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ABSTRACT

Hyperpigmentation disorders affect a large
proportion of the population, significantly
impacting their quality of life and carrying
considerable social stigma. This growing global
concern results in a strong demand for effective
treatments. A rich body of literature proposes
numerous active ingredients to solve hyperpig-
mentation concerns. At the same time, the com-
plex regulation of skin pigmentation is much
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better understood with increased knowledge
on the physiopathology of pigmentary disor-
ders, beyond the sole melanogenesis, includ-
ing the whole tissue environment of melano-
cytes. The abundance of mechanistic in vitro
and in vivo scientific data makes it challenging
for non-expert clinicians to identify the opti-
mal care for patients. The aim of this review is
to propose state-of-the-art of topical solutions
with actives that have demonstrated conclusive
clinical efficacy. It analyzes the different mech-
anisms involved, including the melanogenesis
pathway and others addressing the melanocyte
microenvironment. This review first examines
the prevention of pigmentary disorders and the
importance of a broad-spectrum photoprotec-
tion including the whole UV spectrum but also
visible light in managing hyperpigmentation.
The use of antioxidants to combat oxidative
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stress and complement photoprotection is also
discussed. The following section reviews actives
targeting the modulation of melanogenesis. It
examines tyrosinase inhibitors, which are still
widely used to manage hyperpigmentation
problems, as well as new compounds targeting
downstream pathways. Other clinically effective
interventions include the normalization of epi-
dermal homeostasis and the active restoration
of the dermal fibroblastic microenvironment,
together with anti-inflammatory agents and
those aimed at reducing vascularization impact.
Finally, this review highlights the value of com-
bined approaches which have been shown to
improve clinical efficacy. This suggests that
future research should focus on well-tolerated,
multifaceted therapies to effectively treat mela-
nin hyperpigmentary disorders.

PLAIN LANGUAGE SUMMARY

Dark spots and uneven skin tone, known as
hyperpigmentation, are a common skin con-
cern affecting many people worldwide and can
cause significant distress. As a result of grow-
ing demand for effective solutions, substantial
research has focused on finding ingredients
that can help. Our scientific understanding
now shows that the process is complex and
involves not only the pigment-producing cells
(melanocytes) but also the surrounding skin
environment. With numerous scientific studies
available, it can be challenging for doctors to
identify the best treatments for their patients.
This review provides a comprehensive sum-
mary of different mechanisms involved in
hyperpigmentation and gives a clear guide to
topical active ingredients with clinical evidence.
The review concludes that combining different
approaches is the most effective way to treat
hyperpigmentation. Future treatments should
focus on using multiple ingredients that work
together to deliver the best results safely.

Keywords: Hyperpigmentation;
Melanogenesis; Pigmentary disorder; Topical

actives

Key Summary Points

Hyperpigmented skin disorders affect half of
the global population with impact on quality
of life and strong therapeutic demand.

Hyperpigmentation arises from complex
intricate mechanisms involving not only
melanocytes but also their surrounding tissu-
lar and cellular microenvironment, including
key contributions from keratinocytes, fibro-
blasts, endothelial cells, immune and inflam-
matory actors.

Scientific literature proposes numerous active
ingredients but, as a result of the multiple
biological targets and heterogeneous quality
of data, identifying the optimal topical solu-
tion remains challenging.

This review provides a state-of-the-art over-
view of topical solutions with proven clinical
efficacy, encompassing traditional anti-mela-
nogenic actives and agents restoring epider-
mal homeostasis or targeting the underlying
dermal and inflammatory triggers.

Multitargeted topical combinations are
highlighted as the most effective approach to
addressing the complex pathways of pigmen-
tary disorders.

INTRODUCTION

According to a recent study on 48,000 people in
34 countries, 50% of participants reported pig-
mentation disorders, mostly hyperpigmentation
such as solar lentigo (27%), post-inflammatory
hyperpigmentation (PIH) (15%), and melasma
(11%) [1]. In the USA, pigmentation disorders
are the third most frequently cited skin disor-
ders, with PIH followed by melasma [2-4]. This
is a major issue for people with darker skin
(Fitzpatrick I1I+) [4, 5] but also those in South-
east Asia [4, 6].
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As recently shown, pigmentation disorders
have a substantial negative impact on quality
of life and are associated with significant stig-
matization [1].

It is of critical importance to understand the
mechanisms behind these melanin pigmentary
disorders and to review the solutions available
to manage them. Topical solutions, particularly
sunscreens and depigmenting agents, are crucial
for managing hyperpigmentation [7]. However,
the vast array of options, each with varying effi-
cacy, can overwhelm patients and physicians.
This review discusses the main available active
ingredients and their mode of action for mod-
ulating skin hyperpigmentation, alone or in
combination.

Melanogenesis

The color of the skin is a blend resulting from
the skin chromophores red (oxyhemoglobin),
blue (deoxygenated hemoglobin), yellow-orange
(carotene, an exogenous pigment), and melanin.
Melanin, however, is the primary determinant
of skin color [8-10]. Two distinct melanin pig-
ments are produced by melanocytes in the epi-
dermis: pheomelanin, a yellow-red pigment;
and eumelanin, a brown-black pigment [11-14].
These pigments in melanosome organelles are
transferred through melanocyte dendrites to
surrounding epidermal keratinocytes (Fig. 1)
[11-15]. Skin color is primarily determined by
the global quantity of eumelanin and pheomela-
nin pigments. Regardless of skin tone, the
human epidermis contains a remarkably stable
melanin composition of roughly 74% eumela-
nin and 26% pheomelanin. This ratio remains
constant across all degrees of constitutive pig-
mentation, ranging from the lightest to the
darkest complexions and covering the different
Fitzpatrick phototypes [8, 9]. While eumelanin
shows photoprotective capacity against ultra-
violet (UV) [15], in contrast pheomelanin is
weakly photoprotective and highly phototoxic,
enhancing the UV-induced production of reac-
tive oxygen species (ROS) and further damage of
cells [16]. In addition to variations in the total
amount of melanin [8, 9], the size, distribution,
and fate of melanosomes within keratinocytes

are key determinants in the diversity in skin pig-
mentation [11, 17, 18].

Hyperpigmentation Concerns

Skin hyperpigmentation is generally triggered
or exacerbated by diverse factors including
hormonal changes, nutritional status, but the
major actor is sun exposure [17, 19]. However,
hyperpigmented lesions show additional fea-
tures compared to sun-induced pigmentation.
The three most frequent hyperpigmented dis-
orders include actinic (AL) or solar (SL) lentigi-
nes [20-24], PIH [25-27], and melasma [28-31],
all sharing an increase in melanin content but
each also being characterized by specific features
(Fig. 2).

