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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• NIST DEP aggravates RSL-3-induced 
ferroptotic cell death in neuronal cells.

• NIST DEP increases calcium levels in 
ferroptosis-sensitive cells.

• Calcium regulators alleviate ferroptosis 
accelerated by NIST DEP and RSL-3.

• NIST DEP contributes to xenoferroptotic 
cell death pathway.
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A B S T R A C T

Increased calcium levels are associated with the ferroptosis pathway in neurodegenerative conditions. Recent 
evidence showed that exposure to particulate matter (PM) could accelerate the pathology of neurodegenerative 
diseases. However, the molecular mechanisms of how PM could affect brain cell pathology is not fully under
stood. We hypothesized that diesel exhaust particles (NIST DEP) could alter the ferroptosis pathway through 
calcium signaling, and therefore accelerate the cell death pathway. In this study, we used mouse hippocampal 
neuronal-like HT22 cells to evaluate whether exposure to NIST DEP could accelerate RSL-3-induced ferroptosis 

* Correspondence to: Antonius Deusinglaan 1, 9713 AV Groningen, the Netherlands.
E-mail addresses: m.schmidt@rug.nl (M. Schmidt), a.m.dolga@rug.nl (A.M. Dolga). 

1 These authors contributed equally to this work.
2 https://orcid.org/0000-0003-3075-0630
3 https://orcid.org/0000-0001-5400-5614

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

https://doi.org/10.1016/j.jhazmat.2025.137374
Received 24 November 2024; Received in revised form 3 January 2025; Accepted 23 January 2025  

Journal of Hazardous Materials 488 (2025) 137374 

Available online 25 January 2025 
0304-3894/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-2418-0061
https://orcid.org/0000-0003-2418-0061
https://orcid.org/0000-0001-5400-5614
https://orcid.org/0000-0001-5400-5614
mailto:m.schmidt@rug.nl
mailto:a.m.dolga@rug.nl
https://orcid.org/0000-0003-3075-0630
https://orcid.org/0000-0001-5400-5614
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2025.137374
https://doi.org/10.1016/j.jhazmat.2025.137374
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2025.137374&domain=pdf
http://creativecommons.org/licenses/by/4.0/


by increasing calcium deregulation, mitochondrial dysfunction and reactive oxygen species (ROS). MTT assay 
results showed that NIST DEP (25, 50, 75, and 100 μg/mL) did not significantly reduce the survival rate of HT22 
cells, while NIST DEP significantly increased RSL-3-induced ferroptotic cell death in a concentration-dependent 
manner. Based on fluorescence image analysis, co-exposure to NIST DEP and RSL-3 disrupted HT22 cell mito
chondrial morphology, intracellular and mitochondrial calcium levels. Combined exposure resulted in an in
crease in ER-mitochondria contact sites measured by proximity ligation assay (PLA) compared to control solvent 
group. Additionally, lipid peroxidation, mitochondrial ROS and malondialdehyde content, were increased 
significantly by combined exposure to NIST DEP and RSL-3. Interestingly, the calcium regulators of the mito
chondrial calcium uniporter MCUi4 and positive modulation of small conductance calcium-activated potassium 
channels by CyPPA significantly preserved cellular metabolic activity, restored calcium homeostasis, and alle
viated fragmentation of mitochondria. Consequently, targeting calcium signaling may be promising therapeutic 
option for xenoferroptotic conditions in which PM affect cell survival.

1. Introduction

The second messenger calcium participates in a variety of physio
logical processes including neurotransmission, mitochondrial function 
and energy metabolism [1,2]. The small conductance calcium-activated 
potassium (SK) channels are essential regulators of intracellular calcium 
pathways [3–5]. The SK channels open upon alterations in intracellular 
calcium levels, regulate neuronal excitability, firing pattern and are 
involved in the after-hyperpolarization process [6–9]. The SK channels 
have been shown to elicit neuroprotective effects in various cell death 
conditions, by regulating calcium signaling and mitochondrial function 
[8–11]. Mitochondria are important sites for the production of intra
cellular reactive oxygen species (ROS), and play a key role in main
taining cellular calcium homeostasis and metabolic regulation [12]. 
Mitochondrial calcium uniporter (MCU) is a protein channel located in 
the inner membrane of the mitochondria, responsible for transporting 
calcium from the cytoplasm into the mitochondria [13,14]. Therefore, 
the opening and closing of MCU channels can regulate calcium levels 
within mitochondria [15].

Ferroptosis is a form of cell death associated with the progression of 
neurodegenerative diseases. Although the main driving factors of fer
roptosis are iron metabolism and lipid peroxidation, calcium deregula
tion also plays a certain role in the process of ferroptosis [16–19]. Early 
dysregulation of cellular redox status observed in ferroptosis may per
turb Ca2 + homeostasis and signaling, promoting neuronal ferroptosis 
[20].

Ferroptosis has been reported to be involved in the pathology of 
neurodegenerative diseases [21]. Neurodegenerative diseases, such as 
Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic 
lateral sclerosis (ALS) are characterized by gradual loss of neuronal cells, 
resulting in a decline in patients’ cognitive, motor, and sensory functions 
[22]. Environmental factors, such as air pollution have attracted atten
tion as they can contribute to the pathology of neurodegenerative dis
eases [23]. Epidemiological studies, and recent in vivo evidence 
indicated the presence of particulate matter (PM) in the brain, especially 
fine particles with a diameter of less than 2.5 μm [24–30]. The latest 
data from the World Health Organization (WHO) showed that more than 
99 % of people worldwide are exposed to air pollution to levels 
exceeding the recommended guidelines [31]. Long-term exposure to 
pollutants can increase the risk of respiratory, central nervous system 
(CNS) and cardiovascular-related diseases and mortality. Molecular 
pathways involved in these conditions include mitochondrial damage, 
neuroinflammation and oxidative stress [32]. The adverse effects of 
PM2.5 exposure to the nervous system may indirectly accelerate the 
pathological process of ferroptosis through calcium ion imbalance and 
excessive ROS [33]. Indeed, carbon-based nanoparticle exposure 
induced ferroptosis and inflammation in microglial BV2 cells by ROS 
accumulation and increasing cytoplasmic calcium levels [34]. However, 
the mechanisms underlying NIST DEP-accelerated ferroptosis and the 
calcium pathway represent a largely neglected research area.

In this study, we aimed to explore the effects of NIST DEP on RSL-3- 
induced ferroptosis and to further investigate the underlying 

mechanisms associated with calcium deregulation. Our findings 
revealed that NIST DEP aggravated RSL-3-induced ferroptotic cell death. 
Furthermore, we demonstrated that administration of calcium regula
tors MCUi4 and CyPPA rescued the impaired cellular metabolic activity 
caused by co-treatment of RSL-3 and NIST DEP in HT22 cells, and 
simultaneously modulated intracellular and mitochondrial calcium ho
meostasis, improved mitochondrial morphology, and reduced lipid 
peroxidation. These findings indicate RSL-3-induced ferroptosis aggra
vated by NIST DEP involves calcium imbalance.

