
Citation: Goenka, S. Comparative

Study of the Effects of Curcuminoids

and Tetrahydrocurcuminoids on

Melanogenesis: Role of the Methoxy

Groups. Future Pharmacol. 2024, 4,

256–278. https://doi.org/10.3390/

futurepharmacol4010016

Academic Editor: Francesco Maione

Received: 4 December 2023

Revised: 29 February 2024

Accepted: 29 February 2024

Published: 8 March 2024

Copyright: © 2024 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Comparative Study of the Effects of Curcuminoids and
Tetrahydrocurcuminoids on Melanogenesis: Role of the
Methoxy Groups
Shilpi Goenka 1,2

1 Department of Biochemistry and Cell Biology, Stony Brook University, Stony Brook, NY 11794-5215, USA;
shilp.goenka@gmail.com

2 Department of Biomedical Engineering, Stony Brook University, Stony Brook, NY 11794-5281, USA

Abstract: Curcuminoids are naturally occurring yellow-colored compounds that, when hydrogenated
to remove their conjugated double bond, become colorless and are referred to as tetrahydrocurcumi-
noids. Curcuminoids consist of pure curcumin (PC) in major amounts and demethoxycurcumin (DC)
and bisdemethoxycurcumin (BDC) in minor amounts. Tetrahydrocurcuminoids similarly consist
mainly of tetrahydrocurcumin (THC), along with minor amounts of tetrahydrodemethoxycurcumin
(THDC) and tetrahydrobisdemethoxycurcumin (THBDC). Previous studies have shown the inhibitory
effects of PC, DC, and BDC on melanin production, but there are contradictory findings about THC.
In addition, there are currently no reports on the effects of THDC and THBDC on melanogenesis.
Our previous report described that, in contrast to PC, which suppressed melanin production, THC
stimulated melanin production in B16F10 and MNT-1 cells; this effect was ascribed to the loss of the
conjugated heptadiene moiety of PC. However, whether this finding can be generalized to the two
curcumin derivatives (DC and BDC), such that THDC and THBDC might also stimulate melanogene-
sis, has not been addressed. Herein, a comparative study of six curcumin derivatives (PC, DC, BDC,
THC, THDC, and THBDC) was undertaken to identify their effects on melanogenesis with the goal
of elucidating the structure–activity relationships (SARs) focused on assessing the two regions of
the parent curcumins’ structure: (i) the hydrogenation of the two double bonds bridging the phenyl
rings to the β-diketone moiety, and (ii) the effect of the ortho-methoxy substituent (-OCH3) on the
two phenyl rings. To determine the direct effects of the six compounds, antioxidant activity and
tyrosinase activity were assessed in cell-free systems before cellular experiments utilizing the B16F10
mouse melanoma cells, MNT-1 human melanoma cells, and primary cells. Evaluations were made
on cytotoxicity, melanin concentration, and cellular tyrosinase activity. The results showed that
BDC inhibited melanogenesis in B16F10 and MNT-1 cells. However, it was ineffective in primary
human melanocytes, while THBDC continued to exhibit anti-melanogenic capacity in normal human
melanocytes. Moreover, these findings provide a novel perspective into the role of the methoxy
groups of PC on the biological effects of melanogenesis and also confirm that the removal of the
conjugated double bonds abolishes the anti-melanogenic capacity of PC and DC only, but not BDC,
as THBDC maintained anti-melanogenic activity that was greater than BDC. However, the outcome
is contingent upon the specific kind of cell involved. To the best of our knowledge, this work presents
novel findings indicating that the anti-melanogenic capacity of the colored BDC is not only intact
but enhanced after its hydrogenation as observed in THBDC. The findings show potential for using
colorless THBDC as a pharmacological candidate to diminish the increased pigmentation charac-
teristic of skin hyperpigmentation disorders. Future pharmacological therapeutics that incorporate
pure THBDC or THBDC-enriched extracts, which retain both a colorless appearance and potent
anti-melanogenic activity, can be applied to compounds for anti-melanoma therapeutics where the
demand for nontoxic novel molecules is desired for established efficacies.
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1. Introduction

Melasma, café-au-lait macules, solar lentigo, post-inflammatory hyperpigmentation,
ephelides, lichen planus pigmentosus, and periorbital melanosis are some common hyper-
pigmentation skin disorders [1,2]. These occur due to overstimulation of melanogenesis, a
biochemical process that involves the synthesis and distribution of the pigment melanin.
Typically, this is carried out by melanocytes within lysosome-related organelles, known
as melanosomes, contained within the melanocyte cytoplasm. Tyrosinase, a key enzyme,
exerts a pivotal regulatory function in the process of melanin pigment biosynthesis. The
process of melanin synthesis commences with the oxidation of tyrosine, resulting in the
formation of dopaquinone (DQ), facilitated by the enzyme tyrosinase [3]. Tyrosinase in-
hibitors possess clinical utility in managing dermatological conditions characterized by
melanin overproduction and hold significance in cosmetics and clinical fields due to their
ability to diminish excessive pigmentation [4–7]. Numerous extracts derived from plants
or phytochemicals have shown potential anti-melanogenic properties, as supported by
in vitro cell culture experiments or 3D human-skin-tissue models. As an example, the
production of melanin in B16F10 mouse melanoma cells was diminished using Korean red
ginseng extract through the inhibition of cellular tyrosinase activity [8]. A separate study
also demonstrated that the primary bioactive compound, ginsenoside F1, derived from the
Panax ginseng plant, exhibited inhibitory effects on melanin export in coculture and skin
tissue models [9].

