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ABSTRACT

Given that the skin is the largest tissue in the human body, performing external barrier functions
with innate and adaptive immunity and undergoing substantial changes during aging, it is under
investigation as a major target of various bioactive molecules. In the present study, we examined
the biological activity of the senolytic piperlongumine by analyzing alterations in mRNA expression
of notable skin genes using transformed aneuploid immortal epidermal keratinocytes, HaCaT cells.
We observed that piperlongumine increased the mRNA expression of genes playing critical roles in
skin barrier function. In addition, piperlongumine increased expression enzymes involved in the
synthesis of ceramide, a major component of intercellular lipids. Furthermore, we measured the
protein levels of various cytokines secreted by epidermal keratinocytes and found changes in
the release of GRO-afy, CCL5, and MCP1. Additionally, we observed that piperlongumine
treatment modulated the expression of keratinocyte-specific aging markers and influenced
telomerase activity. Based on these findings, piperlongumine could regulate the physiological
activity of epidermal keratinocytes to induce beneficial effects in human skin by regulating
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important skin-related genes.

Introduction

Aging causes diverse changes at the cellular level, result-
ing in physiological and psychological damage to organ-
isms (Lopez-Otin et al. 2013; Dziechciaz and Filip 2014;
Ma et al. 2023). Aging can be attributed to DNA
damage from environmental and metabolic factors, an
increase in mutations due to incomplete DNA replica-
tion, and telomere attrition. In aging individuals, senes-
cent cells produce a variety of secretory factors that
trigger changes in surrounding normal cells, which are
referred to as senescence-associated secretory pheno-
types (Coppé et al. 2010). Recently accumulated data
has revealed that senescent cells can be eliminated
from an individual to trigger favorable physiological
changes; these substances are called senolytic agents
(Robbins et al. 2021; Chaib et al. 2022; Kim et al. 2022).

The efficacy of senolytic agents has been investigated
by targeting various tissues, and clinical trials assessing
these candidates are ongoing (Wissler Gerdes et al.
2020). For example, dasatinib and quercetin, which

were the first to enter human trials, were shown to elim-
inate senescent cells from the adipose tissue of patients
with diabetic kidney disease, thereby contributing to
improvements in patient health (Wissler Gerdes et al.
2021). The skin is also a typical target tissue for senolytic
activity and has been used as a model by several
researchers owing to its capacity for rapid phenotypic
changes with aging. The skin is a continuously dividing
and differentiating regenerative tissue that forms the
outermost barrier of the human body and performs
various immunological regulatory functions. With
aging, the skin exhibits graying, hyperpigmentation,
wrinkles, and loss of elasticity. Certain dermatological
diseases, such as psoriasis, have also been associated
with aging (Blume-Peytavi et al. 2016; Iskandar et al.
2021).

Accordingly, the efficacy of senolytic agents in the
skin has been examined. ABT-737, a small molecule tar-
geting BCL-W and BCL-XL, was shown to improve kerati-
nocyte function and proliferation of hair-follicle stem
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cells by targeting senescent keratinocytes and melano-
cytes (Yosef et al. 2016; Victorelli et al. 2019). Fisetin, a
flavonoid found in large amounts in vegetables of the
pomegranate family, reportedly possesses a variety of
bioactivities, including senolytic, antioxidant, and anti-
inflammatory activities. In a study by Wu et al., fisetin
was shown to effectively protect against ultraviolet
(UV) B-induced skin damage by regulating the NRF2
(Nuclear factor erythroid 2-related factor 2) pathway
(Wu et al. 2017). The efficacy of quercetin, currently
under active clinical investigation, has also been
demonstrated in the skin. Treatment with quercetin
could ameliorate radiation therapy-induced radiation
ulcers in humans or radiation-induced senescence in
animal models by eliminating senescent cells (Wang
et al. 2020).

