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R E V I E W

Research progress on pathogenesis of skin pigmentation
in chronic liver disease
Tianqi Liu 1#, Tianyu Xi 1#, Xiaoqin Dong 2∗, and Dong Xu 2∗

Chronic liver disease (CLD) is a significant global health concern that leads to increased morbidity and mortality, and is associated with
skin pigmentation changes. Excessive facial pigmentation is a common characteristic of patients with CLD, although the exact
mechanism underlying this phenomenon remains unclear. Melanin, which consists of eumelanin and pheomelanin, is synthesized in
melanocytes. Its production is influenced by cysteine levels and is regulated by key enzymes, such as tyrosinase (TYR),
tyrosinase-related protein 1 (TYRP1), and tyrosinase-related protein 2 (TYRP2). The transport of melanosomes within melanocytes
relies primarily on the coordinated action of F-actin and microtubules. However, the mechanism of melanin transfer from melanocytes
to surrounding dendritic cells requires further investigation. Several factors contribute to liver fibrosis, including oxidative stress and
inflammatory cytokines. This article discusses the factors that are elevated in the serum of patients with chronic liver disease, which
may increase melanin deposition. It also introduces the signaling pathways related to melanin synthesis, providing indirect evidence for
the pathological mechanisms underlying increased melanin synthesis in CLD. Additionally, the article points out that pigmentation may
serve as an important indicator of liver disease deterioration and suggests the formation of a scoring system that combines related
factors to enhance the predictive accuracy. In terms of treatment, antioxidants and anti-inflammatory drugs, such as silymarin and
vitamin E, may improve CLD and reduce skin pigmentation, but their specific effects still require further investigation. Future research
should focus on validating the mechanisms linking pigmentation changes with CLD progression, and exploring therapeutic methods
that can simultaneously improve liver function and skin pigmentation, ultimately aiming for better patient outcomes.
Keywords: Skin pigmentation, chronic liver disease, CLD, liver cirrhosis, pathogenesis.

Introduction
Background
Chronic liver disease (CLD) is a significant global health threat
and has become one of the leading causes of death in humans.
The development of CLD is associated with various factors,
the most common of which include alcohol abuse, obesity or
metabolic disorders, autoimmune hepatitis, and viral hepati-
tis (HBV and HCV) [1]. Among these factors, non-alcoholic
fatty liver disease (NAFLD) is the most prevalent, account-
ing for over 50% of all cases. The spectrum of NAFLD varies
widely, ranging from simple steatosis to more severe forms,
including progressive non-alcoholic steatohepatitis (NASH),
which is characterized by inflammation and additional hepato-
cyte injury. This condition may further progress to cirrhosis,
significantly increasing the risk of hepatocellular carcinoma
(HCC) [2].

Liver fibrosis, as the progression of CLD, may influence the
occurrence and development of facial pigmentation. Excessive
facial pigmentation in CLD, commonly observed in clinical prac-
tice, is known as “liver disease face” or “hepatic face.” It is

characterized by several distinct features, including a dull or
dark complexion, periorbital pigmentation, dryness, rough skin
texture, and poor elasticity. In some cases, individuals may also
exhibit a “bronze-like” appearance [3].

Knowledge gap and significance
However, despite the clinical prevalence of pigmentation in
CLD, research on this phenomenon is limited and the exact
underlying mechanisms remain unclear. This lack of under-
standing hinders clinicians’ ability to effectively use skin pig-
mentation as a diagnostic or monitoring tool in clinical practice.

Case reports have confirmed that skin hyperpigmentation
can occur during the deterioration of CLD and in acute-on-
chronic liver failure (ACLF) [4–6]. Additionally, the presence
of pigmentation may serve as a visual marker of changes in
liver function, which could prompt timely intervention. This
review aims to provide insight into the potential mechanisms
of pigmentation in CLD, providing clues for predicting disease
progression or the onset of acute liver failure, and suggest-
ing potential methods to prevent pigmentation by targeting
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Figure 1. The synthesis process of melanin. Tyrosine is transported into melanosomes by TYRP1 and converted to L-DOPA by TYR. L-DOPA is oxidized
to DQ. The synthesis ratio within a cell is influenced by the cysteine content. With sufficient glutathione and cysteine, DQ binds with glutathione to
form 3-cysteinyl-DOPA and 5-cysteinyl-DOPA, which polymerize to produce pheomelanin. As cysteine levels decrease, DQ undergoes polymerization and
oxidation to form DC. DC is converted to brownish DHICA by TYRP1 and TYRP2, or decarboxylates to form DHI. DHICA and DHI together form the second type
of melanin. DQ: Dopaquinone; DC: Dopachrome; DHICA: Dihydroxyindole-2-carboxylic acid; DHI: 5,6-dihydroxyindole; TYRP1: Tyrosinase-related proteins
1; TYR: Tyrosinase; TYRP2: Tyrosinase-related proteins 2.

liver function. Ultimately, a better understanding of this phe-
nomenon could lead to improved patient outcomes through
early detection and management strategies.

Objective of the review
This review explores the pathogenesis of hepatic facies, focus-
ing on the role of liver fibrosis-related factors in melanin syn-
thesis, transport, and signaling pathways. By examining these
pathways, this review aims to uncover the complex interac-
tions between liver disease and skin pigmentation. It combines
pigment deposition with CLD, summarizing the factors that
promote melanin synthesis in CLD, such as oxidative stress,
inflammatory cytokines, and other proteins. Understanding
these factors is essential to identify potential therapeutic tar-
gets. This review seeks to provide a comprehensive framework
that can guide future research and clinical practices aimed at
managing hepatic facies in patients with liver diseases.

Overview of melanin synthesis and transport
Melanin synthesis
Melanin, which is a key determinant of skin color, is com-
prised of eumelanin and pheomelanin. Melanin is formed and
stored in melanosomes, which are located in the cytoplasm of
the mature melanocytes. Melanocytes are predominantly found
at the junction of the epidermis and dermis [7]. Melanin syn-
thesis is a complex process that involves various factors. For
instance, stem cell factor (SCF) plays a crucial role in the mat-
uration of melanocytes by promoting the proliferation, differ-
entiation, and migration of peripheral tissues, such as the skin
and uvea [8].

The human melanin synthesis pathway, first proposed by
Raper in 1926 and demonstrated by Manson in 1948, is known
as the Raper–Manson pathway [9, 10]. Tyrosine is initially
transported into melanosomes by tyrosinase-related protein
1 (TYRP1) and converted into L-3,4-dihydroxyphenylalanine

(L-DOPA) by tyrosinase (TYR). L-DOPA is further oxidized to
dopaquinone (DQ). Within a single cell, the synthesis ratio is
primarily determined by cysteine content [11]. When sufficient
glutathione and cysteine are available, DQ binds to glutathione
and, with the participation of cysteine, forms 3-cysteinyl-
DOPA and 5-cysteinyl-DOPA. These compounds undergo oxida-
tive polymerization to produce pheomelanin, the first type
of melanin. As cysteine levels decrease, DQ undergoes poly-
merization and oxidation reactions, generating dopachrome
(DC). DC is converted by TYRP1 and tyrosinase-related protein
2 (TYRP2) to produce brownish dihydroxyindole-2-carboxylic
acid (DHICA). Simultaneously, DC can decarboxylate TYR to
form 5,6-dihydroxyindole (DHI). DHICA and DHI, after under-
going certain reaction steps, constitute the second type of
melanin [12].

Therefore, TYR, TYRP-1, and TYRP-2 are critical enzymes
in the process of melanin formation [8], and the synthesis rate
of TYRP-1 positively correlates with the melanin synthesis rate
(Figure 1) [13].

Transport process of melanin
Melanosome transport occurs initially within melanocyte cells.
During the onset of melanin synthesis, melanosomes containing
fully synthesized melanin migrate from the perinuclear region
to the dendrites of melanocytes under the coordinated action
of F-actin and tubulin [8]. The motor proteins kinesin and
dynein within tubulin coordinate with one another. Kinesin
is responsible for long-distance movement toward the den-
dritic ends, while dynein drives melanosomes in the opposite
direction [14, 15]. F-actin, which is enriched in dendritic ends,
is connected to myosin-Va and myosin-VI. Myosin-Va drives
melanosomes outward from melanocytes, whereas myosin-VI
moves them in the opposite direction. Upon binding to F-actin,
melanosomes are confined to the dendritic ends and undergo
short-distance movements along the F-actin tracks [16, 17].
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Ultimately, dendrites bind with 30–40 keratinocytes, transfer-
ring mature melanosomes into their cytoplasm [7].

However, the mechanism by which melanin is transferred
from melanocytes to keratinocytes remains unclear. Proposed
mechanisms include phagocytosis of melanocyte dendrites by
keratinocytes, membrane fusion between cells, shedding of
melanosome-rich microvesicles that are then engulfed by ker-
atinocytes, and endocytosis of exposed melanin cores after
exocytosis [18].

Therefore, it can be concluded that during the trans-
port of melanosomes, kinesin facilitates the movement of
melanosomes toward the dendritic ends, while myosin-Va is
responsible for the outward movement of melanosomes at
the dendritic tips. F-actin, connected to myosin-Va, confines
melanosomes at the dendritic ends, ultimately facilitating their
transfer from melanocytes to keratinocytes. Moreover, the spe-
cific mechanisms by which melanosomes are transferred from
melanocytes to keratinocytes remain unclear.

