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Background: Macrophage-mediated inflammatory signaling drives pathological inflammation in diverse diseases. Zinc oxide
nanoparticles (ZnO NPs) exhibit recognized anti-inflammatory activity, but their precise molecular mechanisms remain unclear.
This study investigates the modulatory effects of ZnO NPs on Lipopolysaccharide (LPS)-induced inflammatory and underlying
pathways in RAW264.7 macrophages.

Methods: Scanning electron microscopy (SEM) was used to analyze the primary particle sizes of ZnO NPs. Their cytotoxicity on
RAW264.7 cells was assessed using the CCK-8 assay. Cells were pretreated with ZnO NPs (0, 0.5, 1, 2, 5 pg/mL) for 1 h, then
stimulated with LPS (1 pg/mL) for 24 h. Pro-inflammatory factors (TNF-a, IL-1p, IL-6, iNOS, and COX-2), as well as the anti-
inflammatory factor Arg-1, were detected using qRT-PCR, ELISA, or Western blot. RNA-sequencing identified differentially
expressed genes (DEGs). Nitric oxide (NO) production, Reactive Oxygen Species (ROS).

Results: ZnO NPs reduced LPS-induced production of NO and pro-inflammatory factors but increased Arg-1 expression. RNA-
sequencing identified 2638 DEGs (1822 upregulated, 816 downregulated) between LPS and LPS+ZnO NPs groups. Mechanistically,
ZnO NPs exerted anti-inflammatory effects through: (1) blocking NF-kB activation by inhibiting IxB-a degradation and p65 nuclear
translocation; (2) suppressing JAK1-mediated STAT1/3 activation and nuclear translocation. They also reduced LPS-induced ROS.
Conclusion: ZnO NPs mitigate LPS-triggered inflammation by targeting NF-kB and JAK1-STAT1/3 pathways, and reducing ROS.
These findings provide novel mechanistic insights into the anti-inflammatory effects of ZnO NPs, highlighting their therapeutic
potential in macrophage-associated inflammatory disorders.
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Introduction

Inflammation is a crucial biological response, serving as the body’s primary defense mechanism against pathogenic
invasions, cellular damage, and environmental irritants. Notably, this process exhibits distinct temporal patterns: the
transient acute phase promotes tissue repair and the restoration of homeostasis, while sustained chronic inflammation
shows strong pathophysiological associations with tumor progression, atherosclerotic cardiovascular diseases, and
immune dysregulation syndromes.' > Coordinated by immune cells, vascular systems, and molecular signaling cascades,
the inflammatory response triggers precisely regulated cytokine release and chemotactic gradients following cellular
injury.* This molecular coordination aims to achieve three core biological goals: pathogen elimination, clearance of

damaged cells, and tissue structural reconstitution. However, dysregulated or prolonged inflammation can cause
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persistent tissue damage and evolve into a maladaptive response, which is linked to pathogenesis of metabolic disorders
(notably insulin resistance syndromes),” oncogenic transformation’ and cardiovascular diseases (CVDs).®

Macrophages are pivotal immune cells that orchestrate the entire pathological process, ranging from inflammation to
tissue repair, by adopting distinct phenotypes.” ' These cells contribute to inflammation by phagocytosing tissue debris
and releasing proinflammatory cytokines and proteinases; conversely, they facilitate tissue repair by secreting mediators
that promote extracellular matrix (ECM) synthesis, cellular proliferation, and angiogenesis.''"'*> Moreover, macrophages
are crucial in mediating the inflammatory response in the progression of CVDs.'*"'* Lipopolysaccharide (LPS), a key
proinflammatory stimulus, can activate macrophages to generate large quantities of inflammatory cytokines and media-
tors, including tumor necrosis factor-alpha (TNF-a), interleukin (IL)-6, IL-1B">"'" and nitric oxide (NO).'®

In recent years, nanotechnology has driven significant advancements in scientific innovation. Owing to their ultra-
small size, large specific surface area, unique structural features, and distinct chemical composition, nanomaterials
exhibit exceptional properties—making them promising candidates for diverse biomedical applications, such as diag-
nostics, bioimaging, and drug delivery.'"®** Zinc oxide nanoparticles (ZnO NPs) have emerged as multifunctional
platforms in advanced materials science thanks to their unique physicochemical properties that rendering them highly
suitable for various biomedical and biophilic applications.”* These nanoparticles display excellent chemical stability,
high electrochemical coupling efficiency, broad-spectrum light absorption, and outstanding photostability.

Moreover, their large specific surface area, low toxicity, excellent biocompatibility, and biodegradability further
underscore their potential for diverse biomedical applications.”> %’ Recent studies have emphasized the multifunctional
attributes of ZnO NPs, including antibacterial, antidiabetic, anticancer, wound-healing, and bioimaging capabilities.
These properties make ZnO NPs a cost-effective and biocompatible alternative for a wide range of biomedical
applications.”*** 3! Furthermore, ZnO NPs have proven effective in alleviating polymer-wear-particle-induced inflam-
matory osteolysis, underscoring their therapeutic potential in inflammatory and degenerative bone disorders.*? In
a notable study by Nagajyothi et al, demonstrated that ZnO NPs exert moderate antioxidant activity and anti-
inflammatory effects, further supporting their potential as therapeutic agents.’> Additionally, ZnO NPs have exhibited
anti-inflammatory effects and protective properties in chondrocytes under hypoxic conditions.>**> However, the precise
mechanisms underlying these anti-inflammatory actions, particularly in macrophages, remain largely unexplored.

Thus, this study aims to evaluate the anti-inflammatory effects of ZnO NPs in RAW264.7 macrophages and elucidate
the underlying molecular mechanisms, thereby exploring their broader therapeutic potential for macrophage-associated
inflammatory disorders.

Materials and Methods

Cell Culture

The RAW264.7 murine macrophage cell line was obtained from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin. The cells were maintained in
a humidified incubator at 37 °C with 5% carbon dioxide (CO,) atmosphere.

Characterization of ZnO NPs

Zinc oxide nanoparticles (ZnO NPs; Z820746) were purchased from Macklin Biochemical Co., Ltd. (Shanghai, China).
The morphological characteristics of ZnO NPs were analyzed using a scanning electron microscope (SEM, Apreo 2C,
Thermo Scientific, MS, USA) at an accelerating voltage of 5 kV with secondary electron detection, which revealed
a spherical morphology. More than 400 particles were measured to calculate the mean size and characterize the
distribution of distinct particle sizes.

Reagents and Antibodies
Lipopolysaccharides (LPS; L8880) derived from Escherichia coli O111:B4 were obtained from Solarbio Life Science
(Beijing, China). Ruxolitinib (HY-50856), Lyso Green kit (HY-KD1027), and JC-1 kit (HY-K0601) were purchased from
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MedChemExpress (MCE, NJ, USA). Cell Counting Kit-8 (CCK-8; PF00004) was purchased from Proteintech Biological
Technology Co., Ltd., (Wuhan, China). Enzyme-Linked Immunosorbent Assay (ELISA) kit for TNF-a (EK0527), IL-1f
(EK0394), and IL-6 (EK0411) were purchased from BOSTER Biological Technology Co., Ltd., (Wuhan, China). DCFH-
DA (KGA7308) was obtained from KeyGEN BioTECH (Nanjing, China). Total NO Assay Kit (S0021S), Endotoxin
detection reagents kit (C0273S) and Nuclear/Cytoplasmic Isolation Kit (P0028) were purchased from Beyotime
Biotechnology Co., Ltd. (Shanghai, China).

