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Background: Exposure to airborne fine particulate matter (PM, ;) has been reported to be harmful to the human
kidney. However, whether the activation of oxidative stress and cell apoptosis plays key roles in the nephrotoxicity
caused by PM, s exposure is still poorly understood. The aim of this study was to explore the mechanism of cytotoxic-
ity after PM, s exposure in human proximal tubule epithelial cells (HK-2 cells).

Results: PM, s exposure resulted in a significant decrease in cell viability, with an increase in LDH release and the
early kidney damage marker kidney injury molecule-1 (KIM-1) expression in a dose-dependent manner and time-
dependent manner. PM, s exposure induced reactive oxygen species (ROS) generation and markedly elevated
apoptosis in HK-2 cells. In addition, PM, s exposure resulted in the activation of antioxidant pathway, as evidenced by
the increased expressions of Nrf2, HO-1 and NQO1 and decreased expression of Keap1. Moreover, PM, s exposure also
induced the activation of apoptotic pathway, as evidenced by the increased expressions of pro-apoptotic proteins
Bax, caspase-3 and caspase-8 and decreased expression of antiapoptotic protein Bcl-2.

Conclusions: Our results demonstrated that both antioxidant pathway and apoptotic pathway played critical roles
in the damage mediated by PM, s in HK-2 cells. This study would give us a strategy to prevent the impairment of renal
function by PM, s induced through repression of oxidative stress and apoptosis.
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Background

In recent years, the potential adverse effects of ambi-
ent fine particulate matter (PM,;, aerodynamic diam-
eter <2.5 um) on public health have caused significant
concerns worldwide. The Global Burden of Disease
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(GBD) assessment showed that approximately 4.24 mil-
lion premature deaths around the world were attribut-
able to PM,  in 2015 [1]. PM, ; is associated with greater
toxicity than other airborne pollutants due to its small
molecular diameter and large surface area, which make
PM,; more likely than other pollutants to penetrate
deep into alveoli and enter the blood circulation [2]. The
nanoscale particles, often containing large amounts of
toxic compounds such as metals and hydrocarbons, can
also exert direct or indirect toxicity toward extrapul-
monary organs such as the kidneys [3, 4]. Recently,
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some epidemiological studies have reported a strong
and consistent association between PM, ; exposure and
reduced kidney function as well as an increased rate of
renal function decline [5-7]. Studies have also shown
that mid-/long-term exposure to high levels of PM, ; can
induce kidney damage in rodents [8, 9]. However, the
mechanism of PM, ;-induced renal dysfunction remains
unclear.

Excessive generation of ROS and ensuing oxidative
damage has been implicated in human or animal cells
exposed to PM, ; [10-12]. ROS is composed of superox-
ide anion radical, hydroxyl radical, peroxy radicals and
nitric oxide radicals, etc. Oxidative stress occurs due to
imbalance between the generation of ROS and the activ-
ity of antioxidants. Accumulating evidence has dem-
onstrated that PM, .-induced oxidative stress is a key
molecular mechanism of PM, .-triggered cytotoxicity
[13-15]. Nuclear factor NF-E2-related factor-2 (Nrf2) is
a basic region-leucine zipper (bZip) transcription fac-
tor which plays an important role in protecting against
chemically induced oxidative stress and restoring cellu-
lar redox balance [16]. Over 200 cytoprotective proteins
encoded by Nrf2 target genes have been demonstrated
to be able to neutralize or detoxify both endogenous
metabolites and environmental toxins [17]. Nrf2 func-
tions when released from its redox-sensitive companion
protein Keapl (Kelch-like ECH-associated protein 1)
upon detection of cytoplasmic oxidative stress [18]. After
translocation into the nucleus, Nrf2 stimulates the tran-
scription of genes encoding numerous detoxifying and
antioxidant enzymes, such as NADPH: quinone oxidore-
ductase 1 (NQO-1) and heme oxygenase-1 (HO-1) [19].

