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A B S T R A C T   

Background: Cardiac remodeling is a common pathological feature in many cardiac diseases, 
characterized by cardiac hypertrophy and fibrosis. Triptolide (TP) is a natural compound derived 
from Tripterygium wilfordii Hook F. However, the related mechanism of it in cardiac remodeling 
has not been fully understood. 
Methods and results: Transverse aortic constriction (TAC)-induced cardiac hypertrophic mouse 
model and angiotensin II (Ang II)-induced cardiomyocytes hypertrophic model were performed. 
Firstly, the results indicate that TP can improve cardiac function, decreased cardiomyocyte sur-
face area and fibrosis area, as well as lowered the protein expressions of brain natriuretic peptide 
(BNP), β-major histocompatibility complex (β-MHC), type I and III collagen (Col I and III). Sec-
ondly, TP suppressed cardiac pyroptosis, and decreased the levels of Interleukin-1β (IL-1β), 
Interleukin-18 (IL-18) by Enzyme-linked immunosorbent assay (ELISA), and pyroptosis- 
associated proteins. Furthermore, TP enhanced the expressions of Nuclear factor erythroid 2- 
related factor 2 (Nrf2) and Heme oxygenase 1 (HO-1). Interestingly, when Nrf2 was silenced 
by siRNA, TP lost its properties of reducing pyroptosis and cardiac hypertrophy. In addition, in 
the Transforming Growth Factor β1 (TGF-β1)-induced primary human coronary artery endothelial 
cells (HCAEC) model, TP was found to inhibit the process of endothelial-to-mesenchymal tran-
sition (EndMT), characterized by the loss of endothelial-specific markers and the gain of 
mesenchymal markers. This was accompanied by a suppression of Slug, Snail, and Twist 
expression. Meanwhile, the inhibitory effect of TP on EndMT was weakened when Nrf2 was 
silenced by siRNA. Lastly, potential targets of TP were identified through network pharmacology 
analysis, and found that Ubiquitin-Specific Protease 14 (USP14) was one of them. Simultaneously, 
the data indicated that decrease the upregulation of USP14 and Kelch-like ECH-Associated Pro-
tein 1 (Keap1) caused by cardiac remodeling. However, Keap1 was decreased and Nrf2 was 
increased when USP14 was silenced. Furthermore, CoIP analysis showed that USP14 directly 
interacts with Keap1. 
Conclusion: TP can observably reduce pyroptosis and EndMT by targeting the USP14/Keap1/Nrf2 
pathway, thereby significantly attenuating cardiac remodeling.  
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1. Introduction 

Cardiac remodeling is characterized by the hypertrophy of cardiomyocytes (CM), CM death, activation of cardiac fibroblasts (CF), 
and deposition of extracellular matrix (ECM), as a response to risk factors such as hypertension and coronary artery disease [1,2]. 
Initially, cardiac hypertrophy and fibrosis can compensate for a while and improve cardiac function [3]. However, sustained hy-
pertrophy and fibrosis can cause the ventricles to dilate, leading to insufficient pump function and diastolic dysfunction, ultimately 
resulting in heart failure (HF), which is a significant determinant of clinical outcomes [4]. Currently, there are no specific treatments 
for cardiac remodeling in patients, and clinical therapeutics mainly involve lowering cardiac pressure, or reducing volume overload, 
and preventing adrenergic receptors [5]. Therefore, effective therapy that could prevent cardiac remodeling is crucial. 

Triptolide (TP), a bioactive epoxy-2-terpenoid ester compound isolated from the traditional Chinese medicine Tripterygium wil-
fordii Hook F., has been used for treating various diseases for over a hundred years [6,7]. Its beneficial physiological properties have 
been demonstrated in different areas, such as anti-tumor [8,9], anti-inflammatory [10,11], and immunomodulatory [12] effects. 
Meanwhile, TP could attenuate subretinal fibrosis by suppressing TGF-β1 induced epithelial–mesenchymal transition (EMT) [13]. 
Accumulated evidence suggests that TP also has a protective effect on cardiovascular diseases. Yang et al. and Xi et al. have shown that 
TP could inhibit ischemia/reperfusion injury and glucose uptake via the inhibition of Reactive Oxygen Species (ROS) and IKKβ–NF–κB 
pathway in CM, respectively [14,15]. Moreover, Pan et al. have reported that TP could effectively alleviate cardiac remodeling by 
activating FoxP3 to inhibit mitophagy [16]. However, the precise mechanisms of TP on cardiac remodeling remain to be fully 
understood. 

