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ABSTRACT — The internalization mechanism of microplastics (MPs) into human cells has attracted 
considerable attention because these mechanisms are closely related to the physical and chemical proper-
ties of MPs. This study examined the response of human colon cells to autophagy, ER stress, and inflam-
mation during the regulation on the internalization of polystyrene (PS)-MPs (0.4-0.6 μm size). To achieve 
this, changes in their key markers were analyzed in MPs-treated SNU-1826 cells after a cotreatment with 
uptake inhibitors or stimulators. The internalization of MPs was significantly higher in SNU-1826 cells 
than in other cells originated from differential tissues, such as the small intestine, kidneys, and nerves. On 
the other hand, the internalization of MPs into SNU-1826 cells was suppressed by cytochalasin D (CD) 
but not by pitstop (Pt). During this inhibition, the levels of the key parameters for autophagy (Light Chain 
3-Ⅰ/Ⅱ (LC3-Ⅰ/Ⅱ) and Beclin1), ER stress (eukaryotic translation initiation factor 2 subunit alpha (EIF2α) 
and inositol-requiring kinase 1 alpha (IRE1α)), and inflammation (inducible nitric oxide synthase (iNOS), 
cyclooxygenase 2 (COX-2), tumor necrosis factor alpha (TNF-α), and interleukin (IL)-6) were suppressed 
in MPs+CD-treated SNU-1826 cells. In addition, the internalization of MPs into SNU-1826 cells was 
stimulated by a ZnSO4 treatment, not by CaCl2. These stimulation effects were reflected in the alteration 
of the critical parameters for autophagy, ER stress, and inflammation. Furthermore, the positive correla-
tion was detected between MPs internalization and most parameters for cellular responses although their 
inhibition is stronger than stimulation. These results suggest that the internalization of MPs into SNU-
1826 cells may be strongly associated with the changes in autophagy, ER stress, and inflammation during 
the regulation of CD and ZnSO4.
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INTRODUCTION

The body of humans is exposed to microplastics (MPs) 
of various sizes and types through the ingestion of food 
or water, inhalation of air containing MPs, penetration of 
wounded skin, and other routes (Park et al., 2020). How-
ever, scientific evidence of the mechanisms of MPs inter-
nalization into specific cells and the subsequential cellular 

response to MPs has not been sufficiently provided until 
now because they have unique characteristics, abundanc-
es, diversity of size, cell permeability, and toxicological 
effects in cells derived from different tissues (Khan and 
Jia, 2023). In spite of that, several significant toxic and 
pathological effects of MPs have been detected in human 
cells. Among them, the most detected effect of MPs is the 
stimulation of ROS production for oxidative stress in var-
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ious cells, including glioblastoma, cervical adenocarcino-
ma, mast cells, basophilic leukemia, epithelial cells, and 
fibroblasts (Schirinzi et al., 2017; Hwang et al., 2019; 
Dong et al., 2020; Poma et al., 2019). In addition, the sig-
nificant promotion effects of MPs on the inflammatory 
response were identified in a few immune cells and epi-
thelial cells (Prietl et al., 2014; Hwang et al., 2019; Xu 
et al., 2019; Li et al., 2023). Furthermore, an MP treat-
ment induced the dysfunction of other cell metabolisms, 
including disruption of mitochondria membrane poten-
tial and epithelial layer, arrest of the cell cycle, autophag-
ic and endoplasmic reticulum (ER)-stress-related meta-
bolic changes and digestive toxicity (Lim et al., 2019; Xu 
et al., 2019; Wu et al., 2010; Dong et al., 2020; Yin et al., 
2023). Therefore, further studies are needed to provide 
information on the differential response of human cells to 
MPs under various conditions.

MPs have been reported to enter human cells by dis-
rupting the cell membrane integrity or are internal-
ized without affecting the cell membrane integrity  
(Powell et al., 2007). During these processes, MPs inter-
act with membrane transporters and use various molec-
ular pathways associated with cellular metabolism (Xu 
et al., 2021). Among them, non-phagocytic cells gener-
ally use three pathways: clathrin and caveolae-mediated 
endocytosis, clathrin and caveolae-independent endocy-
tosis, and micropinocytosis. Also, the adenosine triphos-
phate (ATP)-independent pathway and passive transloca-
tion have also been reported as rare pathways (Liu et al., 
2021; Fiorentino et al., 2015). Especially, Caco-2 cells, 
human epithelial cells, internalize MPs through clath-
rin-mediated endocytosis and micropinocytosis (Xu et 
al., 2021). In addition, MPs with 50 nm and 500 nm are 
internalized into rat basophilic leukemia (RBL)-2H3 cells 
using clathrin and caveolae-mediated endocytosis (Liu et 
al., 2021). Many internalizing large particles (500 nm) 
were internalized by micropinocytosis as one of major 
pathways (Liu et al., 2021). However, the cell types 
used in the internalization study of MPs are very limited 
despite many studies for their mechanisms. Moreover, no 
studies have provided scientific evidence for the cellular 
response to them during the differential regulation of MPs 
internalization.

In this study, we investigated the cellular responses of 
SNU-1826 cells on the autophagy, ER stress, and inflam-
mation to MPs internalization after treatment with sup-
pressor or stimulator. Also, our study further analyzed the 
correlation between MPs internalization and parameters 
for cellular responses.

