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Effect and underlying mechanisms 
of airborne particulate matter 2.5 
(PM2.5) on cultured human corneal 
epithelial cells
Kenji Kashiwagi* & Yoko Iizuka

Health problems caused by airborne particulate matter with a diameter less than 2.5 (PM2.5), 
especially in the respiratory system, have become a worldwide problem, but the influence and 
mechanisms of PM2.5 on the ocular surface have not been sufficiently elucidated. We investigated 
in vitro the onset and pathogenesis of corneal damage induced by PM2.5. Two types of PM2.5 samples 
originating from Beijing (designated #28) and the Gobi Desert (designated #30) were added to the 
culture medium of immortalized cultured human corneal epithelial cells (HCECs) to examine the 
effects on survival rates, autophagy, and proinflammatory cytokine production. Both types of PM2.5 
significantly reduced the HCEC survival rate in a concentration-dependent manner by triggering 
autophagy. In particular, compared with #30, #28 induced much more severe damage in HCECs. 
Physical contact between PM2.5 and HCECs was not a primary contributor to PM2.5-induced HCEC 
damage. Among the 38 proinflammatory cytokines examined in this study, significant increases in the 
granulocyte macrophage colony-stimulating factor (GM-CSF) and interleukin-6 levels and a significant 
reduction in the interleukin-8 level were detected in culture medium of PM2.5-exposed HCECs. 
Simultaneous addition of a GM-CSF inhibitor, suramin, alleviated the HCEC impairment induced by 
PM2.5. In conclusion, PM2.5 induces HCEC death by triggering autophagy. Some cytokines that are 
released from HCECs, including GM-CSF, may be involved in HCEC damage caused by PM2.5 exposure.

Air pollution-related adverse health effects have become a major problem in recent years. Small particulate matter 
with a diameter less than 2.5 µm (PM2.5) is particularly deadly, with a 36% increase in lung cancer per 10 μg/
m3 because it can penetrate deep into the lungs1. PM2.5 exposure contributed to 4.1 million deaths worldwide 
from heart disease, stroke, lung cancer, chronic lung disease, and respiratory infections in 20162.

Airborne particulate matter comes in a variety of sizes, but depending on its size, it behaves differently in the 
body and has different health effects. The magnitude of health disturbance depends on the particulate matter 
concentrations, and particle size is correlated with the severity of health damage. Many studies have suggested 
that particulate matter, especially PM2.5, increases morbidity or mortality related to cardiovascular and pulmo-
nary diseases3,4. Since the ocular surface is constantly exposed to the external environment, it may represent a 
good model of PM2.5-induced adverse health effects. Indeed, recent studies have shown that PM2.5 has adverse 
effects on the human ocular surface, including the cornea and conjunctiva5–7. High concentrations of air pol-
lutants frequently result in ocular symptoms such as burning, itchiness, and redness8. Moreover, PM2.5 may 
exacerbate the development of allergic conjunctivitis and other ocular surface diseases6,7,9,10.

Recent studies have revealed that autophagy, proinflammatory cytokines, oxidative stress, and mitochondrial 
damage are complications involved in PM2.5-induced adverse health effects11–17. Autophagy inhibitors have been 
reported to eliminate or alleviate PM2.5-induced symptoms11. Whether PM2.5 exerts similar effects on the ocular 
surface and the identity of the molecular mechanisms involved in those effects are unclear; however, previous 
studies reported that autophagy and proinflammatory cytokines play important roles in PM2.5-induced adverse 
effects on corneal epithelium cells13,18.

There are two main purposes in this study. First, we elucidated the effect and mechanism of action of PM2.5 
on cultured human corneal epithelial cells (HCECs). Second, PM2.5 contents may differ among PM2.5 samples. 
Indeed, two PM2.5 samples derived from Beijing and the Gobi Desert had a different content profile, as Supple-
mentary Table 1 shows. PM2.5 impairment may vary among previous reports, and differences in PM2.5 contents 
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may result in different health impairments. We employed two types of PM2.5 samples that have been analyzed 
for their contents to elucidate the mechanism of PM2.5-related damage in HCECs.

Results
Effects of PM2.5 on the survival rate and morphological features of HCECs.  Phase-contrast 
microscopy revealed shrinkage of cells after 4 h of exposure to 2 types of PM2.5, and a significant reduction in 
the survival rate was observed after 24 h of exposure. In contrast, LPS exposure resulted in a significant increase 
in the survival rate, and HCECs tended to proliferate after LPS exposure (Fig. 1 and Supplementary Fig. 1).

The HCEC survival rate was significantly affected by exposure to both types of PM2.5 in a concentration-
dependent manner. Comparing the two PM2.5 samples, the survival rate of HCECs exposed to #28 was signifi-
cantly lower than that of HCECs exposed to #30, especially after 4 h of exposure at all concentrations and after 
48 h of exposure at concentrations of 50 and 200 μg/ml.

Effect of PM2.5 extract on HCECs evaluated using PM2.5 supernatant and a noncontact cocul-
ture system containing HCECs and PM2.5.  Compared with the supernatant from the controls, super-
natants from both #28 and #30 significantly decreased the survival rate of HCECs. There was no significant 
difference in the survival rate of HCECs between the #28 and #30 exposure groups. The survival rate of HCECs 
cultured in a noncontact coculture system was significantly lower than that of HCECs cultured with the super-
natant in both the #28 and #30 exposure groups (Fig. 2). The coculture system did not influence the survival rate 
of HCECs (Supplementary Fig. 2).

