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Abstract: Melasma is a pathology with multifactorial causes that results in hyperpigmentation of
sun-exposed areas, particularly facial skin. New treatments targeting the different factors regulating
this condition need to be effective with and have limited adverse effects. Here, we describe a
novel combination of two natural compounds (apigenin and phloretin) that has synergistic effects
regulating melanogenesis in vitro. Both compounds inhibit Wnt-stimulated melanogenesis and
induce autophagy in melanocytes. Apigenin induces DKK1, a Wnt pathway inhibitor, and reduces
VEGF, a melanogenesis and proangiogenic factor, in fibroblasts. Moreover, apigenin induces miR-675,
a melanogenesis inhibitor miRNA that is reduced in melasma skin in melanocytes. Both compounds
showed senomorphic effects by regulating extracellular-matrix-related genes in senescent fibroblasts.
Topical application of the compounds also showed significant melanin reduction in a reconstructed
human epidermis after 7 days. Thus, the combination of apigenin and phloretin shows promising
results as an effective topical treatment of skin hyperpigmentation conditions.

Keywords: skin aging; skin pigmentation; hyperpigmentation; melasma; melanocytes; epigenetics;
synergy

1. Introduction

The melanin pigment plays a key role in the photoprotection of skin, the largest
organ of the body. However, the abnormal and uneven accumulation of melanin occurs
in certain skin conditions, giving rise to skin hyperpigmentation. Melasma is one of these
conditions, mainly occurring in facial skin but also in other photo-exposed areas. Although
the pathophysiology is not fully understood, several factors can contribute to melanin
accumulation in melasma, including hormonal levels, exposure to ultraviolet damage, or
genetic factors [1].

At the tissue level, many paracrine factors released by surrounding cells can directly
stimulate melanogenesis. Fibroblasts and keratinocytes release promelanogenic factors such
as Wnt1, SCF, ET-1, HGF, VEGF, bFGF, or α-MSH, which can directly bind to their respective
membrane receptors to activate the melanogenesis process [2]. Interestingly, some of these
factors can favor hyperpigmentation through indirect mechanisms. For example, VEGF
not only stimulates melanogenesis but also promotes angiogenesis, increasing dermal
vascularity, which is another characteristic feature of melasma pathogenesis. On the other
hand, neighboring melanocyte cells can also release anti-melanogenic factors, such as
IL-6, IL-1β, or DKK1. DKK1 is an antagonist of the Wnt pathway and is highly expressed
in human palmoplantar dermal fibroblasts [3]. Thus, the release of this factor is a key
approach to limit excessive melanin production [4].

Additionally, hyperpigmented areas in melasma skin share common features with
photoaging, including solar elastosis, damaged basement membrane, increased oxida-
tive stress and the aforementioned increase in dermal vascularity [5]. Both melasma and
skin photoaging are also characterized by the accumulation of senescent fibroblasts in the
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dermis [6,7]. These cells have been previously described as contributors to skin hyper-
pigmentation. Thus, controlling senescent cells’ activity is another interesting factor to be
targeted by depigmenting strategies.

At the cellular level, melanocytes from melasma skin show increased intracellular
melanin production. Many pathways are dysregulated in these melanocytes, which con-
tribute to this abnormal accumulation, including impaired autophagy or reduced miR-675.
Autophagy deficiency favors melanosome retention and the release of proinflammatory
mediators in melanocytes [8], while miR-675 downregulates MITF, the main transcription
factor that controls the expression of the enzymes involved in melanogenesis (TYR, TYRP1,
and TYRP2) [1].

Melasma management is complex due to the chronicity of this condition. Current treat-
ments have either low efficacy or significant side effects such as skin irritation, erythema or
post-inflammatory hyperpigmentation [9]. In this context, natural compounds with a good
safety profile offer a good alternative to these treatments for melasma and hyperpigmen-
tation management. Both apigenin and phloretin are natural compounds with multiple
biological activities. As topical compounds, apigenin and phloretin show UV-protecting,
antiaging, and anti-inflammatory effects [10,11], among others. This pleiotropic regulation
of different cellular processes by both compounds could result in the synergistic regulation
of skin pigmentation.

