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Abstract

Psoriasis is a chronic immune-mediated inflammatory disease characterized by IL-23/Th17 axis
dysregulation. Dimethyl fumarate (DMF), an oral small-molecule fumaric acid ester as a NF-kB
suppressor, is approved for the treatment of multiple sclerosis and psoriasis. Consistently, our clinical
evaluation demonstrated that oral DMF administration led to significant clinical improvement in patients
with plaque psoriasis. However, frequent gastrointestinal disturbances hindered its systemic
administration, underscoring the necessity of investigating topical DMF. Therefore, we evaluated the
efficacy of DMF administered either intraperitoneally or topically in a 4-day imiquimod-induced
psoriasiform mouse model, finding that both routes comparably and significantly reduced clinical
severity, inflammatory cell infiltration, and epidermal hyperplasia. Mechanistically, DMF suppressed the
mRNA expression of TNF-q, IL-17C, and S100 families induced by M5 or IL-36y stimulation in human
keratinocytes. STAT3 phosphorylation as well as NF-kB p65 phosphorylation was well reduced. In
contrast to most anti-psoriasis medications that aggravate hyperpigmentation, DMF reduced melanin
content and tyrosinase activity in mouse melanocytes. Furthermore, DMF attenuated UVB-induced
melanogenesis in an ex vivo human skin model, accompanied by the suppression of MITF and
tyrosinase expression. In conclusion, DMF has another benefit of anti-melanogenic effects beyond anti-
inflammatory effects. Topical DMF was also effective to reduce psoriatic inflammation as a promising
alternative for psoriasis management.

Introduction

Psoriasis is a chronic immune-mediated inflammatory skin disorder characterized by well-demarcated,
scaly erythematous papules or plaques. It commonly affects the scalp, elbows, knees, hands, feet, and
trunk [1]. In addition to its typical clinical manifestations, inflammatory hyperpigmentation frequently
occurs, particularly in patients with skin of color, even in the era of biologic therapies [2].

Psoriatic inflammation can be triggered in genetically predisposed individuals by various skin injuries [3].
Tissue damage leads to damage-associated molecular pattern (DAMP) release, which activates
keratinocytes and dendritic cells [4—-6]. Subsequent activation of Th17- and Th22-mediated immune
responses establishes a self-amplifying inflammatory loop that sustains psoriatic lesions [7].

Keratinocytes constitute approximately 90% of epidermal cells and play a central role in both the
initiation and amplification of psoriatic inflammation [8]. Keratinocyte hyperproliferation and abnormal
differentiation are hallmarks of psoriatic lesions. Activated keratinocytes produce multiple immune
mediators, including antimicrobial peptides, chemokines, cytokines, and S100 family alarmins, recruiting
and activating immune cells within the skin [9, 10].

Although biologics have revolutionized psoriasis treatment, long-term disease management still requires
safe and effective therapeutic options [11]. Topical treatments remain essential for patients with
localized disease and for maintenance therapy. Therefore, researchers seek additional topical agents
with anti-inflammatory efficacy and favorable safety profiles [12].
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Dimethyl fumarate (DMF), a fumaric acid ester with immunomodulatory properties and antioxidant
properties, has long been used as an oral therapeutic agent for multiple sclerosis and psoriasis [13-15].
Clinical studies and real-world evidence have demonstrated its efficacy and tolerability in psoriasis
management [16, 17]. However, systemic DMF administration is frequently associated with adverse
effects, including gastrointestinal disturbances such as diarrhea, nausea, and epigastric pain, as well as
flushing and lymphopenia, which can limit patient compliance and long-term use.

DMF activates the nuclear factor erythroid 2-related factor 2 (NRF2) antioxidant response and modulates
immune signaling pathways, inhibiting NF-kB activation [14, 18—-20]. Through these mechanisms, DMF
regulates both innate and adaptive immune responses and suppresses the production of pro-
inflammatory cytokines involved in psoriatic inflammation [15, 21]. Notably, NF-kB inhibition has been
associated with reduced melanogenesis in melanocytes [22]. Thus, DMF may possess dual therapeutic
potential by attenuating both inflammatory pathways and pigmentation processes.

