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SUMMARY

Melasma is a hyperpigmentary disorder with photoaging features, whose
manifestations appear on specific face areas, rich in sebaceous glands (SGs).
To explore the SGs possible contribution to the onset, the expression of
pro-melanogenic and inflammatory factors from the SZ95 SG cell line exposed
to single or repetitive ultraviolet (UVA) radiation was evaluated. UVA up-
modulated the long-lasting production of a-MSH, EDN1, b-FGF, SCF, inflam-
matory cytokines and mediators. Irradiated SZ95 sebocyte conditioned media
increased pigmentation in melanocytes and the expression of senescence
markers, pro-inflammatory cytokines, and growth factors regulating melano-
genesis in fibroblasts cultures. Cocultures experiments with skin explants
confirmed the role of sebocytes on melanogenesis promotion. The analysis
on sebum collected from melasma patients demonstrated that in vivo sebo-
cytes from lesional areas express the UVA-activated pathways markers
observed in vitro. Our results indicate sebocytes as one of the actors in mel-
asma pathogenesis, inducing prolonged skin cell stimulation, contributing to
localized dermal aging and hyperpigmentation.

INTRODUCTION

Melasma is a common hyperpigmentary disorder mainly affecting women of childbearing age, mani-

fested as asymptomatic light to dark brown spots, with irregular edges in the photo-exposed areas,

mainly on the face (Cario 2019; Del Bino et al., 2018; Handel et al., 2014a; Kwon et al., 2019; Passeron

and Picardo 2018). The pathology is considered a consequence of female hormone stimulation on a

predisposed genetic background although other players are involved in the onset as well (Kwon

et al., 2019; Passeron and Picardo 2018; Ortonne et al., 2009). Exposure to solar radiation is the

most triggering environmental factor and UVB, UVA, and the shorter wavelengths of visible light

contribute to hyperpigmentation. Broad UV sunscreens including filters for blue light reduce intensity

and recurrence of the manifestation (Boukari et al., 2015; Duteil et al., 2014; Handel et al., 2014b; Lakh-

dar et al., 2007; Regazzetti et al., 2018). Histologically, the lesions are characterized by basal membrane

modifications, presence of pendulous melanocytes (Lee et al., 2012), solar elastosis, and increased

dermal mast cells and blood vessels, leading to the inclusion of melasma among the photo-aged dis-

orders (Kwon et al., 2016, 2019; Passeron and Picardo 2018; Hernandez-Barrera et al., 2008; Kang et al.,

2002; Kim et al., 2007; Torres-Alvarez et al., 2011). Keratinocyte-derived and fibroblast-derived para-

crine melanogenic factors are overexpressed, indicating the relevant role of these cells in the patho-

genesis linked with an impairment in the intercellular network (Torres-Alvarez et al., 2011; Bak et al.,

2009; Byun et al., 2016; Chen et al., 2010; Hasegawa et al., 2015; Im et al., 2002; Kang et al., 2006; Ka-

poor et al., 2020; Miot et al., 2010; Wang et al., 2017).

Melasma appears more frequently on specific face areas, such as the malar, forehead, and upper lips,

rich in sebaceous glands (SGs). SGs synthesize and produce sebum (Kurokawa et al., 2009; Makranto-

naki et al., 2011), and possess metabolic, neuroendocrine, and immunological functions, participating

in the multicellular communication network underlying skin homeostasis (Clayton et al., 2020; Picardo

et al., 2015; Szollosi et al., 2018; Zouboulis et al., 2016). SGs express several hormonal receptors

including the melanocortin receptors, 1 (MC-1R) and MC-5R (Bohm et al., 2002), and secrete several

cytokines, hormones, and vitamins that modulate the morphology and functions of skin cells including

melanocytes. Body regions rich in sebocytes, such as the face, axillae, and genitalia, exhibit the
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highest melanocyte density and pigmentation level (Bolognia and Pawelek 1988). Moreover, the

coculture of the human SG cell line SZ95 and melanocytes promotes melanocyte proliferation and

dendricity (Abdel-Naser et al., 2012); in addition, UV-oxidized skin surface lipids, particularly

squalene, induce melanocyte proliferation and melanin synthesis in organ tissue cultures (Picardo

et al., 1991).

To evaluate whether sebocytes contribute to generate growth factors and other mediators partici-

pating to the melasma appearance, SZ95 sebocytes, an in vitro reliable model to study human sebocyte

physiopathological aspects (Schneider and Zouboulis 2018; Zouboulis et al., 1999), were irradiated with

different doses of UVA, able to reach the dermis and skin appendages, thus participating in skin aging

and melasma onset (Mahmoud et al., 2010). After a single and repeated exposure, the growth factors

and inflammatory mediator’s production were evaluated. Moreover, the conditioned media from irra-

diated sebocytes were added to melanocytes and fibroblasts cultures to investigate the capability to

modulate their functions. Ex vivo skin explants cocultures with SZ95 sebocytes and sebum evaluations

were performed to demonstrate the relevance of the in vitro findings.
RESULTS

UVA irradiation of SZ95 sebocytes induces a release of growth factors, cytokines, and lipid

molecules

Because sebocytes and keratinocytes originate from the same stem cells (Toth et al., 2011), we asked

whether SZ95 sebocytes, following UVA exposure, produce pro-melanogenic factors as keratinocytes

do (Hirobe 2005; Imokawa 2004; Lo Cicero et al., 2015; Murase et al., 2009). As repeated exposure

of human dermal fibroblast to 6 J/cm2 UVA was suitable to mimic the in vivo doses inducing photoag-

ing (Lan et al., 2019), SZ95 cells were irradiated with 5 J/cm2 UVA, according to the scheme in Figure 1A.

UVA exposure influenced SZ95 cell morphology, resulting in progressive enlargement, exacerbated

polymorphous appearance, different sizes, and increased cytoplasmic protrusions (Figure 1B). A cell

number reduction was noted after repeated UVA irradiation (30 G 5% vs Ctr). Increased expression

of POMC, encoding a precursor of a-MSH, and EDN1 genes was observed. The protein analyses

confirmed the significant production, after a single 5 J/cm2 UVA, of these two major melanogenic fac-

tors normally produced by keratinocytes after UV exposure (Figures 1C and 1D). The effect size of

a-MSH induction after a single UVA exposure was comparable to that described in literature in

NHKs and HaCaT cells (Chen et al., 2021; Hseu et al., 2019, 2020). Repetitive UVA irradiation

further increased a-MSH and EDN1 mRNA and protein expression and induced those of SCF and

b-FGF (Figures 1C and 1D). The parallel irradiation of cells with UVA at the doses of 2 and 8 J/cm2 re-

produced the same effects on morphology and cell number reduction (20 G 6% and 45 G 5% reduction

vs Ctr for 2 J/cm2 and 8 J/cm2, respectively) and indicated the 5 J/cm2 dose as the most effective in

inducing the production of melanogenic factors, without showing any additional effect at 8 J/cm2

(Figure S1).

To evaluate whether the production was enduring, repeatedly irradiated (5 J/cm2 for 7 times) SZ95 cells

medium was collected 72 h and one week after last treatment. Significant mRNA and protein levels of

the pro-melanogenic factors, and in particular of a-MSH, and EDN1, were detected, demonstrating the

secretion persistence (Figure 1E).

