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Abstract

Background: Plant-derived treatments for skin inflammation are gaining increasing interest, driven by the growing demand for safer
alternatives to conventional synthetic drugs. Curcuma longa L. (turmeric) is traditionally utilized in many Asian countries for various
pharmacological applications. Although the inflammation-suppressing properties of turmeric rhizomes are well established, the bioactive
potential of its leaves and pseudostems remains largely unexplored. This study investigates the effects of turmeric leaf and pseudostem ex-
tract (CLE) on tumor necrosis factor (TNF)-α/interferon (IFN)-γ-stimulated HaCaT keratinocytes (HK) and 12-O-tetradecanoylphorbol-
13-acetate (TPA)-induced ear edema in a mouse model. Methods: Cell viability and intracellular ROS levels in response to CLE were
assessed. The potential of CLE to suppress inflammation was evaluated by monitoring the inhibition of signaling pathways and changes
in cytokine/chemokine expression through Western blotting and real-time quantitative polymerase chain reaction (RT-qPCR) analyses.
CLE was also examined for its impact on skin hydration and tight junction integrity. For in vivo analysis, an ear edema model was
established using female BALB/c mice (7 weeks old). Results: CLE treatment led to a dose-dependent decline in intracellular ROS and
enhanced cell viability of TNF-α/IFN-γ-stimulated HK. Treatment with CLE resulted in decreased transcription of epithelial-derived cy-
tokines (thymic stromal lymphopoietin (TSLP), IL-25, IL-33), pro-inflammatory mediators (IL-6, IL-8, IL-13, TNF-α, IFN-γ, IL-1β),
and chemokines (macrophage-derived chemokine (MDC), regulated on activation, normal T cells expressed and secreted (RANTES),
thymus and activation-regulated chemokine (TARC)), along with inhibition of mitogen-activated protein kinase (MAPK) and nuclear
factor kappa B (NF-κB) signaling proteins in stimulated HK. CLE improved expression of proteins associated with skin hydration and
tight junctions, helping to preserve moisture balance and structural integrity. Moreover, CLE markedly reduced ear redness, swelling,
and thickness in 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced mice, while alleviating histopathological changes, including in-
flammatory cell infiltration and dermal thickening. Additionally, CLE effectively diminished inducible nitric oxide synthase (iNOS),
cyclooxygenase-2 (COX-2), and pro-inflammatory cytokine expression in the ear tissues of edema-induced mice. Conclusions: Col-
lectively, CLE exhibited potential as a natural anti-inflammatory agent by attenuating oxidative stress, downregulating inflammatory
mediators, enhancing skin barrier function in vitro, and reducing ear edema in vivo.
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1. Introduction

The skin safeguards the human body by acting as the
primary defense against environmental stressors. Chronic
exposure to environmental stressors can impair the skin
barrier, triggering inflammatory responses that disrupt skin
homeostasis [1,2]. Symptoms of skin inflammation, ini-
tially acute, can progress to chronic states, contributing to
the development of dermatological conditions, including

rosacea, psoriasis, and atopic dermatitis [3,4]. Activation
of epidermal keratinocytes and immune cells in response to
external stimuli plays a central role in mediating inflamma-
tion through elevating intracellular ROS levels, promoting
the release of inflammatory mediators and signaling path-
ways, and ultimately impairing the skin barrier. Stimula-
tion of mitogen-activated protein kinase (MAPK) and nu-
clear factor kappa B (NF-κB)-mediated signaling cascades
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upregulates pro-inflammatory cytokine and chemokine ex-
pression, thereby exacerbating skin inflammation and fur-
ther compromising dermal hydration and intercellular tight
junction integrity [5].

