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Vitamin D ameliorates particulate matter
induced mitochondrial damages and calcium
dyshomeostasis in BEAS-2B human bronchial
epithelial cells
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Abstract

Background Mitochondria is prone to oxidative damage by endogenous and exogenous sources of free radicals,
including particulate matter (PM). Given the role of mitochondria in inflammatory disorders, such as asthma and
chronic obstructive pulmonary disease, we hypothesized that supplementation of vitamin D may play a protective
role in PM-induced mitochondrial oxidative damages of human bronchial epithelial BEAS-2B cells.

Methods BEAS-2B cells were pretreated with 1,25(0OH),D;, an active form of vitamin D, for 1 h prior to 24-hour
exposure to PM (SRM-1648a). Oxidative stress was measured by flow cytometry. Mitochondrial functions including
mitochondrial membrane potential, ATP levels, and mitochondrial DNA copy number were analyzed. Additionally,
mitochondrial ultrastructure was examined using transmission electron microscopy. Intracellular and mitochondrial
calcium concentration changes were assessed using flow cytometry based on the expression of Fluo-4 AM and
Rhod-2 AM, respectively. Pro-inflammatory cytokines, including IL-6 and MCP-1, were quantified using ELISA. The
expression levels of antioxidants, including SOD1, SOD2, CAT, GSH, and NADPH, were determined.

Results Our findings first showed that 24-hour exposure to PM led to the overproduction of reactive oxygen
species (ROS) derived from mitochondria. PM-induced mitochondrial oxidation resulted in intracellular calcium
accumulation, particularly within mitochondria, and alterations in mitochondrial morphology and functions.

These changes included loss of mitochondrial membrane integrity, disarrayed cristae, mitochondrial membrane
depolarization, reduced ATP production, and increased mitochondrial DNA copy number. Consequently, PM-induced
mitochondrial damage triggered the release of certain inflammatory cytokines, such as IL.-6 and MCP-1. Similar to the
actions of mitochondrial ROS inhibitor MitoTEMPO, 1,25(0H),D5 conferred protective effects on mtDNA alterations,
mitochondrial damages, calcium dyshomeostasis, thereby decreasing the release of certain inflammatory cytokines.
We found that greater cellular level of 1,25(0OH),D; upregulated the expression of enzymatic (SOD1, SOD2, and CAT)
and non-enzymatic (GSH and NADPH) antioxidants to modulate cellular redox homeostasis.
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Conclusion Our study provides new evidence that 1,25(0OH),D; acts as an antioxidant, enhancing BEAS-2B
antioxidant responses to regulate mitochondrial ROS homeostasis and mitochondrial function, thereby enhancing

epithelial defense against air pollution exposure.
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Background

Ambient air pollution poses a significant impact on
human health. Exposure to the complex mixture of solid
and liquid particles suspended in the air, such as par-
ticulate matter (PM), has been linked to several human
health conditions, including declining lung function,
asthma, chronic obstructive pulmonary disease (COPD),
eczema, and cardiovascular disorders [15, 21, 22, 43].
One important mechanism is through induction of oxi-
dative stress, which can disrupt multiple cellular pro-
cesses, for example, inflammation, organelle dysfunction,
cell death, and mitochondrial impairment [26, 29]. Given
the widespread impact of PM exposure on human health,
it is crucial to gain a better understanding of the underly-
ing mechanisms.

Vitamin D plays a critical role in antioxidant, calcium
homeostasis, and immune regulation [8, 23]. Previ-
ous studies have reported the association of vitamin D
deficiency with detrimental lung function [42], chronic
respiratory diseases [13], and atopic dermatitis [10], but
the underlying mechanisms are not yet fully understood.
To the best of our knowledge, the capacity of vitamin
D affecting the lung response to PM toxicity remains
unclear.

Mitochondria play a role in energy production and
reactive oxygen species (ROS) regulation [1, 19, 36].
Previous studies have reported that mitochondria are
particularly vulnerable to oxidative damage when ROS
levels exceed endogenous antioxidant defense regulation
[18, 20]. In response, the first-line defense antioxidant
enzymes including superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase (GPX), as well as the
reduced form of NADP" (or NADPH) become essential
to maintain redox balance [18, 38]. Voltage-dependent
anion channel 1 (VDAC-1), a component of the mito-
chondrial permeability transition pore (mTPT), has
been demonstrated to be responsible for regulating the
entry and exit of calcium and ROS into and out of mito-
chondria [11, 35]. Mitochondria serve as central hubs
for intracellular calcium buffering, and the bidirectional
interaction between calcium and ROS [14, 32].

