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Abstract

Dysregulated mitochondrial DNA (mtDNA) promotes inflammatory response and disease
progression. However, the mechanism and role of mtDNA-mediated inflammatory activation in
the pathogenesis of Parkinson’s disease (PD) are not yet clear. This study demonstrates that the
injection of mtDNA into the substantia nigra pars compacta induces PD pathology in mice,
characterized by the loss of dopaminergic (DA) neurons and the activation of microglia.
Transcriptomic profiling of magnetic-activated cell sorting (MACS)-sorted cells reveals a
pronounced upregulation of genes associated with the NLRP3 inflammasome pathway in
microglia following the mtDNA administration. Critically, lipopolysaccharide (LPS) and rotenone
induced in vivo and in vitro PD models show oxidized mtDNA (ox-mtDNA) release and microglial
NLRP3-IL1B axis activation as evidenced by upregulation of NLRP3 and IL-1pB, caspase-1
cleavage, and IL-1p release. The role of mtDNA in activating the NLRP3-IL-1f axis is further
validated in BV2 cells through exogeneous mtDNA transfection, while the NLRP3-IL-18
activation is negated in the LPS and rotenone induced model when mtDNA release is inhibited.
Especially, oxidized mtDNA is superior to nonoxidized mtDNA in activating the NLRP3-IL-1f3
axis. NLRP3 knockdown in BV2 cells abolishes the activation of NLRP3-IL-1p axis induced by
mtDNA or exposure of LPS and rotenone and mitigates the damage to SH-SYS5Y cells in co-culture
systems. Ox-mtDNA-mediated neuronal cell damage is initiated through binding to NLRP3, as
demonstrated by co-immunoprecipitation and co-localization in BV2 cells. Molecular docking

prediction and analysis of intrinsically disordered region (IDR) of NLRP3 indicate that ox-mtDNA



interacts with the positively charged IDR of NLRP3. This interaction is validated by
electrophoretic mobility shift and in vitro PYD-caspase-1 cleavage assays, demonstrating the
formation of the ox-mtDNA-NLRP3 complex and subsequent activation of NLRP3. This study
describes a critical role of mtDNA in activating microglial NLRP3-IL-1p axis, leading to
neurodegeneration in PD pathology, which provides clear clues for developing anti-PD drugs

targeting NLRP3.

Introduction

Parkinson’s disease (PD), the second most prevalent neurodegenerative disorder, is
characterized by the progressive loss of dopaminergic (DA) neurons in the substantia nigra pars
compacta (SNpc) and motor dysfunction [1]. Recent evidence highlights microglial overactivation
as a crucial neuroinflammation driver associated with neuronal death [2, 3]. Activated microglia
facilitate the progression of PD through the overproduction of reactive oxygen species (ROS) and
the release of pro-inflammatory cytokines [4]. However, the molecular events linking microglial
activation to the loss of DA neurons remain elusive.

Mitochondria play a central role in cellular energy metabolism through ATP production, and
their dysfunction has been extensively studied, which is associated with neuronal loss leading to
PD [5]. Especially, mitochondrial complex I (CI) impairment in DA neurons has long been
recognized as a hallmark of PD. Yet, new research demonstrated that mice with genetic disruption

of mitochondrial CI in DA neurons do not exhibit PD’s characteristic severe movement



impairments, which occur only in older mice with DA signaling deficiencies spreading over both
striatum and SNpc [6]. In addition, a recent study of brain tissues found that PD patients exhibit
two distinct subtypes, widespread neuronal CI deficiency and non-CI deficient subtype, with the
non-CI deficient subtype only showing mitochondrial impairment in the DA SNpc [7]. These
studies do not deny the contribution of mitochondrial dysfunction to the pathological progression
of PD, but rather unravel the heterogeneous pathophysiology and complexity of mitochondrial
dysfunction in the pathological mechanism of PD. Therefore, further research on the molecular
mechanisms of mitochondrial dysfunction, particularly in-depth exploration of extra-neuron
mitochondrial dysfunction, is crucial for understanding PD’s pathological progression and
therapeutic strategies.

Increasing studies suggest that microglial hyperactivation is related to mitochondrial
dysfunction and oxidative stress [8]. Mitochondrial DNA (mtDNA) exhibits immunostimulatory
capacity due to its bacterial endosymbiotic heritage combined with acquired features like oxidative
damage and mutagenic signatures [9, 10]. These unique features enable mtDNA to function as a
damage-associated molecular pattern (DAMP), leading to neuroinflammation. Many
mitochondrial components and metabolites can act as DAMPs and promote inflammation when
released into the cytoplasm or extracellular environment [11]. Among mitochondrial DAMPs,
mtDNA has been identified as a potent activator of microglial pro-inflammatory pathways,
including TLR9 and cGAS-STING signaling [12, 13]. Notably, mitochondrial dysfunction is often

accompanied by oxidative stress, which generates large amounts of ROS, leading to the oxidation



of mtDNA. Zhong et al. showed that oxidized mtDNA (ox-mtDNA), compared to unoxidized
mtDNA, preferentially activates the inflammasome sensor NLRP3 [14]. A study also showed that
mtDNA must first be oxidized to activate NLRP3 [15]. Despite these studies, the exact molecular
mechanism of ox-mtDNA-mediated microglial activation and its downstream signaling to
neurodegeneration in the pathogenesis of PD has not been fully determined.

Ox-mtDNA activates multiple inflammatory pathways in microglia, with the NLRP3
inflammasome emerging as a central mediator [16, 17]. It has been demonstrated that inhibiting
mtDNA release or oxidation mitigates neuroinflammation and the loss of DA neurons [18, 19].
Upon priming via NF-kB signaling, NLRP3 recruits ASC and pro-Caspase-1 to form the
inflammasome complex, which catalyzes the autoactivation of Caspase-1. Active Caspase-1
cleaves pro-IL-1f into mature IL-1p, a potent neurotoxic cytokine [20]. Elevated plasma NLRP3
expression and IL-1B levels had been observed in individuals with PD [21]. Additionally,
preclinical studies demonstrate that either NLRP3 knockout or pharmacological inhibition
attenuates DA neuron loss in MPTP and a-synuclein models [22]. Despite these advances, the
precise mechanism by which ox-mtDNA engages NLRP3 to initiate inflammasome assembly and
neurodegeneration remains unclear in PD pathology, thereby limiting potential therapeutic
targeting.

This study demonstrated that stereotactic injection of ox-mtDNA into the mouse SNpc
recapitulates PD pathology. Utilizing magnetic-activated cell sorting (MACS) to isolate midbrain

neurons and microglia for transcriptome sequencing, we showed that genes associated with PD



exhibited significant alterations in midbrain neurons when comparing oxidized mtDNA group to
the control group. Furthermore, genes related to the NLRP3 signaling pathway displayed
substantial changes in midbrain microglia. Utilizing in vivo and in vitro models established with
lipopolysaccharide (LPS) priming and rotenone treatment, we showed that the release of microglial
ox-mtDNA drives NLRP3-dependent caspase-1 cleavage, IL-1p secretion, and neuronal death. We
revealed a novel interaction between ox-mtDNA and NLRP3, in which ox-mtDNA directly binds
to the intrinsically disordered region (IDR) of NLRP3, promoting NLRP3 activation. Our findings
demonstrate a key role of mtDNA in driving the activation of the NLRP3-IL-1f axis in microglia,

providing a mechanistic framework for targeting ox-mtDNA-driven microglial toxicity in PD.

Results

Ox-mtDNA induces neuronal damage in vivo

Growing evidence has highlighted the emerging role of ox-mtDNA as a critical DAMP in
neuroinflammation [23, 24]. Recent studies have increasingly focused on the involvement of ox-
mtDNA in PD [9]; however, the precise mechanisms linking ox-mtDNA-mediated microglial
responses to neuronal damage remain poorly understood. To address this knowledge gap, we first
generated and extracted ox-mtDNA in vitro by treating BV2 cells with LPS and rotenone. The
oxidized state was confirmed by a significant increase in the levels of 8-OHdG, as assessed through
dot-blot analysis (Fig. SIA). Subsequently, we established a PD model by stereotactically injecting

the validated ox-mtDNA into the SNpc of C57BL/6 mice (Fig. 1A). We subsequently employed



MACS to isolate midbrain neurons and microglia from mice, followed by RNA sequencing to
profile the transcriptional alterations in neurons and microglia induced by ox-mtDNA exposure.
(Fig. 1A). The purity of the isolated cell populations was confirmed through immunostaining for
the neuronal marker MAP2 and the microglial marker Iba-1 (Fig. S1B, C).

