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Abstract

Background Mitochondrial dysfunction and damage can result in the release of mitochondrial DNA (mtDNA) into the
cytoplasm, which subsequently activates the cGAS-STING pathway, promoting the onset of inflammatory diseases. Various
factors, such as oxidative stress, viral infection, and drug toxicity, have been identified as inducers of mitochondrial damage.
This study aims to investigate the role of mtDNA as a critical inflammatory mediator in the pathogenesis of ketamine (KET)-
induced cystitis (KC) through the cGAS-STING pathway.

Methods To investigate the role of the cGAS-STING pathway in KET-induced cystitis, we assessed the expression of cGAS
and STING in rats with KET cystitis. Additionally, we evaluated STING expression in conditionally deficient Simian Virus-
transformed Human Uroepithelial Cell Line 1 (SV-HUC-1) cells in vitro. Morphological changes in mitochondria were
examined using transmission electron microscopy. We measured intracellular reactive oxygen species (ROS) production
through flow cytometry and immunofluorescence techniques. Furthermore, alterations in associated inflammatory factors
and cytokines were quantified using real-time quantitative PCR with fluorescence detection.

Results We observed up-regulation of cGAS and STING expressions in the bladder tissue of rats in the KET group, stimula-
tion with KET also led to increased cGAS and STING levels in SV-HUC-1 cells. Notably, the knockdown of STING inhib-
ited the nuclear translocation of NF-kB p65 and IRF3, resulting in a decrease in the expression of inflammatory cytokines,
including IL-6, IL-8, and CXCL10. Additionally, KET induced damage to the mitochondria of SV-HUC-1 cells, facilitating
the release of mtDNA into the cytoplasm. This significant depletion of mtDNA inhibited the activation of cGAS-STING
pathway, subsequently affecting the expression of NF-kB p65 and IRF3. Importantly, the reintroduction of mtDNA after
STING knockdown partially restored the inflammatory response.

Conclusion Our findings confirmed the activation of the cGAS-STING pathway in KC rats and revealed mitochondrial dam-
age in vitro. These results highlight the involvement of the cGAS-STING pathway in the pathogenesis of KC, suggesting its
potential as a therapeutic target for intervention.
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Introduction

Ketamine(KET), a noncompetitive antagonist of the
N-methyl-D-aspartate receptor, was first synthesized in the
early 1960s and has since been employed for anesthesia and
analgesia purposes [1, 2]. Additionally, KET modulates the
Communicated by John Di Battista. function of glutamate receptors, particularly the NMDA
receptor, within the neurotransmitter system, thereby elicit-
ing an antidepressant effect [3, 4]. Due to its low cost, hal-
lucinogenic properties, and potential for addiction, KET
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Europe [5, 6]. However, long-term abuse of KET not only
induces acute toxic effects, such as hallucinations, percep-
tual changes, and distorted time perception, but also chronic
toxic damage to the nervous system, cardiovascular system,
and urinary system [7-9]. Urinary system damage resulting
from ketamine abuse presents as lower urinary tract symp-
toms, including severe dysuria, hematuria, and urge urinary
incontinence [10]. Cystoscopy reveals erythema, ulcers, and
mucosal bleeding in the bladder, a condition known as KET-
induced cystitis (KC) [11]. Various mechanisms have been
implicated in the pathogenesis of KC, including direct stim-
ulation of the bladder mucosa by KET and its metabolites,
immune cell infiltration, and oxidative stress-induced dam-
age [12]. The complexity of the KC’s pathogenesis is evi-
dent, and the lack of effective treatment strategies remains a
challenge. Therefore, it is essential to further investigate the
pathogenesis of KC and explore novel treatment strategies.

Cyclic GMP-AMP synthase (cGAS) serves as an intra-
cellular DNA sensor that primarily binds to DNA, initiating
a cascade of reactions that includes the synthesis of cyclic
guanosine  monophosphate-adenosine  monophosphate
(cGAMP) [13]. cGAMP is a crucial signaling molecule
that interacts with stimulator of interferon genes (STING),
resulting in dimer formation. This interaction prompts
STING to translocate from the endoplasmic reticulum
(ER) to the ER-Golgi intermediate compartment and Golgi
apparatus [14]. Upon dimerization with cGAMP, STING
recruits and enhances the phosphorylation of tank-binding
kinase 1 (TBKI1) phosphorylation. Subsequently, phos-
phorylated TBK1 activates interferon regulatory factor 3
(IRF3) through phosphorylation [15]. This phosphorylation
event is significant, as it activates IRF3 and collaborates
with Nuclear Factor-kappa B (NF-kB) to induce the produc-
tion of type I interferons [16]. This is the well-established
GAS-STING signaling pathway functions not only as a host
defense mechanism but also as a pivotal mediator of inflam-
mation in various conditions, including infection, cellular
stress, and tissue damage, thus playing a critical role in reg-
ulating the incidence and progression of numerous inflam-
matory diseases.