2. Materials and methods

2.1. NIST DEP preparation

NIST DEP are diesel exhaust particles (DEP) 2975 obtained from the 
National Institute of Sciences and Technology (NIST, USA). NIST DEP 
was added to phosphate buffer solution (PBS) buffer to achieve a final 
particle suspension concentration of 2.5 mg/mL. Subsequently, the 
suspension was sonicated for 30 min in a water bath (#06524, Branson 
2510; Gemini b.v., the Netherlands), followed by probe sonication (Ul
trasonic Processor, Sonics Vibra Cell, the Netherlands) for 30 sec on ice 
bath to avoid excessive heat generation. Tween 80 (0.1 % v/v) 
(#9005–65–6; Sigma-Aldrich, the Netherlands) was added to achieve an 
even and stable particle suspension. PBS supplemented with Tween 80 
(0.1 % v/v) was used as control solvent group. Finally, the NIST DEP 
solution was stored at 4◦C before use in each experiment [35].

2.2. Cell culture and treatment

The mouse hippocampal neuronal cell line HT22 (kindly provided by 
Prof. Carsten Culmsee) was used as cell model [36]. Cell culturing was 
performed as described in detail before [37]. Briefly, cells were cultured 
in Dulbecco’s Modified Eagle Medium (DMEM, #42430025, Gibco, 
Thermo Fisher Scientific, the Netherlands) supplemented with 10 % 
fetal bovine serum (FBS; Hyclone, USA), 1 % Sodium Pyruvate 
(#11360070, 100 mM, Gibco, Thermo Fisher Scientific, the 
Netherlands), 2 % penicillin and streptomycin ((#15070063, 5 × 103 

U/mL, Gibco, Thermo Fisher Scientific, the Netherlands) at 37◦C in a 
humidified incubator with 5 % CO2. Cells were passaged every other day 
by trypsinization (Trypsin-EDTA at 0.20 %) at a 1:3 dilution. The NIST 
DEP concentrations used in this study correspond to real-life environ
mental exposure levels, with studies calculating that 1–100 μg/mL DEP 
concentrations correspond to 1.4–143 μg/mL particle doses. Based on 
considerations of the culture surface area, this concentration range was 
coordinated to a particle dose/area of 0.2–20 μg/cm² [38]. In addition, 
the highest concentration range used in previous studies of PM-induced 
brain damage was 100–400 μg/mL [39–41]. Therefore, we selected 
concentrations of 25, 50, 75, and 100 μg/mL to ensure environmental 
relevance and consistency with existing studies. Ferroptosis inducer 
RSL-3 (#S8155, Selleckchem, USA), specific ferroptosis inhibitor 
Ferrostatin-1 (Fer-1; #SML0583, Sigma-Aldrich, Germany), apoptosis 
inhibitor QVD (#1135695–98–5, MP Biomedicine, USA), mitochondrial 
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calcium uniporter (MCU) inhibitor MCUi4 (#7195, Tocris bioscience, 
UK) and small conductance calcium-activated potassium (SK) channel 
activator CyPPA (#73029–73–9, Tocris bioscience, UK) were added to 
HT22 cells for co-treatment. In subsequent co-exposures, NIST DEP was 
used at a concentration of 100 μg/mL. The treatment time of HT22 cells 
related to Ca2+, lipid peroxidation, MDA, mitochondrial ROS (MitoROS) 
and proximity ligation assay (PLA) experiments was about 6 hrs, during 
which time potential cell morphology change can be observed due to 
different treatments. The treatment time of all other experiments was 17 
hrs.

2.3. Cell metabolism assay

To determine the effects of NIST DEP and RSL-3 used either alone or 
in combination on cell viability, HT22 cells were seeded into 96-well 
plates at a seeding density of 9 × 103 cells per well. After 17–18 hrs of 
treatment, 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) working solution at a concentration of 0.5 mg/mL was 
added to each well, and 96-well plates were left in the cell incubator 
(37◦C, 5 % CO2) for 1 hr. Then, the MTT working solution was removed, 
and the 96-well plate was inverted and lightly patted to allow sufficient 
removal of the residual fluid. After 1 hr of freezing at − 20◦C, the for
mazan product was dissolved in 70 μL dimethyl sulfoxide (DMSO) 
(#D8418, Lot#SHBH9942; Sigma-Aldrich, Germany). Thereafter, the 
mixture was shaken at room temperature for 45 min in the dark, 
absorbance was read using Synergy H1 Multi-Mode reader (Biotek, LA, 
USA) at wavelengths of 570 nm and 630 nm [42].

2.4. Cell death assay

Cell death assay was determined by PI/Hoechst 33342 fluorescent 
staining. HT22 cells were cultured in ibidi plate (#80826, ibidi GmbH) 
at 20 × 103 cells per well and cultured 24 hrs before treatment. After 
exposure to NIST DEP, RSL-3, Fer-1, calcium regulators MCUi4 and 
CyPPA alone or in combination, Hoechst 33258 (#H3570; Invitrogen, 
the Netherlands) at a final concentration of 1 μg/mL and 3 μM propi
dium iodide (PI; #V13242; Fisher Scientific, Landsmeer, the 
Netherlands) were added to each well for 10 min in the dark [43]. Ten 
images were taken under a Nikon Inverted Fluorescence Microscope 
ECLIPSE Ti2 at 40X magnification for each condition. The ratio of 
PI-positive cells to total cells was quantified using ImageJ software.

2.5. Calcium measurements

The intracellular calcium level was measured by Fluo4-AM (# 
F14201; Invitrogen, the Netherlands). HT22 cells were seeded in ibidi 
plate (20 × 103 cells/well) and after exposure to NIST DEP and RSL-3 
alone and in combination with or without the calcium regulators 
MCUi4 and CyPPA, Hanks’ balanced salt solution (HBSS, pH 7.2) 
(#14065–056; Gibco, Thermo Fisher Scientific, the Netherlands) was 
added to remove the remaining treatment solution in each well. Then, 
cells were incubated with 2.5 μM Fluo-4 AM/Hoechst33342 for 15 min 
at 37◦C in the dark [42]. After removing the dye, HBSS buffer was added 
again before imaging. Fluorescence was measured at Ex/Em 
= 494/516 nm. Ten images were taken under a Nikon Inverted Fluo
rescence Microscope ECLIPSE Ti2 at 20X magnification for each condi
tion. Mean fluorescence intensity of Fluo4-AM was quantified using 
ImageJ software.

The mitochondrial calcium level was measured by Rhod-2 AM 
(#R1244; Invitrogen, the Netherlands) or with a modified version of 
ratiometric dye Mt-fura-2 [44,45]. The ratiometric properties of the 
latter ensure accurate measurement of mitochondrial Ca2+ levels [45]. 
Cells were incubated with 2 μM Rhod-2 AM/Hoechst33342 or 1 μM 
Mt-fura-2 AM for 15 min at 37◦C in the dark. AM versions of both probes 
are hydrolyzed by cellular esterases, generating the functional version of 
the probe which binds calcium in the mitochondrial matrix [46]. After 

removing the fluorescence dye, HBSS buffer was added before imaging. 
Fluorescence was measured at Ex/Em = 552/581 nm (Rhod2-AM) or 
Ex/Em = 340, 380/510 nm (Mt-fura-2). Ten images were taken under a 
Nikon Inverted Fluorescence Microscope ECLIPSE Ti2 at 20X magnifi
cation for each condition. Mean fluorescence intensity of Rhod2 and 
mean fluorescence ratio of Mt-fura-2 (Fura340/Fura380 Ratio = mean 
fluorescence at 340/mean fluorescence at 380 nm) were quantified 
using ImageJ software.