Nowadays limited studies have examined the role of
vitamin D in mitochondrial response to PM exposure in
epithelial cells. We hypothesized that vitamin D supple-
mentation provides protection against mitochondrial
DNA (mtDNA) damage, mitochondrial malfunction and
calcium dyshomeostasis through enhancement of antiox-
idant pathways in the context of PM exposure.

Methods

Preparation of PM, activated vitamin D and chemical
reagents

SRM-1648a, ambient urban particulate matter, was pur-
chased from the National Institute of Standards and
Technology (NIST) in US and used in this study. These
particles consist of fine and ultrafine particles with an
aerodynamic diameter ranging from 1.35 to 30.1 pum
(mean 5.85 pum) and are comprised of various polycy-
clic aromatic hydrocarbons (PAHs) and inorganic and
organic elements such as iron, calcium and zinc. The
stock suspension was prepared by 1-hour sonication in
dimethyl sulfoxide (DMSO) to achieve a PM concen-
tration of 100 mg/ml, following NIST’s guidelines. The
PM suspension was then stored at -80°C before use. In
addition, ROS scavengers including N-acetyl-L-cyste-
ine (NAC; 1 pM) and MitoTEMPO (50 uM), as well as
1,25-dihydroxyvitamin D3 (1,25(0OH),D3), an active
form of vitamin D, and antimycin A were obtained from
Sigma-Aldrich and applied in subsequent in vitro expo-
sure experiments.

Cell culture and treatment

Human BEAS-2B cell line, a non-tumorigenic bronchial
epithelial cell line derived from human bronchial epi-
thelium, was applied in this study. BEAS-2B cells were
cultured in Dulbecco’s Modified Eagle’s Medium/ Nutri-
ent Mixture F-12 (DMEM/F-12) supplemented with
10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin/streptomycin antibiotics, and maintained in
a humidified atmosphere of 95% air/ 5% CO, at 37°C.
When cells reached about 80% confluence, they were
exposed to different concentrations of PM suspended
in serum-reduced media (DMEM/F-12 supplemented
with 2% FBS) to evaluate their effects. The stock PM sus-
pension underwent 1-hour sonication to break up most
agglomerates before use. Furthermore, the in vitro expo-
sure experiments were conducted and completed within
1 h of preparation to maintain consistency in PM size
distribution. For experiments investigating the impact of
vitamin D upon PM exposure, BEAS-2B cells were pre-
treated with 1,25(OH),D; in the serum-reduced media
for 1 h prior to PM exposure. Control cells were cultured
in medium containing 2% FBS and 0.1% DMSO.
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Determination of intracellular and mitochondrial ROS
production

Intracellular ROS levels in BEAS-2B cells were deter-
mined by fluorometric analysis using 2,7’-dichlorodi-
hydrofluorescein diacetate (DCF-DA; Roche), while
mitochondrial ROS levels were examined using MitoSOX
red mitochondrial superoxide indicator (Thermo Fisher
Scientific). After treatment with PM and/or 1,25(0OH),Ds,
the culture media were removed, and the cells were
stained with 10 uM DCF-DA in serum-free media or 5
uM MitoSOX red dye in Hanks’ Balanced Salt Solution
(HBSS) containing Ca®* and Mg®* for 20 min at 37°C in
the dark. Following staining, the cells were harvested in
cold phosphate-buffered saline (PBS) solution and fluo-
rescence intensity was analyzed using a FACSCanto II
flow cytometry (BD Biosciences). Fluorescent signals
were recorded for 10,000 cells. Intracellular ROS results
were expressed as fold change in mean fluorescence
intensity (MFI) relative to controls, while the percentage
of MitoSOX red positive cells was used to quantify mito-
chondrial ROS.

Water-soluble tetrazolium-1 assay

Water-soluble tetrazolium 1 (WST-1) assay is widely uti-
lized for evaluating the metabolic activity of viable cells
and cell proliferation, following the guidelines provided
by the manufacturer (Roche).

