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Abstract

Background: Type 2 cardiorenal syndrome (CRS) is a complex disease characterized by the interplay between the heart and kidneys.
The pathophysiology of type 2 CRS involves multiple molecular signaling pathways. Transient receptor potential melastatin 2 (TRPM2)
is a reactive oxygen species (ROS)-sensitive and non-selective calcium-permeable cation channel, which plays a regulatory role in
intracellular Ca2+ homeostasis. Thus, this study aimed to explore the biological functions andmechanisms of the ROS–TRPM2 signaling
axis in type 2 CRS. Methods: Type 2 CRS model rats (a rat model of type 2 CRS induced through left anterior descending coronary
artery ligation combined with 5/6 total nephrectomy) and lipopolysaccharide (LPS)-induced CRS cell lines, human kidney-2 (HK-2),
were transfected with small interfering RNA (siRNA) to knock down TRPM2 or a calcium ion channel activator Yoda1 to evaluate
the involvement of the ROS–TRPM2 signaling axis on type 2 CRS. Changes in kidney tissue morphology were observed using H&E
staining; cell viability and apoptosis were monitored using CCK-8, Annexin V-FITC/PI, and TUNEL kits, alongside quantitative real-
time polymerase chain reaction (qRT-PCR), Western blot, ELISA, and immunofluorescence assays to confirm the interaction between
ROS, TRPM2, and Ca2+. Results: TRPM2 is highly expressed in HK-2 cells after LPS stimulation and renal tissues of type 2 CRS
rats. Intervention via TRPM2 improves injured cell viability, mitigates apoptosis, inhibits the inflammatory cytokines interleukin 10
(IL-10) and tumor necrosis factor-α (TNF-α), as well as indices of oxidative stress—malondialdehyde (MDA) and ROS—promotes
total antioxidant capacity (T-AOC) expression, and alleviates pathological changes in CRS; Yoda1 promoted a contrasting effect to the
biological effect induced by TRPM2 deletion. Conclusions: TRPM2 is abnormally highly expressed in damaged kidneys during the
pathogenesis of type 2 CRS. Silencing TRPM2 can inhibit inflammatory and oxidative stress responses, reduce cell apoptosis, promote
survival, and alleviate pathological loss; this may be related to the inhibition of Ca2+ influx. This suggests that the ROS–TRPM2
signaling pathway is significant for CRS development, and TRPM2 may be an effective therapeutic target for type 2 CRS.
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1. Introduction

Cardiorenal syndrome (CRS) is a multi-organ dys-
function with a complex pathogenesis involving the inter-
play of a variety of signaling pathways [1,2]. It is a clin-
ical syndrome characterized by the simultaneous dysfunc-
tion of the heart and kidneys, leading to pathophysiological
changes with high morbidity and mortality rates. In recent
years, with the increasing aging population, the incidence
and mortality rates of CRS have been rising. Epidemio-
logical studies indicate that 24% to 45% of patients with
acute decompensated heart failure develop acute kidney in-
jury during their illness, and among these patients, 40% to
60% eventually suffer from renal insufficiency [3,4]. Addi-
tionally, nearly 50% of chronic kidney disease patients have
cardiovascular disease as the cause of death [5,6]. Cur-
rently, the clinical treatment of CRS mainly involves cor-
recting hemodynamic disturbances and renal replacement
therapy. Therefore, a large number of diuretics and va-
sodilators are needed in the early treatment stage. How-

ever, the use of a large number of diuretics will aggravate
the occurrence of CRS, which is contradictory. Resolving
this contradiction is crucial for improving the treatment out-
comes of CRS and alleviating the patient’s condition [7]. In
CRS, kidney injury is closely related to calcium ion regula-
tion. Kidney damage can lead to an imbalance in calcium
ion regulation, affecting physiological functions such as re-
nal filtration and reabsorption, which exacerbates kidney
injury [8]. Additionally, calcium ion imbalance also im-
pacts cardiac contraction and relaxation functions, further
worsening cardiac failure [9,10]. Therefore, maintaining
calcium ion balance is of great significance in the treatment
of cardiorenal syndrome. As the main form of CRS disease,
type 2 CRS is characterized by the gradual progression of
chronic kidney disease caused by chronic cardiac insuffi-
ciency [11]. The pathology of type 2 CRS is considered to
be complex and multifaceted, and its pathological mecha-
nism is still not fully understood. Therefore, it is necessary
to explore more possible mechanisms to provide ideas for
the treatment of type 2 CRS.
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Transient receptor potential melastatin 2 (TRPM2) is a
non-selective cation channel mediating calcium influx and
ubiquitously expressed endogenously in tissues and cells,
such as heart and kidney. During various physiological
and pathological conditions, reactive oxygen species (ROS)
activates Ca2+ signaling which regulates cell metabolism,
bioenergetics, signaling pathways and apoptosis. Then
TRPM2 serves as a key executor that sensor oxidative stress
(OS) and keep intracellular calcium homeostasis [12,13].
Yu et al. [14] found that the inhibition of TRPM2 de-
creases the production of ROS in acute kidney injury (AKI)
and protects against acute kidney injury through a Ca2+-
dependent autophagy mechanism. During oxidative car-
diomyopathy, TRPM2 converts ROS into Ca2+ signal and
acts on its downstream pro-survival targets in cardiac my-
ocytes [15]. But dysregulation of TRPM2 also trigger cy-
tosolic Ca2+ dyshomeostasis that form a redundant feed-
back cycle to pathologically promote each other’s func-
tion. For instance, aberrant ROS production induces the
massive influx of Ca2+ into the cell upon open TRPM2
channel, resulting in caspase cascade activation and ulti-
mately cardiomyocyte cell death [16]. In renal ischemia-
reperfusion injury (IR), blockage of TRPM2 obviously re-
duced histopathological harm, expressions of caspase-3 and
OS index [17]. In summary, the TRPM2 channel may play
diverse roles and regulatory mechanisms to exacerbate and
mitigate CRS injury, and in-depth research on the ROS-
TRPM2 signaling pathway is all-important for not only elu-
cidating the pathogeny of CRS but also seeking new therapy
targets and strategies for related diseases.