AL, also called age spots, are brownish pig-
mented macules with irregular borders and size
of a few millimeters. They develop on photo-
exposed areas especially in individuals with
Fitzpatrick II-IV skin usually after 35-40 years
of age [20]. Besides the increase in melanin con-
tent, AL lesions are characterized by epidermal
alterations such as proliferation/differentiation
disbalance or mitochondrial dysfunction, der-
mal photoaging marks, and disorganization of
the dermal extracellular matrix (ECM) [21-23].
In particular, AL lesions present an impairment
of the cutaneous structure with a marked elon-
gation of the dermal-epidermal junction (DEJ),
an accumulation of melanin in the epidermis,
especially in the rete ridges [21]. A subclinical
chronic inflammation sustained by inflamma-
tory mediators and immune cells is described
in AL [24].

PIH is a dermal, epidermal, or mixed acquired
skin hyperpigmentation that develops in inflam-
matory contexts such as lesional or healing skin.
It is thus often associated with acne or inflam-
matory dermatoses or appears at sites of external
injuries or dermatological procedures [25]. PIH
commonly presents dark macules or patches at
the site of the initial skin insult and more com-
monly affects individuals with darker skin tone.
Exposure to solar light, even at low doses has
been shown to be the triggering factor of PIH
lesion [26].
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PIH results from stimulation of melanocytes
and overproduction of melanin in the epi-
dermis in response to cytokines, chemokines
released during inflammation. Inflammatory or

trauma-induced damage to the basement mem-
brane can also lead to melanin leakage and var-
ious other inflammatory cellular infiltrates in
the dermis. The healing process following the
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«Fig. 1 Melanogenesis and potential pathways to modu-
late melanogenesis. The process of melanogenesis involves
a series of oxidative reactions catalyzed by key enzymes—
tyrosinase and tyrosinase-related proteins (Tyrpl and
Tyrp2)—that tightly cooperate. Tyrosinase, a multi-
functional metalloenzyme located in the membrane of
melanosomes, catalyzes the initial rate-limiting steps of
melanin synthesis, with the hydroxylation of L-tyrosine
to L-dihydroxyphenylalanine (L-DOPA) and the oxida-
tion of L-DOPA to DOPAquinone (DQ), which is the
substrate for both eumelanin and pheomelanin synthesis.
Tyrpl and Tyrp2 are involved in the final catalytic reac-
tions of eumelanogenesis and may also act as stabilizers of
tyrosinase protein. The expression of melanogenic enzymes
is regulated through various signaling pathways that con-
verge to activate microphthalmia-associated transcrip-
tion factor (MITF), a master transcription regulator in
melanocytes. Tyrosinase activity is also modulated at the
post-translational level by the binding of cofactors and cop-
per ions, and the phosphorylation of serine residues. The
intracellular level of reactive oxygen species (ROS) and the
intramelanosomal pH also influence its enzymatic activity.
The maturation of melanosomes (melanosome stage I to
IV) and their transfer to keratinocytes are additional pro-
cesses highly regulated during melanogenesis. The aMSH/
MCIR pathway which is activated during UV exposure
represents the major cause of melanogenesis activation.
This figure summarizes the seven potential pathways to
modulate melanogenesis

injury is accompanied by an increase in vas-
cularization. Epidermal PIH may resolve bet-
ter and faster than dermal PIH where melanin
accumulates in long-lived melanophages [27].

Melasma is also a chronic acquired hypermel-
anosis which involves increased melanin levels
in the epidermis and/or dermis [28-30]. It mani-
fests as bilateral dark or grayish-brown macules,
more particularly located on the face. These
manifestations are associated with an increase
of melanogenesis, hyperpigmented keratino-
cytes, senescent fibroblasts, vascularization and
immune cells in particular mast cells as well as
basement membrane disruption [32]. Melasma
is a genetically based skin disorder with multi-
ple factors being involved in its onset or exac-
erbation. The main extrinsic factor is the sun,
particularly with the contribution of UV rays
and visible light [30, 32, 33]. Other influencing

factors include hormones, skin inflammation,
and oxidative stress [28].

Collectively, these pigmentary disorders
underscore the intricate and multifactorial
pathophysiology of hyperpigmentation. Con-
sequently, achieving effective clinical outcomes
necessitates a multitargeted approach aimed at
modulating the various actors and pathways
contributing to its development.

This review aims to present the main avail-
able approaches, mostly topical medical and
dermocosmetic ingredients, and their mode of
action for modulating or reducing skin hyper-
pigmentation. Only active ingredients supported
by published clinical trial data demonstrating
significant improvement in hyperpigmentation
(measured by validated clinical scores, colorim-
etry, or imaging) compared to vehicle or baseline
are included in this review. Their use in combi-
nation will also be discussed.

PREVENTIVE MEASURES OF SKIN
HYPERPIGMENTATION

Prevention is the first strategy to manage hyper-
pigmentation by blocking the main inducing
factors, i.e., UV and visible light (VL) solar radia-
tion (Supplementary information, Sect. 2).

All UV rays, from UVB up to the longest UVA1
wavelengths, are involved in the induction of
skin hyperpigmentation through different
phases and mechanisms [34, 35]. Importantly,
DNA damage, oxidative stress, and inflamma-
tory mediators are key drivers for UV-induced
hyperpigmentation. For VL, and especially high
energy VL, one mechanism involves the Opsin-3
photoreceptor responsible for the activation of
melanogenesis [36, 37].

Photoprotection with Sunscreens

To efficiently protect the skin, a combina-
tion of UVB and UVA filters is used to achieve
a high level of UV photoprotection [38, 39].
In parallel to the mandatory high photopro-
tection during recreational sun exposures, it
is important to consider a daily photoprotec-
tion in everyday life activities for all people
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suffering from hyperpigmentary disorders [40].
The current European Union (EU) recommen-
dation for broad-spectrum UV sunscreens is
a UVA PF/SPF ratio of at least 1:3 and a criti-
cal wavelength>370 nm [39, 41-43]. Recent
guidelines from expert panels support the use
of broad-spectrum sunscreens, even in people
with darker skin tones, for the management of

skin disorders such as melasma and PIH [25,
41, 44].