In ischemic myocardial infarction, characterized by
myocardial cell death due to inadequate blood supply to
the heart, cardiac macrophages detect cellular demise and
rupture, initiating a harmful inflammatory response. Studies
have demonstrated that inflammation production is associ-
ated with the activation of the cGAS-STING-IRF3 pathway.
Interestingly, the loss of cGAS enhances the repair process
by priming macrophages toward a reparative phenotype
[17]. Activation of the cGAS-STING pathway in a mouse
model of inflammatory lung injury has been shown to
impede endothelial cell proliferation and exacerbate disease
progression [18]. Additionally, during acute kidney injury,
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activation of the cGAS-STING pathway triggers the release
of cytokines and chemokines, leading to immune cell acti-
vation [19]. Furthermore, studies indicate that upregulation
of STING in traumatic brain injury can result in increased
expression of inflammatory factors, thereby amplifying the
extent of brain injury [20]. In systemic lupus erythemato-
sus (SLE), a typical chronic systemic autoimmune disease,
literature reports elevated serum cGAMP levels in approxi-
mately 15% of the 41 patients studied, suggesting the
involvement of the cGAS pathway [21]. Collectively, these
findings indicate a potential association between cGAS-
STING pathway activation, aberrant immune system acti-
vation, and intensified inflammatory response.

Mitochondria play a crucial role in maintaining cellular
metabolic homeostasis; however, they are highly suscep-
tible to damage and dysfunction. Troglitazone, a drug pre-
viously used to treat type 2 diabetes but withdrawn from
the market due to hepatotoxicity, has been shown to cause
damage to mitochondrial DNA (mtDNA), induce mito-
chondrial permeability, and impaired ATP production [22].
This illustrates the toxic effects of the drug on mitochon-
drial function. Additionally, oxidative stress can further
exacerbate mitochondrial damage. Following such dam-
age, mtDNA is released into the cytoplasm, where it func-
tions as a damp-associated molecular pattern (DAMP) [23].
Intracellular cGAS is capable of recognizing and binding to
mtDNA. Once cGAS binds with mtDNA, the cGAS-STING
signaling pathway is activated, leading to the initiation of
downstream reactions [24]. Although numerous studies
have confirmed the association between cGAS-STING and
inflammatory diseases, it remains unclear whether this path-
way is involved in regulating the occurrence and progres-
sion of KC.

In this study, we utilized a rat model induced by KET and
cultured SV-HUC-1 cells exposed to KET to investigate the
role of mitochondrial damage and the cGAS-STING signal-
ing pathway in KC (Fig. 1). Our findings demonstrated that
the knockdown of STING significantly reduced the expres-
sion of inflammatory factors. These results indicate that the
STING molecule may represent a promising therapeutic tar-
get for KC.

Methods
Animals and drug administration

Twenty female Sprague-Dawley (SD) rats weighing 200—
250 g were randomly divided into three different ketamine
dosage groups (5, 25, and 50 mg/kg/day) and a control
group, with five rats in each group. The rats received intra-
peritoneal injected with either saline or KET over a 12-week



Mitochondrial damage causes inflammation via cGAS-STING signaling in ketamine-induced cystitis

Page 3 of 15 6

-

\

00_0

(&
L% gl )
......oooooooooooqoooo.oooooo........‘.‘.

mtDNA

Mitochondria

Fig. 1 KET disrupts mitochondrial function in SV-HUC-1 cells, leading to
STING signaling pathway, thereby promoting the progression of KC

period. Weekly weight measurements were recorded, and
the injection dosage was adjusted as needed to maintain
consistent and adaptable dosing throughout the study. KET
was produced by Jiangsu Hengrui Pharmaceutical Co., LTD.
The drugs underwent rigorous quality control and testing to
ensure purity and safety met the experimental requirements.
The selected KET doses and administration durations were
based on prior studies conducted in rats and mice [25-27].
All experimental procedures adhered to ethical require-
ments and received approval from the Ethics Committee of
the First Affiliated Hospital of Guangxi Medical University.

