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ABSTRACT
Context:  Tanshinone IIA (Tan IIA), a bioactive compound derived from the traditional Chinese herb Salvia 
miltiorrhiza (Family Lamiaceae, Authority Bunge), is well-known for its protective effects in various kidney 
diseases. However, its role in obstructive nephropathy has not been thoroughly investigated.
Objective:  This study aimed to explore the protective effects of Tan IIA in a mouse model of unilateral 
ureteral obstruction (UUO) and to elucidate the cellular and molecular mechanisms underlying these 
effects.
Materials and methods:  Gasdermin D (GSDMD) knockout mice and their wild-type (WT) littermates 
underwent UUO surgery, with Tan IIA treatment administered 24 h prior. Human proximal tubular cells 
(HK-2 cells) were treated with TGF-β1 to induce fibrosis (50 ng/mL for 24 h), followed by Tan IIA treatment 
(5 μM) for an additional 3 h.
Results:  Tan IIA significantly reduced the expression of extracellular matrix (ECM) components, including 
collagen I, α-smooth muscle actin (α-SMA), vimentin and fibronectin, in UUO mice. Tan IIA attenuated 
GSDMD-mediated pyroptosis. However, in GSDMD knockout mice subjected to UUO, the protective effects 
of Tan IIA on ECM gene expression and collagen deposition in the tubular interstitium were reduced. In 
vitro studies showed that Tan IIA reduced GSDMD activation and fibronectin protein expression in HK-2 
cells.
Discussion and conclusions:  Tan IIA may mitigate GSDMD-mediated pyroptosis in renal tubular epithelial 
cells (RTECs) and reduce kidney fibrosis, highlighting its potential as a therapeutic strategy to prevent the 
progression of kidney disease after ureteral obstruction.

Introduction

Renal fibrosis is a hallmark of obstructive nephropathy and a 
critical driver of the progression to chronic renal failure (Huang 
et  al. 2023; Krukowski et  al. 2023; Nørregaard et  al. 2023). 
Obstructive nephropathy, characterized by kidney dysfunction 
and interstitial fibrosis, is primarily induced by urinary tract 
obstructions that can lead to chronic kidney disease (CKD) and, 
in severe cases, end-stage renal disease (ESRD) (Nørregaard 
et  al. 2023). In the early stages, damaged renal tubular epithelial 
cells (RTECs) produce elevated pro-inflammatory and pro-fibrotic 
cytokines, chemokines, proteases and growth factors (Nørregaard 
et  al. 2023). Activated RTECs can synthesize extracellular matrix 
(ECM) components such as fibronectin and collagen I, undergo-
ing phenotypic alterations marked by loss of epithelial markers 
such as E-cadherin and upregulation of α-smooth muscle actin 
(α-SMA), resulting in a mesenchymal phenotype. These changes 
accelerate renal fibrosis and exacerbate the decline in kidney 
function (Ruiz-Ortega et  al. 2020; Li H et  al. 2022). Thus, 

alterations in RTECs serve as critical indicators of the progres-
sion of tubulointerstitial fibrosis (Ma et  al. 2023).

Emerging evidence indicates that naturally derived compounds 
benefit various diseases (Ren et  al. 2021; Kuang et  al. 2023; Li J 
et  al. 2023; Sun et  al. 2023). Recent studies have shown that 
many compounds protect against tubulointerstitial fibrosis (Cao 
et  al. 2022; Chang et  al. 2022; Wang H et  al. 2022; Lin et  al. 
2023). Tanshinone IIA (Tan IIA), a major active component of 
Salvia miltiorrhiza (Family Lamiaceae, Authority Bunge), has been 
extensively investigated for its therapeutic potential in numerous 
conditions, including cardiovascular disease, cancer, diabetes, 
obesity and neurogenic disorders (Ansari et  al. 2021; Miao et  al. 
2022; Yang et  al. 2023). Tan IIA exerts its pharmacological effects 
mainly through anti-toxic, anti-inflammatory, anti-oxidative stress 
and anti-fibrotic activities (Zhang et  al. 2022; Wu S et  al. 2023). 
Studies have shown that Tan IIA ameliorates pyroptosis through 
multiple pathways, reducing the production of inflammatory 
mediators and alleviating tissue inflammation (Chai et  al. 2023; 

© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

CONTACT Lei Zhao  zhaoleitang@126.com; Jurong Yang  650230@hospital.cqmu.edu.cn  Department of Nephrology, The Third Affiliated Hospital of 
Chongqing Medical University, Chongqing, China.
*Xueling Yang and Qinglin Luo contributed equally to this work.
¶Lei Zhao and Yang Jurong share senior authors.

