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Hypertensive individuals are concurrently at risk of heavy metal exposure, particularly lead (Pb). However,
it remains unclear whether individuals with hypertension are more sensitive to the neurotoxicity induced
by Pb exposure. Here, we established a hypertension model of mice with Pb exposure for 2, 4, 8, 12,
and 24 weeks to detect the temporal and spatial changes in microglial polarization. Pb-exposed and
hypertensive mice exhibited a notably higher proportion of M1 as early as 4 and 8 weeks, but a lower
proportion of M2 as early as 4 and 12 weeks. Notably, hypertension exacerbated Pb-induced microglial
polarization, which reached a plateau at 12 weeks. Elevated inducible nitric oxide synthase and reduced
arginase-1 protein expressions were observed in the prefrontal cortex, hippocampus, and hypothalamus
of the Pb, hypertension (HTN), and Pb+HTN groups, with the most pronounced alterations occurring in
the prefrontal cortex. Furthermore, treatment with minocycline (microglial polarization inhibitor) markedly
alleviated the depression-like behavior of mice in the Pb+HTN group. Bioinformatics analysis revealed
that the differentially expressed genes of microglia following Pb and angiotensin || combined exposure
were mainly enriched in the cyclic GMP-AMP synthase/stimulator of interferon genes (cGAS/STING)
pathway. In addition, the protein expression of the cGAS/STING pathway was significantly upregulated
both invitro and in vivo, especially in the Pb+HTN group. Inhibition of cGAS significantly alleviated the
increase in M1-type microglia and the decrease in M2-type microglia in hypertensive mice with Pb exposure.
Meanwhile, mitochondrial DNA (mtDNA) leakage of microglia was observed under Pb and angiotensin ||
exposure, and the activation of the cGAS/STING pathway by mtDNA was proven to play an important role
in microglial polarization. Adenine nucleotide translocase 1 (ANT1) was identified as the pivotal protein
regulating mtDNA leakage via bioinformatics analyses and was proven by in vitro and in vivo studies.
Collectively, hypertensive mice are more sensitive to Pb-induced neurotoxicity, which is mediated by
the ANT1-regulated mtDNA/cGAS/STING signaling pathway, which then subsequently induces microglial
polarization.
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Introduction

Hypertension ranks among the most widespread chronic con-
ditions, affecting nearly 40% of the adult population globally
[1]. Evidence shows that hypertension, a key risk factor for
neurodegenerative disorders, promotes oxidative stress and
subsequent neuroinflammatory responses, ultimately driving
neurobehavioral impairment [2,3]. Hypertensive individuals
are notably more susceptible to environmental pollutants [4,5],

Zhao et al. 2025 | https://doi.org/10.34133/research.1026

particularly heavy metals. Among them, Pb exposure has been
most prominently associated with elevated blood pressure [6].
Numerous epidemiological studies have demonstrated a sig-
nificant correlation between chronic Pb exposure and increased
arterial blood pressure [7]. Neuroinflammation plays a critical
role in hypertension-related neurobehavioral impairment [8].
Although numerous studies have characterized neuroinflam-
matory alterations in the brain following either Pb exposure
or hypertension alone, the neuroinflammatory response and
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underlying mechanisms in hypertensive individuals following
Pb exposure remain unexplored.

As the primary innate immune defenders within the brain,
microglia are involved in mediating inflammation in the central
nervous system [9,10]. Microglia are highly heterogeneous
and can polarize into different phenotypes, including pro-
inflammatory M1 microglia and anti-inflammatory M2 microglia
[11-14]. A study demonstrated that the M1 microglial polariza-
tion of hypertensive mice resulted in nerve injury [15]. Pb expo-
sure has been shown to increase inducible nitric oxide synthase
(iNOS; M1 marker) expression while decreasing arginase-1
(Argl; M2 marker) expression [16-18]. The above findings sug-
gest that microglial polarization may be involved in the neu-
robehavioral impairment of hypertensive individuals with Pb
exposure. Notably, current research on microglial polarization
and neuroinflammation has predominantly focused on changes
at a single time point or within a specific brain region, often
overlooking the spatiotemporal dynamics of microglial polar-
ization. Therefore, systematically elucidating the spatiotemporal
patterns of microglial polarization in hypertensive mice with
Pb exposure is of great significance for developing precise pre-
vention and intervention strategies for populations at risk.

The cyclic GMP-AMP synthase/stimulator of interferon
genes (cGAS/STING) signaling cascade represents a conserved
mechanism for inflammatory defense throughout evolution
[19]. Inhibition of the cGAS/STING pathway has been shown
to regulate microglial polarization and alleviate brain injury
following subarachnoid hemorrhage [20]. In addition, blocking
the cGAS/STING pathway also reduces M1 microglial polariza-
tion, thereby attenuating neuroinflammation in the neuropathic
pain model of mice [21]. However, the role of the cGAS/STING
signaling pathway in mediating microglial polarization in
hypertensive mice with Pb exposure remains largely unknown
and warrants further investigation.