This study showed that the expression of TRPM2 was
high in HK-2 cells stimulated by lipopolysaccharide (LPS)
and the kidney tissue of CRS rats. After silencing TRPM2,
LPS-induced human kidney-2 (HK -2) cell viability in-
creased, apoptosis rate decreased, and calcium channel ac-
tivation was inhibited, which inhibiting inflammatory re-
sponse and oxidative stress response. This study identifies
the influence of TRPM2 on CRS and uncovers its molecular
mechanisms.

2. Materials and Methods
2.1 HK-2 Culture and Model Establishment

CRS cell lines HK-2 was obtained fromHanpuNuosai
Life Science and Technology Co., Ltd. (CL-0109, Wuhan,
Hubei, China). The cells were cultured in Dulbecco’s
Modified EagleMedium (DMEM, 11965118, Gibco, Carls-
bad, CA, USA) supplemented with 10% fetal bovine serum
(FSD500, Excell Bio, Shanghai, China) and 1% cya-
nine/streptomycin (C0222, Beyotime, Shanghai, China) at
37 °C with 5% CO2.

An in vitro cell damage model was established by
treating HK-2 cells with 1 µg/mL LPS (MFCD00131520,
Merck, Kenilworth, NJ, USA) for 48 hours [18]. Subse-
quently, the calcium ion channel activator Yoda1 (0.2 µM,
HY-18723, Medchem Express, Elizabeth, NJ, USA) was

used to activate the calcium ion channels in the cells for
an additional 24 hours [19]. All cell lines were validated by
short tandem repeat (STR) profiling and tested negative for
mycoplasma.

2.2 TRPM2 Knockdown in HK-2 Cells by siRNA
Transfection

The small interfering RNAs (siRNAs) targeting
TRPM2 and the nonsense control (si-NC) were obtained
via chemical synthesis (Gemma Genetics, Suzhou, China).
Subsequently, transfections were carried out with Lipofec-
tamine 3000 reagent (L3000015, ThermoFisher, Boston,
MA, USA) in HK-2 cells following the manufacturer’s in-
structions. Stable cell lines were generated through with
puromycin (10 µg/mL, HY-B1743A, MedChem Express,
NJ, USA) selection for 7–14 days. The specific sequences
of si-TRPM2: 5′- GGACAAGCTCTGTCTGCAAA -3′;
si-NC: 5′- GTTCTCCGAACGTGTCACGT -3′.

2.3 Construction of the CRS Animal Model

All animal experiments were carried out with ap-
proval by the Institutional Laboratory Animals Care and
Use Committee of Liaoning University of Traditional Chi-
nese Medicine (Approval No. 21000042024002). SPF-
grade SD rats (male, 6–7 weeks old, weighing 220–250 g)
were obtained from Beijing Vital River Laboratory Animal
Technology Co., Ltd (China). Before the experiment, all
animals were acclimated for one week.

The rats were randomly divided into Sham group (n
= 6) and CRS group (n = 24). Rat model of cardiorenal
syndrome (CRS) group: according to the previous method,
the rat model of CRS was established by ligating the left
anterior descending coronary artery and inducing acute re-
nal ischemia-reperfusion [20]. In simple terms, after liga-
tion with 2% isoflurane, the left anterior descending coro-
nary artery was permanently ligated to induce myocardial
infarction. Two weeks after myocardial infarction, the left
kidney was removed and subtotal nephrectomy was per-
formed. The rats underwent right subcapsular nephrectomy
and about 2/3 renal infarction (because 2/3 of the right renal
artery was ligated). The heart-kidney rat model was suc-
cessfully established 4 weeks after myocardial infarction.

Then, CRS rats were randomly divided into CRS+KD-
TRPM2, CRS+Yoda1, and CRS+KD-NC groups, with
6 rats in each group. CRS+KD-TRPM2 group: Af-
ter the CRS model was constructed by the same opera-
tion method as the CRS group, AAV2/2-U6-sh-TRPM2
(TRPM2 knockdown lentiviral expression vector) recombi-
nant vector was injected into the tail vein on the 7th, 14th,
21th and 28th days. CRS+Yoda1 group: After surgery,
Yoda1 was alternately injected into the left and right arms
at 5 mg/kg/d for 10 days. CRS+KD-NC group: AAV2/2-
U6-sh-NC (empty vectors) recombinant vector was injected
into the tail vein on the 7th, 14th, 21st and 28th day after
surgery. After two operations, rats need intramuscular in-
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Table 1. Cycle parameters of PCR.
Stage Response Cycle index Temperature Time

Stage 1 pre-denaturation Reps: 1 95 °C 30 sec

Stage 2 circular reaction Reps: 40
95 °C 10 sec
60 °C 10 sec

Stage 3 melting curve Reps: 1
95 °C 15 sec
65 °C 60 sec
95 °C 15 sec

PCR, polymerase chain reaction.

jection of ampicillin to prevent infection. Following the ob-
servation period, the rats were sacrificed by exsanguination
following intraperitoneal injection of pentobarbital sodium
(50 mg/kg), and their blood samples, and kidney tissues
were collected for further study.

2.4 Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA was extracted from treated cells using
the Trizol reagent (RC112, Vazyme, Nanjing, China) and
reverse-transcribed using the HiScript lll 1st Strand cDNA
Synthesis Kit (R312, Vazyme, China). Subsequently, qRT-
PCR was performed on an applied biosystems Inc. (ABI)
(Foster�CA�USA) real-time PCR system following the
manufacturer’s recommended cycling parameters. The spe-
cific cycle parameters are shown in Table 1. Relative fold
changes in gene expression were analyzed by normalizing
to the endogenous controls GADPH or U6 to account for
loading variation. The primer sequences are as followed:
TRPM2 (Rat), Forward: CGACGAGCCAGATGCTGAG;
Reverse: ATCAGGGTAGAGGAGGTGCC; GAPDH
(Rat), Forward: GAAGCTGGTCATCAACGGGA;
Reverse: ACGACATACTCAGCACCAGC; TRPM2
(Human), Forward: CCGAGCAGAAGATCGAGGAC;
Reverse: GGGTGGTTACTGGAGCCTTC; GAPDH
(Human), Forward: AATGGGCAGCCGTTAGGAAA;
Reverse: GCGCCCAATACGACCAAATC.