Assessment of mitochondrial membrane potential

We used JC-1, a lipophilic, cationic, dual-emission fluo-
rescent dye from Thermo Fisher Scientific, to detect
BEAS-2B cells with impaired mitochondrial membrane
potential (mtMP). In healthy cells with polarized mito-
chondria (normal mtMP), JC-1 forms red fluorescent
J-aggregates. In contrast, in damaged cells with depo-
larized mitochondria (low mtMP), JC-1 remains in its
monomeric form, emitting green fluorescence. Briefly,
BEAS-2B cells were seeded in 6-well plates and subjected
to the following treatments for 24 h: PM alone, PM com-
bined with 1,25(OH),D,, antimycin A alone or Antimy-
cin A combined with 1,25(OH),D;. After the treatments,
cells were then stained with JC-1 dye (2 uM JC-1 in 1x
PBS) and incubated for 20 min at 37°C in the dark. The
fluorescence intensity of JC-1 aggregates and mono-
mers was detected by flow cytometry (FACSCanto II;
BD Biosciences) at excitation/emission wavelengths of
514/590 nm and 514/529 nm, respectively. The ratio of
red to green fluorescence was used to determine mtMP,
expressed as a percentage relative to the controls.

Intracellular ATP level detection

We used a colorimetric assay kit (Abcam ab83355)
to measure cellular ATP levels. Following PM and/or
1,25(OH),D, treatment, we harvested 1x10° cells, rinsed
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them in cold PBS, and homogenized them in ATP Assay
Buffer. After centrifugation at 13,000 g for 5 min at 4°C,
we mixed 50 pl of the supernatant with 50 pl of ATP
reaction mix. Once the reaction was complete, we mea-
sured the absorbance at OD570 nm using a Synergy HTX
microplate reader (BioTek). The ATP content of the cell
lysate supernatant was determined using an ATP stan-
dard curve.

Transmission electron microscopy

The mitochondrial morphology in BEAS-2B cells were
analyzed using transmission electron microscopy. Briefly,
BEAS-2B cells were harvested after exposure to PM
with or without 1,25(OH),D; pretreatment for 24 h and
rinsed three times with PBS. The cells were immedi-
ately fixed with a solution containing 3% glutaraldehyde
and 2% paraformaldehyde in 0.1 M cacodylate buffer
(pH 7.4) for 2 h at 4°C, followed by post-fixation in 1%
osmium tetroxide solution for 1 h at 4°C. Subsequently,
the cells were dehydrated using a graded ethanol series
and embedded in 100% Epon resin. Thin sections of the
embedded cells (approximately 80 nm thick) were pre-
pared and stained with 4% uranyl acetate in H,O for 2 h,
followed by lead citrate for 10 min. Finally, the stained
samples were examined using a HITACHI HT-7800
transmission electron microscopy.

Intracellular calcium flux measurement

Changes in intracellular calcium concentration were
measured using Fluo-4 acetoxymethyl ester (Fluo-4 AM;
Thermo Fisher Scientific), a cell-permeable, green-fluo-
rescent calcium indicator. Fluo-4 AM is cleaved by cel-
lular esterases in live cells to release free Fluo-4, which
increases in fluorescence upon binding to calcium ions,
with an excitation/emission wavelength of 494/506
nm. BEAS-2B cells (1x10° cells/ml) were stained with
1 pM Fluo-4 AM in PBS buffer for 30 min at 37°C, and
then washed with PBS buffer to remove excess unincor-
porated dye. The time course of Fluo-4 fluorescence in
BEAS-2B cells was recorded as the ratio of the fluores-
cent levels without stimulation for 90 s (baseline signal)
and during exposure to PM for 360 s using flow cytom-
etry (FACSCanto II; BD Biosciences). The area under the
curve (AUC) of the calcium flux signal was calculated for
exposure to PM for 360 s after background subtraction
using the FlowJo v7.6 software. Intracellular calcium lev-
els were expressed as the corresponding AUC values.

Mitochondrial calcium measurement

The positive charge of the fluorophore rhodamine-2-ace-
toxymethyl ester (Rhod-2 AM; Thermo Fisher Scientific)
facilitates its sequestration into mitochondria, allowing
it to monitor mitochondrial calcium concentration in
BEAS-2B cells [6]. For flow cytometry analysis, cells were



Chang-Chien et al. Respiratory Research (2024) 25:321

harvested and suspended in PBS containing 1 uM Rhod-2
AM, followed by incubation of the cells in the dark for
30 min at 37°C. Mitochondrial calcium levels were then
assessed using the FACSCanto II flow cytometer system
from BD Biosciences, with an excitation/emission wave-
length of 552/581 nm.

