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ABSTRACT: Background: Silica nanoparticles (SiNPs), commonly utilized in industrial and biomedical fields, are
known to provoke pulmonary inflammation by elevating cyclooxygenase-2 (COX-2) levels in human pulmonary
alveolar epithelial cells (HPAEpiCs). Salvianolic acid A (SAA), a water-soluble polyphenol extracted from Salvia
miltiorrhiza (Danshen), possesses well-documented antioxidant and anti-inflammatory activities. Nevertheless, its
potential to counteract SiNP-induced inflammatory responses in the lung has not been thoroughly explored. Objective:
This study aimed to evaluate the protective role and mechanistic actions of SAA against SiNP-triggered inflammation
in both cellular and animal models. Methods: HPAEpiCs were pre-incubated with SAA prior to SiNP exposure to
investigate changes in COX-2 expression and prostaglandin E2 (PGE2) secretion. A murine model of SiNP-induced
lung inflammation was used for in vivo validation. Key inflammatory signaling proteins, including c-Src, PKCα,
p42/p44 MAPK, and NF-κB p65, were analyzed for phosphorylation status. NF-κB promoter activity was also assessed.
Pharmacological inhibitors and siRNA-mediated silencing were employed to verify the signaling cascade responsible
for COX-2 regulation. Results: SAA treatment markedly suppressed SiNP-induced upregulation of COX-2 and PGE2
in both HPAEpiCs and mouse lung tissues. SAA also reduced the activation (phosphorylation) of c-Src, PKCα, p42/p44
MAPK, and NF-κB p65, alongside diminishing NF-κB transcriptional activity. Functional studies using inhibitors and
gene silencing further supported the involvement of these pathways in mediating the observed anti-inflammatory effect.
Conclusion: By concurrently targeting several upstream pro-inflammatory signaling pathways, SAA demonstrates
robust potential in alleviating SiNP-induced lung inflammation. These results highlight SAA as a promising candidate
for therapeutic intervention in environmentally triggered respiratory conditions.

Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/BIOCELL
https://www.techscience.com/
http://dx.doi.org/10.32604/biocell.2025.066223
https://www.techscience.com/doi/10.32604/biocell.2025.066223
mailto:chuenmao@mail.cmu.edu.tw


1266 BIOCELL. 2025;49(7)

KEYWORDS: Silica nanoparticles; salvianolic acid A; pulmonary inflammation; COX-2 expression; NF-κB signaling
pathway

1 Introduction
Silica nanoparticles (SiNPs) have garnered significant attention due to their unique properties, making

them highly valuable in various fields such as medicine, industry, and commercial applications. These
applications include their use as drug delivery carriers, imaging agents, and components in biosensors, owing
to their biocompatibility, high surface area, and ease of surface modification [1]. However, the widespread
utilization of SiNPs inevitably leads to human exposure through multiple routes, including intravenous
injection, inhalation, oral intake, and transdermal absorption [1]. With the increasing prevalence of SiNPs
in industrial and medical practices, there is an urgent need to assess their potential risks to human health
and establish regulatory guidelines.

Despite their beneficial applications, numerous studies have raised concerns about the adverse health
effects associated with SiNPs exposure, particularly on the respiratory system [2]. The lungs, being one of the
primary routes of nanoparticle exposure, are highly susceptible to SiNP-induced toxicity. SiNPs exposure is
known to induce lung inflammation, injury, fibrosis, and granulomatous inflammation, as demonstrated in
vivo through intratracheal and intranasal instillation in model organisms [3–5]. Additionally, occupational
and environmental studies have reported respiratory complications in workers exposed to silica-containing
dusts, including silicosis, chronic obstructive pulmonary disease (COPD), and lung cancer, which share
similar pathological features, such as fibrosis and persistent inflammation, with nanoparticle-induced lung
damage [6,7]. These findings highlight the need for a comprehensive understanding of the mechanisms
underlying SiNP-induced respiratory toxicity to develop effective therapeutic strategies.

The inflammatory response induced by SiNPs is closely associated with the upregulation of
cyclooxygenase-2 (COX-2) and prostaglandin E2 (PGE2) across various cell types, as our previous research
has demonstrated [8,9]. COX-2 is an inducible enzyme that converts arachidonic acid (AA) into prostanoids,
including prostaglandins (PGs), thromboxanes (TXs), and related molecules, which serve as key mediators
in the processes of inflammation and pain [10]. Dysregulation of COX-2 signaling has been implicated
in various pathological conditions, including COPD, asthma, and acute respiratory distress syndrome
(ARDS) [10–12]. Although conventional anti-inflammatory drugs, such as non-steroidal anti-inflammatory
drugs (NSAIDs) and COX-2 selective inhibitors, have been widely used to alleviate inflammation by targeting
COX-2, they often carry significant side effects, including gastrointestinal damage, cardiovascular risk, and
impaired renal function, which limit their long-term use [10,13,14]. Moreover, these drugs primarily act by
blocking COX-2 enzymatic activity, without addressing the upstream signaling pathways and oxidative stress
that contribute to chronic inflammation and tissue damage, potentially limiting their effectiveness in complex
inflammatory conditions.

Salvianolic acid A (SAA) represents one of the principal water-soluble phenolic compounds isolated
from Salvia miltiorrhiza, a traditional Chinese medicinal plant extensively employed for its pharmacological
benefits [15]. Unlike conventional NSAIDs, SAA exerts its anti-inflammatory effects through a multi-
target approach, providing a broader therapeutic spectrum [16]. It not only inhibits COX-2 expression
but also modulates multiple upstream signaling pathways. Specifically, Liu et al. demonstrated that SAA
suppresses c-Src signaling to protect cerebrovascular endothelial cells from ischemic injury [17]. Moreover,
studies on related inflammatory models have shown that COX-2 expression can be regulated via PKCα,
p42/p44 MAPK, and NF-κB cascades [18,19], suggesting that these pathways may also be involved in the
anti-inflammatory mechanism of SAA. Additionally, SAA activates the Nrf2/HO-1 antioxidant pathway,
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reducing oxidative stress and preventing cellular damage, a feature particularly beneficial for managing
chronic inflammatory and fibrotic diseases [20–22]. Clinical studies have also suggested that SAA can
reduce inflammation without the significant gastrointestinal, cardiovascular, and renal side effects commonly
associated with NSAIDs, making it a promising candidate for long-term therapeutic use [16,23,24].

Moreover, SAA’s ability to inhibit multiple pro-inflammatory mediators, including interleukins (e.g.,
IL-6), tumor necrosis factor-alpha (TNF-α), and matrix metalloproteinases (MMPs), positions it as a more
comprehensive therapeutic agent for respiratory diseases [16,23,24]. Recent studies have demonstrated
that SAA effectively attenuates lung injury in animal models of acute lung inflammation and fibrosis
by modulating these pathways, supporting its potential clinical application in nanoparticle-induced lung
disorders [25,26]. This multi-target therapeutic profile, combined with a favorable safety profile, underscores
the potential of SAA to address the limitations of conventional anti-inflammatory therapies, providing a
more integrated approach to managing complex inflammatory diseases.

