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Abstract
Background  Keloid is a typical skin fibrotic disease with unclear mechanisms and limited therapeutic options. 
Fibroblast-induced fibrogenesis is a crucial cause of KD. However, the types of cells involved in fibroblast fibrogenesis 
in KD and the specific mechanisms are unclear. This study aimed to investigate the role of melanocyte-secreted 
melanin in promoting fibroblast fibrogenesis and its mechanism and to evaluate the potential therapeutic effect of 
intervening melanin in treating keloid.

Methods  The activity of pigmentation-related pathways in KD melanocytes was examined using single-cell RNA-
sequence (scRNA-seq) analysis. Masson-Fontana staining or isolated melanin quantification detected the melanin 
levels and distribution in the skin and cells. Collagen deposition, wounding healing, and proliferation analysis were 
employed to integratively assess fibroblast fibrogenesis. After melanin treatment, bulk-seq identified fibroblasts’ 
differentially expressed genes (DEGs). The iron levels were detected by Perl’s staining or isolated iron quantification. 
Cell viability, LipidROS, and malondialdehyde assay accessed the ferroptosis levels. The therapeutic potential of ML329 
was evaluated in keloid-bearing mice.

Increased melanin induces aberrant 
keratinocyte − melanocyte − basal − fibroblast 
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by inducing iron overload and ferroptosis 
resistance in keloids
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Results  We found the enriched skin pigmentation-related pathways in the melanocytes of keloid by single-cell RNA-
sequence (scRNA-seq) analysis. We further validated increased melanin levels in keloid patients. Additionally, melanin 
positively correlated with the Keloid Area and Severity Index in keloid. Furthermore, melanocyte-secreted melanin 
significantly promoted fibroblast proliferation, migration, and collagen synthesis. Mechanically, melanin increased 
basal cell permeability and inflammation to facilitate its transfer to the dermis, where it further activated fibroblasts 
by evoking iron overload and ferroptosis resistance. Consistently, iron overload and ferroptosis resistance were 
validated in primary fibroblasts and skin tissues of keloid patients. Inhibition of iron overload and ferroptosis resistance 
effectively diminish melanin-induced fibrogenesis. Interestingly, melanin induced iron overload and ferroptosis 
resistance in melanocytes in an autocrine manner and further stimulated keratinocytes to take up melanin to deepen 
skin color by upregulating the F2R-like trypsin receptor 1 (F2RL1). In vivo, the delivery of ML329, a microphthalmia-
associated transcription factor (MITF) inhibitor, could suppress melanogenesis and alleviate keloid in human keloid-
bearing nude mice. Meanwhile, ML329 decreased the iron content and restored the sensitivities of ferroptosis.

Conclusion  Collectively, melanin-lowing strategies may appear as a potential new therapeutic target for keloid.

Graphical abstract 

In Brief
Current treatments for keloid are ineffective. Our research demonstrates that melanin levels 
increase in keloid patients and play a significant role in keloid progression by mediating aberrant 
keratinocyte − melanocyte − basal − fibroblast cell crosstalk. Importantly, we found that pharmacological inhibition of 
melanogenesis using an MITF inhibitor, ML329, shows promise in effectively alleviating keloid, offering a potential 
breakthrough in keloid treatment.

Highlights
	• The melanin synthesis pathway is abnormally activated in KD melanocytes.
	• Melanin destroys the basal membrane barrier by triggering inflammation and translocates to the dermal layers 

of the skin in a paracrine manner to induce fibroblast overgrowth, migration, and ECM deposition by inducing 
iron overload and ferroptosis resistance.

	• Melanin maintains melanocytes’ hyperproliferative and non-immortal properties in an autocrine manner. It 
further enhances the keratocyte PAR-2 to promote transit to the superficial epidermis skin layers, which may 
be related to the deepening of skin color.

	• Inhibition of melanin synthesis by ML329 alleviates KD in mice.

Keywords  Keloid, Melanin, Fibrogenesis, Iron overload, Ferroptosis resistance
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Background
Keloid (KD) has the characteristics of tumor growth, 
manifested as continuous scar hyperplasia beyond 
the edge of the wound [1]. Keloid is a pathological scar 
formed by excessive proliferation of fibroblasts and 
excessive extracellular matrix deposition in skin wound 
repair. It affects the appearance and is often accompanied 
by itching and pain, seriously affecting patients’ quality of 
life [2–4]. In routine wound healing, collagen anabolism 
and degradation metabolism maintenance are balanced. 
However, this average balance is disrupted in keloids, 
and collagen synthesis significantly outstrips degrada-
tion, ultimately leading to a massive buildup of collagen, 
although the exact cause of this change is unknown. The 
pathogenesis of keloid is complex, and the FDA or CFDA 
currently approves no drug.

Multiple factors are involved in keloid formation, 
including abnormal wound healing, excessive tension, 
immune disorders, and hormonal imbalances [1]. Previ-
ous single-cell studies also found that various cell types 
in skin tissue, including dermal fibroblasts, macrophages, 
endothelial cells, and other types of cells, are widely 
involved in keloid formation [5–9]. It is important to note 
that the prevalence and recurrence of keloids vary signifi-
cantly by ethnicity, with relatively high rates in people of 
Asian or African descent. At the same time, the incidence 
reported in Caucasian populations is less than 1% [10, 
11]. Overall, the incidence of keloids is 6 to 9 times higher 
in dark-skinned people than in light-skinned people [12]. 
Furthermore, people with albinism of all races could not 
develop into keloid, including black people. These shreds 
of evidence strongly suggest that cellular abnormalities 
related to melanin metabolism may be involved in the 
occurrence and development of scars.

Melanogenesis is a biosynthetic pathway for melanin 
production in melanocytes, involving a complex series 
of enzyme-catalyzed and chemically-catalyzed reactions 
[13]. Five signaling pathways are involved in regulation, 
of which Microphthalmia-associated transcription fac-
tor (MITF) is an essential target of each path [14]. Mela-
nosomes are specific sites for melanin synthesis, located 
within melanocytes, which are located at the base level 
of the human epidermis, with many bumps called den-
drites on the cell surface [15]. When challenged with 
ultraviolet radiation, melanocytes synthesize melanin 
in melanosomes and pass it to keratinocytes through 
dendrites. The melanin synthesis process is highly com-
plex and mainly involves tyrosinase (TYR), tyrosinase-
related protein 1 (Tyrosinase-related protein-1, TRP-1), 
and tyrosinase-related protein-2 (TRP-2) [16]. Pmel17 
(gp100) is a structural protein of melanosomes essential 
for forming the internal fibrous matrix characteristics 
of phase II melanosomes [17]. Melanosome formation 
is a critical step in melanism, but melanosomes must be 

transferred from melanocytes to keratinocytes to pro-
mote melanin production. Proteinase-activating recep-
tor (PAR)-2 induces melanosome transfer by increasing 
the phagocytosis of melanosomes by keratinocytes. 
Ultraviolet radiation stimulates PAR-2 expression and 
induces melanosome transfer by inhibiting keratinocyte 
receptor-proteinase-activating receptor 2, a potential 
mechanism for regulating pigmentation [18, 19]. Studies 
have shown that melanin content increased in KD skin 
tissue and positively correlated with collagen expression 
[20]. Besides, there was a relationship between skin color 
and keloid [21]. The study also reported elevated tyrosi-
nase activity and expression of the transcription factor 
MITF in KD melanocytes [22]. Moreover, melanocytes 
can activate fibroblast collagen synthesis by secreting 
exosomal microRNA [22]. Although evidence suggests 
that melanocytes may be involved in the occurrence and 
development of KD, the exact role and mechanism of 
melanocytes, especially the role and mechanism of mela-
nin in KD, remain largely unknown.

Iron metabolism plays a vital role in maintaining skin 
homeostasis [23]. Iron production, transport, absorp-
tion, and excretion are in a dynamic balance in the body, 
thus supporting various biochemical catalytic reactions, 
hemoglobin synthesis, and various physiological func-
tions. Iron deficiency can cause anemia, and iron over-
load can cause hemochromatosis. Iron also causes the 
peroxidation of polyunsaturated phospholipids through 
the Fenton reaction to produce excessive Lipidros, which 
eventually causes ferroptosis. Iron metabolism disorders 
and their secondary ferroptosis regulation abnormalities 
are involved in the occurrence and development of vari-
ous skin diseases. Ming Zhao et al. reported that Iron-
dependent epigenetic modulation promotes pathogenic 
T-cell differentiation in lupus [24]. Iron overload and fer-
roptosis also contribute to the formation of skin lesions in 
psoriasis [25], melanoma [26], scleroderma [27], psoriasis 
[28], etc. In addition, iron overload and ferroptosis are 
also widely involved in various skin physiological regula-
tions such as wound healing, skin injury, inflammation, 
immunity, skin aging, and skin barrier [29]. Targeting 
iron metabolism and ferroptosis regulation has been 
recognized as a promising therapeutic strategy for skin-
related diseases. However, whether iron metabolism and 
ferroptosis are abnormal in KD, the mode of regulation, 
and their role in KD is unknown. Further exploration of 
the mechanism of iron metabolism and ferroptosis in 
KD and developing intervention strategies based on iron 
metabolism and ferroptosis will significantly contribute 
to diagnosing and treating KD.

