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Abstract

Acute kidney injury (AKI) is a common clinical condition associated with increased

incidence and mortality rates. Hederasaponin C (HSC) is one of the main active com-

ponents of Pulsatilla chinensis (Bunge) Regel. HSC possesses various pharmacological

activities, including anti-inflammatory activity. However, the protective effect of HSC

against lipopolysaccharide (LPS)-induced AKI in mice remains unclear. Therefore, we

investigated the protective effect of HSC against LPS-induced renal inflammation

and the underlying molecular mechanisms. Herein, using MTT and LDH assays to

assess both cell viability and LDH activity; using dual staining techniques to identify

different cell death patterns; conducting immunoblotting, QRT-PCR, and immunoflu-

orescence analyses to evaluate levels of protein and mRNA expression; employing

immunoblotting, molecular docking, SPR experiments, and CETSA to investigate the

interaction between HSC and TLR4; and studying the anti-inflammatory effects of

HSC in the LPS-induced AKI. The results indicate that HSC inhibits the expression of

TLR4 and the activation of NF-κB and PIP2 signaling pathways, while simultaneously

suppressing the activation of the NLRP3 inflammasome. In animal models, HSC ame-

liorated LPS-induced AKI and diminished inflammatory response and the level of

renal injury markers. These findings suggest that HSC has potential as a therapeutic

agent to mitigate sepsis-related AKI.

Abbreviations: AKI, acute kidney injury; ASC, apoptosis-associated speck-like protein containing a CARD; CETSA, cellular thermal shift assay; ELISA, enzyme-linked immunosorbent assay; HE,

hematoxylin and eosin; IL-1β, interleukin-1β; IL-6, interleukin-6; LPS, lipopolysaccharide; Lym, lymphocyte NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NEU, neutrophil;

NLRP3, nucleotide-binding domain leucine-rich repeat and pyrin domain containing receptor 3; PIP2, phosphatidylinositol 4,5-bisphosphate; PLC, phospholipase C; SRP, surface plasmon

resonance; TLR4, toll-like receptor 4; TNF-α, tumor necrosis factor-α; WBC, white blood cell.
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1 | INTRODUCTION

Acute kidney injury (AKI) is a major health problem characterized by

acute loss of kidney function, which affects 13.3 million people each

year and is characterized by increased and high mortality (Vázquez-

Carballo et al., 2021). Sepsis is an acute systemic inflammatory

response syndrome caused by infectious agents; the kidney is one of

the major target organs and 29.8% of septic patients developed AKI

(Oweis et al., 2020). Therefore, it is urgent to develop a drug for

improving and preventing kidney injury.

Toll-like receptor 4 (TLR4) have been identified as key regulators

of inflammatory processes, significantly contributing to the pathogen-

esis of AKI (Vallés et al., 2023). Kidney injury elicits TLR4 activation,

triggering the activation of downstream signal transduction pathways,

including NLRP3 inflammasome assembly (Vallés et al., 2023). Prior

research indicated that TLR4 inhibition could diminish kidney damage

and reduce inflammatory cytokine production (Li, Zou, et al., 2021).

The activation of the NLRP3 inflammasome promotes pro-caspase-1

and pro-IL-1β maturation. Studies reported that inhibition of NLRP3

inflammasome activation lessens kidney injury. Contemporary

research underscores the vital role of the NLRP3 inflammasome, a

cytoplasmic macromolecular complex, in kidney inflammation modula-

tion, the PIP2 hydrolysis by PLCγ2 generates IP3 and DAG, which

subsequently influences Ca2+ and activates the NLRP3 inflammasome

(Yuan et al., 2022). The binding of LPS to TLR4 prompts the activation

of the transcription factor nuclear factor-kappa B (NF-κB). Once acti-

vated, NF-κB migrates into the nucleus, where it modulates immune

responses and inflammation responses by releasing inflammatory

mediators, such as TNF-α and IL-6 (Han et al., 2019). Studies have

found that protein kinase PKC can also regulate the phosphorylation

of P65 (Lozano et al., 1994). Thu-HuyenPham and others have also

proven that PKC is an upstream regulator of NF-κB (Pham

et al., 2017). It was discovered by J. Wu et al. that by inhibiting the

phosphorylation of TAK1, the activation of downstream signal cas-

cades and thus the activation of NF-κB can be further suppressed

(Wu et al., 2013). Thus, the TLR4/NLRP3 pathway plays a crucial role

in the AKI process.

HSC is a compound derived from Pulsatilla chinensis (Bunge)

Regel, with a long history of utilization in Chinese medicine due to its

fever-reducing, detoxifying, anti-dysenteric, and dampness-drying

properties (He et al., 2020; Jin et al., 2018). HSC possesses significant

antioxidant (Gülçin et al., 2004), anti-inflammatory activity

(Gepdiremen et al., 2005), relieves acute lung injury (Han et al., 2022),

and alleviates acute colitis (Zhou et al., 2022). Nevertheless, the thera-

peutic efficacy of HSC and its mode of action in AKI still lack clarity.

This study utilized the LPS-induced AKI model and LPS + ATP-

induced HK2 cells to investigate the inflammation-regulating mecha-

nisms of HSC in AKI.