 Supplemental data for this article can be accessed online at https://doi.org/10.1080/13880209.2025.2498166.

https://doi.org/10.1080/13880209.2025.2498166

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the 
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
Received 7 August 2024
Revised 2 March 2025
Accepted 21 April 2025

KEYWORDS
Chinese herbal medicine; 
unilateral ureteral 
obstruction; cell death; 
chronic kidney disease; 
Gasdermin D; pyroptosis

mailto:zhaoleitang@126.com
mailto:650230@hospital.cqmu.edu.cn
https://doi.org/10.1080/13880209.2025.2498166
https://doi.org/10.1080/13880209.2025.2498166
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/13880209.2025.2498166&domain=pdf&date_stamp=2025-5-6
http://www.tandfonline.com
htp://www.tandfonline.com


Pharmaceutical Biology 365

Song et  al. 2023). Furthermore, previous research has shown that 
Tan IIA can mitigate kidney injury by alleviating oxidative stress, 
reducing inflammation and attenuating renal fibrosis (Dou et  al. 
2022; Wu Q et  al. 2023). However, it remains unclear whether 
Tan IIA specifically attenuates pyroptosis in renal parenchymal 
cells during kidney injury and consequently hinders the progres-
sion of renal fibrosis.

Pyroptosis is a recently identified form of programmed 
inflammatory cell death characterized by releasing inflammatory 
factors, lysosomal enzymes and other cellular contents (Fu et  al. 
2022; Gao et  al. 2022; Yang et  al. 2022; Jin et  al. 2023). This 
process is primarily mediated by members of the Gasdermin 
family, especially Gasdermin D (GSDMD) and GSDMDE. Among 
these, GSDMD-dependent pyroptosis has been extensively stud-
ied. The activation of cysteinyl aspartate-specific proteinase 
(Caspase) 1 or Caspase 11/4/5 cleaves GSDMD, allowing the 
GSDMD N-terminus to translocate to the cell membrane and 
form pores, leading to the release of inflammatory factors such 
as IL-1β and IL-18 (Elias et  al. 2023; Sanz et  al. 2023). Pyroptosis 
plays a crucial role in the onset and progression of various kid-
ney diseases (Li et  al. 2021; Zheng et  al. 2022), significantly 
affecting kidney function and severity of injuries by affecting 
tubular epithelial and inflammatory cells and influencing disease 
prognosis (Deng et  al. 2021). Our previous studies have shown 
that GSDMD-dependent pyroptosis mediates the development of 
ischemia-reperfusion and septic acute kidney injury (AKI) (Yang 
et  al. 2014; Deng et  al. 2021). However, the role of pyroptosis in 
fibrosis progression remains poorly understood.

This study aimed to evaluate the protective effects of Tan IIA 
in a murine model of unilateral ureteral obstruction (UUO) and 
to elucidate the cellular and molecular mechanisms underlying 
its protective effects. Our findings demonstrated that Tan IIA 
treatment significantly reduced kidney fibrosis by inhibiting 
GSDMD-mediated pyroptosis in RTECs and suppressing exces-
sive ECM deposition, contributing to its protective effects.