PM2.5‑induces autophagy.  Fluorescence microscopy revealed that compared with the control, both #28 
and #30 PM2.5 increased the level of autophagy. Fluorescein intensity in HCECs increased with increasing expo-
sure time to #28 and #30 (Fig. 3).

The results of the semiquantitative expression analysis confirmed that the degree of autophagy was signifi-
cantly elevated in the #28 and #30 exposure groups compared to that in the control group. However, there was 
no significant difference in the levels of autophagy between the #28 and #30 exposure groups (Fig. 4).

When 10 mM 3-MA was administered at the same time as #28 or #30, the fluorescence intensity due to 
autophagy was reduced (Figs. 3, 4).

Measurement of cytokine levels.  Screening identified five types of cytokines with concentrations above 
the limit of quantification, namely, tumor necrosis factor-α (TNF-α), granulocyte macrophage colony-stimu-
lating factor (GM-CSF), interleukin-2 (IL-2), interleukin-6 (IL-6) and interleukin-8 (IL-8). The changes in the 
concentrations of these five cytokines were inconsistent, and the concentrations of the 38 cytokines are shown 
in Supplementary Table 2.

Effects of PM2.5 exposure on the expression of five selected cytokines.  Changes in the concen-
trations of the five selected cytokines following PM2.5 exposure varied depending on the individual cytokine. 
Furthermore, the changes in cytokine concentrations in response to exposure to #28 and #30 were not the same. 
The concentration of GM-CSF was significantly increased at 4 h and 24 h after exposure compared with that of 
the control; after 24 h of exposure, the GM-CSF concentration was approximately twice that of the control. There 
was no significant difference in the concentrations of GM-CSF based on the PM2.5 type (#28 and #30, Fig. 5a). 
The IL-6 concentration was significantly elevated at 4  h of exposure to #28, but it was significantly reduced 
after 24 h of exposure to #30 (Fig. 5b). The IL-8 concentration was significantly lower after exposure to PM2.5 
compared with that of the control at all time points (Fig. 5c). The IL-2 concentration was significantly increased 
after 4 h of exposure to #28, but no significant differences were observed at the other time points (Fig. 5d). With 
regard to the TNF-α concentration, no significant differences between the control and exposure groups were 
observed at any time point (Fig. 5e).

Role of GM‑CSF and IL‑6 in PM2.5‑induced HCEC death (Fig.  6).  Compared with exposure to 
PM2.5 alone, simultaneous exposure to 1 or 5  μM suramin and PM2.5 partially but significantly enhanced 
HCEC survival. With an increase in the concentration of suramin, the level of inhibition of PM2.5-induced 
HCEC death was reduced. There was no significant difference in the suramin-related protective effect on PM2.5-
induced HCEC death between #28 and #30. In contrast, simultaneous administration of an anti-IL-6 antibody 
with PM2.5 did not influence HCEC death. Compared with administration of GM-CSF alone, addition of 
suramin and anti-IL-6 antibodies concomitant with exposure to PM2.5 resulted in no additional effect on the 
survival rate of HCECs.

Discussion
The current study revealed that two PM2.5 samples induced HCEC death and morphological changes in a 
concentration-dependent manner. However, the effects of these samples on HCECs were not the same. Although 
direct physical damage to HCECs induced by PM2.5 cannot be avoided, the current study indicated that the 
components of PM2.5 are at least partially responsible for inducing HCEC death. Autophagy is an important 
mechanism underlying PM2.5-induced HCEC death, and some cytokines, especially GM-CSF, are involved in 
HCEC death.

Previous reports have investigated the influence of PM2.5 on corneal cells. Some previous reports using differ-
ent cell resources showed that PM2.5 results in corneal epithelium death in a concentration-dependent manner, 
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Figure 1.   Effect of PM2.5 on HCEC survival. Exposure to PM2.5 resulted in a concentration-dependent 
reduction in HCEC survival after 4 (a), 24 (b), and 48 (c) hours of exposure. Both #28 and #30 caused significant 
dose-dependent reductions in HCEC survival rates. *A significant decrease relative to the control and 5 μg/ml 
#28, §A significant decrease compared to the control and 5 μg/ml #30, ¶A significant difference between #28 and 
#30, **A significant difference compared with the control and all concentrations of #28 and #30, n = 8–10, LPS 
lipopolysaccharide.
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which is similar to the results of the current report18,19. The mechanisms underlying PM2.5-induced cell damage 
have been previously investigated. Yoon et al. reported that the inflammatory response, mitochondrial activity, 
and oxidative stress participate in cell death18, and Gao et al. found that reactive oxygen species and DNA damage 
result in corneal epithelial cell senescence following exposure to PM2.5 collected in Guangzhou11,19. Moreover, 
expression changes in cancer genes (oncogenes) are caused by PM2.5 exposure12,20. Cui et al. reported that 
disturbances to the FAK/RhoA signaling pathway and cytoskeletal organization resulting from PM2.5 exposure 
damaged mouse corneal epithelial cells, using a scratch model and an in vitro experimental system21.

