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Abstract: Effective therapies to treat skin hypopigmentation disorders caused by diminished melanin
synthesis or export are limited due to potential side effects. In this work, we explored if cyclocurcumin
(CYC), a curcuminoid found in minor amounts in turmeric rhizomes, might enhance the process
of melanogenesis. CYC did not demonstrate antioxidant activity as evaluated by the DPPH assay.
At noncytotoxic concentrations, CYC robustly enhanced melanin synthesis and melanin export in
B16F10 mouse melanoma cells, which was correlated to increased cellular tyrosinase activity. The
melanogenesis-stimulating efficacy of CYC was enhanced in B16F10 cocultures with HaCaT cells.
Next, our results in MNT-1 human melanoma cells confirmed that CYC is a stimulator of both
melanin synthesis and melanin export and acts by upregulating microphthalmia transcription factor
(MITF) protein, although CYC did not alter tyrosinase protein or tyrosinase activity in MNT-1 cells.
Moreover, the examination of CYC in MNT-1:HaCaT cocultures continued to show a more potent
effect on stimulating melanin synthesis, as well as its export to recipient keratinocytes. Finally, CYC
was shown to demonstrate a potent capacity to stimulate melanin production in primary human
melanocytes from a Caucasian donor (HEMn-LP cells), although the effects on cellular tyrosinase
activity were biphasic. Taken together, this is the first study to report the novel finding that CYC is a
potent promelanogenic candidate that exhibits potential utility in the therapeutic management of skin
disorders arising due to hypopigmentation in humans. Future studies that examine the molecular
mechanisms and elucidate the promelanogenic efficacy of CYC in vivo are necessary.

Keywords: cyclocurcumin; hypopigmentation disorders; melanogenesis stimulator; tyrosinase;
B16F10 cells; MNT-1 cells; cocultures; dendrite growth; HEMn-LP cells

1. Introduction

Melanin, a biological pigment, is meticulously synthesized by melanocytes within
specialized melanosome organelles. These melanosomes are secreted and transferred to
keratinocytes through diverse pathways [1,2]. Melanin production, facilitated by the en-
zyme tyrosinase [3] and subsequent transportation to keratinocytes, serves as the primary
mechanism for safeguarding the skin against photodamage. This process effectively miti-
gates the potential DNA harm induced by ultraviolet (UV) radiation within the epidermal
layer [4]. In addition to its established function in protecting against UV radiation, melanin
has antioxidant characteristics and anti-inflammatory and immunomodulatory effects [5-7].
The intricate interplay of melanin-mediated interactions between melanocytes and ker-
atinocytes influences the extensive range of phenotypic expressions observed in human
skin color [8].

Hypopigmentation arises as a consequence of insufficient synthesis and/or transfer of
the pigment melanin within the skin and hair, resulting in the manifestation of an irreg-
ular dermal complexion characterized by depigmented regions in the skin or premature
graying of the hair [9]. The observed anomalies may be ascribed to a diminution in the
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abundance of melanocytes within the organism, their compromised ability to synthesize
melanin, or an aberrant mechanism of translocating fully matured melanosomes to adjacent
keratinocytes. The impairment of melanosome transport has also been shown to be a
characteristic feature of senescence-induced hypopigmentation [10]. Hypopigmentation
can manifest in two distinct patterns: diffuse or localized. Furthermore, this condition
can be acquired through external or congenital factors present from birth. Moreover, it
exhibits a discernible distribution pattern that is intricately linked [11]. The disorders above
encompass vitiligo, pityriasis alba [12], postinflammatory hypopigmentation [13], and
burn-induced hypopigmentation [14], all of which fall under the classification of acquired
conditions. In contrast, congenital disorders encompass a spectrum of genetic anomalies,
including but not limited to piebaldism, albinism, and hypomelanosis of Ito [15]. Using
lasers that are employed in treating pigmentation disorders often causes adverse effects
and results in hypopigmentation [16]. Furthermore, the occurrence of guttate hypopigmen-
tation and depigmentation subsequent to laser toning utilizing the QS 1064-nm Nd: YAG
laser has also been observed [17-19]. Although these conditions above exhibit a benign
character, they have the potential to elicit somatic unease and exert an influence on the
psychological state of the affected individual [20]. Furthermore, they may augment the
individual’s susceptibility to UV radiation.

The existing therapeutic interventions for hypopigmentation disorders encompass
the utilization of topical corticosteroids and calcineurin inhibitors such as tacrolimus [21],
phototherapy with narrowband-ultraviolet B radiation (NB-UVB) [22], or photoactive pso-
ralen plus UVA irradiation (PUVA) [23]. 8-methoxy psoralen (8-MOP) in combination with
NB-UVB exposure has also been used for the treatment of hypopigmented skin patches of
vitiligo [24]. However, side effects of nausea due to 8-MOP and uneven blotchy pigmenta-
tion with hyperpigmentation were noted in some patients [25]. The potential risks linked to
PUVA treatment include nausea, phototoxicity, headaches, and skin cancer [26]. Specifically,
long-term phototherapy treatment might augment the likelihood of developing skin cancer
in vitiligo patients [27]. Dihydroxyacetone (DHA), a common ingredient in sunless spray
tans, has also been used as a cosmetic camouflage option for covering vitiligo patches and
areas of hypopigmentation [28]. However, cytotoxicity and genotoxicity were observed
in primary human keratinocytes upon exposure to DHA [29]. In immortalized HaCaT
cells and skin tissue reconstructs, DHA induced stress response signaling [30]. Elsewhere,
topical application of DHA in hairless dogs elicited contact dermatitis [31]. Pigmerise™ is
a highly concentrated topical treatment formulated with piperine, an alkaloid derived from
black pepper (Piper nigrum L.), with other natural ingredients, and is commercialized for
treating skin hypopigmentation [32]. Piperine possesses a unique capability to stimulate
melanocyte proliferation and induce elongation of their dendrites without affecting cellular
melanin synthesis [33,34]. The potential of piperine in increasing melanin pigmentation has
been validated through both in vitro and in vivo investigations [33,35]. Moreover, piperine
does not exhibit any binding affinity towards DNA when topically administered to the skin,
unlike psoralens, which are known to generate photoadducts [36]. However, a fundamental
limitation associated with piperine usage is its instability and subsequent loss of its ability
to enhance pigmentation when exposed to UVA radiation due to photoisomerization. As
a result, the authors proposed that piperine should be used after phototherapy within a
specific time frame. Accordingly, in a clinical trial [37], patients who received a combination
of NB-UVB therapy followed by topical administration of 1% piperine achieved greater
repigmentation than the NB-UVB group. However, these patients also experienced side
effects such as redness and irritation. A recent study [38] reported that a novel Ayurvedic
polyherbal formulation called Melanogrit potentiated melanin production after cotreatment
with melanocyte-stimulating hormone (MSH), although the effects of this formulation in
the absence of MSH were not reported. Moreover, this formulation lacked novelty as it
consisted of a mixture of various plant-derived compounds that have previously been
identified as melanogenesis stimulators. We have previously [39] shown that a standard-
ized olive leaf extract (Benolea®) exhibited the capacity to elongate dendrite lengths in
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primary human melanocytes derived from Asian and Caucasian skin in the absence of any
effects on melanin synthesis and might have potential for treating hypopigmentation. A
tetrahydrocurcuminoid (THCr) cream, combined with UVB irradiation, was effective in
promoting melanogenesis in a vitiligo model [40]. However, it should be noted that THCr
is marketed as a skin-lightening agent. Consumers are strongly inclined toward novel
melanogenesis stimulators derived from natural origins in the cosmeceuticals industry.
The market valuation of skin propigmenting products is experiencing a notable surge,
primarily attributed to the expanding growth of the cosmetics and personal care sectors
across diverse global regions. The global market for skin tanning products exhibited a
value of USD 14.4 billion in 2022, with a projected increase to USD 24.8 billion by 2031 [41].

