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Exposure to urban particulate matter (UPM) impairs
mitochondrial dynamics in BV2 cells, triggering a
mitochondrial biogenesis response
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Abstract World Health Organisation data suggest that up to 99% of the global population are
exposed to air pollutants above recommended levels. Impacts to health range from increased risk of
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stroke and cardiovascular disease to chronic respiratory conditions, and air pollutionmay contribute
to over 7 million premature deaths a year. Additionally, mounting evidence suggests that in utero or
early life exposure to particulate matter (PM) in ambient air pollution increases the risk of neuro-
developmental impairment with obvious lifelong consequences. Identifying brain-specific cellular
targets of PM is vital for determining its long-term consequences. We previously established that
microglial-like BV2 cells were particularly sensitive to urban (U)PM-induced damage including
reactive oxygen species production, which was abrogated by a mitochondrially targeted antioxidant.
Herewe extend those studies to find thatUPMtreatment causes a rapid impairment ofmitochondrial
function and increased mitochondrial fragmentation. However, there is a subsequent restoration
of mitochondrial and therefore cell health occurring concomitantly with upregulated measures of
mitochondrial biogenesis andmitochondrial load. Our data highlight that protecting mitochondrial
function may represent a valuable mechanism to offset the effects of UPM exposure in the neonatal
brain.

(Received 14 November 2023; accepted after revision 6 May 2024; first published online 25 May 2024)
Corresponding author C. Thornton: Department of Comparative Biomedical Sciences, Royal Veterinary College,
London, UK. Email: cthornton@rvc.ac.uk

Abstract figure legend Air pollution affects most of the planet’s population. Unsurprisingly, pollution-related chronic
respiratory conditions and cardiovascular disease are becomingmore prevalent, but emerging data suggest that airborne
particulate matter exposure also impacts neurodevelopment and may play a role in neurodegeneration. In this study, we
examine the effects of urban particulate matter (UPM) exposure on BV2 microglial-like cells, evaluating mitochondrial
structure and function. We find that mitochondrial membrane potential and cellular bioenergetics are rapidly impaired
after UPM treatment. Subsequently there is an increase in markers of mitochondrial biogenesis, which may constitute
a cellular mitigation strategy. Protecting mitochondrial function may be crucial in ameliorating the effects of airborne
pollution exposure particularly in the developing brain where consequences are lifelong.

Key points
� Air pollution represents a growing risk to long-term health especially in early life, and the CNS is
emerging a target for airborne particulate matter (PM).

� We previously showed that microglial-like BV2 cells were vulnerable to urban (U)PM exposure,
which impaired cell survival and promoted reactive oxygen species production.

� Here we find that, following UPM exposure, BV2 mitochondrial membrane potential is rapidly
reduced, concomitant with decreased cellular bioenergetics and increased mitochondrial fission.

� However,markers ofmitochondrial biogenesis andmitochondrialmass are subsequently induced,
which may represent a cellular mitigation strategy.

� As mitochondria are more vulnerable in the developing brain, exposure to air pollution may
represent a greater risk to lifelong health in this cohort; conversely, promoting mitochondrial
integrity may offset these risks.

Introduction

Air pollution, particularly particulate matter (PM),
is a prevalent public health concern with increasing
evidence linking it to morbidity and mortality (Chen &
Hoek, 2020; Orellano et al., 2020). The World Health
Organisation (WHO) suggests that 99% of the population
are habitually exposed to higher than recommended
levels of PM originating from various sources such as
transport, domestic fuel burning, industry, and human
and natural sources (Karagulian et al., 2015). Emerging

data suggesting that even exposure to low levels of PM can
be injurious (Pérez Velasco & Jarosińska, 2022; Whaley
et al., 2021) prompted the WHO to reappraise and reduce
their original guidelines (Supplementary Table 1; WHO,
2021). Inhalation is the main route of PM exposure,
where smaller particles (PM2.5) can infiltrate the lungs
(Thangavel et al., 2022), associated with an increased risk
of cardiovascular and respiratory diseases (Arias-Perez
et al., 2020; Kim et al., 2018; Miller, 2020). However,
there is growing evidence suggesting that PM can have
adverse effects on the CNS (Kim, Kim et al., 2020; You