Accordingly, the investigation of natural compounds
for treating skin inflammation has attracted increasing re-
search attention. Previous studies have shown that anti-
inflammatory plant extracts may serve as promising treat-
ments for cutaneous inflammation by regulating inflam-
matory mediator expression and reducing cellular damage
[6,7]. Curcuma longa L. (turmeric), a rhizomatous peren-
nial herb, is widely distributed across tropical and subtropi-
cal regions, with particular prevalence inAsia [8]. Turmeric
has been used as a medicinal herb since ancient times to
mitigate and manage a wide range of conditions, includ-
ing common colds, wounds, skin sores, diarrhea, throat in-
fections, urinary tract infections, menstrual problems, di-
gestive disorders, and liver diseases [9]. It has been exten-
sively used for centuries in Ayurveda (India), Unani (Pak-
istan), and traditional medicine in Bangladesh for its di-
verse therapeutic properties, with records of use in India
dating back at least 2500 years [10]. Accordingly, research
has confirmed the pharmacological relevance of turmeric
by identifying numerous bioactive phytochemicals, includ-
ing curcumin, terpenes, phytosterols, flavonoids, and other
phenolic compounds, in various plant parts, which exhibit
anti-allergic, anti-atopic dermatitis, antioxidant, antibacte-
rial, and anti-tumor activities [8,11]. Although consider-
able progress has been achieved, most investigations have
concentrated on the turmeric rhizome. Data on the chemi-
cal composition, bioactivities, and therapeutic relevance of
the aerial parts, particularly leaves and pseudostems remain
limited. Their potential roles in modulating skin inflamma-
tion, redox homeostasis, and immune regulation have not
been fully elucidated, emphasizing a critical knowledge gap
that the present study seeks to address.

In line with this, our collaborative study identified
twenty-one phenolic compounds in turmeric leaf and pseu-
dostem extract (CLE) [12]. Furthermore, we previously ex-
amined the pharmacological effects of CLE against allergic
responses and atopic dermatitis using both cell-based and
organismal models [8,13]. Building on previous studies,
this work focuses on exploring the effects of CLE on in-
flammatory responses in the skin using both cellular and
animal models. Thus, the current study investigates the
inflammation-regulating properties of CLE in vitro, using
tumor necrosis factor (TNF)-α/interferon (IFN)-γ-treated
HaCaT keratinocytes (HK), and in vivo, through a 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced ear edema
mouse model.

2. Materials and Methods
2.1 Chemicals/Reagents

Dulbecco’s Modified Eagle Medium (DMEM), fe-
tal bovine serum (FBS), and a penicillin/streptomycin

mixture were obtained from GibcoBRL (Grand Island,
NY, USA). Sigma-Aldrich (St. Louis, MO, USA) sup-
plied 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), 2′,7′-dichlorodihydrofluorescein diacetate
(DCF-DA), dimethyl sulfoxide (DMSO), paraformalde-
hyde, Triton™ X-100, TRIzol, indomethacin (IM), and
TPA. Thermo Fisher Scientific (Rockford, IL, USA) pro-
vided the protein ladder, NE-PER® nuclear/cytoplasmic ex-
traction kit, and Pierce™ RIPA buffer. Primers were ac-
quired from Bioneer Co. (Daedeok-gu, Daejeon, Korea).
Recombinant TNF-α and IFN-γ were purchased fromR&D
Systems (Minneapolis, MN, USA). Reagents and chem-
icals not specified above were of analytical grade. The
identification of C. longa L. and the CLE extraction pro-
cedure were described in a previous study [13]. Accord-
ing to the findings from a collaborating research group,
liquid chromatography-electrospray ionization-mass spec-
trometry (LC-ESI-MS) analysis identified twenty-one phe-
nolic compounds in CLE [12].

2.2 Cells

HK were originally purchased from the Korean Cell
Line Bank (KCLB, Seoul, Korea). Short Tandem Repeat
(STR)-verified, mycoplasma-free cells were maintained at
37 °C in 5% CO2 under humidified conditions, using
DMEM supplemented with 10% heat-inactivated FBS and
1% penicillin/streptomycin. Subcultures were performed
when the cells reached 70–80% confluence, and experi-
ments were conducted during the exponential growth phase.

