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Background: Key cellular players regulating human skin pigmentation include melanocytes in the epidermis that synthesize melanin, 
neighboring keratinocytes that receive and distribute melanin in the upper layers, and fibroblasts in the dermis that affect overlying 
melanocytes and keratinocytes. In addition, endocrine factors from the blood supply (endothelial cells) and inflammation-related factors 
play a role. Thus, new strategies for affecting pigmentation need to consider these multiple cell lines to adequately cover various causes 
and disease processes associated with hyperpigmentation.
Methods:  Pathophysiologic mechanisms and cellular pathways involved in melanogenesis were thoroughly reviewed with particular 
emphasis on the cellular interplay involved in the process. A complex system of interlinking and independent pathways was defined and 
described demonstrating differing pathways for altered pigmentary disorders – melasma associated with endothelial cell interactions; 
post inflammatory hyperpigmentation associated with keratinocyte inflammatory mediators (PGE2 in particular); and photodamage 
involving all 4 cell types. In vitro validation studies were then undertaken to define differing cell group gene expression profiles with 
selected peptides and other active agents. Melanocytic production of pigment was then tested with these agents to identify key 
potential players capable of limiting pigmentation.
Results: Hexapeptide-12 and lactoferrin (melanocytes), Hexapeptide-11 (in keratinocytes), and phosphatidylserine (endothelial cells) 
were identified as major inhibitors of melanogenesis based on their gene expression profiles. This was confirmed by secondary melanin 
production tests performed on melanocytic lines. Additional active agents were also identified as inhibitors of melanocytic production 
of melanin, and together, these constituents formed the basis for a novel formulation for use in pigmentary disorders.
Conclusion:  A comprehensive scientific narrative of the various facets relating to pigmentation has been presented including differing 
pathways affecting varied cell lines that effect pigment production. Based on this concept, actives were tested using gene expression 
studies as well as in vitro melanogenic model testing in different cell lines. Using this novel multi-faceted approach, we have selected 
and validated a series of active agents to be used in a formulation targeting the complex problem of hyperpigmentation.

J Drugs Dermatol. 2022;21(11):1206-1220. doi:10.36849/JDD.7013

 ABSTRACT

 INTRODUCTION

Skin, hair, and eye color are derived from melanin 
produced within melanosomes through the process 
of melanogenesis. The amount of melanin produced 

depends on genetic, local regulatory, and environmental 
factors, particularly exposure to ultraviolet (UV) light. Human 
skin pigmentation may be constitutive or facultative. Facultative 
pigmentation relates to extrinsic effects on pigmentation, such 
as UV radiation (UVR), drugs, and hormones, which may lead 
to abnormal skin hyperpigmentation.2 In contrast, constitutive 
pigmentation is predetermined intrinsically by gene status, 

which directs the size, density, and shape of melanosomes, 
and these can vary significantly among European, African, and 
Asian populations.2 One of the important roles of melanin is 
to protect the skin, tissues, and genes from UV-induced skin 
injury.

 MATERIALS AND METHODS
UVA and UVB radiation can result in skin damage with darkening 
and pigmentation secondary to free oxygen radical formation. 
These radicals stimulate tyrosine synthesis, which increases 
the level of melanin. This melanin protects the skin from UVR. 

doi:10.36849/JDD.7013

Do Not Copy
Penalties Apply

To order reprints or e-prints of JDD articles please contact sales@jddonline.com

This document contains proprietary information, images and marks of Journal of Drugs in Dermatology (JDD). 
No reproduction or use of any portion of the contents of these materials may be made without the express written consent of JDD. If you feel you 
have obtained this copy illegally, please contact JDD immediately at support@jddonline.com

JO01122



1207

Journal of Drugs in Dermatology
November 2022  •  Volume 21  •  Issue 11

 

A.D. Widgerow, J.V. Wang, M.E. Ziegler, et al

components before being transferred to keratinocytes.2 Each 
melanocyte typically supplies 36 keratinocytes with melanin, 
forming the epidermal-melanin unit. Excessive melanin in the 
skin results in hyperpigmentation, which can contribute clinically 
to melasma, freckles, and lentigines. Studies regarding the 
regulation and mechanism of melanogenesis are important to 
identify targets for the prevention and treatment of pigmentary 
disorders.

The broad sequence of melanogenesis is as follows (Figure 1):
1. The melanocyte can be activated via cell surface 

receptors by various stimuli. These include hormones 
(eg, estrogen, melanocyte-stimulating hormone [MSH], 
adrenocorticotropic hormone [ACTH]), systemic or 
local inflammation (eg, procedural, acne), and external 
environmental insults (eg, UVR producing free radicals 
and prostaglandins). 

More specifically, melanogenesis begins with tyrosinase 
(TYR) oxidation of tyrosine (derived from phenylalanine) to 
dihydroxyphenylalanine (DOPA) and then to dopaquinone.3 A 
second enzyme in the melanin synthesis pathway, tyrosinase-
related protein 2 (TRP-2), converts dopaquinone to dopachrome 
and subsequently converts dopachrome to 5,6-dihydroxyindole 
(DHI) or indole 5,6-quinone 2-carboxylic acid (DHICA). The 
last enzyme involved in melanin synthesis, tyrosinase-related 
protein 1 (TRP-1), catalyzes the oxidation of DHICA and forms 
eumelanins.3   In human skin, this pigmentation process 
undergoes multiple steps of conversion to ultimately give rise 
to yellow‐red pheomelanin and black eumelanin.2 Finally, the 
melanin is transferred from melanosomes to keratinocytes, 
where it caps the nucleus in an effort to protect the cell from 
further UV injury. Melanosomes in melanocytes are intracellularly 
transported from their origin to the dendritic tips via cytoskeletal 

FIGURE 1. Pigmentation sequences with strategies and relevant active agents. Melanogenesis in the skin is regulated by various factors, among 
which tyrosinase is a key enzyme. Upon exposure to a trigger, such as UVB radiation, inflammatory responses produce ROS, and keratinocytes 
potently induce or secrete various cytokines. These peptides and growth factors include αMSH and its receptor, MC1R, EDN1 and its receptor, 
EDNBR, IL-2, bFGF, SCF, nitric oxide, ACTH, prostaglandins, leukotrienes, and histamine. These various factors through paracrine action on 
melanocytes can trigger or inhibit melanogenesis. The expression of tyrosinase is induced by the main regulator, MITF.  p53 also plays a crucial 
role in melanogenesis, not only through ultraviolet (UV)-induced pigmentation via ROS, such as H2O2 that induces p53 via the NF-ҡB pathway, 
but also through non-UV-induced pigmentation, such as inflammatory or post-inflammatory hyperpigmentation.3-5  Throughout these sequences, 
strategies to impact various steps can be undertaken using active agents listed.