cGAS is a cytosolic DNA sensor that is activated upon rec-
ognition of cytosolic DNA. Mitochondrial DNA (mtDNA)
represents the sole extranuclear genetic material, consisting of
a circular double-stranded structure [22-24]. Unlike nuclear
DNA, mtDNA exhibits greater instability and susceptibility to
oxidative damage [25,26]. An increased mtDNA copy number
has been observed in individuals occupationally exposed to
Pb compared to that in unexposed controls [27]. Additionally,
circulating levels of mitochondrial genes such as CytB and
ND6 were significantly elevated in the plasma of spontaneously
hypertensive rats [28]. However, it remains unclear whether
the cytoplasmic mtDNA levels of microglia increase in hyper-
tensive mice with Pb exposure.

mtDNA leakage is closely associated with the excessive
opening of the mitochondrial permeability transition pore
(mPTP) and abnormal mitochondrial fusion and fission [29-31].
Studies have shown that microplastics could disrupt mitochon-
drial membrane potential (MMP) and excessive opening of the
mPTP, leading to mtDNA release into the cytoplasm of skin
cancer cells. Environmental stressors trigger the overactivation
of mPTP channels, resulting in mtDNA extrusion via BCL2
[32]. Down-regulation of MFN2 in microglia disrupts mito-
chondrial fusion and fission balance, leading to the release of
mtDNA leakage after spinal cord injury [33]. However, the key
proteins mediating mtDNA leakage in the microglia of hyper-
tensive mice with Pb exposure remain to be identified.

Herein, the present study establishes hypertensive mice with
Pb exposure to explore the spatiotemporal changes in microglial
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polarization. Transcriptome sequencing and bioinformatics
analysis were used to identify the key mechanisms of microglial
polarization in hypertensive mice with Pb exposure. The find-
ings will provide a basis for protective targeting of nerve damage
in hypertensive individuals following Pb exposure.

Results

Hypertensive mice are more susceptible
to Pb-induced microglial polarization in

a time-dependent manner

To clarify the atlas of M1 and M2 microglia of hypertensive
mice with and without Pb exposure for 2, 4, 8, 12, and 24 weeks,
we examined the expression of M1 and M2 phenotypes in brain
tissues (Fig. 1A). Hypertensive mice maintained a systolic
blood pressure (SBP) >140 mmHg during the entire exposure
duration (Fig. S1B). As a result, Pb-exposed mice or hyperten-
sive mice exhibited a notably higher proportion of M1 microg-
lia as early as 4 or 8 weeks. Hypertensive mice with Pb exposure
exhibited an increase in M1 microglia as early as 2 weeks and
peaked at 12 weeks. Meanwhile, a reduced trend in M2 microg-
lia was seen in Pb-exposed mice or hypertensive mice from 4
or 12 weeks, respectively. Furthermore, hypertension could
exacerbate the decline of M2 microglia in Pb-exposed mice at
4 weeks and keep a reduction until 24 weeks (Fig. 1B to D, Fig.
S1A, and Tables S1 and S2). These data highlight that Pb expo-
sure induced a more pronounced microglial polarization in
hypertensive mice, showing a time-dependent pattern that
plateaued at 12 weeks.

We quantified the expression of iNOS (an M1 microglial
marker) and Argl (an M2 microglial marker) across multiple
murine brain regions, specifically the prefrontal cortex
(PFC), hippocampus, and hypothalamus, in different groups.
Comparative analysis revealed a significant upregulation of
iNOS coupled with the down-regulation of Argl in these brain
areas among hypertension (HTN) and Pb-exposed groups rela-
tive to those in control animals. The protein expression of iNOS
was significantly increased, while Argl expression was reduced
in the PFC, hippocampus, and hypothalamus of mice in both
the HTN and Pb groups. In addition, iNOS expression in hyper-
tensive mice with Pb exposure was higher than that in hyper-
tensive and Pb-exposed mice, especially in the PFC. Argl
expression in the PFC and hypothalamus in hypertensive mice
with Pb exposure was significantly lower than that in the Pb or
the HTN group (Fig. 1E and Fig. S1C and D). These data indi-
cate that the PFC might be the most sensitive brain region in
terms of microglial polarization.

Given that inflammatory cytokine production is linked
to microglial polarization, we examined the expression of
interleukin-1p (IL-1f) and interleukin-6 (IL-6) in different
brain tissues. Results showed that the expression of IL-1p and
IL-6 was upregulated in various brain regions, with the most
pronounced elevation observed in the PFC of hypertensive
mice with Pb exposure (Fig. S1E to G). Next, we further assessed
the temporal changes in depression-like behaviors in mice. The
results showed that hypertension progressively reduced sucrose
preference and increased immobility time in the forced swim-
ming test (FST) among Pb-exposed mice, with initial changes
detectable at 4 weeks and the most pronounced effects observed
at 12 weeks (Fig. 1F and G). The data exhibited precise spatio-
temporal synchronization with microglial polarization, particu-
larly in sensitive brain regions (PFC). Additionally, correlation
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Fig. 1. The polarization of microglia in the brain of hypertensive mice with Pb exposure. (A) Timeline of the experiment. (B) M1 and M2 microglia in mice from different experimental
groups by flow cytometry analysis. (C) The diagrams display the percentages of M1 and (D) M2 microglia in different groups (n = 6). (E) The protein expression of inducible
nitric oxide synthase (iNOS) and arginase-1 (Argl) in the prefrontal cortex (PFC), hippocampus, and hypothalamus (n = 3). (F) Sucrose preference rate. (G) Immobility time in
the forced swimming test (FST) in different groups (n = 15). (H and I) The correlation analysis between the percentages of M1 and M2 and neurobehavior. °P < 0.05 vs control
group; °P < 0.05 vs hypertension (HTN) group; °P < 0.05 vs Pb group. Angll, angiotensin II; PbAc, lead acetate.
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analysis demonstrated a significant association between M1/
M2 microglial polarization and neurobehavioral alterations
(Fig. 1H and I).

