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A B S T R A C T

Exposure to fine particulate matter (PM2.5) has been associated with the development and progression of renal
disease. Peroxisome proliferator-activated receptor gamma (PPARγ), a key transcription factor involved in
inflammation as well as lipid and glucose metabolism, helps maintain the integrity of tubular epithelial cells.
However, the precise role of PPARγ in PM2.5-induced tubular injury remains unclear. In this study, we inves-
tigated the regulatory effects of PPARγ on PM2.5-induced ferroptotic stress and epithelial–mesenchymal tran-
sition (EMT) in tubular (HK-2) cells. We found that downregulation of PPARγ expression was correlated with
EMT in PM2.5-exposed cells. Pretreatment with the PPARγ agonist 15d-PGJ2 protected the cells from EMT by
reducing ferroptotic stress, whereas that with the PPARγ antagonist GW9662 promoted EMT. Furthermore,
pretreatment with ferrostatin-1 (Fer-1) significantly prevented PM2.5-induced EMT and downregulation of
PPARγ expression. Notably, overexpression of PPARγ blocked PM2.5-induced downregulation of E-cadherin and
GPX4 expression and upregulation of α-SMA expression. This study highlights the complex associations of PPARγ
with ferroptosis and EMT in PM2.5-exposed tubular cells. Our findings suggest that PPARγ activation confers
protection against PM2.5-induced renal injury.

1. Introduction

Epidemiological studies have demonstrated that ambient air pollu-
tion is closely associated with morbidity and mortality worldwide,
particularly in developing countries (Boogaard et al., 2019; Cromar
et al., 2022). Fine particulate matter (PM2.5) is a mixture of air pol-
lutants with a diameter of < 2.5 µm that can reach the alveoli, enter the
bloodstream, and exert adverse systemic effects. PM2.5 exposure can
cause various diseases, such as respiratory disorders, cardiovascular
disease, and cancer (Li and Wang, 2023; Su et al., 2020; Wang et al.,
2021a). Approximately 72.8 % of all cases of chronic kidney disease
(CKD) worldwide are attributable to PM2.5 (Bowe et al., 2020). A 10 μg/

m3 increase in the concentration of ambient PM2.5 results in a 1.28-fold
increase in the risk of CKD (Li et al., 2021). Exposure to PM2.5 can cause
CKD and end-stage renal disease by inducing oxidative stress, inflam-
matory responses, and cytotoxicity; thus, PM2.5 exposure is a key risk
factor for renal function decline (Wen et al., 2023; Xu et al., 2023; Zhang
et al., 2023).

Peroxisome proliferator-activated receptor gamma (PPARγ) is a
ligand-activated nuclear receptor that plays an essential role in several
cellular processes, including the maintenance of glucose levels, man-
agement of lipid metabolism, regulation of inflammation, and control of
extracellular matrix remodeling (Kokeny et al., 2021; Menendez-
Gutierrez et al., 2012). PPARγ activation protects renal cells from
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inflammation and oxidative stress—the hallmarks of acute kidney injury
and contributors to CKD progression (Liu et al., 2020; Maquigussa et al.,
2018).

Given that PM2.5 induces ferroptosis, understanding the role of
PM2.5-induced ferroptotic stress in the pathogenesis and treatment of
PM2.5-related diseases is imperative (Wang et al., 2021b). Tubular
epithelial cells are susceptible to inflammation and ferroptosis induced
by various stimuli (Giuliani et al., 2022; Ide et al., 2021). Interventions
targeting ferroptotic stress have been demonstrated to prevent the
occurrence of epithelial–mesenchymal transition (EMT) in tubular cells
and decelerate the progression of renal diseases (Feng et al., 2022; Zhou
et al., 2022). In this study, we investigated the regulatory effects of
PPARγ on ferroptotic stress and EMT in PM2.5-exposed tubular cells.

2. Materials and methods

2.1. Cell culture

The human proximal tubular epithelial cell line HK-2 was purchased
from the American Type Culture Collection center and cultured in
Dulbecco’s Modified Eagle Medium/F12 supplemented with 10 % fetal
bovine serum. The cells were cultured at 37 ◦C in a humidified envi-
ronment with 5 % CO2. After 24 h of incubation, the cells were subjected
to serum starvation and subsequently treated with PM2.5.