As some studies have shown the involvement of proinflammatory cytokines in the cytotoxicity induced by 
PM2.5, we investigated changes in the concentration of a variety of cytokines in the current study. Notably, some 
proinflammatory cytokines may be partially involved in HCEC death through their involvement in autophagy, 
and some previous studies investigated the relationship between proinflammatory cytokines and cell damage 

Figure 2.   Effects of PM2.5 extract on HCECs determined using the supernatant from PM2.5 and a noncontact 
coculture system containing HCECs and PM2.5. The concentrations of PM2.5 were 100 μg/ml in #28 and #30 
and 0 μg/ml in the control. *A significant decrease relative to the control, §A significant difference between #28 
and #30, n = 10.

Figure 3.   Observation of PM2.5-induced autophagy by fluorescence microscopy. The levels of autophagy 
induced by PM2.5 were augmented by both types of PM2.5 in proportion to the loading time. The autophagy 
levels gradually increased with exposure time compared with that at baseline. Autophagy induction was 
blocked by concomitant 3-MA administration. Green cell body staining indicates autophagy. Cell nuclei were 
counterstained blue with 4′,6-diamidino-2-phenylindole. 3-MA 3-methyladenine. Scale bar = 100 µm.
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induced by PM2.5 exposure using different types of cells. For example, Li et al. exposed rat lungs for 9 days to 
concentrations of PM2.5 ranging from 0.375 to 24.0 mg/kg by intratracheal instillation22. As a result, the mRNA 
and protein concentrations of TNF-α, IL-6, IL-1β, and ICAM-1 were elevated after exposure to concentrations of 
6 mg/kg or greater12,22. Yoon et al. reported an increase in the concentration of IL-8 in cultured HCECs induced 
by PM2.5 exposure18. The authors compared PM2.5-induced changes in IL-8 among different culture condi-
tions. Exposure to 100 μg/ml PM2.5 resulted in the largest increase in the IL-8 concentration in HCECs, while 
the supernatant from 500 μg/ml PM2.5 or a pellet containing 10 μg/ml PM2.5 resulted in the largest increase in 
the concentration of IL-6 released from HCECs. The increase in the IL-6 concentration in the current study was 
consistent with the findings in previous reports. However, the lack of changes in the TNF-α concentration, the 
reduction in the IL-8 concentration, and the lack of detectable IL-1β levels were inconsistent with the results 
of previous studies. Some reasons for these differences could include the cultured cell type, PM2.5 samples 
employed, PM2.5 loading amounts, or experimental conditions, such as in vitro versus in vivo.

The relationship between autophagy and cytokines is controversial. Autophagy system malfunction is thought 
to cause the overexpression of inflammatory cytokines, while autophagy promotes the secretion of inflammatory 
cytokines, such as IL-1β and IL-1823. The current study provided new insight into the roles played by cytokines 
in PM2.5-induced HCEC death. First, the current study showed a significant increase in GM-CSF expression 
in HCECs, and GM-CSF inhibition at least partially alleviated PM2.5-induced HCEC death. In contrast, IL-6 
inhibition did not influence PM2.5-induced HCEC death, although the IL-6 concentration was also significantly 
elevated following PM2.5 exposure. Some previous studies have reported this phenomenon in pulmonary epi-
thelial cells14,24–26. Rho et al. reported that GM-CSF promotes corneal epithelium migration and contributes to 
wound healing but that it does not affect proliferation27,28. Epithelial cell-derived GM-CSF reportedly contributes 
to the intrinsic defense mechanisms against lung injury29. Blanchet et al. reported that PM2.5 induces GM-CSF 
through the upregulation of amphiregulin expression and secretion14. Amphiregulin is an EGFR ligand that may 
be involved in an important mechanism that sustains the proinflammatory response. However, the findings of 
these previous reports are inconsistent with the current results. Although we employed suramin as a GS-CSF 
inhibitor, suramin has a variety of other effects in addition to GS-CSF inhibition, which may have influenced 
the impairment of HCECs by PM2.5. Moreover, PM2.5 influenced the secretion of several types of cytokines 
in addition to that of GS-CSF. Other mechanisms may exist, given the limited contribution of the mechanism 
revealed in this study. It is known that there are complicated feedback loops between the autophagy pathway 
and inflammation30.

We compared two samples of PM2.5 from Beijing and the Gobi Desert. Although both samples exerted similar 
effects on HCECs in terms of the changes in cytokine expression and the degree of autophagy, compared with 
#30, #28 showed a significantly greater impact on the survival rate of HCECs in the current study. One of the 
reasons for this difference is that the autophagy measurements may not have been able to detect the difference 
between the two PM2.5 effects due to the relatively wide range of variation. The two types of PM2.5 used in this 
study contain a wide variety of components, as indicated in Supplementary Table 1, which may be complexly 
related to HCEC death through actions other than autophagy. It is difficult to identify which component accounts 
for this different effect, though compared with #30, #28 contains more types of highly toxic components, such 
as Ni, Cd, and Pb. Further analysis of the components responsible for the difference in cytotoxicity between the 
two samples and a survey of the components would be useful.