Pyroptosis is a type of programmed cell death accompanied by the release of pro-inflammatory cytokines [17]. This process has 
been implicated in the pathogenesis of various diseases, such as liver injury [18], acute lung injury [19], and tumors [20]. Recently, 
mounting evidence suggests that pyroptosis also plays a pivotal role in cardiac diseases. Excessive pyroptosis can cause cardiac hy-
pertrophy, cardiomyocytes death, myocardial dysfunction, excessive inflammation and promote cardiac remodeling [21]. Meanwhile, 
Pyroptosis in cardiomyocytes are essential for myocardial fibrosis in response to pressure overload in the early stages of chronic heart 
failure [22]. Lei et al. have demonstrated that inhibiting pyroptosis in CM could alleviate myocardial ischemia/reperfusion injury [23]. 
Importantly, Wang et al. and Yue et al. have found that controlling cardiomyocyte pyroptosis could prevent cardiac hypertrophy [24, 
25]. However, few studies have focused on the role of TP in the pyroptosis of cardiac hypertrophy. 

Endothelial-to-mesenchymal transition (EndMT) is a dynamic process characterized by the down-regulation of endothelial-specific 
markers such as VE-cadherin and Platelet Endothelial Cell Adhesion Molecule 1 (CD31), increased cell migration, and up-regulation of 
mesenchymal-specific markers such as α-smooth muscle actin (α-SMA) in endothelial cells, resulting in the expression of transcrip-
tional factors expression including Snail, Slug and Twist [26,27]. Recently, EndMT has been increasingly recognized as an important 
process leading to various cardiovascular diseases in adults, including cardiac remodeling, atherosclerosis, cardiac fibrosis, and 
myocardial infarction [28–31]. EndMT has been reported to promote cardiac fibrosis, with quantitative lineage analysis showing that 
27–35 % of fibroblasts in fibrotic heart tissue are derived from endothelial cells [30]. Numerous studies have shown that EndMT 
contributes significantly to TAC-induced cardiac fibrosis, and inhibiting EndMT has been demonstrated to attenuate cardiac fibrosis 
after TAC [32–34]. 

The objective of this study is to examine the potential cardioprotective effect of TP on cardiac remodeling induced by pressure 
overload. Further, our aim is to investigate whether TP can inhibit pyroptosis and EndMT, and to explore the underlying mechanisms 
involved. 

2. Materials and methods 

2.1. Animal and drug 

All animal experiments in this study were approved by the Ethics Committee of Harbin Medical University (Daqing). Male C57BL/ 
6J mice (8–10 weeks old, 22–25 g) were obtained from the animal center of Harbin Medical University. TP, obtained from Aladdin 
(Shanghai, China; purity≥98 % by high-performance liquid chromatography [HPLC]), was first dissolved in dimethyl sulfoxide 
(DMSO) and then diluted in saline to a final concentration of 0.1 % DMSO. 

2.2. Surgical procedures and TP treatment 

Mice underwent TAC surgery, as previously described [35]. Briefly, mice were intraperitoneally injected with 2 % pentobarbital 
sodium (40 mg/kg) and placed on mechanical ventilation. The aortic constriction was performed by ligating the transverse thoracic 
aorta with a 28-gauge needle and a 7-0 braided polyester suture. After 4 weeks, the hearts and tibias were harvested and weighed, and 
the heart weight/tibia length (HW/TL, mg/mm) and heart weight/body weight (HW/BW, mg/g) ratios were calculated and compared. 
The mouse was divided into 6 groups randomly. The groups were named as follows: (1) Sham; (2) Sham + triptolide (Sham + TP): mice 
were treated with TP (90 μg/kg/d); (3) TAC; (4) TAC + TP (TAC + TP-10): mice were treated with TP (10 μg/kg/d) after TAC; (5) TAC 
+ TP (TAC + TP-30): mice were treated with TP (30 μg/kg/d) after TAC; (6) TAC + TP (TAC + TP-90): mice were treated with TP (90 
μg/kg/d) after TAC. TP was administered intraperitoneally injection for 4 weeks. 
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2.3. Echocardiographic studies 

4 weeks after TAC, the mice were anesthetized with isoflurane to undergo transthoracic echocardiographic examination, and the 
parameters were measured. 

2.4. Histopathological studies 

Firstly, the heart of the mouse was positioned in a 4 % paraformaldehyde solution at 4 ◦C overnight, and then a 30 % sucrose 
solution was placed. When the tissue sunk to the bottom of the 30 % sucrose solution, it was taken out and embedded in optimal cutting 
temperature compound (OCT) freezing medium and frozen at − 20 ◦C. Use a microtome to knife the tissue into sections with a thickness 
of several microns and transfer to 3-aminopropyl triethoxysilane-coated slides. These sections were stained with haematoxylin-eosin 
(HE), Masson’s trichrome and the histopathological changes were observed under the light microscope. 