Cell culture and treatment

The Simian Virus-transformed Human Uroepithelial Cell
Line 1 (SV-HUC-1) cell line was purchased from the Cell
Bank of the Chinese Academy of Sciences. SV-HUC-1
were incubated in accordance with the protocol as previ-
ously described [28]. Cells were cultured in Ham’s F-12 K
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the release of mtDNA into the cytoplasm and activation of the cGAS-

(Gibco, USA) medium supplemented with 10% fetal bovine
serum (Sigma-Aldrich, China), and Penicillin-Streptomycin
Liquid (Solarbio, Beijing, China) at 37 °C with 5% CO2.
SV-HUC-1 cells were seeded in plastic tissue culture dishes
with a diameter of 60 mm (Thermo Fisher Scientific), main-
taining optimal growth conditions in the culture medium.
Cells were stimulated with different concentrations of ket-
amine (1, 2, and 4 mmol/L)) when the cell density in the cul-
ture dish reached approximately 80%. A control group was
established by adding an equivalent volume of phosphate-
buffered saline solution (PBS) to the medium. Control cells
were incubated under the same conditions as the experimen-
tal group for 24 h but did not receive ketamine stimulation.
Ethidium bromide (EtBr, Thermo Fisher Scientific) was uti-
lized to deplete mtDNA and incubated with the cells for a
duration of 48 h at a concentration of 1 pg/ml, following the
described protocol [29].
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RNA preparation and real-time PCR

Total RNA was extracted from SV-HUC-1 cells using an
RNA extraction kit (Axygen, Hangzhou, China) follow-
ing the manufacturer’s instructions. The extracted total
RNA served as a template for reverse transcription using
PrimeScript RT Master Mix (Takara, Japan). To account for
potential loss during repackaging, it is essential to ensure
the accuracy of the reaction mixture volume, which should
exceed one unit of the reaction system. Subsequently, add
3 ul of the mixed reaction liquid to each reaction tube, fol-
lowed by the addition of enzyme-free water and the RNA
samples under examination. Real-time PCR experiments
were conducted using Fast Start Essential DNA Green Mas-
ter (Roche, USA) on a real-time PCR instrument (LightCy-
cler 96, Roche). The reaction conditions for the amplification
process are as follows: First, the reaction undergoes prede-
naturation at 95 °C for 6 min. amplification process consists
of three steps. Each cycle includes denaturation at 95 °C for
10 s, annealing at 60 °C for 10 s, and extension at 72 °C
for 10 s. A total of 45 cycles are performed. Following the
amplification cycles, the reaction is subjected to a melting
step. During this step, the reaction is denatured at 95 °C for
10 s, annealed at 60 °C for 10 s, and extended at 72 °C for
10 s. Finally, the reaction is cooled down to 37 °C for 30 s.
The relative gene expression levels were determined using
the comparative cycle threshold (CT; 2*(-AACt)) method.
Primer sequences are listed in KEY RESOURSE TABLE.

Western blotting

SV-HUC-1 cells and rat bladder tissue cells were lysed in
RIPA buffer (Beyotime, PO013B) supplemented with a pro-
tein phosphatase inhibitor (Solarbio, Beijing, China) and
centrifuged at 14,000 g for 10 min. Protein concentrations
were quantified using the BCA method. Nuclear and Cyto-
plasmic Protein Extraction Kit (Beyotime, P0027) was used
to extract nuclear and cytoplasmic proteins from SV-HUC-1
cells. Protein solutions were supplemented with a fivefold
increase in protein loading buffer. The mixture is then heated
at 100 °C for 10 min. The proteins were loaded onto SDS-
PAGE gels and subjected to electrophoresis for protein sepa-
ration. Subsequently, the proteins were transferred to PVDF
membranes for immunoblot analysis. The membranes were
subjected to blocking with 2.5% skim milk for 1 h at room
temperature. Membranes were incubated with specific pri-
mary antibodies overnight at 4 © C. The membranes were
washed three times with TBST to remove nonspecifically
bound antibodies, and then incubated with HRP-labeled
secondary antibodies for 1 h at room temperature. After
washing the membrane three times, develop it using an ECL
chemiluminescence reagent kit. Quantitative analysis of the
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gray value of protein bands was performed using ImageJ
software. All of the western blotting assays were performed
and repeated 3 times. Information on primary and secondary
antibodies is provided in KEY RESOURSE TABLE.

RNA interference

STING expression was suppressed with a siRNA against the
human STING gene (Santa Cruz Biotechnology; sc-92042).
Results were compared with a suppliermatched control
siRNA (Santa Cruz Biotechnology; sc-37007). The siRNAs
(10 nM) were introduced into SV-HUC-1 cells using Lipo-
fectamine RNAIMAX transfection reagent (Thermo Fisher
Scientific). After transfection (12—16 h), cells were stimu-
lated as indicated.