In this study, we investigated DMF's anti-inflammatory and anti-melanogenic effects and explored the
underlying molecular mechanisms using in vitro, in vivo, and ex vivo models. Although clinical trials and
real-world studies have consistently demonstrated systemic DMF’s efficacy in moderate-to-severe
plaque psoriasis, with significant improvements in PASI scores and quality of life [16, 23-29], its topical
application remains underexplored. Therefore, we also evaluated topical DMF in an imiquimod-induced
psoriasiform mouse model.

Results

DMF improved PASI and BSA in patients with plaque
psoriasis

A total of 57 patients with plaque psoriasis were treated with oral DMF. Fourteen patients were excluded
from analysis due to loss to follow-up or early discontinuation, leaving 43 patients available for the 16-
week efficacy analysis. Mean PASI score decreased from 4.81 + 3.89 at baseline to 3.06 + 3.77 at week
16 (Fig. 1a, b) p<0.001, with PASI50 and PASI75 achieved in 22 (51.2%) and 11 (25.6%) patients,
respectively. BSA was similarly reduced from 4.35+3.81% to 2.99 + 3.07% (Fig. 1c) p = 0.010. Individual
patient-level data are provided in Supplementary Table 1.

Systemic DMF administration suppresses IMQ-induced psoriasiform
skin inflammation

Topical application of IMQ cream for four consecutive days induced progressive psoriasis-like skin
inflammation characterized by pronounced erythema, scaling, and thickening (days 1-5). Conversely,
systemic intraperitoneal (IP) administration of DMF during IMQ treatment markedly attenuated these
lesions (Fig. 2a and b).
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Consistent with this, histological analysis showed that DMF treatment significantly alleviated IMQ-
induced epidermal hyperplasia, resulting in reduced epidermal thickness (Fig. 2c). Immunohistochemical
analysis further demonstrated that IP DMF markedly inhibited the IMQ-induced infiltration of CD3*, CD4+,
CD8* T cells, along with Ly6G* neutrophils. Additionally, Ki-67-positive cellular proliferation was notably
suppressed, as confirmed by quantification of DAB-positive areas (Fig. 2d). At the protein level, Western
blot analysis revealed that systemic DMF treatment significantly reduced the expression of S100a7,
S100a8, S100a9, Defb4, Tnf-a, and 1I-17a (Fig. 2e). Similarly, gPCR analysis showed that S7100a8, S700a9,
Tnf-a, and I/77c mRNA levels were significantly decreased in IP DMF-treated mice compared with IMQ
controls (Fig. 2f)

Topical DMF treatment suppresses IMQ-induced skin inflammation

Similar to the effects of systemic application, topical co-treatment with DMF one hour before IMQ
application markedly alleviated psoriasiform inflammation (Fig. 3a and 3b). H&E staining demonstrated
a significant increase in the IMQ group, which was markedly reversed by DMF treatment (Fig. 3c).
Immunohistochemical analysis further revealed increased infiltration of CD3+, CD4*, and CD8* T cells, as
well as Ly6G* neutrophils, alongside elevated Ki-67 expression in the IMQ group, all of which were
markedely reduced in the DMF-treated group (Fig. 3d). Furthermore, Western blot analysis demonstrated
that IMQ significantly upregulated the protein levels of S100a7, S100a8, S100a9, Defb4, Tnf-q, and 1I-17a
in dorsal skin tissues, all of which were significantly suppressed by DMF treatment (Fig. 3e). Consistent
with these findings, Tnfa, S7100a8, S100a9, II717c, and I/77f mRNA levels were significantly increased in
IMQ-treated skin and were markedly blunted by DMF (Fig. 3f).

