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Abstract

Mitochondria are essential organelles because they generate the energy required for cellular functions. Kidney stones, as
one of the most common urological diseases, have garnered significant attention. In this study, we first collected peripheral
venous blood from patients with kidney stones and used qRT-PCR to detect mitochondrial DNA (mtDNA) copy number as
a means of assessing mitochondrial function in these patients. Subsequently, through Western blotting, qPCR, immunoflu-
orescence, immunohistochemistry, and transmission electron microscopy, we examined whether calcium oxalate crystals
could cause mitochondrial dysfunction in the kidney in both in vitro and in vivo. We then examined the intersection of
the DEGs obtained by transcriptome sequencing of the mouse kidney stone model with mitochondria-related genes, and
performed KEGG and GO analyses on the intersecting genes. Finally, we administered the mitochondrial ROS scavenger
Mito-Tempo in vivo and observed its effects. Our findings revealed that patients with kidney stones had a reduced mtDNA
copy number in their peripheral venous blood compared to the control group, suggesting mitochondrial dysfunction in
this population. This conclusion was further validated through in vitro and in vivo experiments. Enrichment analyses
revealed that the intersecting genes were closely related to metabolism. We observed that after mitochondrial function
was preserved, the deposition of calcium oxalate crystals decreased, and the kidney damage and inflammation caused by
them were also alleviated. Our research indicates that kidney stones can cause mitochondrial dysfunction. After clearing
mtROS, the damage and inflammation caused by kidney stones are reversed, providing new insights into the prevention
and treatment of kidney stones.
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Introduction

Yuexian Xu, Guoxiang Li and Defeng Ge contributed equally to this Kidney stones are prevalent in nearly every part of the
work. world, and their occurrence is increasing in certain regions
[1-4]. There is a greater prevalence of kidney stones in
males than in females [5]. Currently, kidney stones can be
treated effectively through various methods. Among them,
surgical options like extracorporeal shock wave lithotripsy
(ESWL), transurethral ureteroscopic lithotripsy (TUL), and
percutaneous nephrolithotomy (PCNL) are widely used.
The selection of the appropriate treatment mainly relies on
the stone’s size and position [6]. However, recurrence after
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stone removal remains a significant challenge in the surgical
management of kidney stones. The recurrence rate of kid-
ney stones is as high as 50% [7]. The cost of stone removal
is quite high, and in addition to the economic burden, kid-
ney stones also place a significant physical and mental strain
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on patients [8]. Therefore, understanding the pathogenesis
of kidney stones is a very important research approach.

Mitochondria are widely recognized as crucial for
eukaryotic life, earning the nickname “powerhouses of
the cell” due to their role in generating a majority of the
cell’s energy or ATP. These organelles possess their own
genome, known as mtDNA, which replicates independently
from the host’s genetic material [9]. In contrast to nuclear
DNA, mitochondrial DNA (mtDNA) is circular and double-
stranded, lacking the protection of histones, thus increasing
its vulnerability to damage [10, 11]. It is widely acknowl-
edged that mitochondrial damage and dysfunction play piv-
otal roles in contributing to a multitude of chronic and acute
renal diseases [12]. Mitochondrial dysfunction is linked to
inflammation, fibrosis, and kidney damage [13—15]. How-
ever, research exploring the connection between mito-
chondrial dysfunction and kidney stone disease remains
relatively scarce.

This study aids in clarifying the significance of mito-
chondrial function in kidney stone pathology and contrib-
utes to the advancement of novel kidney stone treatment
approaches, ultimately improving patients’ quality of life
and easing the public health burden.

Materials and methods
Chemicals and reagents

Beta actin (20536-1-AP), PGCla (66369-1-Ig), TFAM
(22586-1-AP), TOMM20 (11802-1-AP) and CYTB
(55090-1-AP) were obtained from Proteintech (Wuhan,
China). DRP1 (#DF7037) and p-DRP1 (#DF2980) were
obtained from Affinity Biosciences. Anti-4 Hydroxynon-
enal (ab46545) was obtained from Abcam (America). Mito-
Tempo (MT, a mtROS scavenger) was purchased from
TargetMol (Shanghai, China) and was dissolved in DMSO
as a stock solution.