2.5. Western blotting 

Total protein samples were extracted from tissues or cells using the same procedure previously described [36]. Briefly, heart tissues 
or cardiomyocytes were lysed by RIPA buffer. After centrifugation, the supernatant was collected. Protein extracts were mixed with 
SDS-PAGE. After electrophoresis, the protein transferred onto a nitrocellulose membrane. Then, the membranes were blocked and 
incubated with the primary antibodies: BNP (1:1000, ABclonal, China), β-MHC (1:1000, ABclonal, China), Caspase-1 (1:1000, Gen-
eTex, USA), Nrf2 (1:1000, Proteintech, China)，HO-1 (1:1000, Wanleibio, China)，NLRP3 (1:1000, ABclonal, China)，Gasdermin-D 
(ABclonal, China), USP14 (1:1000, Proteintech, China), Snail (1:1000, Proteintech, China)，Twist (1:1000, Proteintech, China)，Slug 
(1:1000, ABclonal, China), CD31 (1:1000, ABclonal, China), VE-cadherin (1:1000, ABclonal, China), α-SMA (1:1000, BOSTER, China), 
Keap1 (1:1000, Proteintech, China), type I collagen (1:1000, ABclonal, China), type III collagen (1:1000, affinity, USA). 

2.6. Enzyme linked immunosorbent assay (ELISA) studies 

The concentrations of Interleukin 1β (IL-1β) and Interleukin 18 (IL-18) of arterial blood serum and cardiomyocytes were measured 
using commercially available ELISA kit (R&D system), according to the manufacturer’s instructions, respectively. 

2.7. Culture of cells 

Mouse Cardiac Muscle Cell Line (HL-1) was purchased from iCell (China). HL-1 was cultured in MEM with 10 % fetal bovine serum 
and 1 % penicillin-streptomycin. Ang II was used to build cardiomyocytes hypertrophy model in vitro. In our study, HL-1 was incubated 
with 100 nmol/L Ang II for 48 h at 37 ◦C in a humidified incubator with 5 % CO2. Cells were divided into 4 groups: (1) Control (Ctl); (2) 
Control + triptolide (Ctl + TP): cells were treated with triptolide (10 μg/L, 48 h); (3) Ang II: cells were treated with 100 nmol/L Ang II 
(48 h); (4) Ang II + triptolide (Ang II + TP): cells were exposed to 100 nmol/L Ang II and treated with triptolide (10 μg/L, 48h). 

Primary human coronary artery endothelial cells (HCAEC) were purchased from Sciencell (U.S.A.). HCAEC were cultured with 
Endothelial Cell Medium (Sciencell U.S.A.) in a humid environment at 37 ◦C, 5 % CO2. TGF-β1 was used to build HCAEC EndMT model 
in vitro. In our study, recombinant human TGF-β1 (10 ng/ml, MCE) was added to stimulate the cells for 6d to induce EndMT. Cells were 
divided into 4 groups: (1) Control (Ctl); (2) Control + triptolide (Ctl + TP): cells were treated with triptolide (10 μg/L); (3) TGF-β1: 
cells were treated with 10 ng/ml TGF-β1; (4) TGF-β1+ triptolide (TGF-β1+TP): cells were exposed to 10 ng/L TGF-β1 and treated with 
triptolide (10 μg/L). 

2.8. Small interfering RNA (siRNA) transfection 

Cardiomyocytes and HCAEC were transfected with siRNA-Nrf2, siRNA-USP14 or siRNA-Negative control (scRNA), which was 
purchased from GenePharma Co., Ltd. (Shanghai, China) using the X-treme GENE small interfering RNA (siRNA) transfection reagent 
(Roche) according to the manufacturer’s protocol. 

2.9. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

According to the manufacturer’s instructions, an in situ cell death detection kit (Roche, USA) was used to detect DNA fragmentation 
of individual cells in heart tissue sections. TUNEL staining was assessed via fluorescence microscopy (Leica, Germany). 

2.10. PI/Hoechst 33342 staining assay 

Following the proper treatment, the cells were stained with Hoechst 33342 and PI (Beyotime, China) for 10 min. The cells were 
observed using a fluorescence microscope (Leica, Germany). 
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2.11. Immunofluorescence staining 

The expression of sarcomeric α-actinin (α-SMA, BOSTER, China) protein in cardiomyocytes was performed by immunofluorescence 
staining. In detail, cells are fixed with 4 % paraformaldehyde, and then permeabilized in 0.2 % TritonX-100. Subsequently, the cells 
were incubated with α-SMA (1:200) overnight at 4 ◦C, after adding goat serum for 30min at room temperature. Then, the secondary 
antibody (1:200) was utilized to probe target proteins. DAPI was used to stain the cell nucleus of cardiomyocytes. Immunofluorescence 
was examined under a fluorescence microscope (Leica, Germany). 

2.12. Co-immunoprecipitation (CoIP) 

CoIP assays were performed according to the manufacturer’s protocol (Thermo scientific co-ip (Pierce™ CO-Immunoprecipitation 
kit), USA). Immunoprecipitation complexes were analyzed by Western blotting. 

2.13. Statistical analyses 

Quantitative data were presented as the Mean ± Standard deviation (SD) and analyzed by SPSS20.0. Statistical differences were 
determined using two-tailed unpaired Student’s t-tests or one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc 
analysis. Statistical significance was regarded as P < 0.05. 