2 | METHODS

2.1 | Reagents and chemicals

Hederasaponin C (HSC) (>98%) was isolated from the Pulsatilla chinen-

sis (Bunge) Regel in our laboratory and determined by HLPC. LPS

(Lipopolysaccharides from Escherichia coli O111:B4, S1732) was pur-

chased from Beyotime (Shanghai, China). Antibodies against p65

(#8242 T), p-p65 (#3033), PKCα (#2056S), p-PKCα (#9375S), TAK1

(#4505), p-TAK1 (#9339), Cleaved-IL-1β (#63124), NLRP3 (#15101),

IL-1β (#31202), Cleaved-Caspase-1 (#89332), ASC (#13833), PLCγ2

(#3872), DAG Lipaα (#13626), IP3 Receptor1 (#8568), and GAPDH

(#5174) were purchased from Cell Signaling Technology (Beverly, MA,

USA). Caspase-1 (ab1872) were purchased from Abcam (Cambridge,

MA, USA). PIP2 (#53412) were purchased from Senta (Santa Cruz Bio-

technology, USA). TNF-α (#234889–001), IL-6 (#225266–022), and

IL-1β (#224603–014) ELISA kits were purchased from Invitrogen

(Vienna, Austria).

2.2 | Cell culture and treatment

The HK-2 cell line was obtained from Pricella (Procell Life Science&-

Technology Co., Ltd.) and cultured in DMEM/F-12 medium supple-

mented with 10% FBS and 1% penicillin–streptomycin. The septic

model was established in vitro by incubating the HK-2 cells with

1 μg/mL LPS (Liu et al., 2023) for 6 h followed by incubation with

10 mM ATP for 2 h.

2.3 | Cell viability assay

The viability of LPS + ATP-induced HK-2 cells in each group was

measured using MTT assay following the manufacturer's instructions.

We incubated HK-2 cells at concentrations of HSC (0, 10, 20, and

40 μM) (Han et al., 2022) for 24 h to determine the cytotoxicity of

HSC by assessing its cell viability. The cells were pre-treated with

HSC (0, 10, 20, 40 μM) for 4 h, and then treated with or without LPS

and ATP. MTT solution (5 mg/mL) was added to each well and incu-

bated for another 3 h at 37�C in the dark. The supernatant was

removed, and then the cells were dissolved with DMSO (100 μL/well).

The absorbance was detected by a microplate reader at 570 nm.
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2.4 | LDH release assay

The cells were pretreated with different concentrations of HSC (0, 10,

20, and 40 μM) for 4 h, followed by treatment with or without LPS

and ATP. Subsequently, the supernatants were collected and analyzed

for lactate dehydrogenase (LDH) activity using the LDH Assay Kit

(Beyotime Biotechnology, Shanghai, China) in accordance with the

manufacturer's instructions. Finally, the absorbance values were mea-

sured at 450 nm using a multimode plate reader.

2.5 | Cell death detection with flow cytometry

Cellular apoptosis was assessed using the Annexin V-7AAD assay for

detecting programmed cell death. HK-2 cells were seeded in 6-well

plates and allowed to grow overnight. After a 4 h incubation with

HSC, the cells were either treated with or without LPS and ATP. Sub-

sequently, the cells were collected, washed with cold PBS, and resus-

pended in a 1 � binding buffer. Following a 15-min staining at room

temperature in the dark with Annexin V (5 μM) and 7AAD (5 μM), the

samples were analyzed by flow cytometry (Becton-Dickinson, Bed-

ford, MA, USA) and the acquired data were processed with the Flow

Jo software (TreeStar, Ashland, OR, USA).

2.6 | Analysis of intracellular Ca2+ levels

The cells were exposed to 1 μM Fluo-3/AM diacetate and incubated for

1 h at room temperature, while protected from light. Next, the cells

were rinsed with PBS three times, and then observed under a fluores-

cence microscope (Green fluorescent marker for intracellular Ca2+

levels). Alternatively, the cells were harvested and assessed for Ca2+

levels using flow cytometry (Becton-Dickinson, Franklin Lakes, NJ, USA).

2.7 | Immunofluorescence assay

The cells were washed three times with PBS and subsequently fixed

at room temperature for 30 min using 4% PFA. After fixation, the cells

were permeabilized for 15 min using 0.5% Triton X-100, and then

blocked for 30 min with 5% BSA. Primary antibodies against NF-κB/

p65, PIP2, PLCγ2, and Caspase-1 were incubated with the cell sam-

ples overnight at 4�C. The following day, the cells were incubated for

2 h at room temperature with Goat anti-mouse IgG Fluor® 488 Conju-

gate and Goat anti-Rabbit IgG Fluor® 594 Conjugate (red fluorescent

label NF-κB/P65, PLCγ2, green fluorescent label PIP2 and Caspase-1).

Finally, the cells were stained with Hoechst 33342 for 10 min and

analyzed using a confocal laser scanning microscope (Leica TCS SP8,

Solms, Germany).

2.8 | Quantitative real-time PCR (qRT-PCR) assay

After extracting the total RNA, 1 μg of the RNA was subjected to

qRT-PCR analysis using SYBR green dye. Oligonucleotide primers for

TLR4, TAK1, PKCα, P65, TNF-α, IL-6, IL-1β, NLRP3, Casp1, IL-1β, and

GAPDH were utilized during the PCR amplification process (Table 1).

2.9 | Western blotting analysis

Protein concentrations were determined using a BCA protein kit. The

denatured proteins were separated with 8%, 10%, or 12% SDS-PAGE

gels and transferred to PVDF membranes (Millipore, Billerica, MA,

USA). After blocking PVDF membranes with 5% skim milk for 2 h, the

PVDF membrane was incubated with primary antibodies (1:1000)

overnight at 4�C. After washing with TBST, the membrane was incu-

bated with a secondary antibody (1:5000) for 2 h at room tempera-

ture. The protein band signal was detected with SuperSignal West

Femto maximum sensitivity substrate (Pierce Biotechnology) under

visualization in a ChemiDoc MP Imaging System (Bio-Rad, Hercules,

CA, USA). GAPDH was used as a housekeeping protein.

