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Abstract: Autophagy is a vital process for cell survival and it preserves homeostasis by recycling
or disassembling unnecessary or dysfunctional cellular constituents. Autophagy ameliorates skin
integrity, regulating epidermal differentiation and constitutive pigmentation. It induces melanogen-
esis and contributes to skin color through melanosome turnover. Autophagy activity is involved
in skin phenotypic plasticity and cell function maintenance and, if altered, it concurs to the on-
set and/or progression of hypopigmentary and hyperpigmentary disorders. Overexpression of
autophagy exerts a protective role against the intrinsic metabolic stress occurring in vitiligo skin,
while its dysfunction has been linked to the tuberous sclerosis complex hypopigmentation. Again,
autophagy impairment reduces melanosome degradation by concurring to pigment accumulation
characterizing senile lentigo and melasma. Here we provide an updated review that describes recent
findings on the crucial role of autophagy in skin pigmentation, thus revealing the complex interplay
among melanocyte biology, skin environment and autophagy. Hence, targeting this process may also
represent a promising strategy for treating pigmentary disorders.

Keywords: autophagy; skin pigmentation; AMPK; mTOR; hypopigmentation; hyperpigmentation;
vitiligo; senile lentigo; melasma

1. Introduction

The fascinating variation in skin color associated with ethnic heterogeneity and the
color-changing ability ranging from invertebrates to vertebrates species involves the produc-
tion and the removal of pigment organelles, as well as recycling pathways that connect the
two phases. Such pigmentation plasticity characterized by pigmentation–depigmentation–
repigmentation cycles is sustained, at the cellular level, by the turnover of pigments
deposited within specialized intracellular organelles belonging to the lysosome-related
organelle (LRO) family, of which mammalian melanosomes are the prototype [1,2].

In human skin, melanosomes represent the melanocyte compartment specifically
deputed to the synthesis of melanin and its transfer to the neighboring keratinocytes.
During stages I and II of development, melanosomes are not pigmented and melanin
synthesis begins at stage III until stage IV of fully melanized melanosomes [3]. The biosyn-
thesis of melanin is a complex process that starts with the oxidation of L-tyrosine to
dopaquinone by the rate-limiting enzyme activity of tyrosinase (TYR) in cooperation with
other tyrosinase-related melanogenic enzymes (tyrosinase-related TRP-1 and TRP-2) to pro-
duce two types of pigments: dark-brown eumelanin and reddish-yellow pheomelanin [4].
The transport of melanosomes from the perinuclear area to the cell periphery involves
complex molecular machinery that regulates the movement on microtubules and actin
filaments [5]. The subsequent transfer of melanosomes from melanocytes to keratinocytes
is a crucial event to ensure effective photoprotection by the dispersion of the pigment
in the skin. This process occurs through different mechanisms triggered by UV-induced
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melanosome-transfer-related pathways [6,7]. Upon UV exposure, melanogenesis is stim-
ulated through the release of paracrine factors by keratinocytes and fibroblasts such as
α-melanocyte-stimulating hormone (α-MSH), stem cell factor (SCF), endothelin-1 (ET-1)
and prostaglandins. The multiple pathways activated by these factors converge on the
microphthalmia-associated transcription factor (MITF), the master regulator of melanogenic
enzymes and melanocyte proliferation, differentiation and survival [8,9]. The human skin
color is determined by the content/composition of melanin and the distribution and pack-
aging of mature melanosomes in the epidermis. Melanosomes from dark skin are larger and
dispersed throughout the cytosol of keratinocytes. Vice versa, in light skin, such organelles
are smaller and aggregated in clusters [10]. Moreover, melanosomes are more abundant
in African American keratinocytes than in Caucasian ones [11] and light keratinocytes
degrade melanosomes more efficiently in comparison to dark cells [12,13].

The intriguing aspect that has recently emerged is the substantial contribution of the
autophagy process in each phase of the physiological melanosome turnover (biosynthesis,
maturation and degradation) [14]. Autophagy is an evolutionarily conserved and highly
orchestrated self-cannibalization process that guarantees intracellular nutrient balance by
selective recycling of cytoplasmic components within lysosomes, thus providing energy
and metabolic precursors as well as removing damaged proteins and/or organelles [15–17].
Eukaryotic cells continuously deal with a dynamic environment which, over a specific
threshold, may result in multiple types of stressors such as changes in nutrient, energy
and oxygen sources and in protein folding/organelles status. Hence, autophagy is a cell’s
major adaptive/survival strategy serving as a homeostatic mechanism at the subcellular
level to respond to environmental changes and survive against injuries. On the other
hand, massive autophagy under pathological conditions can lead to excessive degradation
of cellular contents and trigger a form of cell death known as “autophagic cell death”
(CDA) [18] that was first elegantly described in insects, occurring during their metamorpho-
sis [19]. Consequently, dysfunction in autophagy-related processes causes severe human
pathologies [20,21].