Curcuma longa, more commonly known as turmeric, is classified as a member of the
Zingiberaceae family and the Curcuma genus. The crop is grown in tropical and subtropical
climates all over the globe, but it is widespread in the nations of Southeast Asia and the Indian
subcontinent [10,11]. Turmeric is well recognized as a golden spice that offers several health
advantages and primarily consists of a curcuminoid class of compounds. The curcuminoid
content in turmeric rhizome varies depending on the type, often ranging from around 3% to
8% by weight [11]. Curcuminoids refer to a combination of pure curcumin (PC), demethoxy-
curcumin (DC), and bisdemethoxycurcumin (BDC). The composition of turmeric extracts
primarily consists of PC, which accounts for a significant proportion ranging from 75% to 81%.
Subsequently, DC is present in concentrations of 15% to 19%, while BDC is found in lower
quantities, ranging from 2.2% to 6.5% [12]. The curcuminoids have comparable chemical
structures, with the exception of the varying number of methoxy groups on the two phenyl
moieties. PC contains a methoxy group on both of its phenyl moieties, whereas DC only has a
methoxy group on one of its phenyl moieties, and BDC does not have any methoxy groups
(Figure 1A). Curcuminoids possess diverse pharmacological properties, including but not
limited to anti-inflammatory, anti-angiogenic, antioxidant, anticancer, and immunomodulat-
ing actions [13]. Curcumin, the principal constituent of curcuminoids, exhibits remarkable
therapeutic potential owing to its pleiotropic characteristics, which facilitate its efficacious
targeting of a multitude of molecules implicated in various pathological states [14–16]. PC was
shown to exert anti-inflammatory and antioxidant properties, as was extensively documented
previously [17,18]. On the contrary, it has been observed that DC and BDC exhibit enhanced
efficacy in inhibiting the proliferation of neoplastic cells compared to PC [19]. BDC was shown
to demonstrate a higher level of biological activity compared to other curcuminoids [20].
Moreover, BDC had the most potent antibacterial action, while curcumin showed the least
efficacy [21].
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The conjugated unsaturated system is responsible for giving curcuminoids their char-
acteristic yellowish coloration. The reduction of the double bonds in vivo, through the
metabolism of curcumin, or through a chemical hydrogenation reaction employing catalysts,
results in tetrahydrocurcumin (THC), a color-free compound [22,23]. Tetrahydrodemethoxy-
curcumin (THDC) and Tetrahydrobisdemethoxycurcumin (THBDC) are the other two col-
orless tetrahydrocurcuminoids that result from the chemical reduction of purified DC and
BDC, respectively [23]. The chemical structures of THC, THDC, and THBDC are shown
in Figure 1B. According to a prior study [24], there is a correlation between the number
of methoxy groups in curcumin metabolites and their inhibitory effects on human colon
cancer cells. Specifically, THBDC exhibited the most pronounced inhibitory effects on
cellular migration in colon cancer cells compared to THDC and THC. Multiple studies have
shown that curcumin has limited stability in aqueous buffer at a physiological pH [25–28].
Moreover, curcumin exhibited lower stability than BDC in a physiological medium [29].
Another study showed that curcumin exhibited lower stability compared to THC in a
culture medium, with a 4.37-fold lower half-life [27].

Several earlier studies [30–33] have established the anti-melanogenic efficacy of Cur-
cuma longa extracts in vivo and in vitro. For example, the oral administration of turmeric
extracts significantly decreased the size of melanin granules in the epidermis of hairless
mice subjected to prolonged UVB radiation exposure [30]. A nine-week application of
a cream containing turmeric extract in Asian women significantly diminished hyperpig-
mented spots on the face [33]. Another study reported the inhibitory effects of Curcuma
longa extract on mushroom tyrosinase activity [31]. In a separate study [32], a partially
purified Curcuma longa extract showed potent inhibition of cellular tyrosinase activity and
melanin production in hormone-stimulated B16F10 cells. Noteworthily, other studies that
reported the anti-melanogenic effect of curcumin in B16F10 mouse melanoma cells [34]
or primary human melanocytes [35] utilized a curcuminoids mixture containing 65–75%
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curcumin rather than purified curcumin. Additionally, they employed different exper-
imental conditions, such as the use of α-melanocyte-stimulating hormone (MSH). Our
earlier studies [36–38] were the first to report on the anti-melanogenic effects of purified
curcumin (99% purity) on in vitro melanogenesis using B16F10 cells, although the purified
curcumin compound failed to exhibit any discernible anti-melanogenic activity in MNT-1
human cells or primary human melanocytes. Recently, a study [39] established that purified
curcuminoid compounds, PC, DC, and BDC, suppressed melanogenesis, with the effects of
BDC being the most potent without toxicity, as shown in B16F10 cells and zebrafish in vivo
models. As the authors [39] did not provide the purity of the PC compound in their study,
which was procured from Sigma-Aldrich, it is likely that it was also not of high purity.

The effects of tetrahydrocurcuminoids on melanogenesis have yielded inconclusive
findings. For instance, commercially available products such as Tetrahydrocurcuminoids®

CG (comprising 95% Tetrahydrocurcuminoids) and Sabiwhite® (comprising 96% THC),
developed by Sabinsa Corporation (East Windsor, NJ, USA), are marketed as agents for
skin lightening that inhibit melanogenesis [40,41]. Nevertheless, it has been observed that
the application of an undisclosed composition of a tetrahydrocurcuminoid cream in a
commercial setting resulted in an augmentation of melanogenesis when exposed to UVB
radiation in vivo. Additionally, tetrahydrocurcuminoids have been identified as efficacious
agents for inducing self-tanning [42]. Our previous study demonstrated that purified THC
stimulated melanogenesis in B16F10 and MNT-1 cells [37]. Conversely, another study
employing low or high concentrations of THC in hormone-stimulated B16F10 cells revealed
inhibitory effects on melanogenesis [43,44].

No research has been conducted so far on the effects of the isolated compounds THDC
and THBDC on melanogenesis utilizing B16F10 mouse cells. Moreover, the effects of THDC,
THBDC, DC, and BDC on melanogenesis in human melanocytes has yet to be explored.
Evaluating the biological efficacy of naturally occurring compounds in human cells is an
essential step in the process of determining whether the compound has the potential to
be used as a pharmacological therapeutic for inhibiting skin hyperpigmentation. This
is because the biological activity of a molecule tested in an in vitro setting consisting of
mouse cells may differ from the biological activity displayed in a human cell culture
system. This phenomenon has been observed in the case of naturally occurring compounds,
including gomisin N [45], citric acid [46], and quercetin [47,48]. The author’s previous
study showed that, in contrast to PC, THC stimulated melanin synthesis in both B16F10 and
MNT-1 cells [37]; this effect was ascribed to the crucial role of the double bonds since THC
differs from PC due to the absence of conjugated double bonds of the heptadiene moiety.
However, to test if this result can be generalized to the other derivatives of curcumin (DC
and BDC), such that THDC and THBDC might also stimulate melanogenesis, the three
purified curcuminoids (PC, DC, and BDC) and the three purified tetrahydrocurcuminoids
(THC, THDC, and THBDC) were evaluated to identify their effects on melanogenesis
and the role of structure–activity relationships (SARs) in eliciting the biological effects.
PC and THC were included as reference controls to enable comparison to the other two
curcuminoids and their respective tetrahydrocurcuminoids. The study of SARs was focused
on assessing the two regions of the parent curcumin’s structure: (i) the hydrogenation
of the two double bonds bridging the phenyl rings to the β-diketone moiety, and (ii) the
impact of the ortho-methoxy substituent (-OCH3) on the two phenyl rings. The search
for novel anti-melanogenic compounds necessitates a thorough SAR study to identify
the key regions of the chemical structure of a candidate compound and to provide a
foundation for the design of novel pharmacological derivatives. The implications of these
findings are of significant importance in the advancement of curcumin-based therapeutics
and underscore the value of using in vitro cell cultures in the process of discovering
future pharmacological agents. The outcomes of this study possess potential utility in the
development of improved pigmentation inhibitors, which may be regarded as promising
pharmacological entities in the advancement of therapeutic strategies for the mitigation or
management of hyperpigmentation disorders arising from excessive melanin synthesis.
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2. Materials and Methods
2.1. Materials