Immunofluorescence (IF) staining

After the cultured cells were removed from the incubator,
the old culture medium was discarded and the cells were
washed with PBS. The SV-HUC-1 cells were fixed with 4%
paraformaldehyde at room temperature for 20 min, followed
by three washes with PBS. Cells were permeabilized with
0.1% Triton X-100 (Solarbio, Beijing, China) for 20 min,
followed by blocking with 5% bovine serum albumin.

(BSA) for 30 min. The cells were incubated overnight
at 4 °C with a primary antibody specific to dsDNA (1:300).
Primary antibodies were diluted using an Immunol Stain-
ing Primary Antibody Dilution Buffer (Beyotime, P0103).
Alexa Fluor 488 (Thermo Fisher Scientific, 1:300) was used
as the secondary antibody. Then, cells were then incubated
with 100nM MitoTracker Red CMXRos (Beyotime, C1035)
in the medium for 20 min and washed twice with PBS.
Detailed information regarding the antibodies used can be
found in the KEY RESOURCE TABLE. The labeled cells
were visualized using fluorescence microscopy (EVOS FL
Tuto, AMAFD1000).

DNA isolation and mtDNA copy number analysis

Cytoplasm was extracted from SV-HUC-1 cells using a
mitochondrial isolation kit (Beyotime, Beijing, China), and
the resulting cytosolic supernatant, devoid of mitochondria,
was collected. Subsequently, DNA was isolated from the
collected cytoplasmic supernatants using a Genomic DNA
minikit (Axygen, Hangzhou, China). Quantitative fluores-
cence PCR was conducted on a LightCycler 96 instrument
using the Fast Start Essential DNA Green Master kit (Axy-
gen, Hangzhou, China). mtDNA and nuclear DNA (nDNA)
levels were determined by amplifying short regions of the
trna-leuur and f2-microglobulin genes. The mRNA levels
of the trna-leuur and B2-microglobulin genes were assessed
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by QPCR, and the mtDNA copy number was assessed by
calculating the ratio of the mRNA levels of the trna-leuur
and P2-microglobulin genes (mtDNA/nDNA ratio) [30].

mtDNA isolation and transfection

mtDNA was successfully isolated from SV-HUC-1 cells
using a mitochondrial DNA isolation kit (BioVision) [31].
The isolated mtDNA was suspended in TE buffer and stored
at -20 ° C for future use. SV-HUC-1 cells were seeded in
6-well plates according to the manufacturer’s instructions to
culture and expand them for subsequent transfection experi-
ments. mtDNA (1 pg per well, Thermo Fisher Scientific)
was transfected into previously inoculated SV-HUC-1 cells
using Lipofectamine 3000 (Thermo Fisher Scientific).

Measurement of mtROS

Mitochondrial reactive oxygen species (mtROS) levels in
SV-HUC-1 cells were assessed by following the manufac-
turer’s instructions for staining with MitoSOX Red dye
(MCE; HY-D1055) [32]. SV-HUC-1 cells were treated with
KET (2 mmol/L) for a duration of 24 h. Subsequently, the
cells were stained with 5 pM MitoSOX Red dye for a dura-
tion of 10 min. Afterwards, the cells were washed with PBS
to remove any unbound dye and fixed in paraformaldehyde
for a duration of 10 min. Finally, the cells were counter-
stained with DAPI (Solarbio) for a duration of 10 min. The
stained cells were visualized and captured using a Fluores-
cence microscope. Imagine] software was used for quantita-
tive analysis of fluorescence results.

Detection of ROS by flow cytometry

Detection of ROS using a Reactive Oxygen Species Assay
Kit (Beyotime, S0033S) [33]. One million cells were added
to 1 ml of PBS and thoroughly mixed. The mixture was then
centrifuged at 1200 rpm for 5 min, and the supernatant was
discarded. Following that, 2’,7’-dichlorodihydrofluores-
cein diacetate (DCFH-DA) was diluted in serum-free cul-
ture medium at a 1:3000 ratio and thoroughly mixed. The
diluted DCFH-DA solution was added to the cells, ensuring
it adequately covered them. The cells were subsequently
incubated at 37 °C in a light-protected environment for
30 min. After the incubation, the cells were washed three
times with serum-free cell culture medium and then washed
twice with PBS. The mixture was centrifuged at 1200 rpm
for 5 min, and the supernatant was discarded. Finally, the
cells were resuspended in 200 pl of PBS and subjected to
analysis using the CytoFLEX S (BeckMen Coulter).

