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Piperlongumine regulates epigenetic modulation
and alleviates psoriasis-like skin inflammation via
inhibition of hyperproliferation and inflammation
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Abstract

Psoriasis is an autoimmune skin disease, where chronic immune responses due to exaggerated cytokine signaling,
abnormal differentiation, and evasion of keratinocytes apoptosis plays a crucial role in mediating abnormal
keratinocytes hyperproliferation. From the therapeutic perspective, the molecules with strong anti-proliferative and
anti-inflammatory properties could have tremendous relevance. In this study, we demonstrated that piperlongumine
(PPL) treatment effectively abrogated the hyperproliferation and differentiation of keratinocytes by inducing ROS-
mediated late apoptosis with loss of mitochondrial membrane potential. Besides, the arrest of cell cycle was found at
Sub-G1 phase as a result of DNA fragmentation. Molecularly, inhibition of STAT3 and Akt signaling was observed with a
decrease in proliferative markers such as PCNA, ki67, and Cyclin D1 along with anti-apoptotic Bcl-2 protein expression.
Keratin 17 is a critical regulator of keratinocyte differentiation, and it was found to be downregulated with PPL
significantly. Furthermore, prominent anti-inflammatory effects were observed by inhibition of lipopolysaccharide
(LPS)/Imiguimod (IMQ)-induced p65 NF-kB signaling cascade and strongly inhibited the production of cytokine storm
involved in psoriasis-like skin inflammation, thus led to the restoration of normal epidermal architecture with reduction
of epidermal hyperplasia and splenomegaly. In addition, PPL epigenetically inhibited histone-modifying enzymes,
which include histone deacetylases (HDACs) of class | (HDAC1-4) and class Il (HDAC6) evaluated by immunoblotting
and HDAC enzyme assay kit. In addition, our results show that PPL effectively inhibits the nuclear translocation of p65
and a histone modulator HDAC3, thus sequestered in the cytoplasm of macrophages. Furthermore, PPL effectively
enhanced the protein—protein interactions of HDAC3 and p65 with IkBa, which was disrupted by LPS stimulation and
were evaluated by Co-IP and molecular modeling. Collectively, our findings indicate that piperlongumine may serve as
an anti-proliferative and anti-inflammatory agent and could serve as a potential therapeutic option in treating
psoriasis.

Introduction

Psoriasis is a complex immune-mediated hyperproli-
ferative disease characterized by excessive growth of epi-
dermal keratinocytes, which form elongated rete ridges
protruding into the dermis with aberrant terminal
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differentiation’. The vital triggers implicated in kerati-
nocyte abnormal responses are associated with the acti-
vation of the cellular immune system, which primarily
includes T cells, macrophages, dendritic cells, and endo-
thelial cells with a broad network circuitry of growth
factors like epidermal growth factor (EGF), insulin-like
growth factor, vascular endothelial growth factor, and
keratinocyte growth factor, along with cytokines such as
interleukins (ILs; IL-1, IL-6, IL-17, IL-19, IL-20, and IL-
22), tumor necrosis factor-a (TNF-«), and interferons
(IFNs), which further regulate the keratinocyte
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proliferation®™>. On the other hand, keratinocytes from
psoriatic lesions exhibit increased resistance to apoptosis,
which concurs to the thickened epidermis. The micro-
array transcriptome analysis in psoriatic lesions revealed
upregulated anti-apoptotic and downregulated pro-
apoptotic genes expression®.

The growing evidence suggests that signal transducer
and activator of transcription 3 (STAT3) and p65, a
subunit of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB p65), have a pivotal role in
mediating the positive feedback loop in psoriasis by
translocating to the nucleus and stimulate transcription of
proliferation and inflammation-regulated genes expres-
sion. In parallel, sustained activation of the anti-apoptotic
phosphatidylinositol 3-kinase/protein kinase B (PI3K/
AKT) and mitogen-activated protein kinases (MAPKs),
which includes extracellular signal-regulated kinase 1/2
(ERK1/2), c¢-Jun N-terminal kinase (JNK), and
p38 signaling pathways contribute to aberrant expression
of keratin 17 (K17)"~°.

An important epigenetic phenomenon in macrophages
is the transient inflammatory stimulus-mediated changes
that include histone deacetylase (HDAC) activation,
which increases the production of pro-inflammatory
cytokines in wide disease models, including septic
shock, acute respiratory distress syndrome, renal fibrosis,
and rheumatoid arthritis, where abrogation of HDAC
activity reduced inflammatory cytokines'®~*. Moreover,
HDAC inhibition was found to suppress the polarization
of T helper type 17 (Th17) cells and STATS inhibition'?,
while HDAC3 inhibition reduced TNF-a, with a con-
comitant increase in the acetylation of p65, which has
been suggested to play a key role in attenuating IxBa-
mediated NF-kB transcriptional activity'*°.

The present traditional treatments for treating psoriasis
include psoralen and ultraviolet A therapy, methotrexate,
retinoids, and Tacrolimus (TAC), which are effective but
exhibit several shortcomings, including inconvenience
and toxicity with long-term usage'’. Hence, there is a
need for the development of effective and safer alter-
natives. Imiquimod (IMQ) is a toll-like receptor 7/8 ligand
activator that are expressed by monocytes, macrophages,
and plasmacytoid dendritic cells, thereby the production
of pro-inflammatory cytokines and chemokines increases
aberrantly, with profound Thl and Th17 responses, and
these events lead to the direct influx of immune cells to
the site of IMQ application, thereby inducing inflamed
scaly skin lesions'®'”, In the present study, for the
experimental design, IMQ-induced psoriasis model was
used as this model is rapid, reproducible, and closely
recapitulates human psoriasis in terms of histopatholo-
gical alterations and cellular infiltrates. Piperlongumine
(PPL) is a chief constituent of the fruit from Long pepper
(Piper longum), which is considered to be the “historical
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spice as a future medicine” and has been extensively
studied in cancer treatment and in treating various ail-
ments, including rheumatoid arthritis, osteoarthritis,
asthma, neurogenerative diseases, diabetes, melanogen-
esis, lupus nephritis, and hyperlipidememia'*?°, with little
systemic toxicity>'. Hence, this study aimed to investigate
anti-proliferative and anti-inflammatory effects of PPL on
keratinocytes and macrophages and its involvement in
epigenetic modulation and associated signaling mechan-
isms, which could be effective against psoriasis.