Inhibition of microglial polarization alleviates

the depression-like behaviors in hypertensive mice
with Pb exposure

To elucidate the role of microglial polarization in the nerve
injury of hypertensive mice with Pb exposure, experimental
mice were injected with minocycline (microglial polarization
inhibitor [34]) to inhibit microglial polarization (Fig. 2A).
Behavioral results showed that minocycline treatment could
decrease the immobility time in FST and increase the sucrose
preference rate in hypertensive mice with Pb exposure (Fig. 2B
and C). In addition, minocycline treatment decreased M1

microglia and rescued M2 microglia in hypertensive mice with
Pb exposure (Fig. 2D and E). Consistently, minocycline also
resulted in a lower protein expression of iNOS and a higher Argl
protein expression in the PFC (Fig. 2F). Meanwhile, the protein
expression of IL-1f and IL-6 was also attenuated in the PFC of
hypertensive mice with Pb exposure (Fig. 2G). Subsequently,
BV2 cells were treated with lead acetate (PbAc) or angiotensin
II (AnglI) at different concentrations. The results indicated that
exposure to either Pb or AnglI reduced the survival rate of BV2
cells in a concentration-dependent fashion (Fig. S2A and B).
Finally, a dose of 10 pmol/l Pb and 100 nmol/l AngII was
selected for subsequent cell experiments. The expression of
iNOS and pro-inflammatory cytokines was significantly upregu-
lated, while Argl expression was markedly down-regulated in
BV2 cells following co-exposure to Pb and AngII (Fig. S2C to
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Fig. 2. Effect of minocycline on microglial polarization in hypertensive mice with Pb exposure. (A) Timeline of the experiment. (B) Sucrose preference rate (n = 15). (C) Immobility
timein FST (n =15). (D and E) M1 and M2 microglia in mice from different experimental groups by flow cytometry analysis (n = 6). (F and G) The protein expression of iNOS, Argl,
interleukin-1p (IL-1B), and interleukin-6 (IL-6) in the PFC (n = 3). *P < 0.05 vs indicated group; **P < 0.01 vs indicated group; **#*P < 0.001 vs indicated group. MI, minocycline.
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E). Minocycline significantly inhibited these phenomena (Fig.
S2F to H).

These results suggest that minocycline intervention suppresses
microglial polarization induced by Pb exposure and hypertension
and alleviates depressive-like behaviors in hypertensive mice with
Pb exposure, indicating the possible role of microglial polariza-
tion in Pb- and hypertension-induced neurotoxicity.

cGAS/STING was identified as the critical

pathway of microglial polarization following

Pb and Angll exposure

To investigate the regulatory mechanisms governing microglial
polarization in response to Pb and hypertension exposure, we
employed transcriptome sequencing to characterize key regula-
tory pathways (Fig. 3A). The results showed good repeatability
among the biological replicates (Fig. 3B). We performed dif-
ferential analysis strategy to identify differentially expressed
genes (DEGs) between the control and Pb+AnglI groups,
which identified 235 DEGs, including 116 upregulated and 119
down-regulated genes (Fig. 3C). To identify genes implicated
in microglial polarization, the DEGs were matched to microglial-
polarization-related genes, ultimately pinpointing 22 candi-
date genes (Fig. 3D and E). Moreover, DEG-related microglial
polarization was primarily enriched in the cytoplasmic DNA-
sensing pathway (Fig. 3F). Given the pivotal role of cGAS/
STING in cytoplasmic DNA sensing, we examined the protein
expression of the cGAS/STING pathway. The protein expression
of cGAS, STING, phospho-TANK-binding kinase 1 (p-TBK1),
and phospho-interferon regulatory factor 3 (p-IRF3) was ele-
vated in the Angll and Pb groups compared with that in the
control group. Notably, the expression of cGAS, STING, p-TBK1,
and p-IRF3 in microglia co-exposed to Pb and AnglI was sig-
nificantly higher than that of the AngII and Pb groups. Among
them, the cGAS protein expression in the Pb+AngII group was
increased to 2.56-fold and 1.92-fold of those of the AnglII and
Pb groups, respectively (Fig. 4A). We also observed a marked
increase in cGAS fluorescence intensity in PFC microglia from
hypertensive mice with Pb exposure (Fig. 4B).