DMF suppresses inflammatory and psoriasis-associated gene
expression in keratinocytes stimulated with M5 or IL-36y

DMF showed no significant cytotoxicity at the concentrations used (20 and 40 pM), as confirmed by an
MTT assay (Supplementary Fig. S1). DMF inhibited LPS-induced p65 phosphorylation and iNOS
expression, thereby reducing the production of inflammatory cytokines and nitric oxide in RAW 264.7
cells (Supplementary Fig. S2). Similarly, DMF inhibited PMA-stimulated p65 phosphorylation, and the
expression of its target inflammatory cytokines in Jurkat T cells (Supplementary Fig. S3) supporting its
broad anti-inflammatory activity across multiple immune cell types.

To focus whether DMF influences keratinocyte inflammatory responses under different psoriatic
conditions, we stimulated normal human keratinocytes (NHK) with an M5 cytokine cocktail or IL-36y for
six hours following a four-hour DMF pretreatment. M5 stimulation induced a robust upregulation of
inflammatory cytokines, including IL6, IL8, CCL20, and TNFa, all of which were significantly suppressed
by DMF pretreatment (Fig. 4a). Importantly, IL-36y, a key cytokine implicated in generalized pustular
psoriasis (GPP), also markedly increased IL6, IL8, CCL20, and TNFa expression, which was effectively
attenuated by DMF (Fig. 4b). We next examined keratinocyte markers associated with psoriasis. M5
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stimulation significantly increased the expression of IL17C, IL36G, DEFB4, ST00A7, ST00A8, and ST00AS9,
all of which were downregulated by DMF pretreatment (Fig. 4c). Similarly, IL-36y stimulation elevated the
expression of IL17C, IL36G, DEFB4, and S7100 family members, and DMF also markedly inhibited their
expressions (Fig. 4d).

DMEF inhibits NF-kB and STAT3 signaling in M5- and IL-36y—
stimulated keratinocytes

To investigate the underlying mechanisms, we analyzed early signaling events using western blot
analysis. M5 stimulation rapidly induced p65 and STAT3 phosphorylation as early as five minutes
(Fig. 5a). However, DMF pretreatment markedly reduced the phosphorylation of both p65 and STAT3
without affecting total protein levels, indicating that DMF suppresses NF-kB and STAT3 signaling. At a
later point (12 hours), M5 induced the upregulation of multiple S100 family proteins, which were
substantially inhibited by DMF treatment (Fig. 5b).

IL-36y stimulation triggered p65 phosphorylation at 10 minutes (Fig. 5¢). IL-36y—induced p65
phosphorylation was also attenuated by DMF pretreatment. Collectively, these results indicate that DMF
attenuates keratinocyte inflammation by suppressing early NF-kB and STAT3 signaling, reducing
downstream inflammatory mediator expression, by the inflammatory stimulators relevant to both plaque-
type and pustular psoriasis.

DMF suppresses melanogenesis in murine melanocytes, human melanocytes, and ex vivo human skin

To investigate whether DMF modulates melanogenesis, we first assessed its effects in FSK-stimulated
Mel-ab murine melanocytes. FSK treatment increased melanin content and tyrosinase activity, both of
which were significantly inhibited by DMF treatment (Fig. 6a and 6b). Consistently, qRT-PCR and Western
blot analyses demonstrated that DMF significantly reduced FSK-induced MITF and tyrosinase expression
at both the mRNA (Fig. 6¢) and protein (Fig. 6d) levels. We next evaluated the anti-melanogenic effects
of DMF using a human ex vivo skin model with samples obtained from plastic surgery. UVB exposure
markedly induced melanogenesis, as evidenced by an increase in melanin content measured by
Fontana—Masson staining and the melanin index. DMF treatment significantly suppressed UVB-induced
epidermal pigmentation (Fig. 6e), which was accompanied by a potent reduction in UVB-induced MITF
and tyrosinase mRNA expression at the transcriptional level (Fig. 6f).

Discussion

Psoriasis is driven by dysregulated crosstalk between keratinocytes and infiltrating immune cells, with
the IL-23/Th17 axis playing a central pathogenic role [30]. Although biologics and Tyk2 inhibitor targeting
this axis have markedly improved clinical outcomes, the need for safe and effective topical treatments
and concerns for hyperpigmentation remain significant. In the present study, we investigated anti-
inflammatory and anti-melanogenic effects of dimethyl fumarate (DMF). Using a well-established
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imiquimod (IMQ)-induced psoriasiform mouse model, we also demonstrated that both topical and
systemic DMF administration significantly reduced psoriasiform inflammation.

