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The mechanisms and therapeutic potential
of clopidogrel in mitigating diabetic
cardiomyopathy in db/db mice

Bing Li," Yaoting Zhang,' Yang Zheng,"* and He Cai'-**

SUMMARY

Clopidogrel has been shown to play a protective role against diabetic nephropathy. However, whether
clopidogrel exerts a protective effect against diabetic cardiomyopathy (DCM) is unknown. Three-
month-old male db/db mice were administered clopidogrel daily at doses of 5, 10, and 20 mg/kg by
gavage for 5 months. Here, we showed that clopidogrel effectively attenuated diabetes-induced car-
diac hypertrophy and cardiac dysfunction by inhibiting cardiac fibrosis, inflammatory responses, and
oxidative stress damage in db/db mice. Diabetes-induced cardiac fibrosis was inhibited by clopidogrel
treatment via blockade of the TGF-$1/Smad3/P2RY12 pathway and inhibition of macrophage infiltra-
tion in db/db mice. The protective effects of clopidogrel against oxidative damage were mediated
by the induction of the Nrf2 signaling pathway. Taken together, our findings provide strong evidence
that clopidogrel is a promising effective agent for the treatment of DCM by alleviating diabetes-
induced cardiac hypertrophy and dysfunction. P2RY12 might be an effective target for the treatment
of DCM.

INTRODUCTION

Diabetes mellitus (DM) carries a substantial global burden, and at least 640 million people are expected to develop type-2 diabetes mellitus
(T2DM) by 2040." T2DM is a chronic disease, and over time hyperglycaemia and hyperlipidemia induced by diabetes lead to irreversible dam-
age to multiple organs.” In particular, patients with diabetes are more likely to develop cardiovascular disease,” and diabetic cardiomyopathy
(DCM) has a poor prognosis.” The disease was initially identified in patients with diabetes who exhibited cardiac dysfunction and structural
abnormalities in the absence of coronary artery disease, hypertension, or heart valve disease.”>® DCM is usually characterized by diffuse
myocardial fibrosis, cardiac hypertrophy, excessive reactive oxygen species (ROS) production, and inflammatory responses, which ultimately
lead to cardiac dysfunction.”””

Extensive evidence has shown that inflammatory responses, ROS accumulation, and cardiac fibrosis are hallmark mediators of DCM devel-
opment.”’”'% Elevated oxidative stress-induced damage and inflammation induced by hyperglycaemia further accelerate cardiac fibrosis
and cardiac dysfunction.'""'? Extracellular matrix (ECM) generation is a key marker of myocardial fibrosis. The components of the ECM mainly
include collagen, elastin, fibronectin, and laminin. In particular, collagen deposition (especially that of type-l and type-Ill collagens) is a vital
feature of cardiac fibrosis.'> ECM deposition leads to increased cardiac stiffness and decreased ventricular compliance, impairing the normal
diastolic and systolic functions of the heart and eventually contributing to heart failure.

Thus, agents with anti-inflammatory, antioxidant, and antifibrotic effects are expected to be effective in DCM treatment. The purinergic
receptor P2Y12 (P2RY12), which is expressed primarily on the surface of platelets, is also expressed by macrophages with a macrophage-to-
myofibroblast transition phenotype.'* Clopidogrel (Clo), an oral antiplatelet drug that irreversibly binds to P2RY12, has been revealed to have
numerous biological impacts, such as anti-inflammatory, antioxidative, and antifibrotic effects."*"” Extensive evidence indicates that Clo
prevents the release of inflammatory markers that promote myocardial remodeling.'’"'® Moreover, P2RY12 gene knockout in mice alleviates
cardiac remodeling and improves cardiac function by inhibiting cardiac fibrosis, inflammatory responses, and macrophage infiltration in mice
with pressure overload-induced hypertrophy.'” In addition, Clo was recently shown to alleviate renal fibrosis by preventing macrophage-to-
myofibroblast transition and inhibiting transforming growth factor § (TGF-B)."* Furthermore, Clo can exert antioxidant effects by activating the
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway.'® Other studies reported that Clo treatment reversed diabetic nephropathy by in-
hibiting fibrosis and inflammation.'?*°

To date, the possible protective effect of Clo against DCM has not been investigated, which prompted this study. Therefore, our study
explored whether Clo exerts a protective effect on DCM in db/db mice and the underlying mechanisms involved.

'Department of Cardiovascular Diseases, The First Hospital of Jilin University, Changchun 130021, China
?Lead contact

*Correspondence: zhengyang@jlu.edu.cn (Y.Z.), caihe19@mails.jlu.edu.cn (H.C.)
https://doi.org/10.1016/.isci.2024.109134

oo iScience 27, 109134, March 15, 2024 © 2024 The Authors. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:zhengyang@jlu.edu.cn
mailto:caihe19@mails.jlu.edu.cn
https://doi.org/10.1016/j.isci.2024.109134
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109134&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

>
(]

= CON = DM s pM+CloM
BN CON+Clo BE DM+Clot BN DM+Clo" 50 __ns 2] A%k ns
60 Fokk NS

*xk NS T

6.0

kx ns  FXE DS

40—

40 ® J
| |

) ﬂ ﬂ o

ol 0.

Baseline  1m 2m 3m am 5m & N

20

Body weight (g)

Total cholesterol (mmol/L)
>
=1
"
* *
Triglyceride (mmol/L)
@ 5 by
%
»
i I
o

®
o
m

- CON = DM = DM+CloM i

40 == CON+Clo == DM+Clo == DM+CloH i
*%% NS 500

*x% NS *%% NS S—

KAk ns

CON
CON+Clo
DM

DM+Clo"
DM+CloM
DM+Clo"

K%k NS kkk ns KRk NS

400

300

I EERER
HWI/TL (mg/mm)

200

Blood glucose (mmol/L)
Blood clotting time (s)

Baseline 1m 2m 3m 4m 5m

Figure 1. Physical and biochemical characteristics of the mice

(A) Body weight of the mice (n = 6 per group).

(B) Fasting blood glucose levels of the mice (n = 6 per group).

(C) Serum triglyceride and total cholesterol levels of the mice (n = 5 per group).

(D) Blood clotting time of the mice (n = 6 per group).

(E) Heart weight/tibial length ratio (HW/TL) showing the relative heart weight (n = 6 per group). The data are presented as the mean + SEM. Multiple comparisons
were conducted with one-way ANOVA, followed by Tukey's pairwise test. ***p < 0.001 vs. the CON group; ###p < 0.001 vs. the DM group; ns (no significant
difference).

