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pathogens. Streptococcus pneumoniae (pneumococcus) is a major pathogen causing bacterial pneumonia and
respiratory inflammation. However, specific immune responses of macrophages to pneumococcus under MP
exposure remain unclear. In this study, we aimed to investigate the mechanisms by which MPs inhibit macro-
phage functions, bacterial clearance, and inflammation during pneumococcal infection. Our results showed that
MP exposure significantly impaired macrophage phagocytosis and inhibited pneumococcal engulfment.

Furthermore, MPs synergistically enhanced C-C motif chemokine ligand 2 (CCL2) production via the phos-
phoinositide 3-kinase/protein kinase B (PI3K/Akt) and mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK) pathways, promoting M1 macrophage polarization and activating the ferropto-
sis pathway upon pneumococcal infection. Understanding the roles of MPs in the exacerbation of macrophage-
driven inflammation will facilitate the development of new strategies to manage and treat pneumococcus-

induced pulmonary diseases.

1. Introduction

Microplastics (MPs), defined as plastic particles ranging from 1 ym to
5 mm in diameter, are emerging environmental pollutants posing a
serious threat to human health owing to their increasing prevalence in
almost all ecosystems [1]. Based on their building chemical composi-
tion, MPs are classified into various types, including polyethylene (PE)-,
polystyrene (PS)-, polypropylene (PP)-, polyvinyl chloride (PVC)-, and
polyethylene terephthalate (PET)-based MPs [1]. Among them,
PS-based MPs are most commonly used in research due to their defined
size and easily accessible surface chemistry, which are highly important
for particle—cell interactions [2].

Streptococcus pneumoniae (also referred to as pneumococcus) is
among the most common pathogens causing respiratory tract infections
[3]. Pneumococcus frequently colonizes the upper respiratory tract of
humans, and this asymptomatic colonization can progress to invasive
diseases and conditions, such as sepsis, meningitis, and
community-acquired pneumonia [4]. Alveolar macrophages are crucial
for the early immune responses to pulmonary infections via pathogen
phagocytosis [5,6]. In addition to directly killing the invading micro-
organisms, macrophages secrete various inflammatory cytokines and
chemokines, including the tumor necrosis factor (TNF)-a, interleukin
(IL)-6, IL-1a/p, C-C motif chemokine ligand 2 (CCL2), and C-X-C motif
chemokine ligand 10 (CXCL10), which are involved in the pathogenesis
and regulation of pneumococcal infection [7,8]. Additionally, both M1-
and M2-polarized macrophages play vital roles in regulating pneumo-
coccal pneumonia [9].

Exposure to air pollutant particles induces lung and systemic
inflammation and exacerbates infectious diseases [10]. Among these
pollutants, airborne MPs pose a unique threat due to their ability to
leach heavy metals, chemical substances, and other harmful contami-
nants absorbed from the environment, increasing their toxicity to
humans [11,12]. The detrimental effects of MPs on immune cells have
been reported. For instance, MPs are strongly bound to and engulfed by
neutrophils, enhancing the pro-inflammatory activity and cell
death-related functions of neutrophils through the Toll-like receptor
pathway [13]. Similarly, MPs are internalized by macrophages through
scavenger receptor-mediated phagocytosis, leading to various immu-
nomodulatory effects [14]. In RAW264.7 cells, MPs have been shown to
disrupt mitochondrial function and induce the generation of reactive
oxygen species (ROS) [15]. In THP-1-derived macrophages, MP expo-
sure impairs phagocytic activity and causes DNA damage, indicating a
weakened innate immune response [16]. Furthermore, studies using
primary peritoneal macrophages have demonstrated MP-induced cyto-
toxicity and polarization toward a pro-inflammatory phenotype [17].
Collectively, these findings suggest that MPs directly interfere with
immune defenses and may exacerbate microbial infections. However,
despite growing interest in MP toxicity, limited research has addressed
how MPs influence macrophage responses in the context of bacterial
infections.

Pro-inflammatory cytokines regulate intracellular iron homeostasis
and redox balance, triggering various inflammation-related signaling
pathways associated with ferroptosis, including the nuclear factor

kappa-light-chain-enhancer of activated B cells (NF-kB), inflammasome,
and mitogen-activated protein kinase (MAPK) pathways [18]. Ferrop-
totic cells contribute to inflammatory responses and disease progression
by promoting macrophage recruitment and chemotaxis via CCL2 [19].
CCL2 activity is influenced by macrophage polarization toward the
pro-inflammatory M1 phenotype [20]. MP exposure activates ROS and
initiates ferroptosis [21]. MP-induced ROS production promotes biofilm
formation and enhances bacterial virulence and antibiotic resistance
[22]. Despite these findings, the specific roles of ferroptosis and oxida-
tive stress in exacerbating MP- and pneumococcus-induced macrophage
inflammation remain poorly understood. This study aims to elucidate
the detailed mechanisms by which MPs impair macrophage-mediated
immune responses during pneumococcal infection, with a particular
focus on macrophage functions.

2. Materials and methods
2.1. Characterization of polystyrene-based microplastics (PS-MPs)

PS-MPs with a diameter of less than 0.1 pm (product no. 90517) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). After gentle mix-
ing, 2 pL of a 2 % polystyrene aqueous particle solution was pipetted and
evenly spread onto an agar plate. The MP suspensions were air-dried at
room temperature overnight, then coated with gold using an ion sputter
coater (E-1010, Hitachi, Japan). Images were taken using a field-
emission scanning electron microscope (FE-SEM) (JSM 7500 F, JEOL,
Tokyo, Japan).