MATERIALS AND METHODS

Preparation of MPs
The dispersed MPs suspension used in this study was 

provided by Sigma–Aldrich Co. (St. Louis, MO, USA). 
The morphology and size of MPs  were examined using 
SEM/EDX spectroscopy (JEOL Ltd., Tokyo, Japan), 
fluorescence microscope (Evos m5000, Thermo Fish-
er Scientific Inc., Waltham, MA, USA) and the Zetasiz-
er Nano ZS90 (Malvern Instruments Inc., Malvern, UK). 
They comprised red color polystyrene (PS) materials and 
showed  a mean diameter size and density of 0.4-0.6 μm 
and 1.04-1.06 g/cm3, respectively, at 25 mg/mL in water. 
In addition, these circular-shaped particles showed a spe-
cific number–distribution size (607.23 ± 8.27 d.nm) and 
zeta potential (−35.52 ± 1.18 mV) as described elsewhere 
(Park et al., 2021; Roh et al., 2024) (Fig. 1).

Cell culture and treatment with MPs
We used cell lines derived from four different tis-

sues including small intestine, colon, kidney and neu-
ron to analyze the effect of MPs on the autophagy, ER 
stress, and inflammation after internalization. The small 
intestine and colon tissue were chosen because they are 
the main routes through which orally administered MPs 
are absorbed into the body (Hirt and Body-Malapel, 
2020; Wang et al., 2025). Also, the kidneys are the main 
organs that filter and excrete blood-derived MPs, and the 
nerves are the main target of neurotoxicity induced by 
MPs (Meng et al., 2022; Zheng et al., 2024). The follow-
ing four types of cells were obtained from the American 
Type Culture Collection (Manassas, VA, USA) or Korean  
Cell Line Bank (Seoul, Korea): IEC-18 (an epithelial cell 
line isolated from the ileum of a patient's small intestine), 
SNU-1826 (human colon cells carcinoma), HEK-293 
(immortalized human embryonic kidney cells), and SK-
N-MC (human neuroblastoma). The cells were cultured 
in different media, including RPMI1640 (Welgene, Gyeo-
ngsan‐si, Korea) for SNU-1826 cells, Modified Eagle's 
Medium (MEM, Welgene) for HEK-293 cells, Dulbecco 
Modified Eagle's Medium (DMEM, Welgene) for SK-N-
MC and IEC18 cells supplemented with 10% fetal bovine 
serum (FBS, Welgene), L‐glutamine, penicillin, and 
streptomycin (Thermo Fisher Scientific Inc.), in a humid-
ified incubator containing 5% CO2 and 95% fresh air at 
37°C.

The internalization rate of MPs into each cell line was 
measured by growing the cells to more than 80-90% con-
fluence in a six-well plate and treated with 0.001 wt.% 
MPs for 12 hr and 24 hr. Subsequently, MPs remaining 
in the culture medium were removed and washed three 
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times with a 1 × PBS solution. Finally, the distribution 
of MPs within each cell was observed under a fluores-
cence microscope (Evos m5000, Thermo Fisher Scientific 
Inc.), and their number was counted in two fields of view 
(67,500 mm2) per well.

The optimal conditions of two inhibitors including 
cytochalasin D (CD) and pitstop 2 (Pt2) were determined 
based on the results of previous studies (Mortensen  
and Larsson, 2003; Willox et al., 2014). The optimal 
inhibiting conditions for MP internalization were estab-
lished by treating the 80-90% confluent cells with 1 μM 
cytochalasin D (CD) for 1 hr or 20 μM pitstop 2 (Pt2) 
for 30 min, followed by 0.001 wt.% MPs for 12 hr or  
24 hr. Subsequently, MPs remaining in the culture medi-

um were removed and washed three times with 1 × PBS 
solution. Finally, the distribution of MPs within each cell 
was observed under a fluorescence microscope (Evos 
m5000, Thermo Fisher Scientific Inc.). Their number was 
counted in two fields of view (67,500 mm2) in each well. 
In addition, total cells of each well were harvested and 
used for further analysis.

The optimal conditions of two stimulators including 
ZnSO4 and CaCl2 were determined based on the results of 
previous study and our preliminary data (Wu et al., 2010) 
(Supplement Fig. S1). The optimal stimulating conditions 
of MPs internalization were established by briefly treat-
ing the 80-90% confluent cells were briefly treated with 
0.5, 5, or 50 μM ZnSO4 or 5, 50, or 500 μM CaCl2 for  

Fig. 1. 	 Physicochemical and morphological properties of PS-MPs. (A) Physicochemical properties of MPs. (B) SEM images of 
MPs at 10,000 × magnification. (C) Fluorescence images of MPs at 400 × magnification. Abbreviation: PS, polystyrene; 
MPs, microplastics; SEM, scanning electron microscopy.
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1 hr, followed by 0.001 wt.% MPs for 12 hr or 24 hr. 
Subsequently, MPs remaining in the culture medium were 
removed and washed three times with 1 × PBS solution. 
Total cells from each well were then harvested and used 
for further analysis.

To measure the intracellular uptake of MP, the red 
color for MPs in each well washed with 1× PBS solu-
tion was observed under a fluorescence microscope  
(Evos m5000, Thermo Fisher Scientific Inc.) at 400 × 
magnification compared to well of Vehicle group. The 
number of uptaken MPs was counted in two fields of 
view (67,500 mm2) in each group.