Curcumin (Figure 1A), a polyphenolic yellow compound derived from the botanical
species Curcumin longa, has been widely recognized for its therapeutic activities in dif-
ferent areas. Multiple previous studies [42—44], including ours [45], have demonstrated
the antimelanogenic properties of curcumin. Moreover, there is an increasing recognition
of the significance of the conjugated heptadiene moiety in curcumin’s ability to impede
melanogenesis. We previously showed that the heptadiene moiety was critical for antime-
lanogenic activity since its hydrogenation resulted in the loss of activity and shifted the
activity to a promelanogenic activity, as observed in tetrahydrocurcumin [45]. Limited data
exist regarding the impact of various minor constituents on the process of melanogene-
sis. Also, we reported the antimelanogenic effects of calebin-A, a minor curcuminoid, in
our previous work [46]. Cyclocurcumin (CYC; Figure 1B) is a metabolite closely linked
to curcumin and was first isolated from Curcuma longa and described in 1993 by Kiuchi
et al. [47]. CYC is a nondiarylheptanoid curcuminoid with a distinctive chemical structure
featuring an o, 3 unsaturated dihydropyranone moiety, which is different from curcumin.
In its ground state, CYC predominantly exists as the trans isomer. However, it can undergo
photoisomerization, resulting in the conversion to the cis form [48-50]. The examination
of CYC has remained largely unexplored until relatively recent times [51]. CYC has been
shown to have an inhibitory impact on the proliferation of human breast cancer cells [52].
Evidence suggests that CYC may demonstrate synergistic properties when combined with
curcumin [47]. Despite less interest in CYC’s biological activities due to its low amounts in
curcuminoids, a recent report evidenced its superior efficacy over curcumin in imparting
neuroprotection and the treatment of neurodegenerative disorders [53]. Another report
documented the antivasoconstrictive effects of CYC [54], with the capacity to effectively
suppress the aggregation of platelets induced by shear stress, indicating its potential as
a viable therapeutic intervention in the management and prophylaxis of thrombotic dis-
orders [55]. CYC exhibited potential as a therapeutic agent for specifically targeting the
inflammatory disorder associated with rheumatoid arthritis [56], and it also exhibited
antiviral activity [57]. Recently, an inclusion complex of CYC with the widely popular
excipient sulfobutylether-f3-cyclodextrin was reported [58].
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Figure 1. Chemical structures of (A) curcumin and (B) cyclocurcumin (CYC); (C) antioxidant activity
assay of CYC at various concentrations of 0-80 uM (1 = 3 per group).
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Currently, no documented evidence exists regarding the impact of CYC on melano-
genesis. Given that the 3-diketone moiety within CYC is blocked, we were prompted to
investigate its impact on melanogenesis. Our working hypothesis postulated that CYC
exerts a stimulating effect on the process of melanogenesis. In this study, we conducted
experiments to evaluate the impact of CYC on melanogenesis, and we demonstrated, for the
first time, that CYC exerts a robust propigmenting effect in B16F10 cells, human melanoma
cells, and normal human melanocytes. Importantly, this effect was observed without any
detrimental effects on cell viability, suggesting that CYC holds promise as a potential
therapeutic option for the treatment of medical hypopigmentation disorders.

2. Results
2.1. CYC Does Not Show Antioxidant Activity

We initially examined if CYC exhibits any antioxidant activity. Our results utilizing the
well-validated DPPH assay show no radical scavenging by CYC at any tested concentration
(Figure 1C). The positive control, ascorbic acid, showed potent radical scavenging activity
(Figure S1). This result confirms that the (3-diketone component of curcumin is crucial
for its antioxidant action since the elimination of this component in CYC resulted in the
complete loss of its ability to scavenge radicals.

2.2. CYC Stimulates Melanogenesis in B16F10 Cultures at Noncytotoxic Concentrations

No cytotoxicity was observed in B16F10 cells when exposed to CYC within the tested
concentration range of up to 80 uM (Figure 2A). The microscopic examination of B16F10 cell
cultures showed robust activation of melanin production with increasing concentrations of
CYC compared with the untreated control (Figure 2B).
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Figure 2. (A) Viability of B16F10 cells treated with CYC (0-80 uM) for 72 h, one-way ANOVA
with Dunnett’s test; (B) microscopic images of B16F10 cells treated with CYC (0-80 uM) for 72 h;
(C) extracellular melanin; and (D) intracellular melanin of B16F10 cells after a 72 h treatment with var-
ious CYC concentrations; negative control (KA: 500 uM) is shown in plots; analysis by Student’s t-test;
*p <0.05,** p <0.01, and # p < 0.0001 vs. control. The photos of extracellular culture medium and cell
pellets are also shown above the plots of (C,D); all data are averages of at least three independent
experiments.
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The application of CYC across a range of concentrations (5-80 uM) resulted in a notable
augmentation of melanin secretion within the B16F10 culture medium compared with the
untreated control. Remarkable enhancements of 14.93%, 38%, 48.27%, 42.44%, 24.24%, and
39.62% were observed at CYC concentrations of 5, 10, 20, 40, 50, and 80 uM, respectively,
as depicted in Figure 2C. In contrast, the negative control KA, a commercially available
skin-lightening agent, substantially reduced extracellular melanin levels, amounting to
a significant 37.93% decrease at a concentration of 500 pM (Figure 2C). Treatment with
CYC at concentrations >5 uM led to a robust stimulation of intracellular melanin in B16F10
cultures compared with untreated control. Significant increases of 36.81%, 48.71%, 44.51%,
74.07%, and 132.96% were obtained at CYC concentrations of 10, 20, 40, 50, and 80 puM,
respectively (Figure 2D). KA diminished intracellular melanin significantly by 25.25% at
500 uM (Figure 2D).

Taken together, these results show that CYC can markedly stimulate the de novo
melanin synthesis and the export of melanin in the extracellular medium.

2.3. CYC Stimulates Tyrosinase Activity in B16F10 Cells but Not in Cell-Free Conditions

The tyrosinase activity was determined in B16F10 cells to identify the mechanism of
melanogenesis stimulation by CYC. The results show that treatment with CYC increased
tyrosinase activity of B16F10 cells with significant increases of 31.80%, 32.45%, and 65.92%
at 40, 50, and 80 uM, respectively (Figure 3A). CYC at lower concentrations of 5, 10, and
20 uM did not have a significant effect on the activity, as shown in Figure 3A.
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Figure 3. (A) Tyrosinase activity of B16F10 cells after a 72 h treatment with various CYC concen-
trations; (B) mushroom tyrosinase activity of varying CYC concentrations, negative control (KA:
500 uM) is also shown; analysis by Students t-test; * p < 0.05, ** p < 0.01, and $ p < 0.001 vs. control.
Data for (A) are averages of values combined from two of three separate experiments, while data for
(B) are averages of triplicate determinations.

We also examined if CYC might have a direct effect on tyrosinase enzyme activity.
Unexpectedly, the results showed a nonlinear inhibitory effect of CYC on the activity of
mushroom tyrosinase, with a significant decrease in the activity by 23.16% and 19.29%
at concentrations of 20 and 40 uM, respectively, with no change at other concentrations
(Figure 3B). Collectively, these results indicate that the promelanogenic effects of CYC at
concentrations of 40, 50, and 80 uM in B16F10 cells are correlated, at least in part, with
concurrent stimulation of the cellular tyrosinase activity. In addition, the tyrosinase activity
in the cell-free model using mushroom tyrosinase fails to explain the promelanogenic effect
of CYC.