2.2. Cell culture

RAW264.7 cells (ATCC TIB-71), a murine macrophage cell line, were
obtained from the American Type Culture Collection (ATCC, Manassas,
VA, USA). Given their widespread use in bacterial infection models,
RAW264.7 cells were employed for the subsequent experiments in this
study (Figure S1). The cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with
10 % heat-inactivated fetal bovine serum (FBS). Cells were maintained
at 37°C in a humidified incubator with 5 % CO5.

2.3. Bacterial culture

The pneumococcal strain TIGR4 (ATCC BAA-334) was kindly pro-
vided by Professor Cheng-Hsun Chiu (Chang Gung Memorial Hospital at
Linkou, Taoyuan, Taiwan) [23]. The bacteria were grown on blood agar
plates (Becton Dickinson, Sparks, MD, USA) and cultured at 37°C in a
5 % CO: atmosphere, as described previously [24]. For infection ex-
periments, bacteria were refreshed in Todd Hewitt Broth (Becton
Dickinson) until an ODggo of 0.6 was reached before proceeding with
subsequent experiments.

2.4. Cell viability assay

RAW264.7 cells (1 x10°) were plated in 96-well plates and exposed
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to various concentrations of MPs for 24 h. Cells were incubated at 37°C
with 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium
bromide (MTT) solution for 3 h. The formazan crystals were dissolved in
isopropanol, and the absorbance at 570 nm was measured using a
spectrophotometer (Bio-Rad, Hercules, CA, USA). Cell viability was
expressed as a percentage relative to the group untreated with MPs.

2.5. Phagocytosis assay

The effect of MPs on macrophage phagocytic activity was assessed
using a Phagocytosis Assay Kit (IgG FITC) (#500290, Cayman Chemical,
Ann Arbor, ML, USA), following the manufacturer’s instructions. Briefly,
RAW264.7 cells (2 x 10°) were seeded onto coverslips and treated with
MPs at concentrations of 0, 20, 100, and 1000 pg/mL for 6 h. Macro-
phages were then incubated with fluorescein isothiocyanate (FITC)-
labeled latex beads coated with rabbit IgG for 3 h at 37°C. After incu-
bation, cells were fixed with 2 % paraformaldehyde for 40 min and
stained with Hoechst 33342 (AAT Bioquest, Sunnyvale, CA, USA) for
30 min. The stained cells were mounted on coverslips and visualized
using a Laser Scanning Confocal Microscope (LSM780, ZEISS, Oberko-
chen, Germany).

2.6. Bacterial internalization assay

A gentamicin protection assay was performed to assess the impact of
MPs on the internalization of bacteria by macrophages. RAW264.7 cells
were treated with MPs at concentrations of 0, 20, 100, and 1000 pg/mL
for 24 h, followed by infection with pneumococci at a multiplicity of
infection (MOI) of 10 for 4 h. To eliminate extracellular bacteria,
infected cells were treated with 100 pg/mL gentamicin for 1.5 h. Cells
were then lysed with 0.1 % Triton X-100 for 30 min. The lysates were
serially diluted and plated on blood agar plates. Colony-forming units
(CFU) were enumerated to determine the internalized bacteria.

2.7. Cytokine array analysis

Expression levels of cytokines were determined by a Proteome Pro-
filer Mouse Cytokine Array kit (#ARY006, R&D Systems, Minneapolis,
MN, USA). The experimental settings were divided into two groups,
including Sp (pneumococci-only treated cells with MOI = 10 for 4 h),
and MPs + Sp (cells were primarily treated with MPs of 20 pg/mL, then
infected with pneumococci with MOI = 10 for 4 h). The chromogenic
detection of membranes was used with AzureSpot Analysis chromogenic
detection software (Azure Biosystems, Dublin, CA, USA) of the Azure
c400 system. The pixel density of each dot was analyzed by UN-SCAN-IT
gel Analysis Software (Silk Scientific, Provo, UT, USA). After that, the
level of each cytokine was determined as the average signal of the
duplicate spots subtracted from the background signal. The relative
changes in cytokine levels between groups were normalized to total
protein concentration, and the fold changes were calculated using logs.