Piperlongumine is a senolytic amide alkaloid found
in pepper plants. As a potential anticancer agent,
piperlongumine was found to induce selective cell
death by increasing the generation of reactive
oxygen species (ROS) (Adams et al. 2012). Piperlongu-
mine can target intracellular proteins, such as phos-
phatidylinositol-3-kinase, Akt (Protein kinase B), and
mammalian target of rapamycin, and induce anti-
angiogenic and anti-invasive effects in addition to
cell cycle arrest. Notably, the anticancer activity of
piperlongumine has recently been demonstrated in
triple-negative breast cancer cells and non-small cell
lung cancer (Ghassemi-Rad et al. 2020; Lu et al.
2021). Moreover, piperlongumine was shown to modu-
late various factors involved in the immune response.
Piperlongumine can reportedly alter the expression
of various cytokines in human umbilical vein endo-
thelial cells, including monocyte chemoattractant
protein-1 (MCP-1) and interleukin (IL)-8 (Henrique
et al. 2020), inhibit human polarization of primary
human naive CD4* T cells into TH17 subsets, and
promote regulatory T cell differentiation (Liang et al.
2020). However, the mechanisms by which piperlongu-
mine acts in the physiological regulation of skin cells
are still poorly understood, with recent few reports
including its toxicity to melanocytes (Song et al.
2018) and its anti-inflammatory role in psoriasis (Thati-
konda et al. 2020).

Taken together, senolytic substances may contribute
to improvements in key skin functions with aging, with
proof-of-concept evidence accumulated in recent
studies. However, the physiological activity of piperlon-
gumine in the skin has not been validated with respect
to skin barrier functions and aging. Accordingly, in the
present study, we aimed to provide preliminary evi-
dence regarding the potential senolytic activity of piper-
longumine in the skin. The findings of the present study
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may facilitate the use of piperlongumine in treatment
development for various aging skin diseases in the
future and may aid in developing functional materials
to activate skin function.

Materials and methods
Cell culture

Transformed immortal epidermal keratinocyte HaCaT
cells were cultivated in a CO, incubator (BB15, Thermo
Fisher Scientific, Waltham, MA, USA) with 5% CO, at
37°C under humidified conditions. In addition, HaCaT
cells were cultivated in a multigas chamber (JP/SMA-
30D, Astec, Fukuoka, Japan) with 5% CO, and 2% O,
adjusted by nitrogen injection. The cells were main-
tained in Dulbecco’'s Modified Eagle Medium sup-
plemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. The sample size for each exper-
imental group was at least three for viability and gene
expression assays and two for cytokine arrays. Cells
were seeded at a 50% of visual confluency per well in
polystyrene dishes for maintenance and analysis.
Primary normal human epidermal keratinocytes from
single juvenile donor were purchased from PromoCell
(Cat#: C-12001, Heidelberg, Germany) and cultured in
accordance with the manufacturer’s instructions using
Keratinocyte Growth Medium 2 (Cat#: C-20011, Promo-
Cell, Heidelberg, Germany).

Piperlongumine (Cat#: A4455, APExBIO, Houston, TX,
USA) stock solution was prepared by adding 1.58 mL
of dimethyl sulfoxide (DMSO) to 10 mg of piperlongu-
mine to obtain a 20 mM stock, followed by dilution
using culture medium to achieve indicated concen-
trations. Cell viability was automatically assessed using
the Cellloger Mini Plus device (Curiosis, Seoul, Korea)
for 48 h. Visual confluency at each time point was deter-
mined using the Celloger Mini Plus Analysis App (Curio-
sis, Seoul, Korea) without any manipulation from
external input, according to the manufacturer’s
instructions.

Quantitative real-time PCR

HaCaT cells were seeded on culture plates with ~70% of
visual confluency and incubated with 1 uM piperlongu-
mine for 48 h. Following the incubation period, the cells
were washed with 1x phosphate-buffered saline and
RNA was purified using TRIzol Reagent (Invitrogen,
Waltham, MA, USA). Three distinct cDNA synthesis reac-
tions were conducted using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific) from the
extracted RNA. All procedures were performed
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according to the manufacturer’s instructions. Real-time
PCR was performed on a Rotor-Gene Q machine
(Qiagen, Hilden, Germany) using the amfiSure qGreen
Q-PCR Master Mix (Gendepot, Katy, TX, USA). Real-time
PCR was performed using the following protocol: 40
cycles of 10 s at 95°C, 30 s at 55°C, and 30 s at 72°C.
The primer sequences used are listed below. All reac-
tions were performed independently in triplicate.