Quantitative reverse transcription polymerase 
chain reaction (RT-qPCR) analysis

The mRNA levels of tumor necrosis factor alpha 
(TNF)‐α and interleukin (IL)‐6 genes were measured 
by RT‐qPCR as described elsewhere (Lee et al., 2020). 
Briefly, the total RNA molecules were purified from the 
cultured cells using RNAzol (Tel‐Test Inc., Friendswood, 
TX, USA). After quantifying the RNA using a  
NanoDrop system (Shimadzu Biotech, Kyoto, Japan), 
the complement DNA (cDNA) was synthesized using 
a mixture of the total RNA (5 μg), oligo‐dT primer  
(Invitrogen, Carlsbad, CA, USA), deoxynucleotide triphos-
phate (dNTP), and reverse transcriptase (Superscript II,  
Invitrogen) in a reaction carried out at 42°C for 50 min, 
followed by enzyme inactivation at 70°C for 15 min. 
qPCR was conducted with a cDNA template and 2 × 
Power SYBR Green (Toyobo Co., Osaka, Japan) using 
the following cycles: 15 sec at 95°C, 30 sec at 55°C, and 
60 sec at 70°C. Target regions of TNF-α and IL-6 genes 
were amplified using specific primers (Table 1). The flu-
orescence intensity was monitored during amplification, 
and the threshold cycle (Ct) value was determined as the 
cycle number at which the fluorescence exceeded the set 
threshold during the exponential phase. Relative expres-
sion levels of TNF-α and IL-6 were calculated using the 
2^(-ΔΔCt) method (Livak and Schmittgen, 2001; Lu et 
al., 2024), with β-actin serving as the internal reference 
gene.

Western blot analysis
For the Western blot assay, the total protein of cells 

in each treated group was extracted using the Pro‐Prep  
Protein Extraction Solution (iNtRON Biotechnology,  
Seongnam, Korea), followed by quantification using 
a SMARTTM BCA Protein Assay Kit (Thermo Fisher  
Scientific Inc.). Equal amounts of total proteins (30 μg) 
were loaded and separated by 4-20% sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS‐PAGE) for 

2 hr. The resolved proteins were transferred to nitrocel-
lulose membranes for 2 hr at 40 V. Each membrane was 
incubated separately overnight at 4°C with the following 
primary antibodies, diluted to 1:1,000: anti‐ Light Chain 
3-Ⅰ/Ⅱ (LC3-Ⅰ/Ⅱ) antibody (Cell Signaling Technology,  
Danvers, MA, USA), anti‐Beclin1 antibody (Cell  
Signaling Technology), anti‐eukaryotic translation ini-
tiation factor 2 subunit alpha (EIF2α) antibody (Cell  
Signaling Technology), anti‐p‐EIF2α antibody (Cell  
Signaling Technology), anti‐ inositol-requiring kinase 1 
alpha (IRE1α) antibody (Novus Biologicals, Centennial, 
CO, USA), anti-inducible nitric oxide synthase (iNOS) (Cell 
Signaling Technology), anti-cyclooxygenase 2 (COX-2)  
(Cell Signaling Technology), and anti‐β‐actin antibody 
(Cell Signaling Technology). To ensure loading the same 
amount of protein in each lane, β-actin was used as an 
endogenous control for normalization. The antibody-
bound membranes were washed with washing buffer  
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 0.05% 
Tween 20) and incubated with 1:2,000 diluted horserad-
ish peroxidase (HRP)‐conjugated goat anti‐rabbit IgG  
(Invitrogen) at room temperature for 1 hr. Finally, the 
membrane blots were developed using Amersham ECL 
Select Western Blotting detection reagent (GE Health-
care, Little Chalfont, UK). The chemiluminescence sig-
nals originating from the specific bands were detect-
ed using a FluorChemi®FC2 (Alpha Innotech Co., San  
Leandro, CA, USA).

Transmission Electron Microscopy (TEM) 
Analysis

TEM analysis of SNU-1826 cells was performed accord-
ing to the method described in a previous study (Kim et al., 
2019). SNU-1826 cells were fixed in a 2.5% glutaralde-
hyde solution,  washed with 1× PBS, and dehydrated using 
a graded series of ethanol concentrations. They were 
then post-fixed with 1% osmium tetroxide (OsO4) for  

Table 1.   Primer sequences for RT-qPCR analysis.
Primer name Sequence (from 5’ to 3’)

TNF-α
Forward
Reverse

CCTGTAGCCCACGTCGTAGC
TTGACCTCAGCGCTGACTTG

IL-6
Forward
Reverse

TTGGGACTGATGTTGTTGACA
TCATCGCTGTTGATACAATCAGA

β-actin
Forward
Reverse

TGGAATCCTGTGGCATCCATGAAAC
TAAAACGCAGCTCAGTAACAGTCCG
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1-2 hr at room temperature and embedded in Epon 812 
resin (Polysciences, Hirschberg an der Bergstrasse,  
Germany). Ultra-thin cell sections (70 nm thick) were 
placed on a holey formvar-carbon coated grid, followed 
by negative staining with uranyl acetate and lead cit-
rate. The cellular morphology was analyzed using a TEM 
(Hitachi, Tokyo, Japan).

Statistical significance and correlation analysis
The statistical significance was evaluated using a one‐

way analysis of variance (ANOVA) (SPSS for Windows, 
Release 10.10, Standard Version, Chicago, IL, USA) fol-
lowed by a Tukey's post hoc t‐test for multiple compari-
sons. The correlogram data were processed using R ver-
sion 4.3.3. A correlogram was drawn using the package 
corrplot from R. The correlation between the concentra-
tions of internalized MPs number and other parameters 

was performed using Pearson's bivariate correlation coef-
ficient in R. The results are represented as a scatterplot 
for the two variables. All values are reported as the mean 
± SD. A p-value < 0.05 was considered significant.