Collection of clinical samples

After the Ethics Committee of the First Afliated Hospital
of Anhui Medical University approval (Number: Quick-
PJ2024-05-91), we randomly selected 20 adult patients who
were first diagnosed with kidney stones and 20 healthy con-
trols. The exclusion criteria were diabetes, hypertension,
hyperlipidemia, preoperative fever, preoperative urinary
tract infection, and renal insufficiency, coagulation dysfunc-
tion, abnormal liver function, anemia. 5 ml venous blood of
the subjects was drawn on an empty stomach in the morning
and stored at -80 °C for future examination.
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Cell culture and treatment

The human kidney tec (HK-2) cell line was provided by the
Institute of Basic Medical Sciences of the Chinese Academy
of Medical Sciences. These cells were routinely cultured in
DMEM/F12 mixed medium in an environment containing
5% CO2 and 95% humidity. For the purpose of experimen-
tation, we stimulated the HK-2 cells with COM at a concen-
tration of 100 pg/ml for 24 h [16].

DNA isolation and mtDNA copy number assay

The mtDNA copy number was determined by qPCR follow-
ing a previously established described [17]. In summary,
we extracted total DNA from blood samples using a uni-
versal genomic DNA kit (Model: CW2298S, Manufacturer:
CWBIO, Beijing, China). Subsequently, we took 10ng of
DNA samples for gPCR analysis. To determine the copy
number of mtDNA, we amplified the mitochondrial ND1
gene (mtND1) and normalized it to the nuclear B-2 micro-
globulin (B2M) gene for comparison. The primers used in
this study are detailed in Supplementary Table 1.

Animals and experimental design

This study employed male C57BL/6J mice aged between
6 and 8 weeks as experimental subjects, sourced from the
highly reputable Experimental Animal Center of Anhui
Medical University. To ensure consistency and reliabil-
ity, all related animal experiments were conducted under
strict supervision at the center. Prior to commencing the
experiment, explicit approval was obtained from the Ani-
mal Experimentation Ethics Committee of Anhui Medical
University, with an approval number of LLSC20232250.
Throughout the entire study, internationally recognized
guidelines for the use and care of laboratory animals were
consistently followed, safeguarding animal welfare and
ethical experimentation. To establish a mouse model of
CaOx deposition, precise intraperitoneal injections of Gly-
oxylic acid (Gly) at a dose of 100 mg/kg will be adminis-
tered to each mouse. This process will continue for 7 days,
conducted at regular intervals daily to ensure model consis-
tency and stability. Intraperitoneal injection of MT (5 mg/
kg, dissolved in PBS containing 5% DMSO) is administered
daily six hours before Gly injection. After completing the
7-day injection cycle, the mice will be euthanized for sub-
sequent analysis and research. This process strictly adheres
to relevant regulations and ethical guidelines, ensuring
experimental safety and humanity. In summary, through
professional animal sourcing and management, rigorous
experimental design, precise execution of key steps, and
strict adherence to experimental ethics and regulations, this
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study aimed to achieve scientific research objectives while
prioritizing animal welfare [18]. Kidneys were harvested for
subsequent experiments. The renal tissue was embedded in
paraffin according to standard procedures and was then used
for molecular analysis.

Western blot analysis

Initially, we separated 25 micrograms of tissue lysate using
10% SDS-PAGE and then transferred it to an NC membrane
via electrophoretic transfer. Following this, we blocked the
membrane for 2 h using a Tris-buffered saline solution con-
taining 0.05% Tween 20 and 5% skim milk. After the block-
ing step, the NC membrane was incubated with a specific
primary antibody for 8 h. Subsequently, at 37 °C, the mem-
brane was incubated with a secondary antibody for 120 min.
Finally, we imaged the results using the Licor/Odyssey
infrared imaging system (model ChemiScope 5600, pro-
vided by Hengmei Technology, China) and quantified the
gray values of each band using ImagelJ software.