No Primers Sequence

1 CERS2-F TTTGCCTTTGACTCCCTGAC

2 CERS2-R GCCCACAGATGGGACAATAA
3 CERS3_F GGAGGAGGTGGTGAAACAGG
4 CERS3_R TCCAACCAGCTTCGTTCTCC

5 FLG-F GGACTCTGAGAGGCGATCTG
6 FLG-R TGCTCCCGAGAAGATCCAT

7 IVL-F GGCCCTCAGATCGTCTCATA

8 IVL-R CCTAGCGGACCCGAAATAA

9 SPTLC1-F TTGTCCTCTTCCAGAATTGGTT
10 SPTLC1-R GCTCTCCTAGGACTCCAAATGA
1 SPTLC2-F CCTCTTTCAGCAGATCACATCA
12 SPTLC2-R GGGCTTTTGACATCTCCTAGC
13 SPTLC3-F GTTTTGGAGCTTCAGGAGGTT
14 SPTLC3-R CCCGTAAATAATCCACGAGGT
15 H2AJ-F AAAGTGACCATCGCTCAGGG
16 H2AJ-R TTCAAAAGCATTGCGGGACG
17 ITGA6-F AGTTGGTGGAGAGACTGAGC
18 ITGA6-R CTGTATAGGAAACGCTGGTCA

Human cytokine antibody array

After incubation with piperlongumine at indicated con-
centrations for 48 h, the culture media were centrifuged,
and the supernatant was collected to analyze secreted
cytokines and chemokines using a RayBio C-Series
Human Cytokine Antibody Array C3 Kit (RayBiotech,
Peachtree Corners, GA, USA). The array is designed to
perform duplicates to detect the same antigen. Quanti-
tative analysis was performed using Image) software
with Protein Array Analysis (plugin by Gilles Carpentier).
GraphPad Prism software version 9.5 (GraphPad Soft-
ware, Inc., La Jolla, CA, USA) was used to prepare graphi-
cal representations and for statistical analysis, which was
performed using one-way analysis of variance (ANOVA).

Droplet digital TRAP (telomerase repeated
amplification protocol)

ddTRAP was performed as described previously (Ludlow
et al. 2018). Briefly, cells were lysed with NP40 lysis buffer
(10 mM Tris-HCl, pH 8.0; T mM MgCl2; 1T mM EDTA; 1%
(vol/vol) NP-40; 0.25 mM sodium deoxycholate; 10% gly-
cerol; 150 mM NaCl; 5 mM - mercaptoethanol; 0.1 mM
AEBSF) and incubated on ice for 1 hour. The extension
reaction was performed by incubating the lysates with
TS primer (5-AAT CCG TCG AGC AGA GTT-3') for 40

minutes at 25°C, and the ddPCR mix was prepared and
combined with the extension product. Droplets up to
20,000 were generated with EvaGreen oil, transferred
to a sealed PCR plate and heated. PCR was then per-
formed under specific conditions (40 cycles at 95°C-30
s, 54°C-30 s, 72°C-30 s). Droplets were evaluated using
a QX200 droplet reader.

Results

We first aimed to determine the survival of human
keratinocytes in response to piperlongumine treat-
ment. Accordingly, we treated HaCaT cells with piper-
longumine and enumerated the number of cells
based on microscopic confluency every 3 h for 42 h
(Figure 1A). By employing live cell imaging techniques,
we were able to capture and analyze cell images at
multiple timepoints, thereby tracking the dynamic
changes in viability. This enabled us to monitor in
real-time how the cells responded to external stimuli
over the course of the experiment. Piperlongumine
exerted relatively low cytotoxicity; however, in the
5-50 uM range, piperlongumine interfered with
normal cell division, maintaining the initial cell
number even 40 h after piperlongumine treatment.
Although treatment with 0.5 uM piperlongumine did
not significantly alter cell growth when compared
with that of control, treatment with 1 uM increased
the cell number by two-fold. Moreover, we examined
the effect of piperlongumine treatment on the viability
and growth of human primary normal keratinocytes
(Figure 1B). While the application of 1 uM piperlongu-
mine did not induce enhanced cell proliferation, con-
sistent with observations in HaCaT cells, it exhibited
no discernible impact on cell viability. Based on these
results, 1 UM was selected as the reference concen-
tration for further investigation into the regulatory
role of piperlongumine in keratinocytes.