RESULTS

Selection of SNU-1826 cells with high 
internalization pattern of MPs

First, we investigated whether there was a difference 
in the internalization ability of MPs between four cells 
originated from different tissues. To achieve this, aver-
age number of internalized MPs was counted in IEC18 
(epithelial), SNU-1926 (colon), HEK-293 (kidney), and 
SK-N-MC (neuroblastoma) cells after MPs treatment for 
two different times. After treatment for 12 hr, the aver-
age number of internalized MPs was higher in IEC18 and 

Fig. 2. 	 Patterns of internalized MPs in four different cell lines. (A) Fluorescence microscopy images of internalized MPs. (B) Aver-
age number of internalized MPs for 12 and 24 hr. After incubation with 0.001 wt.% of MPs for 12 or 24 hr, the cells con-
taining fluorescence were observed under fluorescence microscopy at 800 × magnification, and their number was counted in 
two fields of view (67,500 mm2) in each well. (C) TEM images of SNU-1826 cells treated with MPs at 12,000 × magnifica-
tion. Three wells per group were used for the MP treatment, and the cells showing fluorescence were counted in duplicate, 
and TEM images were detected in two wells. The data represent the means ± SD of triplicates. * indicates p < 0.05 com-
pared to the 12 hr treated group. Abbreviation: MPs, microplastics.
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SNU-1826 cells than in HEK-293 and SK-N-MC cells. 
These patterns of MPs were also maintained in the 24 hr-
treated group (Fig. 2A and Supplement Fig. S2). Also, 
the internalizing pattern of MPs into each cell differs 
between the four cell lines. MPs were intensively con-
centrated in a few specific regions of the cytoplasm of 
HEK-293 and IEC18 cells, but they were spread through-
out the cytoplasm of SNU-1826 and SK-N-MC cells  
(Fig. 2A). On the other hand, a time-dependent pat-
tern was detected in SNU-1826, HEK-293, and SK-

N-MC cells, while IEC18 cells were constantly main-
tained. HEK-293 cells showed the highest increase rate of 
MP internalization from 12 hr to 24 hr. In particular, the 
total number of internalized MPs was greatest in SNU-
1826 cells among four analyzed cells, even though SK-N-
MC cells showed the lowest level (Fig. 2B). These inter-
nalizations of MPs in SNU-1826 cells were successfully 
reflected on the TEM images (Fig. 2C). Therefore, these 
results show that the rate of MP internalization may dif-
fer between cells with different tissue origins. Further-

Fig. 3. 	 Patterns of internalized MPs after treatment with the endocytosis inhibitor. After treatment with CD or Pt2 for 1 hr or  
30 min, these cells were incubated with 0.001 wt.% of MPs for 12 or 24 hr. The cells’ morphology and fluorescence inten-
sity were observed under a fluorescence microscope at 400 × magnification, and their number was counted in two fields of 
view (67,500 mm2) in each well. Three wells per group were used for MPs treatment, and cells showing fluorescence were 
counted in duplicates. The data represents the means ± SD of triplicates. * indicates p < 0.05 compared to the Vehicle-treat-
ed group. Abbreviation: MPs, microplastics; CD, cytochalasin D; Pt2, pitstop2.
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more, our data suggest that SNU-1826 cells are suitable 
for studying the cellular response during regulating MPs 
internalization.

Identification of optimal inhibitor for MPs 
internalization into SNU-1826 cells

The appropriate inhibitor that suppresses the inter-
nalization of MPs into SNU-1826 cells was determined 
by counting the average number of internalized MPs in 
SNU-1826 cells pretreated with CD, inhibitor of actin 
polymerization or Pt2, clathrin inhibitor after MPs treat-
ment. The number of internalized MPs decreased signif-
icantly in the CD+MP-treated SNU-1826 cells for 12 hr 
and 24 hr, while the Pt2+MPs-treated group remained 
at a level similar to that of the Vehicle-treated group  
(Fig. 3). These results suggest that the internalization 
of MPs into SNU-1826 cells can be mediated by actin-

dependent uptake mechanisms, and CD can be considered 
an inhibitor of this internalization.

Response of SNU-1826 cells on the autophagy, 
ER stress, and inflammation during the 
suppression of MPs internalization

Next, we investigated whether the inhibition of MPs 
internalization caused by actin polymerization inhibi-
tors is accompanied by changes in autophagy, ER stress, 
and inflammation. To achieve this, changes in the levels 
of their key parameters were analyzed in CD+MP-treat-
ed SNU-1826 cells. First, the expression levels of the  
LC3-Ⅰ/Ⅱ and Beclin1 proteins as markers for autophagy 
were higher in the Vehicle+MP-treated group compared to 
the No-treated group. On the other hand, these levels were 
reduced remarkably after CD pretreatment (Fig. 4). In 
addition, significant changes were detected in the EIF2α 

Fig. 4. 	 Expression of autophagy markers in CD+MPs-treated SNU-1826 cells. After collecting the total proteins from CD+MP-
cotreated SNU-1826 cells, the levels of LC3-I/II, Beclin1, and β‐actin expression were detected with specific antibodies, 
followed by HRP‐conjugated goat anti‐rabbit IgG. Each band intensity was measured using an imaging densitometer, and 
the relative levels of each protein were calculated relative to the intensity of actin bands. Three to five dishes per group were 
used to prepare cell homogenates, and Western blot analysis was assayed in duplicate for each sample. The data represent 
the means ± SD of duplicates. * indicates p < 0.05 compared to the No group. # indicates p < 0.05 compared to the Vehicle-
treated group. Abbreviation: MPs, microplastics; CD, cytochalasin D; LC3-Ⅰ/Ⅱ, Light Chain 3-Ⅰ/Ⅱ.