Immunohistochemistry

After standard histopathological processing, we prepared
paraffin-embedded mouse kidney sections. This procedure
included fixation with 4% paraformaldehyde, dehydration,
wax infiltration, paraffin embedding, and finally sectioning
to a thickness of 4 micrometers. To ensure experimental
accuracy, we effectively inhibited the endogenous peroxi-
dase activity of the kidney sections before incubation. Sub-
sequently, the sections were incubated with anti-4-HNE
antibodies overnight at 4 °C to ensure sufficient reaction.
After that, the sections were co-incubated with the sec-
ondary antibody for 50 min at room temperature, further
enhancing the antigen-antibody reaction. Finally, we visual-
ized the results using DAB staining. All microscopic images
were captured with high precision using the Olympus IX83
microscope from Japan to ensure image quality.

RNA extraction and real-time PCR

Total RNA was extracted from renal tissue and cells by
utilizing Trizol (Gibco, Life Technologies, CA, USA) and
subsequently reverse transcribed into ¢cDNA through the
application of the iScript cDNA Synthesis Kit (Bio-Rad,
USA). Real-time quantitative PCR was conducted by
employing Bio-Rad iQ SYBR Green Supermix and Opticon
two, within the CFX96 real-time RT-PCR detection system
(Bio-Rad, USA). For reference, the primers utilized in this
investigation are enumerated in Supplementary Table 1.

Immunofluorescence staining

Cell and tissue sections were mounted on slides, immo-
bilized with paraformaldehyde, and then exposed to anti-
TFAM and anti-TOM20 antibodies overnight at 4 °C. After
rinsing with PBS, the cells were dyed with 4',6-diamidino-
2-phenylindole (DAPI). Following a 2-hour incubation,
they were treated with the corresponding secondary anti-
body at 37 °C. Images were captured using a fluorescence
microscope (Olympus 1X83, Japan).

Transmission electron microscope

Samples of cells and tissues, which were stabilized with
2.5% glutaraldehyde, were dehydrated, embedded, cured,
and subsequently sliced into ultrathin sections measuring
50-60 nm. The resulting specimens were examined using a
transmission Electron Microscope (Hitachi, Tokyo, Japan)
for imaging.

Detection of renal CaOx crystals

Deposits of CaOx crystals were observed on the renal sur-
faces stained with HE, visualized in polarized light optical
micrographs (Zeiss, Oberkochen, Germany).

Mitotracker staining

Following treatment, HK-2 cells underwent labeling with
Mitotracker Red CMXRos (obtained from Beyotime Bio-
technology, Shanghai, China) to pinpoint mitochondria.
These cells were exposed to a Mitotracker working solution
at a 100 nM concentration for a duration of 20 min at 37 °C.
Subsequently, the cells were stabilized using 4% parafor-
maldehyde for 15 min. Prior to analyzing the images under
a fluorescence microscope, the cells were rinsed three times
with PBS.

Data source

A total of 1136 mitochondrial related genes (Mito-RGs)
were obtained from the Molecular Signatures Database
(MSigDB) (http://software.broadinstitute.org/gsea/msigdb)
[19]. The RNA-seq data analyzed in this study originated
from four mice each in the control and model groups that
we established. OE Biotech Co., Ltd (Shanghai, China) con-
ducted the sequencing.