2.4. CYC Stimulates Melanogenesis in B16F10: HaCaT Cocultures

To examine whether the promelanogenic effect of CYC obtained in B16F10 monocul-
tures is retained in cocultures with keratinocytes, initial experiments involved evaluation
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of the viability of HaCaT cells. CYC was noncytotoxic over the entire concentration range
of 0-80 uM to HaCaT cells (Figure 4A).
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Figure 4. (A) Viability of HaCaT cells after treatment with CYC concentrations (0-80 uM) for 72 h;
one-way ANOVA with Dunnett’s test; (B) melanin contents of B16F10-HaCaT cocultures without
(Ctrl) and after treatment with 80 uM CYC; Student’s t-test; * p < 0.05 vs. Ctrl. The corresponding
pellets of cocultures are shown above the bar plots; (C) phase-contrast images of B16F10-HaCaT
cocultures; white arrows denote elongated dendrites in the CYC group. Data for (A) are averages of
three separate experiments, while all other data are averages of duplicates.

For the coculture assay, CYC was used at the highest concentration of 80 uM. Next, the
results of cocultures show that CYC at 80 uM robustly stimulated cellular melanin contents
by 152.26% (Figure 4B). Additionally, when cocultures were examined by microscopy, the
elongated dendrites in the group treated with CYC (80 uM) were visible (Figure 4C).

2.5. CYC Stimulates Melanogenesis in MNT-1 Cells

CYC was noncytotoxic to MNT-1 cells between the concentration range of 5 and
80 uM (Figure 5A). Consequently, the concentrations mentioned above were employed in
subsequent experimental procedures. The morphological analysis revealed that MNT-1
cells, upon exposure to varying concentrations of CYC (20, 40, 50, and 80 uM), exhibited a
conspicuous presence of melanin pigment deposits within the cellular cultures. Notably,
the intensity of these deposits increased significantly in a concentration-dependent manner
compared with the untreated control group (Figure 5B).
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Figure 5. (A) Viability of MNT-1 cells after a 5-day treatment with different CYC concentrations;
(B) representative images showing MNT-1 cells without and after a 5-day treatment with varying
CYC concentrations; (C) melanin contents; and (D) Tyrosinase activity of MNT-1 cells after 5-day
treatment with different concentrations of CYC; all analyses by one-way ANOVA with Dunnett’s test;
**p <0.01 and # p < 0.0001 vs. CYC (0 uM). All data are mean =+ SD of at least three independent
experiments.

Quantitative results confirm the stimulation of melanin contents by CYC at higher
concentrations; significant increases of 32.41% (p < 0.01), 59.49% (p < 0.0001), 60.61%
(p < 0.0001), and 65.22% (p < 0.0001) were obtained in cells treated with CYC at 20, 40, 50,
and 80 puM, respectively (Figure 5C). The increased melanin contents of CYC-treated MNT-1
cells were not associated with increased tyrosinase activity as no change was seen at any
CYC concentration (Figure 5D).

2.6. CYC Increased Levels of Melanogenic Proteins in MNT-1 Cells

Next, we evaluated the potential correlation between the melanotropic effects of CYC
in MNT-1 cells and the upregulation of tyrosinase and MITF proteins. Our results show that
treatment with CYC did not result in any significant alterations in the levels of tyrosinase
protein (Figure 6A). However, it was observed that CYC markedly enhanced the levels of
MITF protein by 26.40% (p < 0.05) and 50.41% (p < 0.001) at concentrations of 50 and 80 uM,
respectively (Figure 6B).
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Figure 6. (A) Tyrosinase and (B) MITF protein levels measured in MNT-1 cells after treatment with
different CYC concentrations; one-way ANOVA with Dunnett’s test; * p < 0.05 and $ p < 0.001 vs.
CYC (0 uM). all data are mean =+ SD of triplicates (1 = 3 per group).

2.7. CYC Stimulates Melanogenesis in MNT-1:HaCaT Cocultures

Upon microscopic examination of the cocultures, it was observed that MNT-1 cells of
the untreated control cocultures lacked long dendrites and exhibited transfer of melanin
pigment to only a few surrounding keratinocytes (Figure 7(Aa,Ab)). In contrast, treatment
with CYC (80 uM) led to a marked production of melanin pigment within the MNT-1
cells along with elongated dendrites and a greater transfer of melanin to several adjacent
keratinocytes (Figure 7(Ac,Ad)).
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Figure 7. (A) Bright-field images of MNT-1:HaCaT cocultures of untreated (Ctrl) group showing two
different fields (a,b) and the group treated with CYC at 80 pM from two different fields (c,d) of the
wells; white arrows denote melanin pigment granules inside keratinocytes; red arrows denote the
elongated dendrites of MNT-1 cells; (B) photo of pellets; and (C) melanin contents quantitated in
MNT-1 cocultures treated without and with 80 uM CYC; analysis by Student’s ¢-test; $ p < 0.001 vs.
Ctrl. Data are mean = SD of values combined from two independent experiments (n = 4).

Furthermore, treatment with CYC (80 uM) led to a robust stimulation of intracellular
melanin levels of cocultures as seen visually (Figure 7B). This was corroborated by quanti-
tative determination as an increase in melanin content by 105.36% (p < 0.001) was obtained
in CYC-treated cocultures as compared with untreated control cocultures (Figure 7C).
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2.8. CYC Stimulates Melanogenesis in Primary Human Melanocytes

The viability of HEMn-LP cells after treatment with CYC was not affected up to
concentrations of 50 uM. However, the viability was markedly lowered by 95.21% at a
concentration of 80 uM (Figure 8A). Accordingly, the CYC concentration range of 0-50 M
was selected for further assays. Upon visual examination, the pellets of HEMn-LP cells
treated with CYC concentrations of 20, 40, and 50 uM exhibited much darker coloration
(Figure 8B). The spectrophotometric quantitation of melanin content corroborated these
qualitative results: CYC demonstrated a robust capacity to augment melanin production
in HEMn-LP cells at concentrations > 20 uM. Notably, there were significant increases
in melanin content of 45.05%, 103.62%, and 79.09% observed at concentrations of 20, 40,
and 50 uM, respectively (Figure 8C). Treatment with CYC resulted in a notable increase of
29.87% in the activity of tyrosinase in HEMn-LP cells. However, this effect was observed
solely at a concentration of 40 pM. On the contrary, the remaining concentrations of CYC
did not exhibit a statistically significant influence on tyrosinase activity (Figure 8D).
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Figure 8. (A) Viability of HEMn-LP cells treated with CYC (0-80 uM) for 6 days; one-way ANOVA
with Dunnett’s test; (B) photos of cell pellets after treatment with CYC (0-50 uM) for 6 days;
(C) melanin contents; and (D) tyrosinase activity were determined spectrophotometrically in cells
after treatment with CYC (0-50 uM); analysis by Student’s t-test; * p < 0.05, ** p < 0.01, and
#p <0.0001 vs. CYC (0 uM). All data are average of triplicates (1 = 3 per group).