Vol. 50 No. 7

367

Response of colon cells against microplastics



and IRE1α expression levels, but they showed oppo-
site patterns. The decreased levels of EIF2α phosphoryl-
ation in the Vehicle+MP-treated group were enhanced 
in the CD+MPs-treated group, while the increased lev-
el of IRE1α expression was recovered in the same group  
(Fig. 5). Furthermore, the expression levels of iNOS and 
COX-2 proteins and the transcription levels of TNF-α 
and IL-6, were remarkably recovered in the CD+MPs-
treated group compared to the Vehicle+MP-treated group  
(Figs. 6 and 7). These results show that the inhibition of 
MP internalization caused by actin polymerization inhib-
itors may be associated with the significant recovery of 
MPs effects on the autophagy, ER stress, and inflamma-
tion in SNU-1826 cells.

Identification of optimal stimulator for MPs 
internalization in SNU-1826 cells

To identify an appropriate stimulator that promotes 
the internalization of MPs into SNU-1826 cells, aver-
age number of internalized MPs was counted in ZnSO4 
or CaCl2-pretreated SNU-1826 cells after the MP treat-
ment. Among them, only ZnSO4 showed significant stim-
ulation effects in the internalization of MPs into SNU-
1826 cells, but CaCl2 did not induce any response. In 
addition, ZnSO4 showed time- and dose-dependent effects  
(Fig. 8A and B). The highest internalization pattern of 
MPs was observed in the ZnSO4+HiMPs-treated group 
for 48 hr (Fig. 8A). Therefore, these results suggest that 
ZnSO4 may be considered an optimal stimulator for MPs 
internalization into SNU-1826 cells.

Fig. 5. 	 Expression of ER stress markers in CD+MPs treated SNU-1826 cells. After collecting the total proteins from CD+MPs 
cotreated SNU-1826 cells, the levels of p-EIF2α, EIF2α, IRE1α, and β‐actin expression were detected with specific antibod-
ies, followed by HRP‐conjugated goat anti‐rabbit IgG. Each band intensity was measured using an imaging densitometer, 
and the relative levels of each protein were calculated relative to the intensity of actin bands. Three to five dishes per group 
were used to prepare cell homogenates, and Western blot analysis was assayed in duplicate for each sample. The data rep-
resent the means ± SD of duplicates. * indicates p < 0.05 compared to the No group. # indicates p < 0.05 compared to the 
Vehicle-treated group. Abbreviation: MPs, microplastics; CD, cytochalasin D; EIF2α, Eukaryotic initiation factor-2α; IRE 
1α, Inositol-requiring enzyme 1α.
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Fig. 6. 	 Expression of inflammation markers in CD+MPs treated SNU-1826 cells. After collecting total proteins from CD+MPs 
cotreated SNU-1826 cells, the levels of iNOS, COX-2, and β‐actin expression were detected with specific antibodies, fol-
lowed by HRP‐conjugated goat anti‐rabbit IgG. Each band intensity was measured using an imaging densitometer, and the 
relative levels of each protein were calculated relative to the intensity of actin bands. Three to five dishes per group were 
used to prepare cell homogenates, and Western blot analysis was assayed in duplicate for each sample. The data represent 
the means ± SD of duplicates. * indicates p < 0.05 compared to the No group. # indicates p < 0.05 compared to the Vehi-
cle-treated group. Abbreviation: MPs, microplastics; CD, cytochalasin D; iNOS, Inducible nitric oxide synthase; COX- 2,  
Cyclooxygenase-2.

Fig. 7. 	 mRNA levels of inflammatory cytokines in CD+MPs treated SNU-1826 cells. After collecting the total RNA from CD+MPs-
cotreated SNU-1826 cells, the mRNA levels of TNF-α and IL-6 were measured by RT‐qPCR as described in materials and 
methods. Three to five dishes per group were used to prepare the total RNAs, and RT-qPCR was assayed in duplicate for 
each sample. The data represent the means ± SD of duplicates. * indicates p < 0.05 compared to the No group. # indicates  
p < 0.05 compared to the Vehicle-treated group. Abbreviation: MPs, microplastics; CD, cytochalasin D; TNF-α, Tumor ne-
crosis factor-α; IL-6, Interleukin-6.
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Response of SNU-1826 cells on the autophagy, 
ER stress, and inflammation during the 
stimulation of MPs internalization

Next, this study investigated whether stimulation 
of MPs internalization caused by ZnSO4 is accompa-
nied by changes in autophagy, ER stress, and inflamma-
tion. The changes in the levels of their key parameters 
were analyzed in ZnSO4+MP-treated SNU-1826 cells. 
The expression levels of the LC3-Ⅰ/Ⅱ and Beclin1 pro-
teins were significantly higher in the ZnSO4+MPs-treated 
SNU-1826 cells in a dose-dependent manner compared 

to the Vehicle+MPs-treated group (Fig. 9). The upregu-
lation of Beclin1 was higher than that of LC3-I/II after 
ZnSO4 treatment. In addition, significant alterations were 
detected in the parameters for ER stress. The phospho-
rylation of EIF2α was increased in ZnSO4+MPs-treat-
ed SNU-1826 cells, while the level of IRE1α expression 
decreased in the same group (Fig. 10). Furthermore, the 
levels of iNOS and COX-2 expression were also high-
er in the ZnSO4+MPs-treated SNU-1826 cells than in 
the Vehicle+MPs-treated group (Fig. 11). The iNOS and 
COX-2 results were partially reflected in the transcription 

