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ABSTRACT

Deleterious effect of various microplastics

to the function of macrophages in innate immune response

Plastic, a synthetic material valued for its durability and cost-effectiveness, plays an essential
role in modern life. However, the environmental accumulation of microplastics raises significant
concerns due to their potential uptake by organisms. Prior research has revealed the harmful effects
of microplastics on various cell types, though these studies often used a single type of microplastics
with uniform size and shape, which may not accurately represent those found in natural
environments. However, this study focused on the distinct effects of three different microplastics -
PET, ABS, and PP- of various sizes and shapes on the function of the innate immune system,
specifically macrophages. It was verified that PET and ABS could induce bone marrow-derived
macrophage (BMDM) recognition and phagocytosis as foreign substances, while PP did not directly
interact with macrophages due to its hydrophobicity. Exposure to PET and ABS resulted in a
significant decrease in the cell viability of BMDMSs. Moreover, after recognition and phagocytosis,
PET and ABS induced M1 macrophage polarization in a concentration-dependent manner and
increased the secretion levels of pro-inflammatory cytokines. Furthermore, two-photon intravital
imaging in mice demonstrated that microplastics accumulate in the intestine upon ingestion.

Transmission electron microscopy (TEM) images revealed changes in mitochondrial morphology,



characterized by a round shape and less dense cristae. These findings suggest that microplastics can
accumulate in mouse intestines and may cause deleterious effects on the innate immune system,

particularly macrophage function, as demonstrated by in vitro experiments.

Key words: microplastics, bone marrow-derived macrophages, cell death, macrophage polarization,

pro-inflammatory cytokine, intestine, mitochondria
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1. Introduction

Plastic which is composed of polymers, is renowned for its versatility, durability, strength, and
cost-effectiveness'. In modern society, plastic has become indispensable and can find application
in diverse areas such as packaging, clothing, construction, and more!. Plastic debris, when
exposed to environmental stressors like UV radiation, seawater, and marine organisms, undergoes
fragmentation into microplastics’*®. The annual rise in plastic and microplastic particle
accumulation highlights the urgency of the issue, as microplastics can enter the food chain and
organisms, and even human can ingest or inhale these plastic particles easily from their natural

712 These ingested and inhaled microplastics to organisms can lead to several

surroundings
damages such as abrasion and blockage of the digestive tract and result in starvation, and
reduction of reproductive capacity'>'%. Previous studies showed that ingestion of microplastics
can obstruct the digestive tracts of aquatic organisms, decreasing their feeding drive and causing
physical harm and oxidative stress'>!,

Microplastics may also trigger cellular responses such as apoptosis or necrosis and
inflammatory signaling upon internalization by epithelial cells or innate immune cells!®!71°,
Among others, macrophages are crucial components of innate immune cells and can migrate to
sites of pathogen invasion and phagocyte the pathogens, infected, debris, and dead cells?*?!. In
addition, derived from bone marrow progenitors, macrophages can differentiate into distinct sub-
populations in response to various stimuli, including pro-inflammatory cytokines and microbial
products 222, The two major sub-populations, M1 (classically activated or inflammatory) and M2

(alternatively activated or anti-inflammatory) macrophages perform distinct functions and

responses???, M1 macrophages, induced by Th1 cytokines or bacterial lipopolysaccharide (LPS)



recognition, produce elevated levels of pro-inflammatory cytokines and mediate anti-microbial
responses but may also contribute to tissue damage. In contrast, M2 macrophages, activated by
Th2 cytokines, play a role in tissue repair, wound healing, and anti-inflammatory responses?*%.
Based on the roles performed by macrophages as innate immune cells and the plasticity of
macrophages by various stimuli, prior studies have shown that upon exposure to microplastics,
macrophages can engulf the plastic particles, leading to increased generation of NO and ROS?%%7.
Therefore, understanding the interaction between microplastics and macrophages in more detail
can provide insights into their potential immunological effects and implications for human health.

Unfortunately, prior research has primarily focused on processed microplastics, which may not
accurately represent those found in natural environments?®?°. However, this study aims to
investigate various types of plastics with different sizes and shapes, occurring naturally in the
environment, rather than processed forms identical to each other. Among the distinct types of
plastic polymers commonly found in marine environments, polyethylene terephthalate (PET),
polypropylene (PP), polyamide (PA), polyurethane (PU), acrylonitrile butadiene styrene (ABS),

polystyrene (PS) and rayon are the most prevalent'

. Based on this investigation, this study
focused on three different types of microplastics, PET and ABS, PP to discover the impacts of
microplastics on the innate immune system. Ultimately, this study revealed the harmful effect of

microplastics on macrophage functions and also the difference in the impact of three types of

microplastics on the function of macrophages depending on their distinct properties.



2. MATERIALS AND METHODS

2.1. Mice

C57BL/6 mice were purchased from Orient Bio (Seongnam, Korea) and housed at the Avison
Biomedical Research Center (ABMRC) of Yonsei University College of Medicine. In all
experiments, 8-10 weeks old male mice were used. CX3CR 19" (heterozygote mice) were used
for visualizing monocyte and macrophage. All procedures were conducted in accordance with
the guidelines of the Institutional Animal Care and Use Committee (IACUC) of Yonsei

University College of Medicine and listed on animal research proposal (IACUC No. 2022-0118).

2.2. Preparation and differentiation of bone marrow-derived

macrophage (BMDM) cells

C57BL/6 mice, 8-10 weeks old, were euthanized by cervical dislocation. Bone marrow cells
were isolated from femurs and tibia by flushing with FACS buffer [1X PBS with 2% FBS
(Welgene, Gyeongsan, Korea) and 2 mM EDTA (Invitrogen, Carlsbad, California, USA)] under
sterile conditions. Red blood cells in bone marrow were removed by ACK lysis buffer (Gibco,
Waltham, Massachusetts, USA). Cells were seeded on 100 mm petri dishes (10 mL/dish) and in
vitro cultured with 20 ng/mL of macrophage colony-stimulating factor (M-CSF) (93, Biolegend,
San Diego, California, USA) which was used for differentiation to macrophage. Culture media
was changed on day 3, and bone marrow-derived macrophages (BMDM) were matured and

harvested on day 7.



