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Abstract: Diesel exhaust particulate (DEP) is widely recognized to weaken lung function
and skin diseases. When the skin, which defends against external factors, is exposed
to PM2.5, various chronic inflammatory diseases occur. When keratinocytes recognize
harmful signals, they synthesize the NOD-like receptor protein 1 (NLRP1) inflammasome.
DEP enhances NF-κB signaling and NLRP1 inflammasome expression through the inter-
action of TXNIP with NLRP1 in keratinocytes. Although many studies have reported the
anti-inflammatory and antioxidant characteristics of Impressic acid (IPA), the umbrella
consequences of IPA for PM2.5-influenced inflammasomes and the associated mechanisms
remain unknown. Therefore, this study aimed to examine the protective function of IPA
against inflammation in human keratinocytes. IPA attenuated the NLRP1 expression,
caspase-1, IL-1β actuation, and NF-κB and IκB phosphorylation induction by DEP. IPA
upregulated the Nrf2, HO-1, and NQO1 expression through CaMKKβ, AMPK, and GSK3β
phosphorylation. Also, IPA led to the elevation of p62 and the degradation of the Keap1
protein. ML385 reversed the suppressive effect of IPA on the NLRP1 inflammasome, which
was enhanced by DEP, and NAC counteracted the effect of ML385. These findings indicate
that IPA can suppress inflammation induced by PM2.5 by expressing antioxidant enzymes
through the Keap1/p62/Nrf2-signaling pathway in human keratinocytes.

Keywords: diesel exhaust particles; NLRP1 inflammasome; impressic acid; Nrf2; keratinocytes

1. Introduction
Diesel exhaust particles (DEP), which are complexes of gas and particulate compounds

generated by incomplete diesel fuel combustion, constitute a large part of fine particulate
matter (PM2.5) and are associated with various health risks [1]. PM2.5, characterized by an
aerodynamic diameter of 2.5 mm or less, is more likely to transport toxic substances and
exhibit extended suspension in the atmosphere [2]. PM2.5, which enters the human body
and induces oxidative stress and various diseases, serves as a significant atmospheric air
pollution indicator through various activities [3,4]. Continuous exposure to PM2.5 causes
inflammation. Chronic exposure to PM2.5 can cause inflammation, impair lung function,
and allow harmful particles to enter the bloodstream and skin, thereby increasing the risk
of cardiovascular diseases such as hypertension and heart disease as well as skin-related
illness [5].
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As the principal and most extensive organ of the human body, the skin functions
as a physical obstruction, constituting the foremost line of protection against external
influences [6]. It reduces the penetration of chemicals, protects against microorganisms, and
penetration of exogenous substances such as microbial infection and damage affects the risk
of inflammatory diseases and induces immune responses [7]. Particulate matter, specifically
PM2.5, can penetrate both the compromised and intact skin barriers, potentially leading to
systemic inflammatory reactions and skin damage [8]. Inflammatory processes induced by
exposure to PM2.5 are linked to various inflammatory conditions, such as atopic dermatitis,
arteriosclerosis, and chronic bronchitis [9,10]. Upon recognizing noxious signals in the
human body, keratinocytes begin synthesizing inflammatory cytokines and inflammasome
complexes, especially NOD-like receptor protein 1 (NLRP1) inflammasomes, which mediate
skin inflammation and have significant implications for skin health and disease [11,12].
Inflammasomes are frequently located in immune cells such as macrophages, monocytes,
and keratinocytes, representing a category of intracellular multiprotein composites that
play crucial roles in regulating immune reactions [13–15]. NLRP1 is a newly identified
inflammasome integral to the innate immune system that recognizes pathogens and initiates
inflammatory responses [16]. NLRP1 has been shown to rely on the adaptor protein ASC
associated with the C-terminal caspase activation and recruitment domain (CARD), which
is characterized by two death-fold domains, the pyrin domain (PYD) and the CARD,
which are essential for interleukin-1 (IL-1) secretion and interact with (pro-)caspase-1 to
promote protease dimerization [17–20]. When NLRP1 binds to ASC and procaspase-1, an
inflammasome is assembled and caspase-1 is activated through autocatalytic cleavage [21].
Caspase-1 functions as an influencing molecule within inflammasomes and is a cysteine
protease family member that regulates cell death and apoptosis [22]. Activated caspase-1
facilitates the processing and enhancement of the pro-inflammatory cytokines pro-IL-1β
and pro-IL-18, promoting inflammatory responses [23,24]. It is noteworthy that caspase-1
activity is essential both for pro-IL-1β and pro-IL-18 activation and for their subsequent
excretion and liberation [25]. Gasdermin D (GSDMD) is cleaved by caspase-1, generating
an amino-terminal fragment that subsequently integrates into the extracellular membrane
via oligomerization [26]. Cleaved GSDMD translocates from the cytosol to the lipid bilayer,
where it accumulates in the pores that trigger pyroptosis and release IL-1β and IL-18 into
the extracellular environment [27]. Pro-inflammatory cytokines, specifically pro-IL-1β, pro-
IL-18, and GSDMD, serve as substrates for caspase-1 [28,29]. The inflammatory response is
intricately linked to oxidative stress, whereby an increase in reactive oxygen species (ROS)
facilitates inflammatory cell migration and contributes to skin tissue [30].