@ Springer


http://software.broadinstitute.org/gsea/msigdb

117 Page 4 of 12

Urolithiasis (2024) 52:117

Table 1 General information of subjects

Control Kidney stone P
patient

Age(year) 35.90+10.18 43.05+14.01 0.0726
Sex >0.9999

Males 10 10

Females 10 10
BMI (kg/m2) 22.49+1.676 22.35+1.842 0.8029
Blood 4.985+0.7464 4.990+0.7312 0.983
glucose(mmol/L)
CRE(pumol/L) 64.70 +£9.905 63.85+10.78 0.7965
ALT(U/L) 27.60+8.947 26.75+7.765 0.7501
AST(U/L) 25.20+6.014 24.90+5.428 0.8693
A B Y =-0.09312*X + 0.6026

p=0.048
Pearson r=-0.6038
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Fig. 1 The mtDNA copy number in the blood of patients with kid-
ney stones is lower than that of the control group. A: Comparison of
mitochondrial DNA copy number between stone patients and con-
trol group. B: The linear correlation equation between stone size and
mtDNA copy number, with the dashed line representing the range of
the 95% confidence interval. C: Heatmap of the Pearson correlation
coefficient between Stone size and mtDNA copy number. *p <0.05,
**p<0.01, ¥**p<0.001, ****p <0.0001 compared with the medium
control
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Construction of intersecting gene interaction
networks and screening of key genes

The STRING database (https://cn.string-db.org/) serves as
a platform for assessing protein-protein interactions (PPI)
among potential targets. PPI network visualization becomes
possible by importing STRING data into Cytoscape 3.7
software. In addition, the Cytohubba plug-in is used to iden-
tify key genes.

Enrichment analysis

Enrichment analysis was performed on 142 targets using the
David data platform (https://david.ncifcrf.gov/home.jsp),
and online biological tools were utilized to visually repre-
sent the results.

Statistical analysis

The differences among the groups were evaluated using
one-way analysis of variance (ANOVA), conducted with
GraphPad Prism 8.3.0 software (GraphPad Software, San
Diego, CA, USA).

Results

The mtDNA copy number in the blood of patients
with kidney stones is lower than that of the control

group

The general information of the subjects included in this
study can be found in Table 1. Through the collection of
peripheral venous blood from patients with kidney stones for
mtDNA copy number detection, we found that the mtDNA
copy number in the peripheral venous blood of patients
with kidney stones was significantly reduced compared to
the control group (Fig. 1A). Then we discovered that there
might be a negative correlation between stone size and
mtRNA, and there exists a linear relationship between them
(Fig. 1B). The P-value of the linear equation is 0.048. Fur-
thermore, we conducted a Pearson correlation analysis and
obtained a correlation coefficient of =-0.6038 (Fig. 1C).

COM induces mitochondrial dysfunction in HK2 cells

We stimulated HK2 cells with COM crystals and RT-PCR
analysis revealed that COM crystals induced changes in the
mRNA expression levels of TFAM, TOMM20, Cytb, and
PGC-1a (Fig. 2A ). We then discovered through Western
blotting that COM causes a reduction in the protein expres-
sion levels of TFAM, TOMM?20, Cytb, and PGC-1a, while
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Fig.2 COM induces mito-
chondrial dysfunction in HK2 A
cells. (A) Changes in mRNA
expression levels of PGC-1a,
TOMM20, TFAM, and Cytb

in the control group and model
group of HK2 cells. (B-G)
Changes in protein expression
levels of p-Drp1/Drp, PGC-1o,
TFAM, TOMM20, and Cytb

in the control group and model
group of HK2 cells. (H, I) Immu-
nofluorescence of TFAM and
TOMM20 in the control group H
and model group of HK2 cells.
(J) MitoTracker staining of HK2
cells in the control group and
model group. (K) Observation

of mitochondrial morphology in
control group and model group
cells by transmission electron
microscopy. The data are shown
as the mean+ S.E.M. of at least