Materials and methods

Materials and reagents

The materials used were as follows: Tanshinone IIA (HY-N0135, 
purchased from MedChemExpress, China); Peroxidase AffiniPure 
Goat Anti-Rabbit IgG (H + L) (33101ES60, Yeasen Biotech, 
Shanghai, China); polyclonal rabbit anti-mouse Cleaved Caspase-1 
(89332), NLRP3 (15101), collagen I (72026), vimentin (5741) and 
mouse anti-mouse IL-1β (12242) (all from Cell Signaling 
Technology, Danvers, USA); polyclonal rabbit anti-mouse GSDMD 
(ab219800), fibronectin (ab2413) and α-SMA (ab124964) (all from 
Abcam, Cambridge, UK); 4′,6-diamidino-2-phenylindole (DAPI, 
Life Sciences, Paisley, UK); Lens culinaris agglutinin (LCA, Vector 
Laboratories, Peterborough, UK); TRIzol reagent, PrimeScript™ RT 
Master Mix (TKR-RR036B) and TB Green® Premix Ex Taq™ II 
(TKR-RR820B) (all from Takara Biotechnology, Tokyo, Japan); 
fetal bovine serum (FBS, GIBCO BRL, Rockville, MD, USA); 
M-PER mammalian protein extraction reagent, BCA protein assay 
kit, RIPA lysis buffer and Protease and Phosphatase Inhibitor 
Mini Tablets (A32961) (all from Thermo Fisher, Waltham, USA). 
Antibodies information is provided in Supplementary File 1.

Animal models

GSDMD knockout mice on a C57BL/6 (B6) background were 
generously provided by Prof. Limin Lu (Fudan University, China) 

and bred at Chongqing Medical University. Wild-type (WT) lit-
termates were used as GSDMD−/− mice controls. The murine 
model of UUO, which mimics urinary tract obstruction and sub-
sequent kidney damage leading to renal fibrosis, was established 
in both WT and GSDMD−/− male mice (8–12 weeks old). Mice 
were treated with Tan IIA or vehicle control. Under general anes-
thesia induced by intraperitoneal injection of pentobarbital 
(75 mg/kg), mice in the UUO group underwent left ureter liga-
tion. Sham-operated mice underwent ureteral exposure without 
ligation, following a procedure previously described (Fan et  al. 
2023). The Tan IIA-treated group received daily intraperitoneal 
injections of Tan IIA (20 mg/kg) beginning 24 h before the UUO 
operation. In contrast, the vehicle control group received 10% 
dimethyl sulfoxide in PBS daily (Jiang et  al. 2015). Mice were 
kept under specific pathogen-free conditions and sacrificed at 
predetermined time points. This experiment was approved by the 
Ethics Review Committee for Animal Experimentation at 
Chongqing Medical University (approval code: IACUC-CQMU- 
2024-0164, approved on 4 March 2024). This approval encom-
passes three experiments, as the study is part of a larger research 
initiative that may lead to multiple related publications under a 
single overarching Ethics Approval.

HK-2 cells culture and treatment

Human proximal tubular cells (HK-2 cells) were obtained from 
the National Collection of Authenticated Cell Cultures (species: 
Homo sapiens; CVCL numbers: CVCL_0302; catalog numbers: 
SCSP-511) and cultured in DMEM/F-12 medium supplemented 
with 10% fetal bovine serum and 1% penicillin-streptomycin. 
After three passages, HK-2 cells were induced to undergo fibro-
sis by treatment with TGF-β1 (up to 50 ng/mL) for 24 h at 37 °C, 
followed by Tan IIA treatment (5 μM) for an additional 3 h (Cao 
et  al. 2017).

HK-2 cells were transfected with GSDMD-specific or control 
siRNA 16 h before stimulation assays for specific experiments. 
Cells grown in 6-well plates were treated with siRNA oligomers 
complexed with Lipofectamine 3000 reagent (Invitrogen). The 
GSDMD siRNA sequences were siRNA3: GGAACUCGCUAU 
CCCUGUUTT (sense) and AACAGGGAUAGCGAGUUCCTT 
(antisense). Transfection efficiency was confirmed by Western 
blot analysis (Figure 5e).

Assessment of renal fibrosis

Kidney paraffin sections (4 μm) were stained with Masson’s 
Trichrome to assess kidney fibrosis. Three to four random fields 
of view (at 200× magnification) were selected to calculate the 
percentage of collagen deposition and compare renal interstitial 
fibrosis among different groups.