To further elucidate the role of the cGAS/STING pathway in
regulating microglial polarization, RU.521 (a cGAS inhibitor) was
administered to hypertensive mice with Pb exposure. Inhibition
of ¢cGAS reduced microglial polarization and decreased IL-1p
and IL-6 levels in hypertensive mice with Pb exposure compared
to those in the untreated Pb+HTN group (Fig. 4C to E).
Meanwhile, inhibition of cGAS significantly increased sucrose
preference and decreased FST immobility time in hypertensive
mice with Pb exposure (Fig. 4F and G). Subsequently, BV2 cells
with cGAS knocked down were established and they were treated
with Pb or AnglI alone or co-exposed for 24 h (Fig. S3A and B).
The results demonstrated that cGAS knockdown significantly
suppressed the upregulation of INOS, IL-1f, and IL-6 in microglia
co-exposed to Pb and AnglI (Fig. S3C and D). The above findings
underscore that cGAS/STING plays a vital role in the microglial
polarization of hypertensive mice with Pb exposure, which pro-
moted neuroinflammation.

mtDNA leakage activates cGAS/STING
signaling in microglial polarization following
Angll and Pb exposure

It was reported that cytoplasmic mtDNA was one of the initial
factors in terms of activating the cGAS/STING pathway [35].
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To investigate whether mtDNA leaks from the mitochondria
of microglia, BV2 cells were exposed to Angll, Pb, or their
combination. We found that the accumulation of cytosolic
double-stranded DNA in BV2 cells from the AngII, Pb, and
Pb+AnglI groups was significantly more than that in the con-
trol group (Fig. 5A). In addition, cytosolic mtDNA levels were
significantly elevated in both Pb- and AnglI-exposed groups,
and this effect was further amplified in the Pb+AngII group
(Fig. 5B). Moreover, microglia exhibited significant MMP loss,
adenosine triphosphate (ATP) depletion, mitochondrial super-
oxide (mtSOX) elevation, and opening of the mPTP upon Pb
or AnglI exposure, with aggravated effects in the co-exposure
group (Figs. S4A to C and S5A).

To determine whether mtDNA leakage plays a critical role
in activating the cGAS/STING pathway in BV2 cells following
combined treatment with Pb and AnglI, we used ethidium bro-
mide (EtBr) to eliminate mtDNA. This chemical agent selectively
prevents mtDNA replication in microglia [36]. The mtDNA
expression was inhibited by approximately 50% in microglia
treated with EtBr (0.2 pg/ml) for 48 h (Fig. 5C). The data revealed
that the proportion of M1-type microglia decreased and that of
M2-type microglia increased following the addition of EtBr in
microglia co-exposed to Pb and AnglI (Fig. 5D and E). Moreover,
the protein expression of cGAS, STING, p-TBKI, and p-IRF3
was lower in BV2 cells with Pb and AnglI co-exposure after EtBr
treatment (Fig. 5F). The elevated inflammatory factors (IL-6 and
IL-1f) in BV2 cells induced by Pb and AnglI were also inhibited
(Fig. 5H). These results indicate that co-exposure to AnglI and
Pb resulted in the release of mtDNA into the cytosol, thereby
activating the cGAS/STING pathway and leading to microglial
polarization.

ANT1 plays a critical role in the mtDNA leakage of
microglia following Pb and Angll co-exposure

To screen genes regulating the release of mtDNA into the cyto-
sol of microglia following Pb and AnglI co-exposure, RNA
sequencing (RNA-seq) of microglia treated with Pb, AngII, and
Pb+AnglI co-exposure was conducted. As a result, Ant1, Nadk2,
Lig3, and Slirp were potentially identified in terms of mtDNA
leakage and the gene expression of Antl showed the greatest
change compared with other genes in microglia following Pb
and AnglI co-exposure (Fig. 6A and B). Further, BV2 cells
treated with Pb and AngII alone or co-exposure showed that
both the protein and messenger RNA levels of Antl were ele-
vated in the Pb and Pb+AnglI groups, particularly in the co-
exposure group (Fig. 6C to E). This suggests that adenine
nucleotide translocase 1 (ANT1) may be a critical gene involved
in the release of mtDNA into the cytosol of microglia under
these conditions. Next, we knocked down Antl expression in
BV2 cells, achieving a reduction of 48% (Fig. 6F and H). Notably,
Antl knockdown in BV2 cells resulted in decreased mtDNA
leakage into the cytosol following co-exposure to Pb and AnglI
(Fig. 61 and J). These findings confirm that ANT1 plays an
important role in regulating the leakage of mtDNA into the
cytoplasm of microglia following Pb and AngII co-exposure.

We further investigated whether ANT1 knockdown could
alleviate mitochondrial dysfunction. The results showed that
co-exposure to Pb and Angll in BV2 cells led to increased JC-1
and mtSOX levels, opening of the mPTP, and a reduction in
ATP content. Notably, Ant1 knockdown partially reversed these
changes in BV2 cells (Figs. $4D to F and S5B).
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Discussion

In the present study, our findings showed that hypertensive mice
had increased susceptibility to Pb-induced microglial polariza-
tion, exhibiting spatiotemporal dynamic changes, especially in
the PFC. Microglial polarization is critically involved in driving
neuroinflammatory responses and behavioral dysfunction in
hypertensive mice exposed to Pb. Moreover, mtDNA leakage
mediates cGAS/STING pathway activity, thereby promoting
microglial polarization in hypertensive mice with Pb exposure.
Further data demonstrated that ANT1 regulates mtDNA leak-
age, which mediates cGAS activation. Our findings identify
promising therapeutic targets for neuroinflammation in hyper-
tensive individuals and those exposed to Pb.

In addition, the present results reveal that mice following Pb
exposure exhibited a significant rise in SBP at 12 weeks, indicat-
ing that Pb exposure can elevate the risk of hypertension. Our
results were consistent with reports by Sanders et al. [37] and
Zhang et al. [38]. Emerging evidence demonstrates that microg-
lia perceive hemodynamic perturbations in the hypertensive
state and facilitate sympathetic excitation [39]. In addition,
microglia-derived platelet-derived growth factor subunit B has
been shown to stabilize neuronal excitability by enhancing
potassium currents, thereby counteracting excessive sympa-
thetic activity [40]. Our results demonstrate that M1 microglia
and pro-inflammatory cytokine levels were increased in hyper-
tensive mice following Pb exposure. These findings demonstrate
that hypertensive mice are more susceptible to Pb-induced
microglial M1 polarization and neuroinflammation.