2.5 Western Blot Analysis
Protein samples were extracted from cells or tissues

using RIPA lysis buffer. Protein quantification was per-
formed by bicinchoninic acid (BCA) method. Total pro-
tein extracts (30 µg) from each sample were subjected to
SDS-PAGE gels and transferred onto PVDFmembranes for
western blotting. At room temperature, the PVDF mem-
brane was blocked with a rapid blocking solution for 30
min, and then incubated with primary antibody overnight
at 4 °C Then the secondary antibody was added and incu-
bated at room temperature for 2 h. The primary antibody:
anti-TRPM2 (1:1000, ab11168, Abcam, Cambridge, UK)
and anti-GAPDH (1:10,000, bsm-33033M, Bioss, Beijing,
China); The second antibody: Goat Anti-Rabbit IgG H&L
(bs-0295G-HRP), Goat Anti-Mouse IgG H&L (1:20,000,
bs-0296G-HRP, Bioss, Beijing, China). Finally, JP-K6000
chemiluminescence imager (Jiapeng, Shanghai, China) was

used to develop and Image J software 1.8.0 (NIH, Bethesda,
MD, USA) was used for quantitative analysis.

2.6 Cell Counting Kit 8 (CCK8) Assay

HK-2 cells were plated in 96-well plates at a suitable
density of 2000 cells/well. After the cells adhered, the old
complete medium was removed and replaced with fresh
serum-free medium for 12 hours. Subsequently, the cells
were incubated with a 10% CCK8 solution, protected from
light, for 1 hour. Finally, cell viability was assessed by
measuring absorbance at 450 nm by an RT-6000 enzyme
microplate reader from Rayto (Santa Cru, CA, USA).

2.7 Cell Apoptosis Assays

The BD Pharmingen FITC Annexin V Apoptosis De-
tection Kit (C1062L, Beyotime, China) was used for eval-
uating cell apoptosis. Briefly, the cells were washed, col-
lected, and resuspended in binding buffer. Next, the cells
were stained with 5 µL Annexin V-FITC and 5 µL Propidi-
umIodide (PI) in the dark for 15 minutes, and positive cells
were analyzed on an Attune NxT (Themo Fisher, Boston,
MA, USA).

2.8 Ion Fluorescent Probe Detection

The pre-cultured cells were taken out, themediumwas
removed, and the cells were washed with buffer 3 times.
Then the Rhod-2/Acetoxymethyl ester (AM) working solu-
tion was added to the cells, and the amount of addition was
based on the coverage of the cells, and the cells were cul-
tured at 37 °C for 30 min; after the Rhod-2/AM working
solution was poured out, the buffer was added and the cells
were washed three times. Next, the cells were covered with
buffer and incubated at 37 °C for about 30 min. Finally, the
cells were detected under a microscope (KEYENCE, Os-
aka, Japan).

2.9 Enzyme-Linked Immunosorbent Assay (ELISA) Assays

The expression levels of interleukin 10 (IL-10), tu-
mor necrosis factor-α (TNF-α), malondialdehyde (MDA),
ROS, total antioxidant capacity (T-AOC), and Ca2+
were measured using enzyme-linked immunosorbent assay
(ELISA) kits (COIBO BIO, Shanghai, China) according to
the manufacturer’s guidelines. In simple terms, the cells in
logarithmic phase were inoculated in 6-well plates with 1×
106 cells per well, and the cells were treated in groups and
cultured in 37 °C, 5% CO2 cell incubator for 24 h. Con-
figure standard dilutions according to the instructions. The
prepared standard dilutions and samples were added to a
96-well plate (50 µL/well), sealed with a sealing film, incu-
bated at 37 °C for 30 minutes, washed with detergent, and
dried. After that, the enzyme-labeled reagent 50 µL/well
was added, and the incubation was continued at 37 °C for
30 minutes. The washing solution was washed and dried.
Add the chromogenic agent A and B each 50 µL/well, 37 °C
away from light color for 15 minutes, then add the stop so-
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lution (50 µL/well). Finally, the absorbance (OD value) of
each group of samples at 450 nmwavelength was measured
using a microplate reader (357-714018, Thermo scientific,
Boston, MA, USA).

2.10 TUNEL Assay
The samples from each experimental group were ex-

posed to 4% paraformaldehyde at ambient temperature
overnight. For the TUNEL assay, the sections were in-
cubated with proteinase K solution and labeled with TdT
reaction solution following the instructions. Cell nuclei
were counterstained with DAPI. Then images for apoptotic
cells were captured using a Nikon Eclipse 80i light mi-
croscopy (BZ-H4XD, Keyence Corporation, Osaka, Japan)
with identical parameters.

2.11 Hematoxylin and Eosin (H&E) Staining
Briefly, collected rat kidneys were routinely dehy-

drated, embedded in paraffin and sliced into 4 µm-thick sec-
tions. Then, Hematoxylin and eosin (H&E) staining was
carried out and representative photographs of the stained
sections were captured to observe the histomorphological
and structural changes as previously described [21].

2.12 Statistical Analysis
Statistical analysis was conducted via Graphpad Prism

9 software (Graphpad, Boston, MA, USA). Continuous
variables were first tested for normal distribution using the
Shapiro-Wilk method. For normally distributed continu-
ous data, the format (mean ± SD) was employed. Non-
normally distributed data was analyzed using Wilcoxon
rank-sum test, and the [median (25% quantile,75% quan-
tile)] was used for presentation. p-value less than 0.05 were
considered statistically noteworthy.

3. Results
3.1 TRPM2 is Highly Presented in LPS-Induced Renal
Tubular Epithelial Cells, and Ca2+ Signaling is
Specifically Involved in TRPM2-Induced Cell Apoptosis

We initially investigated the role of TRPM2 in LPS-
injured HK-2 cells and in cells with Yoda1-activated cal-
cium ion channels. HK-2 cells were treated with 1 µg/mL
LPS for 48 hours, after which TRPM2 expressionwas quan-
tified using Western blot and qRT-PCR. Our findings re-
vealed significantly elevated TRPM2 expression in LPS-
injured HK-2 cells, with further increases upon Yoda1-
induced activation of calcium ion channels (p < 0.05,
Fig. 1A–C). To explore the impact of TRPM2 on HK-2 cell
injury, we constructed a TRPM2-silencing expression vec-
tor and transfected it into HK-2 cells (p < 0.05, Fig. 1D).
CCK-8 assays demonstrated that TRPM2 knockdown en-
hances the viability of LPS-injuredHK-2 cells, while Yoda1
treatment significantly reduced cell viability (p < 0.05,
Fig. 1E). Additionally, flow cytometry analyses indicated
that TRPM2 silencing attenuates apoptosis in LPS-injured

HK-2 cells, while Yoda1 promotes apoptosis (p < 0.05,
Fig. 1F,G). Collectively, our data confirm that TRPM2 is
upregulated in LPS-injured HK-2 cells, and that excessive
calcium influx augments TRPM2 activity. These findings
suggest that TRPM2 may modulate calcium signaling to
suppress the proliferation of HK-2 cells and induce apop-
tosis.