In this study, we found that the melanogenesis signal-
ing pathway is abnormally activated in KD melanocytes, 
resulting in a significant increase in melanin content 
in KD. The over-secreted melanin promotes fibroblast 
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proliferation, migration, and collagen deposition through 
iron overload and also endorses fibroblasts with ferropto-
sis resistance, thereby maintaining fibroblast hyperplasia. 
In addition, melanocytes secreted melanin inhibits the 
ferroptosis of melanocytes themselves in an autocrine 
manner, and melanocytes with ferroptosis resistance can 
promote the expression of melanin receptors of kera-
tinocytes, thereby promoting the transfer of melanin to 
keratinocytes. Inhibition of melanin synthesis in mela-
nocytes effectively reduced keloid formation in human 
keloid-bearing nude mice. Taken together, we discovered 
the critical role of melanin in keloid. The treatment of KD 
will benefit by inhibiting melanin secretion and block-
ing iron overload and ferroptosis resistance caused by 
melanin.

Materials and methods
Patients
According to the JSW Scar Scale (JSS) 2015 classifica-
tion and evaluation standards, the skin samples utilized 
in this study were taken from keloid patients at Shang-
hai Huashan Hospital [30]. Paired keloids refer to normal 
skin tissue (KN) surrounding the keloid (KD) tissue on 
the same patient that was taken at the same time dur-
ing the surgery. These KN and KD tissues are described 
as paired tissues. Unpaired tissues are those where only 
KD or normal skin tissue was taken during the surgery, 
which did not originate from the same person. Nota-
bly, the control paired KN samples were taken from the 
appropriately region-matched keloid. Before beginning, 
all participants were fully informed about the study 
and given their informed consent. The Keloid Area and 
Severity Index (KASI) was investigated in compliance 
with previous studies [31]. The ethics council at Fudan 
University authorized the research, and further details on 
the patients and normal controls may be seen in Supple-
mentary Table S1.

Melanin measurement
As previously mentioned, spectrophotometric measure-
ment of melanin was done [32]. Briefly, trypsin incuba-
tion, inactivation, and centrifugation were used to extract 
cell pellets from a 10  mg skin tissue single-cell suspen-
sion. The pellets were then frozen at -20 °C before being 
measured. Samples were then made soluble by adding 
1 M NaOH and 10% DMSO and letting them sit at 80 °C 
for 30  min. Ultimately, a plot of absorbance at 490  nm 
was created, and the standard curve was used to deter-
mine concentration.

Perl’s staining and iron assay
As directed by the manufacturer, Perl’s staining was car-
ried out (Hematognost Fe®, 112,084, Sigma-Aldrich, St. 
Louis, MO, USA). After 5% potassium hexacyanoferrate 

and 5% hydrochloric acid were added to the slices, 0.1% 
nuclear fast red was used as a counterstain. Slices were 
photographed using light microscopy (NIKON ECLIPSE 
C1) after being cleaned in distilled water, dehydrated in 
a sequence of increasing alcohol concentrations, and 
cover-slipped. Total iron, Fe2+, and Fe3+ levels in cultured 
cells or skin tissues were determined using an iron assay 
kit from Dojindo (cat. no. I291, Iron Assay Kit -Colori-
metric), according to the manufacturer’s instructions. 
The absorbance of each sample was measured at 593 nm 
using a Multiskan GO Microplate Spectrophotometer 
(Thermo Fisher Scientific, Inc.).

Cell cultures
The isolation of dermal primary fibroblasts from keloid 
patients and normal controls was carried out as pre-
viously described [20]. Briefly, skin biopsy specimens 
were cleaned in 75% ethanol and washed three times in 
phosphate-buffered saline (PBS) containing streptomy-
cin and penicillin. The specimens of the corium layer 
were cut into particles and then placed in culture dishes. 
After two hours of inverse culture, DMEM was added for 
cell culture. Primary dermal fibroblasts from the third 
and fifth passages were used for additional analysis. Pri-
mary human epidermal melanocytes were purchased 
from ATCC and were isolated from the skin of an adult 
donor (cat. No. PCS-200-013™). The adult melanocytes 
were cultured using a growth kit containing 5  µg/mL 
rh Insulin, 50  µg/mL ascorbic acid, 6 mM L-glutamine, 
1.0 µM epinephrine, 1.5 mM calcium chloride, peptide 
growth factor supplement. The human skin basal cell line 
TE354T was cultured in DMEM containing 10% FBS. 
The HaCaT cells were cultured in the medium contain-
ing 89% MEM, 10% fetal bovine serum superior, 1% dual 
antibody, and 0.2% bovine pituitary extract.

Cell permeability
200 ul of endothelial cells TE 354.T suspension were 
seeded on a Transwell chamber with 0.4 μm pore PTFE 
membrane (Corning Costar Corp, Acton, MA) at a den-
sity of 105 cells/cm2. The chamber was then embedded 
in a 12-well plate with 500 ul medium. The cells were 
allowed to grow for 4–5 days until the cells reached 100% 
confluence and formed mature monolayers. The medium 
was removed from the chamber and plate and washed 
with phosphate-buffered saline (PBS) 3 times. After that, 
200 ul phenol red-containing DMEM with melanin or 
saline was added into the chamber, while the subjacent 
plate was added 500 ul DMEM without phenol red. 4 h 
later, 200 ul medium was from the plate and the absor-
bance at 430 nm with a microplate reader.
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Establishment of the human keloid-bearing mouse model
The Institutional Animal Care and Use Committee of 
Fudan University approved the standards that were fol-
lowed when using Balb/c nude mice in this investigation. 
Keloid biopsy specimens had their dermis cut into 5 mm 
cubes and kept at comparable weights. Six to eight-week-
old nude mice were given 1.25% tribromoethanol as anes-
thesia before one cube was inserted into a 1-centimeter 
incision on the skin just below the right shoulder blade 
in order to implant the keloid tissues. Next, the wound 
was sutured. After being housed separately under usual 
settings for 14 days, these mice, which carried keloids, 
were ready for the next round of trials. For keloid treat-
ment, keloid-bearing mice received 5  mg/kg ML329 
injections once every three days for eight times total until 
harvested.

Histological and immunofluorescence detection
Prior to being embedded in paraffin for hematoxylin and 
eosin (H&E), Masson’s staining, Masson-Fontana stain-
ing, and immunofluorescence (IF) staining, the keloid 
and adjacent normal tissue samples were first preserved 
in 10% paraformaldehyde. The standard operating pro-
cedures were followed for Masson’s staining, Masson-
Fontana staining, and H&E. In order to perform IHC 
staining and IF staining, samples were first incubated 
with primary antibodies, including anti-α-S100A4 
(1:100), anti-MITF (1:100), and anti-COL17A1 (1:100), 
and the samples were subsequently incubated with either 
the FITC conjugated Anti-Mouse (1:100) or Cy3 conju-
gated Anti-Rabbit (1:100) second antibody. Hematoxylin 
was used as a counterstain, and DAB peroxidase sub-
strate was used to view the IHC sections. DAPI was used 
to counterstain the IF sections and the nuclei. A NIKON 
ECLIPSE C1 was used to take fluorescence confocal 
pictures.

RNA isolation, cDNA synthesis, and real-time qRT-PCR
Using an RNA Isolation Kit, the total RNA of keloid and 
normal control primary fibroblast from the third to fifth 
passages and skin tissues was isolated in accordance with 
the manufacturer’s protocol. Reverse transcriptase was 
used to synthesize cDNA using a HiScript II 1st Strand 
cDNA Synthesis Kit. Using the SYBR-Green-based 
approach, real-time qRT-PCR was carried out using a 
Roch-LC480 Real-Time PCR system (Roche, Switzer-
land). Supplementary Table S2 provides a description of 
primer sequences. The expression of each gene was com-
pared to β-actin or GAPDH.