3. Results 

3.1. TP alleviates cardiac remodeling in vivo and in vitro 

In order to investigate the potential of TP to inhibit TAC-induced cardiac remodeling, echocardiographic examination was con-
ducted. As illustrated in Fig. 1A–B, the results from echocardiographic examination revealed a significant decrease in the LVEF and 
LVFS in the TAC group compared to the Sham group. However, treatment with TP (30, 90 μg/kg) over a 4-week period was found to 
reverse these effects. Additionally, the morphological results indicated a notable decline in the HW/BW and HW/TL ratios in the TAC 
+ TP-90 group compared to the TAC group (Fig. 1C–D). Moreover, both HE and immunofluorescence staining results demonstrated a 
reduction in the cell cross-sectional area (Fig. 1E–F) and mouse cardiomyocytes surface area (Fig. 1G–H) due to the administration of 
TP, compared to the TAC group and Ang II group respectively. Furthermore, results from Masson’s trichrome staining demonstrated a 
significant increase in interstitial fibrotic areas in the remodeling heart compared to the Sham group. However, administration of TP 
was found to significantly reduce the extracellular matrix deposition in the remodeling heart (Fig. 1 I). 

In addition, the protein expressions of cardiac hypertrophic and fibrotic markers, such as BNP, β-MHC, and Col I and III, were 
assessed. The results indicated that TP significantly reduced the levels of BNP and β-MHC in vivo (Fig. 1J-L) and in vitro (Fig. 1M− O) as 
well as decreased the expression of Col I and III in vivo (Fig. 1P–R). Thus, these findings suggest that TP effectively improves cardiac 
function and exhibits anti-myocardial hypertrophy and anti-myocardial fibrosis effects. 

3.2. TP inhibits pyroptosis in cardiac remodeling models 

Excessive cardiomyocyte pyroptosis has been shown to contribute to cardiac remodeling [21]. NLRP3 can convert precursor 
Caspase-1 to cleaved Caspase-1, which then cleaves IL-1β and IL-18 into their active forms. These cytokines initiate inflammatory 
responses that promote pyroptosis. Furthermore, GSDMD can be activated by Caspase-1, resulting in the release of its N-terminal 
domain, which oligomerizes on the membrane to form macropores. This ultimately causes the rupture of the membrane and cell death 
[37]. 

To further understand the inhibitory effect of TP on cardiac remodeling and its association with pyroptosis, pyroptosis-related 
proteins and factors were evaluated. As displayed in Fig. 2A–B, the results of the TUNEL test and Hoechst/PI staining showed that 
TAC or Ang II significantly increased the number of positive cells of pyroptosis, while TP was found to reverse this effect. Additionally, 
ELISA analysis demonstrated that TP visibly reduced the levels of IL-1β and IL-18 in the serum and in mouse cardiomyocytes 
(Fig. 3A–D). Furthermore, pyroptosis-related proteins, including NLRP3, cleaved-Caspase-1, and Gasdermin D (GSDMD), were 
measured. As expected, these protein expressions were reduced following TP treatment in heart tissue (Fig. 3E–H) and in mouse 

Fig. 1. TP alleviates cardiac remodeling in vivo and in vitro. (A–B) LVEF and LVFS measured by echocardiographic examination (n = 6). (C–D) 
Quantitative data of HW/BW and HW/TL (n = 6). (E–F) Representative images of HE staining of heart tissue, and quantification of cell cross- 
sectional area of cardiomyocytes (n = 3). (G) Representative immunofluorescent staining of the cardiomyocytes (HL-1, α-actinin, red) and nuclei 
(DAPI, blue) following AngII treatment, Scale bar: 10 μm. (H) Relative surface area of HL-1(n = 6). (I) Representative images of Masson’s trichrome 
staining of heart tissue, n = 3. (J–L) Cardiac hypertrophic marker protein β-MHC and BNP expression were measured in mouse heart tissue (n = 6). 
(M–O) Cardiac hypertrophic marker protein β-MHC and BNP expression were detected in HL-1 cardiomyocytes (n = 6). (P–R) Cardiac fibrotic 
marker protein Col I and III expression were measured in mouse heart tissue (n = 6). All the values are presented as mean ± SD. #P < 0.05, ##P <
0.01 compared with Sham or Ctl group; *P < 0.05, **P < 0.01 compared with TAC or Ang II group. LVEF = Left ventricular ejection fraction; LVFS 
= Left ventricular fraction shortening; HW/BW=Heart weight to body weight ratio; HW/TL = Heart weight to tibia length ratio. The original blots 
were provided in supplementary data as Supplementary Fig. S1. 
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cardiomyocytes (Fig. 3I-L). Overall, these results suggest that TP is capable of suppressing cardiac remodeling by inhibiting excessive 
cardiomyocyte pyroptosis. 