3.2 TRPM2 Deficiency Inhibits the Activation of Calcium
Ion Channels, thereby Suppressing Cellular Inflammatory
and OS Reactions

To elucidate the role of TRPM2 in modulating cellu-
lar inflammatory responses and OS through the activation
of calcium ion channels, this study involved the transfec-
tion of LPS-injured HK-2 cells with a TRPM2-targeting
small interfering RNA (siRNA) expression vector (p <

0.05, Fig. 1D). ELISA results indicated that TRPM2 defi-
ciency inhibits the expression of the inflammatory cytokine
TNF-α, as well as MDA and ROS levels, while promot-
ing T-AOC expression. Calcium channel inhibitor Yoda1
showed the opposite effect after treatment. (p < 0.05,
Fig. 2A–D). Ion fluorescence probe results showed that si-
lencing TRPM2 inhibits the activation of calcium ion chan-
nels (p < 0.05, Fig. 2E,F). These findings demonstrate that
TRPM2-Ca2+ signaling plays a prominent part in the cel-
lular inflammatory and OS reactions in LPS-induced renal
injury.

3.3 TRPM2 is Highly Expressed in Type 2 CRS Rats, and
Silencing TRPM2 Suppresses Inflammatory and OS
Reactions in Type 2 CRS Rats

The expression of biomarkers such as IL-10 and TNF-
α in the blood directly reflects the degree of renal injury and
the state of inflammatory response [22]. In order to study
whether TRPM2 affects inflammation and OS response in
CRS rats, blood and kidney tissues of CRS rats were de-
tected respectively. The CRS rat was made by ligating
the left anterior and descending coronary artery united with
acute renal ischemia-reperfusion. The sh-TRPM2 plasmid
was injected into CRS rats to silence TRPM2 gene expres-
sion, and Yoda1 was used for intervention. ELISA results
showed that silencing TRPM2 inhibited IL-10 and TNF-α
inflammatory markers, as well as MDA and ROS level in
the blood of CRS rats, while promoting T-AOC expression
and increasing Ca2+ levels in the blood following TRPM2
silencing as well (p < 0.05, Fig. 3A–F). Western blot and
qRT-PCR results demonstrated high TRPM2 expression in
kidney tissues of CRS rats, which was further enhanced af-
ter calcium ion channel activation (p < 0.05, Fig. 3G–I).
The data show that TRPM2 is highly expressed in CRS rats,
and silencing TRPM2 suppresses inflammatory and OS re-
actions in CRS rats, Yoda1 treatment showed the opposite
effect.
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Fig. 1. Transient receptor potential melastatin 2 (TRPM2) is highly expressed in LPS-induced renal tubular epithelial cells, and
TRPM2 promotes proliferation and inhibits apoptosis of LPS-stimulated HK-2 by inhibiting calcium ion channel activation.
(A,B) Western blot results of TRPM2 protein exhibition. (C) qRT-PCR analysis of TRPM2 mRNA expression. (D) qRT-PCR analysis
of TRPM2 transfection efficiency. (E) CCK-8 assay measuring cell viability. (F,G) Flow cytometry assay detecting cell apoptosis. n =
3, *p < 0.05, **p < 0.01, ***p < 0.001. LPS, lipopolysaccharide; qRT-PCR, quantitative real-time polymerase chain reaction; si-NC,
small interfering RNA negative control.
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Fig. 2. TRPM2 inhibits the activation of calcium ion channels, thereby suppressing cellular inflammatory and oxidative stress
(OS) reactions. (A–D) ELISA detection of TNF-α, MDA, ROS, and T-AOC expression. (E,F) Ion fluorescence probe detection of Ca2+

expression. Scale bar = 100 µm, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. ROS, reactive oxygen species; T-AOC, total antioxidant
capacity; TNF-α, tumor necrosis factor-α; MDA, malondialdehyde.

3.4 TRPM2 Mitigates Renal Tissue Damage and Alleviates
Cell Apoptosis in Type 2 CRS Rats by Inhibiting Calcium
Ion Channel Activation

To investigate the effects of intervening TRPM2 ex-
pression on renal tissue damage and cell apoptosis, this
study focused on type 2 CRS rats. H&E staining re-
vealed focal interstitial fibrosis, inflammatory cell infiltra-
tion, irregular tubular structure, minimal tubular dilation,
decreased glomeruli with unclear structure in type 2 CRS
rat kidney tissues. Conversely, silencing TRPM2 reduced
focal interstitial fibrosis, decreased inflammatory cell in-
filtration, restored tubular structure with increased tubular
dilation, and clearer glomerular structure. After injection
of Yoda1 into type 2 CRS rats, compared with CRS model
rats, Yoda1 further inhibited renal tubular atrophy, renal
tubular wall thickening with lumen expansion and irregu-
lar arrangement, which was different from the results after
silencing TRPM2 (Fig. 4A). TUNEL staining showed that
TRPM2 silencing reversed cell apoptosis in type 2 CRS rat
kidney tissues, which was promoted upon Ca2+ channel ac-
tivation (p < 0.01, Fig. 4B).

4. Discussion
CRS involves a complex interaction between the heart

and kidneys, where primary damage in one organ, whether
it occurs suddenly or persists over time, leads to sec-
ondary abnormalities in the other organ [23,24]. In re-

cent years, with a deeper understanding of the pathogen-
esis of CRS, researchers have gradually identified many re-
lated factors such as ischemia-reperfusion injury, inflam-
matory response and OS, and their interactions can initi-
ate a multiorgan malfunction and trigger the pathological
cascade of CRS [25–28]. Our study found that TRPM2
was highly expressed in LPS-induced HK-2 cells. After si-
lencing TRPM2, the viability of LPS-induced injured HK-
2 cells increased and the apoptosis rate decreased. How-
ever, after adding the calcium channel activator Yoda1 to
the cells, as the expression of TRPM2 further increased,
cell viability decreased, and apoptosis was promoted. Fur-
ther studies found that low expression of TRPM2 inhibited
inflammatory factors TNF-α, OS-related indicators ROS,
MDA levels, and Ca2+ levels. However, the addition of
Yoda1 to injured HK-2 cells showed the opposite effect.
These in vivo experiments were further verified. This pro-
vides a new idea for the treatment of type 2 CRS.