ELISA
The protein levels of CCL2 (EZMCP1, Sigma), Calprotec-
tin (S100A8/S100A9, Abcam, ab320045, Cambridge, MA, 
USA), c-Kit (ab45924, Abcam), IL-4(ab215089, Abcam), 

and TNF-α (ab181421, Abcam) were measured using the 
ELISA kits following the manufacturer’s instructions.

Protein extraction and Western blot
Protein extraction of primary fibroblasts and skin tissues 
from keloid and normal controls was performed follow-
ing the manufacturer’s instructions. Next, total proteins 
were separated using 10% SDS-PAGE electrophoresis 
and then placed onto Millipore 0.45  μm nitrocellulose 
membranes. After blocking with 5% BSA/TBST solution, 
the primary antibodies were incubated for an additional 
night at 4  °C. Afterward, the secondary antibodies with 
HRP conjugation were added. Primary antibodies used in 
western blot analysis were anti-collagen type I antibody 
(A22090, ABclonal), anti-α-SMA antibody (GB111364, 
Servicebio), anti-Ferritin antibody (4393  S, CST), anti-
GPX4 antibody (67763-1-Ig, Proteintech), anti-SLC3A2 
antibody (4511  S, Proteintech), anti-SLC7A11 antibody 
(26864-1-AP, Proteintech), anti-SLC40A1 antibody 
(NBP1-21502, NOVUS), anti-TFRC antibody (ab214039, 
Abcam), anti-ACSL4 antibody (ab155282, Abcam) and 
F2RL1antibody (ab184673, Abcam), and anti-MITF anti-
body (ab303530, Abcam). Every experiment was carried 
out three independently times. The expression of each 
protein was compared to β-actin or GAPDH. Supple-
mentary Files contained uncropped western blots.

Cell viability and proliferation assay
Cell viability was assessed using CCK-8. Briefly, fibro-
blast or melanocyte cells (1 × 104 cells/well) were cul-
tured in 96-well culture plates for 24  h. After removing 
the culture medium, RSL-3 was added and incubated for 
another 24  h. Before CCK8 analysis, ten µL of CCK-8 
solution was added to each well. Following two hours of 
incubation, absorbance was measured on a microplate 
spectrophotometer at a wavelength of 450 nm. Cell pro-
liferation was measured by using a cell counter. Briefly, 
after giving the cells with PBS wash, trypsin was added to 
digest cells, and the reaction was terminated with culture 
media. Following a thorough suspension, samples were 
counted using a Countstar Mira FL (Alit Biotech (Shang-
hai) Co., Ltd.).

Transwell co-culture assay
The Transwell co-culture assay was performed in a 
12-well plate. The pHEMs are placed into the insert with 
0.4 μm pores, and the HaCaT cells were sed in the plate. 
After co-culture for 48 h, the HaCaT cells were collected 
and melanin content was assessed.

MDA, 4-HNE, and lipidros assay
MDA and 4-HNE were measured with a lipid peroxi-
dation (MDA) assay kit (M496, Dojindo Laboratories, 
Kumamoto, Japan) and lipid peroxidation (4-HNE) assay 
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kit (ab238538, Abcam, Cambridge, England), respec-
tively. Lipid peroxide was stained by Liperfluo (L248, 
Dojindo) according to the manufacturer’s protocol. 
Liperfluo was added to the medium, and fibroblast cells 
were incubated at 37  °C for an hour. Fibroblasts were 
observed by fluorescent microscope (NIKON ECLIPSE 
C1).

Measurement of mitochondrial membrane potential 
(MMP) and MitoROS
Following the manufacturer’s instructions as outlined in 
other investigations [33, 34], TMRM (T668, Invitrogen) 
and the mitoROS probe MitoSOX (M36008, Invitrogen) 
were utilized in live cells to measure the levels of MMP 
and mitochondrial ROS. MMP levels were quantitated by 
detecting 580 nm emission wavelength at 535 nm excita-
tion wavelength, and the mitoROS levels were measured 
by detecting 580  nm emission wavelength at 510  nm 
excitation wavelength using a multimode reader.

Sircol assay
Using the Sircol assay kit and the manufacturer’s instruc-
tions, the total soluble collagen content in the medium 
was measured, and the amount of collagen protein in 
the cell media was standardized to the total amount of 
protein.

RNA interference
The short interfering RNA (siRNA) sequences of MITF 
were synthesized from HANBIO. Sequences for MITF 
siRNAs are:

si-MITF forward 5ʹ-​G​G​A​C​A​A​U​C​A​C​A​A​C​C​U​G​A​U​U​T​
T-3ʹ and.

si-MITF reverse 5ʹ-​A​A​U​C​A​G​G​U​U​G​U​G​A​U​U​G​U​C​C​T​
T-3ʹ.

Scrambled sequences: forward 5ʹ-​U​U​C​U​C​C​G​A​A​C​G​
U​G​U​C​A​C​G​U​T​T-3ʹ and reverse 5ʹ-​A​C​G​U​G​A​C​A​C​G​U​
U​C​G​G​A​G​A​A​T​T-3ʹ were used as non-targeting control 
siRNA (NC). Using Lipofectamine™ RNAiMAX Trans-
fection Reagent, 30 pmol of siRNA or NC were trans-
fected into cells. Following a 48-hour of transfection, the 
cells were gathered for additional study.

Wound healing scratch assay
Fibroblasts were cultured in DMEM supplemented with 
0.1% FBS in order to inhibit cell growth, and the fibro-
blasts were allowed to reach confluence before undergo-
ing cell scratches as previous study [35]. By measuring 
the most significant distance between the two edges of 
the scratches, the degree of wound healing was ascer-
tained. The assessment of migration rate was conducted 
by computing wound repairability using the following 
equation: wound repair = 100 × (A – B)/A, where A is the 

initial scratch width (0 h), and B is the scratch width after 
24–36 h.

RNA sequencing (RNA-seq)
Total RNA extraction and cDNA library construction of 
fibroblast cells followed the manufacturer’s instructions 
using a KAPA RNA HyperPrep kit (Kapa Biosystems, 
Wilmington, MA, USA). The Illumina HiSeq X Ten sys-
tem (Illumina, USA) was utilized to sequence the cDNA 
libraries. Deseq2 and Kallisto performed the analysis on 
the transcriptome data. DEGs are defined as differentially 
expressed genes (P < 0.05).

Single-cell RNA-Seq (scRNA-seq)
Skin samples from six keloid patients (KD) and six neigh-
boring skin subjects (KN) were PBS-washed, minced, 
and enzymatically dissociated. Epidermal and dermal lay-
ers were separated, further digested with trypsin or colla-
genase P/Dnase I, respectively, and filtered for single-cell 
suspensions. Single-cell reagent kits (3’ v3; 10X Genom-
ics) were used to prepare library samples after digestion. 
The 10X Genomics Chromium System was employed for 
scRNA-seq, with cell lysis, mRNA reverse transcription, 
barcoding, UMI attachment, cDNA amplification, and 
Illumina HiSeq 4000 sequencing. Cell clustering and the 
discovery of genes with differential expression were made 
after excluding cells based on mitochondrial gene count 
and gene expression range and applying Harmony for 
batch correction. UMAP visualized clusters after PCA, 
with marker genes identified by differential expression 
analysis.

CellChat analysis
The cell communication network of different cell types in 
normal and KD patients by CellChat (v1.6.1). The heat-
map was applied to illustrate the differential quantity and 
strength of cell-cell interactions in KD patients compared 
to control samples. Dark red indicates elevated interac-
tion, while blue indicates reduced interaction in KD com-
pared to KN samples. We use CellChat with the function 
‘netVisual_heatmap’ to show the differential number 
of interactions (Supplementary Figure S6A) or interac-
tion strengths (pplementary Figure S6B) between pairs 
of KD and KN datasets in greater detail. In this heat-
map, the top-colored bar plot represents the sum of each 
column of the absolute values displayed in the heatmap 
(incoming signaling). The right-colored bar plot repre-
sents the sum of each row of the absolute values (out-
going signaling). Therefore, the bar height indicates the 
degree of change regarding the number of interactions 
or strength between the two conditions. In the heatmap, 
the color of each cell indicates whether there is increased 
or decreased signaling in the second dataset compared 
to the first one, with dark red representing elevated 
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Fig. 1 (See legend on next page.)
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interaction and blue signifying reduced interaction in KD 
patients compared to KN samples.