Here, we aimed to investigate the effects of SAA on SiNPs-induced COX-2 expression in both in vivo
and in vitro settings. Specifically, we sought to elucidate the underlying mechanisms by which SAA targets
the signaling components in human pulmonary alveolar epithelial cells (HPAEpiCs). By understanding
these mechanisms, we hope to provide insights into the potential therapeutic applications of SAA in
treating SiNPs-induced pulmonary inflammation and injury. Our research focuses on the suppression
of key signaling pathways, including c-Src, PKCα, p42/p44 MAPK, and NF-κB, which are known to be
involved in the regulation of COX-2 expression and inflammatory responses in lung tissue. Additionally,
this work contributes to the growing body of evidence supporting the use of bioactive compounds in
mitigating nanoparticle-induced health risks, paving the way for safer industrial and medical practices
involving nanotechnology.

2 Materials and Methods

2.1 Reagents and Antibodies
Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 (DMEM/F-12) (#11330032), fetal bovine

serum (FBS) (#A5256701), TRIzol™ Reagent (#15596018), and M-MLV Reverse Transcriptase Kit (#28025013)
were purchased from Invitrogen, Carlsbad, CA, USA. The BioTrace™ NT Nitrocellulose Transfer Membrane
(#66485) was obtained from Pall Corporation, Port Washington, NY, USA. GenMute™ siRNA Transfec-
tion Reagent (#SL100568-HepG2) was purchased from SignaGen Laboratories, Frederick, MD, USA. Src
Kinase Inhibitor II (Srci II) (#sc-222325) was purchased from Santa Cruz Biotechnology, Dallas, TX, USA.
Ro318220 (#HY-13866A), Gö6976 (#HY-10183), U0126 (#HY-12031A), and helenalin (#HY-119970) were pur-
chased from MedChemExpress, Monmouth Junction, NJ, USA. Anti-β-actin antibody (#4967), anti-COX2
antibody (#12282), anti-GAPDH antibody (#2118), anti-phospho-c-Src (Tyr416) antibody (#2101), anti-
phospho-p44/42 MAPK (Thr202/Tyr204) antibody (#9101), anti-phospho-NF-κB p65 (Ser536) antibody
(#3033), anti-Src antibody (#2109), anti-PKCα antibody (#59754), anti-p44/42 MAPK antibody (#9102),
and anti-NF-κB p65 antibody (#8242) were purchased from Cell Signaling Technology, Danvers, MA,
USA. The anti-phospho-PKCα (Ser657) antibody (#ab180848) was purchased from Abcam, Cambridge,
UK. Peroxidase-AffiniPure™ Goat Anti-Rabbit IgG (H + L) (#111-035-003) and Peroxidase-AffiniPure™ Goat
Anti-Mouse IgG (H + L) (#115-035-003) were sourced from Jackson ImmunoResearch Laboratories, West
Grove, PA, USA. Pierce™ BCA Protein Assay Reagent A (#23228) and Pierce™ BCA Protein Assay Reagent
B (#23224) were obtained from Thermo Fisher Scientific, Waltham, MA, USA. Silica nanoparticles (SiNPs,
nanopowder; particle size 10–20 nm) (#637238) and Salvianolic Acid A (SAA) (#SML4045) were purchased
from Sigma-Aldrich, St. Louis, MO, USA.
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2.2 Animals Experimental Design
All procedures involving animals were carried out in full compliance with the ARRIVE guidelines [27]

and received prior approval from the Institutional Animal Care and Use Committee of Chang Gung
University (Approval No. CGU 16-046). The study also adhered to the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). Male ICR
(Institute of Cancer Research) mice, 6 to 8 weeks old and weighing around 25 g, were purchased from
the National Laboratory Animal Center in Taipei, Taiwan. Only male mice were used to minimize the
influence of hormonal variations on experimental outcomes. The mice were housed in a specific pathogen-
free (SPF) facility with a controlled temperature of 25 ± 2○C and a 12 h light/dark cycle, with free access to
autoclaved food and water. Cages were cleaned and sterilized regularly to maintain a clean and controlled
environment, reducing the risk of infection and stress. Fifteen mice (n = 5 per group) were randomly divided
into three experimental groups: a sham group (50 μL of sterile saline), a SiNPs group (10 mg/kg SiNPs),
and an SAA + SiNPs group (50 mg/kg SAA administered by intraperitoneal injection 1 h before the SiNPs
challenge, followed by 10 mg/kg SiNPs). SiNPs were administered via intratracheal instillation to ensure
direct delivery to the lungs, as previously described [3]. Each mouse received a total dose of 10 mg/kg of
SiNPs, which corresponds to 0.25 mg for a 25 g mouse. The SiNPs suspension was prepared in sterile saline
and ultrasonicated for 15 min before administration to ensure uniform dispersion and prevent nanoparticle
aggregation. Mice were anesthetized and positioned on a near-vertical board, with their tongues gently
withdrawn using lined forceps to expose the trachea. The SiNPs suspension was then carefully instilled into
the trachea, allowing the particles to be aspirated into the lungs over a 24 h period. The sham group received
an equivalent volume (50 μL) of sterile saline using the same method. The SiNPs used in this study were
high-purity, uncoated particles with a diameter of approximately 50 nm (purity > 99%). At the end of the
experimental period, mice were sacrificed using a high dose of pentothal (100 mg/kg, i.p.) to ensure humane
euthanasia. Lung tissues were collected for further analysis, with the right superior and post caval lobes used
for protein extraction and the right middle and inferior lobes used for mRNA expression analysis of COX-2.
Bronchoalveolar lavage (BAL) fluid was obtained via a tracheal cannula by instilling 1 mL of ice-cold PBS.
To ensure objectivity, data collection and analysis for both in vivo and in vitro experiments were conducted
in a blinded fashion, with investigators unaware of group assignments.

2.3 Immunohistochemical Staining
At 24 h after SiNPs administration, left lung tissues were collected, fixed in 4% paraformaldehyde at

4○C for 24 h, and processed for paraffin embedding. Sections were deparaffinized, rehydrated, and treated
with 5 mg/mL BSA in PBS to block non-specific binding. COX-2 expression was detected by incubation
with anti-COX-2 primary antibody (1:300, 16 h at 4○C), followed by HRP-conjugated goat anti-rabbit IgG
(1:500, 1 h at room temperature). The signal was visualized using 3, 3-diaminobenzidine (DAB) (0.5 mg/mL;
Sigma-Aldrich, D5637, St. Louis, MO, USA) and 0.01% hydrogen peroxide in 0.1 M Tris-HCl buffer for 5 min
in the dark.