Immunohistochemistry (IHC) analysis

The tissue samples were initially fixed in 4% cold parafor-
maldehyde and subsequently embedded in paraffin blocks.
Subsequently, deparaffinization, dehydration, antigen
retrieval, and blocking procedures were conducted. After-
wards, the tissue sections were incubated with the respective
antibodies overnight at 4 °C. The samples were incubated
with HRP-labeled secondary antibodies for a duration of
30 min at 37 °C. Finally, tissue staining was conducted
using diamino-benzidine H202 and hematoxylin. The tis-
sue sections were immersed in a diaminobenzene-H202
solution and allowed to react for a specific duration to gen-
erate signals. Subsequently, the tissue sections were trans-
ferred to a heme solution for staining. Afterward, the tissue
sections were washed to remove any excess stain. Finally,
the tissue sections were observed and analyzed using a
microscope. The histochemical images were converted to
gray-scale images using Image J, and the average optical
density values of the gray-scale images were measured. The
difference of protein expression was compared by average
optical density (AOD).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9,
employing Student’s t-tests or one-way analysis of variance
(ANOVA) with a significance level set at p < 0.05. Multiple
comparisons in one- or two-way ANOVA were corrected
using the Sidak test. Data are presented as means + standard
deviations and represent a minimum of three independent
experiments. ImagineJ software was utilized for quantifying
the western blot results.

Results
Histological changes of bladder in KC rats

Histological examination through H&E staining results
revealed that the bladder mucosa in the KET-treated group
exhibited damage and disruption, with more pronounced
submucosal congestion. These findings indicate that pro-
longed KET exposure adversely affects the bladder epi-
thelium, resulting in inflammatory changes. Masson’s
trichrome staining was employed to visualize collagen
fibers, which stained blue. Following ketamine treatment, an
apparent increase in collagen fiber deposition was observed
in both the submucosa and interstitium, in comparison to
the control group. Notably, collagen deposition in in these
regions intensified with higher concentrations of KET treat-
ment (Fig. 2).
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Fig.2 HE staining and Masson staining were performed on the KC model group and the control group. (Red arrow: Submucosal congestion; Black
arrows: mucosal damage and disruption; Blue arrow: collagen fiber deposition.)

The expression of cGAS and STING proteins were
upregulated in the bladder tissue of rats in the KET-
treated group

Immunohistochemical and Western blot analyses revealed
a significant upregulation of ¢cGAS and STING expres-
sion levels in the bladder tissue of the KET-treated group
(Fig. 3B, C). These results collectively indicate the presence
of inflammatory changes in the bladders of KET-treated rats,
characterized by markedly elevated expression of ¢cGAS
and STING in the bladder tissue.

Ketamine activated the cGAS-STING pathway in SV-
HUC-1 cells

To investigate the molecular mechanisms underlying blad-
der inflammation in a rat model of KC, the effect of the
cGAS-STING pathway on SV-HUC-Icells were exam-
ined in vitro. Firstly, western blot analysis demonstrated a

@ Springer

dose-dependent upregulation of cGAS and STING expres-
sion in SV-HUC-1 cells following KET exposure. Mean-
while, KET also increased the expression of phosphorylated
TBK, a downstream molecule of cGAS-STING pathway
(Fig. 4A). Additionally, real-time quantitative PCR analysis
revealed that, compared to the control group, mRNA lev-
els of downstream inflammatory-related factors, including
IL-6, IL-8, CXCL10, IFN-a, and IFN-f, were significantly
elevated in cells induced by KET via the cGAS-STING
pathway (Fig. 4B). Collectively, these findings suggest that
KET influences the cellular response by activating cGAS-
STING signaling pathway.

cGAS-STING pathway activation increases KET-
induced expression of inflammatory factors in SV-
HUC-1 cells

To investigate the role of the cGAS-STING pathway on
KC, STING knockdown assays were performed in bladder
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Fig. 3 KC in rats involves cGAS-STING signaling. A Immunohis-
tochemical staining was employed to assess the expression levels of
c¢GAS and STING in the bladder tissue samples obtained from both
the control group and the ketamine group (Red arrow); AOD for cGAS
and STING in the bladder tissues of both control and ketamine group

epithelial cells. Western blot assay exhibited that STING
knockdown significantly reduced the expression levels of
phosphorylated TBK1 in SV-HUC-1 cells treated with KET
(Fig. 5A). Furthermore, real-time quantitative PCR analy-
sis showed that STING knockdown markedly reversed the
KET-induced upregulation of inflammatory-related factors,
including IL-6, IL-8, CXCL10, IFN-a, and IFN-B (Fig. 5B).
This indicates that STING deficiency disrupts the regulation
of inflammatory-related factors production and release.
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of rats were determined (n =3-4; *P <0.05, ***P <0.001). B The pro-
tein expression of cGAS and STING in the bladder tissues of both
ketamine and control group of rats was evaluated. (n=3; *P<0.05,
***P <0.001). Data were presented as mean+ SEM

Additionally, we assessed whether STING deficiency
affected the expression and nuclear translocation of NF-kB
p65 and IRF3 in vitro. Analysis of STING gene knockdown
on the cytoplasmic and nuclear expression of NF-kB p65
and IRF3 in SV-HUC-1 cells demonstrated an increase in
cytoplasmic levels of these proteins, while their levels in
the nucleus decreased (Fig. 5C). This suggests that STING
deficiency impairs the expression and nuclear translocation
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of NF-xB p65 and IRF3, potentially influencing the cellular
inflammatory response and immune regulation.