Based on different types of cargo and various modes of cargo delivery, autophagy is
defined according to three main canonical classifications: macroautophagy, microautophagy
and chaperone-mediated autophagy. Over the past two decades, the molecular mechanisms
underlying the types of autophagy have been characterized in detail.

Macroautophagy (from here onward referred to as autophagy) is the most compre-
hensively studied and the autophagosome, which is encircled by a double-lipid bilayer
that engulfs cargo targeted for being removed, is its morphological hallmark. In physi-
ological conditions, canonical autophagic responses can be subdivided into five phases:
initiation, nucleation, elongation and substrate selection, autophagosome–lysosome fu-
sion and lysosomal substrate degradation [22]. All the biochemical reactions, ranging
from the generation of autophagosomes to the delivery of cargo to lysosomes for degra-
dation, involve at least 100 different proteins. Among those, more than 40, arise from a
set of evolutionarily conserved genes initially identified in yeast, having been classified as
“autophagy-related” (ATGs) genes [23]. Their loss-of-function mutation seems not to be
tolerated and the embryonic loss of ATG7 results in neonatal death in mice and causes death
in adulthood after its inducible whole-body knock-out, thus highlighting “the importance
of being autophagic” [24]. Post-translational protein modifications such as phosphoryla-
tion, ubiquitination and acetylation play a central role in coordinating the activity of ATG
proteins [25].

MAP1LC3B/LC3B (microtubule-associated protein 1 light chain 3 b), a small
18-kDa protein of the LC3 family, which is processed and modified by conjugation to
phosphatidylethanolamine (PE) to generate a lapidated form of LC3 (LC3-II), which is
attached to both faces of the autophagosome membrane, but is ultimately removed from
the outer membrane, is present during the entirety of the autophagic process [26]. Many
roles have been assigned to this protein, including autophagosome elongation, closure,
maturation and cargo recognition [27].
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The initial trigger of autophagy comes from a variety of stressors, such as starvation,
hypoxia, oxidative stress and damaged/misfolded proteins. All these signal converge
in the activation of Unc-51-like autophagy activating kinase complex (ULK). Two dis-
tinct kinases, belonging to intersecting pathways, are key players in the orchestration of
autophagy control through phosphorylation of ULK1 [28]. Adenosine monophosphate
(AMP)-activated protein kinase (AMPK), which is activated by reduced energy charge
through the increase in AMP/ATP ratio, positively regulates autophagy resulting in the
activation of the autophagy-initiation complex including FIP200, ULK1 and ATG13 [29].
On the contrary, the mammalian target of rapamycin (mTOR), which is a stress-sensitive
kinase complex that controls the intracellular metabolic state by shifting catabolism to
growth-promoting anabolism, is a suppressor of autophagy [30]. More specifically, under
starvation or rapamycin treatment, mTOR is dissociated from the initiation complex, and
ATG13 and ULK1 are partially dephosphorylated, thus inducing autophagy [31].

Autophagy is also regulated by the Beclin 1–interacting complex, consisting of Beclin
1, class III phosphatidylinositol-3-kinase (PIK3C3, or VPS34) and ATG14L. Activation of
this complex generates phosphatidylinositol-3-phosphate (PI3P), which is involved in the
autophagosomal membrane nucleation [32]. Different cargo-selective proteins, also known
as autophagy receptors, which bind or may be an integral part of the cargo, recognize and
link the ubiquitinated substrate to the autophagy machinery [33]. After the autophagosome
fuses with lysosomes, cargo degradation is operated by luminal acidification and lysosomal
hydrolases producing basic building blocks of complex macromolecules, such as amino
acids, which are subsequently recycled back into the cytoplasm for reuse.

Two other forms of autophagy have been described: microautophagy by which cyto-
plasmatic entities destinated for degradation are directly obtained by invagination of the
lysosomal membrane [34] and chaperone-mediated autophagy (CMA) whose peculiarity is
that neither vesicles nor membrane invaginations are required for cargo delivery to lyso-
somes [35]. CMA only degrades soluble proteins through a protein-translocation complex
(chaperone) by which they reach the surface of the lysosomes. Once there, the substrate
proteins unfold and cross the lysosomal membrane.

In the skin, behind the crucial intracellular quality control in keratinocytes, melanocytes
and fibroblasts [36], autophagy is involved in cell remodeling during development and
differentiation processes. Representative images of LC3 expression in melanocytes, ker-
atinocytes and dermal fibroblasts are shown in Figure 1A. The interaction between au-
tophagy and apoptosis is also an important part of epidermal homeostasis [37,38].