Antibodies against phospho-p38 (Thr180/Thr182; #4511) and phospho-JAK1(Tyr1034/1035; #74129S) were pur-
chased from Cell Signaling Technology (Beverly, MA, USA). JAK1 (R382163), JAK2 (R24775), Phospho-STAT3
(Tyr705; R381552), STAT1 (R25799), and phospho-PI3K p85/p55 (Tyr467/Tyr199; #310164) were obtained from ZEN-
BIOSCIENCE (Chengdu, China). Phospho-JAK2 (Y1007+Y1008; T56570S), phospho-STAT1 (Tyr701; TP56498S),
phospho-Akt (Ser473; T40067S), NOD1 (P42567-1S) and NOD2 (PC7084S) were purchased from Abmart (Shanghai,
China). STAT3 (10253-2-AP), and NF-kB p65 (10745-1-AP) were purchased from Proteintech Biological Technology
Company (Wuhan, China). COX2 (ab179800), iNOS (ab178945), Arginase 1 (Arg-1; ab124917), IxB-a (ab32518), p38
(ab170099), PI3K p83alpha (abl191606), AKTI+AKT2+AKT3 (ab179463), phospho-INK (T183+T183+T221;
ab124956), INK (ab179461), phospho-ERK1 (T202 + Y204) + ERK2 (T185 +Y187; ab278538) and ERK (ab184699)
were obtained from Abcam Biotech (Cambridge, MA, USA).

CCK-8 Assay

Briefly, RAW264.7 cells were seeded in 96-well culture plates at a density of 1 x 10* cells per well and cultured
overnight. The cells were then treated with ZnO NPs at different concentrations (1, 5, 10, 20, 50 pg/mL) or normal
medium (control group) for 24 h. After the treatment, 10 uL of CCK-8 reagent was added to each well, followed by
incubation for 1 h. Absorbance was measured at 450 nm using a microplate reader (BioTek ELX800, VT, USA). Cell
viability was calculated as the percentage of absorbance for each ZnO NPs-treated group relative to the control.

ZnO NPs Endotoxin Detection

To determine whether ZnO NPs were contaminated with endotoxins, we performed the detection using an endotoxin detection
kit. The detailed procedures, with strict contamination control measures, are as follows: prepare sterile, endotoxin-free
centrifuge tubes, ensure all pipette tips, pipettes, and containers used are endotoxin-free to avoid exogenous contamination.
Add 20 pL of endotoxin-free water (detection-grade, as blank control), endotoxin standard solution at concentrations of 0.010,
0.025, 0.050, 0.075, and 0.100 EU/mL (for standard curve calibration) or ZnO NPs sample to be tested to each pre-prepared
tube, respectively. Add 10 pL of endotoxin detection reagent working solution to each tube, incubate at 37 °C in the dark for
25 min. After the first incubation, add 20 uL of chromogenic reagent solution to each tube, continue incubating the tubes at 37
°C in the dark for 6 min. Add 40 pL of chromogenic stop solution to each tube immediately after the second incubation.
Measure the absorbance of each tube at a wavelength of 405 nm using a microplate reader (BioTek ELX800). Endotoxin
concentrations in the ZnO NPs sample were calculated based on the standard curve.

Quantitative Real-Time Polymerase Chain Reaction (qQRT-PCR) Assay

Cells (1x10° cells/well) were seeded in 12-well culture plates and subjected to pretreatment with ZnO NPs (0, 0.5, 1, 2,
and 5 pg/mL) for 1 h, followed by stimulation with LPS (1 pg/mL) for 24 h. Total RNA was isolated using the Trizol™
reagent-based extraction method (TaKaRa Biotech, Dalian, China). Subsequently, complementary DNA (cDNA) was
synthesized from 1 pg of RNA templates using PrimeScript™ RT Master Mix (TaKaRa Biotech).

For quantitative amplification, reactions were performed on a SLAN-96S thermal cycler (Hongshi Instruments,
Shanghai, China) using SYBR® Green-based fluorescence detection. Custom-designed primer pairs (detailed in Table 1)
were used for targeted transcript quantification under optimized thermocycling conditions: an initial denaturation step at 95
°C for 30 s (1 cycle); followed by 40 amplification cycles, each consisting of denaturation at 94 °C for 5 s and primer-
template annealing at 60 °C for 34 s.
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Table | Primers Used in qRT-PCR Study

Target gene

Forward Primer Sequence (5’-3’)

Reverse Primer Sequence (5’-3’)

iNOS
COX-2
IL-1p
IL-6
TNF-o
GAPDH

GACGAGACGGATAGGCAGAGATTG
TGGTGCCTGGTCTGATGATGTATG
TCGCAGCAGCACATCAACAAG
CTCCCAACAGACCTGTCTATAC
ACCCTCACACTCACAAACCAC
ACTCCACTCACGGCAAATTCAAC

AACTCTTCAAGCACCTCCAGGAAC
GTCTGCTGGTTTGGAATAGTTGCTC
TCCACGGGAAAGACACAGGTAG
CCATTGCACAACTCTTTTCTCA
TCTTTGAGATCCATGCCGTTGG
ACACCAGTAGACTCCACGACATAC

Target mRNA expression levels were normalized to the housekeeping gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) for quantitative calibration, and relative expression was calculated using the comparative threshold

9 _AACt

cycle ( ) algorithm.*® To ensure experimental rigor, all assays were performed with three biological replicates, and

mean values were used for statistical analysis.

Western Blotting Assay

Total protein lysates were prepared using RIPA Lysis Buffer™ (Beyotime). For subcellular fractionation, a Nuclear/
Cytoplasmic Isolation Kit (Beyotime) was used, following differential centrifugation techniques. Protein quantification
was quantified via bicinchoninic acid (BCA) assay to ensure standardized loading (30 pg per lane) onto 8% or 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by transfer to a polyvinylidene
difluoride (PVDF) membrane (Millipore, Billerica, MA, USA). After transfer, membranes were blocked in in 5% skim
milk for 2 h at room temperature, then subjected to sequential immunodetection: membranes were incubated with
primary antibodies overnight at 4 °C, followed by incubation with secondary antibodies for 1 h. Between each step,
membranes were washed three times with Tris-buffered saline with Tween 20 (TBST), with each wash lasting 5 min.
GAPDH (1:10,000 dilution) and B-actin (1:20,000 dilution) were used as housekeeping proteins, while LaminB1 (1:2000
dilution) served as the internal reference for nuclear proteins. Protein signals were visualized using a Chemiluminescence
Imaging System (ShenHua Bio, Hangzhou, China). Densitometric analysis of immunoreactive bands was performed
using ImageJ software, with data derived from three technical replicates.