KET induces mitochondrial damage and mtDNA
leakage into the cytoplasm of SV-HUC-1 cells

We next investigated the causal relationship between KET
and mitochondrial damage, specifically the leakage of
mtDNA into the cytoplasm following such damage. The
results from transmission electron microscopy (TEM)
revealed that under KET stimulation, most cells exhibited
mitochondrial shrinkage (Marked with red arrows) and
condensation, accompanied by an increase in membrane
density (Fig. 6A). Additionally, the expression of transcrip-
tion factor A family protein (TFAM) was downregulated,
while the expression of Bcl-2-associated X (BAX) pro-
tein was up-regulated in SV-HUC-1 cells following KET
(2mmol/L, 24 h) stimulation, suggesting the occurrence of
KET-induced mitochondrial damage (Fig. 6B). These find-
ings provide evidence to support the assertion that KET
induces mitochondrial damage in SV-HUC-1cells. Further-
more, the levels of superoxide anions were assessed using

scription PCR in SV-HUC-1 cells with STING knockdown (n=3;
***P<0.001). C Western blot analysis was conducted to detect the
expression of NF-kB p65 and IRF3 proteins in the cytoplasmic and
nuclear fractions of SV-HUC-1 cells with STING knockdown (n=3;
**P<0.01, ¥**P <0.001). Data were presented as mean+ SEM

MitoSOX Red dye, and the results demonstrated that stimu-
lation of SV-HUC-1 cells with KET (2mmol/L, 24 h) led to
elevated generation of superoxide anions compared to the
control group. (Fig. 5D). Flow cytometry analysis revealed
that KET stimulation resulted in a significant increase in the
production of intracellular ROS. Conversely, SV-HUC-1
cells with STING knockdown exhibited a notable reduc-
tion in ROS production, even under the same KET stimu-
lation conditions (Fig. 5E). Furthermore, Double-stranded
DNA (dsDNA) and mitochondrial double staining were
performed on SV-HUC-1 cells. The results demonstrated
that KET stimulation induced a significant increase in the
cytoplasmic signal of dsSDNA compared to the control, sug-
gesting a pronounced translocation of dsDNA caused by
KET (Fig. 5F). Real-time PCR results showed that KET
stimulation increased mtDNA replication (Fig. 5G). Collec-
tively, these findings strongly indicate that KET stimulation
resulted in mitochondrial damage, leading to the generation
of ROS and the release of mtDNA.
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4 Fig. 6 KET induced mitochondrial injury and mtDNA leakage into
the cytosol in SV-HUC-1cells. A Morphological changes of mito-
chondria in SV-HUC-1 cells were observed using TEM after stimu-
lation with different concentrations of KET (1, 2, 4 mmol/L). scale
bars, 5 pm and 2 um (n=3). M: Mitochondria; ASS: Autolysosomes;
N: Nuclei. B The protein expression of BAX and TFAM was evalu-
ated in SV-HUC-1 cells following stimulation with KET (2 mmol/L,
24 h). C Quantification of TFAM and BAX protein expression (n=3;
*¥**P<0.001). D MitoSOX Red staining was performed after stimu-
lating SV-HUC-1 cells with KET (2mmol/L, 24 h). scale bars, 50 pm.
The boxplot displays the signal intensity (n=35; ***P<0.001). E
Flow cytometry was employed to measure the levels of ROS (n=3). F
Double immunofluorescence staining of dssSDNA and mitochondria was
performed in SV-HUC-1 cells stimulated with KET (2 mmol/L,24 h).
scale bars, 50 pm. The boxplot displays the signal intensity (n=5;
*#%P <0.001). G The copy number of mtDNA in SV-HUC-1 cells was
determined using real-time quantitative PCR after ketamine stimulus
(n=3; ¥**P<0.01). Data were presented as mean+ SEM

mtDNA leakage into the cytoplasm activates cGAS-
STING signaling pathway KET-induced expression of
inflammatory factors in SV-HUC-1 cells