2.3 Assessment of Cell Viability and Intracellular ROS
Levels

Cell viability in response to CLE treatment was eval-
uated using the MTT assay. After treatment with CLE for 2
h, cells were stimulated for 24 h with a 1:1 mixture of TNF-
α and IFN-γ (final concentration of 10 ng/mL). Following
4 h of treatment with MTT reagent, DMSO was added to
the cells. The absorbance at 570 nm was determined using
a SpectraMax M2 microplate reader (Molecular Devices,
Silicon Valley, CA, USA) after 30 min of incubation.

Intracellular ROS levels in response to CLE treatment
were assessed through the DCF-DA assay. For this ex-
periment, cells were first incubated with CLE for 2 h, fol-
lowed by DCF-DA treatment. Fluorescence emission was
detected using SpectraMax M2 equipment and further ana-
lyzed with a CytoFLEX flow cytometer (Beckman Coulter,
Brea, CA, USA).

2.4 RT-qPCR and ELISA Analyses

As described in Kirindage et al. [14], cDNA was syn-
thesized from total RNA using a ReverTra cDNA synthe-
sis kit (FSQ-101, Toyobo, Osaka, Japan). Gene ampli-
fication by real-time quantitative polymerase chain reac-
tion (RT-qPCR) was performed using PowerSYBR®Green
PCR Master Mix (Applied Biosystems, Life Technologies,
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Warrington, UK), according to the manufacturer’s guide-
lines. The relative changes in gene expression were de-
termined using the 2−∆∆CT approach and comparing each
gene’s expression level to that of GAPDH. Supplemen-
tary Table 1 provides the primer sequences used for RT-
qPCR. Hyaluronic acid (HA) levels were quantified with
an ELISA kit (DHYAL0, R&D Systems, Inc., Minneapo-
lis, MN, USA).

2.5 Western Blot (WB) Analysis
Protein samples (30 µg each) were resolved on a

10% polyacrylamide gel and subsequently transferred onto
nitrocellulose membranes, as described previously [15].
Blocking of membranes was performed using 5% skimmed
milk, and incubation with primary monoclonal antibodies
(1:1000) was carried out at 4 °C for 12 h. After wash-
ing, membranes were transferred into secondary antibody
solutions (1:3000) and incubated for 2 h. Protein bands
were imaged with a Davinch Mini Chemi Imaging sys-
tem (Model: MW 420, Core Bio Davinch, Seoul, Korea).
WB primary antibodies, p-p38: #9211, p38: #8690, p-
ERK: #4377, ERK: #9102, p-JNK: #9251, JNK: #9252,
IκBα: #4812, p-IκBα: #2859, NF-κB p65: #8242, p-NF-
κB p65: #3033, claudin 1: #4933, NOS: #2977, and COX-
2: #4842 were purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). Lympho-epithelial Kazal-type-
related inhibitor (LEKTI): sc-137109, protease-activated
receptor 2 (PAR-2): sc-13504, and involucrin: sc-21748
were obtained from Santa Cruz Biotechnology, Inc. (Dal-
las, TX, USA). Kallikrein-5 (KLK5): ab168340, phospho-
lipase A2 (PLA-2): ab139692, claudin 4: ab53156, claudin
7: ab27487, claudin 23: ab23355, occludin: ab168986,
and zonula occludens-1 (ZO-1): ab216880 were supplied
by Abcam plc, Cambridge, UK. Lamin B: PA5-19468 an-
tibody was provided by Thermo Fisher Scientific (Rock-
ford, IL, USA).β-actin: A5316was purchased fromSigma-
Aldrich (St. Louis, MO, USA). Filaggrin: #905801 anti-
bodywas obtained fromBioLegend (SanDiego, CA,USA).
WB secondary antibodies, goat anti-mouse IgG (G21040),
and goat anti-rabbit IgG (G21234) were obtained from
Thermo Fisher Scientific (Rockford, IL, USA).

2.6 Immunofluorescence Analysis
Cells grown on chamber slides were rinsed with PBS

before fixation in 4% formaldehyde. Following treatment
with a blocking buffer, they were exposed to the primary
anti-NF-κB p65 antibody (#8242, Cell Signaling Technol-
ogy, Danvers, MA, USA), and then to the corresponding
goat anti-rabbit IgG secondary antibody (G21234, Thermo
Fisher Scientific, Rockford, IL, USA). Coverslips were
mounted with ProLong Gold antifade reagent containing
DAPI, and fluorescence images were acquired on an EVOS
M5000 imaging system (Thermo Fisher Scientific, Rock-
ford, IL, USA).