2.10 | Cellular thermal shift assay (CETSA)

The HEK293T cells underwent lysis with RIPA Lysis Buffer, consisting

of 1% PMSF and 1% cocktail. Subsequently, the respective cell lysates

TABLE 1 Primer sequences.
Target Forward primer Reverse primer

TLR4 TGCCTTCACTACAGAGACT ACACCACAACAATCACCTT

TAK1 CCGGTGAGATGATCGAAGCC GCCGAAGCTCTACAATAAACGC

PKCα GTCCACAAGAGGTGCCATGAA AAGGTGGGGCTTCCGTAAGT

P65 ATGTGGAGATCATTGAGCAGC CCTGGTCCTGTGTAGCCATT

TNF-α GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC

IL-6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG

IL-1β ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA

NLRP3 AGCCTCAACAAACGCTACAC CATCTTAATGGGACTCACGG

Casp1 CAGACAAGGGTGCTGAACAA TTCGGAATAACGGAGTCAAT

GAPDH CAGGAGGCATTGCTGATGAT GAAGGCTGGGGCTCATTT
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were incubated alongside vehicle control (DMSO) or HSC (40 μM) for

30 min while situated on ice. The mixture was then centrifuged at

14000 g for 30 min at 4�C. The supernatant was divided into six equal

parts and heated at different temperatures (36, 40, 44, 48, 52, and

56�C) for 3 min. The solution was then cooled for 30 s at room tem-

perature and analyzed using a western blotting assay.

2.11 | Molecular docking

We used Discovery Studio 4.5 and UCSF Chimera 1.7 to perform a

molecular docking model of HSC with the 3D structure of TLR4

(PDB code: 3FXI). The regularized protein was analyzed to deter-

mine the important amino acids in the predicted binding pocket.

Next, we performed interactive docking of all HSC conformers to

the selected active site using LibDock, after energy minimization

using the “prepares ligand” protocol. Finally, we assigned a score to

the docked compound based on its binding mode onto the

binding site.

2.12 | Surface plasmon resonance (SPR) analysis

SPR analysis was performed on a Biacore X100 (Cytiva,

United States) instrument with CM5 sensor chip. Recombinant

human TLR4 was immobilized in parallel-flow channels of CM5 chip

by using amine-coupling kit. HSC was dissolved in HBS-EP buffer

(Cytiva, United States), and series concentrations of HSC were

injected into the flow system at the flow rate of 20 mL/min. The

association time was 120 s and the dissociation time was 300 s.

Binding kinetics were analyzed using Biacore X100 Control Soft-

ware 2.0.2.

2.13 | HSC-biotin pulldown assay

HSC-biotin (40 μM) was incubated with streptavidin agarose beads in

a buffer solution (PBS at pH 7.4 with 0.05% Twen-20) at room tem-

perature for a duration of 2 h. Following this, 10 μL of streptavidin

agarose beads, with HSC-biotin immobilized on them, was incubated

further with His-TLR4 protein, at varying concentrations of HSC, and

with 293 T-cell lysates expressing Flag-TLR4 in its wild type (WT) for

another 2 h. After this incubation period, the beads were washed with

the buffer solution and the bound proteins were subjected to Immu-

noblot (IB) analysis using Flag or His antibodies.

2.14 | Animals

Healthy male BALB/c mice (6–8 weeks old and 18–22 g weight) were

obtained from the Hunan SJA Laboratory Animal Co., Ltd. (Hunan,

China). All mice were housed under specific pathogen-free (SPF) con-

ditions. All animal care and experimental procedures were under the

approval of the Ethics Committee on Laboratory Animal Management

of Guangxi University of Chinese Medicine (Approval Document

No. SYXK-GUI-2019-0001).

2.14.1 | LPS-induced AKI of mice

All mice were randomly divided into six groups (n = 12 per group):

blank group, mold group (LPS, 2 mg/kg, i.p.) (Cui et al., 2021), HSC

intraperitoneal injection (10, 20 and 40 mg/kg) and positive group

(dexamethasone, DEX, 5 mg/kg, i.p.). Mice in all groups except the

blank group were injected intraperitoneally with LPS (2 mg/kg, i.p.).

After LPS treatment, the mice were administrated with HSC at 0 and

12 h. The positive group was administrated with DEX at 0 h after LPS

treatment, and all experimental mice were dislocated and sacrificed

after 24 h of LPS treatment. Blood samples were collected for mea-

surement of neutrophil (NEU), white blood cell (WBC) and Lympho-

cyte (Lym), by using an auto hematology analyzer (Mindray, Shenzhen,

China). The pro-inflammatory cytokines levels were detected by

ELISA. The kidney tissue samples were detected by histological analy-

sis. Fractions of kidney tissue samples were employed for immuno-

blotting. The remaining kidney tissue was employed for the detection

of inflammatory cytokines.

2.14.2 | Kidney index

The kidney was obtained and weighed, and the kidney index of the

mice was calculated as:

kidney index %ð Þ¼ kidney weight gð Þ=body weight gð Þ�100:

2.14.3 | Renal histopathology analysis

HE staining was used to observe the histological lesions. The kidney

tissue was fixed in 4% paraformaldehyde for 24 h and replaced once

with 4% paraformaldehyde solution, and then different concentrations

of ethanol in turn for dehydration, decalcification, and paraffin

embedding after sectioning, and then the sections were stained with

hematoxylin–eosin The pathological changes of the tissue were

observed by optical microscope (UOP, DSZ5000X, China).