ROS refers to a group of substances within cells that
possess oxidative capabilities. And as a ROS-sensitive cal-
cium channel, TRPM2 plays a regulatory role in intracel-
lular calcium homeostasis [14,29,30]. Studies have shown
that when ROS accumulate within the cell to a certain ex-
tent, they can interact with TRPM2 channels, activating the
channels and mediating Ca2+ influx into the cell. This dis-
rupts intracellular Ca2+ homeostasis and triggers a series
of physiological or pathological reactions [30,31]. There-
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Fig. 3. TRPM2 is highly expressed in cardiorenal syndrome (CRS) rats, and silencing TRPM2 suppresses inflammatory responses
and oxidative stress reactions in CRS rats, which can be reversed by Yoda1. (A–F) ELISA detection of IL-10, TNF-α, MDA, ROS,
T-AOC and Calcium ion. (G–I) Western blot and qRT-PCR results of TRPM2 expression in kidney tissues of CRS model rats. n = 3, *p
< 0.05, **p < 0.01, ***p < 0.001. IL-10,  interleukin 10 ; KD, knockdown.

fore, the activation of the ROS-TRPM2 signaling axis can
regulate Ca2+ homeostasis and affect the normal function
of cells. In some diseases, abnormal activation of the ROS-
TRPM2 signaling axis can lead to an imbalance in Ca2+
homeostasis, resulting in cell damage or death [13,14,32].
Consequently, our study indicates that silencing TRPM2 af-
fects the activation of calcium channel proteins in injured
HK-2 cells and influences ROS expression. This suppres-
sion leads to decreased levels of inflammatorymarkers such

as TNF-α and MDA, as well as oxidative stress indica-
tors, thereby promoting cell viability and inhibiting apop-
tosis. In our study, cell experiments and animal experi-
ments did prove that the level of ROS increased in HK-2
cells and CRS model rats after LPS induction, and the level
of TRPM2 increased. After silencing TRPM2, cell viability
increased and apoptosis was inhibited, while the addition of
calcium channel activator Yoda1 showed the opposite ef-
fect. In addition, after silencing TRPM2, focal interstitial
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Fig. 4. TRPM2 mitigates renal tissue damage and alleviates cell apoptosis in type 2 CRS rats by inhibiting calcium ion channel
activation. (A) H&E staining to observe histopathological changes in kidney tissue. Red, glomerulus; Yellow, renal tubule. Scale bar =
100 μm. (B) TUNEL staining to observe cell apoptosis in kidney tissue. Scale bar = 50 µm, n = 3, **p < 0.01, ***p < 0.001.
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fibrosis in renal tissue of CRS rats was reduced, inflam-
matory cell infiltration was reduced, renal tubular structure
was restored, and glomerular dilatation was increased. In
general, the biological function of cells was affected, and
a series of changes were produced in the kidney tissue of
CRS rats.

Further, in order to confirm that TRPM2 does have
an impact on CRS. We silenced the expression of TRPM2.
Similar to the expected results, after TRPM2 low expres-
sion, the levels of inflammatory factors, ROS and MDA
decreased, the level of T-AOC increased, and the level of
calcium ion decreased. Yoda1 increased the fluorescence
intensity of Ca2+. In the study of Cao et al. [33], primary
neutrophils from TRPM2−/− mice showed reduced ROS
production and calcium influx, and in TRPM2−/− mice, in-
hibition of inflammatory cell infiltration was shown. Tian
et al. [34] showed that in lupus nephritis, silent infor-
mation regulator 1 (SIRT1) regulates the progression of
lupus nephritis by affecting the ROS/TRPM2/Ca2+ chan-
nel. This indicates that the ROS-TRPM2 signaling pathway
plays an important role in the progression of type 2 CRS. It
has been reported that polymerase (PARP)-1 interacts with
TRPM2, and its activation leads to the production of adeno-
sine diphosphate ribose (ADPR), which in turn activates
the TRPM2 channel [35,36]. In addition, TRPM2 inter-
acts with other calcium channels (such as SUPPRESSOR
OF OVEREXPRESSION OF CO (SOC)1/2) and NADPH
oxidase (such as NOX1), which may be important in the
context of type 2 CRS [37]. Because these interactions are
essential for the transmission of calcium signals and the reg-
ulation of ROS levels. However, whether these molecules
also play a role in the ROS-TRPM signaling pathway of
type 2 CRS needs to be further explored in future studies.

Ca2+ influx elicited by TRPM2 brings about drug-
evoked hepatotoxicity, ischemia-reperfusion damage, and
the development of non-alcoholic fatty liver disease to cir-
rhosis, fibrosis, and hepatocellular carcer [38]. This study
is the first to demonstrate that TRPM2 is abnormally over-
expressed in CRS and is induced by ROS activation. It is
worth mentioning that the role of the ROS-TRPM2 signal-
ing axis in CRS have not been taken seriously and elab-
orated fully, and our findings broaden the current under-
standing of the molecular mechanisms regulating TRPM2
activation, as well as its involvement in inflammation and
oxidative stress reactions during cell damage of CRS. Fur-
thermore, because of the double-edged effect of TRPM2
[34], and it plays protective and detrimental parts in cellular
damage, future research is necessary for us to elucidate the
intricate biological networks of the ROS-TRPM2 signaling
axis in CRS detailedly.

5. Conclusions
This research systematically uncovered the position

of the ROS-TRPM2 signaling axis in the pathogenesis of
CRS. Experimental evidence demonstrated that ROS accu-

mulation activates TRPM2 channels, leading to elevated in-
tracellular calcium levels, thereby promoting pathological
changes in the heart and kidneys. Silencing the activity of
TRPM2 channels effectively attenuated pathological dam-
age in an animal model of CRS. This study elucidates the
critical role of the ROS-TRPM2 signaling axis in the pro-
gression of CRS and underscores the potential of targeting
this pathway as a novel therapeutic strategy for CRS treat-
ment.