The current study employed an in vitro system using isolated immortalized HCECs to investigate the effects 
of PM2.5. Under in vivo conditions, HCECs coexist with other cell types and the extracellular matrix. Exposure 
to ambient air pollution levels could affect the conjunctival goblet cell density6. In this study, purely isolated 
HCECs were cultured in serum-free medium at the time of their exposure to PM2.5, which may have affected the 
cellular responses. Moreover, under in vivo conditions, PM2.5 may react directly with human tissues, including 

Figure 4.   Quantitative analysis of PM2.5-induced autophagy in HCECs. PM2.5 significantly increased the level 
of autophagy activity in HCECs in proportion to the loading time, and additionally applied 3-MA inhibited the 
elevation of autophagy activity. There was no significant difference in the change in autophagy after exposure to 
the two types of PM2.5. *p < 0.01 vs. control, bar = SD, n = 6.



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19516  | https://doi.org/10.1038/s41598-020-76651-9

www.nature.com/scientificreports/

Figure 5.   Changes in the levels of cytokines released from cultured corneal epithelial cells. Changes in the 
release of GM-CSF (a), IL-6 (b), IL-8 (c), IL-2 (d), and TNFα (e) into the culture medium. n = 6, *p < 0.01 vs. 
control. GM-CSF granulocyte macrophage colony-stimulating factor, IL interleukin, TNF tumor necrosis factor.
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the ocular surface. We prepared dissolved PM2.5 in this study, which may lead to different results than those 
obtained under in vivo conditions. Therefore, we cannot directly apply these results to individuals.

The loading conditions used in this study may not be the same as those under conditions of ambient air pol-
lution. However, the annual average and maximum concentrations of PM2.5 in the atmospheric air in Beijing 
in 2016 were 71 μg/m3 and 150 μg/m3 (usually in the winter season), respectively. These concentrations are quite 
high compared to the annual average environmental standard of 10 μg/m3 PM2.5 reported by the World Health 
Organization (WHO)31. Since the concentration of PM2.5 in tears is not available, it is currently impossible to 
conclude whether the concentrations used in this study are reasonable. However, it is better to avoid exposure of 
the ocular surface to high concentrations of PM2.5, especially for individuals with reduced abilities to produce 
tears and maintain a tear film on the ocular surface.

In the current study, two different types of PM2.5 exerted similar but not identical cytotoxic effects on HCECs, 
and the involvement of autophagy and proinflammatory cytokines in the cytotoxic effect was clear. Since these 
effects depend on the type of PM2.5, further investigations using different samples collected from a variety of 
regions are necessary.

Materials and methods
PM2.5 samples.  PM2.5 is defined by only the size of the particles and not by its composition. The impair-
ment caused by PM2.5 has not been constant among studies, and the different PM2.5 components used in each 
study may affect the results. For this reason, we used two environmental standard substances that were refined 
and managed by the National Institute for Environmental Studies (NIES). One substance was atmospheric dust 
derived from Beijing (NIES CRM No. 28, referred to as #28), and the other substance was atmospheric dust 
derived from the Gobi Desert (NIES CRM No. 30, referred to as #30). We present the details of the components 
of these two PM2.5 samples in Supplementary Table 1.

Human corneal epithelial cells.  HCECs (#RCB1384) were provided by RIKEN BRC CELL BANK 
(Tsukuba, Ibaraki, Japan). The cells were cultured in DMEM/F12 (Gibco, CA) with 15% fetal bovine serum 
(FBS) (Gibco) and passaged with 0.25% trypsin and 0.02% ethylenediaminetetraacetic acid (EDTA) (Gibco) 
every three days. The HCECs were then seeded onto culture plates overnight to allow attachment before PM2.5 
treatment. Subsequently, all culture medium was replaced with fresh medium containing a PM2.5 suspension 
supplemented with 100 U/ml penicillin and 0.1 mg/ml streptomycin (Gibco).

Effect of PM2.5 on HCEC survival rates.  Initially, we determined the proper PM2.5 concentrations 
according to methods in previous reports18,19,21. The annual average PM2.5 concentration in the atmosphere 
in the urban Beijing area during previous years was approximately 100 μg/m3, and previous in vitro reports 
have employed a series of concentrations of PM2.5 from 10 to 500 μg/ml13,18. Therefore, we used 5, 50, 100, and 
200 μg/ml PM2.5 in this study. According to the method described by Fu et al., HCECs were seeded onto 96-well 
culture plates at a density of 5 × 103 cells/well. After an initial 24-h culture period, the culture medium was 
replaced with fresh medium containing the final concentrations of 5, 50, 100, and 200 μg/ml PM2.5. Two con-
trols were prepared, namely, medium without PM2.5 and medium with final concentrations of 100 or 200 μg/ml 
lipopolysaccharide (LPS). The cell survival rate and morphological changes were evaluated 4 h, 24 h, and 48 h 
after exposure. The survival rate was determined using a Cell Counting Kit-8 assay (Dojindo Molecular Tech-
nologies, Kumamoto, Japan) according to instructions in the user’s manual. This assay measured the amount 
of formazan dye generated by cellular dehydrogenase activity, which is directly proportional to the number of 
living cells. In brief, we prepared a dilution series of HCECs cultured for up to 48 h as a preliminary experiment 
to create a standard line with an absorbance ranging from 0.5 to 2 AU. Then, the cell concentration suitable for 