2.14.4 | Enzyme-linked immunosorbent assay
(ELISA)

Centrifuge the blood for 15 min at 1000 g, 4�C and aspirate the

supernatant as the serum sample. Kidney tissue was homogenized

using a tissue grinder (TP-24, Jieling instrument manufacturing Tianjin

Co., Ltd, Tianjin, China) and then the supernatant was collected after

centrifugation at 3000 rpm, 4�C for 15 min and placed at �80�C. Pro-

inflammatory cytokines such as TNF-α, IL-1β and IL-6 were measured

in all samples using ELISA kits according to the manufacturer's

instructions.
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F IGURE 1 Legend on next page.
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2.15 | Statistical analysis

All experiments were repeated as the mean ± SD from at least three

times. Analysis of statistical significance was performed using Graph-

Pad Prism 6.0 software (GraphPad Software, San Diego, CA). One-

way ANOVA and Dunnett's multiple comparison test were used for

comparison between groups. A p-value of < 0.05 indicated a signifi-

cant difference.

3 | RESULTS

3.1 | HSC suppresses NLRP3 inflammasome
activation in LPS + ATP-induced HK2 cells

The cytotoxic effect of HSC on HK-2 cells was detected by MTT

(Figure 1a). Figure 1b shows that HSC almost has no cytotoxicity at

concentrations of 10, 20, or 40 μM, maintaining a cell viability rate

of over 95%. HSC effectively prevented cell death induced by LPS

+ ATP in HK-2 cells, as confirmed by MTT and LDH assays

(Figure 1c–e). PI staining confirmed that LPS + ATP-induced cell

death in HK-2 cells was necrotic, demonstrated by increased PI

fluorescence, which was mitigated by HSC (40 μM) treatment

(Figure 1f). Figure 1k demonstrates that the dual staining with

Annexin V and 7-AAD revealed the LPS + ATP-induced cell death

(Annexin V�, 7-AAD+). Pre-treatment with HSC effectively reverses

cell death in HK-2 cells. The possible activation of the NLRP3

inflammasome in tubular epithelial cells in LPS + ATP-induced HK2

cells was explored by examining the markers of inflammasome

including NLRP3, ASC, post-translational processing of caspase-1

(cleaved caspase-1, Caspase-1 P20), and cleaved IL-1β. Figure 1g,h

shows that stimulation of HK-2 cells with LPS + ATP led to a signifi-

cant increase in NLRP3, cleaved caspase-1, and cleaved IL-1β pro-

tein expression, which was notably reduced by pre-treatment with

HSC. Furthermore, HSC significantly reduced the mRNA levels of

NLRP3, caspase-1, and IL-1β in LPS + ATP-stimulated HK-2 cells

(Figure 1i). HSC also attenuated the activation of caspase-1 in LPS

+ ATP-treated HK-2 cells (Figure 1j). These findings suggest that

stimulation with LPS + ATP triggers activation of the NLRP3 inflam-

masome in HK-2 cells, which can be effectively suppressed by HSC

treatment.

3.2 | HSC inhibited the activation of PIP2 signaling
pathway in LPS + ATP-induced HK-2 cells

Central to the inflammatory cascade, calcium ions (Ca2+) have been

demonstrated to destabilize mitochondria upon increased intracellular

concentration. This event subsequently activates the NLRP3 inflam-

masome, accelerating inflammatory responses (Wang et al., 2020).

The enzyme PLCγ2 is recognized for hydrolyzing PIP2 into IP3 and

DAG. This action triggers the discharge of calcium ions from internal

storage or stimulates PKC to control subsequent signaling processes

(Suh et al., 2008). Figure 2a–c elucidates the implications, where

Western blotting assays illustrate an upregulated expression of PIP2,

DAG, and IP3 proteins and a downregulated PLCγ2 in LPS + ATP-

stimulated HK-2 cells. Nevertheless, the HSC pretreatment resulted in

a significant decrease in PIP2, IP3, and DAG protein expressions,

while concurrently upregulating PLCγ2 expression. This was con-

firmed via immunofluorescence assays showing a marked increase in

PIP2 fluorescence (green) in LPS-induced HK-2 cells, an increase sig-

nificantly reduced by HSC intervention (Figure 2g). Therefore, HSC

appears to be an effective inhibitor of PIP2 expression. With LPS

+ ATP stimulation, PLCγ2 fluorescence (red) was decreased but was

markedly enhanced with HSC treatment, suggesting an HSC-induced

increase in PLCγ2 expression (Figure 2h). Within this context, the

PIP2 pathway, situated on the membrane, controls the release of

Ca2+ from the endoplasmic reticulum. Further validating this, fluores-

cence microscopy and flow cytometry assays (Figure 2d–f) showed a

significant surge in Ca2+ levels after LPS + ATP treatment. Neverthe-

less, HSC was found to effectively block this Ca2+ release, leading to

the reduction of intracellular Ca2+ concentration. These observations

suggest that LPS + ATP stimulation activates the PIP2 pathway in

HK-2 cells, an activation effectively inhibited by HSC treatment.