2.7 TPA-induced Ear Edema
Seven-week-old female BALB/c mice, supplied by

Orient Bio, Inc. (Gwangju, Korea), were used in this study.
Environmental conditions were regulated (23 ± 2 °C, 55
± 10% humidity, 12 h light/dark cycle), and animals were
given food and water freely and randomly divided into five
groups; the normal group (control, n = 6), TPA group (only
TPA [2.5 µg/ear] applied mice, n = 6), CLE 50 µg/ear
group (TPA + CLE 50 µg/ear applied mice, n = 6), CLE
100 µg/ear group (TPA + CLE 100 µg/ear applied mice,
n = 6), and positive control (PC)/IM group (TPA + IM 50
µg/ear applied mice, n = 6). Both the inner (10 µL) and
outer (10 µL) surfaces of each mouse ear were topically
treated with CLE and IM (diluted in 100% acetone). TPA
(2.5 µg/20 µL of 100% acetone/ear) was topically applied
to each mouse’s inner (10 µL) and outer (10 µL) ear sur-
faces after 1 h of CLE treatment to induce edema. After 48
h, the redness and swelling of the ears were assessed. A dig-
ital caliper with a resolution of 0.01 mm was used to deter-
mine ear thickness. Following the ear thickness measure-
ment, mice were euthanized by isoflurane overdose using
the open-drop technique, in which anesthetic-soaked gauze
was placed in a sealed chamber without direct contact with
the mice, in accordance with AVMA guidelines. Briefly,
mice were placed in a transparent chamber equipped with
an oxygen meter, pre-flushed with oxygen, and isoflurane
was administered at ≥5% (v/v) for overdose (carrier gas:
100% O2). Death was confirmed by cervical dislocation.

2.8 Histological Analysis
The histology of mouse ear tissues treated with TPA

was examined following a method described in an earlier
study [16]. In brief, ear tissues were fixed in formalin, de-
hydrated, embedded in paraffin, and sectioned at a thick-
ness of 5 µm. Sections were deparaffinized (12 h, 40 °C),
rehydrated, and stained with H&E solution (Abcam plc,
Cambridge, UK). Mounted slides were visualized using a
bright-field microscope (DM5000 B, Leica, Wetzlar, Ger-
many).

2.9 Statistical Analysis
Statistical evaluations were conducted using Graph-

Pad Prism software, version 10.4.2 (Boston, MA, USA).
Data are presented as the mean ± standard deviation (SD),
and differences with p< 0.05 were regarded as statistically
significant. Comparisons among groups were analyzed by
one-way ANOVA followed by Tukey’s post hoc test.

3. Results
3.1 CLE Increased Cell Viability and Suppressed
Intracellular ROS Levels

CLE showed no significant cytotoxicity at the tested
concentrations in HK, as shown in Fig. 1A. Conversely,
CLE significantly enhanced viability of stimulated HK,
within the concentration range of 31.3 µg/mL–125 µg/mL
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Fig. 1. Protective effect of CLE in TNF-α/IFN-γ-stimulated HK. (A) Evaluation of CLE cytotoxicity was carried out at doses between
15.6 and 500 µg/mL. (B) Evaluation of CLE’s effects on cell viability in HK stimulated with TNF-α/IFN-γ (final concentration of 10
ng/mL) for 24 h, using the MTT assay. Analysis of ROS production in TNF-α/IFN-γ-stimulated HK for 1 h, assessed by DCF-DA using
(C) fluorometric and (D) flow cytometric assays. Values are presented as mean± SD, based on three separate experiments (n = 3). *p<
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CLE, turmeric leaf and pseudostem extract; HK, HaCaT keratinocytes; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DCF-DA, 2′,7′-dichlorodihydrofluorescein diacetate; TNF-α, tumor necrosis
factor-α; IFN-γ, interferon-γ; ROS, reactive oxygen species.