JC-1-Based Mitochondrial Membrane Potential (Ay,,) Detection Assay

To assess changes in mitochondrial membrane potential (Ay,,) of RAW264.7 cells, the JC-1 Mitochondrial Membrane
Potential Assay Kit was used. Briefly, RAW264.7 cells were seeded in 12-well plates at a density of 1x10° cells/well and
cultured overnight. Subsequently, the cells were treated with ZnO NPs at a concentration of 5 pg/mL for 24 h. After
treatment, the cells were washed three times with PBS, then stained with 2 uM JC-1 working solution for 15 min at 37°C
in the dark. Following staining, the cells were washed three times with PBS, and fluorescent images were acquired at
200x% magnification using a fluorescence microscope (OPTIKA, Ponteranica, Italy). Both red fluorescence (emitted by
JC-1 aggregates, indicative of high Ay,,) and green fluorescence (emitted by JC-1 monomers, indicative of reduced Aw,,,)
were captured using the appropriate excitation/emission filter sets. Cellular fluorescence intensity was quantified using
ImagelJ software.

Acridine Orange (AO) Hydrochloride Assay for Lysosomal Integrity Evaluation

To assess lysosomal integrity in RAW264.7 cells, the AO staining assay was performed. RAW264.7 cells were seeded
in 12-well plates at a density of 1x10° cells/well and cultured overnight. Cells were then treated with 5 pg/mL ZnO
NPs for 24 h. After treatment, the cells were washed with PBS and incubated with 1 pM AO for 20 min at 37 °C in
the dark. Following three additional washes with PBS to remove unbound dye, fluorescent images were captured at
400x magnification using a fluorescence microscope (OPTIKA). Fluorescence intensity (red emission indicating
healthy lysosomes; green emission indicating lysosomal damage) was quantified using ImagelJ software.
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Immunofluorescence Assay

For cellular immunofluorescence staining, cells were washed three times with PBS (5 min/cycle). They were then fixed with
4% paraformaldehyde (PFA) for 20 min, followed by three additional PBS washes. Fixed cells were permeabilized with 0.5%
Triton X-100 for 20 min. After another PBS wash and blocking with 3% bovine serum albumin (BSA) in PBS for 30 min at
room temperature, the cells were co-incubated overnight at 4 °C with primary antibodies against iNOS (1:300 dilution) and
Arg-1 (66129-1-Ig, 1:300 dilution; Proteintech). Following three PBS washes, cells were co-incubated with CoraLite594-
conjugated goat anti-mouse (1:400 dilution) and CoraLite488-conjugated goat anti-rabbit (1:400 dilution) secondary anti-
bodies for 1 h at room temperature in the dark. Nuclei were counterstained with 4°,6-diamidino-2-phenylindole (DAPI) for
3 min in the dark. Fluorescent images were acquired at 400x magnification using a fluorescence microscope (OPTIKA). The
analysis of immunofiuorescence was quantified by using the Image J software.

Confocal Laser Microscopy Analysis

RAW264.7 cells were seeded in small confocal laser dishes at a density of 1x10* cells/well. The cells were pretreated with
ZnO NPs at concentrations of 0, 0.5, 1, 2, and 5 pg/mL for 1 h, followed by stimulation with LPS for 24 h. After the above
treatments, the cells were washed with PBS, fixed with 4% PFA for 20 min, permeabilized with 0.5% Triton X-100 for 20 min,
and blocked with 3% BSA in PBS for 30 min. Subsequently, the cells were incubated with primary antibodies against STAT1
(10144-2-AP, 1:300 dilution; Proteintech) and STAT3 (1:300 dilution) separately at 4 °C overnight. After three washes with
PBS, cells were incubated with CoraLite488-conjugated goat anti-rabbit secondary antibody (1:400 dilution) for 1 h at room
temperature in the dark. Finally, cells were stained with DAPI for 3 min in the dark. Fluorescent images were acquired using an
Olympus FV3000 confocal laser scanning microscope (Olympus, Tokyo, Japan) at 600% magnification.

Reactive Oxygen Species (ROS) Detection

Oxidative stress was quantified using the cell-permeable fluorescent probe DCFH-DA following an esterase-dependent
activation protocol. Briefly, cellular suspensions were incubated with 10 uM DCFH-DA at 37 °C for 30 min, followed by
three washes with PBS to remove de-esterified fluorophores. Fluorescence signals were acquired using a flow cytometer
(Beckman Coulter, CA, USA) equipped with a 488 nm argon laser for excitation and a 525 nm bandpass filter for
emission. Statistical analysis of ROS production was performed using data from three independent experimental
replicates to determine significance.

Cytokine Secretion Profiling via ELISA

Following LPS stimulation, cell supernatants were collected for quantification of TNF-a, IL-1p, and IL-6 levels using
ELISA kits. Briefly, 100 pL of the diluted sample was added in pre-coated microwells at 37 °C for 90 min. Negative and
positive controls were included, and each test was performed in duplicate. The assay was conducted as follows:
sequential incubation with biotinylated detection antibodies at 37 °C for 1 h; subsequent five-cycle washing with
300 pL of buffer per well; addition of 100 pL of enzyme conjugate and incubation at 37 °C for 30 min; five additional
washes; addition of 90 pL of horseradish peroxidase substrate solution and incubation at 37 °C in the dark for 15 min;
and finally, addition of stop solution. Optical density was measured at 450 nm using a BioTek (ELX800) microplate
reader. Data were normalized against calibration standards via four-parameter logistic regression, and sample concentra-
tions were calculated using the standard curve as described previously.*’

Nitric Oxide (NO) Quantification

Cell culture supernatants were collected to analyze NO metabolite analysis using a Total NO Assay Kit, following the
manufacturer’s protocol. Absorbance was measured at 540 nm using a microplate reader (ELX800). The experiment was
performed in three independent biological replicates.

High-Throughput Transcriptomic Profiling and Functional Annotation
For RAW264.7 macrophages in three experimental groups (Control, LPS-challenged, and LPS+ ZnO NPs co-treated),
three independent biological replicates per group were subjected to rigorous RNA integrity validation prior to the
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preparation of strand-specific cDNA libraries. High-depth sequencing was performed on the Illumina NovaSeq 6000
platform (Novogene Co., Ltd., Shanghai, China). Transcripts with |log,Fold Change| > land padj < 0.05 were defined as
differentially expressed genes (DEGs). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses of DEGs were conducted using the Cluster Profiler package.®

Statistical Analysis

Data are expressed as means =+ standard deviation (SD). All experiments were performed in triplicate (n > 3). For statistical
analysis, Student’s # test was used to compare differences between two groups, while one-way analysis of variance (ANOVA)
was applied for comparisons involving more than two groups. All statistical computations were performed using GraphPad
Prism 8.0 (GraphPad, Inc., La Jolla, CA, USA). A P value < 0.05 was considered statistically significant.