Results
PPL reduces IMQ-induced psoriasis-like skin inflammation
and normalizes the epidermal architecture

IMQ topical application induces local and systemic
inflammation, which is accompanied by altered epidermal
integrity and splenomegaly**. To assess the effect of PPL
treatment on these phenotypic changes, we applied IMQ
cream on the shaved dorsal skin of mice daily for 6 days.
Initially, a pilot study was performed to determine the
optimal dose of PPL. Based on the results observed from
the pilot study, 10 (PL = PPL low dose) and 30 (PH = PPL
high dose) mg/kg dose of PPL was fixed for topical
intervention, which was incorporated in the 0.75% caba-
pol gel after optimization based on shear stress vs shear
rate (Fig. S1a) and viscosity vs shear rate (Fig. S1b), while a
dose 1mg/kg (PSC=DPPL subcutaneous) of PPL treat-
ment was fixed for subcutaneous administration. For skin
compliance and safety evaluation of PPL alone in topical
and subcutaneous routes, an animal study was carried out
in BALB/c mice, where PPL has not shown significant
clinical signs of toxicity and the detailed method is
described in Supplementary Data (Figs. S2a—f and S3a—f).
Marketed 20 mg/kg of TAC ointment was used as a
standard to compare the effects of PPL; this cream was
applied directly via topical route without gel as the main
base for the ointment was carbopol. From the third day of
IMQ application, PPL has been administered every day at
various doses along with TAC as mentioned above for 4
consecutive days. IMQ topical application profoundly
increased erythema, scaling, and thickening of the skin
and left ear after day 6 compared with the control group
animals, whereas PH- and PSC-treated groups showed a
notable decrease in the phenotypic changes and severity
index scoring (Fig. la, c—e). IMQ application induces
splenomegaly through systemic inflammatory effects,
which is the another characteristic feature of mice model,
which might appear due to increased immunological
activity and hyperplasia®**, In this context, we found that
PPL treatment significantly attenuated the enlarged
spleens (Fig. 1b), and the spleens from all the animals in
every group were quantified based on the spleen weight/
body weight index (Fig. S4a). As shown in Fig. 1f and Fig.
S4b, the skin folds and ear thickness differences were
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Fig. 1 Piperlongumine (PPL) intervention attenuates Imiquimod (IMQ)-induced psoriasis severity in BALB/c mice. Mice were received IMQ,
PPL, and Tacrolimus (TAC). a After the completion of study, mice were anesthetized and mages of IMQ-induced hyperplasia on mouse back skin with
and without PPL treatment were taken by digital camera. b PPL attenuated splenomegaly induced by topical IMQ. PASI scoring was recorded on
days 0, 2, 4, and 7 and the cumulative scores of ¢ redness, d scaling, and e thickness were measured. f Skin fold thickness in all groups was measured
by Vernier calipers. Representative histological sections of the back skins of mice where g H & E and h DAPI staining show reduced epidermal
hyperplasia and parakeratosis induced by IMQ, and i western blotting analysis was performed with the indicated antibodies, where PPL inhibits IMQ-
induced Akt pathway-, apoptosis-, and proliferation-mediated protein expression. The data represent mean + SD (n = 5 mice per group). *P < 0.05 vs.
NC group. AP <001 and AAAP<0.001 are significantly different from the IMQ group. Here PL = PPL 10 mg/kg and PH = PPL 30 mg/kg topically,
PSC = PPL 1 mg/kg subcutaneously, and TAC = Tacrolimus 20 mg/kg topically.

visible in the IMQ group from day 2 and gradually
increased throughout the study. Similarly, hematoxylin
and eosin (H & E; Fig. 1g and Fig. S4c), as well as 4',6-
diamidino-2-phenylindole (DAPI) staining (Fig. 1h and
Fig. S4d), of mouse back skin showed that IMQ applica-
tion induces parakeratosis and epidermal acanthosis.
Moreover, the epidermal thickness as well as ear thickness
was reduced significantly in the PPL-treated mice groups.
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We next evaluated the effect of PPL on the IMQ-induced
expression of the Akt pathway and proliferative markers.
It was observed that IMQ increases the phosphorylation
of Akt at both Ser473 and Thr308 sites, as well as
downstream p70S6K (Thr389). Furthermore, a marked
increase in the expression levels of mammalian target of
rapamycin (mTOR), Ki67, and Cyclin D1 has been
observed. However, no significant effect was observed
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toward proliferating cell nuclear antigen (PCNA) and Bcl-
2 protein expression. The topical intervention of PPL in
the PH and PSC groups significantly reduced the phos-
phorylation of Akt at Ser473, whereas at Thr308 site,
phosphorylation was reduced significantly in the PSC
group but not topically. However, p70S6K (Thr389)
phosphorylation was significantly inhibited only in the PH
group treatment. Moreover, the proliferative markers
Ki67, PCNA, and Cyclin D1 expression levels were
reduced along with anti-apoptotic Bcl-2 protein (Fig. 1i
and Fig. S4e-I). Collectively, these results show that PPL
reduces epidermal hyperproliferation by targeting Akt
signaling and by inhibiting proliferative markers.

Inhibitory effects of PPL on keratinocyte hyperproliferation
by inducing apoptosis

The persistent keratinocyte proliferation and evasion of
apoptosis signaling are the hallmarks of psoriasis*>. EGF
regulates keratinocyte growth, proliferation, and differ-
entiation by binding to epidermal growth factor receptor
(EGFR) and maintain high proliferative state®®*’. Apop-
tosis has been proposed as a mechanism that disrupts
abnormal epidermal thickness in psoriasis®®. To investi-
gate the role of PPL on EGF-induced hyperproliferation,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay was performed in the presence of EGF,
which showed that PPL effectively reduced the EGF-
stimulated cell viability of keratinocytes at both 24 (Fig.
S4a) and 48 h (Fig. S4b) in a concentration-dependent
manner, respectively. On the other hand, PPL alone effect
was analyzed at 96h, where there was no significant
change in the cell viability up to 6.25 uM concentration,
and PPL alone was found to be less effective in compar-
ison with EGF-stimulated conditions (Fig. S9a). Further,
cells were morphologically examined after PPL treatment,
where apoptotic cells were stained with Acridine orange
(AO)/Ethidium bromide (EB) and DAPI. Here we found
that cells have lost their morphology and attained sphe-
rical shape with prominent apoptotic blebs and chromatin
condensation at 5 and 10 uM concentrations (Fig. 2a—c).
Furthermore, the effect on the percentage of cell cycle
phase distribution was analyzed by flow cytometry. As
shown in Fig. 2d and Fig. S5c, PPL treatment increased
the proportion of Sub-G1 phase population significantly
at 5 and 10 uM compared to untreated controls, which is an
indicator of apoptosis as a result of inter-nucleosomal DNA
fragmentation, which was further confirmed by terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay (Fig. 2g and Fig. S5n). Moreover, 5,5',6,6'-
tetrachloro-1,1,3,3'-tetraethylbenzimidazolocarbocyanine
iodide (JC-1) staining and Annexin V-binding assay showed
that PPL treatment induced the loss of mitochondrial
membrane potential (AWm) and exhibited moderate early
and significant late apoptosis at higher concentrations
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(Fig. 2e, f and Fig. S5d, e). Under the EGF stimulation and/
or along with oxidative stress conditions in the presence of
300 uM H,O, conditions, 2',7'-dichlorodihydrofluorescein
diacetate (DCFDA) staining was performed, where PPL at 5
and 10 pM concentration increased the reactive oxygen
species (ROS) levels and a marked increase in oxidative
stress were observed when combined with H,O, (Fig. S50).
Akt/mTOR pathway activates Ki67, Cyclin D1, and PCNA
proliferative markers, which play a pivotal role in mediating
hyperproliferation®”, PPL treatment significantly reduced
the phosphorylation of Akt and p70S6K. On the other hand,
a significant reduction in Cyclin D1, Bcl-2, PCNA, and Ki67
protein expression levels were observed (Fig. 2h and Fig.
S5f—m). These results clearly demonstrate that PPL induces
apoptosis and inhibits keratinocyte hyperproliferation.