Statistical analysis
Both the Shapiro-Wilk test and a visual inspection were 
used to determine normality. The independent sample 
t-test was used when the parameters had homogeneous 
variances and a normal distribution. On the other hand, 
a non-parametric Mann-Whitney test was applied if the 
variances were not homogeneous. P-values below 0.05 
were regarded as significant.

Results
scRNA-seq analysis revealed enhanced pigmentation 
in melanocytes of keloid skin tissues and positively 
associated with disease severity and prognosis
To shed light on the pathophysiology of skin fibrosis, 
we performed single-cell RNA sequencing (scRNA-seq) 
on six pairs of skin biopsies from keloids (KD) and KD 
neighboring normal control subjects (KN). Following 
rigorous quality-control protocols, we acquired 60,732 
superior-grade cells for additional examination. We first 
conducted normalization and then applied uniform man-
ifold approximation and projection (UMAP). The cells 
were grouped into twenty-one clusters, primarily accord-
ing to their cell types, as annotated based on known cell 
lineage-specific marker genes unique to T lymphocytes, 
B lymphocytes, fibroblasts, NK cells, mast cells, myeloid 
cells, epithelial cells, endothelial cells, oligodendrocytes, 
melanocytes, and undetermined cells (Fig.  1A). Consid-
ering melanocytes are the primary cells responsible for 
pigmentation, we thus extracted skin melanocytes from 
the scRNA-seq dataset. As shown in Fig. 1B-C, the pig-
ment signaling critical members PMEL, MITF, melan-A 
(MLANA), tyrosinase-related protein 1 (TYRP1), and 
dopachrome tautomerase (DCT, also known as TYRP2) 
significantly increased in keloid melanocytes. We also 
evaluated the levels of melanogenesis-related genes in 
other cell types to detect whether melanin was actu-
ally produced explicitly by melanocytes in KD. Results 
showed that PMEL, MITF, MLANA, TYR, TYRP1, and 
TYRP2 were predominantly expressed in melanocytes 
(Supplementary Figure S1). Next, a double immunofluo-
rescence assay consistently revealed that melanocytes 
from KD are more active than normal skin from KN 

since there are more MITF-positive melanocytes in the 
epidermal layer of keloid tissue (Fig. 1D-E). The increase 
of PMEL, MITF, MLANA, TYRP1, and TYRP2 was fur-
ther validated in keloid skin tissues (Fig. 1F).

Next, the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis was applied to identify pathways that 
were significantly enriched in melanocytes of keloid 
compared with that of adjacent normal skins. We thus 
found that pigment granule, melanosome signaling, and 
pigmentation signaling were significantly enriched in 
keloid melanocytes (Fig.  1G). Masson-Fontana stain-
ing further revealed a thickened epidermis (Fig. 1H) and 
increased melanin in the epidermis as quantified by the 
positive Masson-Fontana staining (Fig.  1I-J), consistent 
with the results shown in Fig.  1K that elevated melanin 
content in keloid skin homogenate by spectrophotomet-
ric measurement of melanin at 490  nm of absorbance. 
Furthermore, a significant correlation was found between 
melanin contents and the Keloid Area and Severity Index 
(KASI), a clinical index used to assess the severity of 
keloid (Fig. 1L). Besides, we found that the KD skin color 
was significantly darker than the KN skin (Fig. 1M). More 
interestingly, we found that the skin color at the lesion 
site gradually became lighter as we recovered from the 
surgery (Fig. 1N).

Together, these results suggest that the melanin metab-
olism in keloid is disrupted and may be associated with 
keloid onset, severity, and prognosis.

Melanin secreted by melanocytes of KD is one of the 
important factors to activate Melanocytes-induced 
fibroblasts
We evaluated the histopathology of keloid by Hema-
toxylin-Eosin (HE) and Masson’s trichrome staining 
(Masson’s) staining and found a thickened dermis and 
increased collagen contents in the keloid skin tissues 
compared with normal skin tissues (Fig. 2A-C). S100A4, 
also known as fibroblast-specific protein-1 (FSP1), is a 
typical marker for skin fibroblasts. Moreover, S100A4 
expression is significantly higher during fibroblast pro-
liferation or activation and represents more severe 
fibrotic lesions [36, 37]. Fluorescent immunohistochem-
istry staining revealed the accumulation of S100A4-pos-
itive areas in keloid skin tissues (Fig.  2D). These results 
suggested that the hyperactivation of fibroblasts and 

(See figure on previous page.)
Fig. 1  Hyperactive pigmentation in melanocyte cells from KD patients. (A) UMAP of the cell clustering from skin tissues by scRNA-seq analysis. (B) Re-
clustering of melanocytes by PMEL, MITF, TYR, and MLANA. (C) The mRNA levels of PMEL, MITF, TYR, and MLANA in KD and KN skin tissues by scRNA-seq 
analysis. (D-E) Immunofluorescence assay and cell count of MITF-positive melanocytes in epidermis of skins. The dashed white lines represent the epi-
dermis above and the dermis below. N = 12. Scale bar: 100 μm. (F) PMEL, MITF, MLANA, TYRP1, and TYRP2 levels in keloid skin tissues by quantitative Real-
time PCR (qPCR) analysis. N = 12. (G) KEGG analysis of the Differentially Expressed Genes (DEGs) of melanocytes between KD and KN from scRNA-seq. (H) 
Epidermal dermal thickness changes between KD and KN skin tissues. (I-J) Masson-Fontana staining (I) and quantification (J) of melanin contents in skin 
epidermis. N = 12. 40×, 100×, and 400× means the images are magnified by 40, 100, and 400 times, respectively. Scale bar: 500 μm, 200 μm and 50 μm 
in 40×, 100× and 400×, respectively. (K) Quantifying isolated melanin from skin tissues by spectrophotometric measurement at 490 nm of absorbance. 
N = 12. (L) The correlations between KASI and melanin (N = 30). (M-N) The photos of keloid patients. *P < 0.05; **P < 0.001; ***P < 0.001
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Fig. 2  Melanin from melanocytes promotes fibroblast growth, migration, and collagen deposition. (A) HE and Masson’s staining of KN and keloid skin 
tissues. N = 12. Scale bar, 200 μm. (B-C) Dermal thickness and collagen content. (D) Immunofluorescence assay and cell count of S100A4-positive fibro-
blast cells in keloid skin tissues. N = 6. Scale bar: 50 μm. (E-F) Cell growth and migration of KD fibroblast cells with or without pHEMs medium treatment. 
(G-I) qPCR and western blot detection of fibrosis-related proteins in KD fibroblast cells with or without pHEMs medium treatment. (J-K) Cell growth and 
migration of KD fibroblast cells with or without melanin treatment. (L-N) qPCR and western blot detection of fibrosis-related proteins in KD fibroblast cells 
with or without melanin treatment. (O) Western blot detection of MITF in pHEMs with NC siRNA or si-MITF. (P) Quantifying isolated melanin from pHEMs 
medium by spectrophotometric measurement at 490 nm of absorbance. (Q) Cell growth of KD fibroblast cells pretreated with NC-transfected pHEMs 
medium (pHEMs Medium + NC) or si-MITF-transfected pHEMs medium (pHEMs Medium + si-MITF). (R-R1) Cell migration of KD fibroblast cells pretreated 
with pHEMs medium with NC siRNA or si-MITF. (S-U) qPCR and western blot detection of fibrosis-related proteins in KD fibroblast cells treated with pHEMs 
Medium + NC or pHEMs Medium + si-MITF. The Scale bar in data F, K, and R were 50 μm. The experiments in E-U were repeated three times independently. 
*P < 0.05; **P < 0.001; ***P < 0.001
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collagen deposition are apparent characteristics of keloid. 
Next, we collected the supernatants from primary human 
epidermal melanocytes (pHEMs) after 48  h of culture 
(pHEMs Medium) and added them into fibroblast cells. 
The control medium is a fresh medium without pHEMs 
culture. Cell counting and wounding healing results 
showed that the pHEMs Medium significantly stimulated 
the proliferation and migration of fibroblasts (Fig.  2E-
F). qPCR analysis showed that fibrosis-related genes 
a-SMA, COL1A1, COL1A2, and COL3A1 were signifi-
cantly increased (Fig. 2G). TGF-β/p-SMAD3 signaling is 
a critical pathway in fibroblast activation, proliferation, 
and migration [36]. Western blot further confirmed that 
cultured melanocyte supernatants significantly increased 
fibrosis-related protein expression and p-SMAD3 levels 
in fibroblast cells (Fig. 2H-I).