2.6. Proximity ligation in situ assay

HT22 cells were seeded in 24-well plates with coverslips (35 × 103 

cells/well). After treatment for 6 hrs, the cells were fixed with 4 % 
paraformaldehyde (PFA) for 30 min at room temperature and per
meabilized with 0.1 % Triton X-100 for 30 min [37]. After washing three 
times with PBS, the coverslips were removed and incubated in a hu
midity chamber with blocking solution at 37◦C for 1 hr. Then, primary 
antibodies IP3R (1:4000) (ab5804, Abcam, UK) and VDAC1(1:800) 
(ab14734, Abcam, UK) were added and incubated overnight at 4◦C. 
After the coverslips were washed twice, the corresponding secondary 
antibodies PLA probe plus (Anti-Rabbit, DUO92002, Sigma-Aldrich, 
Germany) and minus (Anti-Mouse, DUO92004, Sigma-Aldrich, Ger
many) coupled to DNA oligonucleotides were added. The principle of 
the PLA assay is based on the fact that the distance between two proteins 
is less than 40 nm, so that the addition of ligation buffer can form a 
closed-circle DNA template. Then amplification buffer was added and 
incubated at 37◦C for 100 min. The coverslips were fixed on the glass 
slides after adding PLA counting culture medium containing DAPI for 
15 min. Images were taken under a confocal microscope Zeiss CellDis
coverer7 (Zeiss, Germany) at Ex/Em = 594/624 nm and quantified 
using imageJ software.

2.7. Mitochondrial imaging

The mitochondrial morphology of cells was determined using Mito
tracker Deep Red (#22426, Fisher Scientific, the Netherlands) [42]. 
HT22 cells (25 × 103 cells/well) were seeded in removable 8-well ibidi 
plates. After overnight exposure to NIST DEP and RSL-3 alone and in 
combination with or without the calcium regulators MCUi4 and CyPPA, 
Mitotracker Deep Red was added to each well at a final concentration of 
100 nM for 30 min at 37◦C in the dark. Before fixing the cells with 4 % 
PFA at room temperature, cells were washed with prewarmed PBS. After 
fixation for 15 min, cells were washed three times with PBS. Then, a 
coverslip with DAPI was used to cover the cells. Images were taken 
under a Nikon Inverted Fluorescence Microscope ECLIPSE Ti2 and 
quantified using imageJ software.

The mitochondrial footprint was analyzed based on the skeleton 
diagram using the MiNA plugin for Fiji (https://github.com/Science
Toolkit/MiNA) [47]. MiNA provides a simplified analysis method for 
two-dimensional mitochondrial morphologies, including dots, rods, and 
branched networks. Fifteen single cells were analyzed in each group.

The mitochondrial branch length and mitochondrial branch perim
eter were measured using the Mitochondria Analyzer plugin (https://gith 
ub.com/AhsenChaudhry/ Mitochondria-Analyzer) provided by imageJ 
software [48]. The optimal threshold condition of the image was first 
determined, and then a uniform threshold was maintained for subse
quent analysis and measurement. Ten images per group were analyzed, 
and the experiment was repeated at least three times with different cell 
passage numbers.

2.8. Lipid ROS detection

The lipid ROS was determined using BODIPY 581/591 C11 
(#D3861, Fisher Scientific, Landsmeer, the Netherlands) [49,50]. HT22 
cells were seeded in 8-well ibidi plate (20 × 103 cells/well). After 6 hrs 
of different treatments, BODIPY 581/591 C11 and Hoechst 33258 dye 
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were added to each well at final concentrations of 2 μM and 1 μg/mL, 
respectively. After incubation at 37◦C in the dark for 30 min, images 
were taken under a Nikon Inverted Fluorescence Microscope ECLIPSE 
Ti2 and quantified using imageJ software.

2.9. Malondialdehyde assay

Thiobarbituric acid reactive substances (TBARS) were used to mea
sure the MDA level as a breakdown product of the terminal stage of 
polyunsaturated fatty acid peroxidation [51]. HT22 cells were seeded in 
6-well plates (25 × 104 cells/well). The plate was kept on ice after NIST 
DEP and RSL-3 alone and in combination with or without the calcium 
regulators MCUi4 (5 μM) and CyPPA (10 μM) exposure and then washed 
with ice-cold PBS before harvesting the cells with ice-cold ultra-pure 
water. The collected cells were sonicated for 5 sec and freeze-thawed, 
and this procedure was repeated three times. The cell lysates were 
mixed with 10 % trichloroacetic acid and incubated on ice for 15 min 
before centrifugation at 5000xg for 15 min at 4◦C. After that, the su
pernatant was mixed with 0.75 % thiobarbituric acid and added to the 
PCR tube. Then, the PCR instrument was set up with a program (heating 
at 95◦C for 30 min and cooling to 20◦C) and the fluorescence was 
measured at Ex/Em = 540/590 nm.

2.10. Mitochondrial oxidation assay

Mitochondrial ROS was measured by microplate reader and fluo
rescence microscopy using MitoSOX red (#36008, Fisher Scientific, the 
Netherlands). For these two assay procedures, HT22 cells were seeded in 
black 96-well plate (9 × 103 cells/well) and 8-well ibidi plate (20 × 103 

cells/well) in preparation for microplate reader and fluorescence mi
croscopy imaging, respectively. After 6 hrs exposure to NIST DEP and 
RSL-3 alone and in combination with or without the calcium regulators 
MCUi4 (5 μM) and CyPPA (10 μM), MitoSOX Red dye was added to each 
well at a final concentration of 1.25 μM. The cells were then incubated at 
37◦C, 5 % CO2 environment in the dark. After 30 min, the dye was 
removed and pre-warmed PBS was added. Finally, the 96-well plate was 
read using a microplate reader at Ex/Em = 510/580 nm, and the 8-well 
ibidi plate was imaged using a Nikon Inverted Fluorescence Microscope 
ECLIPSE Ti2 under the same wavelength conditions.

2.11. Statistical analysis

All data are presented as mean ± standard deviation (SD) unless 
otherwise specified. Statistical analysis was performed using one-way 
analysis of variance (ANOVA) and Tukey’s post hoc multiple compari
son test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data were 
analyzed and plotted using GraphPad Prism version 8 (USA).

3. Results

3.1. NIST DEP increases HT22 ferroptotic cell death induced by RSL-3

To determine the potential cell toxicity effects of NIST DEP on HT22 
cells, four different concentrations of NIST DEP (25, 50, 75, 100 μg/mL) 
were used. As shown in the bright field image (Fig. 1A), no morpho
logical changes were observed at the highest concentration of NIST DEP 
compared to the control solvent group. In agreement with the lack of 
effect on cell morphology, we did not observe significant changes in cell 
metabolic activity even with the highest tested concentration of NIST 
DEP (100 μg/mL), as measured by an MTT assay (Fig. 1B).