Activation of autophagy is known to induce melanogenesis [3] and regulates the life cy-
cle of melanosomes in keratinocytes and melanocytes [39], thus indicating the involvement
of this process in the different skin pigmentation phenotypes [13,40]. Rapamycin-induced
autophagy significantly increased melanin index, tyrosinase activity and the expression of
MITF in Melan-a melanocytes [40]. Vice versa, LC3 depletion suppressed αMSH-mediated
melanogenesis by reducing cAMP response element-binding protein (CREB) phospho-
rylation, MITF expression and subsequent rapamycin-induced melanosome formation.
Interestingly, under stress conditions, the inhibition of the mTOR pathway stimulates the
nuclear translocation of MITF. Within the nucleus, MITF is implicated in the transcription of
autophagy genes [41]. Overexpression of autophagy protects melanocytes from oxidative
stress-induced apoptosis. On the contrary, suppression of ATG7-dependent autophagy
inhibits proliferation and results in premature senescence [42].

To date, the role of LC3 in regulating pigmentation is complex and still controversial.
Some studies reported that knock-down of LC3 markedly attenuated melanin synthesis
and that LC3 co-localized with the melanosome markers Pmel17 in mature melanosomes
and MART1 in sunlight-exposed melanocytic nevi [40]. On the contrary, Zhang et al.,
showed that LC3-deficient melanocytes synthesized melanin regularly [43]. Interestingly,
as the name microtubule-associated protein 1 light chain 3 b evokes, LC3 is involved in
melanosome movement on microtubules in melanocytes, thus assuming a role in organelle
trafficking pathways [44].



Cells 2022, 11, 2999 4 of 14Cells 2022, 11, 2999 4 of 15 
 

 

 
Figure 1. Skin color and autophagy. (A) Immunofluorescence analysis was performed on primary 
cultures of normal human melanocytes (NHMs), normal human keratinocytes (NHKs) and normal 
human fibroblasts (NHFs) using an antibody (red signal) directed against the autophagy marker 
light chain 3 (LC3I/II). Nuclei are counterstained with DAPI (blue signal). Scale bars: 20 μm; 
enlarged view of the boxed area: 10 μm. (B) Autophagic activity is involved in skin color variation 
by regulating melanosome degradation. 
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cycle of melanosomes in keratinocytes and melanocytes [39], thus indicating the 
involvement of this process in the different skin pigmentation phenotypes [13,40]. 
Rapamycin-induced autophagy significantly increased melanin index, tyrosinase activity 
and the expression of MITF in Melan-a melanocytes [40]. Vice versa, LC3 depletion 
suppressed αMSH-mediated melanogenesis by reducing cAMP response element-
binding protein (CREB) phosphorylation, MITF expression and subsequent rapamycin-
induced melanosome formation. Interestingly, under stress conditions, the inhibition of 
the mTOR pathway stimulates the nuclear translocation of MITF. Within the nucleus, 
MITF is implicated in the transcription of autophagy genes [41]. Overexpression of 
autophagy protects melanocytes from oxidative stress-induced apoptosis. On the 

Figure 1. Skin color and autophagy. (A) Immunofluorescence analysis was performed on primary
cultures of normal human melanocytes (NHMs), normal human keratinocytes (NHKs) and normal
human fibroblasts (NHFs) using an antibody (red signal) directed against the autophagy marker light
chain 3 (LC3I/II). Nuclei are counterstained with DAPI (blue signal). Scale bars: 20 µm; enlarged view
of the boxed area: 10 µm. (B) Autophagic activity is involved in skin color variation by regulating
melanosome degradation.

The complex role that autophagy plays in melanocyte biology and pigmentation per-
sists even when melanocytes undergo malignant transformation. As for other cancers, in
the dynamic and intricate scenario of melanoma, autophagy exerts dual and opposite ac-
tions depending on the stage of the disease. During the onset of the tumor, it acts as a tumor
suppressor mechanism to remove long-lived and/or dysfunctional cellular constituents
and maintain genetic stability. Meanwhile, as melanoma progresses and metastasizes,
autophagy is upregulated to guarantee nutrient demands and survival in the unfavorable
tumor microenvironment, acting as adaptive tumor-promoting machinery. Current knowl-
edge hence supports how complex appears the interplay between the dynamism of the
autophagic process and the plasticity and heterogeneity characterizing melanomas [45–47].