Abbreviations: ROS: reactive oxygen species; αMSH: α-melanocyte stimulating hormone; MC1R: melanocortin 1 receptor; EDN1: endothelin-1; EDNBR: endothelin B receptor; IL-2: interleukin 2; 
bFGF: basic fibroblast growth factor; SCF: stem cell factors; ACTH: adrenocorticotropic hormone; MITF: microphthalmia associated transcription factor; PS: Phosphatidylserine
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roles in regulating melanogenesis in tandem with their 
corresponding receptors, whose expression is also regulated by 
various cytokines.4 Current research is focused on depigmenting 
compounds, which selectively inhibit TYR activity and reduce 
hyperpigmentation in affected melanocytes without cytotoxic 
effects to normal melanocytes (as opposed to hydroquinones).2 

More particularly, efforts are directed at the melanogenesis‐
regulatory enzymes and proteins named above, such as MITF, 
TYR, TRP-1, TRP-2, extracellular signal-regulated kinase (ERK), N‐
terminal kinases (JNK), and p38 MAPK.3,5 

Key cellular players that regulate human skin pigmentation 
include melanocytes in the epidermis that synthesize the melanin 
and neighboring keratinocytes that receive and distribute it in the 
upper layers of the skin. Other intrinsic factors that help regulate 
skin pigmentation include the fibroblast action in the dermis that 
affects the overlying melanocytes and keratinocytes, endocrine 
factors from the blood supply (endothelial cells), as well as 
neural factors and inflammation-related factors (Figure 2).6 

 Thus, new strategies for affecting pigmentation need to consider 
multiple cell lines (eg, melanocytes, keratinocytes, fibroblasts, 
endothelial cells) to adequately cover various causes and 
disease processes associated with hyperpigmentation (Figure 2). 

2. These stimuli induce the upregulation of the tyrosinase
gene via reactive oxygen species (ROS), p53 and prime
regulator microphthalmia-associated transcription 
factor (MITF), mitogen-activated protein kinase (MAPK)
signaling, etc, inducing tyrosinase gene transcription.
Activated tyrosine is then capable of converting tyrosine
into DOPA, which is subsequently converted into
dopaquinone, and then into melanin.

3. Finally, melanin is packaged into melanosomes and
transferred via dendrites to keratinocytes.

To effectively reduce melanogenesis, the pathway must be 
simultaneously blocked at multiple levels. For simplification, the 
blocking of melanogenesis has traditionally been divided into 4 
different steps: 

1. reduction of melanocyte activation;
2. inhibition of melanin synthesis;
3. reduction of melanin transfer; and
4. exfoliation of keratinocytes containing melanosomes or

autophagy of melanosomes.

During the first 2 steps, a complicated network composed of 
paracrine and autocrine cytokines secreted by keratinocytes, 
melanocytes, fibroblasts, and endothelial cells all play important 

FIGURE 2. Extrinsic influences triggering various pigmentation pathways.

Key: 
1. Surface receptors on melanocyte: EDNRB: Endothelin receptor B; MC1R: melanocortin-1 receptor – agonist is αMSH; Wnt pathway; SCF: Stem Cell Factor
2. Cytokines and mediators in Keratinocytes and fibroblasts: PLA: phospholipase A; AA: Arachidonic acid; PGE-2: Prostaglandin E2; bFGF: Basic fibroblast Growth Factor; EDN1:  Endothelin-1; αMSH: 
Alpha Melanocyte Stimulating Hormone; NO: Nitric oxide; Plasmin, COX2, IL-1, Histamine, MMPs, etc.
3. Enzymes and transcription factors in the melanocyte: MITF: microphthalmia associated transcription factor; TYR: tyrosinase; TRP-2: tyrosinase-related protein 2; TRP-1: tyrosinase-related protein
1; cAMP: cyclic adenosine monophosphate
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Cellular Interplay Impacting Melanogenesis   
Melanin formation is a protective mechanism initiated by the 
body to protect cells (primarily keratinocytes) from harmful 
DNA damage that can occur following extrinsic stimuli, such 
as UVR. Melanocytes are stimulated to produce melanosomes, 
which gradually work their way into the dendritic extension of 
the melanocytes that pass between the keratinocytes. There, 
they unload their melanin packages, which are distributed as 
nuclear caps in the keratinocytes to protect these cells from 
further damage. 

Melanin is synthesized within the melanosome and proceeds 
through four stages (Figure 2). In stage I melanosome vesicles 
are derived from early endosomal membranes and contain the 
amyloid protein Pmel17 and MART-1.7 As the stage I melanosome 
matures, Pmel17 forms fibrillar striations that characterize stage 
II melanosomes. The resulting premelanosomes mature to stage 
III and IV melanosomes after the delivery of melanogenic proteins 
that stimulate melanin pigment synthesis and deposition onto 
the Pmel17 striations (stage III melanosome), eventually giving 
rise to the stage IV melanosome, which appears opaque by 
electron microscopy.7 MITF is known to be the master regulator 
for the transcription of enzymes TYR (the rate-limiting step in 
melanin synthesis), TYRP1, Pmel17, and MART-1. 