One of the primary functions of keratinocytes is to
establish and maintain the skin barrier through ceramide
synthesis (Mizutani et al. 2009). Ceramides synthesized
and secreted from keratinocytes play a vital role in skin
barrier function. Ceramides are the major components
of the stratum corneum, the outermost layer of the
skin, and form a protective layer that helps retain the
natural moisture of the skin, prevents water loss, and
provides a barrier against environmental damage and
pathogens (Coderch et al. 2003). Ceramides are also
involved in regulating skin cell growth and differen-
tiation and are essential for the proper functioning of
the epidermis (Li et al. 2020). A disrupted skin barrier
associated with decreased ceramide levels can lead to
several skin conditions, such as atopic dermatitis,
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Figure 1. The effect of piperlongumine on cell viability. (A) HaCaT cells and (B) primary human keratinocytes were incubated at up to
25% visual confluency and incubated with piperlongumine at indicated concentrations. Cell growth on 4 or more separate wells was
determined by analyzing the confluence of images taken every 3 hours. GraphPad Prism was used to prepare the graph, and statistical
significance was determined using one-way ANOVA. ns; non-significant, ***; p < 0.005, ****; p < 0.001

psoriasis, and ichthyosis (Cho et al. 2004; Eckl et al. 2013;
Noh et al. 2018; Fujii 2021). Thus we next analyzed the
effect of piperlongumine on the expression of skin-
related genes, CERS2 and CERS3, which participate in
regulating skin ceramide synthesis (Figure 2A). Treat-
ment of HaCaT cells with piperlongumine for 48 h
increased the expression of CERS2, but did not impact
CERS3 expression. Notably, piperlongumine treatment
did not affect gene expression at normoxic oxygen

concentrations (21%), but significantly altered the
expression at physiological oxygen concentrations
(2%). Since the oxygen concentration in human skin
tissue remains below 2% (Lee et al. 2021), which is far
from atmospheric oxygen concentration of 21%, these
results support that piperlongumine may produce phys-
iological changes when applied to human skin. Further-
more, we applied the same concentration of
piperlongumine to human primary keratinocytes under
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Figure 2. Treatment with piperlongumine increases the expression of ceramide synthesis-associated genes. (A) HaCaT cells were cul-
tured with 1 uM piperlongumine at the indicated oxygen concentration (21% for normoxia and 2% for physioxia). After incubation for
48 h, real-time PCR was performed to determine the mRNA expression of ceramide synthesis-associated genes. (B) Human normal
primary keratinocytes were cultured with 1 pM piperlongumine at a 2% oxygen concentration. After incubation for 48 h, real-time
PCR was performed to determine the mRNA expression of ceramide synthesis-associated genes. ACTB was used as a normalization
control. GraphPad Prism was used to prepare the graphs, and statistical significance was determined using one-way ANOVA. ns;
non-significant, *; p < 0.05, ***; p < 0.005, ****; p < 0.001. CERS2; ceramide synthase 2, CERS3; ceramide synthase 3, SPTLCT; serine
palmitoyltransferase long chain base subunit 1, SPTLC2; serine palmitoyltransferase long chain base subunit 2, SPTLC3; serine palmi-
toyltransferase long chain base subunit 3.

physioxia to assess its impact on gene expression (Figure Ceramide synthase 2 (encoded by the CERS2 gene)
2B). This revealed a three-fold increase in mRNA and ceramide synthase 3 (CERS3) are enzymes respon-
expression of CERS2, accompanied by a decrease in sible for ceramide synthesis (Levy and Futerman 2010).
CERS3 expression following piperlongumine treatment. Ceramide synthases 2 and 3 are responsible for



synthesizing ceramides with different carbon chain
lengths, which play an important role in forming a
lipid barrier that protects the skin from external
factors. Downregulation of CERS2 reportedly disrupts
ceramide synthesis, and improper ceramide synthase
expression has been strongly associated with aging
and metabolic diseases (Spassieva Stefka et al. 2009;
Raichur 2020). Based on our findings, topical application
of piperlongumine could increase the mRNA expression
of CERS2, a major gene regulating the skin barrier,
thereby improving skin function. The differential mRNA
expression of CERS2 and CERS3 in human primary kerati-
nocytes can provide insight into the complex regulation
and roles of different ceramide synthases in cellular pro-
cesses in response to piperlongumine, particularly in the
skin.