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table 1. Primers used in the study

Gene (accession) Name Primer

Tfam (NM_009360) Transcription factor A, mitochondrial Mm00447485_m1
Ppargc1α (NM_008904) PPARG coactivator 1 alpha Mm00447183_m1
Drp1 (NM_001025947) Dynamic-related protein 1 Mm01342903_m1
Mff (NM_029409) Mitochondrial fission factor Mm01273401_m1
Fis1 (NM_001163243) Fission, mitochondrial 1 Mm00481580_m1
Gapdh (NM_008084) Glyceraldehyde 3-phosphate

dehydrogenase
Mm99999915_g1

et al., 2022), contributing to long-term detrimental
effects on brain health (Costa et al., 2020; Morris et al.,
2021). Furthermore, exposure to PM in utero increases
neurotoxicity and neuroinflammation in rodent offspring
models, and epidemiological studies have found an
increased risk of autism spectrum disorder especially in
males following maternal exposure to PM (Bilbo et al.,
2018; Bolton et al., 2013; Rahman et al., 2022).

Microglia are the resident immune cells of the brain
and, in addition to their known role in acute defence
against infection, contribute to brain development
through synaptic pruning and maintenance of
brain homeostasis (Mallard et al., 2019). However,
aberrant/persistent microglial activation is a hallmark
of a number of neonatal pathologies. In the developing
brain, activation of microglia is observed following
encephalopathy of prematurity as well as in the sequelae
of birth asphyxia and neonatal stroke (Fleiss et al., 2021;
Mallard et al., 2019). The subsequent neuroinflammatory
response contributes to common outcomes for these
infants such as neurological, behavioural and motor
impairments, which have lifelong consequences (Fleiss
et al., 2021).

Mitochondria reside in all brain cell types and, notably,
brain mitochondria are some of the most long-lived
in the body (20–30 days, compared with 10 days for
the liver) therefore requiring significant quality control
(Krishna et al., 2021; Menzies & Gold, 1971; Navarro &
Boveris, 2004; Stauch et al., 2023). Energy utilisation by
the brain is disproportionately high given its size and
there is a significant increase in metabolic demand during
early years of brain development (Kuzawa et al., 2014).
Mitochondria are known for their ability to generate ATP
through oxidative phosphorylation, as well as for calcium
buffering, cell death pathways and steroid hormone
synthesis. In the brain, healthy mitochondrial function
supports neurite outgrowth, neurotransmitter release,
neurogenesis, neuronal plasticity and synaptic function,
and mediates the inflammatory response (Culmsee et al.,
2018; Misgeld & Schwarz, 2017). However, the immature
brain is more vulnerable to neurotoxicity, especially due
to high levels of extracellular iron and decreased anti-

oxidants (Blomgren & Hagberg, 2006); repeated studies
have identified impaired mitochondrial dysfunction in
preclinicalmodels of neonatal brain injury (Hagberg et al.,
2014; Jones & Thornton, 2022).
Mitochondria in the CNS are increasingly being

investigated as targets for air pollution (Chew et al.,
2020). PM-bound metals can impair mitochondrial
structure, disturb mitochondrial membrane potential
and calcium buffering capabilities, and induce intra-
cellular mitochondrial reactive oxygen species (mtROS)
production and pro-apoptotic factors into the cytoplasm,
which are known to trigger cellular stress pathways (Pardo
et al., 2020). In vivo, mitochondrial matrix swelling was
observed in hippocampal cells from the offspring of mice
exposed to PM2.5 during gestation (Zheng et al., 2018).
Similarly, in rodents exposed to PM postnatally, there
was an increase in neuroinflammation with a concomitant
suppression of mitochondrial gene expression in the
hippocampus, and a learning andmemory impairment (Li
et al., 2018; Li et al., 2020).
We previously showed that exposure to urban (U)PM

