubation. On the contrary,
the co-treatment of menadione with compound 1 resulted in a significant reduction in fluo-
rescence intensity, as observed with the non-treated HDF, meaning that the compound can
neutralize the generated reactive oxygen species (ROS) generated by menadione (Figure 4).

A similar experiment with the live-cell microscope was performed using HDFs treated
with menadione and compound 1 (312.5 µM) after 24 h of treatment. As shown in Figure 4b,
the fluorescence signal suggested that menadione itself changed the mitochondrial morphol-
ogy. When compound 1 was co-treated with menadione, the mitochondrial morphology
was similar to the non-treated HDFs.

3.12. Skin Irritation

The MTT assay performed according to OECD 439 indicated that the cell viability of
the reconstructed human epidermis (RHE) treated with compound 1 was 83%, suggesting
a non-irritant potential of the compound.
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Figure 3. Anti-glycation and wound healing effects of compound 1. (a) Cellular viability of non-
treated and BSA-GYA- and compound 1-treated human dermal fibroblasts (HDFs). Time-lapse
imaging of HDFs after 24 h of (b) no treatment, (c) BSA-GYA treatment, and (d) compound 1 and
BSA-GYA treatment (60× magnification). (e,f) Representative images from wound healing assay
of non-treated and compound 1-treated HDF (5× magnification). Bar graphs indicate mean ± SD
(n = 3). ** p < 0.01; *** p < 0.001 (Student’s t-test).

3.13. Reconstructed Human Pigmented Epidermis (RHPE) Depigmentation Efficacy

A visual comparison of the tissues from above (circular tissue images in Figure 2d,e)
showed the depigmenting effect of compound 1. When analyzing the histological sections
(Figure 2d,e; left images), no signs of cytotoxicity were observed. Furthermore, when
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looking at the binary masks (Figure 2d,e; black and white images), a reduction in melanin
accumulations (black) is observed, especially in the more superficial layers of the epidermis.
After 2D semi-quantification, it was possible to observe significant differences after analyz-
ing eight different histological slices for each treatment (Supplementary Figures S3 and S4),
with a significant reduction (*** p < 0.001) of approximately 33% in melanin compared to
the untreated control.
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4. Discussion

Chalcone derivatives are promising molecules with high tyrosinase inhibitory activity,
a key enzyme involved in melanogenesis. However, these molecules have a low solubility
and high-toxicity profile; thus, their use in final product formulations is limited [8]. The
main objective of this study was to develop a new chalcone-based compound that could be
used effectively as a novel depigmenting agent. The design was based on the identification
of a chalcone-based molecule able to bind the active center of tyrosinase and inhibit
its function.

It has been proven that the sulfonation process to substitute a hydrogen atom with
sulfonic acid can increase the water solubility of molecules and is suitable from the syn-
thetic chemistry point of view [30]. Starting from the chalcone substructure and hydroxyl
groups at key positions of the phenyl rings [5], two molecules (compounds 1 and 2) were
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proposed based on the mono- and disulfonation of the chalcone derivative (compound 3)
at the ortho position of the hydroxyl groups.

A computational design was performed to validate the suggested molecules as po-
tential tyrosinase inhibitors. We developed a new model of tyrosinase that reproduced
not only its structure but also the ionic distribution compatible with the redox activity of
endogenous human tyrosinase [20,31]. Based on these requirements, a new 3D model was
designed and then validated successfully by L-tyrosine, the native substrate of tyrosinase.
The two proposed chalcone-based compounds (1 and 2) showed increased binding affinities
compared to the native substrate, thus validating both as potential tyrosinase inhibitors.
Hence, the sulfonation modification was suitable based on its ability to increase water
solubility, its increased binding affinity of the modified compounds towards the active site,
and its feasibility regarding the synthetic preparation.

The designed compounds were first synthesized and then evaluated experimentally.
The in vitro tyrosinase inhibition of both compounds was tested using HEMs stimulated
with L-tyrosine. This substrate is a key component involved in the synthesis of melanin and
can activate cellular receptors that trigger signaling pathways involved in the melanogene-
sis process [32]. The melanocyte lysates obtained contained mainly tyrosinase, among other
melanogenesis-related enzymes. For this reason, tyrosinase inhibition values obtained
in this work were not only associated with tyrosinase inhibition but also to other related
enzymes, indicating that their efficacy resembled more what occurs in intact skin. Results
indicated that compound 1 was a stronger tyrosinase inhibitor than hydroquinone and
kojic acid, while compound 2 showed similar results to the reference compounds. Fur-
thermore, both chalcones showed an outstanding increase in water solubility compared to
the chalcone-based standard. Interestingly, the tyrosinase inhibition of compounds 1 and
2 is significantly different (56% vs. 22%) despite the chemical similarity. This difference
might be explained by the fact that the extra sulfonate group in compound 2 is interacting
with amino acids that are located outside the active site. Compound 1, showing higher
tyrosinase inhibition, was finally selected as the candidate with the best depigmenting
potential, considering that it also reduced melanin synthesis.

Chalcones have been described in the literature as possessing a wide range of biological
activities aiming to revert age-related processes such as oxidative stress, glycation, or
autophagy, among others [17,33]. The anti-aging properties of the new molecule were
studied to elucidate the mechanism of action of the selected compound in cellular assays,
with a special focus on the gene expression profile. To achieve this, HEMs were used to
study depigmentation mechanisms and HDFs for anti-aging processes.

First, we studied the effect of compound 1 in epigenetic changes associated with
depigmentation. Results indicated that the levels of two miRNAs (miR-137 and miR-218)
were increased in its presence. Both epigenetic regulators are described to downregulate
the gene expression of MITF, a key transcription factor involved in the melanogenesis
process [34].