As we thus found that pigmentation signaling signifi-
cantly increased in keloid melanocytes, we, therefore, 
detected whether melanin has the effect of activating 
fibroblasts. We then added melanin to the fibroblasts and 
found that melanin significantly stimulated the prolifera-
tion and migration of the fibroblasts (Fig.  2J-K). qPCR 
and Western blot further revealed that melanin sig-
nificantly upregulated the expression of fibrosis-related 
proteins a-SMA, COL1A1, COL1A2, and COL3A1 
(Fig.  2L-N). In addition, we knocked down the criti-
cal protein of melanin synthesis MITF in pHEMs, and 
the cell supernatant was collected after 48  h to make 
pHEMs Medium + NC and pHEMs Medium + si-MITF, 
respectively. The results showed that melanin levels in 
the pHEMs supernatant were significantly decreased 
after si-MITF treatment. Moreover, the cell proliferation, 
migration, and profibrotic effect on fibroblasts of pHEMs 
significantly reduced after MITF knockdown (Fig. 2O-U).

Since MITF is known to be required for melanin syn-
thesis, we next analyze its expression levels in fibroblasts 
cultured or not in pHEMs or in the presence of melanin. 
We detected the levels of MITF in fibroblasts and found 
that the endogenous MITF levels in fibroblast cells were 
relatively weak. In addition, the expression of MITF in 
fibroblasts was not significantly altered by adding mela-
nin or pHEMs culture medium (Supplementary Figure 
S2). These results suggest that melanocytes deliver the 
melanin accumulated in fibroblasts and are not synthe-
sized by the fibroblast cells themselves. A critical ques-
tion is how fibroblasts uptake extracellular melanin. 
F2R-like trypsin receptor 1 (F2RL1, also known as PAR-2) 
is an essential receptor for skin pigmentation that stimu-
lates the uptake of melanosomes [38]. We next found an 
increase of PAR-2 in KD fibroblasts, especially in CCL19- 
and CTHRC1-positive fibroblasts, by scRNA-seq analysis 
(Supplementary Figure S3A-B).

In conclusion, melanocytes in KD promote fibroblasts’ 
proliferation, migration, and fibrosis, at least by over-syn-
thesizing melanin.

Melanin impairs the basal membranes to facilitate its 
transfer to the dermis in KD
An intriguing question is whether melanin could trans-
fer to the dermal layers in KD, and the mechanism and 
specific compartments involved in this process remain to 
be elucidated. We further tested the location of melanin 
in the skin by Masson-Fontana staining and found that 
melanin is present in the papillary dermis of KD but not 
in the KN dermis (Fig. 3A). The elevated isolated melanin 
contents in the dermis of the keloid were also validated 
(Fig.  3B). We examined the integrity of the basal layer 
since it acts as a barrier between the epidermis and der-
mis. We first analyzed the DEGs in basal cells and found 
that the pathways involved in IL-17, TNF-α, cytokine-
cytokine receptor interaction, chemokine, and tight junc-
tion were widely altered in KD basal cells (Fig.  3C-D). 
Moreover, the genes CCL2, JUN, FOS, TNFSF10, S100A9, 
and S100A8 involved in inflammation were significantly 
upregulated (Fig. 3E). In contrast, the levels of NFKBIA, 
whose deficiency aggravates inflammation, were lower 
in KD basal cells. Besides, the genes CLDN1, ACTG1, 
and ACTN4, involved in tight junction, were signifi-
cantly downregulated (Fig.  3E). qPCR analysis revealed 
increased inflammatory genes and decreased tight junc-
tion-related genes in KD (Fig. 3F). ELISA analysis further 
revealed that CCL2 and S100A8/A9 were higher in KD 
than in KN skins (Fig. 3G).

Additionally, scRNA-seq revealed the basal layer mark-
ers KRT15 and the hemidesmosome components of basal 
cells collagen XVII (COL17A1) become downregulated 
in the KD skin basal layer and then validated by qPCR 
(Fig. 3E and H). IHC analysis further confirmed reduced 
COL17A1 in the KD epidermis (Fig. 3I). Next, we found 
a significantly decreased COL17A1 protein in KD com-
pared with KN skin tissue (Fig. 3J).

Ex vivo skin explants and in vitro cell experiments were 
performed to address whether impaired basal membrane 
in KD is associated with excessive melanin. As shown in 
Fig. 3K, melanin was added to cultured KD skin explants. 
qPCR and ELISA consistently demonstrated mela-
nin-induced significant inflammation in skin explants 
(Fig. 3L-M). In contrast, melanin significantly downregu-
lated COL17A1 expression at mRNA and protein levels 
(Fig. 3N-O). To further confirm the ability of melanin to 
induce increased inflammation and permeability in skin 
basal cells, in vitro cultured human skin basal cells TE 
354.T was used for further experiments. It was found that 
melanin significantly promoted the secretion of inflam-
matory factors in TE 354.T cells, including significantly 
increased expression of CCL2, S100A8/A9 (Fig.  3P). 
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Moreover, the cell permeability assay indicated increased 
permeability ability with 100 ug/ml of melanin (Fig. 3Q-
R). In addition, in the medium outside the chamber 
and in the fibroblast cell, melanin could be effectively 
detected (Fig. 3S).

Collectively, these results suggest that the abnormally 
increased melanin in KD can be transferred to the der-
mal layer of the skin by inducing inflammation in the 
basal layer of cells and increasing their permeability.

Fig. 3  Melanin transfers to the skin dermis by disrupting the basal membrane. (A) Masson-Fontana staining and quantification of melanin contents in the 
skin dermis. N = 12. The 40× scale bar is 500 μm and the 200× scale bar is 100 μm, respectively. (B) Quantification of the isolated melanin from the sepa-
rated dermis. N = 12. (C) The Volcano map of DEGs between KN and KD basal cells. (D) GO and KEGG orthologs of the DEGs in basal cells. (E) Violin plots 
represent the expression of inflammation, tight junction, and basal marker genes in basal cells from KN and KD skins. (F) qPCR analysis of inflammation 
and tight junction genes in KN and KD skins. N = 12. (G) ELISA analysis of CCL2 and S100A8/A9 in KN and KD skins. N = 12. (H) qPCR analysis of COL17A1 and 
KRT15 in KN and KD skins. N = 12. (I) Immunohistochemistry of COL17A1 on skin sections from the KN and KD. N = 12. (J) Protein expression of COL17A1 
in KN and KD skins. (K) The schematic diagram of ex vivo explants culture and intraepidermal melanin injection. (L) qPCR analysis of inflammation genes 
after melanin treatment in skin explants. (M) ELISA analysis of CCL2 and S100A8/A9 after melanin treatment in skin explants. (N-O) mRNA and protein lev-
els of COL17A1 in skin explants after melanin treatment. (P) CCL2 and S100A8/A9 protein expression in TE 354.T basal cells. (Q) The schematic diagram of 
co-culture of keratinocytes, basal cells, and fibroblasts. (R) Cell permeability assay. (S) Melanin content in cell medium and fibroblast cells with or without 
melanin treatment. The experiments in P-S were repeated three times independently. *P < 0.05; **P < 0.001; ***P < 0.001
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Melanin activates fibrosis response in fibroblasts by 
inducing iron overload
To further investigate the mechanisms underlying mela-
nin-induced fibrogenesis of skin fibroblasts, an integrative 

analysis of differentially expressed genes (DEGs) was per-
formed (|Fold change| > 1, and q-value < 0.05). As shown 
in Fig. 4A, the heatmap of the gene expression profile was 
distinct between the negative control (NC) group and 