In general, the harmful effects of reactive oxygen spe-
cies on cells are mainly composed of DNA damage, lipid
peroxidation and protein oxidation [20]. Overproduction
of ROS induced by PM, ; exposure has been associated
with cell homeostasis imbalance, mitochondrial damage
and apoptosis [21, 22]. Activation of apoptosis pathways,
consisting of receptor-mediated (extrinsic) and mito-
chondrial (intrinsic) pathways, is a key step in apoptosis
[23, 24]. The death receptor pathway is characterized by
TNF-a-induced apoptosis and recruitment of caspase
family proteins including caspase-8 and caspase-3 [20].
The mitochondrial pathway is triggered by the release
of cytochrome-C from mitochondria, resulting in acti-
vation of caspase family proteins including caspase-3
[25]. During this process, early apoptosis is character-
ized by a decline in mitochondrial membrane potential
(MMP) and by activation of Bcl-2 family members [26].
The cytotoxic effects of PM,  exposure that result in
apoptosis of various cell types have been widely docu-
mented [21, 27]. However, there has been no report on
the toxicity of PM, ; to human proximal tubule epithelial
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cells via activation of antioxidant and apoptosis signaling
pathways.

In this study, we chose human proximal tubule epi-
thelial cell as a vitro model to investigate these signaling
pathways triggered by PM, ;. The human kidney cell line
HK-2 was first established in 1994 by Dr. Ryan’s labora-
tory and has been widely used in experiments on neph-
rology and nephrotoxicity [12, 28, 29]. Moreover, HK-2
cells have been found to exhibit most of the functional
characteristics of proximal tubular tissues in human kid-
neys [30-32]. However, the cytotoxicity induced by PM, 5
in HK-2 cells has not been reported at present. Here,
our findings would provide important insights into the
involvement of PM, ; pollution in kidney damage.

Materials and methods

Sampling and preparation

PM, - samples were continuously collected from Changji
Road, Shanghai, China, between January and February
2018. The sampling site was located at Anting Hospital,
Jiading District, in close proximity to a busy street with
high traffic and commercial activity. There were also sev-
eral large automobile factories and small industrial plants
in the surrounding area. The sampling inlet was installed
on the roof top of a hospital building, 15 m above the
ground. PM,. samples were trapped on Whatman
(Mainstone, UK) glass filters (203 mm * 254 mm) using
a PM, ; large-volume air sampler (1.05 m*/min, Qingdao
Jinshida KB-1000, China) for 24 h. The filters were equili-
brated at 30% relative humidity and room temperature
(25 °C) for 48 h prior to and immediately following sam-
pling and subsequently weighed using a high-precision
microbalance (Liangping FA1004, China) to measure
the mass of the collected PM, ;. All sampled filters were
stored in the dark at — 20 °C until further analysis.

The collected filters were cut into small pieces and
sonicated in ultrapure water for 3 h (6 * 30 min). Then,
the filters were removed, and the extracted solution was
filtered through 12 layers of sterile gauze. The solution
was then collected in a pre-weighed sterile 50-mL tube,
freeze-dried in a vacuum and re-weighed to determine
the mass of extracted particles. The extracted parti-
cles were then suspended in PBS buffer at 5 mg/mL and
stored at — 80 °C until further treatment or chemical
characterization analysis.

PM, 5 chemical characterization

Metal elements and polycyclic aromatic hydrocarbons
(PAHs) were detected in the extracted PM, . samples.
PAHs were measured using a thermal desorption at
300 °C coupled with cold trapping, and the samples were
subsequently freeze-dried into powder and measured
using gas chromatography—mass spectrometry (GC/MS)
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analyses (Trace DSQII-MS, Thermo Fisher, USA). For
detection of metal elements, PM, - samples were digested
using 10 mL of a mixed solution of HNO; and HCI (1:3
v/v) in 50 mL of polytetrafluoroethylene (PTFE) and sub-
sequently measured using inductively coupled plasma
mass spectrometry (ICP-MS7700, Agilent, USA).