2.8. RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from cells using a PureLink™ RNA Mini kit
(#12183018 A, Thermo Fisher Scientific, Rockford, IL, USA) according
to the manufacturer’s protocol, followed by analyzing the quantity and
quality of extracted RNA using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Rockford, IL, USA) and an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) [25]. RNA was reversely
transcribed into ¢cDNA using an iScript cDNA Synthesis kit (#1708890,
Bio-Rad, Hercules, CA, USA). The primer sequences used in this study
are shown in Table 1 and subjected to qRT-PCR analysis. qRT-PCR
analysis was set up with SYBR Green I Master Mix using a model 7900
Sequence Detector System (Applied Biosystems, Foster, CA, USA), which
was conducted by following the manufacturer’s instructions. Thermal
cycling conditions were as follows: an initial denaturation at 95°C for
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Table 1
Primers used for quantitative real-time PCR analysis'.
Gene Primer Sequence
CCL2 Forward 5’-GCATCCACGTGTTGGCTCAG- 3’
Reverse 5 -TTCTTGGGGTCAGCACAGAC- 3’
CCR2 Forward 5’-TCTTCCTGCTCACATTACCA- 3’
Reverse 5’-GCCAAGTACCTATCAATTGT- 3’
CXCL10 Forward 5’-CCAAGTGCTGCCGTCATTTTC- 3’
Reverse 5’-GGCTCGCAGGGATGATTTCAA- 3
CXCR3 Forward 5’-TACCTTGAGGTTAGTGAACGTCA- 3’
Reverse 5’-CGCTCTCGTTTTCCCCATAATC- 3’
ICAM—1 Forward 5’- CAATTTCTCATGCCGCACAG- 3’
Reverse 5’- AGCTGGAAGATCGAAAGTCCG- 3’
IL—1Ira Forward 5’- AGTACTGCCGAGGCCTGTAATAA- 3’
Reverse 5’- TTGTTCCTCAGGCCCCAAT- 3’
GM-CSF Forward 5’-GAGCATGTGAATGCCATCCAGGAG- 3’
Reverse 5’-CTCCTGGACTGGCTCCCAGCAGTCAAA- 3’
TLR2 Forward 5 -TCTGGGCAGTCTTGAACATTT- 3’
Reverse 5’ -AGAGTCAGGTGATGGATGTCG- 3’
CD80 Forward 5’ -AACTCGCATCTACTGGCAAAAGGAGAA- 3’
Reverse 5 -GGGAAACTGTTGTGTTGATGGCATTTA- 3’
iNOS Forward 5’ -GACATTACGACCCCTCCCAC- 3
Reverse 5’ -GCACATGCAAGGAAGGGAAC- 3’
CD163 Forward 5" -GGCTAGACGAAGTCATCTGCAC- 3’
Reverse 5’ -CTTCGTTGGTCAGCCTCAGAGA- 3’
CD206 Forward 5’ -CTAACTGGGGTGCTGACGAG- 3’
Reverse 5’ -GGCAGTTGAGGAGGTTCAGT- 3’
GAPDH Forward 5 -ATGGTGAAGGTCGGTGTGAA- 3’
Reverse 5’ -CGCTCCTGGAAGATGGTGAT- 3

IqRT-PCR was performed using SYBR Green I Master Mix. Relative mRNA
expression levels were normalized to the control group and calculated using the
2744¢ method. Data are presented as fold change relative to control.

10 min, followed by 35 cycles of denaturation at 95°C for 10 sec and
annealing/extension at 60°C for 1 min. mRNA expression levels were
normalized to the control group and quantified using the 222t method.

2.9. Engyme-linked immunosorbent assay (ELISA)

RAW264.7 cells were either untreated or treated with 20 pg/mL MPs
for 24 h, followed by uninfected or infected with pneumococci (MOI =
10) for 4 h. The expression levels of CCL2 and CXCL10 were determined
using a Duoset ELISA kit (#DY479 and #DY466, R&D Systems, Min-
neapolis, MN, USA).

2.10. SDS-PAGE and western blot analysis

RAW 264.7 cells were treated or untreated with MPs (20 pg/mL) for
24 h, followed by infection with pneumococci (MOI = 10) for 4 h. Cells
were lysed with RIPA buffer containing protease and phosphatase in-
hibitors (Roch, Indianapolis, IN, USA). Protein concentrations were
determined by Bicinchoninic Acid (BCA) Protein Assay (#23225,
Pierce™ BCA Protein Assay kit, Thermo Fisher Scientific, Rockford, IL,
USA). Cell lysates were resolved by SDS-PAGE and transferred onto
polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA).
The membranes were blocked by blocking buffer (containing 5 % bovine
serum albumin (BSA) and 0.1 % Tween 20 in TBS) for 1 h and then
incubated overnight with primary antibodies. The primary antibodies
used in the study were: anti-PI3K (#4292; 1:1000), anti-p-Akt (#4691;
1:1000), anti-t-Akt (#4060; 1:1000), anti-p-NF-kB p65 (#3033; 1:1000),
anti-p-p38 (#4511; 1:1000), anti-t-p38 (#8690; 1:1000), anti-p-ERK1/2
(#4370; 1:1000), anti-t-ERK1/2 (#4695; 1:1000), anti-p-JNK1/2
(#9251; 1:1000), anti-JNK1/2 (#9252; 1:1000), and anti-FTH1
(#4393; 1:1000), which were purchased from Cell Signaling Technol-
ogy (Beverly, MA, USA). Antibodies specific to NF-kB p65 (GTX107678;
1:1000) and p53 (GTX102090; 1:1000) were purchased from GeneTex
(Irvine, CA, USA). Antibodies against Xct (ab175186; 1:1000) and
glutathione peroxidase 4 (GPX4) (ab125066; 1:1000) were purchased
from Abcam (Cambridge, UK). Antibodies specific to NCOA4 (sc373739;
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1:1000) and p-actin (sc48772; 1:5000) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Horseradish peroxidase (HRP)-
conjugated goat anti-rabbit/mouse IgG (Millipore) were used as sec-
ondary antibodies, and the proteins of interest were detected by ECL
Western Blotting Detection Reagents (GE Healthcare, Piscataway, NJ,
USA), and measured using Azure c400 system with AzureSpot Analysis
Software (Azure Biosystems, Dublin, CA, USA).

2.11. Luciferase activity assay

RAW 264.7 cells (6 x10%) were seeded into 24-well plates and co-
transfected with Renilla and NF-xB luciferase reporter genes using jet-
PRIME (#101000001, Polyplus-transfection, Illkirch-Graffenstaden,
France) according to the manufacturer’s instructions. Cells were un-
treated or treated with 20 pg/mL MPs for 24 h, followed by infection
with pneumococci (MOI = 10) for an additional 4 h. The transfected
cells were lysed and analyzed with the Dual-Luciferase Reporter Assay
System (#E1910, Promega, Madison, WI, USA). The luminescence was
detected by using SpectraMax® iD3 Multi-Mode Microplate Readers
(Molecular Devices LLC, San Jose, CA, USA).