Here, we describe the synergistic effects of apigenin and phloretin on reducing melanin
production in melanocytes. Additionally, we shed more light on the depigmenting mecha-
nism of both compounds by regulating key pathways involved in melasma pathogenesis.
Finally, we show that the combination of compounds reduces melanin accumulation in a
reconstructed human epidermal 3D model containing phototype VI melanocytes.

2. Materials and Methods
2.1. Cell Culture

Human primary adult melanocytes (Cellsystems GmbH, Troisdorf, Germany) (passage
4–5) were cultured in DermaLife Ma Medium supplemented with Zellshield (Minerva
Biolabs GmbH, Berlin, Germany). Human dermal adult fibroblasts (Promocell, Heidelberg,
Germany) were cultured in DMEM (Capricorn Scientific GmbH, Ebsdorfergrund, Germany)
supplemented with 10% fetal bovine serum (FBS) (Fisher Scientific, Hampton, NH, USA)
and Zellshield (Minerva Biolabs GmbH, Berlin, Germany). Both cell types were incubated
at 37 ◦C in 5% CO2. Unless specified, all reagents were obtained from Merck Life Science,
Darmstadt, Germany.

2.2. Cell Viability Assay

To test the maximum viable dose of the compounds in each cell type, fibroblasts or
melanocytes were treated with the compounds at different concentrations for 24 h. A
sulforhodamine B (SRB) colorimetric assay was performed to assess cell viability of the
compounds as previously described [12]. The highest dose at which the compounds do
not exert cell toxicity was determined to decide the concentrations of compounds used to
study the mechanism of action in the following assays.

2.3. Melanin Synthesis Assay for Synergy Evaluation

A synergistic effect exists when the effect of a combination of compounds is greater
than the sum of their individual effects. Thus, to study the possible synergy between
the two compounds, we compared the effect of adding both compounds separately but
successively to the same cells (additive effect) with the effect of adding both compounds
at the same time (synergy, or combination effect). For this experiment, melanocytes were
treated in different conditions for 2 days:

- Control cells (nontreated);
- Stimulated cells: treated every 24 h with 2 mM l-tyrosine plus 0.5 mM IBMX;
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- Additive effect: treated the first 24 h with 2 mM l-tyrosine plus 0.5 mM IBMX plus
10 µM phloretin and treated the next 24 h with 2 mM l-tyrosine plus 0.5 mM IBMX
plus 0.5 µM apigenin;

- Combination effect: treated every 24 h with 2 mM l-tyrosine plus 0.5 mM IBMX plus
10 µM phloretin and 0.5 µM apigenin.

After treatment, cells were harvested by trypsinization, and melanin was extracted
and quantified as previously described [13]. Melanin content was normalized to cell count
number in each condition and is expressed as percentage of control cells.

2.4. Wnt-Induced Melanogenesis Quantification in Melanocytes

To test whether the compounds could inhibit Wnt-stimulated melanogenesis, melanocytes were
treated for 24 h with 6-bromoindirubin-3′-oxime (BIO), a Wnt pathway activator [14], plus
0.5 µM apigenin or 10 µM phloretin. Cells were then harvested by trypsinization. RNA
was extracted, and retrotranscription and qPCR reaction was performed as previously
described [15]. The primers used are detailed in Table S1.

2.5. Melanogenesis-Related miRNA and Autophagy-Related Gene Expression in Melanocytes

To test if the compounds regulate miRNA or autophagy-related gene expression in
melanocytes, cells were treated with 0.5 µM apigenin or 10 µM phloretin for 24 h. Cells
were harvested by trypsinization. Autophagy-related gene expression was analyzed as
described in Section 2.4. The primers used are detailed in Table S1.

For miRNA level quantification, a Mir-XTM miRNA First Strand Synthesis kit (Takara
Bio Inc., Kusatsu, Japan) was used to generate cDNA from miRNAs. This kit contains the
universal 3′ primer, and the 5′ and 3′ primers for U6 to be used as housekeeping gene. The
5′ primer for miR-675 corresponds to its sequence (5′-CTGTATGCCCTCACCGCTCA-3′).
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.

