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Premature renal epithelial cell
senescence promoted by LXN/
Rps3/p53 signaling pathway
activation increases calcium
oxalate crystal deposition by
altering macrophage polarization
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Guanhua Jing3, Hongying Li2, Juan Zhang2* and Wanhai Xu1*

1Department of Urology, The Second Affiliated Hospital, Harbin Medical University, Harbin, China,
2Department of Rheumatology, The First Affiliated Hospital, Harbin Medical University, Harbin, China,
3Department of Urology, Henan Provincial People’s Hospital (People’s Hospital of Zhengzhou
University), Zhengzhou, China
Introduction: Premature senescence of renal tubular epithelial cells (RTECs) can

be caused by oxidative stress related to calcium oxalate (CaOx) kidney stones

(KSs), but the role and mechanisms of cellular senescence of RTECs in the

pathogenesis of kidney stones have not been fully determined. Macrophages, the

most prevalent leucocyte found in nephrolithiasis, have been implicated in the

pathogenesis of kidney stones.

Methods: Using oxalate (Ox) induction to simulate the hyperoxaluria

microenvironment in vivo, fisetin was administered to human renal proximal

tubular epithelial cells (HK-2 cells). The senescence of HK-2 cells was evaluated

by detecting SA-b-gal staining, expression of senescence markers p16 and p53,

and levels of senescence-associated secretory phenotype (SASP) molecules.

THP-1 cells were differentiated into macrophages (M0-MFs) using PMA

induction, and macrophages in different polarization states (M1-like phenotype,

M2-like phenotype) were treated with the supernatant from HK-2 cell culture.

siRNA gene knockdown technology was applied to evaluate the activity of the

LXN/Rps3/p53 pathway during oxalate-induced senescence in HK-2 cells. A rat

model of calcium oxalate crystal-induced kidney injury was established, and the

rats were divided into following groups: PBS, oxalate, oxalate + fisetin, oxalate +

transfection with LXN-knockdown adeno-associated virus (AAV-shLXN), and

oxalate + fisetin + AAV-shLXN, Histological assessment was performed using

HE staining and Von Kossa staining of kidney tissues. The expression levels of

LXN, Rps3, p53, iNOS, and CD163 in renal tissues were evaluated by

immunohistochemical staining.

Results: The onset of RTEC senescence was increased after treatment with

oxalate, and the increase in RTEC senescence was reduced by fisetin treatment.

Interestingly, the changes in proinflammatory M1-like phenotype polarization

induced by culture medium from HK-2 cells treated with Ox+/-fisetin were

consistent with the proportion of senescent HK-2 cells cultured. Furthermore,

reducing cellular LXN/Rps3/p53 signaling significantly decreased SASP factors in

the culture medium and simultaneously abolished M1-like phenotype
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macrophage polarization. More importantly, silencing renal LXN reduced RTEC

senescence and M1-like phenotype macrophage polarization and consequently

decreased intrarenal CaOx crystal deposition in a rat kidney stone model.

Discussion: Our results demonstrate that kidney macrophage phenotype

changes are related, at least in part, to RTEC senescence, and a strategy to

modulate the cellular senescence of RTECs is promising as a new target for

immunotherapy to treat nephrolithiasis and other age-related diseases.
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1 Introduction

Nephrolithiasis is one of the most common urologic ailments

and poses a significant health care burden (1). Owing to its high

incidence and recurrence rate (1) as well as its unclear pathogenesis,

investigations of the intrinsic mechanisms and curative therapies

are urgently needed. Most kidney stones are composed primarily of

calcium oxalate (CaOx), and patients with kidney stones frequently

suffer from hyperoxaluria (2). Numerous studies have indicated that

damage to renal tubular epithelial cells (RTECs) induced by

hyperoxaluria or calcium oxalate is a major factor in the

formation of kidney stones (3). Hyperoxaluria and oxalate evoke

oxidative stress in renal tubular cells through increased production

of reactive oxygen species (ROS), which activate inflammation (3).

Proinflammatory macrophages surrounding Randall’s plaques,

which are recognized as the origin of calcium oxalate stone

formation, have been documented in kidney tissue (4, 5). Several

in vitro (6–8) and in vivo (9) studies have indicated that CaOx

crystal deposition and subsequent elimination can be altered by

infiltrating macrophages, which are functionally classified into two

types: proinflammatory M1 and anti-inflammatory M2

macrophages. M2 macrophages can directly suppress CaOx

crystal deposition by phagocytizing crystals (10, 11), whereas M1

macrophages may promote CaOx crystal deposition by altering

inflammation-related oxidative stress (7, 12).

Senescence is defined as an irreversible state of cell cycle arrest

that is resistant to growth-promoting stimuli (13). However,

senescent cells can remain metabolically active and accumulate

over time (14). Senescent cells acquire a senescence-associated

secretory phenotype (SASP) (15), which converts them into

proinflammatory cells that actively produce and secrete

proinflammatory cytokines (16). Stress-induced premature

senescence (SIPS), one of two main forms of cellular senescence,

refers to the premature aging of a cell by chronic exposure to

stressors (17). The major recognized inducer of SIPS is oncogenic

activation under oxidative stress (18). Therefore, we hypothesized

that in CaOx nephrolithiasis, oxalate and CaOx crystals induce
02
oxidative stress and then activate a senescence gene, leading to SIPS

in renal tubular cells and inflammatory SASP cytokine release (19)

as well as subsequent recruitment of proinflammatory macrophages

and ultimately CaOx lithogenesis. To our knowledge, no study has

investigated in depth the mechanism by which cellular senescence

contributes to the development of kidney stones.

Latexin (LXN), an endogenous inhibitor ofmetallocarboxypeptidases

(20), has emerged as a multifaceted regulator in cellular processes,

including inflammation (21), differentiation (22), and cancer (23).

Recent studies highlight its involvement in cellular senescence in

Alzheimer’s models (24), cardiovascular system (25), and cancer

context (26, 27). However, whether LXN could reduce kidney

stone formation through its anti-cellular senescence effects, as

well as the underlying mechanisms, remains unreported in

the context of nephrolithiasis. Latexin (LXN) not only inhibits

metallocarboxypeptidases but also exhibits carboxypeptidase-

independent roles in ribosome biogenesis (21)and stress signaling (28).

It localizes in cytoplasm and nucleus, and was reported to regulate

stability of ribosomal protein subunit 3 (Rps3) via direct binding (21).

Moreover, Rps3 could cooperate with p53 (29), and further modulate

activity of p53, which is a central hub activated by ribosomal stress to

induce cell cycle arrest, senescence, or apoptosis (29). Therefore, the

LXN–Rps3–p53 axis integrates ribosomal function with stress responses,

and has a great potential for offering novel targets for cancer and

aging interventions.