Recently, new UV filters have been devel-
oped to enable a more complete cover-
age of the full UV spectrum, such as bis-
(diethylaminohydroxybenzoyl) benzoyl
piperazine (BDBP) [45], phenylene bis-
diphenyltriazine [46], or the UVAI1 filter

A\ Adis



Dermatol Ther (Heidelb) (2026) 16:3385-3414

3391

«Fig.2 Schematic representation of basal skin pigmen-
tation, tanning, and pigmentary disorders. The natural
color of the skin, ie., constitutive pigmentation, is geneti-
cally controlled and results from melanin production by
melanocytes, transfer to basal keratinocytes, and excess
pigment elimination through epidermal turnover and des-
quamation. When exposed to sunlight, particularly ultra-
violet (UV), the skin undergoes tanning, a temporary
melanogenesis stimulation through epidermal and dermal
paracrine signaling, inflammatory and oxidative stress.
Individual susceptibility to tanning depends on genetic
factors. However, chronic sun exposure and aging lead to
more permanent conditions like actinic lentigo (AL). AL
is characterized by a significant alteration of the cutaneous
structure with elongation of the dermal-epidermal junc-
tion (DEJ), melanin accumulation particularly within the
rete ridges, dermal impairments, and subclinical chronic
inflammation. Melasma is another form of chronic hyper-
melanosis, manifesting as symmetrical dark patches on the
face and characterized by melanocyte activation, hyper-
pigmented keratinocytes, dermal impairments, increased
vascularization and inflammation/immune cells particu-
larly mast cells. Dermal melanin within melanophages may
be observed as a result of DEJ disruptions. While genetics
play a foundational role, the development and worsening of
melasma are triggered by a combination of factors such as
sun exposure (UV and visible light) or hormonal changes.
Post-inflammatory hyperpigmentation (PIH) is a dermal,
epidermal, or mixed acquired skin hyperpigmentation fol-
lowing skin injuries, inflammatory dermatoses, or dermato-
logical procedures, particularly in individuals with darker
skin tone. These dark macules are driven by an inflamma-
tory environment causing melanocyte activation, increase
of melanin in the epidermis accompanied by capillary
hyperplasia. Melanin can leak into the dermis through a
compromised DE]J. Sunlight, even at low doses, can further
trigger or worsen PIH lesions. Images source: SkinCam®
Cross Polarized images provided by QIMA Newtone

methoxypropylamino cyclohexenylidene eth-
oxyethylcyanoacetate (MCE) with a peak of
absorption at 385 nm [47] shown to significantly
improve photoprotection against UV-induced
hyperpigmentation [48, 49].

The proven contribution of visible light in
skin hyperpigmentation and dyschromia has
led to the addition of pigments (iron oxides) in
formulations to protect against VL [41]. There-
fore, broad-spectrum UV and VL sunscreens are
shown to be more effective for melasma and PIH
management [S0-53].

In addition to the correct amount and fre-
quency of sunscreen application [25], comple-
mentary preventive behaviors are mandatory
[54]. However, there is still a lack of awareness
regarding photoprotection in darker-skin popu-
lations who are highly susceptible to pigmentary
disorders [41, 52].

Topical Antioxidants

UV radiation, specifically UVA rays, contributes
significantly to the generation of oxidative stress
in skin cells, causing molecular damage to lipids,
proteins, and DNA, and contributing to hyper-
pigmentation through immediate melanin oxi-
dation and delayed neomelanogenesis [35, 55,
56].

Although melanin pigment (mostly eumela-
nin) can scavenge free radicals, this is insuf-
ficient to counteract all the cutaneous conse-
quences of ROS, as illustrated by an enhanced
oxidative stress in melasma [57, 58]. Moreover,
levels of endogenous antioxidants are signifi-
cantly reduced during photoaging, increasing
the skin’s susceptibility to photodamage [55].
Altogether, these data support the use of anti-
oxidants (AOX) to reduce the deleterious impact
of ROS on skin and prevent hyperpigmentation.

AOX can reduce oxidative stress in sun-
exposed skin cells, acting by directly scaveng-
ing ROS, inhibiting their production, and/or
enhancing the intrinsic AOX pathways. The use
of AOX could also prevent direct photooxida-
tion of existing melanin in superficial skin cells
[25, 59-61]. While oral antioxidants such as Pol-
ypodium leucotomos extract have demonstrated
efficacy in photoprotection and may comple-
ment topical approaches [62, 63], systemic pho-
toprotective strategies are not detailed in this
review focusing on topical interventions. The
most common ingredients with AOX propez-
ties used in topical formulations are presented
in Table 1.

Overall, multiple clinical studies support
the benefits of adding AOX in products target-
ing hyperpigmentation [55, 56, 64-67]. Both
preventative studies showing reducing UV-
induced pigmentation and therapeutic trials
demonstrating improvement in melasma and

A\ Adis



3392

Dermatol Ther (Heidelb) (2026) 16:3385-3414

Table 1 Clinical application of most commonly used ingredients with antioxidant properties in topical formula

Ingredients

Vitamin C (ascorbic acid) and derivatives

Vitamin E (tocopherols)

Resveratrol and analogues

Ferulic acid

Clinical efficacy (topical application) References
Prevention of UV-induced pigmentation [64-68]
Treatment of melasma and age-associated skin hyper-
pigmentation
Treatment of melasma; better efficacy in association (68, 68]
with vitamin C
Prevention of UV-induced pigmentation (67,95,
215,216]
In association with other ingredients: treatment of mel- [56, 66,

asma, or as an adjuvant to laser treatment of lentigines ~ 217]
and melasma
Cysteamine Treatment of melasma [7,67,90]
Silymarin Treatment of melasma [27,218]
Ellagic acid In association with other ingredients: treatment of dark [219, 220]
spots and melasma
Carotenoids (beta-carotene, lycopene, lutein, etc.) ~ Treatment of melasma [67]
Pomegranate extract Skin lightening [221]
Scutellaria baicalensis extract (baicalin) In combination with resveratrol and vitamin E: [216]

improvement of radiance and hyperpigmentation

age-associated hyperpigmentation provide evi-
dence for clinical relevance of topical antioxi-
dants [55, 56, 66-68]. Additionally, sunscreens
containing AOX were shown to have supe-
rior efficacy than sunscreens alone in reduc-
ing sunlight-induced pigmentation [69-71].
Remaining challenges reside in the strategy of
formulation to overcome AOX intrinsic insta-
bility and reactivity [55, 60].

MELANOGENESIS MODULATION

Several medical or cosmetic strategies are used
to limit melanin production (Fig. 1). These
approaches most often inhibit key factors
involved in melanin synthesis, more specifi-
cally the tyrosinase enzyme that mediates the
first-rate limiting steps of melanogenesis.