2.4 Cell Culture
HPAEpiCs (ScienCell Research Laboratories, 3200, San Diego, CA, USA) were confirmed to be

mycoplasma-free and cultured as previously described [28]. Cells were maintained in DMEM/F-12 medium
supplemented with 10% FBS and Antibiotic-Antimycotic Solution (Invitrogen, 15240062, Carlsbad, CA,
USA), containing 100 U/mL penicillin G, 100 μg/mL gentamicin, and 250 ng/mL amphotericin B. Cells
were seeded at appropriate densities in 12-well plates (1 mL/well), 6-well plates (2 mL/well), or 10 cm
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dishes (10 mL/dish). Upon reaching confluence, they were serum-starved overnight in serum-free DMEM/F-
12 to induce quiescence. All experiments were conducted using cells at passages 5–7. According to the
manufacturer, HPAEpiCs are human lung-derived alveolar epithelial cells characterized by cytokeratin-18/19
positivity, and are known to retain epithelial properties under standard culture conditions.

2.5 Western Blot Analysis
Growth-arrested HPAEpiCs were treated with various concentrations of SiNPs at 37○C for the indicated

time periods. For experiments involving pharmacological inhibitors, the compounds were added 1 h prior
to SiNPs exposure, while SAA was applied 2 h in advance. Cell harvesting and protein extraction were
performed according to standard protocols [29]. After treatment, cells were rinsed thoroughly, collected,
and denatured by heating at 95○C for 15 min. Lysates were centrifuged at 45000× g for 15 min at 4○C
to obtain whole-cell extracts. Protein samples were separated using 10% SDS-PAGE and transferred onto
nitrocellulose membranes (66485, Pall Corporation). Membranes were blocked and incubated overnight
at 4○C with primary antibodies diluted at 1:1000, as listed in Section 2.1. After washing, membranes were
incubated with horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG (1:2000, 111035003, Jackson
ImmunoResearch Laboratories) or goat anti-mouse IgG (1:2000, 115035003, Jackson ImmunoResearch Lab-
oratories), depending on the source of the primary antibody. Protein bands were visualized using enhanced
chemiluminescence (ECL) substrate (Thermo Fisher Scientific, 34577, Waltham, MA, USA) and captured
using the Azure Biosystems 260 imaging system (Dublin, CA, USA). Band intensities were quantified using
UN SCAN IT gel analysis software (Silk Scientific, Orem, UT, USA).

2.6 Real-Time PCR Analysis
Total RNA was extracted from SiNP-treated HPAEpiCs using TRIzol reagent. RNA quality was assessed

spectrophotometrically. As described previously [30], 5 μg of RNA was reverse transcribed into cDNA and
analyzed by real-time PCR using the StepOnePlus™ system (Applied Biosystems™/Thermo Fisher Scientific,
Waltham, MA, USA). COX-2 and GAPDH expression levels were quantified using gene-specific primers and
the 2(Ct COX-2–Ct GAPDH) method (Ct = threshold cycle). The primer sequences were:

COX-2:
Sense: 5′-CAAACTGAAATTTGACCCAGAACTAC-3′

Anti-sense: 5′-ACTGTTGATAGTTGTATTTCTGGTCATGA-3′

GAPDH:
Sense: 5′-GCCAGCCGAGCCACAT-3′

Anti-sense: 5′-CTTTACCAGAGTTAAAAGCAGCCC-3′

2.7 Measurement of PGE2 Release
HPAEpiCs rendered quiescent by serum starvation were pretreated with specific pharmacological

inhibitors and subsequently exposed to SiNPs or vehicle control at 37○C for the indicated durations.
Following treatment, supernatants were collected, and PGE2 levels were measured using a PGE2 ELISA kit
(Enzo Life Sciences, ADI901001, Farmingdale, NY, USA) according to the manufacturer’s protocol.

2.8 Transient Transfection with siRNAs
HPAEpiCs were seeded in 6-well plates and cultured until they reached approximately 80%

confluence. SMARTpool siRNAs targeting scramble control, c-Src (SASI_Hs01_00112905, NM_198291.3),
PKCα (SASI_Hs01_00018817, NM_002737), p42 (SASI_Hs01_00058601, NM_004364), and p65
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(SASI_Hs01_00171091, NM_021975) were obtained from Sigma-Aldrich (St. Louis, MO, USA). HPAEpiCs
were transfected with 100 nM siRNA using GenMute™ reagent (SL100568-HepG2, SignaGen Laboratories)
according to the manufacturer’s protocol. After sequential incubation in complete and serum-free
DMEM/F-12 medium to ensure quiescence, cells were treated with SiNPs for the indicated durations.

2.9 Cell Viability
To assess cell viability, confluent HPAEpiCs were growth-arrested in serum-free DMEM/F-12 overnight,

then treated with SAA. Viability was evaluated using the Cell Counting Kit-8 (CCK-8; Dojindo Molecular
Technologies, CK04, Kumamoto, Japan), and absorbance was measured at 450 nm with a Synergy H1
microplate reader (BioTek Instruments, VT, USA).

2.10 Analysis of Luciferase Reporter Gene Activity
NF-κB transcriptional activity was assessed using the NF-κB Reporter Assay Kit (BPS Bioscience, 60614,

San Diego, CA, USA) following the manufacturer’s protocol. Firefly and Renilla luciferase signals were
quantified with the Dual-Luciferase

R©
Reporter Assay System (Promega, E1910, Madison, WI, USA), and

luminescence was recorded using a Synergy H1 microplate reader (BioTek Instruments, VT, USA). Firefly
signals were normalized to Renilla signals.

2.11 Statistical Analysis of Data
All results are presented as mean ± standard deviation (SD) from a minimum of three independent

experiments. Statistical evaluation was conducted using GraphPad Prism version 6.0 (GraphPad Software,
San Diego, CA, USA). Group differences were analyzed by one-way ANOVA followed by Tukey’s post hoc
test. A p-value < 0.05 was considered statistically significant.

3 Results

3.1 SAA Mitigates SiNP-Induced Pulmonary Inflammation and COX-2 Upregulation in Mice
Our previous study established that SiNPs induce alveolar inflammation [8]. In this study, we further