Cell culture and PM, 5 exposure

Human proximal tubule epithelial cells (provided kindly
by Professor Andong Qiu, School of Life Sciences and
Technology, Tongji University, Shanghai, China) were
cultured in DMEM/F12 (Biological Industries, Israel)
supplemented with 10% (v/v) fetal bovine serum (Gibco,
Grand Island, NY) and 1% (v/v) penicillin/streptomycin
(Solarbio, China). Exponentially growing cells were main-
tained at 37 °C in a humidified incubator containing 5%
CO,, with daily replacement of the cell culture medium.
Cells were washed with phosphate-buffered saline (PBS),
digested with 0.25% trypsin (Solarbio, China) and seeded
in new culture flasks/dishes after they reached 80% con-
fluence. PM, . samples were sonicated for 10 min prior
to cell treatment. Cells were starved using DMEM/F12
medium containing 0.1% FBS for 2 h and then exposed to
PM, ; in DMEM/F12 using a series of concentrations in
the indicated time.

Cytotoxicity assay

Cell viability was assessed using a CCK-8 assay kit (San-
gon Biotech, China) according to the manufacturer’s
instructions. Briefly, cells (1 x 10*) per well were seeded
in 96-well plates and treated with the indicated concen-
trations of PM, ; (0-400 pg/mL) in 0.1 mL cell medium
for 24 h. Next, the PM, ; suspension was replaced with
an equal volume of fresh medium containing 10 pL of
CCK-8 solution, and the cells were incubated for 2—4 h
at 37 °C. The resulting absorbance was determined at
450 nm on a microplate reader (Waltham, MA, USA).
LDH is a stable enzyme that exists in the cytoplasm of
all cells and is rapidly released into the culture superna-
tant when the plasma membrane is damaged. LDH activ-
ity in the supernatant was determined using a LDH assay
kit (Beyotime, China) according to the manufacturer’s
instructions after incubation for 24 h with different con-
centrations of PM, ;.

Apoptosis assay

Apoptotic morphological changes in the nuclear chro-
matin of cells were detected using Hoechst 33342 stain-
ing (Beyotime, China). HK-2 cells (1 x 10° cells) were
seeded in 12-well plates and treated with the indicated
concentrations of PM, ; or vehicle for 24 h. The cells were
incubated with Hoechst 33342 Detection Kit reagents
according to the manufacturer’s protocol. After staining,
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the cells were washed with PBS for 3 times and immedi-
ately visualized under a fluorescence microscope (Olym-
pus, Japan).

Apoptosis was measured by Annexin V-FITC stain-
ing and PI labeling (Multi-sciences, China). To quan-
tify apoptosis, harvested cells were washed twice with
ice-cold PBS and then resuspended in 0.5 mL of bind-
ing buffer at a concentration of 1x 10° cells/mL. Next,
5 pL of Annexin V-FITC and 10 pL of PI were added to
these cells, which were kept in the dark at room tempera-
ture for 5 min. Data acquisition was performed using a
BD Biosciences FACSCalibur flow cytometer (Franklin
Lakes, NJ, USA), and the data were analyzed using Cell-
Quest software (BD Biosciences, Franklin Lakes, NJ). The
results are presented as the percentages of cells in both
early and advanced apoptosis.

ROS assay

Intracellular production of ROS was determined using
the cell-permeable probe DCFH-DA (Beyotime, China),
which preferentially binds to peroxides. Briefly, HK-2
cells were pretreated with the indicated concentrations of
PM, 5 for 6 h, then collected and treated with serum-free
medium containing 10 uM DCFH-DA for 30 min at 37 °C
in the dark. The cells were washed 3 times with DMEM/
F12 or PBS, and the fluorescence intensity was immedi-
ately measured using fluorescence microscopy and flow
cytometry.

Measurement of MMP

A total of 3 x 10° cells were seeded in 6-well plates and
exposed to different concentrations of PM, for 24 h.
Cells were subsequently collected and washed twice with
ice-cold PBS and then incubated in fresh medium con-
taining various concentrations of JC-1 (Beyotime, China)
for 30 min at 37 °C. Cells were then washed three times
and used for the detection of green (monomer) and red
(aggregate) fluorescence. The intensity of fluorescence
was measured using a multi-well plate reader (Waltham,
MA, USA) at various intensities (red: excitation/emission
535/590 nm, green: excitation/emission 485/535 nm).
Results were expressed as the amount of red fluores-
cence/green fluorescence.