(Fig. 1B). As presented in Fig. 1C, DCF-DA staining re-
vealed that CLE progressively lowered intracellular ROS
levels with increasing doses, which was further validated
by flow cytometric analysis (Fig. 1D).

3.2 CLE Downregulated the mRNA Expression of
Inflammatory Mediators

Stimulation with TNF-α/IFN-γ led to an upregula-
tion of epithelial-derived cytokines, such as thymic stro-
mal lymphopoietin (TSLP), IL-25, and IL-33, as verified

by RT-qPCR (Fig. 2A). However, CLE treatment resulted
in diminished expression of these cytokines. Moreover,
CLE suppressed pro-inflammatory cytokine gene expres-
sion (IL-6, IL-8, IL-13, TNF-α, IFN-γ, and IL-1β) in stim-
ulated HK (Fig. 2B). As shown in Fig. 2C, CLE treat-
ment led to a dose-related reduction in the chemokines
macrophage-derived chemokine (MDC), regulated on acti-
vation, normal T cells expressed and secreted (RANTES),
and thymus and activation-regulated chemokine (TARC).
To examine the time-dependent anti-inflammatory activity
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Fig. 2. CLE suppressed the expression of inflammatory mediators in TNF-α/IFN-γ-stimulated HK. RT-qPCR was performed to
evaluate the mRNA levels of (A) epithelial-derived cytokines, (B) pro-inflammatory cytokines, and (C) chemokines. HKwere stimulated
with TNF-α/IFN-γ (final concentration of 10 ng/mL) for 12 h–24 h before harvest. Relative mRNA expression levels were normalized
to the control (unstimulated cells) and are presented as fold changes. Values are presented as mean ± SD, based on three separate
experiments (n = 3). **p< 0.01, ***p< 0.001, ****p< 0.0001. IM, indomethacin; RT-qPCR, real-time quantitative polymerase chain
reaction.
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Fig. 3. CLE attenuated the activation of inflammatory pathways in TNF-α/IFN-γ-stimulated HK. WB analysis of (A) MAPK,
(B) NF-κB signaling. (C) Immunofluorescence detection of NF-κB p65 translocation to the nucleus (scale bar: 200 µm). HaCaT
keratinocytes were stimulated with TNF-α/IFN-γ (final concentration of 10 ng/mL) for 30 mins for immunofluorescence analysis, and
until harvest for WB. For immunofluorescence, all groups were imaged under the same instrumental settings to allow direct comparison
of p65 nuclear translocation. Values are presented as mean ± SD, based on three separate experiments (n = 3). **p < 0.01, ***p <

0.001, ****p < 0.0001. WB, Western blot.

of CLE, HK were exposed to TNF-α/IFN-γ and harvested
after 6, 12, and 24 h of stimulation. At all examined time
points, stimulation with TNF-α/IFN-γ markedly elevated
IL-6, TNF-α, and IL-1β expression levels. Treatment with
CLE resulted in a significant decline in mRNA levels of

these inflammatory markers, most prominently at 12 and
24 h (Supplementary Fig. 1). These findings indicate that
CLE progressively attenuates cytokine mRNA expression
over time.
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Fig. 4. CLE improved the integrity of the epidermal barrier in TNF-α/IFN-γ-stimulated HK. (A) ELISA of HA production. WB
analysis of (B) protein associated with skin hydration and (C) tight junction components. HK were stimulated with TNF-α/IFN-γ (final
concentration of 10 ng/mL) for 24 h before harvest for WB. HA production was measured using ELISA after 24 h of stimulation. Values
are presented as mean ± SD, based on three separate experiments (n = 3). **p < 0.01, ***p < 0.001, ****p < 0.0001. HA, hyaluronic
acid.