Impressic acid (IPA) is a lupane-type triterpenoid isolated from the plant species Acan-
thopanax Koreanum [31]. IPA has various pharmacological activities, including protection
against vascular endothelial dysfunction and inflammatory diseases. Several studies have
reported its anti-inflammatory, antioxidant, and anticancer effects, and it has been used
therapeutically for the healing of rheumatism, type 2 diabetes, hepatitis, and inflamma-
tory disorders [32,33]. Also, IPA is known to prevent cartilage degradation disorders [34]
and inhibit the NF-κB activation induced by Tumor Necrosis Factor-alpha (TNF-α) [35].
Recently, IPA has been documented to reduce the inflammatory replication elicited by
LPS in RAW264.7 macrophages [33]. Despite the various important biological properties
of IPA, the defensive role of IPA in contrast to the PM2.5-induced inflammasome and its
molecular mechanism has not been established. Therefore, this study aimed to examine the
protective cue of IPA against the activation of inflammasome induced by PM2.5 in human
keratinocyte HaCaT cells.
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2. Materials and Methods
2.1. Chemicals and Reagents

The spontaneously immortalized human keratinocyte cell line HaCaT was purchased
from CLS Cell Lines Service GmbH (Eppelheim, Baden-Württemberg, Germany) and
utilized. DMEM, penicillin-streptomycin, trypsin, and FBS were obtained from Wel-
gene (Gyeongsan, Republic of Korea). IPA was supplied by Professor Young Ho Kim
(Chungnam National University, Daejeon, Republic of Korea), and the IPA structure is
illustrated in Figure S1A. Diesel particulate matter (SRM 2975, National Institute of Stan-
dards and Technology, Gaithersburg, MD, USA) was used as a reference material [36],
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), LY294002, STO-609,
ML385, Chloroquine, and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). A lactate dehydrogenase (LDH) assay kit was purchased from Roche
Applied Science (Indianapolis, IN, USA). Compound C and NAC were purchased from
Tocris (Cookson, Bristol, UK). W7 was acquired from Calbiochem (LA Jolla, CA, USA)
and EDTA was obtained from GenDEPOT (Barker, TX, USA). Antibodies against NLRP1,
Cleaved caspase-1, Cleaved IL-1β, p-NF-κB, NF-κB, p-IκB, IκB, TXNIP, p-Akt, p-CaMKKβ,
p-AMPK, p-GSK3β, GCLC, p62, LC3B, and secondary antibodies against HRP-linked anti-
mouse or anti-rabbit IgG were purchased from Cell Signaling Technology (Beverly, MA,
USA). Antibodies against ASC, NEK7, Nrf2, HO-1, NQO1, and β-actin were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). The N-terminal GSDMD and p-Nrf2
antibodies were obtained from Abcam (Cambridge, MA, US). Keap1 and lamin B1 were
purchased from Bioss Antibody, Inc. (Woburn, MA, USA). All kits were used per the
manufacturer’s guidelines, and all other chemicals used in the present study were of the
highest purity available commercially.

2.2. Cell Culture and Treatment

HaCaT cells were cultured with DMEM enriched with 10% FBS and 1% penicillin
and streptomycin at 37 ◦C and 5% CO2 in a humidified incubator. When the cells were
approximately 80% confluent, they were subjected to a 12 h pretreatment with IPA, followed
by a 24 h treatment with DEP. DEP was prepared as a 1 mg/mL stock concentration in
sterile distilled water and sonicated with 3 s pulses (3 s ON, 10 s OFF) for a total duration
of 2 min to ensure proper dispersion before application to the cells.