explored the impact of SiNPs on COX-2 expression and the mitigating effects of SAA, focusing on both
molecular and cellular responses. As shown in Fig. 1A, immunohistochemical staining revealed a significant
increase in COX-2 protein expression in lung sections from SiNPs-treated mice. This upregulation of COX-
2 was markedly reduced in mice pre-administered with SAA, compared to untreated mice, demonstrating
the compound’s ability to modulate inflammatory protein expression at the tissue level. To validate these
observations, we employed Western blot and real-time PCR analyses, which confirmed elevated levels of
COX-2 protein and mRNA in lung tissues from SiNPs-exposed mice (Fig. 1B,C). These molecular analyses
further reinforced the robust inflammatory response elicited by SiNPs and the therapeutic efficacy of SAA
in reversing these effects. Remarkably, SAA treatment led to a significant downregulation of both COX-
2 protein and mRNA expression in these mice, highlighting SAA’s potential to counteract SiNPs-induced
inflammatory responses at the molecular level. Furthermore, leukocyte recruitment to pulmonary alveolar
epithelial cells is a hallmark of lung inflammation, contributing to the pathological processes of various lung
diseases [14]. Our data indicated that SiNPs-stimulated mice exhibited a substantial increase in leukocytes
within the bronchoalveolar lavage fluid (BALF), as shown in Fig. 1D. This observation underscores the sys-
temic impact of SiNP exposure on immune cell infiltration, exacerbating pulmonary inflammation. Notably,
SAA pretreatment significantly reduced the number of leukocytes, suggesting its efficacy in mitigating
SiNPs-induced pulmonary inflammation by modulating immune cell activity in addition to suppressing
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COX-2 expression. These combined data strongly suggest that the accumulation of SiNPs triggers pulmonary
inflammatory responses, characterized by increased COX-2 expression and leukocyte infiltration, which
can be effectively attenuated by SAA. Given these findings, we extended our investigation to elucidate the
signaling pathways involved in SiNPs-induced COX-2 expression and how SAA modulates these pathways.
Specifically, we aimed to understand the molecular targets of SAA within the inflammatory signaling
cascades, providing deeper insights into its role as a potential therapeutic agent. Understanding these
mechanisms could provide deeper insights into the therapeutic potential of SAA in treating SiNPs-related
pulmonary inflammation and guide future research into nanoparticle-induced respiratory diseases.

Figure 1: (Continued)
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Figure 1: SAA alleviates SiNP-induced pulmonary inflammation and COX-2 expression in vivo. (A) Mice received an
intraperitoneal injection of SAA (50 mg/kg) or vehicle 1 h prior to intratracheal instillation of SiNPs (10 mg/kg). After
24 h, lung tissues were collected for histological and immunohistochemical (IHC) analyses. H&E staining was used to
assess inflammation and structural damage, while IHC staining for COX-2 visualized inflammatory protein expression.
Representative images are shown for the sham group (50 μL sterile saline), SiNPs group (10 mg/kg SiNPs), and
SAA + SiNPs group (50 mg/kg SAA plus 10 mg/kg SiNPs). Arrows indicate COX-2 expression in alveolar cells.
(B,C) Lung homogenates were analyzed for COX-2 protein and mRNA levels using Western blot and real-time PCR,
respectively. (D) Total leukocyte counts in bronchoalveolar lavage fluid (BALF) were determined for each group. Data
are presented as mean ± SD from five independent experiments. ##p < 0.01 compared to the SiNPs group

3.2 SAA Inhibits SiNPs-Induced COX-2 Expression and PGE2 Production in HPAEpiCs
To assess the effect of SAA on cell viability, HPAEpiCs were treated with SAA at various concentrations.

As shown in Fig. 2A, cells treated with 0, 1, 10, 50, or 100 μM SAA for 24 h demonstrated that 1 and
10 μM SAA did not significantly affect cell viability, while higher concentrations (50 and 100 μM) caused
marked cytotoxicity, significantly reducing cell viability. These findings indicate that 1 and 10 μM SAA are
non-cytotoxic, while higher concentrations are detrimental to cell survival, underscoring the importance
of selecting appropriate SAA concentrations for subsequent experiments. To examine the time-dependent
effects of SAA on cell viability, HPAEpiCs were treated with 10 μM SAA for 0, 8, 12, 24, or 48 h. As
shown in Fig. 2B, no significant reduction in cell viability was observed at any of the tested time points,
confirming that 10 μM SAA is well-tolerated over extended exposure periods. To further investigate the
effect of SAA on SiNPs-induced COX-2 expression, HPAEpiCs were pretreated with 1, 5, or 10 μM SAA
for 2 h before SiNPs stimulation. As shown in Fig. 2C, SAA significantly reduced COX-2 protein levels
in a concentration-dependent manner, indicating that SAA effectively modulates inflammatory pathways
triggered by nanoparticle exposure. To assess the effect of SAA on COX-2 mRNA expression, HPAEpiCs
were pretreated with 10 μM SAA for 2 h before SiNPs stimulation. As shown in Fig. 2D, SAA significantly
reduced COX-2 mRNA levels, reinforcing its capability to suppress inflammation at the transcriptional level.
Finally, to evaluate the effect of SAA on the secretion of downstream inflammatory mediators, PGE2 levels
were measured. As shown in Fig. 2E, SAA significantly reduced PGE2 secretion, confirming its ability to
inhibit the production of pro-inflammatory mediators. Together, these findings highlight the potential of
SAA as a therapeutic agent in mitigating SiNPs-induced inflammation in pulmonary cells. By effectively
downregulating COX-2 expression, reducing PGE2 secretion, and maintaining cell viability at optimized
concentrations, SAA could play a critical role in treating lung inflammation caused by nanoparticle exposure.
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Figure 2: SAA inhibits SiNP-induced COX-2 expression and PGE2 production in HPAEpiCs. (A) Cells were treated
with increasing concentrations of SAA (0, 1, 10, 50, 100 μM) for 24 h to assess cytotoxicity. (B) Cells were treated with
10 μM SAA for varying durations (0, 8, 12, 24, 48 h) to evaluate time-dependent effects on cell viability. (C) HPAEpiCs
were pretreated with SAA (1, 5, or 10 μM) for 2 h prior to SiNP stimulation, and COX-2 protein expression was analyzed
by Western blot. (D) COX-2 mRNA levels were measured by real-time PCR after pretreatment with 10 μM SAA for 2 h
followed by SiNP exposure. (E) PGE2 levels in the culture supernatant were assessed under the same conditions as (D).
Data are presented as mean ± SD from at least three independent experiments. ##p < 0.01 compared with the control
group (A); ##p < 0.01 compared with cells exposed to SiNPs alone (C–E)
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3.3 SAA Attenuates SiNPs-Induced COX-2 Expression by Suppressing c-Src Activation
Previous research has indicated that COX-2 expression can be mediated through Src kinase activity, a