Microglial polarization is a key role regarding neuroinflam-
mation progression [41,42]. The pro-inflammatory M1 type
exacerbates nerve injury via cytokine secretion, whereas the M2
type takes a neuroprotective function. Our study demonstrates
that an increase in M1 and a decrease in M2 were observed on
different weeks in hypertensive mice with Pb exposure, which
was accompanied by neuroinflammation and neurobehavioral
impairment, suggesting that microglial polarization plays a criti-
cal role in nerve injury. In addition, our results showed that the
inhibition of microglial polarization (minocycline treatment)
significantly attenuates neuroinflammation and depressive-like
behaviors, underscoring the dominant role of microglial polar-
ization in Pb- and hypertension-induced neurotoxicity. Our
findings parallel observations in diabetic models, where cortical
microglia exhibit increased M1 polarization coupled with
decreased M2 polarization, collectively driving neuroinflam-
matory progression [43]. Microglial polarization is a dynamic
process [44]. Our results showed that the mice of the Pb group
exhibit an increase in M1 polarization at 4 weeks, which is ear-
lier than that of the HTN group. Notably, mice in the Pb+HTN
group exhibited a more pronounced and accelerated response
where M1 microglia increased significantly as early as 2 weeks,
peaked at 12 weeks, and were accompanied by a parallel reduc-
tion in M2 microglia. These findings suggest that microglial
polarization exhibits temporal specificity in hypertensive mice
with Pb exposure. The most profound change in microglial
polarization occurred at 12 weeks in the mice the of Pb+HTN
group, coinciding with peak neurobehavioral impairment in
both the sucrose preference test and FST, suggesting that the
12-week time point may represent a potential inflection point
in disease progression. The PFC is one of the primary compo-
nents of the limbic system, playing an irreplaceable role in emo-
tional responses [45]. Our research findings showed that the

Zhao et al. 2025 | https://doi.org/10.34133/research.1026

most pronounced increases in iNOS and decreases in Argl,
along with elevated IL-1p and IL-6 levels, were observed in the
PFC compared to those in the hippocampus and hypothalamus,
suggesting that the PFC may be a critical target for Pb- and
hypertension-induced neuroinflammation.

There are multiple pathways through which Pb or hyperten-
sion can induce microglial polarization [18,46-49]. However,
the main pathway remained unclear. High-throughput sequenc-
ing of microglia from the Pb, HTN, and Pb+HTN groups,
combined with screening through microglial polarization data-
bases, revealed the significant involvement of the cGAS/STING
pathway. cGAS/STING signaling has been one of the most
well-proven innate immune pathways to be involved in neuro-
inflammation [50]. Our results showed that inhibiting the
c¢GAS/STING pathway could significantly suppress microg-
lial polarization and improve depressive-like behaviors. These
results suggest that the cGAS/STING pathway may represent
a key mechanism of microglial polarization, which promotes
neuroinflammation in hypertensive mice with Pb exposure. A
previous study by Zheng et al. [51] also demonstrated that BV2
cells treated with Ap polarize into the M1 phenotype, during
which the cGAS/STING pathway is activated, which is consis-
tent with our findings. Cytosolic mtDNA serves as one of the
triggers in terms of activation of the cGAS/STING pathway
[52]. Our findings revealed substantial accumulation of mtDNA
within the cytosol of microglia after combined exposure to Pb
and Angll, indicating that mtDNA may function as a trigger
for cGAS/STING pathway activation associated with microglial
polarization. mtDNA serves as a crucial regulator of inflam-
matory immune processes. Research has demonstrated that
reactive oxygen species (ROS) generated by mitochondria can
cause oxidative damage to mtDNA, resulting in its subsequent
leakage into the cytosol [53]. When present in the cytoplasm,
this DNA functions as a damage-associated molecular pattern,
stimulating the cGAS/STING/DNA sensing pathway to pro-
voke robust inflammatory reactions. Following activation, the
STING protein additionally facilitates the recruitment of TBK1.
This kinase then mediates the phosphorylation of IRF3 [54].
In our experiments, the double-stranded DNA of the Pb+AngII
group with mitochondrial tracker showed increased leakage of
mtDNA into the cytoplasm, accompanied by elevated mtSOX
and increased mitochondrial permeability, which suggested
that Pb and AnglI co-exposure can induce excessive ROS accu-
mulation, promoting mitochondrial damage and mtDNA leak-
age. Our results are similar to those of studies demonstrating
that nanoplastics induce mitochondrial damage, triggering
mtDNA leakage and subsequent cGAS/STING activation, ulti-
mately promoting cellular senescence [55].

mtDNA leakage can result from multiple contributing fac-
tors. Previous studies have demonstrated that MFN2-mediated
mitochondrial fission and fusion promote mtDNA leakage in
spinal cord injury [33]. mtDNA can leak from BAX-BAK1
pores and promote hepatocellular carcinoma cell proliferation.
Additionally. mPTP opening compromises mitochondrial sta-
bility and promotes the release of mtDNA [29]. RNA-seq analy-
sis identified several mitochondrial genes in microglia including
Antl, Nadk2, Lig3, and Slirp in terms of mtDNA leakage fol-
lowing Pb and Angll co-exposure. Notably, Ant1 exhibited the
highest fold change among mitochondrial DEGs, suggesting
its pivotal role in this process.