Immunohistochemistry

Before staining, kidney sections (4 µm) were deparaffinized and 
rehydrated. The sections were incubated with 3% H2O2 to quench 
endogenous peroxidase activity. The sections were incubated 
overnight at 4 °C with primary antibodies specific for collagen I 
(1:200), α-SMA, vimentin (1:1000), vimentin (1:200) or GSDMD 
(1:5000) and subsequently incubated with a secondary antibody 
at 37 °C for 30 min. The sections were stained with DAB, and  
the nuclei were counterstained with hematoxylin. The degree  
of positive staining was analyzed using ImageJ software. Two 

https://doi.org/10.1080/13880209.2025.2498166


366 X. YANG ET AL.

independent experts evaluated all tissue sections in a double- 
blind manner.

Western blot

Mouse kidney tissue lysates were prepared using RIPA buffer 
with a cocktail of phosphatase and protease inhibitors on ice, 
while cell lysates were prepared using M-PER under the same 
conditions. The protein concentration was measured using the 
BCA protein assay kit, following the manufacturer’s instructions. 
Equal amounts of protein (80 μg per lane) were separated by 
SDS-PAGE and transferred to a PVDF membrane. Membranes 
were blocked with 5% BSA for 1 h and incubated overnight  
with primary antibodies (dilution:1:1000). The membranes were 
incubated with HRP-conjugated secondary antibodies (dilu-
tion:1:5000). Protein bands were visualized using Amersham ECL 
Select™ detection reagent (GE Healthcare Life Sciences, USA). 
Relative amounts of GSDMD, GSDMD-N, collagen I, α-SMA, 
vimentin, fibronectin, IL-1β, IL-18, NLRP3 and Caspase 1 were 
quantified by normalizing to β-actin.

Quantitative and conventional RT-PCR

Total RNA from fresh kidney tissue and HK-2 cells was extracted 
using TRIzol reagent and reverse-transcribed into cDNA. Real- 
time PCR was conducted on a Step One™ real-time PCR machine 
(Thermo Fisher, Waltham, MA, USA) using Fast SYBR® Green 
Master Mix. Relative gene expression was analyzed using the 
2-ΔΔCT method, normalizing to β-actin and appropriate controls 
(Li et  al. 2017). Primer sequence information is provided in 
Supplementary File 2.

Statistical analysis

Data are presented as mean ± SD. Comparisons between means of 
independent samples were conducted using a t-test, a one-way 
ANOVA, or a two-way ANOVA with a multiple comparison test. 
Data were analyzed using GraphPad Prism, version 9 (GraphPad 
Software, La Jolla, CA, USA). A p-value of <0.05 was considered 
statistically significant.

Results

Tan IIA ameliorated renal tubulointerstitial fibrosis in the 
UUO mice model

Renal interstitial fibrosis is a hallmark of obstructive nephropa-
thy. B6 mice were treated with Tan IIA (20 mg/kg daily intraper-
itoneal (i.p.) injection starting one day before UUO operation) or 
a vehicle control to evaluate its potential anti-fibrotic effects. 
Masson’s Trichrome staining revealed a significant decrease in 
positive staining in Tan IIA-treated mice compared to the vehicle 
control group, indicating a reduction in ECM accumulation 
within the tubulointerstitial region (Figure 1a and 1b). This  
finding was further supported by Western blot analysis of  
kidney tissue lysates, which showed decreased levels of ECM 
proteins (α-SMA, vimentin, collagen I and fibronectin) in the 
Tan IIA group compared to controls (Figure 1c and 1d). 
Immunohistochemistry confirmed these results, showing a 
reduced deposition of collagen I, vimentin and α-SMA in the 
kidneys of Tan IIA-treated mice compared to the vehicle control 
group (Figure 2a-2c). These results suggest that Tan IIA 

effectively reduces interstitial fibrosis in WT mice after UUO 
surgery.