2.6. Melanogenesis Paracrine Regulators’ Gene Expression in Fibroblasts

To test if the compounds regulate the gene expression of melanogenesis paracrine
regulators, human dermal fibroblasts were treated with 25 µM apigenin or 50 µM phloretin
for 24 h. Cells were harvested by trypsinization, and gene expression was analyzed as
described in Section 2.4. The primers used are detailed in Table S1.

2.7. Senomorphic Effect in Senescent Fibroblasts

To study the effect of the compounds on senescent fibroblasts, cellular senescence was
first induced by repeated UVB damage. For this, human dermal fibroblasts were irradi-
ated with 25 mJ/cm2 of UVB light using a Bio-Link Crosslinker BLX-E365 device (Vilber
Lourmat, Marne-la-Vallée, France), incubated for 48 h, irradiated again with 25 mJ/cm2 of
UVB light, and incubated for 72 h more. Cells were then treated with 25 µM apigenin or
50 µM phloretin for 48 h, and gene expression was evaluated as described in Section 2.4.
The primers used are detailed in Table S1.

2.8. Melanin Accumulation Quantification in 3D Reconstructed Human Epidermis

To test the efficacy of the combination in a 3D skin model, we used SkinEthicTM
RHPE/Reconstructed Human Pigmented Epidermis Phototype VI (Episkin, Lyon, France)
as a topical treatment with 25 µM apigenin plus 50 µM phloretin once a day for 5 days
and harvested on day 7 for MTT and histology analysis. For the MTT assay, tissues were
washed with PBS and incubated with MTT 0.5 mg/mL for 3 h at 37 ◦C. Then, tissues were
incubated in isopropanol 100% for 2 h at room temperature. Absorbance of the solution was
quantified at 570 nm. For the histology analysis, tissues were washed with PBS, incubated
in 4% paraformaldehyde for 12 h, and embedded in paraffin. We created 10 µm sections
using a microtome, and Fontana–Masson staining (Abcam, Cambridge, UK) was used
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to detect the melanin in the samples. All images were obtained by optical microscopy
(Evident Scientific, Waltham, MA, USA).

2.9. Statistical Analysis

The experiments were performed three times under the same conditions, and the
average and standard deviation calculated for each condition was compared using Student’s
t-test (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results
3.1. Cell Viability of the Compounds

Human epidermal melanocytes and human dermal fibroblasts were treated with the
compounds at different concentrations for 24 h, as shown in Figure 1. The highest viable
dose for apigenin in the melanocytes and fibroblasts was 0.5 µM and 25 µM, respectively.
The highest viable dose for phloretin in the melanocytes and fibroblasts was 10 µM and
50 µM, respectively. These doses were selected to perform the following experiments
where the mechanism of action and synergy of the compounds is studied. Accordingly, the
observed outcome of the different assays was produced by the effect of the compounds on
the regulation of cellular processes not associated with cell damage or death.
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Figure 1. Cell viability of apigenin and phloretin in melanocytes (a,b) and fibroblasts (c,d) after 24 h.
Statistical analysis: Significance of Student’s t-test results is represented by * when p < 0.05, ** when
p < 0.01, or *** when p < 0.001.

3.2. Synergistic Effect on Melanin Synthesis Inhibition

To determine if the apigenin and phloretin combination had a synergistic effect on
melanin inhibition, melanocytes were stimulated and treated with the compounds sepa-
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rately and successively (additive effect) or treated with both compounds at the same time
(combination effect). As shown in Figure 2, the stimulated melanocytes showed a signifi-
cant increase in melanin accumulation compared to control cells. The additive incubation
of the compounds significantly decreased melanin accumulation compared to that in the
stimulated cells. Interestingly, both compounds incubated at the same time (combination)
induced a larger decrease in melanin production than when the compounds were added
separately (additive). This evidence proved that the compounds have a synergistic effect
on melanin synthesis inhibition.
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Figure 2. Melanin production after 48 h in nontreated cells (control), cells stimulated with 2 mM
l-tyrosine + 0.5 mM IBMX (stimulated), cells stimulated with 2 mM l-tyrosine + 0.5 mM IBMX and
treated for the first 24 h with 10 µM phloretin and the next 24 h with 0.5 µM apigenin (additive), and
cells stimulated with 2 mM l-tyrosine + 0.5 mM IBMX and treated with both 10 µM phloretin and
0.5 µM apigenin at the same time (combination). Statistical analysis: significance of -Student’s t-test
results is represented by * when p < 0.05 or ** when p < 0.01.