The relevant signaling pathways involved in
melanin synthesis
Melanin biosynthesis involves multiple signaling pathways,
primarily the melanocortin 1 receptor (MC1R)/α-melanocyte
stimulating hormone (α-MSH) signaling pathway, phos-
phoinositide 3-kinase (PI3K)/Akt signaling pathway,
Wnt/β-catenin signaling pathway, mitogen-activated pro-
tein kinase (MAPK) signaling pathway, and nitric oxide
(NO) signaling pathway [19–22]. The transcription factor
microphthalmia-associated transcription factor (MITF) serves
as a key target in these pathways, and its activation leads to the
upregulation of critical genes, such as TYR, TYRP-1, and TYRP-2,
thereby promoting melanin production in melanocytes [23].

MC1R/α-MSH signaling pathway
The cAMP/protein kinase A (PKA) signaling pathway is
one of the most important signaling pathways. MC1R is a
G protein-coupled receptor that is located on the surface of
melanocytes. When α-MSH binds to MC1R, it activates adenylyl
cyclase (AC), which increases intracellular cAMP levels [24].
This activates PKA, which phosphorylates and activates
CREB-binding protein (CBP), leading to increased expression of
MITF and regulation of melanin synthesis [25, 26]. In addition
to α-MSH, adrenocorticotropic hormone (ACTH) can also act
as an agonist of human MC1R, increasing cAMP levels and
regulating melanin production [27, 28]. Therefore, MC1R is a
major regulator of pigmentation in humans.

PI3K/Akt signaling pathway
In addition to activating PKA activity, intracellular cAMP
can upregulate MITF through the PI3K/Akt signaling path-
way to regulate melanin production [29]. PI3K is activated
when cAMP levels increase inside the cells. It generates two
phospholipid products: 3,4-diphosphoinositide (PI-3,4-P2) and
3,4,5-triphosphoinositide (PI-3,4,5-P3). Subsequently, these
products bind to Akt, leading to its phosphorylation and acti-
vation. Activated Akt inactivates glycogen synthase kinase 3 β

(GSK3β). Reduced activity of GSK3β enhances the binding affin-
ity between MITF and its box, further upregulating melanin
production [30].

Wnt/β-catenin signaling pathway
The Wnt signaling pathway plays a crucial role in embry-
onic development, cell proliferation, differentiation, and
migration [31]. Wnts are secreted glycoproteins rich in cysteine
that activate the Wnt signaling pathway upon binding to the
Frizzled family seven-transmembrane receptor (Fzd2R) and
low-density lipoprotein receptor-related protein 5/6 (LRP-5/6).
This activation leads to the inactivation of GSK3β, preventing
β-catenin from being phosphorylated by GSK3β, thereby
reducing its ubiquitination and degradation and leading to
β-catenin accumulation in the cytoplasm and translocation to
the nucleus [32]. In the nucleus, β-catenin forms a complex
with lymphoid enhancer factor/T-cell factor (LEF-TCF), which
enhances the expression of MITF and stimulates melanin
production [33, 34].

MAPK signaling pathway
The MAPK signaling pathway also plays a significant role
in melanin formation, involving MAPK family proteins, such
as extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun
N-terminal kinase (JNK), and p38. Binding of SCF to the cell
surface c-Kit receptor activates Ras, which in turn activates
B-Raf, initiating the MAPK signaling cascade. Activation of ERK
leads to phosphorylation of CREB, which binds to the cAMP
response element (CRE) within the MITF promoter region,
thereby increasing MITF expression [35]. Additionally, the PKC
pathway can activate the MAPK pathway by activating Raf [36],
leading to an increase in MITF expression.

NO/cGMP signaling pathway
NO is a diffusible free radical that acts as an autocrine and
paracrine molecule that regulates cellular functions [37, 38].
NO binds to soluble guanylate cyclase receptors (sGCR) pro-
duced by keratinocytes, enhancing their activity and catalyzing
the conversion of GTP into the intracellular second messenger
cyclic guanosine monophosphate (cGMP). cGMP can induce
MITF expression and melanin production [39] and activate pro-
tein kinase G (PKG), thereby enhancing MITF expression and
regulating melanin synthesis [40] (Figure 2).

Overview of CLD
The development of CLD is linked to several factors, the most
prevalent of which are alcohol abuse, obesity or metabolic dis-
orders, autoimmune hepatitis, and viral hepatitis (specifically
HBV and HCV) [1]. CLD encompasses viral hepatitis, alcoholic
liver disease (ALD), autoimmune hepatitis, NAFLD, NASH, and
cholestatic liver diseases, among others [41–43].

Liver fibrosis, characterized by excessive deposition of the
extracellular matrix (ECM) in the liver tissue, is a repara-
tive response to liver parenchymal injury. It represents the
final stage of progression in CLD and is a critical step toward
cirrhosis [43].
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Figure 2. Signaling pathways regulating melanin synthesis. The regulation of melanin synthesis is associated with various signaling pathways, including
the MC1R/α-MSH signaling pathway, the PI3K/Akt signaling pathway, the Wnt/β-catenin signaling pathway, the MAPK signaling pathway, and the NO
signaling pathway. SCF: Stem cell factor; MC1R: Melanocortin 1 receptor; α-MSH: α-Melanocyte stimulating hormone; ACTH: Adrenocorticotropic hormone;
NO: Nitric oxide; GSK3β: Glycogen synthase kinase 3 β; sGCR: Soluble guanylate cyclase receptors; cGMP: Cyclic guanosine monophosphate; PKA: Protein
kinase A; AC: Adenylyl cyclase; PI3K: Phosphoinositide 3-kinase; CBP: CREB-binding protein; MITF: Microphthalmia-associated transcription factor; TYR:
Tyrosinase; TYRP-1: Tyrosinase-related protein 1; TYRP-2: Tyrosinase-related protein 2; LRP-5/6: Lipoprotein receptor-related protein 5/6; LEF-TCF:
Lymphoid enhancer factor/T-cell factor.

Mechanisms link ing CLD to sk in
hyperpigmentation
Oxidative stress in CLD
Many factors contribute to liver fibrosis, including oxidative
stress and inflammatory cytokines (Table 1). In the course of
CLD, the levels of these factors in the serum increase, and
their elevation is associated with enhanced melanin synthesis,
suggesting that they may be potential causes of the increased
melanin synthesis observed during the progression of CLD.

Role of reactive oxygen species (ROS)
Under normal physiological conditions, the antioxidant system
maintains a balance with oxidative processes to prevent cell
damage. In pathological states, oxidative stress products react
with DNA, lipids, and proteins, leading to cell death. Oxidative
stress is a critical step in liver fibrosis [44]. Excessive ROS
induced by oxidative stress can cause hepatocyte necrosis or
apoptosis and activate proliferation, migration, and collagen
accumulation in hepatic stellate cells (HSCs) [45], resulting in
liver dysfunction and excessive ECM deposition, leading to dif-
fuse liver fibrosis [46].

Hepatocyte necrosis can also release inflammatory
cytokines, such as tumor necrosis factor α (TNF-α) and

transforming growth factor β (TGF-β) [47]. Excessive ROS
can further aggravate liver fibrosis by activating NF-κB,
promoting the release of inflammatory cytokines, such as
TNF-α and interleukin-6 (IL-6) [48]. Concurrently, a series of
antioxidant systems are activated, and excessive ROS can acti-
vate the nuclear factor E2-related factor-2/heme oxygenase-1
(Nrf2/HO-1) signaling pathway, exerting antioxidant effects
and alleviating liver fibrosis [49].

Steps involved in oxidative reactions during melanin forma-
tion include tyrosinase-catalyzed oxidation of tyrosine to dopa,
generating O2-, and tyrosinase-catalyzed oxidation of DHI to
produce H2O2 [50]. Current studies have focused on control-
ling oxidative stress to improve CLD. Although the effects vary
across different types of CLD, they remain a potential strategy
for managing disease progression [51].

Studies on liver diseases such as melasma [52, 53] and
post-inflammatory hyperpigmentation (PIH) [54] and their
relationship with oxidative stress have been suggested and
awaits further confirmation through research. This indicates a
connection between oxidative stress generated during CLD and
melanin deposition. Once oxidative stress is activated, a cascade
of antioxidant systems is subsequently triggered. Increased
melanin synthesis may occur as a result of the activation of
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Table 1. Functions of factors in CLD and skin pigmentation

Factor Relationship with liver fibrosis Relationship with pigmentation References

ROS Induces hepatocyte necrosis/apoptosis, activates
hepatic stellate cell proliferation/migration/collagen
accumulation, promotes liver fibrosis, stimulates
inflammatory factor release, exacerbates liver fibrosis

Activates the Akt/NF-κB pathway and the
Wnt/β-catenin signaling pathway

[45–48, 60, 61, 170]

RNS Increases with the severity of liver cirrhosis Activates the NO signaling pathway [85, 86, 171, 172]

IL-1α Leads to liver inflammation and the expression of
hepatic inflammatory cytokines

Increases TYR content when acting with the existence
of KGF

[94–96]

IL-10 Increases in patients with ACLF Activates the PI3K/Akt pathway and the JAK/Stat3
pathway

[99, 100]

IL-18 Exacerbates pathological processes in liver fat tissue,
induces collagen deposition in HSCs

Activates the p38/MAPK and PKA pathways [103–105, 173, 174]

IL-33 Promotes fibrosis mediated by HSCs, increases in
patients with liver fibrosis

Activates the MAPK and PKA pathways [112–115]

PGs Correlate with viral load/severity in chronic HBV,
increase in NASH patients

Increase dendricity in melanocytes, enhance TYR
activity

[117–121]

GM-
CSF

Increases in patients with ACLF Increases the proliferation of melanocytes and the
synthesis of melanin