Cellular redox homeostasis

After PM and/or 1,25(0OH),D; treatment, cell were
subjected to two freeze-thaw cycles (15 min on -80C
followed by 10 min at room temperature) in the extrac-
tion buffer, and then centrifuged at 13,000 g for 20 min
to remove cell debris. The supernatant was collected to
quantify NADP*/NADPH and GSH/GSSG ratios using
commercial assay kits. Total amounts of NADPt (NADP*
and NADPH) and NADPH were measured at OD450 nm,
and the fluorescence intensity of total glutathione (GSH
and GSSG) and GSH alone was monitored at an excita-
tion/emission (Ex/Em) wavelength of 490/520 nm using a
Synergy HTX microplate reader (BioTek). All procedures
were conducted in accordance with the manufacturer’s
instructions, using kits such as the GSH/GSSG Ratio
Detection Assay Kit II (Abcam ab205811) for GSH/GSSG
quantification and the NADP/NADPH Assay Kit (Abcam
ab65349) for NADP*/NADPH assays.

Cytokine measurement

BEAS-2B cells were subjected to the following treatments
for 24 h: PM alone, PM combined with 1,25(0OH),D,,
antimycin A alone or Antimycin A combined with
1,25(0OH),D;. After the treatments, culture supernatants
were stored at -80°C pending measurement of secreted
cytokine (IL-6) and chemokine (MCP-1), respectively.
Concentrations of IL-6 and MCP-1 were detected in the
conditioned culture supernatant by ELISA according to
the manufacturer’s instructions (R&D).

Assessment of mitochondrial DNA copy number

A PCR based method was conducted to assess mito-
chondrial DNA copy number (mtDNA-CN) as previ-
ously described [30]. Total DNA was extracted using
a DNA extraction kit (RBC Bioscience), and mtDNA-
CN was measured by real time qPCR assay (Bio-Rad
CFX96) when the A260/A280 ratio of DNA reached
1.8-2.0. Primer sequences for B2M (for nuclear DNA)
and RNAM“UUR) (for mitochondrial DNA) genes are
shown in Table S1. The cycle threshold (Ct) values for
the two genes were obtained from triplicate reactions,
and the difference in Ct values (ACt) between B2M and
tRNA“UUR) a5 calculated to determine the relative
mtDNA-CN using the following formula: 2 x 24,
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Antioxidant gene expression analysis

The 222¢t method was utilized to calculate the relative
changes in antioxidant gene expression of CAT, SODI
and SOD2, with and without treatment of 1,25(OH),Ds.
Total RNA was isolated using TRIzol reagent (Sigma-
Aldrich), followed by cDNA synthesis using 2.5 pg of
total RNA reverse transcribed with a commercial RNA
to cDNA EcoDry Premix kit (TakaRa). SYBR green-based
real time qPCR was performed using a Bio-Rad CFX96
Real-Time PCR system. Primers for target and reference
genes are provided in Table S1.

Statistical analysis

We performed statistical tests using the GraphPad
Prsim 5.0 software program. All data were presented
as meantstandard deviation (SD) of three indepen-
dent experiments. Statistical differences among mul-
tiple groups were tested by one-way analysis of variance
(ANOVA), followed by posterior comparisons using
Dunnett’s test. P-values less than 0.05 were considered
statistically significant.

Results

PM exposure led to concentration- and time-dependent
overproduction of ROS in BEAS-2B cells

We utilized the oxidation-sensitive DCF-DA dye to
measure fluorescence intensity and assess whether
PM induced intracellular ROS in BEAS-2B cells. We
observed a concentration- and time-dependent effect of
PM exposure on intracellular ROS generation in BEAS-
2B cells. Figure 1A shows a 1.91£0.19-fold increase in
ROS levels after a 24-hour exposure to 100 pg/ml of PM
(P<0.001). We also observed a significant increase in
ROS levels after just 1 h of exposure to 100 pg/ml of PM,
with further increases observed from 1 to 24 h (Fig. 1B).
Treatment with NAC, a well-known ROS scavenger and
glutathione (GSH) precursor, significantly decreased
intracellular ROS levels induced by 24-hour PM exposure
(Fig. 1C). The WST-1 assay demonstrated a reduction
in viable cell count following exposure to PM, accompa-
nied by a decline in mitochondrial dehydrogenase activ-
ity (Fig. 1D). These findings suggest that PM exposure
reduces cell metabolic activity and significantly increases
the production of intracellular ROS in BEAS-2B cells.
The corresponding PM concentrations, 50 pg/ml and
100 pg/ml, were used to further investigate the correla-
tion between PM-induced oxidative stress and mitochon-
drial damages, as well as to evaluate the protective effects
of vitamin D.
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Fig. 1 PM induced intracellular ROS formation in BEAS-2B cells. Intracellular ROS formation was detected using DCF-DA dye. The concentration (A) and
time (B) dependent increases in the levels of intracellular ROS were observed. (C) ROS scavenger, NAC, significantly inhibited PM-induced ROS production
in BEAS-2B cells. (D) In addition, the WST-1 assay was employed to assess metabolic activity of cells following exposure to PM. "P<0.001 and “"P<0.01,
compared with untreated cells (control); #P<0.01 and *P<0.05, compared with the PM-stimulated group (n=3)