critical component of several inflammatory signaling pathways [31]. To explore the role of c-Src in SiNPs-
induced COX-2 expression, we pretreated HPAEpiCs with Src inhibitor II (Srci II) before SiNPs exposure.
Preincubation with Srci II significantly reduced SiNPs-induced COX-2 protein and mRNA expression
(Fig. 3A,B), demonstrating the importance of c-Src in mediating the inflammatory response triggered by
nanoparticles. This suggests that c-Src activation is crucial for the upregulation of COX-2 in response to
SiNPs, highlighting its role as a key regulatory node in this process. To further investigate the role of c-
Src, we transfected HPAEpiCs with c-Src siRNA, an approach that enables specific suppression of the c-Src
gene. As shown in Fig. 3C, cells transfected with c-Src siRNA exhibited a decrease in COX-2 protein levels
compared to cells transfected with scrambled siRNA, reinforcing the importance of c-Src in regulating COX-
2 expression. This finding emphasizes that c-Src signaling is an upstream regulator of COX-2 expression in
SiNP-exposed cells. Additionally, we examined the necessity of c-Src phosphorylation for COX-2 expression
by exposing HPAEpiCs to SiNPs for various time periods. The results indicated that transfection with c-
Src siRNA significantly reduced c-Src phosphorylation induced by SiNPs (Fig. 3D). Consistent with these
findings, pretreatment with SAA also substantially decreased c-Src phosphorylation in HPAEpiCs exposed
to SiNPs (Fig. 3E). This demonstrates that SAA can inhibit the activation of c-Src, which is a key mediator of
COX-2 expression in response to SiNPs. Furthermore, we observed that Srci II reduced SiNPs-induced PGE2
generation in HPAEpiCs (Fig. 3F), indicating that c-Src activity is also necessary for PGE2 production. This
reinforces the close relationship between c-Src activation and downstream inflammatory mediators. These
results collectively suggest that SAA exerts its anti-inflammatory effects by suppressing the phosphorylation
of c-Src, thereby downregulating SiNPs-stimulated COX-2 expression and subsequent PGE2 production.
By targeting c-Src activation, SAA effectively interferes with a critical pathway that drives inflammation in
response to nanoparticle exposure. The implications of these findings are significant, as they highlight the
potential of SAA to interfere with critical signaling pathways involved in inflammation, offering a promising
therapeutic approach for conditions associated with nanoparticle-induced pulmonary inflammation. These
insights open new avenues for further research to explore the broader applicability of SAA in managing
inflammatory diseases caused by environmental and occupational nanoparticle exposure.

Figure 3: (Continued)



BIOCELL. 2025;49(7) 1275

Figure 3: SAA reduces SiNP-induced COX-2 expression by inhibiting c-Src activation. (A,B) HPAEpiCs were pre-
treated with Srci II at various concentrations or at 10 μM for 1 h, followed by exposure to 25 μg/mL SiNPs. COX-2
protein (A) and mRNA (B) levels were analyzed by Western blot and real-time PCR, respectively. (C) Knockdown of
c-Src by siRNA reduced both total c-Src and COX-2 protein expression in response to SiNPs. (D) Transfection with
c-Src siRNA suppressed both total and phosphorylated c-Src protein levels following SiNP treatment at 0, 15, 30, and
60 min. (E) Pretreatment with SAA (10 μM) attenuated the phosphorylation of c-Src over the same time course. (F)
Srci II pretreatment reduced PGE2 secretion in the supernatant after SiNP exposure. Data are presented as mean ±
SD from at least three independent experiments. ##p < 0.01 compared with cells exposed to SiNPs alone (A,B,E,F);
##p < 0.01 compared to cells treated with SiNPs + scrambled siRNA (C,D)

3.4 SAA Attenuates SiNPs-Induced COX-2 Expression by Inhibiting PKC Phosphorylation
The role of PKC activation in SiNPs-induced COX-2 expression was investigated by pretreating

HPAEpiCs with either a non-selective PKC inhibitor (Ro318220) or a PKCα inhibitor (Gö6976) before
exposure to SiNPs. PKC, a family of serine/threonine kinases, plays a pivotal role in regulating cellular
signaling pathways involved in inflammation and other pathological processes [32]. As shown in Fig. 4A,B,
both Ro318220 and Gö6976 significantly reduced SiNPs-induced COX-2 protein and mRNA expression,
providing compelling evidence that PKCα activation is critical for the upregulation of COX-2 in response to
SiNPs. This finding underscores the importance of PKCα as a central mediator in the inflammatory cascade
triggered by nanoparticle exposure. Additionally, transfection of HPAEpiCs with PKCα siRNA effectively
knocked down PKCα protein expression and attenuated SiNPs-induced COX-2 protein levels (Fig. 4C).
This result further highlights the specific involvement of PKCα in mediating COX-2 expression following
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SiNPs exposure and validates its role as a potential therapeutic target. Further analysis revealed that SiNPs-
induced PKCα phosphorylation occurred in a time-dependent manner, which was significantly suppressed
by PKCα siRNA transfection, as shown in Fig. 4D. However, PKCα siRNA did not significantly reduce
SiNPs-induced c-Src phosphorylation, indicating that PKCα acts downstream of c-Src in this signaling
pathway. As shown in Fig. 4E, transfection with c-Src siRNA significantly reduced SiNPs-induced PKCα
phosphorylation, demonstrating that c-Src activation is required for PKCα phosphorylation in this context.
This finding supports the notion that c-Src is an upstream regulator of PKCα in the signaling cascade leading
to COX-2 expression. Moreover, Fig. 4F demonstrates that SAA pretreatment significantly inhibited PKCα
phosphorylation in SiNPs-stimulated HPAEpiCs, suggesting that SAA interferes with this critical signaling
event, potentially by targeting upstream c-Src activation. Additionally, as shown in Fig. 4G, pretreatment
with Ro318220 or Gö6976 significantly reduced PGE2 generation in SiNPs-stimulated HPAEpiCs, further
confirming the essential role of PKCα activation in the inflammatory response. These findings collectively
suggest that SAA exerts its anti-inflammatory effects by inhibiting both c-Src and PKCα activation, thereby
downregulating SiNPs-induced COX-2 expression and subsequent PGE2 production. This highlights the
interconnected nature of c-Src and PKCα signaling in the inflammatory response to nanoparticle exposure
and underscores the therapeutic potential of SAA in targeting this signaling axis. Future studies should
further explore the broader applicability of SAA in other models of inflammation and investigate its efficacy
and safety in clinical settings to establish its potential as a viable treatment option for nanoparticle-induced
pulmonary inflammation.

3.5 SAA Inhibits SiNPs-Induced COX-2 Expression by Suppressing p42/p44 MAPK Phosphorylation
To investigate the role of p42/p44 MAPK in SiNPs-induced COX-2 expression, we treated HPAEpiCs