The findings indicate that when applied at nontoxic concentrations, CYC induces
melanin synthesis in HEMn-LP primary melanocytes. However, it is imperative to recog-
nize that the observed rise in melanin production is not linear, with the highest level of
stimulation occurring at a concentration of 40 uM. Interestingly, tyrosinase activity was
activated at this particular concentration, whereas no such effect was seen at concentrations
of 20 or 50 uM. It is worth noting that at these concentrations, CYC did enhance melanin
synthesis. Therefore, CYC has a rather intriguing and distinct action as concentrations
increase.
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3. Discussion

To the best of our knowledge, this is the first study to report novel results on the
melanogenesis-promoting capacity of CYC in vitro. Our results indicate that CYC robustly
increased melanin production and export (by increasing dendritic growth) in B16F10 cells,
MNT-1 cells, B16F10, and MNT-1 coculture models. The rationale for selecting different
cells utilized in this study is as follows: In several prior reports [59-64], including our
own [39,65], compounds that promoted melanogenesis have been identified using the
well-validated and widely used B16F10 murine melanoma cell model. Derived from hu-
man melanoma, the MNT-1 cell line has a transcriptome almost identical to actual human
melanocytes [66] and is widely used to evaluate the effects of compounds on melanogen-
esis [65,67,68]. HaCaT cells are immortalized human keratinocytes that have been used
in previous studies by us [69,70] and others [71] to establish cocultures with melanocytes.
They share several functional characteristics with primary human keratinocytes without
the restriction of proliferation or donor variability [72,73]. HEMn-LP cells are primary
human melanocytes that are more physiological since they originate from Caucasian hu-
man skin, with lower baseline pigmentation that allows for better observation of increased
pigmentation when exposed to promelanogenic substances. We utilized HEMn-LP cells
in our prior studies, where the melanogenesis-stimulating effects were observed with
different compounds [39,74,75]. Because we routinely employ KA in our melanogenesis
experiments in our earlier publications [46,69,76], most of which focus on the identification
of compounds that can modulate melanogenesis, we chose to include KA. The mode of
action of KA is not similar to that of CYC, which increased melanogenesis, as observed in
our study. Furthermore, we did not include a positive control for melanogenesis in our
experiments since our primary goal was to determine the effects of CYC, and any other
chemical (a positive control that promotes melanogenesis) may have a different mode of
action and efficacy from CYC, which may also vary among the various cells used in the
in vitro studies. The cell seeding density utilized for MNT-1 cells was about three times
higher than that of the B16F10 cell culture (Table S1). This adjustment accounted for the
slower proliferation rate of MNT-1 cells compared with B16F10 cells [66,77]. Similarly, a
higher seeding density was used for HaCaT cells, as they also have a slower doubling
time than B16F10 cells [78]. Nevertheless, in cell cultures, confluency before the addition
of compound CYC was nearly identical for all assays and was in the range of 50-60%
(Table S1). The treatment durations used for different cells in the current study were deter-
mined based on our previous reports [45,65,79]. In those studies, we also employed similar
incubation durations of 3 days for B16F10 cells, 5 days for MNT-1 cells, and 6 days for
primary melanocytes.

The capacity of CYC to stimulate melanogenesis was also demonstrated in primary
human melanocytes, thus establishing its efficacy for human use. The (3-diketone group
in curcumin has been shown to confer onto curcumin the capacity to scavenge DPPH
radicals [80,81]. However, prior studies [82,83] have shown that curcumin pyrazole analogs,
which lack the 3-diketone moiety and instead have a pyrazole structure, have shown
effectiveness in scavenging DPPH radicals. This efficiency has been linked to the presence
of a central methylene group (-CHj) in curcumin pyrazole. Several previous studies [83-85]
have established that the -CH; group connected to the 3-diketone in the core of curcumin
plays a pivotal role in its antioxidant activity. This group is responsible for generating
an alkoxy radical through hydrogen abstraction, which then moves towards the phenoxy
radical at the terminal end by an intramolecular H-shift. CYC is characterized by a unique
o, 3-unsaturated dihydropyranone structure, distinguishing it from the typical keto or enol
arrangement in curcumin. Although CYC’s 3-diketone is blocked by a distinct chemical
modification of dihydropyranone, our studies did not reveal any DPPH radical scavenging
action in CYC. This is because, in CYC, the absence of the central -CH, group due to the
presence of the dihydropyranone group does not allow the formation of the alkoxy radical
in the first place, despite the presence of the -OH group at the end. It should be noted,
however, that a prior study [86] has shown that CYC in its deprotonated or neutral form can
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scavenge hydroxyl radicals, but only in water or physiological environments, although the
authors reported this via theoretical calculations that lacked any experimental verification.

Our results of tyrosinase activity in HEMn-LP cells show a biphasic effect of CYC that
is very similar to that of another compound, all-trans-retinoic acid, that was also shown to
increase melanin production in human melanocytes with increasing concentrations, but the
tyrosinase activity was only increased up to a certain concentration, beyond which it was
not significantly different from the control group [87]. Further studies are warranted to
delineate the concentration-dependent mechanism underlying the biphasic effect of CYC
on HEMn-LP cell tyrosinase activity. Furthermore, our results demonstrate a contradictory
effect of CYC on tyrosinase activity in B16F10 mouse and MNT-1 human melanoma cells.
Specifically, CYC increased tyrosinase activity in B16F10 cells but did not affect MNT-1 cells’
tyrosinase activity, while it increased tyrosinase activity in HEMn-LP cells only at a single
concentration. Moreover, in the mushroom tyrosinase assay, CYC inhibited tyrosinase
activity in a nonlinear manner at two concentrations with no effect at other concentrations.
These results suggest that the effects of CYC on the enzymatic activity of tyrosinase are
cell-type-dependent and might be complex. The binding pockets of the tyrosinase enzyme
in humans exhibit dissimilarities compared with those found in mushrooms, alongside
various other molecular distinctions [88,89]. Hence, tyrosinase activity determined using
tyrosinase derived from purified mushrooms can differ from mammalian tyrosinases. A
recent study [90] has also elucidated that the impact of compounds on the enzymatic
activity of tyrosinase is contingent upon the source of the enzyme and the manner in
which the compound is introduced during the experimental procedure. The authors
have demonstrated that the direct tyrosinase enzymatic activity, as assessed through
the mushroom tyrosinase assay, serves as a measure of the compound’s impact solely
on the catalytic activity of tyrosinase. However, the indirect cellular tyrosinase activity
encompasses the compound’s overall effect on both the catalytic activity of tyrosinase and
the synthesis of intracellular tyrosinase, including the molecular pathways in the cells.
It should be noted that some prior studies that determined tyrosinase activity utilized
very short incubation periods of 0.5 min [91], 3 min [92], or 5 min [93] of the mixture of
cell lysate with DOPA substrate to accurately measure the rate of dopachrome formation.
The short time was utilized owing to the instability of dopachrome in solution, which
can be oxidized while being monitored, causing the assay to remain linear for a short
time [94]. Nevertheless, other studies have reported longer times of either 60 min [95,96]
or 90 min [97] and then measured the absorbances that were used to show the relative
tyrosinase activity. Prolonged incubation durations may result in the production of melanin
polymer by the oxidation of dopaquinone, potentially leading to inaccurate measurement
of tyrosinase activity. We also observed this phenomenon in our experience with these
assays. Hence, to measure the rate of dopachrome formation, an incubation time of
10-30 min was utilized with the microplate read in the kinetic mode every 30 s, and only
the linear portion of the progress curve was used to determine the tyrosinase activity as the
curve reaches a plateau, indicating reaction completion. Moreover, the reaction products
were visually inspected and appeared faint brown rather than dark. A coupled assay
that involves the oxidation of ascorbic acid by dopaquinone has also been reported to
assess tyrosinase activity, although it is not commonly used [98]. Furthermore, an assay
that estimates the decrease in absorbance of the 3-methyl-2-benzothiazolinone hydrazone
(MBTH)-dopaquinone adduct offers superior sensitivity and precision [94,99]. Evidently,
there is a notable disparity in the techniques used to evaluate tyrosinase activity across
different studies. We acknowledge that discrepancies in CYC response in cellular tyrosinase
activity tests, as we noted, should be better clarified by using more sensitive assays in the
future. Although tyrosinase is an important enzyme in the first steps of melanin synthesis,
there are two other melanogenic enzymes, namely tyrosinase-related protein-1 (TRP-1) and
TRP-2, which exert their regulatory influence on melanogenesis in a downstream manner
relative to tyrosinase [100]. The expression levels of these three melanogenic enzymes have
been shown to be regulated by MITF [101]. The exploration of the involvement of these
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other enzymes, such as TRP-1 and TRP-2, in the CYC-mediated upregulation of melanin
production was not the focus of this study and necessitates future studies.