Inflammatory cytokines have an active role in stimulating pigmentation (Cardinali et al., 2012; Kaufman

et al., 2018; Okazaki et al., 2005; Rodriguez-Arambula et al., 2015). UVA irradiation significantly up-

modulated the mRNA and protein expression of IL-1a, IL-1b, IL-6, and IL-8, particularly following the

repetitive exposure (Figure 2A) and induced the release of lipid mediators, such as arachidonic acid,

LTB4, and prostaglandins (in particular PGD2, PGE2, and PGF-2a), involved in inflammation, pigmenta-

tion, and aging process as SASP factors (Gruber et al., 2021; Kohli et al., 2021; Tomita et al., 1992) (Fig-

ure 2B). As for the growth factors, the dose of 8 J/cm2 had no additional effects on the production of

inflammatory mediators (Figures S2A and S2B). Following the repetitive UVA exposure, a slight induc-

tion of lipogenesis enzymes mRNA expression was observed without an effective increase of cell lipid

amount (data not shown). The exposure to LPS, a notable pro-inflammatory stimulus through Toll-like

receptor (TLR) binding (Nagy et al., 2006), up-modulated the mRNA and protein expression of a-MSH,

EDN1, SCF, and bFGF. On the contrary, the treatment with insulin, an inducer of sebocyte metabolic

pathways (Mastrofrancesco et al., 2017; Ottaviani et al., 2020) did not modify the mRNA and protein
2 iScience 25, 103871, March 18, 2022
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Figure 1. Effect of UVA irradiation on growth factors release in SZ95 sebocytes

(A) Experimental scheme of UVA irradiation of SZ95 sebocytes.

(B) Phase-contrast analysis of SZ95 sebocytes after 4-UVA 5 J/cm2 irradiations.

(C) The mRNA expression levels of POMC, EDN1, SCF, and b-FGF in SZ95 sebocytes after 24 and 48h post 1-UVA and 48h post three or 4-UVA 5 J/cm2

irradiations. Results are presented as the mean G SD of three independent experiments and are expressed as the fold change respect to untreated control

cells (*p < 0.05, **p < 0.01).

(D) Protein quantitation by ELISA of a-MSH, EDN1, SCF, and b-FGF in SZ95 sebocytes after 24 and 48h post 1-UVA and 48h post three or 4-UVA 5 J/cm2

irradiations. Results are presented as the meanG SD of three independent experiments and are expressed in absolute quantities (*p < 0.05, **p < 0.01 vs Ctr).

(E) The mRNA expression levels and protein quantitation by ELISA of POMC/a-MSH, EDN1, SCF, and b-FGF in SZ95 sebocytes after 72h or 1 week post 7-

UVA 5 J/cm2 irradiations. Data represent the mean G SD of three independent experiments. For mRNA levels, results are expressed as the fold change

respect to untreated control cells (**p < 0.01). For ELISA assay, results are expressed in the absolute quantities (**p < 0.01 vs Ctr).
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Figure 2. Effect of UVA irradiation on inflammatory mediators release in SZ95 sebocytes

(A) ThemRNA expression levels of IL-1a, IL-1b, IL-6, IL-8, and protein quantitation by ELISA of IL-6 and IL-8 in SZ95 sebocytes after 24 and 48h post 1-UVA and

48h post three or 4-UVA 5 J/cm2 irradiations. For mRNA levels, results are expressed as the fold change respect to untreated control cells (*p < 0.05, **p <

0.01). For ELISA assay, results are expressed in absolute quantities (*p < 0.05, **p < 0.01 vs Ctr).

(B) PGD2, PGE2, PGF2a, LTB4, and AA quantitation by HPLC-MS/MS in SZ95 sebocytes after 24 and 48h post 1-UVA and 48h post three or 4-UVA 5 J/

cm2 irradiations. Results are expressed in absolute quantities (*p < 0.05, **p < 0.01 vs Ctr). Data represent the mean G SD of three independent

experiments.
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Figure 3. Effect of UVA irradiation on p38MAP kinase and p53 signaling in SZ95 sebocytes

(A) Western blot analysis of phospho-p38 protein expression in SZ95 sebocytes after 1-2-4h post irradiation with UVA 2-5-

8 J/cm2 b-tubulin was used as an equal loading control. Representative blots are shown. Densitometric scanning of band

intensities was performed to quantify the change of protein expression (control value taken as 1-fold in each case).

(B) Western blot analysis of p53 and p21 protein expression in SZ95 sebocytes after 24 and 48h post 1-UVA and 48h post

three or 4-UVA 2-5-8 J/cm2. GAPDH was used as an equal loading control. Representative blots are shown. Densitometric

scanning of band intensities was performed to quantify the change of protein expression (control value taken as 1-fold in

each case).

(C) The mRNA expression levels of POMC, EDN1, SCF, and b-FGF in SZ95 sebocytes after 48h of treatment with PFTa

5 mM and one or 3-UVA 5 J/cm2 irradiations. Results are presented as the mean G SD of three independent experiments

and are expressed as the fold change respect to untreated control cells (*p < 0.05, **p < 0.01 vs Ctr; $p < 0.05 vs 1-UVA

irradiated cells; xp < 0.05 vs 3-UVA irradiated cells).

(D) Protein quantitation by ELISA of aMSH, EDN1, SCF, and b-FGF in SZ95 sebocytes after 48h of treatment with PFTa

5 mM and one or 3-UVA 5 J/cm2 irradiations. Results are presented as the mean G SD of three independent experiments

and are expressed in absolute quantities (**p < 0.01 vs Ctr; $p < 0.05 vs 1-UVA irradiated cells; xp < 0.05 vs 3-UVA

irradiated cells).
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levels of the pro-melanogenic factors (Figures S3A and S3B). UVA exposure also promoted the rapid

phosphorylation of the p38 MAP kinase (Figure 3A), a stressor susceptible kinase (Corre et al., 2004;

Freund et al., 2011; Gu et al., 2014; Schalka 2017). Moreover, the protein expression of p53, a key player

in the UV-response in keratinocytes for inducing skin pigmentation, and its downstream effector p21,

were gradually upregulated (Figure 3B) (Murase et al., 2009; Choi et al., 2018; Cui et al., 2007). Specific

inhibition of p53 by PFTa (Bellei et al., 2013; Cai et al., 2012; Luo et al., 2014a) counteracted the single

or repetitive UVA-mediated induction of a-MSH, EDN1, and SCF. Only the b-FGF level was not affected

by p53 inhibition (Figures 3C and 3D).

Melasma occurs in childbearing age when, after puberty, SGs underwent enlargement and dif-

ferentiation. Considering that SZ95 sebocytes at diverse differentiation grades display differences

in metabolic pathways activation (Ottaviani et al., 2020), we evaluated the secretion pattern in early

differentiated UVA irradiated SZ95 cells (SZ95-SF). In these cells, 5 J/cm2 UVA exposure induced a low

level of pro-inflammatory cytokines (Figure S4A) but not the evaluated pro-melanogenic factors

(Figure S4B).
Conditioned medium from irradiated SZ95 sebocytes induced melanogenesis in NHMs and a

senescent phenotype in NHFs

We treated NHMs with the conditioned medium obtained from SZ95 sebocytes irradiated with 5 J/cm2

UVA. NHMs incubated with sham-irradiated SZ95 cells conditioned mediums retained their bipolar spin-

dle-like morphology. Supernatant from irradiated SZ95 cells (according to the scheme in Figure 1A and

the legend in Figure 4A) induced cellular flattening with increased surface area, and dendrite formation

(Figure 4A), associated with the upregulation of the mRNA levels of genes involved in the melanogenesis,

as the transcription factor MITF (Cheli et al., 2010; Vachtenheim and Borovansky 2010), the rate-limiting

enzyme TYR (Brenner and Hearing 2008), as well as that of SOX9, and WNT5a, both implicated in melano-

cyte differentiation and melanogenesis (Barker 2008; Passeron et al., 2007; Rabbani et al., 2011; Sun et al.,

2018; Vibert et al., 2017; Wang et al., 2015) (Figure 4B). Consistently, tyrosinase, p53, and p21 protein were

markedly induced (Figure 4C), and tyrosinase activity (Figure 4D) and intracellular melanin content (Fig-

ure 4E) were significantly augmented. The effect size was comparable to that previously observed treating

NHMs with Forskolin, an adenylate cyclase activator generally employed to stimulate melanogenesis (Flori

et al., 2011).