3.3 CLE Regulated MAPK/NF-κB Signaling Pathways

As shown in the WB results (Fig. 3A), stimulation
with TNF-α/IFN-γ enhanced the phosphorylation levels
of p38, ERK, and JNK MAPK proteins, whereas CLE

dose-dependently reduced their phosphorylation. Addition-
ally, following TNF-α and IFN-γ stimulation, cytosolic
IκBα and NF-κB p65 phosphorylation was increased, with
NF-κB p65 translocating to the nucleus. However, CLE
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Fig. 5. CLE reduced TPA-induced ear edema in BALB/c mice. (A) Representative images of the ears and swelling in edema mice.
(B) Histological evaluation of ear tissues was performed with H&E staining (scale bar: 100 µm). Alterations in (C) mouse ear thickness
and (D) epidermal thickness. Values are presented as mean± standard deviation (n = 6 mice per group). ***p< 0.001, ****p< 0.0001.

markedly suppressed these phosphorylation events and in-
hibited NF-κB p65 nuclear translocation (Fig. 3B). Fur-
thermore, reduced green fluorescence intensity indicated
that CLE inhibited nuclear localization of NF-κB p65, con-
firmed by immunofluorescence staining (Fig. 3C).

3.4 CLE Upregulated the Skin Barrier Function

According to ELISA analysis results (Fig. 4A), TNF-
α/IFN-γ reduced HA production, whereas CLE signifi-
cantly increased it. While CLE decreased the expres-
sion of KLK5, PAR-2, and PLA-2 in stimulated HK, it

dose-dependently increased the skin moisture-related pro-
tein expression, such as LEKTI, involucrin, and filaggrin
(Fig. 4B). Moreover, CLE increased the levels of several
tight junction proteins, such as occludin, ZO-1, and multi-
ple claudins (claudin-1, -4, -7, and -23), in a dose-dependent
manner (Fig. 4C).

3.5 CLE Attenuated the TPA-induced Ear Edema in Mice

Fig. 5A shows representative images of ear red-
ness and swelling in mice with edema. Accordingly,
CLE visibly reduced ear redness and swelling in TPA-
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Fig. 6. CLE decreased inflammatory mediators in ear edema tissues. (A) WB of iNOS/COX-2 protein expression. (B) Analysis of
pro-inflammatory cytokine mRNA expression levels using RT-qPCR. Relative mRNA levels were expressed relative to the control group
and are presented as fold changes. Values are presented as mean ± standard deviation (n = 6 mice per group). *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001, ns - not significant. iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2.

induced mice. H&E-stained ear tissue sections provided
additional evidence supporting CLE’s anti-inflammatory
activity. The TPA application increased inflammatory
cell infiltration compared with the control. CLE dose-
dependently alleviated these histopathological changes
(Fig. 5B). Ear thickness measurements showed that TPA
application significantly increased ear swelling, indicating
severe edema. However, CLE reduced ear thickness in
mice in a concentration-dependent fashion (Fig. 5C). H&E-
stained ear sections were analyzed to quantify epidermal

thickness using image processing software (ImageJ, Na-
tional Institute of Health, MD, USA), showing that CLE
treatment reduced epidermal thickening in edema mice
(Fig. 5D).

3.6 CLE Downregulated iNOS/COX-2, and Inflammatory
Cytokines Expression in TPA-induced Mouse Ear Tissues

According to WB analysis, TPA increased inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-
2) protein expression in ear tissues (Fig. 6A). However,

9

https://www.imrpress.com


CLE effectively reduced the expression of these proteins
in ear edema tissues. Furthermore, TPA application sig-
nificantly enhanced the transcription of pro-inflammatory
cytokines (IL-6, TNF-α, IFN-γ, and IL-1β) in ear tissues.
In contrast, CLE diminished it in a dose-dependent fashion
(Fig. 6B).