In keratinocytes, several different and seemingly contradictory biological roles are cov-
ered by autophagy. Indeed, such process has been described as a mechanism strictly related
to differentiation [48], survival against UV-induced damage [49–51] and melanosome degra-
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dation. It is well known that keratinocytes derived from light skin degrade melanosomes
more rapidly than keratinocytes derived from dark skin [52]. However, the link between the
different phototypes and autophagic activity is still being investigated. Murase et al. [13]
demonstrated a higher autophagic activity in Caucasian keratinocytes than in those derived
from African American skin, thus indicating the involvement of the process in modulating
skin color variations (Figure 1B). Interestingly, Gosselin and co-workers demonstrated that
apoptotic markers do not appear concurrently with senescence in keratinocytes. Instead,
senescent cells die by autophagic programmed cell death that targets primary vital cell
components, such as nuclei and mitochondria [53]. These findings suggest that the up-
regulation of autophagy may represent a compensatory mechanism to ensure the death
of apoptosis-resistant keratinocytes. Moreover, as cornification of keratinocytes involves
the degradation of intracellular constituents, the autophagy-mediated control of terminal
differentiation may concur to the maintenance of epidermal homeostasis [54]. Therefore, it
is likely that the precise role of autophagy may be dependent on the stage of keratinocyte
differentiation. Interestingly, the ultrastructural analysis revealed acanthosis, hyperkerato-
sis, abnormal hair growth and overall retardation of granular layer differentiation in the
skin grafts from the ATG7-deficient mice [55]. Belleudi et al. [56] proposed that the dynamic
proliferation/differentiation cell-state transition may be also regulated by the fibroblast
growth factor 7 (FGF7) through a fine modulation of the autophagy process. To further ex-
plore the role of autophagy in keratinocytes, Qiang and co-workers recently demonstrated
that keratinocytes from ATG5/7-knockout mice showed a decrease in proliferation and
differentiation levels in the wound neoepidermis [57].

Several studies have revealed that not only the epidermal–melanin unit but even
dermal fibroblasts play an effective role in regulating skin pigmentation by acting on
melanocytes directly and/or indirectly through the secretion of a large number of cy-
tokines, proteins and growth factors [58]. Moreover, dermal fibroblasts represent long-lived
differentiated cells that constantly undergo intrinsic and extrinsic damaging effects, thus
representing physiological indicators for human aging [59]. Autophagy functionally con-
tributes to decreasing the rate of the aging process. However, the activity of autophagy
declines during aging and aged dermal fibroblasts show an impaired capacity to remove
oxidized and misfolded proteins as well as DNA damage. Treatment of young dermal
fibroblasts with lysosomal inhibitors to mimic the dysfunctional autophagic activity charac-
terizing aged fibroblasts changed the content of type I procollagen, hyaluronan and elastin
and produced a breakdown of collagen fibrils [60]. These data suggest that autophagy
impairment in aged fibroblasts may concur with the decline in dermal structural integrity
and skin fragility. Recently, autophagy has been reported to also regulate extracellular
matrix (ECM) by modulating the expression of MMPs and the MMP-mediated collagen
degradation in skin fibroblasts [61].

The role of autophagy in epidermal stem cells is still unexplored. Shi et al., found
that mutations in the C-terminal domain of Gsdma3, which was originally identified in
association with the hair-loss phenotype in mouse mutants and is expressed in epidermal
stem cells, induces autophagy to likely balance the reservoir of stemness and the level of
differentiated epidermal cells [62].

It is increasingly evident that autophagy is a core pathway involved in a multitude of
biological mechanisms that regulate skin homeostasis, including pigmentation. Dysreg-
ulations in autophagic activity have been observed in both hypo- and hyper-pigmentary
disorders (Figure 2).



Cells 2022, 11, 2999 6 of 14

Cells 2022, 11, 2999 6 of 15 
 

 

declines during aging and aged dermal fibroblasts show an impaired capacity to remove 
oxidized and misfolded proteins as well as DNA damage. Treatment of young dermal 
fibroblasts with lysosomal inhibitors to mimic the dysfunctional autophagic activity 
characterizing aged fibroblasts changed the content of type I procollagen, hyaluronan and 
elastin and produced a breakdown of collagen fibrils [60]. These data suggest that 
autophagy impairment in aged fibroblasts may concur with the decline in dermal 
structural integrity and skin fragility. Recently, autophagy has been reported to also 
regulate extracellular matrix (ECM) by modulating the expression of MMPs and the 
MMP-mediated collagen degradation in skin fibroblasts [61]. 

The role of autophagy in epidermal stem cells is still unexplored. Shi et al. found that 
mutations in the C-terminal domain of Gsdma3, which was originally identified in 
association with the hair-loss phenotype in mouse mutants and is expressed in epidermal 
stem cells, induces autophagy to likely balance the reservoir of stemness and the level of 
differentiated epidermal cells [62]. 

It is increasingly evident that autophagy is a core pathway involved in a multitude 
of biological mechanisms that regulate skin homeostasis, including pigmentation. 
Dysregulations in autophagic activity have been observed in both hypo- and hyper-
pigmentary disorders (Figure 2). 