Tyrosinase Inhibitors

Most tyrosinase inhibitors target the catalytic
activity of the enzyme. Others inhibit its expres-
sion or post-translational modifications (Fig. 3).

Tyrosinase Catalytic Activity Inhibitors

Numerous synthetic or natural tyrosinase inhib-
itors are described in recent extensive reviews
[72, 73]. These compounds are competitive,
uncompetitive, mixed type, or non-competitive
inhibitors of tyrosinase activity. They mainly act
by binding directly to the enzyme or by interact-
ing with copper molecules in its active site.
Hydroquinone, the gold standard, is the most
widely used tyrosinase inhibitor in dermatology
and is the reference compound in most skin
lightening comparative studies [74, 75]. Despite
being effective in blocking the conversion of
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DOPA to melanin, hydroquinone monotherapy
has moderate effectiveness on hyperpigmenta-
tion [76, 77] and is responsible for numerous
side effects such as mild erythema, burning sen-
sation, dryness, pruritus, and scaling, making
it prohibited for use in cosmetics in a majority
of countries [77-80]. Therefore, it is often used
in combination with low potency steroids to
reduce its adverse effects.

Other hydroquinone derivatives with less
cytotoxic effect have been further identified,
such as mequinol combined with tretinoin [6,
27, 74], or the over-the-counter medicines arbu-
tin/deoxyarbutin [27, 74, 81]. The phenol resor-
cinol and its derivatives potently inhibit tyrosi-
nase activity in vitro and have proven in vivo
efficacy [73]. For example, isobutylamido-thia-
zolyl-resorcinol significantly improves melasma
and PIH [7, 82-85]. 4-Butyl-resorcinol decreases
melanin or pigmentation scores in patients with
melasma [66], and use of phenylethyl resorcinol
in a combination formulation improved mel-
asma, lentigines, and signs of photoaging in sub-
jects with hyperpigmentation problems [86, 87].

Other phenolic derivatives, monophenols
and polyphenols, competitively inhibit tyrosi-
nase by mimicking its substrate [73]. However,
the oxidation of these compounds by tyrosinase
can generate hydroxyl radicals and induce mel-
anocyte cytotoxicity. This is the case for thodo-
dendrol (RD or 4-(4-hydroxyphenyl)-2-butanol),
which has been withdrawn from the Japanese
market as a result of the appearance of leuko-
derma [88, 89].

Additional tyrosinase inhibitors with clini-
cal evidence on melasma and/or PIH include
azelaic acid [25, 27, 67, 90], kojic acid [27, 66,
90], cysteamine [7, 91-93], and several actives
from licorice extracts such as glabridin, lig-
uiritin, and isoliquiritin [27, 94], as well as res-
veratrol and some of its derivatives [73, 95].
Interestingly, some of them also display AOX
properties (see Sect. “Topical Antioxidants”)
[95]. Cysteamine and glutathione could also
promote the production of pheomelanin rather
than eumelanin. Those lighter melanins can
participate in the clinical efficacy of those com-
pounds, but the well-demonstrated deleterious
effects of pheomelanin raise concerns about
the long-term safety of these approaches [16].

Some molecules inhibiting peroxidase activity
are used as depigmenting agents. Methimazole,
an oral antithyroid medication which is a potent
peroxidase and tyrosinase inhibitor, has shown
depigmentation effects when applied topi-
cally and caused significant skin lightening in
patients with melasma [75, 78, 96, 97]. Topical
methimazole, although not allowed in cosmet-
ics, did not induce melanotoxicity or changes in
thyroid functions [78, 98], and was proven to be
a useful alternative treatment in some melasma
cases [97].

Modulation of Tyrosinase Expression

Tyrosinase gene expression, together with Tyrpl
and Typr2, is induced by microphthalmia tran-
scription factor (MITF), which is in turn regu-
lated by signaling pathways, including cAMP/
PKA/CREB, RAS/MEK/ERK, and B-catenin path-
ways. Therefore, inhibiting MITF expression and
pathways modulates tyrosinase expression [11].

Metformin, an antidiabetic drug, inhibits the
cAMP/CREB/MITF axis leading to the downreg-
ulation of the expression of tyrosinase, Tyrpl
and Tyrp2, and ultimately to the decrease of
melanin production [99]. This led to its topi-
cal use as a dermatological ingredient to lessen
melasma severity [100, 101]. Clinical evidence
is still scarce.

Some natural ingredients were reported to
target tyrosinase expression through MITF path-
way, like resveratrol or a-viniferin, a resveratrol
oligomer that improved facial melasma and
freckles [102]. Alpha-viniferin has also shown
anti-inflammatory activity [103]. A lotion con-
taining black rice bran (Oryza sativa L. indica)
extract with skin brightening properties could
also act through this mechanism, in addition
to its inhibitory effect on tyrosinase [104, 105].
Besides its AOX and anti-inflammatory actions
[106], alpha-bisabolol, derived from chamomile,
potentially exerts its skin depigmenting action
by blocking CREB phosphorylation which
resulted in decreased MITF, tyrosinase, and
Tyrp1 expression [76, 107, 108]. In UV-induced
skin pigmentation, a bisabolol-containing cream
allowed significant lightening of skin without
adverse reactions [108]. Another compound,
3,4,5-trimethoxycinnamate thymol ester, is
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deemed to mainly act by decreasing the expres-
sion of tyrosinase and Tyrp1 but most probably
through a cAMP-independent mechanism [109].

An anti-MITF small interfering RNA conju-
gated to a skin-penetrating peptide in a cream
formulation was also successfully used for the