2.3. Flow cytometry

Flow cytometry was performed to confirm the viability and differentiation population of M1
macrophage of microplastics treated-BMDMs. BMDMs were seeded the day before the
experiment in 6 well plates at a density of 1x10° cells well in culture medium at 37°C. After 24
hours of incubation, BMDMs were treated with five different concentrations (0.05, 0.1, 0.25, 0.5,
and 1 mg/mL) of three types of microplastics polyethylene terephthalate (PET), acrylonitrile
butadiene styrene (ABS), and polypropylene (PP) (1At &}8h3et ) Ex7] wgd AF).
For the control group, 100 ul of 3’ D.W was treated and for the positive control group, LPS (100
ng/mL) and IFN-y (20 ng/mL) were treated to induce the polarization to M1 macrophage. After
24 hours of incubation, BMDMs were detached by 1X trypsin/EDTA for 3 minutes and 37°C.
Single cells were blocked with 1 pg purified anti-FcR (CD16/32) antibody (Biolegend) for 10
minutes at 4°C. For flow cytometry analysis of single macrophage cells, BMDMs were stained
with APC-Anti-CD11b and BV711-Anti-F4/80 for 30 minutes at 4°C with light blocked. The
viability assay of BMDMs was conducted by FITC-Annexin V (Biolegend) and DAPI
(Invitrogen). To validate the differentiation of M1 macrophage, PE-Anti-CD86, and BV785-Anti-
CD206 were used. Stained samples were washed with Annexin V buffer twice. Flow cytometry
was conducted by LSRII. RAW data of flow cytometry was analyzed by FlowJo v10.2 (BD

Bioscience)

2.4. MTT assay for cell viability

BMDMs were seeded with DMEM the day before the experiment in 96 well plates at a density
of 1x10* cells/well in culture medium at 37°C. After 24 hours of incubation, BMDM s were treated

with different concentrations (0.05, 0.1, 0.5, and 1 mg/mL) of three types of microplastics (PET,



ABS, and PP). The positive control group was treated with 10% of DMSO. BMDMs were
incubated at the same conditions for 24 hours. 20 ul of MTT dye was added to each well and
incubated at 37°C for 3 hours with light blocked. Media was removed, and 100 pl of DMSO was
added to each well to dissolve the formazan crystal pellets. Then incubated at 37°C for 15 minutes.

The plate absorbance was measured with an ELISA reader at 570 nm.

2.5. In vitro cell migration assay

For visualizing the migration pattern of microplastics treated-BMDMs, 2x10° cells of BMDMs
were seeded in confocal dishes with 20 ng/mL of macrophage colony-stimulating factor (M-CSF)
(Biolegend) and incubated at 37°C for 24 hours. The confocal dish was coated with fibronectin
(10 pg/mL) to attach BMDM:s. Fibronectin was treated on a confocal dish at 37°C for 1 hour.
After 24 hours, 0.5 mg/mL of three different microplastics (PET, ABS, and PP) were treated with
BMDMs. For the control group, 100 pl of 3' distilled water was treated with BMDMs. The
confocal dish was mounted on Nikon Ti2e microscope and imaged at 30-second intervals for 2

hours at 37°C with 5% CO; incubation.

2.6. RNA extraction and quantitative real-time PCR

1x10° cells of BMDMs were seeded the day before the experiment in non-treated 6 well plates
and incubated at 37°C. After incubation, BMDMs were treated with 0.5 mg/mL of three types of
microplastics (PET, ABS, and PP). 100 pl of 3 distilled water was treated for the control group.
After 24 hours of incubation, BMDMs were collected by using a scraper and centrifugated for
RNA extraction. Supernatants were carefully removed, and cells were suspended with 1 mL of

Trizol (Invitrogen). Samples were vortexed and incubated for 5 minutes at room temperature. 200



ul of chloroform was added and incubated for 3 minutes at room temperature. The aqueous phase
of RNA was collected by centrifugation for 15 minutes at 12,000 g at 4°C. 400 ul of aquas phase
of RNA and isopropanol were mixed at a 1:1 ratio. Samples were incubated overnight at 4°C.
After overnight of incubation, the RNA pellet was collected with centrifugation for 20 minutes at
12,000g at 4°C. Pellets were washed with 75% ethanol and eluted with ultra-pure distilled water.
RNA concentration of microplastic-treated BMDM was measured by nanodrop. Complement

DNA (cDNA) was synthesized by AccuPower® CycleScript RT PreMix dT20 (Bioneer, Dacjeon,
Korea) with the manufacturer’s protocol. TB green® Premix Ex Tal TM II (Takara, Kyoto, Japan),

primers, and cDNA were mixed. The mixture was loaded to the MicroAmp TM Fast Optical 96
well reaction plate. Real-time PCR was conducted by Quantstudio3 Real-Time PR system

(Applied Biosystems, Forster City, California, USA), and data was analyzed by AACT method.

All primers used in real-time PCR were listed in Table 1.

2.7. Protein extraction and western blotting

1x10° cells of BMDMs were seeded the day before the experiment in non-treated 6 well plates
and incubated at 37°C. After 24 hours of incubation, BMDMs were treated with 0.5 mg/mL of
three types of microplastics (PET, ABS, and PP). For the control group, 100 pl of 3 distilled water
was treated and for the positive control group, LPS (100 ng/mL) and IFN-y (20 ng/mL) were
treated to induce the polarization to M1 macrophage. After 24 hours of incubation, BMDMs were
collected by using a scraper and incubated with RIPA lysis and extraction buffer (Thermo
Scientific, Waltham, Massachusetts, USA) containing 1X Xpert protease inhibitor cocktail
(GenDEPOT, Houston, Texas, USA) and 1X Xpert phosphatase inhibitor cocktail (GenDEPOT)

on ice with vortexing. Supernatants were collected with centrifugation for 15 minutes at 13,000



rpm at 4°C. Concentration was measured by bicinchoninic acid (BCA) assay. Samples were
diluted at 5X sample loading buffer containing DTT (Tech&Innovation, Chuncheon, Korea) and
boiled for 5 minutes at 95°C heat block. 10% gel was used for western blotting. SDS-PAGE was
conducted with 1X running buffer for 2 hours. 0.2 um size PVDF membrane was activated with
methanol before transfer. Transfer was performed for 1 hour on ice. Membrane was blocked for 1
hour at room temperature with 5% non-fat skim milk in 1X TBST (0.1% tween 20) and 5% BSA
in 1X TBST. Mouse anti-mouse Akt mAb (1:1000), and mouse anti-mouse IKK mAb (1:1000)
were diluted into antibody dilution buffer (5% skim milk, 0.02% sodium azide containing 1X
TBST), Mouse anti-mouse p-Akt mAb (1:1000), mouse anti-mouse p-IKK mAb (1:1000) were
diluted into antibody dilution buffer (5% BSA, 0.02% sodium azide containing 1X TBST). 1*
antibody was blotted with shaking incubation overnight at 4°C. Membrane was washed with 1X
TBST and mouse-anti IgG Ab with HRP conjugate was used for 2" antibody blotting. After
washing the membrane, Clarity Max ECL (Bio-Rad, Hercules, California, USA) (1:1) was used

for low expressed protein development.