3 biological replicates. *p <0.05,
**p<0.01, ***p <0.001,

**%%p <0.0001 compared with
the medium control
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increasing the phosphorylation level of DRP1 (Fig. 2B-G
). This indicates that HK2 cells exhibit mitochondrial dys-
function following stimulation with COM. The immunoflu-
orescence results of TFAM and TOMM?20 further confirmed
this conclusion (Fig. 2H, I ). We used MitoTracker Deep
Red staining to analyze the mitochondria of the cells and
employed electron microscopy to examine the ultrastructure
of the mitochondria. As shown in Fig. 2J, the mitochon-
drial mass of HK2 cells stimulated by COM significantly
decreased. As shown in Fig. 2K, COM reduced the num-
ber of healthy mitochondria and induced abnormalities in
mitochondrial morphology, such as mitochondrial swelling,
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Calcium oxalate crystal deposition causes impaired
mitochondrial function in mouse kidneys

We constructed an animal model of calcium oxalate crys-
tal deposition by intraperitoneal injection of glyoxylate, a
model widely used to study the effects of calcium oxalate
stones on the kidneys [20-22]. After HE staining and obser-
vation under polarized light microscopy, we found exten-
sive CaOx crystal deposition in the model group (Fig. 3A).
PAS staining revealed severe pathological damage to the
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Fig. 3 Calcium oxalate crystal
deposition causes impaired A Saline Gly D ok
mitochondrial function in mouse 20 o Sallie
kidneys. (A) Observe the deposi- | i AT ) = Gy

tion of CaOx crystals in the
kidneys of the model group using
polarized light microscopy. (B)
Assess renal tubule damage in
the kidneys of mice in the model
group using PAS staining. (C) Saline
Immunohistochemical images B :
showing changes in 4-HNE

expression levels in the kidneys

of mice in the model group. (D)
Changes in mRNA expression

levels of PGC-1a, TOMM?20,

TFAM, and Cytb in renal tissues

of the model group and control c
group. (E-J) Changes in protein
expression levels of p-Drp1/Drp,
PGC-10, TFAM, TOMM20, and

Cytb in the kidneys of the model
group and control group. (K, L)
Immunofluorescence detection of
TFAM and TOMM20 proteins in K
renal tissues of the model group

and control group. (M) Observe

the morphological changes of
mitochondria in kidney cells

of the model group and control

group using transmission electron
microscopy. The data are shown L
as the mean+ S.E.M. of at least

3 biological replicates. *p <0.05,
**p<0.01, ***p <0.001,

*¥**%¥p <0.0001 compared with

the medium control

HE

TOMM20 TFAM 4-HNE PAS

TEM

renal tubular epithelial cells of mice after exposure to CaOx,
with the kidneys of the model group showing disorganized
tubular structures, lumen expansion, loss of brush borders,
vacuolization changes in cells, and separation from the
lumen (Fig. 3B). 4-HNE staining confirmed the produc-
tion of ROS in the model kidneys (Fig. 3C). We then mea-
sured changes in mRNA and protein levels of mitochondrial
function-related indicators in kidney tissues. Through RT-
PCR, we found that the mRNA expression levels of TFAM,
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TOMM?20, Cytb, and PGC-10 were significantly decreased
in the model group (Fig. 3D). WB results showed a reduc-
tion in the protein levels of TFAM, TOMM?20, Cytb, and
PGC-1a, while the phosphorylation level of DRP1 increased
(Fig. 3E-J). The immunofluorescence results of TFAM and
TOMM20 in kidney tissues also yielded consistent findings
(Fig. 3K, L). This aligns with the results from the aforemen-
tioned in vitro experiments, indicating that CaOx can induce
mitochondrial dysfunction in the kidney. We then observed
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changes in the mitochondria within renal tubular epithelial
cells using transmission electron microscopy and noted a
significant reduction in the number of mitochondria and
clear morphological changes in the model group (Fig. 3M).

Network and enrichment analysis of the
intersection between differentially expressed genes
in kidney stones and mitochondrial-related genes

We obtained 3192 differentially expressed genes between the
two groups through gene expression RNAseq, with selec-
tion criteria of P-value <0.01 and [log, FC| > 1 (Fig. 4A).