To investigate the role of cytosolic mtDNA as a crucial
trigger in the ¢cGAS-STING pathway, we employed EtBr
treatment to deplete mtDNA from SV-HUC-1 cells. The
results revealed that EtBr treatment led to an approximately
80% reduction in mtDNA copy number in SV-HUC-1 cells
(Fig. 7A). KET stimulation inhibited TBK1 phosphorylation
in cells depleted of mtDNA (Fig. 7B), while the expression
of inflammatory cytokines IL-6, IL-8, and CXCL10 is sig-
nificantly reduced (Fig. 7C). To confirm the role of mtDNA
in the nuclear translocation of NF-kB p65 and IRF3, we
analyzed the protein expression of NF-kB p65 and IRF3 in
the nucleus and cytoplasm of EtBr-treated SV-HUC-1 cells.
Following EtBr treatment, the results revealed alterations
in the protein levels of NF-kB p65 and IRF3. Specifically,
cytoplasmic levels increased while nuclear levels decreased
(Fig. 7D). This indicates that the absence of mtDNA hinders
the nuclear translocation of NF-kB p65 and IRF3, thereby
impacting their functionality within the nucleus. Subse-
quently, we performed transfection of isolated mtDNA
into SV-HUC-1 cells. Notably, the introduction of mtDNA
into the cytoplasm triggered the phosphorylation of TBK-1
(Fig. 7E). Additionally, this mtDNA transfection led to the
upregulation of downstream inflammatory factors (Fig. 7F).
In summary, our findings clearly demonstrate that in the
inflammatory response of SV-HUC-1 cells, leaked mtDNA
in the cytoplasm plays a crucial role through the cGAS-
STING pathway.

Discussion

KET is utilized in medicine as both an anesthetic and for the
treatment of depression. However, over the last 15 years,
KET abuse has emerged as a significant global issue, par-
ticularly among adolescents. KET abuse is a prevalent, with
approximately one-third of long-term abusers experiencing
urinary system symptoms [34, 35]. Histological analysis of
bladder tissue samples from patients with KC reveals uro-
thelial mucosal exfoliation, ulceration, collagen deposition,
smooth muscle degeneration, vascular proliferation, eosino-
phil infiltration, and elevated levels of several inflammatory
marker [36]. The intricate pathogenesis of KC presents a
formidable challenge for effective treatment [37]. In recent
years, substantial research has been dedicated to investi-
gating the cGAS-STING pathway and its association with
inflammatory diseases [38—40]. Additionally, interventions
aimed at modulating this pathway have been explored to
regulate the development of inflammation and slow disease
progression.

Several potential mechanisms have been proposed to elu-
cidate the relationship between mitochondrial damage and
the release of mtDNA [41]. Mitochondria, as the primary
site of ROS generation, are susceptible to various cellular
components, including proteins, lipids, and DNA damage.
Furthermore, mitochondria are themselves vulnerable to
ROS-induced damage [42, 43]. These ROS can harm mito-
chondrial membranes and DNA, further compromising
their structure and function. Previous studies have indicated
a relationship between inflammation in KC and oxida-
tive stress mediated by mitochondria and the endoplasmic
reticulum [44]. mtDNA exhibits higher susceptibility to oxi-
dative damage compared to nuclear DNA. This increased
vulnerability can be attributed to the proximity of mtDNA
to the respiratory chain within the inner mitochondrial
membrane, the absence of protective histone-like proteins,
and its limited capacity for damage repair [45]. Damage to
mtDNA can affect the stability of the sufficient ATP supply
to the cell and disrupt the balance of apoptosis, mitochon-
drial bioenergetics, and biogenesis [46]. Our results demon-
strate that ketamine induces a significant increase in mtROS
production in SV-HUC-1 cells, reflecting a close associa-
tion between ketamine-induced inflammation and oxidative
stress.