3.3 | HSC inhibited the NF-κB signaling pathway in
LPS + ATP-induced HK-2 cells

NF-κB activation is regulated by various kinase signaling pathways

and other factors (Wu et al., 2017). TAK1 is a key kinase in

TLR4-mediated NF-κB activation. Prior research highlighted the role

of Ro 31–8220, a PKC inhibitor, in suppressing LPS-activated P65

nuclear translocation in J774A.1 cells (Banerjee et al., 2020). As

F IGURE 1 HSC suppresses NLRP3 inflammasome activation in LPS + ATP-induced HK2 cells (a) Showcases the chemical structure of HSC.
(b) The MTT assay confirmed the viability of HK-2 cells after 24 h treatment with HSC. (c, d) The cell viability and LDH activity were measured.
(e) HSC (40 μM) inhibited the morphological changes in HK-2 cells mediated by LPS + ATP (Scale bar = 100 μm). (f) The progression of PI uptake
in HK-2 cells was observed under a fluorescence microscope (Scale bar = 100 μm). (g) Western blotting was used to detect the expressions of
NLRP3, ASC, pro-caspase-1 (CASP1), cleaved-CASP1, pro-IL-1β, and cleaved-IL-1β proteins in HK-2 cells. (h) A statistical comparison was

conducted on the content of NLRP3, cleaved-CASP1, and cleaved-IL-1β across different groups. (i) RT-qPCR assay was used to quantify the
mRNA levels of NLRP3, CASP1, and IL-1β in HK-2 cells. (j) CASP1 activation was assessed through immunofluorescence (scale bar = 10 μm).
(k) The occurrence of LPS + ATP-induced pyroptosis in HK-2 cells was confirmed through an Annexin V and 7-AAD double staining assay.
Results are shown as mean ± SD. #p < 0.05, and ###p < 0.001 vs. control group. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. LPS + ATP
group, n = 3.
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F IGURE 2 HSC inhibited the activation of PIP2 signaling pathway in LPS + ATP-induced HK-2 cells (a) Expression levels of PLCγ2, PIP2,
DAG, and IP3 were assessed via immunoblotting. (b, c) statistical analysis was performed to compare the quantities of PLCγ2, PIP2, DAG, and IP3
in different groups. (d) Cells were stained with Fluo-3 AM, a Ca2+ indicator, and the resulting fluorescence intensity was measured using a
fluorescence microscope (scale bar = 100 μm). (e, f ) Ca2+ levels were investigated by staining cells with Fluo-3 AM and analyzing the results
using flow cytometry. (g,h) The expression levels of PIP2 and PLCγ2 were evaluated using fluorescence microscope (scale bar = 10 μm).
#p < 0.05 and ###p < 0.001 indicate a significant difference relative to the control group, while *p < 0.05, **p < 0.01, and ***p < 0.001 highlight a
significant difference relative to the LPS + ATP group, n = 3.
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F IGURE 3 HSC inhibited the NF-κB signaling pathway in LPS + ATP-induced HK-2 cells. (a) Phosphorylated and total proteins of TAK1,
PKCα, and p65 were identified using western blotting. (b) The results of p-TAK1, p-PKCα, and p-P65 were statistically analyzed. (c–g) The mRNA
expression levels of TAK1, PKCα, and p65 were detected using RT-qPCR. (h, i) Western blotting (h) and immunofluorescence (i) were used to
confirm the subcellular localization of p65 within the cytoplasm and nucleus of HK-2 cells (Scale bar = 10 μm). #p < 0.05, and ###p < 0.001
represent significant difference vs. the control group. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate significant difference vs. the LPS + ATP
group. ns, no significance, n = 3.
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shown in Figure 3a,b, HSC significantly inhibits p-p65, p-TAK1, and

p-PKCα in LPS + ATP-stimulated HK-2 cells. HSC was concurrently

observed to reduce the mRNA levels of TAK, PKCα, and p65, as illus-

trated in Figure 3c–e. LPS + ATP triggers the dissociation of NF-kB/

p65 in the cytoplasm, facilitating its translocation to the nucleus in

HK-2 cells. However, HSC effectively inhibits this NF-kB/p65 nuclear

translocation, as confirmed by immunofluorescence data (Figure 3h,i).

The activation of the NF-κB signaling pathway leads to the production

of pro-inflammatory factors like TNF-α and IL-6 (Li, Yuan,

et al., 2021). RT-qPCR, as shown in Figure 3f,g, was used to study the

impact of HSC on the release of TNF-α and IL-6. In LPS + ATP-

induced HSC cells, TNF-α and IL-6 mRNA expression significantly

increased, but HSC was able to reverse this rise. In LPS + ATP-

induced HSC cells, TNF-α and IL-6 mRNA expression significantly

increased, but HSC was able to curb this rise.

3.4 | HSC targeting TLR4 to suppress the NLRP3
and PIP2 signaling pathways

Studies indicate the regulatory role of TLR4 in NLRP3 inflammasome

activation (He et al., 2016). As shown in Figure 4a, the use of TLR4

inhibitor TAK-242 led to a significant decrease in NLRP3 and

TLR4 protein expression. RT-qPCR analysis confirmed the decrease of

NLRP3, CASP1, and IL-1β mRNA levels in LPS + ATP-induced HK-2

cells after TAK-242 treatment (Figure 4a,c). TLR4 regulates PIP2 levels

by controlling the activities of PIP2 synthetase PIP5K and hydrolase

PLC (Kim et al., 2015; Tuosto et al., 2015). As shown in Figure 4b, TAK-

242 considerably reduces PIP2 expression and enhances PLCγ2

expression. The goal was to clarify the influence of TLR4 on NLRP3

activation and the PIP2/PLCγ2 pathway, in line with previous research

(Kim et al., 2015; Wang et al., 2021). As demonstrated in Figure 4d,f,

Western blotting and RT-qPCR showed that HSC significantly reduced

TLR4 levels in LPS + ATP-stimulat HK-2 cells. This study aimed to

investigate the impact of HSC on TLR4 dimerization. Co-transfection of

TLR4-HA and TLR4-Flag plasmids into HEK293T cells showed a sub-

stantial reduction in TLR4-Flag precipitation due to HSC, suggesting

disruption of TLR4 dimerization (Figure 4e).