induces neurotoxicity in microglial-like BV2 cells, with
augmented neuroinflammation and oxidative stress
(Morris et al., 2022). Pretreatment with a mitochondrially
targeted antioxidant rescued UPM-induced cell death and
reduced mtROS production to control levels. Moreover,
UPM exposure increased apoptosis, suggesting rupture of
the cristae and damage to mitochondria. Mitochondrial
dysfunction may be a target for the pathological
mechanisms underpinning brain impairment following
microglial UPM exposure. Here we extend these
findings to examine the effect of UPM exposure directly
on mitochondria dynamics and associated cellular
bioenergetics in microglial-like BV2 cells.

Materials and methods

BV2 cell culture and UPM treatment

The female neonatal mouse microglia BV2 cell line
was provided by Professor R. Donato (University of
Perugia, Italy), cultured as described previously (Morris

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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et al., 2022) and used between passage (P)2 and P22.
For treatments, BV2 cells were transferred to medium
containing 5% fetal bovine serum (FBS). Stock solutions
were prepared by suspending UPM (Sigma, St Louis, MO,
USA, #NIST1648A, certified reference material; Wang
et al., 2020) in Dulbecco’s modified Eagle’s medium
(DMEM) growth medium and working solutions pre-
pared by sonication as described previously (Morris et al.,
2022).

Detection of mitochondrial membrane potential

Changes in mitochondrial membrane potential were
analysed by incubation with tetramethylrhodamine
(TMRM, 200 nM, ThermoFisher, Waltham, MA, USA).
Following incubation (30 min, 37°C/5% CO2), cells were
rinsed with phosphate-buffered saline (PBS) and imaged
(EVOS M5000). Corrected total cellular fluorescence
(CTCF; Bora et al., 2021) was quantified in ImageJ using
the formula:

Figure 1. UPM exposure dissipates mitochondrial membrane potential
BV2 cells were exposed to UPM (0–100 μg/mL) and then labelled with TMRM. At 6 h (A, D) and 24 h (B, D)
following UPM treatment, a decrease in TMRM fluorescence was observed (linear trend at 6 h: #P = 0.0181,
slope = −0.0519; 24 h: #P = 0.0378, slope = −0.0202, 0 μg/mL vs. 100 μg/mL, ∗P = 0.0297) At 48 h (C, D),
no differences were observed in relative TMRM fluorescence (48 h: 0 μg/mL vs. 100 μg/mL, P = 0.843). Scale
bar represents 100 μm. Data were analysed by a one-way ANOVA followed by Sidak’s post hoc test. Biological
replicates (N = 3–4) are means of three technical replicates. Data are expressed as mean ± SD. CTCF: corrected
total cell fluorescence.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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CTCF = integrated density − (area of selected cell

×mean fiuorescence of background reading
)

Mitochondrial respiration measurement (Seahorse)

The Seahorse XF cell mitochondria stress test kit (Agilent,
Santa Clara, CA, USA) was used to assess mitochondrial
function in control and 100 μg/mL UPM-treated
BV2 cells. Cells were seeded (6000 per well) onto an
XF96 plate and treated with UPM as above. Oxygen
consumption rates (OCRs) were measured using the
mitochondrial stress test assay in XF DMEM media,
1 mM pyruvate and 2 mM l-glutamine. Measurements
were taken under basal conditions and following
injections of oligomycin (2 mM), FCCP (carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone, 1 mM),
rotenone and antimycin A (0.5 mM) with the Seahorse
XF96 HS Mini Analyser. In addition to the raw traces,
data are presented as fold change compared with themean
of the control values for comparison.