2.8. Two photon intravital imaging

Mice were deeply anesthetized with a Zoletil-Rompun mixture diluted (1:10) in PBS. Two-
photon intravital microscopy was used to observe microplastics in intestine. Mice was fed with
10 mg/kg of mixed three types of microplastics for 2 weeks. Three types of microplastics were
suspended in 3’ distilled water. The dosage was determined based on the estimated environmental
accumulation and the amount of microplastics ingested or inhaled by organisms. To observe blood
flow, Texas Red Dextran (70 kDa) was injected intravenously before anesthesia. Additionally, to

visualize monocytes in C57BL/6 mice, CX3CR1°™* (heterozygote mice) were used. Hair of



abdomen was removed by using hair remover cream. After vertically incising the abdomen, the
small intestine was exposed. Subsequently, a part of the small intestine intended for imaging was
selected, and small incisions were made at both ends to gradually open the cylindrical shape of
the intestine, allowing the interior to be exposed. Following this, feces and foreign materials
within the intestine were removed using 1X PBS and waiting until bleeding subsided as much as
possible. After all procedures were done, mice were set on the chamber for imaging. A 25X water
immersed objective lens was used for all in vivo imaging. 4D imaging videos (512x512 pixels)
were recorded with 1 pm slice for depth of 40 um. Intravital imaging was conducted by FVMPE

(Olympus, Tokyo, Japan)

2.9. Transmission Electron Microscopy (TEM)

Mice was fed with 10 mg/kg of mixed three types of microplastics for 2 weeks. Transmission
Electron microscopy Specimens were fixed for 12 hours in 2% Glutaraldehyde-2%
Paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) and washed in 0.1 M phosphate buffer,
post-fixed with 1% OsO4 in 0.1 M phosphate buffer for 2 hours and dehydrated with an ascending
ethanol series (50, 60, 70, 80, 90, 95, 100, 100%) for 10 minutes each, and infiltrated with
propylene oxide for 10 minutes. Specimens were embedded with a Poly/Bed 812 Kkit
(Polysciences), polymerized in an electron microscope oven (TD-700, DOSAKA, Japan) at
65°C for 12 hours. The block is equipped with a diamond knife in the Ultra-microtome (UC7,
Leica Microsystems Ltd, Vienna, Austria), and is cut into 200 nm semi-thin section and stained
toluidine blue for observation of optical microscope. The region of interest was then cut into 80
nm thin sections using the ultra-microtome, placed on copper grids, double stained with 5% uranyl

acetate for 20 minutes and 3% Lead citrate for 7 minutes staining, and imaged with a transmission



electron microscopy (HT7800, HITACHI, Tokyo, Japan) at the acceleration voltage of 80

kV equipped with a RC camera.

2.10. Statistical analysis

Analysis of cell migration pattern of BMDMs was obtained through Volocity (PerkinElmer,
Waltham, MA, USA). All statistical analysis were conducted by GraphPad Prism 7.00 (GraphPad
Software, Inc, CA, USA) software. More than two independent groups were analyzed by one-way
analysis of variance (ANOVA). Statistical significance was defined as a p-value<0.05. All data
were expressed as the mean + standard error of the mean unless specified otherwise. All

experiments were conducted at least in triplicate.



Table 1. Primer sequences used for gRT-PCR in mouse

Gene

Primer sequence (5°—3”)

Thbp

IL-6

IL-15

IL-10

TNF-a

F: GAGTTGCTTGCTCTGTGCTG

R: CTGGCTTGTGTGGGAAAGAT

F: GTCCTTCCTACCCCAATTTCCA

R: TAACGCACTAGGTTTGCCGA

F: GAAGAAGAGCCCATCCTCTGT

R: TTGTCGTTGCTTGGTTCTCC

F: ACAGCCGGGAAGACAATAAC

R: GGCAACCCAAGTAACCCTTA

F: TCTACTGAACTTCGGGGTGA

R: CACTTGGTGGTTTGCTACGA

10



3. RESULTS

3.1. Surface characteristics of PET, ABS and PP based on different

fragmentation behavior

In this study, I explored the influence of the diverse chemical structures of polymeric materials
on fragmentation behavior and the potential toxicity of microplastic fragmentation on immune
cell function. Microplastics, pervasive pollutants in the environment, pose ingestion risks to
various organisms, including humans. However, the effects of microplastic fragmentation on
immune cell responses remain poorly understood. To address this gap, I utilized in vitro models
to evaluate the impact of fragmented microplastics on immune cells, comparing their effects with
intact microplastics.

This study focused on three representative microplastics: PET, ABS and PP. Given status of
each plastic as one of the most produced and consumed plastics, understanding its fragmentation
behavior and potential effects is crucial. Each polymer's distinct chemical structure requires an
investigation into its physicochemical properties and fragmentation patterns to fully understand
its potential toxicity to human health. To obtain microplastics, | employed a physical
micronization process on polymeric materials, using the cryo-milling technique consistent with
prior methodologies. Following fragmentation, | analyzed the chemical and physical attributes of
each microplastic. | hypothesized that the chemical structure of each plastic would manifest in
unique characteristics in the fragmented microplastics.

Initially, | examined the surface features of each plastic post-fragmentation. ABS displayed

rough and globular surfaces, whereas PP and PET exhibited cylinder-like shapes with sharp edges

11



on both sides. Chemical characteristics were confirmed via Raman spectroscopy after
micronization. Figures 1(B) revealed identical peak assignments in the Raman spectra for each
plastic before and after fragmentation, affirming the consistency of their chemical structure post-
fragmentation. Furthermore, the distinct fragmentation behaviors were influenced by the inherent

chemical structures of the plastics.