Results

The Effects of ZnO NPs on RAW264.7 Macrophages Activity

The primary particle size and morphology of ZnO NPs were characterized using SEM. SEM micrographs (Figure 1A and B)
revealed that the ZnO NPs exhibited a distinct prismatic morphology, characterized by well-defined angular edges and
a uniform structural profile. To quantify primary particle size distribution, 400 individuals ZnO NPs were randomly selected
from three independent SEM fields (50,000 magnification) to ensure statistical representativeness. As shown in Figure 1C,
the ZnO NPs exhibited a broad but well-characterized size range of 55.19—620.5 nm, with an average diameter of 180.7 £
84.77 nm and a median diameter of 159.0 nm. The 100—150 nm size class was the most abundant, accounting for 32% of total
particles; this was followed by the 150200 nm class (23%) and the 200-250 nm class (~15%) and the 50-100 nm class
(~12%). Notably, particles within the 50-250 nm range collectively constituted 82.0% of all measured NPs, confirming that
the majority of ZnO NPs fall within a biologically relevant size range for macrophage interactions.

To assess the cytotoxicity of ZnO NPs on RAW264.7 cells, cell viability was determined by the CCK-8 assay.
RAW264.7 cells were treated with various concentrations of ZnO NPs (1, 5 10, 20 and 50 pg/mL) for 24 h. As shown in
Figure 1D, ZnO NPs exhibited no significant cytotoxicity at low concentrations (<5 pg/mL). We further investigated
whether 5 pg/mL of ZnO NPs affects cellular mitochondrial membrane potential and lysosomal membrane
integrity. Results revealed that 5 pg/mL ZnO NPs had no impact on mitochondrial membrane potential or Lysosomal
integrity compared with the control group (Supplementary Figure 1A and B). To further confirm whether 5 pg/mL ZnO

NPs were contaminated with endotoxins, we used a standard endotoxin detection kit to quantify the endotoxin content in
the 5 pg/mL ZnO NPs sample. The results showed that the endotoxin concentration in this sample was below the kit’s
lower limit of detection (0.010 EU/mL), as shown in Supplementary Figure 1C and D. This finding confirms that the

5 pg/mL ZnO NPs used in our experiments were free of endotoxin contamination, supporting their safe use in our
subsequent in vitro inflammation assays. Collectively, these results demonstrated that 5 pg/mL ZnO NPs did not
affect cell viability, nor did they trigger mitochondrial membrane potential dysfunction or lysosomal integrity impairment
and are free of endotoxin contamination. Therefore, ZnO NPs at concentrations of 0.5, 1, 2, and 5 pg/mL were selected
for subsequent experiments.

To identify the optimal LPS concentration for inducing the expression of inflammatory factors (TNF-a, IL-1p, and IL-
6), RAW264.7 cells were treated with LPS at 10 ng/mL, 100 ng/mL, or 1000 ng/mL (ie, 1 pg/mL) for 24 h. As shown in
Supplementary Figure 2A, only LPS at a concentration of 1000 ng/mL significantly increased TNF-o mRNA levels

compared to the control group. In contrast, LPS at both 100 ng/mL and 1000 ng/mL significantly upregulated the mRNA
expression of IL-1P and IL-6 (Supplementary Figure 2B and C). Notably, LPS at 10 ng/mL had no effect on the mRNA
expression of TNF-a, IL-1B, or IL-6. Therefore, 1pg/mL LPS was selected as the induction concentration for subsequent

experiments.

Bright-field microscopy images demonstrated that RAW264.7 cells treated with 1 pg/mL LPS for 24 h displayed
distinct morphological alterations compared to untreated control cells: specifically, increased cell volume, extended
pseudopodia, and a clear shape transition from round to oval or fusiform (Figure 1E). Additionally, when cells were co-
incubated with 1 pg/mL LPS and ZnO NPs at different concentrations (0.5, 1, 2, and 5 pg/mL) for 24 h, the CCK-8 assay

14080 ‘o= Journal of Inflammation Research 2025:18


https://www.dovepress.com/article/supplementary_file/534720/Supplementary%20materials.docx
https://www.dovepress.com/article/supplementary_file/534720/Supplementary%20materials.docx
https://www.dovepress.com/article/supplementary_file/534720/Supplementary%20materials.docx
https://www.dovepress.com/article/supplementary_file/534720/Supplementary%20materials.docx
https://www.dovepress.com/article/supplementary_file/534720/Supplementary%20materials.docx
https://www.dovepress.com/article/supplementary_file/534720/Supplementary%20materials.docx
https://www.dovepress.com/article/supplementary_file/534720/Supplementary%20materials.docx

Tang et al

ZnO NPs >

@)

Percentage %

25,000x magnification

0 100 2|

m

Control
T \

0
O
(8]
~
<
({e]
2
<
(14
F 200-
°\°
< 150-
S 100-
S
3 50
o

0_
LPS (1pg/mL) +
ZnO NPs (ug/mL) -

| Hﬂnﬁﬁ,
00 300 400 500

particle size (nm)

+

600

B 50,000x magnification

Relative cell viability

150

100

a
o
1

e

o

1 1 1 1
1 5 10 20 50
ZnO NPs (ug/mL)

LPS (1pg/mL)

Figure | Cell viability of RAW264.7 macrophages treated with ZnO NPs. (A and B) Representative SEM images illustrating the morphology and size of ZnO NPs. (C)
Quantitative analysis of the size distribution of ZnO NPs. (D) RAW264.7 cells were treated with ZnO NPs (1-50 pg/mL) for 24 h; cell viability was assessed using the CCK-
8 assay. (E) Morphological observation of RAW264.7 cells in the control and LPS-treated groups via light microscopy (400% magnification). (F) RAW264.7 cells were
pretreated with ZnO NPs (0, 0.5, I, 2, and 5 pg/mL) for | h, then treated with LPS (I pg/mL) for 24 h; cell viability was assessed using the CCK-8 assay.
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revealed no cytotoxicity (Figure 1F). Collectively, these results confirm two key points: (1) 1 pg/mL LPS effectively
induces activation-associated morphological changes in RAW264.7 cells; (2) the tested concentrations of ZnO NPs
(0.5-5 pg/mL) do not elicit cytotoxic effects when combined with 1 ug/mL LPS, confirming their suitability for
subsequent investigations into anti-inflammatory mechanisms.

ZnO NPs Attenuate LPS-Induced NO Production and the Expression of
Pro-Inflammatory Cytokines in RAW264.7 Cells

It is well-documented that NO contributes to the regulate of inflammation, while pro-inflammatory cytokines drive its
progression. To assess the anti-inflammatory effects of ZnO NPs in LPS-stimulated RAW264.7 cells, the cells were
pretreated with different concentrations of ZnO (0, 0.5, 1, 2, and 5 pg/mL) for 1h, followed by co-stimulation LPS (1 pg/
mL) for 24 h. The results indicated that ZnO NPs significantly reduced LPS-induced NO production at concentrations of
2 and 5 pg/mL (Figure 2A). Additionally, ZnO NPs significantly reduced both the mRNA and protein levels of TNF-a,
IL-1B, and IL-6 in a concentration-dependent manner (Figure 2B—G). These findings demonstrate that ZnO NPs
effectively suppress LPS-induced NO release and pro-inflammatory responses, thereby highlighting their anti-
inflammatory properties in macrophage-mediated inflammation.