PPL suppresses the expression of STAT3 and K17 in
HaCaT cells and skin tissues

The mounting evidence suggest that K17 is involved in
cell proliferation and differentiation, which is expressed
aberrantly in the suprabasal keratinocytes of psoriatic
lesions, primarily regulated by the cytokines through
STAT3 and ERK1/2 signaling®*°. In the present study, we
found that EGF (50 ng/ml) stimulation for 60 min effec-
tively upregulated the expression of K17, which might be
due to the increased phosphorylation of STAT3 at Tyr705
and ERK1/2. While the treatment with PPL remarkably
suppressed the expression of K17 by inhibiting STAT3
phosphorylation; however, no significant effect was found
toward the phosphorylation of ERK1/2 (Fig. 3a and Fig.
6a—c). Moreover, we have observed that PPL alone had
reduced the phosphorylation of STAT3 in HaCaT cells,
which was observed at 96h (Fig. S9b, c). We further
examined consistent findings in vivo, where K17 expres-
sion and the phosphorylation of STAT3 were inhibited
significantly in either route of PPL treatment (Fig. 3b and
Fig. S6d—f). Thereafter, immunofluorescence (IF) analysis
was performed in HaCaT cells (Fig. 3c) and tissues (Fig.
3d and Fig. S6g, h), where with EGF and IMQ treatment
the STAT3 and K17 positivity has been increased as
compared to control, whereas with PPL treatment a sig-
nificant decrease in the immunopositivity of STAT3 and
K17 was observed. This provides an evidence that PPL
effectively suppress the STAT3 signaling, thereby inhi-
biting K17.

PPL inhibits pro-inflammatory cytokine and chemokine
levels in IMQ-induced psoriasis

The pro-inflammatory cytokines and chemokines gets
activated aberrantly, thereby involved in the recruitment
of inflammatory cells to keratinocytes, which leads to skin
inflammation. To test the effect of PPL on the levels of
these cytokines and chemokines, initially, we determined
the effect of PPL on the viability of RAW 264.7 cells,
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Fig. 2 PPL inhibits keratinocytes hyperproliferation by induction of apoptosis. HaCaT cells were pretreated with PPL at the indicated
concentrations; after 2 h, EGF (50 ng/ml) was stimulated for 48 h and assessed for a morphological changes induced by PPL under phase contrast
microscope. b AO/EB dual staining and ¢ DAPI staining were performed to visualize the apoptotic and nuclear changes by using fluorescent
microscope at X200 magnifications. Flow cytometric analysis was performed to determine the d distribution of Pl labeling in different phases. The
peaks in the histograms correspond to Sub G1, GO/G1, S, and G2/M phases of the cell cycle. e JC-1 staining was performed to analyze the loss of
mitochondrial membrane potential (AWm) by PPL. P1 represents the formation of J-aggregates in healthy mitochondria, whereas P2 represents the
loss of AWm in cells due to the presence of J-monomers. f Apoptosis in cells was measured by staining with Alexa Flour 488 Annexin V and PI. The
percentage of cells positive for Annexin V-Alexa Flour 488 and/or Pl in the quadrants were quantified. Cells in the upper left quadrant (Q1-UL; AV—/PI
+): necrotic cells; lower left quadrant (Q2-LL; AV—/PI—): live cells; lower right quadrant (Q3-LR; AV+/Pl—): early apoptotic cells and upper right
quadrant (Q4-UR; AV+/Pl+): late apoptotic cells. g Increase in the TUNEL positivity as an indicative of apoptotic DNA fragmentation with PPL was
measured by TUNEL staining after 48 h incubation and images were captured at x400 magnification. h For checking the phosphorylation of Akt
signaling, HaCaT cells were pretreated with PPL for 12 h and stimulated the cells with EGF (50 ng/ml) for 30 min, whereas mTOR, Ki67, PCNA, Cyclin
D1, and Bcl-2 expression was determined by pretreating the cells with PPL for 2 h and stimulated the cells for 12 h with EGF. Later, whole-cell extract
was subjected to western blotting. PPL counteracts EGF-induced proliferation and apoptosis marker protein expression in HaCaT cells. 3-Actin or
respective totals were used as an endogenous loading controls.

\

where pretreatment was given with PPL at twofold serial
dilutions, after 2h cells were stimulated with lipopoly-
saccharide (LPS). It was found that PPL has not shown
discernible toxicity up to 5puM concentrations at 24 h
(Fig. 4a), while an increase in the cell death was observed
from 3.7 uM concentrations at 48 h time point (Fig. 4b).
Moreover, we have tested the effect of PPL alone without
LPS stimulation up to 96 h, where PPL was found to be
minimally toxic up to 5 uM and a significant reduction in
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the cell viability was observed from 6.25 uM concentra-
tion (Fig. S10a). Hence, 1, 2.5, and 5 M concentrations of
PPL were pretreated for 2h, followed by induction of
inflammation with LPS (1 pg/ml) and incubated further
for 24h. It was observed that LPS induced pro-
inflammatory cytokines/chemokines, including IFN-y,
IL-1B, IL-2, IL-3, IL-6, IL-7, IL-12 p40, IL-13, IL-17, TNEF-
a, monocyte chemoattractant protein-1 (MCP-1), and
macrophage inflammatory protein (MIP)-la and -1,
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Fig. 3 PPL suppresses keratin 17 (K17) by inhibiting STAT3 phosphorylation. a HaCaT cells were pretreated with PPL for 12 h and stimulated
with EGF (50 ng/ml) for 1 h. The protein was isolated and the samples were subjected to western blot analysis to determine the expression of p-
STAT3, p-ERK 1/2, and K17 in a HaCaT cells and b skin tissue lysates. ¢ Immunofluorescence was performed to analyze the expression of STAT3 and
K17 in keratinocytes. d IF analysis shows attenuation of STAT3 and K17 expression in skin tissue sections with PPL treatment. Here PL = PPL 10 mg/kg
and PH = PPL 30 mg/kg topically, PSC=PPL 1 mg/kg subcutaneously, and TAC = Tacrolimus 20 mg/kg topically.
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whereas reduced levels of anti-inflammatory cytokine IL-
10 was observed. PPL treatment significantly inhibited
these cytokines but no significant effect was found toward
IL-10, TNF-q, and chemokines MIP-1a along with MIP-
1B (Fig. 4c—p). Topical IMQ prominently induced the
levels of pro-inflammatory cytokines, including IL-1p, IL-
6, TNF-a, IL-17, IL-22, and transforming growth factor
(TGF)-B, while PPL significantly suppressed these levels
(Fig. 4q—v). Therefore PPL has shown profound anti-
inflammatory effects through the abrogation of cytokine
and chemokine network.