ANT]I, predominantly situated within the inner mitochon-
drial membrane, is essential for regulating cellular metabolism.
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It also contributes to the assembly of the mPTP, a stress-responsive
complex whose opening can result in the dissipation of MMP
[56-58]. The opening of mPTP allows for the release of vari-
ous substances, including potentially mtDNA, into the cyto-
sol, which triggers inflammatory responses [59]. Our results
showed that the protein expression of ANT1 was significantly
increased, whereas inhibiting ANT1 partially restored mtDNA
leakage, which suggested that ANT1 is a target for regulating
mtDNA leakage following Pb and AnglI co-exposure. A study
showed that the inhibition of ANT1 can preserve MMP and
prevent the subsequent release of mtDNA and ROS, thereby
attenuating excessive inflammasome activation [60]. This is
similar to our findings, where inhibiting ANT1 reduces mtDNA
leakage.

The present study also has limitations. First, our findings
have not yet been validated in hypertensive individuals with
Pb exposure. Second, although BV2 cells are widely used, they
cannot fully recapitulate the complexity of primary microglia
and exhibit certain differences in their functions and the mag-
nitude of their responses. Therefore, future studies will employ
primary microglia to further investigate the interactions between
primary microglia and neurons.

Taken together, an increase in M1 microglia and a decrease in
M2 microglia were involved in the development of hypertension
with Pb exposure. Notably, microglial polarization presented
temporal and spatial characteristics. Meanwhile, Pb and AngII
exposure could induce ANT1 expression increase, which pro-
moted mtDNA leakage to cytoplasm. Subsequently, cytosolic
mtDNA activated the cGAS/STING signaling pathway, leading
to microglial polarization, and then resulted in depressive-like
behaviors in hypertensive mice with Pb exposure.

Materials and Methods

Animals and treatment

Male C57BL/6] were purchased from Beijing HFK Bio-
Technology Co., LTD. The mice were kept in the North China
University of Science and Technology Laboratory Animal
Center under specific-pathogen-free conditions, with room
temperature of 22 + 3 °C, relative humidity of 40% to 60%, light
and darkness of 12 h each, and free diet and water. To establish
a hypertensive mice model, half of the mice were intraperitone-
ally injected with AngII at dose of 0.5 mg/kg/d for 7 d, accom-
panied by a high-salt diet. An SBP greater than 140 mmHg
indicated hypertensive mice. Subsequently, hypertensive mice
were randomly divided into the hypertension (HTN) group
and Pb + hypertension (Pb+HTN) group, whereas the other
half of mice were randomly divided into the control and Pb
groups. Furthermore, mice in the Pb or Pb+HTN group were
administered with 250 mg/1 PbAc drinking water for 2, 4, 8, 12,
and 24 weeks, respectively. All animals were approved by the
animal ethics committee of the North China University of
Science and Technology (No. 2021-SY-200).

For intervention tests, mice were randomly allocated to the
control, minocycline (MI), RU.521, Pb+HTN, Pb+HTN+MI,
and Pb+HTN+RU.521 groups, each with 15 mice. Pb treatment
was the same as the above test. In addition, mice in the MI and
Pb+HTN+MI groups were treated with minocycline at 40 mg/
kg/d by intraperitoneal injection from 7 until 12 weeks [61].
RU.521(cGAS inhibitor) was administered intranasally (450 pg/
kg/d) to mice in the RU.521 group and Pb+HTN+RU.521
group at 12 weeks for 7 d [20,62].

Zhao et al. 2025 | https://doi.org/10.34133/research.1026

Behavioral tests

Sucrose preference test

The mice were raised separately, given 2 bottles with 1% sucrose,
and allowed to drink freely for 24 h, and then one bottle was
switched to pure water. After the adaptation, the mice were sub-
jected to fasting and water deprived for 24 h. Next, the mice were
given 2 bottles with 1% sucrose or pure water for 24 h, and liquid
consumption was recorded. Sucrose preference rate = sucrose
consumption/(sucrose consumption + water consumption).

Forced swimming test

Mice were put into a cylinder with water and swam freely for
15 min. After 24 h, mice were put into the cylinder again and
swam freely for 6 min. The immobility time of the mice in the
last 4 min was recorded.

Cell culture and treatment

BV2 cells were purchased from Procell Life Science & Technology
Co., Ltd. BV2 cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) with 10% fetal bovine serum and 1% penicillin/
streptomycin at 37 °C and 5% CO,. For all experimental proce-
dures employing BV2 cell cultures, cellular concentrations were
standardized at the following densities: 1 x 10* cells per well
when using 96-well culture plates or 5 x 10° cells per well for
6-well plate formats.