ZnO NPs Suppress M| Polarization and Enhance M2 Polarization in RAW264.7

Macrophages

To evaluate the effect of ZnO NPs on the polarization of RAW264.7 macrophages from the M1 to the M2 polarization, the
following experiments were performed. As widely recognized, the expression of iNOS (a canonical M1 macrophage marker) and
COX-2 are key indicators of the oxidative-inflammatory state in cells.*® Using the same induction protocol described above, we
evaluated the impact of ZnO NPs on LPS-induced expression of iNOS, COX-2, and Arg-1 (a canonical M2 marker).

As depicted in Figure 3A and B, ZnO NPs significantly suppressed LPS-induced upregulation of iNOS and COX-2
mRNA levels in a concentration-dependent manner. At the protein level, 5 pg/mL ZnO NPs markedly inhibited the LPS-
induced elevation of iNOS protein levels, while COX-2 expression was significantly reduced in the presence of 2 and
5 pg/mL ZnO NPs (Figure 3C). In contrast, ZnO NPs at 5 pg/mL significantly upregulated Arg-1expression (Figure 3D).

Furthermore, we performed immunofluorescence co-staining to detect the expression of iNOS and Arg-1. As shown
in Figure 3E, LPS treatment significantly upregulated iNOS protein expression while markedly downregulating Arg-1
protein expression. In contrast, 5 pg/mL ZnO NPs significantly upregulated Arg-1 protein expression and downregulated
iNOS protein expression. The results of immunofluorescence staining were in line with those from Western blot analysis
(Figure 3F). Collectively, these findings demonstrate that the tested higher concentrations of ZnO NPs—particularly
5 pg/mL—suppress M1 macrophage polarization and promote M2 polarization.

|dentification of Inflammatory Signaling Pathways Modulated by ZnO NPs in
LPS-Stimulated RAW?264.7 Cells via High-Throughput Approaches

To further explore the anti-inflammatory mechanisms of ZnO NPs, we performed transcriptomic analysis on three groups
of RAW264.7 cells: untreated control, LPS-stimulated, and LPS + ZnO NPs (5 pg/mL) co-treated. The heatmap
illustrates gene expression profiles across the three groups, revealing that ZnO NPs exert distinct modulatory effects
on the LPS-induced transcriptional changes in treated cells (Figure 4A).

A total of 3118 differentially expressed genes (DEGs) were identified between the control and LPS groups (|log,FoldChange|
> 1.0, padj < 0.05), of which 2068 were upregulated and 1050 were downregulated in the LPS-induced group relative to the
control. Additionally, 2638 DEGs were identified between the LPS and LPS+ZnO NPs groups (Jlog,FoldChange| > 1.0, padj <
0.05), with 1822 upregulated and 816 downregulated in the LPS+ZnO NPs group relative to the LPS group.

The Venn diagram revealed that 829 DEGs were shared between the “LPS vs Control” and “LPS+ZnO NPs vs LPS”
comparisons, while 2289 DEGs were unique to the “LPS vs Control” group and 1809 DEGs were specific to the “LPS
+Zn0O NPs vs LPS” group (Figure 4B). To further prioritize functionally relevant transcriptional changes, we selected the
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Figure 2 ZnO NPs inhibit LPS-induced NO production and pro-inflammatory cytokine expression in RAW264.7 cells. RAW264.7 cells were pretreated with ZnO NPs
(0-5 pg/mL) for | h prior to stimulation with LPS (I pg/mL) for 24 h. (A) NO production was detected. (B—G) The levels of TNF-a, IL-1f, and IL-6 were analyzed by qPCR
and ELISA. Data are presented as mean + SD and analyzed using one-way ANOVA. *p < 0.05, **p < 0.01, **p < 0.00] and ***¥p < 0.0001.

top 10 most significantly upregulated and downregulated DEGs for each comparison group. Detailed information for
these genes is provided in Supplementary Table 1.

Additionally, KEGG pathway enrichment analysis of upregulated DEGs revealed the top 30 enriched signaling
pathways, many of which are inflammation-related—including the TNF-a signaling pathway, Janus kinase-signal
transducer and activator of transcription (JAK-STAT) signaling pathway, nuclear factor kappa B (NF-«kB) signaling
pathway, nucleotide-binding oligomerization domain (NOD)-like receptor signaling pathway, phosphatidylinositol
3-kinase-protein kinase B (PI3K/Akt) pathway, and mitogen-activated protein kinase (MAPK) pathway—all of which
are activated by LPS (Figure 4C and Supplementary Table 2). In contrast, KEGG analysis of downregulated DEGs
following ZnO NPs treatment identified pathways related to cell cycle regulation, DNA replication, and the Fanconi

anemia pathway (Figure 4D).

For GO enrichment analysis, upregulated DEGs were enriched in biological processes (BP) such as the inflammatory
response, cellular components (CC) including the external side of the plasma membrane, and molecular functions (MF)
like cytokine activity (Figure 4E). Conversely, downregulated DEGs following ZnO NPs treatment were enriched in GO
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Figure 3 ZnO NPs inhibit LPS-induced iNOS and COX-2 expression and increase Arg-l expression in RAW264.7 cells. RAW264.7 cells were pretreated with ZnO NPs
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terms including chromosome segregation (BP), chromosome centromeric region (CC), and catalytic activity acting on
DNA (MF) (Figure 4F).

ZnO NPs Inhibit LPS-Induced Activation of the IkB-a/NF-xB Signaling Pathway in
RAW?264.7 Macrophages

KEGG pathway enrichment analysis revealed that the NF-kB pathway mediates LPS-induced inflammatory responses in
RAW264.7 cells. To further investigate whether ZnO NPs inhibit LPS-induced NF-kB activation, changes in IxkB-o and
NF-kB p65 protein levels were evaluated via Western blot analysis. As shown in Figure 5A and B, ZnO NPs effectively
suppressed LPS-induced IxkB-a degradation and the nuclear translocation of cytoplasmic NF-«B p65, in a concentration-
dependent manner. These results demonstrate that ZnO NPs alleviate LPS-induced inflammatory responses in RAW264.7
cells by inhibiting the IxB-a/NF-«kB signaling pathway.

ZnO NPs Inhibit LPS-Induced Activation of the JAKI-STAT I/STAT3 Signaling Pathway

in RAW264.7 Macrophages

Consistent with KEGG pathway enrichment analysis, the JAK/STAT signaling pathway was also activated by LPS. As is
well established, STAT1 and STAT3—key transcription factors in the JAK/STAT pathway—play critical roles in LPS-
induced inflammatory responses. To explore whether ZnO NPs regulate STAT signaling under LPS stimulation, the same
induction protocol described above was used. As shown in Figure 6A, only 5 pg/mL ZnO NPs significantly inhibited
LPS-induced phosphorylation of STAT1 and STAT3 (p-STAT1 and p-STAT3). In contrast, lower concentrations of ZnO
NPs exerted no significant effect on LPS-induced STAT phosphorylation.