In this study, fisetin, a classic senolytic agent (30), was employed

in the experiments for evaluating the impact of anti-senescence

effects on aberrant macrophage polarization and subsequent stone

formation. Furthermore, we screened the key gene LXN, which

plays a vital role in triggering RTEC SIPS induced by oxalate. In

addition, we studied the secondary events induced by senescent

RTECs and the recruitment and polarization of macrophages,

which play important roles in CaOx lithogenesis. More

importantly, we used in vitro assays as well as an in vivo rat

model to demonstrate that targeting the LXN gene in renal

tubular cells could inhibit subsequent M1 macrophage

polarization to eliminate CaOx crystal deposition.
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2 Materials and methods

2.1 Cell culture and treatment

The HK-2 cell line (ShangHai FuHeng BioLogy, FH0228) was

maintained in Dulbecco’s modified Eagle’s medium (HyClone

Laboratories) supplemented with 10% FBS. HK-2 cells were

treated with oxalate (Rhawn, China) or oxalate + fisetin (Aladdin,

China) for 48 h. The culture medium of the oxalate (0.5 mM) or

oxalate (0.5 mM)+ fisetin (10 mM) groups was collected (CM-2D)

and replaced with fresh medium without oxalate or fisetin, and then

HK-2 cells were further cultured for another 48 h; the culture

medium (CM-4D) was collected for subsequent experiments in

which macrophage-like M0 cells (M0-MFs) were cultured. The

THP-1 cells (iCell-h213) were cultured in 6-well plates with RPMI-

1640 media supplemented with 10% FBS and 0.05 mM b-
mercaptoethanol. The THP-1 cells were differentiated into M0-

MFs by treatment with 100 ng/ml PMA (Sigma) for 3 d (31).

Adherent cells were further incubated with fresh medium

containing LPS (100 ng/ml, Sigma) (32) and IFN-g (50 ng/ml,

Peprotech, Rocky Hill, USA) (33) for 24 h to stimulate M1

macrophage (M1-MF) polarization or with IL-4 (20 ng/ml,

Peprotech, Rocky Hill, USA) (34) and IL-13 (20 ng/ml,

Peprotech, Rocky Hill, USA) (35) for 24 h to stimulate M2

macrophage (M2-MF) polarization. Simultaneously, the

aforementioned CM-4D from HK-2 cell culture was added.

Macrophage polarization was assessed via RT–qPCR and western

blot analyses. CM-4D and CM-2D were frozen at -20 °C until

analysis using commercial enzyme-linked immunosorbent assay

(ELISA) kits (Elabscience Biotechnology Co., Ltd., Wuhan, China)

for IL-6, IL-1b, matrix metalloproteinase-3 (MMP-3) and MMP-13.

To knock down LXN or Rps3 expression, HK-2 cells were

seeded overnight and incubated until they reached 60–80%

confluence. HK-2 cells were transfected with LXN or Rps3 siRNA

(Sigma–Aldrich) using Lipofectamine 3000 (Invitrogen, USA). The

relative sequences are shown in Supplementary Table 1. During

48 h of transfection, HK-2 cells were simultaneously incubated with

oxalate and then replaced with fresh culture medium for an

additional 2 d of incubation; the obtained supernatant (CM-4D)

was added to M0-MFs to perform polarization experiments. For

the experimental group receiving combined treatment, HK-2 cells

were transfected with LXN knockdown vectors and concurrently

incubated with oxalate and fisetin for 48 hours. Cellular senescence

was evaluated using classic molecular markers and cell cycle

regulators, including p16 and p53 (36). p16 is a critical inhibitor

of CDK4/6 kinase activity that induces hypophosphorylation and

sustained activation of the retinoblastoma (Rb) (37), which

ultimately leads to cell cycle arrest and prevention of cell division

(38). p53 is a master regulator orchestrating DNA damage

responses and senescence induction (39, 40). In the group

receiving combined LXN knockdown and fisetin treatment,

senescence markers in HK-2 cells were assessed through SA-b-gal
staining and p16 protein expression analysis.
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2.2 SA-b-gal analysis

HK-2 cells were fixed in 4% paraformaldehyde for 10 min and

then stained with a Senescence b-Galactosidase Staining Kit

(Abbkine, Wuhan, China). The images were observed using

microscopy (Leica DMi8).
2.3 Proliferation assay

HK-2 cells were seeded into 96-well plates at 5 × 103 cells per

well. After 48 h of incubation, HK-2 cell proliferation was detected

with a cell counting kit-8 (CCK8, Multi Sciences Ltd., Hangzhou,

China). The OD450 absorbance was measured to evaluate

cell activity.
2.4 Cell biochemistry assay

The levels of superoxide dismutase (SOD), total antioxidant

capacity (T-AOC), glutathione (GSH) and lactate dehydrogenase

(LDH) were measured using commercial assay kits from Nanjing

Jiancheng Bioengineering Institute of China (SOD, A001-3-2; T-

AOC, A015-2–1; GSH, A006-2-1; and LDH, A020-2-2) according

to the manufacturer’s instructions.
2.5 Immunocytofluorescence staining

Cells were incubated with 0.5% Triton X-100 (MERCK) for

20 min and washed with PBS. Nonspecific binding was blocked by

incubation with normal horse serum (Gibco) at 37 °C for 30 min.

The cells were then incubated with anti-p16 antibody (Abcam,

ab108349) or anti-Rps3 antibody (Abcam, ab128995) at 4 °C

overnight, followed by incubation with an Alexa Fluor 488-

conjugated goat anti-rabbit IgG secondary antibody (AmyJet

Scientific Inc., Wuhan, China) in the dark at 37 °C for 1 h.

Coverslips with stained cells were further stained with DAPI

(Abcam). Positive cells were visualized and imaged using a

fluorescence microscope (Leica DMi8).
2.6 Quantitative real-time PCR and
western blotting

Cellular RNA extraction, reverse transcription, and RT–qPCR

were performed as described previously (41). The transcript levels

were normalized to those of GAPDH. Gene expression was

calculated using the 2-DDCt method. The specific primers used

are shown in Supplementary Table 1.