Next, we tested various concentrations for induction of ferroptotic 
cell death with a well-known ferroptosis inducer, ras selective lethal 
small molecule 3 [(1 S,3 R)-RSL-3] [52] (Fig. S1). RSL3 (50–400 nM) 
(Fig. 2A) induced a concentration-dependent cell death in HT22 cells. As 
RSL-3 induced more than 50 % cell death at concentrations higher than 
150 nM, we used a concentration of 150 nM in the following 

experiments to have less than 50 % cell death. This concentration of 
RSL-3 allowed testing whether NIST DEP can affect cell survival in cells 
sensitized to ferroptosis and have cell death rates below 50 % (Fig. 1B). 
RSL-3 (150 nM) induced a slight cell morphological change such as 
shrinkage and spotting in some cells, and sensitized cells to ferroptotic 
cell death (25.5 ± 4.9 %). Combined exposure to NIST DEP and RSL-3 
led to even more profound widespread cell morphological alteration, 
with almost all cells becoming dot-like and fragmented (Fig. 1A). Cell 
metabolic activity measurements revealed that combined exposure to 
different concentrations of NIST DEP (25, 50, 75, 100 μg/mL) and RSL-3 
(150 nM) led to a decrease in the cell viability in a NIST DEP 
concentration-dependent manner (Fig. 1B). We also measured other 
ferroptosis inducers, Erastin and Glutamate, and observed similar effects 
in the NIST DEP combination group (Fig. S2). We applied 100 μg/mL 
NIST DEP for the following experiments.

As MTT assay is related to cell metabolic activity and indirectly to 
cell viability, we tested the effect of the combined exposure NIST DEP 
and RSL-3 on the nuclei integrity by performing PI/Hoechst 33258 
double staining.

This combined exposure led to a significant increase in PI uptake, as 
vizualized by the microscopy images (Fig. 1C) and their corresponding 
quantification (81.8 ± 8.3 %) (Fig. 1D). To determine whether the type 
of the cell death caused by the co-exposure of NIST DEP and RSL-3 cells 
was related to ferroptosis, we treated cells with the ferroptosis inhibitor 
ferrostatin-1 (Fer-1) in the presence of the combined cell exposure to 
NIST DEP and RSL-3. In the NIST DEP or Fer-1 alone treatment groups, 
PI-positive cells were barely observed by the fluorescence microscopy. 
As shown in Fig. 1C, the number of PI-positive cells in RSL-3 alone- 
treated group (11.8 ± 4.4 %) was higher than that in the control group 
(3.8 ± 2.6 %). However, when NIST DEP was added together with RSL- 
3, the percentage of dead cells further increased to 81.8 ± 8.3 % from 
11.8 ± 4.4 % in RSL-3 treatment (Fig. 1D). In contrast, the increased PI- 
positive cells caused by RSL-3 treatment (11.8 ± 4.4 %) or combined 
RSL-3 and NIST DEP (81.8 ± 8.3 %) were nearly completely reduced by 
Fer-1 treatment to 2.1 ± 1.0 % and 4.8 ± 2.6 % (Fig. 1D). Moreover, 
Fer-1 significantly completely abolished the impact of co-treatment on 
cell viability from 82.5 ± 5.9 % to 29.0 ± 4.4 %, whereas the apoptosis 
inhibitor QVD (31.4 ± 2.0 %) showed no effects on the cell death 
induced by RSL-3 and NIST DEP (29.0 ± 4.4 %) (Fig. 1E). These results 
suggested that the acceleration of cell death caused by NIST DEP 
exposure involves ferroptosis rather than apoptosis.

3.2. Combined exposure to NIST DEP and RSL-3 increases intracellular 
calcium levels

Increased intracellular calcium release has been shown to lead to 
ferroptosis [53]. Recent studies in our lab showed that the reduction of 
mitochondrial calcium uptake prevented ferroptosis [42]. Therefore, we 
assessed whether the regulation of mitochondrial calcium would impact 
cell damage induced by NIST DEP in sensitized cells to ferroptosis. To 
modulate calcium signals we used the MCU inhibitor, MCUi4 and the SK 
channel activator, CyPPA. Fluo4-AM fluorescent dye was used to mea
sure intracellular calcium levels. Consistent with the fluorescence im
ages (Fig. 2A), quantification of the fluorescence intensity of Fluo4-AM 
showed a slight increase in the calcium signals in the presence of NIST 
DEP by 1.1 ± 0.1 - fold. RSL-3 treatment increased the fluorescence 
intensity by 1.2 ± 0.1 -fold compared with the control group. The 
combined exposure led to an increase of 1.5 ± 0.2 - fold. MCUi4 or 
CyPPA reduced the intracellular calcium level that was elevated in 
response to the combined exposure with NIST DEP and RSL-3. The 
fluorescence intensity of Fluo4-AM decreased to 1.0 ± 0.03 - fold and 
1.1 ± 0.03 - fold following treatment with MCUi4 and CyPPA, respec
tively (Fig. 2B). These results suggested that co-treatment with NIST 
DEP and RSL-3 may lead to an increase in intracellular calcium levels.

L. Zhang et al.                                                                                                                                                                                                                                   Journal of Hazardous Materials 488 (2025) 137374 

4 



Fig. 1. NIST DEP increases RSL-3-induced HT22 ferroptotic cell death. (A) Brightfield images of HT22 cells treated with NIST DEP (100 µg/mL), RSL-3 (150 nM), 
and combined RSL-3 and DEP (scale bar = 100 μm). (B) MTT assay for the metabolic activity of HT22 cells following treatment with different concentrations of NIST 
DEP alone (25–100 µg/mL) or in combination with RSL-3 (150 nM). The cell viability of the control (solvent-treated) group was defined as 100 %. (C) PI/Hoechst 
33342 double-stained fluorescence images at 40x magnification after 17 hrs exposure to NIST DEP, RSL-3, Fer-1 (5 μM) alone or in combination. Red: dead cells, 
Blue: nucleus (scale bar =100 μm). (D) Quantitative analysis of PI-positive cells was performed based on 10 fluorescent images per condition (mean ± SD). The 
percentage of total cells in the control group was defined as 100 %. (E) MTT assay for the viability of HT22 cells following 17 hrs exposure to NIST DEP, RSL-3, 
ferroptosis inhibitor Fer-1 (5 μM) and apoptosis inhibitor QVD (10 μM) alone or in combination. Each condition had 5–6 technical replicates. The cell viability of 
the control group was defined as 100 %. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc multiple comparison test. *p < 0.05, 
***p < 0.001, ****p < 0.0001, no significant (ns). All experiments were repeated at least three times as biological replicates.

L. Zhang et al.                                                                                                                                                                                                                                   Journal of Hazardous Materials 488 (2025) 137374 

5 



3.3. Combined exposure to NIST DEP and RSL-3 increases the number of 
mitochondrial-ER contact sites

To elucidate the sources of intracellular calcium in response to air 
particles in conditions of ferroptosis-sensitized cells, we evaluated the 
interaction between IP3R in the ER and VDAC1 in the mitochondria by a 
PLA assay [54]. The number of red PLA signal sites following NIST DEP 

and RSL-3 exposure was significantly higher than that in the control 
(solvent) group, while the addition of MCUi4 and CyPPA significantly 
reduced ER-mitochondria contact sites (Fig. 3A). As the quantitative 
analysis is shown in Fig. 3B, the number of single-cell PLA signal sites in 
cells exposed to NIST DEP and RSL-3 increased to 99 ± 41 compared 
with 43 ± 18 in the control cells. However, both MCUi4 and CyPPA 
significantly decreased single-cell PLA signal sites to 42 ± 18 and 32 

Fig. 2. Intracellular calcium levels are increased by NIST DEP and RSL-3 co-treatment. (A) Fluo4-AM fluorescence images at 20x magnification after 6 hrs 
exposure to NIST DEP and RSL-3 alone and in combination with or without the calcium regulators MCUi4 (5 μM) and CyPPA (10 μM). Green: Fluo4-AM positive cells, 
Blue: nucleus (scale bar =100 μm). (B) Quantitative analysis of Fluo4-AM positive cells was performed based on 10 fluorescent images per condition (mean ± SD). 
Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc multiple comparison test. ****p < 0.0001. All experiments were repeated at 
least three times as biological replicates.
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± 14, respectively. These results suggested that NIST DEP could induce 
an increase in mitochondrial calcium in ferroptotic-sensitized cells in 
response to an increase in the number of ER-mitochondrial contact sites.