Fig.4 Network and enrich-
ment analysis of the intersection
between differentially expressed
genes in kidney stones and T
mitochondrial-related genes. (A)
Volcano plot of kidney RNA-

seq sequencing in model mice

and control group. (B) Venny

diagram showing the intersection

of differentially expressed genes

and mitochondrial-related genes.

(C, D) Protein-protein interac-

tion network of intersecting

genes. (E) Presentation of hub D
genes. (F) Heatmap display of

HUB genes. (G-I) GO analysis

of intersecting genes. (J) KEGG
analysis of intersecting genes

ogupvalue

Among these differentially expressed genes, 142 genes
overlap with mitochondrial-related genes (Fig. 4B). Using
the STRING online platform, we constructed an interaction
network among the 142 intersecting genes (Fig. 4C). Sub-
sequently, we obtained the network graph and data from the
platform, and then imported this information into Cytoscape
3.7 for further analysis (Fig. 4D). The screening of key
genes was completed through the application of the Cyto-
hubba plugin (Fig. 4E). The heatmap display of HUB genes
is shown in Fig. 4F. The GO pathway enrichment analy-
sis of the 142 mitochondria-related DEGs revealed that, in
terms of biological process (BP), the DEGs were primarily
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enriched in fatty acid metabolic processes, fatty acid beta-
oxidation utilizing acyl-CoA dehydrogenase, and acyl-CoA
metabolic processes (Fig. 4G). When considering cellular
component (CC), the DEGs showed significant enrichment
in the mitochondrial matrix, mitochondrial inner membrane,
and peroxisome pathways (Fig. 4H). For molecular func-
tion (MF), the DEGs were linked to acyl-CoA dehydroge-
nase activity, as well as oxidoreductase activity affecting the
CH-CH group of donors (Fig. 41). KEGG enrichment analy-
sis revealed a significant number of metabolism-related
pathways among these identified pathways (Fig. 47).

After reducing mtROS, mitochondrial dysfunction
and kidney damage caused by kidney stones are
alleviated

To investigate the role of mtROS in mitochondrial damage
caused by kidney stones, we used the mtROS scavenger
MT in vivo. We found that the deposition of calcium oxa-
late crystals decreased significantly (Fig. S5A), PAS stain-
ing showed significant relief of kidney damage (Fig. 5B),
and inflammation in the kidney was also reversed (Fig. 5C).
Immunofluorescence revealed that MT alleviated the
decrease in TFAM and TOMM?20 in the kidney (Fig. 5D, E).
Then, through WB, we found that MT significantly allevi-
ated the decreases in TFAM, TOMM20, PGC-1a, Cytb, and
the increase in the p-DRP1/DRP1 ratio (Fig. SF-K).

Discussion

In this study, first, we discovered that the mtDNA copy
number in the peripheral venous blood of patients with kid-
ney stones is reduced, and then confirmed through in vitro
and in vivo experiments that kidney stones indeed impair
mitochondrial function. Finally, we took the intersection
of the differentially expressed genes from the model and
mitochondrial-related genes to obtain overlapping genes,
and analyzed them.

The kidneys eliminate metabolic waste by utilizing the
glomerular filtration barrier and preserve water-electrolyte
equilibrium through tubular reabsorption mechanisms [23].
Kidneys, as high-energy demanding organs, possess a large
mitochondrial population for ATP production, maintaining
their internal homeostasis [24]. An expanding collection
of research indicates that mitochondrial malfunction has a
significant impact on the initiation and advancement of kid-
ney disorders, specifically acute kidney injury (AKI) and
chronic kidney disease (CKD) [14, 17, 25]. However, the
alterations in mitochondrial function within the context of
kidney stone disease have not been well elucidated.
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Mitochondria play a pivotal role in human cells, func-
tioning as tiny power plants within the cell responsible for
energy production [26]. Mitochondria play a crucial role
in cellular activities. They effectively regulate intracellular
oxidative stress, helping cells cope with various oxidative
pressures. Meanwhile, mitochondria also maintain intracel-
lular calcium homeostasis, ensuring stability within the cel-
lular environment. In addition, mitochondria are involved in
the apoptotic signaling pathway, regulating the normal cell
death process. It’s worth mentioning that mitochondria also
play a key role in the aging process of all cells and tissues,
exerting a profound influence on the overall health and lifes-
pan of organisms [27, 28].