Pure Curcumin (PC; 99% purity) was acquired from Selleck Chemicals (Houston, TX,
USA). Bisdemethoxycurcumin (BDMC; >98% purity) and Demethoxycurcumin (DMC;
>99% purity) were purchased from MedChem Express LLC (Monmouth Junction, NJ, USA).
Tetrahydrocurcumin (THC; >95% purity) was obtained from Chemscene Inc. (NJ, USA).
Tetrahydrodemethoxycurcumin (THDC; 95% purity) and Tetrahydrobisdemethoxycur-
cumin (THBDC; 95% purity) were purchased from MuseChem (Fairfield, NJ, USA). A
20 mM stock solution of the six compounds was prepared using 100% dimethyl sulfoxide
(DMSO) solvent. This solution was then aliquoted and stored at −20 ◦C until use. MTS cyto-
toxicity assay (CellTiter 96® Aqueous One Solution Reagent) was purchased from Promega
Corp. (Madison, WI, USA). Mushroom tyrosinase, L-DOPA, and kojic acid (KA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The 2, 2-diphenyl-1-picrylhydrazyl
(DPPH) radical reagent were procured from Molecular Probes Inc. (Eugene, OR, USA).

2.2. Mushroom Tyrosinase Activity

The evaluation of the direct effects of the six compounds on tyrosinase enzyme activity
was conducted with mushroom tyrosinase enzyme in conjunction with L-DOPA substrate.
This evaluation was performed utilizing the methodology outlined in our previous publi-
cations [38,49].

2.3. DPPH Radical Scavenging Assay

The antioxidant activity of all the compounds was evaluated using the DPPH radical
solution, following the methods described in our earlier publication [50]. The DPPH
scavenging activity was reported as a percentage of the untreated control group.

2.4. Cell Culture

B16F10 mouse melanoma cells (CRL-6475™) were procured from the American Type
Culture Collection (ATCC; Manassas, VA, USA), and HaCaT cells were obtained from
AddexBio (San Diego, CA, USA). Both sets of cells were maintained using Dulbecco’s
modified eagles’ medium (DMEM) containing 10% heat-inactivated fetal bovine serum
(HI-FBS) and 1% antibiotics (penicillin-streptomycin). MNT-1 human melanoma cells were
graciously provided by Dr. Michael Marks (University of Pennsylvania, Philadelphia,
PA, USA) and were cultured using DMEM supplemented with 18% HI-FBS, 10% AIM-V
medium, 1% antibiotics, and 1% minimum essential medium (MEM). Primary human
melanocytes from darkly pigmented donor (HEMn-DP cells; Cascade Biologics™, C2025C,
Portland, OR, USA) were acquired through the vendor Thermo Fisher Scientific, Inc.
(Waltham, MA, USA), and cultivated using medium 254 supplemented with 1% human
melanocyte growth supplement and antibiotic mixture.

2.5. MTS Cell Viability Assay

A total of 5 × 103 B16F10 cells were seeded in each well of a 96-well plate. After 24 h,
the test compounds were added at concentrations ranging from 5 to 40 µM. To generate
the working concentrations of 5, 10, 20, and 40 µM utilized in the experiments, working
stock solutions were prepared using 100% DMSO at 250× concentrations of 1.25, 2.5, 5,
and 10 mM. These stock solutions were then diluted (at a dilution factor of 250) using the
culture medium to maintain a constant final DMSO concentration of 0.4%, which does not
cause cytotoxicity. Consequently, 0.4% DMSO was used to treat the control group in each
experiment. The cultures were maintained for three days.

For the experimentation involving other cells, MNT-1 cells and HaCaT cells were
cultivated in 96-well plates at a density of 12 × 103 and 7 × 103 cells per well, respectively,
for a duration of 24 h. Following this, the culture medium was substituted with the
test chemicals, and the cultures were sustained for a period of 5 days, during which
the compounds were renewed on the third day of culture. In the case of HEMn-DP
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cells, a quantity of 10 × 103 cells was cultivated in a 96-well plate for a duration of 24 h.
Subsequently, the test compounds were added, and the cultures were sustained for a
period of 6 days, with one instance of compound renewal over this period. At the end of
treatments with compounds, the viability of different cells was estimated, which involved
incubation of cells with a mixture of culture medium and MTS reagent for 60–90 min at
37 ◦C. The spectrophotometric measurement of the absorbance of aliquots at a wavelength
of 490 nm was performed using a Versamax™ microplate reader (Molecular Devices,
San Jose, CA, USA).

2.6. Estimation of Cellular Melanin Content

The melanin contents in B16F10 cells after 72 h treatment with the test compounds
were evaluated according to the method described in our previous study [37]. For the
measurement of melanin content in MNT-1 cells, 1.2 × 105 cells/well were seeded in a
12-well plate, and after 24 h, the compounds were added at different concentrations, and
cultures were incubated for 5 days. Subsequently, melanin contents were determined based
on a methodology similar to that used in B16F10 cells.

HEMn-DP cells (2 × 105 cells/well in 3 mL medium) were cultured in six-well culture
plates for three days. After this, the medium was replaced with compounds containing
fresh medium, and cultures were kept for a duration of 6 days (with one compound renewal
in between). At the end of treatments, cells were harvested and solubilized in 125 µL of
hot NaOH, and aliquots of lysates were transferred to a 96-well plate. The relative melanin
content was determined according to the method described above.

2.7. Intracellular Tyrosinase Activity

In 24-well tissue culture plates, B16F10 cells were grown at a density of 2 × 104 cells
per well. After a period of 24 h, the medium was changed, test compounds were added,
and the plates were cultured for a further three days. After the completion of the treatments,
the cells were detached, and the cell pellets were rinsed in PBS, lysed with lysis buffer for
20 min while being placed on ice, and centrifuged afterward. After that, 25 µL of lysates
were aliquoted onto a 96-well microplate, and then 75 µL of a solution containing 3 mM
L-DOPA was added. After that, the absorbance was determined using a microplate reader
and measured in kinetic mode at 475 nm for ten minutes. The linear range of the slope of
velocities of inhibition was used to determine the percentage of tyrosinase activity.

MNT-1 cells (6 × 104 cells/well) were seeded in a 24-well plate, and after 24 h of
culturing, the test compounds were added to the cultures and maintained for five days.
At the end of treatments, cells were lysed and processed, similar to the method described
above, with the exception that the activity was measured for a period of 30 min.

2.8. Statistical Analysis

All the analyses were conducted using GraphPad Prism statistical software (version
10.0), and data are reported as mean ± SD. One-way analysis of variance (ANOVA) with
Dunnett’s post hoc test was run in all experiments except the melanin content experiments
in HEMn-DP cells, where a Student’ t-test was used. The differences were deemed statisti-
cally significant at a significance level of p < 0.05. The following symbols indicated different
degrees of significance: * p < 0.05 vs. control, ** p < 0.01 vs. control, $ p < 0.001 vs. control,
and # p < 0.0001 vs. control.