Protein preparation and western blot analysis were performed

as described previously (42, 43). The primary antibodies used were

as follows: anti-VEGF rabbit antibody (Abcam, ab52917), anti-
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MMP13 rabbit antibody (Abbkine, Wuhan, China, ABP51805),

anti-IL-1b rabbit antibody (Abcam, ab254360), anti-MCP1 rabbit

antibody (Abcam, ab214819), anti-LXN rabbit antibody (Abcam,

ab154744), anti-Rps3 rabbit antibody (Abcam, ab128995), anti-p16

rabbit antibody (Abcam, ab108349), anti-p53 rabbit antibody

(Abcam, ab32389), anti-TNF-a rabbit antibody (Abbkine,

Wuhan, China, ABM0127), anti-iNOS rabbit antibody (Abcam,

ab283655), anti-Arg-1 rabbit antibody (Abcam, ab96183) and anti-

CD163 rabbit antibody (Abcam, ab182422). b-actin or GAPDHwas

used for normalization.
2.7 Animal studies

All experimental procedures were performed following the rules

of the National Institutes of Health Guide for the Care and Use of

Laboratory Animals, and approval was obtained from the Ethics

Committee on the Use of Live Animals of Harbin Medical

University. Male Sprague–Dawley rats (180–220 g, 6–8 weeks old)

were randomly divided into six groups: the control group, oxalate

group, oxalate+fisetin group, oxalate+AAV-Null group and oxalate

+AAV-shLXN group,oxalate + fisetin + AAV-shLXN group.

Normal control rats were given an equal volume of PBS. The rats

received intraperitoneal injection of 60 mg/kg glyoxylic acid

(Sigma–Aldrich) five times a week for four weeks (oxalate group)

(44) to establish the kidney stone rat model. Fisetin, a classic

senolytic, was intragastrically administered at 50 mg/kg to kidney

stone model rats five days a week for four weeks (45)from the first

day of glyoxylate injection. To knockdown LXN expression in vivo,

rats were transduced with an AAV serotype 9 vector encoding

a green fluorescent protein reporter together with either short

hairpin RNAs (shRNAs) targeting LXN in the kidney (AAV-

shLXN) or an empty vector (AAV-null) (Shanghai GeneChem

Co., Ltd. Shanghai, China). The rats were injected with either

AAV-shLXN or AAV-Null via the tail vein, followed by an

additional glyoxylate injection (oxalate+AAV-shLXN group). The

rats treated with glyoxylate and AAV-Null vector injection (oxalate

+ AAV-Null group) were used as the virus transfection control

group. All animal kidney tissues were obtained on Day 30 after the

first injection of glyoxylate.
2.8 Histology and immunohistochemical
staining

Rat kidneys were embedded in paraffin, and the samples were

sectioned. Hematoxylin and eosin (HE) staining, Von Kossa

staining and immunohistochemical analysis were performed as

described previously (46–49).Immunostaining was performed

with specific antibodies against the target proteins LXN (Bioss,

bs-1971R), Rps3 (Absin, abs116130), p53 (Bioss, bs-2090R), p16

(Bioss, bs-0740R), iNOS (Bioss, bs-0162R) and CD163 (Bioss, bs-

2527R). Images were captured using a microscope (Leica DMi8).

Kidney injury scores were evaluated using a scale ranging from 0 to

4 as described before (50). Briefly, 0 indicating normal; 1
Frontiers in Immunology 04
representing less than 25%; 2 indicating 25-50%; 3 representing

50-75%; and 4 indicating greater than or equal to 75%. Quantitative

evaluation of Von Kossa staining and immunohistochemical

analysis were performed using Image J software as described

previously (51).
2.9 Statistical analysis

Statistical analysis was performed using IBM SPSS 27.0. Data

were presented as the mean ± Standard Deviation (SD). Two-tailed

Student’s t-tests and one way ANOVA followed by Tukey’s test.

were used for normally distributed data when appropriate. A non-

parametric test was used for non-normally distributed data. P < 0.05

was considered statistically significant.
3 Results

3.1 Fisetin alleviated oxalate-induced injury
to RTECs via its anti-senescence effect

Fisetin, a classic senolytic agent, was employed in this study to

treat cells for evaluating the impact of anti- senescence effect on

aberrant macrophage polarization and subsequent stone formation.

To determine the effects of oxalate with or without fisetin on cell

viability, HK-2 cells were treated with oxalate (0, 0.5 or 1.0 mM) and

varying concentrations of fisetin (0, 5, 10, 20 or 40 mM) for 48 h.

HK-2 cell viability was significantly lower at a dose of 1.0 mM

oxalate compared with that of the vehicle control. Incubating HK-2

cells with 0.5 mM oxalate and various concentrations of fisetin (5

and 10 mM) had no significant effect on cell viability. Incubating

HK-2 cells with 40 mM fisetin or 0.5 mM oxalate+ 20 mM fisetin

significantly decreased cell viability compared with that of the

control group (Figure 1A). Since substantial viability drops

demonstrated the cytotoxic potential of oxalate and fisetin, the

maximum non-cytotoxic doses (just before the significant viability

decrease) from agent’s concentration gradient were selected for

subsequent cellular senescence experiments. Substantial numbers of

senescent cells were evaluated via senescence-associated b-
galactosidase (SA-b-gal) activity, and the results revealed that the

frequency of SA-b-gal(+) senescent cells increased significantly

after 0.5 mM oxalate treatment, and that 10 mM fisetin

significantly decreased the proportion of SA-b-gal (+) senescent

cells (Figure 1B). Typical images are shown in Figure 1C. Therefore,

we treated HK-2 cells with 0.5 mM oxalate for 48 h to establish a

model of RTEC injury and 10 mM fisetin was administered

simultaneously to evaluate the effect of anti-senescence in the

subsequent experiments. In addition to SA-b-gal activity

detection, the expression of typical markers of cellular senescence

(e.g. p16 and p53) were also determined via immunofluorescence

staining and western blotting. Immunofluorescence revealed that

p16 staining was more intense in HK-2 cells incubated with oxalate

than in control HK-2 cells, and 10 mM fisetin inhibited p16 staining

intensity under oxalate induction (Figure 1D). Western blot
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analysis revealed that oxalate significantly increased the levels of

p16 and p53, and fisetin reversed this effect of oxalate on p16 and

p53 expression (Figure 1E).

Superoxide dismutase (SOD), an antioxidant enzyme, catalyzes

the decomposition of superoxide radicals into oxygen and hydrogen

peroxide, thereby reducing oxidative stress damage. Total

antioxidant capacity (T-AOC) can be used to evaluate the overall

antioxidant level of all antioxidant substances (including enzymatic

and non-enzymatic antioxidants) in samples such as serum.