 
Figure 2. Autophagy dysregulation in hypo- and hyper-pigmented disorders: summary of 
autophagic markers known to be up- and/or down-modulated in epidermal and dermal 
compartments of lesional and non-lesional vitiligo, senile lentigo and melasma skin. 

2. Autophagy Deregulation in Hypopigmentary Disorders 
2.1. Vitiligo 

Vitiligo is the most common acquired cutaneous depigmenting disorder 
characterized by the gradual loss of melanocytes driven by multiple mechanisms that 
finally lead to the destruction of melanocytes by cytotoxic CD8+ cells [63,64]. The precise 
role of autophagy in vitiligo has yet to be defined. Although contrasting data seem to 
emerge, some evidence suggests the involvement of this process in the pathogenesis of 
the disease. Vitiligo cells are highly susceptible to oxidative stress and display impaired 
antioxidant defense machinery, including the nuclear erythroid 2-related factor 2 
(Nrf2)/antioxidant response element (ARE) pathway and its downstream antioxidant and 
detoxifying enzymes [65]. The altered responses of vitiligo melanocytes to stressors have 
been linked to a reduced autophagic flux due to the dysfunctions of Nrf2-p62 pathway. 
In normal cells, under oxidative stress, Nrf2 dissociates from its negative regulator Keap1 
and translocates to the nucleus where it activates the transcription of several detoxifying 
enzymes and the autophagic adaptor p62. Hence, the impaired activation of Nrf2/p62 
pathway demonstrated in vitiligo cells causes an autophagy defect and higher 
vulnerability to oxidative injuries [66]. In response to oxidative stress, vitiligo melanocytes 
also display a reduced gene expression of ATG5 and ATG12, whose lower levels are 
caused by a deficiency in the expression of their transcription factor HSF-1. Since defects 

Figure 2. Autophagy dysregulation in hypo- and hyper-pigmented disorders: summary of autophagic
markers known to be up- and/or down-modulated in epidermal and dermal compartments of lesional
and non-lesional vitiligo, senile lentigo and melasma skin.

2. Autophagy Deregulation in Hypopigmentary Disorders
2.1. Vitiligo

Vitiligo is the most common acquired cutaneous depigmenting disorder characterized
by the gradual loss of melanocytes driven by multiple mechanisms that finally lead to the
destruction of melanocytes by cytotoxic CD8+ cells [63,64]. The precise role of autophagy
in vitiligo has yet to be defined. Although contrasting data seem to emerge, some evidence
suggests the involvement of this process in the pathogenesis of the disease. Vitiligo cells are
highly susceptible to oxidative stress and display impaired antioxidant defense machinery,
including the nuclear erythroid 2-related factor 2 (Nrf2)/antioxidant response element
(ARE) pathway and its downstream antioxidant and detoxifying enzymes [65]. The altered
responses of vitiligo melanocytes to stressors have been linked to a reduced autophagic
flux due to the dysfunctions of Nrf2-p62 pathway. In normal cells, under oxidative stress,
Nrf2 dissociates from its negative regulator Keap1 and translocates to the nucleus where it
activates the transcription of several detoxifying enzymes and the autophagic adaptor p62.
Hence, the impaired activation of Nrf2/p62 pathway demonstrated in vitiligo cells causes
an autophagy defect and higher vulnerability to oxidative injuries [66]. In response to
oxidative stress, vitiligo melanocytes also display a reduced gene expression of ATG5 and
ATG12, whose lower levels are caused by a deficiency in the expression of their transcription
factor HSF-1. Since defects in HSF-1 are responsible for intracellular ROS accumulation
and increased apoptosis upon exposure to oxidative stressors, the unbalance of the HSF-1-
ATG5/ATG12 axis has been suggested to be crucially involved in the impaired activation
of autophagy and the oxidative stress-susceptibility of vitiligo cells [67].

As the autophagy-defective melanocytes displayed features resembling premature
senescence, accompanied by aberrant Nrf2 signaling, redox unbalance and increased lipid
oxidation, Zhang et al., hypothesized a model shared by both autophagy-deficient cells
and vitiligo cells, thus pointing to autophagy as a potential factor acting on vitiligo patho-
genesis [43]. The link between autophagy and vitiligo derives also from studies focused on
the mRNAs profile of autophagy-related genes. Differences in the expression of several
autophagy-related genes have been detected in leukocytes from non-segmental vitiligo
(NSV) patients in comparison to those from healthy individuals [68]. More recently, RNA
sequencing on tissue samples collected from stable NSV patients revealed the inhibition of
autophagy in lesional skin, as also confirmed by the decreased ratio of LC3II/LC3 associ-
ated with increased p62 expression [69]. A possible association between polymorphisms of
the autophagy-promoting gene UVRAG (ultraviolet radiation resistance-associated gene)
and increased susceptibility to NSV has been suggested in the Korean population [70], once
again connecting vitiligo pathogenesis to autophagy dysregulations.