3.3. TP suppresses pyroptosis via activating Nrf2/HO-1 pathway 

To investigate the potential signal pathways involved in the inhibitory effect of TP against pyroptosis in cardiac remodeling, the 
levels of Nrf2/HO-1 pathway proteins were measured. Western blotting analysis revealed that the expressions of Nrf2 and HO-1 were 
significantly down-regulated in cardiac remodeling models (Fig. 4A–F). However, after treatment with TP, these expressions were 
remarkably up-regulated. These results suggest that the inhibitory effect of TP in pyroptosis may involve the activation of the Nrf2/HO- 
1 signaling pathway. 

To further confirm the inhibitory effect of TP on mouse cardiomyocyte pyroptosis via the Nrf2/HO-1 signaling pathway, Nrf2 was 
silenced in mouse cardiomyocytes by transfection with siRNA-Nrf2. The expression levels of Nrf2 and HO-1 were identified by Western 
blot. It was found that these protein expressions were significantly reduced by siRNA mixtures (Fig. 4G–J), indicating that the Nrf2 
protein was successfully silenced. 

ELISA assays showed that IL-1β and IL-18 were still present at high levels in the Ang II + TP + siRNA group, compared with the Ang 
II + TP + scRNA group (Fig. 4K-L). Furthermore, the protein expressions of NLRP3, cleaved-Caspase-1, and GSDMD following trip-
tolide treatment were reversed by siRNA-Nrf2 (Fig. 4M− P). These findings suggest that TP inhibited pyroptosis via activating the Nrf2/ 
HO-1 signaling pathway in the cardiac remodeling model. 

To further determine the role of the Nrf2/HO-1 signaling pathway in the anti-hypertrophic effects of TP, the surface area of mouse 
cardiomyocytes and the protein levels of cardiac hypertrophy markers were evaluated. Immunofluorescence results showed that Nrf2 
knockdown eliminated the inhibitory effect of TP on Ang II-induced enlarged cardiomyocytes (Fig. 4Q–R). Additionally, Western 
blotting data demonstrated that the ability of TP to inhibit the expression of cardiac hypertrophy markers, BNP and β-MHC, was 
significantly weakened by Nrf2 knockdown in Ang II-induced mouse cardiomyocytes (Fig. 4S-U). These data indicate that TP can 
alleviate cardiac hypertrophy, at least in part, through the Nrf2/HO-1 signaling pathway. 

3.4. TP inhibits EndMT in cardiac remodeling models 

Recent studies have shown that EndMT-derived CFs play an essential role in the pressure overload-induced cardiac fibrosis model 
[29,32]. During EndMT, endothelial cells lose their features such as CD31 and VE-Cadherin expressions and acquire mesenchymal 
features such as α-SMA expression. To assess the inhibitory effect of TP on EndMT in TAC mice, Western blotting assays of CD31, 
VE-Cadherin, and α-SMA were performed. The data showed that CD31 and VE-Cadherin were significantly down-regulated in the TAC 
group, and this down-regulation was reversed by TP treatment. In contrast, α-SMA was up-regulated in the TAC group, but this 
up-regulation was also reversed by TP treatment (Fig. 5A–D). 

The EndMT process is also assessed by evaluating the expression of endothelial cell markers CD31 and VE-Cadherin and the 
mesenchymal marker α-SMA in HCAECs. The reduction of CD31 and VE-Cadherin and the increase of α-SMA were observed in the 
TGFβ1-induced transition (Fig. 5I-L). However, this phenomenon was attenuated after incubation with TP. These findings suggest that 
TP may inhibit EndMT in cardiac remodeling and thereby alleviate cardiac fibrosis. 

Based on the results described above, it is demonstrated that TP can regulate the EndMT process. Several EndMT-promoting 
transcription factors, including Snail, Slug, and Twist, have been implicated in EndMT [38]. The data performed that TP can 
reverse the increase in Snail, Slug, and Twist protein expressions induced by TGF-β1 stimulation in vivo (Fig. 5E–H) and in vitro 
(Fig. 5M − P). These findings suggest that TP affects the EndMT process by regulating the expressions of EndMT-promoting tran-
scription factors. 

3.5. TP inhibits EndMT via Nrf2 pathway 

Accumulated evidence suggests that the Nrf2 pathway is involved in the regulation of EndMT [39]. To investigate the molecular 
mechanism underlying the inhibitory effect of TP on the EndMT process, the activity of Nrf2 were assessed in endothelial cells. After TP 
treatment, Nrf2 was observed to be increased in TGFβ1-incubated endothelial cells (Fig. 6A–B). Consistent with the activation of Nrf2, 
TP potently increased the expression of EndMT-promoting transcription factors, including Snail, Slug, and Twist (Fig. 5M − P). These 
results indicate that TP activates the Nrf2 pathway, which may contribute to its inhibitory effect on the EndMT process. 