GSDMD deficiency reduced tubulointerstitial fibrosis  
in UUO mice model

Pyroptosis, a form of programmed cell death, has emerged as a 
key contributor to renal inflammation and fibrosis, although its 
precise role in fibrosis progression remains unclear. Whether Tan 
IIA mitigates UUO-induced renal fibrosis by inhibiting pyropto-
sis also requires further investigation. GSDMD cleavage by 
Caspases is essential for pyroptosis (He et al. 2015; de Vasconcelos 
et  al. 2019). Our study first examined the expression and activa-
tion of GSDMD in the UUO model. Western blot analysis 
revealed significant GSDMD activation, evidenced by the cleaved 
form, GSDMD-N and IL-1β release in the kidneys 10 days after 
UUO, compared to sham-operated controls. Notably, GSDMD 
activation and IL-1β release were markedly reduced in GSDMD−/− 
mice (Figure 3a and 3b).

We then investigated the role of GSDMD in UUO-induced 
fibrosis by comparing GSDMD−/− and WT mice. Masson 
Trichrome and Sirius Red (SR) staining demonstrated substantial 
tubulointerstitial fibrosis in the kidneys of WT mice 10 days after 
UUO, which was significantly attenuated in GSDMD−/− mice 
(Figure 3c-3f). RT-PCR analysis revealed substantially lower 
intrarenal expression of ECM-related genes (α-SMA, collagen I 
and fibronectin) in GSDMD−/− mice compared to WT mice 
(Figure 3g). Additionally, Western blot analysis of kidney tissue 
lysates confirmed reduced levels of α-SMA and vimentin in 
GSDMD−/− mice compared to WT controls (Figure 3h and 3i). 
These findings strongly suggest that GSDMD-mediated pyropto-
sis plays a crucial role in fibrosis progression after ureteral 
obstruction.

Tan IIA treatment reduced renal pyroptosis in UUO mice

Tan IIA treatment has been reported to mitigate pyroptosis 
through multiple pathways (de Vasconcelos et  al. 2019; Chai 
et  al. 2023; Song et  al. 2023). To investigate whether Tan IIA 
inhibits pyroptosis in the kidneys under UUO conditions, we 
analyzed GSDMD activation in renal tissues. Our results demon-
strated that Tan IIA treatment significantly reduced the protein 
levels of the cleaved GSDMD-N form, as observed by Western 
blotting and immunohistochemical staining (Figure 4a and 4c). 
Furthermore, NLRP3 protein expression levels and the active 
form of Caspase 1, responsible for GSDMD cleavage, decreased 
markedly after Tan IIA treatment, as shown by Western blot 
analysis (Figure 4a and 4b). We also assessed IL-1β, a key 
inflammatory factor released during pyroptosis, using Western 
blotting, which revealed a significant reduction in IL-1β levels in 
the kidneys of UUO mice treated with Tan IIA (Figure 4a and 
4b). These findings indicate that Tan IIA treatment effectively 
suppresses NLRP3-Caspase 1-mediated GSDMD cleavage, allevi-
ating renal pyroptosis and inflammation.

Tan IIA treatment did not improve UUO-induced renal 
fibrosis in GSDMD−/− mice

To further investigate whether Tan IIA exerts its protective effects 
against UUO by targeting GSDMD-mediated pyroptosis, we eval-
uated its impact on renal fibrosis in GSDMD−/− mice. Masson’s 
Trichrome staining revealed only minimal reductions in collagen 
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deposition in the kidneys of Tan IIA-treated GSDMD−/− mice 
compared to those treated with vehicle control (Figure 5a). 
Western blot analysis showed no significant differences in the 
fibrotic markers α-SMA and collagen I expression levels between 
the two groups (Figure 5b and 5c). These findings suggest that 
Tan IIA treatment did not significantly alleviate fibrosis in 
GSDMD−/− mice. This indicates that its anti-fibrotic effects in 
UUO are primarily mediated by inhibiting GSDMD-dependent 
pyroptosis.

Tan IIA inhibited cell pyroptosis and reduced the production 
of fibrotic markers in RTECs

RTECs are crucial resident cells in the kidneys that play a signif-
icant role in the fibrotic progression of kidney diseases. To inves-
tigate the effects of Tan IIA on RTECs, we treated HK-2 cells 
with TGF-β1, a primary inducer of renal fibrosis. Western blot, 
RT-qPCR analysis and immunofluorescence revealed that TGF-β1 
markedly upregulated the expression of fibrotic markers (fibronec-
tin, vimentin and collagen I) and pro-inflammatory cytokines 
(IL-1β and IL-18) (Figure 6a, 6b and 6e). However, pre-treatment 
with Tan IIA significantly reduced these increases, with a con-
firmed effect observed at 5 μM (Figure 6b, 6c and 6d). These 
results suggest that Tan IIA may alleviate the production of 
pro-inflammatory and fibrotic markers in RTECs by inhibiting 
GSDMD-dependent pyroptosis.