Transmission electron microscopy

Ultrastructure of HK-2 cells after PM,; exposure was
performed using TEM analysis as described in the pre-
vious study [33]. First, treated cells were harvested and
immediately fixed in 2.5% glutaraldehyde overnight at
4 °C, then washed 3 times with 0.1 M PBS and underwent
2 h post-fixation in osmic acid at room temperature. Sub-
sequently, cells were washed 3 times with 0.1 M PBS,
then dehydrated in a graded alcohol series (30%, 50%,
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70%, 80%, 85%, 90%, 95% and 100%) and embedded in
epoxy resin. Then, ultrathin serial sections (60—100 nm)
of embedded samples were cut using ultramicrotomy
(Leica, EM UC7, Germany), then stained with uranyl
acetate and lead citrate and examined under an electron
microscope (Tecnai G* 20 TWIN, FEI Company, USA) at
200 kv.

Western blot analysis

After exposure to PM, ;, HK-2 cells were separated from
the culture medium and lysed in ice-cold NP40 buffer
(Beyotime, China) containing protease and phosphatase
inhibitors. Then, the liquid supernatants were collected
by centrifugation at 12,000xg for 15 min at 4 °C, and
the protein concentrations were calculated using a BCA
protein quantitation kit (Beyotime, China). The protein
samples were subjected to 10% or 15% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto polyvinylidene difluoride (PVDF)
membranes (Millipore, MA, USA). The PVDF mem-
branes were then blocked in 5% non-fat milk at room
temperature for 1 h, incubated with specific primary
antibodies KIM-1 (Cell Signaling Technology, USA), Bax,
Bcl-2, caspase-8, caspase-3, Nrf2, Keapl, NQO1, HO-1,
GAPDH and B-actin (Proteintech, USA) at 4 °C overnight
and subsequently incubated with HRP-conjugated sec-
ondary antibodies (Proteintech, USA) at room tempera-
ture for 1 h. After washing with TBST, the protein bands
were visualized using an enhanced chemiluminescence
system (Image Quant LAS, 4000 mini). Protein expres-
sion was quantified using Image]J software (version 1.4.2b,
USA) and standardized to the expression of a housekeep-
ing gene (B-actin or GAPDH) and is expressed as the fold
change compared to that in the control samples.

Statistical analysis

Data were expressed as mean=+standard deviation
(SD). Statistical analyses were performed using SPSS
Statistical 19.0 (IBM, USA) by analysis of variance with
Dunnet’s least significant difference post hoc tests for
multiple group comparison. p<0.05 indicated statistical
significance.

Results

Major chemical components in PM, 5 samples

Table 1 shows the chemical compositions detected in the
collected PM, ;. The list of organic components showed
that chrysene, benzo[b]fluoranthene, benzo[k]fluoran-
thene, acenaphthylene and benzo[gh,i]perylene were
the dominant PAHs present in PM,.. Among the 21
metal elements measured, there were both natural envi-
ronment-related elements (i.e., Ti, Al, Zn, Fe, etc.) and
anthropogenic elements (i.e., Pb, Mn, Ni, Cd, Cu, etc.).
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Table 1 Chemical compositions detected in PM, 5

Inorganic components Organic components

Metal Concentration  PAH Concentration
(ng/9) (ng/g)

Be 0.343 Naphthalene 75.285
B 263.538 Acenaphthylene 923.445
Al 1028.309 Acenaphthene 21.214
Ti 46.822 Fluorene 31.340
% 22.985 Phenanthrene 200.969
Cr 68.365 Anthracene 21593
Mn 352.490 Fluoranthene 255.026
Fe 3176.148 Pyrene 125.720
Co 4.881 Benzo(a)anthracene 299.631
Ni 34913 Chrysene 1583.644
Cu 140.723 Benzo[blfluoranthene 1161.528
n 2938.283 Benzo[klfluoranthene 1034.071
As 49.031 Benzolalpyrene 389.603
Se 39.217 Dibenzo(a,h)anthracene 130.953
Mo 19.125 Benzo[g,h,ilperylene 885.796
Ag 1.639 Indeno(1,2,3-cd)pyrene 468.698
Cd 9.964

Sb 25.977

Ba 83.211

Tl 3.101

Pb 280.036

Al, Mn, Fe, Zn, Pb and B were the most abundant ele-
ments in the PM, - samples.