12
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Figure 1. Surface characteristics of PET, ABS and PP based on different fragmentation

behavior. (A) Scanning electron microscopy of PET, ABS, and PP. (B) Raman spectroscopy shows

the chemical characteristics of PET, ABS, and PP. The upper spectra show the analysis after

fragmentation, and the lower spectra shows the analysis before fragmentation.
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3.2. Physical characteristics of PET, ABS and PP

To analyze the physical characteristics of three different microplastics, I conducted X-ray
diffraction analysis (XRD). Figures 2(A) illustrate distinct peaks for each microplastic sample,
reflecting their unique XRD patterns. PP exhibited the highest crystalline size post-fragmentation,
aligning with its typically high crystallinity of around 50% and pronounced crystalline structure.
This correlation is consistent with the rough surface characteristics observed in Figure 1(A). The
high crystallinity of PP likely leads to its fragmentation into sharp edges during mechanical
micronization processes. In contrast, ABS displayed broad XRD peaks, indicative of lower
crystalline size and altered shape post-fragmentation. This corresponds to the globular and round
surface characteristics of ABS microplastics observed in Figure 1(A).

Interestingly, PET demonstrated a different trend in both XRD and surface characteristics
compared to the other plastics. Despite exhibiting low crystallinity post-fragmentation, PET
microplastics displayed sharp edges and a cylindrical form. This disparity can be attributed to the
manufacturing process. The production of bulk PET pellets involves extrusion in a one-way

manner, resulting in the cylindrical structure observed in fragmented PET microplastics.

14
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Figure 2. Physical characteristics of PET, ABS and PP. (A) X-ray diffraction analysis of PET,

ABS, and PP. (B) Thermal gravimetric analysis of PET, ABS, and PP.
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3.3. PET and ABS can be recognized as foreign substances by BMDMs

Macrophages are renowned as key players in the innate immune response, especially the
function of recognizing and phagocyte pathogens?*. Depending on their function of recognizing
foreign substances, I tried to investigate the interaction between bone marrow-derived
macrophages (BMDM) and three different microplastics (PET, ABS, and PP) by using Nikon Ti2e
microscopy. To mimic the extracellular matrix (ECM) environment in vitro, fibronectin (10 pul/mL)
was coated on confocal dishes, enabling BMDMs migration via integrin receptor binding.
BMDMs were seeded at confocal dishes with M-CSF (20 ng/mL) and after 24 hours PET, ABS,
and PP (0.5 mg/mL) were treated to BMDMs. Through in vitro imaging, it became clear that
BMDMs can recognize PET and ABS as foreign substances and easily interact with and
internalize them very actively. This finding suggests that even when microplastics are entered into
the human body, the interaction between microplastics and macrophages is inevitable, and it may
influence the innate immune system. However, in the case of PP, unlike PET and ABS, due to its
property of remaining suspended above, BMDMs did not recognize or interact with them. It
means the response to macrophages and the innate immune system may be different depending

on the characteristics of the microplastics.

16
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Figure 3. BMDMs recognized and uptook PET and ABS but do not interact with PP.
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Representative images of BMDMs treated with PET and ABS were shown. PET and ABS were
treated to BMDMs 30 minutes before imaging. The movies were taken at 30-second intervals for 2

hours and were offered the image every 30 minutes. Scale bar: 10 um.



3.4. Exposure of PET and ABS to BMDMS decreased cell viability but

not by PP

To confirm whether exposure to microplastics can have an effect on the cell viability of
BMDMs, PET, ABS, and PP were tested at four different concentrations ranging from 0.05
mg/mL to 1 mg/mL (0.05, 0.1, 0.5, 1 mg/mL). 100 ul of 3° D.W was added to the control group,
while the positive control group was treated with 10% of DMSO.

After the 24-hour incubation period, significant cytotoxicity is induced by PET and ABS on
BMDMs, in a concentration-dependent manner. PET induced the most significant cell death
among the three different microplastics tested, exhibiting only 40% cell viability even at the
lowest concentration of 0.05 mg/mL. ABS also demonstrated a concentration-dependent decrease
in cell viability, with cell viability dropping below 50% at the highest concentration of 1 mg/mL.
This suggests the exposure of microplastics to BMDMs can lead to cell death via mitochondrial
dysfunction and result in a harmful effect on the innate immune system. Conversely, PP did not
exhibit a significant impact on BMDMs viability according to MTT assay analysis. Utilizing the
concentrations resulting in less than 50% cell viability, the study proceeded to assess
inflammatory cytokine and protein levels, with the 0.5 mg/mL concentration selected for further

investigations.
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Figure 4. Cell viability of BMDM decreased after incubated with PET and ABS. Bar graph of
cell viability of microplastic-treated BMDMs. Cell viability changes are assessed by MTT assay.
Statistical analysis is performed by multiple t-test. Data were presented as the mean + SEM.
Statistical significance was indicated with asterisk. [ P-value: 0.05> (*), 0.01> (**), 0.001> (**%*),

0.0001> (***%)]
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3.5. PET and ABS induced cell death, especially necrosis, to BMDMs

Apoptosis is a regulated form of cell death that plays crucial roles in development, aging,
maintaining homeostasis, as well as in defending against cellular damage induced by disease or

harmful agents®®3!

. In contrast, necrosis is an alternative form of cell death triggered by external
injuries such as hypoxia or inflammation. Unlike apoptosis, necrosis is an uncontrolled and
passive process and energy-independent cell death, occurring when cellular damage is severe and
irreparable. Morphological changes characteristic of necrosis include cell swelling, cytoplasmic
vacuole formation, disruption of organelle membranes, and ultimately cell membrane rupture,
resulting in the release of cytoplasmic contents and the secretion of various chemokines and
cytokines to recruit immune cells which involved in inflammatory reaction3>%3,

Depends on the effect of microplastics on BMDMs viability, flow cytometry was performed to
determine the type of cell death in more detail. DAPI and Annexin V staining were utilized for
this purpose. Cell populations were classified as live cell population if negative for both DAPI
and Annexin V, apoptotic cell population if positive for DAPI alone, and necrotic cell population
if positive for both DAPI and Annexin V. Experimental groups included a control group treated
with 100 pl of 3’ D.W and a positive control group treated with 10 pl of H>O». The result showed
that necrotic cell death population were increased when BMDMs exposed to PET and ABS in a
concentration-dependent manner. On the other hand, the population of apoptotic cell death were
only increased in the highest concentration, 1 mg/mL of PET and ABS were exposed to BMDMs.
Conversely, PP did not show any significant change in the necrotic and apoptotic cell death
population, consistent with the findings of cell viability tests.

Based on this result, exposure to microplastics can cause cellular membrane damage and

necrotic cell death in BMDMs and lead to inflammation with the secretion of cytoplasmic contents
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and the secretion of various chemokines and cytokines involved in inflammation.
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Figure 5. Necrotic cell death populations increased in BMDMs when exposed to PET and ABS.