To further explore this hypothesis, we established GSDMD 
knockdown cells using siRNA. Western blot analysis showed that 
in GSDMD knockdown cells, TGF-β1 stimulation led to minimal 
increases in fibronectin, GSDMD-N, IL-18 and IL-1β protein lev-
els. Tan IIA treatment did not significantly reduce these protein 
levels in knockdown cells (Figure 6e and 6f). These findings sug-
gest that Tan IIA inhibits GSDMD-mediated pyroptosis and 

reduces the synthesis of fibrotic markers in RTECs, and this 
effect is dependent on GSDMD-mediated pyroptosis.

Discussion

Renal fibrosis is a hallmark of CKD, driven by various insults, 
including ureteral obstruction, leading to significant changes in 
renal hemodynamics and metabolic processes (Yuan et  al. 2022; 
Wang YN et  al. 2023; Miao et  al. 2024). These changes pro-
foundly impact RTECs, triggering responses such as partial 
epithelial-mesenchymal transition (EMT), cell cycle arrest, cellu-
lar senescence and apoptosis (Kalantar-Zadeh and Li 2020; 
Ruiz-Ortega et  al. 2020; Nørregaard et  al. 2023) These cellular 
responses increase the secretion of pro-inflammatory and 
pro-fibrotic cytokines, including TGF-β, connective tissue growth 
factor, IL-1β, IL-18 and IL-6 (Roccatello et  al. 2024), which are 
crucial in the development of tubulointerstitial fibrosis (Tang 
et  al. 2019; Wozniak et  al. 2021; Li H et  al. 2022). Given the 
essential role of RTECs in maintaining kidney function, their 
dysfunction accelerates CKD progression. Pyroptosis, an inflam-
matory form of programmed cell death (Wang JL et  al. 2023; 
Zhao et  al. 2023), has become a key mechanism contributing to 
renal fibrosis (Lan 2022; Liu et  al. 2022; Wan et  al. 2022; Wang 
F et  al. 2022). GSDMD, a primary mediator of pyroptosis, is 
expressed in various cell types, including RTECs, and plays a 
pivotal role in kidney diseases (Wu J et  al. 2021; Baatarjav et  al. 
2022). We showed that Tan IIA significantly reduced renal fibro-
sis in UUO-induced mice by inhibiting pyroptosis, specifically by 
suppressing the NLRP3-Caspase 1-GSDMD pathway in RTECs. 
These findings suggest that targeting pyroptosis could represent 
a promising therapeutic strategy for obstructive nephropathy.

Traditional Chinese medicines have long been used to treat 
renal diseases (Hu et  al. 2022; Shao et  al. 2023; Zou et  al. 2023; 

Figure 1. T an IIA ameliorated renal tubulointerstitial fibrosis in the UUO mice model.
Unilateral ureteral obstruction (UUO) was induced in mice treated with Tanshinone IIA (Tan IIA) or vehicle control, and kidney samples were collected on day 10 after UUO surgery. (a) 
Representative images of Masson Trichrome (MT) staining show extracellular matrix (ECM) deposition in different groups. (b) Quantification of MT-stained areas (% of total area) in kidney 
tissues from the UUO and UUO + Tan IIA groups (n = 5). (c) Protein expression levels of fibronectin, α-smooth muscle actin (α-SMA), collagen I, and vimentin in the UUO and UUO + Tan IIA 
groups. (d) Quantitative analysis of fibronectin, α-SMA, collagen I, and vimentin protein expressions (normalized to actin) in the UUO and UUO + Tan IIA groups (n = 4). (b and d). Each dot 
represents an individual mouse. Data were analyzed using an unpaired t-test. *p < 0.05, **p < 0.01.
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Guo et  al. 2025; Wang et  al. 2024). Tan IIA, a bioactive com-
pound derived from the root of Salvia miltiorrhiza (commonly 
known as Danshen), is well-known for its cardioprotective effects 
(Li S et  al. 2023) and is increasingly recognized for its renopro-
tective and anti-fibrotic properties (Dou et  al. 2022). Previous 
research has shown that Tan IIA can reduce fibrosis by targeting 
the TGF-β1/Smad signaling pathway in a rat model of 5/6 
nephrectomy and alleviate folic acid-induced fibrosis by lowering 
inflammation, characterized by decreased infiltration of inflam-
matory cells and expression of chemokines in mice (Wang et  al. 
2015; Jiang et  al. 2016). We confirm that Tan IIA significantly 
alleviated UUO-induced fibrosis, as evidenced by reduced ECM 
deposition and lower expression of fibrotic markers, highlighting 
its therapeutic potential in managing renal fibrosis after UUO.