The principal component analysis demonstrated a clear separation of neurons and microglia
along the PC1 axis, with no overlap between the two cell types (Fig. S1D), indicating a significant
distinction between neurons and microglia. Additionally, the intersection of the Venn diagrams
illustrated the heterogeneity of isolated neurons and microglia (Fig. S1E). Subsequently,
transcriptomic changes were compared between the LPS and control groups, and between the ox-
mtDNA and control groups in isolated neurons from mice, leading to a comprehensive analysis of
differentially expressed genes (DEGs) among the groups. A total of 1276 upregulated DEGs and
1628 down-regulated DEGs were identified in the ox-mtDNA group compared to the co ntrol
group (Fig. S1F). In comparing the LPS and control groups, 3237 DEGs were detected, with 1502
DEGs upregulated and 1735 DEGs down-regulated (Fig. S1G). Hierarchical clustering analysis of
142 PD-related genes in neurons revealed that genes associated with the improvement of PD, such
as LRRK?2, were significantly down-regulated, while genes that promote PD, such as a-synuclein,
were significantly upregulated in the LPS and ox-mtDNA groups (Fig. 1B). These findings suggest
that ox-mtDNA can influence the progression of PD in mice.

We further investigated the behavior changes and DA neuronal damage in ox-mtDNA-

induced mice. As illustrated in Fig. 1C-E, LPS and ox-mtDNA synergistically exacerbated



neurological dysfunction, as evidenced by a significant reduction in both total distance traveled
and average velocity during the open-field test. Immunohistochemical staining revealed a marked
increase in the loss of tyrosine hydroxylase (TH)-positive DA neurons in mice injected with ox-
mtDNA, which was further exacerbated by LPS priming (Fig. 1F, G). Similar findings were
observed in TH protein expression analysis (Fig. 1H). These results indicate that ox-mtDNA can

cause DA neuronal damage.

Ox-mtDNA activates microglial NLRP3-IL-1f axis in vivo

Further analysis demonstrated that ox-mtDNA triggered significant activation of midbrain
microglia, synergistically enhancing the activation in LPS-primed microglia (Fig. 2A-C). Analysis
of DEGs from transcriptional sequencing of midbrain microglia revealed 4282 DEGs upregulated
and 2981 DEGs downregulated in the LPS group compared to the control group. In the ox-mtDNA
group, 4060 DEGs were upregulated and 2174 DEGs were down-regulated relative to the control
group (Fig. 2D). Notably, 56.94% of these DEGs were co-regulated between the two comparison
groups (Fig. 2E). Subsequent analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways enriched for DEGs identified that inflammation-related signaling pathways were
significantly enriched. Particularly, IL-1p is strongly associated with these inflammatory pathways
(Fig. 2F, G). NLRP3 is a key mediator of IL-1 production during microglial activation [25]. Gene
expression analysis further identified 38 DEGs involved in the NLRP3 inflammasome pathway

(KEGG: mmu04621) co-regulated by LPS and ox-mtDNA in both microglia and neurons. Notably,



NLRP3 and IL-1PB were significantly upregulated, with microglia exhibiting markedly higher
expression levels than neurons (Fig. 2H). NLRP3 inflammasome activation is a multi-step process
involving the oligomerization of the adapter protein ASC and the self-cleavage of caspase-1, which
then processes pro-IL-1f into its active form [20]. Consistent with this mechanism, our analysis
of midbrain tissues revealed that ox-mtDNA treatment increased the protein levels of ASC and
pro-IL-1PB (Fig. S2A, B and D), indicative of transcriptional priming. Crucially, we observed a
concomitant rise in the cleaved forms of both caspase-1 and IL-1f (Fig. 2I-K), while the level of
pro-caspase-1 remained unchanged (Fig. S2A, C). Furthermore, ox-mtDNA led to a significant
increase in serum IL-1PB concentrations (Fig. 2L). These results demonstrate that ox-mtDNA
induces robust NLRP3 inflammasome assembly and activation, underscoring its crucial role in

triggering microglial activation and subsequent neuronal damage.

Ox-mtDNA-NLRP3-IL-1 axis is involved in LPS-primed rotenone-induced neuronal
damage in vivo.

Rotenone induces a burst of ROS by specifically inhibiting mitochondrial CI [26]. This
oxidative stress can promote mtDNA oxidation and release, forming a positive feedback loop of
ox-mtDNA [27]. Based on the findings of ox-mtDNA-induced neuronal injury and upregulation
of NLRP3 and IL-1B in microglia revealed in the above experiments, we mimicked the
pathological environment of PD using LPS and rotenone to further investigate the mechanism and

role of ox-mtDNA-mediated NLRP3-IL-1f axis activation in PD pathology. (Fig. 3A).



Under this PD model, we assessed microglial activation. As shown in Fig. S3A and B, through
Iba-1 immunofluorescence staining analysis, the combination of LPS and rotenone induced further
microglial activation compared to either treatment alone. Correspondingly, Iba-1 protein
expression analysis yielded similar results (Fig. S3C). Additionally, we observed an increase in
cytoplasmic mtDNA in the midbrain upon exposure to LPS and rotenone. And the combination of
LPS and rotenone resulted in a greater release of mtDNA compared to either the LPS or rotenone
exposure alone (Fig. 3B-D). To further determine whether the mtDNA released upon LPS +
rotenone exposure was oxidized and localized within microglia, we performed confocal
microscopy analysis. The results clearly showed that the cytoplasmic DNA was significantly
oxidized and co-localized with activated microglia (Fig. 3E). These results suggest that LPS
combined with rotenone induces microglial activation, leading to the oxidation and release of their
mtDNA.

As illustrated in Fig. S3D-F, LPS-primed rotenone-induced PD mice exhibited significant
exacerbation in the open field test compared to the groups exposed to LPS alone or rotenone alone,
evidenced by a reduction in both total distance travel and average velocity in the open field test.
These findings suggest that rotenone exacerbated neurological deficits in LPS-primed PD mice.
Consistently, we observed an increase in the loss of TH-positive DA neurons in LPS + rotenone
mice compared to those exposed to LPS alone or rotenone alone (Fig. S3G, H). Similar results
were obtained from TH protein expression analysis (Fig. S31). These results indicate that rotenone

and LPS synergistically exacerbated DA neuronal damage in mice.



Based on the transcriptome sequencing results that ox-mtDNA induced neuronal damage and
upregulated the genes associated with the microglial NLRP3-IL-1f axis (Fig. 1 and Fig. 2), we
propose that LPS and rotenone triggers the NLRP3-IL-1p axis in microglia by releasing ox-
mtDNA, which subsequently leads to neuronal damage. To further investigate this hypothesis
under the condition of maximal mtDNA release, we employed laser confocal microscopy to
observe the expression of NLRP3 in midbrain microglia. The results indicated that NLRP3
expression was significantly upregulated in microglia following treatment with LPS and rotenone
(Fig. 3F). Then the mRNA levels of NLRP3 and IL-1f in midbrain tissues, as well as the
downstream proteins cleaved-caspase-1 and cleaved-IL-1p were analyzed. The results
demonstrated that rotenone significantly increased the mRNA levels of NLRP3 and IL-1 when
primed with LPS but not with rotenone alone (Fig. 3G, H). Notably, treatment with rotenone
resulted in the upregulation of ASC, pro-IL-1B (Fig. S3J, K and M), cleaved-caspase-1, and
cleaved-IL-1p (Fig. 3I-K), as well as an increase in serum IL-1f levels (Fig. 2L), while the level
of pro-caspase-1 unchanged (Fig. S3J, L). These effects were synergistically enhanced following
LPS priming. However, the combination of LPS and rotenone did not alter the protein level of pro-
caspase-1. Collectively, these results suggest that promoting microglia ox-mtDNA release and thus
activating the NLRP3-IL-1f axis may be an essential mechanism by which rotenone exacerbates

PD in the LPS-primed PD model.



Ox-mtDNA is released in LPS-primed rotenone-induced BV2 cells

A prominent mechanism associated with ox-mtDNA escape involves ROS-induced oxidative
stress (28). Studies have demonstrated that the mitochondrial CI inhibitor rotenone increased ROS
production and reduced ATP levels [26, 29]. Therefore, we investigated the mitochondrial function
and related mtDNA release in BV2 cells challenged with LPS and rotenone and found that rotenone,
but not LPS, significantly decreased ATP levels (Fig. 4A) and increased mitochondrial ROS
production, as measured by the MitoSOX fluorescence probe (Fig. 4B, C). To investigate rotenone-
induced mtDNA release, we quantified cytoplasmic mtDNA levels and performed confocal
microscopy. Both assays demonstrated that rotenone exposure significantly increased mtDNA
leakage, with LPS further enhancing this effect (Fig. 4D-F). mtDNA is particularly vulnerable to
oxidation by ROS. Due to its high redox potential, guanine is the most prone to oxidation, resulting
in the formation of 8-hydroxy-2-deoxyguanosine (8-OHdG) [30], a well-established marker of
ROS-induced DNA lesions [31]. Dot blotting analysis utilizing an antibody against §-OHdG
confirmed that LPS and rotenone induced oxidative damage to mtDNA (Fig. S1A). These findings
indicate that LPS and rotenone cooperatively induce mitochondrial dysfunction, promoting ox-

mtDNA cytoplasmic release.