PM-induced mitochondrial oxidative stress impaired
mitochondrial function and increased mitochondrial DNA
copy number

To investigate the effect of PM exposure on mitochon-
drial oxidative stress, we employed MitoSOX-derived red
fluorescence to label BEAS-2B cells. Figure 2A demon-
strates that PM exposure markedly increased mitochon-
drial ROS generation in a dose-dependent manner. The
percentage of MitoSOX-positive cells treated with a PM
concentration of 50 pg/ml or 100 pg/ml was significantly
higher compared to control BEAS-2B cells (P<0.001).
Treatment with either NAC or MitoTEMPO, an inhibitor
of mitochondrial ROS, resulted in a reduction of mito-
chondrial ROS formation in PM-exposed cells (Fig. 2B).
Moreover, supplementation with MitoTEMPO led to a
decrease in intracellular ROS levels and restored back to
baseline levels (Fig. 2C).

To further investigate the relationship between PM-
induced mitochondrial ROS overproduction and mito-
chondrial function in BEAS-2B cells, we evaluated the
mtMP levels, intracellular ATP, and mtDNA-CN in the
presence or absence of MitoTEMPO. Figure 2D dem-
onstrates that 24-hour exposure to PM caused mtMP

dissipation, as evidenced by an increase in green fluores-
cence and a concomitant disappearance of red fluores-
cence. A decrement in the ratio of red/green fluorescence
intensity, 58.62+13.15, 49.87+11.46, and 34.4214.14,
was observed in BEAS-2B cells exposed to increasing
PM concentrations of 25, 50 and 100 pg/ml, respectively
(Fig. 2E). We observed a significant decreasing trend of
intracellular ATP levels in BEAS-2B cells when exposed
to increasing PM concentration (Fig. 2F). Additionally,
changes in mtDNA-CN following PM exposure were
determined by qPCR. We observed a dose-dependent
increase in mtDNA-CN while exposed BEAS-2B cells to
PM for 24 h, with a 1.711+0.23-fold increase at 100 pg/
ml (P<0.01) compared to the controls (Fig. 2G). Treat-
ment with MitoTEMPO significantly restored mtMP and
mtDNA-CN levels and partially increased ATP produc-
tion in cells exposed to PM (Fig. 2D to G). These results
provide supportive evidence about the involvement of
mitochondria in PM-induced cell damage, highlighting
the critical impact of mitochondrial oxidative stress on
mitochondrial function.
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Fig. 2 Exposure to PM caused mitochondrial oxidative stress and mitochondrial dysfunction in BEAS-2B cells. (A) Mitochondrial ROS production was
increased dose-dependently. PM exposure increased the MitoSOX-detected red fluorescence intensity in BEAS-2B cells, but (B) pretreatment with NAC
or MitoTEMPO (as mitochondria-targeted antioxidant) could significantly reduce the level of mitochondrial ROS. (C) Moreover, MitoTEMPO pretreatment
also led to a decrease in intracellular ROS levels. Changes in (D, E) mitochondrial membrane potential (mtMP) determined as a red/green fluorescence
ratio with JC-1 staining, (F) intracellular ATP levels and (G) mitochondrial DNA copy number (mtDNA-CN) were observed after PM exposure in the absence
or presence of MitoTEMPO. Data are means+SD of three independent experiments, and significant differences were expressed as followed: ~"P<0.001
and "P<001, compared with untreated cells (control); #p<001 and *P<0.05, compared with the PM-stimulated group

1,25(0OH),D; improved PM-induced mitochondrial
dysfunction through antioxidant capacity

The antioxidant properties of 1,25(OH),D; were assessed
by administering 10™'-10 nM of the compound to BEAS-
2B cells before PM exposure, and the results were shown
in Fig. 3A and B. Both mitochondrial and intracellular
ROS generations were significantly decreased, indicating
that 1,25(0OH),D; effectively counteracted PM-induced
ROS overproduction in BEAS-2B cells. When exposed
to PM for 24 h, pretreatment with 1,25(OH),D; at a con-
centration of 10 nM resulted in increased mtMP (Fig. 3C)
and ATP content (Fig. 3D) compared to cells exposed
to PM alone. The mtDNA-CN in BEAS-2B cells supple-
mented with 1,25(OH),D; was substantially restored
compared to the control levels (Fig. 3E). Additionally,
pretreatment with 1,25(OH),D; restored the count of

viable cells (Fig. 3F), and reduced the number of early
apoptotic cells, as indicated by the Q4 quadrant, in PM-
exposed BEAS-2B cells (Figure S1). These findings sug-
gest that 1,25(0OH),D;, protects mitochondria away from
PM-induced oxidative damages through its antioxidant

property.