Fig. 8. 	 Patterns of internalized MPs in ZnSO4+MP-treated SNU-1826 cells after the stimulation of endocytosis. (A) Fluorescence 
microscopy images of internalized MPs. (B) Average number of internalized MPs for 12, 24, and 48 hr. After treatment 
with ZnSO4 for 1 hr, the cells were incubated with 0.001 wt.% of MPs for 12, 24, or 48 hr. The cells’ morphology and fluo-
rescence intensity were observed under a fluorescence microscope at 400 × magnification, and their number was counted 
in two fields of view (67,500 mm2) in each well. Three wells per group were used to treat MPs, and cells showing fluores-
cence were counted in duplicate. The data represent the means ± SD of duplicates. * indicates p < 0.05 compared to the 
Vehicle-treated group. Abbreviation: MPs, microplastics; Low, low concentration; Mid, medium concentration; Hi, high  
concentration.
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levels of TNF-α and IL-6 (Fig. 12). These results suggest 
that the MP internalization caused by the ZnSO4 treat-
ment may be associated with autophagy, ER stress, and 
inflammation in SNU-1826 cells. Also, our results show 
that the effects of MPs internalization on the cellular 
responses can be recovered by ZnSO4 treatment.

Correlation between the treatment with the 
regulators for MPs internalization and cellular 
response parameters

Finally, we tried to determine how the MPs internali-
zation and cellular response of SNU-1826 cells correlate. 
To achieve this, all data were analyzed using Pearson’s 
bivariate correlation coefficient. As shown in Fig. 13A, 
most parameters for the cellular responses have a strong 
relationship with the internalized number of MPs after 

the CD treatment, an endocytosis inhibitor, even though 
one parameter, the p-EIF2α/EIF2α levels, showed a neg-
ative correlation. Especially, their coefficient was most-
ly close to 1. In addition, a similar positive relationship 
was detected between the stimulator treatment for MPs 
internalization and the key parameters for the cellular 
responses. Most parameters except IRE1α were positive-
ly correlated with internalized number of MPs (Fig. 13B). 
However, these positive correlations were stronger in CD 
inhibitor than ZnSO4 stimulator. These results show that 
regulating MP internalization may be closely linked to 
the key parameters of autophagy, ER stress, and inflam-
mation. In addition, MP internalization regulated by CD 
inhibitors is related more closely to the cellular responses 
than the ZnSO4 stimulator.

Fig. 9. 	 Expression of autophagy markers in ZnSO4+MPs treated SUN-1826 cells. After collecting the total proteins from 
ZnSO4+MPs cotreated SNU-1826 cells, the levels of LC3-I/II, Beclin1, and β‐actin expression were detected with the spe-
cific antibodies, followed by HRP‐conjugated goat anti‐rabbit IgG. Each band intensity was measured using an imaging 
densitometer, and the relative levels of each protein were calculated relative to the intensity of actin bands. Three to five 
dishes per group were used to prepare cell homogenates, and Western blot analysis was assayed in duplicate for each sam-
ple. The data represent the means ± SD of duplicates. * indicates p < 0.05 compared to the No group. # indicates p < 0.05 
compared to the Vehicle-treated group. Abbreviation: MPs, microplastics; Low, low concentration; Mid, medium concentra-
tion; Hi, high concentration; LC3-Ⅰ/Ⅱ, Light Chain 3-Ⅰ/Ⅱ.
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DISCUSSION

As conflicting research results on the cellular respons-
es to MPs in several human cells are continuously report-
ed, various studies providing scientific evidence are 
required to solve this issue (Yong et al., 2020). Recent 
studies have focused on the cell responses of MPs of var-
ious sizes under complex conditions rather than a sim-
ple treatment with MPs because MPs have more seri-
ous effects under pathological conditions (Khan and 
Jia, 2023). Therefore, this study examined the cellular 
responses of SNU-1826 cells during the inhibition and 
stimulation of MPs internalization. The analyses of their 
responses were concentrated on ER stress, autophagy, and 
inflammation, as described elsewhere (Wang et al., 2021). 

These results provide novel evidence that the internaliza-
tion of MPs into SNU-1826 cells can be inhibited or stim-
ulated by the CD and ZnSO4 treatment. These regulations 
may be tightly linked to ER stress, autophagy, and inflam-
mation, but the correlation between MPs internalizations 
and cellular response was greater in the CD-treated group 
than in the ZnSO4 treated group.

The internalization of MPs has been analyzed in 
various human cells even though their analytical tar-
gets varied in each cell. MPs with 40-100 nm size were 
internalized into epithelial cells derived from differ-
ent tissues, including human umbilical vein endotheli-
al cells (HUVECs), intestine (Caco-2), gastrin (GES-1), 
and oviduct (BOEC) (Xu et al., 2021; Lu et al., 2022; 
Qin et al., 2022; Liu et al., 2021; Fiorentino et al., 2015). 