Conversely, the induction of autophagy has been also reported in vitiligo. Yu et al.,
found a higher expression of LC3 and ATG5 associated with lower expression of p62 in
lesional skin with respect to control. Interestingly, stable vitiligo lesions showed increased
autophagy in comparison to active lesions, leading the authors to hypothesize that the
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induction of autophagy may exert a protective and/or restorative function to counteract
vitiligo progression [71]. In line with these data, Raam et al., demonstrated the presence of
augmented autophagic vacuoles in the residual melanocytes as well as keratinocytes of
lesional areas in comparison to non-lesional areas and the control skin [72].

The involvement of autophagy has also been considered in relation to the inflammatory
milieu characterizing vitiligo skin. In this context, it has been demonstrated that the pro-
inflammatory cytokine TNF-α, highly expressed in vitiligo, favors the rise of intracellular
ROS, elevates IL-6 and ICAM 1 expression, affects melanocyte viability and reduces melano-
genesis. Interestingly, these effects were accompanied by the early (after 12 h) induction of
autophagy, as assessed by the increased levels of ATG12 and BECN1 transcripts. However,
in the presence of prolonged TNF-α exposure (48 h), cell survival shifted to apoptosis, thus
indicating a functional connection between autophagy and melanocyte destruction [73].
Among the inflammatory mediators involved in vitiligo pathogenesis, IL-17 is reported to
be elevated in the serum and lesional skin of patients and it is positively correlated to the
extent of depigmentation [74,75]. Zhou et al., evidenced that IL-17 inhibits melanogenesis
and induces mitochondrial dysfunction as well as ROS production in melanocytes. The rise
of intracellular stress due to functional impairment of mitochondria was accompanied by
increased expression of Beclin 1, LC3 and ATG5. Parallel to autophagy, IL-17 treatment also
stimulated the activation of caspase 8 and the expression of pro-apoptotic proteins, hence
establishing that autophagy is involved in IL-17 mediated apoptosis via stress generation
in melanocytes [76]. It has also been recently shown that lipopolysaccharide (LPS) inhibits
melanin synthesis by activating autophagy in the vitiligo melanocyte cell line PIG3V, thus
suggesting a novel insight into the pathogenesis of the disease linked to the role of LPS in
microbial-induced changes of pigmentation [77].

Our group has proved that melanocytes and fibroblasts isolated from the non-lesional
skin of vitiligo patients display increased expression of autophagic markers. We showed
that the induction of autophagy functions as a protective mechanism to counterbalance
the intrinsic metabolic impairment characterizing vitiligo. Accordingly, we found that
the energy metabolism enhancer, N-acetyl cysteine, reduces the expression of autophagy
markers and concurrently increases the levels of intracellular ATP. Vice versa, the treatment
with the pro-oxidant tertbutyl hydroperoxide (t-BHP) able to decrease ATP production and
thus mimicking metabolic alteration, induced the overexpression of autophagic markers in
normal melanocytes [78]. We also demonstrated that the inhibition of autophagy exacerbates
the degenerative features of vitiligo cells, worsening the appearance of a senescent associated
phenotype, highlighted by the increased expression of p53, its target genes GADD45, p21 and
p16. Hence, autophagy results as an attempt to counteract the intrinsic metabolic stress and
the degenerative process of vitiligo cells in normally pigmented skin, where melanocytes and
fibroblasts are already inclined to premature senescence [78] (Figure 2).

The different scenarios emerging from the variable role attributed to autophagy in
vitiligo mirror the complexity and multiplicity of the mechanisms involved in determining
melanocyte loss, which include genetic, autoimmune-mediated, oxidative and metabolic
dysregulations. The increased or decreased induction of autophagy may be thus dependent
on a wide array of variabilities. Autophagy levels may be modulated according to the
active or stable status of the disease. It may be hypothesized that in the progressive
phase, the entity of the immune responses may exacerbate the local redox and metabolic
dysfunctions and promote a broad release of inflammatory mediators, all conditions known
to impact autophagy. Likewise, the intrinsic functional features and the surrounding milieu
of different skin areas, e.g., lesional, perilesional or non-lesional sites, may variably affect
the autophagic flux. Once the depigmentation becomes evident, it might be speculated that
the compensatory/protective function of autophagy demonstrated in non-lesional cells [78]
can be exacerbated to such an extent, to shift from a pro-survival to a pro-autophagic
cell death outcome. Alternatively, the increased autophagy found in the non-lesional
areas, as well as in stable versus active vitiligo lesions [71], could gradually progress to
the exhaustion of its activity, making cells unable to counteract the pro-oxidant insults.
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This autophagy-related impairment, in association with intrinsic metabolic defects and an
unfavorable microenvironment, may therefore contribute to melanocyte destruction and
favor the onset and progression of the depigmented macules. However, what might be the
decisive factors orienting the process in one direction or another are yet to be determined.