2.2. PM2.5 and chemicals

PM2.5 was purchased from Sigma–Aldrich Chemical Reagent (St.
Louis, MO, USA) and stored as a 10-mg/mL stock solution after ultra-
sonication. The viability of the HK-2 cells after PM2.5 exposure was
examined. Ultimately, a PM2.5 concentration of 50 µg/mL was used in
subsequent experiments. The PPARγ agonist 15d-PGJ2 and the PPARγ
antagonist GW9662 were purchased from Cayman Chemicals (Ann
Arbor, MI, USA). The ferroptosis inhibitor ferrostatin-1 (Fer-1) was ob-
tained from Santa Cruz Biotechnology (Paso Robles, CA, USA).

2.3. Measurement of iron content

The iron content in the PM2.5-exposed HK-2 cells was evaluated
using a colorimetric iron assay kit (Abcam, Cambridge, UK) in accor-
dance with the manufacturer’s protocol. Absorbance was measured at
593 nm by using a microplate reader.

2.4. Reduced and oxidized glutathione assay

The levels of reduced glutathione (GSH) and oxidized glutathione
(GSSG) in the HK-2 cells were measured using the GSH/GSSG Ratio
Detection Assay Kit (Abcam) in accordance with the manufacturer’s
instructions. The GSH/GSSG ratio was determined through linear
regression of values obtained from the standard curve.

2.5. Measurement of malondialdehyde (MDA) levels

The level of MDA, a representative end product of lipid peroxidation,
in the HK-2 cells was evaluated through a colorimetric assay of lipid
reactive oxygen species (ROS) production. The assay was performed
using a lipid peroxidation (MDA) assay kit (Sigma–Aldrich) in accor-
dance with the manufacturer’s instructions.

2.6. Assessment of lipid peroxidation

Lipid peroxidation in the live HK-2 cells was studied using the Image-
iT Lipid Peroxidation Kit (Invitrogen, Eugene, USA) in accordance with
the manufacturer’s protocol. The fluorescence density of lipid peroxi-
dation products was detected using the BODIPY 581/591 reagent, a
fluorescent sensor that shifts from red to green fluorescence upon

oxidation. Images were taken using a fluorescence microscope (Leica
DM 4000B).

2.7. Cell migration assay

Themigration of the HK-2 cells was assessed using 24‑well Transwell
plates with polycarbonate filter membranes (pore size: 8.0 µm). The cells
were seeded at a density of 50,000 cells per well and incubated for 24 h.
Subsequently, the cells were treated with PM2.5 under the appropriate
conditions. After removal of nonmigratory cells, the cells on the lower
surface of the membrane were fixed with methanol for 10 min and then
stained with 0.5 % crystal violet for 30 min. The total count of stained
cells in five randomly selected fields was determined.

2.8. Quantitative real-time polymerase chain reaction

Total RNA was extracted from the HK-2 cells by using TRIzol (Invi-
trogen) and was reverse-transcribed into complementary DNA by using
the PrimeScript RT reagent kit in accordance with the manufacturer’s
instructions. Next, the levels of target gene expression were measured
through quantitative real-time polymerase chain reaction (PCR), which
was performed using the SYBR Green Master Mix and the ABI PRISM
7900 system (Applied Biosystems, Foster City, CA, USA). The mRNA
levels of the target genes were normalized to the mRNA level of glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH).

The sequences of the primers used in the PCR were as follows.
GAPDH: 5′-ACGGGAAGCTCACTGGCATGG-3′ (forward) and 5′-

GGTCCACCACCCTGTTGCTGTA-3′ (reverse).
PPARγ: 5′-TCGCTGATGCACTGCCTATG-3′ (forward) and 5′-

GAGAGGTCCACAGAGCTGATT-3′ (reverse).
E-cadherin: 5′-TGCCCAGAAAATGAAAAAGG-3′ (forward) and 5′-

GTGTATGTGGCAATGCGTTC-3′ (reverse).
α-smooth muscle actin (α-SMA): 5′-CTATGCCTCTGGACGCACAACT-

3′ (forward) and 5′-CAGATCCAGACGCATGATGGCA-3′ (reverse).

2.9. Western blotting

Protein extracts from the HK-2 cells were separated on a 10 % so-
dium dodecyl sulfate polyacrylamide gel. The resultant bands were
transferred onto a polyvinylidene fluoride membrane. The membrane
was incubated with primary antibodies—rabbit polyclonal anti-PPARγ
(Abcam), rabbit monoclonal anti-glutathione peroxidase 4 (GPX4) an-
tibodies (Abcam), rabbit polyclonal anti-E-cadherin (Sigma), mouse
monoclonal anti-α-SMA (Sigma), and anti-GAPDH (loading control).
After washing, the membrane was incubated with corresponding
enzyme-linked secondary antibodies. Immunoreactivity was detected
using an enhanced chemiluminescence detection system.