3.4. Combined exposure to NIST DEP and RSL-3 increases mitochondrial 
calcium level

Next, we tested whether increased ER-mitochondrial contact sites 
mediated by NIST DEP in ferroptosis-sentisized cells could lead to 
increased mitochondrial calcium, and used Rhod2-AM as a fluorescent 
probe for mitochondrial calcium [44,55]. As shown in Fig. S3A, the red 
fluorescence signal of the RSL-3-treated cells was higher than that of the 
control group, and the addition of NIST DEP further increased the signal 
intensity of Rhod2-AM. Interestingly, the addition of calcium regulators 
MCUi4 and CyPPA attenuated the signal caused by the addition of NIST 
DEP. The quantification of mean fluorescence intensity of Rhod2-AM 
reported in Fig. S3B confirmed that mitochondrial calcium levels were 
significantly increased upon exposure to NIST DEP and RSL-3 (1.24 
± 0.04 - fold) compared with RSL-3 alone treatment cells (1.11 ± 0.03 - 
fold). The addition of both MCUi4 and CyPPA reduced the signal of 
Rhod2-AM from 1.24 ± 0.04 - fold in the co-treatment group to 1.04 
± 0.01 - fold and 1.06 ± 0.02 - fold, respectively.

The results were validated using Mt-fura-2, a novel ratiometric dye 
which is not affected by loading or motion artifacts [44], thus providing 
better insight into mitochondrial calcium levels. In Fig. 4A, fluorescence 
images recorded upon excitation at 340 nm (Fura340) and 380 nm 
(Fura380) are shown separately and then as a pseudo-color image rep
resenting the ratio of the two. The calculated ratio provides an estima
tion of mitochondrial calcium concentration. After 6 hours of RSL-3 
challenge, a modest increase in Mt-fura-2 ratio was observed (0.80 
± 0.03), that was further increased in cells exposed to both NIST DEP 

and RSL-3 (0.92 ± 0.03).
Importantly, addition of MCUi4 or CyPPA decreased the Mt-fura-2 

ratio to 0.86 ± 0.02 and 0.77 ± 0.03, respectively, compared with 
0.92 ± 0.03 in the co-treatment group. (Fig. 4B) (Fig. 4C). Altogether, 
measurements performed with both Rhod2-AM and Mt-fura-2 AM 
fluorescent dyes indicated that co-treatment with NIST DEP and RSL-3 
induced an increase in mitochondrial calcium levels.

3.5. Ferroptotic cell death induced by RSL-3 and NIST DEP is alleviated 
by the inhibition of mitochondrial calcium uniporter complex

We provided here evidence that exposure to NIST DEP in ferroptosis- 
sensitized cells led to increased intracellular calcium levels, ER- 
mitochondrial contact sites and mitochondrial calcium uptake. These 
processes could be prevented by inhibition of mitochondrial calcium 
uniporter complex with MCUi4 and activation of SK channels with 
CyPPA. Therefore, next we investigated whether these compounds could 
also prevent ferroptotic cell death in cells exposed to both NIST DEP and 
RSL-3, by PI/Hoechst 33258 double staining and a metabolic MTT assay. 
RSL-3 reduced the number of viable HT22 cells, and the addition of NIST 
DEP further increased cell death, as detected by PI analysis (Figs. 5A, 
5B). However, the addition of MCUi4 or CyPPA protected against fer
roptotic cell death induced by RSL-3 and NIST DEP co-treatment from 
21.0 ± 6.6 % to 5.3 ± 2.8 % in case of MCUi4 and to 5.0 ± 2.2 % in case 
of CyPPA, respectively (Fig. 5B). Moreover, the PI analysis was paral
leled by an MTT assay and showed that both CyPPA and MCUi4 
significantly inhibited the NIST DEP and RSL-3-induced ferroptotic cell 
death. The cell metabolic activity increased from 43.8 ± 1.0 in the co- 
treatment group to 76.9 ± 3.6 in the CyPPA group and 91.1 ± 4.0 in 
the MCUi4 group. (Fig. 5C). These results indicated that ferroptosis 
induced by NIST DEP and RSL-3 co-treatment may be related to calcium 
deregulation.

Fig. 3. ER-mitochondria contact sites are increased by NIST DEP and RSL-3 co-treatment. (A) PLA fluorescence images at 40x magnification after 6 hrs 
exposure to NIST DEP and RSL-3 with or without the calcium regulators MCUi4 (5 μM) and CyPPA (10 μM). Red: PLA dots, Blue: nucleus (scale bar = 10 μm). (B) 
Quantification of PLA dots from 50 single cells based on fluorescence images for each condition. Statistical analysis was performed using one-way ANOVA followed 
by Tukey’s post hoc multiple comparison test. ****p < 0.0001. All experiments were repeated at least three times as biological replicates.
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3.6. Mitochondrial morphological alterations induced by RSL-3 and NIST 
DEP are prevented by mitochondrial calcium uniporter complex inhibition

Mitochondria not only played an important role in the regulation of 

calcium signaling, but a growing body of research suggested that 
mitochondrial damage was one of the most common hallmarks of neu
rodegeneration [12]. To explore the potential effect of NIST DEP on 
mitochondrial morphology, we studied whether mitochondrial 

Fig. 4. Mitochondrial calcium levels are increased by NIST DEP and RSL-3 co-treatment. (A) Mt-fura-2 fluorescence images at 20x magnification after 6 hrs 
exposure to NIST DEP and RSL-3 alone and in combination with or without the calcium regulators MCUi4 (5 μM) and CyPPA (10 μM). Green: Fura 340, Blue: Fura 
380 (scale bar = 20 μm). The ratio of fluorescence measured upon excitation at 340/380 nm (F340/F380) is shown in the right panel, ratio range from 0 to 2. (B) 
Fura340/Fura380 ratio picture of different treatments. Enlarged images of the boxed area were shown in the right panels. (C) Quantitative analysis of F340/F380 was 
performed based on 10 fluorescent images per condition (mean ± SD). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc 
multiple comparison test. ***p < 0.001, ****p < 0.0001. All experiments were repeated at least three times as biological replicates.
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morphology is altered upon exposure to NIST DEP, by using fluorescence 
microscopy. Mitotracker Red staining revealed that mitochondrial 
morphology was elongated and tubular in both control and cells exposed 
to NIST DEP. In contrast, exposure to RSL-3 induced mitochondrial 
fragmentation (Fig. 6A), while the subsequent addition of NIST DEP 
exacerbated this damage, leading to the formation of more aggregated 
and fragmented mitochondria. Interestingly, co-treatment with MCUi4 
and CyPPA significantly prevented the mitochondrial fragmentation, 
and restored normal mitochondrial morphology (Fig. 6B).