Molecular docking analysis was employed to determine the spe-

cific binding sites of HSC with TLR4. The predicted binding energy of

HSC with TLR4 is �37.35 kj/mol. Analysis indicated that HSC inter-

acts with several residues of TLR4 (Figure 4g,h), a finding further veri-

fied by the SPR assay on a Biacore platform. The estimated

equilibrium dissociation constant (KD) for the binding of HSC to the

TLR4 protein was about 56.3 μM (Figure 4i). Direct binding of HSC

with TLR4 was confirmed by the Cellular Thermal Shift Assay

(Figure 4j). We then synthesized a biotin-conjugated HSC probe

(HSC-biotin) for the pull-down assay. HSC-biotin precoated streptavi-

din agarose beads were incubated with 293T-cell lysates, with the

precipitated proteins subsequently examined via immunoblotting

(IB) to evaluate TLR4 presence. Notably, TLR4 was selectively

precipitated by HSC-biotin from both 293T-cell lysates and Flag-TLR4

overexpressed 293T-cell lysates (Figure 4k). Moreover, a

concentration-dependent interaction between HSC-biotin and TLR4

was observed (Figure 4l). These results reinforce the proposed inter-

action between HSC and TLR4.

3.5 | HSC ameliorates LPS-induced AKI in mice

Previous research has identified LPS as a pivotal element in AKI, a

condition usually characterized by an abrupt decrease in renal func-

tion (Kellum & Prowle, 2018). The study by Han et al. implies a link

between elevated WBC counts and an escalated risk of AKI, possibly

resulting from neutrophilia and related pro-inflammatory activities

(Han et al., 2014). Figure 5a illustrates the administration of LPS to

mice, with HSC and DEX treatments given at 0 and 12 h intervals.

Hematological findings suggest that HSC treatment effectively miti-

gates the LPS-induced elevation in WBC, NEU, and Lym in mice suf-

fering from AKI (Figure 5b–d). Creatinine and BUN serve as essential

clinical markers for AKI diagnosis (Ronco et al., 2010). LPS treatment

notably augmented the levels of creatinine and BUN, a condition sig-

nificantly alleviated by HSC intervention (Figure 5f,g). Additionally, HE

staining revealed that the LPS-induced alterations such as swelling

and deformation of renal tubular epithelial cells, edema of renal inter-

stitial epithelial cells, and significant leukocyte infiltration disrupted

F IGURE 4 HSC targeting TLR4 to suppress the NLRP3 and PIP2 signaling pathways. (a,b) HK-2 cells underwent TAK-242 pretreatment for
4 h, followed by a 6 h exposure to LPS, and concluded with ATP incubation at 10 mM for 2 h. Proteins TLR4, NLRP3, PIP2, and PLCγ2 were
detected using western blotting. (c) RT-qPCR was used to identify and quantify messenger RNA levels of TLR4, NLRP3, CASP1, and IL-1β.
(d) Western blotting methodology was again employed to detect TLR4 proteins. (e) HEK293T cells underwent dual transfection with TLR4-HA
and TLR-Flag for 48 h. post-transfection, the cells were treated with 40 μM of HSC for 4 h, and subsequently stimulated with LPS for 6 h and
ATP for 2 h. Co-immunoprecipitation was employed to assess TLR4 dimers. The proteins harvested were then immunoprecipitated with anti-HA

magnetic beads, and the immunocomplexes formed were analyzed using western blotting. (f) RT-qPCR was utilized for the quantification of TLR4
mRNA levels. (g, h) Molecular docking analysis was conducted to explore the binding characteristics of HSC to TLR4. (i) Biacore X100 was
employed to discern the kinetic and affinity parameters of the HSC-TLR4 interaction. (j) The HSC-TLR4 interaction was examined using the
CETSA. (k) Lysates from either 293T cells or those expressing Flag-HSC were incubated with HSC-biotin overnight at 4�C. Subsequently, these
lysates underwent streptavidin agarose pull-down assays, and TLR4 was analyzed from the resulting precipitates via Immunoblotting.
(l) Recombinant Flag-TLR4 proteins were incubated with HSC-biotin for 1 h at 37�C, followed by an Immunoblotting using biotin (upper band) or
His (lower band). #p < 0.05 represents significant difference vs. the control group. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate significant
difference vs. the LPS + ATP or control group, n = 3.
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the standard structure of renal tissues. When compared to the LPS

model group, pre-treatment with HSC significantly mitigated the

severity of LPS-induced AKI (Figure 5h), with DEX serving as the posi-

tive control group. In summary, HSC treatment significantly mitigates

the onset of LPS-induced AKI.

3.6 | HSC inhibits the production of inflammatory
factors by regulating the NF-κB, NLRP3, and PIP2
pathways

Studies have demonstrated a close association between the levels of

TNF-α and IL-6 and renal tubular injury (Patel et al., 2005; Ramesh &

Reeves, 2002). Il-1β is instrumental in the development and progres-

sion of renal tissue inflammation and injury (Faggioni et al., 1998).