Although overlap of pigmentary pathways is inevitable, multiple 
pathways can be involved in contributing to pigmentation. 
The most recognized pathway involves common stimuli (eg, 
hormones, inflammation, UVR) that can induce the formation 
of ROS, including H2O2, and inflammatory mediators mainly 
by keratinocytes and melanocytes. These species interact with 
surface receptors (eg, Wnt, endothelin receptor type B [EDNRB], 
stem cell factor, melanocortin 1 receptor [MC1R]) on the 
melanocyte to initiate the intracellular stimulation of melanin 
formation by melanosomes, all under the regulation of MITF 
and subsequent influence of TYR, TRP-2, and TRP-1 enzymes. In 
addition, ROS can affect the MAPK, p53/nuclear factor kappa 
B (NF-ҡB), nuclear factor of activated T-cells (NFAT), protease-
activated receptor (PAR-2) pathways to directly impact MITF, and 
regulation of the melanin formation cascade.

An additional receptor expressed on keratinocytes that seems 
to be closely involved with melanosome transfer is PAR-2, which 
mediates the phagocytosis of melanosomes.6 Keratinocytes 
and fibroblasts secrete a large amount of a cytokine, called 
stem cell factor, which plays a critical role in regulating the life 
cycle of human melanocytes.8 PAR-2 and endothelin 1 (EDN1) 
are reported to be involved in the expression of stem cell 
factor.9  The interaction of EDN1 with its receptor EDNRB is one 
of the key paracrine connections between keratinocytes and 
melanocytes and was first isolated from vascular endothelial 
cells. EDN1 was reported to induce melanogenesis in human 
melanocytes.9 Wnt signaling also plays an important role in 

melanocyte development. Wnt receptor activation enhances 
MITF expression, which stimulates melanogenesis.9 Nitric oxide 
is one of the paracrine factors produced by keratinocytes in 
response to UVB irradiation inducing increased MITF expression 
and melanogenesis.

Thus, it is apparent that specific pathways and cell lines may 
be relevant to certain pigmentary disorders, and although 
there is much overlap in general pathways, post-inflammatory 
pigmentation and melasma are associated with unique 
cellular and signaling mechanisms when it comes to pigment 
stimulation (Figure 2).

Nuances Related to Hyperpigmentary Conditions
Post-inflammatory hyperpigmentation (PIH) is a condition in 
which an injury or inflammation to the skin causes increased 
pigment production. There are 2 clinical forms of PIH: epidermal 
and dermal. Epidermal hyperpigmentation tends to be light to 
dark brown, whereas dermal hyperpigmentation tends to have 
a blue-gray coloration. Inflammation starts in the epidermis 
and manifests as pigmented keratinocytes superficially, but 
as the process continues, the dermoepidermal junction may 
be affected, encouraging deeper dyspigmentation. Epidermal 
UV-protective melanin can enter the dermis via damaged 
basal cells and is phagocytized by macrophages, forming 
dermal melanophages.10 Epidermal PIH usually disappears 
spontaneously within months or years, whereas dermal PIH 
has a longer course and may be permanent. Intense, repetitive 
inflammation tends to produce a long-lasting PIH with a dark 
color.10

In extrinsic aging, exposure of skin to both UVA and UVB radiation 
causes a rapid increase in nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase, which then activates signaling 
pathways in keratinocytes in the epidermis and fibroblasts in 
the dermis, leading to the activation of inflammatory genes. It 
has been proposed that NADPH oxidase induces H2O2, which 
subsequently activates p53 expression via NF-ҡB signaling 
pathway. It may also involve several inflammatory mediators, 
such as interleukin‐1α, ET‐1, arachidonic acid, prostaglandins, 
and histamine, stimulating melanogenesis. In a similar manner, 
PIH involves an inflammatory response within keratinocytes. 
The epidermal inflammatory response (eg, dermatitis) results in 
the release and oxidation of arachidonic acid to prostaglandins 
(eg, prostaglandin E2 [PGE-2]), leukotrienes, and other products. 
Levels of PGE-2, a hormone-like mediator, increase quickly 
when skin is exposed to UVR and inflammatory stimuli, and 
this smoldering inflammation causes continuous damage to the 
dermal matrix.11   There are 3 main signaling pathways stimulated 
by UVR and ROS that are responsible for the activation of 
many inflammatory genes and also those involved in skin 
aging. These are the MAP kinase pathway (and related kinases, 
MAPK, ERK), the NF-ҡB pathway, and the NFAT pathway.11 NF-ҡB 
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activation, via basic fibroblast growth factor (bFGF), is involved 
in melanocyte proliferation.12 Several depigmenting agents 
work by preventing the development of such mediators from 
the inflammation‐related pathway. In addition, recent findings 
point to the dysregulation of nuclear factor erythroid 2-related 
factor 2 (NRF2) signaling being involved in the pathogenesis of 
UV-induced skin pigmentation.13 

MSH and PGE-2 stimulate melanogenesis in melanocytes.11 PGE-
2 in photodamaged, inflamed, and chronologically aged skin is 
produced by keratinocytes, fibroblasts, and infiltrating immune 
cells. The cytokines and PGE-2 produced by these cells act 
through both paracrine and autocrine events and use multiple 
signaling pathways to further increase PGE-2 production. 
Increases in PGE-2 production are the result of UVR, ROS, and 
inflammatory cytokines, which increase the gene expression 
and activity of cyclooxygenase-2 (COX-2), PGE synthases, and 
phospholipase A2. Although there are several UVR-induced 
hormone-like factors, including MSH, ACTH, and EDN1, that 
can stimulate melanin production in melanocytes, PGE-2 is 
one of the most potent stimulators of pigmentation in human 
melanocytes.14  Therefore, the increase in the synthesis of PGE-2 
and its secretion from keratinocytes and fibroblasts as a result 
of UVR or inflammation plays a significant role in the formation 
of solar lentigines and inflammatory hyperpigmentation. PGE-
2 not only increases melanin production, but it also increases 
dendrite formation and enhances melanosome transfer from 
melanocytes to keratinocytes. Additionally, UVR activates PAR-2 
on keratinocytes, and this activation results in 2 events: First, 
there is increased keratinocyte internalization of melanosomes, 
and as the keratinocytes reach the surface, the skin becomes 
visibly pigmented. Second, PAR-2 stimulates PGE-2 production 
in keratinocytes, thereby further enhancing melanogenesis.11 
The direct involvement of PAR-2 receptor in controlling 
melanogenesis was demonstrated in a 3D human explant 
model; therefore, targeting PAR-2 is a novel approach to the 
treatment of pigmentary disorders.9 