Given that STAT transcription factors are activated by JAK family members, we further examined JAK signaling
activity. As depicted in Figure 6B, 5 pg/mL ZnO NPs treatment significantly inhibited LPS-induced phosphorylation of
JAK1 (p-JAKI1), whereas the phosphorylation level of JAK2 (p-JAK?2) was unaffected. These findings demonstrate that
ZnO NPs mitigate LPS-induced inflammatory responses by suppressing JAK1-mediated activation of STAT1 and STATS3.
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Figure 5 ZnO NPs inhibit the IkB-a/NF-kB pathway in RAW264.7 cells. RAW264.7 cells were pretreated with ZnO NPs (0-5 ug/mL) for | h prior to treatment with LPS
(I pg/mL) for 24 h. (A and B) Nuclear and cytoplasmic protein expressions of NF-kB p65 and lkB-a were detected by Western blot. Data are presented as mean * SD and
analyzed via one-way ANOVA. *p < 0.05 and **p < 0.01.
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Figure 6 ZnO NPs suppress the JAK|-STAT |/STAT3 pathway in RAW264.7 cells. Cells were pretreated with ZnO NPs (0-5 pg/mL) for | h, followed by LPS (I pug/mL) co-
stimulation for 24 h. (A) The protein expressions of p-STAT I/STAT |, and p-STAT3/STAT3 were detected by Western blot. (B) The protein expressions of p-JAK |/ JAKI and
p-JAK2/ JAK2 were determined by Western blot. Separately, cells were pretreated with ZnO NPs (0-5 pg/mL) and 10 uM ruxolitinib for | h, followed by stimulation with LPS
(I pg/mL) for 24 h. (C-E) The protein levels of p-JAK1/ JAKI, p-STAT I/STAT |, and p-STAT3/STAT3 were determined by Western blot. Data are presented as mean + SD and
analyzed using one-way ANOVA. * p < 0.05, ** p < 0.01 and ****p<0.0001.

To further validate the anti-inflammatory effects of ZnO NPs mediated through inhibition of the JAK1-STAT1/STAT3
signaling pathways, we investigated whether the JAK-specific inhibitor ruxolitinib could mimic the anti-inflammatory effects
of ZnO NPs. First, we determined the optimal concentration of ruxolitinib using a concentration gradient assay. The results
showed that ruxolitinib at concentrations <10 uM exerted no cytotoxicity on RAW264.7 cells (Supplementary Figure 3).
Therefore, RAW264.7 cells were treated with 10 uM ruxolitinib for 24 h in subsequent experiments. Compared to the LPS
group, ruxolitinib completely suppressed the phosphorylation of JAK1, STAT1, and STAT3 (Figure 6C—E). Taken together,
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these results demonstrate that JAK1 acts as a critical target for regulating LPS-induced inflammatory signaling pathways in
RAW264.7 macrophages.

Furthermore, consistent with the aforementioned KEGG pathway enrichment analysis, we further examined three
other inflammation-related signaling pathways: the PI3K/Akt pathway, NOD-like receptor pathway, and MAPK path-
ways. However, ZnO NPs treatment did not affect LPS-induced phosphorylation of JNKI1/2, ERK1/2, or p38
(Supplementary Figure 4A—C). ZnO NPs also did not alter the phosphorylation level of PI3K, and neither LPS
stimulation nor ZnO NPs affected the protein expression of p-Akt (Supplementary Figure 5A and B). Unexpectedly,

neither LPS treatment nor ZnO NPs at different concentrations affected the protein expression of NOD1 or NOD2
(Supplementary Figure 6A and B). These findings indicate that ZnO NPs do not regulate the LPS-induced the PI3K/Akt
pathway, MAPK pathway, or NOD-like receptor signaling pathway.

ZnO NPs Suppress LPS-Induced Nucleocytoplasmic Translocation of STATI and
STAT3 in RAW264.7 Macrophages

Upon activation, STAT proteins undergo dimerization and translocate into the nucleus to initiate the transcription of
target genes. To determine whether ZnO NPs inhibit the LPS-induced nuclear translocation of STAT1 and STAT3, we
examined the subcellular localization of STAT1 and STAT3 in RAW264.7 cells following LPS stimulation. The results
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Figure 7 ZnO NPs suppress LPS-induced nuclear translocation of STAT | and STAT3 in RAW264.7 cells. RAW264.7 cells were pretreated with ZnO NPs (0-5 ug/mL) for | h,
followed by stimulation with LPS (I pg/mL) for 24 h. (A and B) Nuclear and cytoplasmic protein expressions of STAT | and STAT3 were analyzed by Western blot. (C and D) The
subcellular localization of STAT | and STAT3 were determined using confocal laser scanning microscopy (600% magnification). Data are presented as mean +SD and analyzed by
one-way ANOVA. *p < 0.05 and **p < 0.01.
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showed that LPS treatment significantly induced the nuclear translocation of STAT1 and STAT3, whereas pretreatment
with 2 and 5 pg/mL ZnO NPs markedly inhibited this LPS-induced translocation (Figure 7A and B).

We further examined the subcellular localization of STAT1 and STAT3 using confocal laser scanning microscopy. In
the control group, STAT1 and STAT3 were primarily localized in the cytoplasm. In contrast, LPS treatment caused
a marked translocation of STAT1 and STAT3 into the nucleus (Figure 7C and D). However, 2 and 5 pg/mL ZnO NPs
significantly reduced this LPS-induced nucleocytoplasmic translocation of STAT1 and STAT3. These results were
consistent with those from our WB analysis. Taken together, these findings demonstrate that ZnO NPs alleviate LPS-
induced inflammatory responses by inhibiting JAK1-mediated activation of STAT1 and STAT3 and preventing their
nuclear translocation.

ZnO NPs Mitigate LPS-Induced ROS Production in RAW?264.7 Macrophages

As is well established, ROS contribute to the progression of inflammatory responses. To investigate whether the anti-
inflammatory effects of ZnO NPs are linked to their capacity to suppress ROS accumulation, we evaluated LPS-induced
ROS production in RAW264.7 cells. The results showed that ZnO NPs at lower concentrations (0.5-2 pug/mL) effectively
inhibited LPS-induced ROS production; in contrast, ZnO NPs at 5 pug/mL failed to reduce such LPS-triggered ROS
generation (Figure 8A—G). These findings demonstrate that ZnO NPs exhibit concentration-dependent antioxidant
activity in RAW264.7 cells.