PM, s induces cell damage and cytotoxicity in HK-2 cells

HK-2 cells were exposed to various concentrations
(0-400 pg/mL) of PM,; for 24 h. Following treatment
with PM, ., there was a gradual change in HK-2 cell shape
from tiled to round, along with obvious shrinkage and
destruction of intercellular junctions, especially at higher
concentrations of PM, < (100, 200 or 400 pg/mL) (Fig. 1a).
We further performed CCK-8 assay to investigate the
cytotoxicity of PM,. on HK-2 cells. Treatment using
PM, s with a concentration of 50 pg/mL or higher signifi-
cantly induced cytotoxicity in HK-2 cells (Fig. 1b). More-
over, the cytotoxicity of PM, s on HK-2 cells increased
with elevating concentrations of PM, ., demonstrating
a clear dose—effect relationship. We then examined the
cytotoxicity of PM, . in HK-2 cells using LDH release
assay. The level of LDH released from PM, -treated HK-2
cells was significantly increased following 24-h exposure
compared to untreated control cells, in a dose-dependent
manner (Fig. 1c). In order to determine whether PM, .
could induce kidney damage, we examined the protein
expression of kidney injury molecule-1 (KIM-1), an early
molecular biomarker, to establish kidney dysfunction.
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Fig. 1 PM, s induces cell damage and cytotoxicity in HK-2 cells. a Representative images showing the morphology of HK-2 cells treated with PM, 5
(0-400 pg/mL) for 24 h as observed using an optical microscope. b Cell viability of HK-2 cells was measured using CCK-8 assay. ¢ LDH release, HK-2
cells were treated with 25, 50, 100, 200 or 400 pug/mL of PM, s for 24 h. d Western blot analysis of the expressions of indicated protein (KIM-1) in HK-2
cells after treatment with different concentrations of PM, s for 24 h, or at varying time intervals using 200 pg/mL of PM, 5. Intensity of protein bands
was quantified using ImageJ software and normalized to that of GAPDH. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. control or 0 h

Western blot analysis demonstrated that treatment with
PM, ; significantly increased the expression of KIM-1
in both a dose- and time-dependent manner (Fig. 1d).
Taken together, these results showed that PM, 5 expo-
sure significantly induced cytotoxicity and cell damage in
HK-2 cells.

Mitochondria and DNA damage detection

To investigate the type of cell death induced by PM, ;
treatment in HK-2 cells, we examined the nuclear mor-
phology of dying cells using a fluorescent DNA-binding
dye, Hoechst 33342. PM, ; exposure for 24 h resulted in
distinctive apoptotic morphological changes in HK-2

cells, such as cell shrinkage, chromatin condensa-
tion and nuclear fragmentation, as indicated by the red
arrows (Fig. 2a). We also examined the morphological
changes of mitochondria in HK-2 cells following treat-
ment with PM,; using TEM. Untreated control HK-2
cells presented regular or oval-shaped mitochondria
with numerous cristae that are uniformly distributed in
the cytoplasm. In contrast, HK-2 cells that treated with
PM, < (400 pg/mL) displayed irregular shaped mitochon-
dria with cristae disorder and mitochondrial membrane
breach (Fig. 2b). We further performed JC-1 probe stain-
ing using multi-well plate reader to assess the effect of
PM, ; treatment on MMP. Untreated control HK-2 cells
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Fig. 2 PM, 5 induces DNA and mitochondria damage in HK-2 cells. a Nuclear changes of HK-2 cells were detected following staining with a
DNA-binding fluorochrome, Hoechst 33342. The apoptotic bodies or chromatin condensation was marked with red arrows. b Ultrastructural
analysis in PM, 5 (400 ug/mb)-treated HK-2 cells. Black arrows indicate mitochondria. ¢ JC-1 red/green fluorescence intensity ratio was used to
express the changes of MMP. Decreased ratio indicated a decrease in MMP
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with functional mitochondria were stained with red JC-1
aggregates, while cells with impaired mitochondria were
stained with green JC-1 monomers. Treatment of cells
with PM, . resulted in a significant decrease in red fluo-
rescence intensity coupled with an increase in green flu-
orescence intensity in a dose-dependent manner, which
demonstrated that PM,. significantly decreased the
MMP of HK-2 cells (Fig. 2c).