2.3. Cell Viability and Cytotoxicity Assay

MTT and LDH assays were performed to confirm the viability and cytotoxicity of
IPA in HaCaT cells. HaCaT cells (1 × 105 cells/well) were seeded in 48-well plates and
let them rest for 24 h. Next, the cells were used with different amounts of IPA (1–20 µM)
and exposed to DEP 100 µg/mL for a whole day. The MTT assay was used to evaluate
cell viability. After emptying the medium, MTT solution (final concentration, 1 mg/mL)
was added to each well for 30 min. The formazan crystals formed were mixed with DMSO,
and the absorbance was determined using a BioTek Synergy HT microplate reader (BioTek
Instruments, Winooski, VT, USA) at 550 nm. A lactate dehydrogenase (LDH) assay was
used to assess cytotoxicity. The medium was collected and combined with the LDH liquid.
The absorbance was recorded at 490 nm using a microplate reader. Percentages of cell
survival and death were calculated by comparing the absorption measurements of the
samples with those of the control group treated with DMSO alone. Treatment of the cells
with varying concentrations of IPA (1–20 µM) for 24 h demonstrated a release in cell
viability and an augmentation in cytotoxicity at the concentration of 20 µM (Figure S1B).
IPA Pretreatment recovered the cell viability decreased by DEP and reduced the cytotoxicity
induced by DEP in a concentration-dependent manner (Figure S1C).
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2.4. Western Blot Analysis

The HaCaT cells were collected and lysed in CETi lysis buffer (TransLab, Daejeon,
Republic of Korea). The cells were pelleted by centrifugation at 13,000 rpm for 15 min, and
the supernatant was obtained as the sample source. The protein samples were quantified at
595 nm using a protein assay kit (Pro-Measure, Intron Biotechnology, Seongnam, Republic
of Korea), and equal amounts of total cellular protein were boiled for 5 min. The proteins
were electrophoresed on a 10% sodium dodecyl sulfate-polyacrylamide gel and transferred
onto nitrocellulose membranes. Following a 1 h blocking period using 5% skim milk, the
membranes were incubated overnight with linear antibodies and then incubated with
secondary antibodies. Protein bands were measured using the Enhanced HiSol ECL Plus
Detection Kit (BioFact, Daejeon, Republic of Korea). Band intensities from all western blot
images were quantified using the ImageJ (Version 1.54p) program, and the quantified band
intensities are provided in Figures S2–S7.

2.5. Real-Time PCR

Total RNA was isolated from HaCaT cells using RNAiso Plus (total RNA ex-
traction reagent; Takara, Shiga, Japan), and cDNA was synthesized using the Bio-
Fact RT Series Kit. RT-PCR was continuously performed using the Bio-Rad CFX Con-
nect Real-Time PCR software, version 1.4.1 (Bio-Rad Laboratories, Hercules, CA, USA).
The specific primers utilized in the study are detailed below: NLRP1 (NM_033004.4)
Forward, 5′-ATTGAGGGCAGGCAGCACAGA-3′; NLRP1 (NM_033004.4) Reverse, 5′-
CTCCTTCAGGTTTCTGGTGACC-3′; HO-1 (NM_002133.3) Forward, 5′-CAGCATGC-
CCCAGGATTTG-3′; HO-1 (NM_002133.3) Reverse, 5′-AGCTGGATGTTGAGCAGGA-
3′; NQO1 (NM_000903.3) Forward, 5′-CCTGCCATTCTGAAAGGCTGGT-3′; NQO1
(NM_000903.3) Reverse, 5′-GTGGTGATGGAAAGCACTGCCT-3′; GAPDH (NM_001357943.2)
Forward, 5′-GAAGGTGAAGGTCGGAGTCAA-3′; and GAPDH (NM_001357943.2) Re-
verse, 5′-CTTCCCGTTCTCAGCCATGTA-3.’ The expression values were normalized to
those of GAPDH.

2.6. Immunoprecipitation Assay

HaCaT cells were cultured and lysed in an immunoprecipitation (IP) buffer. Protein G
beads and primary antibodies were then added and incubated at room temperature for 4 h.
After washing twice with PBS, the cell lysates (300–500 µg protein) were incubated with
reacted primary antibody overnight at 4 ◦C. The following day, immune complexes were
washed twice with PBS and prepared in SDS sample buffer for western blot analysis.

2.7. Intracellular ROS Production

Intracellular ROS levels in HaCaT cells were detected using the redox-sensitive flu-
orescent dye H2DCFDA. The cells were cultured in 48-well plates and treated with IPA
and DEP. Following treatment, the upper medium in a single well was removed, and the
cells were incubated with 2 µM H2DCFDA at 37 ◦C for 30 min and then washed twice with
PBS. Fluorescence intensity, which serves as an ROS level indicator, was quantified using a
fluorescence spectrophotometer at excitation and emission wavelengths of 490 and 530 nm,
respectively. Fluorescence signal was normalized to the control group. A negative (NA)
and a positive control (DEP 100 µg/mL) were used to verify probe responsiveness and
signal specificity.