[8, 99]

SCF Promotes liver regeneration, plays a role in liver
fibrosis, increases in patients with CHC

Activate the MAPK/ERK and PI3K/AKT pathways, [128–130, 175]

ET-1 Increases in patients with NAFLD, correlates positively
with the degree of liver fibrosis

Reduces the generation of H2O2, activates the PKC
pathway

[86, 133, 134, 176]

SHBG Decreases in postmenopausal women with NAFLD,
enhances hepatic steatosis

Decreases intracellular cAMP levels in melanocytes,
inhibits the activity of TYR, activates the PI3K/AKT
pathway

[137–140]

Estrogen In patients with chronic liver disease, liver cell function
declines, leading to reduced deactivation of estrogen

Increases TYR activity [152, 153, 177, 178]

Gln Decreases in NAFLD patients, increase in in acute liver
failure patients

Reduces ROS, activate the Nrf2/ARE pathway.
Decreases the dephosphorylation of the Ser-473 site
on AKT, inhibits the PI3K/AKT pathway

[158–160, 163, 179, 180]

CLD: Chronic liver disease; ROS: Reactive oxygen species; NO: Nitric oxide; RNS: Reactive nitrogen species; IL-1α: Interleukin-1α; TYR: Tyrosi-
nase; IL-10: Interleukin-10; IL-18: Interleukin-18; IL-33: Interleukin-33; ACLF: Acute-on-chronic liver failure; PI3K: Phosphoinositide 3-kinase; MAPK:
Mitogen-activated protein kinase; PKA: Protein kinase A; HSCs: Hepatic stellate cells; PGs: Prostaglandins; NASH: Non-alcoholic steatohepatitis; GM-CSF:
Granulocyte-macrophage colony-stimulating factor; SCF: Stem cell factor; CHC: Chronic hepatitis C; NAFLD: Non-alcoholic fatty liver disease; SHBG: Sex
hormone-binding globulin; Gln: Glutamine; NrF2: Nuclear factor E2-related factor-2.

signaling pathways within the antioxidant process, leading to
excessive pigmentation [55]. Low concentrations of H2O2 have
been shown in studies to promote melanin synthesis and its
transfer to keratinocytes [56, 57].

Under oxidative stress, such as ultraviolet light and other
stimuli, p53 is activated in keratinocytes, leading to the synthe-
sis of higher levels of SCF, ET-1, POMC, and α-MSH, which pro-
mote melanin production. Additionally, fibroblasts synthesize
and secrete more NGF-β and neuregulin-1 to regulate melanin
production through a paracrine mechanism [58].

Growing evidence indicates that at low concentrations, ROS
serve as secondary messengers in diverse cellular processes
and facilitate redox-dependent events [59]. Under the influ-
ence of ROS, multiple signaling pathways related to melanin
synthesis may be activated, including the Wnt/β-catenin,
PI3K/Akt, ERK1/2, and Nrf2-ARE pathways [60–63]. Research
has indicated that hypoxia induces the migration of HSCs and

portal vein myofibroblasts (MFs). This process involves early
activation of the ERK signaling pathway, which is mediated
by mitochondria-dependent ROS. Additionally, immunohisto-
chemical analyses of liver tissue in HCV-related fibrosis and cir-
rhosis suggest that MFs may be exposed to hypoxic conditions
and oxidative stress in vivo [64]. However, there is very limited
evidence regarding the relationship between oxidative stress
and melanin deposition in CLD. Further studies are needed to
determine whether oxidative stress conditions in CLD patients
increase melanin deposition through activation of the afore-
mentioned pathways.

It is worth noting that oxidative stress can activate the
Nrf2 signaling pathway to mitigate oxidative stress, but this
pathway has a negative regulatory effect on melanin synthesis.
Nrf2 is constantly expressed in all skin cell types and its activ-
ity is regulated by ubiquitination and proteasomal degradation
mediated by Kelch-like ECH-associated protein 1 (KEAP1) [65].
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The reactive cysteines in KEAP1 function as redox sensors,
and modifications by ROS and electrophiles induce confor-
mational changes that promote the release, stabilization, and
nuclear translocation of Nrf2 [66]. In diseases characterized by
hypopigmentation, such as vitiligo, this pathway is considered a
regulatory mechanism underlying abnormal pigmentation [67].
In patients with vitiligo, polymorphisms in the Nrf2 promoter
are associated with an increased risk of disease onset, and
upregulation of Nrf2 gene expression can be observed [68–70].
Keratinocytes and melanocytes upregulate Nrf2 expression in
response to oxidative stress and other damaging environments,
thereby activating the Nrf2-ARE pathway to alleviate oxida-
tive stress. Studies have shown that Nrf2 can reduce melanin
synthesis by inhibiting TYRP-1, suggesting that Nrf2 activa-
tors could potentially mitigate excessive pigmentation [71–73].
Additionally, excessive ROS levels can cause melanocyte death,
leading to pigment loss [74].

Therefore, it can be speculated that the concentration and
rate of increase of ROS may affect the regulation of melanin
synthesis, leading to the dual roles of ROS in melanin regu-
lation. For example, prolonged low-intensity oxidative stress
may enhance melanin deposition, whereas short bursts of
high-intensity oxidative stress may reduce melanin synthesis.
However, the specific conditions require further research for
confirmation.

Autophagy contributes to the maintenance of redox balance
by recycling damaged macromolecules and organelles during
oxidative stress, aiding cellular adaptation, and reducing oxida-
tive damage. This process is predominantly mediated by the
Nrf2 pathway, where Nrf2 degradation is inhibited by oxidative
stress, thereby activating the Nrf2-ARE pathway [75, 76].

Reactive nitrogen species (RNS)
RNS are formed by the interaction of NO with other compounds,
including ROS, resulting in a series of highly oxidizing radicals
and nitro compounds. NO is generated by nitric oxide syn-
thase (NOS), which catalyzes the conversion of L-arginine to
oxygen [77]. As a gas, NO can enter cells via diffusion or bind to
cell surface receptors to modulate cellular functions. Another
form of NO exists as a nitric oxide radical (NO), which trans-
forms into NO through a series of electron transfer processes,
ultimately leading to protein nitrosylation and affecting protein
function.

NAFLD can be classified into two types: non-alcoholic fatty
liver (NAFL), which is characterized by the absence of inflam-
mation, and NASH, which is characterized by the presence of
inflammation. Patients with NASH often experience hepatocel-
lular injury and are more prone to liver fibrosis, which worsens
with disease progression [78].

Research indicates that patients with NAFLD and NASH have
higher levels of NO in serum than non-NASH patients [79].
Additionally, other studies have shown that exhaled nitric oxide
(eNO) levels are elevated in patients with cirrhosis, and eNO
levels increase with the severity of cirrhosis. This phenomenon
may be related to endotoxin and cytokine stimulation of NOS
to produce NO [80, 81]. NO is a major source of NO, and its
generation is a prerequisite for protein nitrosylation. NO can

directly nitrosylate tyrosine residues through a two-electron
transfer following replacement of hydrogen at the third posi-
tion of the phenyl ring, ultimately forming 3-nitrotyrosine
(3-NT) [82]. Studies have found elevated levels of 3-NT in mod-
els of liver fibrosis induced by various chronic stimuli, includ-
ing carbon tetrachloride and fructose [83, 84]. Similarly, the
levels of 3-NT in the liver tissue of patients with chronic cirrho-
sis are also elevated [85], suggesting the occurrence of protein
nitrosylation.

NO is also involved in regulating melanin synthesis. NO
in the cytoplasm of melanocytes can elevate MITF expres-
sion through cGMP, leading to increased expression of TYR,
TRP-1, and TRP-2, thereby enhancing melanin synthesis [86]
(Figure 3).

Inflammatory cytokines and melanogenesis
PIH is a common occurrence; however, its exact cause is not
fully understood. Research has identified that various inflam-
matory factors can promote melanin synthesis [86, 87], and
some of these factors tend to increase during chronic inflam-
mation. This suggests that the release of inflammatory factors
in CLD may be associated with pigmentary changes.

Chronic low-grade inflammation mediated by inflammatory
factors plays a crucial role in the pathophysiology of the disease.
Imbalance between elevated pro-inflammatory cytokine lev-
els and reduced anti-inflammatory cytokine levels is a pivotal
step in the progression from simple steatosis to steatohepatitis,
advanced liver fibrosis, and cirrhosis [88, 89].

Furthermore, studies have indicated that inflammatory
factors can directly or indirectly influence skin pigmentation,
with both promoting and inhibiting effects [90, 91]. Various
skin cells, such as keratinocytes and fibroblasts regulate
melanin synthesis through paracrine actions. Interleukin-
18 (IL-18), Interleukin-33 (IL-33), granulocyte-macrophage
colony-stimulating factor (GM-CSF), prostaglandin E2 (PGE2),
and prostaglandin F2 (PGF2) secreted by keratinocytes and
fibroblasts promote melanin synthesis [92, 93]. Multiple
inflammatory factors modulate skin pigmentation via various
signaling pathways.

However, there is a lack of evidence to support a direct cor-
relation between increased levels of inflammatory factors and
melanin deposition in CLD, and further experimental validation
is needed.

Interleukin-1α (IL-1α)
In experiments with hypercholesterolemic mice, it was found
that the absence of IL-1α gene expression in Kupffer cells alle-
viated liver inflammation, suggesting a role for IL-1α secretion
from Kupffer cells in NAFLD [94]. Additionally, studies have
indicated that IL-1 is a major factor contributing to liver inflam-
mation and expression of hepatic inflammatory cytokines [95].