treatment of patients with melasma, with an
almost complete restoration of skin color on
facial lesions after 12 weeks [110], but these
agents need optimized topical delivery systems
[111].
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«Fig. 3 Melanogenesis pathways and relevant inhibi-
tors. The figure schematizes the biological targets allow-
ing inhibition of melanogenesis and the known modes of
action of the main melanogenesis inhibitors. In the top
section, melanogenesis pathways and targets for inhibition
are summarized in 4 categorics: i) Regulation pathways
converging on MITF transcription factor expression. ii)
Tyrosinase: tyrosinase, a copper-containing enzyme, cata-
lyzes the conversion of initial substrates, mostly L-tyrosine
and L-DOPA, but possibly DHI and DHICA, into mela-
nin precursors. The “Cu” represents the copper ion, essen-
tial for its activity. The “P” indicates phosphorylation as a
tyrosinase maturation and stabilization mechanism. iii)
Melanin precursors: these are the intermediate molecules
resulting from the conversion of initial substrates and
necessary for melanin pigments formation. iv) Melanin
production: progressive oxidation and polymerization
of melanin precursors into melanin pigments. In the bot-
tom section, the modes of action of the main melanogen-
esis inhibitors are summarized in 6 categories. The list of
chemicals under each category provides examples of spe-
cific inhibitors. i) Tyrosinase expression inhibitors: these
substances reduce the amount of tyrosinase produced by
the cell. They act upstream by targeting MITF, the master
regulator of tyrosinase expression. ii) Tyrosinase catalytic
activity inhibitors: these compounds directly interfere
with tyrosinase’s ability to convert L-tyrosine to melanin.
They employ different mechanisms: the alternative sub-
strates compete for the tyrosinase active site, reducing the
enzyme’s effectiveness on its natural substrate. iii) Matura-
tion inhibitors: these compounds prevent tyrosinase from
reaching its fully functional, mature form. iv) Non-com-
petitive inhibitors: these inhibitors bind to tyrosinase at
a site different from the active site, altering the enzyme’s
shape and reducing its activity. v) Copper iron quenching:
these substances bind to the copper ions that are essential
for tyrosinase activity, inactivating the enzyme. vi) Melanin
precursors quencher: this substance reacts with and neu-
tralizes the intermediate melanin precursors (dopaquinone,
DHICAgquinone, and DHIquinone), preventing their fur-
ther conversion into melanin

Tyrosinase Post-translational Modification

The main post-translational modification of
tyrosinase is its glycosylation at asparagine
residues [112]. Hence, N-acetyl glucosamine,
a sugar derivative able to inhibit lipid carrier-
dependent glycosylation of proteins, inactivates
tyrosinase through the inhibition of its glyco-
sylation [113]. It was incorporated in several

cosmetic products [114] and successfully used
as a standalone active alone or in combination
to reduce facial spots and hyperpigmentation
[27]. However, glycosylation inhibitor usage is
often accompanied by cytotoxic effects, such as
cell cycle arrest.

An alternative strategy to target tyrosinase
activity is to indirectly inhibit its phosphoryla-
tion and subsequent interaction with Tyrpl.
Two antisense oligonucleotides that specifi-
cally interact with the mRNAs of the protein
kinase C-p, responsible for tyrosinase phospho-
rylation and thus its activation [115], decreased
tyrosinase activity in cultured melanocytes and
reduced hand pigmentation in volunteers after
applying a care product containing these syn-
thetic agents [116].

Other Targets in Melanogenesis Pathway

Besides tyrosinase and melanogenic enzymes,
other targets in the melanogenesis pathway
have been the subject of research for anti-mela-
nogenic active ingredients (Fig. 3).

Inhibition of a-MSH Receptor

The UV-inducible melanocyte stimulating hor-
mone (a-MSH) and its receptor MC1R, which
activates the downstream expression of tyrosi-
nase through MITF , are two targets of choice
(Figs. 1 and 3). Glycinamide, a small a-MSH-
mimicking peptide blocking MC1R receptor,
inhibited melanin synthesis in melanocytes
and reduced skin pigmentation in volunteers
after topical application [117]. Another antago-
nist of MC1R, undecylenoyl phenylalanine, also
induced significant lightening of pigmented
lesions when applied twice daily at 2% in
patients with melasma or SL [118, 119].

Capturing Melanin Intermediate Products

Recently, 2-mercaptonicotinoyl glycine (2-MNG)
was described as a new inhibitor of melanin
production through a novel mode of action.
2-MNG conjugates with some melanin precur-
sors, preventing their integration into mela-
nin polymers, leading to an inhibition of both
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eumelanin and pheomelanin production, while
preserving their ratio and melanocyte integrity
[120]. In vivo, 2-MNG significantly inhibited the
early skin darkening events following repeated
UV exposures, and new melanin content, when
compared to vehicle, with higher performance
at 1% than at 0.5% [121, 122] and a significantly
better performance than 4-butyl-resorcinol 2.5%
[121]. In addition, 2-MNG was recently shown
to be the first topical biological active to sig-
nificantly and visibly reduce persistent, long-
lasting pigmentation induced by high-energy
visible (HEV) light, demonstrating a rapid and
dose-dependent effect [123]. No side effects were
reported.

MELANOSOME REGULATION

The maturation and transfer of melanosomes to
keratinocytes are critical for the distribution of
melanin in the epidermis (Fig. 1). Compounds
inhibiting intracellular melanosome transport or
activating melanosome degradation have been
explored in recent years.

Melanosome Transport and Autophagy

Melanosome trafficking from the perinuclear
area of melanocytes to peripheral dendrites,
where pigments are transferred to keratinocytes,
is tightly regulated by cytoskeleton-linked motor
proteins, such as kinesin, the tripartite protein
complex Rab27a/melanophilin/myosinVa, and
small GTP-binding proteins [124].

Recent observations suggest that autophagy
machinery proteins may be directly involved
in melanogenesis regulation and melanosome
trafficking on the cytoskeletal track [125]. Dis-
rupting melanosome transport may also induce
autophagy-mediated degradation of accumulat-
ing melanosomes, which can contribute to the
decrease of melanin content in cells [126].

Several compounds have been shown to inter-
fere with melanosome transport or to activate
autophagy in cultured melanocytes and pig-
mented skin models (Supplementary informa-
tion 4.1). However, clinical evidence showing

that specific targeting of these pathways can
improve hyperpigmentation is still missing.

Melanosome Transfer from Melanocytes to
Keratinocytes

Four models are currently proposed to explain
how melanin pigments might be transferred and
processed from melanocytes to keratinocytes
(Fig. 1) [127-129]: the direct membrane fusion
between both cell types, the cytophagocytosis
of melanocyte dendrite tips by keratinocytes,
the release of vesicles containing melanosomes
in the extracellular space and internalization
by keratinocytes, and the coupled exocytosis/
phagocytosis of melanocores (naked melano-
somes deprived of their melanosomal mem-
brane) by melanocytes and keratinocytes,
respectively. Recent evidence indicates that the
last two mechanisms could be predominant and
might be targeted to modulate skin pigmenta-
tion [18, 127]. Furthermore, cell-cell recognition
involving lectins and glycoproteins may also
influence melanosome transfer and be a relevant
target [129].