Fig. 4  Melanin induces iron overload to activate fibroblasts. (A-B) The heatmap and Volcano map of DEGs between control and 100 ug/ml melanin-
treated fibroblasts. (C-D) GO and KEGG orthologs of the upregulated and downregulated DEGs. (E) The heatmap of the upregulated DEGs involved in 
mineral absorption and ferroptosis. (F) mRNA expression of FTH1, FTL, TFRC and FPN1 in primary KD fibroblasts. (G-H) FTH1, FTL, TFRC, and FPN1 protein 
expression in primary KD fibroblasts. (I) Total iron, Fe2+, and Fe3+ levels in melanin-treated KD fibroblasts. (J-K) Protein expression of α-SMA and Collagen 
I in primary KD fibroblasts. (L-M) Protein expression of α-SMA and Collagen I in primary KD fibroblasts. (N) Perl’s staining of skin tissues. Scale bar: 500 μm 
and 50 μm. (O) Total iron, Fe2+, and Fe3+ levels in KN and KD fibroblasts. (P-Q) Protein expression of FTH1, FTL, and TFRC in primary KD fibroblasts. N = 6. 
(R-S) Immunofluorescence assay and cell count of FTH1+S100A4+ fibroblast cells in keloid skin tissues. N = 6. Scale bar: 200 μm. The experiments in A-M 
were repeated three times independently. *P < 0.05; **P < 0.001; ***P < 0.001
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melanin group by RNA-seq assay. Finally, 2,928 DEGs 
were identified, including 1,461 downregulated and 1,467 
upregulated genes (Fig. 4B). Furthermore, GO and KEGG 
orthologs showed the upregulated DEGs primarily 
divided into melanogenesis, cytokine-cytokine receptor 
interaction, focal adhesion, PI3K/AKT, and ECM-recep-
tor pathways (Fig.  4C). These results indicated that the 
profibrotic effect of melanin was multi-pathway and 
biology process-dependent. Besides, the downregulated 
DEGs are primarily divided into apoptosis, cell cycle, and 
P53 signaling pathways (Fig. 4D). The intriguing mineral 
absorption pathway, especially the iron metabolism-
associated pathway, was significantly enriched in mela-
nin groups, and the detailed genes were shown in Fig. 4E, 
suggesting abnormal iron metabolism involved in mela-
nin-mediated ECM deposition. Next, qPCR and western 
blot analysis consistently showed significantly elevated 
ferritin heavy chain 1 (FTH1), ferritin light chain (FTL), 
transferrin receptor (TFRC), and solute carrier family 
40 member 1 (SLC40A1, also known as FPN1) by mel-
anin (Fig.  4F-H). The iron content detection also found 
melanin increased iron deposition in fibroblasts (Fig. 4I). 
Moreover, iron supplements (Ferric citrate, FAC) pro-
moted collagen synthesis and a-SMA expression (Fig. 4J-
K). In contrast, Deferoxamine (DFO) is an iron chelator 
widely used to reduce iron accumulation and deposition, 
significantly diminishing melanin-induced upregulation 
of collagen and a-SMA (Fig.  4L-M). These results con-
firmed that melanin-induced fibrogenesis is essentially 
iron overload-dependent. To further confirm whether 
iron overload is involved in the pathogenesis of KD, we 
examined the expression of genes related to iron metabo-
lism in KD patients. Perl’s staining revealed apparent iron 
overload in KD’s skin dermis. (Fig. 4N). The isolated iron 
content in KD fibroblasts significantly increased com-
pared to KN fibroblasts, including total iron, Fe2+, and 
Fe3+ levels (Fig.  4O). Further, we examined the expres-
sion levels of the above iron metabolism genes in pri-
mary skin fibroblasts. Compared to normal controls, the 
results showed significantly increased FTH, FTL, and 
TFRC in KD fibroblasts (Fig. 4P-Q). Besides, FTH1 is a 
vital indicator protein for intracellular iron content [39], 
so we examined the expression level of FTH1 in S100A4-
positive fibroblasts using a double-immunofluorescence 
assay. Results showed an increase of S100A4+FTH1+ 
fibroblast cells from KD skin tissues compared to KN 
(Fig.  4R-S). These results consistently indicate that iron 
metabolism disorders and iron overload are involved in 
KD processes.

Collectively, we found that melanin activates the fibro-
blast fibrotic response by inducing iron overload and ulti-
mately exacerbates the development of KD.

Melanin imparts ferroptosis resistance to fibroblasts
Iron overload is one of the critical causes of ferroptosis. 
Indeed, melanin significantly upregulated genes involved 
in ferroptosis, as shown in Fig.  4E. Thus, we examined 
ferroptosis in fibroblasts treated with melanin. The 
results showed that contrary to expectations, melanin 
significantly upregulated the expression of three criti-
cal ferroptosis inhibitory factors: glutathione peroxidase 
4 (GPX4), solute carrier family 3 member 2 (SLC3A2), 
and solute carrier family 7 member 11 (SLC7A11), while 
down-regulated the expression of ferroptosis promoting 
factors acyl-CoA synthetase long-chain family member 4 
(ACSL4) (Fig. 5A-C). Our scRNA-seq results consistently 
showed a decreased ACSL4 with increased SLC3A2 and 
GPX4 in KD fibroblasts (Fig.  5D). The LipidROS assay 
also found that melanin decreased the LipidROS pro-
duction at baseline and RSL-3-induced conditions in 
KD fibroblasts (Fig. 5E). Cell Counting assay found that 
melanin significantly inhibited the decline in fibroblast 
viability caused by the ferroptosis inducer RSL-3 (a GPX4 
inhibitor) (Fig.  5F). Meanwhile, melanin also consider-
ably reduced the content of 4-Hydroxynonenal (4-HNE) 
and Malondialdehyde (MDA) (Fig. 5G-H). These results 
suggest that melanin activates the antioxidant signal-
ing pathway of fibroblasts, thereby acquiring ferroptosis 
resistance. Similarly, to further confirm whether ferrop-
tosis resistance is involved in the pathogenesis of KD, 
we examined the expression of ferroptosis-related genes 
in KD. The results showed significantly increased GPX4, 
SLC3A2, and SLC7A11 in KD fibroblasts compared with 
healthy control skin tissue fibroblasts (Fig. 5I-J). We next 
performed an immunofluorescence assay and found an 
accumulation of GPX4 in S100A4-positive fibroblast cells 
from keloid skin tissues (Fig. 5K-L).

These results consistently indicate that fibroblast fer-
roptosis resistance is involved in the KD process.

Melanin induces iron overload and ferroptosis resistance 
of melanocytes in an autocrine manner and promotes 
melanin transport to keratinocytes
We have found that melanin secreted by melanocytes 
can activate fibroblasts through iron overload and fer-
roptosis resistance, so what effect does melanin have on 
melanocytes? The qPCR and western detection showed 
that melanin upregulated the expression of iron metab-
olism-related genes such as FTH/FTL/TFRC/SLC40A1 
in pHEMs (Fig. 6A-C). The iron content test showed that 
iron ions increased significantly after melanin treatment 
(Fig.  6D). These results suggest that melanin induces 
iron overload in melanocytes. Further, cell counting 
experiments revealed that melanin promotes pHEMs 
viability and effectively blocks ferroptosis caused by 
RSL-3 (Fig.  6E). Correspondingly, melanin significantly 
increased ferroptosis resistance-related proteins GPX4 
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Fig. 5  Melanin inhibits ferroptosis in KD fibroblasts. (A-C) qPCR and western blot detection of ferroptosis-inhibitory proteins SLC3A2/SLC7A11/GPX4 and 
pro-ferroptotic proteins in KD fibroblast cells with or without melanin stimulation. (D) The mRNA levels of ACSL4, SLC7A11, GPX4, and SLC3A2 in KD and 
KN skin tissues by scRNA-seq analysis. (E) Evaluation of the effects of melanin on RSL-3-induced LipidROS in KD fibroblast cells. Scale bar: 200 μm. (F) Cell 
viability of fibroblast cells treated with RSL-3 and melanin by CCK8 assay. (G-H) Relative 4-HNE and MDA levels after fibroblast cell treated withRSL-3 and 
melanin. (I-J) Western blot analysis of SLC3A2, SLC7A11, GPX4, and ACSL4 protein levels in KN and KD primary fibroblasts. N = 6. (K-L) Immunofluores-
cence assay and cell count of GPX4+S100A4+ fibroblast cells in keloid skin tissues. N = 6. Scale bar: 200 μm. The experiments in A-H were repeated three 
times independently. *P < 0.05; **P < 0.001; ***P < 0.001
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Fig. 6  Melanin-induced iron overload and ferroptosis-resistance in melanocytes and benefited keratinocyte cells absorbing melanin. (A-C) The expres-
sion of iron metabolism-related genes after 100 ug/ml melanin incubation in pHEMs. (D) Total iron, Fe2+, and Fe3+ levels in melanin-treated melanocytes. 
(E) Cell viability of pHEMs treated with RSL-3 and melanin by CCK8 assay. (F-H) qPCR and western blot detection of ferroptosis-inhibitory proteins SLC3A2/
SLC7A11/GPX4 and pro-ferroptotic proteins in pHEMs with or without melanin stimulation. (I) Perl’s staining of iron content in epidermal skin tissues. 
Scale bar: 50 μm. (J) Evaluation of the effects of melanin on RSL-3-induced LipidROS in pHEMs. Scale bar: 200 μm. (K) Melanin contents in HaCaT cells. (L-
N) qPCR and western blot analysis of PAR-2 protein levels in HaCaT cells. The experiments were repeated three times independently. *P < 0.05; **P < 0.001; 
***P < 0.001
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and System XC
− (SLC3A2/SLC7A11) while substan-

tially decreasing ACSL4 (Fig. 6F-H). Moreover, the Perl’s 
showed increased iron deposition in KD keratinocytes, 
and the LipidROS assay revealed that melanin reduced 
the production of LipidROS at baseline and RSL-3-in-
duced conditions in keratinocytes (Fig.  6I-J). These 
results strongly suggest that melanin can also cause iron 
overload and ferroptosis resistance in melanocytes in an 
autocrine manner.