NLRP3-IL-1p axis is involved in LPS-primed rotenone-induced neuronal damage
BV?2 cells were utilized to further explore the mechanism of neuronal damage mediated by

microglia activation (Fig. 5A, B). Consistent with the results of the animal experiments, similar



findings were observed in the mRNA levels of NLRP3 and IL-1p (Fig. 5C, D), as well as in the
protein expression of ASC, pro-caspase-1, pro-IL-1p (Fig. S4A-D, NLRP3, cleaved-caspase-1 and
cleaved-IL-1B (Fig. SE-H) and the levels of IL-1pB in the culture medium (Fig. 5I). The BV2
conditioned medium (BCM) was collected and co-cultured with SH-SYS5Y cells. BCM collected
from LPS-treated cells did not decrease the viability of SH-SYSY cells; however, it significantly
exacerbated the damage of SH-SYSY cells induced by rotenone-treated BCM (Fig. 5J) and led to
further downregulation of TH protein expression (Fig. 5K). These in vitro findings establish
microglial NLRP3 as a key mediator linking LPS and rotenone exposure to neuronal injury.

To investigate NLRP3’s role in neuronal damage, we generated NLRP3-knockdown
(NLRP3-KD) BV2 cells using lentiviral shRNA. The staining efficiency of lentivirus targeting
NLRP3 was demonstrated by immunofluorescence in Fig. S4E, and verified at the protein level
with 54.9% relative to the scramble group (Fig. S4F). LPS + rotenone treatment significantly
upregulated NLRP3, cleaved-caspase-1 and cleaved-IL-1p protein expression in wild-type cells,
but these effects were markedly attenuated in NLRP3-KD cells (Fig. 5L-O). Given that microglia-
mediated neuroinflammation ultimately leads to neuronal damage, we specifically examined
whether NLRP3 inflammasome activation in microglia drives this neurotoxicity. As shown in Fig.
5P-R, BCM (LPS + rotenone + NLRP3-KD) significantly attenuated neuronal toxicity compared
to BCM (LPS + rotenone), as demonstrated by improved cell viability and restored TH expression.
To further validate the specificity of NLRP3 in mediating neuroinflammation, we extended our

investigation to an in vivo model using the NLRP3 inhibitor MCC950. In the LPS + rotenone group,



immunohistochemical analysis revealed a significant reduction in TH expression in the SNpc,
indicative of DA neuron loss, which was robustly reversed by MCC950 co-treatment (Fig. S5A,
B). Conversely, Iba-1 immunofluorescence demonstrated pronounced microglial activation in LPS
+ rotenone mice, while MCC950 attenuated this effect (Fig. S5C, D). Western blotting
corroborated these findings, showing that LPS + rotenone mice had decreased TH levels and
increased Iba-1 protein levels, which were reversed by MCC950. Notably, NLRP3 inflammasome
component, ASC, was upregulated in LPS + rotenone mice, however, MCC950 treatment
suppressed its expression. While the expression of the precursor pro-caspase-1 remained
unchanged across groups, the levels of its active form, cleaved-caspase-1, along with the mature
cytokine cleaved-IL-1B and its precursor pro-IL-1B, were significantly elevated. MCC950
treatment effectively suppressed all these activation markers without altering pro-caspase-1 levels
(Fig. SS5E-L). These results establish that microglial NLRP3-IL-1f axis activation is essential for
LPS + rotenone-induced neurotoxicity. Parallel results were observed in the ox-mtDNA-injected
model. MtDNA alone reduced TH expression and enhanced Iba-1 activation, whereas MCC950
rescued both effects (Fig. S5A, B). Inflammasome protein profiles mirrored those in LPS +
rotenone mice, with MCC950 suppressing ASC, cleaved-caspase-1, cleaved-IL-1p, and pro-IL-1B
but not pro-caspase-1 (Fig. SSM-T). Collectively, these in vivo pharmacologic inhibition data,
combined with in vitro genetic knockdown approaches, unequivocally demonstrate that NLRP3 is

the crucial mediator of microglia-dependent neurotoxicity in PD models.



Ox-mtDNA activates NLRP3 by binding to NLRP3 in LPS-primed rotenone-induced BV2
cells

Previous studies have suggested that ox-mtDNA indirectly regulates NLRP3 activity, for
instance, through TLR9 [32]. Here, we further define the interaction of ox-mtDNA with NLRP3.
We employed both positive and negative approaches to determine the effect of mtDNA on NLRP3
activation: (1) intervention with the mtDNA release inhibitor cyclosporine A (CsA) and (2)
transfection of ox-mtDNA derived from BV2 cells treated with LPS and rotenone. As illustrated
in Fig. 6A, CsA significantly reduced ox-mtDNA release induced by LPS and rotenone.
Meanwhile, CsA notably downregulated the protein expression of cleaved-caspase-1 and cleaved-
IL-1B (Fig. 6B-D). These findings suggest that the inhibition of mPTP opening, along with the
subsequent reduction in the release of mitochondrial DAMPs, including mtDNA, contributes to
the suppression of NLRP3 activation. In contrast, the expression levels of these proteins were
markedly upregulated following transfection with ox-mtDNA generated and extracted from BV2
cells treated with LPS and rotenone (Fig. 6E-G), indicating that the release of ox-mtDNA plays a
role in the activation of NLRP3. Subsequently, we investigated whether there are differences in
NLRP3 activation between oxidized and non-oxidized mtDNA. D-loop mtDNA was synthesized
and then oxidized with hydrogen peroxide (Fig. S6A), and agarose gel electrophoresis showed that
oxidation of mtDNA by hydrogen peroxide did not result in mtDNA breaks (Fig. S6B). The results
showed that compared with normal mtDNA, ox-mtDNA significantly enhanced the protein

expression of cleaved-caspase-1 and cleaved-IL-1f (Fig. 6H-J). Taken together, these data indicate



that ox-mtDNA can induce preferential activation of NLRP3 compared with normal mtDNA.

We further hypothesized that ox-mtDNA might bind to NLRP3. Therefore, we
immunoprecipitated (IP) NLRP3 with anti-NLRP3 antibody, and IP products were purified, and
the relative amount of mtDNA was detected by RT-qPCR. mtDNA but not nuclear DNA was
significantly detected in the NLRP3 IP product of BV2 cells after LPS + rotenone challenged (Fig.
6K). IP products were directly subjected to 8-OHdG dot blotting, and 8-OHdG signal was clearly
detected (Fig. 6L). Confocal microscopy showed that after LPS + rotenone treatment, the co-
localization of 8-OHdG and NLRP3 yielded similar results (Fig. 6M, N). These results indicate

that ox-mtDNA is binding with NLRP3.

Ox-mtDNA binds directly to the IDR of NLRP3 and activates NLRP3

To further characterize the interaction of ox-mtDNA with NLRP3, we predicted the 3D
conformation of ox-mtDNA (Fig. 7A). The dominant binding conformation of ox-mtDNA to
NLRP3 (PDB 7PZC) was further predicted using the Z-dock program. The results suggested that
ox-mtDNA could bind with an unstructured domain of NLRP3 between the NACHT and PYD
domains (AG = -10.9) (Fig. 7B). Consistently, molecular docking of NLRP3 (PDB 7PZC) with
ox-DNA (PDB 310W) showed a similar result (AG = -14.6) (Fig. 7C). The NLRP3 molecule
possesses a significantly large positive surface, which includes the region predicted to interact with
ox-mtDNA as determined by molecular docking studies (Fig. 7D). Intrinsically disordered regions

(IDR) are oftentimes known to convert from disordered to ordered, or vice versa, when interacting



with macromolecules [33]. Given that the region predicted to bind directly to oxidized ox-mtDNA
appears predominantly disordered in NLRP3, we investigated whether NLRP3 conforms to the
canonical definition of an intrinsically disordered protein (IDP). Analysis using the D?P? software
revealed that two sequences, exhibiting over 75% consistency, fulfill the criteria for IDR as defined
by the prediction program: residues 180-187 and 690-695 (Fig. 7E). Sequence comparisons using
Clustal Omega revealed that the segment of the IDR, specifically residues 180-187, is highly
conserved among NLRP3 homologs across various species (Fig. 7F). This significant degree of
conservation suggests that these sequences may possess crucial biological functions [34]. Together,
these results indicate that ox-mtDNA may bind directly to NLRP3.

To further investigate whether mtDNA directly binds to NLRP3, we conducted
electrophoretic mobility shift assays (EMSA). Our results showed that the binding band strength
between truncated NLRP3 (180-1033) and ox-mtDNA increased with the increase of truncated
NLRP3 (180-1033) content, which indicates that ox-mtDNA can directly bind to truncated NLRP3
(180-1033) (Fig. 7G). When the 180-187 region of NLRP3 was truncated, the binding band
intensity of truncated NLRP3 (188-1033) to ox-mtDNA was significantly weakened, suggesting
that ox-mtDNA binds directly to the 180-187 region of NLRP3. To gain a deeper understanding of
whether ox-mtDNA activates NLRP3 when ox-mtDNA directly binds to truncated NLRP3 (180-
1033), we incubated the truncated NLRP3 (180-1033) with ox-mtDNA followed by co-incubation
with PYD-casepase-1 (Fig. 7H). As shown in Fig. 71, a significant increase in cleaved-caspase-1

was detected in the co-incubation group. These results indicate that ox-mtDNA can directly bind



to the truncated NLRP3 (180-1033) and activate NLRP3. To further validate the critical role of the
NLRP3 180-187 sequence in its activation and to compare the relative potency of oxidized versus
unoxidized mtDNA, we performed an in vitro PYD-caspase-1 cleavage assays. In this assay,
different NLRP3 protein constructs were incubated with either oxidized (ox-) or unoxidized
mtDNA. The results demonstrated that while unoxidized mtDNA was capable of inducing NLRP3
activation and generating cleaved-caspase-1, ox-mtDNA exhibited a markedly stronger effect.
Crucially, when the NLRP3 180-187 sequence was truncated, the ability of the resulting protein to
activate caspase-1 was significantly diminished upon stimulation by either form of mtDNA (Fig.
S7F).