Availability of Data and Materials
All data generated or analyzed in this study are in-

cluded in the present manuscript.

Author Contributions
YL: data collection and analysis, drafting the

manuscript, investigation. FW: study design, data analy-
sis, drafting the manuscript and revision of the manuscript.
Both authors read and approved the final version of the
manuscript. Both authors have participated sufficiently in
the work and agreed to be accountable for all aspects of the
work.

Ethics Approval and Consent to Participate
All animal experiments were carried out with ap-

proval by the Institutional Laboratory Animals Care and
Use Committee of Liaoning University of Traditional Chi-
nese Medicine (Approval No. 21000042024002) and ad-
hered to the 3R principles.

Acknowledgment
Not applicable.

Funding
This research received no external funding.

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Ozyildirim S, Dogan O, Barman HA, Tanyolaç S, Atıcı A, Enar

R, et al. Galectin-3 as a Biomarker to Predict Cardiorenal Syn-
drome in Patients with Acute Heart Failure. Acta Cardiolog-
ica Sinica. 2023; 39: 862–870. https://doi.org/10.6515/ACS.
202311_39(6).20230903A.

[2] Gallo G, Lanza O, Savoia C. New Insight in Cardiorenal Syn-
drome: From Biomarkers to Therapy. International Journal of
Molecular Sciences. 2023; 24: 5089. https://doi.org/10.3390/ij
ms24065089.

[3] Akhtar KH, Maqsood MH, Ansari SA, Siddiqi TJ, Arshad MS,
Greene SJ, et al. An Individual Patient-Level Meta-Analysis of
Ischemic Versus Nonischemic Cardiomyopathy and Trajectory
of Decongestion in Patients With Acute Decompensated Heart
Failure. TheAmerican Journal of Cardiology. 2023; 200: 32–39.
https://doi.org/10.1016/j.amjcard.2023.04.043.

[4] Deferrari G, Cipriani A, La Porta E. Renal dysfunction
in cardiovascular diseases and its consequences. Journal of

9

https://doi.org/10.6515/ACS.202311_39(6).20230903A
https://doi.org/10.6515/ACS.202311_39(6).20230903A
https://doi.org/10.3390/ijms24065089
https://doi.org/10.3390/ijms24065089
https://doi.org/10.1016/j.amjcard.2023.04.043
https://www.imrpress.com


Nephrology. 2021; 34: 137–153. https://doi.org/10.1007/
s40620-020-00842-w.

[5] Rangaswami J, Bhalla V, Blair JEA, Chang TI, Costa S,
Lentine KL, et al. Cardiorenal Syndrome: Classification, Patho-
physiology, Diagnosis, and Treatment Strategies: A Scien-
tific Statement From the American Heart Association. Cir-
culation. 2019; 139: e840–e878. https://doi.org/10.1161/CIR.
0000000000000664.

[6] Wang J, Zhang W, Wu L, Mei Y, Cui S, Feng Z, et al. New in-
sights into the pathophysiological mechanisms underlying car-
diorenal syndrome. Aging. 2020; 12: 12422–12431. https://doi.
org/10.18632/aging.103354.

[7] Voicehovska JG, Trumpika D, Voicehovskis VV, Bormane E,
Bušmane I, Grigane A, et al. Cardiovascular Consequences of
Acute Kidney Injury: Treatment Options. Biomedicines. 2023;
11: 2364. https://doi.org/10.3390/biomedicines11092364.

[8] Khanahmad H, Mirbod SM, Karimi F, Kharazinejad E, Owj-
fard M, Najaflu M, et al. Pathological Mechanisms Induced
by TRPM2 Ion Channels Activation in Renal Ischemia-
Reperfusion Injury. Molecular Biology Reports. 2022; 49:
11071–11079. https://doi.org/10.1007/s11033-022-07836-w.

[9] Junho CVC, González-Lafuente L, Navarro-García JA,
Rodríguez-Sánchez E, Carneiro-Ramos MS, Ruiz-Hurtado G.
Unilateral Acute Renal Ischemia-Reperfusion Injury Induces
Cardiac Dysfunction through Intracellular Calcium Mishan-
dling. International Journal of Molecular Sciences. 2022; 23:
2266. https://doi.org/10.3390/ijms23042266.

[10] Junho CVC, González-Lafuente L, Neres-Santos RS, Navarro-
García JA, Rodríguez-Sánchez E, Ruiz-Hurtado G, et al. Klotho
relieves inflammation and exerts a cardioprotective effect dur-
ing renal ischemia/reperfusion-induced cardiorenal syndrome.
Biomedicine & Pharmacotherapy. 2022; 153: 113515. https:
//doi.org/10.1016/j.biopha.2022.113515.

[11] Wang YY, Liu YY, Li J, Zhang YY, Ding YF, Peng YR.
Gualou xiebai decoction ameliorates cardiorenal syndrome type
II by regulation of PI3K/AKT/NF-κB signalling pathway. Phy-
tomedicine. 2024; 123: 155172. https://doi.org/10.1016/j.phym
ed.2023.155172.

[12] Wang X, Xiao Y, Huang M, Shen B, Xue H, Wu K.
Effect of TRPM2-Mediated Calcium Signaling on
Cell Proliferation and Apoptosis in Esophageal Squa-
mous Cell Carcinoma. Technology in Cancer Re-
search & Treatment. 2021; 20: 15330338211045213.
https://doi.org/10.1177/15330338211045213.

[13] Zhang XM, Song Y, Zhu XY, WangWJ, Fan XL, El-Aziz TMA.
MITOCHONDRIA: The dual function of the transient recep-
tor potential melastatin 2 channels from cytomembrane to mi-
tochondria. The International Journal of Biochemistry & Cell
Biology. 2023; 157: 106374. https://doi.org/10.1016/j.biocel
.2023.106374.

[14] Yu B, Jin L, Yao X, Zhang Y, Zhang G, Wang F, et al. TRPM2
protects against cisplatin-induced acute kidney injury and mito-
chondrial dysfunction via modulating autophagy. Theranostics.
2023; 13: 4356–4375. https://doi.org/10.7150/thno.84655.