Glutathione (GSH) is a critical non-enzymatic antioxidant within

cells that directly scavenges free radicals and participates in

maintaining redox homeostasis. Lactate dehydrogenase (LDH) is

a key enzyme in glycolysis that catalyzes the interconversion

between pyruvate and lactate. It is commonly used as a

biomarker for cellular damage or death, as it is released into the

bloodstream upon rupture of the cell membrane. Subsequently, the

levels of the aforementioned oxidative and antioxidative indicators,
Frontiers in Immunology 05
including SOD, T-AOC, GSH and LDH, were measured to evaluate

injury to RTECs. The levels of SOD, T-AOC and GSH were

significantly lower in the oxalate group than in the control group,

whereas the LDH level was higher. Compared with those of the

oxalate group, the oxalate + fisetin group presented elevated SOD,

T-AOC and GSH levels and reduced LDH levels (Figure 2A). Next,

we used a model of oxalate-induced senescent HK-2 cells as

described above to determine whether HK-2 cell senescence

paralleled the increased release of proinflammatory factors of the

senescence-associated secretory phenotype (SASP). We collected

mRNA and protein from control cells and senescent HK-2 cells

treated with oxalate with or without fisetin in 2-d cultures. The

mRNA and protein expression of the proinflammatory SASP-

associated factors VEGF, MMP13, MCP-1 and IL-1b were

upregulated by oxalate, and this upregulation was partially

reversed by fisetin (Figures 2B, C). The changes in the

concentrations of the SASP-associated factors IL-1b, MMP13, IL-
FIGURE 1

Fisetin mitigated oxalate-induced injury of HK-2 cells via its anti-senescence and anti-oxidative stress effect. (A) HK-2 cells were incubated under
different concentrations of fisetin and oxalate for 48h. CCK-8 assay was used to detect cell viability. 0.5 mM oxalate and concentrations of fisetin
(5 and 10 mM) have no significant effect on cell viability of HK-2 cells. (B) SA-b-gal staining in HK-2 cells treated with the combination of 0.5 mM
oxalate and different concentrations of fisetin for 48h were performed. Frequency of SA-b-gal (+) senescent cells increased significantly after oxalate
incubation, and furthermore, 10 mM fisetin could significantly decrease the proportion of SA-b-gal (+) cells induced by oxalate compared with dose
of 5 mM fisetin. And (C) typical pictures of SA-b-gal staining of HK-2 cells under incubation of oxalate with/without 10 mM fisetin were shown.
(D) Immunofluorescence detection demonstrated that the changing trends of p16 staining intensity were in accordance with the alteration of
SA-b-gal (+) senescent cells’ frequency. (E) Western blot analysis showed that relative p16 and p53 expression in HK-2 were significantly increased
by 0.5 mM oxalate, and this elevation could be partially reversed by 10 mM fisetin. Based on three independent experiments. Data are presented as
means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001; CTL, control group.
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6 and MMP3 in the culture medium from 2-day-old cultures (CM-

2D) were similar to the MMP13 and IL-1b expression in control

cells (Figure 2D). On the third day, the supernatants of HK-2 cells

induced with oxalate with or without fisetin were replaced with
Frontiers in Immunology 06
fresh culture medium, and 2 days later, the culture medium (CM-

4D) was obtained for subsequent experiments on macrophage

polarization to exclude the effects of oxalate or fisetin on the

biological behavior of macrophages. IL-1b, MMP13, IL-6 and
FIGURE 2

Levels of oxidative stress indicators and SASP factors in senescent HK-2 cells. HK-2 cells were treated with 10 mM fisetin in the presence of 0.5 mM
oxalate for 48h and then the following indicators were determined. (A) Status of oxidative and anti-oxidative indicators in HK-2 cells, including SOD
content, T-AOC content, GSH content and LDH content, were measured. The mRNA (B) and protein (C) levels of SASP factors, VEGF, MMP13, MCP-
1 and IL-1b, in HK-2 cells were determined using RT-qPCR or western blot respectively. (D) Concentration of SASP factors, IL-1b, MMP13, IL-6 and
MMP3, in culture medium of 2 days (CM-2D) were detected by Elisa analysis. Based on three independent experiments. Data are presented as means
± SD. *P < 0.05, **P < 0.01, ***P < 0.001; CTL, control group. CM-2D, culture medium from the 2 Day’s culture.
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MMP3 levels of CM-4D from HK-2 cell cultures after oxalate

induction were significantly upregulated, and this upregulation

was also significantly decreased in the CM-4D from oxalate

+fisetin-treated HK-2 cell cultures (Supplementary Figure 1).
3.2 Senescent HK-2 cells played a
significant role in macrophage polarization

To study whether senescence of RTECs can influence the

polarization of M0-MFs into either inflammatory macrophages

(M1-MFs) or anti-inflammatory macrophages (M2-MFs), THP-1

cells were induced to differentiate into macrophages via PMA

treatment. Based on IFNg and LPS induction toward M1-MFs or

IL-4 and IL-13 induction toward M2-MFs for another 24 h, we

assayed macrophage polarization in the culture medium (CM-4D)

from HK-2 cells treated with oxalate or oxalate+fisetin. In current

macrophage research, TNF-a (52) and iNOS (53) are well-

established biomarkers for identifying M1 macrophages, whereas

Arg-1 (54) and CD163 (55) are widely recognized as markers of M2

macrophages (56). Therefore, in accordance with conventional

macrophage classification schemes (57, 58), we employed TNF-a
and iNOS for the identification of M1 macrophages and used Arg-1

and CD163 to characterize M2 macrophages in this study. As
Frontiers in Immunology 07
shown in Supplementary Figure 2, compared with those in native

macrophages, the mRNA expression of TNF-a and iNOS was

increased in M1 macrophages, and the expression of Arg-1 and

CD163 mRNA was increased in M2 macrophages, confirming the

success of macrophage induction. As shown in Figures 3A, B, CM-

4D from oxalate-induced HK-2 cells (CM-4D-oxalate) significantly

increased TNF-a and iNOS mRNA/protein expression in M1-MFs,

and this upregulation was significantly reversed by CM-4D from

oxalate+fisetin-treated HK-2 cells (CM-4D-oxalate+fisetin).

However, there was no significant change in Arg-1 or CD163

mRNA/protein expression in M2-MFs in response to CM-4D

from oxalate +/- fisetin-treated HK-2 cells (Figures 3C, D). These

results indicated that CM-4D oxalate induced the polarization of

M0-MFs toward M1-MFs but not toward M2-MFs.
3.3 LXN played an important role in
oxalate-mediated promotion of HK-2 cell
senescence and subsequent macrophage
polarization

Compared with those in healthy controls, the expression of four

senescence-associated genes, including LXN, GLS, PTGS1 and CFB,

in nephrolithiasis patients (59) was found to be significantly
FIGURE 3

Senescence of HK-2 cells shifted macrophage polarization. HK-2 cells were treated with oxalate or oxalate + fisetin for 48 h. The culture medium were
removed with fresh medium, and then HK-2 cells were further cultured for another 48h thus the culture medium (CM-4D) were collected. THP-1 cells
were induced towards macrophage differentiation by PMA (100 ng/ml), and macrophages (MFs) were further incubated with CM-4D from HK-2 cells after
treatment of oxalate or oxalate+fisetin under LPS (100 ng/ml) & IFN-g (50 ng/ml) or IL-4 (20 ng/ml) & IL-13 (20 ng/ml) stimulatory conditions for 24 h.
MFs differentiated either to M1 (A, B) or M2 (C, D) macrophages were further analyzed by RT-qPCR (A, C) or western blot (B, D). (A, B) CM-4D from
oxalate induced HK-2 cells (CM-4D-oxalate) could significantly increase TNF-a and iNOS mRNA (A)/protein (B) expression in M1-MFs, and this up-
regulation could be significantly reversed by CM-4D from oxalate+fisetin treated HK-2 cells (CM-4D-oxalate+fisetin). (C, D) There was no significant
change of Arg-1 and CD63 mRNA (C)/protein (D) expression in M2-MFs under management of CM-4D from oxalate +/- fisetin treated HK-2 cells. Based
on three independent experiments. Data are presented as means ± SD. **P < 0.01, ***P < 0.001; CTL, control group.
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FIGURE 4