2.2. Tuberous Sclerosis Complex

Defects in pigmentation linked to autophagy dysfunction characterize the tuberous
sclerosis complex, an autosomal dominant disorder resulting from a pathogenic variant of
TSC1 or TSC2 genes, which are responsible for the constitutive activation of the negative
regulator for autophagy-mTOR. The disease presents multiple hamartomas with epilepsy,
neuropsychiatric symptoms and focal hypopigmentation at birth or early during infancy,
manifestations overall recognized to be ascribed to mTOR hyperactivation [79]. Employing
immortalized human primary melanocytes and the highly pigmented human melanoma
cell line SK-Mel-30, Cao et al., showed that suppression of TSC1 or TSC2 expression
reduces pigmentation, decreases tyrosinase activity and lowers the levels of MITF and its
downstream pigment-related target genes: TYR, TYRP1, PMEL and DCT. The decrease in
melanogenesis results from enhanced mTORC1 activity, as assessed by the restoration of
pigmentation in response to the mTORC1 inhibitor rapamycin. The mechanism by which
pigmentation is modulated by mTORC1 involves activation of GSK3β, phosphorylation
and decreased nuclear levels of β-catenin, which reduce the expression of MITF and its
target genes. In agreement with these data, the occurrence of TSC complex loss has been
confirmed in melanocyte cultures collected from hypomelanotic macules of patients with
TSC [80]. Autophagic dysregulation in melanocytes of patients with TSC has been also
demonstrated by Yang et al., who observed mTOR-hyperactivation in association with
the reduced amount of pigment in hypopigmented macules of TSC patients. Cultures of
TSC2-knockdown (TSC2-KD) primary melanocytes appeared less pigmented and presented
autophagy dysregulations, with increased expression of LC3 and accumulation of substrates
for autophagic degradation. Again, similar features were detected in melanocytes of
hypopigmented macules of patients with TSC. Furthermore, in TSC2-KD melanocytes,
the inhibition of autophagy accelerates depigmentation, whereas mTOR-dependent and
mTOR-independent autophagy enhancers abrogate pigment reduction, providing that
autophagic impairment is responsible for the TSC depigmentation [81].

2.3. Pigmentary Mosaicism

Pigmentary mosaicism refers to hypo and/or hyperpigmentation patterns resulting
from skin cells’ genetic heterogeneity, frequently associated to neurocutaneous involve-
ment [82]. Pigmentation-related signs are variable in size and number and localized along
Blashko’s lines. Autophagy of immature melanosomes in keratinocytes associated with
melanosomes depletion has been described as a prominent aspect in a case report of pig-
mentary mosaicism characterized by hypochromic lesions, suggesting a possible role of
autophagy [83]. Additionally, hypopigmentation in mosaic mTOR pathogenic variants has
been reported to be possibly due to a defect in melanogenesis attributed to mTOR complex
hyperactivation, as shown for TSC [84].

3. Autophagy Deregulation in Hyperpigmentary Disorders
3.1. Senile Lentigo

Human skin undergoes chronological aging due to intrinsic factors (time, genetics and
hormones) and environmental aging linked to exposure to extrinsic stimuli (air pollution,
cigarette smoke, nutritional factors, stress and UV irradiation). The aging process affects
skin functionality, regenerative capacity and causes pigmentary alterations, such as hyper
melanosis, characterized by increased melanogenesis and reduced melanosome degrada-
tion. Interestingly, autophagy defects are associated with skin aging and autophagic activity
decreases with age when some pigmentary abnormalities emerge [3,12,13,40,61,85–88]. Sev-
eral studies evaluated whether an impairment of autophagy, by decreasing melanosome
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degradation, may underlie the onset of pigmentary disorders [12–14,40,89]. Senile lentigo
(SL) is a benign tumor occurring in aged people and it is characterized by the presence of
light brown to black pigmented spots in chronically UV-exposed skin areas. Histological
analysis shows several melanocytes and a great amount of melanin in the pigmented lesions.
Melanocytes are hyperfunctional and keratinocytes display altered expression of some
differentiation markers [90–93]. Murase et al., demonstrated signs of premature aging and
decreased expression of LC3, p62, and ATG9L1 in SL lesional areas in comparison to non
lesional ones [12]. These alterations are associated with enhanced melanogenesis and aber-
rant epidermal differentiation, thus evidencing a relationship between hyperpigmentation
and autophagic deficit. In the same study, the autophagy process has been also evaluated in
skin samples obtained from the inner, upper and elbow regions of African American (AA)
and Caucasian individuals. In AA individuals, the elbows represent a sun-exposed area
characterized by small hyperpigmented spots often associated with severe dehydration.
Similar to SL, the elbow skin of AA shows melanin deposition up to the stratum corneum
and epidermal dehydration due to altered keratinocyte differentiation and proliferation.
Again, these features are associated with a significant decrease in LC3, p62, and ATG levels
and, in addition, an increase in mTORC1. In ex vivo skin models, the treatment with the
inhibitor of mTORC1 Torin 1 restored autophagy deficit and improved hyperpigmentation
and epidermal differentiation (Figure 2).