2.12. Intracellular iron measurement

RAW264.7 cells (2 x10°) were seeded into 6-well plates and exposed
to 20 pg/mL MPs for 24 h, followed by pneumococcal challenge (MOI =
10) for 6 h. The cells were stained with 1 pmol/L FerroOrange (#F374,
DojinDo, Japan) and incubated for 30 min in a 37°C incubator equili-
brated with 5 % CO5 to measure intracellular iron concentration. Ferric
carrier proteins dissociated ferric iron (Fe3") in the intracellular
reductive environment, and the ferrous ion (Fe*") reacted with Fer-
roOrange probes to produce a stable-colored complex. The fluorescence
intensity was observed under a fluorescence microscope (Zeiss AxioVert
135; Carl Zeiss, Oberkochen, Germany).

2.13. ROS production assay

Intracellular ROS production was detected using dihydrorhodamine
123 (DHR 123) (#D23806, Invitrogen, Thermo Fisher Scientific, Rock-
ford, IL, USA). DHR 123 is a nonfluorescent membrane-permeable
probe, which fluoresces when oxidized to cationic rhodamine 123 in
the mitochondria. RAW264.7 cells (2 x10%) were plated in 6-well plates
and exposed to 20 pg/mL MPs for 24 h, followed by pneumococcal
infection (MOI = 10) for 2 h. After the treatment, 10 pM DHR 123 was
added to the cells and incubated for 30 min at 37°C. The fluorescence
intensity was analyzed by flow cytometry.

2.14. Lipid peroxidation assay

Lipid ROS production was assessed using BODIPY-C11 (#D3861,
Invitrogen, Thermo Fisher Scientific, Rockford, IL, USA), a fluorescent
probe for detecting lipid peroxidation in cellular membranes. RAW264.7
cells (2 x 10°) were seeded into 6-well plates and pretreated with 5 pg/
mL ferrostatin-1 (Fer-1), a potent ferroptosis inhibitor, for 1 h before
exposure to MPs and subsequent pneumococcal challenge. After treat-
ment, the cells were incubated with 10 pyM BODIPY-C11 for 30 min at
37°C. Fluorescence intensity was then analyzed by flow cytometry
(Becton Dickinson, San Jose, CA, USA).

2.15. Ferrostatin-1 treatment and cell death assay

RAW264.7 cells were pretreated with ferrostatin-1 (5 pg/mL) for 1 h,
followed by exposure to MPs for 24 h and subsequent infection with
pneumococci (MOI = 10) for 3 h. The release of lactate dehydrogenase
(LDH) was measured using the CytoTox 96® Non-Radioactive Cyto-
toxicity Assay Kit (#G1780, Promega, Madison, WI, USA). Briefly, 25 pL
of culture supernatant from each well was collected and mixed with an

Journal of Hazardous Materials 497 (2025) 139696

equal volume of the provided substrate mixture. The reaction was car-
ried out at room temperature for 30 min in the dark and terminated by
adding the stop solution. Absorbance was measured at 490 nm using a
microplate reader (SpectraMax iD3, Molecular Devices, CA, USA). Cell
cytotoxicity was calculated as follows: Cytotoxicity (%) = (Sample —
Blank) / (Positive Control — Blank) x 100.

2.16. Statistical analysis

Prior to statistical analysis, the Shapiro-Wilk test was performed to
assess the normality of data distribution, and the Brown-Forsythe test
was used to evaluate the homogeneity of variances. Based on these as-
sessments, either parametric or non-parametric tests were selected
accordingly. For statistical validation, both unpaired Student’s t-test and
one-way ANOVA were conducted to compare means between groups,
serving to cross-validate the consistency of significance. When
comparing two groups, Student’s t-test was applied; for comparisons
involving more than two groups, one-way ANOVA followed by Tukey’s
post hoc test was used. All statistical analyses were performed using
Prism 8 (GraphPad Software, La Jolla, CA, USA). Statistical significance
was defined as *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results
3.1. MP exposure inhibits the macrophage phagocytic activity

Morphology and size of PS-MPs were determined via field-emission
scanning electron microscopy. As shown in Fig. 1, monodisperse MPs
were spherical, with an average particle size of 0.1 pm. These MPs were
used for subsequent tests. Next, we assessed the effects of MPs on
macrophage viability. MTT assay was performed to evaluate the
RAW264.7 cell viability after exposure to various MP concentrations (0,
20, 100, and 1000 pg/mL) for 24 h. No significant reduction in macro-
phage survival was observed (Fig. 2A). Notably, MPs did not affect
pneumococcal viability (Fig. 2B). Overall, MPs did not affect both
macrophage survival and pneumococcus viability.

We also investigated whether MPs influence the phagocytic activity
of macrophages. Exposure of RAW264.7 cells to a low concentration of
MPs (20 pg/mL) resulted in an approximately 50 % reduction in the
uptake of FITC-labeled latex beads (p = 0.0179) (Fig. 3A, B). Phagocytic
activity further declined with high MP concentrations at 100 pg/mL
(p = 0.0022) and 1000 pg/mL (p = 0.0020). To evaluate the effect of
MPs on pneumococcal engulfment, a gentamicin protection assay was
performed. As shown in Fig. 3C, pneumococcal internalization by
macrophages decreased progressively with increasing MP concentra-
tions, with significant reductions observed at 20 pg/mL (p = 0.00048),
100 pg/mL (p = 0.00004), and 1000 pg/mL (p = 0.00001) compared
with the control group. These findings suggest that MP exposure
significantly impairs phagocytic activity and markedly hinders pneu-
mococcal internalization by macrophages.