LXN knockdown inhibited oxalate induced senescence of HK-2 cells as well as subsequent macrophage polarization. HK-2 cells were treated with
0.5 mM oxalate with/without 10 mM fisetin. (A) LXN, GLS, PTGS1 and CFB mRNA expression were determined via RT-qPCR. The ratio of relative
expression of LXN, GLS, PTGS1 and CFB genes induced by oxalate or oxalate+fisetin compared to control group were shown. Relative LXN mRNA
levels detected via RT-qPCR (B) and LXN protein expression determined via western blot (C) were significantly increased in oxalate induced HK-2
cells compared to control cells, and further significantly down-regulated by fisetin. LXN knockdown was performed via transfecting specific LXN
small interfering RNA (siRNA) into HK-2 cells, and these HK-2 cells were further incubated with/without oxalate for 48h. Analysis of senescence in
HK-2 cells were performed via SA-b-gal activity (D) and relative p16 protein expression (E). Results showed that SA-b-gal activity and p16 protein
level were significantly increased by oxalate, and further significantly decreased under LXN knockdown intervention. SASP-associated factors (F)
(VEGF, MMP13, MCP-1 and IL-1b) in HK-2 cells and (G) (IL-1b, MMP13, IL-6 and MMP3) in HK-2 cells culture medium demonstrated similar changing
trends with p16 protein levels. THP-1 cells were stimulated with PMA for differentiation into macrophages (MFs). Polarization was performed with
LPS & IFN-g (M1) or IL-4 & IL-13 (M2) for 24 h, and simultaneously, culture medium from fresh medium incubated HK-2 cells for another 48h which
cells have been already knocked down by si-LXN with/without oxalate intervention for 48h. THP-1 cells differentiated either to M1 (H, I) or M2 (J, K)
macrophages were analyzed by RT-qPCR (H, J) or western blot (I, K). Based on three independent experiments. Data are presented as means ± SD.
*P < 0.05, **P < 0.01, ***P < 0.001; CTL, control group. Scr siRNA, Scrambled siRNA control.
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upregulated in HK-2 cells treated with oxalate with or without

fisetin (10 mM). RT–qPCR revealed that the LXN, GLS, PTGS1 and

CFB genes were expressed at distinctly higher levels in oxalate-

induced HK-2 cells than in control cells and were further

significantly downregulated by fisetin. The ratios of the relative

expression of the above genes compared with those of the control

group are shown in Figure 4A, and the relative LXN mRNA levels

are shown in Figure 4B. LXN, the gene expression of which varied

most significantly after oxalate + fisetin intervention, was selected

for further study. The protein expression of LXN after oxalate

treatment with or without fisetin was confirmed to have a similar

effect on gene expression (Figure 4C). To further evaluate the

regulatory effect of LXN on cellular senescence, experiments with

LXN knockdown in HK-2 cells were carefully performed, and the

alterations in biological behaviors related to cellular senescence

were evaluated. The knockdown efficiency of LXN was determined

by RT–qPCR and western blot analyses. At 48 h after transfection,

75% knockdown efficiency was achieved, as shown by both gene

and protein expression (Supplementary Figures 3A, B). The results

of senescence-associated b-galactosidase (SA-b-gal) activity

experiments showed that the increased proportion of SA-b-gal
(+) cells induced by oxalate was significantly decreased by LXN

knockdown (Figure 4D). In addition, LXN knockdown significantly

decreased the protein expression of p16 and SASP-associated

factors (VEGF, MMP13, MCP-1 and IL-1b), which were
Frontiers in Immunology 09
dramatically increased in oxalate-induced HK-2 cells (Figures 4E, F).

Consistent with changes in the protein expression of SASP-associated

factors in HK-2 cells, the concentrations of SASP factors (i.e., IL-1b,
MMP13, IL-6 and MMP3) in the supernatant of HK-2 cell cultures

demonstrated similar trends after oxalate treatment with or without

LXN knockdown intervention (Figure 4G). Interestingly, the group

treated with LXN knockdown combined with fisetin showed a

significant reduction in both the proportion of SA-b-gal (+) cells

and the protein expression of p16 compared to the groups treated

with LXN knockdown or fisetin alone (Supplementary Figure 4). The

combined treatment of fisetin and LXN knockdown reduced the

levels of senescence markers to an extent that was nearly additive but

not fully linear, suggesting the effect of LXN occurs through the

fisetin–senescence pathway.

To observe the influence of delaying senescent HK-2 cell

accumulation induced by LXN knockdown on macrophage

polarization, HK-2 cells subjected to LXN knockdown were

simultaneously incubated with oxalate, which was replaced with

fresh culture medium for an additional 2 d, after which the

supernatants were obtained (CM-4D) and added to PMA + IFNg
+ LPS- or PMA + IL-4 + IL-13-stimulated THP-1 cells. As shown in

Figures 4H, I, CM-4D from oxalate-induced scramble siRNA-

transfected HK-2 cells (CM-4D-oxalate+Scr siRNA) significantly

increased TNF-a and iNOS mRNA/protein expression in M1-MFs,

and this upregulation was significantly reversed by CM-4D from
FIGURE 5

LXN/Rps3/p53 pathway was involved in the oxalate induced senescent cell burden. (A) Laser confocal microscopy was applied to evaluate nuclear
localization of Rps3. Nuclear localization of Rps3 were significantly decreased in HK-2 cells under oxalate induction compared to control cells, and
these decreased nuclear translocation of Rps3 were significantly up-regulated by fisetin treatment. mRNA (B) and protein (C) expression of Rps3 in
HK-2 cells under oxalate with/without fisetin treatment appeared no significant changes compared to control group. Oxalate induction was
performed on the basis of LXN knockdown. (D) LXN knockdown has little effect on expression levels of Rps3/p53 mRNA, and Rps3 silencing has little
effect on LXN3/p53 mRNA expression. (E) p53 protein expression was significantly down-/up-regulated by LXN/Rps3 knockdown. (F) Nuclear
translocation of Rps3 was obviously elevated after LXN silencing. Data are presented as means ± SD. **P < 0.01, ***P < 0.001; CTL, control group.
Scr siRNA=Scrambled siRNA control.
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oxalate-treated HK-2 cells after LXN knockdown (CM-4D-oxalate