3.3. Inhibition of Wnt-Stimulated Melanogenesis

As the Wnt pathway is upregulated in melasma skin [16], we studied whether the com-
pounds could inhibit Wnt-stimulated melanogenesis. For this, we treated melanocytes with
the Wnt activator BIO and the compounds for 24 h. The expression of melanogenesis-related
genes was then quantified by qPCR (Figure 3). Apigenin reduced the expressions of DCT
and PAX3, while phloretin reduced the expressions of DCT, PAX3, PMEL17, and TYRP1.
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Figure 3. Inhibition of Wnt-activated melanogenesis in melanocytes treated for 24 h with phloretin (a)
or apigenin (b). Statistical analysis: a, Student’s t-test between control and BIO-stimulated control is
p < 0.05; b, Student’s t-test between control and BIO-stimulated control is p < 0.01; A, Student’s t-test
between BIO-stimulated control and BIO-stimulated cells treated with compound is p < 0.05; and B,
Student’s t-test between BIO-stimulated control and BIO-stimulated cells treated with compound is
p < 0.01.
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3.4. Regulation of miR-675 Levels and Autophagy-Related Gene Expression in Melanocytes

Other characteristic features of melanocytes from melasma skin are impaired au-
tophagy and reduced miR-675 levels [1]. To test whether the compounds could regulate
these processes, melanocytes were cultured for 24 h with the compounds, and the mark-
ers related to these pathways were quantified by qPCR. As shown in Figure 4, apigenin
induced the levels of miR-675, while both apigenin and phloretin induced the expression
of autophagy-related genes (ATG5, ATG7, and LC3).
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Figure 4. miR-675 (a) and autophagy-related gene expression (b) levels in melanocytes treated for
24 h with the compounds. Statistical analysis: significance of Student’s t-test results is represented by
* when p < 0.05 or ** when p < 0.01.

3.5. Regulation of Melanogenesis Paracrine Regulators in Fibroblasts

To test whether the compounds could regulate key paracrine regulators of melanogen-
esis [2], human dermal fibroblasts were treated for 24 h with the compounds, and the gene
expressions of the paracrine regulators were quantified by qPCR. As shown in Figure 5,
apigenin induced the expression of the Wnt pathway inhibitor DKK1 and decreased the
expression of the vascular growth factor VEGF, while phloretin did not affect the expression
of these genes.
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Figure 5. Gene expression of paracrine factors that regulate melanogenesis in fibroblasts treated with
apigenin for 24 h. Statistical analysis: significance of Student’s t-test results is represented by ** when
p < 0.01.
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3.6. Senomorphic Effect on Senescent Fibroblasts

As senescent fibroblasts have been described to influence skin pigmentation [6], we
treated senescent human dermal fibroblasts with the compounds for 48 h and quantified
the expression of extracellular matrix-related genes by qPCR to determine the regulation
of both compounds in this process. As shown in Figure 6, COL1A1 expression remained
unaffected by the compounds. Apigenin significantly reduced MMP1 expression and
induced TIMP1 expression, while phloretin significantly reduced MMP1 expression and
induced ELN and TIMP1 expressions.
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Figure 6. Gene expression of extracellular-matrix-related genes in senescent fibroblasts treated for
48 h with the compounds. Statistical analysis: a, Student’s t-test between non-UVB control and
UVB control is p < 0.05; b, Student’s t-test between non-UVB control and UVB control is p < 0.01; A,
Student’s t-test between UVB control and UVB-treated with compound is p < 0.05; and B, Student’s
t-test between UVB control and UVB-treated with compound is p < 0.01.