RESULTS

Physical and biochemical characteristics of mice and Clo attenuate DM-induced cardiac dysfunction and cardiac
hypertrophy

DM mice presented progressive increases in body weight and blood glucose; however, Clo had no significant effect on either variable
(Figures 1A and 1B). Additionally, the serum triglyceride and total cholesterol levels in DM mice were significantly elevated but were not
decreased by Clo treatment (Figure 1C). The baseline bleeding time did not differ between DM and control (CON) mice, and Clo treatment
increased the bleeding time in a dose-dependent manner (Figure 1D), which reflected the effective inhibition of platelet aggregation and the
achievement of anticoagulant effects. The heart weight-to-tibial length ratio (HW/TL) increased in DM mice, which was attenuated by Clo
treatment (Figure 1E). Cardiac hypertrophy (assessed by the left ventricular posterior wall diastolic thickness [LVPWd] and the size of cardi-
omyocytes) was also observed in DM mice, and Clo treatment attenuated DM-induced cardiac hypertrophy in a dose-dependent manner
(Figures 2A and 2B). Compared with those in CON mice, the cardiac function of DM mice was impaired, as reflected by a reduced left ven-
tricular ejection fraction (EF), left ventricular fractional shortening (FS), and ratio of the E wave to the A wave across the mitral valve (MV E/A
ratio), which were reversed by Clo treatment (Figure 2A). Additionally, Clo treatment ameliorated DM-induced left ventricular enlargement
(assessed by the left ventricular internal diameter at diastole [LVIDd]) and further improved myocardial remodeling (Figure 2A). As additional
markers of cardiac hypertrophy and cardiac function, the protein and mRNA levels of myosin heavy chain 7 (MYH7) and natriuretic peptide
type A (ANP) were significantly increased in DM mice, and these increases were prevented by Clo treatment in a dose-dependent manner
(Figures 2C and 2D). Consistent with these functional results, Clo prevented the DM-induced increase in the serum lactate dehydrogenase
(LDH), creatine kinase (CK), and creatine kinase-myocardial band (CK-MB) levels in DM mice (Figure 2E). Taken together, these results provide
clear evidence that Clo treatment could significantly prevent functional cardiac impairment and reverse cardiac hypertrophy caused by
diabetes.

Negative correlation between Clo dosage and DM-induced cardiac fibrosis

In addition to cardiac hypertrophy, cardiac fibrosis is a vital effect of cardiac remodeling.” First, we evaluated myocardial fibrosis in mice by
Masson's trichrome staining and observed severe cardiac fibrosis in DM mice, which was ameliorated by Clo treatment in a dose-dependent
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Figure 2. Clo decreases DM-induced cardiac dysfunction and cardiac hypertrophy

(A) Representative echocardiography and cardiac parameters measured via echocardiography (n = 5 per group).

(B) WGA staining of the cardiac tissue for assessing cardiomyocyte size in cross-sections of the heart (n = 5 per group). Scale bar: 40 pm.

(C) The protein and mRNA expression levels of MYH7 were used to evaluate cardiac hypertrophy (n = 6 per group).

(D) The protein and mRNA expression levels of ANP were used to evaluate cardiac function (n = 6 per group).

(E) Serum LDH, CK, and CK-MB levels in the mice (n = 5 per group). The data are presented as the mean + SEM. Multiple comparisons were conducted with one-
way ANOVA, followed by Tukey's pairwise test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the CON group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the DM group; ns (no
significant difference).

manner (Figure 3A). Next, immunohistochemical staining and immunofluorescence analysis were employed, and we observed extensive
TGF-B1 deposition concomitant with increased collagen type | alpha 1 chain (COL1A1), Fibronectin, and a-smooth muscle actin (a-SMA)
deposition in the cardiac tissues of DM mice; this deposition was suppressed by Clo treatment in a dose-dependent manner (Figure S1).
CD90 is a surface marker specific for fibroblasts.”'*? Based on this, two-color immunofluorescence was used to identify the transition of
cardiac fibroblasts to myofibroblasts in mouse cardiac tissue. We observed a significant increase in this transition in DM mice, which was
markedly reduced after treatment with Clo (Figure S1B). Upon further examination, we found that the marked increase in both the protein
and mRNA expression of a-SMA, COL1A1, collagen type Ill alpha 1 chain (COL3A1), and Fibronectin in DM mice was abrogated by Clo
treatment (Figure 3B). Western blotting and quantitative reverse-transcription PCR (RT-qPCR) also revealed that the significantly elevated
protein and mMRNA expression levels of fibrotic markers (TGF-B1 and connective tissue growth factor (CTGF)) in DM mice were decreased by
Clo treatment in a dose-dependent manner (Figure 3C). These findings demonstrated that Clo could alleviate DM-induced fibrosis by in-
hibiting TGF-B1 and a-SMA+ myofibroblasts.

The TGF-B1/Smad pathway is involved in Clo-induced decreases in DM-induced cardiac fibrosis

Cardiac fibrosis can be regulated by TGF-B1 through the Smad-dependent signaling pathway (TGF-B1/Smad2/3) and the Smad-independent
signaling cascade involving the mitogen-activated protein kinases (MAPKSs) c-Jun N-terminal kinase (JNK), P38, and extracellular-signal-regu-
lated kinase (ERK).”'%?*?! Therefore, we explored whether Clo treatment could alleviate DM-induced fibrosis through the TGF-B1/Smad and
MAPK pathways. Our results revealed that, in comparison with those in the CON group, Smad3 and Smad2 phosphorylation was elevated in
the DM group, and this phosphorylation was abrogated by Clo treatment (Figure 4A). Additionally, a previous study revealed that Smad3 acts
as a transcription factor that increases P2RY12 expression by binding to its promoter.'* In our study, both the protein and mRNA levels of
P2RY12 were significantly elevated in the DM group, and Clo treatment attenuated these changes in DM mice (Figure 4B). These results indi-
cated that Clo treatment could effectively block the TGF-B1/Smad3/P2RY12 pathway in DM mice.

The MAPK signaling pathway was also evaluated at the protein level in the present study. The results indicated that the ERK, JNK, and p38
signaling pathways were activated in DM mice and that Clo treatment suppressed ERK and JNK phosphorylation. However, Clo had no sig-
nificant effect on P38 signaling in DM mice (Figure 4C).

Taken together, these results demonstrated that Clo alleviates cardiac fibrosis in DCM by inhibiting the TGF-B1/Smad, ERK, and JNK
pathways.