To further confirm the role of the Nrf2 pathway in the inhibitory effect of TP on the EndMT process, siRNA technique to silence Nrf2 
was used (Fig. 6C–D). Endothelial cells were transfected with Nrf2 siRNA before TGF-β1 treatment, and the levels of EndMT-related 
proteins were assessed by Western blotting. As depicted in Fig. 6E-H, when Nrf2 was inhibited, TGF-β1-induced EndMT was aggra-
vated, which was accompanied by up-regulation of mesenchymal cell markers, such as α-SMA, and down-regulation of endothelial 
markers, including CD31 and VE-cadherin. Additionally, the level of EndMT-promoting transcription factors, such as Snail, Twist, and 
Slug, was increased by Nrf2 siRNA transfection in endothelial cells treated with TGF-β1, as compared to scramble siRNA control 

Fig. 2. TP exerted the inhibitory effects of on pyroptosis in vivo and in vitro. (A) Representative TUNEL staining in tissue slices of mouse heart 
tissue, scale bar: 25 μm. (B) Representative PI/Hoechst 33342 double staining in HL-1 cardiomyocytes, PI-positive cell (Red), Hoechst 33342 
-positive cell (Blue), scale bar: 10 μm. 
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Fig. 3. TP inhibits pyroptosis in cardiac remodeling models. (A–B) The concentrations of IL-1β and IL-18 in serum (n = 3). (C–D) The con-
centrations of IL-1β and IL-18 in HL-1 cardiomyocytes (n = 3). (E–H) Western blot analysis of NLRP3, cleaved Caspase-1 and GSDMD protein 
expression in mouse heart tissue (n = 6). (I–L) Western blot analysis of NLRP3, cleaved Caspase-1 and GSDMD protein expression in HL-1 car-
diomyocytes (n = 6). All the values are presented as mean ± SD. #P < 0.05, ##P < 0.01 compared with Sham or Ctl group; *P < 0.05, **P < 0.01 
compared with TAC or AngII group. The original blots were provided in supplementary data as Supplementary Fig. S2. 
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(Fig. 6I-L). These findings further support the hypothesis that TP protects against TGF-β1-induced EndMT changes by activating the 
Nrf2 pathway. 

3.6. TP activates Nrf2 signaling by decreasing ubiquitin-proteasome degradation of Nrf2 

The targets of the TP were predicted using PharmMapper databases according to the 3-dimensional chemical structures (Fig. 7A). A 
total 278 predictive targets were identified, and ultimately, 111 official symbols of TP related targets for limiting to “Mus musculus” 
were obtained in the UniProt database after filtering by z-score >0. A large number of studies have shown that Nrf2 binds to the DGR 
domain of KEAP1 through its ETGE and DLG motif in the cytoplasm, which results in its degradation by the proteasome [40]. 
Therefore, we predict TP promoted Nrf2 activation by accelerated Keap1 protein degradation. Among 135 TP related targets, USP14, a 
proteasome-associated deubiquitinating enzyme, aroused our great interest. The results found that TP inhibited USP14 and KEAP1 
expression in vivo (Fig. 7B–D) and in vitro (Fig. 7E–J). To further determine whether inhibition of USP14 activates the Keap1/Nrf2 
signaling pathway, the changes in Keap1 and Nrf2 expression under the silencing USP14 were evaluated (Fig. 7K-N). Keap1 expression 
was dramatically elevated in the AngII treated cardiomyocytes and TGF-β1 treated endothelial cells; Keap1 interacted with Nrf2 to 
inactivate it. However, after the silencing USP14, the tendency was reversed. Keap1 expression was reduced, whereas Nrf2 expression 
was increased (Fig. 7O–T). It is supposed that USP14 may inhibited Keap1 protein degradation and reduced Nrf2 releases to translocate 
into the nucleus. To investigate the relationship between Keap1 and USP14, co-immunoprecipitation (Co-IP) experiments was per-
formed. Western blotting showed that Keap1 interacts with USP14 (Fig. 7U–V). 

These results reinforce our hypothesis that TP may promote Nrf2 activation by accelerating Keap1 protein degradation through 
inhibiting USP14. Additionally, the results showed that the interaction between Keap1 and USP14 plays a key role in regulating the 
Keap1/Nrf2 pathway. 

4. Discussion 

When the heart is subjected to chronic pressure overload, it triggers a cascade of cellular and molecular changes, including car-
diomyocyte pyroptosis, endothelial-mesenchymal transition, and inflammatory responses [41]. These changes ultimately lead to 
cardiac remodeling and subsequent heart failure. However, the underlying molecular mechanisms and therapeutic strategies remain 
incompletely understood. In this study, it is the first time to present the potential effects of TP on molecular/cellular cardiac events and 
ventricular dysfunction during pressure overload via the USP14/Keap1/Nrf2 signal axis. 

In this study, the protective effect of TP on cardiac remodeling using a TAC-induced mouse model (in vivo) and an Ang II/TGFβ1- 
induced mouse cardiomyocyte/HCAEC model (in vitro) were examined. The results demonstrate that after 4 weeks of TAC induction, 
there were apparent signs of cardiac remodeling and dysfunction. However, TP was found to attenuate the deleterious changes induced 
by pressure overload in cardiac remodeling in mice. This suggests that TP may have a significant role in the prevention of pressure 
overload-induced cardiac remodeling and could potentially be a promising therapeutic agent. 