Melasma 
Melasma is a common acquired hyperpigmentation found 
predominantly in females with Fitzpatrick skin types III to IV. It 
usually presents as tan to brownish patches with an irregular 
border on sun-exposed areas of the face, especially the forehead, 
malar areas, and perioral area; however, it may also be found 
on the neck and arms. UVR induces melanocyte proliferation 
and migration and can lead to the production of multiple 
cytokines, including interleukin 1 (IL-1), EDN1, α-MSH, and ACTH 
from keratinocytes, which in turn upregulate melanogenesis.15 
Melasma is not usually associated with inflammation.15 Risk 
factors include genetic predisposition, exposure to UV light, 
pregnancy, and exogenous hormones (eg, oral contraceptives 
and hormone replacement therapy). 

Sanchez et al. described two basic patterns: an epidermal form 
with melanin deposition mainly in the basal and suprabasal 
layers with melanocytes highly dendritic and full of pigment, 
and a dermal form with superficial and deep perivascular 
melanophages in the dermis with noticeably less prominent 
epidermal pigmentation.16 These 2 patterns may clinically 
overlap. Melanocytes in melasma skin had more dendrites, 
mitochondria, golgi, and rough endoplasmic reticulum, 
suggesting that they were more biologically active than their 
counterparts in normal skin.16 

Although melasma is characterized by epidermal pigmentation, 
dermal extracellular matrix (ECM) abnormalities with basement 
membrane disruption are commonly observed.17 Solar elastosis, 
an abnormal collection of fragmented elastic tissue, is commonly 
seen in the dermis of 83% to 93% of melasma patients.17 Basement 
membrane disruption allows for the descent of melanocytes 
and melanin into the dermis, appearing as free melanin or 
melanophages. As a result of this disruption, melasma is 
difficult to treat with high recurrence rates, and restoration of the 
basement membrane is essential to long-term management of 
melasma.17 Mast cells are more frequently observed in melasma 
skin than in non-lesional skin, especially in the dermal elastotic 
areas, likely related to repetitive UVR exposure. Mast cell 
tryptase activates pro-matrix metalloproteinases-9 (MMP-9) and 
degrades type IV collagen, which could weaken the basement 
membrane in melasma skin.17 In addition, PGE-2 levels in the 
skin gradually increase with age, and this ongoing inflammation 
causes continuous damage to the dermal matrix.11 Thus, even 
though topical treatment can decrease melanogenesis, it still 
needs to be combined with an anti-aging approach, such as 
topical tretinoin, a proprietary topical combining tripeptide and 
hexapeptide (TriHex Technology, Alastin), or laser or light therapy 
to decrease the aging effects that accompany melasma.18

In addition to keratinocytes and fibroblasts, growing evidence 
also implicates endothelial cells in pigmentation. Indeed, 
melanocytes express receptors that can potentially be regulated 
by several factors secreted by endothelial cells, such as 
vascular endothelial growth factor (VEGF), EDN1, nitric oxide, 
and leukotrienes. In addition, histologic studies have clearly 
shown a significant increase in vascularization within melasma 
lesions compared to surrounding skin.19 Clinical reports have 
detailed acquired telangiectasias with hyperpigmented macules 
suggesting a close relationship between melanocytes and 
endothelial cells possibly related to released endothelin.19 

The association of pigmentation with vascularization involves 
EDNRB. In a co-culture model of endothelial cells and 
melanocytes, EDN1 released by endothelial cells induced 
increased melanogenesis signaling in melanocytes (MAPK 
and p38), characterized by MITF stimulation and increased 
TYR and DOTA levels.19,20 In addition, EDN1 also increased 
melanosome formation and transport in melanocytes and 
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increased melanin transfer to keratinocytes, while inhibition of 
EDN1 function substantially depressed these effects.19,21 Finally, 
culturing reconstructed skin with microvascular endothelial 
cells led to increased skin pigmentation that was prevented 
by inhibiting EDNRB.19 This confirms the role of vascularization 
in skin pigmentation, a finding that could open new fields of 
research for treating pigmentary disorders, such as melasma.19 
Developing topical agents to inhibit ET-1 or ENDRB activation 
on melanocytes may limit the impact of the vascular endothelial 
cells and prove an important addition to classic depigmenting 
agents to treat melasma and prevent relapse.19,21 In addition, 
tranexamic acid, an anti-fibrinolytic plasmin inhibitor used 
to prevent bleeding, has been used in melasma treatment. 
The combined use of this agent topically and orally for 8 
weeks decreased hyperpigmentation in melasma lesions, 
and histologic examinations confirmed a decrease in melanin 
content and vascularization.19 These pilot studies underline 
the potential interest in targeting the vascular component 
when treating melasma. However, using high-powered laser 
approaches with significant thermal side effects to remove the 
vessels may promote PIH, especially in darker skin types. Thus, 
endothelial cells play a role, through the secretion of endothelin, 
in upregulating key gene regulators of melanogenesis, including 
MITF, tyrosinase, and dopachrome tautomerase, without 
any UV stimulation. However, endothelial cell activation of 
melanogenesis might be even stronger after UVR.19 Ultraviolet 
radiation is considered the main causative factor of relapses in 
melasma, and strict avoidance of sun exposure is recommended. 
Despite the use of effective sunscreens, many patients have 
relapses of the hyperpigmented lesions after the summer 
period. Recently, it was demonstrated that visible light induced 
an increase of skin pigmentation, at least in dark skin types. In 
dark skin patients (Fitzpatrick skin types IV to VI), both UVA and 
visible light increased pigmentation, but the pigmentation was 
more intense and stable after visible light, possibly blue light 
exposure as compared to UVA.22,23 It appears that visible light 
acts directly on melanocytes to stimulate melanogenesis and 
that opsin 3 (light-activated receptors that normally mediate 
photoreception in the eye) serves as the sensor for blue light 
in melanocytes.22  One set of investigators reported that after 
stimulation of opsin 3 by blue light, a calcium flux activates  
calmodulin-dependent protein kinase II (CaMKII), then CREB, 
ERK, and p38, leading to the phosphorylation of MITF, increased 
tyrosinase, and dopachrome tautomerase, and finally the 
increase of melanin in cells.22 In stark contrast, more recently, 
other authors have shown that in melanocytes, opsin 3 acts as a 
negative regulator of melanin production by modulating MC1R 
signaling, and they did not detect opsin 3 sensitivity to blue light 
by either spectrophotometric analysis or monitoring Ca2+ levels 
in melanocytes.23 Opsin 3 regulates melanin by decreasing the 
levels of cyclic adenosine monophosphate produced by MC1R. 
The light-independent function of opsin 3 in regulating melanin 
levels in human melanocytes with opsin 3 is suggested to yield 