IL-1 stimulates fibroblasts to produce KGF, which increases
TYR expression in melanocytes. In this experiment, human
full-thickness skin grafts and healthy human facial skin trans-
planted into SCID mice were cultured with additional IL-1, KGF,
or a combination of both. These results showed that IL-1 alone
had no effect on melanin synthesis. However, the experimental
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Figure 3. Role of oxidative stress in hyperpigmentation disorders. Under oxidative stress, various cells and inflammatory factors are involved in the
response, primarily keratinocytes, melanocytes, and fibroblasts. SCF: Stem cell factor; α-MSH: α-Melanocyte stimulating hormone; ERK1/2: Extracellular
signal-regulated kinase 1/2; MITF: Microphthalmia-associated transcription factor; PI3K: Phosphoinositide 3-kinase; NrF2: Nuclear factor E2-related
factor-2; TYR: Tyrosinase; TYRP-1: Tyrosinase-related protein 1; TYRP-2: Tyrosinase-related protein 2.

group with KGF and the group treated solely with KGF exhibited
increased melanin synthesis, with the combination treatment
group showing the most significant increase [96].

However, in melanoma cell lines LB2259-MEL and
CP50-MEL treated with IL-1β, IL-1β might reduce the expression
of MITF through the NF-κB and JNK pathways, and this reduc-
tion is associated with the expression of the IL-1 receptor type I
(IL-1RI) gene in melanoma cells [97, 98].

Therefore, further research is required to determine
whether IL-1 promotes melanogenesis in CLD, which may
depend on the presence of KGF during disease progression. In
addition, the mechanism by which KGF interacts with IL-1 to
promote melanin synthesis requires further investigation.

Interleukin-10 (IL-10)
During chronic progression of liver disease, infections or gas-
trointestinal bleeding can trigger a reversible decompensated
state known as ACLF. Excessive pigment deposition also occurs
in ACLF as an aberrant condition of liver disease, aiding in
early disease diagnosis through the identification of abnormal
pigmentation [4–6]. Elevated levels of IL-10 can be measured in
the serum of ACLF patients [99].

In the regulation of melanin synthesis, IL-10 can activate the
PI3K/Akt pathway and the JAK/Stat3 pathway. The activation
of the PI3K/Akt pathway subsequently activates the classical
NF-κB pathway and deactivates GSK-3β. Consequently, this
process further upregulates melanin production [100].

Therefore, the increase in IL-10 in the serum of ACLF
patients may enhance melanin synthesis through the PI3K/Akt
signaling pathway. Moreover, the clinical manifestation of
melanin deposition holds promise as a potential predictor of
ACLF. Further research is necessary to confirm the direct rela-
tionship between these factors.

Interleukin 18 (IL-18)
IL-18, a member of the IL-1 family, is secreted by various inflam-
matory cells, such as neutrophils, T lymphocytes, and B lym-
phocytes, and functions as a chemotactic factor [101].

In patients with cirrhosis, serum IL-18 levels are signifi-
cantly elevated compared with those in healthy controls [102].
Experimental studies in IL-18 knockout mice have demon-
strated the development of NAFLD, which can be ameliorated by
recombinant IL-18, indicating its role of IL-18 in controlling the
onset and progression of NAFLD [103]. When IL-18 signaling is
blocked by its natural antagonist, IL-18BP, the activation of HSC
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triggered by NLRP3 inflammasome activation is eliminated.
Thus, IL-18 directly influences HSC activation and may serve as
a target for IL-18-based therapies for liver fibrosis [102].

IL-18 has also been shown to promote melanin deposition.
IL-18 activates the p38/MAPK and PKA pathways to increase
expression of MITF, TYRP-1, and TYRP-2, thereby enhancing
melanin synthesis [104, 105].

In summary, IL-18 can be considered a potential therapeutic
target for NAFLD, as it can enhance melanin synthesis through
the p38/MAPK and PKA pathways. However, the direct role of
IL-18 in promoting melanin synthesis in CLD requires further
investigation.

Interleukin 33 (IL-33)
IL-33, also a cytokine of the IL-1 family, primarily main-
tains cellular homeostasis and mediates adaptive immune
responses [106]. The receptor for IL-33, ST2, is expressed on
the surface of epithelial cells, HSCs, endothelial cells, and
other cell types, with studies showing richer expression in
keratinocytes and fibroblasts [107, 108]. When IL-33 acts on
mast cells, it induces the production of various cytokines
and activates immune cells, such as macrophages, leading to
inflammation [109, 110].

During the acute phase of liver disease, IL-33 exhibits a
protective effect on hepatic cells, helping maintain cellular
homeostasis [111]. However, during the progression of CLD,
IL-33 promotes fibrosis mediated by HSCs through a series
of cascading reactions [112]. Studies have confirmed signifi-
cantly elevated levels of IL-33 and ST2 mRNA in the serum
of patients and mice with liver fibrosis compared to those in
controls [113, 114].

Regarding melanin deposition, IL-33 can activate the
MAPK and PKA pathways to increase the expression of MITF,
TYRP-1, and TYRP-2, thereby promoting melanin deposition in
the skin [115].

Therefore, the role of IL-33 in promoting liver fibrosis and its
elevation in CLD, along with its stimulatory effect on melanin
synthesis, is supported by research. However, the evidence
regarding its direct involvement in CLD and melanin deposition
remains insufficient and requires further exploration.

Prostaglandins (PGs)
PGE2 is metabolized from the ω-6 polyunsaturated fatty acid
arachidonic acid, with the liver serving as the main organ for
PGE2 metabolism and expressing receptors to maintain hepatic
homeostasis [116].

HBV infection is a major cause of CLD, leading to liver
fibrosis and HCC in some cases. In patients with chronic
HBV-infected infection, serum concentrations of PGE2 corre-
late positively with viral load and liver damage severity [117].
In NAFLD, serum levels of PGE2 increase in patients with
NASH [118].

Experimental studies have shown that both PGE2
and prostaglandin F2α (PGF2α) can increase dendrites in
melanocytes, and PGF2α can enhance TYR activity, thereby pro-
moting skin pigmentation [119, 120]. It has been demonstrated
that under the influence of PGE2, dendrites of melanocytes

increase and the granule content in shed vesicles increases,
although PGE2 has a minimal effect on keratinocytes [121].

Thus, the serum levels of PGE2 are elevated in certain liver
diseases and can enhance melanin synthesis by promoting the
proliferation of dendritic processes in melanocytes and increas-
ing the activity. These findings suggest that PGE2 primarily
affects skin pigmentation through its actions on melanocytes,
indicating its potential role in melanin deposition in CLD.

Granulocyte-macrophage colony-stimulating factor (GM-CSF)
In liver diseases, such as ACLF, the quantity, phenotype,
gene expression, and function of neutrophils correlate with
patient prognosis, with higher neutrophil counts associated
with increased short-term mortality risk and reduced phago-
cytic function [122–124]. Studies have shown elevated circulat-
ing neutrophil counts and percentages in patients with ACLF
compared to controls, accompanied by significantly increased
plasma concentrations of GM-CSF [99].

Under UV-B stimulation, keratinocytes secrete GM-CSF via
paracrine signaling, which promotes the proliferation and syn-
thesis of melanocytes [8]. Therefore, the stimulatory effect of
GM-CSF on melanin synthesis under UV-B stimulation suggests
a potential association with the development of “liver facies” in
CLD. Further research is required to confirm this conclusion.

Other factors influencing melanogenesis in CLD
Stem cell factor (SCF)

SCF, also known as c-Kit ligand, is a hematopoietic growth fac-
tor involved in hematopoiesis, gametogenesis, and migration
of melanocytes from the neural crest to the epidermis [125].
SCF also promotes the synthesis of proinflammatory cytokines,
chemokines, and histamine in mast cells [126].

During CLD, SCF collaborates with GM-CSF to promote liver
regeneration and plays a role in liver fibrosis [127]. Research
indicates that serum SCF levels are significantly elevated in
patients with chronic hepatitis C (CHC) compared to controls,
suggesting SCF’s involvement of SCF in liver repair processes
in patients with CHC [128].

Binding of SCF to c-Kit activates several signaling path-
ways, including MAPK/ERK, PI3K/AKT, and JAK/STAT [129].
Activation of Ras/MAPK leads to MITF phosphorylation, which
increases the expression of enzymes involved in melanin syn-
thesis and promotes melanosome transport, thereby enhancing
melanogenesis [130].

In conclusion, SCF and GM-CSF are involved in liver regen-
eration and repair, with elevated levels found in the serum of
patients with CHC. Additionally, they can activate MAPK/ERK
and PI3K/AKT pathways, leading to increased melanin synthe-
sis. This suggests that they may play a promoting role in the
development of “liver facies.”

Endothelin 1 (ET-1)

Endothelin (ET), originally extracted from endothelial cells, is
a vasoconstrictive peptide with functions, including vascular
contraction and promotion of cell proliferation, serving as a
crucial regulator of cardiovascular function [131, 132]. Clinical
studies have indicated significantly elevated serum levels of
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ET-1 in patients with NAFLD compared to controls, with the
magnitude of increase correlating positively with the degree of
liver fibrosis [133].

In the regulation of melanogenesis, ET-1 activates the PKC
pathway upon binding with ETR, promoting the expression of
TYR, TRP-1, and TRP-2 [86]. In vitro experiments demonstrate
increased MITF expression and significantly enhanced melanin
synthesis in cells cultured with ET-1 [134, 135]. This suggests
that elevated serum ET-1 levels in CLD may be one of the factors
contributing to increased melanin synthesis.