(A) Gating strategy and representative scatter plot to identify the population of live, apoptotic, and
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necrotic cell populations of BMDMs treated with microplastics (B) Bar graph of cell viability of
microplastic-treated BMDMs. Cell viability changes are assessed by Flow cytometry. (C) Bar graph
of necrotic cell death population of microplastic-treated BMDMs. The change in necrotic cell
populations was assessed by Flow cytometry. Statistical analysis is performed by multiple t-test.
Data were presented as the mean = SEM. Statistical significance was indicated with asterisk. [P-

value: 0.05> (¥), 0.01> (*¥%), 0.0001> (***%*)]
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3.6. Exposure to PET and ABS induced M1 macrophage polarization

Macrophage is known for its plasticity which can polarize to several subtypes of macrophage
when exposed to several factors such as local growth factors, pro-inflammatory cytokines, and
microbial products’*. Two major subtypes of macrophage are classically activated or
inflammatory (M1) macrophage and alternative activated or anti-inflammatory (M2)
macrophage®®?. It is well known that when macrophages polarize to M1 macrophage which is
related to pro-inflammatory signal, CD86 expression is increased in cell surface and usually
secrete the pro-inflammatory cytokines such as TNF a -, IL-1 B, and IL-63>¢,

To confirm whether exposure to microplastics can lead to the differentiation of BMDM:s to M1
macrophage, I performed flow cytometry. For the control group, 100 ul of 3° D.W was treated and
for the positive control group, LPS (100 ng/mL) and IFN-y (20 ng/mL) were treated to induce the
polarization to M1 macrophage. Five different concentrations of microplastics were used which
is the same in previous experiments. The result showed that significant increase in the expression
of CD86 in the cell surface which is known as the marker of M1 macrophage. The result was
presented using both a bar graph and a histogram, which illustrate the increase in CD86 expression,
indicated by a rightward shift. This result suggested that exposure of microplastics to BMDM
induces the secretion of pro-inflammatory cytokines such as TNF-a and IFN-y. By these
inflammatory cytokines, the differentiation of BMDMs to M1 macrophages is induced and
verified that the population of M1 macrophages increased depending on concentration when
treated with PET and ABS. However, there is no significant increase in CD86 expression in

BMDMs treated with PP.
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Figure 6. M1 polarization population increased after incubated with PET and ABS. (A) Gating
strategy and representative scatter plot to identify the population of M1 macrophages when BMDMs
were treated with microplastics (B) Bar graph of the population of M1 macrophages in microplastic-
treated BMDMSs. The population of M1 macrophage changes is assessed by Flow cytometry.
Statistical analysis is performed by multiple t-tests. Data were presented as the mean + SEM.
Statistical significance was indicated with asterisk. [P-value: 0.01> (**)] (C) CD86 expression by
BMDMs treated with microplastics was displayed by histogram. Data are representative of three

independent experiments.
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3.7. Pro-inflammatory cytokine levels increased in BMDMs exposed to

microplastics

After confirming that the exposure of microplastics to BMDMs can induce differentiation to
M1 macrophages, I conducted RT-qPCR to assess the elevation of inflammatory cytokine levels
in microplastic-treated BMDMSs. M1 macrophages produce inflammatory genes, including TNF-
a, IL-6, and IL-1B*¢. M2 macrophages produce anti-inflammatory cytokines such as IL-10, IL-
1ra, TCF-B37-8. BMDMs were collected after 24 hours of microplastic treatment at a concentration
of 0.5 mg/mL. The expression levels of prominent inflammatory cytokines, including TNF-a, IL-
6, and IL-1pB, and the anti-inflammatory cytokine IL-10, were examined. For the control group,
100 pl of 3° D.W was treated.

While all pro-inflammatory cytokines showed increased expression, PET and ABS exhibited
significant elevation, whereas PP showed a negligible effect. Notably, there was no detectable
expression of IL-10, further confirming the lack of differentiation into M2 macrophages. These
results suggest that when microplastics are recognized by BMDMs and secrete the pro-
inflammatory cytokines and this means that sustained unnecessary inflammation can be induced
within the body. This disruption in macrophage function could potentially lead to chronic
inflammation which may have deleterious effects when other related complications occur in the

future.
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Figure 7. Pro-inflammatory cytokine levels of TNF-a, IL-6 and IL-1§ were increased in
microplastics-treated BMDMs. Bar graph of the increased or decreased level of cytokines in
microplastic-treated BMDMs. The relative mRNA expression changes are assessed by RT-qPCR.
Statistical analysis is performed by multiple t-tests. Data were presented as the mean £ SEM.

Statistical significance was indicated with asterisk. [ P-value: 0.05> (*)]
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3.8. Microplastics regulate activation of Akt signaling pathway in

BMDMs

Based on the results of RT-qPCR which indicate that BMDMs were activated by microplastics
and secreted pro-inflammatory cytokines, I investigated the signaling pathway involved in BMDMs
activation. For the control group, 100 pl of 3> D.W was treated, while the positive control group
weas treated with LPS (100 ng/mL) and IFN-y (20 ng/mL) to induce inflammation in BMDMs.

The Akt signaling pathway is well known to play a significant role in inflammation and can be
activated through several mechanisms. In macrophages, when TRL4 is activated by LPS or saturated
fatty acid (SFA), MyDS88 is recruited, leading to the activation of PI3K. This activation results in the
phosphorylation of AIK and IKK?3%4, Western blot analysis demonstrated a significant increase in
the expression of p-Akt and p-IKK. These findings suggest that the exposure of microplastics is

associated with the Akt signal pathway which is involved in the inflammatory response.
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Figure 8. Exposure of microplastics to BMDMs mediates activation of the Akt signaling
pathway. (A)(B) Western blotting data of Microplastics-treated BMDMs were shown in a snapshot.
Results were obtained 3 times. Quantitative analysis of (C) p-Akt/Akt, (D) p-IKK/IKK production

from triplicate western blots. Data were presented as the mean = SEM.
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3.9. The presence of microplastics and the change of mitochondrial

morphology is observed in microplastics-fed mouse intestine

After obtaining several results indicating that microplastics can have deleterious effects on the
function of BMDMs, I confirmed the presence of microplastics in mouse intestine after feeding
microplastics for 2 weeks to CX3CR1P* mouse and C57/BL6 mouse. The C57/BL6 mice were
orally fed a mixed form of PET, ABS, and PP microplastics (10 mg/ kg) once daily for two weeks.
Three types of microplastics were suspended in 3’ distilled water. The dosage was determined based
on the estimated environmental accumulation and the amount of microplastics ingested or inhaled
by organisms. According to the Worldwide Fund for Nature, humans ingest or inhale approximately
5 g of microplastics weekly. Based on this information, I calculated and adjusted the dosage for mice
of 10 mg/kg #42.