Confocal microscopy and mitochondrial network
analyses

BV2 cells were seeded (8 × 105 per well; 12-well
plate) onto sterile glass coverslips and after 24 h cells,
once they had adhered, were treated with UPM (0–100
μg/mL; 0–48 h). As per the detection of mitochondrial
mass, similarly BV2 cells were incubated with 100 nM
Mitotracker orange (30 min, 37°C/5% CO2 Thermo-
fisher) before being washed with PBS. Cells were fixed
with 4% (w/v) paraformaldehyde in PBS (20 min, room
temperature) and washed thoroughly with PBS before
mounting onto slides using Prolong Diamond antifade
mounting medium with DAPI (ThermoFisher). Images
were obtained on the Leica SP8 confocal microscope with
a 63× oil objective. Images were analysed in Image J
using the mitochondrial network analysis (MiNA) macro,
allowing for semi-automated analysis of mitochondrial
networks in mammalian cells (Valente et al., 2017).

Gene expression analysis

RNA from BV2 cells was prepared and analysed by
one-step quantitative (q)RT-PCR (Taqman RNA-to-Ct
1-step kit, ThermoFisher) as described previously (Morris
et al., 2022) using prevalidated TaqMan primers (Thermo-
Fisher; Table 1). Relative gene expression was determined
by normalisation to both GAPDH and experimental
controls using the Delta Ct method (Livak & Schmittgen,
2001).

Western blot analyses

Cellswere lysed inHBA lysis buffer, 30–50 μgwas analysed
by 4–12% SDS-PAGE and western blot as described pre-
viously (Morris et al., 2022). REVERT 700 Total Protein
Stain (TPS, LiCOR Bioscience, Lincoln, NE, USA) was
used according to the manufacturer’s instructions to
quantify total protein. Proteins were detected using
primary antibodies anti-DRP1 (Abcam, #ab156951,
1:1000, Cambridge, MA, USA) and anti-DRP1pSer616
(Cell Signaling, #3455, Danvers, MA, USA) and
appropriate secondary IRDye 600CW or IRDye800
antibodies (LiCOR Bioscience, 1:10,000).

Detection of mitochondrial mass

Changes in mitochondrial mass following UPM exposure
were determined using mitotracker green staining
(100 nM, ThermoFisher). Following incubation (30 min,
37°C/5% CO2), cells were washed with PBS, medium was
replaced and plates were imaged (EVOS M5000). CTCF
was calculated as above.

Statistics

Sample size (N) indicates biological replicates which, for
cell culture studies, represents experiments at different
passages. Technical repeats (two to three) were carried
out within each biological replicate. Statistical analysis was
conducted using Prism Software (v9, GraphPad, La Jolla,
CA, USA). Data were evaluated for normality using the
Shapiro–Wilk test and then assessed using two-way or
one-wayANOVA, followed by appropriate post hoc tests or
for linear trend (indicated with curly brackets on graphs),
stated in the text. For single conditions (e.g. Fig. 3), data
were analysed by an unpaired, two tailed t test. Image
analysis was performed using Fiji software (ImageJ) with
suitable plug-in macros when required.

Results

Exposure to UPM rapidly reduces mitochondrial
membrane potential

We previously observed that mtROS levels were
significantly increased following UPM (100 μg/mL)
exposure in BV2 cells, and that this ROS accumulation
could be prevented by preincubation with a
mitochondrially targeted antioxidant, Mitotempo (Morris
et al., 2022). As this ROS was probably mitochondrial in
origin, we measured mitochondrial membrane potential
in BV2 cells at time points following UPM exposure
(0–100 μg/mL). At 6 and 24 h (Fig. 1A, B and D) there
was a significant decreasing trend in TMRM fluorescence
(6 h: P = 0.0181, 24 h P = 0.0378), most noticeably at

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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the highest UPM dose (24 h: 0 μg/mL vs. 100 μg/mL,
P = 0.0297) indicating a dissipation of mitochondrial
membrane potential. However, at 48 h following UPM
treatment, there was no significant trend (P = 0.2196)
or differences in TMRM fluorescence observed (Fig. 1C
and D), suggesting that 48 h after UPM exposure, any
decreases in mitochondrial membrane potential and sub-
sequent loss in mitochondrial integrity are ameliorated.