a novel therapeutic target for skin pigmentation disorders, such 
as melasma.23 Either way it appears that opsin 3 may be a novel 
regulator of pigmentation, although its exact mode of action still 
needs defining. So far, only physical shield (mainly iron oxide) 
can be used to protect skin from visible light irradiation. Thus, 
the use of tinted mineral sunscreens could protect against both 
UV and visible light and may be more effective for preventing 
melasma relapses.24 

Autophagy
Recent studies show that the autophagy system might also be 
involved in the initial stages of melanosome formation and its 
degradation in keratinocytes.25    This process varies depending on 
ethnicity and skin color.26  For instance, decreased pigmentation 
is accompanied by significantly higher autophagic activity in the 
keratinocytes of White skin compared to those in Black skin. The 
inhibition or activation of autophagy in darkened or lightened 
skin color, respectively, occurs via regulating melanosome 
degradation in keratinocytes.26   Ordinary epidermal melanosome 
turnover with desquamation takes about 4 weeks. Thus, it has 
been suggested that the regulation of autophagic processes 
could more efficiently and rapidly lighten skin by focusing on 
the existing melanosomes in the keratinocytes rather than 
targeting melanin synthesis or transfer.26 Additionally, several 
regulators of autophagy, including genes that regulate the 
initial stages of melanosome formation (eg, beclin 1) and genes 
that regulate the turnover of autophagic vesicles (eg, WIPI1), 
were identified as potent regulators of melanogenesis.13  These 
studies provide compelling evidence that autophagy is involved 
in the regulation of melanin. Similarly, autophagy likely plays a 
role in the selective removal of defective melanosomes.7

Targeting the autophagy mechanism is considered an important 
approach, because autophagy can degrade already formed 
melanin, whereas targeting other melanogenesis proteins only 
prevents de novo melanin formation.9    Therefore, the autophagy-
mediated depigmentation process may be considered an 
important approach for treating various skin problems.9

Finally, air pollution, particularly polycyclic aromatic 
hydrocarbons, have been implicated in the development of 
melasma. These chemicals are thought to enter the skin via 
nanoparticles and generate quinones that produce ROS.27  This 
is particularly relevant to persons of Fitzpatrick skin types III to 
VI living in India and South East Asia, which are also geographic 
regions with very heavy pollution. India, South East Asia, China, 
and United States lead the world in air pollution.27

Strategies for Managing Pigmentation in All Its Forms
Delineation of the pigmentation pathways from different 
causes presents opportunities for therapies to target these 
unique sequences. In addition, the transfer of melanosomes 
to keratinocytes and the effect on this function may also 
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be targeted. Thus, a comprehensive strategic approach is 
presented (Figure1). Prior to active ingredient selection, two 
comprehensive in vitro studies were completed for validation of 
component selection.

Validation Studies
RNA sequencing (RNA-seq)
As detailed above, 4 cell types are intimately associated with 
pigmentation pathways: melanocytes, keratinocytes, fibroblasts, 
and endothelial cells. Thus, in vitro studies examining these 
pathways should include all these cell types to make better 
predictions of the in vivo response. Here, we sought to evaluate 
the response of these cells to various compounds related to 
pigmentation. First, to simulate the UV-induced pigmentation 
pathway process, melanocytes were pre-treated with PGE-2 (10 
μM), a normal direct consequence of UVR usually emanating 
from exposed keratinocytes, for 48 hours. In addition, primary 
human adult dermal fibroblasts and keratinocytes, and human 
umbilical vein endothelial cells (HUVEC) were cultured. After 48 
hours of culture and/or PGE-2 treatment, all 4 cell types were 
treated with the following test compounds:

1. Lactoferrin
2.  TCVRRAF peptide (Lf derivative)
3.  Tri-peptide-1
4. Hexapeptide-12
5.  TriHex combination
6. Hexapeptide-11

7.  Tranexamic acid 5%
8. Octapeptide (proprietary)
9. Phosphatidylserine
10. Cannabidiol (CBD)
11. Entire formulation
12. No treatment control

After 24 hours of treatment, RNA lysates were prepared. The 
samples were shipped to MedGenome (Foster City, CA) for RNA 
extraction, library construction, and sequencing to 25M paired-
end 100bp reads per sample. Library prep and sequencing were 
completed at MedGenome. 

Out of the 4 cell lines, it was possible to identify ‘hero’ actives with 
significant melanogenesis activity in 3 cell lines: melanocytes, 
keratinocytes, and HUVEC. The fibroblasts showed activation of 
many alternate functions (predominantly wound healing), but 
unsurprisingly, little relation to melanogenesis activity.

Thus, using bioinformatics, stand-out performers were identified 
within the general melanocytic activity pathways; Figure 3 
demonstrates the dominance of Hexapeptide-12 and lactoferrin 
in melanogenic activity, and Figures 4 and 5 demonstrate the 
downregulation of melanogenic genes after treatment with 
these two compounds. The POMC gene provides instructions 
for making a large protein called proopiomelanocortin (POMC), 
which is cut (cleaved) into smaller peptides with different 
functions, including ACTH, aMSH, etc.