Because fibroblasts secrete growth factors contributing to the paracrine signaling network controlling

melanocyte function (Kapoor et al., 2020; Wang et al., 2017; Bastonini et al., 2016), we treated NHFs

with the irradiated SZ95 cells conditioned medium (according to the scheme in Figure 1A and the

legend in Figure 4F). NHFs incubated with sham-irradiated SZ95 sebocyte medium retained their bipo-

lar spindle-like morphology, whereas the addition of supernatant from irradiated SZ95 cells resulted in

cellular flattening and enlarged shape, features resembling a senescent phenotype (Figure 4F). More-

over, we observed a marked increase in the p53 and p21 protein expression and the direct transcrip-

tional p53 target a-SMA protein (Comer et al., 1998), expressed by photo-aged fibroblasts (Figure 4G).

Then we analyzed (i) the inflammatory cytokines IL-1a, IL-1b, IL-6, IL-8, (ii) the growth factors b-FGF,

EDN-1, KGF, NRG1, SCF, VEGF, all up-modulated in stress-induced senescent fibroblasts and capable

of regulating melanocyte growth, differentiation, and pigmentation (Kovacs et al., 2010; Waldera Lupa

et al., 2015), and (iii) GDF15, a-SMA, and MMP1, markers of photo-aged fibroblasts (Huang et al., 2019;

Kim et al., 2020; Kovacs et al., 2018) (Figure 4H). Incubation with conditioned medium from single or

repetitive irradiated SZ95 sebocytes upregulated the expression of all tested cytokines and the senes-

cence markers GDF15 and MMP1. The b-FGF, EDN-1, NRG1, and a-SMA transcripts were significantly

induced only in fibroblasts exposed to repeated irradiated SZ95 cell supernatant, in association with a

reduction of WIF1, whose downregulation stimulates tyrosinase expression (Kim et al., 2013) and DKK1,

an inhibitor of melanocyte proliferation and pigmentation (Yamaguchi et al., 2007). KGF, VEGF, and

SCF transcripts showed no difference. To verify whether sebocyte-specific lipids could contribute to

the observed changes in NHMs and NHFs, we used lipid depleted irradiated SZ95 conditioned medium

to treat these cells. No significant difference in the modulation of transcripts for pro-melanogenic fac-

tors (Figure S5A), as well as for tyrosinase activity (Figure S5B) was observed in NHMs. The same applies

for pro-inflammatory cytokines, growth factors, and markers of photo-aged fibroblasts in NHFs

(Figure S5C).
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Figure 4. Influences of irradiated SZ95 conditioned medium on NHMs melanogenesis and NHFs phenotype

(A) Experimental SZ95 pool medium description and phase-contrast analysis of NHMs treated with S or R UVA 5 J/cm2 for 5 days.

(B) The mRNA expression levels of MITF, TYR, SOX9, and WNT5a in NHMs after addition with S or R UVA 5 J/cm2 for 48h. Results are presented as the

mean G SD of three independent experiments and are expressed as the fold change respect to untreated control cells (*p < 0.05 vs Ctr).

(C) Western blot analysis of tyr, p53, and p21 protein expression in NHMs after addition with S or R UVA 5 J/cm2 for 72h. GAPDHwas used as an equal loading

control. Representative blots are shown. Densitometric scanning of band intensities was performed to quantify the change of protein expression (control

value taken as 1-fold in each case).

(D) Analysis of tyrosinase activity on NHMs after addition with S or R UVA 5 J/cm2 for 4 days. Results are presented as the mean G SD of three independent

experiments and are expressed as the fold change respect to untreated control cells (*p < 0.05).

(E) Melanin content evaluation in NHMs after addition with S or R UVA 5 J/cm2 for 5 days. Results are presented as the mean G SD of three independent

experiments and are expressed as ratio of mg melanin/mg protein (*p < 0.05 versus Ctr).

(F) Experimental SZ95 pool medium description and phase-contrast analysis of NHFs added with S or R UVA 5 J/cm2 for 4 days.

(G) Western blot analysis of a-SMA, p53, and p21 protein expression in NHFs after addition with S or R UVA 5 J/cm2 for 4 days. GAPDH was used as an equal

loading control. Representative blots are shown. Densitometric scanning of band intensities was performed to quantify the change of protein expression

(control value taken as 1-fold in each case).

(H) The mRNA expression levels of IL-1a, IL-1b, IL-6, IL-8, b-FGF, EDN1, KGF, NRG1, SCF, VEGF, DKK1, WIF1, GDF15, a-SMA, and MMP1 in NHFs after

addition with S or R UVA 5 J/cm2 for 48h. Results are presented as the mean G SD of three independent experiments and are expressed as the fold change

respect to untreated control cells (*p < 0.05, **p < 0.01 vs Ctr).
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Table 1. Treatment of NHMs

b-Estr 1 nM NHMs treated with b-Estradiol 1 nM

b-Estr 10 nM NHMs treated with b-Estradiol 10 nM

R NHMs exposed to SZ95 R

b-Estr 1

nM + R

NHMs pretreated for 24h with b-Estradiol 1 nM and then exposed to b-Estradiol 1 nM in the

presence of SZ95 R

b-Estr 10

nM + R

NHMs pretreated for 24h with b-Estradiol 10 nM and then exposed to b-Estradiol 10 nM in the

presence of SZ95 R
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Effects of estrogen on the dermal compartment and indirect effect on epidermal

pigmentation

Estrogen did not potentiate the UVA-induced production of pro-melanogenic factors and
pro-inflammatory cytokines in SZ95 sebocytes

The association of melasma with pregnancy or hormonal therapy usage suggests that female sex

hormones, in particular estrogens, facilitate the development of the disorder (Cario 2019;

Ortonne et al., 2009; Lee 2015). Because SZ95 sebocytes express estrogen receptors (ERs)

(Makrantonaki et al., 2006, 2008), SZ95 cells were exposed to 1 mM 17b-estradiol (Makrantonaki

et al., 2008) and then irradiated with UVA (according to the scheme in Figure S6A) to decipher

the influence of estrogens on the sebocytes production of pro-melanogenic factors and pro-inflamma-

tory cytokines. Treatment with 17b-estradiol did not potentiate the upregulation of p53 and p21

following single or repeated UVA exposure (Figure S6B). Consistently, no significant difference in

the UVA-modulation of transcripts for pro-inflammatory cytokines and pro-melanogenic factors (Fig-

ure S6C), as well as for the a-MSH, EDN-1, SCF, and b-FGF protein expression (Figure S6D), was

observed.

Combined effects of b-estradiol and exposure to SZ95 conditioned medium on NHMs
melanogenesis

Exposure of melanocytes to 17b-estradiol at physiological or pregnancy concentrations stimulated mela-

nogenesis (McLeod et al., 1994; Natale et al., 2016; Ranson et al., 1988). We then evaluated whether the

concurrent exposure to 17b-estradiol and the conditioned medium from repetitively irradiated SZ95 cells

strengthened the melanogenic process in NHMs (see Table 1 in methods details). Individually, the stimuli

induced a significant increase in tyrosinase protein expression (Figure S7A), activity (Figure S7B), and

melanin content (Figure S7C), but the combined treatment was not synergistic at both doses of 17b-estra-

diol (Figure S7A, S7B, and S7C).