Previous studies have focused mainly on kidney stones
that induce oxidative stress in the kidneys, leading to renal
tubular epithelial cell damage [18, 29-31]. Oxidative stress
occurs when there is an imbalance between the increased
production of reactive oxygen species (ROS) and the
decreased ability of the antioxidant defense system to neu-
tralize them [32]. The accumulation of reactive oxygen spe-
cies (ROS) in the organism, coupled with an imbalance in
redox reactions, can adversely affect a variety of crucial bio-
molecules, including proteins, nucleic acids, carbohydrates,
and lipids. This situation may trigger functional disorders in
these biomolecules and even lead to their oxidation. Such
oxidation and dysregulation have the potential to impair
cellular functions, ultimately having a negative impact on
the organism’s health. In summary, excessive accumulation
of ROS and redox imbalance are significant contributors to
biomolecular dysregulation and oxidation, which may result
in cellular damage and health issues [33]. The imbalance
of intracellular and extracellular environments triggered by
oxidative stress may induce apoptosis or necrosis of cells,
which may further cause tissue damage. It is worth noting
that oxidative stress has been proven by multiple studies to
be a core factor in the pathophysiology of acute and chronic
kidney diseases. Its critical role is not only reflected in the
pathogenesis of kidney diseases, but also throughout the
progression and prognosis of the diseases. Therefore, a deep
exploration of the role of oxidative stress in kidney diseases
is of great significance for understanding the essence of the
disease and developing new treatment strategies. Relevant
literature and research have extensively explored the close
connection between oxidative stress and kidney health, fur-
ther supporting the key role of oxidative stress in kidney
diseases [34, 35]. Endogenous reactive oxygen species are
primarily produced in the mitochondria of our body cells
[36]. Increasing evidence suggests that mitochondria are the
primary source of intracellular ROS, with approximately
90% of ROS being generated in mitochondria [27]. Mito-
chondria are like “small power plants” within the cell, and
the electron transport chain is a crucial component of these
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Fig.5 After reducing mtROS, mito-
chondrial dysfunction and kidney Saline
damage caused by kidney stones are
alleviated. (A) Observe the changes in
CaOx crystal deposition in the kidneys
after mtROS removal using polarized
light microscopy. (B) Evaluate the
changes in the degree of renal tubular
injury after mtROS clearance using
PAS staining. (C) Immunohistochemi- B
cal images showing changes in 4-HNE
protein in renal tissues after mtROS
clearance. (D, E) Immunohistochemical
images showing changes in TFAM and
TOMM20 proteins in the kidneys of the
model group after mtROS clearance.
(F-K) Changes in protein expression
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“power plants,” playing a very important role in the produc-
tion of ROS. Of course, ROS also have other sources. For
instance, NADPH oxidase on the cell membrane, xanthine
oxidoreductase in peroxisomes within the cell, and protein
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disulfide isomerase involved in the processing of misfolded
proteins in the endoplasmic reticulum can all generate ROS.
In addition, there are some enzymatic reactions, such as
prostaglandin synthesis, self-oxidation of epinephrine, and
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the reduction process of riboflavin, which can also contrib-
ute to the production of ROS [37].