The use of DMEM culture medium in our experiments, with its high L-tyrosine
concentration of 400 uM [102], would have contributed towards increasing melanin pro-
duction as the amino acid L-tyrosine is a well-known substrate of melanogenesis and
exerts hormone-like effects [103,104]. The RPMI medium and Ham’s F10 medium also
contain L-tyrosine, although their concentrations are much lower. RPMI medium contains
100 uM L-tyrosine [105], whereas Ham’s F10 medium contains 10 uM L-tyrosine [106].
A previous study that reported on the antimelanogenic effects of curcumin described
that B16F10 cells cultured in DMEM medium produced higher melanin than in RPMI
medium [107]. Since B16F10 and MNT-1 cells in our control group and CYC-treated groups
were cultured in DMEM medium, the differences obtained are solely due to CYC and
not the conditions of culture. However, the examination of the effects of CYC under a
purely basal culture without the presence of external stimulators of melanogenesis with
the use of Ham’s F-10 medium would have been an ideal model. Nevertheless, DMEM
remains a popular choice for culturing B16F10 or MNT-1 cells in various studies that
have demonstrated the stimulating effects of different compounds on melanogenesis, as
shown by previous studies [108,109] and our earlier study [39]. Interestingly, phenol red,
which was also present in our DMEM medium, has been shown to exert weak estrogenic
activity [110], and estrogens can also increase melanogenesis [111]. Moreover, the AIM-V
medium that was used as a supplement in the culture of MNT-1 cells in this study has been
found to contain melanogenesis-enhancing factors [112]. In the current study, the culture
Medium 254 used for primary melanocytes has a pale appearance, indicating that it does
not contain significant amounts of phenol-red. Additionally, it is expected to have lower
concentrations of L-tyrosine compared with the DMEM medium. However, since the man-
ufacturer does not disclose the exact concentrations of L-tyrosine or phenol red in Medium
254 [113], it is challenging to reach definitive conclusions. Conversely, the melanocyte
growth supplement used by us (HMGS) contains phorbol 12-myristate 13-acetate (PMA),
which is a known mitogen [114] that has been shown to increase melanocyte dendricity
and melanogenesis [115]. Notably, the culture of HEMn-LP cells in PMA-free HMGS
(HMGS-2 [116]) causes cells to synthesize lower melanin and remain bipolar with low
dendrite number [117,118] and was employed in some of the previous studies that reported
on compounds that stimulated melanogenesis in primary human melanocytes cultured
with HMGS-2 supplement [119-121]. The use of HMGS-2 might have been a better choice
to study the isolated effects of CYC in promoting pigmentation; however, previous reports
have utilized HMGS in their experiments with compounds that stimulated melanogen-
esis [122,123]; hence, the use of HMGS is acceptable. Additionally, in our earlier studies
that reported on stimulators of melanogenesis, we have continued to use HMGS medium
only [39,75]. A limitation of this study is that we did not prioritize the identification of the
effects of CYC under a purely basal culture condition; hence, the various components of
the culture medium that affect melanogenesis were not specifically excluded. However,
for practical purposes, it may not be feasible to remove the majority of growth factors or
hormones from the culture medium, as this could adversely impact cell viability. A focused
examination of the response of CYC on melanocytes when cultured in different medium
formulations that exclude the contributions of external melanogenesis-promoting additives
will be interesting for future investigations.

The mean ICsg value for the viability of HEMn-LP cells following treatment with
CYC was determined to be 58.37 uM (Figure S2). This study did not explore higher
concentrations of CYC to calculate IC5; values for melanoma cells, as it was not the main
focus, and there were limitations with the available samples. It should be noted that, in
contrast to B16F10 cells, MNT-1 human cells generally do not exhibit the tendency to release
endogenously produced melanin into the extracellular medium. This was also confirmed
by our measurements of the absorbances of the culture medium, which did not show any
alteration after treatment with CYC (0-80 uM) (Figure S3). Similar to MNT-1 cells, primary
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human melanocytes (HEMn-LP cells) have no detectable release of melanin in culture
supernatants and were not taken into consideration. The process of melanin synthesis can
potentially yield the production of reactive oxygen species (ROS) [124]. Encouragingly, at
the concentrations at which treatment with CYC robustly stimulated melanin synthesis in
MNT-1 human cells, the cellular ROS levels were unaltered (Figure 54), thus suggesting
that increased melanin production does not contribute to ROS.

The dendrites of melanocytes are structures that contain actin and microtubules and
facilitate the transportation of melanosomes to the tips of the dendrites and subsequently
transfer them to adjacent keratinocytes [125,126]. Previous reports have shown that the
flavonoid compound kaempferol [127] and the Epimedii Folium extract (EFE) [128] stim-
ulated melanogenesis by increasing the dendrite growth of B16F10 cells. We have also
previously shown that a patented olive leaf extract formulation [39], as well as a standard-
ized hydrogenated extract of curcumin (Curowhite™) [65], enhanced dendrite growth in
MNT-1 human melanoma cells. In the current study, optical microscopy examination indi-
cated that CYC effectively enhanced dendrite number and length in B16F10 cell cocultures.
Keratinocytes are essential for ensuring the appropriate functioning of melanocytes [129].
This is because they have the capacity to control growth and differentiation through both
soluble mediators and direct cell-to-cell interactions [130]. Within the epidermal layer,
cross-talk between melanocytes and keratinocytes is observed; through the extension of
dendritic processes, melanocytes establish connections with keratinocytes, forming an
epidermal-melanin unit [131,132]. This intricate network facilitates the transfer of fully de-
veloped pigmented melanosomes to the cytoplasm of keratinocytes, which are positioned
precisely above the nuclei, bestowing a supranuclear parasol-like safeguard to shield the
cell from ultraviolet (UV) radiation [4,133-135].

The impact of CYC on melanogenesis was further assessed by utilizing a coculture
model, which involved the direct interaction between melanocytes and keratinocytes. This
model effectively mimics the in vivo conditions, wherein keratinocytes and keratinocyte-
derived factors exert regulatory control over proliferation, differentiation, and melanogene-
sis through intercellular communication [136-138]. Furthermore, the direct interaction of
keratinocytes and melanocytes in this coculture model enables melanin transfer to recapitu-
late in vivo conditions [71]. Our results demonstrate that in MNT-1 cells, CYC enhanced the
export of melanin to recipient keratinocytes, thus validating that it can also act on further
steps of melanogenesis that involve the export of the synthesized pigment. Our data reveal
that the observed stimulatory effects of CYC at a concentration of 80 uM were notably
augmented when the melanocytes were subjected to cocultivation with keratinocytes. In
B16F10 cell monocultures, the application of CYC resulted in a remarkable increase of
132.82%. Similarly, in B16F10 cell cocultures, the effect was even more pronounced, with
a substantial enhancement of 152.36%. Conversely, when CYC was administered at the
identical concentration, the impact on melanin synthesis in MNT-1 cell monocultures and
cocultures was comparatively lower, yet still significant, with increases of 65.23% and
105.30%, respectively. These findings suggest that keratinocytes exert a synergistic role in
the enhancement of melanogenesis by CYC. The utilization of a coculture model system
offers a convenient, replicable, and cost-effective approach for evaluating the effectiveness
of potential melanogenic regulatory chemicals. Coculture models with melanocyte to
keratinocyte at a physiological ratio of 1:5 were utilized as skin tissue substitutes for the
translational application of our findings obtained in monocultures. The average ratio of
melanocytes to keratinocytes in the skin of individuals under the age of 50 is approximately
1:5.8 [139]. Furthermore, the ratios of melanocytes to keratinocytes in the skin vary across
various body areas. Specifically, the ratios in the face, neck, and hip are 1:4, 1:5.1, and 1:5.7,
respectively [139]. Moreover, it has been observed that within the hair bulb, the melanocyte-
to-keratinocyte ratio is 1:5 [9]. Multiple previous reports have also utilized similar coculture
models and cell ratios [38,140-142]. For example, the study by Lei et al. [140] suggested
using cocultures to identify compounds that regulate melanogenesis and concluded that
among various ratios tested (1:1, 1:2, 1:5, and 1:10), the ratio of 1:5 was determined to
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be the most optimal for the experiments. Moreover, a recent study [38] that reported on
a polyherbal formulation of Melanogrit as a melanogenesis stimulator also employed a
ratio of 1:5 in their B16F10:HaCaT coculture experiments. A separate study [141] that
utilized a primary melanocyte and keratinocyte coculture model to study pigmentation
stimulators also employed a ratio of 1:5. Notably, MelanoDerm™, a commercially available
human skin equivalent (HSE) manufactured by MatTek Corporation (Ashland, MA, USA),
comprises human-derived melanocytes with well-differentiated keratinocytes, at a ratio of
1:10 [143]. Although these commercial HSEs provide a more accurate model in replicating
the physiological conditions of typical human skin, their utility in the extensive screening
of potential melanogenic compounds is limited by their high cost and the substantial time
and effort involved in their establishment and maintenance.