The analysis using ImageJ plugin for mitochondrial morphology 
showed that the skeleton images of the mitochondrial structures were 
different upon various treatments [56]. In agreement with the lack of 
profound alterations in HT22 cells upon exposure to NIST DEP alone 
(Figs. 5B, 5C) in terms of cell viability, there was almost no effect on the 
four mitochondrial network parameters compared to the control group 
(Figs. 6C, 6D, S4A, S4B). Mitochondrial network structure represented 
by mitochondrial footprints was slightly reduced in the RSL-3 alone-
treated cells (195.4 ± 29.2 µm2) compared with control cells (221.5 

Fig. 5. HT22 ferroptotic cell death induced by RSL-3 and NIST DEP is alleviated by inhibition of mitochondrial calcium uptake. (A) PI/Hoechst 33342 
double-stained fluorescence images at 40x magnification after 17 hrs exposure to NIST DEP, RSL-3, calcium regulators MCUi4 (5 μM) and CyPPA (10 μM) alone or in 
combination. Red: dead cells, Blue: nucleus (scale bar =100 μm). (B) Quantitative analysis of PI-positive cells was performed based on 10 fluorescent images per 
condition (mean ± SD). The percentage of dead cells in the control group was defined as 100 %. (C) MTT assay for the viability of HT22 cells after 17 hrs exposure to 
NIST DEP, RSL-3, calcium regulators MCUi4 (5 μM) and CyPPA (10 μM) alone or in combination. The cell viability of the control group was defined as 100 %. 
Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc multiple comparison test. ****p < 0.0001. All experiments were repeated at 
least three times as biological replicates.
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± 48.0 µm2) (Fig. 6C), and the reduction was more dramatic upon 
co-exposure to NIST DEP (140.2 ± 27.2 µm2). These findings were 
consistent with the extent of mitochondrial damage shown in Fig. 6A. 
Importantly, the addition of MCUi4 (225.2 ± 31.2 µm2) or CyPPA 
(228.8 ± 31.7 µm2) prevented mitochondrial footprints and other 

parameters of mitochondrial integrity compared with RSL-3 and NIST 
DEP co-treatment cells (Figs. 6C, 6D, S4A, S4B). These results suggested 
that NIST DEP exposure would further interfere with the mitochondrial 
fragmentation of ferroptotic-sensitized cells.

Fig. 6. Co-exposure to RSL-3 and NIST DEP induce mitochondrial morphological alteration. (A) Mitotracker Red fluorescence images at 63x magnification 
after 17 hrs exposure to NIST DEP and RSL-3 alone and in combination with or without the calcium regulators MCUi4 (5 μM) and CyPPA (10 μM). Red: mito
chondrial, Blue: nucleus (scale bar = 20 μm). Enlarged images of the boxed area are shown in the right panels. (B) Mitochondrial skeleton images at 63x magni
fication after 17 hrs exposure to NIST DEP and RSL-3 alone and in combination with or without the calcium regulators MCUi4 (5 μM) and CyPPA (10 μM). (C-D) 
Parameters of HT22 mitochondrial network morphology analysis after different treatments: (C) Mitochondrial footprint. 15 single cells were analyzed for each 
condition. (D) Mean branch length. 10 whole fluorescence images were analyzed for each condition. Statistical analysis was performed using one-way ANOVA 
followed by Tukey’s post hoc multiple comparison test. ****p < 0.0001. All experiments were repeated at least three times as biological replicates.
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3.7. Combined exposure to NIST DEP and RSL-3 mediates lipid 
peroxidation and increases in mitochondrial ROS

The accumulation of lipid peroxidation in cells is one of the impor
tant characteristics of ferroptosis [57]. Therefore, the effect of lipid 
peroxidation in the presence of combined NIST DEP and RSL-3 exposure 
was studied by analyzing the shift in fluorescence color from red to 
green of the fluorescent dye BODIPY 581/591 C11 [58] (Fig. 7A). We 
next quantified the intensity of the red and green fluorescence signals, 
and the ratio results were shown in Fig. 7B. NIST DEP exposure slightly 

increased the ratio of green fluorescence to red fluorescence compared 
to the control group from 102.7 ± 30.3 % to 117.8 ± 28.6 %. However, 
the combined exposure to RSL-3 and NIST DEP (218.0 ± 43.8 %) 
showed a further increase in the ratio compared to the RSL-3 alone 
group (137.2 ± 44.0 %) (Figs. 7A, 7B). The addition of MCUi4 or CyPPA 
significantly weakened the signal of the oxidized green probe compared 
to the RSL-3 and NIST DEP co-treatment cells from 218.0 ± 43.8 % to 
113.7 ± 39.2 % (MCUi4) and to 103.2 ± 18.6 % (CyPPA).

These results indicated that MCUi4 and CyPPA could reduce the level 
of lipid peroxidation mediated by the NIST DEP and RSL-3 challenge 

Fig. 7. Lipid peroxidation induced by RSL-3 and NIST DEP can be alleviated by MCUi4 and CyPPA. (A) BODIPY 581/591 C11fluorescence images at 20x 
magnification after 6 hrs exposure to NIST DEP and RSL-3 alone and in combination with or without the calcium regulators MCUi4 (5 μM) and CyPPA (10 μM). Red: 
C11non-ox, Green: C11ox, Blue: nucleus (scale bar = 100 μm). (B) Quantitative analysis of BODIPY 581/591 C11 mean fluorescence intensity was performed based 
on 10 fluorescent images per condition (mean ± SD). (C) MDA levels after 6 hrs of different treatments. All conditions were normalized by their corresponding 
protein concentrations, and the MDA concentration of the control group was defined as 1. Statistical analysis was performed using one-way ANOVA followed by 
Tukey’s post hoc multiple comparison test. ***p < 0.001, ****p < 0.0001. All experiments were repeated at least three times as biological replicates.

L. Zhang et al.                                                                                                                                                                                                                                   Journal of Hazardous Materials 488 (2025) 137374 

11 



(Figs. 7A, 7B). To further substantiate the measurement of lipid perox
idation, the aldehyde compound MDA produced by the decomposition 
of polyunsaturated fatty acids after exposure to oxidative stress was 
measured [59]. NIST DEP exposure and RSL-3 treatment alone resulted 
in both a 1.2 ± 0.2 - fold increase in MDA production compared with 
controls. Meanwhile, the amount of MDA increased to 1.9 ± 0.4 - fold 
with the addition of NIST DEP and RSL-3 compared to the 
solvent-treated cells. In contrast, both MCUi4 (1.2 ± 0.1 - fold) and 
CyPPA (1.2 ± 0.3 - fold) almost completely eliminated the increase in 
MDA levels caused by NIST DEP and RSL-3 (1.9 ± 0.4 - fold) (Fig. 7C). 
Mitochondrial ROS levels are used as indicators of metabolic stress and 
cell damage [54]. Following various treatments, the generation of ROS 
in mitochondria of HT22 cells was measured using the red fluorescence 
probe, MitoSOX. The red fluorescence intensity was enhanced to 1.2 
± 0.1 - fold upon RSL-3 treatment, and further enhanced to 1.4 ± 0.5 - 
fold in the RSL-3 and NIST DEP co-treated cells. Importantly, the addi
tion of MCUi4 or CyPPA both significantly attenuated the red signal to 
1.1 ± 0.1 - fold (Fig. S5A, S5B). Subsequently, quantitative analysis 
based on image fluorescence intensity showed consistent results indi
cating that inhibition of mitochondrial calcium can prevent cellular 
changes that occur upon exposure to NIST DEP particles in RSL-3 
sensitized cells (Fig. S5B, S5C).