Then, an ATAC-Seq study with compound 1 was performed to identify the accessibility
of chromatin regions and, consequently, the regulation of gene expression. The genomic
profiling resulted in a total of nine alterations in chromatin regions relevant to skin processes.
The related genes were found to be regulators of anti-aging processes. We observed a
decreased chromatin opening of VEPH1, which is involved in the regulation of TGF-β
signaling [35], and CEMIP, involved in the metabolism of hyaluronic acid [36,37]. Genes
with increased chromatin opening were BECN1, involved in the signaling pathway of
autophagy [38], GPC1 and FN1, involved in wound healing [39], TXNRD1 and FTH1,
involved in redox processes [40–43], and TDP2, involved in DNA repair [44].

It has been reported that the transcriptional activity of a gene is controlled by the
conformational distribution of chromatin subunits [45,46]. Here, we correlated the changes
in the chromatin regions with the expression levels of related genes by qPCR. Some genes
such as GPC1, TXNRD1, and CEMIP were altered, thus proving the effect predicted by the



Pharmaceutics 2024, 16, 1405 13 of 16

ATAC-Seq study. Although BECN1 was not altered by qPCR, other genes involved in the
autophagy process, such as LC3 and VMP1, were induced by compound 1 treatment.

Ultimately, we aimed to correlate the changes observed in gene expression with
functional cell assays including oxidation, glycation, and wound healing mechanisms. For
this, live-cell imaging in combination with other in vitro techniques were used to further
elucidate the mechanism of action of compound 1.

Menadione is a widely used pro-oxidant agent, inducing oxidative stress, which
progressively increases the intracellular concentration of ROS [47]. The effects of mena-
dione were observed using live-cell imaging with two fluorescent dyes. On one hand,
Mitotracker™ was used to label mitochondrial structural changes caused by the oxidative
damage. On the other hand, the oxidative stress induced by menadione was detected from
labeling ROS generated by CellROX™. We observed that compound 1 was able to revert
the oxidative response caused by menadione, thus demonstrating its antioxidant effect.

Advanced glycation end products are the result of chemical reactions between skin
proteins (e.g., collagen or elastin) and carbohydrates (e.g., glucose). During the aging pro-
cess, AGEs accumulate in the skin and lead to changes in the structure of proteins, causing
a loss of function. Glycation may also cause subsequent oxidative damage, inflammation,
and cellular damage, leading to premature skin aging and losing skin firmness [48,49]. In
this study, AGEs were produced by the reaction between BSA and GYA, exerting cyto-
toxicity on HDFs. Two experiments (SRB assay and live-cell imaging) were performed to
prove that compound 1 protected effectively against the cellular damage caused by AGEs.
Therefore, this new compound can be considered a promising candidate for the inhibition
of glycation-mediated aging.

The implication of compound 1 in the process of wound healing was suggested by
epigenetic studies (GPC1 and FN1 genes). To corroborate these effects, a functional assay to
evaluate wound regeneration was performed in vitro, and results suggested an effective
recovery of a scratched wound by cells treated with compound 1. These results validated
the use of compound 1 in regeneration processes and skin rejuvenation.

When using in vitro 2D models of melanocyte monocultures, the skin barrier function
is not considered. To study depigmentation in a model closer to human skin, 3D skin
models with RHPE were used. No signs of cytotoxicity and a significant depigmentation
of tissues were observed after treating the RHPE model with 0.5% w/w compound 1 for
8 days. Although the RHPE model approximates human skin and its lipid barrier is
somewhat lower than that of real human skin, these results indicate good bioavailability in
human tissue for compound 1 after topical application, a property that several tyrosinase
inhibitors are lacking [4,5]. However, cytokine production after compound exposure and
bioavailability in vivo should be tested to confirm the skin penetration and non-irritant
properties of the compound.

In this research, we have proven that the new chalcone-based molecule protects HDFs
from glycation-induced cell death. Nevertheless, further investigation may be performed
to understand the specific mechanisms by which the chalcone derivative molecule protects
cell damage at the molecular level. It will also be interesting to discover what other proteins
are regulated by the molecule to explore new therapeutic approaches and understand this
novel molecule in more detail.

5. Conclusions

The computational design, synthesis, and evaluation of a new tyrosinase inhibitor
is presented in this research. Its mechanism of action has been elucidated at the gene
and protein level, with special emphasis on the involvement in epigenetic mechanisms.
Interestingly, this compound is not only an effective tyrosinase inhibitor but also induces
the levels of miRNAs involved in melanogenesis regulation and possesses anti-aging
properties such as antioxidant, anti-glycation, autophagy, and wound healing effects. In
addition, compound 1 has been shown to be effective in 3D models of RHPE at non-irritant
doses. These results lead us to conclude that the newly designed molecule is a promising
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candidate to be used as an effective depigmenting and anti-aging agent with suitable
properties to be introduced in dermatology and cosmetics formulations.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics16111405/s1, Table S1: List of primers (related to ATAC-Seq
assay) used for qPCR assay; Table S2: List of autophagy primers used for qPCR assay; Table S3: List
of miRNA primers used for qPCR assay; Figure S1: Synthetic scheme for compounds 1, 2 and 3;
Figure S2: Infrared spectroscopy spectrum of compound 1 using a FTIR-4600 spectrometer (Jasco,
Spain); Figure S3: Histological melanin semiquantification by Fontana-Masson image analysis of
reconstructed human pigmented epidermis (phototype VI) treated for 8 days with PBS (Control);
Figure S4: Histological melanin semiquantification by Fontana-Masson image analysis of recon-
structed human pigmented epidermis (phototype VI) treated for 8 days with 0.5% w/w Compound 1.
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