3.2. Melasma

Melasma is a chronic acquired hypermelanosis mainly occurring in women with high
phototype (III-IV) during fertility age and principally involving the photo-exposed skin
areas such as the face. This pigmentary disorder is characterized by the increased amount of
melanin due to the higher number and retention of mature melanosomes, hyper-functional
melanocytes, dermal alterations and sebocytes activation associated with photoaging and
inflammation [94,95]. The etiopathogenesis of melasma is still not completely understood.
Although photoaging has a crucial role in the onset of this hypermelanosis, other factors
besides UV are certainly involved in favoring the aging process and the accumulation of
senescent cells. Senescent keratinocytes (from late passages) show age-related pigmenta-
tion [96,97] and impaired autophagy [60,98,99]. Kim et al., investigated the role of miR-1299
on arginase-2 (ARG2) regulation in hyper and normally pigmented skin from melasma
patients [100]. The downregulation of miR-1299 is associated with the overexpression of
ARG2, which reduces autophagy by inducing cell senescence. Therefore, the senescence
process in keratinocytes would be the cause of autophagy deficit which, in turn, results in
an increased pigmentation due to the reduced degradation of melanosomes. Cavalcante
Esposito et al., compared the expression of LC3 in lesional and perilesional skin samples
from women affected by facial melasma [101]. The study showed that melanocytes (basal
and pendulum) and upper dermis fibroblasts displayed a deficit in autophagy compared
to unaffected skin. Similar to hypopigmented lesions, a link between autophagy and
inflammation has also been shown for hyperpigmented disorders. Autophagy-defective
melanocytes express high levels of pro-inflammatory cytokines and chemokine ligands
(CXCL1, 2, 10 and 12) that, in turn, are involved in pigmentary disorders associated with a
higher expression of metalloproteinases 3 and 13 [102] (Figure 2).

The approaches to treat hyper melanosis are mainly focused on the inhibition of
MC1R, the regulation of MITF expression and tyrosinase activity [103,104]. However, ty-
rosinase inhibitors lead to disappointing clinical results due to their toxicity/carcinogenicity
and low efficacy [104–106]. More recently, tranexamic acid (trans-4-amino-
methylcyclohexanecarboxylic acid, TXA) has been employed to treat melasma [107] and
UV-induced hyperpigmentation [108,109]. TXA is an anti-fibrinolytic agent acting by the
inhibition of plasminogen activator (PA). Kim et al., demonstrated that TXA can reduce
melanin content by decreasing tyrosinase activity and the expression of melanogenesis-
related enzymes (tyrosinase, TRP-1 and TRP-2) in melanocytes and melanoma cells [110].
Interestingly, Cho et al., demonstrated that the treatment with TXA increases the expression
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of the autophagy-related proteins (MAPKs, ERKs, Beclin 1, ATG12 and LC3) and decreases
the mTOR complex in B16-F1 melanoma cells [111]. In parallel, the expression of MITF,
tyrosinase and TRP1/2 are reduced. Therefore, TXA can reduce melanin content through
the activation of the autophagic system, representing a good candidate for melasma. Kim
et al., showed that PTPD-12, an autophagy-inducing peptide, increases LC3 expression
and Beclin 1 phosphorylation, favoring melanosome degradation without affecting MITF
expression and melanosome biogenesis [39]. Moreover, topical application of PTPD-12
on ex vivo and 3D skin models induces a lightening effect by decreasing melanin content,
without affecting melanocyte survival.

The development of autophagy-inducing treatments able to promote melanosome
degradation without interfering with melanogenesis can be considered the most promising
in terms of efficacy and safety [112].

4. Conclusions

Autophagy represents an intriguing player in regulating constitutive pigmentation
and, if altered, the development and progression of pigmentary disorders. Studies fo-
cused on a deeper knowledge of the complex interactions among autophagic machinery,
melanocyte biology and skin environment may contribute to highlighting novel decisive
elements in the etiopathogenesis of pigmentary disorders. Furthermore, innovative thera-
peutic strategies targeting autophagy and/or its regulating factors may result as effective
to prevent the onset and/or undermine the progression of pigmentary disorders.
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