Apoptosis ratio detection

We further performed flow cytometry assay, which
showed that PM, . treatment led to a significant apopto-
sis in HK-2 cells, compared with untreated control cells

(p < 0.01). Moreover, the percentages of apoptotic cells
were significantly increased at elevating levels of PM, -
treatment, which demonstrated a clear dose—effect rela-
tionship. A peak apoptotic rate of 26.2% was observed
at the highest concentration of PM, ; treatment 400 pg/
mL (Fig. 3). These results indicated that the inhibition of
PM, ¢ on HK-2 cell proliferation was mainly attributed to
the induction of cellular apoptosis.

Effect of PM, 5 on intracellular ROS levels

We next examined whether PM, . treatment induced
intracellular ROS production. Treatment with PM, s
significantly upregulated the production of intracellular
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Fig. 3 Apoptosis of HK-2 cells after exposure to PM, 5 for 24 h. a Apoptosis was analyzed by FACS using Annexin V-FITC/Pl apoptosis kits. b
Representative results from three independent experiments. The data are presented as the mean =+ SD. *p < 0.05, **» <0.01 and ***p <0.001

ROS in a dose-dependent manner in HK-2 cells (Fig. 4).
DCFH-DA staining using fluorescence microscopy anal-
ysis showed that PM, ; increased the intracellular green
fluorescence intensity indicative of ROS accumulation,
in a concentration-dependent manner. In addition, flow
cytometry analysis showed that treatment with PM, - at
50, 100, 200 and 400 pg/mL significantly increased the
mean fluorescence intensity compared to untreated con-
trol cells.

Increases in ROS have been shown to activate the
redox-sensitive Nrf2/Keapl signaling pathway, which
plays a vital role in oxidative stress [17]. Thus, we deter-
mined the expressions of Nrf2, Keapl, HO-1 and NQO1
following PM, - exposure in HK-2 cells using Western
blot analyses. PM, . treatment resulted in a significant
increase in the expressions of active Nrf2, HO-1 and
NQOJ], in a dose- and time-dependent manner, whereas
the expression of Keapl was significantly decreased in
HK-2 cells (Fig. 5). Collectively, these findings demon-
strated that PM, . induced activation of the cascade of
Nrf2, Keapl, HO-1 and NQOL1 proteins involved in the
oxidative stress response.

PM, 5 induces the activation of apoptosis pathways

In order to study whether PM, ; treatment also induced
the activation of apoptosis pathways, we examined the
expressions of Bcl-2, Bax, caspase-3 and caspase-8 using
Western blot analyses. PM, . treatment induced a sig-
nificant increase in the expressions of the pro-apoptotic

protein Bax and activated caspase-3 and caspase-8 in
both a dose- and time-dependent manner, whereas the
expression of Bcl-2 was decreased at higher concentra-
tions of PM, ; or longer time in HK-2 cells (Fig. 6). Col-
lectively, these findings indicated that PM, - induced the
activation of the cascade of Bcl-2, Bax, caspase-3 and
caspase-8 proteins involved in the cellular apoptosis
pathway.