PPL abrogates the inflammation regulated protein
expression and epigenetically regulates histone-modifying
enzymes in macrophages upon LPS exposure
Macrophages are crucial in mediating the psoriatic
inflammation and MCP-1 has strong macrophage-
recruiting properties®’. Wang et al. have reported that
depleting macrophages results in reduced inflammation
and significant improvement in psoriasis-associated
symptoms?’z. From the previous reports, it was also
found that macrophages were activated aberrantly with
IMQ topical application®®. On the other hand, p65 is a key
transcription factor that orchestrates inflammation by
expressing a large number of pro-inflammatory genes>*
In the line with these evidences, and to investigate this
mechanism, we treated RAW 264.7 cells with LPS, which
elicited a marked IxBa phosphorylation mediated by IxB
kinase (IKK a/p complex), and this led to an increase in
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the p65 phosphorylation, which further activated the
expression of COX-2. PPL treatment resulted in inhibi-
tion of IKK a/p and IkB phosphorylation with a strong
reduction in the phosphorylation of p65. p65 and STAT3
cooperatively recruit intercellular adhesion molecule
(ICAM)-1%, which play an important role in inflamma-
tory cell migration in psoriasis; moreover, PPL reduced
LPS-induced ICAM-1 expression. In addition, PPL mod-
erately reduced the p-p65 expression even in the absence
of LPS, which was observed at 96 h (Fig. S10b, c). On the
other side, MAPKs including p-p38 and p-JNK were
found to be elevated upon LPS stimulation. It was found
that, with PPL intervention, p-p38 MAPK expression
remains unchanged with a significant decrease in JNK
phosphorylation (Fig. 5a and Fig. S7a—g) and these results
were consistent when observed in vivo (Fig. 5b and Fig.
S7h-n).

Previous studies demonstrated that epigenetic mod-
ifications by HDAC inhibition exhibits potent anti-
inflammatory activity by inhibiting cytokine synthesis
along with p65 and STAT3'®'**¢~*  This frame of
reference pondered our interest to explore the effects of
PPL in modulating epigenetics. Initially, to analyze the
effect of PPL on HDACs, we used a fluorometric HDAC
assay kit. Here trichostatin served as a standard to mea-
sure the activity. HDAC inhibitory activity of PPL was
tested on the HeLa cell lysate at four different con-
centrations (0.05, 0.1, 1, and 2.5uM) along with the
standard trichostatin (trichostatin A (TSA); 2.5 uM). The
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subcutaneously, and TAC = Tacrolimus 20 mg/kg topically.
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0.0001 are significantly different from the LPS/IMQ group. Here PL = PPL 10 mg/kg and PH = PPL 30 mg/kg topically, PSC = PPL 1 mg/kg

results showed that HDAC levels were reduced sig-
nificantly with 0.44 +0.06, 0.49 +0.13, 0.26 +0.03, and
0.24 + 0.01 pM, respectively, at 0.05, 0.1, 1, and 2.5puM
concentrations of PPL. These results were compared with
TSA, where HDAC levels were found to be 0.52 + 0.02 uM
(Fig. 5¢). Subsequently, it was observed that LPS regulated
the HDAC:s at the protein level such as HDACI, 2, 3, and
6. Moreover, PPL treatment effectively reduced HDAC
expression and the results were compared with TSA
observed in macrophages (Fig. 5d and Fig. S7o0—s). Similar
observations were found with IMQ induction, where
HDACI, 3, and 6 expression levels were found to be
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elevated significantly and an effective reduction was found
with PPL at the protein level (Fig. 5e and Fig. S7t—x).
These results demonstrate that PPL effectively inhibits
inflammatory NF-«B signaling and epigenetically mod-
ulates HDAC expression.

PPL inhibits IkBa-mediated p65 and HDAC3 nuclear
translocation

Under basal conditions, HDAC3 protein is associated
with IkBa in the cytoplasm. With inflammatory stimuli,
HDAC3 significantly translocates into the nucleus®.
Similarly, p65 also forms the complex with IkBa and
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Fig. 5 PPL inhibits the protein expression of the inflammatory signaling cascade and exhibits potent HDAC inhibitory activity in murine
macrophages and skin tissues. PPL potently inhibits LPS- and IMQ-induced IKK-mediated downstream signaling but no modulation in the MAP kinase
pathways. @ RAW 264.7 cells were pretreated with PPL for 12 h and stimulated with LPS for 30 min, and western blot analysis was performed with the
indicated antibodies. b Immunoblots of p65 and downstream signaling markers with PPL treatment observed in skin tissues. € HDAC inhibitory activity of PPL
was analyzed by HDAC fluorometric kit at 0.05, 0.1, 1, and 2.5 uM concentrations of PPL, and HDAC inhibitory activity was compared with trichostatin A (TSA)
at 2.5 uM concentrations. d RAW 264.7 cells were pretreated with PPL at the indicated concentrations for 2 h, and later cells were stimulated with LPS (1 pg/
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initiates gene transcription when translocated into the
nucleus''. The compounds which hampers the nuclear
translocation interferes with the inflammatory gene
transcription, which further reduces inflammation. To
investigate this mechanism, cells were stimulated with
LPS and the expression of HDAC3 and p65 were eval-
uated in the cytoplasm and nuclear extracts. Western
blotting results indicated that PPL treatment significantly
inhibited the nuclear translocation of both HDAC3 and
p65 concomitantly through the inhibition of IkBa phos-
phorylation (Fig. 6a and Fig. S8a—d). Subsequently, we
examined confocal analysis and potent inhibition of
HDAC3 and p65 expression has been observed with PPL
treatment upon LPS stimulation in macrophages (Fig. 6b).
In addition, we have examined the expression of p65 and
HDACS3 in skin tissue sections by IF analysis, which
revealed a dramatic reduction in the expression of both
proteins in topical and SC routes (Fig. 6¢ and Fig. S8, f).
These results suggest that one of the prominent effects of
PPL in reducing inflammation is through the effective
inhibition of nuclear translocation of p65 and HDAC3
and thereby inhibits inflammatory gene transcription.

PPL augments the p65:lkBa:HDAC3 complex formation in
the cytoplasm by enhancing protein—protein interaction
with IkBa

Protein—protein interactions play a key role in a variety
of diseases. Molecular docking could be a helpful tool to
develop the potential binding sites of drug candidates that
target the protein—protein interfaces*'. P65:IkBa:HDAC3
interact and remain as a complex mainly in the cytoplasm
of unstimulated cells. Upon stimulation by pro-
inflammatory cytokines, viral infections, or pathogens,
IkBa gets phosphorylated and degraded such that p65 and
HDAC3 remains free in the cytoplasm, which further
translocates into the nucleus. The association of this
interaction and complex formation in the cytoplasm is a
prerequisite in inhibiting various gene expression and is of
obvious clinical significance*®*?, In the line of these evi-
dences, we first demonstrated the protein—protein inter-
actions and binding of PPL by molecular modeling. The
results from Tables S1-S3 demonstrate the molecular
docking along with H-bonding as well as hydrophobic and
arene—arene interactions of PPL with p65/IxBa (Fig. 7b, c)
and HDAC3/IxBa protein complexes (Fig. 7e, f).