Cell viability assay

Cell viability was evaluated using a colorimetric assay based on
Cell Counting Kit-8 (CK04, Dojindo), in accordance with the
manufacturer’s instructions. BV2 microglial cells were seeded
into 96-well plates at a density of 10,000 cells per well. Upon
reaching 80% confluence, the cultures were treated with either
PbAc (0, 5, 10, 20, 40, and 80 pmol/l) or AnglII (0, 20, 50, 100,
and 200 nmol/l) for 24 h. Following treatment, cells were
exposed to the Cell Counting Kit-8 reagent for 30 min. Optical
density measurements were taken at 450 nm. The viable cells
were calculated using the following formula: [(OD
ODblank)/(ODcomrol - ODblank)] X 100.

sample

Isolation of microglia

Brain tissues were taken from mice after saline perfusion. Then,
the brain tissues were digested into cell suspensions and passed
through 100- and 40-pm filters and then washed with cold
phosphate-buffered saline (PBS). The cells were resuspended
in 37% Percoll/DMEM solution and laid over a 70% Percoll/
DMEM gradient and then centrifuged at 900 g for 30 min. Cells
were harvested from the interface between the 37% and 70%
Percoll gradients and subsequently washed with PBS prior to
flow cytometric analysis.

Flow cytometry
Microglia in brain tissue were incubated with CD16/CD32
antibody (4 °C, 30 min). Then, microglia were immunolabeled
with fluorescent antibody conjugates targeting specific mem-
brane markers, including anti-CD45 coupled to PerCP-Cy5.5,
anti-CD11b conjugated with allophycocyanin, as well as
fluorescein isothiocyanate (FITC)-labeled anti-CD86 and
phycoerythrin-tagged anti-CD206 antibodies. PBS was utilized
to clean the cells 3 times.

BV2 cells are collected after treatment with AngII and Pb.
Cells were first treated with CD16/CD32 blocking antibody
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(30-min incubation at 4 °C) prior to dual-color fluores-
cence labeling. The samples were subsequently stained with
fluorochrome-conjugated antibodies: phycoerythrin-labeled
anti-mouse CD206 (eBioscience) and FITC-conjugated anti-
mouse CD86 (eBioscience) under light-protected conditions
(4 °C, 30 min). Following washing steps with PBS, the cellular
expression profiles of M1 (CD86) and M2 (CD206) polarization
markers were quantitatively assessed using flow cytometry.

Western blotting

Brain tissue or cell samples underwent ultrasonic disruption
followed by extraction with a complete cell lysis kit (P0013B,
Beyotime), strictly following the manufacturer’s protocol. The
quantification of protein levels was performed through a bicin-
choninic acid assay protocol. The samples were separated through
electrophoresis on 10% sodium dodecyl sulfate-polyacrylamide
gels and subsequently transferred onto polyvinylidene fluoride
membranes. After incubation with 5% nonfat dried milk dis-
solved in Tris-buffered saline with Tween (TBST) solution to
block nonspecific binding sites, the membranes were subjected
to overnight incubation at 4 °C with primary antibodies iNOS
(1:2,000; A3774, ABclonal), Argl (1:1,000; A1847, ABclonal),
IL-6 (1:1,000; 26404-1-AP, Proteintech), IL-1p (1:1,000; A22257,
ABclonal), cGAS (1:1,000; A8335, ABclonal), STING (1:10,000;
A21051, ABclonal), TBK1 (1:1,000; A2573, ABclonal), p-TBK1
(1:1,000; AP1026, ABclonal), IRF3 (1:20,000; 11312-1-AP,
Proteintech), p-IRF3 (1:1,000; A2172, ABclonal), and B-actin
(1:10,000; AC038, ABclonal). After washing with TBST, the
samples were incubated for 2 h at 37 °C with horseradish
peroxidase-linked secondary antibodies (AS014 and AS003).
Protein bands were detected using an enhanced chemilumi-
nescence plus detection system. To quantify expression levels,
the Image] software analyzed the grayscale intensities of both
the target protein and internal reference bands. Final expression
values were derived by calculating the ratio between the target
protein and its corresponding reference band.

Enzyme-linked immunosorbent assay

BV2 microglial cells were seeded into 6-well plates and treated
with Pb and AnglI for a 24-h period. Subsequently, the culture
supernatants were harvested, and the levels of IL-1f and IL-6 in
the supernatants were measured using commercially available
enzyme-linked immunosorbent assay kits (Solarbio, China) fol-
lowing the manufacturer’s instructions. The assay detection ranges
were 7.8 to 500 pg/ml for IL-1p and 18.75 to 1,000 pg/ml for IL-6.

Real-time PCR

RNA was isolated from BV2 microglial cells using TRIzol reagent
(AGbio, China) [15]. Then, the reverse transcription process was
performed using a commercially available kit (Zhongshi Tontru,
China) to gain complementary DNA. Polymerase chain reaction
(PCR) analysis was subsequently performed using Real-Time
PCR System (Zhongshi Tontru, China) to evaluate messenger
RNA expression levels. For data normalization, p-actin served
as the internal control, with relative quantification determined
through the 2724 calculation method. The specific primer
sequences utilized in these experiments are detailed in Table S3.