Significantly distinct from nuclear DNA, human mito-
chondrial DNA (mtDNA) exhibits a unique circular struc-
ture and precisely consists of 16,569 base pairs. This genetic
material is meticulously divided into two complementary
strands, referred to as the heavy strand and the light strand.
These strands carry crucial information for encoding the
essential protein subunits of the mitochondrial oxidative
phosphorylation system (OXPHOS). However, it’s worth
noting that due to the lack of histone protection and defense
mechanisms in the coding region, mtDNA becomes particu-
larly sensitive to oxidative stress, significantly increasing
its susceptibility [38]. In our study, we observed a signifi-
cant decrease in mitochondrial DNA (mtDNA) levels in
the serum of kidney stone patients compared to the healthy
control group. It’s worth noting that this finding has also
been validated in related studies on other kidney diseases.
Numerous research data indicate that diabetic patients also
show a similar downward trend in serum mtDNA. These
discoveries suggest that serum mtDNA levels may be
closely related to the pathophysiology of kidney diseases
and diabetes [15, 39, 40]. Liu Y and his colleagues, through
a large-scale cohort study of elderly people, found that a
decrease in mtDNA copy number is a potential risk fac-
tor for CKD [41]. Liu J found that mtDNA copy number is
associated with better kidney function and less pathological
damage in patients with IgA nephropathy [42].

A large number of studies have demonstrated the impor-
tant role of mitochondrial dysfunction in many other kidney
diseases through in vivo and in vitro experiments [17, 43—
45]. Then, through in vitro experiments, we discovered that
after stimulating HK2 cells with COM, we stained the cells
with MitoTracker, a mitochondrial fluorescent dye. Com-
pared to the control group, the mitochondria became more
fragmented after COM stimulation. The expression levels
of mitochondrial function-related proteins also changed.
The results from transmission electron microscopy further
indicated that mitochondrial function was impaired in HK2
cells after COM stimulation. Next, we conducted in vivo
experiments for verification. Calcium oxalate accounts for
the highest proportion of kidney stones, so we constructed a
calcium oxalate crystal deposition model in vivo. Through
testing, we found that calcium oxalate crystals induced
mitochondrial dysfunction in the kidney.

Then, we obtained differentially expressed genes by per-
forming transcriptome sequencing analysis on the kidneys
of mice in both the model group and the control group.
Following this, we intersected these genes with mitochon-
drial-related genes and conducted enrichment analysis on
the intersecting genes. We found that the intersecting genes
are closely related to a large number of metabolism-related

@ Springer

pathways. It has long been known that mitochondrial
metabolism is crucial for bioenergetics, and its metabolism
is multifaceted, reflecting a variety of functions. The kid-
ney is an organ with intense metabolic activity, harboring a
higher concentration of mitochondria per unit weight than
any other organ, excluding the heart. We believe that kid-
ney stones may cause mitochondrial dysfunction through
metabolic changes [28]. We provide a specific direction for
studying mitochondrial dysfunction in kidney stones, laying
a foundation for subsequent research. Finally, we found that
mtROS scavengers can alleviate mitochondrial dysfunction,
thereby mitigating the formation and damage of kidney
stones.

Treatment strategies for patients with kidney stones may
need to consider the importance of protecting mitochondrial
function. Antioxidant therapy, improving microcirculation,
and targeted metabolic interventions could help alleviate
mitochondrial dysfunction and may serve as adjunctive
measures to prevent the formation of kidney stones or
reduce their size. In this study, the number of clinical sam-
ples included is limited. The animal model we use cannot
fully simulate the formation of kidney stones in humans.
However, due to current limitations in experimental meth-
ods, most researchers consider this model to be the closest
animal model to the real situation. In future research, we
will continue to explore models that can better simulate the
formation of kidney stones to further our studies. In subse-
quent studies, we need to expand the sample size and con-
tinue to investigate the specific mechanism of mitochondrial
dysfunction caused by kidney stones, as well as its potential
as a pharmacological target.

Conclusion

In summary, kidney stones can cause mitochondrial dys-
function, and mitochondrial-related targets may provide
new insights for the prevention and treatment of kidney
stones.
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