2.10. Transfection

A pcDNA3.1-PPARγ plasmid (Thermo Fisher, Waltham, MA, USA)
was used for the overexpression of PPARγ. PPARγ was amplified through
PCR and inserted into the expression vector, which was transfected into
E. coli DH5a cells by using Lipofectamine 2000 (Invitrogen) following
the manufacturer’s instructions. Then, the cells were streaked onto
Luria–Bertini agar plates containing 100 mg/mL ampicillin and incu-
bated overnight at 37 ◦C. A single colony from a plate was selected for
PCR and validated through sequencing.

2.11. Statistical analysis

Data were normalized to the data obtained from control cells and are
presented in terms of mean ± standard deviation values of at least three
independent experiments. The experimental and control groups were
compared using the one-way and two-way analysis of variance tests. A p
value of < 0.05 indicated significance.
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Current Research in Toxicology 7 (2024) 100189

3

3. Results

3.1. PM2.5 exposure inhibits expression of PPARγ in HK-2 cells

The effect of PM2.5 on the expression of PPARγ in HK-2 cells was
evaluated through quantitative PCR and Western blotting. After 24 h of
PM2.5 (50 µg/mL) exposure, a significant reduction was noted in the
mRNA level of PPARγ compared with the level in control cells (Fig. 1A).
Such a reduction was also observed in the protein level of PPARγ and
occurred in a dose-dependent manner (25, 50, and 100 µg/mL; Fig. 1B,
C). These findings strongly suggest that PM2.5 downregulates the
expression of PPARγ in HK-2 cells.

3.2. PPARγ agonist and antagonist modulate the effects of PM2.5 on HK-
2 cells

PM2.5-induced changes in the phenotype of HK-2 cells toward EMT
were blocked by pretreatment with 15d-PGJ2 but enhanced by that with
GW9662 (Fig. 2A). PM2.5 increased the level of HK-2 cell migration; this
change was prevented by pretreatment with 15d-PGJ2 and enhanced by
that with GW9662 (Fig. 2B). As presented in Fig. 2C, 15d-PGJ2 signif-
icantly blocked PM2.5-induced downregulation of PPARγ expression,
whereas GW9662 partially exacerbated PM2.5-induced downregulation
of PPARγ expression. In addition, the PM2.5-induced increase in the
mRNA level of α-SMA and reduction in the mRNA level of E-cadherin

Fig. 1. PPARγ expression in HK-2 cells exposed to different concentrations of PM2.5. The mRNA and protein levels of PPARγ were measured through quantitative
real-time polymerase chain reaction and Western blotting. (A) Level of PPARγ expression in PM2.5-exposed HK-2 cells. (B) Immunoblots depicting PPARγ levels after
PM2.5 exposure. (C) Densitometric data on the protein level of PPARγ. Data are presented in terms of mean ± standard deviation values. *p < 0.05 and **p < 0.01,
compared with the respective controls.
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were blocked by pretreatment with 15d-PGJ2 but enhanced by that with
GW9662. Therefore, aberrant PPARγ expression may contribute to this
pathological process.

3.3. PPARγ regulates ferroptosis susceptibility of PM2.5-exposed HK-2
cells

Ferroptotic stress is pivotal for various physiological and patholog-
ical responses, and its association with PM2.5-induced cellular toxicity
has been noted. We investigated the potential role of PPARγ in regu-
lating PM2.5-induced ferroptotic stress. This was examined by assessing
iron levels, the ratio of GSH to GSSG, MDA levels, and the fluorescence
of lipid peroxidation in cells subjected to 15d-PGJ2 or GW9662

pretreatment followed by PM2.5 exposure. PM2.5 markedly increased
the iron production in the HK-2 cells, and pretreatment with 15d-PGJ2
or GW9662 did not significantly change the iron status (Fig. 3A).
Furthermore, PM2.5 reduced the GSH/GSSG ratio and increased the
MDA level in the HK-2 cells; these effects were blocked by pretreatment
with 15d-PGJ2 and exacerbated and enhanced, respectively, by pre-
treatment with GW9662 (Fig. 3B,C). In addition, PM2.5 exposure
increased the level of lipid ROS; this effect was blocked by pretreatment
with 15d-PGJ2 and exacerbated by pretreatment with GW9662
(Fig. 3D). These findings indicate that induction of ferroptotic stress is
associated with modulation of PPARγ expression in PM2.5-exposed HK-
2 cells.