4. Discussion
The identification of plant-derived anti-inflammatory

treatments for skin inflammation is essential, given the
growing demand for safer and more sustainable alternatives
to synthetic drugs. Conventional treatments, such as corti-
costeroids, are effective but can cause adverse effects with
prolonged or inappropriate use. These effects include skin
atrophy, telangiectasias, and other local or systemic com-
plications, highlighting the need for bioactive compounds
with minimal toxicity [17]. Natural extracts, particularly
those rich in polyphenols and flavonoids, have demon-
strated both antioxidant capacity and anti-inflammatory
properties [18,19]. According to a collaborating research
group, four major compounds, vanillic acid, p-coumaric
acid, 4-methylcatechol, and afzelin, were quantified among
the 21 phenolic compounds identified in CLE by LC-ESI-
MS analysis. Their quantified contents were 0.431 ±
0.002 mg/g for p-coumaric acid, 0.199 ± 0.001 mg/g for
4-methylcatechol, 0.129 ± 0.000 mg/g for vanillic acid,
and 0.074 ± 0.000 mg/g for afzelin [12]. Earlier research
has extensively reported the anti-inflammatory effects of
these phenolic compounds [20–23]. For instance, a study
demonstrated that vanillic acid possesses anti-inflammatory
activity in lipopolysaccharide-stimulated mouse peritoneal
macrophages through the inhibition of NF-κB signaling,
stabilization of IκBα, and reduction of caspase-1 activity
[24]. p-Coumaric acid has been reported to exhibit notable
anti-inflammatory activity in adjuvant-induced arthritic rats
by decreasing TNF-α levels and circulating immune com-
plexes, supporting its potential role in the overall activity
of CLE [25]. Furthermore, 4-methylcatechol has demon-
strated anti-inflammatory activity in a rheumatoid arthri-
tis model by suppressing pro-inflammatory cytokines, in-
hibiting M1 macrophage polarization, and modulating the
NF-κB pathway [22]. Afzelin effectively reduces the proin-
flammatory effects induced by particulate matter in human
keratinocytes [23]. Findings of our study demonstrate the
inflammation-modulating effects of CLE may arise from
the synergistic or additive actions of these bioactive com-
pounds. This potential highlights their promise as candi-
dates for skin-protective therapies.

Aging and skin inflammation are strongly influenced
by the accumulation of cellular ROS. Our analysis revealed
that stimulated HK displayed markedly elevated ROS accu-
mulation. Nevertheless, CLE dose-dependently suppressed
intracellular ROS accumulation. A comparable reduction
in ROS levels has also been reported with pure compounds
in cytokine-stimulated HK [15]. This finding suggests a

promising avenue for further investigation into their poten-
tial anti-inflammatory properties. TSLP, IL-25, and IL-
33 are key cytokines that regulate immune responses in
inflamed skin. These molecules activate both innate and
adaptive immunity, playing a crucial role in promoting in-
flammation and tissue remodeling [15]. The outcomes of
the study demonstrated that CLE markedly downregulated
the mRNA expression levels of above cytokines in in vitro
RT-qPCR. These findings align with earlier reports describ-
ing the skin’s anti-inflammatory mechanisms [26]. Fur-
thermore, IL-6 and IL-8 facilitate the immune cells recruit-
ment to sites of inflammation [27,28]. TNF-α and IFN-
γ strengthen inflammatory cascades, while IL-1β exacer-
bates tissue damage by activating pro-inflammatory signal-
ing. Moreover, RANTES and TARC contribute to chronic
inflammation by promoting T-cell recruitment [29]. CLE
noticeably reduced the mRNA expression of chemokines,
epithelial cytokines, and pro-inflammatory mediators. The
observations correspond with previous reports demonstrat-
ing the anti-inflammatory effects of plant-derived extracts
[30].

The NF-κB/MAPK pathways drive inflammatory me-
diator expression, and their inhibition offers a promising
strategy to mitigate skin inflammation and tissue dam-
age [5,16]. The investigation revealed that CLE treatment
markedly inhibited NF-κB p65 phosphorylation and its nu-
clear translocation stimulated HK. Additionally, suppres-
sion of MAPK phosphorylation confirmed that CLE in-
hibits NF-κB/MAPK signaling involved in inflammation.
A previous review highlighted turmeric and its active com-
pounds as modulators of these pathways in inflammatory
disorders and pain, thereby supporting the relevance of the
present findings [31].