3.2. MPs synergistically aggravate the pneumococcus-induced
inflammatory responses of macrophages

Next, the effects of MPs on inflammatory responses were assessed.
Cytokine array assay was performed to compare the RAW264.7 cells
treated with MPs and pneumococcus (MPs + Sp) to those treated with
pneumococcus alone (Sp). As shown in Fig. 4, macrophages in the MPs
+ pneumococcus co-treatment group exhibited increased expression of
intercellular adhesion molecule (ICAM)-1, CCL2, CXCL10, IL-1 receptor
antagonist (IL-1ra), granulocyte-macrophage colony-stimulating factor
(GM-CSF), CCL5, IL-6, CXCL12, and CCL4, and lower levels of CXCL2,
TNF-a, G-CSF, and CCL3 than those in the pneumococcus alone group.

Similarly, mRNA expression analysis revealed significantly elevated
ICAM-1 (p = 0.0002), CCL2 (p = 0.0023), and GM-CSF (p = 0.0045) in
the MPs + pneumococcus co-treatment group compared to the
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Fig. 1. Characterization of polystyrene-based MPs (PS-MPs). Morphology and size of PS-MPs were determined using a field-emission scanning electron microscope
(FE-SEM). Magnified images of the cropped areas were shown in the right panels. Magnification of the graphs: 45,000 x (upper panels) and 65,000 x (lower panels).

Scale bars, 100 nm.

>

150
9 1
‘3,’100- — I I
E
8
; 50
[
(&)
0 1 I
Mock 20 100 1000
MPs (pg/ml)

2.5-
_ 2.0-
< L T
*
X 15-
E 4ol
£ 10
[T
© 0.5
0.0

1 1
Mock 20 100 1000
MPs (ug/ml)

Fig. 2. MPs barely affect macrophage viability and pneumococcal survival. (A) RAW264.7 cells were exposed to various concentrations of MPs (0, 20, 100, and
1000 pg/mL) for 24 h, and cell viability was assessed using the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay (n = 3). (B) Pneumococci
were incubated with different concentrations of MPs for 6 h, and bacterial survival was determined by counting colony-forming units (CFU) on blood agar plates.
Results represent the mean + standard deviation from three independent experiments.

pneumococcus alone group, whereas no significant changes were
observed in CXCL10 and IL-Ira (Fig. 5). To validate these findings,
cytokine production was quantified using ELISA. Secretion levels of
CCL2 and CXCL10 were the highest in the MPs + pneumococcus co-
treatment group, with CCL2 levels significantly higher than those in
the pneumococcus alone group (p = 0.0281) (Fig. 6). Furthermore,
levels of the pro-inflammatory cytokines, TNF-a (p = 0.0181) and IL-1a
(p = 0.0092), were markedly elevated upon co-exposure to MPs and
pneumococcus compared to the pneumococcus alone group (Figure S2).

v

These results indicate that MPs enhance pneumococcus-induced cyto-
kine production, exacerbating the inflammatory responses to bacterial
infections.

3.3. MPs regulate the pneumococcus-induced inflammatory responses of
macrophages via the PI3K/Akt and MAPK pathways

Luciferase assay was performed to assess the effects of MPs on NF-kB
activity, which regulates CCL2 expression [26]. As shown in Fig. 7A,
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Fig. 3. MP exposure inhibits macrophage phagocytosis of pneumococci. (A) RAW264.7 cells were exposed to MPs at concentrations of 0, 20, 100, and 1000 pg/mL
for 6 h, followed by incubation with fluorescein isothiocyanate (FITC)-labeled latex beads for 3 h. Nuclei were stained with Hoechst 33342, and images were
captured using confocal microscopy and processed with ZEN software. Scale bars, 10 pm. (B) A total of 10 images were analyzed using ImageJ, and phagocytic
activity was quantified based on the mean fluorescence intensity of internalized latex beads. (C) RAW264.7 cells were exposed to MPs (0, 20, 100, and 1000 pg/mL)
for 24 h and then infected with pneumococci for 6 h. Intracellular bacterial survival was assessed using the gentamicin protection assay, and viable bacteria were
quantified as colony-forming units (CFU). Results exhibit mean + standard deviation from three independent experiments. Statistical significance was analyzed using
one-way ANOVA followed by a post-hoc test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Fig. 4. Effects of MPs on pneumococcus-induced chemokine production in
macrophages. RAW264.7 cells were exposed to 20 pg/mL MPs for 24 h and
then infected with pneumococci at a multiplicity of infection (MOI) of 10 for
4 h. The levels of chemokines and cytokines were analyzed by cytokine array
assay. Expression levels were quantified using UN-SCAN-IT graph digitizer
software. The comparison between MPs + pneumococcus co-treatment and

pneumococcus-only infection is represented as log, fold changes (n = 2). Red
indicates increased expression, whereas blue denotes decreased expression.

macrophages exposed to MPs alone showed no significant changes in
NF-kB activity compared to those in the untreated group. In contrast,
pneumococcal infection significantly increased the NF-kB activity

(p = 0.0159), regardless of MP exposure. Notably, NF-kB activity in the
MPs + pneumococcus co-treatment group was approximately twice as
high as in the pneumococcus-infected macrophages without MP expo-
sure (p = 0.0005).

We further examined the roles of MPs in CCL2-mediated inflamma-
tion in pneumococcus-infected macrophages. As shown in Fig. 7B, PI3K,
phosphorylated Akt, and NF-kB subunit p65 levels were higher in the
RAW264.7 cells co-treated with MPs and pneumococcus than in those
infected with pneumococcus alone. Similarly, phosphorylation levels of
p38, Erk, and JNK were markedly elevated in the MPs + pneumococcus
co-treatment group (Fig. 7C). Collectively, these findings suggest that
MP exposure followed by pneumococcal infection synergistically am-
plifies NF-xB activation in macrophages via CCL2-mediated activation of
the PI3K/Akt and MAPK pathways.