Reduced DM-induced cardiac macrophage infiltration and cardiac inflammatory responses are implicated in Clo
effectiveness

In DCM, inflammatory responses can contribute to cardiac dysfunction and remodeling. Previous studies revealed macrophage infiltration
and the overexpression of inflammatory cytokines in diabetic hearts.”*> P2RY12 has been found on the surface of macrophages and platelets,
and therapies targeting P2RY12 reduce the infiltration of these cells.'""’

F4/80 is a surface marker specific for macrophages. Immunofluorescence analysis was used to measure F4/80 levels in mouse myocardial
tissue. Macrophage infiltration was significantly increased in DM mice, and this infiltration was decreased by medium to high doses of Clo
treatment (Figure 5A). The anti-inflammatory effects of Clo were further confirmed by evaluating inflammatory cytokines. We observed
that the protein and mRNA expression levels of tumor necrosis factor o (TNF-a), interleukin 1 beta (IL-1B), and interleukin 6 (IL-6) were
increased in DM mice, and these effects were reduced by medium to high doses of Clo (Figure 5B). C-C motif chemokine ligand 2 (known
as MCP-1), intercellular adhesion molecule 1 (ICAM1), and vascular cell adhesion molecule 1 (VCAM1) also contribute to the progression
of DCM, prompting us to assess their expression. The marked increase in MCP-1, ICAM1, and VCAM1 protein and mRNA expression in
DM mice was decreased by medium to high doses of Clo (Figure 5C). Conversely, low-dose Clo treatment had no effect on the upregulation
of TNF-a, IL-1B, IL-6, MCP-1, ICAM1, or VCAMT1 at either the protein or mRNA level in DM mice. This finding suggested that an increase in the
Clo dosage is necessary to mitigate inflammatory responses.

We also evaluated the effects of Clo on the serum levels of TNF-a, IL-1B, IL-6, and MCP-1 in mice by enzyme-linked immunosorbent assay
(ELISA) (Figure 5D). The presence of these inflammatory cytokines in the serum can reflects systemic inflammation. The results indicated that
the serum TNF-a, IL-1B, IL-6, and MCP-1 levels were markedly increased in diabetic mice, and these increases were suppressed by Clo
treatment.

These results demonstrated that Clo could attenuate DM-induced macrophage infiltration and reduce the secretion of inflammatory
cytokines and adhesion molecules by blocking P2RY12, thereby protecting the heart against inflammatory response-induced damage.

4 iScience 27, 109134, March 15, 2024
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Figure 3. Negative correlation between Clo dosage and DM-induced cardiac fibrosis

(A) Representative images of Masson'’s trichrome staining followed by quantification of the percent positive area (n = 6 per group). Scale bar: 40 pm.

(B) Western blotting and RT-qPCR analysis of a-SMA, COL1A1, COL3A1, and Fibronectin, and quantitation of their expression (n = é per group).

(C) TGF-B1 and CTGF were analyzed using western blotting and RT-gPCR (n = 6 per group). The data are presented as the mean + SEM. Multiple comparisons
were conducted with one-way ANOVA, followed by Tukey's pairwise test. ***p < 0.001 vs. the CON group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the DM group;
ns (no significant difference).
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Figure 4. The TGF-B1/Smad pathway is involved in Clo-induced decreases in DM-induced cardiac fibrosis

(A) The levels of p-Smad2, Smad2, p-Smad3, and Smad3 were analyzed via western blotting, and the ratios of p-Smad2 to Smad2 and p-Smad3 to Smad3 were
quantified (n = 4 per group).

(B) P2RY12 was analyzed using western blotting and RT-gPCR (n = 6 per group).

(C) Western blotting of ERK, p-ERK, JNK, p-JNK, P38, and p-P38 and quantitative analysis of the ratios of p-ERK to ERK, p-JNK to JNK, and p-P38 to P38 (n = 4 per
group). The data are presented as the mean + SEM. Multiple comparisons were conducted with one-way ANOVA, followed by Tukey's pairwise test. *p < 0.05,
**p < 0.01, ***p < 0.001 vs. the CON group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the DM group; ns (no significant difference).

Clo-induced Nrf2 pathway activation prevents DM-induced cardiac oxidative stress damage

Extensive evidence indicates that ROS accumulation can lead to cardiac fibrosis by facilitating the production and activation of TGF-B and
promoting the differentiation of cardiac fibroblasts into myofibroblasts.”>?” Western blotting revealed a significant increase in Kelch-like
ECH-associated protein 1 (Keap1) expression, whereas nuclear Nrf2 (nNrf2) protein expression was significantly reduced in mice with DM
(Figure 6A). Clo treatment increased nNrf2 expression and decreased Keap1 protein expression in DM mice. In addition, the expression
of downstream proteins of Nrf2, including oxygenase 1 (HO-1), NAD(P)H quinone dehydrogenase 1 (NQO-1), and catalase (CAT), was
also repressed in the cardiac tissues of DM mice, and Clo treatment reversed this repression (Figure 6A). The mRNA expression changes
of Nrf2, HO-1, NQO-1, and CAT are consistent with their protein levels (Figure 6B).

We also evaluated the effects of Clo on DM-induced oxidative stress in mouse heart tissue. The levels of superoxide dismutase (SOD),
CAT, and glutathione (GSH) in the heart were markedly reduced in the DM group, and these changes were alleviated by Clo treatment (Fig-
ure 6C). Additionally, the markedly elevated levels of malondialdehyde (MDA) and 3-nitrotyrosine (3-NT) in the DM mice were decreased by
Clo treatment (Figure 6C).

Clo treatment ameliorates glucolipotoxicity-induced cardiac hypertrophic responses and oxidative stress in AC16 cells

Initially, we assessed the viability of AC16 cells stimulated with 33 mM high glucose (HG) and increasing concentrations of palmitic acid (PA)
using the Cell Counting Kit-8 (CCK-8) method. The half maximal inhibitory concentration of PA treatment in AC16 cells ranged from 300 uM to
400 uM (Figure S2A). Therefore, we selected a PA concentration of 300 pM and an HG concentration of 33 mM to establish a type-2 diabetes
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Figure 5. Reduced DM-induced cardiac macrophage infiltration and cardiac inflammatory responses are implicated in Clo effectiveness
(A) Representative fluorescence images of F4/80 and quantification of F4/80 expression. The white arrows indicate F4/80-positive cells (n = 5 per group). Scale

bar: 20 pm.