+si-LXN). Furthermore, there was no significant change in Arg-1 or

CD163 mRNA/protein expression in M2-MFs treated with CM-4D

from HK-2 cells exposed to oxalate+Scr siRNA or oxalate+si-LXN

compared with those in the control group (Figures 4J, K). These

results suggest that M1-MF polarization induced by culture

medium from HK-2 cells under oxalate+LXN-knockdown (CM-

4D-oxalate+si-LXN) intervention was significantly lower than that

induced by CM-4D-oxalate+Scr siRNA. Overall, we concluded that

LXN knockdown effectively attenuated the oxalate-induced

senescent response and subsequently attenuated proinflammatory

M1 macrophage polarization.
3.4 LXN knockdown reduced senescent
cell burden by increasing nuclear
translocation of Rps3 and subsequent p53
reduction

Because LXN has been reported to perform its biological function

by binding to the protein ribosomal protein 3 (Rps3) (60) and Rps3 has

an important extraribosomal role in the DNA damage response and in

the regulation of p53 degradation (61), we detected the expression of

Rps3 and p53 in the next step to investigate the mechanism by which

LXN inhibits the senescence of HK-2 cells. Interestingly, less Rps3 was

localized to the nucleus in HK-2 cells under oxalate induction than in

control cells, and the decreased nuclear translocation of Rps3 was

significantly increased by fisetin (10 mM) treatment (Figure 5A). This

finding was further confirmed by the lack of significant changes in the

mRNA and protein expression of Rps3 in the presence of oxalate with

or without fisetin treatment (Figures 5B, C). To evaluate the

relationships among LXN, Rps3 and p53, LXN or Rps3 knockdown

was performed. The knockdown efficiency of Rps3 is shown in

Supplementary Figures 3C, D. As demonstrated in Figures 5D, E,

knockdown of LXN had little effect on the expression levels of Rps3

mRNA, p53 mRNA and Rps3 protein, whereas p53 protein expression

was significantly downregulated. When Rps3 was knocked down, the

expression levels of LXNmRNA, p53 mRNA and LXN protein did not

significantly change, whereas p53 protein expression was significantly

upregulated, suggesting that p53 is downstream of LXN/Rps3 and that

LXN exerts its effects in combination with Rps3 to affect the nuclear

translocation of Rps3; these findings are further supported by the result

that nuclear translocation of Rps3 was obviously elevated after LXN

silencing, as shown by immunofluorescence experiments (Figure 5F).
3.5 Targeting cellular senescence could
ameliorate renal impairment and crystal
deposition in the rat kidney stone model

The experimental procedures for animal studies are

schematically depicted in Figure 6A. Blood Urea Nitrogen (BUN)

is a common diagnostic readout, with higher levels indicating

impaired renal function and reduced glomerular filtration rate.

Serum creatinine (Scr) is also a widely used and clinically
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essential biomarker for evaluating renal function. Higher Scr

levels typically reflect a greater degree of kidney impairment. To

investigate the in vivo role of cellular senescence in kidney stone

formation as well as renal impairment, the levels of Scr and BUN

were measured. Compared with those in the normal group, the Scr

and BUN levels in the oxalate group were notably increased on Day

30, and the Scr and BUN levels in the oxalate+fisetin group were

markedly lower than those in the oxalate group, indicating the

amelioration of renal impairment after fisetin administration

(Figures 6B, C). Renal histological analyses showed that fisetin

attenuated oxalate-induced injury to RTECs, as demonstrated by

lower-grade dilatation of the tubules and decreased levels of

mononuclear cell infiltrates in the interstitium of rats in the

oxalate+fisetin group compared with that in the oxalate group

(Figure 6D). Von Kossa staining of isolated kidney tissues

revealed similar differences in crystal formation (Figure 6E),

suggesting that fisetin has a protective role in ameliorating the

formation of kidney stones. Furthermore, we examined the

expression levels of the LXN/Rps3/p53 pathway in kidney tissue

by immunohistochemistry staining. Our results showed that,

compared with that under normal conditions, LXN and p53

protein expression was significantly increased in the oxalate

group, whereas fisetin administration significantly decreased

LXN and p53 protein expression. Compared with that in the

oxalate group, the total Rps3 protein staining intensity was not

significantly different, and less Rps3 protein staining was observed

in the cell nuclei of the oxalate+fisetin group (Figure 6F).

Immunohistochemical staining of the polarization biomarkers

iNOS (M1-MFs) and CD163 (M2-MFs) was also performed to

evaluate macrophage polarization, and immunohistochemical

staining revealed that iNOS was significantly increased in

the kidney tissue of the oxalate group. This increase in iNOS

staining was significantly decreased in the oxalate+fisetin-treated

group. However, there was no significant difference in CD163

staining among the control, oxalate and oxalate+fisetin groups

(Supplementary Figure 5).

To study the effect of the LXN gene on cellular senescence in

nephrolithiasis, AAV-shLXN or AAV-null vectors (as controls)

were injected via the tail vein into stone model rats on the first

day. Scr/BUN determinations, H&E analysis and Von Kossa

staining showed that, compared with that of the stone model

oxalate group, the oxalate+AAV-Null group had a similar effect

on crystal deposition (data not shown). Interestingly, H&E, Von

Kossa staining and immunohistochemical analysis revealed that,

compared with those of the fisetin group, AAV-shLXN had a

similar effect on crystal deposition, LXN/Rps3/p53 and iNOS/

CD163 protein staining; more importantly, the protective effect of

AAV-shLXN was even greater than that of fisetin (Figures 6D–F,

Supplementary Figure 5). More importantly, the combined

treatment with fisetin and LXN knockdown led to a more

pronounced reduction in Scr and BUN levels, tubular dilation,

mononuclear cell infiltration, crystal deposition, and expression

levels of LXN, p53, and iNOS in renal tissue—as assessed by

immunohistochemical staining—compared to each treatment

alone (Supplementary Figures 5, 6). Taken together, our in vivo
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FIGURE 6