Cardiac hypertrophy is known to be a feature of cardiac remodeling [42]. In subsequent experiments, we will further explore the 
mechanism of TP inhibiting cardiac hypertrophy. Pyroptosis is a specific inflammatory form of programmed cell death characterized 
by Caspase-1 activation [43]. The role of pyroptosis in many cardiovascular diseases has been extensively studied in recent years. The 
findings indicate that after 4 weeks of TAC treatment in mice or 48 h of Ang II stimulation in mouse cardiomyocytes, a hypertrophic 
phenotype associated with cardiomyocyte pyroptosis is induced, suggesting that excessive myocardial pyroptosis may be involved in 
the development of cardiac hypertrophy. Interestingly, TP significantly reduced pyroptosis-positive cells in both hypertrophic models. 
Therefore, we hypothesized that TP prevents cardiac hypertrophy by inhibiting excessive cardiomyocyte pyroptosis. In order to 
confirm the link between TP and cardiomyocyte pyroptosis, related pyroptosis-promoting proteins and regulators were detected. The 
results showed that IL-1β and IL-18 levels were upregulated and the expression of cleaved Caspase-1, NLRP3 and GSDMD was 
increased. This effect can be reversed by treatment with triptolide. These results suggest that cardiomyocytes pyroptosis was induced 
and the therapeutic effect of TP on cardiac hypertrophy may be related to the inhibition of cardiomyocyte pyroptosis. 

Cardiac fibrosis is another important feature of cardiac remodeling, which can lead to cardiac dysfunction and heart failure. In the 
current study, TP inhibited ECM deposition during cardiac remodeling in mice. At the same time, the expressions of Col I and III, the 
markers of cardiac fibrosis, were significantly decreased in the TP treatment group. 

In the following experiment, we will elucidate the molecular mechanism of TP inhibiting cardiac fibrosis. Emerging evidence 

Fig. 4. TP suppresses pyroptosis via activating Nrf2/HO-1 pathway (A–C) Western blot analysis of Nrf2 and HO-1 protein expression in mouse 
heart tissue (n = 6). (D–F) Western blot analysis of Nrf2 and HO-1 in HL-1 cardiomyocytes (n = 6). (G–H) Western blot analysis of Nrf2 expression in 
the presence or absence of Nrf2 siRNA in HL-1 cardiomyocytes (n = 6). (I–J) HO-1 expression elicited by AngII in the presence or absence of Nrf2 
siRNA in HL-1 cardiomyocytes (n = 6). (K–L) The concentrations of IL-1β and IL-18 in the presence or absence of Nrf2 siRNA in HL-1 car-
diomyocytes (n = 3). (M–P) Western blot analysis of NLRP3, cleaved Caspase-1 and GSDMD expression in the presence or absence of Nrf2 siRNA in 
HL-1 cardiomyocytes (n = 6). (Q) Representative immunofluorescent staining of the cardiomyocytes (HL-1, α-actinin, red) and nuclei (DAPI, blue) 
elicited by AngII in the presence or absence of Nrf2 siRNA in HL-1 cardiomyocytes. Scale bar: 10 μm (n = 6). (R) Relative surface area of HL-1 
cardiomyocytes (n = 6). (S–U) Western blot analysis of β-MHC and BNP expression in the presence or absence of Nrf2 siRNA in HL-1 car-
diomyocytes (n = 6). All the values are presented as mean ± SD. #P < 0.05, ##P < 0.01 compared with Ctl group; *P < 0.05, **P < 0.01 compared 
with siRNA-NC group or AngII group; &P < 0.05, &&P < 0.01 compared with AngII+TP + scRNA group. The original blots were provided in 
supplementary data as Supplementary Fig. S3. 
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suggests that EndMT plays an important role in cardiac fibrosis [29,32]. In the results, TP treatment significantly upregulated the 
expression of the endothelial cell markers CD31, VE-Cadherin and decreased the mesenchymal cell marker α-SMA in vivo and in vitro. 

Snail, Slug, and Twist have been reported to be the main transcription factors regulating EndMT [22]. The results showed that TP 
could inhibit the expression of Snail, Slug and Twist in vitro and in vivo. Therefore, TP can inhibit EndMT in endothelial cells by 
regulating key transcription factors. 