ELISA analysis revealed a significant downregulation of LPS-induced

TNF-α (Figure 6a), IL-6 (Figure 6b), and IL-1β (Figure 6c) in the serum

of HSC-treated mice compared to LPS mice. Likewise, HSC signifi-

cantly suppressed the LPS-induced up-regulation of TNF-α, IL-6, IL-1β

in renal tissue (Figure 6d–f). Our research indicates that HSC mitigates

LPS-induced renal inflammation, yielding effects analogous to the

positive control drug, DEX. Recent investigations have suggested that

the renal NF-κB pathway is implicated in the pathogenesis of LPS-

induced AKI (Zhang et al., 2018). We analyzed the impact of HSC pre-

treatment on the activation of the renal NF-κB signaling pathway

induced by LPS. As anticipated, the expression of phosphorylated

TLR4, TAK1, PKCα, and p65 proteins was significantly elevated in the

renal tissue of LPS-induced AKI mice, while HSC markedly attenuated

this expression (Figure 6g). Prior studies have established that the

activation of the NLRP3 inflammasome and IL-1β is integral to

the pathogenesis of LPS-induced AKI and exacerbation of renal func-

tional injury (Lin et al., 2019). Western blotting analysis suggested sig-

nificant upregulation of NLRP3, cleaved caspase-1, and cleaved IL-1β

in the LPS group, whereas a pronounced repression was observed in

the HSC and DEX groups (Figure 6h). DAG and IP3, significant second

messengers, respectively, govern PKC activity and the release of intra-

cellular calcium from the endoplasmic reticulum (Exton, 2000). They

further modulate the inflammatory response by influencing the activa-

tion of NF-κB and NLRP3 inflammasome response by modulating the

activation of NF-κB and NLRP3 inflammasome (Moscat et al., 2003;

Murakami et al., 2012). Figure 6i demonstrates that HSC fosters the

degradation of LPS-induced PLCγ2 protein. Moreover, HSC treatment

could reverse the LPS-induced increase in PIP2, DAG, and IP3. These

findings indicate that HSC mitigates AKI in mice by modulating the

NF-κB, NLRP3, and PIP2 pathways.

4 | DISCUSSION

Traditional Chinese Medicine (TCM) treats kidney injury by reducing

oxidative stress and exhibiting anti-inflammatory effects (Han

et al., 2022). The study found that hesperidin, a natural antioxidant,

has a protective effect against kidney injury caused by dust storm par-

ticulate matter in rats (Sarkaki et al., 2023). Additionally, Gallic acid

demonstrated protective properties against cisplatin-induced nephro-

toxicity in rats by reducing oxidative stress, inflammation, and apopto-

sis, and enhancing the expression of the long non-coding RNA TUG1

(Amini et al., 2022). Preliminary research found HSC exhibits potent

anti-inflammatory effects by targeting the PIP2/NF-κB/NLRP3 signal-

ing pathway, offering potential as a therapeutic agent for treating

acute lung injury (ALI) (Han et al., 2022). HSC shows potential for

treating ulcerative colitis through its anti-inflammatory effects, as evi-

denced by pharmacokinetics-pharmacodynamics modeling and cyto-

kine level changes in colitis rats (Zhou et al., 2022). In addition, HSC

displayed potent antioxidant activity, with HSC at 75 μg/mL demon-

strating 86% inhibition of lipid peroxidation in linoleic acid emulsion

(Gülçin et al., 2004).

In this study, the LPS-induced AKI model and LPS + ATP-induced

HK2 cells were employed to explore the anti-inflammatory mecha-

nisms of HSC in AKI. In this study, we investigated the effects of HSC

on LPS-induced AKI and explored the underlying mechanisms

involved. Our results demonstrated that LPS administration led to

AKI, as evidenced by increased serum creatinine and blood urea nitro-

gen (BUN) levels and histological changes in the kidney. However,

HSC treatment effectively ameliorated the kidney dysfunction

induced by LPS. Furthermore, we observed that HSC exerted its pro-

tective effects by targeting the TLR4-regulated NF-κB and PIP2 sig-

naling pathways, leading to the suppression of NLRP3 inflammasome

activation. These findings suggest that HSC holds promise as a poten-

tial therapeutic agent for AKI by modulating inflammatory responses

and cellular signaling pathways.

Sepsis, a complex disease, is characterized by an irregular

response to an active infection caused by invading microorganisms

or their byproducts (Stasi et al., 2017). AKI, a disease often linked to

sepsis, emerges as a significant complication characterized by

impaired kidney function and a high fatality rate, often induced by

LPS (Anders et al., 2004; Chu et al., 2016). The pathogenesis of AKI

is primarily highlighted by kidney tubular inflammation, which often

coincides with kidney injury (Eftekhari et al., 2020; Ye et al., 2017).

This tubular inflammation, triggered by LPS-induced AKI, activates

vacuoles in kidney cells, signifying a moderate to severe level of

renal injury (Tang et al., 2018). This process also stimulates an

F IGURE 5 HSC ameliorates LPS-induced AKI in mice. (a) The mice were administrated with LPS (2 mg/kg, i.p.), then treated by HSC (10, 20,
and 40 mg/kg, i.p.), and DEX (5 mg/kg, i.p.) at 0, 12 h. The mice were sacrificed, and the whole blood, kidney, and serum were collected. (b) The
counts of white blood cells (WBC). (c) The counts of neutrophils (NEU). (d) The counts of Lymphocytes (Lym). (e) Kidney index; (f) blood urea
nitrogen (BUN); (g) creatinine was evaluated after LPS induction for 24 h. (h) Kidney histopathology was assessed via HE stains assay at 24 h after
LPS challenge (200�). Arrows indicated the lesion or swelling or necrosis or inflammatory infiltration of the kidney tissues. ###p < 0.01
represents significant difference vs. the control group. *p < 0.05 and ***p < 0.001 indicate significant difference vs. the LPS group, n = 6.
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F IGURE 6 HSC inhibits the production of inflammatory factors by regulating the NF-κB, NLRP3, and PIP2 pathways. (a–f) The release of
TNF-α, IL-6, and IL-1β in serum (a–c) and kidney tissue (d–f) were detected by ELISA kits. (g) The proteins TLR4, TAK1, PKCα, and p65 were
detected by western blotting. (h) NLRP3 inflammasome-related proteins NLRP3, ASC, casp1 p10, pro-casp1, IL-1β p17, and pro-IL-1β were
detected by western blotting. (i) PIP2 signaling pathways related proteins to PIP2, PCLγ2, IP3, and DAG were detected by western blotting.
#p < 0.05, ###p < 0.001 represent significant difference vs. the control group. *p < 0.05, **p < 0.01, ***p < 0.001 indicate significant difference
vs. the LPS group. ns, no significance, n = 6.
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increase in the secretion of creatinine and BUN (Alsharif