Fig. 10. 	Expression of ER stress markers in ZnSO4+MP-treated SUN-1826 cells. After collecting the total proteins from ZnSO4+MP-
treated SNU-1826 cells, the levels of p-EIF2α, EIF2α, IRE1α, and β‐actin expression were detected with specific antibod-
ies, followed by HRP‐conjugated goat anti‐rabbit IgG. Each band intensity was measured using an imaging densitometer, 
and the relative levels of each protein were calculated relative to the intensity of actin bands. Three to five dishes per group 
were used to prepare the cell homogenates, and Western blot analysis was assayed in duplicate for each sample. The data 
represent the means ± SD of duplicates. * indicates p < 0.05 compared to the No group. # indicates p < 0.05 compared to 
the Vehicle-treated group. Abbreviation: MPs, microplastics; Low, low concentration; Mid, medium concentration; Hi, high 
concentration; EIF2α, Eukaryotic initiation factor-2α; IRE1α, Inositol-requiring enzyme 1α.
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In addition, human liver cells (HL7702) and embryon-
ic kidney cells (HEK293) took up small MPs from 0.1 to  
3.54 μm size, while MPs, 100-1,000 nm in size, were 
internalized into pluripotent stem cells (Sokmen et al., 
2020; Chen et al., 2022; Jeong et al., 2022). Other cells, 
including fibroblasts, mononuclear cells, red blood cells, 
mast cells, and gastric adenocarcinoma cells, were inter-
nalized by various size MPs through endocytosis and 
phagocytosis (Hwang et al., 2020; Forte et al., 2016). In 
this study, MPs, 500 nm in size, were significantly inter-
nalized into IEC-18, SNU-1826, HEK-293, and SK-N-
MC cells. On the other hand, the highest efficacy was 
detected in SNU-1826 cells, followed by IEC-18, HEK-
293, and SK-N-MC cells. The results showing the inter-
nalization of MPs into epithelial cells and kidney cells 

were similar to those of previous studies, even though the 
size of MPs was different. Furthermore, the results of the 
present study provide the first evidence of the internaliza-
tion of MPs into SNU-1826 and SK-N-MC cells. How-
ever, in our study, the analyzing the response of cells by 
treating a high concentration of MPs once can be consid-
ered as a limitation because different cells have different 
doubling times, metabolic rates, growth factors and cell 
cycle progression (Schmitz et al., 2019).

Mammalian cells can internalize a large or polarized 
particle through the cell membranes, which can also use 
the internalization of MPs without affecting cell mem-
brane integrity (Powell et al., 2007). Until now, sever-
al machines for MP internalization have been investigat-
ed in non-phagocytic cells. ATP-independent pathway 

Fig. 11. 	 Expression of inflammation markers in ZnSO4+MPs treated SNU-1826 cells. After collecting the total proteins from 
ZnSO4+MP-treated SNU-1826 cells, the levels of iNOS, COX-2, and β‐actin expression were detected with the specific anti-
bodies, followed by HRP‐conjugated goat anti‐rabbit IgG. Each band intensity was measured using an imaging densitometer, 
and the relative levels of each protein were calculated relative to the intensity of actin bands. Three to five dishes per group 
were used to prepare the cell homogenates, and Western blot analysis was assayed in duplicate for each sample. The data 
represent the means ± SD of duplicates. * indicates p < 0.05 compared to the No group. # indicates p < 0.05 compared to 
the Vehicle-treated group. Abbreviation: MPs, microplastics; Low, low concentration; Mid, medium concentration; Hi, high 
concentration; iNOS, Inducible nitric oxide synthase; COX- 2, Cyclooxygenase-2.
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and passive translocation were first reported as an inter-
nalization mechanism of MPs, 43.67 nm size (Fiorentino  
et al., 2015). Micropinocytosis and clathrin-mediated 
endocytosis in Caco-2 cells were investigated as the main 
routes for internalizing some modified MPs with 100 nm 
size (Xu et al., 2021). In addition, similar mechanisms 
were detected in basophilic leukemia (RBL-2H3) cells 
after treatment with 50 nm and 500 nm MPs, even though 
they interacted with lysosomes and were released through 
lysosomal-mediated exocytosis (Liu et al., 2021). MPs 44 
and 100 nm in size were internalized into AGS cells via 
clathrin-mediated endocytosis and accumulated into the 
cytoplasm of these cells (Forte et al., 2016). On the oth-
er hand, endocytosis and phagocytosis were used to inter-
nalize MPs into various types of cells, including HDFs, 
PBMCs, and HMC-1 (Hwang et al., 2020). In this study, 
we focused on inhibiting and stimulating the mechanism 
for MPs internalization into SNU-1826 cells. Two endo-
cytosis inhibitors, CD and Pt2, were selected to suppress 
the internalization of MPs based on the results of previ-
ous studies (Rennick et al., 2021). The significant sup-
pressive effects in CD-treated SNU-1826 cells show the 
first evidence that MPs internalization of these cells may 
be associated with actin polymerization. Nevertheless, 
there is little research on chemical compounds that pro-
mote endocytosis in human cells. Based on previous stud-
ies, ZnSO4 and CaCl2 had been considered as candidates 
that stimulate the internalization of MPs. ZnSO4 stimulat-

ed the endocytosis of prion proteins at 500 μM in Neu-
ro-2a (N2a) cells, while the extracellular Ca2+ concentra-
tion promotes all types of endocytosis (Pauly and Harris,  
1998; Zhu et al., 2009; Yamashita et al., 2010). Notably, 
Zn2+ has been shown to stimulate the endocytosis of the 
ZIP4 zinc transporter, leading to its internalization from 
the plasma membrane (Kim et al., 2004). This finding 
suggests that Zn2+ is capable of regulating vesicular traf-
ficking and membrane dynamics. Given this evidence, the 
increased MP uptake observed in our study may be attrib-
uted to Zn2+-induced enhancement of endocytic activi-
ty. In the present study, ZnSO4, not CaCl2, stimulated MP 
internalization into SNU-1826 cells. CaCl2 treatment did 
not lead to a similar increase in MP internalization, indi-
cating that Zn2+-mediated effects are not merely due to 
general ionic strength changes but may involve specif-
ic Zn2+-dependent signaling pathways (Azriel-Tamir et 
al., 2004). This distinction highlights the potential role of 
Zn2+ in modulating MP uptake through mechanisms such 
as receptor-mediated endocytosis or changes in mem-
brane fluidity. These results are partially consistent with 
previous results showing that ZnSO4 stimulates the inter-
nalization of large particles into cells. In addition, these 
results provide novel evidence that ZnSO4 can stimulate 
the internalization of MPs into SNU-1826 cells through 
endocytosis.