3.4. MPs affect pneumococcus-induced macrophage polarization

To further examine the effects of MPs on macrophage polarization
during pneumococcal infection, mRNA expression levels of M1/M2
macrophage markers were analyzed using qRT-PCR. Pneumococcal
infection promoted M1 polarization, as evidenced by the increased gene
expression of CD80 (p = 0.0004) and inducible nitric oxide synthase
(iNOS) (p = 0.0002) (Fig. 8). Remarkably, MP exposure enhanced the
expression levels of M1 markers in the pneumococcus-infected macro-
phages. Conversely, mRNA expression of the anti-inflammatory M2
markers CD163 (p = 0.0053) and CD206 (p = 0.00001) was signifi-
cantly lower in the MPs + pneumococcus co-treatment group than in the
pneumococcus alone group. These findings suggest that MPs modulate
pneumococcus-induced macrophage polarization, aggravating bacteria-
induced inflammation.
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Fig. 5. MPs synergistically increase chemokine gene expression in pneumococcus-infected macrophages. RAW264.7 cells were exposed to 20 pg/mL MPs for 24 h,
followed by pneumococcal infection at a multiplicity of infection (MOI) of 10 for 4 h. The mRNA expression levels of (A) ICAM-1, (B) CCL2, (C) CXCL10, (D) IL-Ira,
and (E) GM-CSF were analyzed using qQRT-PCR, with GAPDH as an internal control. Statistical significance was determined using one-way ANOVA followed by a post-
hoc test. **, p < 0.01; ***, p < 0.001 (n =4). CCL2, C-C motif chemokine ligand 2; CXCL10, C-X-C motif chemokine ligand 10; IL-1ra, interleukin-1 receptor
antagonist; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GM-CSF, granulocyte-macrophage colony-stimulating factor; ICAM-1, intercellular adhesion

molecule 1.

3.5. Co-exposure to MPs and pneumococcus synergistically promotes ROS
generation and triggers ferroptosis in macrophages

Oxidative stress induces inflammatory responses by promoting the
release of cytokines and chemokines and triggering iron-dependent cell
death, known as ferroptosis [27]. Here, intracellular ROS production in
pneumococcus-infected macrophages was significantly elevated and
further amplified upon MP exposure (p = 0.027) (Fig. 9A). Additionally,
lipid peroxidation, another hallmark of ferroptosis, was increased in the
macrophages treated with MPs and pneumococcus compared to the
untreated group (Figure S3). We then employed Ferrostatin-1, a specific
ferroptosis inhibitor, to validate the involvement of ferroptosis in the
observed macrophage cell death following co-treatment with MPs and
pneumococcus. As shown in Figure S4, Ferrostatin-1 treatment signifi-
cantly suppressed iron accumulation and subsequent cell death by
co-treating with MPs and pneumococcus, supporting the conclusion that
ferroptosis plays a major role in this context.

To investigate ferroptosis regulation, we analyzed key factors,
including p53, the cystine antiporter SLC7A11 (xCT), and GPX4. p53
levels were markedly higher in the MPs + pneumococcus co-treatment
group than in the MPs and pneumococcus alone groups (Fig. 9B).

Additionally, pneumococcal infection, alone or in combination with
MPs, downregulated the expression of xCT, a transporter involved in
cystine uptake and glutathione synthesis, which plays a crucial role in
ferroptosis regulation. Furthermore, co-treatment with MPs and pneu-
mococcus led to reduced GPX4 levels compared to those in the untreated
macrophages. An increase in p53 levels inhibits the cysteine transporter
activity and reduces glutathione synthesis and GPX4 levels, thereby
promoting ferroptosis [28]. These findings suggest that MPs enhance
pneumococcus-induced ferroptosis by upregulating p53 levels and
downregulating GPX4 and xCT levels.

3.6. MP exposure affects iron metabolism in pneumococcus-infected
macrophages

Iron induces oxidative stress by increasing ROS production [29]. To
determine whether MPs influence intracellular iron metabolism, we
examined the levels of iron and its metabolism-related molecules. As
shown in Fig. 10A-B, fluorescence microscopy revealed that MPs
enhanced pneumococcus-induced iron accumulation in macrophages
(p = 0.0034). Additionally, all treatment groups (MPs alone, pneumo-
coccus alone, and MPs + pneumococcus) exhibited lower FTH1 levels
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Fig. 7. MPs enhance pneumococcus-induced NF-kB activation through the PI3K/Akt and MAPK pathways in macrophages. (A) RAW 264.7 cells were transfected
with an NF-kB luciferase reporter plasmid for 24 h, followed by treatment with MPs for 24 h and pneumococcal infection for 4 h. NF-xB luciferase activity was
measured using the Dual-Luciferase Reporter Assay System. Statistical significance was determined using one-way ANOVA followed by a post-hoc test. *, p < 0.05;

% p < 0.001 (n =4). RAW 264.7 cells were treated with 20 pg/mL MPs for 24 h

and infected with pneumococci for 4 h. Protein expression in cell lysates was

analyzed via western blot assay using specific antibodies against (B) PI3K, Akt, phosphorylated Akt, NF-xB p65, and phosphorylated NF-xB p65, and (C) p38, Erk,
JNK, and their respective phosphorylated forms. p-actin served as a loading control. Relative expression levels were normalized to mock-treated cells and are
indicated under the respective lanes. Akt, protein kinase B; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated
protein kinase; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; PI3K, phosphoinositide 3-kinase.

than the untreated group (Fig. 10C). Notably, NCOA4 levels were
elevated following exposure to MPs and pneumococcus. These findings
suggest that MPs and pneumococcal infection reduce iron storage and
promote ferroptosis via NCOA4 in macrophages.