Pyroptosis, mediated by GSDMD cleavage, is crucial in tissue 
inflammation (Aglietti and Dueber 2017; Shi et  al. 2017; Xue 
et  al. 2019; Coll et  al. 2022; Dubyak et  al. 2023; Chen et  al. 
2024). Tan IIA has shown promise in alleviating NLRP3-Caspase 
1-GSDMD-mediated pyroptosis in various tissues, including the 
brain, myocardial tissue and kidneys. Recent studies suggest that 
Tan IIA mitigates pyroptosis through the TLR4/NF-κB p65 path-
way, reducing endoplasmic reticulum and oxidative stress (Li Y 
et  al. 2022; Chai et  al. 2023; Wu Q et  al. 2023). In our UUO 
model, Tan IIA effectively suppressed NLRP3 inflammasome 

activation and subsequent Caspase 1 cleavage, resulting in lower 
GSDMD-N levels and reduced secretion of IL-1β. This reduction 
in pyroptosis was associated with a decrease in fibrotic marker 
levels, highlighting the role of GSDMD in promoting fibrosis in 
obstructed kidneys. Importantly, Tan IIA treatment did not sig-
nificantly affect fibrosis progression in GSDMD−/− mice, reinforc-
ing that its anti-fibrotic effects are primarily mediated by 
inhibiting GSDMD-dependent pyroptosis.

Previous studies have highlighted that kidney-infiltrating 
inflammatory cells undergo pyroptosis, contributing to tissue 
inflammation and fibrosis following UUO. Wang et  al. reported 
that UUO induces GSDMD activation in neutrophils, resulting in 
the formation of GSDMD-dependent neutrophil extracellular 
traps (NETs). This process amplifies the production of inflamma-
tory cytokines and increases α-SMA expression in macrophages 
through activation of the TGF-β1/Smad pathway, promoting 
renal fibrosis (Wu M et  al. 2021; Wang Y et  al. 2022). We 
observed a significant up-regulation of GSDMD-N expression in 
HK-2 cells treated with TGF-β1, indicating that TGF-β1 induces 
pyroptosis in RTECs. Furthermore, Tan IIA treatment markedly 
reduced TGF-β1-induced expression of fibronectin, collagen I 
and GSDMD-N in RTECs. Consistent with our in vivo findings, 
GSDMD knockdown in HK-2 cells significantly alleviated fibro-
sis, suggesting the role of pyroptosis in this process. However, 

Figure 2. T an IIA reduced renal protein expression levels of ECM in the UUO mice model.
UUO was induced in mice treated with Tanshinone IIA (Tan IIA) or vehicle control, and kidney samples were collected on day 10 after UUO surgery. (a-c) Immunohistochemical analysis of 
collagen I (a), vimentin (b), and α-SMA (c) in the UUO and UUO + Tan IIA groups (n = 5). (a-c). Each dot represents an individual mouse. Data were analyzed using an unpaired t-test.  
**p < 0.01.
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Tan IIA further reduced fibronectin levels in GSDMD knock-
down HK-2 cells treated with TGF-β1, implying that additional 
cell death pathways may also be involved in fibrosis. Our 

findings demonstrate that Tan IIA reduces fibrosis by inhibiting 
pyroptosis and ECM production in RTECs, highlighting its 
potential as a therapeutic agent for obstructive nephropathy.