In our in vitro study using human keratinocytes, DMF directly suppressed inflammatory gene expression
induced by both the M5 cytokine cocktail (IL-1a, TNF-q, IL-17A, IL-22 and oncostatin M) and IL-36y
stimulation. Notably, IL-36y is a key cytokine in GPP, suggesting DMF’s broader therapeutic relevance.
Mechanistic analyses revealed that DMF inhibited NF-kB p65 phosphorylation and STAT3
phosphorylation in M5-stimulated NHKs. DMF also attenuated IL-36y-induced p65 phosphorylation.
DMF'’s dual inhibition of these pathways may explain its broad anti-inflammatory effects observed across
multiple cell types and stimulatory conditions.

Uniquely, this study demonstrated DMF'’s anti-melanogenic properties. Hyperpigmentation is a very
common and often distressing concern of psoriatic lesions, particularly in patients with skin of color
[31-33]. DMF significantly reduced melanogenesis and UVB-induced melanin accumulation.

The demonstration that topical DMF achieves efficacy comparable to systemic administration in the IMQ
model is particularly clinically significant. Indeed, Oral DMF has low patient compliance [19]. Topical
formulations could potentially circumvent these systemic side effects while delivering therapeutic
concentrations directly to affected skin. Although prior studies have reported dermal irritation and
sensitization associated with topical DMF [34], we observed no significant skin irritation in the present
study. Nevertheless, as NRF2 activation has been implicated in chemical-induced skin sensitization [35—
38]. Thus strategies such as nanocarrier-based delivery systems [39, 40] or structural derivatives with
attenuated NRF2-activating properties [41, 42] should be considered for topical application.

The present study has several limitations. The IMQ-induced murine model, while widely used, does not
fully recapitulate the immunological and pathological complexity of human psoriasis. Future studies
incorporating chronic treatment models and psoriatic patient-derived clinical specimens will be essential
to clarify the broader therapeutic potential of DMF in psoriatic disease.

In summary, DMF suppressed keratinocyte-driven inflammatory responses in addition to the known anti-
inflammatory effects in macrophages and T cells. It consistently downregulated S100 family proteins
and DEFB4, which are known to perpetuate inflammatory feed-forward loops in psoriasis. Together with
its anti-melanogenic effects, these findings support DMF'’s potential as both a systemic and topical
therapeutic strategy for psoriasis and associated hyperpigmentation changes.

Materials and Methods
Cell lines and culture

Normal human keratinocytes (NHKs; KCLB, Seoul, South Korea) were cultured in EpiLife™ medium
(Gibco, Waltham, MA, USA) supplemented with Human Keratinocyte Growth Supplement (HKGS;
Invitrogen, Carlsbad, CA, USA) and 1% antibiotic—antimycotic (AA; Gibco). Raw 264.7 cells (KCLB) were
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maintained in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% AA. Jurkat
cells (ATCC, Manassas, VA, USA) were cultured in RPMI-1640 medium (Gibco) supplemented with 10%
FBS and 1% AA. Mouse Melanocyte (Mel-Ab) cells [43, 44] were cultured in DMEM supplemented with
10% FBS and 1% AA, 100 nM TPA (Sigma-Aldrich, St. Louis, MO, USA), and 1 nM Cholera toxin (Sigma-
Aldrich). All cells were maintained in a humidified incubator at 37°C with 5% CO,.

Cell viability assay

Cell viability was assessed using the MTT assay (Sigma-Aldrich). Cells were seeded in 12-well plates and
incubated for 24 h (Raw 264.7, Jurkat, and NHK) or 72 h (Mel-Ab) before MTT treatment. Formazan
crystals were dissolved in DMSO, and absorbance was measured at 565 nm using a microplate reader
(BioTek, Winooski, VT, USA).