Sex hormone-binding globulin (SHBG)

SHBG is a glycoprotein produced by the liver with high affin-
ity for testosterone and plays a role in the regulation of
androgens [136]. Research on postmenopausal women with
NAFLD has shown lower serum SHBG levels than those in
control groups [137]. Additionally, in men, hepatic steatosis is
associated with decreased testosterone levels, which in turn
correlates with reduced SHBG levels [138]. Thus, the interaction
between SHBG and androgens plays a role in NAFLD pathogen-
esis and may be mutually influential.

Experimental findings indicate that in the presence of SHBG
and androgens, such as testosterone, 5α-dihydrotestosterone,
and methyltrienolone (R1881), cAMP levels decrease in the
melanocytes of normal individuals. Binding of testosterone
and R1881 to SHBG mildly inhibited TYR activity [139]. Fur-
thermore, in insulin-resistant cells, SHBG expression decreases
when the PI3K/AKT pathway is activated [140].

Therefore, reduced SHBG expression during NAFLD may
lead to increased melanin synthesis through the activation of
the PI3K/AKT pathway and enhanced TYR activity. Further
experimental evidence is needed to determine whether SHBG
is associated with melanin deposition in CLD.

Estrogen

Estrogens can be classified into three types: 17β-estradiol (E2),
which is synthesized from cholesterol in the ovaries of pre-
menopausal women, and the metabolites estrone (E1) and
estriol (E3), which are derived from the metabolism of E2.
Among these, E2 exhibits the highest activity [141]. Estrogen
receptors (ER) are expressed not only in organs, such as the
ovaries, breasts, and uterus, but also in the liver, primarily as
ER-α [142].

Estrogen is primarily metabolized in the liver. Specific
manifestations of CLD, such as the development of spider
nevi and abnormal enlargement of the male breast, result
from reduced estrogen inactivation owing to impaired liver
function [143, 144]. In patients with cirrhosis, plasma estrogen
levels are higher than those in control groups [145, 146].

Similar to CLD, abnormal pigmentation is also observed in
pregnant women and is suspected to be caused by increased
estrogen levels [147, 148]. Moreover, ER-β expression is
increased in the lesional areas of patients with lentigines, indi-
cating that estrogen is involved in melanin enhancement [149].
This suggests that melanin deposition in patients with CLD
may be related to a reduction in estrogen inactivation.
Estrogen can regulate melanin synthesis by acting on ER,

leading to an increase in melanin production. Additionally,
G protein-coupled ER may also be involved in the regulation
of melanin by estrogen, exerting effects independent of the
ER [150]. In mouse B16 melanoma cells, estradiol increased
cell proliferation, melanin synthesis, tyrosinase activity, and
expression of the tyrosinase family and MITF. This effect
is associated with the activation of the cAMP-PKA pathway
and the upregulation of the expression and activity of the
melanin-synthesizing enzymes tyrosinase and MITF [151].
In vitro experiments have shown that cells exposed to E2 exhibit
increased TYR activity. This increase in TYR activity correlates
with enhanced melanin synthesis [152]. Melanocytes treated
with E2 showed a dose-dependent increase in viability after
24 h of incubation. The maximum response varied between
145% and 213% of the baseline activity depending on the source
of the donor cells [153].

Therefore, it is suggested that, during the progression of
CLD, reduced estrogen metabolism may lead to interactions
with melanocytes, resulting in increased TYR activity and sub-
sequent melanin synthesis, leading to pigment deposition.

Glutamine (Gln)

Hepatic encephalopathy plays a critical role in the late stages of
CLD, and its occurrence and progression are closely related to
the increase in blood ammonia levels resulting from liver dys-
function. The body’s ammonia detoxification pathways include
the urea cycle in the liver and Gln synthesis system, primar-
ily in the skeletal muscle and brain. The liver converts toxic
ammonia into urea via the urea cycle [154]. During the pro-
gression of CLD, liver metabolic function is impaired, and early
on, the Gln synthesis system in the skeletal muscle and other
tissues compensates, preventing an increase in blood ammonia
levels until the decompensation stage, when blood ammonia
levels rise [155]. Before changes in blood ammonia levels occur,
amino acid metabolism disorders and liver fibrosis have already
appeared [156]. Increased Gln metabolism breakdown leads to
increased ammonia production and further requires urea syn-
thesis, exacerbating the liver burden and accelerating liver dis-
ease progression [157].

Metabolic changes in Gln levels may differ between the
early stages of liver disease and acute liver failure. Studies
have shown that in patients with NAFLD, decreased liver Gln
synthetase is associated with disease severity, and elevated
glutamate/Gln ratios in the liver and blood indicate increased
Gln breakdown [158, 159]. However, in patients with acute
liver failure, increased net uptake of muscle ammonia and an
increase in Gln net production have been observed [160]. There-
fore, in the early stages of liver disease, a decrease in Gln levels
can be inferred, whereas in the acute liver failure phase, an
increase in Gln levels is suggested.

Sufficient Gln maintains normal GSH levels, thus buffer-
ing oxidative damage. Additionally, during Gln metabolism,
NADPH is provided to maintain GSH in its reduced state,
thus assisting in its antioxidant action [161, 162]. Phospho-
rylation of the Ser-473 site of AKT is a prerequisite for its
complete activation [163]. ROS can cause dephosphorylation
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of the Ser-473 site on AKT, thereby inhibiting the PI3K/AKT
pathway [164, 165].

In patients with acute liver failure, increased Gln produc-
tion leads to reduced ROS levels. Consequently, diminished
inhibition of the PI3K/AKT pathway by ROS may contribute
to increased melanin deposition in patients with acute liver
failure.

However, the reduction in Gln during the early stages of
CLD may lead to a decrease in melanin synthesis. Research has
found that Gln can reduce ROS production in melanocyte stress
models and activate the Nrf2/ARE pathway, which negatively
regulates melanin synthesis [67]. Therefore, in the early stages
of CLD, Gln may not be the primary factor that regulates the
increase in melanin synthesis.

In summary, an increase in Gln was positively correlated
with melanin synthesis. Thus, it can be inferred that elevated
Gln levels during the acute liver failure stage may be associated
with hyperpigmentation. Further research is needed to confirm
the levels of Gln and its impact on melanin deposition across the
different stages of liver disease.

Clinical implications
Early detection of CLD through skin pigmentation
Skin pigmentation changes have emerged as notable clinical
manifestations associated with ACLF and CLD progression [4].
This suggests that hyperpigmentation may serve as an impor-
tant indicator of liver disease deterioration and onset of acute
liver failure, highlighting its potential diagnostic value for both
conditions. Therefore, when the clinical manifestations of pig-
mentation are combined with the elevation of related factors to
form a scoring system, it could enhance the prediction of the
stages of CLD progression, thereby improving the accuracy and
specificity of these predictions. This integrated approach may
provide valuable insights into the early detection and nonin-
vasive monitoring of liver disease, potentially leading to timely
interventions.

However, despite the identification of various factors that
are elevated in CLD, there is still a lack of experimental and
clinical data confirming whether these elevations positively
correlate with the severity of liver disease progression. Further-
more, it remains unclear whether these factors show significant
increases during acute liver failure, and how they relate to the
observed increase in skin pigmentation.

Consequently, there is a pressing need for more clinical
reports to investigate the sequence of liver disease manifesta-
tions and their correlation with disease deterioration, as well as
to establish a direct relationship between the factors discussed
and increased skin pigmentation in CLD. Such research could
validate skin pigmentation changes as a valuable tool for early
detection of CLD.

Therapeutic considerations
Current studies have focused on controlling oxidative stress to
improve CLD. For instance, silymarin and vitamin E provide
a certain degree of protection against oxidative stress injury
in CLD [166, 167]. Additionally, substances, such as Veronica

ciliata Fisch, Pu-erh tea extracts, luteolin-7-O-glucoside,
quercetin, and gallic acid have been shown to provide a certain
degree of protection against oxidative stress in CLD [51].
However, whether the suppression of oxidative stress in CLD
treatment contributes to improvements in skin hyperpig-
mentation remains to be investigated. There is also growing
interest in exploring whether similar therapeutic agents could
effectively reduce pigmentation in the general population.

Similarly, many medications improve liver function by tar-
geting specific signaling pathways or preventing the release
of inflammatory factors. For example, pirfenidone (PF) has
been shown to exert dose-dependent inhibition of the Wnt/β-
catenin signaling pathway, thereby improving cholestatic liver
injury [168]. Salvianolic acid B can inhibit inflammatory mark-
ers, including IL-1β, IL-6, TGF-β, TNF-α, and COX-2, and
it can suppress the MAPK inflammatory signaling pathway,
thereby alleviating cholestatic liver injury both in vivo and
in vitro [169]. Additionally, some drugs inhibit melanin syn-
thesis by targeting the signaling pathways described in this
article. For example, defects in the Wnt/β-catenin signaling
pathway exacerbate ferroptosis in melanoma by regulating
MITF. Targeting the Wnt/β-catenin-MITF pathway may be
a promising strategy for enhancing ferroptosis and improv-
ing the efficacy of anti-PD-1 immunotherapy [34]. There-
fore, there is hope that research will yield drugs capable of
delaying liver function deterioration, while also reducing skin
hyperpigmentation.

Therefore, the potential effects of antioxidant and
anti-inflammatory drugs, along with the other factors discussed
in this article, on skin whitening require further investigation.
Specifically, it is crucial to determine whether enhancing liver
function can lead to a reduction in the serum levels of these
factors, thereby facilitating a decrease in hyperpigmentation.
Such studies could provide valuable insights into therapeutic
approaches for managing skin pigmentation changes associated
with liver diseases.