Synergistic effect of UVA irradiation, 17b-estradiol treatment, and exposure to SZ95 conditioned
medium on NHFs

NHFs, which express ERs at the mRNA and protein level (Haczynski et al., 2002)), were nonirradiated or

irradiated with UVA and simultaneously exposed to 1 nM 17b-estradiol plus or minus the conditioned

medium from repeatedly irradiated SZ95 cells (see the scheme in Figure 5 and Table 2 in methods

details), at a dilution higher (R 1/4) than that previously used (R 1/3), to reproduce a suitable in vivo

situation. Except for a slight modulation of EDN1, GDF15, and WIF1, the R 1/4 dilution of the SZ95

cell-conditioned medium did not cause any significant change in the transcripts for pro-melanogenic

factors and senescence markers (Figure 5). UVA alone only modified NRG1, WIF1, GDF15, and

MMP1 transcripts, whereas 17b-estradiol alone did not significantly modulate the analyzed gene

expression. Interestingly, only the simultaneous presence of all stimuli (UVA irradiation, 17b-estradiol

treatment, and exposure to SZ95 cell-conditioned medium) potentiated the mRNA expression of

the growth factors b-FGF, EDN1, KGF, VEGF, and NRG1, and the pro-inflammatory cytokines IL-6,

IL-8, IL-1a, and IL-1b. However, the presence of 17b-estradiol did not further increase the expression

of the aging markers a-SMA and MMP1 induced by the combination UVA plus UVA-irradiated

SZ95 cells supernatant. Similar results were obtained with 17b-estradiol at the dose of 10 nM (Data

not shown).
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Figure 5. Synergistic effect of UVA irradiation, 17b-estradiol treatment, and exposure to SZ95 conditioned medium on NHFs. Experimental

scheme of 1 nM b-estradiol treatment, exposure to SZ95 conditioned medium, and UVA irradiation of NHFs (see Table 2 for treatments)

The mRNA expression levels of b-FGF, SCF, KGF, VEGF, NRG1, EDN1, WIF1, a-SMA, MMP1, GDF15, IL-1a, IL-1b, L-6, and IL-8 in NHFs after treatments.

Results are presented as the mean G SD of three independent experiments and are expressed as the fold change respect to untreated control cells (*p <

0.05, **p < 0.01 vs Ctr; $p < 0.05, $$p < 0.01 vs R 1/4; �p < 0.05 vs other treatments).
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Table 2. Treatment of NHFs

b-Estr 1 nM NHFs treated with b-Estradiol 1 nM

UVA NHFs irradiated with UVA 5J/cm2

R 1/3 NHFs exposed to SZ95 R; 1/3 dilution

R 1/4 NHFs exposed to SZ95 R; 1/4 dilution

b-Estr 1 nM +

UVA

NHFs pretreated for 24h with b-Estradiol 1 nM, then irradiated with UVA 5J/cm2 and exposed to

b-Estradiol 1 nM

b-Estr 1 nM + R NHFs treated with b-Estradiol 1 nM in the presence of SZ95 R; 1/4 dilution

UVA + R NHFs irradiated with UVA 5J/cm2 and then exposed to SZ95 R; 1/4 dilution

b-Estr 1 nM

+ UVA + R

NHFs pretreated for 24h with b-Estradiol 1 nM, then irradiated with UVA 5J/cm2 and exposed to

b-Estradiol 1 nM in the presence of SZ95 R; 1/4 dilution
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Effects of NHFs conditioned medium on NHMs melanogenesis

NHMs exposed to the supernatant from UVA + R NHFs, and even more to those from 17b-estradiol + R +

UVA NHFs, significantly increased tyrosinase protein expression (Figure 6A), activity (Figure 6B), and

melanin content (Figure 6C), demonstrating the synergistic activity of the entire combination resembling

the in vivo conditions (See Table 3 in methods details).
Melanogenesis promotion and growth factors induction in ex vivo and in vivo systems

To demonstrate the in vivo relevance of the in vitro results, we evaluated the pigmentation produced

in human skin explants (i) maintained in coculture with SZ95 sebocytes repetitively exposed to UVA

(5 J/cm2) (Figure 7A) or (ii) stimulated with a conditioned medium of irradiated SZ95 (Figure 7B). In

both ex vivo models, macroscopic pigmentation was visualized (Figures 7A and 7B), because of a sig-

nificant increase of melanin pigment at the basal epidermal layer and a translocation into suprabasal

keratinocytes (Figures 7C and 7D) as evidenced by Fontana-Masson staining. In addition, an increased

SCF expression in the cytoplasm of keratinocytes throughout all epidermal layers was observed (Fig-

ures 7E and 7F). Furthermore, SCF expression was investigated at the level of the sebaceous glands

in human skin explants non-stimulated or stimulated with conditioned medium from irradiated SZ95 se-

bocytes. In samples stimulated with control SZ95 medium, SCF was detected in the cytoplasm of basal

and early differentiated sebocytes. The stimulation with conditioned medium from irradiated sebocytes

resulted in a greater SCF expression throughout the maturation zone even in the advanced differenti-

ated cells toward the center of the gland. To further confirm the in vitro findings, we collected the

sebum from the lesional (L) and non-lesional (NL) areas of 10 female patients with melasma. Sebum

is a holocrine secretion, and sebocytes accumulate lipids during their differentiation process and

then release the entire cell content in the gland ducts reaching the skin surface. Therefore, the protein

content analysis allows identifying products of cell activity (Clayton et al., 2020; Ottaviani et al., 2020;

Schneider and Paus 2010). Sebum collected from the L areas contained a significantly higher level of

p53 protein and an increased amount of a-MSH, EDN-1, SCF, and b-FGF compared to NL skin of

the same patient (Figures 7G and 7H).
DISCUSSION

We demonstrated that sebocytes have the capability to produce several growth factors following

different types of stimuli participating in the skin cells cross-talk relevant in the physiological homeo-

stasis and pathological processes. Following UVA radiation, sebocytes, like keratinocytes (Szollosi

et al., 2018), produce and upregulate the pro-melanogenic factors a-MSH, EDN1, and the stromal sus-

taining factors SCF and b-FGF, in addition to cytokines and lipid-derived mediators. Environmental

stressors, including UV, activate the intracellular p38 MAPK pathway in the different skin cells, medi-

ating an inflammatory response via the production of cyclooxygenase byproducts and pro-inflamma-

tory cytokines (Chen et al., 2001; Kim et al., 2005) and sebocytes appear to be one of the targets of

UVA-induced stress. In melasma dermis, p38 MAPK positive cells are present, demonstrating the

pro-inflammatory role of UV in initiating the pathology (Esposito et al., 2018). UVA irradiation
10 iScience 25, 103871, March 18, 2022
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Figure 6. Effects of NHFs conditioned medium on NHMs melanogenesis

(A) Western blot analysis of tyrosinase protein expression in NHMs after treatments with NHFs medium (see Table 3

for treatments). GAPDH was used as an equal loading control. Representative blots are shown. Densitometric

scanning of band intensities was performed to quantify the change of protein expression (control value taken as

1-fold in each case).

(B) Analysis of tyrosinase activity on NHMs after treatments. Results are presented as the mean G SD of three

independent experiments and are expressed as the fold change respect to untreated control cells (*p < 0.05, **p < 0.01)

and R 1/4 ($p < 0.05, $$p < 0.01), respectively.

(C) Melanin content evaluation in NHMs after treatments. Results are presented as the mean G SD of three independent

experiments and are expressed as ratio of mg melanin/mg protein (*p < 0.05, **p < 0.01 versus Ctr; $p < 0.05, $$p < 0.01

versus R 1/4).
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significantly activated p38 MAPK in SZ95 cells and subsequently the release of the pro-inflammatory

cytokines IL-1a and IL-6, arachidonic acid, and the epilipidome product PGD2 and LTB4, all compo-

nents of the SASP. Like in keratinocytes (Murase et al., 2009), the UVA-induced p53 expression can
iScience 25, 103871, March 18, 2022 11



Table 3. Treatment of NHMs

b-Estr 1 nM NHMs treated with NHFs b-Estr 1 nM medium

UVA NHMs treated with NHFs UVA medium

R 1/3 NHMs treated with NHFs R 1/3 medium

R 1/4 NHMs treated with NHFs R 1/4 medium

b-Estr 1 nM + UVA NHMs treated with NHFs b-Estr 1 nM + UVA medium

b-Estr 1 nM + R NHMs treated with NHFs b-Estr 1 nM + R medium

UVA + R NHMs treated with NHFs UVA + R medium

b-Estr 1 nM + UVA + R NHMs treated with NHFs b-Estr 1 nM + UVA + R medium
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explain the growth factor gene activation, as confirmed by its pharmacological inhibition. Repetitive

exposures further increased the production even at least for 48 h after the last irradiation, showing

the contribution of sebocytes in driving modifications of fibroblast and melanocyte behavior through

an inflammaging process, even after the suspension of solar exposure (Gruber et al., 2021; Franceschi

and Campisi 2014; Jinlian et al., 2007; Muthusamy and Piva 2013; Narzt et al., 2021). SZ95 cells cannot

be considered a suitable model to evaluate the photo-aging process being an established cell line.