et al., 2020). Our study has found that treatment with HSC signifi-

cantly alleviates this kidney dysfunction by reducing the levels of

serum creatinine and BUN. Moreover, it substantially mitigates kid-

ney tubular injury following LPS induction, highlighting the potent

role of HSC in combating septic AKI.

AKI, often triggered by LPS, presents a significant clinical challenge

due to its abrupt onset and severe consequences. Extensive research

indicates that TLR4 plays a pivotal role in modulating LPS-induced AKI

as the primary LPS sensor and as an integral part of subsequent inflam-

matory responses (Hu et al., 2022). TLR4 has been found to regulate

the activation of downstream inflammatory cascades, thereby exacer-

bating kidney injury (Cui et al., 2021). In our study, we found that HSC

selectively binds to and inhibits TLR4 activity. This inhibition subse-

quently curtails the activation of the NF-κB pathway and diminishes

the production of pro-inflammatory cytokines, such as TNF-α, IL-6, and

IL-1β. Our results suggested that HSC downregulates the expression

p-TAK1, p-PKCα, and p-p65, which further inhibits NF-κB activation in

LPS + ATP-induced HK-2 cells and LPS-induced AKI mice. Moreover,

TLR4 has been linked with the activation of the NLRP3 inflammasome,

a cytosolic complex involved in the maturation and secretion of inflam-

matory cytokines (Corpetti et al., 2021). This inflammasome, upon acti-

vation, overexpresses cleaved caspase-1 and mature IL-1β, resulting in

NEU recruitment and the consequent progression of AKI (Danielski

et al., 2020). Our results suggested that HSC decreased the expression

NLRP3, CASP1, and IL-1β, which further inhibits LPS + ATP-induced

NLRP3 inflammasome activity. Specifically, during an AKI episode, LPS-

activated TLR4 instigates the assembly of the NLRP3 inflammasome,

thereby driving a potent inflammatory response and cellular death, both

of which intensify renal injury. In this research, we applied the TLR4

inhibitor TAK-242 and observed a significant decline in NLRP3 protein

expression. TAK-242 also decreased the mRNA levels of NLRP3,

CASP1, and IL-1β, which are instrumental in inhibiting the NLRP3

inflammasome activity.

The PIP2 signaling pathway stands as another crucial mechanism

regulated by TLR4 within the context of AKI. PIP2 serves as a pre-

cursor for secondary messengers like DAG and IP3, which are instru-

mental in intracellular signaling pertaining to inflammation and cell

survival (Li et al., 2023). Our results showed that HSC decreased the

expression of PIP2, DAG, and IP3 and increased the expression of

PLCγ2 in LPS + ATP-induced HK-2 cells and LPS-induced AKI mice.

HSC may reduce the expression of PIP2, which affects the hydrolysis

of PLCγ2 substrates, resulting in an increase in the expression of

PLCγ2. Therefore, HSC reduces intracellular Ca2+ levels by the

PIP2 signaling pathway. In addition, HSC inhibited the serum and

kidney production of pro-inflammatory cytokines TNF-α, IL-6, and

IL-1β in LPS-stimulated AKI. TLR4 is proven to govern the PIP2 path-

way, influencing the release of intracellular calcium and contributing

to the AKI-associated inflammatory response (Gupta et al., 2020).

We observed that TAK-242 could inhibit PIP2 and PLCγ2 protein

expression. Furthermore, the PIP2 signaling pathway is intimately

linked with the activation of the NLRP3 inflammasome (Wani

et al., 2021). Our study demonstrated that HSC exerts an anti-

inflammatory effect by suppressing the NF-κB signaling pathway.

Additionally, HSC inhibited the activation of the PIP2 signaling path-

way, which subsequently stifled the activation of the NLRP3

inflammasome.

Our research findings demonstrate that HSC exerts its inhibi-

tory effects on NLRP3 inflammasome activation by targeting the

TLR4-regulated NF-κB and PIP2 signaling pathways. This uncovers

previously unrecognized anti-inflammatory mechanisms of HSC,

indicating that its therapeutic approach of TLR4 modulation for

AKI differs from current clinical methods such as dialysis and anti-

biotic treatments. HSC has the potential to serve as a viable alter-

native or supplementary treatment strategy. While we have

elucidated the potential anti-inflammatory mechanisms of HSC,

there is a possibility that we might have overlooked other complex

pathways contributing to AKI or broader inflammatory responses,

such as diabetic nephropathy (Eftekhari et al., 2020). Furthermore,

our study's scope was confined to a specific model of AKI induced

by LPS, leaving the effectiveness of HSC against alternative causes

of AKI yet to be explored. HSC has antioxidant effect and has the

potential to be applied in the field of nano-biotechnology. For

example, the extract of Scutellaria baicalensis plays an important

role in the formation and stabilization of silver nanoparticles

(Ahmadov et al., 2020).
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