Fig. 2. Pretreatments with 15d-PGJ2 and GW9662 altered the EMT-related changes in PM2.5-exposed HK-2 cells. HK-2 cells were treated with 15d-PGJ2 or GW9662
24 h before PM2.5 exposure. (A) Cell morphology observed under a microscope (magnification, 100 × ). (B) Cell migration was assayed using the Transwell
migration assay. (C) PM2.5-induced changes in the mRNA levels of EMT-related markers were mitigated or exacerbated by 15d-PGJ2 and GW9662, respectively. Data
are presented in terms of mean ± standard deviation values. *p < 0.05, compared with the control group; #p < 0.05, compared with the PM2.5-exposed group.
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Fig. 3. Effects of 15d-PGJ2 and GW966 on the ferroptosis susceptibility of PM2.5-exposed HK-2 cells. HK-2 cells were treated with 15d-PGJ2 or GW9662 24 h before
PM2.5 exposure. (A) Iron contents. (B) Reduced glutathione level. (C) MDA level. (D) The detection of lipid peroxidation in live cells.
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3.4. Alleviation of ferroptotic stress blocks PM2.5-induced EMT and
downregulation of PPARγ expression in HK-2 cells

To elucidate the associations between ferroptotic stress, PPARγ ac-
tivity, and EMT, HK-2 cells were treated with the ferroptosis inhibitor
fer-1 4 h before being exposed to PM2.5. As indicated in Fig. 4A, fer-1
significantly mitigated PM2.5-induced downregulation of PPARγ
expression as well as concurrent upregulation and downregulation of
α-SMA and E-cadherin expression, respectively. Moreover, fer-1 effec-
tively prevented PM2.5-induced activation of EMT (Fig. 4B). These re-
sults were corroborated by those of the cell migration assay, confirming
that fer-1 reduces PM2.5-induced migration of HK-2 cells (Fig. 4C).
Thus, the inhibitory effect of fer-1 on ferroptotic stress effectively mit-
igates PM2.5-induced downregulation of PPARγ and alteration of the
cellular phenotype in HK-2 cells.

3.5. PPARγ overexpression restores GPX4 expression and suppresses EMT
in PM2.5-exposed HK-2 cells

To understand the role of PPARγ in PM2.5-induced alterations in the
epithelial cell phenotype, we designed a pcDNA3.1-PPARγ plasmid that
selectively expresses PPARγ. HK-2 cells were transfected with either the
pcDNA3.1-PPARγ plasmid or an empty vector. The expression of PPARγ
was evaluated 48 h after transfection. Real-time PCR revealed an
approximately 3.3-fold increase in the mRNA level of PPARγ in the cells
transfected with the pcDNA3.1-PPARγ plasmid compared with the level
in those transfected with the empty vector (Fig. 5A). Additionally,
Western blotting revealed a significant increase in the protein level of
PPARγ in the cells transfected with the pcDNA3.1-PPARγ plasmid
(Fig. 5B,C), indicating successful overexpression. Next, we measured the

protein levels of E-cadherin, α-SMA, and GPX4 in PM2.5-exposed cells
with or without PPARγ overexpression (Fig. 5D,E). A substantial in-
crease and reduction were noted in the levels of E-cadherin and α-SMA,
respectively, in the cells transfected with the pcDNA3.1-PPARγ plasmid
compared with the levels in those transfected with the empty vector.
Notably, PPARγ overexpression blocked PM2.5-induced downregulation
of GPX4 expression in the HK-2 cells, perhaps by alleviating PM-2.5-
induced ferroptotic stress. These results indicate that PPARγ confers
protection against PM2.5-induced EMT and ferroptotic stress in tubular
cells. Thus, PPARγ activation may emerge as a potential strategy for
alleviating PM2.5-induced tubular injury.

4. Discussion

Ambient air pollution is a major risk factor for poor health world-
wide. PM2.5 negatively affects human health by causing various dis-
eases (Liao et al., 2023; Thangavel et al., 2022), and exposure to PM2.5
increases the risks of renal disease and CKD progression (Chang et al.,
2022; Politis et al., 2024; Wathanavasin et al., 2024). PM2.5 exposure
enhances inflammation and oxidative stress, thereby reducing cells’
antioxidant capacity and increasing lipid peroxidation; PM2.5 exposure
also influences some signaling pathways related to EMT and organ
fibrosis (Fu et al., 2019; Lee et al., 2020; Lin et al., 2021).