Furthermore, piperlongumine treatment increased
the mRNA expression of STPLCT without altering the
expression of SPTCL2 and SPTLC3 in HaCaT cells.
SPTLCT was significantly increased under 48 h treatment
of piperlonumine in Figure 2A. Serine palmitoyl trans-
ferases (SPTLCs) are enzymes involved in the metab-
olism of sphingolipids (Boer et al. 2020), which are
essential components of the skin’s natural barrier.
SPTLCs participate in the production of ceramides,
which are necessary for maintaining the integrity of
the skin barrier and protecting it from environmental
stress (Jungersted et al. 2008). Additionally, SPTLCs are
produced in the endoplasmic reticulum and are involved
in the production of sphingosine-1-phosphate, an
important signaling molecule involved in cell prolifer-
ation, differentiation, migration, inflammation, and
wound healing. SPTLCs play an essential role in main-
taining the skin barrier and repairing processes associ-
ated with skin damage. Serine palmitoyl transferase 1
(SPTLC1) is pivotal in epidermal barrier formation in
the skin. SPTLC1 is responsible for catalyzing the con-
densation of a fatty acid and sphingoid base, sub-
sequently utilized to form ceramides, an essential
component of the skin barrier (Holleran et al. 1991).
SPTLC1 participates in the formation of other sphingoli-
pids, including sphingomyelin and sphingosine, crucial
for proper skin function (Hojjati et al. 2005; Herzinger
et al. 2007). We also treated primary keratinocytes with
piperlongumine under physioxia in Figure 2B, but
there was no statistically significant change. We postu-
lated that the disparate behavior observed in the treat-
ment of piperlongumine in primary keratinocytes
versus immortalized HaCaT cells may be attributed to
the more confined and differentiated fate of the
primary keratinocytes than HaCaT cells. Moreover,
some reports have indicated that the HaCaT cells
exhibit stem cell-like characteristics, expressing
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epidermal stem cell markers or replenishing damaged
tissues (Boelsma et al. 1999; Schoop et al. 1999; Zhu
et al. 2019). Therefore, we assume that piperlongumine
treatment may indirectly benefit ceramide synthesis in
epidermal keratinocytes through increased mMRNA
expression of SPTLCT.

Next, we examined whether piperlongumine could
enhance the protective function of the skin by increasing
the expression of key proteins constituting the skin
barrier, which, coupled with the previous increase in the
expression of enzymes mediating ceramide synthesis,
may provide data for developing piperlongumine as a
skin barrier enhancer. Keratinocytes play a key role in the
construction of a physical skin barrier by forming a robust
network of structural proteins. Filaggrin aggregates
keratin filaments in corneocytes for skin structural integrity
and resilience. It maintains skin hydration, acidic pH for
barrier homeostasis, and protection against microbial inva-
sion. Its degradation products contribute to natural moist-
urizing factors, while mutations can cause skin barrier
dysfunction linked to atopic dermatitis and ichthyosis vul-
garis (Kezic and Jakasa 2016). Involucrin contributes to
the formation of the cornified cell envelope (CCE) in the
stratum corneum. It acts as a substrate for transglutami-
nases that cross-link proteins in the upper layers of the epi-
dermis, creating a robust barrier against mechanical
stresses and water loss (Yaffe et al. 1992). Accordingly, we
analyzed the gene expression of FLG and [VL, genes
involved in maintaining the skin barrier function, after 48
h of treatment with piperlongumine (Figure 3A). Following
treatment with piperlongumine, the expression of both
genes was unaltered at atmospheric oxygen level (21%
0,), although a significant increase in expression was
detected under physioxia (2% O,). Furthermore, we exam-
ined the mRNA expression of FLG and IVL in primary kera-
tinocytes under physioxia following treatment with
piperlongumine (Figure 3B). Our findings revealed that
IVL mRNA expression was significantly elevated, with the
extent of nearly three-fold. These results partially support
that treatment with piperlongumine may promote the
mRNA expression of filaggrin and involucrin, which play
key structural roles in the skin barrier.