2.8. Statistical Analysis

The trials were practiced in a minimum of three instances (n = 3), and the consequences
are marked as the mean ± SD derived from separate experiments. Data normality was
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assessed using the Shapiro–Wilk test prior to conducting ANOVA. Statistical evaluation of
the results was performed using one-way ANOVA and the Tukey–Kramer test was used
for comparisons among multiple groups. Statistical significance was set at p values < 0.01.

3. Results
3.1. DEP Induces NLRP1 Inflammasome Complex in HaCaT Cells

We evaluated the effects of DEP on NLRP1 inflammasomes and signaling pathways
involving NF-κB in HaCaT cells. Protein accumulation and mRNA levels were assessed
after the application of different amounts of DEP for 24 h. As illustrated in Figure 1A,B,
DEP increased the NLRP1 inflammasome, cleaved caspase-1, and cleaved IL-1β, as well as
NLRP1 mRNA level. Also, DEP treatment upregulated the NF-κB and IκB phosphorylation
(Figure 1C). TXNIP, a piece of the α-arrestin superfamily of proteins, promotes inflam-
matory responses by binding to inflammasomes in the oxidative stress framework [37].
To elucidate the degree of binding between NLRP1 and TXNIP, western blotting and IP
assays were performed, and the binding affinity between the two proteins was strength-
ened (Figure 1D). These results show that DEP enhances NF-κB signaling and NLRP1
inflammasome expression through the interaction of TXNIP with NLRP1.

 
Figure 1. Effect of DEP on NLRP1 inflammasome complex in HaCaT cells. The cells were treated
with 10–100 µg/mL DEP for 24 h or 30 min. (A) The NLRP1 inflammasome complex was evaluated
through western blot, and the (B) NLRP1 mRNA level was quantified by RT-PCR. (C) The NF-κB
and IκB phosphorylation protein levels were assessed via western blot. (D) After treatment of DEP
for 24 h, the cell lysates were immunoblotted with the specified antibodies. All experiments were
performed thrice (n = 3). The data are expressed as the mean ± SD. * p < 0.01 compared to the
control group.

3.2. IPA Attenuates DEP-Induced NLRP1 Inflammasome Complex in HaCaT Cells

We analyzed the effects of IPA on DEP-induced NF-κB signaling and the NLRP1
inflammasome. After pretreatment with 1–10 µM IPA for 12 h, we assessed proteins
and mRNA expressions following treatment DEP 100 µg/mL for 24 h. IPA pretreatment
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decreased the protein of DEP-induced NLRP1 inflammasome, cleaved caspase-1, and IL-1β,
and suppressed NLRP1 mRNA levels increased by DEP (Figure 2A,B). Furthermore, IPA
significantly attenuated the NF-κB and IκB phosphorylation elevated by DEP (Figure 2C).
In addition, IPA reduced the binding of TXNIP to NLRP1, which was enhanced by DEP
treatment (Figure 2D), suggesting that IPA exerts anti-inflammatory effects mediated by
the modulation of NF-κB signaling and the NLRP1 inflammasome through TXNIP-NLRP1
in HaCaT cells.

 

Figure 2. Effect of IPA on the DEP-induced NLRP1 inflammasome complex in HaCaT cells. The
cells were treated with 1–10 µM IPA for 12 h before being treated with 100 µg/mL DEP for 24 h.
(A) The NLRP1 inflammasome complex expression levels were measured by western blot, and
(B) the NLRP1 mRNA level was confirmed using RT-PCR. Further, cells underwent a pretreatment
with 1–10 µM IPA for 12 h, and treatment with 100 µg/mL DEP for 30 min, and the (C) NF-κB and
IκB phosphorylation levels were represented by western blot. (D) After pretreatment of IPA for 12 h,
and then DEP for 24 h, the cell lysates were subjected to immunoblotting with indicated antibodies.
All experiments were performed thrice (n = 3). The data are expressed as the mean ± SD. * p < 0.01
compared to the control group. # p < 0.01 compared with the DEP treatment group.