However, repeated UVA irradiations displayed a progressive and irregular cell enlargement and a

reduction of proliferative rate, showing features of cell differentiation and aging in correlation with

the induction of pro-melanogenic mediators.

LPS exposure of SZ95 cells led to a similar production of growth factors, whereas insulin treatment did not

induce the secretion of any of the analyzed growth factors. Moreover, UVA radiation did not influence the

sebum composition of SZ95 cells and the treatment with lipid depleted SZ95 supernatants did not modify

the observed effects on NHMs and NHFs, indicating that growth factors and SGs lipid production are two

processes following different pathways and that the growth factors release represents a stress response to

several stimuli.

Skin explants cocultures with SZ95 sebocytes strengthened the role of these cells in the melanogenesis

promotion through the secretion of growth factors by dermal cells. The increased melanin content was

associated with a strong expression of SCF, a key factor in skin hyperpigmented disorders (Atef et al.,

2019). Furthermore, the presence of SZ95 sebocytes in the cocultures resulted in the overall improved

structural integrity of the epidermis, as previously demonstrated (Nikolakis et al., 2015). Thus, the ex vivo

models provide evidence that the bioactive molecules released by sebocytes following pro-inflammatory

stimuli such as UVA contribute to promoting skin homeostasis and pigmentation that could be relevant in

several other physiological and pathological conditions such as post-acne hyperpigmentation and wound

healing. Interestingly, our ex vivo data demonstrated a basal production of growth factors, in particular of

SCF, in early differentiated sebocytes of sebaceous glands. The stimulation with conditioned medium of

irradiated SZ95 cells induced the SCF increase in the late differentiated sebocytes responsible for the

sebum production and release on the skin surface. Because we previously demonstrated that the proteins

present in the sebum are mainly produced by sebocytes (Ottaviani et al., 2020), the higher content of p53

and melanogenic growth factors determined in sebum from lesional areas with respect to non-lesional

ones highlighted the active role of sebaceous glands in the complex cell-cell network regulating skin

pigmentation.

Melasma shows features of sun-damaged skin, and the different factors secreted by photo-aged fibro-

blasts might have a crucial role in its physiopathology (Kwon et al., 2019; Passeron and Picardo 2018;

Kapoor et al., 2020; Kim et al., 2013, 2019; Kang et al., 2010). Fibroblasts isolated from photo-aged skin

or with an in vitro UV-induced senescence-like phenotype, produce a significant amount of cytokines

and pro-melanogenic factors, such as KGF, HGF, SCF, and GDF15 (Kim et al., 2020; Briganti et al.,

2013; Duval et al., 2014), which are overexpressed in lesional melasma skin (Byun et al., 2016; Chen

et al., 2010; Hasegawa et al., 2015; Kang et al., 2006). On the contrary, the inhibitor factor WIF-1, whose

downregulation in fibroblasts in 3D models stimulates tyrosinase expression in melanocytes and mela-

nosome transfer in keratinocytes, was significantly reduced (Kim et al., 2013). A decrease of p16-posi-

tive fibroblasts, associated with increased procollagen-1 expression, and a significant reduction of
12 iScience 25, 103871, March 18, 2022
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Figure 7. Melanogenesis promotion and growth factors induction in ex vivo and in vivo systems

(A) Experimental schemes and macroscopic visualization of ex vivo skin explants coculture with UVA irradiated SZ95 sebocytes.

(B) Experimental schemes and macroscopic visualization of ex vivo skin explants cultured with conditioned medium from irradiated SZ95 sebocytes.

(C and D) Pigmentation of ex vivo skin explants visualized by Fontana-Masson staining. Scale bars: 50 and 20 mM for low and high magnification, respectively.

(E and F) Immunohistochemical analysis of SCF expression. Scale bars: 50 and 20 mM for low and high magnification, respectively.

(G) Immunohistochemical analysis of SCF expression in the sebaceous glands of ex vivo skin explants stimulated with conditioned medium from control and

irradiated SZ95 sebocytes. Scale bars: 50 mM (H) Western blot analysis of p53 protein expression on sebutape from lesional (L) or non-lesional (NL) melasma

skin. GAPDH was used as an equal loading control. Representative blots are shown. Densitometric scanning of band intensities was performed to quantify

the change of protein expression (NL control value taken as 1-fold in each case).

(I) Protein quantitation by ELISA of a-MSH, EDN1, SCF, and b-FGF in sebum samples. Results are presented as themeanG SD and are expressed in absolute

quantities (*p < 0.05 vs Ctr).
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epidermal pigmentation, has been obtained in radiofrequency treated melasma (Kim et al., 2019). All

these data strengthen the concept that enhanced melanocyte activity in melasma is related to a senes-

cence process involving the dermal compartment. In this context, sebocytes may exert a paracrine ef-

fect inducing an inflammaging process contributing to melanocyte proliferation, differentiation, and

melanogenesis. It is noteworthy that, after repeated UVA exposure, cytokine and growth factor produc-

tion from sebocytes was long-lasting, underlying the role of enduring inflammatory and photo-aged

environment able to locally participate in activating hyperpigmentation even after stopping the solar

exposure, thus enforcing the melanogenic activity of keratinocytes. Even if in UV-exposed skin, aside

from fibroblasts and keratinocytes, other cells, such as endothelial ones, release biological factors

contributing to hyperpigmentation development (Kim et al., 2007, 2018; Kang et al., 2010; Regazzetti

et al., 2015), our data indicate sebocytes as one of the relevant actors in the melasma appearance ex-

plaining the peculiar localization on the face.

The preferential development during women’ reproductive lifespan and the association with oral con-

traceptives and pregnancy indicate female sex hormones, especially estrogens, as relevant in the

development and aggravation of the disorder (Ortonne et al., 2009; Lee 2015; Muallem and Rubeiz

2006). However, experiments on skin explants indicated that, even at the doses observed during preg-

nancy, estrogens are not able to induce hyperpigmentation alone but act in synergy with other triggers

such as UVB (Cario 2019; Gauthier et al., 2019). In our model, estrogens enhanced the production of

melanogenic factors when used in combination with UVA and conditioned medium from irradiated

SZ95 sebocytes through a synergic effect on fibroblasts without increasing the induced aging process.

The local different responsiveness of fibroblasts to steroid hormones could explain the appearance of

the manifestation, analogously to the areola hyperpigmentation in pregnancy (Luo et al., 2014b; Muku-

dai et al., 2015).

In conclusion, our data open a new view on the role of the SGs in skin homeostasis and pathologies,

and indicate that SGs have a role in activating and maintaining localized dermal inflammation and ag-

ing. Fibroblasts appear to be the prevalent target of the inflammatory mediators and hormonal stimuli

in the occurrence in melasma. Moreover, the study further confirms the value of the sebum protein an-

alyses in the evaluation of sebocyte activities.
Limitations of the study

A limitation of this study is the employment of an immortalized human SG cell line, although considered an

in vitro reliable model to study human sebocyte physiopathological aspects (Schneider and Zouboulis

2018; Zouboulis et al., 1999). Despite the in vivo data confirming the in vitro results, the use of skin melasma

biopsies would be a valuable addition but they are difficult to obtain because melasma is a disorder mainly

localized on the face of young women (Afaq and Katiyar 2011).