FIGURE 3. Gene expression studies in melanocyte cell line demonstrating significant downregulation of melanogenesis pathways by hexapeptide-12 
and lactoferrin among several agents tested.
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Similarly, after the treatments, the keratinocytes revealed 
that Hexapeptide-11 was the most active regarding 
melanogenesis activity (Figure 6), while Figure 7 demonstrates 
the downregulation of a variety of important genes in the 
keratinocytes after treatment with Hexapeptide-11.28 The 
downregulated genes highlighted in Figure 7 nearly perfectly 
echo those described by Fu et al. in an investigation of 
keratinocyte inflammatory mediator elaboration and the effect 
on melanocytes and pigmentation.28

For the HUVEC, we searched for agents active against EDN1 
and SCF (Figure 8), revealing phosphatidylserine as the most 
active agent. Figure 9 demonstrates the potent activity of 
phosphatidylserine on EDN1 and other melanogenic genes.
Thus, cumulatively, the cells tested revealed that melanogenic 
gene activity was most affected by lactoferrin, Hexapeptide-11, 
Hexapeptide-12, and phosphatidylserine, which served as 
our first candidates for inclusion in a formulation. Next, a 
melanocyte pigmentation model was designed to test the 
agents and demonstrate whether they had a direct effect on the 
melanocyte cell and melanin production.

Melanocyte pigmentation model: Melanin comparative analysis 
via absorbance readings
This model aimed to analyze melanin production from 
compound-treated melanocyte samples via absorbance. 
Melanocytes were cultured. Once confluent, they were 
stimulated with 2 concentrations of each of the following 
compounds for 4 days: 

1. Lactoferrin (1000 ug/mL)
2. Hexapeptide-12 (4.9 ug/mL)
3. Hexapeptide-11 (200 ug/mL)
4. Phosphatidylserine (500 ug/mL)
5. Silymarin 0.7% (20 ug/mL)
6. Sesamol (100 ug/mL)
7. Tranexamic acid (1000 ug/mL)
8. Phytoene, phytofluene 5%
9. MSH (10mM)

Stimulation with MSH was used as a positive control to validate 
the absorbance reading. Figure 10 demonstrates results from 
3 absorption wavelengths at 2 concentrations of the selected 
compounds (only one for MSH). The findings confirmed the 
efficacy of the selected agents for reducing melanogenesis 
(percent decrease absorption denoting decreased melanin 
formation) in melanocytes. Once again, regulation of 
melanogenesis was confirmed for the 4 agents identified in 
study 1 (lactoferrin, Hexapeptide-11, Hexapeptide-12, and 
phosphatidylserine). In addition, 4 more candidates were 
selected (concentrations in green) to add to the formulation.

 DISCUSSION
The delineation of the melanogenic pathways related to different 
pigmentation problems described above provides a framework 
for tackling this complex problem. In addition, validation studies 
led to the selection of targeted active agents based on RNA-
sequencing studies and an in vitro melanogenic model analysis. 
Overall, these studies allow us to select agents in a cell-specific 
manner (eg, melanocyte, keratinocyte, and endothelial cell) 
for their effect on melanogenic function and effectively target 
a reduction of melanocyte synthesis and activation through 
antioxidant activity and enzyme/pathway regulation. This 
is then followed by targeted approaches to reduce melanin 
transfer and autophagic stimulation and exfoliation of existing 
melanosomes.

Hydroquinone (C6H6O2) (HQ) has intracellular cytotoxic effects 
that reduce pigmentation levels by non-selectively destroying 
the epidermal melanocytes and keratinocytes. Due to the 
aggressive mode of action of HQ in reducing the level of 
pigmentation, it has been associated with various significant 
side effects, such as ochronosis, and animal studies even 
suggest possible skin cancer connections.2 Recently, HQ 
products have been banned in many countries, but in some, HQ 
can be used for medical purposes under physician guidance. 
Although HQ is a powerful agent and may be efficacious in 
dealing with hyperpigmentation in some patients, the potential 
for adverse events and its limitation in being able to be used 
long term without a break, necessitate the quest to find a less 
toxic alternative that can be used long term and is efficacious in 
that long-term period to avoid the potential rebound that short-
term HQ use may induce.

Thus, concentrating on the steps outlined in Figure 1, the 
following agents are included in these categories:
Antioxidants, MITF, Tyrosinase, TRP-1/2, plasmin PGE2, EDN1 
inhibitors, and ERK stimulants

Lactoferrin
Lactoferrin (Lf) is an 80 kDa iron-binding glycoprotein of the 
transferrin family that is found in exocrine secretions (eg, tears, 
saliva, milk, nasal and bronchial secretions, and gastrointestinal 
fluids). The effects of Lf range from antimicrobial to anti-
inflammatory, antioxidant, and immune-modulating activities 
with high iron-binding affinity.29 Lactoferrin downregulates 
TNFα and other cytokine production (IL-1) by local skin cells 
and is useful for bruising resolution and the prevention of post-
inflammatory pigmentation.30,31 Lactoferrin is also demonstrated 
to positively affect wound healing.32 Concerning pigmentation, 
studies on bovine Lf at 5ppm in a 3D skin model demonstrate 
reduced melanin production by about 80% compared to control, 
which suggests that Lf is transdermally absorbed and suppresses 
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melanin production. Lf interacts with both keratinocytes and 
melanocytes, thereby interfering with melanosome transfer 
from melanocytes to keratinocytes in the 3D skin model.30 

Treatment of human melanoma cells with Lf results in significant 
dose-dependent suppression of melanin production.30 The key 
feature behind the anti-melanogenic effect of Lf appears to be 
the downregulation of MITF, leading to decreased tyrosinase 
activity.29 This occurs through the phosphorylation of ERK, 
which leads to the phosphorylation and degradation of MITF, 
suppressing melanin production in melanocytes—thus acting as 
a skin-lightening agent.29 Lf at 1ppm and 10 ppm achieved 20% 
inhibition, which was almost identical to the inhibitory activity 
exhibited by tranexamic acid.30 Lf also blocks plasminogen 
activation on the cell surface by directly binding to human 
plasminogen, which results in similar suppression of PGE-2 
and angiogenesis described above for tranexamic acid.33,34 In 
addition, recent findings point to the dysregulation of NRF2 
signaling being involved in the pathogenesis of UV-induced 
skin pigmentation, and pharmacologic activation of NRF2 may 
represent a potential therapeutic target in photoaging.13 Lf is a 
significant activator of NRF2.35