Two-photon intravital imaging was employed to observe the presence of microplastics in the
intestines of CX3CRI1%™* mouse, with the microplastics tagged using Nile Red. Several
microplastic particles were observed, suggesting that the deleterious effects of the mouse immune
system observed in vitro with BMDM:s can also occur in in vivo. Transmission electron microscopy
(TEM) images of microplastics-fed C57/BL6 mice did not show direct evidence of the presence of
microplastics but did reveal significant changes in the morphology of mitochondria in the intestines.
Unlike the control group, where mitochondria were typically longish with dense cristae, the
microplastics-fed group exhibited altered mitochondrial shapes which are round and reduced cristae
density. These changes indicate that exposure to microplastics leads to mitochondrial dysfunction,
potentially resulting in cell death through apoptosis and necrosis. This finding aligns with decreased

cell viability and an increased population of necrotic cells among BMDMs exposed to microplastics.
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Figure 9. The presence of microplastics in mouse intestine and the change of mitochondria
morphology. (A) Representative image of two-photon intravital imaging of CX3CR1%"* mice and
microplastics-fed CX3CR 16"+ mice intestine. Microplastics tagged with Nile Red were shown in
red color. Scale Bar: 50 pm. (B) Representative image of transmission electron microscopy (TEM)

image of C57/BL6 mice and microplastics-fed C57/BL6 mice intestine. Scale bar: 2 pm.
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4. DISCUSSION

The accumulation of microplastics has recently emerged as a major social concern, and the
effects of microplastic ingestion and inhalation on the human body have been elucidated. When
microplastics enter the human body, they can be exposed to various organs and disrupt various
cellular functions. Among these, macrophages, which are the first to recognize and respond to
foreign substances as innate immune cells, were investigated for their response to microplastics.
To this end, | studied the effects of three different types of plastics (PET, ABS, PP) on bone
marrow-derived macrophages (BMDMSs) obtained from mouse bone marrow. While previous
studies have shed light on the correlation between microplastics and macrophages, most have been
limited to the effects of only one type of plastic with the same size and shape. However, this study
aimed to investigate the impact of microplastics more similar to the natural environment on the
immune system by using three different types of plastics with varying sizes and shapes to assess
their effects when exposed to BMDMs.

Results showed that among the three types of plastics, PET and ABS exposure led to a
noticeable decrease in BMDM cell viability, suggesting that this could be attributed to damage to
the cell membrane caused by the sharp edges of plastics or problems with mitochondrial function,
leading to cell death. Additionally, differences in microplastic characteristics resulted in a minimal
decrease in viability with PP exposure, indicating varying immune system responses depending
on the type of plastic. Moreover, | expected that macrophages can recognize and phagocytose
microplastics as external substances, and observed the extension of BMDM pseudopod, engulfing
PET and ABS in the surrounding area and pulling them into the cytoplasm.

Based on these results, to differentiate cell death populations in more detail, flow cytometry was

conducted. The results showed that microplastics-exposed BMDMs exhibited necrotic cell death
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rather than apoptotic cell death, indicating damage to the cell membrane by microplastics.
Furthermore, based on previous studies suggesting macrophage differentiation into M1 and M2
types in inflammatory conditions, | expect that macrophages would differentiate into M1
macrophages when inflammation is induced by microplastics. As expected, exposure to PET and
ABS significantly increased the proportion of M1 macrophage differentiation and the expression
of CD86, the maker of M1 macrophages, in cell surfaces, suggesting that microplastics entering
the body may induce unnecessary inflammation, disrupting macrophage function and potentially
adversely affecting the innate immune system. Moreover, expecting an increase in pro-
inflammatory cytokine levels associated with differentiation into M1 macrophages, RT-gPCR was
performed. The results showed increased expression of representative pro-inflammatory cytokines
TNF-a, IL-6, and IL-13, known to be primarily secreted by M1 macrophages, following exposure
to PET, ABS, and PP. These results suggest that PET and ABS both increase BMDM cell death
and M1 polarization, while PP may not induce BMDM cell death but can activate macrophages
and lead to an increase in the expression of pro-inflammatory cytokines. At last, | conducted two-
photon intravital imaging and transmission electron microscopy imaging using CX3CR1¢"* and
C57BL/6 mice to confirm the presence of microplastics in the mouse intestine. Microplastics were
observed in the mouse intestine after feeding microplastics for 2 weeks and the morphological
change in the mitochondria. This showed when microplastics were inhaled or ingested into body,
they can be found in the intestine and have some effects on organs.

In this study, difficulties were met in accurately assessing the impact of PP on macrophage
function due to its inability to directly interact with BMDMSs. However, since microplastics
entering the body can easily interact with macrophages through the digestive system or
bloodstream, | believe that PET, ABS, and PP will all induce an increase in cell death, polarization

into M1 macrophages, and expression of pro-inflammatory cytokines when introduced into the
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body based in in vitro results. Also, still the limitation that the verification of microplastic
contamination remained. Microplastics which used in experiments is always used after
sterilization, but it still has question that any contamination is left and does not have any effect to

demonstrate the effect of microplastics on BMDMs.
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5. CONCLUSION

This study elucidated the impact of microplastics on the function of Bone Marrow-Derived
Macrophages (BMDMs), with a particular focus on three distinct types of microplastics (PET,
ABS, and PP). | revealed that exposure to PET and ABS resulted in a significant concentration-
dependent decrease in BMDM cell viability, while PP showed no significant impact on cell
viability. This suggests that PP does not directly contact with BMDMSs, which may account for its
lack of effect on cell viability. Furthermore, | investigated the interaction between BMDMs and
microplastics, particularly PET and ABS, and unveiled that BMDMs recognize and try to
phagocytose microplastics with their pseudopods. And it leads to subsequent cell death upon failed
phagocytosis. Analysis of the type of cell death revealed that microplastics induce necrosis rather
than apoptosis, specifically by PET and ABS but not by PP. Additionally, microplastic-treated
BMDMs exhibited increased polarization toward M1 macrophages, characterized by elevated
CDB80 expression of the macrophage surface, particularly in response to PET and ABS exposure.
Also, | assessed the levels of inflammatory cytokines in microplastics-treated BMDMs, proving
that the mRNA levels of pro-inflammatory cytokines were significantly elevated by PET and ABS
exposure, but not by PP. Finally, the presence of microplastics in the mouse intestine was observed
and confirmed that it can cause a change in mitochondrial morphology change which can lead to
the dysfunction of mitochondria. These findings underscore the potential inflammatory response
triggered by microplastic exposure and highlight the distinct and harmful effects of various

microplastic types on BMDM function and immune response.