Taken together, ox-mtDNA is released in microglia in an LPS-primed rotenone-induced
mouse PD model, binding directly with the 180-187 sequence of NLRP3 and resulting in NLRP3
activation in microglia. The knockdown of NLRP3 in vitro and the using of NLRP3 inhibitor in
vivo attenuated the damage of neurons, highlighting a mechanism by which microglial NLRP3
could contribute to the progression of PD associated with neuroinflammation and mitochondrial
stress. Consequently, strategies designed to prevent the release of microglial ox-mtDNA and its

binding to the 180-187 sequence of NLRP3 may offer effective protective measures against PD.

Discussion
This study demonstrated that ox-mtDNA activates the NLRP3-IL-1f axis in microglia, both

in vitro and in vivo, driving PD-like pathology. Our work builds upon foundational studies, such



as that by Sarkar et al., which established that mitochondrial damage in microglia amplifies
NLRP3 inflammasome signaling to exacerbate dopaminergic neurodegeneration [35]. However,
the precise identity of the mitochondrial-derived signal that directly initiates NLRP3 assembly
remains unclear. Our study addresses this critical knowledge gap by identifying ox-mtDNA as the
key DAMP that translates mitochondrial stress into NLRP3 inflammasome activation in microglia.
Furthermore, we elucidate a novel mechanism by demonstrating that ox-mtDNA directly binds to
the IDR of the NLRP3 protein, thereby facilitating inflammasome assembly. These findings
provide a mechanistic insight into the critical role of mtDNA in linking microglial activation to
neuronal injury in the context PD pathology. We further employed LPS plus rotenone models to
simulate the environmental toxins induced neuropathology. Our findings showed that LPS and
rotenone caused PD pathology by promoting ox-mtDNA release in microglia and activating the
NLRP3-IL-1p axis. These results suggest that microglial mtDNA release-induced activation of the
NLRP3-IL-1p axis is a key mechanism in the pathogenesis of PD. Mechanistically, we found that
ox-mtDNA promotes NLRP3 activation by directly binding to the IDR region of NLRP3.

The pathogenesis of PD involves complex interactions among genetic predisposition,
mitochondrial dysfunction, a-synuclein aggregation, and neuroinflammation [36]. While emerging
studies highlight microglia-mediated neuroinflammation as a critical driver of PD progression [2,
3]. However, the precise mechanisms linking microglial inflammation to PD pathology remain
poorly understood, partly due to the cellular complexity of the brain and the absence of direct

evidence isolating the contributions of microglia from those of other neural or immune cells. This



study employed MACS to isolate microglia and neurons from the mouse midbrain, followed by
transcriptomic profiling. Although MACS of microglia has been used to study microglial
neuroinflammation, there are few reports for PD research [37]. Transcriptomic analysis revealed
that while both LPS and ox-mtDNA administration induced NLRP3 pathway gene regulation (e.g.,
NLRP3, IL-1B) in neurons, the effect was markedly more pronounced in microglia, providing
direct evidence that microglial activation drives neurodegeneration. Furthermore, confocal
microscopy demonstrated that the combination of LPS and rotenone synergistically induced
cytoplasmic accumulation of ox-DNA and expression of NLRP3 in microglia. /n vitro, LPS and
rotenone-treated BV2 cells exhibited enhanced activation of the NLRP3-IL-1p axis. SH-SY5Y
cells significantly reduced cell viability and TH expression when co-cultured with BCM. Our study
hypothesizes that LPS primes microglial neuroinflammation, while rotenone amplifies this
neuroinflammation by inducing microglial mitochondrial dysfunction, leading to oxidative stress
that exacerbates DA neuronal damage. Notably, LPS alone was sufficient to induce cleavage of
caspase-1 and IL-1p in the BV2 model, which is consistent with previous reports [38, 39]. This
response may involve non-canonical pathways such as necroptosis or caspase-8 activation [35].
Nevertheless, it is clear that rotenone significantly amplifies NLRP3 inflammasome activation
beyond the effect of LPS alone. Rotenone has long been employed as a model for inducing PD due
to its capacity to directly inflict neuronal damage [40]. The effects of rotenone in in vivo
experiments are extensive and may directly compromise DA neurons, which is an unavoidable

aspect of our investigation. Consequently, we cannot definitively assert from the in vivo



experiments alone that LPS initiates neuroinflammation in microglial cells and that rotenone
amplifies this neuroinflammation through oxidative stress, exacerbating of PD. Nonetheless, the
combination of rotenone and LPS exacerbates the activation of the NLRP3-IL-1f axis in midbrain
microglia. Furthermore, our hypothesis is further supported by in vitro experiments. Direct
administration of LPS and rotenone stimulation in SH-SYS5Y cells for 24 h significantly decreased
TH protein expression compared to the control group. However, the BCM subjected to the same
exposure concentrations of LPS and rotenone stimulation for 12 h resulted in a further decrease in
TH protein expression compared to SH-SY5Y cells stimulated with direct administration of LPS
and rotenone. These results suggested that while LPS and rotenone directly induce neuronal
damage, they also exacerbate microglial activation, contributing to neuronal damage. Collectively,
while the potential contributions of other cell types (e.g., astrocytes or neurons) to PD pathogenesis
are not excluded, it is undeniable that we have conclusively demonstrated the role of microglia in
promoting PD, which was achieved through the integration of in vivo sorting, imaging, and in vitro
co-culture system, providing actionable insights for therapies targeting microglial activation in PD.

Although the exact role of mitochondrial dysfunction in the pathogenesis of PD has not been
fully defined, it is evident that mitochondrial damage may result in a range of adverse effects in
cells, including bioenergetic collapse, interruption of signal transduction, and release of pro-
inflammatory DAMP such as mtDNA. Mounting evidence implicates mtDNA as a key instigator
of microglial neuroinflammation in PD [41]. In this study, we performed stereotactic injection of

mtDNA extracted from LPS and rotenone-treated BV2 cells into the mouse midbrain, which



triggered activation of midbrain microglia, accompanied by PD-related alterations, including
dyskinesia and the loss of DA neurons. Transcriptomic profiling of sorted midbrain microglia and
neurons further delineated the neuroinflammatory signatures induced by mtDNA specifically to
microglia, thereby underscoring the central role of mtDNA in microglial function during the
progression of PD. We note that the direct administration of ox-mtDNA in our models serves as a
proof-of-concept to establish its intrinsic sufficiency as a DAMP. While this method bypasses
endogenous release mechanisms, it provides direct causal evidence for ox-mtDNA’s
neuroinflammatory capacity. This foundational finding is physiologically contextualized by our
complementary data showing that pathophysiological stimuli (LPS + rotenone) trigger the
endogenous oxidation and cytosolic release of mtDNA from microglia (Figs. 3, 4), thereby
bridging an exogenous challenge to a relevant cellular event.

Numerous alterations in inflammation-related factors, including TLRY, IL-10, and IL-12a,
were identified among several thousand DEGs sequenced from the midbrain microglia
transcriptome. While we do not exclude the activation of other inflammatory pathways in
microglia, it is evident that IL-1pB-related signaling pathways were significantly enriched among
the top 10 signaling pathways identified through KEGG functional enrichment analysis.
Furthermore, genes associated with the NLRP3 signaling pathway, such as NLRP3 and IL-1p,
were markedly upregulated, indicating that the NLRP3-IL-1p axis plays a crucial role in the
activation of microglia induced by mtDNA. These findings align with prior reports linking mtDNA

to NLRP3 inflammasome priming [16], which was further supported by: (1) Functional analyses