Discussion

Inflammatory diseases and related immune disorders are linked to high prevalence and mortality rates globally.*® Thus,
maintaining a balanced immune system is crucial for preventing inflammation-related diseases. In recent years, several studies
have shown that ZnO NPs possesses anti-inflammatory properties.**>>*!' Therefore, this study examines the effects of ZnO
NPs on LPS-stimulated inflammation responses and explores the underlying molecular pathways in RAW264.7 cells.

First, SEM was employed to characterize the primary particle size of zinc ZnO NPs. Quantitative analysis of 400
randomly selected ZnO NPs revealed an average diameter of 180.7 + 84.77 nm. Cell viability was subsequently assessed
to evaluate potential cytotoxicity. Results showed that ZnO NPs at a concentration of 5 pg/mL did not significantly affect
the viability of RAW264.7 cells. To further validate the in vitro biocompatibility of 5 pg/mL ZnO NPs, we conducted
additional assays to assess changes in mitochondrial membrane potential and lysosomal membrane integrity. These
experiments revealed no detectable disruption to either mitochondrial membrane potential or lysosomal structure in
RAW264.7 cells treated with 5 ng/mL ZnO NPs, thus ruling out sub-lethal organelle damage. Therefore, we selected
ZnO NP concentrations of 0.5, 1, 2, and 5 ug/mL for all subsequent in vitro experiments.

RAW264.7 macrophages are well-characterized for their secretion of diverse inflammatory mediators and pro-
inflammatory cytokines, making them a robust model for studying inflammatory processes. NO, a key mediator of the
oxidative stress response, plays a crucial role in the pathogenesis of inflammation-related diseases.*? In the present study,
we found that ZnO NPs at concentrations of 2 and 5 pg/mL significantly inhibited LPS-induced NO production. Beyond
NO regulation, ZnO NPs suppressed LPS-induced production of the pro-inflammatory cytokines TNF-a, IL-1f3, and IL-6
in various concentrations at both the transcriptional and protein levels. These findings align with previous reports: Meng
et al reported that ZnO NPs mitigate the cytokines of TNF-a, IL-1p, and IL-6, induced by polymer wear particles.*?

iNOS is an enzyme responsible for NO production, its expression precisely regulates intracellular NO levels, and
serves as a critical molecular marker for evaluating inflammatory responses.*’ Additionally, COX-2 exhibits functional
crosstalk with iNOS: prior studies have shown that NO or its metabolites can trigger the activation of COX enzymes,
forming a regulatory loop that amplifies inflammatory responses.** Thus, targeting the expression of iNOS and COX-2 is
a validated strategy for modulating inflammation. In this study, we found that ZnO NPs significantly inhibited LPS-
induced mRNA and protein expression of iNOS and COX-2. However, a dose-dependent discrepancy was observed
between transcriptional and protein expression levels: notably, M1 marker iNOS expression was significantly suppressed
only at 5 pg/mL ZnO NPs, whereas COX-2 expression was effectively inhibited at both 2 and 5 pg/mL. Conversely,
treatment with 5 pg/mL ZnO NPs significantly increased the expression of the M2 marker Arg-1. As is well established,
M1 macrophages are contribute to pro-inflammatory responses, while M2 macrophages play a pivotal role in anti-
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Figure 8 ZnO NPs inhibit intracellular ROS generation in RAW264.7 cells. RAW264.7 cells were pre-treated with ZnO NPs (0-5 pg/mL) for | h, followed by stimulation

with LPS (I pug/mL) for 24 h. (A—F) ROS fluorescence intensity was measured by flow cytometry. (G) Statistical analysis of ROS levels in different groups. Data are presented
as mean * SD and analyzed via one-way ANOVA. #p<0.05, ***p<0.001 and ***p<0.0001.

inflammatory processes and tissue repair.*> Together, these data demonstrate that ZnO NPs not only inhibit the
production of inflammatory mediators (NO) and pro-inflammatory cytokines but also modulate macrophage polarization
by suppressing the M1 phenotype and promoting the M2 phenotype—with higher concentrations (5 pg/mL) exhibiting
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more pronounced regulatory effects. This multimodal anti-inflammatory mechanism highlights the potential of ZnO NPs
as a promising agent for mitigating LPS-induced inflammatory responses.

Furthermore, to gain deeper insights into the regulatory mechanisms by which ZnO NPs modulate macrophage-
mediated inflammation, we performed, for the first time, RNA-seq analysis on RAW264.7 cells pretreated with ZnO NPs
prior to LPS stimulation. A total of 3118 DEGs were identified in the LPS vs control comparison, whereas 2638 DEGs
were detected in the LPS + ZnO NPs vs LPS comparison. KEGG pathway enrichment analysis revealed that multiple
inflammation-related signaling pathways—including the TNF-a signaling pathway, NF-kB signaling pathway, JAK-
STAT signaling pathway, NOD-like receptor signaling pathway, PI3K/Akt signaling pathway, and MAPK signaling
pathway—play crucial roles in mediating the regulatory effects of ZnO NPs in the LPS-induced inflammation model.
Notably, prior to our study, these pathways had not been systematically investigated in the context of ZnO NPs-regulated
LPS-induced inflammation in RAW264.7 macrophages, which highlights the novelty of our findings. Consistent with
existing literature, numerous studies have demonstrated that the JAK-STAT, MAPK, and NF-«B pathways play critical
roles in LPS-induced inflammatory responses in macrophage.*®*® However, there have been relatively few studies
specifically investigating the pathway-specific regulatory effects of ZnO NPs on the aforementioned pathways. To
address this research gap, we therefore carried out targeted mechanistic investigations into these pathways, aiming to
clarify which of these key inflammatory signaling pathways—activated in LPS-stimulated RAW264.7 cells—can be
modulated by ZnO NPs.

In general, NF-kB is retained in the cytoplasm by its inhibitor, IkBa. Upon LPS stimulation, upstream kinases—
including IKKB—phosphorylate IkBa, leading to its ubiquitin-proteasomal degradation. This degradation releases NF-xB
p65, facilitating its translocation into the nucleus, where it modulates the expression of various inflammatory chemokines
and cytokines.**>" In this study, we found that ZnO NPs at various concentrations—with the lowest being 0.5 pg/mL—
all significantly suppressed LPS-induced IxBa degradation and inhibited the nuclear translocation of NF-xB p65. These
findings demonstrate that ZnO NPs attenuate IkBa/NF-kB pathway activation by inhibiting p65 nuclear translocation,
thereby subsequently reducing the expression of inflammatory cytokines.