3. Results
3.1. Effect of Compounds on Mushroom Tyrosinase Activity and Antioxidant Activity in a
Cell-Free System

Results show that DC has a somewhat greater effect on the inhibition of mushroom
tyrosinase activity compared to PC, while BDC has a weak inhibitory effect, which is
less than that of PC or DC (Figure 2A). Next, both THC and THDC lost the tyrosinase
activity inhibitory effects of PC and DC, respectively, while in the case of THBDC, the
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inhibitory activity was enhanced at a concentration of 40 µM as compared to BDC at
40 µM (Figure 2A). A superior inhibition of 32.90% was obtained for THBDC (40 µM) as
compared to an inhibition of 19.93% by BDC at the same concentration. Interestingly, at
the concentration of 20 µM, BDC and THBDC inhibited the activity by 13.54% and 15.75%,
which was nearly identical (Figure 2A).
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Collectively, these results indicate that the loss of both methoxy groups of PC will neg-
atively impact its mushroom tyrosinase-inhibitory activity, while the loss of one methoxy
group seems to have no impact or might enhance the activity to some degree. On the
contrary, the chemical reduction of PC will lead to complete abrogation of the inhibitory
activity, which, however, can be rescued with the addition of two methoxy groups (resulting
in THBDC) at the highest concentration of 40 µM.

The DPPH antioxidant assay findings revealed that DC had a higher antioxidant
activity than PC, while BDC had no antioxidant activity (Figure 2B). THC showed greater
antioxidant activity than parent PC. THDC lost the antioxidant activity of parent compound
DC to some degree at concentrations ≥ 10 µM, while THBDC lacked antioxidant activity
altogether (Figure 2B). The mean IC50 values of the DPPH assay of PC, DC, and THC were
determined to be 31.78 µM, 24.97 µM, and 14.54 µM, respectively.

Altogether, these results reveal that the hydrogenation of the heptadiene moiety of PC
enhances its antioxidant activity. However, successive removal of one and two methoxy
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groups of THC leads to a diminution of the antioxidant activity with no antioxidant activity
for bisdemethoxy compounds, irrespective of the hydrogenation.

3.2. Effect of Compounds on Viability and Melanin Production in B16F10 Cells

The MTS assay results show that PC and DC were markedly cytotoxic in a similar
manner at higher concentrations of 20 and 40 µM; PC significantly lowered viability to
10.35% and 13.30%, while DC lowered viability to 9.18% and 10.74% at 20 and 40 µM,
respectively (Figure 3A). At the same time, the other four compounds did not exert any
cytotoxicity over the 5–40 µM concentration range (Figure 3A). Based on cytotoxicity data,
PC and DC were selected only at concentrations of 5 and 10 µM, while the other four
compounds were selected at 5–40 µM for the determination of melanin contents.
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of pellets of B16F10 cells after treatment with different compounds shown from a representative
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(n = 4). * p < 0.05, ** p < 0.01, and # p < 0.0001 versus control.

The visual observation of pellets of B16F10 cells after treatment with all six compounds
showed visibly lighter color (compared to untreated control) over more comprehensive
concentration ranges, specifically for BDC and THBDC, while PC and DC showed lighter
color only at the highest concentration of 10 µM (Figure 3B). Moreover, THDC did not
show any major change, although THC-treated cells showed the opposite effect and pellets
appeared darker at the highest concentration (Figure 3B). KA, a known skin lightener,
employed as a positive control (at 500 µM concentration) showed a lighter pellet (Figure 3B).

The qualitative observations were corroborated using the semi-quantitative method of
determination of relative cellular melanin contents. PC significantly suppressed melanin
content by 28.25% at 10 µM, while THC showed no change at 10 µM, but instead stimulated
melanin content significantly by 20.50% at 40 µM (Figure 3C). DC significantly suppressed
melanin content by 23.27% at 10 µM, while THDC showed no significant changes at any
concentration (Figure 3D). Lastly, treatment with BDC led to significant suppressions of
29.05%, 40.61%, and 65.18% at 10, 20, and 40 µM concentrations, respectively (Figure 3E).
Interestingly, most of the suppressive capacity of BDC on melanogenesis was retained in
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its hydrogenated counterpart, THBDC, which showed significant suppressions of 26.02%,
31.82%, and 30.70% at 10, 20, and 40 µM concentrations, respectively, although the greatest
suppression could not be achieved (Figure 3E).

Collectively, these findings suggest that at the concentration of 10 µM, PC, DC, and
BDC exhibit similar capacities to suppress cellular melanin, which is lost after the hydro-
genation of PC and DC; however, the removal of both methoxy groups of THC rescues this
capacity as seen in THBDC at 10 µM, thus indicative of the key requirement of the removal
of both methoxy groups.

3.3. Effect of Compounds on Tyrosinase Activity in B16F10 cells

PC at 5 and 10 µM significantly suppressed B16F10 cell tyrosinase activity by 12.46%
and 11.06%, respectively (Figure 4A), while the hydrogenated compound THC had no
effect. DC and THDC compounds had no discernible impact on tyrosinase activity across
all concentrations (Figure 4B). Lastly, BDC significantly suppressed tyrosinase activity
by 37.77% at 40 µM, with no change at lower concentrations. In comparison, THBDC
suppressed tyrosinase activity to a similar degree, with a significant inhibition of 31.21% at
40 µM (Figure 4C).
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Overall, these results indicate that the tyrosinase-inhibitory capacity of PC is lost
either after the removal of one or both methoxy groups or by its hydrogenation. However,
tyrosinase-inhibitory capacity is enhanced in the case of the removal of both methoxy
groups at higher concentrations (as in BDC), and this inhibitory capacity is maintained
despite the corresponding hydrogenation (as in THBDC).

3.4. Effect of Compounds on Viability and Melanin Production in MNT-1 Cells

PC displayed significant cytotoxicity to MNT-1 cells at the highest concentration of
40 µM, with viabilities lowered to 21.56%, while DC showed greater cytotoxicity with a
significant decline in viability to 12.64% at 40 µM (Figure 5A). At the same time, the other
four compounds were nontoxic over the entire concentration range (Figure 5A).

PC did not inhibit cellular melanin levels, although a trend for their increase was
seen, while THC significantly enhanced melanin levels over a wide concentration range
(Figure 5B). Next, DC and THDC showed a disparate effect, where DC at 10 µM significantly
increased melanin levels by 19.48%, while THDC significantly increased melanin levels
by 27.05% at 5 µM, while, at all other concentrations, none of the two compounds exerted
any effect (Figure 5C). Treatment with BDC resulted in the significant suppression of
melanin content by 15.89% at 40 µM, with no change at lower concentrations (Figure 5D).
Interestingly, treatment with THBDC resulted in suppression of melanin content at multiple
concentrations, with significant decreases by 22.44%, 21.25%, and 24.91% at 10, 20, and
40 µM, respectively (Figure 5D).
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Together, these results show that the hydrogenation of PC leads to a stimulatory effect
on melanogenesis, as seen in THC. Moreover, the removal of both methoxy groups is
necessary to achieve a melanogenesis-inhibitory effect, as BDC and THBDC, both of which
lack the two methoxy groups, were the only compounds to exert an anti-melanogenic
effect. Moreover, it can also be observed that the hydrogenated compound THC, which
stimulates melanogenesis, can turn into a melanogenesis inhibitor if both methoxy groups
are eliminated (as in THBDC).