demonstrated that mtDNA upregulated NLRP3-associated genes in microglia, supported by both
in vivo and in vitro evidence of NLRP3-IL-1f axis activation through immunofluorescence,
immunoblot, RT-qPCR, and ELISA techniques. (2) Both the inhibition of mtDNA release and
NLRP3 knockdown in BV?2 cells significantly attenuated the production of cleaved caspase-1 and
IL-1B, while the NLRP3 inhibitor MCC950 effectively suppressed inflammasome signaling
induced by either LPS + rotenone or mtDNA. (3) Additionally, the neuroprotective role of targeting
NLRP3 was demonstrated both in vitro, where its knockdown restored viability and TH expression
in co-cultured dopaminergic neurons, and in vivo, where MCC950 attenuated LPS + rotenone- or
mtDNA-induced neuronal damage and microglial activation. Notably, although our in vivo and in
vitro data showed no significant change in pro-caspase-1 protein levels, this likely reflects its
dynamic processing. Inflammatory activation may lead to increased synthesis of pro-caspase-1,
but concurrent cleavage into its active form may mask detectable changes in total pro-caspase-1
expression when measured by Western blot. This observation aligns with previous studies, where
robust cleavage and elevated levels of cleaved-caspase-1 were observed despite stable pro-
caspase-1 levels [42, 43]. Importantly, our study specifically implicates ox-mtDNA as a direct
NLRP3 activator in microglia—a mechanism previously unexplored in PD models. Notably, ox-
mtDNA demonstrated superior potency in activating NLRP3 [14, 15]. Dot-blot assays confirmed
elevated levels of 8-OHdG in mtDNA from LPS + rotenone-treated BV2 cells, which may be
attributed to the overproduction of mitochondrial ROS. Synthetic ox-mtDNA, generated via H202

treatment, robustly induced cleaved-caspase-1 and Cleaved-IL-1Bcleaved-IL-1 in BV2 cells



compared to non-oxidized mtDNA, which underscored ox-mtDNA as a critical DAMP that
amplifies NLRP3-dependent neuroinflammation. Our work provides new insights into the
numerous past studies that report the ameliorative effects of anti-oxidative stress on PD.
Specifically, the mechanisms underlying these reductions in oxidative stress may involve the
inhibition of mtDNA oxidation as well as the release of ox-mtDNA.

While previous studies have demonstrated that transfected mtDNA can bind to NLRP3 in
Kupfter cells [44] and that ox-mtDNA interacts with NLRP3 in macrophages [15], its role in
microglia, particularly in the context of PD, remains unexplored. This study demonstrated that
treatment with LPS and rotenone-induced mtDNA-NLRP3 binding in BV2 cells, as evidenced by
the detection of mtDNA in NLRP3 immunoprecipitates. Notably, the dot-blot analysis revealed
significant oxidation of the co-precipitated DNA, suggesting that ox-mtDNA serves as the primary
ligand. Molecular docking studies of ox-mtDNA and NLRP3 revealed a high-affinity binding
interface within a positively charged, non-domain region connecting the PYD and NACHT
domains. This finding aligns with Cabral et al.’s 2023 report of a direct interaction between
oxidized DNA and NLRP3 [45], although its relevance in PD had not been previously established.
We revealed that the segment from residues 180 to 187 within this highly positively charged
domain constitutes the IDR of NLRP3 and is highly conserved. The IDR of the protein is intricately
linked to its phase separation, which promotes NLRP3 aggregation and subsequent activation [46].
Despite its significance, the role of phase separation in NLRP3 activation has often been

overlooked. A recent study has highlighted this mechanism; it was reported that cardiolipin,



palmitate, and other NLRP3-binding molecules directly induce conformational changes and
facilitate the phase separation of NLRP3 [46]. However, the potential binding of ox-mtDNA to the
IDR region of NLRP3 remains unreported. Notably, EMSA confirmed that a truncated NLRP3
(180-1033) retaining this IDR bound to ox-mtDNA in a dose-dependent manner and triggered
Caspase-1 cleavage, confirming NLRP3 activation. Since D?P? predicts IDR using a consensus of
10 algorithms (requiring > 75% agreement), some potential IDR may remain undetected, which
could explain why the truncated NLRP3 (180-1033) exhibits slightly reduced ox-mtDNA binding
compared to full-length NLRP3. However, it is undeniable that further truncation (188-1033)
significantly weakened this binding. These findings implicate the IDR (residues 180-187) as
critical for ox-mtDNA-mediated NLRP3 activation. Furthermore, given recent findings that
NLRP3 activators (e.g., cardiolipin, palmitate) induce conformational changes and phase
separation, we propose that the binding of ox-mtDNA to the IDR may similarly drive NLRP3
condensation, thereby amplifying inflammasome assembly. Future studies should investigate
whether ox-mtDNA directly modulates NLRP3 phase separation to facilitate neurotoxic
inflammation in PD.

It is important to acknowledge a limitation of our study that the primary in vitro indings were
obtained using the BV2 cells line. We recognize that immortalized cell lines may not fully
recapitulate the complexity of primary microglia. However, the central conclusions of our study—
that ox-mtDNA is a key DAMP released from stressed microglia and directly activates the NLRP3

inflammasome via its IDR—are robustly supported by a convergence of evidence from multiple



experimental systems. This includes key demonstrations in an in vivo mouse model, where
microglial activation and subsequent neuronal damage were directly observed, and the core
mechanism was validated using the NLRP3-specific inhibitor MCC950. The consistent
observation of this pathway in vivo lends strong biological relevance to our findings. Nevertheless,
future studies utilizing primary microglial cultures will be invaluable to further refine our
understanding of the precise molecular dynamics involved.

In conclusion, our study reveals that ox-mtDNA serves as a crucial mediator in the activation
of the NLRP3-IL-1f axis in microglia, contributing to the pathogenesis of PD. Given that ox-
mtDNA directly interacts with the IDR region 180-187 of NLRP3 and activates NLRP3, the
development of competitive inhibitors targeting this specific region may represent a promising
therapeutic strategy to mitigate NLRP3 activation induced by microglial ox-mtDNA in response

to neurotoxins, thereby potentially preventing the onset of PD.

Materials and methods

Cell culture and drug treatment

The BV2 cells and SH-SYS5Y cells were obtained from Pricella (Wuhan, China). These cells
were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen, California, USA)
supplemented with 10% FBS (Pricella) and 100 units/mL penicillin plus 100 pg/mL streptomycin
(Invitrogen). Cells were cultured in a 37 °C incubator at 5% COz. BV2 cells were first primed with

100 ng/mL LPS (Sigma-Aldrich, Missouri, USA) for 3 h, media was replaced, and cells were



subsequently stimulated followed by treatment with rotenone (MedChemExpress, NJ, USA) at
concentrations of 0.1 uM. BV2 cells were pretreated with 2 pM Cyclosporin A (CsA)
(MedChemExpress) for 2 h before exposure to LPS and rotenone. After treatment, BV2 cells were
either collected for mRNA extraction or for protein analysis by RT-qPCR or western blotting,
respectively. The BCM was collected from treated BV2 cells, which were subsequently co-cultured
with SH-SYS5Y cells in fresh DMEM medium at a 1:1 ratio for 24 h [47]. The following reagents
were obtained from commercial sources: MitoTracker Deep Red FM was from Beyotime (Nantong,
Jiangsu, China); MitoSOX Red was from Invitrogen; Luminescent ATP Detection Assay Kit was

from Abcam (Cambridge, UK).

Animals and study design

Male C57BL/6J mice (18-22 g, 6-8 weeks) were obtained from Hangzhou Ziyuan Laboratory
Animal Science and Technology Co., Ltd. The mice were randomly divided into groups (10
mice/group), and the investigators were blinded to the experiment performance. As illustrated in
Fig. 1A, mtDNA was isolated from LPS-primed rotenone-induced BV2 cells, utilizing the
mitochondrial fraction obtained as previously described [48]. LPS (4 pg/2 uL) or mtDNA (2 pg/2
puL) was injected into the left side of C57BL/6 mice in the Substantia Nigra (A/P —2.2 mm, M/L
1.4 mm, D/V —4.7 mm) relative to the bregma using a stereotactic instrument. Behavioral
assessments were conducted for 7 days post-injection, followed by the collection of brains and

blood for further analysis. As depicted in Fig. 3A, C57BL/6J mice were stereotactically injected



with LPS as previously described and subsequently received intraperitoneal injections of rotenone
(1.5 mg/kg) for 7 days. Finally, behavioral tests were conducted, and brains and blood were
collected for further evaluation. All animal experimental protocols in the present study were
operated according to the Guide for the Care and Use of Laboratory Animals published by the
United States National Institutes of Health (NIH Publication No. 85-23, revised 1996) and were
approved by the Experimental Animal Ethics Committee of the Zunyi Medical University (No.

ZMU 21-2303-332). And we have complied with all relevant ethical regulations for animal use.

Behavioral test

The open-field test evaluated the spontaneous locomotor activity of the animals. Mice
underwent pre-training daily for three days prior to drug intervention. Before sampling, the mice
were allowed to acclimate to the testing environment for 30 min without disturbance. Subsequently,
they were placed in the center of the field and permitted to explore freely for 5 min. Their
movements were recorded using video-tracking software, which monitored the activity for 5 min

and calculated the total distance traveled and average speed.

Isolation of neurons and microglia in midbrain

Single-cell suspensions were prepared from the midbrain of mice, following previously
established protocols [49]. Neurons were isolated in accordance with the instructions provided by
the Neuron Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Microglia were isolated

according to the guidelines of the MojoSort™ Mouse P2RY 12 Selection Kit (BioLegend, Inc., San



Diego, CA, USA). The collected cells were assessed for purity, which was verified to exceed 90%
through immunofluorescence analysis. Subsequently, transcriptome sequencing was conducted on

the isolated cells.