3.3. IPA Increases Antioxidant Enzyme Gene Expression and Protein Levels

To evaluate the effect of IPA on the Nrf2 and antioxidant system in HaCaT cells, we
conducted experiments at various time points and IPA. HO-1, NQO1, and GCLC concentra-
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tions are critical enzymes for cellular antioxidant activity and are regulated by Nrf2, which
is modulated by Keap1 [38]. IPA led to the upregulation of HO-1, NQO1, and GCLC, the
target genes of Nrf2, in a time- and dose-dependent manner, while simultaneously decreas-
ing Keap1 expression (Figure 3A,B). Moreover, IPA led to a decrease in the cytosolic Nrf2
protein levels while increasing its expression in the nucleus in a time- and concentration-
dependent manner (Figure 3C,D). Figure 3E of IPA for 12 h at various concentrations
upregulated the mRNA expression of antioxidant enzymes. These data indicated that IPA
activated the antioxidant enzyme pathway by increasing Nrf2 transcriptional activity.

Figure 3. Effect of IPA on antioxidant enzyme by activating the Nrf2-signaling pathway. The cells
were treated with 10 µM IPA for 3−12 h and 1−10 µM IPA for 12 h. (A,B) Keap1 and Nrf2-associated
antioxidant enzyme expressions were determined by western blot. (C,D) Additionally, the nuclear
translocation of the Nrf2 was evaluated following treatment with 10 µM IPA for 3–12 h and 1–10 µM
IPA for 12 h, with both nuclear and cytosol protein fractions analyzed by western blot. (E) The
cells were exposed to 1−10 µM for 12 h and HO-1 and NQO1 mRNA levels were assessed through
RT-PCR. All experiments were performed thrice (n = 3). The data are expressed as the mean ± SD.
* p < 0.01 compared to the control group.

3.4. IPA Activates Calcium on Nrf2 Expression Through the Akt/AMPK/GSK3β-Signaling Pathway

We hypothesized that the antioxidant effects of IPA may be due to the activation of Akt,
AMPK, and the inhibition of GSK3β. Figure 4A,B show that when IPA was treated at various
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times and doses, the Nrf2, CaMKKβ, AMPK, Akt, and GSK3β phosphorylation levels all
increased. Furthermore, the application of specific inhibitors, LY294002 for Akt, Compound
C for AMPK, and STO-609 for CaMKKβ, before IPA treatment, there was a tendency for the
increase in Nrf2 and related antioxidant enzymes induced by IPA to diminish (Figure 4C–E).
These data infer that IPA facilitates the AMPK and Akt phosphorylation through CaMKKβ

and enhances GSK3β-mediated Nrf2 expression.

Figure 4. Cont.
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Figure 4. Effect of Ca2+ on IPA-induced Nrf2 expression via the Akt/AMPK/GSK3β-signaling
pathway. The cells were treated with 10 µM IPA for 15–60 min and 1–10 µM IPA for 30 min.
(A,B) The CaMKKβ, AMPK, Akt, and GSK3β phosphorylation levels were determined by western
blot. In addition, the cells were pretreated with 10 µM LY294002, 10 µM Compound C, and 10 M
STO-609 for 1 h, respectively, before treatment with 10 µM IPA for 12 h. (C–E) Nrf2 and related antiox-
idant enzyme expression levels were checked by western blot. Effect of Ca2+ on IPA-induced Nrf2
expression via the Akt/AMPK/GSK3β-signaling pathway. The cells were subjected to pretreatment
with 10 µM W7 and EDTA for 1 h and treated with 10 µM IPA for 30 min. (F) The Nrf2, CaMKKβ,
AMPK, Akt, and GSK3β phosphorylation levels were measured via western blot. (G) The expression
levels of Nrf2 and antioxidant enzymes were also determined by western blot. (H) The HO-1 and
NQO1 mRNA expression levels were assessed using RT-PCR. All experiments were performed thrice
(n = 3). The data are expressed as the mean ± SD. * p < 0.01 compared to the control group. # p < 0.01
compared with the IPA treatment group.