Tranexamic Acid 
Tranexamic acid is a plasmin inhibitor used to prevent 
fibrinolysis and reduce blood loss. Its use in melasma treatment 
was described for the first time by Nijor in 1979 in Japan. It is a 
synthetic derivative of lysine and exerts its effect by reversibly 
blocking the lysine binding sites on the plasminogen molecule 
to prevent plasminogen from binding to basal keratinocytes; 
thereby inhibiting the conversion of plasminogen to plasmin and 
thus decreasing the production of prostaglandins (particularly 
PGE-2 via arachidonic acid, PLA).34,36-38 Moreover, the release 

of arachidonic acid is increased by plasmin in endothelial 
cells. Increased plasmin itself elevates α-MSH, which activates
melanin synthesis in melanocytes. Plasmin also increases the 
release of bFGF, which is a potent melanocyte growth factor. 
All of these processes result in increased melanin production 
in the skin. Apart from the effect on melanocytes, plasmin 
also plays an important role in angiogenesis, by suppressing 
angiogenesis and inhibiting bFGF-induced neovascularization.38 
In addition, tranexamic acid is similar to tyrosine in its structure, 
which means that it can competitively inhibit the enzymatic 
activity of tyrosinase.38 A clinical study using a topical facial 
serum containing 3% tranexamic acid, 1% kojic acid, and 5% 
niacinamide, was shown to be a safe and effective treatment 
for melasma, hyperpigmentation, and PIH.37 Another study 
demonstrated equivalency when comparing a topical 5% 
tranexamic acid solution to HQ 3%.39 Finally, tranexamic acid 
is shown to improve the production of autophagy-related 
proteins and the formation of autophagosomes; thus inhibiting 
melanogenesis by activating the autophagy system.25

Phytoene, Phytofluene 
Although much research has been conducted on the UVR-
absorbing activity of the colorless carotenoids phytoene 
and phytofluene,40-42 we are the first to report the potent 
activity of these compounds in reducing melanogenesis in 
melanocytes. This finding is not surprising as previous studies 
have demonstrated that this carotenoid treatment led to a 
47% decrease in PGE-2 levels in cells compared to control.43 
As noted above, PGE-2 is a major instigator in inflammatory-
primed pigmentation, and our study included melanocyte PGE-2 
priming, which demonstrates the appealing efficacy of these 
agents for this indication.

FIGURE 4. Examination of melanocyte gene expression related to hexapeptide-12 activity alone on melanogenesis pathways demonstrating 
powerful downregulation across the range.
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Silymarin
Silymarin is derived from the milk thistle plant, Silybum 
marianum. Silibinin, the main component of silymarin, 
demonstrates powerful antioxidant and photoprotective effects. 
It minimizes UVR effects, such as oxidative stress, inflammation, 
erythema, and DNA damage. It prevents melanin production 
without affecting cell viability and decreases the expression 
of tyrosinase protein.44 Silymarin cream was more effective 
than intradermal tranexamic acid in a study on patients with 
melasma.44 It was also reported that silymarin suppressed 
the production of IL-1b and PGE-2 produced by COX-2 in 
keratinocytes and macrophages, and silibinin decreased 
inducible nitric oxide synthase and COX-2, as well as NF-ҡB. 
Thus, it would appear that the anti-melanogenesis activity may 
be related to its anti-inflammatory effect.45,46

Hexapeptide-12
Traditionally, Hexapeptide-12 is a peptide recognized as an 
elastin-binding protein that stimulates elastin and collagen 
increasing fibronectin and glycosaminoglycans.47 In addition, 
our gene studies have also demonstrated a significant 
effect on a multitude of melanogenic genes showing potent 
downregulation of these genes (Figure 4). This was again 
confirmed in the melanogenic model, where a significant 
decrease in melanin production was demonstrated (Figure 10).

Phosphatidylserine
Phosphatidylserine treatment has been demonstrated to prevent 
UV-induced reduction in procollagen expression and inhibit UV-
induced MMP-1, and it is thus used as an anti-aging agent.48 
Phosphatidylserine is normally confined to the inner leaflet of the 

cell membrane facing the cytoplasm and is extremely sensitive 
to ischemic conditions.48 EDN1 is a potent endogenous vascular 
regulator, mainly secreted by endothelial cells. Apart from its 
regulatory function, EDN1 causes dysfunction of the vascular 
cells and stimulates ROS production.49 Nitrous oxide synthesized 
by nitric oxide synthase 3 in the endothelium is considered to 
be the major source of nitric oxide for regulating vasoactivity.50 
As far as pigmentation is concerned, the phosphatidylserine 
effect of decreasing nitric oxide synthase 3, EDN1, SCF, and 
VEGF, as demonstrated in Figure 9, was very focused on the 
desired anti-melanogenic effects. This was again reflected in the 
melanogenesis model, where phosphatidylserine significantly 
decreased melanin formation.

Withania Somnifera Extract 
Apart from its apparent hydrating abilities, Tremella fuciformis 
has also been demonstrated to inhibit melanin production. Its 
extracts markedly decrease melanin content and tyrosinase 
activity, as well as to down-regulate MITF and both TRP-1 and 2 
levels in α-MSH-stimulated melanocytes.51

Gallic Acid 
Gallic acid, a dietary phenolic present in plants and fruits, 
provides beneficial effects against hyperpigmentation. This 
is potentially through its antioxidant properties and its ability 
to suppress melanogenesis by down-regulating various 
melanogenic regulatory genes, including MITF, TYR, TRP-1, and 
dopachrome tautomerase.52,53 

Additional PGE2 Inhibitors
Thermus thermophilus ferment is a microorganism that comes 

FIGURE 5. Examination of melanocyte gene expression related to lactoferrin activity alone on melanogenesis pathways demonstrating powerful 
downregulation across the range.
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from marine waters located near very deep hydrothermal vents. 
It is thought to limit the increase of pro-inflammatory mediators 
(eg, PGE-2, IL-6, and IL-8) due to UV irradiation.54 Oleuropein, a 
potent anti-inflammatory antioxidant derived from olive trees, 
also demonstrates tyrosinase inhibitory activity.55

FIGURE 6. Gene expression studies in keratinocyte cell line demonstrating significant downregulation of melanogenesis pathways by 
hexapeptide-11 among several agents tested.