4. Discussion

Our data showed for the first time that air pollutants, exampled here 
with NIST DEP, are able to potentiate ferroptotic sensitivity to neuronal 
cell death. As this cell death type involves an exogenous, or foreign 
signal to ignite the cell death in conditions of small increases of lipid 
peroxidation, we term this cell death type xenoferroptosis. The xen
oferroptotic cell death is distinct from ferroptosis as an external stimulus 
unrelated to lipid peroxidation could accelerate cell death in cells 
vulnerable to ferroptosis (Fig. 8).

Our study also demonstrated the involvement of mitochondrial cal
cium uniporter and mitochondrial calcium in the xenoferroptotic cell 
death pathway. Moreover, our findings indicated that targeting 

mitochondrial calcium and SK channels could represent potential ther
apeutic targets to prevent this xenoferroptotic cell death.

An increasing number of research suggested that air pollutants 
strongly correlated with neurodegenerative diseases and even reached 
the central nervous system by penetrating the blood brain barrier via 
various routes [60]. Particulate matter (PM) exposure impaired the 
spatial learning and memory abilities of postnatal 28-day Sprague 
Dawley juvenile rats, processes accompanied by a change in the 
morphology and structure of their hippocampus [61]. In addition, pre
vious research has shown that organic extracts in PM2.5 could induce 
ferroptosis in SH-SY5Y cells. It is worth noting that the metabolic ac
tivity of HT22 cells was not significantly affected by NIST DEP up to a 
concentration of 100 μg/mL. Other studies have shown that exposure to 
NIST DEP for 3 h or 24 h did not cause significant cell death in HT22 
cells [62]. In addition, there was no significant decrease in cell viability 
of human bronchial epithelial cells BEAS-2B after treatment with NIST 
DEP at concentrations up to 20 μg/cm2 for 24 h [63], but NIST DEP only 
changed cell viability at concentrations higher than 300 μg/mL and 
periods of time longer than 72 h [64]. We next investigated the role of 
NIST DEP in ferroptosis-sensitive cells. RSL-3 can induce ferroptosis by 
inhibiting the activity of glutathione peroxidase 4 (GPX4) [65]. There
fore, RSL-3 was used as a ferroptosis inducer in our study. HT22 cells are 
a mouse-derived immortalized neuronal cell line that are sensitive to 
oxidative stress and susceptible to ferroptosis triggered by the loss of 
GPX4. Therefore, HT22 cells represent an ideal model for studying the 
mechanisms of ferroptosis [36,42,66]. Importantly, combined treatment 
with NIST DEP and RSL-3 of HT22 cells, further reduced the cell viability 
compared to treatment with RSL-3 alone. Subsequently, the ferroptosis 
inhibitor Fer-1 and the apoptosis inhibitor QVD were used to verify the 
cell death mode mediated by the addition of NIST DEP. The addition of 
Fer-1 but not of QVD abolished the impact of NIST DEP plus RSL-3 on 
HT22 cell viability indicating that ferroptosis is the main form of cell 
death is operational in cells challenged with both NIST DEP and RSL-3. 
In line with our findings, other findings showed that PM2.5 can cause 
ferroptosis in epithelial cells, as the addition of ferroptosis inhibitor 
Fer-1 and iron chelator DFOM could alleviate the decrease in cell 

Fig. 8. The xenoferroptotic pathway involves lipid peroxidation and an external stimulus accelerating the cell death. This figure was created with BioRender.
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viability caused by PM2.5 [67].
Excessive increase of intracellular calcium was associated with the 

ferroptosis-cell death pathway [20]. Modulation of mitochondrial cal
cium by inhibiting the MCU complex by MCUi4 or activating SK chan
nels by CyPPA have been linked to ferroptosis pathways in HT22 cells 
and primary cortical neurons. [37,42]. Therefore, the MCU complex 
inhibitor MCUi4 and the SK channel activator CyPPA were used to test 
how the modulation of calcium could interfere with the effects mediated 
by exposure to NIST DEP in RSL-3-sensitised cells. Cell exposure to 
combined NIST DEP and RSL-3 showed increased intracellular and 
mitochondrial calcium levels. In line with our findings, PM2.5 signifi
cantly increased the intracellular calcium levels of rat alveolar macro
phages and HaCaT cells in a concentration-dependent manner [68,69]. 
PM2.5 can damage the mitochondrial structure and the ability of a 
murine cardiomyocyte cell HL-1 to regulate calcium fluctuations 
required for heart rate regulation [70]. In our study, both MCUi4 and 
CyPPA could attenuate the intracellular calcium levels induced by NIST 
DEP and RSL-3 addition. In addition, asbestos particles increased 
mitochondrial calcium uptake by promoting overexpression of MCU in 
mouse MH-S alveolar macrophages [71]. Therefore, our results further 
demonstrated that MCUi4 effectively alleviated NIST DEP-induced cal
cium imbalance by blocking the MCU pathway.

The ER-mitochondria calcium pathway is an important pathway for 
regulating intracellular calcium homeostasis [72]. Increased contact 
sites between ER and mitochondria occur in many neurodegenerative 
diseases [73]. In our study, we observed that exposure to NIST DEP and 
RSL-3 significantly increased the number of ER-mitochondrial contact 
sites, while MCUi4 and CyPPA restored contact sites to control levels. 
Subsequently, mitochondrial calcium levels were elevated in response to 
NIST DEP and RSL-3 exposure, while MCUi4 and CyPPA reduced this 
increase to the level of the control group.

Consistent with our findings, PM2.5 exposure significantly increased 
mitochondrial calcium levels in bronchial epithelial BEAS-2B cells and 
skin cells HaCaT and NHDF [74,75]. Our results suggested the challenge 
posed by NIST DEP to HT22 cells may be caused by a disruption of 
calcium homeostasis.

Mitochondrial calcium plays a crucial role in the regulation of 
mitochondrial morphology by regulating its metabolism and dynamic 
processes. Exposure to NIST DEP in RSL-3-sensitised cells caused 
changes in the mitochondrial morphology of HT22, showing more se
vere fragmentation compared to the either RSL-3/NIST DEP treatment 
alone or solvent-treated control cells. The use of MCUi4 and CyPPA 
restored mitochondrial morphology, comparable to healthy cells. Liu 
et al. (2024) reported reduced mitochondrial fragmentation and grid 
connections in lung epithelial cells BEAS-2B after PM2.5 exposure and 
Fang et al. (2022) observed that exposure to cigarette smoke extract 
significantly disrupted the morphology and increased the fragmentation 
of mitochondria in primary human airway smooth cells [56,76]. These 
results showed NIST DEP could intensify RSL-3-induced ferroptosis by 
exacerbating mitochondrial fragmentation.