Melanin synthesized by melanocytes will transport to 
keratinocytes, and only under stimulation, such as ultra-
violet light, will they show different skin tones. Therefore, 
we further constructed the co-culture system of melano-
cytes and keratinocytes. The Transwell experiment found 
that pHEMs with FAC or Ferrostatin-1 (Fer-1) treatment 
significantly increased melanin content in keratinocyte 
HaCaT cells compared to the pHEMs without FAC or 
Fer-1 treatment. In addition, pHEMs with DFO and Eras-
tin (an inducer of ferroptosis) treatment significantly 
reduced melanin in HaCaT cells, respectively (Fig.  6K). 
Erastin is known to bind Voltage Dependent Anion Chan-
nel 2/3 (VDAC2/3). We next examined the altered mito-
chondrial function of Erastin-treated pHEMs and found 
that Erastin increased mitochondrial membrane poten-
tial (MMP) and mitochondrial ROS levels in pHEMs, 
suggesting mitochondrial dysfunction may be involved 
in Erastin-mediated melanin transfer from melanocyte 
to keratinocyte (Supplementary Figure S4A and B). qPCR 
and western experiments showed that pHEMs superna-
tants with melanin incubation caused significant upregu-
lation of PAR-2 in HaCaT cells compared to the control 
pHEMs culture supernatant (Fig. 6L-N).

These results suggest that ferroptosis resistance 
contributes to melanin-to-keratinocyte transport in 
melanocytes.

Inhibition of melanin synthesis alleviates KD in nude mice
Given the promotion of melanin on proliferation, cell 
migration, and collagen deposition in dermal fibro-
blasts, we investigated the possibility of inhibiting mela-
nogenesis to alleviate keloid in vivo. The keloid-bearing 
mouse received repeated saline or melanogenesis inhibi-
tor 5 mg/kg ML329 injections once every three days and 
harvested the grafts on day 21 (Fig.  7A). Subcutaneous 
keloid grafts were morphologically smaller in volume 
and weight than the NC group (Fig.  7B-D). Histologi-
cally, ML329 treatment reduced the density of dermal tis-
sue (Fig. 7E). Sircol assay showed the release of collagen 
fiber bundles and the downregulation of collagen content 
(Fig.  7F). We also detected melanin contents in these 
grafts and found a decrease in keloid grafts after ML329 
treatment (Fig. 7G). Furthermore, ML329 decreased iron 
levels (Fig.  7H) while increasing MDA levels (Fig.  7I). 
An immunofluorescence assay consistently revealed that 

ML329 reduced ferritin and GPX4 in the keloid fibro-
blast, suggesting released iron overload and ferroptosis 
resistance (Fig.  7J-M). These results demonstrated that 
melanogenesis inhibition could alleviate keloid progres-
sion by decreasing melanogenesis activities, iron over-
load, and ferroptosis in vivo.

As reported, using an MITF inhibitor in humans could 
cause side effects, such as inducing vitiligo and affecting 
mast cells and bone regeneration. To further evaluate the 
safety of ML329 in treating keloids, we examined inflam-
mation and melanin changes in KN and KD skin explants 
treated with ML329. Our findings indicate that ML329 
does not inhibit melanin production in normal skin 
(KN), but it significantly suppresses the synthesis of KD 
melanin in cultured ex vivo skin explants (Supplemen-
tary Figure S5A). Interestingly, ML329 appears to restore 
melanin levels to those typical of KN rather than causing 
further reduction. The emerging role of MITF as a criti-
cal regulator of immunity has been highlighted [40]. We 
investigated the expression of mast cell marker proto-
oncogene, receptor tyrosine kinase (c-Kit, also known as 
CD117), and cytokines secreted by mast cells, including 
IL-4 and TNF-α, in skin explants following ML329 treat-
ment and discovered that ML329 can also restore these 
proteins to near physiological states (Supplementary 
Figure S5B). ML329 is more likely to revert abnormally 
elevated melanin and inflammation to normal levels, 
thereby promoting skin homeostasis. Since keloid tis-
sue grows outwardly, the skin dermis is distanced from 
the skeleton. Therefore, we may mitigate the side effects 
through topical application or epidermal medication to 
avoid unexpected side effects on osteogenesis and osteo-
clast cells. In conclusion, the appropriate concentration 
and medication regimen to restore the homeostasis of 
skin melanin metabolism and immune response will be 
beneficial in reducing side effects.

Discussion
Keloid is a fibrotic skin disease characterized by collagen 
deposition, prolonged inflammation, and pain or itch-
ing [2]. The pathogenesis of KD is complex and unclear 
and, therefore, lacks an effective clinical target. A large 
body of evidence suggests that the formation of KD is a 
complex multicellular process. Notably, fibroblasts, the 
primary effector cells of fibrogenesis in KD, undergo a 
wide range of abnormal processes during KD formation, 
such as proliferation, migration, activation, and collagen 
deposition. However, the causative factors leading to 
fibroblast abnormalities, especially the abnormal regula-
tory mechanisms between cellular communication, are 
not apparent. Therefore, it is crucial to visualize the aber-
rant communication between various types of cells in KD 
skin tissues to elucidate the mechanisms of fibrosis and 
develop feasible KD targets.
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Through the analysis of our KD single-cell data, we 
found a significantly enriched pigmentation signaling 
pathway of melanocytes in KD tissue, and the detection 
of Masson-Fontana staining and isolated melanin content 

measurement further confirmed the excessive activation 
of melanin synthesis in KD melanocytes. Previous stud-
ies have also confirmed our findings and supported the 
theory of melanin metabolism disorder in the formation 

Fig. 7  ML329 improved skin fibrosis in vivo. (A) The keloid-bearing mouse model construction and subcutaneous ML329 injection. (B) Grafts were col-
lected on day 21 and separated into saline and ML329 groups. (C-D) Volume and weight measurement of grafts. (E) HE and Masson stain the collected 
grafts. Scale bar, 200 μm. (F) Sircol assay showed a decrease in ECM in the ML329 groups. (G-I) Measurements of melanin, total iron, Fe2+, Fe3+ levels, and 
MDA levels in KD grafts. (J-M) Immunofluorescence assay of FTH1+S100A4+ fibroblast cells and GPX4+S100A4+ fibroblast cells. Scale bar, 200 μm. N = 6. 
*P < 0.05; **P < 0.001; ***P < 0.001
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of KD [22]. Notably, to avoid the difference in melanin 
content caused by different KD sites, we obtained the 
control skin tissues used to detect melanin content in this 
study from KD-adjacent tissues. Indeed, these melano-
genesis-related genes are also expressed in other organs 
(The Human Protein Atlas, ​h​t​t​p​​s​:​/​​/​w​w​w​​.​p​​r​o​t​e​i​n​a​t​l​a​s​.​o​r​g​
/), such as the retina, where melanin is produced by reti-
nal pigment epithelium [41]. In the brain, the neuromela-
nin may be produced by neuron cells [42]. Melanocytes 
can produce black eumelanin and yellow phaeomelanin. 
In our study, the melanin content was measured by Mas-
son-Fontana staining, or the cell pellets were dissolved 
in NaOH, and the absorbance was detected at 490  nm. 
These methods are relatively specific methods to detect 
melanin, as in a previous study [32]. Further, we found 
that melanocyte medium significantly promoted the pro-
liferation, migration, and collagen deposition of fibro-
blasts, strengthening the critical role of melanocytes in 
KD fibrosis. Since we found enhanced melanin synthesis 
in KD melanocytes, we suspect melanin may be involved 
in fibroblast overactivation. The results showed that mel-
anin can significantly promote the above fibroblast dys-
function. Knockdown of MITF, the vital factor of melanin 
anabolic metabolism, can substantially reduce melanin 
content and attenuate the promotional role of melano-
cytes on fibroblast cell activation. Previous studies have 
reported that melanocytes can activate KD fibroblasts 
through exosomal microRNA [22], and our findings fur-
ther enrich our understanding of KD pathogenesis from 
the perspective of melanin anabolic abnormalities.