Moreover, in the current experimental model, other dermis components, such as endothelial cells, known

to release biological factors contributing to epidermal hyperpigmentation (Kim et al., 2007, 2018; Kang

et al., 2010; Regazzetti et al., 2015) have not been considered. Nevertheless, this study focused on the

investigation of the sebocytes’ specific contribution to the particular localization of the disorder on specific

face areas rich in sebaceous glands.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-p21 Waf1/Cip1 Cell Signaling Technology Cat# 2947; RRID: AB_823586

Rabbit monoclonal anti-phospho-p38 MAPK (Thr180/Tyr182) Cell Signaling Technology Cat#4511; RRID: AB_2139682

Polyclonal anti-rabbit IgG, HRP-linked secondary antibody Cell Signaling Technology Cat#7074; RRID: AB_2099233

Polyclonal anti-mouse IgG, HRP-linked secondary antibody Cell Signaling Technology Cat#7076; RRID: AB_330924

Mouse monoclonal anti-p53 (DO-7) Agilent Cat#M7001; RRID: AB_2206626

Mouse monoclonal anti-Tyrosinase (T311) Santa Cruz Biotechnology Cat#sc-20035; RRID: AB_628420

Rabbit polyclonal anti-GAPDH Sigma-Aldrich Cat#G9545; RRID: AB_796208

Mouse monoclonal anti-alphaSMA Sigma-Aldrich Cat#A5228; RRID: AB_262054

Chemicals, peptides, and recombinant proteins

Quick Start� Bradford 1x Dye Reagent Bio-Rad Laboratories, Inc. Cat#5000205

Prostaglandin D2 (IUPAC Name: (Z)-7-[(1R,2R,5S)-

5-hydroxy-2-[(E,3S)-3-hydroxyoct-1-enyl]-3-

oxocyclopentyl]hept-5-enoic acid) (purity R98%)

Cayman Chemical Cat#12010

Prostaglandin D2-d4 (IUPAC Name: (Z)-3,3,4,4-tetradeuterio-7-

[(1R,2R,5S)-5-hydroxy-2-[(E,3S)-3-hydroxyoct-1-enyl]-3-

oxocyclopentyl]hept-5-enoic acid) (purity R99%)

Cayman Chemical Cat#312010

Prostaglandin E2 (IUPAC Name: (Z)-7-[(1R,2R,3R)-3-hydroxy-2-

[(E,3S)-3-hydroxyoct-1-enyl]-5-oxocyclopentyl]hept-5-enoic acid)

(purity R98%)

Cayman Chemical Cat#14010

Prostaglandin E2-d4 (IUPAC Name: (Z)-3,3,4,4-tetradeuterio-7-

[(1R,2R,3R)-3-hydroxy-2-[(E,3S)-3-hydroxyoct-1-enyl]-5-

oxocyclopentyl]hept-5-enoic acid) (purity R99%)

Cayman Chemical Cat#314010

Prostaglandin F2a (IUPAC Name: (Z)-7-[(1R,2R,3R,5S)-3,5-dihydroxy-2-

[(E,3S)-3-hydroxyoct-1-enyl]cyclopentyl]hept-5-enoic acid) purity R98%)

Cayman Chemical Cat#16010

8-iso Prostaglandin F2a-d4 (IUPAC Name: 9a,11a,15S-trihydroxy-(8b)-

prosta-5Z,13E-dien-1-oic-3,3,4,4-d4 acid) (purity R99%)

Cayman Chemical Cat#316350

Leukotriene B4 (IUPAC Name: (5S,6Z,8E,10E,12R,14Z)-5,12-

dihydroxyicosa-6,8,10,14-tetraenoic acid) (purity R97%)

Cayman Chemical Cat#20110

Leukotriene B4-d4 (IUPAC Name: (5S,6Z,8E,10E,

12R,14Z)-6,7,14,15-tetradeuterio-5,12-dihydroxyicosa-

6,8,10,14-tetraenoic acid) (purity R99%)

Cayman Chemical Cat#320110

Arachidonic acid (IUPAC Name: (5Z,8Z,11Z,14Z)-icosa-

5,8,11,14-tetraenoic

acid) >95.0% (GC)

Sigma-Aldrich Cat#10931

Formic acid for LC-MS LiChropur�, 97.5-98.5% (T) Sigma-Aldrich Cat#00940

Palmitic acid (IUPAC Name: hexadecanoic acid) (purity R97%) Cambridge Isotope

Laboratories Inc.

Cat#DLM-2895-0.1

Cyclic Pifithrin-a hydrobromide (IUPAC name:

2-(4-Methylphenyl)imidazo[2,1-b]-

5,6,7,8-tetrahydrobenzothiazole hydrobromide)

Sigma-Aldrich Cat#P4236

b-Estradiol (IUPAC name: (17b)-estra-1,3,5(10)-triene-3,17-diol) Sigma-Aldrich Cat#E8875

Critical commercial assays

Human IL-6 ELISA Kit Diaclone SAS Cat#950.030.192; 2 x 96 (pre-coated)

Human IL-8 ELISA Kit Diaclone SAS Cat#950.050.192; 2 x 96 (pre-coated)

(Continued on next page)
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Human SCF ELISA Kit Origene Technologies Inc. Cat#EA102189

Human Endothelin ELISA Kit Origene Technologies Inc. Cat#EA100599

Human FGF1/FGF basic ELISA Kit Origene Technologies Inc. Cat#EA102179

Human AMSH(alpha-MSH) ELISA Kit Wuhan Fine Biotech Co. Cat#EH0792

AurumTM Total RNA Mini kit Bio-Rad Laboratories, Inc. Cat#7326820

Experimental Models: Cell Lines

Immortalized human SZ95 sebocytes Zouboulis CC Laboratory N/A

Primary cultures of dermal fibroblasts (NHFs) This study N/A

Primary cultures of melanocytes (NHMs) This study N/A

Primary cultures of keratinocytes (NHKs) This study N/A

ex vivo skin explants cultures This Study N/A

Oligonucleotides

DKK1 forward GCCTCAGGATTGTGTTGTG This study N/A

DKK1 reverse TGTGAAGCCTAGAAGAATTACTG This study N/A

EDN1 forward GAAATCATTTGGGTCAACACTC This study N/A

EDN1 reverse GGCATCTATTTTCACGGTCTCT This study N/A

b-FGF forward CTGGCTTCTAAATGTGTTACGGA This study N/A

b-FGF reverse GCCCAGGTCCTGTTTTGGAT This study N/A

GAPDH forward TGCACCACCAACTGCTTAGC This study N/A

GAPDH reverse GGCATGGACTGTGGTCATGAG This study N/A

GDF15 forward CCCATGGTGCTCATTCAAAAG This study N/A

GDF15 reverse GCTCATATGCAGTGGCAGTCTT This study N/A

IL-1a forward CGCCAATGACTCAGAGGAAGA This study N/A

IL-1a reverse AGGGCGTCATTCAGGATGAA This study N/A

IL-1b forward CTGAGCTCGCCAGTGAAATG This study N/A

IL-1b reverse TTTAGGGCCATCAGCTTCAAA This study N/A

IL-6 forward AGCCACTCACCTCTTCAGAACG This study N/A

IL-6 reverse GGTTCAGGTTGTTTTCTGCCAG This study N/A

IL-8 forward CTTGGCAGCCTTCCTGATTTC This study N/A

IL-8 reverse TTCTGTGTTGGCGCAGTGTG This study N/A

KGF forward CACCAGGCAGACAACAGACAT This study N/A

KGF reverse GTAAGTTCAGTTGCTGTGACGCT This study N/A

MITF forward ATGGACGACACCCTTTCTC This study N/A

MITF reverse GGAGGATTCGCTAACAAGTG This study N/A

MMP1 forward CTGGCCACAACTGCCAAATG This study N/A

MMP1 reverse CTGTCCCTGAACAGCCCAGTACTTA This study N/A

NRG1 forward AGCCTCAACTGAAGGAGCAT This study N/A

NRG1 reverse ACTCCCCTCCATTCACACAG This study N/A

POMC forward CTCCCGAGACAGAGCCTCA This study N/A

POMC reverse ACTTCCATGGAGGCCTGAAG This study N/A

SCF forward AAGAGGATAATGAGATAAGTATGTTGC This study N/A

SCF reverse TTACCAGCCAATGTACGAAAGT This study N/A

a-SMA forward GCAGCCCAGCCAAGCACTGT This study N/A

a-SMA reverse TGGGAGCATCGTCCCCAGCA This study N/A

SOX9 forward CACGCTGACCACGCTGAG This study N/A

(Continued on next page)
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SOX9 reverse TGCTGCTGCTCGCTGTAG This study N/A