The transmembrane protease-activated recep-
tor 2 (PAR-2), which is expressed on keratino-
cytes and has an important role in the formation
of melanocyte dendrites and the phagocytosis of
melanosomes by keratinocytes [129, 130], could
also be specifically blocked by compounds to
decrease epidermal pigmentation [131]. Accord-
ingly, soymilk and soybean extracts with the
ability to inhibit PAR-2 via the proteases soy-
bean trypsin inhibitor (STI) and Bowman-Birk
inhibitor (BBI) have demonstrated effective-
ness in reducing skin pigmentation in human
[66, 132-135]. The clinical effectiveness and
favorable safety profile of soybean extract are
supported by several trials [66, 114, 136] (Sup-
plementary information 4.2).

Niacinamide (or nicotinamide) is a biologi-
cally active form of niacin (vitamin B;) that has
also been shown to inhibit melanosome trans-
fer in a co-culture model of melanocytes and
keratinocytes without impairing melanogenesis
[137, 138]. Moreover, niacinamide may enhance
the inhibition of melanosome transfer induced
by lectins and neoglycoproteins [130, 138].
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Nevertheless, numerous clinical studies with dif-
ferent topical niacinamide formulations, alone
or in combination, found significant improve-
ments in skin aging and hyperpigmentation [66,
130, 137-139]. A 4% topical niacinamide formu-
lation was shown to be better tolerated than 4%
hydroquinone cream, with almost comparable
skin-lightening efficacy [140]. This product also
has anti-inflammatory efficiency which could
contribute to its efficacy [141]. It hence can con-
stitute a valuable alternative option for melasma
or PIH treatment [50, 76, 90, 130].

EPIDERMAL CELL TURNOVER

Retinoids are natural and synthetic vitamin A
derivatives that modulate cellular differentiation
and proliferation through the binding to nuclear
retinoic acid receptors but also through the
activation of kinase signaling pathways [142].
By this process, they strengthen the protective
function of the epidermis [142-144].

It has been shown that tretinoin (retinoic
acid) and its derivatives, isotretinoin, ada-
palene and tazarotene, may decrease pigmenta-
tion in vitro most probably via the induction
of keratinocyte proliferation and epidermal
turnover acceleration, rather than by acting
directly on melanogenesis [145]. Retinoids may
also exert their depigmenting effect by inhibit-
ing oxidative stress and melanosome transfer to
epidermal cells, as well as by remodeling dermal
structure [25, 66] (see Sect. “Modulation of Der-
mal Structure”). Tretinoin and derivatives can be
used as monotherapy or in combination in der-
matological products for the treatment of mel-
asma or PIH [27, 76, 90, 94]. Retinoid precursors,
such as retinol (vitamin A) and retinaldehyde,
which need to be metabolically converted into
the active form of retinoic acid, are more often
used in cosmeceuticals, but have lower potency
than retinoic acid [66, 144, 146, 147]. Bakuchiol,
a natural molecule with retinol-like activities, is
also receiving growing interest (Supplementary
information Sect. 5) [148-151].

Retinoids are commonly combined with
other lightening agents and anti-inflammatory
molecules, such as in Kligman-like formulas, to

enhance the efficacy of the treatment [25, 66]
(see Sect. “Combined Approaches”).

TARGETING THE
MICROENVIRONMENT OF
MELANOCYTES

Besides melanocytes and Kkeratinocytes, other
players, such as dermal fibroblasts, immune,
and endothelial cells, are involved in the devel-
opment and relapse of hyperpigmentation [24,
152-154]. Melanophages, which are melanin-
containing macrophages within the dermis, may
also contribute to persistent pigmentation in
melasma and PIH [154, 155]. Melanophages play
a critical role in what is defined as dermal mela-
nosis or pigmentary incontinence. These cells
remain sequestered in the dermis for months to
years, where the Tyndall effect translates deep-
seated pigment into a clinically characteristic
gray-blue hue [156]. Furthermore, as activated
immune cells, melanophages may communicate
and stimulate dermal T lymphocytes and secrete
proinflammatory cytokines, potentially sustain-
ing the chronic status of the hyperpigmented
lesion [157, 158].

These various cells and their complex parac-
rine interplay may be relevant targets to potenti-
ate anti-melanogenic strategies.

Anti-inflammatory Strategies

Skin inflammation, driven by a variety of
inflammatory mediators such as interleukins,
cytokines, chemokines, and prostaglandins,
released by immune cells (macrophages, mast
cells, lymphocytes), keratinocytes, dermal
fibroblasts and sebocytes, exacerbates hyperpig-
mentation disorders [19, 153, 159-161]. Conse-
quently, drugs with anti-inflammatory actions
are investigated for therapeutic or adjuvant use.

Topical corticosteroids, potent anti-inflamma-
tory agents, inhibit the synthesis of inflamma-
tory mediators like prostaglandins, cytokines,
endothelin-1 (EDN-1), and granulocyte mac-
rophage colony-stimulating factor (GM-CSF) in
various skin cells [162]. However, as a result of
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weak depigmenting effects and potential side
reactions like skin atrophy [6, 90], potent corti-
costeroids are usually not used as monotherapy
for hyperpigmentation. They are preferentially
incorporated at low concentrations in triple
combination therapies for melasma, such as
Kligman ones (containing dexamethasone or
fluocinolone acetonide), to reduce irritation
caused by other components. They are particu-
larly crucial for PIH treatment by addressing
subclinical inflammation and for decreasing
PIH incidence after ablative fractional resurfac-
ing [76].

Salicylic acid and its derivatives are the main
nonsteroidal anti-inflammatory agents used in
topical formulations, also capable of inhibiting
melanin production and transport in melano-
cytes [163]. Niacinamide is also widely recog-
nized for its anti-inflammatory properties [141].
Its clinical performance on pigmentation disor-
der is clinically proven (see Sect. “Melanosome
Transfer from Melanocytes to Keratinocytes”).

Phytoextracts offer alternative anti-inflamma-
tory benefits. Aloe vera extract and aloesin, its
major active, exhibit anti-inflammatory abili-
ties, without the adverse effects of corticoster-
oids (Supplementary information 6.1) [114, 136,
164, 165].

Glycyrrhetinic acid, a triterpenoid deriva-
tive from licorice (Glycyrrhiza glabra) with anti-
inflammatory and AOX properties [166, 167],
has shown effectiveness in lightening hand SL
in combination with 4-butyl-resorcinol [168].
Glabridin, another licorice compound, exhib-
its both anti-inflammatory and anti-tyrosinase
activities contributing to its anti-pigmenting
effect [167, 169] and effectiveness against mel-
asma [170].