with a potent and selective MEK1/2 inhibitor, U0126, prior to SiNPs exposure. MEK1/2 is a well-established
upstream kinase that directly activates p42/p44 MAPK through phosphorylation, making it an ideal target
to probe the involvement of p42/p44 MAPK in inflammatory signaling [33]. Preincubation with U0126
significantly reduced SiNPs-induced COX-2 protein and mRNA expression in HPAEpiCs (Fig. 5A,B),
demonstrating that p42/p44 MAPK activation is critical for the upregulation of COX-2 in response to SiNPs.
This finding highlights the pivotal role of the p42/p44 MAPK pathway in mediating the inflammatory effects
of nanoparticles. To further validate the involvement of p42/p44 MAPK in this process, we employed siRNA
transfection targeting p42. This approach allows for specific gene silencing and provides direct evidence of
the functional role of p42. As shown in Fig. 5C, transfection with p42 siRNA effectively decreased COX-2
protein levels in SiNPs-treated HPAEpiCs, confirming that p42/p44 MAPK is a key signaling component in
the induction of COX-2 expression by SiNPs. This reduction underscores the direct contribution of p42/p44
MAPK to the inflammatory cascade initiated by SiNP exposure. Fig. 5D demonstrates that SiNPs-induced
phosphorylation of p42/p44 MAPK in HPAEpiCs was significantly suppressed by p42 siRNA, confirming
that p42/p44 MAPK is directly involved in this signaling pathway. However, transfection with p42 siRNA
did not reduce SiNPs-induced phosphorylation of c-Src or PKCα, indicating that p42/p44 MAPK acts
downstream of these kinases and does not provide feedback regulation to upstream signals. Additionally,
as shown in Fig. 5E, transfection with PKCα siRNA significantly reduced p42/p44 MAPK phosphorylation
in SiNPs-stimulated HPAEpiCs, indicating that PKCα acts as an upstream regulator of p42/p44 MAPK
in this signaling pathway. This finding highlights the critical role of PKCα in mediating the activation of
downstream MAPK pathways, which are essential for the upregulation of COX-2 in response to SiNPs
exposure. Moreover, pretreatment with SAA effectively inhibited the SiNPs-induced phosphorylation of
p42/p44 MAPK, demonstrating SAA’s ability to interfere with this critical signaling event (Fig. 5F). This
inhibition aligns with SAA’s previously documented anti-inflammatory properties and further supports its
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role in modulating key components of inflammatory pathways. Finally, as shown in Fig. 5G, pretreatment
with the MEK1/2 inhibitor U0126 significantly reduced PGE2 production in SiNPs-stimulated HPAEpiCs,
confirming the essential role of p42/p44 MAPK activation in the inflammatory response. This finding
underscores the importance of this signaling axis in regulating downstream inflammatory mediators and
highlights the potential of MAPK inhibitors to counteract nanoparticle-induced inflammation. Together,
these findings suggest that SAA inhibits COX-2 expression by suppressing the activation of p42/p44 MAPK,
which is dependent on PKCα activity in HPAEpiCs. By targeting this signaling axis, SAA effectively reduces
both COX-2 expression and PGE2 production, thereby mitigating the inflammatory response induced by
SiNPs. The implications of these results are significant, as they highlight the therapeutic potential of SAA
in treating inflammation caused by nanoparticle exposure. Understanding the molecular mechanisms by
which SAA modulates PKCα and p42/p44 MAPK signaling pathways provides valuable insights into its
role in inflammation and offers a basis for developing targeted interventions to combat pulmonary diseases
associated with environmental and occupational hazards. Future studies should further explore the long-
term efficacy and safety of SAA in preclinical and clinical models, evaluating its potential to prevent or treat
chronic inflammatory conditions arising from nanoparticle exposure.

Figure 4: (Continued)
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Figure 4: SAA reduces SiNP-induced COX-2 expression by suppressing PKCα phosphorylation. (A,B) Cells were
pretreated with Ro318220 or Gö6976 at the indicated concentrations for 1 h, then stimulated with 25 μg/mL SiNPs. COX-
2 protein (A) and mRNA (B) levels were measured using Western blot and real-time PCR, respectively. (C) Knockdown
of PKCα by siRNA led to a reduction in both PKCα and COX-2 protein expression in response to SiNPs. (D) Silencing
PKCα suppressed its own protein expression and phosphorylation, but did not affect c-Src phosphorylation. (E) In
contrast, c-Src siRNA reduced PKCα phosphorylation, indicating that c-Src acts upstream of PKCα activation. (F)
Pretreatment with SAA (10 μM, 2 h) attenuated the phosphorylation of PKCα induced by SiNPs. (G) Pretreatment with
Ro318220 (1 μM) or Gö6976 (3 μM) significantly decreased PGE2 secretion in the culture supernatant following SiNP
exposure. Data are presented as mean ± SD from at least three independent experiments. ##p < 0.01 compared with
cells exposed to SiNPs alone (A,B,F,G); ##p < 0.01 compared to cells treated with SiNPs + scrambled siRNA (C–E)
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Figure 5: (Continued)
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Figure 5: SAA suppresses SiNP-induced COX-2 expression by inhibiting p42/p44 MAPK activation. (A,B) HPAEpiCs
were pretreated with U0126 (various doses or 10 μM) before SiNPs exposure. COX-2 protein (A) and mRNA (B)
expression were assessed by Western blot and real-time PCR, respectively. (C) Knockdown of p42 by siRNA reduced
SiNP-induced COX-2 expression and p42/p44 MAPK protein levels. (D) p42 siRNA did not alter PKCα or c-
Src phosphorylation but suppressed phospho-p42/p44 MAPK expression in SiNP-treated cells. (E) Silencing PKCα
attenuated p42/p44 MAPK phosphorylation in response to SiNPs. (F) Pretreatment with SAA (10 μM, 2 h) inhibited
SiNP-induced phosphorylation of p42/p44 MAPK. (G) U0126 pretreatment reduced PGE2 secretion following SiNP
exposure. Data are presented as mean ± SD from at least three independent experiments. ##p < 0.01 compared with
cells exposed to SiNPs alone (A,B,F,G); ##p < 0.01 compared to cells treated with SiNPs + scrambled siRNA (C–E)

3.6 SAA Attenuates COX-2 Expression by Downregulating NF-κB Activation and Translocation in SiNPs-
Treated HPAEpiCs
To investigate the effect of SAA on COX-2 protein and mRNA expression in SiNPs-treated HPAEpiCs,