Calcium ions (Ca2+) are critical modulators of cellular signaling pathways and con-
tribute to the modulation of inflammatory responses. To determine the influence of
calcium-signaling in the generation of Nrf2 expression by IPA over the Akt/AMPK/GSK3β-
signaling pathway, the calcium signal was blocked by W7 (calmodulin antagonist) and
EDTA (extracellular calcium chelator). The Nrf2, CaMKKβ, AMPK, Akt, and GSK3β phos-
phorylation increased by IPA were reduced by W7 and EDTA treatment (Figure 4F). W7
and EDTA treatment markedly suppressed both the protein and mRNA levels of Nrf2 and
associated antioxidant enzymes stimulated by IPA (Figure 4G,H). These results indicate
that IPA modulates Nrf2 expression by activating the calcium-signaling pathways.
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3.5. IPA Stimulates Nrf2 via an Autophagy-Mediated Pathway

p62, a gene target of Nrf2, mediates the degradation of Keap-1 [39]. The effects of
IPA on autophagy were confirmed experimentally. Treatment with IPA at different time
points and concentrations resulted in a decrease in Keap1 expression and an increase in p62
and LC3B expression (Figure 5A,B). IP assays were conducted to elucidate the interactions
between Keap1, p62, and LC3B, revealing strong binding of Nrf2, p62, and LC3B to Keap1
(Figure 5C). When IPA was administered after the administration of Compound C, an
AMPK inhibitor, IPA-reduced Keap1 increased, and the expression of IPA-induced p62 and
LC3B decreased upon treatment with the inhibitor (Figure 5D). Moreover, the autophagy
inhibitor chloroquine increased Keap1, which was reduced by IPA, and further elevated the
p62 and LC3B protein expression, which was increased by IPA (Figure 5E). These results
suggest that IPA influences autophagy flux.

Figure 5. Effect of IPA on Nrf2 activation via the Keap1/p62-signaling pathway. The cells were
exposed to 10 µM IPA for 3–12 h and 1–10 µM for 12 h. (A,B) Keap1, p62, and LC3B expression levels
were assayed by western blot. (C) The cell lysates were immunoblotted with indicated antibodies
following treatment with 1–10 µM IPA for 12 h. After pretreatment of 10 µM Compound C or
Chloroquine for 1 h, the cells were treated with 10 µM IPA for 12 h. (D,E) The Keap1, p62, and
LC3B expression levels were measured through western blot. All experiments were performed thrice
(n = 3). The data are expressed as the mean ± SD.
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3.6. IPA Suppresses ROS Production on DEP-Induced NLRP1 Inflammasome Through the
Nrf2-Signaling Pathway

To investigate the function of ROS mediated via the Nrf2 pathway in the IPA inhibition
of the DEP-induced NLRP1 inflammasome, we pretreated cells with the ROS inhibitor NAC
in the presence of ML385 and IPA. The treatment of NAC abolished the reversal effect of
ML385 on the NLRP1 inflammasome, cleaved caspase-1, cleaved IL-1β, and NLRP1 mRNA
level inhibited by IPA, leading to a reduction in their expression (Figure 6A,B). Furthermore,
NAC treatment invalidated the impact of ML385 on the NF-κB and IκB phosphorylation
suppressed by IPA (Figure 6C). The ROS generated by DEP was diminished by 62%
following pretreatment with IPA (Figure 6D). This suggests that IPA suppresses NF-κB-
signaling and NLRP1 inflammasome activation by suppressing ROS generation via the
Nrf2-signaling pathway.

Figure 6. Effect of ROS generation on DEP-induced NLRP1 inflammasome through the Nrf2-signaling
pathway. The cells were cultured with 0.5 µM NAC for 1 h before adding 5 µM ML385 for 1 h before
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the addition of 10 µM IPA for 12 h, followed by 100 µg/mL DEP for 24 h. (A) The expression levels
of NLRP1 inflammasome were performed with western blot. (B) NLRP1 mRNA expression level
was evaluated by RT-PCR. The cells were maintained with 0.5 µM NAC for 1 h before the addition of
5 µM ML385 for 1 h, followed by 10 µM IPA for 12 h, and then 100 µg/mL DEP for 30 min. (C) NF-κB
and IκB phosphorylation levels were detected by western blot. (D) ROS accumulation was detected
employing H2DCFDA and the quantification of ROS reduction, as indicated. All experiments were
performed thrice (n = 3). The data are expressed as the mean ± SD. * p < 0.01 compared to the control
group. # p < 0.01 compared with DEP treatment group. $ p < 0.01 compared with the DEP and IPA
treatment groups. and & p < 0.01 compared with the DEP, IPA, and ML385 treatment groups.