4. Discussion

Plastic particles are broadly categorized based on size into micro-
plastics (MPs), defined as particles ranging from 1 ym to 5 mm, and
nanoplastics (NPs), defined as particles smaller than 1 pm [30]. Given
their overlapping environmental presence and biological effects, the

collective term micro- and nanoplastics (MNPs) is increasingly used to
encompass both size classes [31,32]. MPs are found in almost all eco-
systems, with their global mass estimated to reach over one billion tons
by 2060 [33]. These particles can enter the human body through various
routes, including ingestion, inhalation, and dermal absorption [34].
Among these, inhalation is considered a primary exposure pathway, as
MPs have been widely detected in pulmonary tissues [35,36]. Their
effects on the respiratory system include lung injury, chronic inflam-
mation, and oxidative stress [37].

Macrophages, dendritic cells, and neutrophils play critical roles as
the first line of defense in innate immune responses. However, MPs can
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Fig. 9. MPs enhance ROS production and induce ferroptosis in pneumococcus-infected macrophages. (A) RAW 264.7 cells were treated with MPs for 24 h and then
infected with pneumococci at a multiplicity of infection (MOI) of 10 for 2 h. Cells were stained with 10 pM dihydrorhodamine 123 (DHR123) and analyzed for
intracellular ROS levels by flow cytometry. Statistical significance was determined using one-way ANOVA followed by a post-hoc test. *, p < 0.05 (n = 3). (B) RAW
264.7 cells were exposed to MPs for 24 h, followed by pneumococcal infection for 6 h. Cell lysates were analyzed by western blot assay for ferroptosis-related
proteins, including p53, xCT, and GPX4. f-actin served as a loading control. Relative expression levels were normalized to those of mock-treated cells and are
indicated under the respective lanes. GPX4, glutathione peroxidase 4; ROS, reactive oxygen species; xCT, cystine/glutamate transporter.
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Fig. 10. MPs elicit iron metabolism and induce ferroptosis in pneumococcus-challenged macrophages. RAW 264.7 cells were treated with MPs for 24 h and then
infected with pneumococci at a multiplicity of infection (MOI) of 10 for 6 h. (A) Intracellular iron levels were visualized using FerroOrange (1 pmol/L) and analyzed
by fluorescence microscopy. Scale bars, 10 pm. (B) Quantification of intracellular iron levels based on the mean fluorescence intensity of FerroOrange. (C) Western
blot analysis of FTH1 and NCOA4 expression levels. Relative protein expression was normalized to mock-treated cells and indicated below each lane. Statistical
significance was determined using one-way ANOVA followed by a post-hoc test. **, p < 0.01. FTHI, ferritin heavy chain 1; NCOA4, nuclear receptor coactivator 4.

be internalized by macrophages, which induce toxicity depending on
their physicochemical properties, including size, concentration, and the
duration of exposure (44). Smaller particle sizes, irregular morphol-
ogies, higher concentrations, and prolonged exposure have all been
shown to amplify adverse effects in both animals and humans. Addi-
tionally, recent evidence suggests that MPs can interfere with microbial
uptake processes, such as bacterial endocytosis, potentially disrupting
immune regulation in various organisms, including soil invertebrates
(45). The increasing global prevalence of MPs is detrimental to living
animals, and their presence in different tissues is harmful to human
health. In this study, we investigated the effects of MPs on macrophage
function during pneumococcal infection, aiming better to understand
their potential role in modulating host immune responses.

Previous studies have estimated that humans typically inhale be-
tween 6.50 and 8.97 ug of MPs per kilogram of body weight per day,
with exposure levels reported to be 3-50 times higher in infants and
preschool-aged children [38]. The lungs have been identified as a major
site of MP accumulation, with estimated burdens reaching 34-35 mg,
corresponding to approximately 10,728-11,317 particles per individual
[39]. In certain regions, such as China and Mongolia, daily inhalation of
MPs may be as high as 2.85 x 10° particles per adult [40]. Occupational
exposure, particularly among individuals working in the plastic
manufacturing industry, is likely to be even greater, although compre-
hensive data remain limited. In this study, we assessed macrophage
viability across a range of MP concentrations and found that even at
doses as high as 1000 pg/mL, MPs did not significantly reduce cell
survival. These findings suggest that macrophages can tolerate relatively
high levels of MP exposure without undergoing overt cytotoxicity.
Considering the variability in real-world exposure levels and the
observed resilience of macrophages, we selected a concentration of
20 ug/mL to investigate the effects of MPs on pneumococcus-induced
inflammation. The dose was chosen to reflect environmentally rele-
vant exposure scenarios and to explore the potential immunomodula-
tory effects of MPs under infectious conditions.

Pneumococcus typically colonizes the nasopharynx asymptomati-
cally, particularly in healthy individuals. However, it can transition to a
pathogenic state, causing invasive diseases such as pneumonia, sepsis,

and meningitis, especially in children under five years of age [4]. Our
results showed that PS-MPs significantly inhibited bacterial phagocy-
tosis and impaired pneumococcal clearance, exacerbating inflammatory
responses during infection. Other polymer types, such as PE-MPs, have
also been reported to impair macrophage phagocytic function [41].
Moreover, polymers like PE-MPs and PVC-MPs often contain residual
monomers or chemical additives, which may elicit stronger inflamma-
tory and cytotoxic responses than more inert polymers such as PS-MPs
[42]. Further, NPs (< 100 nm) generally exhibit greater cellular inter-
nalization efficiency than larger MPs, owing to their smaller size and
higher surface area-to-volume ratio [16]. These differences can lead to
enhanced oxidative stress, inflammation, and genotoxicity of immune
cells. Future studies should explore a broader range of particle sizes and
polymer types to better understand the diverse biological impacts of MPs
under physiologically relevant conditions.

