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Celastrol attenuates streptozotocin-induced 2
diabetic cardiomyopathy in mice by inhibiting
the ACE / Ang Il / AGTR1 signaling pathway

Xuyong Zhao', Bingwu Huang?, Jianhua Zhang', Wenjun Xiang? and Ning Zhu'"

Abstract

Background Heart failure is closely correlated with diabetic cardiomyopathy (DCM) and can lead to mortality.
Celastrol has long been utilized for the treatment of immune and inflammatory disorders. However, whether celastrol
would exert protective effects on DCM has not been determined. This work aimed to explore the protective actions of
celastrol on DCM and unravel the underlying mechanisms involved.

Methods A DCM model was constructed in mice by intraperitoneal administration of streptozotocin. ELISA and
echocardiography were performed to examine myocardial injury markers and cardiac function, respectively.
Morphological changes and fibrosis were assessed using H&E staining and Masson’s staining. Inflammatory cytokines
and fibrotic markers were detected by ELISA and RT-PCR. Endothelial nitric oxide synthase, apoptosis, and reactive
oxygen species were detected by microscopic staining. Network pharmacology approaches, molecular docking
analysis, ELISA, and Western blot were used for mechanism studies.

Results Celastrol alleviated diabetes-induced cardiac injury and remodeling. Celastrol also suppressed diabetes-
induced production of inflammatory cytokines and reactive oxygen species, as well as cardiomyocyte apoptosis.
The cardioprotective effects of celastrol were associated with its inhibition on the angiotensin-converting enzyme /
angiotensin Il / angiotensin Il receptor type 1 signaling pathway.

Conclusion Celastrol exhibits significant potential as an effective cardioprotective drug for DCM treatment. The

underlying mechanisms can be attributed to the blockage of celastrol on the angiotensin-converting enzyme
signaling pathway.
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Introduction

Diabetic cardiomyopathy (DCM) refers to cardiomyopa-
thy induced by diabetes but unaccompanied by valvu-
lar disease, coronary artery disease, and hypertension.
Heart failure (HF) is a commonly observed complication
of diabetes that contributes to unfavorable outcomes
in patients diagnosed with DCM [1]. The conventional
approaches to intensive blood glucose control have dem-
onstrated limited effectiveness in reducing the risk of HF
and improving prognosis [2]. The traditional treatment
for HF remains consistent for patients with DCM and
those without. In addition, there is currently no targeted
therapy available for HF associated with DCM. Sodium-
glucose cotransporter 2 inhibitors have emerged as a
promising strategy for treating DCM patients with HF
[3, 4]. Their beneficial effects, however, are independent
of glucose-lowering properties. Hence, it is imperative
to discover and develop novel drugs that can improve
cardiac dysfunction and subsequent HF associated with
DCM.

Tripterygium wilfordii Hook. F. (TWHF) is a traditional
Chinese herb medicine that has gained extensive usage
in the treatment of inflammatory and immune disorders
(i.e., rheumatoid arthritis). Celastrol, the major bioactive
ingredient of TWHF’s root [5], is well known for its abil-
ity to reduce inflammation [6]. It has also demonstrated
therapeutic potential in the management of neurode-
generative diseases and cancers [7]. Celastrol has also
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exhibited therapeutic effects on a number of metabolic
diseases, such as diabetes and obesity, in both cell and
animal models [8, 9]. The mechanisms underlying the
beneficial effects of celastrol are mainly associated with
the TLR3 / NLRP3 inflammasome, the NF-kB and JAK2
/ STAT3 pathways [10-12]. It is well known that TLR3
/ NLRP3 inflammasome, the NF-kB and JAK2 / STAT3
pathways mediated inflammatory diseases [13—15]. How-
ever, whether celastrol would exert protective effects on
DCM remains unknown.

The pharmacological actions of celastrol are considered
to arise from its intervention with classic inflammatory
signaling pathways. Network pharmacology approaches
provide a fundamental strategy for uncovering the mech-
anisms of action of multi-target drugs [16], during which
the data obtained from multiple databases are analyzed
and multiple interaction networks are constructed. Com-
putational molecular docking analysis plays an essential
role in evaluating the potential of drug binding to its
target and deciphering the underlying mechanisms [17].
In this work, we performed animal studies, computa-
tional molecular docking analysis, and network phar-
macology analysis to examine the impact of celastrol on
streptozotocin (STZ)-induced DCM and the molecular
mechanisms involved. The flowchart for study design was
shown in Fig. 1.
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Fig. 1 The flowchart for study design
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Methods

Animal model and treatment

A total of 36 male C57BL/6 mice (weight: 18-22 g,
age: 6-7 weeks) were obtained from Slac Animal Co.,
Ltd. (China). The study procedures were reviewed and
approved by the Wenzhou Medical University Animal
Policy and Welfare Committee (the approval number:
xmsq2022-0704), and the experiments were performed
following the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. 36 mice were used
in the study and 12 mice were in each group Mice were
housed under standardized conditions: 12-h light/dark
cycle, a humidity level of 50+5%, and a temperature of
20%2 C. They were intraperitoneally administered with
50 mg/kg of STZ (S0130, Sigma, USA) or vehicle (citrate
buffer) for five consecutive days. 12 mice were served
as the control group. Fasting blood glucose levels were
recorded seven days after injection, and values higher
than 16.7 mmol/L indicated successful establishment of
the model. Celastrol (S1290; Selleck Chemicals) was dis-
solved in DMSO (Sigma). Diabetic mice were randomly
assigned into the following groups: DCM and celas-
trol+DCM. The DCM group were administered with
DMSO, while the celastrol+DCM group was treated
with 1 mg/kg/2d of celastrol via intraperitoneal injec-
tion. Celastrol treatment was maintained for 16 weeks.
Blood glucose levels and body weight were recorded
every week. Heart tissues were harvested at 16 weeks and
either fixed in 4% paraformaldehyde or kept at —80 °C or
for subsequent analysis.