In order to determine the maximum increase in melanogenesis enhancement that can
be achieved in cocultures, the concentration of CYC selected for the experiments involv-
ing B16F10 and MNT-1 cell cocultures was 80 uM, the highest concentration. Therefore,
concentrations below that threshold were not investigated in the coculture experiments.
In HEMn-LP cells, we obtained a similar potent enhancement of melanin levels at a lower
concentration of 40 M. One limitation of the study was that we did not explore the po-
tential effects of coculturing HEMn-LP cells with keratinocytes. However, considering our
findings from cocultures involving human melanoma cells, it is plausible that melanin lev-
els would be even higher in cocultures with keratinocytes. Previous studies investigating
compounds that altered melanogenesis employed the Melanoderm tissue model [144,145],
where the compounds were applied topically at concentrations 8-fold [145] or 10-fold [144]
higher than those used in melanocyte cultures, suggesting that higher concentrations may
be necessary in 3D tissue to account for the permeation and diffusion of the compound.
The investigation of CYC’s melanogenesis-stimulating effects using the Melanoderm 3D
tissue (which has HEMn-LP cells with primary keratinocytes) with CYC would be the
next logical step. In addition, it may be necessary to apply CYC to these tissues at higher
concentrations. However, the most effective concentration would need to be determined
through experiments involving the evaluation of a range of concentrations.

In our study, the results of potent melanogenic effects by higher concentrations of
CYC are not influenced by the color of CYC or its interference in assays at the wave-
lengths used. The CYC powder appears off-white, and when dissolved in solution, it
lacks the typical yellow coloration seen in curcumin solutions. Additionally, the UV-Vis
spectra of CYC in solution exhibit a peak absorption at 368 nm, as shown in previous
studies [48,50,58], indicating no potential interference in assays. This is the first study
to report the melanogenesis-enhancing effects of CYC, and it contrasts with the effects
of curcumin, which exhibits an antimelanogenic effect in human melanocytes [44]. The
explanation of why CYC has a promoting effect while curcumin has an inhibitory effect on
melanogenesis can be attributed to their distinct chemical structures: curcumin possesses
an o, unsaturated diketone moiety, whereas CYC lacks this group but instead has an
«,f3 unsaturated dihydropyranone moiety. In our previous study [45], we showed the
critical role of the «,3 unsaturated double bonds (heptadiene moiety) of curcumin to be
necessary for the antimelanogenic activity of curcumin because tetrahydrocurcumin (THC),
a hydrogenated derivative of curcumin that lacked the double bonds by the diketone, was
shown to increase melanin production in BI6F10 and MNT-1 cells. However, comparing
THC with CYC, there is a wide difference in efficacy, as CYC is a robust stimulator of
melanogenesis, while THC modestly increases melanin production, the effects of which
were not confirmed in primary human melanocytes, unlike the case with CYC. Based on
this, it can be expected that CYC, which lacks the specific structural arrangement of cur-
cumin, may not inhibit melanogenesis. In our study, we observed that CYC could enhance
MITF protein levels, which might explain its capacity to increase melanin production and
also enhance dendricity to export a higher number of melanosomes. The elucidation of
the detailed mechanistic aspects of the potent enhancement of melanogenesis by CYC,
however, warrants further studies.
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MITF serves as the pivotal regulator of the processes of proliferation, survival, and
differentiation within melanocytes [146,147]. The mitogen-activated protein kinase (MAPK)
pathway is a well-established route involved in the production of melanin, primarily via
the activation of the P38, JNK, and ERK pathways [148]. It is well established that MITF
overexpression follows the activation of the p38 mitogen-activated protein kinase (MAPK)
signal pathway, which in turn promotes melanogenesis and dendrite growth [149,150].
The binding of a-MSH to the melanocortin-1 receptor (MC1R) triggers the activation of
adenylate cyclase, resulting in increased levels of cyclic adenosine monophosphate (cAMP),
which stimulates melanogenesis via the activation of the cAMP /protein kinase A (PKA)
signaling pathway, which plays a crucial role in the melanogenesis process [148,151,152].
The transcription factor SOX9 is also upregulated and is mediated by the cAMP/PKA path-
way [153]. This pathway is regulated by the phosphorylation and activation of the cAMP
response element binding protein (CREB) family transcription factors by PKA [154]. Conse-
quently, the upregulation of MITF leads to the stimulation of tyrosinase expression [151,155].
In the current study, only the protein levels of MITF and TYR were examined, while the
exploration of the protein levels of the melanogenesis intermediates, including Sox9, CREB,
adenylate cyclase activity, MC1R, and «MSH expression in cells after treatment with CYC
or the role of the cAMP/PKA signaling pathway in CYC-mediated stimulation of melano-
genesis, was not undertaken due to a few limitations and warrants further studies. The
various steps by which CYC stimulates melanogenesis are summarized in Figure 9. We did
not assess the molecular signaling pathways involved in the CYC-induced promotion of
melanogenesis since that was not the main objective of our investigation. Future studies
to examine these pathways are warranted. The proteins Rab27A, RhoA, and Cdc42 are
involved in controlling dendrite growth and melanosome export [156]. Future research is
required to evaluate the role of these proteins in enhanced melanosome export by CYC.
The elucidation of the contribution of these proteins in the upregulation of melanosome
export by CYC necessitates further investigations in future studies.
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Figure 9. Scheme showing the different targets at which CYC stimulates cellular melanogenesis.

As shown in a prior study [36], the compound piperine that has been translated into a
commercially available pigmentation stimulator product known as Pigmerise™ undergoes
a conversion from trans isomer to cis isomer when exposed to UVA irradiation, which
results in the cessation of its melanocyte proliferating and dendrite elongating capabili-
ties, consequently eliminating its capacity to enhance pigmentation. The authors of this
study [36] postulated that the loss of piperine activity may be attributed to the transition
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from a linear conformation in the trans compound to a more folded conformation in the cis
compound. Nevertheless, the authors proposed a need for careful consideration regarding
the timing or application of piperine to prevent exposure to UVA radiation. In the context
of our novel findings of the propigmentation effects of CYC, a compound that also exhibits
trans—cis photoisomerization upon UVA irradiation [50], it is unlikely the melanogenesis-
promoting capacity of CYC might be abrogated upon UVA irradiation. This is because,
unlike piperine, which solely stimulates melanocyte growth but not biosynthesis, CYC
stimulates melanin biosynthesis without affecting cell growth. In addition, CYC in its
trans state is naturally constrained in a semifolded or partially folded conformation, as
observed in a previous study [157] that elucidated its interactions with the amyloid Af3
(25-35) peptide. Therefore, given these rationales, we hypothesize that the CYC com-
pound is likely to maintain its propigmenting ability even after exposure to UVA radiation.
However, additional studies are required to substantiate this hypothesis thoroughly.