The JAK-STAT pathway is recognized as a critical signaling cascade that regulates immune responses and
inflammation.”’ Upon LPS binding to its receptors, receptor-associated JAK is activated. Once activated, STATs form
dimers and translocate into the nucleus, where they bind to specific promoter sequences and transactivate the transcrip-
tion of several target genes, such as iNOS.>* In this study, we found that ZnO NPs at 5 pg/mL mitigate LPS-induced
proinflammatory factor release by not only blocking JAK1-STAT1/3 activation but also preventing their (STAT1/STAT3)
nuclear translocation. Ruxolitinib, a selective Janus kinase (JAK1/JAK?2) inhibitor, has garnered significant attention for
its role in modulating macrophage polarization, which is crucial in various inflammatory and immune responses.” Qi
et al reported that 10 pM ruxolitinib, completely mimicked the anti-inflammatory effect of myricitrin, including
inhibition of inflammatory cytokine expression and STAT1 activation.>* Yang et al demonstrated that ruxolitinib inhibits
fibrotic macrophage polarization by suppressing the JAK1/2-STAT6 signaling pathway, thereby alleviating bleomycin-
induced lung fibrosis.”* In order to explore whether ruxolitinib could mimic the anti-inflammatory effect of ZnO NPs, we
performed rescue experiments. We found that compared to the LPS group, ruxolitinib could completely suppressed the
phosphorylation of JAK1-STAT1/STAT3 signaling pathways. Taken together, our results demonstrate that JAK1 serves
as a key target for regulating LPS-induced inflammatory signaling pathways in RAW264.7 macrophages.

The MAPK pathway also exerts a pivotal role in inflammatory processes. Canonical members of the MAPK family include
extracellular signal-regulated kinases 1/2 (ERK1/2), c-Jun N-terminal kinases (JNK), and p38 mitogen-activated protein
kinase (p38 MAPK).>” Typically, LPS stimulation induces phosphorylation of ERK 1/2, INK, and p38, which in turn promotes
nuclear translocation of the transcription factor AP-1 and upregulates the expression of pro-inflammatory mediators.>
Notably, STAT transcription factors, activated by JAKSs, exhibit crosstalk with ERKs and p38 MAPK in responses to
porins®® or LPS,’ respectively. Additionally, vitro studies have indicated that serine/threonine phosphorylation of STATI
and STAT3 is mediated by MAPKs.”® Accordingly, we further investigated the impact of ZnO NPs on MAPK cascades.
Unexpectedly, ZnO NPs pretreatment failed to modulate the phosphorylation of these MAPK family members, suggesting that
ZnO NPs inhibit LPS-induced STAT1 and STAT3 phosphorylation independently of the MAPK pathway.
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The PI3K/Akt signaling pathway has been shown to play a fundamental role in the initiation of inflammatory responses,””
while it is also reported to participate in anti-inflammatory regulation. Notably, Yang et al reported that ablation of myeloid
PTEN can activate PI3K/Akt signaling pathway, thereby mitigating the inflammatory response in acute liver injury.®® Liu et al
further demonstrated that myeloid PTEN deficiency can concomitantly activate phosphorylated Akt and inhibit phosphory-
lated GSK3p, which in turn suppresses inflammation in acute lung injury.®' Additionally, Guo et al specifically reported that
Sophoraflavanone G inhibits LPS-induced inflammation in RAW264.7 cells by targeting the PI3K/Akt signaling pathway.®?
However, in the present study, we found that ZnO NPs failed to inhibit LPS-induced phosphorylation of PI3K/Akt.
Furthermore, NOD1 is one of the most prominent intracellular NOD-like receptors, acting as a crucial sensor of the innate
immune system and is responsible for detecting diverse pathogens and stress signals arising from tissue injury.*>** Activation
of NODI facilitates macrophage migration and enhances immune and inflammatory responses,®® whereas disruption of NOD1
reduces inflammation in tissue injury.®® Qu et al reported that macrophage DvI2 deficiency promotes NOD1-driven pyroptosis
and exacerbates inflammation during liver injury.®” We further investigated the NOD1 and NOD2 signaling pathways;
however, the results indicate that neither LPS nor ZnO NPs exert an effect on the protein expression of NOD1 and NOD2.
In summary, these findings collectively indicate that ZnO NPs exert no effect on the PI3K/Akt and NOD1/NOD2 signaling
pathways—even though both pathways are well-documented to be involved in inflammatory responses. In contrast, this study
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Figure 9 Schematic illustrating the anti-inflammatory mechanism of ZnO NPs in LPS-stimulated RAW264.7 cells. ZnO NPs exert anti-inflammatory effects by inhibiting the
NF-kB and JAKI-STATI/3 pathways and intracellular ROS generation; this in turn reduces the expression of pro-inflammatory mediators (iNOS and COX-2) and the
production of NO, the release of pro-inflammatory cytokines (TNF-a, IL-1f and IL-6).
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demonstrates that ZnO NPs can effectively inhibit LPS-induced inflammation by targeting the NF-xB and JAK1-STAT1
/STAT3 signaling pathways.

ROS function as secondary messengers, regulating the expression of pro-inflammatory gene.® While ROS function
as signaling molecules in host defense responses, an excessive accumulation of ROS during inflammatory processes can
lead to oxidative stress.®”’" Oxidative stress, in turn, can activate various transcription factors, thereby driving the
expression of genes involved in inflammatory pathways. Furthermore, Simon et al reported that ROS production
contributes to the activation of the JAK-STAT pathway.”' Consistent with this, Qi et al reported that inhibiting ROS
generation can suppress JAK-STAT activation in RAW264.7 cells.”> Moreover, ROS can intensify inflammatory
responses through the activation of the NF-kB.”® In the present study, we observed that lower concentrations of ZnO
NPs (eg, 0.5, 1, and 2 pg/mL) reduced LPS-induced ROS generation in RAW264.7 cells. In contrast, 5 pg/mL ZnO NPs
failed to inhibit LPS-induced ROS production. As established in our previous experiments, we have already ruled out the
possibility that cytotoxicity contributed to this issue. Li et al reported that ulinastatin suppressed LPS-induced ROS
production by activating the PI3K/Akt pathways.”* Specifically, their study demonstrated that activated PI3K/Akt
signaling can inhibit intracellular ROS generation—a key mechanistic link between this pathway and ROS regulation
in LPS-stimulated models. In this study, we found that 5 pg/mL ZnO NPs failed to activate the PI3K/Akt pathway. This
finding may partially explain why 5 pg/mL ZnO NPs cannot inhibit the LPS-indued the ROS production: at least, in part,
due to their lack of PI3K/Akt activation. However, other specific regulatory mechanisms underlying this concentration-
dependent behavior of ZnO NPs still remain to be further elucidated.

One major limitation of the present study lies in the absence of in vivo validation—while our in vitro data clearly and
rigorously demonstrate the anti-inflammatory mechanisms of ZnO NPs in RAW264.7 macrophages, future studies should
validate these anti-inflammatory effects and their underlying mechanisms in relevant animal models of macrophage-
associated inflammatory disorders (eg, atherosclerosis models), thereby providing stronger evidence to support the
therapeutic potential of ZnO NPs.

Conclusions

Collectively, our study demonstrates that ZnO NPs exert their anti-inflammatory effects by inhibiting the activation of the
NF-«kB and JAK1-STAT1/STAT3 signaling pathways, as well as by reducing intracellular ROS accumulation, in LPS-
stimulated RAW264.7 cells (Figure 9). These findings provide novel insights into the molecular mechanisms underlying
the anti-inflammatory properties of ZnO NPs and lay a foundation for their potential therapeutic applications in
macrophage-associated inflammatory disorders.
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