1,25(0H),D; restored PM-induced mitochondrial
morphological changes

The structural morphology of mitochondria in BEAS-2B
cells exposed to PM, both with and without 1,25(0OH),D4
treatment, were evaluated using transmission electron
microscope (TEM). As illustrated in Fig. 4A and D,
control BEAS-2B cells displayed heterogeneous mito-
chondrial shape (rounded or elongated) with intact
mitochondrial membranes consisting of inner and outer
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Fig. 3 1,25(0H),D; protected BEAS-2B from oxidative stress, leading to improve mitochondrial function in cells. Pretreatment with 1,25(0H),D; for 1 h
before PM exposure, the levels of mitochondrial ROS (A), intracellular ROS (B), mtMP (C), ATP (D), mtDNA-CN (E) and cell viability (F) were measured in
BEAS-2B cells, respectively. " "P<0.001 and "P<0.01 vs. untreated cells (control); #P<0.01 and P < 0.05 vs. PM-stimulated group (n=3)

membranes and extensively folded cristae. However, PM
exposure led to changes in mitochondrial morphology,
including altered membrane structural integrity with
disorganized cristae and reduced electron density of the
matrix (Fig. 4B and E). In contrast, pretreatment with
1,25(OH),D; restored mitochondrial matrix integrity
in PM-exposed cells, although some mitochondria still
showed disarrayed cristae (Fig. 4C and F). Overall, these

findings support 1,25(0OH),D; mitigates the deleterious
effects of PM on mitochondrial structure.

1,25(0H),D; eliminated PM-induced calcium
dyshomeostasis

We investigated the impact of PM on intracellular cal-
cium homeostasis via measuring intracellular calcium
concentration using the calcium-sensitive dye, Fluo-4
AM, which produces changes in fluorescence intensity
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Fig.4 1,25(0OH),D; restored PM-mediated alterations of mitochondrial ultrastructure in BEAS-2B cells. Cells treated with PM and 1,25(0OH),D; for 24 h were
subjected to transmission electron microscopy (TEM) analysis and mitochondrial morphology was compared (red arrow). (A, D) Control cells showed the
integrity of mitochondrial membrane and the mitochondrial cristae. (B, E) Cells exposed to PM induced impaired mitochondrial membrane integrity and
disarrayed cristae were observed. (C, F) The presence of 1,25(0H),D; could oppose the impact of PM on the mitochondrial morphology and restored it.

Scale bar, 1 pm

corresponding to changes in intracellular calcium lev-
els. We calculated AUC of the calcium levels for the first
360 s of PM stimulation after background subtraction. As
shown in Fig. 5A and B, exposure to different concentra-
tions of PM resulted in a transient rise in intracellular
calcium levels, while no calcium flux was observed in the
control cells. On the other hand, the inhibition of PM-
induced calcium flux by ROS scavengers, such as Mito-
TEMPO or NAC, was shown a significant reduction in
the AUC (Fig. 5C). Similarly, treatment with 1,25(OH),D,
led to a significant decrease in the excessive accumulation
of intracellular calcium induced by PM, with observed
intracellular calcium levels resembling those in the con-
trol cells (Fig. 5D). After 24 h of exposure to PM, live cells
staining with Rhod-2 AM revealed significantly elevated
mitochondrial calcium levels in PM-exposed BEAS-2B
cells compared to the control cells, which were restored
by treating with 1,25(OH),D; (Fig. 5E and F). Addition-
ally, 1,25(OH),D; appeared to restore certain degree of
the increase of VDAC-1 protein expression in mitochon-
drial fractions of PM-exposed cells (Figure S2). These
findings clearly demonstrate that PM-induced excess
ROS leads to elevated intracellular calcium levels, par-
ticularly within mitochondria; moreover, 1,25(0H),D,
restores PM-induced calcium dyshomeostasis in BEAS-
2B cells.