Figure 6.   Effects of suramin and an IL-6 antibody on PM2.5-induced HCEC damage. n = 6–10, *p < 0.01, 
¶ < 0.05 vs. control, IL interleukin.
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measurement was determined. Next, the HCECs used for measurements were adjusted such that the final cell 
number was 5 × 103 cells/culture well; the cells were seeded on a 96-well plate and cultured as scheduled. Ten 
microliters of Cell Counting Kit-8 solution was added to each well, and the color reaction was allowed to proceed 
for 2 h in a CO2 incubator. Absorbance at 415 nm was measured with a microplate reader. The survival rate was 
determined based on the absorbance of the vehicle control without the addition of PM2.5 compared with the 
absorbance of the cells with the addition of PM2.5. Changes in HCEC morphology after PM2.5 exposure were 
observed with a phase-contrast microscope (ECLIPSE TE300, NIKON, Tokyo, Japan).

Effect of PM2.5 extract on HCECs determined using supernatants of PM2.5 and a noncon-
tact coculture system containing HCECs and PM2.5.  The following two conditions were examined 
to determine whether the effect of PM2.5 on HCECs is due to the physical action of PM2.5 or its constituents. 
We cultured HCECs under the following three conditions. (1) First, 100 μg/ml PM2.5 was incubated for 24 h 
at 37 °C in medium without HCECs to generate a culture medium supernatant containing PM2.5 components. 
Then, the collected medium was replaced with culture medium in which HCECs had been cultured for 24 h, and 
another 24-h incubation was performed. Since it is possible that the release of contained material from PM2.5 to 
the culture medium may be influenced by the presence of HCECs, the following experimental conditions were 
created. (2) HCECs were similarly seeded in a 24-well culture dish and cultured for 24 h. PM2.5 was placed on 
an insert (Millicell-CM; membrane area, 0.6 cm2; pore size, 0.4 μm; Millipore, Bedford, MA) and incubated for 
another 24 h. (3) To investigate the influence of the insert on HCEC survival, HCECs were seeded in a 24-well 
culture dish under conditions similar to those in (1) and cultured for 24 h. Then, the insert was placed, and the 
HCECs were cultured for an additional 24 h. The survival rate of the HCECs was evaluated using a Cell Count-
ing Kit-8 assay.

Role of autophagy in PM2.5‑induced HCEC damage.  Some previous studies report that autophagy 
is involved in cell death induced by PM2.54–6,12,32, and Fu et  al. reported autophagy induced by PM2.5 in 
HCECs1,13. Since the HCECs used by Fu et al. were different from those used in this study, we confirmed the role 
of autophagy in HCEC damage induced by PM2.5 in this experiment. Autophagy was examined using a Cell 
Meter autophagy fluorescence imaging kit (# 23002, AAT Bioquest, CA). This kit employs a specific autophago-
some marker to analyze autophagy activity. The experiment was conducted according to the instructions in the 
user’s manual. HCECs were cultured on 8-well glass plates overnight, and then the experiment was initiated. In 
total, 1.134 × 104 cells/500-μl well were incubated with #28 or #30 for 24 h at 37 °C.

Based on the survival rates of the HCECs following PM2.5 exposure, the optimal concentrations of #28 and 
#30 were determined to both be 100 μg/ml. The status of autophagy was evaluated at 4 and 24 h of exposure to 
PM2.5. To confirm changes in autophagy, we simultaneously added the autophagy inhibitor 3-methyladenine 
(3-MA) (M9281, Merck KGaA, Darmstadt, Germany), a class III PI3-kinase inhibitor, and 100 μg/ml #30 or #28. 
The 3-MA concentration was set to 10 mM according to a previous report4,5,28,33. Cells undergoing autophagy 
were identified as cells with a bright fluorescent signal in the cytoplasm. Microscopic observation and quantita-
tive analysis of autophagy were performed with a fluorescence microscope (KEYENCE, BZX 700, Osaka, Japan).

Measurement of cytokines.  Although some previous studies indicated that several cytokines are involved 
in cell damage induced by PM2.511,16, their role in HCEC damage has not been fully identified, and the types 
of cytokines investigated were limited. For these reasons, we evaluated a wide variety of cytokines involved in 
HCEC damage in this study. We performed two consecutive experiments to screen and quantify the cytokines 
expressed in the medium. To screen the cytokines, the concentrations of 38 cytokines were measured using a 
multiplex map human cytokine/chemokine magnetic bead panel (cat # HCYTMAG-60K-PX38, Merck KGaA). 
In total, 1.134 × 104 HCECs/500-μl well were incubated for 24 h in DMEM/F12 with 5% FBS. Then, the medium 
was replaced by serum-free medium with 100 μg/ml #28, 100 μg/ml #30, or the vehicle control for an additional 
24-h incubation at 37 °C. The medium was then collected and centrifuged at 13,000 × g at 4 °C for 5 min, and the 
supernatant was recovered. Each sample solution was sent to Genetic Lab Inc. (Sapporo, Japan) for analysis. The 
cytokine concentrations in each sample were determined in duplicate.