4. Discussion
Inflammation is a crucial immune response that protects the body from damage

and infections. However, when in excess, it can precipitate various diseases. Upon the
recognition of harmful stimuli, inflammatory cytokines and related inflammatory signaling
pathways are activated [11,12]. IPA, isolated from A. Koreanum, is a lupane-type triterpenoid
that protects against vascular endothelial dysfunction and inflammatory diseases [32,33].
This study revealed that IPA inhibited DEP-induced NLRP1 inflammasome activation
via the Keap1/p62/Nrf2-signaling pathway in HaCaT keratinocytes. Exposure to PM2.5
induces oxidative stress, and the role of the NLRP3 inflammasome has been extensively
investigated. Previous studies have shown that exposure to PM2.5 induces oxidative stress
and activates the NLRP1 inflammasome, contributing to skin inflammation and damage [9];
however, this has not been widely studied. Additionally, an association between ROS and
inflammasome activation has been reported [40]. Our results corroborate those of previous
studies by demonstrating that DEP triggers the activation of the NLRP1 inflammasome and
NF-κB signaling through ROS generation. Additionally, TXNIP, which plays an important
role in oxidative stress-dependent inflammatory signaling, promotes inflammation by
increasing ROS levels and interacting with inflammasomes [37]. In the current study,
we determined that the DEP process leads to TXNIP expression enhancement, which
is associated with NLRP1. The regulation of antioxidant enzyme expression by Nrf2 is
intricately linked to its anti-inflammatory effects, particularly in diminishing oxidative
stress, specifically ROS [41]. Consequently, this study demonstrates that IPA inhibited not
only ROS but also NLRP1 inflammasome and the NF-κB-signaling pathways. Our study
emphasizes the role of IPA in mediating these inhibitory effects and provides new insights
into its antioxidant and anti-inflammatory properties.

Nrf2 is recognized for its protective function in mitigating inflammation through
the modulation of the expression of antioxidant enzymes, including HO-1, NQO1, and
GCLC. HO-1 exerts anti-inflammatory effects by inhibiting NF-κB signaling through car-
bon monoxide formation [42]. Keap1, which is degraded by the ubiquitin-proteasome
framework, interacts with Nrf2, thereby reducing its stability and preventing its function as
a transcription factor [38]. In this study, IPA increased the Nrf2, HO-1, NQO1, and GCLC
protein levels, promoted the nuclear translocation of Nrf2, and significantly suppressed
Keap1 expression. Moreover, Nrf2 inhibition reversed the suppressive effects of IPA on the
DEP-induced NLRP1 inflammasome and the NF-κB-signaling pathways. Therefore, we
propose that IPA exerts its protective effects against inflammation by regulating antioxidant
enzymes via the Nrf2-signaling pathway. When Nrf2 is phosphorylated, Nrf2 exhibits
enhanced stability and promotes its translocation to the nucleus, thereby upregulating the
expression of antioxidant genes.

AMPK, an important cell metabolism regulator, intervenes in Nrf2 activation to ac-
tivate antioxidant enzyme expression while suppressing the inflammatory response [43].
Additionally, AMPK stimulates the PI3K/Akt-signaling pathway activation [44]. Akt regu-
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lates cell proliferation and survival by modulating various intracellular signals [45]. AMPK
activates Akt, which induces GSK3β phosphorylation at serine 9, promoting the nuclear
translocation and transcriptional upregulation of Nrf2 by stabilizing it [44]. CaMKKβ, an
upstream AMPK regulator, is recognized for its involvement in AMPK phosphorylation in
response to intracellular calcium fluctuations [46]. Calcium, a vital component of cellular
signaling pathways, regulates inflammatory responses and promotes the expression of
antioxidant enzymes. Our findings indicated that IPA enhances the CaMKKβ and AMPK,
Akt, and GSK3β, while the inhibition of Akt, AMPK, and CaMKKβ phosphorylation atten-
uates the IPA-induced Nrf2 and associated antioxidant enzymes. Furthermore, blocking
calcium signaling inhibited the IPA-triggered CaMKKβ, AMPK, Akt, and GSK3β phos-
phorylation, as well as the expression of antioxidant enzymes. Thus, we propose that
IPA activates CaMKKβ through calcium signaling, leading to Nrf2 expression through the
AMPK/Akt/GSK3β-signaling pathway, exerting anti-inflammatory effects.

Autophagy is a critical cellular mechanism that eliminates abnormal components
and recycles them for survival and function. P62/SQSTM1 is an adaptor protein integral
to the autophagy process and is recognized as a target gene of Nrf2; it binds to Keap1,
stabilizes Nrf2, and activates the Nrf2-Keap1 pathway [47]. P62 has been reported to
interact with LC3B, a protein crucial for autophagosome development and maturation [47].
Additionally, p62 is phosphorylated and accumulated by AMPK, which promotes the
autophagy process [48].