3.5. Effect of Compounds on MNT-1 Cell Morphology

MNT-1 cells treated with THBDC (20 and 40 µM) appeared visually lighter with lesser
melanin pigment compared to the control and other groups, as observed microscopically
(Figure 6). These data corroborate the spectrophotometric results of MNT-1 cells where BDC
and TBDC showed anti-melanogenic capacity, while the other four compounds showed no
inhibitory effects.

3.6. Effect of Compounds on Tyrosinase Activity in MNT-1 Cells

PC did not alter tyrosinase activity at any concentration in MNT-1 cells (Figure 7A),
while DC suppressed the activity by 27.31% at 20 µM (Figure 7B). At the same time, BDC
significantly inhibited the activity of tyrosinase by 36.88% and 48.30% at 20 and 40 µM,
respectively (Figure 7C). THC and THDC had no significant effects on the tyrosinase
activity (Figure 7D,E), while THBDC treatment significantly inhibited tyrosinase activity
by 26.06%, 36.01%, and 58.44%, at 10, 20, and 40 µM, respectively (Figure 7F). Overall,
the results indicate a potential correlation between the anti-melanogenic effects of BDC
and THBDC, which may be attributed, at least partially, to the inhibition of tyrosinase
enzyme activity.
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versus control.



Future Pharmacol. 2024, 4 267

3.7. Effect of Compounds on HaCaT Cell Viability

Results showed that in HaCaT cells, treatment with PC at concentrations of 20 and
40 µM resulted in pronounced cytotoxic effects, which, after the removal of one methoxy
group (as in DC), did not change the cytotoxic effect, but with successive removal of the
second methoxy group (as in BDC), abolished the cytotoxicity by some amounts. DC
was, however, also cytotoxic at 10 µM, unlike PC and BDC (Figure 8). Both THC and
THDC showed no cytotoxicity at any concentration. However, THBDC showed significant
cytotoxicity; viability was lowered by 23.16% and 45.24% at 20 and 40 µM, respectively
(Figure 8).
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Together, these data suggest that the hydrogenation of PC and DC abolished their
cytotoxicity to HaCaT cells. However, hydrogenation of BDC did not abolish the cytotoxic-
ity, which remained high at 20 µM and were still significantly elevated compared to the
untreated control, even at 40 µM.

3.8. Effect of Compounds on HEMn-DP Cells

Due to their remarkable impact on diminishing melanogenesis, the selection for
subsequent experiments on primary human melanocytes (HEMn-DP cells) was limited
exclusively to BDC and THBDC. The results of the MTS assay in HEMn-DP cells showed
that the compounds THBDC and BDC did not compromise HEMn-DP cell viability; instead,
a sharp increase was seen at all concentrations (Figure 9A,B).

Based on visual observations, THBDC seemed to diminish melanin production within
cells at higher concentrations, as the pellet color was lighter than the control (Figure 9C).
Estimation of relative melanin contents confirmed that THBDC significantly diminished
melanin production in cells; a significant reduction of 12.06%, and 18.68% was obtained
at 20 and 40 µM, respectively (Figure 9D), while BDC did not seem to inhibit melanin
production (Figure 9E).
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4. Discussion

The findings of this study demonstrate that the number of methoxy groups and
the conjugated double bonds in the structure of curcumin exert a critical influence on
the anti-melanogenic capacity that is cell-type-specific. The anti-melanogenic and anti-
tyrosinase activities of BDC were retained or enhanced for THBDC, which is a novel
finding. Furthermore, the anti-melanogenic capacity of DC in B16F10 cells was abolished
when it was hydrogenated to THDC. In contrast, in MNT-1 human cells, DC showed
the opposite effect of stimulating melanogenesis that was retained in THDC at a lower
concentration. Hence, our earlier discovery [37] that the removal of the conjugated double
bond of PC results in the loss of PC’s anti-tyrosinase and anti-melanogenic activity cannot be
generalized to other curcumin derivatives (DC and BDC) and is specific to PC. Notably, this
finding corroborates the findings of our recently published study [51], where TH-CMC2.24
(obtained using hydrogenation of CMC2.24, a novel BDC analog) was demonstrated to
be a more robust inhibitor of melanogenesis as compared to CMC2.24 in primary human
melanocytes. In addition, TH-CMC2.24 exhibited nontoxicity in HaCaT cells over a wide
concentration range up to 36 µg/mL (84 µM), while THBDC in the current study was
cytotoxic to HaCaT cells at concentrations ≥20 µM. Hence, the novel results of this study
provide a solid basis for future design and pursuit of THBDC-based novel analogs as
pharmaceuticals for the treatment of skin hyperpigmentation disorders.

Our results indicate that the IC50 value for antioxidant activity of THC is 2.19-fold
lower than PC, which is in line with a prior study [52] that also showed similar IC50 values,
with THC exhibiting a 1.85-fold lower IC50 compared to PC, which aligns with the current
results. BD and THBDC showed no antioxidant activity, while THDC only showed activity
at 40 µM. The ranking order of potency of the six compounds in antioxidant activity is
THC >> DC > PC > THDC > BD = THBDC. As shown previously, the presence of an
ortho-methoxy group in PC confers increased stability of the phenoxy radical [53] and has
been shown to be essential in imparting antioxidant characteristics to this molecule [54].
The ortho-methoxy phenol group has the capacity to form an intramolecular hydrogen
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bond with the phenolic hydrogen, hence facilitating the hydrogen atom abstraction from
ortho-methoxy phenols [55,56]. The significance of the hydrogenation of the two double
bonds that are conjugated to the β-diketones has been proposed as a crucial factor for
THC’s antioxidant activity, alongside the presence of the phenolic hydroxyl group within
its structure [23,57]. According to the mean DPPH assay IC50 values of PC (31.78 µM),
DC (24.97 µM), THC (14.54 µM), and THDC (>40 µM), it can be confirmed that the hydro-
genation of the heptadiene moiety of PC enhances its radical scavenging activity, which
is consistent with our prior study [37]. Conversely, DC exhibited a contrasting trend,
as the hydrogenation of its heptadiene moiety diminished its radical scavenging activ-
ity. These results are in contrast with an earlier study [58] where the DPPH IC50 values
for curcumin, DC, THC, and THDC were reported to be 11.8 µM, 16.8 µM, 9.8 µM, and
14.2 µM, respectively, indicating that the antioxidant activities of both curcumin and DC
were enhanced through hydrogenation. However, these discrepancies might be related
to the utilization of a low-purity curcumin instead of a high-purity PC compound in the
study above. Additionally, the concentration used in the DPPH assay differed from the
current experimental design. Intriguingly, in the same study [58], the authors also reported
that the radical scavenging activity of octahydrocurcumin (IC50: 11.4 µM), a compound
obtained by successively hydrogenating THC, was diminished after the removal of one
methoxy group, with octahydrodemethoxycurcumin showing considerably lower DPPH
activity (IC50: 33.1 µM). Based on the findings, it is evident that the removal of one methoxy
group from the hydrogenated derivative has a detrimental effect on its ability to scavenge
radicals. This aligns with the results obtained from comparing THC and THDC in this
study, where a similar removal of one methoxy group from THC significantly reduced its
radical scavenging activity.