Cellular senescence-targeting therapy could ameliorate the renal impairment and crystal depositions in the animal model. (A) Process diagrams are
demonstrated. (B, C) The levels of Scr (B) and BUN (C) in kidney stone model rats were measured. Compared with those in the normal group, Scr and BUN
levels in the oxalate group were increased notably on Day 30, and fisetin markedly ameliorated the renal functional damage caused by oxalate crystals. The
elevated levels of Scr and BUN in oxalate group could be significantly relieved by injection of AAV-shLXN. (D) Renal histological analyses of H&E staining
showed that fisetin lowered the grade of tubules dilatation along with decreased levels of mononuclear cell infiltrates in the interstitium compared to that in
oxalate group. AAV-shLXN showed a more significant inhibitory effect on tubules dilatation and mononuclear cell infiltrates compared to fisetin. (E) Von
Kossa staining revealed similar changing trends of crystal formation in kidney tissue as histological H&E staining analysis. (F) Immunohistochemistry analysis
demonstrated that immunostaining intensity of LXN and p53 were significantly stronger in the oxalate group compared with normal group, and the staining
intensity of LXN and p53 were significantly decreased under fisetin or AAV-shLXN administration, even more significantly in AAV-shLXN group. There was no
significant change of total Rps3 staining among different groups. Data are presented as means ± SD. Data are expressed as the mean ± SD. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. “ns” indicates no significant difference.
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experimental results suggest that senescence-targeting therapy

effectively inhibits cellular senescence through the LXN/Rps3/p53

pathway, thus reducing macrophage polarization toward the M1

phenotype and ultimately exerting a protective effect against kidney

stone formation. LXN gene silencing might be a potential

therapeutic method for treating nephrolithiasis.
4 Discussion

Although the incidence of nephrolithiasis increases with increasing

age (62, 63), and the abundance of senescent cells in various tissues

increases with age (64, 65), few studies have investigated the exact

relationship, particularly the mechanism involved in cellular

senescence-related nephrolithiasis. First, this study reports that RTEC

senescence, in addition to oxidative stress, is triggered by oxalate

induction, producing a bioactive secretome and SASP factors that

mediate recruitment and M1 macrophage polarization, ultimately

leading to CaOx lithogenesis. Therefore, senescence could constitute

a newly described mechanistic link between oxidative stress and

inflammation-triggered recruitment and polarization of macrophages

in CaOx lithogenesis. This result was consistent with the phenomenon

of premature RTEC senescence induced by oxidative stress in the urine

of patients with calcium oxalate nephropathy, which was reported by

Kamonchanok Chuenwisad et al. (66). More importantly, the LXN

gene was confirmed to play a vital role in triggering premature
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senescence in RTECs under oxalate stress by reducing the nuclear

translocation of Rps3, which decreases p53 expression. Therefore, LXN

could be a novel molecular target to improve the prevention of stone

formation. Latexin (LXN) is reported to be downregulated in several

types of tumors (67), and overexpression of LXN inhibits tumor cell

growth (52, 67–69). LXN is also implicated in inflammation because it

is highly enriched in mast cells (70) and can be upregulated by

lipopolysaccharide (20, 71). The cellular senescence induced by

overexpression of LXN was logically consistent with the suppressive

effect of LXN on tumors (70) and its proinflammatory effect (21). The

beneficial effect of LXN-mediated suppression was observed in this

study, suggesting that the functional diversity of LXN might be

involved in physiological or even pathogenic conditions and that

different interventions should be considered based on the specific

tissue or disease context (72). Thus further research is needed to

harness its therapeutic potential.

In addition, alteration of the nuclear translocation of Rps3 and its

downstream p53 expression after LXN suppression in our study were

consistent with reports that ribosomal protein subunit 3 (Rps3) is a

novel LXN-binding protein (60, 72, 73) and that p53 might be a

downstream target of Rps3 (29, 74). Results of our study also aligned

with previous report that the LXN–Rps3–p53 axis represented a critical

regulatory network linking ribosomal stress via the RP–MDM2

pathway (29) and tumor suppression (75). Involvement of LXN–

Rps3–p53 axis in oxidative stress adaptation (29) was further

confirmed in our detection of oxidative stress indicators in cellular
FIGURE 7

Schematic illustration of the mechanism of LXN/Rps3/p53 pathway on cellular senescence in CaOx stone formation. Activation of LXN gene in renal
tubular epithelial cells (RTECs) is evoked by hyperoxaluria and oxalate. Since ribosomal protein subunit 3 (Rps3) is a LXN binding protein, the nuclear
translocation of Rps3 were significantly down-regulated due to the more combination conducted by LXN protein. And then p53 which might be a
downstream target of Rps3 is up-regulated, with a consequence of triggering RTECs’ senescence. Senescence-Associated Secretory Phenotype
(SASP) factors are then released, skewing macrophage polarization towards pro-inflammatory M1 phenotype, not anti-inflammatory M2 phenotype,
demonstrating a low crystals phagocytic ability. Therefore LXN gene targeting silencing could effectively inhibit cellular senescence, thus reduce
macrophage polarization towards M1 phenotype and ultimately behave a protective effect on kidney stone formation.
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assays, and secondary cellular senescence was verified and

comprehensively evaluated, suggesting the reliable effect of LXN on

cellular senescence (76). Our research elucidates the impact of the

LXN–Rps3–p53 axis on cellular senescence, providing the first

evidence of its involvement in this biological process. More

interestingly, p53 might also upregulate LXN expression (77),

creating a negative feedback loop to restore ribosomal homeostasis

(78). Therefore, targeting LXN, such as LXN inhibitors via high-

throughput screening (79), nanoparticle delivery of LXN inhibitors,

co-administration of LXN inhibitors and senolytics (e.g. Fisetin) could

provide an effective treatment approach for cellular senescence-

associated disorders. Furthermore, LXN may serve as a critical

biomarker to determine whether to initiate anti-cellular senescence

therapy (80).

The involvement of renal and peripheral macrophages in

inflammatory processes might lead to the development of

therapeutic targets (81, 82). With respect to the current consensus of

macrophage involvement in CaOx nephrolithiasis (83), targeting M2-

like macrophage function might offer a therapeutic strategy with which

to prevent stones via crystal phagocytosis (83). In current macrophage

research, TNF-a (84) and iNOS (53) are widely utilized as biomarkers

for M1 macrophages, while Arg-1 (54) and CD163 (55) are commonly

employed as M2 macrophage markers (56). Accordingly, in line with

conventional macrophage classification schemes (57, 58), we utilized

TNF-a/iNOS forM1macrophages identification andArg-1/CD163 for

M2 macrophages characterization. To our knowledge, most studies

have focused on intervening in effector macrophage polarization to

suppress renal crystal deposition (11, 85); for example, Sirtuin 3 was

found to suppress the formation of renal calcium oxalate crystals by

promoting M2 polarization of macrophages (86); the critical role of the

microenvironment in regulatingmacrophage function warrants further

in-depth investigation (87). Our study focused on the origin of the shift

in macrophage polarization and on the main cells of Randall’s plaques,

RTECs (88), revealing that the cellular senescence of RTECs induced by

calcium oxalate crystals was at least one of the factors that led to the

suppression of M2 macrophage polarization, as opposed to the

promotion of M1 macrophage polarization. More importantly, a

context-dependent macrophage phenotype can also exacerbate the

senescence of surrounding RTECs (89), resulting in a vicious cycle of

kidney stone formation (66). Therefore, our findings reveal one

possible mechanism by which reducing M2 macrophage polarization

promotes the formation of kidney stones (83), undoubtedly providing a

potential therapeutic and preventive approach to CaOx nephrolithiasis.