40



REFERENCES

1.

Andrady AL, Neal MA. Applications and societal benefits of plastics.
Philosophical Transactions of the Royal Society B: Biological Sciences
2009;364:1977-84.

Li WC, Tse HF, Fok L. Plastic waste in the marine environment: A review
of sources, occurrence and effects. Sci Total Environ 2016;566-567:333—
49.

Banik P, Anisuzzaman M, Bhattacharjee S, Marshall DJ, Yu J, Nur A-AU, et
al. Quantification, characterization and risk assessment of microplastics
from five major estuaries along the northern Bay of Bengal coast.
Environmental Pollution 2024;342:123036.

Hossain MB, Yu J, Nur A-AU, Banik P, Jolly YN, Al-Mamun M, et al.
Microplastics in surface water from a mighty subtropical estuary: First
observations on occurrence, characterization, and contamination
assessment. Environmental Research 2023;226:115594.

Stock V, Bohmert L, Lisicki E, Block R, Cara-Carmona J, Pack LK, et al.
Uptake and effects of orally ingested polystyrene microplastic particles in
vitro and in vivo. Archives of Toxicology 2019;93:1817-33.

Conkle JL, Baez Del Valle CD, Turner JW. Are we underestimating

microplastic contamination in aquatic environments? Environmental

41



10.

11.

12.

13.

management 2018;61:1-8.

Teuten EL, Saquing JM, Knappe DR, Barlaz MA, Jonsson S, Bjorn A, et al.
Transport and release of chemicals from plastics to the environment and to
wildlife. Philos Trans R Soc Lond B Biol Sci 2009;364:2027-45.

Barnes DK, Galgani F, Thompson RC, Barlaz M. Accumulation and
fragmentation of plastic debris in global environments. Philosophical
transactions of the royal society B: biological sciences 2009;364:1985-98.
Geyer R, Jambeck JR, Law KL. Production, use, and fate of all plastics ever
made. Sci Adv 2017;3:e1700782.

Dris R, Gasperi J, Mirande C, Mandin C, Guerrouache M, Langlois V, et al.
A first overview of textile fibers, including microplastics, in indoor and
outdoor environments. Environmental Pollution 2017;221:453-8.

Kuroiwa M, Yamaguchi S-1, Kato Y, Hori A, Toyoura S, Nakahara M, et al.
Tim4, a macrophage receptor for apoptotic cells, binds polystyrene
microplastics via aromatic—aromatic interactions. Science of The Total
Environment 2023;875:162586.

Galloway TS, Cole M, Lewis C. Interactions of microplastic debris
throughout the marine ecosystem. Nature ecology & evolution 2017;1:0116.
Gregory MR. Environmental implications of plastic debris in marine
settings—entanglement, ingestion, smothering, hangers-on, hitch—hiking

and alien invasions. Philosophical Transactions of the Royal Society B:

4 2



14.

15.

16.

17.

18.

19.

20.

Biological Sciences 2009;364:2013-25.

Morais LMS, Sarti F, Chelazzi D, Cincinelli A, Giarrizzo T, Martinelli Filho
JE. The sea anemone Bunodosoma cangicum as a potential biomonitor for
microplastics contamination on the Brazilian Amazon coast. Environmental
Pollution 2020;265:114817.

Wang W, Gao H, Jin S, Li R, Na G. The ecotoxicological effects of
microplastics on aquatic food web, from primary producer to human: A
review. Ecotoxicology and environmental safety 2019;173:110-7.

Ma Y, Huang A, Cao S, Sun F, Wang L, Guo H, et al. Effects of nanoplastics
and microplastics on toxicity, bioaccumulation, and environmental fate of
phenanthrene in fresh water. Environmental Pollution 2016;219:166-73.
Xu M, Halimu G, Zhang Q, Song Y, Fu X, Li Y, et al. Internalization and
toxicity: A preliminary study of effects of nanoplastic particles on human
lung epithelial cell. Sci Total Environ 2019;694:133794.

Delie F. Evaluation of nano—and microparticle uptake by the gastrointestinal
tract. Advanced drug delivery reviews 1998;34:221-33.

Browne MA, Dissanayake A, Galloway TS, Lowe DM, Thompson RC.
Ingested microscopic plastic translocates to the circulatory system of the
mussel, Mytilus edulis (L.). Environmental science & technology
2008;42:5026-31.

Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili

43



21.

22.

23.

24.

20.

26.

27.

SA, Mardani F, et al. Macrophage plasticity, polarization, and function in
health and disease. J Cell Physiol 2018;233:6425-40.

Watanabe S, Alexander M, Misharin AV, Budinger GRS. The role of
macrophages in the resolution of inflammation. J Clin Invest
2019;129:2619-28.

Alfano M, Graziano F, Genovese L, Poli G. Macrophage polarization at the
crossroad between HIV-1 infection and cancer development. Arterioscler
Thromb Vasc Biol 2013;33:1145-52.

Mantovani A, Biswas SK, Galdiero MR, Sica A, Locati M. Macrophage
plasticity and polarization in tissue repair and remodelling. The Journal of
pathology 2013;229:176-85.

Locati M, Mantovani A, Sica A. Macrophage activation and polarization as
an adaptive component of innate immunity. Advances in immunology
2013;120:163-84.

Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas.
The Journal of clinical investigation 2012;122:787-95.

Rudolph J, Volkl M, Jérome V, Scheibel T, Freitag R. Noxic effects of
polystyrene microparticles on murine macrophages and epithelial cells.
Scientific reports 2021;11:15702.

Volkl M, Jérome V, Weig A, Jasinski J, Meides N, Strohriegl P, et al. Pristine

and artificially—aged polystyrene microplastic particles differ in regard to

44



28.

29.

30.

31.

32.

33.

34.

39.

cellular response. Journal of Hazardous Materials 2022;435:128955.

Chen J, Chen X, Xuan Y, Shen H, Tang Y, Zhang T, et al. Surface
functionalization—-dependent inflammatory potential of polystyrene
nanoplastics through the activation of MAPK/NF-xB signaling pathways in
macrophage Raw 264.7. Ecotoxicology and Environmental Safety
2023;251:114520.

Adler MY, Issoual I, Riickert M, Deloch L, Meier C, Tschernig T, et al. Effect
of micro—and nanoplastic particles on human macrophages. Journal of
Hazardous Materials 2024;471:134253.