Inhibition of Vascularization/Endothelial
Cells

Increased dermal vascularity (neovasculari-
zation/capillary hyperplasia) is implicated in
melasma, PIH, and AL [30, 154, 160, 171]. It
is driven by factors such as vascular endothe-
lial growth factor (VEGF), transforming
growth factor beta (TGFP), EDN-1, fibroblast
growth factor 2 (FGF-2) produced by mast

cells, keratinocytes, and fibroblasts, stimulat-
ing endothelial cells [153, 154]. Endothelial
cells, in turn, secrete EDN-1, SCF, and nitric
oxide, promoting melanogenesis in melano-
cytes. Thus, endothelial cells are key targets for
hyperpigmentation and prevention of melasma
relapse [152]. Tranexamic acid (TXA), a lysine
analogue and antifibrinolytic agent, inhibits
the binding of plasminogen originating from
endothelial cells to keratinocytes resulting in
the diminution of melanocyte activators pro-
duction (e.g., arachidonic acid, prostaglandins,
leukotrienes, a-MSH) [6, 27, 90]. It also miti-
gates mast cell activity [160] and angiogenesis
via VEGF and EDN-1 inhibition [172, 173].

TXA is extensively utilized for melasma treat-
ment through various administration routes
(systemic, topical, transepidermal, intradermal
by intralesional microinjections or micronee-
dling). Clinical evidence with TXA is scarcer
and less compelling for PIH [173].

Several studies with oral TXA have dem-
onstrated high response rates in melasma [6,
90, 173] and as adjuvant it can enhance the
effectiveness of the topical hydroquinone or
triple combination therapy [75, 174]. Topical
TXA efficacy varies, some studies showing effi-
cacy comparable to hydroquinone in treating
melasma [7, 75] while other trials have found
no significant difference compared to placebo
[175]. This discrepancy likely reflects chal-
lenges for cutaneous penetration of TXA, lead-
ing to the development of enhanced delivery
systems like liposomes to improve efficacy and
tolerability [94]; however, clear demonstration
of their efficacy in melasma has to be done [6].

Given the difficulty of targeting endothe-
lial cells in the dermis, inhibiting downstream
pathways activating melanocytes, like EDN-1/
EDN receptor signaling [176-179], could be
particularly relevant for treating melasma and
solar lentigo as this signaling pathway is upreg-
ulated in these conditions [180]. Matricaria
chamomilla extract, with a spiro ether active,
proposed as an EDN-1 receptor antagonist,
reduced in vitro melanin synthesis [179] and
topically applied it prevented UVB-induced
pigmentation in human skin and improved SL
[179].
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Modulation of Dermal Structure

Dermal fibroblasts play a pivotal role in the
formation and maintenance of the skin’s extra-
cellular matrix (ECM). Beyond structural sup-
port, they mediate communication between
melanocytes and keratinocytes and stimulate
melanogenesis through soluble factors/sign-
aling pathways, such as the SCF/cKit/MAPK
pathway and Wnt/B-catenin pathway in mel-
anocytes [22, 30, 153-155]. Deregulation of
these pathways is frequently observed in mel-
asma, post-inflammatory hyperpigmentation,
and senile (actinic)lentigo [154, 155, 181-183].
Furthermore, the degradation of structural der-
mal proteins significantly contributes to these
disorders. Matrix metalloproteinases (MMPs),
alongside plasmin (derived from plasminogen
released by fibroblasts and keratinocytes), are
proteases that degrade collagen, elastin, and
other ECM components, leading to dermal
disorganization and destruction of the DE].
Plasmin, in particular, can also enhance mel-
anogenesis and exert proinflammatory and
proangiogenic effects. These dermal alterations
are closely linked to skin photoaging including
the hyperpigmented lesions.

Topical retinoids and retinol improve the
dermal ECM microenvironment by activating
dermal fibroblasts. This activation primarily
occurs through the stimulation of the TGFp/
CTGF pathway, which consequently enriches
ECM deposition in aged human skin in vivo.
Therefore, the beneficial effects of active com-
pounds on the dermis and fibroblasts, com-
bined with their impact on epidermal turnover
(see Sect. “Epidermal Cell Turnover”), contrib-
ute to their efficacy in treating pigmentary
disorders.

In melasma, the Wnt/B-catenin pathway
is involved in the regulation of fibroblast-
secreted factors that modulate melanocytes
activity. Consequently, Wnt inhibitors such
as Dickkopf agonist investigated in vitro are
considered promising in hyperpigmentation
treatment (Supplementary information 6.3)
[30, 184, 185].

The monohydroxy fatty acid 10-hydroxy-
stearic acid (HSA), a bio-derived PPARa agonist,

has demonstrated efficacy in reducing pig-
mentation of facial age spots [186]. Its mecha-
nism of action is hypothesized to involve the
modulation of WNT-related fibroblast-secreted
proteins, though further studies are needed to
confirm this and its overall effectiveness in
hyperpigmentation.

Another natural compound is glycyl-L-histi-
dyl-L-lysine (GHK), a peptide found in human
serum and various ECM proteins. Besides antiox-
idant (AOX) and anti-inflammatory effects, GHK
exhibits potent tissue remodeling properties by
stimulating collagen synthesis in fibroblasts and
increasing keratinocyte proliferation [187, 188].
In patients with melasma, hydroporation with a
GHK-containing formulation effectively reduced
pigmentation and erythema, alongside inducing
antiaging effects by stimulating ECM constitu-
ent production [188, 189]. Short peptides rela-
tively stable in formulations can be designed or
formulated to be skin-permeable.

ENZYMATIC DISCOLORATION OF
MELANIN

Discoloration of melanin is an alternative
method for skin lightening. Lignin peroxidase
(LiP), an extracellular enzyme purified from the
white-rot fungus Phanerochaete chrysosporium,
has been shown to effectively degrade and
decolorize melanin in vitro through an oxidative
process [190, 191]. Recently developed, recombi-
nant lignin peroxidase showed higher stability
and in vitro performance [192]. To preserve and
stabilize enzymes in formulation, technologies
have been developed, among them encapsula-
tion using liposome or nanoemulsion, addition
of sugar or polyol as cosolute strengthening
the hydration shell around the enzyme, or pre-
cise pH control matching the isoelectric point
ensuring structural stability [193, 194]. Three
studies showed the skin-lightening effect of a
LiP-based cream, using a two-step protocol (first
the enzyme product, second the activator H,0,),
with no observable adverse effect [195]. This
cream significantly and rapidly reduced skin
pigmentation and was equally effective as 4%
hydroquinone [136, 195]. Yet larger comparative
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«Fig. 4 Multilevel intervention strategies for the manage-
ment of hyperpigmentation and relevant active ingredients.
This figure summarizes the diverse strategies used to modu-
late/ manage hyperpigmentation, targeting various stages
of melanin production, transport, and distribution, as well
as the melanocyte microenvironment and the removal of
existing melanin. The graph combines the relevant active
ingredients and measures on different pathways listed in
the manuscript and the supplement file. The actives high-
lighted in color are dermatological references. Broad-spec-
trum photoprotection is indicated as a preventive or treat-
ment support measure

clinical studies are necessary to confirm effec-
tiveness for melasma and other pigmentary
disorders.