1,25(0OH),D; reversed PM-induced cellular redox imbalance
In Fig. 6A to C, we observed a significant increase in the
expression of three oxidative stress-related genes, CAT,

SODI and SOD2, in response to 1,25(0OH),D; treatment.
To further investigate the effects of 1,25(0OH),D; on cel-
lular redox environment in PM-exposed cells, we evalu-
ated the levels of reduced glutathione (GSH) and the
ratio of oxidized to reduced forms of NADPt (NADP*/
NADPH). Figure 6D and E showed that PM led to a sig-
nificant decrease in GSH levels and an increase in the
NADP*/NADPH ratio when compared to control cells,
and 1,25(OH),D, treatment restored both GSH levels and
the NADP*/NADPH ratio. These findings suggest that
1,25(OH),D; upregulates antioxidant gene expression
and reverses redox imbalance in cells through its modu-
lation of ROS overproduction induced by PM exposure.

Protective effects of 1,25(0H),D; on PM-induced
inflammatory response

The impact of PM on the expression levels of pro-
inflammatory cytokine (IL-6) and chemokine (MCP-1)
in BEAS-2B cells was investigated. As shown in Fig. 7, a
dose-dependent increase in inflammatory response was
observed following PM exposure. PM exposure (100 pg/
ml, 24 h) triggered an increase in production of IL-6
(1.76+0.11-fold; Fig. 7A) and MCP-1 (1.35%0.05-fold;
Fig. 7B), separately, compared to the controls. Treat-
ment with 1,25(OH),D; (1 and 10 nM) significantly sup-
pressed the production of both IL-6 (Fig. 7C) and MCP-1
(Fig. 7D) in PM-exposed cells. On the other hand, addi-
tion of 1,25(0OH),D; restored the levels of inflammatory
cytokines and mitigated the decrease in mitochondrial
membrane potential induced by antimycin A, which
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disrupts mitochondrial function (Fig. 7E to G). These
results demonstrate a protective role of 1,25(0OH),D,
against PM-induced mitochondrial malfunction, and the
consequent release of certain inflammatory cytokines,
such as IL-6 and MCP-1.

Discussion

Our main findings demonstrate that 1,25(0OH),D,
improves PM-induced perturbations in mitochondrial
morphology and function, alterations in mtDNA-CN and
consequent release of certain inflammatory cytokines,
such as IL-6 and MCP-1, in human bronchial epithelial
cells. Additionally, 1,25(OH),D; restores intracellular
calcium homeostasis, particularly within mitochondria,
which are influenced by exposure to PM. The underlying
mechanism of 1,25(OH),D; involves in the upregulation
of enzymatic (SOD1, SOD2 and CAT) and non-enzy-
matic (GSH and NADPH) antioxidants responding to
counteract mitochondrial oxidative attack (Fig. 8).

In the present study, we provided evidence supporting
the capacity of 1,25(0OH),D; in modulating the deleteri-
ous impacts of PM on bronchial epithelium. Our findings
were in line with the Bose et al. epidemiological study
shown that 1,25(0OH),D; insufficient obese children liv-
ing in high PM environments have significantly increased
odds of asthma [5]. In another epidemiological study of
children with asthma, Rosser et al. have also reported
1,25(OH),D, insufficiency is a risk factor for asthma
exacerbations in children residing close to major roads
[31]. An in vivo animal study has demonstrated that vita-
min D supplementation had protective effect against the
development of severe asthma when exposed to traffic-
related particulate matter [4]. In a study using primary
human bronchial epithelial cells (HBECs), Pfeffer et al.
have shown the modulating property of 1,25(0OH),D, on
oxidative stress and inflammatory responses by PM-stim-
ulated HBECs [28]. While comparing data with previous
researches, we provided new insights into the beneficial
role of vitamin D in bronchial epithelial response to PM
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lating mitochondrial ROS homeostasis through enhancing antioxidant responses in BEAS-2B cells. PM-induced detrimental impacts on mitochondria
were shown in red-color texts or arrows. The beneficial regulation of 1,25(0H),D; were shown in blue-color texts or arrows

exposure by showing that 1,25(OH),D;, enhances anti-
oxidant responses and mitigates against mitochondrial
oxidative stress, most likely contributing to alleviating
mtDNA damage, mitochondrial malfunctioning and cal-
cium dysregulation in PM-stimulated BEAS-2B cells.