Stimulation and treatment

Raw 264.7 cells were stimulated with lipopolysaccharide (LPS, 100 ng/mL) for four hours to measure
MRNA expression by qRT-PCR, for one hour to evaluate protein expression by western blot, and finally for
24 hours to assess nitric oxide production. Jurkat T cells were stimulated with TPA (20 nM) for four
hours for gPCR, then 15 minutes for western blot. Mel-ab cells were stimulated with forskolin (FSK;
MedChemExpress, South Brunswick, NJ, USA) at 10 uM for 72 hours to evaluate melanin content,
tyrosinase activity, mRNA expression by qPCR, and protein levels by western blot. To analyze gene
expression via gPCR, NHK cells were treated for 6 hours with either a mixture of five cytokines (M5; 10
ng/mL each)—comprising IL-1a (BioLegend, San Diego, CA, USA), IL-17A (Biolegend), TNF-a (R&D
Systems, Minneapolis, MN, USA), IL-22 (R&D Systems), and oncostatin M (BioLegend)—or with IL-36y
(Gibco; 200 ng/mL). For Western blot analysis of protein expression, cells were stimulated with M5 for 5
minutes or with IL-36y for 10 minutes. .DMF was dissolved in DMSO to prepare a stock solution. Cells
were pretreated with DMF (20 or 40 uM) for four hours before stimulation. The final DMSO concentration
was kept constant in all groups, and vehicle controls received an equivalent amount of DMSO.

Nitric oxide assay

Nitric oxide (NO) production was measured in the culture supernatants of Raw 264.7 cells using the NO
(Nitric Oxide) Plus Detection Kit (iNtRON Biotechnology, Seongnam, South Korea) according to the
manufacturer’s instructions. We measured absorbance at 540 nm using a microplate reader and
calculated nitrite concentrations based on a sodium nitrite (NaNOQ,) standard curve.

In vivo psoriasis model and DMF administration

8-10 weeks old female C57BL/6J mice (Jackson Lab, Bar Harbor, ME, USA) were used for all in vivo
experiments. All animal procedures were performed in accordance with the protocols approved by the
Institutional Animal Care and Use Committee of Asan Medical Center, Seoul, Korea (approval no. 2024-
10-171). Psoriasiform inflammation was induced by daily topical application of 5% imiquimod (IMQ)
cream (15 mg per mouse) to a 1 x 2 cm shaved area on the dorsal skin for four consecutive days. Before
dorsal shaving and topical treatment, mice were anesthetized with 3% isoflurane for induction using a
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small animal anesthesia system (Harvard Apparatus). For topical treatment, DMF (400 uM) was
dissolved in an olive oil and acetone vehicle (1:4, v/v) and applied (100 pL per mouse) to the dorsal skin
one hour before IMQ application each day. Control mice received the vehicle alone. For systemic
treatment, DMF was administered via intraperitoneal injection at a dose of 50 mg/kg (100 pL per mouse)
once daily, while control mice received the corresponding vehicle. Skin inflammation on the shaved
dorsal back was evaluated daily using a modified PASI scoring system. Erythema, scaling, and skin
thickness were each scored on a 0-4 scale (0, none; 1, slight; 2, moderate; 3, marked; 4, very marked),
and the three scores were summed to give a cumulative clinical score ranging from 0 to 12. On day five,
mice were euthanized by gradual CO, inhalation in a chamber according to the AAALAC guidelines,

followed by the collection of dorsal skin tissues.

For RNA and protein analyses, the epidermis was separated from the dermis before extraction. Briefly,
tissues were incubated at 56°C for 45 seconds and immediately transferred onto ice for 20 seconds,
after which the epidermis was carefully peeled off. For histological and immunohistochemical analyses,
whole skin tissues were fixed in 4% paraformaldehyde without separation.