Immunofluorescence
Following established protocols [31,63,64], mice were eutha-
nized under deep anesthesia induced by sodium pentobarbital

Zhao et al. 2025 | https://doi.org/10.34133/research.1026

administration. The brain tissues were separated after trans-
cardial perfusion with PBS, and then the brains were postfixed
in 4% paraformaldehyde at 4 °C for 24 h. Subsequently, brain
tissues were subjected to cryoprotection through immersion
in progressively increasing sucrose concentrations (15% and
30%). The brain specimens were then cryoprotected by embed-
ding in optimal cutting temperature compound medium.
Parallel processing involved fixation of BV2 cell cultures in 4%
paraformaldehyde solution for 20 min at room temperature.
The prepared specimens were utilized for further experimental
procedures. Following sequential washes with PBS, which con-
tains 0.4% Triton X-100, both cerebral tissue sections and BV2
cellular preparations underwent blocking with 10% normal
goat serum for 50 min. Then, samples were incubated with
primary antibodies including rabbit monoclonal anti-cGAS
(1:100; A8335, ABclonal), mouse monoclonal anti-Iba-1 (1:100;
sc-32725, Santa Cruz Biotechnology), and rabbit monoclonal
anti-AT1 (1:100; A15027, ABclonal) overnight at 4 °C. The
fluorescently labeled secondary antibody was applied to tissue
or cell samples and incubated for 1 h under ambient temperature
conditions. Finally, images were obtained using an Olympus
FV3000 confocal microscope.

RNA-seq and analysis

Sample preparation and analysis for RNA-seq were conducted
according to our previously published study [65]. Briefly, the
total RNA was isolated from harvested cells using TRIzol
reagent. Subsequently, complementary DNA libraries were
prepared and subjected to RNA-seq analysis at Hangzhou
LianChuan Biotechnology Co., Ltd. Gene-level expression was
quantified as raw read counts. Differential expression analysis
was performed using the limma package in R (version 3.6.1),
where raw count data were transformed with the voom method
and fitted into a linear model with empirical Bayes moderation
to estimate log, fold changes. Genes were considered differen-
tially expressed when exhibiting Log FC values either below
—0.5 or above 0.5. To identify genes associated with microglial
polarization, the GeneCards database (https://www.genecards.
org/) was consulted. The ClusterProfiler package of R was used
for Kyoto Encyclopedia of Genes and Genomes analysis.

siRNA transfection

BV2 cells were plated into 6-well culture plates and underwent
transient transfection with either cGAS-targeting small inter-
fering RNA (siRNA) (si-cGAS), ANT1-targeting siRNA (si-
ANT1), or nontargeting control siRNA (si-NC) using the
HighGene transfection reagent. At 24 h post-transfection, cells
were harvested for subsequent experiments.

Measurement of cytosolic mtDNA

The collected BV2 cells were evenly divided into 2 parts to
extract cytoplasmic DNA and total cell DNA, respectively. Total
cell DNA was extracted according to the instructions of the
cell/tissue genomic DNA extraction kit (DP1902, BioTeke). For
extracting cytosolic DNA, the cells were added with 500 pl of
digitalin (25 pg/ml) and cleaved for 10 min. The samples
underwent centrifugation at 4 °C for 3 min with a relative
centrifugal force of 980 g, after which the supernatant obtained
was utilized in subsequent analytical procedures. Then, cyto-
solic mtDNA was extracted by using a DNA extraction kit
(DP1902, BioTeke, China). The expression of mitochondrial
genes including D-loopl, NDI, and D-loop3 in cytoplasmic
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DNA was detected by quantitative PCR. Tert from total DNA
was used as an internal reference to assess the expression of
target genes. The primer sequences are presented in Table S4.

mtDNA depletion in BV2 cells

For mtDNA depletion, BV2 cells were cultured with 0.2 pg/ml
EtBr for 2 d. DNA was extracted from the cell with a genomic
DNA extraction kit (DP1902, BioTeke, China). The mtDNA
content was evaluated using quantitative PCR as described
above.

MMP measurement

JC-1 Assay Kit (Beyotime) was used to assess MMP. Following
PBS washes, cellular samples were treated with JC-1 working
solution at a 1:2 dilution. Fluorescence imaging was subse-
quently performed with Olympus FV3000.

ATP measurement

Cells were lysed in detergent to inactivate ATPase and centri-
fuged (12,000 g, 4 °C for 5 min), and the supernatant was col-
lected. The supernatant was used to determine the total ATP
protein concentration. Assay buffer was added to each super-
natant. After incubation, luminescence was measured in a
luminometer.

Mitochondrial SOX assay

The testing of MitoSOX was carried out following the instruc-
tions (MT14, Dojindo, Japan). BV2 cells were added with
10 pM MitoSOX solution and incubated at 37 °C for 30 min.
Subsequently, the cellular samples underwent 3 washing cycles
using PBS before being resuspended in fresh PBS solution.
Mitochondrial SOX levels were then quantified through flow
cytometric analysis.

Measurement of the mPTP

The opening of the mPTP was evaluated using an mPTP assay
kit (BL928A, Biosharp). Briefly, cells from each group were
rinsed with PBS and incubated at 37 °C for 30 min with calcein-
AM in the presence of cobalt chloride (Co*") as a quencher.
After incubation, the staining solution was replaced with fresh
culture medium, and the cells were maintained at 37 °C in the
dark for an additional 30 min. Flow cytometry was used to
measure fluorescence intensity.

Statistical analysis

Data are expressed as mean + SD (x + s). For statistical analysis,
version 23.0 of SPSS was utilized. For intergroup comparisons,
we employed a one-way analysis of variance approach with
subsequent least significant difference t testing to identify spe-
cific differences. A threshold of P < 0.05 denoted statistical
significance across all analyses.
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