We next investigated the association of HDAC3 and p65
with IkBa experimentally by using co-immunoprecipitation
(Co-IP) in the cytoplasmic extract. We found that in the
basal conditions HDAC3 and p65 were found in the IP
product of IkBa antibody, while with LPS stimulation for
30 min potently disrupted the coexisting protein—protein
interaction of HDAC3 and p65 with IkB-a, which was
evident from the IP fraction of LPS stimulation. The
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association of HDAC3 and p65 with IkBa was investigated
with PPL treatment. It was indicated from the IP fraction
that PPL treatment potently abolished the LPS-induced
dissociation of p65 and HDAC3. By confirming the above
outcomes, it was observed that the amplitude of HDAC3
and p65 nuclear/cytosol oscillations in mediating inflam-
mation was reduced by PPL through the inhibition of IkBa
phosphorylation, which may have significance in attenuat-
ing inflammatory gene expression (Fig. 7a, d).

Discussion

The proliferation and differentiation of keratinocytes
are stimulated by various growth factors and cyto-
kines*>** with substantial acceleration in cell cycle time,
which shortens from 311 h in normal to 36 h in psoriatic
lesions*” and possess enhanced ability to resist apopto-
sis*®*”. EGF is one of the growth factors that stimulates
proliferation and differentiation by binding with the EGFR
and regulates cell growth and division in psoriasis®®**~>°,
Although traditional treatment interventions are effective,
lacunae in the therapies exist due to the adverse effects
and inconvenience, since psoriasis is a chronic disease
that warrants safe and effective therapies long term®"?,
The miracle properties of PPL such as potent anti-
proliferative and anti-inflammatory  characteristics
prompted us to explore the potential in psoriasis. Our
findings strongly demonstrate that PPL alleviates psoriasis
by abrogating hyperproliferation and inflammation in
keratinocytes and macrophages, respectively.

Initially, we determined the cell viability assay with EGF
stimulation in keratinocytes, where inhibition of cell via-
bility was observed from 3.75 uM at 48 h time point. We
next evaluated the cell viability without EGF and incu-
bated further for 96 h, where reduction in the cell viability
was observed from 6.25 uM. From a mechanistic point of
view, we sought to investigate the effect on apoptosis
signaling. Based on fluorescence staining, AO/EB, and
DAP], it was found that PPL prominently induced apop-
tosis with shrinkage of cytoplasm, nuclear fragmentation,
and nuclear pyknosis at 5 and 10 uM concentrations. The
significant late apoptosis and modest early apoptotic cell
death with negligible necrosis were evident from Annexin
V/propidium iodide (PI) assay in the treated groups.
Furthermore, a notable Sub-G1 phase cell cycle arrest was
observed as a result of DNA fragmentation in apoptosis,
which was further confirmed by TUNEL assay. Increased
expression of antioxidant regulator Nrf2 was found to
enhance cell proliferation in psoriasis®’, while another
study demonstrated the importance of hyperbaric oxygen
therapy, which elevates tissue ROS levels that is effective
in attenuating hyperproliferation®®. To test this hypoth-
esis, DCFDA and JC-1 analysis was performed, where PPL
intervention led to an increase in the ROS generation in
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Fig. 6 PPL potently inhibits the nuclear translocation of p65 and HDAC3 induced by LPS. a RAW 264.7 cells were grown in full medium and
then serum starved for 6 h with 0.1% FBS and treated with PPL at different concentrations indicated; after 12 h, cells were stimulated with LPS (1 pg/
ml) and further incubated for 30 min. p65 and HDAC3 expression was analyzed in both cytoplasmic and nuclear fractions, where 3-Actin and H3 were
the loading controls, respectively. b Immunocytochemical analysis was performed to determine the cellular distribution of p65 and HDAC3 in RAW
264.7 cells and stained with p65 antibody (red), HDAC3 antibody (green), and DAPI for nuclear staining (blue) following treatment of the cells with
LPS (1 pg/ml) and PPL (5 uM) 4 LPS (1 ug/ml). Images were captured at X630 magnification. c IF results showed that PPL downregulated the

expression of p65 (Red) and HDAC3 (Green) in the skin tissue sections. Here PL = PPL 10 mg/kg and PH = PPL 30 mg/kg topically, PSC = PPL 1 mg/kg

subcutaneously, and TAC = Tacrolimus 20 mg/kg topically.

EGF-stimulated cells through the dissipation of A¥m.
Interestingly, our in vivo results evidenced that PL, PH,
and PSC treatment groups exhibited reduced severity
index with decreased skin fold and ear thickness as
compared to the IMQ group and a strong reduction in the
splenomegaly was observed, which was induced by IMQ
through systemic effects. Consistent with in vitro results,
a sharp decrease in the epidermal hyperproliferation was
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observed along with reduced parakeratosis, which were
evident from H & E along with DAPI staining.

We next investigated the skin compliance of PPL on
normal skin, where PPL was applied topically and via SC
route as a daily regimen for 7 and 21 days and monitored
every day for the PPL-induced phenotypic changes. We
found no significant changes such as erythema, itchiness,
acute inflammatory responses, and body weight reduction.
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Fig. 7 PPL enhances IkBa-HDAC3-p65 complex. a Co-immunoprecipitation (Co-IP) was performed in the cytoplasmic extract from RAW 264.7 cells
to determine the association of IkBa-p65 in basal condition, upon LPS stimulation and with PPL treatment. IgG was used as a control for nonspecific
signal. b Site points (white spheres) and SiteMap surface (red and blue color contours) for Site-IV-binding site of p65/IkBa protein complex. ¢ Docking
model of PPL in binding site (Site-IV) of p65/IkBa protein complex and its ligand—protein interactions. The dark red dashed lines represent hydrogen
bonds. H-bond distances (in A) between hetero atoms of ligand and amino acid residues are as follows: Arg143 (1.77 and 3.26), Asn145 (2.59), and
Arg253 (3.00). The blue line indicates arene-arene interaction with His184 and Arg253. d Co-IP was performed in the cytoplasmic extract from RAW
264.7 cells to determine the association of IkBa-HDAC3 in basal condition, upon LPS stimulation and with PPL treatment. e Site points (white spheres)
and SiteMap surface (red and blue color contours) for Site-I-binding site of HDAC3/IkBa protein complex. f Docking model of PPL in binding site
(Site-l) of HDAC3/IkBa protein complex and its ligand—protein interactions. The dark red dashed lines represent hydrogen bonds. H-bond distances
(in A) between hetero atoms of ligand and amino acid residues are as follows: Cys167 (2.21), Val300 (2.14), and Arg301 (2.04 and 2.58).