Ex vivo human skin model

Human skin specimens were obtained from patients undergoing elective surgery after written informed
consent. All procedures were approved by the Institutional Review Board of Asan Medical Center (IRB
No. 2020-0091) and performed in accordance with the relevant guidelines and regulations. Immediately
after excision, tissues were sequentially rinsed with 70—100% ethanol and maintained in phosphate-
buffered saline (PBS) to prevent dehydration. The skin samples were trimmed into approximately 2 cm?
pieces and placed in transwell inserts with the epidermal surface oriented upward to establish an air—
liquid interface culture system. Explants were maintained at 37°C in a humidified incubator with 5% CO,
and cultured in DMEM supplemented with 10% FBS and 10% AA. The culture medium was replaced daily.
To induce melanogenesis, explants were irradiated with UVB at 200 mJ/cm? every 48 hours (two
exposures in total), and tissues were harvested 96 hours after the first irradiation.

For treatment, we applied DMF to the epidermal surface in 30% propylene glycol and 70% ethanol.
However, for medium treatment, we administered DMF in its DMSO-dissolved form. At the end of the
experimental period, tissues were harvested. For qPCR analysis, the dermal layer was carefully removed
using surgical scissors to isolate the epidermal tissue, and total RNA was extracted. For histological
analysis, separate tissue samples were paraffin-embedded, sectioned, and melanin deposition was
assessed by staining with a Fontana—Masson kit according to the manufacturer's instructions. The
melanin index was quantified as the percentage of positively stained areas relative to the total tissue
area using ImageJ software (NIH, Bethesda, MD, USA).

Clinical study

We retrospectively reviewed the medical records of patients with plaque psoriasis who were treated with

oral dimethyl fumarate (DMF) at Asan Medical Center from December 2022 to February 2026 (IRB No.

S2023-1914-0007). We initiated DMF at 120 mg/day and titrated up to a maximum of 720 mg/day. We
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made dose adjustments or discontinuation decisions based on individual response and tolerability. PASI,
BSA, and IGA were assessed at baseline and at week 16. We defined treatment response as a = 50%
(PASI50) or = 75% (PASI75) reduction in PASI from baseline.

RNA extraction and quantitative PCR

We isolated total RNA from cultured cells using the Blood/Cultured Cell Total RNA Mini Kit (FABRK 001~
2, Favorgen, Ping-Tung, Taiwan) according to the manufacturer’s instructions. RNA concentration and
purity were assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). Complementary DNA (cDNA) was synthesized using the RevertAid First Strand cDNA Synthesis Kit
(K1622, Thermo Fisher Scientific) according to the manufacturer’s instructions. Quantitative real-time
PCR was performed using a SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) on a

LightCycler® 480 System (Roche, Basel, Switzerland) [45]. GAPDH was used as an internal control, and
relative expression levels were calculated using the 2 2ACt

Supplementary Table 2.
Western blot analysis

method. Primer sequences are provided in

Protein extracts were prepared using 1% SDS lysis buffer, followed by the addition of 5x SDS sample
buffer (Biosesang, Seoul, Korea). Samples were separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto nitrocellulose membranes (Amersham, Marlborough, MA, USA).
Membranes were blocked with 5% BSA in TBST for 1 hour at room temperature and then incubated
overnight at 4°C with primary antibodies against p65 (ab16502, Abcam, Cambridge, UK), phospho-p65
(ab76302, Abcam), STAT3 (12640, Cell Signaling Technology, Danvers, MA, USA), phospho-STAT3 (9145,
Cell Signaling Technology), ST00A7 (A22271, ABclonal, Woburn, MA, USA), ST00A8 (A12018, ABclonal),
S100A9 (A9842, ABclonal), DEFB4 (A25636, ABclonal), TNF-a (ab6671, Abcam), IL-17A (ab79056,
Abcam), MITF (ab12039, Abcam), tyrosinase (ab180753, Abcam), a-tubulin (AC012, ABclonal), and
HSP90a/B (sc-13119, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Protein bands were detected
using an enhanced chemiluminescence (ECL) system (SuperSignal West Pico PLUS, 34580; SuperSignal
West Femto, 34095, Thermo Fisher Scientific), and band intensities were quantified via densitometric
analysis using ImagedJ software. Protein levels were normalized to a-tubulin and HSP90a/ as loading
controls