Igney FH, Krammer PH. Death and anti—death: tumour resistance to
apoptosis. Nature Reviews Cancer 2002;2:277-88.

Walmsley SR, Print C, Farahi N, Peyssonnaux C, Johnson RS, Cramer T, et
al. Hypoxia—induced neutrophil survival is mediated by HIF-1la—-dependent
NF-kB activity. The Journal of experimental medicine 2005;201:105-15.
Elmore S. Apoptosis: a review of programmed cell death. Toxicologic
pathology 2007;35:495-516.

D’Arcy MS. Cell death: a review of the major forms of apoptosis, necrosis
and autophagy. Cell Biology International 2019;43:582-92.

Epelman S, Lavine KJ, Randolph GJ. Origin and functions of tissue
macrophages. Immunity 2014,41:21-35.

Kakoschky B, Pleli T, Schmithals C, Zeuzem S, Briine B, Vogl TJ, et al.

45



36.

37.

38.

39.

40.

41.

42.

Selective targeting of tumor associated macrophages in different tumor
models. PLoS One 2018;13:e0193015.

Bashir S, Sharma Y, Elahi A, Khan F. Macrophage polarization: the link
between inflammation and related diseases. Inflammation research
2016;65:1-11.

He C, Carter AB. The metabolic prospective and redox regulation of
macrophage polarization. Journal of clinical & cellular immunology 2015;6.
Duan Z, Luo Y. Targeting macrophages in cancer immunotherapy. Signal
transduction and targeted therapy 2021;6:127.

Acosta—Martinez M, Cabail MZ. The PI3K/Akt Pathway in Meta—
Inflammation. International Journal of Molecular Sciences 2022;23:15330.
Khwaja A. Akt is more than just a Bad kinase. Nature 1999;401:33-4.

Nair A, Jacob S. A simple practice guide for dose conversion between
animals and human. J Basic Clin Pharm 7: 27-31. 2016.

Yang Q, Dai H, Cheng Y, Wang B, Xu J, Zhang Y, et al. Oral feeding of
nanoplastics affects brain function of mice by inducing macrophage IL-1

signal in the intestine. Cell Reports 2023;42.

46



Abstract in Korean

A SeEg 3 WA E 7] 2P0

AR Ve G

e Al EHHE vASGse vol A& Fd AWZ 99 bl
Aol sl WA wol Utk old] vAZesEel HE/Y 28/1E B
ANE FYH9L W), 4F W 1 FlAm g 94 9F 2AL AAGE
e st UAAEe] 7ol WA gl vha) At Stk o2 98]

BAe] EAsE vASR e FAG B ANE AHE A A g
v A EehsE: PET, ABS 1€3 PP7F tAAEe] w=EHAL o Pold F Qi
Asarel ol At vk viAZesy A EF F PETS ABSTH
WAL wEHAS W, AL SH2 AW GAAEt v SeaE e A3

]
wol AXaa olF YA Ago] dojde stk mat, ta Ao

o,

o]
o] F WAAEF AT Wkl Pl ML 1A AER] B3 dojdy M1t

47



= gjo}e]

==A
L

tom, vE

gols

Al g

o 4| F 2} o]

Az

ki3

o]

lsk3ict.

3slo
1=

No

23!

3z, A

Al

ehoae], oy

ayA
=

= o n A

3l A)
=i

48



	LIST OF FIGURES 
	LIST OF TABLES 
	ABSTRACT IN ENGLISH 
	1. INTRODUCTION 
	2. MATERIALS AND METHODS 
	2.1. Mice 
	2.2. Preparation and differentiation of bone marrow-derived macrophage (BMDM) cells 
	2.3. Flow cytometry 
	2.4. MTT assay for cell viability 
	2.5. In vitro cell migration assay 
	2.6. RNA extraction and quantitative real-time PCR 
	2.7. Protein extraction and western blotting 
	2.8. Two photon intravital imaging 
	2.9. Transmission Electron Microscopy (TEM) 
	2.10. Statistical analysis 

	3. RESULTS 
	3.1. Surface characteristics of PET, ABS, and PP based on different fragmentation behavior 
	3.2. Physical characteristics of PET, ABS, and PP 
	3.3. PET and ABS can be recognized as foreign substances by BMDMs 
	3.4. Exposure of PET and ABS to BMDMs decreased cell viability but not by PP
	3.5. PET and ABS induced cell death, especially necrosis, to BMDMs 
	3.6. Exposure to PET and ABS induced M1 macrophage polarization 
	3.7. Pro-inflammatory cytokine levels increased in BMDMs when exposed to microplastics 
	3.8. Microplastics regulate activation of Akt signaling pathway in BMDMs
	3.9. The presence of microplastics and the change of mitochondrial morphology is observed in microplastics-fed mouse intestine 

	4. DISCUSSION 
	5. CONCLUSION 
	REFERENCES 
	ABSTRACT (IN KOREAN) 


<startpage>13
LIST OF FIGURES  iii
LIST OF TABLES  iv
ABSTRACT IN ENGLISH  v
1. INTRODUCTION  1
2. MATERIALS AND METHODS  3
 2.1. Mice  3
 2.2. Preparation and differentiation of bone marrow-derived macrophage (BMDM) cells  3
 2.3. Flow cytometry  4
 2.4. MTT assay for cell viability  4
 2.5. In vitro cell migration assay  5
 2.6. RNA extraction and quantitative real-time PCR  5
 2.7. Protein extraction and western blotting  6
 2.8. Two photon intravital imaging  7
 2.9. Transmission Electron Microscopy (TEM)  8
 2.10. Statistical analysis  9
3. RESULTS  13
 3.1. Surface characteristics of PET, ABS, and PP based on different fragmentation behavior  11
 3.2. Physical characteristics of PET, ABS, and PP  14
 3.3. PET and ABS can be recognized as foreign substances by BMDMs  16
 3.4. Exposure of PET and ABS to BMDMs decreased cell viability but not by PP 18
 3.5. PET and ABS induced cell death, especially necrosis, to BMDMs  21
 3.6. Exposure to PET and ABS induced M1 macrophage polarization  26
 3.7. Pro-inflammatory cytokine levels increased in BMDMs when exposed to microplastics  30
 3.8. Microplastics regulate activation of Akt signaling pathway in BMDMs 32
 3.9. The presence of microplastics and the change of mitochondrial morphology is observed in microplastics-fed mouse intestine  34
4. DISCUSSION  37
5. CONCLUSION  40
REFERENCES  41
ABSTRACT (IN KOREAN)  47
</body>