we focused on the transcriptional regulation of COX-2, particularly the role of NF-κB. NF-κB is a key
transcription factor that binds to the COX-2 promoter and plays a crucial role in inflammatory responses,
orchestrating the expression of numerous pro-inflammatory mediators [18]. Dysregulated NF-κB activation
has been implicated in the progression of various inflammatory and pathological conditions, making it
a critical target for therapeutic intervention [34]. To determine whether NF-κB activation is required for
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SiNPs-induced COX-2 expression in HPAEpiCs, we pretreated the cells with helenalin, a selective NF-
κB inhibitor known to inhibit NF-κB DNA-binding activity [35]. This pretreatment significantly reduced
SiNPs-induced COX-2 protein (Fig. 6A) and mRNA expression (Fig. 6B), providing strong evidence for the
involvement of NF-κB in this inflammatory response. Further validating the role of NF-κB, we used p65 (an
NF-κB subunit) siRNA to downregulate p65 protein expression. As shown in Fig. 6C, transfection with p65
siRNA also reduced SiNPs-induced COX-2 expression, confirming the pivotal role of p65 in regulating COX-
2 levels. To further investigate the time-dependent activation of NF-κB in response to SiNPs, we measured
NF-κB promoter activity in HPAEpiCs at various time points following SiNPs exposure. As shown in Fig. 6D,
SiNPs treatment significantly increased NF-κB promoter activity in a time-dependent manner, reaching its
peak at 60 min. This indicates that NF-κB is rapidly activated in response to SiNPs stimulation, aligning with
its established role as a key transcriptional regulator of inflammatory responses. To assess the potential of
SAA to inhibit this activation, HPAEpiCs were pretreated with SAA, U0126, or helenalin before SiNPs stim-
ulation. As shown in Fig. 6E, each of these treatments significantly reduced SiNPs-induced NF-κB promoter
activity, confirming that SAA can effectively inhibit NF-κB activation. This finding further supports the role
of SAA in downregulating COX-2 expression by suppressing NF-κB activation and translocation, a critical
step in the inflammatory cascade. Western blot analysis revealed that SiNPs stimulation led to increased
phosphorylation of NF-κB p65 between 90 and 150 min after treatment, indicating a robust and sustained
activation of this pathway (Fig. 6F,G). This phosphorylation was significantly reduced by transfection with
either NF-κB p65 siRNA or p42 siRNA, highlighting the critical role of these upstream signaling molecules
in NF-κB activation. Additionally, SAA preincubation effectively suppressed NF-κB p65 phosphorylation
(Fig. 6H), suggesting that SAA inhibits COX-2 expression by targeting the PKCα/p42/p44 MAPK/NF-κB
signaling axis. This finding supports the role of SAA as a potent modulator of inflammatory signaling,
capable of disrupting key molecular events that drive inflammation. Moreover, helenalin pretreatment
significantly reduced SiNPs-induced PGE2 production (Fig. 6I), emphasizing the broader anti-inflammatory
effects of NF-κB inhibition. Taken together, these results suggest that SAA’s ability to downregulate NF-κB
phosphorylation is crucial for its inhibitory effect on COX-2 expression. By targeting multiple components of
this signaling pathway, SAA effectively mitigates the inflammatory response induced by SiNPs, highlighting
its potential as a therapeutic agent for nanoparticle-induced inflammation.

4 Discussion
Several studies have noted the harm of nanoparticles to living organisms [36]. Babaei et al. reported that

workers with chronic exposure to nanoparticles have some skin conditions accompanied by higher expres-
sion of inflammatory cytokines [7]. Nanoparticles can enter the body through different channels and cause
damage to various organs, with the lungs being one of the primary targets. There is an increasing amount of
research on how nanoparticles can cause or worsen lung inflammation [6]. Different concentrations of SiNPs
have been reported to induce a pulmonary inflammatory response by increasing pulmonary cells and the
levels of pro-inflammatory mediators in mice [37]. Wang et al. showed that intratracheal instillation of SiNPs
causes severe lung injury accompanied by significant lung tissue edema and infiltration of inflammatory cells
in mice [3]. Our study found that exposure to SiNPs resulted in tissue edema and increased levels of COX-2
protein and gene expression in mice. Although the time and dose of stimulation varied, our results were
consistent with previous studies.
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Figure 6: (Continued)
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Figure 6: SAA attenuates COX-2 expression by downregulating NF-κB activation in SiNPs-treated HPAEpiCs. (A,B).
HPAEpiCs were pretreated with varying doses of helenalin (HLN) prior to SiNPs exposure. COX-2 protein (A)
and mRNA (B) levels were analyzed using Western blot and real-time PCR, respectively. (C) Knockdown of p65
by siRNA reduced SiNP-induced COX-2 and p65 protein expression. (D) SiNPs rapidly increased NF-κB promoter
activity over time. (E) Pretreatment with SAA, U0126, or HLN attenuated SiNP-induced NF-κB activation. (F,G)
Transfection with p65 or p42 siRNA suppressed SiNP-induced phosphorylation of p65. (H) SAA pretreatment reduced
p65 phosphorylation after SiNP challenge. (I) HLN treatment reduced PGE2 production in SiNP-stimulated cells. Data
are presented as mean ± SD from at least three independent experiments. ##p < 0.01 compared with cells exposed
to SiNPs alone (A,B,E,H,I); ##p < 0.01 compared to cells treated with SiNPs + scrambled siRNA (C,F,G); ##p < 0.01
compared with the control group (D)

As previously discussed, accumulating evidence supports the significant anti-inflammatory activity
of SAA, as confirmed by multiple independent investigations. Salvianolic acids are capable of reducing
intracellular oxidative stress, which shields cells from free radical damage, and also modulate intracellular
kinase-associated signaling pathways, contributing to their anti-inflammatory effect [15]. The first question
in this study sought to ascertain whether SAA could provide prevention or protection from SiNPs-caused
inflammation. It has been reported that SAA inhibited the development of inflammation by reducing the
levels of iNOS, COX-2, TNF-α, and IL-6 in LPS-stimulated macrophages [38]. In a study conducted by Feng
et al., it was observed that SAA has anti-inflammatory and anti-arthritic effects by decreasing the expression
of inflammatory factors such as MMP-1, MMP-13, COX-2, and iNOS in IL-1β-stimulated cells [16]. Similarly,
results of Wu et al. suggested that SAA also downregulated the expression of inflammatory mediators,
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specifically NO, TNF-α, IL-6, COX-2, PGE2, and MMPs, in mouse chondrocytes that were triggered by IL-
1β [39]. Thus, we have investigated the influence of SAA on the production of COX-2 under SiNPs treatment.
This study confirmed that SAA markedly attenuated SiNP-induced upregulation of COX-2 under both in
vitro and in vivo conditions.

Recent studies have shown that blocking the Src kinase can prevent lung inflammation by interfering
with inflammatory signaling pathways. Src family kinase inhibitors have been found to impair neutrophil
function and reduce inflammation [31]. In addition, inhibiting the Src kinase may hinder Src family kinase
phosphorylation and affect other signaling pathways, ultimately improving lung injury and inflamma-
tion [40,41]. Consistent with previous findings, our study suggests that c-Src plays a key role in mediating
SiNP-induced COX-2 expression, as evidenced by the reduced expression following pretreatment with a
selective inhibitor (Srci II) and c-Src-targeted siRNA transfection. Interestingly, our research indicates that
SAA can suppress the activation of c-Src triggered by SiNPs, potentially serving as a link between SAA and the
decrease in COX-2 expression observed in response to SiNPs. Sperl et al. [42] proposed that the modulatory
action of SAA is associated with its interference in SH2 domain-mediated interactions among Src family
kinases such as Src and Lck. Additionally, the potential therapeutic properties of SAA have been observed in
several diseases, including preventing cerebrovascular endothelial injury by acute ischemic stroke [17], and
LPS-induced acute lung injury (ALI) and NETosis [25], through its ability to suppress c-Src phosphorylation.
Thus, the protective role of SAA in response to SiNP exposure may be attributed, at least in part, to its ability
to inhibit c-Src-mediated signaling.