The histopathological evaluation shows that PPL minimally
reduced the epidermal thickness at both time intervals, but
this change was found to be insignificant. Furthermore, we
have analyzed the effects of PPL on p-p65 and p-STAT3
expression at both time intervals from skin tissue samples.
However, in either route of administration PPL did not show
significant effect on the phosphorylation of both proteins. It
is clear from these data that PPL treatment has acceptable
skin compliance and did not show any type of inflammatory
response. Molecularly, PPL intervention dampened the
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expression of cell growth promoters and proliferation mar-
kers, including p-Akt at Ser473 and Thr308 sites, p70S6
kinase, mTOR, Ki-67, and Cyclin D1, and reduced the anti-
apoptotic BCL2 expression both in vitro and in vivo.

K17 expression expressed aberrantly in the suprabasal
keratinocytes, which is regarded as a hallmark of psoriasis
that is primarily induced by IL-17A through STAT3 and
ERK1/2, thus promoting the proliferation of keratinocytes
and T cells****?, Our findings indicate that EGF in ker-
atinocytes and IMQ in skin tissues effectively enhanced
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the phosphorylation of STAT3 and ERK1/2, thus acti-
vating the K17. PPL treatment effectively abrogated the
STATS3 and K17, while no significant change in the ERK1/
2 expression was observed.

The serum levels of cytokines, which includes TNF-q,
IFN-y, IL-2, IL-6, IL-8, IL-18, IL-22, and IL-23, are the
potential biomarkers for psoriasis®>, which are primarily
produced by Thl and Thl7 cells in coordination with
dermal dendritic cells, macrophages, mast cells, and
neutrophils®. The previous study by Xiao et al. has
reported the potential of PPL in alleviating inflammatory
cytokines induced by LPS in dendritic cells and reduction
of alloproliferation of T cells®’. Here we have studied the
effect of PPL on LPS-stimulated macrophages, which
induced the array of cytokines and chemokines where a
remarkable reduction in the level of pro inflammatory
cytokines and also a chemokine MCP-1 was observed,
while the levels of other chemokines such as MIP-1a and
MIP-1f remain unchanged.

Aberrant epigenetic regulation leads to inflammation in
psoriasis®®>. Previous studies have shown that HDAC1 is
upregulated in the biopsies of psoriatic lesions®®. HDACs
inhibition has been found to exhibit potent anti-
inflammatory effects by inhibiting macrophage activa-
tion in inflammatory disorders®>®'. From a mechanistic
point of view, increasing evidence has suggested that
HDAC3-deficient macrophages upon LPS stimulation
could not activate almost half of the inflammatory gene
expression®. For instance, it was reported that HDAC
inhibition by TSA treatment and vorinostat impedes the
conversion of regulatory T cells (Tregs) into IL-17"
Tregs'>°®. This led us to hypothesize the effect of PPL on
modulating HDAC expression. Interestingly, PPL inter-
vention strikingly inhibited the HDAC enzyme activity
and reduced the HDAC expression in macrophages and
skin tissues and further attenuated the p65 signaling
cascade including ICAM-1 expression.

In resting cells, approximately 100,000 p65 dimers are
bound to IkBa along with HDAC3, which are sequestered
in the cytoplasm; with inflammatory stimulation, IkBa
gets degraded and HDAC3 and p65 are translocated to
the nucleus and are involved in inflammatory-regulated
gene expression'*** It has been found in this present
study that LPS stimulation profoundly induced the
nuclear translocation of these proteins, whereas PPL
treatment significantly hampered the relocation of these
proteins to the nucleus, which was evidenced in macro-
phages from immunoblotting and confocal analysis, and
consistent result has been found in the skin tissues where
reduced expression has been observed.

Our study next focused to delineate the mechanism of
PPL in mediating the interaction of p65 and HDAC3 to
IxBa in the cytoplasm, which was determined by using
Co-IP in the cytoplasmic extract and molecular docking.
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Co-IP results showed HDAC3 and p65 were strongly
bound to IkBa in basal conditions. Next, we confirmed
with the LPS stimulation, where we found reduced
binding with IxBa, which might be a consequence of IxkBa
degradation, that the further assessment with PPL pre-
treatment followed by LPS stimulation led to an increased
association of both p65 and HDAC3 proteins with IkBa.
These findings are also consistent with the docking stu-
dies, where PPL was found to well lodge at the interface of
the p65 NF-kB/IkBa complex (Fig. 8).

There is a high demand for antipsoriatic therapies with
long-term safety, good tolerability, ease of use, and high
efficacy with limited adverse effects. Both in vitro and
preclinical evidences demonstrated for the first time that
PPL exhibits potent anti-proliferative and anti-
inflammatory activities with negligible adverse effects,
making it a potentially translational promise to address
the clinically unmet needs of psoriasis. Further investi-
gations are needed to explore its clinical outcomes.

Materials and methods
Chemicals

Piperlongumine (PPL) was purchased from AK Scien-
tific California, USA. EGF recombinant human protein
was purchased from Thermo Fisher Scientific, USA.
MTT, AO, EB, DAPI, DCFDA, JC-1, LPS from Escher-
ichia coli, protease inhibitor cocktail, Poly-L-lysine solu-
tion, FragEL™ DNA Fragmentation Detection Kit, and
Fluorescent-TdT Enzyme Assay Kit were procured from
Sigma-Aldrich, USA. Protein A/G Magnetic Beads were
purchased from Invitrogen, USA. IMQ cream, 5% w/w
was purchased from Glenmark Pharmaceuticals India.
Nitrocellulose membrane, ECL reagent, and protein dual
marker were procured from Bio-Rad, USA. MILLIPLEX
MAP Kit was obtained from Millipore, Germany.
Enzyme-linked immunosorbent assay kits for IL-1f, IL-6,
IL-17A, IL-22, TNF-a, and TGF-p were procured from
Thermo Fisher Scientific, USA. All the chemicals used in
the present study were pure and of analytical grade.

Antibodies

p-Akt (Serd73) (#4060), p-Akt (Thr308) (#13038), Akt
(#4691), Cyclin D1 (#2978), p-p38 (Thr180/Tyr182)
(#4511), p-ERK1/2 (Thr202/Tyr204) (#4370), ERK1/2
(#9102), p38 (#8690), Bcl-2 (#3498), K17 (#4543), p-IKKa/
B (Serl76/180) (#2697), IKKP (#8943), p-IxBa (Ser32)
(#2859), p-p65 (Ser536) (#3033), p65 (#8242), p-p70S6K
(#9234), p70S6K (#9202), HDAC1 (#5356), HDAC2
(#5113), HDAC3 (#3949), HDAC4 (#7628), HDAC6
(#7558), H3 (#4499), p-SAPK/JNK (Thr183/Tyr185)
(#4668), and SAPK/JNK (#9252) antibodies were pur-
chased from Cell Signaling Technologies, USA. mTOR (#
sc-1549), ICAM-1 (#sc-8439), B-Actin (#sc-47778), COX-
2 (#sc-1745), PCNA (#sc-7907), Ki-67 (#sc-15402), p-
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STAT3 (#sc-8059), STAT3 (#sc-8019), anti-Goat (#Sc-
2354), anti-mouse (#Sc-2061), and anti-mouse (#Sc-2030)
IgG-horseradish peroxidase (HRP) antibodies were pro-
cured from Santa Cruz Biotechnology, USA.