UPM exposure alters cellular bioenergetics

To evaluate the functional consequence ofUPM-mediated
dissipation of mitochondrial membrane potential, we
performed bioenergetic profiling of BV2 cells exposed
to UPM (100 μg/mL) by measuring OCR (Fig. 2A). At
6 h, there was a decrease in basal respiration (Fig. 2B)
accompanied by a significant decrease in ATP production
(Fig. 2C, P= 0.0361). Surprisingly, at 24 h, measurements
of key parameters such as basal respiration and ATP
production were the inverse of those observed at 6 h

(Fig. 2B and C). There was no significant difference
observed in proton leak (Fig. 2D), but there was a
significant increase in maximal respiration at 24 h
compared with 6 and 48 h UPM-treated cells (Fig. 2D,
P = 0.0064) and with untreated cells at 24 h (Fig. 2D,
P = 0.0044). These data suggest that after 24 h, UPM
exposure results in an augmented rate of metabolism
to support normal cell functioning. At 48 h after UPM
exposure, no significant differences from control were
observed for any of the parameters measured (Fig. 2B–E).

UPM exposure alters mitochondrial morphology

Given the surprising rebound in mitochondrial function
seen at 24 h following UPM exposure, we evaluated
whether the UPM-mediated changes in bioenergetics
were accompanied by alterations in mitochondrial
dynamics. Mitochondria alter their morphology through
fission and fusion cycles to balance energy production,
mitochondrial quality control and biogenesis. The

Figure 2. UPM exposure alters OCR values in a time- and concentration-dependent manner
A, Mito stress test analysis was performed on BV2 cells at 6, 24 and 48 h following UPM exposure (100 μg/mL).
Oxygen consumption rate (OCR) was measured at a basal rate and following the injections of oligomycin (O,
2 mM), FCCP (F, 1 mM) and rotenone/antimycin A (R/A, 0.5 mM). Data were normalised to cell number. B–E,
bioenergetic metrics are altered between 6 and 24 h, resolving by 48 h. Data are expressed as fold change relative
to the average control value at the indicated timepoints. B, basal respiration: 6 h 100 μg/mL vs. 24 h 100 μg/mL,
P = 0.0731. C, ATP production: 6 h 0 μg/mL vs. 100 μg/mL, ∗P = 0.0361; 6 h 100 μg/mL vs. 24 h 100 μg/mL,
∗P = 0.0329. D, proton leak. E, maximum respiration: 6 h 100 μg/mL vs. 24 h 100 μg/mL, ∗∗P = 0.0064; 24 h
0 μg/mL vs. 100 μg/mL, ∗∗P = 0.0044; 24 h 100 μg/mL vs. 48 h 100 μg/mL, ∗∗P = 0.0066. Data were analysed
by two-way ANOVA followed by Tukey post hoc test (N = 3, with three technical replicates) and expressed as
mean ± SD.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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equilibrium between fission and fusion is crucial for
normal mitochondrial functioning (Kyriakoudi et al.,
2021). BV2 cells were treated with UPM and stained
with mitotracker orange before fixing, imaging and
evaluating using MiNA software (Valente et al., 2017)).
There were clear and rapid changes in mitochondrial
morphology at 6 h (Fig. 3A) where the number
of individual mitochondria increased significantly
(P = 0.0177), accompanied by a loss of reticular
complexity [increased networks (P= 0.0449) but reduced
branching (P = 0.0132), Fig. 3B–E). In contrast, no
differences in morphometrics were observed at 24 h
following UPM treatment (Fig. 3A, F–I).
As induction of mitochondrial fission was implicated

from these data, further investigation of themitochondrial
fission regulator dynamin-related protein (DRP)1 was
performed. Increases in Drp1 gene expression which
reached almost 4-fold were triggered 6 h after UPM
exposure, and dissipated by 24 h (Fig. 4A, P = 0.0162).
Increased Mff expression was also apparent (Fig. 4B,
P = 0.0181[time], P = 0.0284[conc]) specifically at 30 μg/mL
UPM (P = 0.0447). However, regardless of concentration,
UPM exposure had no effect on the gene expression of
another regulator of mitochondrial fission, Fis1 (Fig. 4C).
Interestingly, DRP1 protein expression decreased

linearly with respect to concentration at 6 h after
treatment (Fig. 4D and E, P = 0.0353) but was restored
by 24 h (Fig. 4D and F). S616 DRP1 phosphorylation was
maintained throughout, leading to an overall increase
in the ratio of phospho:total DRP1 at 6 h (Fig. 4F,
P = 0.0370), suggesting a drive towards mitochondrial
fission.