In this study, we utilized B16F10 and MNT-1 melanoma cell models for our pre-
screening. These cell lines are widely used for screening compounds that promote pig-
mentation [158-161]. However, the application of a compound like CYC, which enhances
melanogenesis, would be on human melanocytes to stimulate pigmentation in cases where
there is diminished pigment production due to hypopigmentation disorders or when
individuals from the Western population desire to increase pigmentation for cosmetic
purposes, such as achieving a tanned complexion. While there have been findings sug-
gesting that increased melanogenesis can be a risk factor for melanoma and hinder the
effectiveness of antimelanoma treatments, it is the abnormal stimulation of melanogene-
sis, known as melanomagenesis, that may pose a higher risk for melanoma, particularly
among Caucasians or individuals with red hair [162]. It is worth noting that the presence of
pheomelanin, in this case, has potential toxic effects and is considered a risk factor [162-165].
However, it is essential to mention that our current study did not specifically investigate
whether CYC exclusively promoted the production of eumelanin [164,165] without switch-
ing the pathway to pheomelanogenesis [107]. As the effects of CYC in our current study
show increased melanogenesis that is opposite to that of the compound curcumin, it may
be tempting to speculate that CYC may specifically enhance eumelanin formation without
impacting pheomelanin production. The NaOH-based spectrophotometric method is not
specific and lacks sensitivity since it only measures the total melanin content without
differentiating between eumelanin and pheomelanin. Pheomelanin content in cells may
be identified by pyrolysis—gas chromatography/mass spectrometry (Py-GC/MS) analysis,
which identifies the pyrolysis products of pheomelanin [166]. As reported in previous
studies, eumelanin and pheomelanin concentrations may be distinguished by chemical
degradation using high-performance liquid chromatography (HPLC) or electron paramag-
netic resonance (EPR) spectroscopy [167-172]. Because of some limitations, it is currently
not possible to carry out these analyses that require specialized equipment and expertise.
Therefore, additional studies are needed to determine eumelanin/pheomelanin contents
after CYC treatment in cells.

The findings presented herein offer compelling evidence supporting the feasibility of
employing CYC as a propigmenting candidate that increases melanin biosynthesis de novo
and increases the export of melanin to surrounding keratinocytes by increasing dendricity.
The compound CYC demonstrated effectiveness in suppressing tumor necrosis factor-alpha
(TNF-«) cytokine production in macrophages stimulated with lipopolysaccharide, indi-
cating its potential as an anti-inflammatory therapeutic for rheumatoid arthritis [56]. This
activity of CYC is beneficial in the context of its use for the treatment of vitiligo hypopig-
mentation, which is characterized by an elevated production of TNF-« [173]. Furthermore,
as the perilesional skin in active vitiligo shows not only impaired melanin synthesis but
also impaired melanosome export from melanocytes to keratinocytes [174], our promising
results on CYC indicate its potential use to stimulate pigmentation at both stages of melanin
synthesis and melanin export to keratinocytes. One of the notable merits exhibited by
CYC as a propigmenting candidate lies in its capacity to potently stimulate both melanin



Drugs Drug Candidates 2024, 3

426

biosynthesis (without affecting melanocyte proliferation) and melanin export in the absence
of any cytotoxicity to human keratinocytes. Furthermore, CYC'’s propigmenting capacity
was validated across a broad spectrum of concentrations when applied to primary human
melanocytes derived from Caucasian skin (Fitzpatrick skin type I-II) [175]. Moreover, it
does not possess the vibrant yellow color often associated with curcuminoids since its
solution in DMSO at concentrations used in this investigation lacked any color. This char-
acteristic is advantageous in its inclusion in cosmetic and medical formulations. Finally,
as demonstrated recently, it has been successfully formulated within a delivery system,
specifically utilizing the sulfobutylether-f3-cyclodextrin excipient [58]. A prior study using
SwissADME for in silico prediction [57] determined that CYC does not violate the Lipinski
rule of five and exhibits attributes indicative of a potential pharmaceutical compound. CYC
has no indications of hepatotoxicity, skin sensitivity, or mutagenicity and possesses an LDs
value of 1500 mg/kg [57]. These results provide valuable insights into the safety of CYC,
but further in vivo pharmacokinetic studies will be needed to assess its potential fully.

4. Materials and Methods
4.1. Materials

Cyclocurcumin (CAS# 153127-42-5, purity > 98%) was purchased from BioCrick
Biotech (Chengdu, China). Kojic Acid (KA) and L-DOPA were purchased from Sigma.
The reagent 2,2-diphenyl-1-picrylhydrazyl (DPPH) was obtained from Molecular Probes
(Eugene, OR, USA). MTS cytotoxicity assay was obtained from Promega Corp. (Madison,
WI, USA). Pierce™ bicinchoninic acid (BCA) protein assay kit was procured from Thermo
Fisher Scientific (Waltham, MA, USA). MITF cell-based ELISA and tyrosinase cell-based
ELISA kits were purchased from Lifespan Biosciences Inc. (Seattle, WA, USA).

4.2. Antioxidant Assay

The antioxidant activity of CYC was evaluated via the DPPH radical scavenging assay,
as described in our previous study [176]. Briefly, in a 96-well plate, a total of 180 uL of
DPPH reagent prepared in methanol was mixed with 20 uL of various concentrations of
CYC compound in triplicate, such that the final DPPH concentration was 60 pM in each
well, while the CYC concentrations ranged from 5 to 80 uM in each well. A negative control
consisted of buffer and DPPH. The maximum concentration of dimethyl sulfoxide (DMSO)
in each well was 0.5%. A positive control of Vitamin C (ascorbic acid; AA) at a concentration
of 10 uM was also examined. The microplate was covered and subjected to incubation for
30 min, after which the absorbance was determined at a specific wavelength of 517 nm.

4.3. Cell Culture

The B16F10 mouse melanoma cells and human keratinocyte HaCaT cells were pur-
chased from commercial vendors ATCC (Manassas, VA, USA) [177] and AddexBio (San
Diego, CA, USA), respectively [178]. B16F10 cells were cultured using Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum
(HI-FBS) and 1% antibiotics (penicillin-streptomycin). HaCaT cells were cultured in DMEM
with 10% HI-FBS and 1% antibiotics. The MNT-1 human melanoma cells were provided
by Dr. Michael Marks’ laboratory (University of Pennsylvania, PA, USA); these cells have
also been made available for purchase through the vendor ATCC [179]. We utilized the
well-validated MNT-1 cells in several of our previous studies [45,65,70]. MNT-1 cells
were cultivated in a growth medium consisting of 18% HI-FBS, 1% minimum essential
media (MEM), 1% antibiotics, and 10% AIM-V media (Invitrogen, Carlsbad, CA, USA).
Primary human epidermal melanocytes from a lightly pigmented neonatal donor (HEMn-
LP) were purchased from Thermo Fisher Scientific Inc. (Cascade Biologics™) [180]. These
cells are well-validated and have also been used in several of our previously published
studies [39,74,75], and they are cultivated using Medium 254 supplemented with 1% human
melanocyte growth supplement (Gibco™; Cat#: S0025) and 1% antibiotics. All cells were
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cultured in an incubator with 5% CO, at 37 °C and a humid atmosphere. TrypLE™ Select
(Gibco™; Cat#: 12563029) was used for detaching cells during routine culture.

4.4. MTS Cytotoxicity Assay

MTS is a tetrazolium salt that undergoes reduction to formazan when it interacts with
mitochondrial dehydrogenases. For the evaluation of the effects of CYC on viability with
the various cells used, we conducted MTS cytotoxicity assay. BI6F10 cells (4 x 10 cells per
well) were inoculated in a 96-well plate and cultured for 24 h. HaCaT cells (10 x 10? cells
per well) or MNT-1 cells (12 x 10% cells per well) were cultured for 48 h in a 96-well
plate. After this initial incubation period, the culture medium was replaced with CYC at
different concentrations (5, 10, 20, 40, 50, and 80 uM) such that the DMSO concentration
in all experimental groups, including the control group, was 0.4%. Subsequently, after
CYC addition, B16F10 cells, HaCaT cells, and MNT-1 cells were incubated for a further
72h, 72 h, and 5 days, respectively. Following the completion of treatments, the culture
medium was removed by aspiration and then substituted with 100 uL of respective fresh
media containing 20 puL of MTS and incubated at 37 °C. After this step, the absorbance was
measured at a wavelength of 490 nm using a microplate reader. The determination of cell
viability included the calculation of absorbance values in relation to control groups, after
blank subtractions, which were afterwards represented as a percentage.