RNA extraction for transcriptomic sequencing

RNA extraction was conducted on neurons and microglia isolated from the brain tissues of
three mice per group, utilizing TRIzol® Reagent (Takara, Kusatsu, Japan) according to the
manufacturer's guidelines. Following extraction, the samples were sent to Shanghai Majorbio
Biopharm Technology Co., Ltd. for transcriptomic analysis. The quality of the RNA was assessed
using the 5300 Bioanalyzer (Agilent) and quantified with the ND-2000 (NanoDrop Technologies).

Ultimately, the RNA samples were used for the construction of sequencing libraries.

Library preparation and sequencing

RNA purification, reverse transcription, library construction, and sequencing were performed
according to the manufacturer’s guidelines (Illumina, San Diego, CA). The RNA-seq
transcriptome library was generated using the SMART-Seq V4 Ultra Low Input RNA Kit for
Sequencing from Takara, starting with 10 ng of total RNA. Initially, reverse transcription, which
involves the synthesis of a single strand, was conducted. During this process, RNA with a polyA
tail (primarily mRNA) was reverse transcribed using an Oligo (dT) primer. Three cytosine (C)
residues were added to the 3' terminus of the cDNA strand due to the use of a specialized active

reverse transcriptase (MMLVRT). Utilizing template-switching oligo (TSO) primers, two cDNA



strands were synthesized, allowing for the replacement of RNA complementary to one of the
cDNA strands. Subsequently, the cDNA was amplified to nanogram levels through PCR. A
modified, highly active TnS5 transposase was employed for DNA fragmentation, and linkers were
introduced at both ends of the cDNA. Following the final PCR amplification step, the library was
prepared for sequencing. After quantification using Qubit 4.0, the sequencing library was

processed on the NovaSeq X Plus platform (PE150) with the NovaSeq Reagent Kit.

Quality control and read mapping

The raw paired-end reads were trimmed and quality-controlled using fastp with default
parameters. Subsequently, the clean reads were aligned to the reference genome in orientation
mode using HISAT2 software. The mapped reads for each sample were then assembled using

StringTie in a reference-based approach for subsequent quantitative gene expression analysis.

Principal component analysis (PCA)
PCA was performed to investigate and clarify the separation between neurons and microglia

based on RNA-sequencing data, employing the princomp function in R.

Differential expression analysis and functional enrichment
To identify DEGs between two distinct samples, the expression level of each transcript was
calculated using the transcripts per million reads (TPM) method. RSEM was employed to quantify

gene abundances. Differential expression analysis was conducted using DESeq2. DEGs with



llog2FC| > 1 and FDR < 0.05 (DESeq2) were considered significantly differentially expressed.
Furthermore, functional enrichment analysis via KEGG was performed to determine which DEGs
were significantly enriched in metabolic pathways, with a Bonferroni-corrected P-value < 0.05
compared to the whole transcriptome background. KEGG pathway analysis was executed using
Python’s Scipy software. To investigate the pathways related to PD and the NLRP3 inflammasome,
we extracted gene sets from the KEGG database using the following entries: mmu05012
(Parkinson’s disease pathway) and mmu04621 (NLRP3 inflammasome-related genes in the NOD-
like receptor signaling pathway). Heatmaps were generated, displaying normalized read counts (Z-

score) of significantly dysregulated genes within these pathways.

Mitochondrial ROS assays

According to the manufacturer’s specifications, the mitochondrial ROS levels were evaluated
by using MitoSOX Red (Thermo Fisher Scientific, Waltham, MA, USA). Cells posted by the
specified treatments/interventions were incubated with the ROS fluorescent probe MitoSOX Red
(500 nM) for 30 min and then washed thrice with PBS for 5 min each. Next, nuclei were stained
with DAPI for 5 min, after which cells were washed thrice with PBS for 5 min each. Images were

observed under a laser confocal microscope (Leica, Wetzlar, Germany).

Immunofluorescence and confocal microscopy analysis
The cells were placed in 24-well plates with glass slides for 24 h. Upon treatment, the cells

were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.1% Triton (Solarbio,



Beijing, China) for 10 min at room temperature. Then, the cells were blocked with goat serum
(Zhongshan Golden Bridge Biotechnology, Beijing, China) for 30 min at room temperature and
incubated with primary antibodies overnight at 4 °C. After washing with PBS, the cells were
incubated with Fluor secondary fluorescent antibodies (Proteintech, Wuhan, China) for 1 h at room
temperature and stained with DAPI (Solarbio).

The cells were seeded in 24-well plates containing glass slides for a duration of 24 hours to
facilitate the detection of cytoplasmic DNA or mitochondria. Following treatment, the cells were
incubated with MitoTracker Deep Red FM for 30 minutes at 37°C. Subsequently, after washing
with PBS, the cells were fixed using 4% paraformaldehyde for 15 minutes and permeabilized with
0.2% Triton for 20 minutes at room temperature. The cells were then incubated with anti-ss/dsDNA
antibody (Santa Cruz Biotechnology, Dallas, TX, USA) for 16 hours at 4°C. Finally, the cells were
treated with secondary fluorescent antibodies for 1 hour at room temperature and subsequently
stained with DAPI. The paraffin tissue sections were dewaxed and citrate repaired followed by
goat serum blocking for 30 min. A primary antibody was added to cover the tissues at 4 °C
overnight. Then, the sections were washed with PBS three times, 5 min each time. Secondary
fluorescent antibodies were dripped onto the sections until covered completely, then incubated
them at room temperature for 2 h. The secondary antibodies were washed with PBS, and DAPI
was dripped. Images were captured using orthogonal fluorescence microscope (Leica), inverted
fluorescence microscope (Leica) or laser confocal microscope (Leica). Analysis of the image. The

secondary only controls for the ICC staining are shown in Fig. S8A-E.



Immunoprecipitation

To detect the binding of mtDNA to NLRP3 in BV2 cells, the cells were initially seeded in a
15 cm cell culture dish. Then, formaldehyde was added to a final concentration of 4% for 10 min
at room temperature to cross-link, and glycine (2.5 M) was added to terminate the cross-link. Next,
they were lysed using 500 pl of lysis buffer (Absin Bioscience, Shanghai, China) containing 1 mM
PMSF and centrifuged at 14000 xg for 10 min at 4 °C. The resulting supernatants were collected,
and the concentrations of total proteins were determined using BCA kits. Samples with equal
protein concentrations were transferred to fresh 1.5 mL Eppendorf centrifuge tubes and incubated
with antibody against NLRP3 at 4 °C for 16 h. Protein A + G Agarose beads, which had been
prewashed three times with wash buffer, were added to the tubes, which were then incubated for
16 h at 4 °C. The immune complexes are then washed. After washing, DNA was eluted in 1% SDS,
100 mM NaHCO3, cross-link was reversed with NaCl and DNA was purified and assessed by
qPCR or dot-blot. Immunoblotting was performed using mouse antibody against SOH-dG
(Rockland Immunochemicals Inc., Limerick, PA, USA). The primer sequences provided are shown

in Supplementary Table 1.

Lentiviral transfection
The NLRP3-interfering lentivirus (NLRP3-shRNA) and the corresponding negative control
virus were synthesized by Obio Technology (Shanghai, China). NLRP3-shRNA consisted of the

following sequence: CCCGGACTGTAAACTACAGAT. After 24 h, the original medium was



removed; the fresh medium and an appropriate amount of virus solution (MOI: 20) were added to
I mL per well. The transfected virus was an shNC lentivirus and a shNLRP3 lentivirus, which was
then cultured in an incubator. After about 16 h of culture, the cells were monitored, and the fresh
medium was changed for further culture. About 72 h after infection, the efficiency of infection was
observed using a fluorescence microscope. BV2 cells grew well after infection, and 3 pg/mL
puromycin (Beyotime) was added for cell screening. After 6 days of screening, western blotting
was conducted to determine the transfection efficiency of shNLRP3 in BV2 cells. The fresh
complete medium was changed to allow the surviving cells to proliferate and freeze for subsequent

experiments.

Extraction of mtDNA

To isolate mtDNA, BV2 cells were treated with LPS and rotenone prior to collection. The
cells were harvested via trypsinization, washed with PBS, and subjected to mild detergent-based
lysis using 1% NP-40 on ice for 10 minutes. Subsequently, the lysates were centrifuged at 17,000
xg for 10 minutes at 4 °C to separate the nuclear pellet from the cytoplasmic supernatant. Finally,
mtDNA was purified from the supernatant through enzymatic digestion with RNase A and

proteinase K, which effectively removed RNA and protein contaminants, respectively.