To explore the mechanism of melanin-activated fibro-
blasts, we found that melanin can lead to the up-regu-
lation of several essential iron metabolic genes, such as 
Ferritin, TFRC, and SLC40A1, accompanied by apparent 
iron overload. DFO-chelated iron significantly inhibited 
melanin-induced collagen deposition, suggesting that 
melanin-induced fibroblast activation was iron over-
load dependent. Although iron overload is prone to fer-
roptosis, we found that melanin-treated fibroblasts have 
a strong capacity for ROS clearance, thus offsetting the 
risk of ferroptosis from iron overload and ultimately 
displaying ferroptosis resistance. In addition, iron over-
load, ferroptosis resistance, and related metabolic gene 
abnormalities were also verified in keloid tissue and pri-
mary fibroblasts, further suggesting that iron metabo-
lism and ferroptosis abnormalities are closely associated 
with melanin metabolism abnormalities [43] and par-
ticipate in the pathogenesis of KD [44, 45]. During KD, 
fibroblasts benefit from functional activation induced by 
iron overload caused by melanin on the one hand, and 
from the ability to resist ferroptosis caused by melanin to 
gain immortality, which can at least partially explain why 
the dermal cortex is massively thickened and fibrotic in 
KD. The question of whether melanin could transfer to 

the dermal layers in KD is not only intriguing but also 
of significant importance. The mechanism and specific 
compartments involved in this process, which we are 
yet to understand fully, could hold the key to unlock-
ing new treatments and preventive measures. Our find-
ings revealed that excessive inflammation and increased 
permeability of basal cells in KD contribute to the mela-
nin transfer to fibroblast cells. The promotional effect of 
melanin on inflammation was also supported by a previ-
ous study [46]. Interestingly, scRNA-seq analysis revealed 
that fibroblasts also expressed a low level of PAR-2 and 
increased in KD fibroblasts, especially in CCL19- and 
CTHRC1-positive fibroblasts. CTHRC1-positive fibro-
blasts are potent profibrotic fibroblast subpopulations, 
while CCL19-positive fibroblasts are potent proinflam-
matory fibroblast subpopulations. We speculated that 
melanin may also be involved in persistent inflammation 
in KD. Moreover, these findings have significant implica-
tions for our understanding of KD based on the opinion 
of crosstalk between the epidermis and dermis and could 
potentially lead to the development of new therapeutic 
strategies. Therefore, the mechanism of melanin transfer 
to the dermis in KD is at least related to the damage of 
the basal layer and enhanced melanin receptor levels in 
dermal fibroblasts. In addition to fibroblasts, we found 
that melanin can also act on melanocytes in an autocrine 
form and cause melanocyte ferroptosis resistance. In 
the co-culture system of melanocytes and keratinocytes, 
compared with the control group, melanocytes with fer-
roptosis resistance may enhance the expression of PAR-2 
in keratinocytes, forcing them to absorb more melanin. 
Therefore, we concluded that the abnormal melanin 
metabolism in KD involves various cell types. Melanin-
mediated aberrant communication between epidermal 
cells, melanocytes, basement membrane cells, and fibro-
blasts may be a novel mechanism in the pathogenesis of 
KD. To this end, we examined the mutual ability of these 
types of cells in KN and KD and found that the mutual 
communication between these four types of cells was 
significantly higher in KD than in KN (Supplementary 
Figure S6). Melanocytes are located in the basal layer of 
the skin and secrete a large amount of melanin, which is 
transported to the subcutaneous dermis to activate fibro-
blasts and cause fibrosis. Transport upward to the stra-
tum corneum, causing darkening of the skin [47]. The 
incidence of KD in dark-skinned people is much higher 
than that in light-skinned people [48]. Our study reveals 
the role and mechanism of the abnormal axis of melanin 
synthesis, iron metabolism, and ferroptosis in KD. Our 
study also has good clinical significance, especially for 
individuals with dark skin color, who should pay more 
attention to iron metabolism levels to prevent and treat 
KD effectively. Indeed, melanocytes existed in the skin 
tissue and the uvea (the pigment layer behind the iris) of 

https://www.proteinatlas.org/
https://www.proteinatlas.org/
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the eye [41], suggesting that regulating iron metabolism 
may also contribute to eye diseases due to abnormal mel-
anin metabolism. In addition, skin iron overload can also 
affect the skin’s color depth [21, 49]. Therefore, the effect 
of iron overload on skin color should also be considered 
while reducing melanin deposition in the whitening field. 
Inhibiting iron overload while inhibiting melanin may 
achieve a better whitening effect. Similarly, the darker 
skin color of KD patients is related to excessive melanin 
on the one hand, and iron deposits caused by black, on 
the other hand, further deepen the skin color. In vivo, we 
further demonstrated that ML329 can reduce the mela-
nin synthesis of keloid-bearing mice. In addition, ML329, 
an MITF inhibitor, which effectively restores the sensitiv-
ity to palbociclib in CDK4/6i-resistant cancer cells [50], 
significantly inhibited iron overload and ferroptosis resis-
tance. More importantly, ML329 inhibited KD collagen 
synthesis and improved keloid morphology and histology.

Interestingly, our findings from the melanin study will 
contribute to a better understanding of the significant 
variations in keloid and melanoma incidence among dif-
ferent races. The deficiency of adequate melanin pro-
tection makes light-skinned individuals in White more 
susceptible to melanoma when exposed to ultraviolet 
rays and other harmful stimuli. Recent research has 
demonstrated that restoring melanin synthesis capacity 
can notably decrease melanoma metastasis [51]. Con-
versely, dark-skinned individuals such as Asians benefit 
from the high levels of protective melanin, which reduces 
their risk of developing melanoma by shielding skin cells 
from UV damage. However, due to robust melanin syn-
thesis, fibroblasts deep within the dermis are activated, 
increasing susceptibility to keloids. Importantly, we 
have identified ML329 as a promising inhibitor of MITF, 
offering the potential for balanced regulation of melanin 
metabolism that could significantly contribute to clini-
cal practices aimed at preventing and controlling both 
keloid formation and melanoma. Collectively, we report 
that an increase in melanin in keloid is associated with 
an increase in iron overload, ferroptosis resistance, and 
collagen deposition in keloid dermal fibroblasts. The 
inhibition of melanin-associated cells and pathways may 
provide new insight into keloid therapy.

This study reveals abnormally elevated melanin in 
keloid patients induces aberrant keratinocyte-melano-
cyte-basal-fibroblast cell communication and promotes 
fibroblast collagen production. However, our study still 
has some limitations that need to be addressed in future 
work. First, this pathogenesis may be more applicable to 
dark-skinned individuals. For those lighter-skinned white 
people, melanin itself is lower, so whether melanin is ele-
vated in white keloid processes and the extent to which 
melanin contributes to the pathogenesis of white keloid 
remains to be investigated. Second, although we found 

that dermal fibroblasts can take up melanin, how mela-
nocytes deliver melanin, how fibroblasts take up melanin, 
and the specific molecular mechanisms involved in this 
delivery process are unclear. The solution to this problem 
will also help to analyze the mechanism of other dermal 
melanin deposition diseases, such as melasma and meli-
oidosis. Third, we found that melanin exerts a profibrotic 
effect by mediating iron overload and iron death resis-
tance and that inhibition of melanogenesis using ML329 
slows KD progression. We did not further explore the 
impact of intervening in KD by modulating iron overload 
and iron death or intervening in these abnormal events 
simultaneously. We will continue to work on the above 
issues in our subsequent work.

Conclusions
In summary, this study has uncovered intriguing impli-
cations for our understanding of skin biology. We found 
that KD’s melanin synthesis pathway is abnormally acti-
vated in melanocytes, leading to the translocation of mel-
anin to the deeper dermal layers of the skin. This process 
induces further the proliferation, migration, and collagen 
deposition of fibroblasts, which are iron-overloading- 
and ferroptosis resistance-dependent. The study also 
revealed that melanin maintains the proliferation-inde-
pendent immortality property of melanocytes in an auto-
crine manner. Melanin in the epidermis could further 
enhance the expression of keratinocyte PAR-2 and facili-
tate its transfer to superficial layers of the skin, which 
may be related to skin color deepening. The pharmaco-
logical inhibition of melanin synthesis by ML329 has 
been shown to alleviate KD in mice, suggesting potential 
therapeutic implications for these findings.
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