TYR forward AGCATCCTTCTTCTCCTCCTG This study N/A

TYR reverse GCTGAAATTGGCAGTTCTATCC This study N/A

VEGF forward GTTGACCTTCCTCCATCC This study N/A

VEGF reverse TTCTCTGCCTCCACAATG This study N/A

WIF1 forward TACGAAGCCAGCCTCATAC This study N/A

WIF1 reverse TGTCGGAGTTCACCAGATG This study N/A

WNT 5A forward AGCACGACGAAGCAACCTTG This study N/A

WNT 5A reverse GCCCTCTCCACAAAGTGAACAG This study N/A

Software and algorithms

CFX Manager� Software Bio-Rad Laboratories, Inc. NA

NineAlliance Software Uvitec NA

Other

Sebomed Basal Medium Merck Cat#F8205

Dulbecco’s Modified Eagle’s Medium High Glucose EuroClone Cat#ECB7501L

Fetal Bovine Serum Characterized (FBS) HyClone Cat#SH30071.03

Cascade BiologicsTM Medium 254 Thermo Fisher Scientific Cat#M-254-500
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should bedirected to andwill be fulfilledby the

corresponding authors, Mauro Picardo (mauro.picardo@ifo.gov.it) and Enrica Flori (enrica.flori@ifo.gov.it).
Materials availability

All materials are available from the corresponding authors upon reasonable request.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report

original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells

Immortalized human SZ95 sebocytes (Zouboulis et al., 1999), showing morphologic, phenotypic and func-

tional characteristics of normal human sebocytes, were cultured in Sebomed� basal medium, supple-

mented with 10% FBS, L-glutamine (2mM), penicillin/streptomycin (100 mg/ml), recombinant human

epidermal growth factor (5 ng/ml) and CaCl2 (1 mM) in a humidified atmosphere containing 5% CO2 at

37�C. Cell line were routinely tested for Mycoplasma detection. For SZ95-SF sebocytes were maintained

without FBS. Primary cultures of dermal fibroblasts (NHFs) and melanocytes (NHMs) were isolated from

neonatal foreskins (at least n=5 donors) after mechanical dissection of skin biopsies. In brief, NHFs were

maintained in DMEM supplemented with 10% FBS, penicillin/streptomycin (100 mg/ml) and used between

passage 2 and 10. NHMs were grown in M254 medium with Human Melanocyte Growth Supplements and

penicillin/streptomycin (100 mg/ml) and used between passage 2 and 10 (Flori et al., 2011; Briganti et al.,

2014).
Human subjects

Healthy skin was obtained from perilesional areas of disposable donors after dermatological intervations.

10 female patients with facial melasma (42G8 years old) were enrolled from the San Gallicano
22 iScience 25, 103871, March 18, 2022
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Dermatological Ambulatory for sebum collection. Sebum samples were collected using SebutapesTM (Cu-

derm, Dallas, TX, USA) (Camera et al., 2016). Skin was cleaned gently with 70% ethanol and tapes were

applied and hold for 30 min. SebutapesTM were stored at -80 �C until processing.

Participants gave written informed consent. The Institutional Research Ethics Committee (IFO) approval

was obtained to collect samples of human material for reaserch. The study adhered to the Declaration

of Helsinki principle guidelines.

METHODS DETAILS

UVA irradiation treatment of SZ95 sebocytes and NHFs

SZ95 were irradiated with increasing doses of UVA (2 J/cm2, 5 J/cm2 and 8 J/cm2), according to the scheme

in Figure 1A. NHFs were incubated in medium without phenol-red and irradiated with UVA at the dose of 5

J/cm2, according to the scheme in Figure 5A. Control cells were treated identically but without UVA expo-

sure. The Bio-Sun irradiation apparatus (Vilbert Lourmat, Marne-la Vallée, France) was employed. The UVA

lamps in the illuminator emit ultraviolet rays between 355 nm and 375 nm, with peak luminosity at 365 nm.

UVA was supplied by a closely spaced array of four UVA lamps which delivered uniform irradiation at the

distance of 10 cm. Based on a programmable microprocessor, the Bio-Sun system constantly monitors

the UV light emission. The irradiation stops automatically when the energy received matches the pro-

grammed energy (range of measure: 0 to 9,999 J/cm2). S in the text indicates SZ95 exposed to a single

UVA treatment, whereas R stands for SZ95 exposed to repetitive UVA.

Cell treatments

Cell treatments are indicated in Tables 1, 2, and 3.

Morphologic analysis by inverted phase contrast microscope

Living cell cultures were observed daily and images were captured by an inverted phase microscope (Ax-

iovert 40C, Zeiss, Oberkochen, Germany) equipped with a digital camera.

RNA extraction and quantitative real-time PCR

Total RNA was isolated using the AurumTM Total RNA Mini kit (Bio-Rad Laboratories Srl, Milan, Italy). Total

RNA samples were stored at -80�C until use. Following DNAse I treatment, cDNA was synthesized using a

mix of oligo-dT and random primers and RevertAidTM First Strand cDNA synthesis kit (Thermo Fisher Sci-

entific, Monza (MB) Italy) according to the manufacturer’s instructions. Quantitative real time RT-PCR was

performed in a total volume of 10 ml with SYBRGreen PCRMasterMix (Bio-Rad Laboratories Srl) and 200 nM

concentration of each primer. Reactions were carried out in triplicates using a CFX96 Real Time System

(Bio-Rad Laboratories Srl). Melt curve analysis was performed to confirm the specificity of the amplified

products. Expression of mRNA (relative) was normalized to the expression of GAPDHmRNA by the change

in the D cycle threshold (DCt) method and calculated based on 2-DCt.

Protein determination by sandwich enzyme-linked immunosorbent assay (ELISA)

a-MSH, SCF, b-FGF, EDN1, IL-6 and IL-8 protein level was determined using commercially available ELISA

kit, according to the manufacturer’s instructions. The measurement was performed in duplicate for each

sample. The absorbance at 450 nm was recorded using a DTX880 Multimode Detector spectrophotometer

(Beckman Coulter, Milan, Italy). For in vitro experiments, culture supernatants were collected and centri-

fuged for removal of cell detritus. Aliquots were stored at -80�C until use. The results were normalized

for the number of cells contained in each sample. As regard sebum samples, protein extracts were used

for the analysis. The results were normalized for the squalene content of each sample. Squalene is specific

of sebum secretion, therefore squalene amount can be considered representative of sebum content (Pic-

ardo et al., 2009).

Assessment of pro-inflammatory lipid mediators’ cellular concentrations

Prostaglandins (PGD2, PGE2, PGF2a), LTB4, and AA release in cell media weremeasured by HPLC\MS\MS.

Sebocytes supernatants (1ml) were added with 10 mL of IS solution (PGD2-d4 PGE2-d4, LTB4-d4, and

d17PA 1 mM), 100 ml of 0.2% FA, and 3 ml of ethyl acetate. Samples were vortexed and centrifuged at

20,000 g for 20 min at 4 �C. The extraction procedure was repeated twice and the clear supernatants

were collected and evaporated under N2. After evaporation, the samples were dissolved with 30 mL of
iScience 25, 103871, March 18, 2022 23
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MeOH containing BHT (1 mM) and stored at�80 �C before LC–MS/MS analysis. Chromatografic separation

was carried out using the Agilent Technologies 1200 HPLC Liquid Chromatography System (Palo alto, CA,

USA) with a C18 column (Symmetry, 3.5 mm, 100 mm 32.1 mm, Waters) (Furugen et al., 2015; Le Faouder

et al., 2013). Briefly, the mobile phase flow rate was 0.2 mL/min. Mobile phase A consisted of acetonitrile–

water–formic acid (20:80:0.1, v/v/v), and mobile phase B consisted of acetonitrile–formic acid (100:0.1, v/v).