Cell culture

The spontaneously immortalized human epidermal
keratinocytes (HaCaT) cell line was a kind gift sample
from Dr. Munia Ganguli, Institute of Genomics and
Integrative Biology, New Delhi, India. Mouse macro-
phages (RAW 264.7) were procured from National
Centre for Cell Science, Pune, India. Both the cell lines
were cultured in appropriate RPMI-1640 or Dulbecco’s
modified Eagle’s medium, respectively, supplemented
with 1% antibiotic and anti-mycotic solution (Sigma-
Aldrich, USA) and 10% fetal bovine serum (Invitrogen,
Gibco, USA). Cells were trypsinized (0.25% trypsin-
EDTA solution; Invitrogen, USA) and sub-cultured
when attained 70-80% confluence. Ten mM stock
solution of PPL was prepared in dimethyl sulfoxide and
further dilutions were made in the respective media.
Both the cell lines were authenticated by STR profiling
and tested for mycoplasma contamination.

Cell viability

For analyzing the effect of PPL on cell proliferation of
HaCaT and RAW 264.7 cells, MTT assay was performed
as described earlier with slight modifications®”.
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Fluorescence microscopic examination of apoptosis

PPL-induced morphological and apoptotic changes
were observed by AO/EB and DAPI staining. Briefly,
HaCaT cells were seeded in 12-well plate, and the next
day, cells were treated with PPL at the concentrations of
2.5, 5, and 10 uM. After 2 h, cells were stimulated with
EGF (50 ng/ml) and further incubated for 48h, then
stained with AO/EB (10 ug/ml each) mixture for 10 s and
washed twice with phosphate-buffered saline (PBS). For
DAPI staining, cells were fixed with 4% paraformaldehyde
and permeabilized with 0.1% Triton X-100, then cells
were stained with DAPI (1 uM) in PBS, and the images
were captured at x200 magnification by fluorescent
microscope (Nikon Eclipse TiS, Japan)®®.

Determination of cell cycle analysis

HaCaT cells were cultured and treated with PPL for 2 h
and incubated with EGF for 48 h. Later, the cells were
collected by trypsinization and fixed in 70% ethanol and
stored at —20 °C. Later, cells were washed with PBS and
incubated with PI staining buffer (a mixture of PI, triton-
X-100, RNAse enzyme, and double distilled water) for
15 min and then subjected to flow cytometric analysis (BD
C6 Accuri flow cytometry, USA)®”.

JC-1 staining
A¥m loss leads to the ROS-dependent activation of
apoptosis, where JC-1 reversibly forms “] aggregates” with
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red fluorescence at high membrane potential, while dur-
ing AWYm loss it forms green fluorescence due to “J
monomers.” To perform the assay, HaCaT cells were
seeded in 12-well plates and cells were treated PPL and
stimulated with EGF, respectively. After 48 h of incuba-
tion, cells were stained with JC-1 dye at 1 uM for 30 min
and subjected to flow cytometry®®,

Alexa Fluor 488 Annexin V/Dead Cell apoptosis assay

Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis kit
(Thermo Fisher Scientific, USA) was used to evaluate the
apoptosis induction, quantitatively. Here cells were see-
ded in 12-well plates and treated with PPL for 2h and
incubated with EGF for 24 h. Then cells were harvested
and suspended by 500 pl binding buffer and incubated
with 5 pl Alexa Fluor 488 and 1 pl PI for 15 min at room
temperature (RT) and the quantitative analysis was per-
formed by flow cytometry®’.

TUNEL assay

Apoptotic cells were visualized by using the TUNEL assay
kit. Cells were cultured on confocal chamber slides and then
fixed with 4% paraformaldehyde in PBS. Then cells were
treated with proteinase K (20 mg/ml in PBS) for 15 min at
RT. The samples were washed with PBS again and pro-
cessed using a FragEL™ DNA Fragmentation Detection Kit,
Fluorescent-TdT Enzyme (Calbiochem) according to the
manufacturer’s instructions. The samples were then
counter-stained with DAPI. TUNEL positivity in cells was
captured by a confocal microscope at x400 magnification.

Multiplex analysis

RAW 264.7 cells were pretreated with PPL for 2 h and
later cells were stimulated with LPS (1 pg/ml) for 24 h.
Later, protein was isolated with RIPA lysis buffer, and
inflammatory cytokines and chemokines such as IEN-y,
IL-1B8, IL-2, IL-3, IL-6, IL-10, IL-17A, TNF-a, MCP-1,
MIP, MIP-1a and -1f levels were measured by Luminex
assay based on xMAP technology (MAGPIX, Millipore,
Germany). This assay was conducted with a customized
highly sensitive MILLIPLEX MAP kit (Millipore, Ger-
many) according to the manufacturer’s protocol.

Animal study and ethical statement

The animal study was performed in 6-8 week-old male
BALB/c mice (weight 25-30 g). Mice were procured from
Palamuru eBiosciences Pvt. Ltd, Mahabubnagar, India.
Animals were housed and acclimatized at least 1 week. All
procedures of the study were approved by the Institutional
Animal Ethics Committee (Approval No: NIP/7/2017/RT/
237), NIPER-Hyderabad, India. All the experiments were
conducted in accordance with the Committee for the
Purpose of Control and Supervision of Experiments on
Animals (CPCSEA) guidelines, Government of India.
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IMQ-induced psoriasis-like skin inflammation model and
protective effect of PPL

Psoriasis like skin inflammation was developed in
BALB/c mice at a daily dose of 3.125mg of the active
compound in 62.5 mg lotion/day per 5 cm? area on to the
shaven dorsal region of the skin and the left ear for 6
consecutive days. The mice were randomized into six
different groups with n=>5 per group. Normal control
(NC) group, IMQ control, PL, and PH group animals were
applied topical PPL treatment once daily (PL-10 and PH-
30 mg/kg); PSC group received PPL 1mg/kg sub-
cutaneously as daily injection. Here the TAC group served
as standard, where 50 mg gel that contains 20 mg/kg TAC
was applied topically. Carbopol gel was prepared by
neutralizing the gel to pH 6 by drop-wise addition of
triethanolamine and the gel was allowed to swell com-
pletely followed by the addition of PPL to accurately
weighed amount of different percentages of gel. The gels
were evaluated for rheological behavior and spreadability
using modular compact rheometer (Anton-Paar, USA).
For PPL topical application, carbopol 0.75% was chosen as
the matrix for adequate viscosity and ease in application.
PPL 10 and 30 mg/kg were mixed in the gel and applied
from day 3 and continued till day 6, post 4h IMQ
application. The psoriasis area severity index (PASI) for
erythema, scaling, and thickening was graded indepen-
dently from 0 to 4 as follows: 0, none; 1, slight; 2, mod-
erate; 3, marked; 4, very marked. Every alternate day, skin
fold and ear fold thickness were measured by Vernier
calipers (M & W Precision Tools, India).