Several earlier studies have shown a correlation between the antioxidant and anti-
tyrosinase activity of plant extracts or bioactive compounds [59–62]. The current study
also found a direct relation between these two activities for PC and DC in the cell-free
system but not in cell cultures based on species (mouse or human). Furthermore, there
was no correlation between these two activities for BDC, THC, THDC, and THBDC. This is
because THC and THDC did not inhibit tyrosinase enzyme activity under both cell-free and
cellular conditions despite exhibiting antioxidant capacity, and despite THC being a more
potent antioxidant than THDC. In the case of THBDC, tyrosinase activity (both cell-free and
cellular) was inhibited in the absence of antioxidant activity. In our previous study [63], a
hydrogenated standardized extract of curcuminoids (Curowhite™) that stimulated melanin
production showed remarkable antioxidant activity in a DPPH assay, yet the ROS levels in
MNT-1 cell cultures were not altered. Moreover, the cell-free mushroom tyrosinase activity
was unchanged, although cellular tyrosinase activity was inhibited. Hence, there was no
direct correlation between the antioxidant activity and tyrosinase-inhibitory activity of
the Curowhite formulation. These inconsistent findings can be attributed to the fact that
the antioxidant activity determined using the DPPH assay may not accurately predict the
effect in a biological system, owing to factors such as the permeability of cell membranes
and the differential transport of antioxidants between the lipid and aqueous phases of
cells [64,65]. Moreover, the compounds’ ability to act as an antioxidant and also suppress
the formation of tyrosinase-catalyzed dopaquinone formation (in the tyrosinase activity
assay) is contingent upon multiple factors, including the source of enzyme, the presence of
cells, and the compounds’ ability to cross the cell membrane and reach melanosomes.

A previous study [66] reported that a 24 h treatment with BDC displayed significant
cytotoxicity to B16F10 cells at 10 and 25 µM concentrations. Another study [39] that
examined PC, DC, and BDC over a 72 h duration reported that B16F10 cell viability after
BDC treatment was significantly lower at 20 and 40 µM. Moreover, the viability of cells
treated with PC and DC was 71.87% and 76.74% at 20 µM, while they were approximately
40–50% at 40 µM for both compounds [39]. The results of these studies are in contrast to
the findings of the current study, where a 72 h treatment with BDC did not lower cellular
viability across the full range of concentrations tested (5–40 µM). Additionally, in B16F10
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cells, both PC and DC exerted significant cytotoxicity that was much higher at 20 and
40 µM than in the previous study [39]. Nevertheless, the current results of PC and DC
exhibiting higher cytotoxicity than BDC are consistent with other studies [39,67]. The
results of increased MTS viability in HEMn-DP cells after a 6-day treatment with THBDC
are reminiscent of the results of our prior study, where a THBDC derivative, namely,
TH-CMC2.24, was examined [51].

The findings of no change in the activity of mushroom tyrosinase catalyzed by L-DOPA
substrate following THC treatment, as well as the findings that THC was non-cytotoxic
and increased the production of melanin in both B16F10 and MNT cells (without affecting
the activity of cellular tyrosinase), are in line with our earlier study [37]. The data on the
non-cytotoxicity of PC at 5–10 µM and significant cytotoxicity at 20 µM in B16F10 cells
are also consistent with our previous studies [37,38]. Our results of a significant reduction
in melanin production at 10 µM PC accompanied by suppression of cellular tyrosinase
activity in B16F10 cells are also similar to our previous result [38]. Moreover, in our earlier
study [37], PC at 5 µM did not exhibit any effects on the melanin levels or tyrosinase activity
of MNT-1 cells, which is similar to the current study, although this study examined PC
across higher concentrations (5–40 µM).

Both PC and DC had an equivalent anti-melanogenic effect in B16F10 cells, while
only PC demonstrated the ability to inhibit cellular tyrosinase activity. Furthermore, it
was seen that in MNT-1 cells, treatment with PC did not yield any significant effects on
melanogenesis. However, treatment with DC at a concentration of 10 µM resulted in the
stimulation of melanogenesis, although no changes were observed at a concentration of
20 µM. Additionally, it was found that the activity of cellular tyrosinase remained unaltered
at a concentration of 10 µM but was suppressed at 20 µM. The cause of the inconsistent
response of DC on melanogenesis remains unknown; although, a previous study [39]
similarly observed contradictory impacts of DC on melanin synthesis. The authors of the
study [39] observed that in B16F10 cells that were stimulated with MSH, treatment with DC
increased cellular melanin but decreased tyrosinase activity at 10 µM, while it suppressed
melanin in a zebrafish embryo in vivo model, where it modestly decreased melanin levels
at 5 µM concentration. Interestingly, the results of our study also show an opposite effect of
DC in B16F10 and MNT-1 cells, as DC decreased intracellular melanin at 10 µM in B16F10
cells but increased intracellular melanin in MNT-1 cells. In both cells, DC continued to
have no significant effect on cellular tyrosinase activity. Part of these results contrasts
with a previous study [39] that showed increased intracellular melanin but decreased
tyrosinase activity in B16F10 cells that were treated with 10 µM DC. Despite this, the results
of increased intracellular melanin due to DC in MNT-1 cells partially agree with the study
above. In the current study, the responses of compounds were examined under basal
conditions (unstimulated) in B16F10 cells; the results of decreased melanin production with
DC contrast to the results of the prior study [39] where DC enhanced melanin production in
MSH-stimulated B16F10 cells. Part of this divergent effect may be ascribed to the increased
interaction of DC with MSH via the formation of two hydrogen bonds, as demonstrated in
an in silico study before [68]. Hence, in the presence of MSH, DC might exhibit a different
biological effect. Moreover, it is not unusual to see a contrasting outcome in relation to
this phenomenon, since there have been documented instances of compounds exhibiting
contradictory findings. As an example, it was noted that the use of grape extract did not
affect melanin levels under basal conditions but increased melanogenesis under MSH
stimulation [68]. Another compound, retinoic acid, enhanced melanin production in basal
conditions but decreased it in MSH-stimulated conditions [69]. Interestingly, the compound
THC also increased melanin production in basal conditions [37] but decreased it in MSH
stimulation [43].