REMOVING EXISTING MELANIN

To increase effectiveness and prevent recurrence,
other strategies based on the removal of excess
melanin can be used in second or third lines.
Chemical peelings include superficial interven-
tions for removing the outermost epidermal
layers, and deeper interventions that reach
the upper dermis and induce a wound healing
response which may additionally improve aging
signs. However, as a result of their invasiveness
they must be used cautiously to avoid cutane-
ous reactions or risk of causing PIH, especially
in patients with darker skin tone (Fitzpatrick
phototype>1V) [25, 27, 195-198]. Sun protec-
tion is also mandatory after these interventions
[25, 199].

COMBINED APPROACHES

As multiple players are involved in hyperpig-
mentation concerns, some skin-lightening strat-
egies aim to simultaneously target several skin
cells and factors. The expectation is to improve
the effectiveness of treatments while minimizing
their adverse effects by reducing the concentra-
tion of each agent or the intensity of the proce-
dures. Some are presented below to exemplify
different multitargeting approaches.

Photoprotection Boosting

AOX compounds can be added to sunscreens
to boost photoprotection [41]. Dermocosmetic
products now often include several AOX [200],
the most common being vitamins E and C [201].

The combination of skin-lightening agents
with vitamins and UV filters has also been
shown to improve skin hyperpigmentation [52],
as shown in a study on melasma treatment com-
paring a cream containing 4% hydroquinone,
10% buffered glycolic acid, vitamins C and E,
and UV filters with a UV-only sunscreen [202]. A
skin-whitening serum combined with a SPF50+
sunscreen also allowed melasma improvement
after 12 weeks of bidaily use [203].

Combined Skin-Lightening Agents

Combined skin-lightening formulations started
in the 1970s with the Kligman formula com-
bining hydroquinone with tretinoin and corti-
costeroids used primarily to reduce hydroqui-
none-induced skin reactions [27, 94]. Modified
Kligman trio formulas using alternative retinoids
and/or low-potency steroids have successfully
been used to treat melasma and PIH for decades
[7, 27, 74, 75, 204]. Currently, Triluma® (hyd-
roquinone 4%, tretinoin 0.05%, fluocinolone
acetonide 0.01%) is the only triple combination
therapy approved in the USA for melasma [6,
205]. However, safety concerns with hydroqui-
none led to withdrawal of the Kligman formula
in several countries [6, 27, 74, 77, 90]. Recently,
it has been demonstrated that replacing hydro-
quinone with a potent cosmetic depigmenting
agent, isobutylamido-thiazolyl-resorcinol, in the
trio provides at least similar efficacy and better
tolerance [206].

Other alternative multitargeted strategies
have been developed to avoid hydroquinone-
related safety issues.

Retinol and Antioxidant Combinations: A for-
mulation combining retinol (0.5%), bakuchiol,
Ophiopogon japonicus root extract, vitamin C
(30%), vitamin E, and ubiquinone (coenzyme
Q10) showed significant clinical improvement
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in women with mild-to-moderate facial hyper-
pigmentation [207].

Retinaldehyde and Resorcinol Derivative Combi-
nations: The combination of phenylethyl resor-
cinol (0.5%) and retinaldehyde (0.05%) with the
antioxidant tocopheryl glucoside (0.1%) demon-
strated efficacy in reducing and stabilizing solar
lentigines [208].

Niacinamide’s multimechanistic action (mel-
anogenesis inhibition, melanosome transfer
blockade, anti-inflammatory effects) makes it
an ideal combination partner with tyrosinase
inhibitors and anti-angiogenic agents.

Niacinamide and Resorcinol Derivative Combina-
tions: Niacinamide (3%) combined with 4-hex-
ylresorcinol (0.4%) demonstrated significantly
better lightening of hyperpigmented spots com-
pared to niacinamide alone [139].

Niacinamide and 2-MNG Combination: A topi-
cal regimen combining niacinamide (10%) and
2-mercaptonicotinoyl glycine (2-MNG, 0.5%)
showed significant clinical efficacy in reducing
facial dyschromia and post-inflammatory hyper-
pigmentation across diverse skin phototypes
[209-212].

Other Niacinamide Combinations: A serum
containing 5% niacinamide, 3% tranexamic
acid, and 1% kojic acid demonstrated efficacy
for facial dyschromia [213]. A 2% niacina-
mide, 2-3% TXA, 4% a-arbutin, and 4% fer-
ment filtrate serum and a 4% niacinamide, 3%
a-arbutin, 1% bisabolol, and 0.05% retinalde-
hyde cream were also effective in treating hyper-
pigmentation issues [130].

Skin-lightening products can further incorpo-
rate anti-inflammatory agents such as licorice
extract or dipotassium glycyrrhizate, and/or
actives that remodel and improve skin struc-
ture such as hyaluronic acid, glycolic acid, or
proxylane [203, 213]. As an example of such a
multipronged approach, the Neotone® formu-
lation simultaneously targeting melanocytes,
fibroblasts, and endothelial cells with the com-
bination of five actives (niacinamide, licorice
extract, diacetylboldine, a DKK1 agonist, and
an inhibitor of EDN-1 synthesis) was found to
be as effective as hydroquinone 4% cream in the
management of facial melasma, while inducing
fewer side effects [214].

Skin-lightening products can also be com-
bined with chemical or physical exfoliating
interventions to mutually enhance and pro-
long their depigmenting effects (Supplementary
information 9).

SUMMARY AND CONCLUSION

Melanin hyperpigmented disorders affect a large
population in the world and lead to negative
impacts on quality of life. On the basis of the
complex physiopathology of these pigmentary
disorders, various treatment solutions are envis-
aged alone or in combination and summarized
in Fig. 4.

Altogether, the present review highlights the
development of treatment combinations manda-
tory for future products with high efficacy.
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