Spleen to body weight index

Animal body weights from all groups were recorded till
the termination of the study and the spleen from each
mouse was isolated and a photograph was taken before
weighing. The spleen weights were normalized with body
weights to obtain organ index (Spleen weight/Body
weight) and results are expressed in mg/g.

Enzyme-linked immune sorbent assay

Skin tissues were homogenized in ice-cold lysis buffer
and protein was isolated as per the protocol described
previously to determine the various inflammatory cyto-
kines, such as IL-1B, IL-6, IL-17A, IL-22, TGF-B, and
TNEF-a (Thermo Fisher Scientific, USA). The assay was
performed as per the manufacturer’s guidelines. The
cytokine levels were normalized by the Bradford protein
assay. Results are expressed as pg/mg protein’’.

HDAC fluorometric assay

HDAC inhibitory activity of PPL was measured by the
Histone Deacetylase Assay Kit, Fluorometric (Sigma-
Aldrich, USA), which was based on a two-step enzymatic
reaction. Here various concentrations of PPL (0.05, 0.1, 1,
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and 2.5 uM) were incubated with the HeLa cell lysate and
substrate having acetylated lysine residues and bound
fluorescent groups, which were provided along with kit.
After 30 min incubation, developer solution was added to
the above components and further incubated for 10 min.
Later, the fluorescence was measured with the multimode
plate reader (Spectramax M4, Molecular Devices, USA).
The HDAC inhibitor TSA was used as a standard to
compare the HDAC inhibitory activity of PPL from the
standard curve plotted from the non-acetylated substrate
(standard), which was provided in the kit.

Histopathological studies

Mouse skin tissues were preserved in 10% formalin
and stored at RT until tissue sectioning. Then tissues
were dehydrated by incubating with gradient alcohols
and xylene. Five-micron skin sections were sliced by
microtome (Leica, Germany). Then skin tissue sections
were collected on poly-L-lysine (Sigma-Aldrich, USA)
coated slides. H & E (Sigma-Aldrich, USA) staining was
used to differentiate the nucleus and cytoplasm. This
staining was performed to evaluate the epidermal
hyperplasia and skin inflammation. After the staining,
the images were captured by a bright-field microscope at
x200 or x400 magnifications. In support of H & E
staining, the keratinocyte hyperproliferation was deter-
mined by DAPI nuclear staining, and the images were
captured by a confocal microscopy at x400 magnifica-
tion. The epidermal thickness was measured based on
the picture of the H & E images by the NIKON NIS
Elements software.

IF analysis

HaCaT and RAW 264.7 cells were seeded in cell
imaging chamber slides (Eppendorf, Germany) and
treated with PPL in the presence of EGF or LPS,
respectively. Later, cells were fixed with paraformalde-
hyde and permeabilized with Triton X-100. Then cells
were blocked for 1h and probed with relevant STATS3,
K17, p65, and HDAC3 antibodies at 1:200 dilutions,
whereas for skin tissue samples, 5 pm size sections were
de-waxed for 20 min at 65°C and treated with xylene
and rehydrated in a graded series of ethanol. The skin
sections were subjected to proteinase-K for antigen
retrieval. Later, sections were blocked with 3% bovine
serum albumin (BSA) for 1 h at RT, immunostained with
primary antibodies STAT3, K17, p65, and HDAC3
(1:100 dilutions) overnight at 4°C, and probed with
fluorescence-conjugated fluorescein isothiocyanate or
rhodamine secondary antibodies followed by washing
and mounting with Fluoroshield™ with DAPI histology
mounting medium (Sigma-Aldrich, USA). Images were
captured using Leica TCS SP8 Laser Scanning Spectral
Confocal Microscope.
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Western blot analysis

The whole-cell lysate and nuclear and cytoplasmic
extracts from cells and skin tissues were extracted with
RIPA buffer with protease and phosphatase inhibitors.
The protein levels were quantified and normalized by the
bicinchonic acid kit (Sigma-Aldrich, USA). Cells and skin
tissues were homogenized in cell lysis buffer. The protein
samples were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The
proteins were transferred from gel to nitrocellulose
membrane by wet transfer apparatus (Bio-Rad, USA).
After blocking (3% BSA), the membrane was probed with
primary and secondary antibodies. The protein expression
was determined by ECL and blots were captured by
Chemdoc system (Vilber Fx, France). All the protein levels
were normalized by respective totals, f-Actin, or H3 and
quantified by the Image], NIH, USA software as per the
detailed procedure given in our previous work''.

Cytoplasmic Co-IP

Cytoplasmic extracts were prepared and the primary
antibody IxBa or control rabbit preimmune IgG were cou-
pled with Dynabeads Protein G beads (Invitrogen, Carlsbad,
CA) and incubated overnight at 4 °C. The antibody—antigen
immunocomplex was collected through magnetic separation
and washed with PBS for three times. Immunocomplexes
were released by boiling in 2x SDS sample buffer. Proteins
were resolved on 10% SDS gel and blocked with 3% BSA and
the membrane was incubated with the primary antibodies
p65 and HDACS3 overnight, followed by incubation with an
HRP-conjugated secondary antibody for 1 h. The signal was
visualized by Chemdoc system”".

Skin compliance and safety evaluation of PPL alone on
topical and subcutaneous route of administration

Male BALB/c mice were randomized and divided into
normal control (NC only gel), PPL topically (PL = 30 mg/
kg in gel), and PPL subcutaneous in saline (PSC = 1 mg/
kg) with n =3 per group. Mice from all the groups were
dehaired on the dorsal region with a topical depilatory,
after 2 days PPL 30 mg/kg (equivalent to the highest dose
tested on IMQ-applied skin) was incorporated in the
carbopol gel and applied topically every day on to the
shaved back of the skin, while PPL 1 mg/kg was injected
daily in subcutaneous route for 7 and 21 days. Mice were
monitored daily for the signs and symptoms such as
erythema, papules, or any type of phenotypic changes in
the skin including the body weight reduction. Animals
were sacrificed on days 7 and 21 and analyzed further for
histopathological studies and immunoblotting.

Molecular docking
Molecular modeling was performed using bioinformatic
tools to find molecular interactions of PPL on p65-IkBa-
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HDAC3 complex. Detailed procedure is described in
Supplementary Data.

Statistical analysis

The results are expressed as mean + standard deviation
(SD) and # refers to the number of sample replicates. One-
way analysis of variance was applied along with Bonferroni
post hoc test for statistical analysis. Prism software (version
6.01; GraphPad, USA) was used to analyze the data and P <
0.05 was considered to be statistically significant.
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