The subsequent analysis entailed a quantitative
analysis of protein levels released by keratinocytes in
response to piperlongumine treatment. This analysis
was conducted to ascertain whether piperlongumine
treatment influenced the secretion of pro-inflammatory
cytokines and chemokines in terms of epidermal
barrier regulation. (Figure 4A,B). The analysis was con-
ducted on 42 human cytokines, yet a considerable
number of proteins exhibited negligible secretion.
Figure 4C presents a list of cytokines that were secreted
in significant amounts following piperongumin
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Figure 3. Treatment with piperlongumine increases the expression of skin barrier-associated genes. (A) HaCaT cells were cultured
under 1 uM piperlongumine at the indicated oxygen concentration (21% for normoxia and 2% for physioxia). After incubation for
48 h, real-time PCR was performed to determine the mRNA expression of genes associated with the skin barrier function. (B)
Human normal primary keratinocytes were cultured under 1 pM piperlongumine at a 2% oxygen concentration. After incubation
for 48 h, real-time PCR was performed to determine the mRNA expression of genes associated with the skin barrier function.
ACTB was used as a normalization control. GraphPad Prism was used to prepare the graphs, and statistical significance was determined
using one-way ANOVA. ns; non-significant, *; p < 0.05, **; p < 0.01, ****; p < 0.001. FLG; filaggrin, IVL; involucrin.

administration, with levels exceeding those of the posi-
tive control on the array. However, of these, only GRO-
apy, CCL5, and MCP1 demonstrated statistically signifi-
cant alterations in secretion levels at physiological
oxygen concentrations of 2% 02 (Figure 4C). The
results demonstrated that GRO-afy, CCL5, and MCP1
exhibited a notable elevation following the adminis-
tration of piperlongumine in a physiological oxygen con-
centration (Figure 4D).

Considering proteins secreted by keratinocytes,
CXCL1 (also known as growth-regulated protein alpha,
GROa), CXCL2 (also known as growth-regulated

protein beta, GROB), and CXCL3 (also known as
growth-requlated protein gamma, GROy) are chemo-
kines that reportedly play a role in skin function.
CXCL1 is involved in recruiting immune cells to the
skin (Sawant et al. 2016), while CXCL2 and CXCL3 help
regulate inflammation (De Filippo et al. 2013). Addition-
ally, these chemokines participate in wound healing and
tissue regeneration (Zaja-Milatovic and Richmond 2008;
Ridiandries et al. 2018), as well as play a role in the devel-
opment of certain inflammatory skin diseases, including
psoriasis (Furue et al. 2020). MCP1, derived from kerati-
nocytes, regulates immune responses in association
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Figure 4. Regulation of cytokines following treatment with piperlongumine. HaCaT cells were treated with 1 uM piperlongumine at
the indicated oxygen concentration. After incubation for 48 h, the clear supernatant was analyzed to detect specific cytokines and
chemokines using enzyme-linked immunosorbent assays. (A) Representative immunoblot images and quantified results from
whole membranes. (B) Map of specific cytokines and chemokines corresponding to each spot. (C) Statistically significant levels of
secreted proteins are depicted as a heatmap analysis. The arbitrary value of the protein quantitation was normalized to that of
vehicle-treated supernatant in 21% oxygen. (D) The expression of selective secretory proteins was analyzed. Positive and negative
blots supplied by the manufacturer were used as the internal normalization control. GraphPad Prism was used to prepare the
graphs, and statistical significance was determined using one-way ANOVA. ns; non-significant, *; p < 0.05, **; p < 0.01, ***; p < 0.005

with dendritic cells and Langerhans cells in response to
external stimuli (Nakamura et al. 1995). CCL5 has been
shown to play an important role in skin function, includ-
ing wound healing (Ishida et al. 2012), maintenance of
immune responses, regulation of inflammation, and
skin cancer metastasis (Payne and Cornelius 2002;
Marques et al. 2013). CCL5 is also involved in regulating
inflammation, given that it is upregulated in inflamma-
tory skin diseases and is believed to play a role in the tar-
geted destruction of melanin-producing cells in vitiligo
(Marques et al. 2013; Rezk et al. 2017; Chang et al. 2021).