3.7. Depigmenting Effect of the Combination in a 3D Epidermis Model

Finally, to validate the depigmenting efficacy of the compounds in a more complex
skin model, a reconstructed human epidermis containing phototype VI was topically
treated with the compounds daily for 5 days and melanin accumulation was evaluated by
Fontana–Masson staining on day 7. As shown in Figure 7, the combination of apigenin and
phloretin reduced the melanin content in the epidermal model after 7 days of treatment.
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the melanin reduction after treatment.

4. Discussion

Skin hyperpigmentation, particularly melasma, has a complex pathophysiology in-
volving different external and internal factors, such as ultraviolet radiation exposure, hor-
monal levels, or genetics [17]. Moreover, cells such as keratinocytes and fibroblasts release
paracrine factors that result in hyperactivated melanocytes with increased melanogenic
activity and impaired autophagy [1]. Here, we show that the combination of apigenin and
phloretin is promising for the management of skin hyperpigmentation.

Phloretin was selected based on previous reports about its efficacy as a depigmenting
compound, mainly by inhibiting tyrosinase activity [11,18]. Similarly, apigenin has been
shown to exert many beneficial effects on skin, including the inhibition of tyrosinase [10].
Here, we demonstrate that the combination of both compounds is promising for decreasing
the melanin production I then skin based on the synergistic effect of the compounds in
melanogenesis inhibition (Figure 2).

Additionally, we better characterized the depigmenting mechanism of action of both
compounds, beyond tyrosinase inhibition. We show that both compounds can inhibit
Wnt-stimulated melanogenesis, which has not been reported before as far as we know.
Interestingly, other models show that both apigenin and phloretin might have activating
or inhibiting effects on the Wnt pathway depending on the cell type studied [19–26].
According to the Wnt regulatory mechanisms in previous research, apigenin and phloretin
could be modulating the Wnt pathway at different levels, which could explain the observed
synergistic effects of this combination. For example, these compounds might regulate
glycogen synthase kinase 3 (GSK3) activity, or b-catenin levels, and/or transcriptional
activity over specific melanogenesis genes such as TYR, TYRP1, or DCT.

Our results also show an upregulation of miR-675 by apigenin in melanocytes. This
miRNA is reduced in melasma skin and targets MITF, a key transcription factor controlling
the melanogenesis pathway [27]. Previous reports have shown that apigenin can influence
other miRNAs in different cell models [28,29], but the effect of apigenin on miR-675 has
been described for the first time in our research. The exact mechanism through which
apigenin induces miR-675 levels might be via direct gene expression or miRNA processing
regulation. Regarding autophagy activation, previous research has shown that both api-
genin and phloretin can induce autophagy in different cell types, including keratinocytes,
macrophages, and different cancer cell types [30–34]. Interestingly, one report showed that
apigenin inhibited autophagy in normal keratinocytes but restored autophagy in UVB-
damaged keratinocytes, indicating differential effects on the same cell type under different
conditions [30]. Here, our results suggest that both apigenin and phloretin activate au-
tophagy signaling in melanocytes. Interestingly, the autophagy pathway can be regulated
through different targets, including mTOR, AMPK, or mitogen-activated protein kinase
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(MAPK) signaling, among others [35]. Thus, apigenin and phloretin could also exert a
synergistic depigmenting effect through the modulation of this pathway.

Up to this point, all the described mechanisms that regulate melanogenesis at the
melanocyte level could explain the synergy observed by combining apigenin and phloretin.
The modulation of Wnt pathway, along with autophagy and miR-675 levels, exerts a
multistep regulation of the pigmentation process in melanocytes.

On the other hand, paracrine factors released by surrounding cells play a key role in
melasma pathogenesis [2]. Here, we show that apigenin induces DKK1, an antagonist of
the Wnt pathway with a proven role in melanogenesis inhibition [36]. No previous reports
have described the relationship between apigenin and DKK1. On the other hand, previous
research on the effect of apigenin on angiogenesis and VEGF is controversial, with results
showing proangiogenic or antiangiogenic effects in different models [37–39]. Here, our
results indicate that apigenin might have antiangiogenic properties by downregulating
the levels of VEGF in human dermal fibroblasts. Regarding phloretin’s effect on these
paracrine factors, previous research shows that phloretin increases DKK1 in adipose tissue
and upregulates or downregulates VEGF expression depending on the cell type [24,40–42].
Here, we observed that both DKK1 and VEGF gene expression remained unchanged in
human dermal fibroblasts after phloretin treatment.