In the present study, PM2.5 exposure reduced the mRNA and protein
levels of PPARγ and altered the cellular phenotype toward EMT in HK-2
cells. The trend toward EMT was associated with PM2.5-induced
downregulation of PPARγ expression. Exposure to PM2.5 results in
aberrant PPARγ activity, which increases the risks of lung and hepatic
fibroses (Jeong et al., 2021; Zheng et al., 2015). We found that PM2.5
exposure inhibited PPARγ expression, causing tubular injury and

Fig. 4. Fer-1 mitigates downregulation of PPARγ expression and alteration of the cellular phenotype in PM2.5-exposed HK-2 cells. HK-2 cells were treated with fer-1
(10 μg/mL) 4 h before PM2.5 exposure. (A) Expression levels of PPARγ, α-SMA, and E-cadherin. (B) Morphology of control and experimental cells. (C) Cell migration
assessed through Transwell migration assay. Data are presented in terms of mean ± standard deviation values. *p < 0.05, compared with the control group; #p <

0.05, compared with the PM2.5-exposed group.
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inducing ferroptotic stress, as evidenced by the elevated iron content,
MDA level, and lipid ROS production and the reduced GSH/GSSG ratio.
The alterations in PPARγ expression by its agonist and antagonist might
explain the different susceptibility levels of HK-2 cells to PM2.5-induced
ferroptosis. EMT-related changes were observed in PM2.5-exposed cells:
the cells lost cell–cell adhesion ability and exhibited enhanced motility;
in addition, the expression of α-SMAwas upregulated, whereas that of E-
cadherin was downregulated. However, pretreatment with 15d-PGJ2 or
GW9662 suppressed or promoted EMT in these cells. Fer-1 can prevent
downregulation of PPARγ, block changes in α-SMA and E-cadherin

levels, and suppress phenotypic switching in PM2.5-exposed cells. These
findings highlight the associations among ferroptotic stress, aberrant
PPARγ activity, and EMT in PM2.5-exposed cells.

Ferroptotic stress, which plays a crucial role in pathological re-
sponses, has been implicated in PM2.5-induced cellular toxicity (Gu
et al., 2023; Gu et al., 2022; Yan et al., 2022). We found that expression
PPARγ was negatively correlated with that of ferroptosis markers in
PM2.5-exposed cells. The activation of PPARγ reduced the cells’ fer-
roptotic susceptibility and thus suppressed EMT. Furthermore, over-
expression of PPARγ prevented inhibition of GPX4 expression and

Fig. 5. PPARγ overexpression blocked the PM2.5-induced changes in EMT and GPX4 expression in HK-2 cells. (A) Expression level of PPARγ was estimated as the
ratio of the control. Data are presented in terms of mean ± standard deviation values. **p < 0.01, compared with the vector group. (B) Levels of PPARγ in control
cells, cells transfected with an empty vector, and cells transfected with the pcDNA3.1-PPARγ plasmid. (C) Densitometric ratios of PPARγ were normalized. **p <

0.01, compared with the vector group. (D) Levels of E-cadherin, α-SMA, and GPX4 in cells transfected with the empty vector or the pcDNA3.1-PPARγ plasmid and
then exposed to PM2.5. (E) Densitometric ratios of E-cadherin, α-SMA, or GPX4 were normalized. Data are presented in terms of mean ± standard deviation values.
*p < 0.05, compared with the control group; #p < 0.05, compared with the PM2.5-exposed group.
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blocked alterations in E-cadherin and α-SMA expression in PM2.5-
exposed cells. PPARγ exerts anti-inflammatory effects and can indi-
rectly alleviate oxidative stress and ROS production (Anderson et al.,
2014; Croasdell et al., 2015; Fan et al., 2022). We found that PPARγ
upregulates expression of GPX4, a key antioxidant enzyme essential for
protecting cells from the negative effects of lipid peroxidation and fer-
roptosis. These findings support the notion that the upregulation of
PPARγ expression could potentially mitigate PM2.5-induced tubular
injury by suppressing ferroptosis and EMT.

5. Conclusion

This study revealed that PM2.5-induced impairment of PPARγ ac-
tivity results in ferroptotic stress and EMT in tubular cells. PPARγ acti-
vation holds potential as a preventive strategy for PM2.5-induced renal
injury.
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