4.5. Melanogenesis Assay in B16F10 and MNT-1 Monocultures

The determination of intracellular melanin and extracellular melanin in B16F10 cells
after a 3-day treatment with CYC (5-80 pM) was assayed according to the method described
in our previous publication [181]. KA is a widely recognized compound used for skin
depigmentation due to its ability to inhibit tyrosinase activity and suppress extracellular
melanin and intracellular melanin in B16F10 cells [76,182-184], hence it was employed as a
negative control for these endpoints in the melanogenesis experiments.

The levels of intracellular melanin in MNT-1 cells after a 5-day treatment with CYC
(5-80 uM) were determined based on the method described in our prior report [65]. Briefly,
cell pellets were heated in 250 uL of 1 N NaOH solution, then samples of the lysate
were placed into a 96-well plate and the absorbance was measured at 475 nm with a
microplate reader. The relative intracellular melanin content was expressed as the ratio of
the absorbance values and the total protein content that was calculated as a percentage of
the control group.

4.6. Tyrosinase Activity in B16F10 and MNT-1 Monocultures

The dopa-oxidase (catecholase) activity of tyrosinase was kinetically determined by
the rate of dopachrome formation at 475 nm. B16F10 cells (2 x 10* cells per well) were
seeded in 24-well plates and cultured for 24 h. Subsequently, different concentrations of
CYC (5, 10, 20, 40, 50, and 80 pM) were introduced to the cells, and they were incubated for
an additional 3 days. The cellular tyrosinase activity was determined based on the method
reported previously [39]. The experimental details of the determination of tyrosinase
activity in MNT-1 cells after a 5-day treatment with CYC compound are similar to the
methodology outlined in our prior publication [45]. Briefly, a total of 50 uL aliquot of
lysates (of B16F10 cells or MNT-1 cells) was transferred to a 96-well plate with the addition
of 100 uL of 3 mM L-DOPA substrate solution, and the rate of dopachrome formation was
measured kinetically (every 30 s) for a period of 30 min at 475 nm. The slope from the
linear range of the progress curves was utilized to determine the tyrosinase activity that
was normalized to the total protein contents and expressed as a percentage of the control

group.

4.7. Cell-Free Tyrosinase Activity

The direct effects of CYC (5, 10, 20, 40, 50, and 80 uM) on tyrosinase activity using a
mushroom tyrosinase enzyme source and L-DOPA substrate solution were determined
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based on the method in our previously published studies [45,79]. KA at 0.5 mM was used
as a control that is known to inhibit mushroom tyrosinase activity [185]. Briefly, 80 uL of
samples was combined with 100 uL of 6 mM L-DOPA solution in a microplate, and the rate
of dopachrome formation was measured kinetically for 10 min at 475 nm. The calculations
for relative tyrosinase activity were similar to those outlined in Section 4.6.

4.8. Determination of Melanogenic Proteins in MNT-1 Cells

The effects of a 5-day treatment with CYC (40, 50, and 80 uM) on tyrosinase and MITF
proteins in MNT-1 cells were determined by cell-based ELISA assay kits, similar to the
method described in our previously published study [65].

4.9. Melanogenesis Assay in Cocultures
4.9.1. B16F10:HaCaT Cocultures

Cocultures of B16F10 cells and HaCaT cells were established in accordance with our
prior study [70] and another study [186]. Briefly, BI6F10 and HaCaT cells were cocultured
at a 1:5 ratio in six-well culture plates using a 1:1 volume of a combined culture medium.
Following a 48 h incubation period, the cocultures were washed with Hank’s Balanced Salt
Solution (HBSS), and the growth medium was substituted with new medium containing
CYC at a concentration of 80 pM. The cocultures were then subjected to a further incubation
period of 3 days within a controlled incubator environment. Melanin levels were quantified
utilizing the hot sodium hydroxide lysis method, as previously described for B16F10
monocultures.

4.9.2. MNT-1:HaCaT Cocultures

MNT-1 and HaCaT cells were cocultured at a 1:5 ratio and treated with 80 uM CYC
for 5 days. The experimental details are similar to the method described in our previously
published report [70].

4.10. Experiments in Primary Human Melanocytes: HEMn-LP Cells

A total of 2.5 x 10* HEMn-LP cells per well were cultured in a 24-well culture plate
for 24 h, after which the CYC compound (at concentrations of 5, 10, 20, 40, 50, and
80 uM) was introduced, and the cultures were maintained for a duration of 6 days, with
CYC replenished once on the third day. After the 6-day incubations, the cultures were
aspirated, and 40 uL MTS reagent combined with 200 pL of fresh culture medium was
added to wells, and the plate was incubated at 37 °C for one hour. Subsequently, the
absorbances of aliquots were read in a microplate reader and expressed as a percentage of
control.

For determining cellular melanin contents after CYC treatment, HEMn-LP cells
(1.35 x 10° per well) were inoculated in a 6-well culture plate and grown for 24 h. Following
this, CYC (5, 10, 20, 40, and 50 uM) was introduced, and cultures were maintained for
6 days. The cells were harvested and solubilized using the addition of 125 pL. NaOH and
heated in a water bath to enable solubilization. The melanin contents were determined and
reported similarly to the methodology outlined in Section 4.5.

A total of 5.5 x 10* HEMn-LP cells were grown in 12-well culture plates, and the
compound was added (at concentrations of 5, 10, 20, 40, and 50 uM) after 24 h, and cultures
were kept for 6-day incubations. Subsequently, the tyrosinase activity in lysates of HEMn-
LP cells was determined according to the method outlined in our prior publication [75].
Briefly, 25 pL of lysates was combined with 75 pL of 3 mM L-DOPA solution, and the rate
of dopachrome was recorded kinetically at 475 nm for 20 min (every 30 s), and tyrosinase
activity was calculated similar to that outlined in Section 4.6.

4.11. Statistical Analysis

One-way analysis of variance (ANOVA) with Dunnett’s post hoc test was run using
GraphPad Prism software version 10.0 (La Jolla, San Diego, CA, USA). For a comparison of
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the two groups, a Student unpaired ¢-test was used. For all the analyses, normality was
checked by the Shapiro-Wilk test. Differences were considered statistically significant at
p < 0.05. All data are reported as mean £ standard deviation (SD). The symbol * was
chosen to represent a significance level of p < 0.05, ** for p < 0.01, *** for p < 0.001, and # for
p < 0.0001.

5. Conclusions

In conclusion, our results demonstrate that CYC, a curcuminoid compound found in
turmeric possesses the remarkable ability to not only stimulate the synthesis of melanin but
also induce the growth of dendrites and facilitate the transportation of melanosome from
melanocytes to keratinocytes at low micromolar concentrations. Hence, CYC is a potential
candidate for treating hypopigmentary disorders. Further research is required to clarify the
molecular processes that contribute to the promelanogenic impact of CYC. Additionally,
the effects of CYC should be investigated using in vivo or clinical studies to validate these
results.
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of extracellular melanin; data are mean of duplicates; Figure S4: ROS production in MNT-1 cells
measured using DCF fluorescence in cells after 5 days of treatment with CYC over a concentration
range of 0-80 uM; one-way ANOVA with Dunnett’s post hoc test; data are averages of values
combined from two independent experiments (1 = 4).
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