We next analyzed the effect of piperlongumine on
the expression of key aging markers in skin cells

(Figure 5A). In recent studies related to replicative senes-
cence of skin cells, H2AJ and ITGA6 have been proposed
as representative markers of senescence in human epi-
dermal keratinocytes from different ages (18-90 years).
H2AJ encodes the histone variant H2A.J and its putative
role in cell cycle exit or differentiation of keratinocytes
has been suggested. The percentage of H2AJ-positive
cells in the epidermis increases linearly with age, and
protein expression is mainly observed in the stratum
basale and stratum spinosum. Integrin alpha-6,
expressed by ITGA6, has been proposed as a marker
for stem and progenitor keratinocyte in the human epi-
dermis (Webb et al. 2004). However, in the present study,
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Figure 4 Continued

the gene was employed as an aging marker, rather than
for the assessment of stemness in piperlongumine-
treated HaCaT cells. Therefore, we analyzed the mRNA
expression of H2AJ and ITGA6 genes to determine the
effect of piperlongumine on the expression of senes-
cence markers in human epidermal keratinocytes
HaCaT cells. The expression of H2AJ was decreased by
treatment with TuM piperlongumine, while the
expression of ITGA6 did not show a statistically signifi-
cant difference. These results, in light of the previous
study (Rube et al. 2021), suggest that piperlongumine
affects the differentiation of epidermal keratinocytes
but is unlikely to affect the survival and proliferation of
epidermal stem cells.

Although various factors are involved in the aging of
epidermal keratinocytes, replicative senescence induced
by telomere attrition due to continuous division of epi-
dermal stem cells has a major impact (Harle-Bachor
and Boukamp 1996). Therefore, we also tested whether
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treatment with piperlongumine affects the activity of
telomerases from human epidermal keratinocytes,
HaCaT cells (Figure 5B). HaCaT cells cultured at atmos-
pheric oxygen concentration (21%) showed decreased
activity by piperlongumine treatment, but HaCaT cells
cultured at physiological oxygen concentration (2%)
showed significantly increased telomerase activity by
piperlongumine treatment. Taken together, these
results indicate that piperlongumine induced a variety
of physiological changes in human epidermal keratino-
cytes. It decreased the expression of H2AJ, a marker of
senescent skin cells, and increased the activity
of telomerase, a key enzyme involved in regulation of
replicative senescence, at physiological oxygen concen-
trations, suggesting that it may have some anti-aging
properties.

While the immortalized HaCaT cell line is a widely
used model for studying keratinocyte biology, it is
important to acknowledge its limitations compared
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Figure 5. Piperlongumine affects keratinocyte aging markers and telomerase activity. HaCaT cells were treated with 1 pM piperlon-
gumine at the indicated oxygen concentration. (A) After incubation for 48 h, real-time PCR was performed to determine the mRNA
expression of genes associated with the skin barrier function. ACTB was used as a normalization control. H2AJ; H2A.) Histone, ITGA6;
Integrin Subunit Alpha 6. (B) After incubation for 48 h, cell lysates were prepared to determine the activity of telomerase. The number
of telomerases per cell represents the enzyme with activity after piperlongumine treatment. GraphPad Prism was used to prepare the
graphs, and statistical significance was determined using one-way ANOVA. ns; non-significant, **; p < 0.01, ***; p < 0.005, ****; p <
0.001

to primary human keratinocytes. As an immortalized assumed that piperlongumine could also regulate tel-
cell line, HaCaT cells do not undergo replicative senes- omerase in normal keratinocytes, as there are no
cence, which is a normal process in primary cells. reports suggesting structural differences in the telo-
However, we found that piperlongumine treatment merase protein between immortalized and primary
elevated telomerase activity in HaCaT cells. We  cell lines.
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Discussion