The regulation of mtDNA-CN is crucial for preserv-
ing mitochondrial function [1]. Over the past decades,
mtDNA-CN alteration on human pulmonary diseases,
such as asthma and COPD, has been reported [7, 9].
Emerging evidence supports an association of exposure to
PM with mtDNA-CN [3, 16, 17, 39]. Upon mitochondrial
damages induced by PM, BEAS-2B cells may increase the
mtDNA copy numbers compared to the controls, serving
as a compensatory mechanism to partially address mito-
chondrial malfunctions [12, 24]. To our best knowledge,
the effect of 1,25(0OH),D; on PM-induced alteration in
mtDNA-CN, has been under-investigated. In this study,
we demonstrated that pretreatment with 1,25(OH),D,
restored mtDNA-CN and mitochondrial ROS produc-
tion to basal values. Similar to the suppressive effect of

1,25(0OH),D,, we found that MitoTEMPO suppressed the
increased amount of mtDNA-CN in PM-stimulated cul-
tures. Our findings suggest that 1,25(OH),D; plays a key
role in protecting mtDNA from ROS attack and in pre-
serving mtDNA-CN and mitochondrial functions due to
its antioxidant capacity.

Previous studies have shown that multiple mitochon-
drial perturbations were induced by PM stimulation [34,
40, 46], but limited evidence is available regarding the
role of 1,25(0OH),D; playing in these deleterious effects of
PM. In this study, we found that reducing mitochondrial
ROS generation by adding MitoTEMPO, a mitochondrial
ROS inhibitor, or 1,25(OH),D; to PM-exposed cells was
closely connected to the subsequent reduction in intra-
cellular ROS levels. This highlights that mitochondria
are the primary contributors of ROS in PM-exposed cells
[25]. Additionally, we observed that pretreatment with
1,25(OH),D, for 6 h upregulated the expression of oxi-
dative stress-related genes, particularly SOD2 localized
within the mitochondrial matrix [18], whereas exposure
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to PM alone did not induce any changes. Furthermore,
pretreatment with 1,25(OH),D; partially restored the
PM-induced increase in the protein expression of VDAC-
1, a component of the mTPT [11]. Previous investigations
suggest that mitochondria-generated ROS can induce
the mTPT opening, initiating a regenerative cycle where
mitochondrial ROS are continuously produced and
released into the cytosol and neighboring mitochondria
[45]. This feedback mechanism, known as ROS-induced
ROS release (RIRR), can activate cellular signaling
responses and induce mitochondrial damage [44, 45].
These findings highlight the significant role of mitochon-
drial-formed ROS in PM-induced mitochondrial pertur-
bations. Our data suggest that 1,25(OH),D; promotes
the antioxidant response, directly targets mitochondria
to downregulate VDAC-1 expression and mitigate a pos-
itive-feedback loop of mitochondrial ROS, consequently,
alleviates mitochondrial ROS-triggered mitochondrial
damage and subsequent inflammation in PM-exposed
BEAS-2B cells. Several studies have reported that sup-
plementation with antioxidants was protective against
PM-induced mitochondrial injury [27, 33]. Our findings
provide supportive evidence that 1,25(0OH),D; plays a
protective role on mitochondrial metabolism in the con-
text to PM exposure.

In addition to the principal role of 1,25(0OH),D; in
maintaining calcium homeostasis [37], we evidenced that
1,25(0OH),D, mitigated the calcium-ROS self-amplifying
loop to restore mitochondrial oxidative damages in PM-
stimulated BEAS-2B cells. Our study demonstrated that
the relationship between intracellular calcium accumu-
lation and ROS overproduction in PM-stimulated cells
leads to oxidative burst and mitochondrial injury. More-
over, perturbed mitochondria may lose the ability to buf-
fer transient elevations in intracellular calcium induced
by PM, resulting in the accumulation of mitochondrial
calcium. The crosstalk between calcium and mitochon-
drial ROS had been shown previously [2, 14, 41]. We also
observed that 1,25(OH),D, restored certain degree of the
increase of VDAC-1 protein expression induced by PM,
suggesting a potential interplay between VDAC-1 and
mitochondrial calcium homeostasis.

Conclusions

Our study highlights the advantageous function of
1,25(0OH),D; in controlling mitochondrial ROS homeo-
stasis following exposure to PM. Supplementation of
1,25(OH),D; protected BEAS-2B cells from mitochon-
drial malfunctioning, thereby preventing the release of
certain inflammatory cytokines, such as IL-6 and MCP-
1, and from calcium dyshomeostasis, particularly within
mitochondria, through the enhancement of BEAS-2B
antioxidant responses. Vitamin D sufficiency may be
beneficial to optimize mitochondrial function, improve
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the body’s defense against air pollution, and reduce the
development of air pollution-related respiratory diseases.
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