In this study, macrophages exhibited upregulated mRNA levels of
cytokines and chemokines, including ICAM-1, CCL2, GM-CSF, CXCL10,
and IL-1Ra, in response to pneumococcal infection. MPs increased the
ICAM-1, CCL2, and GM-CSF mRNA levels upon co-treatment with
pneumococcus. MPs also promoted the production of cytokines and
chemokines, including CCL2, CXCL10, TNF-a, IL-1a, and IL-1p, in the
infected macrophages. Specifically, CCL2, TNF-a, and IL-1a levels were
significantly elevated due to the synergistic effects of MPs and pneu-
mococcal infection. These findings suggest that MP exposure enhances
the innate immune responses during pneumococcal infection, exacer-
bating the pro-inflammatory responses and contributing to chronic
inflammation.

CCL2 recruits macrophages to the sites of inflammation and bacterial
infection by promoting adhesion, migration, and intracellular signaling,
leading to macrophage activation, ROS production, and M1-type po-
larization. In this study, CCL2 production was significantly higher in the
MPs + pneumococcus co-treatment group than in the MP exposure and
pneumococcal infection alone groups. Additionally, MPs induced CCL2-
mediated activation of the PI3K/Akt, MAPK, and NF-kB signaling
pathways during pneumococcal infection, regulating gene expression
and promoting immune mediator production in macrophages. NF-xB
activation is essential for macrophage differentiation into the pro-
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inflammatory M1 phenotype [43]. Consistently, we observed significant
upregulation of the levels of M1 macrophage biomarkers, including
CD80 and iNOS, in the MPs + pneumococcus co-treatment group.
Consequently, activated macrophages secreted high levels of
pro-inflammatory cytokines, including TNF-a, IL-1a, and IL-1p. These
results suggest that CCL2 plays a critical role in macrophage activation,
contributing to the host defense against MPs and exacerbating the in-
flammatory responses during pneumococcal infection.

Ferroptosis is a recently identified form of regulated cell death
characterized by iron overload and lipid peroxidation [44]. In this study,
macrophages co-treated with MPs and pneumococcus showed signifi-
cantly upregulated ROS production compared to the other treatment
groups (untreated, MPs alone, and pneumococcus alone). MP exposure
elevates the levels of ROS and mitochondrial deacetylase sirtuin 3
(SIRT3), a key regulator of ROS production, in mouse hepatocytes [45].
Iron is essential for various cellular processes but contributes to oxida-
tive damage when present in excess or in a dysregulated state [28,44].
Under iron-rich conditions, FTH1 captures and stores the iron ions in
ferritin complexes, preventing their involvement in ROS-generating re-
actions [46]. Ferrostatin-1 treatment effectively attenuated iron accu-
mulation and suppressed ferroptosis-associated cell death induced by
the co-treatment of macrophages with MPs and pneumococcus.
Consistently, we found that macrophages co-treated with MPs and
pneumococcus exhibited high iron levels and low FTH1 expression
levels, which exacerbated the inflammatory responses during infection.

Although this study provides important insights into how MPs impair
macrophage responses to pneumococcal infection, several limitations
should be noted. The use of an in vitro macrophage model, while infor-
mative, does not fully replicate the complexity of the human immune
system or lung environment. Additionally, we focused on a single type of
synthetic PS-MPs with uniform size and shape, which may not reflect the
diverse physicochemical properties of environmental MPs. Real-world
MPs vary in composition, size, and shape, all of which can influence
their biological effects. Furthermore, potential interactions between
MPs and bacterial cells, such as aggregation or changes in bacterial
infectivity, warrant further investigation. Finally, the absence of clinical
or epidemiological data limits the translational applicability of our
findings. Future studies should include patient-derived samples,
particularly from individuals in MP-polluted areas, to better understand
the real-world implications of MP exposure on respiratory infections.
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5. Conclusions

In conclusion, MP exposure inhibited macrophage functions,
impaired bacterial clearance, and exacerbated pneumococcus-induced
inflammation (Fig. 11). Additionally, MPs disrupted macrophage po-
larization and promoted dysfunction through CCL2-mediated activation
of the PI3K/Akt and NF-xB signaling pathways. Furthermore, MP and
pneumococcus co-exposure synergistically elevated ROS production and
disrupted iron homeostasis, thereby driving ferroptosis. These findings
provide crucial insights into the mechanisms how MPs exacerbate
pneumococcal infection and highlight the need for targeted therapies to
mitigate MP-induced immune dysregulation in respiratory infections.

Environmental implication

The widespread presence of MPs in the environment poses a signif-
icant risk to respiratory health by impairing macrophage functions,
reducing bacterial clearance, and exacerbating pneumococcus-induced
inflammation. Our findings show that MP exposure dampens macro-
phage defenses through the modulation of inflammatory signaling
pathways and ferroptosis, increasing susceptibility to pneumococcal
infections. Given the rising levels of MP pollution, reducing human
exposure through stricter environmental regulations and pollution
control measures is essential. These insights highlight the need for
further research and policy interventions to mitigate the health impacts
of MPs.
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