Discussion

PM, ; containing complex chemical composition comes
from both natural sources and anthropogenic emissions
[34]. In urban areas, PM, . is mainly generated from
anthropogenic sources including both primary and sec-
ondary particles. In this study, we analyzed 16 PAHs
and 21 metal elements in the PM, ; particles collected
from Shanghai. As shown in Table 1, chrysene was the
most abundant PAH, followed by benzo[b]fluoranthene,
benzo[k]fluoranthene, acenaphthylene and benzo[g,h,i]
perylene. This may be associated with the large number
of restaurants and traffic vehicles near the sampling loca-
tion. A previous study reported that coal combustion and
vehicle sources were dominant PAHs sources in Shanghai
urban soil [35]. Another study revealed that coal com-
bustion and traffic emission contributed with 34.9% and
27.5%, respectively, to the PAHs in PM, 5 collected from
Shanghai [36]. Our results also showed that Fe was the
highest level of the inorganic elements, followed by Zn,
Al, Mn and Pb. Fe and Al are crustal elements, while Zn,
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Fig. 4 Intracellular ROS overproduction following treatment with PM, 5 in HK-2 cells. a—c Intracellular levels of ROS were assessed using DCFH-DA
staining followed by fluorescence microscopy and flow cytometry. Incubation with various concentrations of PM, 5 (0-400 ug/mL) induced
intracellular ROS overproduction in a dose-dependent manner. PM, s induces the activation of antioxidant pathway

Mn and Pb are trace elements. The presence of automo-
bile factories and steel industries around the sampling
site may be principal factors. All these results demon-
strated that the collected PM, - samples mainly com-
prised a complex mixture of chemicals sourced from
both natural and anthropogenic sources.

Diesel exhaust particles have been reported to be able to
induce cytotoxicity in renal cell lines such as HEK-293. In
the current study, we also found that PM, . induced dam-
age in HK-2 cells. As shown in Fig. 1a, PM,  treatment
resulted in significant changes in cellular morphology
in HK-2 cells, including increases in shape irregularity,
cellular shrinkage, destruction of intercellular junctions
and reductions in cell density, and these changes were

especially pronounced at higher concentrations. Notably,
cell viability assays are vital in determining the cellular
response to a toxicant [37]. PM, . particles are commonly
thought to have significant impacts on genotoxicity and
cytotoxicity as well as on cell proliferation. Our current
study showed that PM, ; could significantly decrease cell
viability and increase the release of LDH, a marker of cell
membrane damage, in HK-2 cells in a dose-dependent
manner, consistent with the results of similar studies in
other cell lines [38, 39]. Kidney injury molecule-1 (KIM-
1) is a type 1 transmembrane glycoprotein and potential
biomarker for the detection of tubular injury in renal dis-
eases [40]. It was reported that the expression of KIM-1
protein in the kidney cortex of the PM, .-exposed group
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Fig.5 Activation of antioxidant pathway induced by PM, 5 in HK-2 cells. a Cells were treated with the indicated concentrations of PM, s for 24 h
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was fourfold higher than those of the control group in SD
rats induced by PM, ; exposure during the early kidney
injury [8]. Our present study showed that exposure to
PM, ; induced significant increases in the levels of KIM-1
in both a dose- and time-dependent manner, which is
indicative of injury to the proximal tubule epithelium.

In our current study, we showed that PM, ; treatment
induced significant increases in ROS in a dose-dependent
manner. Generation of ROS induced by PM, ; has been
reported in various cell lines [14, 41, 42]. Studies sug-
gested that PM, ; not only could directly induce the pro-
duction of intracellular ROS by its inherent free radicals,

organic chemicals and transition metals (such as Mn, Cu,
Vn and Fe), but also could indirectly increase the pro-
duction of ROS from the inflammatory cells activated
by PM, 5 [43]. Similarly, our results showed that Al, Mn,
Fe and Zn were the most abundant elements, while we
also detected the presence of toxic heavy metals, such as
Pb, Cu, Cd, Cr and Ni, and 16 PAHs in our PM, ; sam-
ples. Therefore, we speculate that the chemical com-
position might play an important role in PM, ; induced
by an increased production of ROS in HK-2 cell. Over-
production of ROS may lead to severe damage to DNA
and proteins and cause an imbalance in cell homeostasis,
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resulting in autophagy, apoptosis and cell death [44].
Cells also need to increase the expression of antioxidant
genes to maintain intracellular homeostasis against oxi-
dative stress [4]. Deng et al. found that PM, s-induced
ROS could work as signaling molecules to activate Nrf2-
mediated defense pathway, such as HO-1 expression,
against oxidative stress induced by PM, ;5 in human lung
alveolar epithelial A549 cells [19]. Our present study