Regarding the mechanism of SAA inhibiting SiNPs-induced inflammation, our results revealed that
PKCα phosphorylation could be triggered by SiNPs in a time-dependent manner, which was decreased under
SAA or c-Src siRNA treatment. This indicates that PKCα is involved in the signaling pathway of SAA against
SiNPs-induced COX-2 expression as a downstream component of c-Src. The role of PKCα in the induction of
COX-2 protein was further confirmed by Ro318220, Gö6976, or transfection with PKCα siRNA, all of which
attenuated COX-2 expression. The relationship between c-Src and PKCα is intricate and involves multiple
mechanisms. However, our findings support the research conducted by Mizrachy-Schwartz et al., which
suggests that c-Src is upstream and leads to the phosphorylation of PKCα to regulate AMPK [43]. Tan et al.
reported that PKCα is co-immunoprecipitated with c-Src and PKCα expression and activity can be decreased
by inhibiting c-Src [44]. Activation of PKC regulates various cellular functions, with its most notable effects in
airway epithelial cells being the production of pro-inflammatory cytokines [32]. Although information about
the interaction between SAA and PKCα is limited in the previous research, our results provide some tentative
initial evidence that SAA may possess anti-inflammatory effects that are associated with the c-Src-dependent
activation of PKCα.

To further explore the anti-inflammatory effects of SAA, we examined its impact on the MAPK signaling
pathway. The MAPK family consists of three key subgroups: p42/p44 MAPK, c-Jun N-terminal kinases
(JNKs), and p38 MAPKs, all of which are involved in regulating essential physiological and pathological
processes such as cell proliferation, differentiation, apoptosis, and inflammation [45]. In our previous study,
we demonstrated that activation of p38 MAPKs and JNK1/2 plays a crucial role in mediating COX-2
expression induced by SiNPs in HPAEpiCs [8]. The present work further substantiates the involvement of
MAPKs in the SiNP-induced upregulation of COX-2 in these cells. Treatment with the MEK1/2-specific
inhibitor U0126 resulted in a notable reduction of both COX-2 mRNA and protein levels following SiNP
stimulation. Similarly, silencing of p42 MAPK via siRNA significantly decreased COX-2 expression and
MAPK phosphorylation in response to SiNPs, reinforcing the importance of MAPK activation in this
inflammatory process. Previous studies have also reported the role of MAPKs in the anti-inflammatory
action of SAA [46,47]. In line with these findings, we observed that SAA treatment suppressed SiNP-induced
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phosphorylation of p42/p44 MAPK in HPAEpiCs, indicating that ERK1/2 is involved in mediating SAA’s pro-
tective effects. Moreover, transfection with PKCα-targeted siRNA markedly inhibited the phosphorylation of
p42/p44 MAPK induced by SiNPs, suggesting that PKCα acts upstream of MAPK in this signaling cascade.
Based on these results, it is likely that SAA suppresses COX-2 expression and exerts its anti-inflammatory
function by interfering with c-Src-dependent PKCα signaling, which governs the activation of p42/p44
MAPK in SiNP-exposed HPAEpiCs.

NF-κB serves as a key transcription factor involved in regulating pro-inflammatory gene expression
and is commonly activated at sites of inflammation across a wide range of pathological conditions [19].
Its activation leads to the transcriptional upregulation of multiple cytokines and chemokines associated
with inflammatory responses. Within the 5′-flanking region of the human COX-2 gene, NF-κB binding
motifs have been identified among several potential regulatory elements [48,49]. In our study, we observed
that the elevated expression of COX-2 and the enhanced production of PGE2 induced by SiNPs were
markedly suppressed by either helenalin, a selective NF-κB inhibitor, or by siRNA targeting the p65
subunit of NF-κB. These findings highlight the involvement of NF-κB in SiNP-induced COX-2 expression
in HPAEpiCs. Furthermore, we demonstrated that SAA treatment significantly attenuated SiNP-induced
p65 phosphorylation, similar to the effect observed with p65 siRNA, suggesting that SAA interferes with
NF-κB activation. SiNPs also led to a rapid increase in NF-κB promoter activity, which was significantly
diminished by pretreatment with SAA, U0126, or helenalin, further supporting the role of NF-κB in
mediating the inflammatory response. Although previous research has linked MAPK activation to NF-κB
regulation, our results specifically indicate that p42/p44 MAPK is critically involved in activating NF-κB in
response to SiNPs. We showed that silencing p42 MAPK or inhibiting MEK1/2 substantially reduced p65
phosphorylation and activation, thereby reinforcing the connection between MAPK signaling and NF-κB
activation in this context. Taken together, these data suggest that SAA mitigates SiNP-induced inflammatory
responses in HPAEpiCs by modulating NF-κB activation through a signaling cascade involving c-Src, PKCα,
and p42/p44 MAPK. These findings provide strong support for the potential use of SAA as a therapeutic
agent targeting NF-κB signaling in nanoparticle-induced pulmonary inflammation.

In summary, we found that SAA provided prevention or protection from SiNPs-caused inflammation,
which not only reduced the inflammatory response in the lungs of mice but also attenuated COX-2 expression
and PGE2 production in SiNPs-induced HPAEpiCs. According to our results, the mechanism by which
SAA attenuates SiNPs-induced COX-2 expression may be mediated through the c-Src/PKCα/p42/p44
MAPK/NF-κB pathway (Fig. 7). The experimental findings of this study shed new light on SAA and
its potential intervention for the management of nanoparticle-induced inflammatory lung disease. This
study opens avenues for further research to explore the broader implications of SAA in treating various
inflammatory conditions and its potential integration into therapeutic protocols for diseases caused by
environmental and occupational exposure to nanoparticles. Nevertheless, several limitations should be
acknowledged. First, the current study used only a single dose and time point for in vivo SiNPs exposure,
which may not fully reflect the complexity of real-world, chronic or low-dose environmental exposures.
Second, the use of male mice only limits the generalizability of the findings across sexes, as hormonal
influences may modulate inflammatory responses. Third, although key signaling pathways were dissected,
the contribution of other pathways and potential crosstalk mechanisms remains to be explored. Finally, while
our results support the therapeutic potential of SAA, further pharmacokinetic and toxicological evaluations
are necessary before clinical translation.
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Figure 7: Proposed mechanism of SAA-mediated inhibition of SiNPs-induced inflammatory signaling in HPAEpiCs.
This figure presents a proposed signaling mechanism by which SAA reduces SiNP-induced COX-2 expression and PGE2
secretion in HPAEpiCs. Upon stimulation with SiNPs, c-Src undergoes rapid phosphorylation, initiating the activation
of PKCα and subsequent phosphorylation of p42/p44 MAPK. These signaling events culminate in the phosphorylation
of NF-κB p65, a key regulator of COX-2 gene transcription and PGE2 production. Pretreatment with SAA disrupts
this cascade at multiple levels. Specifically, SAA inhibits c-Src phosphorylation, thereby attenuating the downstream
activation of PKCα and p42/p44 MAPK. This suppression further prevents NF-κB p65 activation, leading to reduced
expression of COX-2 and diminished secretion of PGE2. The diagram highlights the multi-level regulatory effect of SAA,
providing mechanistic insight into its potent anti-inflammatory action against SiNP-induced pulmonary inflammation
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