Immunohistochemistry (IHC) and H&E staining

Mouse back skin tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned into
slides. For immunohistochemical analysis, tissue sections underwent antigen retrieval using Antigen
Unmasking Solution (H-3300-250, Vector Laboratories, Newark, CA, USA) according to the
manufacturer’s instructions. The sections were incubated with the following primary antibodies: CD3
(ab16669, Abcam), CD4 (ab183685, Abcam), CD8 (ab237723, Abcam), Ki-67 (ab16667, Abcam), and
Ly6G (ab238132, Abcam). We performed immunostaining using the VECTASTAIN Elite ABC HRP Kit
(Vector Laboratories, PK-6100), followed by visualization with 3,3-diaminobenzidine (DAB). The sections
were counterstained with hematoxylin. We performed hematoxylin and eosin (H&E) staining using
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standard procedures. Images were captured using an Olympus SlideView VS200 system (Olympus,
Tokyo, Japan). Positive staining was quantified as the percentage of DAB-positive areas using ImageJ
software.

Melanin content and cellular tyrosinase activity assay

For melanin content measurement, cells were harvested in 1 N NaOH and incubated at 100°C for 30
minutes to solubilize melanin [33]. We measured absorbance at 405 nm using a microplate reader.
Melanin content was normalized to the total protein concentration determined by Bradford protein assay
(#5000006, Bio-Rad, Hercules, CA, USA) and expressed as a percentage of the control.

For cellular tyrosinase activity, cells were washed with ice-cold PBS and lysed in tyrosinase lysis buffer
(phosphate buffer, pH 6.8, containing 1% Triton X-100) using repeated freeze—thaw cycles. We mixed 90
uL of the supernatant with 10 pL of 10 mM L-DOPA and incubated at 37°C. Tyrosinase activity was
determined by measuring the absorbance at 475 nm every 10 minutes for at least one hour using a
microplate reader and expressed as a percentage of the control.

Statistics

All data were expressed as the mean + SEM; clinical data are presented as the mean + SD. Statistical
analysis was performed using GraphPad Prism (Version 8, San Diego, CA). p-values < 0.05, < 0.01, and <
0.001 were considered statistically significant (marked in the figures as *, **, and *** respectively).
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tumor necrosis factor-a (TNF-a)

nitric oxide (NO)

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
C-C motif chemokine ligand 20 (CCL20)
reverse-transcription polymerase chain reaction (RT-PCR)
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Figure 1

Oral DMF treatment significantly reduces PASI and BSA in patients with plaque psoriasis.
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(a) Paired dot plot demonstrating individual PASI scores at baseline and week 16. Horizontal bars
represent mean values. (b) Mean * SD of PASI at baseline and week 16. (c) Mean + SD of BSA (%) at
baseline and week 16. Paired t-test. *p < 0.05, ***p < 0.001; n= 43.

a Dayl Day2 Day3 Day4 Day5 b

'.; '\..

- ehicke
Vehicle
» - MO
S i MG +DMF
2 g .
g -
¥
| gy
MO Day1 Day? Day3 Dayd Day s
Days
(=]

Vehicle MO IMQ+DMF HAE

Ki-67 |

Ly &G

Figure 2

Intraperitoneal DMF administration attenuates IMQ-induced psoriasis-like skin inflammation.

(a) Representative dorsal skin images and (b) PASI scores of mice from Day 1 to Day 5 following topical
IMQ application with or without intraperitoneal (IP) administration of DMF. (c) H&E staining of dorsal skin

sections. Epidermal thickness was quantified at five randomly selected regions per section and