(B) Western blotting and mRNA expression of TNF-a,, IL-1B, and IL-6 (n = 6 per group).

(C) Western blotting and mRNA levels of MCP-1, ICAM1, and VCAM1 (n = 5-6 per group).
(D) Serum levels of TNF-a, IL-1B, IL-6, and MCP-1 in mice (n = é per group). The data are presented as the mean + SEM. Multiple comparisons were conducted
with one-way ANOVA, followed by Tukey's pairwise test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the CON group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the DM

group; ns (no significant difference).
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Figure 6. Clo-induced Nrf2 pathway activation prevents DM-induced cardiac oxidative stress damage

(A) Western blotting and quantitative analysis of nuclear Nrf2 (nNrf2), Keap1, CAT, HO-1, and NQO-1 (n = 5-6 per group).

(B) RT-gPCR and quantitative analysis of Nrf2, CAT, HO-1, and NQO-1 expression (n = 6 per group).

(C) The levels of SOD, CAT, GSH, MDA, and 3-NT in heart tissues (n = 5 per group). The data are presented as the mean + SEM. Multiple comparisons were
conducted with one-way ANOVA, followed by Tukey's pairwise test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the CON group; #p < 0.05, ##p < 0.01,
###p < 0.001 vs. the DM group; ns (no significant difference).

cell model. Subsequently, the CCK-8 method was used to assess the viability of AC16 cells after exposure to varying concentrations of Clo
(ranging from 0 to 100 uM). No significant differences in cell viability were observed (Figure S2B). RT-gPCR was used to assess the mRNA
expression of Nrf2 in AC16 cells after treatment with various concentrations of Clo (ranging from 0 to 50 uM) for 24 h; when the Clo concen-
tration was greater than 10 uM, the mRNA expression of Nrf2 in AC16 cells was significantly increased (Figure S3). Based on our findings and
those of previous studies,*'® we selected a concentration of 10 uM Clo for further assessment of its impact on diabetes-induced cellular
damage.

As shown in Figure S4A, the size of cardiomyocytes induced by glucolipotoxicity was significantly larger than that in the negative control
(NC) group. However, treatment with Clo attenuated the glucolipotoxicity-induced cardiac hypertrophy. Additionally, we observed that the
protein levels of MYH7 and ANP were significantly increased in the PA + HG group, and these increases were prevented by Clo treatment
(Figure S4B). The ROS level in the PA + HG group was significantly elevated, and this increase was alleviated by Clo treatment (Figure S4C).
Further examination revealed that the markedly decreased protein levels of Nrf2, HO-1, and NQO-1 in the PA + HG group were elevated by
Clo treatment (Figure S4D).
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DISCUSSION

To date, emerging evidence has highlighted the critical roles of the inflammatory response, ROS, and cardiac fibrosis in the development of
DCM.?”?1° Clo, an oral antiplatelet drug that irreversibly binds to P2RY12, confers various biological benefits, including anti-inflammatory,
antioxidant, and antifibrotic effects.*”"” Consequently, this study investigated the potential of Clo to prevent DCM in db/db mice and eluci-
dated the underlying mechanism involved. These results demonstrated that Clo mitigated DM-induced cardiac dysfunction and hypertrophy;
alleviated cardiac fibrosis by inhibiting the TGF-B/Smad pathway, macrophage infiltration, and inflammatory responses; and reduced cardiac
ROS accumulation through activation of the Nrf2 pathway.

In our investigation, the increased dosage of Clo (20 mg/kg/day per mouse) surpassed the recognized standard human treatment
threshold of 75 mg. The selection of the higher dosage in our study was informed by prior investigations in murine models.””?® These studies
demonstrated that 5 mg/kg/day Clo effectively suppressed angiotensin ll-induced vascular remodeling in mice, while 20 mg/kg/day Clo
improved diabetes-induced renal fibrosis. Accordingly, our study employed these escalating doses (5/10/20 mg/kg/day) of Clo to explore
their effects on DCM. Additionally, it has been reported that 60 mg/kg/day of Clo has been used to explore its effects on renal fibrosis.™
The study demonstrated that Clo treatment inhibits unilateral ureteral obstruction-induced renal fibrosis in a dose-dependent manner,
with the most effective dose identified as 60 mg/kg/day. Moreover, the translation of dosages from animal models to humans involves com-
plex factors such as metabolic rate, bioavailability, and species-specific responses. The purpose of our study was not to establish a direct cor-
relation between animal dosage and human therapeutic dose but rather to examine the potential protective effects of Clo across a range of
concentrations. Additionally, these studies indicated that the effective dosage of Clo varies across different mouse disease models and that
the effect of Clo may increase with increasing dosage. This observation highlights the dose-dependent effect of Clo in mouse disease models,
providing valuable insights into the biological effects and mechanisms of Clo. However, it is challenging to balance the bleeding risk asso-
ciated with high doses of Clo. Therefore, in our study, based on previous research, we selected a dose range that has been reported to be
safe. Additionally, we conducted a specific examination of blood clotting time after treatment with various doses of Clo. The results indicated
that, as the dose of Clo increased, the blood clotting time tended to increase. We consider this experimental outcome to be a crucial indicator
of the correlation between Clo dosage and bleeding risk. Thus, in the DM-induced DCM model in db/db mice, the effectiveness of Clo in
improving myocardial fibrosis in diabetic mice increased with higher doses, particularly within the range of 5-20 mg/kg/day.