The results demonstrated that IPA induces p62 and LC3B expression, facilitating the
separation of Nrf2 from Keap1. Importantly, the IPA-induced expression of p62 and LC3B
was suppressed upon treatment with an AMPK inhibitor. Furthermore, the inhibition of
autophagy resulted in the accumulation of IPA-induced p62 and further LC3B expression
elevation. Therefore, IPA activates Nrf2 by promoting the degradation of Keap1 through
p62 accumulation via autophagosome formation.

PM2.5 is known to activate multiple inflammasomes, including NLRP3 and NLRP1 [5].
In this study, we focused on the NLRP1 inflammasome pathway, which is predominantly
expressed and functionally significant in keratinocytes. Unlike NLRP3, which is primarily
activated in immune cells such as macrophages and dendritic cells, NLRP1 plays a more
prominent role in epithelial tissues, particularly the skin, in response to environmental
stressors such as UV radiation and particulate matter [23,49]. Given that HaCaT cells are
a keratinocyte model, targeting NLRP1 provides a physiologically relevant approach to
understanding DEP-induced cutaneous inflammasome activation.

Our findings are based on experiments conducted using HaCaT keratinocyte cell
line, which, while widely used and convenient for in vitro studies, does not fully recapit-
ulate the behavior of primary human keratinocytes, particularly in the context of innate
immune signaling. However, HaCaT cells remain a well-established and reproducible
in vitro model for studying keratinocyte biology and skin-related mechanisms. Importantly,
they retain key functional characteristics relevant to our study context such as epidermal
structure, some immune response pathways and response to stress or drug. To enhance
the physiological relevance of our results, future studies will include validation using
primary human keratinocytes or 3D reconstructed epidermis models that more closely
mimic the in vivo skin environment. Moreover, we observed that IPA demonstrated anti-
inflammatory activity at concentrations between 1 and 10 µM in vitro. However, the specific
data on the maximum non-toxic concentration of IPA in keratinocytes beyond 10 µM is
currently limited. Give the structural similarity of IPA to other triterpenoids such as 18β-
glycyrrhetinic acid which has shown cytotoxic effects in HaCaT cells at concentrations
above 50 µM [50], it is plausible that IPA may exhibit a comparable cytotoxicity profile,
indicating a promising therapeutic window. While dermal pharmacokinetics of IPA remain
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to be characterized, similar triterpenoids have been proved to reach effective epidermal
levels through optimized topical formulations such as liposomes, nanoemulsions, and solid
lipid nanoparticles [51–53]. These systems can enhance dermal delivery and retention,
potentially enabling IPA to achieve therapeutic concentrations in the viable layers of the
skin. Additional research, including skin permeation and pharmacokinetic studies, will
be needed to determine whether therapeutically relevant concentrations of IPA can be
achieved in vivo.

In summary, this study elucidates that PM2.5 stimulates the NLRP1 inflammasome
and NF-κB-signaling pathways through ROS generation. Additionally, IPA induces the
CaMKKβ, AMPK, Akt, and GSK3β phosphorylation according to calcium influx, inhibiting
the NLRP1 inflammasome through the upregulation of Nrf2 and antioxidant enzymes.

Finally, we confirmed that IPA exerted anti-inflammatory effects by diminishing
inflammasomes in DEP-exposed keratinocytes. The anti-inflammatory effects of IPA are
driven by its antioxidant enzyme activity via the Keap1/p62/Nrf2 pathway. Overall, we
propose that IPA is a potential therapeutic candidate for addressing skin inflammation by
modulating the inflammatory response.

5. Conclusions
In this study, we revealed that IPA inhibits the DEP-induced NF-κB-signaling path-

way and NLRP1 inflammasome. IPA also reduced ROS production through the Keap-
1/p62/Nrf2-signaling pathway. Collectively, these results imply that IPA can suppress
the inflammation caused by PM2.5 in human keratinocytes by augmenting antioxidant
enzyme expression.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox14050610/s1. Figure S1: Effect of IPA on DEP-induced
cytotoxicity in HaCaT cells, Figure S2: Effect of DEP on NLRP1 inflammasome complex in HaCaT
cells, Figure S3: Effect of IPA on the DEP-induced NLRP1 inflammasome complex in HaCaT cells,
Figure S4: Effect of IPA on antioxidant enzyme by activating Nrf2 signaling pathway, Figure S5:
Effect of Ca2+ on IPA-induced Nrf2 expression via the Akt/AMPK/GSK3β signaling pathway, Figure
S6: Effect of IPA on Nrf2 activation via the Keap1/p62 signaling pathway, Figure S7: Effect of ROS
generation on DEP-induced NLRP1 inflammasome through the Nrf2 signaling pathway.
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