Future research directions
There is an urgent need for clinical studies to validate the
proposed mechanisms linking changes in skin pigmentation
with CLD progression and acute liver failure. Specifically, fur-
ther research is necessary to establish the correlation between
elevated biomarkers and the severity of liver disease as well
as to clarify how these factors contribute to increased skin
pigmentation.

Additionally, investigating potential treatments targeting
both liver dysfunction and skin pigmentation is essential. Ther-
apeutic agents that control oxidative stress and inflammatory
responses, such as silymarin, vitamin E, and PF, should be
explored to improve the liver function and reduce hyperpig-
mentation. Understanding the relationship between enhanced
liver function and serum levels of inflammatory markers may
pave the way for new interventions that not only improve
liver health but also address aesthetic concerns related to skin
pigmentation changes in patients with CLD. Such integrative
research could lead to innovative therapeutic strategies and
improved patient outcomes.
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Conclusion
Skin hyperpigmentation is a notable clinical manifestation of
CLD and ACLF; however, research on its pathogenesis remains
limited. This article outlines the processes of melanin synthesis
and transport, and provides examples of the signaling pathways
activated during both CLD progression and melanin synthesis.
It lists factors that are elevated in serum levels in CLD and are
associated with increased melanin synthesis, specifically oxida-
tive stress factors, inflammatory factors, and other factors. This
suggests potential underlying reasons for the increased melanin
synthesis observed in CLD. Understanding the sequence of liver
disease manifestations and progression may yield important
prognostic indicators for CLD. Future research should focus
on the effects of antioxidant and anti-inflammatory treatments
on skin whitening, particularly examining whether improve-
ments in liver function can lead to decreased serum levels of the
factors that contribute to hyperpigmentation. By elucidating
these mechanisms, we can better identify excessive skin pig-
mentation as an early marker of disease progression, ultimately
enhancing patient care and management of liver dysfunction.

Conflicts of interest: Authors declare no conflicts of interest.

Funding: Authors received no specific funding for this work.

Submitted: 03 August 2024
Accepted: 31 October 2024
Published online: 10 December 2024

References
[1] Cheemerla S, Balakrishnan M. Global epidemiology of chronic liver

disease. Clin Liver Dis (Hoboken) 2021;17(5):365–70. https://doi.org/
10.1002/cld.1061.

[2] Cannito S, Dianzani U, Parola M, Albano E, Sutti S. Inflammatory
processes involved in NASH-related hepatocellular carcinoma. Biosci
Rep 2023;43(1):BSR20221271. https://doi.org/10.1042/bsr20221271.

[3] The Lancet Gastroenterology & Hepatology. Drinking to death:
the changing face of liver disease. Lancet Gastroenterol Hepatol
2018;3(10):655. https://doi.org/10.1016/s2468-1253(18)30272-3.

[4] Rodríguez-Gutiérrez JS, Ramírez-Gómez KM, Omaña-Domínguez M,
Ruelas-Villavicencio AL. Cutaneous hyperpigmentation as a manifes-
tation in acute on chronic liver failure. Rev Med Inst Mex Seguro Soc
2022;60(6):698–702.

[5] Satapathy SK, Bernstein D. Dermatologic disorders and the liver.
Clin Liver Dis 2011;15(1):165–82. https://doi.org/10.1016/j.cld.2010.
09.001.

[6] Koulaouzidis A, Bhat S, Moschos J. Skin manifestations of liver
diseases. Ann Hepatol 2007;6(3):181–4. https://doi.org/10.1016/
S16652681(19)31926-X.

[7] Moreiras H, Seabra MC, Barral DC. Melanin transfer in the epidermis:
the pursuit of skin pigmentation control mechanisms. Int J Mol Sci
2021;22(9):4466. https://doi.org/10.3390/ijms22094466.

[8] Videira IF, Moura DF, Magina S. Mechanisms regulating melano-
genesis. An Bras Dermatol 2013;88(1):76–83. https://doi.org/10.1590/
s0365-05962013000100009.

[9] Raper HS. The tyrosinase-tyrosine reaction: production of l-3.4-
dihydroxyphenylalanine from tyrosine. Biochem J 1926;20(4):735–42.
https://doi.org/10.1042/bj0200735.

[10] Mason HS. The chemistry of melanin; mechanism of the oxidation
of dihydroxyphenylalanine by tyrosinase. J Biol Chem 1948;172(1):
83–99. https://doi.org/10.1016/S0021-9258(18)35614-X.

[11] Kishida R, Ito S, Sugumaran M, Arevalo RL, Nakanishi H, Kasai
H. Density functional theory-based calculation shed new light on
the bizarre addition of cysteine thiol to dopaquinone. Int J Mol Sci
2021;22(3):1373. https://doi.org/10.3390/ijms22031373.

[12] Snyman M, Walsdorf RE, Wix SN, Gill JG. The metabolism of melanin
synthesis—from melanocytes to melanoma. Pigment Cell Melanoma
Res 2024;37(4):438–52. https://doi.org/10.1111/pcmr.13165.

[13] Toyofuku K, Wada I, Valencia JC, Kushimoto T, Ferrans VJ, Hearing
VJ. Oculocutaneous albinism types 1 and 3 are ER retention diseases:
mutation of tyrosinase or Tyrp1 can affect the processing of both
mutant and wild-type proteins. Faseb J 2001;15(12):2149–61. https://
doi.org/10.1096/fj.01-0216com.

[14] Hara M, Yaar M, Byers HR, Goukassian D, Fine RE, Gonsalves J, et al.
Kinesin participates in melanosomal movement along melanocyte
dendrites. J Invest Dermatol 2000;114(3):438–43. https://doi.org/10.
1046/j.1523-1747.2000.00894.x.

[15] Byers HR, Yaar M, Eller MS, Jalbert NL, Gilchrest BA. Role of cyto-
plasmic dynein in melanosome transport in human melanocytes. J
Invest Dermatol 2000;114(5):990–7. https://doi.org/10.1046/j.1523-
1747.2000.00957.x.

[16] Tsatmali M, Ancans J, Thody AJ. Melanocyte function and its control
by melanocortin peptides. J Histochem Cytochem 2002;50(2):125–33.
https://doi.org/10.1177/002215540205000201.

[17] Lin JY, Fisher DE. Melanocyte biology and skin pigmentation. Nature
2007;445(7130):843–50. https://doi.org/10.1038/nature05660.

[18] Bento-Lopes L, Cabaço LC, Charneca J, Neto MV, Seabra MC, Barral
DC. Melanin’s journey from melanocytes to keratinocytes: uncover-
ing the molecular mechanisms of melanin transfer and processing. Int
J Mol Sci 2023;24(14):11289. https://doi.org/10.3390/ijms241411289.

[19] Lee HJ, An S, Bae S, Lee JH. Diarylpropionitrile inhibits melanogenesis
via protein kinase A/cAMP-response element-binding
protein/microphthalmia-associated transcription factor signaling
pathway in α-MSH-stimulated B16F10 melanoma cells. Korean J
Physiol Pharmacol 2022;26(2):113–23. https://doi.org/10.4196/kjpp.
2022.26.2.113.

[20] Kim T, Kang JK, Hyun CG. 6-methylcoumarin promotes melanogene-
sis through the PKA/CREB, MAPK, AKT/PI3K, and GSK3β/β-catenin
signaling pathways. Molecules 2023;28(11):4551. https://doi.org/10.
3390/molecules28114551.

[21] Mosca S, Cardinali G, Flori E, Briganti S, Bottillo I, Mileo AM,
et al. The PI3K pathway induced by αMSH exerts a negative feed-
back on melanogenesis and contributes to the release of pigment.
Pigment Cell Melanoma Res 2021;34(1):72–88. https://doi.org/10.1111/
pcmr.12910.

[22] Zhao M, Hu J, Ni H, Jiang Z, Wang L. Research progress in
melanogenesis signaling pathway. Sheng Wu Gong Cheng Xue Bao
2019;35(9):1633–42. https://doi.org/10.13345/j.cjb.190084.

[23] Gelmi MC, Houtzagers LE, Strub T, Krossa I, Jager MJ. MITF in normal
melanocytes, cutaneous and uveal melanoma: a delicate balance. Int J
Mol Sci 2022;23(11):6001. https://doi.org/10.3390/ijms23116001.

[24] Kim SH, Lee J, Jung J, Kim GH, Yun CY, Jung SH, et al. Interruption of
p38(MAPK)-MSK1-CREB-MITF-M pathway to prevent hyperpigmen-
tation in the skin. Int J Biol Sci 2024;20(5):1688–704. https://doi.org/
10.7150/ijbs.93120.

[25] Yuan XH, Jin ZH. Paracrine regulation of melanogenesis. Br J Derma-
tol 2018;178(3):632–9. https://doi.org/10.1111/bjd.15651.

[26] Swope VB, Abdel-Malek ZA. MC1R: front and center in the bright
side of dark eumelanin and DNA repair. Int J Mol Sci 2018;19(9):2667.
https://doi.org/10.3390/ijms19092667.

[27] O’Sullivan JDB, Nicu C, Picard M, Chéret J, Bedogni B, Tobin DJ,
et al. The biology of human hair greying. Biol Rev Camb Philos Soc
2021;96(1):107–28. https://doi.org/10.1111/brv.12648.