Cardiac fibrosis is an important hallmark of DCM, and ECM generation is a key marker of cardiac fibrosis. Cardiac fibrosis is mediated
mainly by cardiac fibroblasts, which are abundant in the myocardium and are normally in an inactive state. Following cardiac injury, cardiac
fibroblasts undergo differentiation into contractile myofibroblasts.'*?” Furthermore, differentiation of fibroblasts to myofibroblasts can be
triggered by various cytokines, including TGF-B and platelet-derived growth factor (PDGF), which are secreted by immune cells.”*** In addi-
tion to resident cardiac fibroblasts, cells derived from epithelial and endothelial origins can undergo a transition to a myofibroblast phenotype
through epithelial-to-mesenchymal transition and endothelial-to-mesenchymal transition, respectively. This process is regulated by growth
factors, including fibroblast growth factor and PDGF."**'~** These transformed cells with a myofibroblast phenotype and myofibroblasts are
characterized by the expression of contractile protein such as a-SMA and the secretion of large amounts of ECM. The components of the ECM
include collagen, elastin, fibronectin, and laminin, among which collagen deposition (especially that of type-l and type-Ill collagens) is a vital
feature of cardiac fibrosis."> ECM deposition results in heightened cardiac stiffness and diminished ventricular compliance, subsequently
compromising the normal diastolic and systolic functions of the heart and ultimately contributing to heart failure. In our study, we observed
excessive deposition of ECM components, such as collagen |, collagen lll, and fibronectin, in the cardiac tissue of diabetic mice, and this ECM
deposition was decreased by Clo treatment. We additionally noted substantial activation of a-SMA+ myofibroblasts, coinciding with an in-
crease in TGF-B1 in the cardiac tissue of diabetic mice, and these changes were reversed by Clo treatment. These results illustrated that Clo
could alleviate cardiac fibrosis induced by a-SMA+ myofibroblasts via blocking TGF-B1 in DM mice. Despite robust evidence supporting the
central role of TGF-p in driving collagen gene expression and the complete inhibition of organ fibrosis by TGF-p inhibition alone,” it is imper-
ative to elucidate the mechanism through which Clo inhibits cardiac fibrosis via the TGF-B1 pathway. Accordingly, we assessed both Smad-
dependent and Smad-independent signaling pathways. Substantial evidence suggests that inhibiting the TGF-B1/Smad3 pathway can miti-
gate myocardial fibrosis in diabetic mice.**> Consistent with these findings, we found that Clo alleviated cardiac fibrosis in DCM by inhibiting
the TGF-B1/Smad3 signaling pathway. Additionally, the ERK, JNK, and p38 signaling pathways were activated in the cardiac tissue of diabetic
mice, and Clo treatment suppressed the phosphorylation of ERK and JNK. However, Clo had no effect on P38 signaling in the cardiac tissue of
diabetic mice. Prior research has demonstrated that Smad3 functions as a transcription factor, enhancing P2RY12 expression by binding to its
promoter.'* Extensive evidence has demonstrated that treatment with Clo, known for its P2RY12 inhibitory effects, impedes the release of
inflammatory markers that facilitate myocardial remodeling.'’"'® Additionally, knockout of the P2RY12 gene in mice alleviated cardiac remod-
eling and enhanced cardiac function."” In our study, the expression of the P2RY12 protein increased concurrently with the increase in the TGF-
B1 and p-Smad3 levels in diabetic hearts, and Clo treatment mitigated the DM-induced upregulation of P2RY12. Therefore, we deduced that
P2RY12 is involved in the TGF-B1/Smad3/P2RY12 signaling cascade in DCM.

Another crucial aspect of the pathogenesis of DCM involves a substantial increase in macrophage infiltration and the overexpression of
inflammatory cytokines in diabetic hearts.””"*> Our study revealed an increase in macrophage infiltration in the heart of diabetic mice, and
Clo treatment effectively mitigated this increase. A heightened abundance of macrophages can induce cardiac fibrosis either by activating
cardiac fibroblasts or through the acquisition of a fibrogenic phenotype following cardiac injury.'”***” Additionally, these cells contribute
to ventricular fibrosis and provoke inflammatory responses in the heart by releasing various fibrogenic mediators ' and inflammatory cytokines,
including TNF-a, IL-1B, and IL-6. Prolonged hyperglycaemia additionally elevates the levels of inflammatory cytokines (TNF-a, IL-1B, and IL-6),
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MCP-1, and cell adhesion molecules ICAM1 and VCAM1) in diabetic hearts.”” In addition, TNF-o indirectly regulates the expression of ICAM1
and VCAM1. Consequently, these increased inflammatory responses expedite structural and functional deterioration in the diabetic heart.

Our findings demonstrated that the onset of diabetes led to significant elevations in the protein levels of TNF-g,, IL-18, IL-6, MCP-1, ICAM1,
and VCAMT1 in the diabetic heart, all of which were mitigated by Clo treatment. These findings suggest that Clo treatment attenuates dia-
betes-induced macrophage infiltration and reduces the secretion of inflammatory cytokines and adhesion molecules, thereby protecting
the heart from damage associated with the inflammatory response. Moreover, P2RY12 has been identified on the surface of macrophages,
and therapies directed at P2RY12 have been shown to diminish macrophage infiltration.'*'” Patients with diabetes exhibit heightened
platelet activity, and the platelet P2RY12 level is four times greater in individuals with T2DM than in their healthy counterparts.*® Previous
studies have shown that TGF-B can also be produced by macrophages, parenchymal cells (such as fibroblasts), and platelets during tissue
repair,za"g(7 and the function of TGF-B can be enhanced by PDGF. In addition, upon its release from activated platelets, PDGF significantly
contributes to fibroblast-to-myofibroblast differentiation, and therapies targeting PDGF have been shown to inhibit fibrosis.”**” Thus, we
inferred that Clo could inhibit a-SMA+ myofibroblast-driven fibrosis by suppressing platelet activation and the subsequent secretion of
PDGF and TGF-B1. Additionally, the inhibition of the TGF-B/Smad/P2RY12/macrophage pathway is implicated in cardiac fibrosis and cardiac
inflammatory responses.

ROS are considered primary instigators of DCM. Earlier investigations have shown that elevated ROS levels induced by hyperglycaemia
contribute to both cardiac dysfunction and fibrosis in diabetic rats.""'? The Nrf2 pathway and its downstream genes play crucial roles in
providing substantial protection against DCM associated with ROS-induced injury. A previous study from our research group demonstrated
that activating the Nrf2 signaling pathway ameliorated cardiac fibrosis in DCM.” Furthermore, an additional study reported that Clo exhibits
antioxidant and anti-inflammatory effects through the activation of Nrf2 signaling.'® In the present study, the protein expression of nNrf2 and
its downstream proteins, such as HO-1, NQO-1, and CAT, was suppressed in the cardiac tissue of diabetic mice, whereas Clo treatment
reversed this repression, thereby enhancing antioxidant activity. Substantial evidence indicates that the accumulation of ROS can contribute
to cardiac fibrosis by facilitating the production and activation of TGF-B and promoting the differentiation of cardiac fibroblasts into myofi-
broblasts.”*?” The accumulation of ROS promotes the phosphorylation of the TGF-p receptor, thereby activating downstream signaling even
in the absence of TGF-B.*” Treatment targeting the Nrf2 pathway attenuates cardiac fibrosis by inhibiting cardiac fibroblast activation and
proliferation.?” Therefore, we hypothesized that Clo treatment attenuated diabetes-induced ROS accumulation by activating the Nrf2
pathway, further inhibiting TGF-B. Based on our study, we observed a trend suggesting that high-dose Clo treatment may be more effective
in diabetic mice than it is in normal mice. This is supported by higher levels of Nrf2, CAT, HO-1, and NQO-1 in the high-dose Clo group
compared to the normal control group. However, it is crucial to note that this observed trend was not statistically significant. In addition,
in our in vitro experiments, RT-gPCR was used to evaluate the mRNA expression of Nrf2 in AC16 cells after exposure to varying concentrations
of Clo. Our findings revealed a positive correlation between the concentration of Clo and the upregulation of Nrf2 mRNA expression. Conse-
quently, to delve deeper into the comparison of high-dose Clo treatment effectiveness versus normal mice, an assessment of the protective
effects of higher Clo doses (40 mg/kg/day, 60 mg/kg/day) on DCM in diabetic mice is warranted.