Some cytokines with reliable concentrations in the screening experiment were subjected to quantitative analy-
sis. After an initial 24-h incubation, the HCEC medium was replaced with fresh medium containing 100 μg/ml 
#28, 100 μg/ml #30, or the vehicle control for another 4 h or 24 h of incubation at 37 °C. The culture medium in 
the wells was collected and centrifuged at 13,000 × g at 4 °C for 5 min, and the supernatants were sent to Genetic 
Lab Inc. for measurement of the concentrations of the selected cytokines using the same multiplex map human 
cytokine/chemokine magnetic bead panel as before.

Role of selected cytokines in HCEC damage.  In the cytokine quantification experiments, there were 
significant differences in the concentrations of GM-CSF and IL-6 between PM2.5-exposed HCECs and the con-
trol cells. Therefore, these two cytokines were selected for the investigation of the role of cytokines in PM2.5-
induced HCEC damage.

Changes in cell damage were examined after adding GM-CSF and IL-6 inhibitors, which were selected on 
the basis of their marked differences in concentrations between the control and PM2.5-treated groups. After 
the HCECs were cultured in 5% FBS in DMEM/F12 at 37 °C for 24 h, the culture medium was replaced by fresh 
medium containing 100 μg/ml #28 or #30, 100 μg/ml #28 or #30 with 0, 1, 5, or 10 μM suramin, or the vehicle 
control for an additional 24-h incubation. The survival rate of HCECs after culturing was determined using a 
Cell Counting Kit-8 assay. To investigate the role of IL-6 in PM2.5-induced HCEC damage, 0, 1, 5 or 10 μg/ml 
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anti-IL-6 antibody (Sigma cat # 17901, Merck KGaA) was added to the medium instead of suramin. The HCEC 
survival rate after 24 h of culturing was also determined using a Cell Counting Kit-8 assay.

Statistics.  For the comparisons of survival rates, autophagy activity, and cytokine concentrations among 
the experimental conditions, one-way ANOVA and the Tukey–Kramer honesty significant difference (HSD) 
test were employed. The significance level was set at p < 0.05. The results are expressed as the means ± standard 
deviations.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 3 April 2020; Accepted: 30 October 2020

References
	 1.	 Raaschou-Nielsen, O. et al. Air pollution and lung cancer incidence in 17 European cohorts: Prospective analyses from the 

European Study of Cohorts for Air Pollution Effects (ESCAPE). Lancet Oncol. 14, 813–822. https​://doi.org/10.1016/s1470​
-2045(13)70279​-1 (2013).

	 2.	 The Weight of Numbers. Air Pollution and PM2.5. (Undark, Massachusetts, 2018).
	 3.	 Guo, Y., Jia, Y., Pan, X., Liu, L. & Wichmann, H. E. The association between fine particulate air pollution and hospital emer-

gency room visits for cardiovascular diseases in Beijing, China. Sci. Total Environ. 407, 4826–4830. https​://doi.org/10.1016/j.scito​
tenv.2009.05.022 (2009).

	 4.	 Ma, Y. et al. Fine particulate air pollution and daily mortality in Shenyang, China. Sci. Total Environ. 409, 2473–2477. https​://doi.
org/10.1016/j.scito​tenv.2011.03.017 (2011).

	 5.	 Fu, Q. et al. Air pollution and outpatient visits for conjunctivitis: A case-crossover study in Hangzhou, China. Environ. Pollut. 231, 
1344–1350. https​://doi.org/10.1016/j.envpo​l.2017.08.109 (2017).

	 6.	 Torricelli, A. A. et al. Correlation between signs and symptoms of ocular surface dysfunction and tear osmolarity with ambient 
levels of air pollution in a large metropolitan area. Cornea 32, e11-15. https​://doi.org/10.1097/ICO.0b013​e3182​5e845​d (2013).

	 7.	 Xiang, P. et al. Molecular mechanisms of dust-induced toxicity in human corneal epithelial cells: Water and organic extract of 
office and house dust. Environ. Int. 92–93, 348–356. https​://doi.org/10.1016/j.envin​t.2016.04.013 (2016).

	 8.	 Camara, J. G. & Lagunzad, J. K. Ocular findings in volcanic fog induced conjunctivitis. Hawaii Med. J. 70, 262–265 (2011).
	 9.	 Chang, C.-J., Yang, H.-H., Chang, C.-A. & Tsai, H.-Y. Relationship between air pollution and outpatient visits for nonspecific 

conjunctivitis. Investig. Ophthalmol. Vis. Sci. 53, 429–433. https​://doi.org/10.1167/iovs.11-8253 (2012).
	10.	 Mimura, T. et al. Airborne particulate matter (PM2.5) and the prevalence of allergic conjunctivitis in Japan. Sci. Total Environ. 