Extraction of cytoplasmic mtDNA
mtDNA in the cytosolic fraction was detected by cell compartment fractionation followed by

qPCR [50]. Briefly, half of the cells were lysed by mild detergent digitonin (20 nM) and incubated



on ice for 10 min. Lysates were centrifuged at 950 xg for 5 min at 4°C and then centrifuged at 17
000 xg for 5 min to obtain the cytoplasmic mtDNA (supernatant). The other half of the cells were
lysed with 10% SDS lysate at 95°C for 15 min and sonicated to extract whole cell DNA. The
midbrain isolated the cytoplasmic portion of the DNA and the nucleus according to the previous
methods [51]. DNARun denatured and reduced protein extract on SDS polyacrylamide mini gels
and performed western blotting. Antibodies against GAPDH or Tubulin (cytosolic extract), TFAM
(mitochondrial extract), and Lamin B (nuclear extract) were used for immunoblotting to assess
purity. Phenol, chloroform and isopropanol were used to purify DNA. For SYBR Green-based
qPCR analysis, calculate mtDNA abundance relative to nuclear DNA using the delta delta Cq

(AACq) method. Specific primer sequences for all genes are shown in Supplementary Table 1.

mtDNA synthesis and oxidation

The 90 bp D-loop mtDNA was synthesized by Sangon Biotech (Shanghai, China) [45], and
the specific sequence is provided in Supplementary Table 1. The synthesized mtDNA was oxidized
by treatment with H202 (88 mM) for 3 h at 37°C. A dot blotting assay, incubated with antibody
against 8OHdG, was employed to confirm the oxidation of mtDNA, while agarose gel
electrophoresis was utilized to ensure that this oxidation did not lead to any further degradation of

the mtDNA.

mtDNA transfection

The BV2 cells were initially primed with LPS, as previously described. Following this,



mtDNA extracted from LPS + rotenone-treated BV2 cells, or synthetic oxidized or non-oxidized
mtDNA (1 pg/mL), was transfected using Lipofectamine 2000 (Invitrogen) in accordance with the

manufacturer’s protocol.

Analysis of protein expression

Primary antibodies against TH (1:2000, #58844, CST, Danvers, MA, USA), NLRP3 (1:1000,
#15101, CST), IL-1B (1:1000, #31202, CST), cleaved-caspase-1 (1:1000, #83383, CST), TFAM
(1:1000, #sc-166965, Santa Cruz), Lamin B (1:5000, #66095-1-Ig, Proteintech),a-Tubulin (1:1000,
#14555-1-AP, Proteintech) and GAPDH (1:1000, #60004-1-Ig, Proteintech) were used for Western
blotting and performed as previously described (52). Original blot pictures are shown in the

Supplementary Material. Band intensities were quantified using NIH ImageJ software.

Real-time quantitative polymerase chain reaction analysis

Total RNA was prepared from BV2 cells and mouse midbrain samples using TRIzol® reagent
(Takara) according to the manufacturer’s instructions. Total RNA content and purity were
measured by Ultra Micro Spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized
with 1 ug RNA using the Prime Script™ RT Reagent Kit (Takara). The real-time qPCR apparatus
(Bio-Rad, Hercules, CA, USA) was used for PCR amplify-cation. The GAPDH was used as the
internal reference gene for data normalization. Specific primer sequences for all genes are shown

in Supplementary Table 1.



Immunohistochemistry

After the animals were sacrificed, the midbrain was collected and immersed in 10% neutral
formaldehyde for fixation. The tissues containing the SNpc were dehydrated, paraftin-embedded,
and sectioned into serial coronal sections. Subsequently, the sections were deparaffinized, hydrated,
and incubated with the antibody against TH (1:5000, #25859-1-AP, Proteintech) for
immunohistochemical staining using an immunohistochemistry kit (Zhongshan Golden Bridge).

The secondary only controls for the IHC staining are shown in Fig. S8F.

Dot blotting

DNA samples (50 ng to 400 ng in 0.5 to 1 pL) were spotted onto a nitrocellulose membrane.
The membrane was air-dried for 10 min and subsequently UV-cross-linked (120 mJ/cm?) for 30 s
to immobilize the DNA. Following this, the membranes were incubated with 5% skimmed milk at
4°C for 2 h to block non-specific binding. Afterward, they were incubated at room temperature for
2 h with a primary antibody against 8-OH-dG (1:1000, #200-301-A99, Rockland). The subsequent

steps were conducted in accordance with standard Western blotting protocols.

Molecular structure and molecular docking

The three-dimensional conformation of mitochondrial DNA was predicted using the 3dDNA
online program. Subsequently, we utilized Chimera software to substitute the hydrogen atom at
position C8 on the guanine base of mtDNA with a hydroxyl group, followed by structure

optimization to obtain the three-dimensional conformation of ox-mtDNA. The predominant



bindings conformation of ox-mtDNA or ox-DNA (PDB 310W) to NLRP3 (PDB 7PZC) were
further predicted using the Z-dock program, and the docking results and the surface charge
distribution of NLRP3 were visualized using PyMOL software. The dominant conformation PDB
file was uploaded to the PDBePISA website, where the system automatically analyzed the

intermolecular interaction parameters.

Analysis of intrinsically disordered regions across NLRP3

The D?P? Database of Disordered Protein Predictions analyzed intrinsically disordered
regions (IDR) of NLRP3. By searching the Uniport database and selecting the BLAST feature,
FASTA file of the protein sequence of NLRP3 was compiled. Then, it was inputted into the D*P?
“Match Amino Acid Sequence” protein search tool. This search returned to a matched sequence
for NLRP3. The result provided maps incorporating identification of the type of predicted disorder.
These maps were compared to one another to identify where most IDRs were predicted to be, and
a region is labeled as a high-confidence IDR only when > 75% of the algorithms consistently

predict that the region is disordered.

Sequence alignment

The sequence comparison of NLRP3 from various species was conducted using Clustal

ko <L

Omega software. The symbols “*’, “:’, and °.” beneath the sequences indicate the conservation

levels of the amino acid residues at corresponding positions. Specifically, ‘*’ denotes full

b

conservation, ‘:’ indicates strong conservation, and ‘.’ signifies weak conservation among all



sequences analyzed, which means that the amino acid at that position is either identical or similar

in nature across all compared sequences.

Protein expression and purification

As shown in Fig. S7A-D, the full-length mouse NLRP3 (NLRP3-FL, residues 1-1033), along
with its N-terminal truncated variants truncated NLRP3 (180-1033) and truncated NLRP3 (188-
1033), as well as the PYD-Caspase-1 fusion protein, which incorporates the PYD of ASC in place
of their original CARD, were cloned into an RN161 vector. This vector contains an N-terminal
His-sumo tag and 5’ BamHI and 3’ Xhol restriction sites for prokaryotic expression. The constructs
were transformed into E. coli BL21(DE3) cells and cultured in LB medium at 37°C until the optical
density at 600 nm (ODecoo) reached 0.6—0.8. Protein expression was then induced with 0.1 mM
IPTG at 37°C for 4 h, followed by 6 h at 22°C. Cells were harvested by centrifugation (5000 xg,
5 min, 4°C), resuspended in lysis buffer (25 mM Tris, 500 mM NaCl, pH 7.4), and lysed using
TieChui™ E. coli Lysis Buffer. The proteins were washed twice with wash buffer (TBS, 1% Triton
X-100, pH 7.4) to eliminate membrane contaminants, followed by a final wash with lysis buffer
devoid of detergent. The purified proteins were then solubilized in 8 M urea. For refolding, the
solubilized proteins were gradually dialyzed against TBS buffer (pH 7.4) to remove urea. The
refolded proteins were then purified by nickel affinity chromatography using Smart-NI resin. The
column was equilibrated with TBS buffer (pH 7.4), and bound proteins were eluted with a linear

gradient of imidazole (2 mM, 20 mM, and 250 mM) in TBS buffer (pH 7.4). The purity of the



eluted proteins was confirmed to be >85% by SDS-PAGE (Fig. S7A-D). Eluted fractions were

aliquoted and stored at -80 °C for subsequent experiments.

EMSA and agarose gel electrophoresis

In this experiment, 1-4 ng of each protein was incubated with 1 L of 1 pg of ox-mtDNA
for 20 min at 37°C. During this incubation, a 2% agarose gel was pre-run in TBE buffer for 30
min at 110 V. Subsequently, the samples were loaded onto the gel, which was then run for an

additional 30 min at the same voltage.

In vitro PYD-caspase-1 cleavage assays
Purified truncated NLRP3 (180-1033) was incubated with ox-mtDNA together with PYD-
casepase-1 (8 ug) in PBS for 30 min at 37°C. The reaction mixtures were then fractionated by

SDS-PAGE and analyzed by western blotting with cleaved-caspase-1 antibody.

Statistical analysis

All data are presented as individual points overlaid with mean + SEM. Normality was
assessed by Shapiro-Wilk test (o = 0.05). Parametric analyses were applied to normally distributed
datasets (p > 0.05): Student’s t-test for two-group comparisons or one-way ANOVA for multi-
group comparisons. Tukey’s post hoc test was used for analysis of data meeting the homogeneity
of variance assessment, or Games Howell analysis for heterogeneous data was used for data from

multiple groups if they followed a normal distribution. Non-normal data (p < 0.05) were analyzed



using nonparametric equivalents. Statistical analyses and graphing utilized SPSS (version 29.0,
SPSS Inc., USA) and GraphPad Prism (version 9.4.1, GraphPad Inc., USA), respectively.