DM has a substantial global burden, affecting more than 0.5 billion adults globally.”” DCM and coronary heart disease are considered
critical cardiovascular complications associated with diabetes. Clo has been widely applied in the treatment of coronary heart disease,
and it significantly decreases cardiovascular events in patients with T2DM.*" Our findings indicate that Clo protects against DCM by prevent-
ing cardiac fibrosis and dysfunction, providing robust evidence supporting its use in the primary and secondary prevention of cardiovascular
events in high-risk patients with diabetes.

In summary, Clo ameliorates cardiac fibrosis through its influence on various cardiac cell types, including platelets, cardiac fibroblasts, and
macrophages. Cardiac fibroblasts play a pivotal role in cardiac fibrosis by transforming into myofibroblasts and synthesizing and secreting
ECM, thereby inducing fibrosis and stiffening of cardiac tissue. As an antiplatelet medication, Clo acts by irreversibly binding to P2RY12 on
platelets. By regulating the secretion of PDGF and TGF-B1 from platelets, Clo modulates the activity of cardiacfibroblasts. This regulatory effect
inhibits the differentiation of cardiac fibroblasts into myofibroblasts, thereby mitigating their contribution to cardiac fibrosis. Additionally,
emerging evidence indicates that P2RY12 is not exclusive to platelets but is also present on the surface of macrophages. The ability of macro-
phages to induce cardiacfibrosis by either activating fibroblasts or acquiring a fibrogenic phenotype following cardiacinjury can be influenced
by therapies targeting P2RY12. Treatment directed at P2RY12 has been shown to reduce macrophage infiltration, thereby further supporting
the role of Clo in ameliorating cardiac fibrosis through its impact on macrophages. This study provides valuable insights into the potential ther-
apeutic mechanisms of Clo in mitigating cardiac fibrosis, offering a promising avenue for the treatment of cardiovascular complications.

Conclusions

In summary, our findings suggested that Clo protects against DCM by inhibiting cardiac fibrosis, inflammatory responses, and oxidative stress
in db/db mice. The mechanism of this protective effect involves the inhibition of TGF-B1/Smad3/P2RY12 signaling, the suppression of macro-
phage infiltration, and the activation of the Nrf2 signaling pathway (Figure 7). Furthermore, Clo is expected to be an effective treatment for
DCM, especially in patients with diabetes complicated by coronary heart disease.

Limitations of the study

Our study has several limitations. First, we inferred that Clo might inhibit a-SMA+ myofibroblast-driven fibrosis by reducing platelet activation
and the subsequent secretion of PDGF and TGF-B1, but PDGF expression and the degree of platelet activation were not evaluated in our
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Figure 7. Mechanism for the protective effects of clopidogrel on DCM

T2DM-induced inflammatory responses, ROS accumulation, and cardiac fibrosis are hallmark mediators of DCM development. Clopidogrel attenuates DM-
induced ROS accumulation by activating Nrf2 and its downstream effects (HO-1, NQO-1, SOD, and CAT). Clopidogrel attenuated the DM-induced increase
in macrophage infiltration and hyperactive platelets by inhibiting P2RY12. Along these lines, the DM-induced increase in the expression of TGF-B1, which is
partly secreted by macrophages and platelets, was inhibited by clopidogrel treatment. Diabetes-induced cardiac fibrosis can be alleviated by clopidogrel
treatment via repression of the TGF-B1/Smad3/P2RY12 pathway.

study. Second, a critical limitation of our study is the lack of validation or assessment of the proposed mechanism in cardiac fibroblasts. We
plan to conduct pertinent experiments in future research to investigate the action of Clo at the cardiac fibroblast level, thereby providing a
more comprehensive understanding of the underlying mechanisms involved. Third, our experimental results demonstrate a protective effect
of Clo against T2DM-induced DCM in mice. However, there is currently a lack of relevant clinical population data. Therefore, before directly
applying it to clinical practice, further evaluation is needed to assess the performance of Clo in terms of dosage safety and efficacy.
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Antibodies are listed in Table S1 This paper N/A

Chemicals, peptides, and recombinant proteins

Clopidogrel

DMEM, low-glucose (5.5 mM of D-glucose)
D-glucose

Palmitic acid

Wheat germ agglutinin
Rhodamine-Phalloidin

Protease and Phosphatase Inhibitor Cocktail
RIPA buffer

Enhanced BCA Protein Assay Kit

MedChemExpress, USA

Procell, China

Procell, China

Kunchuang Biotechnology, China
Sigma-Aldrich, USA

Servicebio, China

NCM Biotech, China

Beyotime, China

Beyotime, China

Cat# HY-15283
Cat# PM150220
Cat# PB180418
Cat# KC002

Cat# L4895

Cat# G1249-100T
Cat# P002

Cat# PO013B
Cat# POO10

Critical commercial assays

Mouse TNF-alpha ELISA Kit
Mouse IL-1 beta ELISA Kit

Mouse IL-6 ELISA Kit

Mouse MCP-1 ELISA Kit

CK Activity Assay Kit

Mouse CK-MB ELISA Kit

Mouse LDH ELISA Kit
3-NT(3-Nitrotyrosine) ELISA Kit
Lipid Peroxidation MDA Assay Kit
Catalase Assay Kit

GSH and GSSG Assay Kit

Total SD Assay Kit with WST-8
Animal Total RNA Isolation Kit
Reverse Transcription System Kit
2xRealStar Fast SYBR qPCR Mix (Low ROX)
Cell Counting Kit-8

ROS Assay Kit (DCFH-DA probe)