Figure 3. G SDMD deficiency reduced tubulointerstitial fibrosis in UUO mice model.
UUO was induced in wild-type (WT) and Gasdermin D (GSDMD)−/− mice, and kidney tissues were collected on days 7 and 10 after UUO surgery. (a) Protein expression levels of GSDMD, 
its cleaved form (GSDMD-N), and IL-1β in kidney tissues across different groups at day 10 post-UUO. (b) Quantitative analysis of GSDMD, N-GSDMD, and IL-1β protein expressions in various 
groups (n = 6). (c, e) Representative images of Masson Trichrome (MT) (c) and Sirius Red (SR) (e) staining, showing ECM deposition in kidney tissues from different groups. (d, f ) Quantification 
of MT (d) and SR (f ) stained areas in kidney tissues at day 10 after UUO in WT and GSDMD−/− groups (c and e) (n = 5). (g) Relative mRNA levels of fibronectin, α-SMA, and collagen I in 
WT and GSDMD−/− mice at day 10 after UUO (n = 5). (h) Protein expression levels of α-SMA and vimentin in kidney tissues from WT and GSDMD−/− mice at day 10 after UUO. (i) 
Quantitative analysis of α-SMA and vimentin protein expressions in WT and GSDMD−/− groups (n = 6). (b, d, f, g, i). Each dot represents an individual mouse. Data were analyzed using an 
unpaired t-test. *p < 0.05; **p < 0.01.
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Conclusions

Our research unveils a novel mechanism by which Tan IIA mit-
igates ureteral obstruction-induced nephropathy, specifically by 
inhibiting GSDMD-mediated pyroptosis. Following ureteral 
obstruction, the NLRP3-Caspase 1-GSDMD pathway is acti-
vated, resulting in pyroptosis in kidney tissue, the release of the 
inflammatory cytokine IL-1β, and the progression of renal 

fibrosis. Tan IIA effectively inhibits this pathway, reducing both 
pyroptosis and inflammation in RTECs and ultimately alleviat-
ing fibrosis. These findings demonstrate the therapeutic poten-
tial of Tan IIA in treating progressive obstructive nephropathy 
by modulating pyroptosis. Nevertheless, it is essential to recog-
nize that other cell death pathways may also contribute to the 
anti-fibrotic effects of Tan IIA, which warrants further 
investigation.

Figure 4. T an IIA treatment reduced renal pyroptosis in UUO mice.
UUO was induced in mice treated with Tanshinone IIA (Tan IIA) or vehicle control, and kidney samples were collected on day 10 after UUO surgery. (a) Protein expression levels of NLRP3, 
cleaved Caspase 1 (Cl-Caspase 1), Gasdermin D (GSDMD)-N, and IL-1β in the UUO and UUO + Tan IIA groups. (b) Quantitative analysis of NLRP3, Cl-Caspase 1, GSDMD-N, and IL-1β protein 
expressions in the UUO and UUO + Tan IIA groups (n = 4). (c) Representative microscopy images of immunohistochemical staining for total GSDMD in the UUO and UUO + Tan IIA groups. 
(d) Quantitative analysis of GSDMD+ cells, determined by counting the number of positively stained cells (n = 5). (b, d) Each dot represents an individual mouse. Data were analyzed using 
an unpaired t-test. *p < 0.05; **p < 0.01.

Figure 5. T an IIA treatment did not improve UUO-induced renal fibrosis in GSDMD−/− mice.
UUO was induced in Gasdermin D (GSDMD)−/− mice, and kidney tissues were collected on day 10 after UUO surgery. (a) Representative microscopy images of Masson Trichrome (MT) 
staining in kidney sections of GSDMD knockout mice treated with Tan IIA or vehicle control. (b) Protein expression levels of α-SMA and collagen I in the UUO and UUO + Tan IIA groups. (c) 
Quantitative analysis of α-SMA and collagen I protein expressions in the UUO and UUO + Tan IIA groups. Data were analyzed using an unpaired t-test (n = 3).
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