487, 493–499. https​://doi.org/10.1016/j.scito​tenv.2014.04.057 (2014).
	11.	 Chen, Z.-H. et al. Autophagy is essential for ultrafine particle-induced inflammation and mucus hyperproduction in airway 

epithelium. Autophagy 12, 297–311. https​://doi.org/10.1080/15548​627.2015.11242​24 (2016).
	12.	 Deng, X. et al. PM2.5-induced oxidative stress triggers autophagy in human lung epithelial A549 cells. Toxicol. In Vitro 27, 

1762–1770. https​://doi.org/10.1016/j.tiv.2013.05.004 (2013).
	13.	 Fu, Q. et al. Airborne particulate matter (PM2.5) triggers autophagy in human corneal epithelial cell line. Environ. Pollut. 227, 

314–322. https​://doi.org/10.1016/j.envpo​l.2017.04.078 (2017).
	14.	 Blanchet, S., Ramgolam, K., Baulig, A., Marano, F. & Baeza-Squiban, A. Fine particulate matter induces amphiregulin secretion 

by bronchial epithelial cells. Am. J. Respir. Cell Mol. Biol. 30, 421–427. https​://doi.org/10.1165/rcmb.2003-0281R​C (2004).
	15.	 Ferecatu, I. et al. Polycyclic aromatic hydrocarbon components contribute to the mitochondria-antiapoptotic effect of fine 

particulate matter on human bronchial epithelial cells via the aryl hydrocarbon receptor. Part. Fibre Toxicol. 7, 18. https​://doi.
org/10.1186/1743-8977-7-18 (2010).

	16.	 Ramgolam, K. et al. Size-partitioning of an urban aerosol to identify particle determinants involved in the proinflammatory 
response induced in airway epithelial cells. Part. Fibre Toxicol. 6, 10. https​://doi.org/10.1186/1743-8977-6-10 (2009).

	17.	 Baulig, A. et al. Physicochemical characteristics and biological activities of seasonal atmospheric particulate matter sampling in 
two locations of Paris. Environ. Sci. Technol. 38, 5985–5992 (2004).

	18.	 Yoon, S., Han, S., Jeon, K. J. & Kwon, S. Effects of collected road dusts on cell viability, inflammatory response, and oxidative stress 
in cultured human corneal epithelial cells. Toxicol. Lett. 284, 152–160. https​://doi.org/10.1016/j.toxle​t.2017.12.012 (2018).

	19.	 Gao, Z. X. et al. Assessment of DNA damage and cell senescence in corneal epithelial cells exposed to airborne particulate matter 
(PM2.5) collected in Guangzhou, China. Investig. Ophthalmol. Vis. Sci. 57, 3093–3102. https​://doi.org/10.1167/iovs.15-18839​ 
(2016).

	20.	 Li, R. et al. Effect of ambient PM(2.5) on lung mitochondrial damage and fusion/fission gene expression in rats. Chem. Res. Toxicol. 
28, 408–418. https​://doi.org/10.1021/tx500​3723 (2015).

	21.	 Cui, Y. H. et al. Airborne particulate matter impairs corneal epithelial cells migration via disturbing FAK/RhoA signaling pathway 
and cytoskeleton organization. Nanotoxicology 12, 312–324. https​://doi.org/10.1080/17435​390.2018.14406​51 (2018).

	22.	 Li, R., Kou, X., Xie, L., Cheng, F. & Geng, H. Effects of ambient PM2.5 on pathological injury, inflammation, oxidative stress, 
metabolic enzyme activity, and expression of c-fos and c-jun in lungs of rats. Environ. Sci. Pollut. Res. Int. 22, 20167–20176. https​
://doi.org/10.1007/s1135​6-015-5222-z (2015).

	23.	 Ge, Y., Huang, M. & Yao, Y. M. Autophagy and proinflammatory cytokines: Interactions and clinical implications. Cytokine Growth 
Factor Rev. https​://doi.org/10.1016/j.cytog​fr.2018.07.001 (2018).

	24.	 Dagher, Z. et al. Pro-inflammatory effects of Dunkerque city air pollution particulate matter 2.5 in human epithelial lung cells 
(L132) in culture. J. Appl. Toxicol. 25, 166–175. https​://doi.org/10.1002/jat.1050 (2005).

	25.	 Hong, Z. et al. Airborne fine particulate matter induces oxidative stress and inflammation in human nasal epithelial cells. Tohoku 
J. Exp. Med. 239, 117–125. https​://doi.org/10.1620/tjem.239.117 (2016).

	26.	 Zhao, Q. et al. Direct effects of airborne PM2.5 exposure on macrophage polarizations. Biochim. Biophys. Acta 2835–2843, 2016. 
https​://doi.org/10.1016/j.bbage​n.2016.03.033 (1860).

	27.	 Rho, C. R., Park, M. Y. & Kang, S. Effects of granulocyte-macrophage colony-stimulating (GM-CSF) factor on corneal epithelial 
cells in corneal wound healing model. PLoS ONE 10, e0138020. https​://doi.org/10.1371/journ​al.pone.01380​20 (2015).

	28.	 Hou, H. et al. Inhibitors of phosphatidylinositol 3’-kinases promote mitotic cell death in HeLa cells. PLoS ONE 7, e35665. https​://
doi.org/10.1371/journ​al.pone.00356​65 (2012).