Exposure to UPM increases mitochondrial mass after
24 h

A recent study suggested that the fate of fissioned
mitochondria depended on whether the fission event
was midzone (driven by MFF) or peripheral (driven
by FIS1; Kleele et al., 2021). Midzone fission feeds the
process of mitochondrial biogenesis, whereas asymmetric
fission facilitates mitophagy of the smaller, damaged
mitochondria. Given our gene expression data (Fig. 4)
and the rebound of mitochondrial function seen at 24 h
after UPM exposure (Fig. 2), we investigated whether
mitochondrial biogenesis was upregulated. We found
increased expression of two gatekeepers of mitochondrial
biogenesis, Tfam and Ppargc1α (PGC1α) at 6 and 24 h
after UPM exposure (Fig. 5A and B). Significant linear
trends in expression were observed, correlating with
increased concentrations of UPM, in both Tfam and
Ppargc1α at 24 h [Fig. 5A, Tfam (24 h): P = 0.0008,
Fig. 5B, Ppargc1α (24 h): P = 0.0322]. Staining of cells
with mitotracker green (independent of mitochondrial

membrane potential) revealed no difference at 6 h after
UPM treatment (Fig. 5C and F). There were, however,
significant increases in mitotracker fluorescence apparent
at 24 h (Fig. 5D and F, P < 0.0001 for linear trend) and
these were maintained at 48 h (Fig. 5E and F, P = 0.0003
for linear trend).

Discussion

With mounting evidence suggesting the brain as a
target for PM and the role of mitochondrial function in
PM-induced neurotoxicity (Chew et al., 2020; Morris
et al., 2021), there is an urgent, unmet need to better
understand how UPM exposure affects mitochondrial
health and dynamics. Following on from our previous
work where we identified increased mtROS in BV2
microglial-like cells following UPM exposure (Morris
et al., 2022), here we took an in-depth approach to
evaluate mitochondrial health following treatment with
UPM. UPM exposure rapidly impaired mitochondrial
membrane potential and increased mitochondrial
fission in BV2 cells within 6 h. However, the cellular
response to this insult resulted in increasedmitochondrial
biogenesis signalling and a restoration of mitochondrial
bioenergetics.
Microglial-like BV2 cells (Bai et al., 2019; Chen et al.,

2018; Kim, Shin et al., 2020; Sama et al., 2007) and
primary microglia (Block et al., 2004; Levesque et al.,
2011) have been previously studied in the context of air
pollution and show significant pathological responses to
a variety of particulate matter (e.g. PM2.5, PM10, diesel
exhaust particles). These studies identified significant
PM-mediated pathological responses including cell death,
proinflammatory gene expression and ROS production,
as well as inducing bystander death in co-cultured
neurons. In our current and previous studies using BV2
cells, we identified both rapid/direct and delayed/indirect
responses to UPM treatment including mitochondrial
ROS production, andmitochondrial impairment followed
by increases in mitochondrial mass within the cell.
We have also observed apparent UPM accumulation
within BV2 cells (R. Morris, unpublished observation)
suggesting that phagocytic cells such as microglia may
have an extra vulnerability as engulfment may result in
focal long-lasting high concentrations of heavy metals
in addition to exposure to chemicals leaching from the
particles themselves (Song et al., 2022). Furthermore,
in vitro transmission electron microscopy studies of
mitochondria in the human lung cell line BEAS-2B have
revealed that PM can accumulate within mitochondria
themselves, exacerbating structural damage to the cristae
(Zheng et al., 2017). Microglial mitochondria may
therefore be at additional risk. In vivo, exposure to air
pollution in rodent models leads to microglial immune