Mobile phase B was increased from 0 to 100% in a linear gradient over 6 min and maintained at 100% until

10 min. Mobile phase B was then decreased to 0% from 10 to 11 min and maintained at 0% until 22 min. The

column temperature was maintained at 40�C. The injection volume was 10 mL. The overall run time was

25 min. Negative ion electrospray tandemmass spectrometry was carried out with an Agilent Technologies

triple quadrupole 6400 mass spectrometer at unit resolution with multiple reaction monitoring (MRM) per-

formed by monitoring the following transitions: PGD2 351/ 233; PGD2-d4 (IS for PGD2) 355/ 233; PGE2

351/ 315; PGE2-d4 (IS for PGE2) 355/ 319; PGF2a 353/ 193; PGF2a-d4 (IS for PGF2a) 357/ 197; LTB4

335 / 195; LTB4-d4 (IS for LTB4) 339 / 197; AA 303 / 303; d17-palmitic acid (IS for AA 272 / 272). For

each compound to be quantified, an internal standard was selected and a linear curve was generated were

the ratio of analyte standard peak area to internal standard peak area was plotted versus the amount of

analyte standard. The results are calculated as nM/106 cells and then reported as % variation vs control

values.

Western blot analysis

Cells were lysed in denaturing conditions supplemented with a protease inhibitor cocktail (Roche, Man-

nheim, Germany), then sonicated. Total cell lysates were clarified by centrifugation at 12.000 rpm for 10 mi-

nutes at 4�C and then stored at -80�C until analysis. Following spectrophotometric protein measurement,

equal amounts of protein were resolved on acrylamide SDS-PAGE, transferred onto nitrocellulose mem-

brane (Amersham Biosciences, Milan, Italy). Protein transfer efficiency was checked with Ponceau S staining

(Sigma-Aldrich). Membranes were first washed with PBS and then blocked with 5% fat-free dry milk in PBS

with 0.05% Tween-20 for 1 h at room temperature and then treated overnight at 4�C with anti-p53 (1:1000),

anti-p21 (1:1000), anti-phospho-p38 (1:1000), anti-Tyrosinase (1:1000), and anti-a-SMA (1:1000). A second-

ary anti-mouse IgG HRP-conjugated antibody (1:3000) and anti-rabbit IgG HRP-conjugated antibody

(1:8000) were used. Antibody complexes were visualized using ECL (Santa Cruz). A subsequent hybridiza-

tion with anti-GAPDH (1:5000) was used as a loading control. Protein levels were quantified by measuring

the optical densities of specific bands using UVI-TEC Imaging System (Cambridge, UK). Control value was

taken as one fold in each case.

Tyrosinase assay

Tyrosinase activity was estimated by measuring the rate of L-DOPA (3,4-dihydroxyphenylalanine) oxidation

(Flori et al., 2011). Cells were treated according to the experimental design. The cells were solubilized with

1% Triton X100 and lysates were clarified by centrifugation at 10000 g for 10 min. After protein quantifica-

tion by Bradford reagent (Sigma-Aldrich) and adjustment of protein concentration with lysis buffer, 80 ml

aliquots of each lysate (each containing the same amount of protein) were placed in the wells of a 96-

well plate, with 20 ml of 5 mM L-DOPA. Absorbance was measured spectrophotometrically at 475 nm

following a 20-min incubation period at 37�C, using a DTX880 Multimode Detector spectrophotometer

(Beckman Coulter). Measurement was repeated five times.

Melanin content determination

For intracellular melanin content determination, cell pellets were dissolved in 1 M NaOH and incubated at

60�C for 1 h. Total melanin in the cell suspension was determined with a mQUANT spectrophotometer (BIO-

TEK Instruments Inc., Winooski, VT, USA) by reading the absorbance at 405 nm. Melanin content was calcu-

lated by interpolating the results with a standard curve, generated by the absorbance of known concentra-

tions of synthetic melanin. The results were normalized by protein levels in each sample.

Lipid depletion

For the lipid depletion, the collected SZ95mediumwas treated with Cleanascite� (Biotech Support Group,

North Brunswick, NJ), a commercially available lipid removal and clarification reagent. This reagent is a sa-

line suspension of a solid-phase non-ionic adsorbent (pH 8.0) that selectively removes lipids frombiological

samples. Immediately prior to use, the Cleanascite reagent was completely resuspended by gentle

shaking. Cleanascite was added to the collected SZ95 medium in a ratio 1:4 and mixed for 10 min at
24 iScience 25, 103871, March 18, 2022
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room temperature by gentle shaking. Following centrifugation (16000g) for 1 min at 4 �C, the supernatant

was carefully decanted into a clean collection vial and used for experiments.
Skin explants and co-culture experiments

Healthy skin was obtained from perilesional areas of disposable donors after dermatological intervations.

After subcutaneous fat excision skin samples were cut with a punch of 4 mm diameter, and cultured, with

the dermis downside, on transwell permeable supports (6.5 mm diameter, 0.4 um pore size) into standard

well plates at the air-liquid interface. Skin explants were cultured for 4 days in conditioned medium of SZ95

sebocytes sham-irradiated or repeatedly irradiated (UVA 5J/cm2) and collected 48h after the last irradia-

tion. For co-culture experiments, skin explants were placed on petri dishes seeded with SZ95 sebocytes

irradiated with UVA (5J/cm2) for four times and maintained in culture until 48h after the last irradiation

(see schemes in Figures 7A and 7B).
Immunohistochemical analysis

At the end of the treatments skin explants were fixed in formalin and embedded in paraffin. Paraffin sec-

tions were routinely stained with hematoxylin and eosin (H&E) for histomorphological analysis and treated

for immunostaining. Melanin content was detected by Fontana-Masson staining. SCF expression was eval-

uated using a polyclonal antibody (sc-9132, Santa Cruz Biotechnology Inc) and visualized with immunoper-

oxidase technique. Staining signals were analyzed by recording images using a CCD camera (Zeiss, Ober-

kochen, Germany).
Protein and squalene extraction from sebutape

Proteins extraction was performed by scraping one tape in 150 ml of a buffer containing Tris HCl pH=6.8;

SDS 10%; protease inhibitor. The extract was centrifuged (10 min, 10.000 g) and supernatant aliquots were

frozen at -80�C until analysis. Squalene was extracted from the SebutapesTM as previously described (Ot-

taviani et al., 2020). Briefly, ethanol (Merck, Darmstadt, Germany) containing 0.025% of butylhydroxyto-

luene (BHT; Sigma–Aldrich, Milan, Italy) to prevent oxidation was used for the extraction. Deuterated squa-

lene (d6-SQ) was added as internal standard. Lipid extract was further cleaned-up by liquid-liquid

extraction with ethyl acetate. The dried extract was then dissolved in acetone/methanol/isopropanol

(40/40/20 v/v) mixture and stored at -80�C until analysis.
Squalene GC-MS analysis

Squalene (SQ) content in sebum samples was determined by gas chromatography-mass spectrometry

(Mastrofrancesco et al., 2017). The chromatographic separation was performed on a HP-5MS (Agilent Tech-

nologies, Santa Clara, CA, USA) capillary column (30m x 0,25 mm x 0,25 mm), using helium as the carrier gas.

An oven temperature gradient from 80 �C to 280 �C at 6 �C/min and then to 310�C at 4�C/min was used. The

injector and theGC-MS transfer lines were kept at 260�C and 230�C, respectively. Samples were acquired in

single ion monitoring (SIM) coupled to scan mode utilizing electron impact (EI) mass spectrometry. The

identity of the detected SQ was verified by the comparison with authentic standard and the match with li-

brary spectral data. Calibration curve, built against the deuterated IS d6-SQ, was used for the quantitative

analysis (selected ions: SQ m/z 69.1; d6-SQ m/z 75.1).
QUANTIFICATION AND STATISTICAL ANALYSIS

Data were represented as mean G SD of three independent using at least three different donors for pri-

mary cells. Statistical significance was assessed using paired Student’s t-test. The minimal level of signifi-

cance was p % 0,05.
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