	29.	 Sturrock, A. et al. GM-CSF provides autocrine protection for murine alveolar epithelial cells from oxidant-induced mitochondrial 
injury. Am. J. Physiol. Lung Cell Mol. Physiol. 302, L343-351. https​://doi.org/10.1152/ajplu​ng.00276​.2011 (2012).

https://doi.org/10.1016/s1470-2045(13)70279-1
https://doi.org/10.1016/s1470-2045(13)70279-1
https://doi.org/10.1016/j.scitotenv.2009.05.022
https://doi.org/10.1016/j.scitotenv.2009.05.022
https://doi.org/10.1016/j.scitotenv.2011.03.017
https://doi.org/10.1016/j.scitotenv.2011.03.017
https://doi.org/10.1016/j.envpol.2017.08.109
https://doi.org/10.1097/ICO.0b013e31825e845d
https://doi.org/10.1016/j.envint.2016.04.013
https://doi.org/10.1167/iovs.11-8253
https://doi.org/10.1016/j.scitotenv.2014.04.057
https://doi.org/10.1080/15548627.2015.1124224
https://doi.org/10.1016/j.tiv.2013.05.004
https://doi.org/10.1016/j.envpol.2017.04.078
https://doi.org/10.1165/rcmb.2003-0281RC
https://doi.org/10.1186/1743-8977-7-18
https://doi.org/10.1186/1743-8977-7-18
https://doi.org/10.1186/1743-8977-6-10
https://doi.org/10.1016/j.toxlet.2017.12.012
https://doi.org/10.1167/iovs.15-18839
https://doi.org/10.1021/tx5003723
https://doi.org/10.1080/17435390.2018.1440651
https://doi.org/10.1007/s11356-015-5222-z
https://doi.org/10.1007/s11356-015-5222-z
https://doi.org/10.1016/j.cytogfr.2018.07.001
https://doi.org/10.1002/jat.1050
https://doi.org/10.1620/tjem.239.117
https://doi.org/10.1016/j.bbagen.2016.03.033
https://doi.org/10.1371/journal.pone.0138020
https://doi.org/10.1371/journal.pone.0035665
https://doi.org/10.1371/journal.pone.0035665
https://doi.org/10.1152/ajplung.00276.2011


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19516  | https://doi.org/10.1038/s41598-020-76651-9

www.nature.com/scientificreports/

	30.	 Deretic, V. Multiple regulatory and effector roles of autophagy in immunity. Curr. Opin. Immunol. 21, 53–62. https​://doi.
org/10.1016/j.coi.2009.02.002 (2009).

	31.	 Europe, W. H. O. R. O. F. WHO Expert Consultation: Available evidence for the future update of the WHO Global Air Quality 
Guidelines (AQGs). (Bonn, 2016).

	32.	 Zhang, Y. et al. Developmental toxicity induced by PM2.5 through endoplasmic reticulum stress and autophagy pathway in 
zebrafish embryos. Chemosphere 197, 611–621. https​://doi.org/10.1016/j.chemo​spher​e.2018.01.092 (2018).

	33.	 Wu, Y. T. et al. Dual role of 3-methyladenine in modulation of autophagy via different temporal patterns of inhibition on class I 
and III phosphoinositide 3-kinase. J. Biol. Chem. 285, 10850–10861. https​://doi.org/10.1074/jbc.M109.08079​6 (2010).

Acknowledgements
We greatly appreciate Dr. Kaoru Sasaki, who developed the HCECs and gave us valuable advice regarding the 
handling and culturing of these cells. We also appreciate Mrs. Tomoko Muramatus and Mrs. Satoko Yoshizawa 
for supporting some of the experiments. This study was performed with funds provided by the interdisciplinary 
integration research project of the University of Yamanashi.

Author contributions
K.K. conceived and designed the experiments. Y.I. and K.K. conducted the experiments. K.K. conducted the 
analysis. All authors contributed to the analysis and provided comments on the manuscript.

Funding
Funding was received from the interdisciplinary integration research project of the University of Yamanashi.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https​://doi.org/10.1038/s4159​8-020-76651​-9.

Correspondence and requests for materials should be addressed to K.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1016/j.coi.2009.02.002
https://doi.org/10.1016/j.coi.2009.02.002
https://doi.org/10.1016/j.chemosphere.2018.01.092
https://doi.org/10.1074/jbc.M109.080796
https://doi.org/10.1038/s41598-020-76651-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect and underlying mechanisms of airborne particulate matter 2.5 (PM2.5) on cultured human corneal epithelial cells
	Results
	Effects of PM2.5 on the survival rate and morphological features of HCECs. 
	Effect of PM2.5 extract on HCECs evaluated using PM2.5 supernatant and a noncontact coculture system containing HCECs and PM2.5. 
	PM2.5-induces autophagy. 
	Measurement of cytokine levels. 
	Effects of PM2.5 exposure on the expression of five selected cytokines. 
	Role of GM-CSF and IL-6 in PM2.5-induced HCEC death (Fig. 6). 

	Discussion
	Materials and methods
	PM2.5 samples. 
	Human corneal epithelial cells. 
	Effect of PM2.5 on HCEC survival rates. 
	Effect of PM2.5 extract on HCECs determined using supernatants of PM2.5 and a noncontact coculture system containing HCECs and PM2.5. 
	Role of autophagy in PM2.5-induced HCEC damage. 
	Measurement of cytokines. 
	Role of selected cytokines in HCEC damage. 
	Statistics. 

	References
	Acknowledgements