Proteintech, China

Proteintech, China

Proteintech, China

Proteintech, China

Elabscience Biotechnology Co., Ltd, China
Elabscience Biotechnology Co., Ltd, China
Elabscience Biotechnology Co., Ltd, China
Elabscience Biotechnology Co., Ltd, China
Beyotime, China

Beyotime, China

Beyotime, China

Beyotime, China

Foregene, China
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Cat# S0053

Cat# S0101S

Cat# RE-03014
Cat# REF05101
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Experimental models: Cell lines

AC16 cells

EK-Bioscience Biotechnology Co., Ltd, China

Cat# CC-Y1760; RRID: CVCL_4U18

Experimental models: Organisms/strains

Mouse: C57BLKS db/db (C57BLKS—Lepr'/') Gempharmatech Co., Ltd, China Cat# T002407
Oligonucleotides

Primers are listed in Table S2 This paper N/A

Software and algorithms

GraphPad Prism 8 software GraphPad Software Inc., San Diego, CA, USA N/A

ImageJ software US National Institutes of Health, Bethesda, MD, USA N/A

14 iScience 27, 109134, March 15, 2024



iScience ¢? CellPress
OPEN ACCESS

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, He Cai (caihe 19@
mails.jlu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e Data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Mouse models

Four-week-old male db/m (C57BLKS/JGpt) and db/db (Strain NO. T002407, BKS-Leprem2Cd479/Gpt) mice were purchased from
GemPharmatech Co., Ltd (Jiangsu, China). The db/db mouse line has been extensively employed as a model for as a model for investigating
type 2 diabetes,"”* including for the studies on DCM of type 2 diabetes.”>™’ Mice were housed at the School of Translational Medicine, Jilin
University, under standard conditions (22°C, 12-h/12-h light/dark cycle) with ad libitum access to food and water. All animal experiments were
approved by the ethics committee of the First Hospital of Jilin University and conformed to the internationally accepted principles for the care
and use of laboratory animals. The experimental procedure is presented in Figure S4. All mice were fed until 3 months of age without any
treatment, and this time point was defined as the baseline. The mice were divided into six groups as follows: (1) db/m mice + vehicle
(CON group), (2) db/m mice + middle-dose Clo (10 mg/kg/day) treatment (CON + Clo group), (3) db/db mice + vehicle (DM group), (4)
db/db mice + low-dose Clo (5 mg/kg/day) treatment (DM + Clo L group), (5) db/db mice + middle-dose Clo (10 mg/kg/day) treatment
(DM + Clo ™ group), and (6) db/db mice + high-dose Clo (20 mg/kg/day) treatment (DM + Clo H group). The mice were administered Clo
or vehicle daily by gavage for 5 months. At the end of the experiment, the mice were intraperitoneally anaesthetized with pentobarbital
and sacrificed to collect blood and cardiac ventricular tissues for subsequent experiments. Starting at the cardiac apex and parallel to the
base of the heart, approximately 20 mg of apical tissue was collected for mRNA analysis, after which approximately 3 mm thick circular heart
tissue was collected for histological analysis. The remaining cardiac ventricular tissues were subjected to Western blot analysis. Clo, sourced
from MedChemExpress (HY-15283, Monmouth Junction, NJ, USA), was administered at varying doses (5/10/20 mg/kg/day) based on previ-
ous studies.””***® Those studies demonstrated that 5 mg/kg/day Clo effectively suppressed angiotensin Il-induced vascular remodelling in
mice, while 20 mg/kg/day Clo improved diabetes-induced renal fibrosis. Consequently, our study employed these escalating doses (5/10/
20 mg/kg/day) of Clo to explore their effects on DCM. All experiments involving mice were conducted in accordance with the ethical guide-
lines of the Animal Ethics Committee of First Hospital of Jilin University.

Cell lines and cell culture

The AC16 human cardiomyocyte cell line was obtained from EK-Bioscience Biotechnology Co., Ltd. (CC-Y1760, Shanghai, China) and vali-
dated by the STR profiling method. The cells were cultured in low-glucose (5.5 mM D-glucose) Dulbecco’s modified Eagle’s medium
(DMEM; PM150220, Procell, Wuhan, China) supplemented with 10% foetal bovine serum (164210-50, Procell) and 1% penicillin/streptomycin
(PB180120, Procell) in a humidified incubator with 5% CO2 at 37°C. The glucolipotoxicity-induced injury of cardiomyocytes by PA + HG has
been widely used for in vitro studies of diabetic cardiomyopathy.*”*° Thus, the AC16 cells were treated as follows: (1) NC group: 5 mM glucose
and solvent control of PA; (2) PA + HG group: 300 uM PA (KC002, Kunchuang Biotechnology, Xian, China) and 33 mM HG (PB180418, Procell);
(3) PA + HG + Clo group: 300 uM PA, 33 mM HG, and 10 uM Clo. In the present study, AC16 cells were pretreated with 10 pM Clo for 1 h and
subsequently exposed to 33 mM HG + 300 uM PA for 48 h.

METHOD DETAILS
Echocardiography

Cardiac function was assessed via transthoracic echocardiography. Briefly, mice were anesthetized with pentobarbital after their chest hair
was shaved, and the mice were laid flat on their backs on a plate. Left ventricular EF, left ventricular FS, LVPWd, LVIDd, and the MV E/A ratio
were measured via echocardiography.

Blood glucose levels and blood clotting times

Blood glucose levels (3-h fasting blood glucose) and blood clotting time were measured through the tail vein of the mice. Blood clotting time
was measured by a mouse tail vein bleeding assay.”’ Briefly, the mice were anesthetized with pentobarbital, and their tails were cleaned with a
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sterile cotton ball. Next, the tail of each mouse was cut 1-2 mm from the tip and immediately immersed in saline (at 37°C), after which the
bleeding time was recorded.

Measurement of serum lipid levels in mice

Total cholesterol (A111-1-1, Nanjing Jiancheng, Jiangsu, China) and triglyceride (A110-1-1, Nanjing Jiancheng) levels in the serum samples
were measured via commercial kits following the manufacturer’s protocols.

Measurement of inflammatory marker levels in serum

To assess the inflammatory response in mice, mouse ELISA kits were used to measure the serum levels of TNF-a. (KE10002, Proteintech), IL-1B
(KE10003, Proteintech), IL-6 (KE10091, Proteintech), and MCP-1 (KE10006, Proteintech) according to the manufacturer’s protocol.