Similarly, preserving skin barrier integrity is crucial
for controlling inflammation, as it depends on HA produc-
tion, the regulation of skin moisturization-related proteins,
and the activity of tight junction proteins, factors that col-
lectively support hydration, barrier stability, and immune
defense [32]. HA promotes hydration and tissue repair,
while moisturization-regulating proteins sustain epidermal
homeostasis. Tight junction proteins further strengthen bar-
rier function, limiting antigen penetration and immune hy-
peractivation [5,33]. Nevertheless, pro-inflammatory cy-
tokines, primarily controlled through NF-κB and MAPK
signaling pathways, disrupt these protective mechanisms
and exacerbate skin damage [34]. In this study, TNF-
α/IFN-γ stimulation of HK resulted in decreased expres-
sion of involucrin, filaggrin, and LEKTI, key proteins in-
volved in epidermal barrier formation, cell adhesion, and
skin desquamation regulation. However, CLE pretreat-
ment enhanced LEKTI, involucrin, and filaggrin expres-
sion, while suppressing KLK5, PAR-2, and PLA-2, thereby
supporting its role in promoting skin hydration. These
findings suggest that CLE protects against TNF-α/IFN-γ-
induced moisture loss, consistent with outcomes reported
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in a previous study [5]. Furthermore, administration of
CLE replenished HA levels and upregulated tight junc-
tion proteins such as occludin, ZO-1, and multiple claudins
(claudin-1, -4, -7, and -23), thereby reinforcing its role in
preserving skin barrier function during inflammation.

In in vivo studies, epithelial- and epidermal-derived
innate cytokines are upregulated during innate immune re-
sponses, subsequently activating Th2-type adaptive immu-
nity. This outcome enhances the release of type 2 cy-
tokines, which in turn trigger skin inflammatory processes
[35]. Notably, TSLP overexpression has been shown to
drive type 2 inflammatory responses in mouse models,
highlighting its pivotal role in the pathogenesis of skin
inflammatory disorders [36]. This study highlights how
TPA exposure provokes inflammation by stimulating cru-
cial signaling cascades, resulting in elevated secretion of
cytokines and chemokines. Such molecular events enhance
immune cell recruitment and inflammatory activity, ulti-
mately contributing to observable histopathological alter-
ations [15]. The observed dose-dependent reduction in
ear thickness, redness, and swelling can be attributed to
the ability of CLE to modulate inflammatory mediators
and suppress histopathological changes, including epider-
mal hyperplasia, hyperkeratosis, epidermal thickness, in-
flammatory cell infiltration, and tissue damage. Molec-
ular analyses of ear tissues using RT-qPCR and western
blotting revealed inflammatory patterns in ear swelling in
edema mice, which were comparable to those examined in
the PC group. Furthermore, CLE treatment markedly re-
duced COX-2 and iNOS levels in the ear tissues, highlight-
ing its anti-inflammatory potential. Taken together, these
findings suggest that CLE possesses considerable pharma-
cological potential as a natural anti-inflammatory agent for
the skin.

Although our data demonstrate a clear local reduc-
tion of inflammation by topical CLE in the TPA-induced
ear edema model, further studies using systemic inflam-
mation models and systemic administration of CLE are re-
quired to determine whether CLE also exerts systemic anti-
inflammatory effects. These experiments are beyond the
scope of the present study and are planned for future work.
Moreover, while the current results are encouraging, certain
limitations should be acknowledged. For the further devel-
opment of CLE as a therapeutic candidate, future research
should address long-term safety, investigate systemic and
chronic effects in diverse animal models, and conduct clin-
ical testing to confirm efficacy and safety in humans.

5. Conclusions
Overall, the data suggest that CLE has significant

bioactive potential as a natural anti-inflammatory agent for
the skin. In vivo, CLE significantly alleviated inflamma-
tory symptoms and modulated molecular mechanisms in
TPA-induced ear edema, demonstrating its efficacy in a skin
inflammation model. These outcomes collectively high-

lighted the pharmacological usefulness of CLE as a natural,
plant-derived anti-inflammatory agent, offering a promis-
ing alternative for managing skin inflammation.
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