[28] Logesh R, Prasad SR, Chipurupalli S, Robinson N, Mohankumar
SK. Natural tyrosinase enzyme inhibitors: a path from melanin to
melanoma and its reported pharmacological activities. Biochim Bio-
phys Acta Rev Cancer 2023;1878(6):188968. https://doi.org/10.1016/
j.bbcan.2023.188968.

[29] Choi H, Yoon JH, Youn K, Jun M. Decursin prevents melanogenesis by
suppressing MITF expression through the regulation of PKA/CREB,
MAPKs, and PI3K/Akt/GSK-3β cascades. Biomed Pharmacother
2022;147:112651. https://doi.org/10.1016/j.biopha.2022.112651.

[30] Song Y, Chen S, Li L, Zeng Y, Hu X. The hypopigmentation mecha-
nism of tyrosinase inhibitory peptides derived from food proteins:
an overview. Molecules 2022;27(9):2710. https://doi.org/10.3390/
molecules27092710.

[31] Perugorria MJ, Olaizola P, Labiano I, Esparza-Baquer A, Marzioni
M, Marin JJG, et al. Wnt-β-catenin signalling in liver development,
health and disease. Nat Rev Gastroenterol Hepatol 2019;16(2):121–36.
https://doi.org/10.1038/s41575-018-0075-9.

Liu et al.
Pathogenesis of pigmentation in CLD 1228 www.biomolbiomed.com

https://www.biomolbiomed.com
https://doi.org/10.1002/cld.1061
https://doi.org/10.1002/cld.1061
https://doi.org/10.1042/bsr20221271
https://doi.org/10.1016/s2468-1253(18)30272-3
https://doi.org/10.1016/j.cld.2010.09.001
https://doi.org/10.1016/j.cld.2010.09.001
https://doi.org/10.1016/S16652681(19)31926-X
https://doi.org/10.1016/S16652681(19)31926-X
https://doi.org/10.3390/ijms22094466
https://doi.org/10.1590/s0365-05962013000100009
https://doi.org/10.1590/s0365-05962013000100009
https://doi.org/10.1042/bj0200735
https://doi.org/10.1016/S0021-9258(18)35614-X
https://doi.org/10.3390/ijms22031373
https://doi.org/10.1111/pcmr.13165
https://doi.org/10.1096/fj.01-0216com
https://doi.org/10.1096/fj.01-0216com
https://doi.org/10.1046/j.1523-1747.2000.00894.x
https://doi.org/10.1046/j.1523-1747.2000.00894.x
https://doi.org/10.1046/j.1523-1747.2000.00957.x
https://doi.org/10.1046/j.1523-1747.2000.00957.x
https://doi.org/10.1177/002215540205000201
https://doi.org/10.1038/nature05660
https://doi.org/10.3390/ijms241411289
https://doi.org/10.4196/kjpp.2022.26.2.113
https://doi.org/10.4196/kjpp.2022.26.2.113
https://doi.org/10.3390/molecules28114551
https://doi.org/10.3390/molecules28114551
https://doi.org/10.1111/pcmr.12910
https://doi.org/10.1111/pcmr.12910
https://doi.org/10.13345/j.cjb.190084
https://doi.org/10.3390/ijms23116001
https://doi.org/10.7150/ijbs.93120
https://doi.org/10.7150/ijbs.93120
https://doi.org/10.1111/bjd.15651
https://doi.org/10.3390/ijms19092667
https://doi.org/10.1111/brv.12648
https://doi.org/10.1016/j.bbcan.2023.188968
https://doi.org/10.1016/j.bbcan.2023.188968
https://doi.org/10.1016/j.biopha.2022.112651
https://doi.org/10.3390/molecules27092710
https://doi.org/10.3390/molecules27092710
https://doi.org/10.1038/s41575-018-0075-9
https://www.biomolbiomed.com


[32] Liu J, Xiao Q, Xiao J, Niu C, Li Y, Zhang X, et al. Wnt/β-catenin
signalling: function, biological mechanisms, and therapeutic
opportunities. Signal Transduct Target Ther 2022;7(1):3. https://doi.
org/10.1038/s41392-021-00762-6.

[33] Katoh M. Multi-layered prevention and treatment of chronic
inflammation, organ fibrosis and cancer associated with canonical
WNT/β-catenin signaling activation (review). Int J Mol Med
2018;42(2):713–25. https://doi.org/10.3892/ijmm.2018.3689.

[34] Wang H, Zhang H, Chen Y, Wang H, Tian Y, Yi X, et al. Targeting
Wnt/β-catenin signaling exacerbates ferroptosis and increases the
efficacy of melanoma immunotherapy via the regulation of MITF.
Cells 2022;11(22):3580. https://doi.org/10.3390/cells11223580.

[35] Pillaiyar T, Manickam M, Jung SH. Downregulation of melanogen-
esis: drug discovery and therapeutic options. Drug Discov Today
2017;22(2):282–98. https://doi.org/10.1016/j.drudis.2016.09.016.

[36] Zhuang J, Zhang Y, Shu H, Zhang S, Zhao W, Ward N, et al. Phos-
phatidylserine in the nervous system: cytoplasmic regulator of the
AKT and PKC signaling pathways and extracellular “eat-me” signal in
microglial phagocytosis. Mol Neurobiol 2023;60(2):1050–66. https://
doi.org/10.1007/s12035-022-03133-6.

[37] Li DY, Gao SJ, Sun J, Zhang LQ, Wu JY, Song FH, et al. Targeting the
nitric oxide/cGMP signaling pathway to treat chronic pain. Neural
Regen Res 2023;18(5):996–1003. https://doi.org/10.4103/1673-5374.
355748.

[38] Gambaryan S. The role of NO/sGC/cGMP/PKG signaling pathway in
regulation of platelet function. Cells 2022;11(22):3704. https://doi.
org/10.3390/cells11223704.

[39] Wobst J, Schunkert H, Kessler T. Genetic alterations in the NO-cGMP
pathway and cardiovascular risk. Nitric Oxide 2018;76:105–12.
https://doi.org/10.1016/j.niox.2018.03.019.

[40] Xue L, Chang L, Li Y, Dong Y, He X. Stimulation of melanin synthesis
by UVB is mediated by NO/cGMP/PKG cascade targeting PAK4 in
vitro. In Vitro Cell Dev Biol Anim 2021;57(3):280–9. https://doi.org/
10.1007/s11626-021-00551-z.

[41] Farooq A, Iqbal A, Rana NF, Fatima M, Maryam T, Batool F, et al.
A novel Sprague-Dawley rat model presents improved NASH/-
NAFLD symptoms with PEG coated vitexin liposomes. Int J Mol Sci
2022;23(6):3131. https://doi.org/10.3390/ijms23063131.

[42] Powell EE, Wong VW, Rinella M. Non-alcoholic fatty liver disease.
Lancet 2021;397(10290):2212–24. https://doi.org/10.1016/s0140-
6736(20)32511-3.

[43] Patidar P, Hirani N, Bharti S, Baig MS. Key regulators of hepatic
stellate cell activation in alcohol liver disease: a comprehensive
review. Int Immunopharmacol 2024;141:112938. https://doi.org/10.
1016/j.intimp.2024.112938.

[44] Roehlen N, Crouchet E, Baumert TF. Liver fibrosis: mechanistic con-
cepts and therapeutic perspectives. Cells 2020;9(4):875. https://doi.
org/10.3390/cells9040875.

[45] Luangmonkong T, Suriguga S, Mutsaers HAM, Groothuis GMM,
Olinga P, Boersema M. Targeting oxidative stress for the treatment
of liver fibrosis. Rev Physiol Biochem Pharmacol 2018;175:71–102.
https://doi.org/10.1007/112/_2018/_10.

[46] Parola M, Pinzani M. Liver fibrosis: pathophysiology, pathogenetic
targets and clinical issues. Mol Aspects Med 2019;65:37–55. https://
doi.org/10.1016/j.mam.2018.09.002.

[47] Sandalio LM, Rodríguez-Serrano M, Romero-Puertas MC, del Río LA.
Role of peroxisomes as a source of reactive oxygen species (ROS) sig-
naling molecules. Subcell Biochem 2013;69:231–55. https://doi.org/
10.1007/978-94-007-6889-5/_13.

[48] Khadrawy SM, Mohamed HM, Mahmoud AM. Mesenchymal stem
cells ameliorate oxidative stress, inflammation, and hepatic fibrosis
via Nrf2/HO-1 signaling pathway in rats. Environ Sci Pollut Res Int
2021;28(2):2019–30. https://doi.org/10.1007/s11356-020-10637-y.

[49] Tu W, Wang H, Li S, Liu Q, Sha H. The anti-inflammatory and
anti-oxidant mechanisms of the Keap1/Nrf2/ARE signaling pathway
in chronic diseases. Aging Dis 2019;10(3):637–51. https://doi.org/10.
14336/ad.2018.0513.

[50] Denat L, Kadekaro AL, Marrot L, Leachman SA, Abdel-Malek ZA.
Melanocytes as instigators and victims of oxidative stress. J Invest
Dermatol 2014;134(6):1512–8. https://doi.org/10.1038/jid.2014.65.

[51] Seen S. Chronic liver disease and oxidative stress—a narrative
review. Expert Rev Gastroenterol Hepatol 2021;15(9):1021–35.
https://doi.org/10.1080/17474124.2021.1949289.

[52] Katiyar S, Yadav D. Correlation of oxidative stress with melasma:
an overview. Curr Pharm Des 2022;28(3):225–31. https://doi.org/10.
2174/1381612827666211104154928.