The integrity of both the inner and outer mitochondrial
membranes is crucial for maintaining mtDNA within the
mitochondria [47]. Prior research has indicated that the
elevation of mitochondrial outer membrane permeability
through BAX activation triggers alterations in inner mem-
brane permeability, ultimately leading to the release of
mitochondrial matrix constituents, including mtDNA [48].
Additionally, TFAM forms a tightly bound association with
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the mitochondria, enveloping mtDNA and contributing to
its stability and integrity [49]. Consequently, the loss or dys-
function of TFAM may increase the instability of mtDNA,
rendering it more vulnerable to oxidative damage [50].
BAX, a member of the BCL-2 family, is essential for induc-
ing apoptosis and increasing mitochondrial outer membrane
permeability (MOM) [51]. It can modulate the dynamics
of apoptotic pore expansion and consequently facilitate
the release of mtDNA [52]. In SV-HUC-1 cells stimulated
with ketamine, the protein level of BAX was found to be
elevated, while the protein level of TFAM was decreased.
These findings suggest that ketamine treatment of cells may
reduce the stabilizing effect of TFAM on mtDNA, result-
ing in increased permeability of mitochondrial membranes
and easier release of mitochondrial DNA into the cyto-
plasm. Observations from TEM revealed notable changes in
SV-HUC-1 cells in the ketamine group, including reduced
cellular volume, nuclear fragmentation, increased hetero-
chromatin density, significant shrinkage of mitochondria,
increased membrane density with high electron density,
altered crista structures, and an increase in autophagolyso-
somes. Collectively, these observations indicate mitochon-
drial damage.
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matory factors were measured after transfection of mtDNA in STING-
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Numerous studies have substantiated that the overacti-
vation of the STING signaling pathway can trigger aber-
rant inflammatory responses and autoimmune diseases [53,
54]. Exposing SV-HUC-1 cells to ketamine resulted in the
upregulation of inflammatory factors, including IL-6, IL-8,
and CXCL10. Conversely, upon STING knockdown in
SV-HUC-1 cells, the expression of inflammatory factors
diminished, and the phosphorylation of downstream targets,
namely TBK1 and NF-kB p65, was impeded. Prior studies
have demonstrated the involvement of the NF-kB pathway
in the pathogenesis of ketamine-associated cystitis [28].
Thorough investigation of the STING signaling pathway
will enhance our understanding of inflammatory regulatory
mechanisms and offer novel strategies and targets for the
treatment of associated diseases.

The leakage of mtDNA from impaired mitochondria
is regarded as a significant contributor to inflammatory
activation, thereby influencing the pathogenesis of vari-
ous inflammation-related disorders [19]. Notably, expo-
sure of SV-HUC-1 cells to KET resulted in observable
mitochondrial damage, concomitantly leading to the leak-
age of mtDNA into the cytoplasm and subsequent activa-
tion of the STING pathway. EtBr treatment inhibited the
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phosphorylation of TBK1 in SV-HUC-1 cells, as well as
the nuclear translocation of NF-kB p65 and IRF3, resulting
in reduced expression of inflammatory factors IL-6, IL-8,
and CXCL10. These findings imply that depleting mtDNA
can suppress the inflammatory response. However, transfec-
tion of mtDNA into STING knockdown SV-HUC-1 cells
partially reinstated the expression of inflammatory factors.
These findings underscore the crucial involvement of the
cGAS-STING pathway in the genesis of inflammation in
KC, with mtDNA emerging as a particularly critical initia-
tor of the cGAS-STING pathway.

Our study has several limitations. Although the bladder
tissue of KC rats in our model showed changes in cGAS and
STING proteins, further research utilizing STING knockout
animals or specific STING inhibitors is needed to explore
the pathological role of the cGAS-STING pathway in KC
more comprehensively. Additionally, we did not exclude the
potential involvement of other DNA sensors in the activa-
tion of mtDNA. Therefore, future studies should focus on
further validation and refinement of these findings.

This study aimed to investigate the role of the cGAS-
STING signaling pathway in KC. Notably, previous
research has established a regulatory relationship between
cGAS-STING and the NLRP3 signaling pathway. For
instance, in human embryonic kidney (HEK293T) cells
infected with herpes simplex virus type 1 (HSV-1), STING
recruits NLRP3 and facilitates its localization to the endo-
plasmic reticulum, thereby promoting inflammasome for-
mation [55]. In human myeloid cells, STING is involved in
cytosolic DNA induced-NLRP3 inflammasome activation
[56]. Additionally, KET has been shown to promote apop-
tosis and induce inflammatory responses both in vitro and
in vivo by regulating the NLRP3/TXNIP axis [57]. In the
context of KC, it is possible that cGAS-STING may exac-
erbate inflammatory progression through its regulation of
NLRP3, a hypothesis that warrants further investigation.
Moreover, NLRP3 has been implicated in the progression of
cyclophosphamide-induced interstitial cystitis and diabetic
bladder dysfunction [58, 59]. The potential association of
cGAS-STING signaling with these conditions, and whether
it mediates the onset of cystitis or bladder dysfunction
through the regulation of NLRP3, remains to be explored
further.

In summary, our findings elucidate the crucial role of
mtDNA leakage induced by mitochondrial damage in the
inflammation of SV-HUC-1 cells following KET expo-
sure. This event subsequently triggers activation of the
cGAS-STING signaling pathway, leading to inflammatory
responses. Moreover, we observed increased expression of
cGAS-STING signaling pathway-related proteins in a rat
model of KC. Therefore, therapeutic interventions aimed at

targeting STING may provide promising anti-inflammatory
strategies for managing KC.
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