expressed in pm. Scale bar = 50 ym. (d) Immunohistochemical staining for CD3, CD4, CD8, Ly6G, and Ki-
67. DAB-positive areas were quantified using ImageJ threshold analysis and expressed as percentage of
total area. Scale bar = 50 um. (e) Western blot analysis of S100a7, S100a8, S100a9, Defb4, TNF-q, and IL-
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17a protein expression with a-tubulin as a loading control. (f) qRT-PCR analysis of TNF-a, S100a8,
S$700a9, and II77c mRNA expression normalized to GAPDH. Data are presented as mean = SEM (n = 5 per
group). Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple
comparison test. *p< 0.05, **p < 0.01, ***p < 0.001.
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Topical DMF ameliorates IMQ-induced psoriasis-like skin inflammation.
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(a) Representative dorsal skin images and (b) PASI scores of mice from Day 1 to Day 5 following topical
IMQ application with or without topical DMF treatment. DMF was applied one hour prior to IMQ each day.
(c) H&E staining of dorsal skin sections. Epidermal thickness was measured at five randomly selected
sites per section and expressed in um. Scale bar = 50 pm. (d) Immunohistochemical staining for CD3,
CD4, CD8, Ly6G, and Ki-67. DAB-positive areas were quantified using Imaged threshold analysis and
expressed as percentage of total area. Scale bar = 50 um. (e) Western blot analysis of S100a7, S100a8,
S100a9, Defb4, TNF-q, and IL-17a protein expression with a-tubulin as a loading control. (f) gRT-PCR
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analysis of TNF-a, S100a8, S100a9, and //77c mRNA expression normalized to GAPDH. Data are
presented as mean + SEM (n = 5 per group). Statistical analysis was performed using one-way ANOVA
followed by Tukey’s multiple comparison test. *p < 0.05, **p< 0.01, ***p < 0.001.
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DMF suppresses M5- and IL-36y—induced inflammatory and psoriasis-associated gene expression in

NHKs.

Normal human keratinocytes (NHKs) were pretreated with DMF for four hours followed by stimulation
with M5 cytokine cocktail or IL-36y for six hours. (a) qRT-PCR analysis of M5-induced inflammatory
cytokine mRNA levels (IL6, IL8, CCL20, TNFA). (b) gRT-PCR analysis of IL-36y—induced inflammatory
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cytokine mRNA levels (IL6, IL8, CCL20, TNFA). (c) qRT-PCR analysis of M5-induced psoriasis-associated
keratinocyte marker mRNA levels (IL17C, IL36G, DEFB4, ST00A7, ST00A8, and ST00A9). (d) gRT-PCR
analysis of IL-36y—induced psoriasis-associated keratinocyte marker mRNA levels (IL17C, IL36G, DEFB4,
S100A7, ST00A8, and ST00A9). Gene expression levels were normalized to GAPDH. Data are presented
as mean + SEM from at least three independent experiments. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p< 0.01, ***p < 0.001.
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Figure 5

DMF inhibits NF-kB and STAT3 signaling in M5- and IL-36y—stimulated NHKs.

We pretreated NHKs with DMF for four hours and stimulated with M5 or IL-36y for the indicated time
points. (a) Western blot analysis of phosphorylated (p-p65 and p-STAT3) and total p65 and STAT3
following five minutes of M5 stimulation. (b) Western blot analysis of S100 family and DEFB4 proteins
expression following M5 stimulation (12 hours). (c) Western blot analysis of phosphorylated and total
p65 following 10 minutes of IL-36y stimulation. Representative blots from at least three independent
experiments are given. Densitometric analysis was normalized to total protein levels and expressed as

mean + SEM. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple
comparison test. *p < 0.05, **p< 0.01, ***p < 0.001.
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Figure 6

DMF inhibits melanogenesis in melanocytes and ex vivo human skin.

(a) Melanin content (left) and representative images of solubilized melanin (right) in Mel-ab cells
stimulated with FSK in the presence or absence of DMF (left) and (b) tyrosinase activity of Mel-ab cells
stimulated with FSK in the presence or absence of DMF. (¢) qRT-PCR analysis of Mitf and Tyr mRNA
expression in Mel-ab cells. (d) Western blot analysis of Mitf and Tyrosinase protein levels in Mel-ab cells.
(e) Representative Fontana-Masson staining images and melanin index quantification in UVB-irradiated
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ex vivo human skin treated with or without DMF. (f) Quantitative PCR analysis of MITF and Tyr in ex vivo
human skin samples.
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