Nrf2 is a transcription factor that activates the expression of cytoprotective genes, including HO-1, NQO1, and others [44]. 
Emerging studies have suggested that activation of the Nrf2 signaling pathway plays a critical role in inhibiting pyroptosis and EndMT 

Fig. 5. TP inhibits EndMT in cardiac remodeling models. (A–D) Western blot analysis of CD31, VE-Cadherin and α-SMA protein expression in 
mouse heart tissue (n = 6). (E–H) Western blot analysis of Slug, Snail and Twist protein expression in mouse heart tissue (n = 6). (I–L) Western blot 
analysis of CD31, VE-Cadherin and α-SMA in EN (HCAEC) (n = 6). (M–P) Western blot analysis of Slug, Snail and Twist in EN (HCAEC) (n = 6). All 
the values are presented as mean ± SD. #P < 0.05, ##P < 0.01 compared with Sham or Ctl group; *P < 0.05, **P < 0.01 compared with TAC or TGF- 
β1 group. The original blots were provided in supplementary data as Supplementary Fig. S4. 
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Fig. 6. TP inhibits EndMT via Nrf2 pathway. (A–B) Western blot analysis of Nrf2 in EN (HCAEC) (n = 6). (C–D) Western blot analysis of Nrf2 
expression in the presence or absence of Nrf2 siRNA in EN (HCAEC) (n = 6). (E–H) CD31, VE-Cadherin and α-SMA expression elicited by TGF-β1 in 
the presence or absence of Nrf2 siRNA in EN (HCAEC) (n = 6) (I–L) Slug, Snail and Twist expression elicited by TGF-β1 in the presence or absence of 
Nrf2 siRNA in EN (HCAEC) (n = 6). All the values are presented as mean ± SD. #P < 0.05, ##P < 0.01 compared with Ctl group; *P < 0.05, **P <
0.01 compared with siRNA-NC group or TGF-β1 group; &P < 0.05, &&P < 0.01 compared with TGF-β1+TP + scRNA group. The original blots were 
provided in supplementary data as Supplementary Fig. S5. 
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Fig. 7. Triptolide activates Nrf2 signaling by decreasing ubiquitin-proteasome degradation of Nrf2. (A) 3-dimensional chemical structures of 
Triptolide. (B–D) Western blot analysis of USP14 and Keap1 in mouse heart tissue (n = 6). (E–G) Western blot analysis of USP14 and Keap1 in 
mouse cardiomyocytes (HL-1) (n = 6). (H–J) Western blot analysis of USP14 and Keap1 in EN (HCAEC) (n = 6). (K–L) Western blot analysis of 
USP14 expression in the presence or absence of USP14 siRNA in mouse cardiomyocytes (HL-1) (n = 6). (M–N) Western blot analysis of USP14 
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[39,45]. In present study, the results indicated that the expressions of Nrf2 protein were decreased in TAC mice hearts, cardiomyocytes 
treated with Ang II, and endothelial cells treated with TGFβ1. However, these effects could be abrogated by TP. These data suggest that 
TP might suppress cardiac remodeling through the Nrf2 signaling pathway. 

To further confirm the protective effect of TP through the Nrf2 signaling pathway, siRNA Nrf2 was transfected to mouse AngII- 
induced cardiomyocytes and endothelial cells treated with TGF-β1. TP treatment significantly reduced cardiomyocyte surface area 
and BNP and β-MHC expression, whereas Nrf2 silencing reversed these effects despite TP treatment. Furthermore, the results show that 
Nrf2 silencing increases IL-1β, IL-18, cleaved-Caspase-1, NLRP3 and GSDMD despite the presence of TP. Meanwhile, the inhibitory 
effect of TP on EndMT was reversed by Nrf2 silencing. These results suggest that TP inhibits cardiomyocyte pyroptosis and endothelial 
EndMT by activating Nrf2 signaling, thereby preventing cardiac remodeling. 

The ubiquitin-proteasome system (UPS) is considered the primary protein degradation pathway in mammalian cells, responsible 
for the degradation of a significant number of proteins. Protecting cells from misfolded or damaged proteins is one of the essential 
functions of UPS [46]. In this study, the abnormal increase in Keap1 protein during cardiac remodeling was linked to UPS dysfunction, 
as evidenced by Keap1 protein restoration following USP14 silencing. The decrease in Nrf2 release, which correlates with the inhi-
bition of pyroptosis and EndMT, may be attributable to the reduced Keap1 protein levels. 

In present research, the results revealed a connection between USP14 and Keap1. It was found that USP14 interacts with Keap1 
through the proteasomal degradation pathway, which leads to the stabilization of the abnormally elevated Keap1 protein by degra-
dation via the proteasome pathway. This stabilization of Keap1 may be correlated with the reduced release of Nrf2 into the nucleus, 
resulting in an inhibitory impact on pyroptosis and EndMT. Additionally, the PharMapper database indicated that USP14 was the 
target of triptolide. It was discovered that triptolide had an inhibitory effect on USP14 and Keap1 expression while promoting Nrf2 
expression. 

5. Conclusion 

In summary, the present research indicates that TP acts as an important regulator of cardiac remodeling. The protective function of 
TP is involved the inhibition of cardiomyocyte pyroptosis and endothelial cell EndMT through the suppression of the USP14/Keap1/ 
Nrf2 axis, and in the future, TP therapy may be utilized as a therapeutic approach to address cardiac remodeling. 
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