Lipid peroxidation and accumulation of ROS are key features of 
ferroptotic cell death [77,78]. In our study, NIST DEP further increased 
lipid peroxidation and mitochondrial ROS levels initiated by RSL-3 
treatment, while the addition of MCUi4 and CyPPA reduced the in
crease in oxidative stress. In addition, measurements of the MDA content 
paralleled the lipid peroxidation levels. Studies have reported that 
PM2.5 exposure can increase the levels of MDA and lipid ROS in 
SH-SY5Y cells in a concentration-dependent manner [79]. Moreover, 
PM could induce the production of mitochondrial ROS in a human colon 
adenocarcinoma Caco-2 cells [80]. Until now, no studies reported the 
protective effect of the inhibition of the mitochondrial calcium uniporter 
complex or activation of SK channels in relation to the air pollutants 
cellular effects. Therefore, this study provideed key insights into the 
potential harm mediated by air pollutants, particularly NIST DEP in 
conditions in which cells were sensitized to lipid peroxidation and 
cellular ROS. NIST DEP alone had minimal effects on cellular processes, 

while in cells sensitized to ferroptotic pathway, the cell death was 
amplified and accelerated. Calcium signaling and mitochondrial ROS 
are essential elements in this cell type death in which a foreign stimulus 
is facilitating ferroptotic cell death in cells with increased lipid peroxi
dation. Our study revealed that catalyzing ferroptotic cell death is 
dependent on increases in mitochondrial calcium and inhibitions of 
mitochondrial calcium uniporter complex or activation of SK channels 
could represent novel therapeutic targets against the xenoferroptotic 
cell death.

We acknowledge certain limitations in our current study, while still 
recognizing the importance of in vitro neuronal cell system for better 
understanding molecular pathways relevant to NIST-DEP exposure. 
Although, the HT22 cells may not fully reflect the biological charac
teristics of native brain neurons, they represent a good model to study 
ferroptosis, as they lack NMDA receptors therefore glutamate is not 
capable to induce excitotoxicity or apoptosis. These cells express xCT 
transporter that once inhibited by glutamate will result in decrease GSH 
and increased lipid peroxidation. Therefore, this cell model is allowing a 
better investigation of distinct ferroptotic processes without involve
ment of apoptotic or other cell death pathways. However, future 
research could incorporate neuronal models derived from human 
induced pluripotent stem cells to enhance physiological relevance and 
broaden applicability [81]. Additionally, although in vitro systems pro
vide crucial mechanistic insights, they do not completely replicate the 
complex in vivo environment, including the blood-brain barrier, immune 
system [82], and tissue microenvironment. Therefore, further explora
tion using animal models or organoid systems could support to deepen 
our understanding of the neurotoxicity of NIST DEP and its potential 
influence on neurodegenerative diseases [83].

5. Conclusions

In summary, the current study investigated the potential harm of 
NIST DEP to ferroptosis-sensitive cells and further studied the mecha
nisms related to calcium pathways. The results demonstrated that NIST 
DEP-induced acceleration of xenoferroptosis mainly through calcium 
dysregulation, lipid peroxidation and ROS accumulation. Therefore, 
modulation of calcium homeostasis is one of the therapeutic strategies 
for the negative effects of particulate matter (especially NIST DEP) on 
the brain.

Environmental implication

Diesel exhaust particles (DEP) are major component of traffic-related 
PM, posing a threat to the environment and human health. With 
increasing evidence of PM in brain tissue, environmental factors are 
considered to contribute significantly to the development of neurode
generative diseases. However, the mechanisms underlying NIST DEP- 
accelerated ferroptosis still require further investigation. Our data 
show for the first time that air pollutants, exemplified by NIST DEP, can 
enhance the sensitivity of neuronal cell death to ferroptosis and explain 
the potential mechanisms of this adverse effect. Our study is of great 
significance for environmental protection and treatment of neurode
generative diseases.
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Barragán-Mejía, G., Broadway, J., Chapman, S., Valencia-Salazar, G., Jewells, V., 
Maronpot, R.R., 2008. Air pollution, cognitive deficits and brain abnormalities: a 
pilot study with children and dogs. Brain Cogn 68, 117–127.

[29] Maher, B.A., Ahmed, I.A., Karloukovski, V., MacLaren, D.A., Foulds, P.G., 
Allsop, D., Mann, D.M., Torres-Jardón, R., Calderon-Garciduenas, L., 2016. 
Magnetite pollution nanoparticles in the human brain. Proc Natl Acad Sci 113, 
10797–10801.

[30] Manzano-Covarrubias, A.L., Yan, H., Luu, M.D.A., Gadjdjoe, P.S., Dolga, A.M., 
Schmidt, M., 2023. Unravelling the signaling power of pollutants. Trends 
Pharmacol Sci 44, 917–933.

L. Zhang et al.                                                                                                                                                                                                                                   Journal of Hazardous Materials 488 (2025) 137374 

14 

https://doi.org/10.1016/j.jhazmat.2025.137374
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref1
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref1
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref1
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref2
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref2
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref3
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref3
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref4
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref4
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref4
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref5
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref5
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref5
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref5
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref6
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref6
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref6
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref7
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref7
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref7
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref8
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref8
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref8
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref9
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref9
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref9
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref10
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref10
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref10
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref11
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref11
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref11
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref11
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref12
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref12
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref12
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref13
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref13
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref13
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref14
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref14
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref14
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref15
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref15
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref16
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref16
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref16
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref16
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref17
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref17
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref17
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref18
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref18
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref18
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref19
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref19
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref20
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref20
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref20
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref21
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref21
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref22
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref22
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref22
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref23
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref23
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref23
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref23
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref24
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref24
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref24
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref24
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref25
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref25
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref25
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref26
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref26
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref26
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref27
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref27
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref27
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref28
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref28
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref28
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref28
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref29
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref29
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref29
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref29
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref30
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref30
http://refhub.elsevier.com/S0304-3894(25)00286-9/sbref30


[31] World Health Organization, 2023.. Air Pollut. https://www.who.int/health 
-topics/air-pollution#tab=tab_1.

[32] Manisalidis, I., Stavropoulou, E., Stavropoulos, A., Bezirtzoglou, E., 2020. 
Environmental and health impacts of air pollution: a review. Front Public Health 8, 
14.

[33] Yang, L., Cai, X., Li, R., 2024. Ferroptosis induced by pollutants: an emerging 
mechanism in environmental toxicology. Environ Sci Technol 58, 2166–2184.

[34] Wu, T., Wang, X., Cheng, J., Liang, X., Li, Y., Chen, M., Kong, L., Tang, M., 2022. 
Nitrogen-doped graphene quantum dots induce ferroptosis through disrupting 
calcium homeostasis in microglia. Part Fibre Toxicol 19, 22.

[35] Park, S.Y., An, K.S., Lee, B., Kang, J.H., Jung, H.J., Kim, M.W., Ryu, H.Y., Shim, K. 
S., Nam, K.T., Yoon, Y.S., Oh, S.H., 2021. Establishment of particulate matter- 
induced lung injury model in mouse. Lab Anim Res 37, 12.

[36] Kritis, A.A., Stamoula, E.G., Paniskaki, K.A., Vavilis, T.D., 2015. Researching 
glutamate–induced cytotoxicity in different cell lines: a comparative/collective 
analysis/study. Front Cell Neurosci 9, 91.

[37] Zhang, Y., Shaabani, S., Vowinkel, K., Trombetta-Lima, M., Sabogal-Guáqueta, A. 
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[78] Majerníková, N., Marmolejo-Garza, A., Salinas, C.S., Luu, M.D., Zhang, Y., 
Trombetta-Lima, M., Tomin, T., Birner-Gruenberger, R., Lehtonen, Š., 
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