Senescent fibroblasts also contribute to increased pigmentation in aged skin [6]. Here,
we showed that apigenin and phloretin exert senomorphic effects on senescent fibroblasts
by regulating extracellular matrix proteins (Figure 6), which might have a beneficial effect
on photoaged skin pigmentation. Interestingly, previous studies showed that apigenin
induces collagen I synthesis in dermal fibroblasts while it does not affect MMP1 or TIMP1
expression [43]. According to our research, apigenin does not affect collagen I gene expres-
sion but downregulates and upregulates MMP1 and TIMP1 expression, respectively. The
differences in these results might be explained by the fact that the previous study tested
the effect of apigenin on normal human dermal fibroblasts, while we studied the effect
of apigenin on senescent fibroblasts. This suggests different cell behavior in response to
apigenin in the same cell type, being beneficial for skin functions in all the studied cases.

Regarding this effect on senescent cells by apigenin and phloretin, previous research
already indicated that these compounds have senomorphic effects on senescent cells [44].
Perrott, K. et al. proved the positive effect of Apigenin in modulating the senescence-
associated secretory phenotype (SASP) of senescent skin fibroblasts, mainly by regulating
inflammatory markers [45]. Other reports identified the senescent-cell-modulating effects
of phloretin [46]. Our research confirms the positive effect of apigenin and phloretin on
senescent human dermal fibroblasts by regulating extracellular-matrix-related proteins.

Finally, the reduction in melanin accumulation in the reconstructed human epidermis
model after 7 days of treatment with the compounds suggests that the combination of
both compounds might have promising effects when applied in vivo to hyperpigmented
skin. Moreover, this experiment sheds light on the safety of the compounds for topical
application, as daily treatment of the 3D reconstructed epidermis for 7 days did not affect
tissue viability. Furthermore, both compounds have been used for years in topical products
for different chronic dermatological conditions [10,11], which is another proof of the long-
term safety of both compounds.

The mechanisms of action of these compounds on melanogenesis inhibition, including
Wnt pathway, autophagy, miR-675 levels, and paracrine factors, offer a complementary
approach to targeting skin hyperpigmentation. Most natural compounds currently used in
the cosmetic market target the activity of tyrosinase, the key and central enzyme involved
in the synthesis of melanin [47], and only a few are focused on other key pathways such as
inflammation, hormonal, or vascularization pathways [15,48].

Future experiments could include the evaluation of other paracrine factors such as
HGF, SCF, or GDF15 on fibroblasts after treatment with apigenin and phloretin. Addition-
ally, the clinical evaluation of a topical formulation including these ingredients is necessary
to validate the efficacy of this combination of compounds on melasma skin. This further
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research would overcome the main limitations of this study. These include the use of
in vitro and 3D models, which are useful for mechanistic studies on cellular physiology but
do not fully replicate the human skin environment. Interestingly, as solar lentigo and post-
inflammatory hyperpigmentation share some features with melasma pathology [49,50], the
combination of these compounds might be used to treat other types of skin hyperpigmen-
tation. Given the observed results on the compounds’ safety, their mechanisms of action,
and their efficacy in the 3D epidermal model, we expect that the use of this combination
of compounds in daily-use creams, masks, or similar topical formulations can boost the
efficacy of the current skin whitening treatments.

5. Conclusions

Our research shows that apigenin and phloretin have synergistic effects on the inhi-
bition of melanin accumulation in melanocytes by targeting some of the main features of
melasma pathology, including the Wnt pathway, autophagy impairment, miRNA regu-
lation, and paracrine factors released by the surrounding cells. In addition, the topical
application of these compounds significantly decreased melanin accumulation in a pho-
totype VI 3D epidermis model. Thus, this combination of compounds shows promising
results for the treatment of skin hyperpigmentation and aging. Further studies should be
conducted to confirm the depigmenting effect in physiological skin conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cosmetics11040128/s1, Table S1: Primer sequences used for qPCR assay.
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