Senescence is a cellular program that involves changes in

metabolism and the production of a bioactive secretome (90, 91).

Our results suggest that this secretome, the senescence-associated

secretory phenotype (SASP), mediates the recruitment and

promotion of M1 macrophage polarization. The exact mechanism of

macrophage–senescent cell interplay and its impact on macrophage

effector functions during pathological conditions are extremely

complex (92). The exact nature of macrophage polarization following

recruitment to senescent cells in vivo is likely context dependent (92,

93). p53-expressing senescent stellate cells release factors that skew
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macrophage polarization toward a cytotoxic M1 state (94), whereas

senescent thyrocytes induce M2-like polarization in human monocytes

(95). Our research provides a more comprehensive understanding of

macrophage–senescent cell interactions, and further research should be

conducted to reveal more comprehensive and in-depth mechanisms,

such as extracellular vesicle (EV) release (96), in addition to the SASP.

Taken together, our results demonstrate that kidney M1-like

phenotype macrophage polarization is associated with renal tubular

epithelial cell senescence in oxalate-induced kidney stones and that

the LXN/Rps3/p53 signaling pathway significantly decreases RTEC

senescence-related M1-like phenotype macrophage polarization

and ultimately alleviates intrarenal CaOx crystal deposition

(Figure 7). Thus, our study provides a promising therapeutic

target for the development of effective treatments for

nephrolithiasis and other age-related diseases.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding authors.
Ethics statement

Ethical approval was not required for the studies on humans in

accordance with the local legislation and institutional requirements

because only commercially available established cell lines were used.

The animal study was approved by The Medical Ethics Committee

of the Second Affiliated Hospital of Harbin Medical University

(SYDW2024 – 084). The study was conducted in accordance with

the local legislation and institutional requirements.
Author contributions

MC: Investigation, Validation, Writing – original draft. SJ: Formal

analysis, Validation, Writing – review & editing. JX: Investigation,

Validation, Writing – review & editing. WL: Investigation, Writing –

review & editing. GJ: Methodology, Writing – review & editing. HL:

Conceptualization,Writing – review& editing. JZ: Funding acquisition,

Supervision, Writing – review & editing. WX: Project administration,

Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This work was supported

by Basic Research Support Program for Outstanding Young Teachers

in Provincial Undergraduate Universities of Heilongjiang Province

(Grant No. YQJH2023037) to Juan Zhang.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1658989
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chu et al. 10.3389/fimmu.2025.1658989
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible.

If you identify any issues, please contact us.
Frontiers in Immunology 14
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1658989/

full#supplementary-material
References
1. Romero V, Akpinar H, Assimos DG. Kidney stones: a global picture of prevalence,
incidence, and associated risk factors. Rev Urol. (2010) 12:e86–96.

2. Gault MH, Chafe L. Relationship of frequency, age, sex, stone weight and
composition in 15,624 stones: comparison of resutls for 1980 to 1983 and 1995 to
1998. J urology. (2000) 164:302–7. doi: 10.1016/S0022-5347(05)67345-4

3. Lieske JC, Rule AD, Krambeck AE, Williams JC, Bergstralh EJ, Mehta RA, et al.
Stone composition as a function of age and sex. Clin J Am Soc Nephrology: CJASN.
(2014) 9:2141–6. doi: 10.2215/cjn.05660614

4. Khan SR. Reactive oxygen species as the molecular modulators of calcium oxalate
kidney stone formation: evidence from clinical and experimental investigations. J
urology. (2013) 189:803–11. doi: 10.1016/j.juro.2012.05.078

5. Khan SR, Canales BK, Dominguez-Gutierrez PR. Randall's plaque and calcium
oxalate stone formation: role for immunity and inflammation. Nat Rev Nephrology.
(2021) 17:417–33. doi: 10.1038/s41581-020-00392-1

6. Grover PK, Thurgood LA, Fleming DE, van Bronswijk W, Wang T, Ryall RL.
Intracrystalline urinary proteins facilitate degradation and dissolution of calcium
oxalate crystals in cultured renal cells. Am J Physiol Renal Physiol. (2008) 294:F355–
61. doi: 10.1152/ajprenal.00529.2007

7. Taguchi K, Okada A, Kitamura H, Yasui T, Naiki T, Hamamoto S, et al. Colony-
stimulating factor-1 signaling suppresses renal crystal formation. J Am Soc Nephrology:
JASN. (2014) 25:1680–97. doi: 10.1681/asn.2013060675

8. Kusmartsev S, Dominguez-Gutierrez PR, Canales BK, Bird VG, Vieweg J, Khan
SR. Calcium oxalate stone fragment and crystal phagocytosis by human macrophages. J
urology. (2016) 195:1143–51. doi: 10.1016/j.juro.2015.11.048

9. Vervaet BA, Verhulst A, Dauwe SE, De Broe ME, D'Haese PC. An active renal
crystal clearance mechanism in rat and man. Kidney Int. (2009) 75:41–51. doi: 10.1038/
ki.2008.450

10. ZhuW, Zhao Z, Chou F, Zuo L, Liu T, Yeh S, et al. Loss of the androgen receptor
suppresses intrarenal calcium oxalate crystals deposition via altering macrophage
recruitment/M2 polarization with change of the miR-185-5p/CSF-1 signals. Cell
Death disease. (2019) 10:275. doi: 10.1038/s41419-019-1358-y

11. Taguchi K, Okada A, Hamamoto S, Unno R, Moritoki Y, Ando R, et al. M1/M2-
macrophage phenotypes regulate renal calcium oxalate crystal development. Sci Rep.
(2016) 6:35167. doi: 10.1038/srep35167

12. Taguchi K, Okada A, Hamamoto S, Iwatsuki S, Naiki T, Ando R, et al.
Proinflammatory and metabolic changes facilitate renal crystal deposition in an
obese mouse model of metabolic syndrome. J urology. (2015) 194:1787–96.
doi: 10.1016/j.juro.2015.07.083

13. Kumari R, Jat P. Mechanisms of cellular senescence: cell cycle arrest and
senescence associated secretory phenotype. Front Cell Dev Biol. (2021) 9:645593.
doi: 10.3389/fcell.2021.645593

14. Mou Z, Feng Z, Xu Z, Zhuang F, Zheng X, Li X, et al. Schisandrin B alleviates
diabetic nephropathy through suppressing excessive inflammation and oxidative stress.
Biochem Biophys Res Commun. (2019) 508:243–9. doi: 10.1016/j.bbrc.2018.11.128
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