The results of a lack of any inhibition of tyrosinase activity by BDC in B16F10 cells
at concentrations of 10 and 20 µM at which melanin content was decreased agree with
a prior study [39] that also showed that BDC (10 µM) decreased intracellular melanin in
hormone-stimulated B16F10 cells in the absence of any change in cellular tyrosinase activity.
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However, another study [66] reported a decrease in the tyrosinase activity and melanin
content of B16F10 cells after BDC treatment; the authors ascribed the decreases to a BD-
induced decline in cell viability, leading to the conclusion that BDC might not be an effective
anti-melanogenic compound. However, this discrepancy might be linked to the use of BDC
compound with lesser purity, but the authors did not furnish information regarding the
percentage purity of BDC. Notwithstanding these reports, the potent depigmentation effects
of BDC in the absence of toxicity were confirmed in hormone-stimulated B16F10 cells and
in an in vivo model of zebrafish in a recently published study [39]. In a previous study [70],
the results of the molecular docking investigations using PC, DC, and BDC in conjunction
with a bacterial tyrosinase revealed that all three compounds had binding capabilities
towards tyrosinase and another melanogenic enzyme, namely, tyrosinase-related protein-1
(TRP-1). Notably, it was shown that their binding mechanisms closely resembled those of
kojic acid. Among all the ligands, it was shown that BDC possessed the highest affinity
for TRP-1. Curcumin (low-purity grade) was shown to decrease tyrosinase protein levels
in human melanocytes [35]. In our previous study [36], BDC and DC derivatives showed
disparate effects on tyrosinase protein and activity, although both compounds inhibited
melanogenesis in human melanocytes. Specifically, the BDC derivative (CMC2.24) did
not attenuate tyrosinase protein levels but inhibited cellular tyrosinase activity, while the
DC derivative (CMC2.5) attenuated tyrosinase protein levels without altering cellular
tyrosinase activity. A limitation of the current study is that only tyrosinase activities in cell-
free and cell cultures were measured, while tyrosinase protein levels were not examined.
The examination of these and other melanogenic proteins necessitates further studies.

The results of higher anti-melanogenic activity of BDC than PC, DC, and THC, with
a differential efficacy of BDC in mouse and human cells, are reminiscent of the results of
a previous study [71] that demonstrated that BDC emerged as the most potent inhibitor
of the activity of the 3β-hydroxysteroid dehydrogenase enzyme compared to THC, PC,
and DC, with a differential efficacy across human and rat species. Notably, the two other
compounds, THBDC and THDC, were not examined in their study; hence, it remains
unknown if THBDC may have been superior to BDC in their assays. LogP values are a
measure of the lipophilicity of a drug and are useful in SAR studies [72]. In the previous
study [71], it was also shown that the higher inhibitory effects of BDC were correlated
to its lower logP values and, thus, lower lipophilicity, leading the authors to suggest
that removing both methoxy groups is expected to increase potency. Our findings of the
higher capacity of BDC or THBDC (both demethoxylated) inhibiting tyrosinase activity
and melanogenesis can be attributed to the removal of both of their methoxy groups, which
enables the hydroxyl groups to form hydrogen bonds more easily with the tyrosinase
enzyme, thereby enhancing their inhibitory potency. Previous reports have elucidated the
intermolecular interactions and binding modes of tyrosinase inhibitors inside the active site
of the human tyrosinase protein using computational methods such as in silico modeling
and molecular docking analysis [73,74]. As the current study focused on the effects of the
compounds in different cell culture models in vitro, lipophilicity evaluation and docking
analysis to further elucidate the SAR results of the compounds THBDC, THDC, or THC
were not undertaken, as they were beyond the scope of the study. THBDC is hypothesized
to exhibit the lowest binding energy and strongest binding affinity towards the human
tyrosinase protein compared to BDC, THDC, and THC. The rigorous evaluation of this
hypothesis through molecular docking and 3D-QSAR studies is fitting for a follow-up
study that would significantly contribute to our knowledge in this area.

PC and its five derivatives (DC, BDC, THC, THDC, and THBDC) were meticulously
chosen due to their prevalence and easy accessibility as curcuminoids without any addi-
tional substituents. This selection aligns perfectly with our two-fold objective. The synthesis
of additional PC derivatives and their inclusion in the SAR studies were beyond the scope
of this study. Nevertheless, our previous study [51] already reported on newly synthesized
hydrogenated BDC derivatives (referred to as partial and fully hydrogenated TH-CMC2.24)
that lack both methoxy groups but have an additional phenylaminocarbonyl substituent
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in the central carbon of the β-diketone. These TH-CMC2.24 derivatives were very potent
anti-melanogenic candidates with no cytotoxicity to keratinocytes (which contrasts with
the results of the current study on THBDC that show some keratinocyte cytotoxicity).
Based on the results of our prior study and the current study, it is evident that the basic
scaffold of THBDC plays a crucial role in its anti-melanogenic activity. By making chemical
modifications to introduce various substituents, the biological properties of THBDC can be
potentially enhanced while decreasing its cytotoxicity, as seen in TH-CMC2.24. Recently,
a library of 23 THC derivatives was synthesized, and a 3D-QSAR study was conducted
to explore the anti-inflammatory activity of the derivatives [75]. To further enhance our
understanding, it would be valuable to conduct additional studies focusing on the rational
design of novel THBDC derivatives with different structural characteristics and patterns
of substituents.

In a previous investigation [76], the ex vivo skin permeation of curcumin and BDC
was assessed, revealing that BDC demonstrated remarkable permeation and retention
capabilities within the skin, surpassing those of curcumin. The authors attributed the
absence of methoxy groups in BDC to its enhanced dermal tissue penetration capacity.
Compared to curcumin and DC, BDC has higher bioavailability [77] and enhanced stability
in the physiological medium, which is primarily attributed to the absence of methoxy
groups [29,78]. These beneficial properties of BDC also inspired the development of BDC-
enriched turmeric extracts. The typical concentration of BDC (2–3%) in the regular turmeric
extracts was enriched to 30–35% [12]. Other studies [77,79,80] have reported a much
higher enrichment rate of 70–75% and demonstrated that these BDC-enriched extracts
exhibited superior biological activity compared to conventional turmeric extracts. Based
on the results of the current study, it is evident that BD has considerable potential in both
mouse and human melanoma cells while having no discernible impact on normal human
melanocytes. Consequently, BD emerges as a potential candidate for use as an adjuvant in
melanoma treatment by targeting melanin production. This is because several therapeutic
approaches for melanoma focus on the depigmentation of melanomas with the objective
of enhancing their sensitivity to subsequent treatments, such as chemotherapy [81] or
radiotherapy [82]. Future research might evaluate whether the melanogenic response
differs between BD-enriched turmeric extract and pure BD. It would be interesting to see
whether the former exhibits improved efficacy with negligible toxicity.