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Figure 3. Mitochondrial morphology is rapidly altered following UPM treatment
A, BV2 cells were exposed to UPM (100 μg/mL), co-stained with Mitotracker Orange (MTO, red) and DAPI (blue),
and imaged (scale bar represents 25 μm). Images were analysed using the MiNA plugin for ImageJ (Valente et al.,
2017). B–D, UPM exposure (6 h, 100 μg/mL) increased the number of individuals (B, ∗P = 0.0177) and networks
(C, ∗P = 0.0449) and decreased branch length (D, ∗P = 0.0132). E–I, no change was observed in mean branch
length (E) or same the metrics at 24 h after treatment (F–I). Data were analysed by a two-tailed, unpaired t test
(N = 3) and expressed as mean ± SD.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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activation and induction of the inflammatory response
in both the adult (Costa et al., 2017) and developing
brain (Bolton et al., 2017). In humans, PM in the form of
black carbon was identified in cord blood and brain tissue
derived from first and second trimester fetuses (Bongaerts
et al., 2022; Bove et al., 2019), covering a significant
period of development when microglia are first entering
and proliferating in the brain (Menassa & Gomez-Nicola,
2018). The pattern and timing of microglial activation
therefore become critical especially as epidemiological
studies linking neurodevelopmental disorders with early
life PM exposure report different outcomes depending on
point of exposure (Liu et al., 2023; Rahman et al., 2022).

To investigative the consequences of UPM exposure
on mitochondrial function, we performed bioenergetic

profiling by measuring oxygen consumption. Although
there was variability observed in the basal respiration,
markers of mitochondrial function were reduced at
6 h and increased at 24 h, resolving by 48 h to
control levels. It is known that microglia can respond
to myriad environmental and nutritional insults due to
their capability of using a variety of metabolic sub-
strates to maintain essential function (Nagy et al., 2018).
The immediate decrease in cellular bioenergetics at 6 h
followed by a rebound of mitochondrial function at
24 h may represent the time frame of the compensatory
response in BV2 cells, which is complete by 48 h. The
increase in mitochondrial function at 24 h is not merely
as a result of the increased mitochondrial footprint (seen
in the mitotracker staining, Fig. 5) as the mitochondrial

Figure 4. Markers of mitochondrial fission alter after UPM exposure
RNA was prepared from UPM-exposed cells and qRT-PCR was performed using primers specific for the genes
shown. All values are compared against GAPDH and an experimental control. A and B, there was an increased
expression of (A) Drp1 (aP = 0.0162[time]) and (B)Mff (aP = 0.0181[time],

aP = 0.0284[conc], 6 h 0 μg/mL vs. 30 μg/mL
∗P = 0.0447) after 6 h of UPM exposure. C, there was no change to Fis1 expression at 6 h nor Drp1, Mff and Fis1
at 24 h after exposure. Data were analysed by a two-way ANOVA followed by Tukey post hoc test. Biological
replicates are indicated on the graphs (N = 3, performed in duplicate) and expressed as mean ± SD. D, whole-cell
BV2 lysates (50 μg) were analysed by western blot for pDRP1-S616 and total DRP1 at 6 and 24 h after UPM
exposure. E and F, total DRP1 (E) and phospho DRP1 (F) expression were analysed by densitometry and normalized
to a total protein stain (TPS, not shown). E, total DRP1 protein was significantly decreased at 6 h (0 μg/mL vs.
100 μg/mL, ∗P = 0.0353), recovering at 24 h (6 h 100 μg/mL vs. 24 h 100 μg/mL, ∗P = 0.0271). F, phosphorylated
S616-DRP1 was determined as a ratio with total DRP1 (6 h 0 μg/mL vs. 100 μg/mL, ∗P = 0.0370; 6 h 100 μg/mL vs.
24 h 100 μg/mL, ∗P = 0.0355). Densitometry data are expressed as mean ± SD (N = 3) and analysed by two-way
ANOVA followed by Tukey post hoc analysis.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Figure 5. Mitochondrial biogenesis may be a response to UPM exposure in BV2 cells
A and B, qRT-PCR was performed using primers specific for Tfam (A, 6 h 0 μg/mL vs. 30 μg/mL, ∗∗P = 0.0024;
linear trend at 24 h, #P = 0.0008) and Ppargc1α (B, 24 h, linear trend at 24 h, #P = 0. 0322) at 6 and 24 h
following treatment. Data were analysed by a two-way ANOVA followed by Tukey post hoc test. C–F, alterations
to mitochondrial mass following UPM exposure (30–100 μg/mL) were determined with Mitotracker green uptake
at 6 h (C), 24 h (D) and 48 h (E) and quantified by CTCF (F). Scale bar represents 400 μm. Data were analysed
by a one-way ANOVA followed by Tukey post hoc test for linear trend where appropriate (linear trend at 24 h,
#P < 0.0001; 48 h, #P = 0.0003). Biological replicates are as indicated on the graphs (N = 3–4) and expressed as
mean ± SD.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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load is maintained at 48 h when the bioenergetic profile of
UPM-exposed cells resembles that of control.