[15] Miller BA,Wang J, Song J, Zhang XQ, Hirschler-Laszkiewicz I,
Shanmughapriya S, et al. Trpm2 enhances physiological bioen-
ergetics and protects against pathological oxidative cardiac in-
jury: Role of Pyk2 phosphorylation. Journal of Cellular Phys-
iology. 2019; 234: 15048–15060. https://doi.org/10.1002/jcp.
28146.

[16] Yang KT, Chang WL, Yang PC, Chien CL, Lai MS, Su MJ, et
al. Activation of the transient receptor potential M2 channel and
poly(ADP-ribose) polymerase is involved in oxidative stress-
induced cardiomyocyte death. Cell Death and Differentiation.
2006; 13: 1815–1826. https://doi.org/10.1038/sj.cdd.4401813.

[17] Çakır M, Tekin S, Taşlıdere A, Çakan P, Düzova H, Gül CC.
Protective effect of N-(p-amylcinnamoyl) anthranilic acid, phos-

pholipase A2 enzyme inhibitor, and transient receptor potential
melastatin-2 channel blocker against renal ischemia-reperfusion
injury. Journal of Cellular Biochemistry. 2019; 120: 3822–3832.
https://doi.org/10.1002/jcb.27664.

[18] Magata F, Kuroki C, Sakono T, Matsuda F. Lipopolysaccharide
impairs the in vitro growth, steroidogenesis, and maturation of
oocyte-cumulus-granulosa cell complexes derived from bovine
early antral follicles. Theriogenology. 2024; 215: 187–194. http
s://doi.org/10.1016/j.theriogenology.2023.12.002.

[19] Zhao X, Kong Y, Liang B, Xu J, Lin Y, Zhou N, et al.
Mechanosensitive Piezo1 channels mediate renal fibrosis. JCI
Insight. 2022; 7: e152330. https://doi.org/10.1172/jci.insight.
152330.

[20] Xu X, Wang Y, Song Q, Zheng H, Lv J, Fu Z, et al. Mecha-
nism of Zhenwu Decoction modulating TLR4/NF-κB/HIF-1α
loop throughmiR-451 to delay renal fibrosis in type 2 CRS. Phy-
tomedicine. 2024; 132: 155632. https://doi.org/10.1016/j.phym
ed.2024.155632.

[21] Nie Y, Lin T, Yang Y, Liu W, Hu Q, Chen G, et al. The down-
regulation of tight junction proteins and pIgR in the colonic
epithelium causes the susceptibility of EpCAM+/− mice to
colitis and gut microbiota dysbiosis. Frontiers in Molecular
Biosciences. 2024; 11: 1442611. https://doi.org/10.3389/fmolb.
2024.1442611.

[22] Zhang C, Wu Z, Song Y, Jin X, Hu J, Huang C, et al.
Exploring diagnostic biomarkers of type 2 cardio-renal syn-
drome based on secreted proteins and bioinformatics analysis.
Scientific Reports. 2024; 14: 24612. https://doi.org/10.1038/
s41598-024-75580-1.

[23] Quiroga B, Ortiz A, Navarro-González JF, Santamaría R, de Se-
quera P, Díez J. From cardiorenal syndromes to cardionephrol-
ogy: a reflection by nephrologists on renocardiac syndromes.
Clinical Kidney Journal. 2022; 16: 19–29. https://doi.org/10.
1093/ckj/sfac113.

[24] Shi Y, Fu Z, Wu S, Yu X. Publication Trends and Research
Hotspots of the Cardiorenal Syndrome: A Bibliometrics and Vi-
sual Analysis from 2003 to 2023. Cardiorenal Medicine. 2024;
14: 307–319. https://doi.org/10.1159/000539306.

[25] Cuevas-López B, Romero-Ramirez EI, García-Arroyo FE, Tapia
E, León-Contreras JC, Silva-Palacios A, et al. NAC Pre-
Administration Prevents Cardiac Mitochondrial Bioenergetics,
Dynamics, Biogenesis, and Redox Alteration in Folic Acid-
AKI-Induced Cardio-Renal Syndrome Type 3. Antioxidants.
2023; 12: 1592. https://doi.org/10.3390/antiox12081592.

[26] Ajibowo AO, Okobi OE, Emore E, Soladoye E, Sike CG,
Odoma VA, et al. Cardiorenal Syndrome: A Literature Re-
view. Cureus. 2023; 15: e41252. https://doi.org/10.7759/cureus
.41252.

[27] XuC, Tsihlis G, ChauK, TrinhK, Rogers NM, Julovi SM.Novel
Perspectives in Chronic Kidney Disease-Specific Cardiovascu-
lar Disease. International Journal of Molecular Sciences. 2024;
25: 2658. https://doi.org/10.3390/ijms25052658.

[28] Jiang FW, Guo JY, Lin J, Zhu SY, Dai XY, Saleem MAU, et al.
MAPK/NF-κB signaling mediates atrazine-induced cardiorenal
syndrome and antagonism of lycopene. The Science of the Total
Environment. 2024; 922: 171015. https://doi.org/10.1016/j.scit
otenv.2024.171015.

[29] Wang Q, Liu N, Ni YS, Yang JM, Ma L, Lan XB, et al. TRPM2
in ischemic stroke: Structure, molecular mechanisms, and drug
intervention. Channels. 2021; 15: 136–154. https://doi.org/10.
1080/19336950.2020.1870088.

[30] Demir S, Duman İ, Nazıroğlu M. Synergic actions of botulinum
neurotoxin A and oxaliplatin on colorectal tumour cell death
through the upregulation of TRPM2 channel-mediated oxidative
stress. Clinical and Experimental Pharmacology & Physiology.
2024; 51: e13844. https://doi.org/10.1111/1440-1681.13844.