An interesting finding from this study is that BDC and its hydrogenated derivative
THBDC displayed no cytotoxicity across the entire concentration range of 5–40 µM that
was examined in melanocytes (B16F10 cells, MNT-1 cells, and HEMn-DP cells), but they
both induced cytotoxicity to HaCaT keratinocytes. The explanation for this effect is unclear,
although BD might be selectively cytotoxic to unpigmented cells such as HaCaT cells.
Alternatively, the endogenous glutathione (GSH) levels that might differ between the cells
might account for the cytotoxic effects; all these hypotheses warrant future investigations. A
limitation of this study is the use of HaCaT cells, which have a non-tumorigenic and immor-
talized nature and exhibit molecular modifications such as anomalous constitutive NF-κB
activity, which is in contrast to the behavior of normal human epidermal keratinocytes
(NHEKs) [83]. It has been recommended to exercise caution while employing HaCaT cells
as a surrogate for primary keratinocytes in the investigation of UV-induced cell signaling
pathways [84]. Previous studies [85,86] have shown that HaCaT cells are more vulnerable
than NHEKs when exposed to different chemicals, such as hydrogen peroxide and silver
hydrogel dressing, resulting in cytotoxic effects. This sensitivity was not found in NHEKs.
Although the results with HaCaT cells show that the compound THBDC induced cyto-
toxicity at 20 and 40 µM (the concentrations that showed efficacy at suppressing melanin
pigmentation in primary human melanocytes), it is necessary to conduct further viability
assessment of THBDC utilizing normal human keratinocytes.

Owing to a dearth of biological studies on the THBDC compound, its drawbacks or
potential adverse effects remain unknown at this time. Nevertheless, the results of THBDC
with HaCaT cells showed some level of cytotoxicity by THBDC at concentrations of 20 and
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40 µM at which it suppressed melanin production in primary human melanocytes. Hence,
this may be a disadvantage, although it will be necessary to conduct the analysis using the
more physiological primary human keratinocytes which might be more resistant to such
cytotoxicity. Furthermore, due to their increased resistance to cytotoxic effects compared
to 2D cultures, employing 3D cultures for cytotoxicity testing is more likely to provide
a more accurate representation of the actual physiological responses to compounds, in
contrast to current models that rely on 2D cultures [87]. In addition, it will be essential
to explore in future studies if THBDC-based formulation is safe for topical use without
causing skin sensitization. BDC has shown beneficial effects with higher solubility than
curcumin [77,78], and THC has shown better solubility, stability, and bioavailability than its
parent compound, curcumin [27,88,89]. Thus, it is anticipated that THBDC, a hydrogenated
derivative of BDC, may demonstrate higher stability and bioavailability than BDC. How-
ever, owing to the lack of studies on the use of oral or topical delivery systems incorporating
THBDC, there is a need to conduct additional investigations to evaluate and characterize a
suitable formulation. Interestingly, several studies have reported on various topical deliv-
ery vehicles, including lecithin-based nanoemulsions [90], lipidic nanoparticles [91,92], or
transferosomes [93] for the preparation of THC formulations, which can serve as a point
of reference.

Nontoxic concentrations of PC (5–10 µM) and THC (5–25 µM) did not elicit any effects
on melanin production in HEMn-DP cells after a 2-day treatment, as shown in our previous
study [36]. Hence, in the current study, PC or THC were not included in experiments on
HEMn-DP cells. Additionally, the HEMn-DP cellular melanin levels were not compared
following treatment with DC or THDC in conjunction with BD- and THBDC-treated cells, as
the primary focus was to assess the melanogenic impact of THBDC in comparison to BDC
within these primary melanocytes as they showed better efficacy in earlier experiments.
Moreover, the mechanisms involved in the diminution of melanogenesis by THBDC in
HEMn-DP cells were not explored as they were beyond the scope; hence, further studies
are warranted to elucidate the in-depth mechanisms. As this study focused on the in vitro
evaluation of the effect of compounds on melanogenesis, THBDC’s anti-melanogenic
efficacy in an animal model or clinical trial was not assessed. It is worth noting that a
previous study documented the anti-melanogenic effectiveness of oral curcumin extract in
a mouse model exposed to UVB radiation [30]. Similarly, another study has demonstrated
the ability of a topical cream containing turmeric extract to inhibit hyperpigmentation
in Asian volunteers [33]. Therefore, the examination of the efficacy of either a topical
or orally administered THBDC compound in eliciting an anti-melanogenic effect in vivo
using similar models is a necessary prerequisite before considering this compound as a
potential candidate for skin hyperpigmentation treatment. Due to some limitations, it is not
currently feasible to conduct pre-clinical studies with animals or in vivo clinical studies with
human subjects to examine the efficacy of the THBDC compound. Melanoderm™ (Mattek
Corporation, Ashland, MA, USA), a human skin tissue equivalent consisting of melanocytes
and keratinocytes, is a frequently used alternative to animal studies for screening potential
anti-melanogenic compounds [94,95]. Interestingly, the human melanocytes employed in
these tissue models are identical to the primary human melanocytes, HEMn-DP cells, used
in our study. Therefore, as the experiments with HEMn-DP cells already demonstrated the
anti-melanogenic capacity of THBDC, it provides a strong basis for future investigation,
starting with evaluating this compound on a Melanoderm model and eventually conducting
human clinical studies. Moreover, to plan further in vivo experiments, it will be essential to
conduct experiments that involve the preparation, physicochemical characterization, and
optimization of a suitable delivery formulation capable of facilitating the permeation of
THBDC through the human skin to melanocytes.

The incorporation of curcuminoids in dermal formulations poses a significant chal-
lenge due to the vibrant yellow–orange coloration exhibited by these compounds [96].
This characteristic not only presents technical difficulties but also diminishes consumer
appeal. The absence of color exhibited by THBDC, in contrast to its precursor BDC, confers
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additional benefits in its application within cosmetic and pharmaceutical compositions.
Consistent with the findings of this study, THBDC demonstrated comparable or enhanced
anti-melanogenic efficacy compared to BDC when assessed in human melanoma cells and
human melanocytes. These data could form the basis for future investigations into develop-
ing innovative pharmacological compounds to improve skin hyperpigmentation. Moreover,
while the in vitro results of this study have indeed established the skin-lightening potential
of these natural compounds, it is imperative to conduct additional research into the in vivo
anti-melanogenic capacity of these natural compounds, particularly in the context of skin
tissue equivalent models or clinical trials, to ascertain their suitability for incorporation
into hyperpigmentation-diminishing molecules.

5. Conclusions

The investigation of the SARs and the analysis of the function of the specific substituent
in inducing biological activity can potentially contribute to the enhanced development
of novel skin pigmentation inhibitors with improved efficacy. The findings presented
herein establish a fundamental framework elucidating the novel depigmentation prop-
erties of THBDC, a hydrogenated derivative of BDC, a constituent of turmeric extract.
These findings offer a compelling impetus for future research on the development and
pharmacological assessment of skin formulations incorporating these bioactive curcumi-
noids, particularly THBDC. Furthermore, these results propose its potential utility as an
efficacious agent in mitigating melanin overproduction in human melanocytes, although
additional investigations are warranted to elucidate the underlying mechanisms governing
the inhibitory impact of THBDC on in vivo human hyperpigmentation.
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