This study focused on three mechanisms (autophagy, 
ER stress, and inflammation) to investigate the cellular 

Fig. 12.   �mRNA levels of inflammatory cytokines in ZnSO4+MP-treated SNU-1826 cells. After collecting the total proteins from 
ZnSO4+MP-treated SNU-1826 cells, the mRNA levels of TNF-α and IL-6 were measured by RT‐qPCR as described in ma-
terials and methods. Three to five dishes per group were used to prepare the total RNAs, and RT-qPCR was assayed in du-
plicate for each sample. The data represent the means ± SD of duplicates. * indicates p < 0.05 compared to the No group. # 
indicates p < 0.05 compared to the Vehicle-treated group. Abbreviation: MPs, microplastics; Low, low concentration; Mid, 
medium concentration; Hi, high concentration; TNF-α, Tumor necrosis factor-alpha; IL-6, Interleukin-6.
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Fig. 13. 	Correlogram drawn in Corrplot for the significance of correlative relationships between the internalized number of MPs and 
parameters for the cellular response. (A) Correlation in CD inhibitor-treated group. (B) Correlation in the ZnSO4 stimulator-
treated group. P-values corresponding to the Pearson correlation coefficients are the represented numbers. The coloring de-
gree is scaled from strongly positive (dark blue) to strongly negative (dark red). The numbers and colors represent the same 
values in a symmetrical structure based on the factors located on the diagonal. Abbreviation: MPs, microplastics; LC3-Ⅰ/ 
Ⅱ, Light Chain 3-Ⅰ/ Ⅱ; EIF2α, Eukaryotic initiation factor-2α; IRE1α, Inositol-requiring enzyme 1α; iNOS, Inducible nitric 
oxide synthase; COX-2, Cyclooxygenase-2; TNF-α, Tumor necrosis factor-α; IL-6, Interlukin-6.
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responses during the regulation of MPs internalization 
because they are closely related to the cellular respons-
es under harmful conditions. As shown in our results, 
these responses were reflected in the responses of SNU-
1826 cells to the suppression and stimulation of MPs 
internalization. The molecular links between ER stress-
induced unfolded protein response (UPR), autophagy, 
and cytokine-induced inflammation were detected in sev-
eral inflammatory diseases and various pathological con-
ditions (Chipurupalli et al., 2021). During these condi-
tions, ER functions can be affected by various factors. 
The results revealed UPR activation by the accumulation 
of misfolded/unfolded proteins (Schröder and Kaufman, 
2005). The excessive ER stress-induced UPR first triggers 
autophagy, the major lysosomal degradation pathway, 
to eliminate these abnormal proteins and damaged ER 
through the formation and maturation of autophagosomes 
(Mizushima et al., 2008; Glick et al., 2010). In addition, 
ER stress-induced UPR signaling is coupled with the acti-
vation of pro-inflammatory pathways through the tran-
scriptional regulation of NF-κB and induces the expres-
sion of inflammatory cytokines (Zhang and Kaufman, 
2008; Garg et al., 2012). Furthermore, the links between 
ER stress-induced UPR, autophagy, and cytokine-induced 
inflammation were analyzed in several cells treated with 
MPs. PS-MPs also cause ER stress, inflammation, and 
autophagy in human kidney proximal tubular epitheli-
al cells (HK-2 cells) (Wang et al., 2021). Moreover, the 
MP treatment induced each response in human cells, even 
though the types of cells and MPs differ. The significant 
elevation of ER stress was induced in PS-MPs exposure 
BEAS-2B cells, goat mammary epithelial cells (GMECs), 
kidney tubular cells, fibroblasts, and Caco-2 cells. (Wu et 
al., 2024; Wang et al., 2024a; Wang et al., 2024b; Yan et 
al., 2023; Jeon et al., 2023; Yan et al., 2023). The inflam-
matory responses, including cytokines secretions, were 
observed in some immune cells and a few epithelial cells 
after the MP treatment. Autophagy coupled with enhanced 
lysosomal activity and expression levels of several mark-
ers was detected in cytokine-induced killer (CIK) cells 
and HUVECs treated with PS-MPs of various sizes (Lu 
et al., 2024; Lu et al., 2022). These results suggest that 
the molecular links between ER stress, autophagy, and 
cytokine-induced inflammation can be considered impor-
tant analysis factors in studying the responses to MPs in 
human colon cells.

In conclusion, in this study, the three cellular respons-
es with linkages at the molecular level were analyzed in 
SNU-1826 cells after the suppression or stimulation of 
MPs internalization to investigate the response of human 

colon cells during the regulation of MPs internalization. 
These results suggest that CD and ZnSO4 can be con-
sidered excellent inhibitors and promoters of MPs inter-
nalization into SNU-1826 cells as well as the alterna-
tive regulation of MP internalization can be reflected in 
ER stress, autophagy, and inflammation of SNU-1826 
cells although their correlation was greater in inhibitor- 
than stimulator-treated condition. Nevertheless, addition-
al studies for signaling pathway analyses, including ER 
stress, autophagy, and inflammation in colon tissue of 
animal models treated with MPs, will be needed to clari-
fy the mechanism between the regulation of MPs and ER 
stress-induced cellular responses in in vivo systems.
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