Piperlongumine is a bioactive compound found in Piper
species and has been shown to exert diverse pharmaco-
logical effects in various animal models (Salehi et al.
2019). Piperlongumine is well-known for its function as
a senolytic substance, along with well-documented
bioactivities, such as anti-inflammatory, antioxidant,
and anticancer effects and anti-diabetic, anti-obesity,
and neuroprotective properties (Go et al. 2018; Henrique
et al. 2020; Dong et al. 2021). Piperlongumine has been
shown to regulate various cellular processes, including
cell proliferation, differentiation, apoptosis, and autop-
hagy (Chen et al. 2019; Shi et al. 2023). In addition, piper-
longumine reportedly participates in regulating various
signaling pathways, such as the MAPK, PI3 K/Akt, and
NF-kB pathways, suggesting its potential as a thera-
peutic agent for various diseases (Chen et al. 2015;
Kumar and Agnihotri 2019; Kumar and Agnihotri 2021).
However, despite the proposed benefits of piperlongu-
mine in various tissues and diseases, its function in epi-
dermal keratinocytes remains poorly explored. The
epidermis is the outermost layer of the skin and per-
forms important functions, such as building a physical
barrier and regulating immunity. Therefore, determining
the action of piperlongumine on epidermal keratino-
cytes may be critical, owing to its potential clinical appli-
cations in various fields.

Herein, piperlongumine increased the synthesis of cer-
amides and gene expression of key elements that consti-
tute the physical barrier of the skin. Piperlongumine
increased the secretion of specific proteins involved in
the inflammatory response. For example, piperlongumine
could significantly enhance the expression of GRO-afy,
necessitating cautious application during inflammatory
diseases. Moreover, it is important to assess the preexis-
tence of inflammatory diseases before applying piperlon-
gumine to the skin and establish any potential side effects
associated with skin application. Elucidating the potential
toxicity of piperlongumine in human skin cells would also
aid in determining the appropriate concentration for skin
application. Therefore, when applying piperlongumine to
skin-related products, it is necessary to find the optimal
concentration and conditions to maximize the skin
barrier improvement effect while minimizing inflam-
mation induction. Further detailed mechanistic studies
are needed to more clearly elucidate the effects of piper-
longumine. By understanding its mechanisms, piperlon-
gumine’s efficacy can be better leveraged for potential
applications in skin care and other areas.

Considering genes that exhibited statistically signifi-
cant differences in mRNA expression, changes were
observed only under 2% oxygen levels but not under

21% oxygen levels. This finding suggests that piperlon-
gumine could regulate gene expression in keratinocytes
in vivo. The mRNA expression of FLG and IVL genes
exhibited a substantial difference depending on the
oxygen concentration, which is consistent with our pre-
viously reported findings (Lee et al. 2021). Notably, these
results imply that establishing the physiological oxygen
concentration during biological and pharmacological
investigations involving skin cells is essential to obtain
reliable results. It should be noted that piperlongumine
altered the secretion of several proteins that play a key
role in the proinflammatory response under physiologi-
cal oxygen level (2% O,); hence, piperlongumine admin-
istration may increase the secretion of these proteins
into the blood circulation in vivo. The senolytic function
of piperlongumine has been long proposed and clinical
trials are underway (de Lima Moreira et al. 2016).
However, based on the observed findings, piperlongu-
mine may synergistically increase the inflammatory
response by acting on keratinocytes, thereby warranting
careful application under certain situations.

One of the limitations of the present study would be the
use of an immortalized cell line. HaCaT cells have under-
gone genetic drift and accumulated mutations over time
due to their immortalized nature, which may impact their
genetic profile and behavior compared to primary cells.
The immortalization process itself could alter certain cellular
pathways and responses compared to non-immortalized
keratinocytes. HaCaT cells are a cell line adapted to grow
in artificial culture conditions, which may not fully recapitu-
late the in vivo microenvironment and cell-cell/cell-matrix
interactions present in human skin. Being a cell line,
HaCaT cells lack the heterogeneity present in primary kera-
tinocyte populations derived from different individuals.
Therefore, while the HaCaT cell line is a useful model for
initial studies, validation of key findings in primary human
keratinocytes or reconstructed human skin models is
important to account for these potential limitations.

Although additional investigations are needed, we
revealed that piperlongumine could significantly
impact the mRNA expression of skin barrier-related
genes in epidermal keratinocytes. Therefore, piperlongu-
mine could be developed as a potential drug for topical
application and as an ingredient in cosmetics. In the
future, the biological effects of piperlongumine need
to be examined in various skin cells, which will further
enhance our understanding of skin biology and lay the
foundation for developing drugs that benefit humans.
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