The remaining categories for melanogenic regulation involve 
the transfer of melanosome/melanin to the keratinocyte and 
autophagy regulation.

FIGURE 7. Examination of keratinocyte gene expression (particularly involving inflammatory pathways related to PIH) reflecting hexapeptide-11 
activity alone on melanogenesis pathways demonstrating powerful downregulation across the range.
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Melanosome Transfer
Hesperidin
Hesperidin is a citrus flavonoid that inhibits melanosome 
transport in melanocytes and has demonstrated skin-lightening 
effects in a pigmented reconstructed epidermis model.56 

Hesperidin exerts a depigmenting effect by blocking the Rab27A 
protein-melanophilin interaction, which prevents the docking of 
melanosomes to the plasma membrane.56,57

Pancratium Maritimum
Melanin release by melanocytes to keratinocytes is stimulated 
by neuropeptides released by nerve fibers present in the 
epidermis, particularly substance P. Pancratium inhibits melanin 
transfer via its action on the substance P receptor, which is 
present on melanocyte dendrites.58

FIGURE 8. Gene expression studies in endothelial cell line demonstrating significant downregulation of melanogenesis pathways by 
phosphatidylserine among the limited melanogenesis pathways apparent in endothelial cells.

FIGURE 9. Gene expression studies demonstrating significant downregulation of the important melanogenesis pathways in endothelial cell lines 
by phosphatidylserine alone.
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Niacinamide: (General)
Niacinamide has a depigmentation effect by reducing 
melanosome transfer between melanocytes and surrounding 
keratinocytes.59     In addition, daily use of a niacinamide moisturizer 
was shown to be effective in reducing hyperpigmentation and 
in increasing lightness of basal skin color compared to control 
moisturizer.59 

Autophagy
Hexapeptide-11 
Hexapeptide-11 promotes activation of the proteasome-, 
autophagy-, chaperones-, and antioxidant- related-gene 
responses.1 This stimulation of autophagy is also important in 
the transformation of monocytes to macrophages60 enabling 
the engulfment and digestion of extracellular fragments. 
Hexapeptide-11 is a potent inducer of cell component digestion.1 

One of those components is the melanosome, and the delivery 
of melanin from the melanocyte to the keratinocyte is thought 
to be influenced by autophagy as detailed above. In addition, 
recent findings point to dysregulated NRF2 signaling being 
involved in the pathogenesis of UV-induced skin pigmentation. 
The pharmacological activation of NRF2 may represent a 
potential therapeutic target in photoaging.13 Hexapeptide-11 is 
demonstrated to be a significant activator of NRF2.1

Heptasodium Hexacarboxymethyl Dipeptide-12 (HHD12)
Melanosomes are transferred to neighboring keratinocytes 
and then naturally degraded by autophagy. However, when 
the skin is constantly exposed to UVR, pathogens, and 
hormonal changes, the autophagic processes are disturbed, 
and melanosomes cannot be degraded. Accumulation of 

undegraded melanosomes in keratinocytes results in skin 
hyperpigmentation. HHD12 activates autophagy to break down 
melanosomes in keratinocytes and inhibits melanosome uptake 
into keratinocytes at the same time.61

Liposome Delivery 
Finally, the question of topical agent absorption remains 
an important issue. In most cases, the peptides used in the 
formulation are within 500-800 Da, which allows efficient 
interfollicular transdermal delivery. However, to ensure the 
delivery of certain actives and to aid in further protection 
against UV-induced changes, a multi liposome combination 
is introduced. Photosomes are liposomes endowed with 
DNA repair technology, which can repair broken UV-induced 
dimers using the DNA repair enzyme photolyase.62  The topical 
application of photolyase is effective in dimer reversal and leads 
to immunoprotection, which is an added bonus to a pigmentation 
prevention program.62 Added to the photosome is an additional 
tranexamic acid liposome and our proprietary liposome that 
allows for non-palmitoylated hexapeptide and lactoferrin to be 
encapsulated in a liposome, wherein the average particle size of 
the composition is no more than 220 nm. 

 CONCLUSION
A comprehensive background scientific narrative of the 
various facets related to pigmentation has been presented. 
This highlighted the potential nuanced differences that routine 
photodamage, melasma, and PIH present. In particular, melasma 
appears to involve EDN1 in addition to the normal photodamage 
pathway, while PIH revolves around a potent PGE-2 messenger 
among other inflammatory mediators. When designing a 

FIGURE 10. Melanocyte pigmentation model results — comparative analysis of melanin production via absorbance readings. Stimulation with MSH 
(orange) was used as a positive control to validate the absorbance reading. Three absorption wavelengths were assessed at 2 concentrations of 
the selected compounds (only one for MSH). The findings confirmed the efficacy of the selected agents for reducing melanogenesis (% decrease 
absorption denoting decreased melanin formation) in melanocytes.
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formulation that impacts all of these nuanced facets of different 
causes of pigmentation, it is important to accommodate actives 
that impact various steps along this complex pathway taking 
cognizance of the different cell types involved. The actives 
chosen here are based on comprehensive RNA-seq studies as 
well as in vitro melanogenic model testing. Using this approach, 
we selected and validated a series of active agents that regulate 
melanocyte, keratinocyte, and endothelial cell involvement in 
melanin stimulation and synthesis, have added those that affect 
melanin transfer, and have introduced autophagic stimulatory 
agents to deal with already formed melanosomes and melanin. 
Additionally, ongoing photoprotection with recognized broad-
spectrum mineral sunscreens is vital. It is believed that this 
combination offers a novel multi-faceted approach to the 
complex problem of hyperpigmentation.
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