showed that PM, ; exposure triggered the activation of

the Nrf2/Keapl signaling pathway, as evidenced by the
significant increases in Nrf2, HO-1 and NQO1 protein

expression and corresponding decreases in Keapl pro-
tein expression, which occurred in a dose- and time-
dependent manner, indicating PM, 5 is able to activate
Nrf2-mediated defense mechanisms to curb the adverse
effects of oxidative stress caused by ROS. Many studies
have demonstrated that Nrf2 signaling pathway played
a key role in protection against stress, mainly via activa-
tion of multiple genes involved in antioxidant and detoxi-
fication pathways, including the phase II detoxification
enzymes NQO1 and HO-1 [45, 46]. Similarly, PM, ; has
been demonstrated to elevate the expression of HO-1
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and NQO1 in human lung epithelial cells (BEAS-2B) and
human lung alveolar epithelial A549 cells [23, 39]. Our
results indicated that PM, ;-induced oxidative stress can
lead to renal toxicity.

Cell apoptosis, also known as programmed cell death,
is a highly autonomic process that involves biochemi-
cal reactions and changes in cell characteristics [47].
Changes in early apoptotic morphology include cell
shrinkage, cell membrane blebbing and chromosome
concentration, and late apoptosis is characterized by
the formation of apoptotic bodies and DNA fragmen-
tation [48, 49]. Similarly, we observed that a part of
PM, ;-treated cells displayed apoptotic morphological
changes in their nuclei, including formation of chroma-
tin condensation and apoptotic bodies (Fig. 2a). Due to
the toxic effects, PM, ; can lead to the induction of apop-
totic events by activating both the extrinsic pathway
(caspase-8 and caspase-3 activation) and the intrinsic
pathway (caspase-9 and caspase-3 activation) [27, 50].
The activation of intrinsic pathway is mainly linked to
mitochondrial damage and loss of mitochondrial mem-
brane potential [21]. In this study, mitochondrial mem-
brane breach and cristae disorder were observed, along
with the loss of MMP after PM, ; exposure. Moreover,
the total apoptotic rates (including early and late apop-
tosis) were clearly increased at elevating levels of PM, -
treatment (Fig. 3). Apoptosis is controlled by a network
of genes and plays a key role in cytotoxicity induced by
exposure to harmful compounds such as PM, ; [26, 51].
The Bcl-2 family includes numerous pro- and antiapop-
totic members, and the balance in the expression of these
proteins is one of the main mechanisms that determine
the ultimate fate of cells. Our present study showed that
exposure to PM, ; caused a significant cytotoxicity and
resulted in apoptosis of HK-2 cells in a dose-dependent
manner along with activation of caspase-3, caspase-8
and Bax/Bcl-2 (Fig. 6). These results demonstrate that
the activation of apoptosis pathway mediated by PM, ; is
critically involved in PM, ;-induced renal toxicity.

Conclusions

Our study showed that PM, ; within the dose range of the
experiment (25-400 pg/mL) caused obvious cytotoxicity,
oxidative stress and apoptosis in HK-2 cells. Antioxidant
and apoptosis signaling pathways all play important bio-
logical roles following ambient PM, ; exposure and can
cause adverse or helpful effects on renal function; how-
ever, their exact “cross-talk” mechanism remains unclear.
Further studies are required to investigate how these
physiological and pathological mechanisms play a role in
the renal toxicity induced by PM, ., especially with regard
to the individual organic and inorganic components of
PM, .. A multi-tiered prevention strategy is required to
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optimally protect public health in areas that have high
PM, ; concentrations, such as Shanghai.
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