A limitation of our study is that BV2 cells experienced
only a single exposure to UPM. Araujo et al. (2019)
conducted a comprehensive analysis of rat brains exposed
to coarse PM, PM2.5 or ultrafine PM for varying
durations. Notably, 1 month of exposure to PM resulted
in overactivation of metabolic pathways. However, both
PM2.5 and ultrafine PM exposure throughout the study
period ultimately led to impaired mitochondrial activity
(Araujo et al., 2019). In vitro microglial models with
repeated PM exposure will enable the longer-term
cell-specific consequences of mitochondrial dysfunction
to be determined.

In our study, we identified increased mitochondrial
fission in response to UPM exposure, potentially via
an MFF-mediated pathway. These data align with
those in human vascular endothelial cells following
ambient PM exposure where mitochondrial fission and
pS616DRP:DRP ratio were also increased (Wang et al.,
2020). However, these observations were taken at 24 h
suggesting a slower response than in BV2 cells. We
also saw increased mitochondrial biogenesis markers
correlating with increased mitotracker green staining at
24 h suggestive of larger mitochondrial mass per cell; this
is maintained at 48 h. Mitotracker green binds free thiol
groups of cysteine residues and therefore is not dependent
on intact membrane potential, staining all mitochondria
regardless of their patency. Mitophagy and biogenesis are
tightly regulated and following insult, whenmitochondria
become damaged, mitophagic quality control is balanced
by upregulated biogenesis to restore cellular bioenergetic
homeostasis (Quiles & Gustafsson, 2020). In our study,
we observed increased expression of the biogenesis
marker PGC1α which is known to be a substrate of
the metabolic sensor, AMP-activated protein kinase
(AMPK) (Fan et al., 2004). As its kinase activity is rapidly
triggered in response to depletion of ATP (Steinberg
& Carling, 2019), which we observed at 6 h following
UPM treatment, AMPK activation may be implicated
in the mechanisms underpinning UPM-mediated
environmental stress in microglia. Activated AMPK
can also promote mitochondrial fission (a mitochondrial
morphology observed in this study) via phosphorylation
of MFF as well as increased mitochondrial mitophagy
through phosphorylation of the autophagy regulator
ULK1 (Herzig & Shaw, 2018). It remains to be determined
whether AMPK-mediated mitochondrial dynamics are a
target of UPM in microglial-like BV2 cells.

In summary, our collective data suggest that exposure
to PM contained within urban air pollution can impact
microglial bioenergetics, and microglia may mount a
biogenesis-based response to combat this insult. The
energy demands of the developing brain coupled with
the bioenergetic stress of exposure to air pollution may

significantly increase the brain energy burden during a
window of mitochondrial immaturity and reduced anti-
oxidant capacity (Blomgren & Hagberg, 2006; Hagberg
et al., 2014). As well as their reparative properties,
the ability of microglia to upregulate mitochondrial
biogenesis in response to environmental stress may
therefore be critical at this life stage.
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