Evaluation of cardiac marker levels in serum

The serum levels of cardiac biomarkers, including CK (E-BC-K558-S, Elabscience Biotechnology Co., Ltd., Wuhan, China), CK-MB (E-EL-
MO0355¢, Elabscience Biotechnology Co., Ltd.), and LDH (E-EL-M0419c, Elabscience Biotechnology Co., Ltd.), were measured in mice using
commercial kits and according to the manufacturer’s protocol.

Assessment of oxidative stress

SOD and CAT are the dominant antioxidant enzymes in the body, and they eliminate oxygen radicals to reduce oxidative damage. GSH is a
nonenzymatic antioxidant, and its content reflects the antioxidant capacity of the body to a certain extent. As oxidative stress can lead to lipid
peroxidation, the levels of the lipid peroxidation product MDA can reflect the extent of lipid peroxidation. To assess oxidative stress levels in
mouse heart tissue, GSH (50053, Beyotime, Shanghai, China), SOD (S0101S, Beyotime), CAT (S0051, Beyotime), MDA (S0131S, Beyotime), and
3-NT (E-EL-0040c, Elabscience Biotechnology Co., Ltd.) levels were measured using commercial kits according to the manufacturers’
instructions.

Histology

The collected cardiac ventricular tissues were fixed with 4% paraformaldehyde and embedded in paraffin. Hematoxylin and eosin (H&E), Mas-
son (G1006, Servicebio, Wuhan, China), immunohistochemistry, immunofluorescence, and WGA staining were performed on paraffin-
embedded sections. Images of the stained sections were captured through observation under an inverted light microscope or fluorescence
microscope (IX73, Olympus, Japan). Six different fields per section were randomly chosen for analysis using ImageJ software (US National
Institutes of Health, Bethesda, MD, USA).

Immunohistochemistry

For immunohistochemical staining, after antigen repair, endogenous peroxidase blocking with 3% hydrogen peroxide solution, and serum
closure with 3% BSA, the slides were incubated with primary antibodies against COLTA1 (1:500, ab138492, Abcam, Cambridge, UK), TGF-B1
(1:500, ab215715, Abcam), and Fibronectin (1:500, ab2413, Abcam) overnight at 4°C. Next, the slides were incubated with secondary anti-
bodies conjugated to horseradish peroxidase (HRP) for 1 h and DAB colour developing solution for detection.

Immunofluorescence

For immunofluorescence staining, following heat-induced antigen repair and blocking with 3% BSA, the slides were incubated with F4/80
(29414-1-AP, Proteintech), a-SMA (14395-1-AP, Proteintech), or CD90 (P01831, Servicebio) primary antibody overnight at 4°C, followed by in-
cubation for 1 h at room temperature with the secondary antibody and staining with DAPI for 10 min.

WGA staining

For WGA staining, after heat-induced antigen repair with EDTA antigen repair buffer, the slides were incubated with FITC-conjugated WGA
(L4895, Sigma—Aldrich, St. Louis, MO, USA) for 1 h at 37°C, followed by staining with DAPI for 10 min.

Nuclear protein extraction

Nuclear protein was extracted using a Nuclear Protein Extraction Kit (PO027, Beyotime) according to the manufacturer’s protocol.

Western blotting

Protein was extracted from cardiac ventricular tissue or AC16 cells in RIPA buffer (P0013B, Beyotime), which included protease and phospha-
tase inhibitors (P002, NCM Biotech). The protein concentration was determined using a BCA assay kit (P0010, Beyotime). Subsequently, 30 pg
of total protein was separated on SDS-PAGE gels at 80-120 V and transferred onto PVDF membranes (IPVH00010, Merck KGaA, Darmstadt,
Germany) with a 0.45-um pore size at 100V for 1-2 h based on the molecular weight of the target protein. The membranes were blocked in 5%
nonfat milk for 2 h at room temperature, followed by an overnight incubation with the primary antibody at 4°C. Subsequently, the membranes
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were incubated with the corresponding HRP-conjugated secondary antibodies for 1 h at room temperature, after which the proteins were
detected using an enhanced chemiluminescence (ECL) detection kit (Bio-Rad, Hercules, CA, USA). The original grey levels determined by
Western blotting were analysed using ImageJ software, and the ratio of the grayscale value of the target protein to the grayscale value of
the reference protein was calculated. This ratio serves as a quantitative representation of the relative expression levels. The antibody dilution
information is provided in Table S1.

Real-time qPCR

Total RNA was extracted from heart tissue or cells using an Animal Total RNA Isolation Kit (RE-03014, Foregene, Chengdu, China) or a Cell
Total RNA lIsolation Kit (RE-03111, Foregene). Total RNA was reverse transcribed into cDNA using a Reverse Transcription System Kit
(REF05101, Monad, Wuhan, China). Real-time gPCR was performed using SYBR Green (A303, GenStar, Tianjin, China). The expression of
the target genes was normalized to that of the reference gene GAPDH and quantified using the 27227 method. The primer sequences
are listed in Table S2.

Cell viability assay

Cell proliferation was assessed using a CCK-8 (C4005, NCM Biotech, Suzhou, China) according to the manufacturer’s instructions. Briefly,
100 pL of cell suspension containing 6,000 cells was seeded in 96-well plates and treated with PA + HG or Clo at increasing concentrations
for 48 h. Then, the cell culture medium was changed, and 10 pL of CCK-8 solution was added to each well, followed by incubation at 37°Cin a
5% CO2 atmosphere for 1-2 h. Absorbance at 450 nm was measured to determine cell viability.

Rhodamine-phalloidin staining

AC16 cells were fixed with 4% paraformaldehyde at room temperature for 30 min and then permeabilized with 0.3% Triton X-100 for 10 min,
followed by staining with rhodamine-phalloidin (G1249-100T, Servicebio) at a final concentration of 100 nM for 30 min. DAPI was used to stain
the nucleus. Images were acquired by observation under an inverted fluorescence microscope (IX73, Olympus, Japan) and analysed using
ImageJ software.

ROS levels in the cells

Intracellular ROS contents were measured via DCFH-DA fluorescence staining (S0033S, Beyotime) according to the manufacturer’s protocol.
Fluorescence images were collected using an inverted fluorescence microscope (IX73, Olympus, Japan) and analysed using ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as the mean + SEM. Multiple comparisons were performed using one-way analysis of variance (one-way ANOVA),

followed by Tukey's test for pairwise multiple comparisons. All the statistical tests were two-tailed, and P < 0.05 was considered indicative
of statistical significance. GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA) was used to perform the data analysis and

graphing.
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