Statistical significance was defined as p < 0.05. Sample sizes and biological replicates are specified

in figure legends.
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Figure legends

Fig. 1 Ox-mtDNA induced pathogenesis of PD.

A LPS (4 pg/2 uL) and ox-mtDNA (2 pg/2 pL) induced PD and neurons and microglia were sorted
by magnetic beads for transcriptome sequencing separately. B Heatmap of parkinson’s desease-
related genes. Red indicates the upregulation, and blue indicates the downregulation in heatmaps
(n = 3). C Representative traces of total distance traveled, D the total distance travelled and (E)
the average velocity in the open field test (n = 8). F and G Immunohistochemical staining and
quantification of TH positive neurons in SN were determined (n = 5). Scale bar = 200 um (top),
100 um (bottom). H TH protein level in the midbrain was examined by western blotting (n = 5).

stk

Data are presented as mean + SEM. "p < 0.05, ™ p <0.01, and ™ p < 0.001.

Fig. 2 Ox-mtDNA activates microglial NLRP3-IL-1p axis in vivo.

A and B Immunofluorescence staining and quantification of the fluorescence intensity of Iba-1
(green) in the midbrain were determined (n = 5). Scale bar = 100 um (top), 50 um (bottom). C Iba-
1 protein level in the midbrain was examined by western blotting (n = 5). D The comparison of the
number and Volcano plot of DEGs between mouse microglial LPS & Con groups and ox-mtDNA
& Con groups (n = 3). E Venn diagram represented the DEPs of mouse microglial LPS & Con
groups and ox-mtDNA & Con groups (n = 5). F The top ten KEGG pathways enriched by DEGs

in the mouse microglial LPS & Con groups and (G) the mouse microglial ox-mtDNA & Con



groups (n = 5). (H) Heatmap of target gene set circles of NLRP3 signaling pathway related genes.
Red indicates the upregulation, and blue indicates the downregulation in heatmaps. I-K cleaved-
caspase-1 and cleaved-IL-1p protein expressions in LPS (4 pug/2 pL) primed ox-mtDNA (2 pg/2
pL) induced mice midbrain were measured by western blotting (n = 5). L. Serum IL-1f levels were
measured in mice primed with LPS (4 pg/2 plL) and induced with ox-mtDNA (2 pg/2 uL) or
rotenone (1.5 mg/kg) using ELISA kits. (n = 5). Data are presented as mean = SEM. “p < 0.05, ™

kokok

»<0.01,and ™ p <0.001.

Fig. 3 Ox-mtDNA-NLRP3-IL-1p axis is involved in LPS-primed rotenone-induced neuronal
damage in vivo.

A Schematic representation of the experimental design for PD induction in mice. B-D Relative
amounts of total mtDNA in cytosols of midbrains from mice primed with LPS (4 ng/2 pL) and
stimulated with rotenone (1.5 mg/kg). E Co-localization of 8-OHdG (green) with Iba-1 (red)
assessed via confocal microscopy. Scale bar = 10 um. F Co-localization of NLRP3 (green) with
Iba-1 (red) assessed via confocal microscopy. Scale bar = 10 um. G and H NLRP3 and IL-1f3
mRNA expression level in midbrain detected by RT-qPCR (n = 5). I-K cle-caspase-1 and cle-IL-
1B protein expressions in LPS (4 pg/2 uL) primed rotenone (1.5 mg/kg) induced mice midbrain
were measured by western blotting (n = 5). Data are presented as mean + SEM. “p < 0.05, ™ p <

0.01, and ™ p <0.001.



Fig. 4 Ox-mtDNA is released in LPS-primed rotenone-induced BV2 cells.

A ATP content in BV2 cells (n = 3). B and C mtROS (red) production detected by MitoSOX Red
staining and Quantitation of mtROS (n = 3). Scale bar = 25 pum. D The extra-mitochondrial
ss/dsDNA (green) in LPS (100 ng/mL) primed rotenone (0.1 pM) treated BV2 cells was detected
by Laser confocal microscopy. Scale bar = 5 um. E BV2 cells cytosolic DNA was isolated and
purified using the method in the Methods and whole-cell and cytosolic proteins were blotted
using the Lamin B, TFAM and o-Tublin antibodies. F Relative amounts of total mtDNA in
cytosols of LPS (100 ng/mL) primed rotenone (0.1 uM) stimulated BV2 cells (n = 3). Data are

presented as mean + SEM. “p < 0.05, ™ p <0.01, and *" p < 0.001.

Fig. S NLRP3-IL-1p axis is involved in LPS-primed rotenone-induced neuronal damage.

A and B Immunofluorescence staining and quantification of the fluorescence intensity of Iba-1
(green) in BV2 cells were determined (n = 3). Scale bar = 25 pm. C and D NLRP3 and IL-1f
mRNA expression level in BV2 cells detected by RT-qPCR (n = 3). E-H NLRP3, cle-caspase-1
and cle-IL-1P protein expressions in LPS (100 ng/mL) primed rotenone (0.1 pM) induced BV2
cells were measured by western blotting (n = 3). I IL-1P levels in medium were quantified using

ELISA kits (n = 3). J SH-SYS5Y cells were incubated with the BCM from BV2 cells for 24 h and



cell viability was measured with MTT assay and (K) TH protein expression was measured by
western blotting (n = 3). L-O NLRP3, cle-caspase-1 and cle-IL-1p protein expressions in NLRP3-
KD BV2 cells treated with LPS (100 ng/mL) and rotenone (0.1 uM) were measured by western
blotting (n = 3). P SH-SYS5Y cells were incubated with the BCM from NLRP3-KD BV?2 cells for
24 h, and microscopic observation of morphological changes (arrowed) in SH-SYSY cells, Scale
bar = 100 um, (Q) cell viability was measured with MTT assay, and (R) TH protein expression
was measured by western blotting (n = 3). Data are presented as mean = SEM “p < 0.05, ™ p <0.01,

okok

and  p<0.001.

Fig. 6 Ox-mtDNA activates NLRP3 via binding to it in LPS-primed rotenone-induced BV2

cells.

A BV2 cells were pretreated with CsA (2 uM) followed by LPS (100 ng/mL) + rotenone (0.1 uM)
stimulation, and the relative cytoplasmic mtDNA content of BV2 cells was detected, and (B-D)
cle-caspase-1 and cle-IL-1p protein expressions were measured by western blotting (n = 3). E-G
cle-caspase-1 and cle-IL-1p protein expressions in BV2 cells transfected with mtDNA derived
from BV2 cells were measured by western blotting (n = 3). H-J BV2 cells were transfected with
synthetic mtDNA (with or without hydrogen peroxide oxidation) for 24 h, and cle-caspase-1 and
cle-IL-1p protein expression were examined (n = 3). K The protein lysate from BV2 cells after

indicated treatments were immunoprecipitated with NLRP3 antibodies. DNA were eluted and



purified from the immunocomplexes, and the relative amounts of mtDNA (D-LOOP, COX-1, Non-
Numt) and nuclear DNA were measured by RT-qPCR, (L) and the immunocomplexes were spotted
on a nitrocellulose membrane, UV-crosslinked and probed with antibodies to 8§-OHdG. M
Representative images and (N) colocalization analysis of 8-OHdG (green) colocalizing with
NLRP3 (red) in BV2 cells upon LPS + rotenone (n = 3). Scale bar = 25 um. Data are presented as

mean = SEM. p < 0.05, ™ p <0.01,and ™" p <0.001.

Fig. 7 NLRP3 activation by ox-mtDNA through its direct binding to the IDR of NLRP3.

A The 3D conformation of mtDNA (D-LOOP 90 bp) was predicted using the 3dDNA online
program (http://biophy.hust.edu.cn/new/3dRNA), and the hydrogen atom at position C8 on the
guanine base in the mtDNA was replaced with a hydroxyl group using the Chimera software and
structure optimisation was performed to obtain the 3D conformation of ox-mtDNA. B The ox-
mtDNA bound to the 180-187 sequences of NLRP3 (PDB 7PZC). C The ox-DNA (PDB 310W)
bound to the 180-187 sequences of NLRP3 (PDB 7PZC). D NLRP3 molecule from PDBID 7pzc.
Electrostatic surface potential illustrates the putative DNA binding site (the box). E The sequence
NLRP3 (180-187) and NLRP3 (690-695) are predicted to be disordered regions of NLRP3 by 75%
comprehensive database. F Sequence comparisons using Clustal Omega showed that the IDR of
NLRP3 (180-187) is highly conserved among various NLRP3 homologs. G SYBR stained agarose

gel showing EMSA with the indicated amounts of purified His6-tagged NLRP3 (180-1033) and



ox-mtDNA (2 pg). H SYBR stained agarose gel showing the EMSA with 2 pg of purified of
NLRPR (FL), NLRP3 (188-1033) or NLRP3 (180-1033) (4th lane) and poly (dA:dT) (2 pg). I
Immunoblot for cle-caspase-1 following in vitro incubation of PYD-caspase-1 with purified

NLRP3 (180-1033).
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