[53] Kim NH, Lee AY. Oxidative stress induces skin pigmentation in
melasma by inhibiting hedgehog signaling. Antioxidants (Basel)
2023;12(11):1969. https://doi.org/10.3390/antiox12111969.

[54] Davis EC, Callender VD. Postinflammatory hyperpigmentation: a
review of the epidemiology, clinical features, and treatment options
in skin of color. J Clin Aesthet Dermatol 2010;3(7):20–31.

[55] Jomova K, Raptova R, Alomar SY, Alwasel SH, Nepovimova E, Kuca K,
et al. Reactive oxygen species, toxicity, oxidative stress, and antiox-
idants: chronic diseases and aging. Arch Toxicol 2023;97(10):2499–
574. https://doi.org/10.1007/s00204-023-03562-9.

[56] Eom S, Lee S, Lee J, Yeom HD, Lee SG, Lee J. DDX3 upregu-
lates hydrogen peroxide-induced melanogenesis in Sk-Mel-2 human
melanoma cells. Molecules 2022;27(20):7010. https://doi.org/10.
3390/molecules27207010.

[57] Xiong R, Shen Q, Li Y, Jin S, Dong T, Song X, et al. NAcM-OPT pro-
tects keratinocytes from H(2)O(2)-induced cell damage by promoting
autophagy. Ann N Y Acad Sci 2024;1537(1):155–67. https://doi.org/10.
1111/nyas.15173.

[58] Xing X, Dan Y, Xu Z, Xiang L. Implications of oxidative stress in the
pathogenesis and treatment of hyperpigmentation disorders. Oxid
Med Cell Longev 2022;2022:7881717. https://doi.org/10.1155/2022/
7881717.

[59] Finkel T. Signal transduction by reactive oxygen species. J Cell Biol
2011;194(1):7–15. https://doi.org/10.1083/jcb.201102095.

[60] Zhang C, Tannous E, Zheng JJ. Oxidative stress upregulates Wnt sig-
naling in human retinal microvascular endothelial cells through acti-
vation of disheveled. J Cell Biochem 2019;120(8):14044–54. https://
doi.org/10.1002/jcb.28679.

[61] Staehlke S, Haack F, Waldner AC, Koczan D, Moerke C, Mueller P,
et al. ROS dependent Wnt/β-catenin pathway and its regulation on
defined micro-pillars-a combined in vitro and in silico study. Cells
2020;9(8):1784. https://doi.org/10.3390/cells9081784.

[62] Hu S, Huang J, Pei S, Ouyang Y, Ding Y, Jiang L, et al. Gano-
derma lucidum polysaccharide inhibits UVB-induced melanogenesis
by antagonizing cAMP/PKA and ROS/MAPK signaling pathways. J
Cell Physiol 2019;234(5):7330–40. https://doi.org/10.1002/jcp.27492.

[63] Zhou S, Sakamoto K. Pyruvic acid/ethyl pyruvate inhibits melano-
genesis in B16F10 melanoma cells through PI3K/AKT, GSK3β, and
ROS-ERK signaling pathways. Genes Cells 2019;24(1):60–9. https://
doi.org/10.1111/gtc.12654.

[64] Novo E, Povero D, Busletta C, Paternostro C, di Bonzo LV, Cannito S,
et al. The biphasic nature of hypoxia-induced directional migration of
activated human tumor necrosis factor α. J Pathol 2012;226(4):588–97.
https://doi.org/10.1002/path.3005.

[65] Ikehata H, Yamamoto M. Roles of the KEAP1-NRF2 system in
mammalian skin exposed to UV radiation. Toxicol Appl Pharmacol
2018;360:69–77. https://doi.org/10.1016/j.taap.2018.09.038.

[66] Kasai S, Shimizu S, Tatara Y, Mimura J, Itoh K. Regulation of
Nrf2 by mitochondrial reactive oxygen species in physiology and
pathology. Biomolecules 2020;10(2):320. https://doi.org/10.3390/
biom10020320.

[67] Jiang L, Guo Z, Kong Y, Liang J, Wang Y, Wang K. Protective effects of
glutamine on human melanocyte oxidative stress model. Indian J Der-
matol Venereol Leprol 2018;84(3):269–74. https://doi.org/10.4103/
ijdvl.IJDVL/_106/_17.

[68] Guan CP, Zhou MN, Xu AE, Kang KF, Liu JF, Wei XD, et al. The
susceptibility to vitiligo is associated with NF-E2-related factor2
(Nrf2) gene polymorphisms: a study on Chinese Han population. Exp
Dermatol 2008;17(12):1059–62. https://doi.org/10.1111/j.1600-0625.
2008.00752.x.

[69] Natarajan VT, Singh A, Kumar AA, Sharma P, Kar HK, Marrot
L, et al. Transcriptional upregulation of Nrf2-dependent phase II
detoxification genes in the involved epidermis of vitiligo vulgaris.
J Invest Dermatol 2010;130(12):2781–9. https://doi.org/10.1038/jid.
2010.201.

[70] Panieri E, Telkoparan-Akillilar P, Saso L. NRF2, a crucial modulator of
skin cells protection against vitiligo, psoriasis, and cancer. Biofactors
2023;49(2):228–50. https://doi.org/10.1002/biof.1912.

[71] Kerns ML, Miller RJ, Mazhar M, Byrd AS, Archer NK, Pinkser BL,
et al. Pathogenic and therapeutic role for NRF2 signaling in ultravio-
let light-induced skin pigmentation. JCI Insight 2020;5(20):e139342.
https://doi.org/10.1172/jci.insight.139342.

[72] Yun CY, Choi N, Lee JU, Lee EJ, Kim JY, Choi WJ, et al. Marliolide
derivative induces melanosome degradation via Nrf2/p62-mediated
autophagy. Int J Mol Sci 2021;22(8):3995. https://doi.org/10.3390/
ijms22083995.

Liu et al.
Pathogenesis of pigmentation in CLD 1229 www.biomolbiomed.com

https://www.biomolbiomed.com
https://doi.org/10.1038/s41392-021-00762-6
https://doi.org/10.1038/s41392-021-00762-6
https://doi.org/10.3892/ijmm.2018.3689
https://doi.org/10.3390/cells11223580
https://doi.org/10.1016/j.drudis.2016.09.016
https://doi.org/10.1007/s12035-022-03133-6
https://doi.org/10.1007/s12035-022-03133-6
https://doi.org/10.4103/1673-5374.355748
https://doi.org/10.4103/1673-5374.355748
https://doi.org/10.3390/cells11223704
https://doi.org/10.3390/cells11223704
https://doi.org/10.1016/j.niox.2018.03.019
https://doi.org/10.1007/s11626-021-00551-z
https://doi.org/10.1007/s11626-021-00551-z
https://doi.org/10.3390/ijms23063131
https://doi.org/10.1016/s0140-6736(20)32511-3
https://doi.org/10.1016/s0140-6736(20)32511-3
https://doi.org/10.1016/j.intimp.2024.112938
https://doi.org/10.1016/j.intimp.2024.112938
https://doi.org/10.3390/cells9040875
https://doi.org/10.3390/cells9040875
https://doi.org/10.1007/112/_2018/_10
https://doi.org/10.1016/j.mam.2018.09.002
https://doi.org/10.1016/j.mam.2018.09.002
https://doi.org/10.1007/978-94-007-6889-5/_13
https://doi.org/10.1007/978-94-007-6889-5/_13
https://doi.org/10.1007/s11356-020-10637-y
https://doi.org/10.14336/ad.2018.0513
https://doi.org/10.14336/ad.2018.0513
https://doi.org/10.1038/jid.2014.65
https://doi.org/10.1080/17474124.2021.1949289
https://doi.org/10.2174/1381612827666211104154928
https://doi.org/10.2174/1381612827666211104154928
https://doi.org/10.3390/antiox12111969
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.3390/molecules27207010
https://doi.org/10.3390/molecules27207010
https://doi.org/10.1111/nyas.15173
https://doi.org/10.1111/nyas.15173
https://doi.org/10.1155/2022/7881717
https://doi.org/10.1155/2022/7881717
https://doi.org/10.1083/jcb.201102095
https://doi.org/10.1002/jcb.28679
https://doi.org/10.1002/jcb.28679
https://doi.org/10.3390/cells9081784
https://doi.org/10.1002/jcp.27492
https://doi.org/10.1111/gtc.12654
https://doi.org/10.1111/gtc.12654
https://doi.org/10.1002/path.3005
https://doi.org/10.1016/j.taap.2018.09.038
https://doi.org/10.3390/biom10020320
https://doi.org/10.3390/biom10020320
https://doi.org/10.4103/ijdvl.IJDVL/_106/_17
https://doi.org/10.4103/ijdvl.IJDVL/_106/_17
https://doi.org/10.1111/j.1600-0625.2008.00752.x
https://doi.org/10.1111/j.1600-0625.2008.00752.x
https://doi.org/10.1038/jid.2010.201
https://doi.org/10.1038/jid.2010.201
https://doi.org/10.1002/biof.1912
https://doi.org/10.1172/jci.insight.139342
https://doi.org/10.3390/ijms22083995
https://doi.org/10.3390/ijms22083995
https://www.biomolbiomed.com


[73] Yang HL, Lin CP, Vudhya Gowrisankar Y, Huang PJ, Chang WL,
Shrestha S, et al. The anti-melanogenic effects of ellagic acid
through induction of autophagy in melanocytes and suppression of
UVA-activated α-MSH pathways via Nrf2 activation in keratinocytes.
Biochem Pharmacol 2021;185:114454. https://doi.org/10.1016/j.bcp.
2021.114454.
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