10

https://doi.org/10.1007/s40620-020-00842-w
https://doi.org/10.1007/s40620-020-00842-w
https://doi.org/10.1161/CIR.0000000000000664
https://doi.org/10.1161/CIR.0000000000000664
https://doi.org/10.18632/aging.103354
https://doi.org/10.18632/aging.103354
https://doi.org/10.3390/biomedicines11092364
https://doi.org/10.1007/s11033-022-07836-w
https://doi.org/10.3390/ijms23042266
https://doi.org/10.1016/j.biopha.2022.113515
https://doi.org/10.1016/j.biopha.2022.113515
https://doi.org/10.1016/j.phymed.2023.155172
https://doi.org/10.1016/j.phymed.2023.155172
https://doi.org/10.1177/15330338211045213
https://doi.org/10.1016/j.biocel.2023.106374
https://doi.org/10.1016/j.biocel.2023.106374
https://doi.org/10.7150/thno.84655
https://doi.org/10.1002/jcp.28146
https://doi.org/10.1002/jcp.28146
https://doi.org/10.1038/sj.cdd.4401813
https://doi.org/10.1002/jcb.27664
https://doi.org/10.1016/j.theriogenology.2023.12.002
https://doi.org/10.1016/j.theriogenology.2023.12.002
https://doi.org/10.1172/jci.insight.152330
https://doi.org/10.1172/jci.insight.152330
https://doi.org/10.1016/j.phymed.2024.155632
https://doi.org/10.1016/j.phymed.2024.155632
https://doi.org/10.3389/fmolb.2024.1442611
https://doi.org/10.3389/fmolb.2024.1442611
https://doi.org/10.1038/s41598-024-75580-1
https://doi.org/10.1038/s41598-024-75580-1
https://doi.org/10.1093/ckj/sfac113
https://doi.org/10.1093/ckj/sfac113
https://doi.org/10.1159/000539306
https://doi.org/10.3390/antiox12081592
https://doi.org/10.7759/cureus.41252
https://doi.org/10.7759/cureus.41252
https://doi.org/10.3390/ijms25052658
https://doi.org/10.1016/j.scitotenv.2024.171015
https://doi.org/10.1016/j.scitotenv.2024.171015
https://doi.org/10.1080/19336950.2020.1870088
https://doi.org/10.1080/19336950.2020.1870088
https://doi.org/10.1111/1440-1681.13844
https://www.imrpress.com


[31] Ma C, Zhu C, Zhang Y, Yu M, Song Y, Chong Y, et al. Gas-
trodin alleviates NTG-induced migraine-like pain via inhibiting
succinate/HIF-1α/TRPM2 signaling pathway in trigeminal gan-
glion. Phytomedicine. 2024; 125: 155266. https://doi.org/10.
1016/j.phymed.2023.155266.

[32] Cai X, Yu X, Yang J, Lu L, Hua N, Duan X, et al. TRPM2 regu-
lates cell cycle through the Ca2+-CaM-CaMKII signaling path-
way to promote HCC. Hepatology Communications. 2023; 7:
e0101. https://doi.org/10.1097/HC9.0000000000000101.

[33] Cao X, Li Y, Luo Y, Chu T, Yang H, Wen J, et al. Transient
receptor potential melastatin 2 regulates neutrophil extracellular
traps formation and delays resolution of neutrophil-driven sterile
inflammation. Journal of Inflammation. 2023; 20: 7. https://doi.
org/10.1186/s12950-023-00334-1.

[34] Tian J, Huang T, Chen J, Wang J, Chang S, Xu H, et al.
SIRT1 slows the progression of lupus nephritis by regulating
the NLRP3 inflammasome through ROS/TRPM2/Ca2+ chan-
nel. Clinical and Experimental Medicine. 2023; 23: 3465–3478.

https://doi.org/10.1007/s10238-023-01093-2.
[35] Akyuva Y, Nazıroğlu M, Yıldızhan K. Selenium prevents

interferon-gamma induced activation of TRPM2 channel and in-
hibits inflammation, mitochondrial oxidative stress, and apopto-
sis in microglia. Metabolic Brain Disease. 2021; 36: 285–298.
https://doi.org/10.1007/s11011-020-00624-0.

[36] Sha’fie MSA, Rathakrishnan S, Hazanol IN, Dali MHI, Khayat
ME, Ahmad S, et al. Ethanol Induces Microglial Cell Death
via the NOX/ROS/PARP/TRPM2 Signalling Pathway. Antioxi-
dants. 2020; 9: 1253. https://doi.org/10.3390/antiox9121253.

[37] Maliougina M, El Hiani Y. TRPM2: bridging calcium and ROS
signaling pathways-implications for human diseases. Frontiers
in Physiology. 2023; 14: 1217828. https://doi.org/10.3389/fphy
s.2023.1217828.

[38] Ali ES, Rychkov GY, Barritt GJ. TRPM2 Non-Selective Cation
Channels in Liver InjuryMediated by Reactive Oxygen Species.
Antioxidants. 2021; 10: 1243. https://doi.org/10.3390/antiox
10081243.

11

https://doi.org/10.1016/j.phymed.2023.155266
https://doi.org/10.1016/j.phymed.2023.155266
https://doi.org/10.1097/HC9.0000000000000101
https://doi.org/10.1186/s12950-023-00334-1
https://doi.org/10.1186/s12950-023-00334-1
https://doi.org/10.1007/s10238-023-01093-2
https://doi.org/10.1007/s11011-020-00624-0
https://doi.org/10.3390/antiox9121253
https://doi.org/10.3389/fphys.2023.1217828
https://doi.org/10.3389/fphys.2023.1217828
https://doi.org/10.3390/antiox10081243
https://doi.org/10.3390/antiox10081243
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 HK-2 Culture and Model Establishment
	2.2 TRPM2 Knockdown in HK-2 Cells by siRNA Transfection
	2.3 Construction of the CRS Animal Model
	2.4 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
	2.5 Western Blot Analysis
	2.6 Cell Counting Kit 8 (CCK8) Assay
	2.7 Cell Apoptosis Assays
	2.8 Ion Fluorescent Probe Detection
	2.9 Enzyme-Linked Immunosorbent Assay (ELISA) Assays
	2.10 TUNEL Assay
	2.11 Hematoxylin and Eosin (H&E) Staining
	2.12 Statistical Analysis

	3. Results
	3.1 TRPM2 is Highly Presented in LPS-Induced Renal Tubular Epithelial Cells, and Ca2+ Signaling is Specifically Involved in TRPM2-Induced Cell Apoptosis
	3.2 TRPM2 Deficiency Inhibits the Activation of Calcium Ion Channels, thereby Suppressing Cellular Inflammatory and OS Reactions
	3.3 TRPM2 is Highly Expressed in Type 2 CRS Rats, and Silencing TRPM2 Suppresses Inflammatory and OS Reactions in Type 2 CRS Rats
	3.4 TRPM2 Mitigates Renal Tissue Damage and Alleviates Cell Apoptosis in Type 2 CRS Rats by Inhibiting Calcium Ion Channel Activation

	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