ELISA

Blood samples from mice were collected via retrobulbar
bleeding and left at ambient temperature for half an hour.
After centrifugation at ambient temperature for 15 min
at 3500 rpm, the serum was obtained and kept at —80 C.
The levels of lactate dehydrogenase, angiotensin II (Ang
II), and serum creatine kinase MB isoenzyme were deter-
mined by ELISA (AssayGenie and Nanjing Jiancheng
Bioengineering Research Institute, China). The concen-
trations of IL-1B, TNF-a, and IL-6, were measured by
ELISA (Beyotime and DAKEWE, China).

Echocardiography

Anesthesia was induced in mice via intraperitoneal
administration of pentobarbital at a dosage of 60 mg/kg.
Mice were anesthetized by isoflurane inhalation before
echocardiography. Noninvasive transthoracic echocar-
diography was then performed to assess cardiac function.
The left ventricular end-systolic diameter (LVESD), ejec-
tion fraction (EF), early mitral diastolic wave/late mitral
diastolic wave ratio, and left ventricular end-diastolic
diameter (LVEDD) were recorded.
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Histopathological analysis

Following sacrifice, heart tissues were harvested from
each mouse to assess cardiac remodeling. The tissues
were embedded in paraffin and sectioned at a thick-
ness of 4 um. Cardiac fibrosis and myocardial injury
were detected by Masson’s staining and hematoxylin
and eosin (H&E) staining, respectively. Cardiac remod-
eling was assessed by a light microscope (Nikon; 400x
magnification).

RT-PCR

Heart tissues were subjected to total RNA extraction.
After reverse transcription, the mRNA levels of type III
collagen (COL3) and type I collagen (COL1) were mea-
sured by RT-PCR using ABI QuantStudio™ 12 K Flex.
The primers are shown in Supplementary Table 1. The
expression level of the analyzed transcript was compared
to that of GAPDH and normalized to the mean value of
the control.

Reactive oxygen species (ROS) analysis

The 4-pm-thick frozen sections of heart tissues were
incubated in ROS solution at 37 °C for half an hour, fol-
lowed by three rinses with phosphate-buffered saline
(PH=7.4). Cell nuclei were dyed with DAPI for 30 min at
ambient temperature, and the fluorescence intensity was
examined using fluorescence microscopy (Model: 80i,
Nikon, Japan).

Apoptosis analysis

The terminal deoxyribonucleotide transferase-mediated
dUTP nick end-labeling (TUNEL) assay kit (Atagenix,
China) was used to detect cardiomyocyte apoptosis. Fol-
lowing dewaxing and rehydrating, 4-pum-thick heart tis-
sue sections were rinsed with phosphate-buffered saline,
permeabilized with 0.02 pg/pL of proteinase K, and sub-
jected to TUNEL staining. The percentages of TUNEL-
positive cells were calculated using a fluorescence
microscope (Olympus, Japan).

Identification of potential targets associated with the
therapeutic effects of celastrol on DCM

The 2D molecular structure and canonical simpli-
fied molecular input line entry system of celastrol were
retrieved from PubChem (HTTPS://pubchem.ncbi.nlm.
nih.gov/). To predict the potential targets of celastrol, the
simplified molecular input line entry system was input-
ted into SwissTargetPrediction (http://www.swisstarget-
prediction.ch) [18]. The Comparative Toxicogenomics
Database [19] and the GeneCards database [20] were
used to obtain the candidate targets of DCM. The thresh-
old value was defined as an inference score greater than
30. The duplicate targets of DCM from both databases
were removed, while the common targets were retained.
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Lastly, the Venn diagram was constructed (https://bioin-
fogp.cnb.csic.es/tools/venny/).

Protein-protein interaction (PPI) network

The PPI network was built using the STRING database
(https://cn.string-db.org/). The relevant data (tsv.) were
exported [21] and then imported into Cytoscape (v3.7.1)
to develop the network of celastrol against DCM.

Gene Ontology (GO) and Kyoto Encyclopedia of genes and
genomes (KEGG) analysis

WebGestalt (http://www.webgestalt.org) [22] was used
for GO and KEGG enrichment analysis that encompasses
the biological process, molecular function, and cellular
component of the effects of celastrol on DCM. The over-
representation analysis method was employed for enrich-
ment analysis. The false discovery rate-adjusted P-values
were calculated, and a value below 0.05 suggested statisti-
cal significance.

Western blot

RIPA buffer supplemented with phosphatase and pro-
tease inhibitors (Beyotime Biotechnology, China) was
used for heart tissues homogenization. Total protein
extract (30-50 pg) was loaded to 8—-12% SDS-PAGE,
transferred onto PVDF membranes, blocked by non-
fat dry milk (5%), and then stained with designated
primary antibodies: angiotensin II receptor type 1
(AGTR1; Proteintech, 1:1000), cleaved-caspase-3 (Cell
Signaling Technology, 1:1000), angiotensin-converting
enzyme (ACE; Proteintech, 1:1000), Bcl-2 (Protein-
tech, 1:1000), Bad (Proteintech, 1:1000), and B-actin
(Proteintech, 1:2000) at 4 °C for 24 h. Subsequently, the
membranes were rinsed with TBST three times and
incubated with goat anti-mouse (Proteintech, 1:1000)
or goat anti-rabbit IgG (Proteintech, 1:1000) second-
ary antibody at ambient temperature for 60 min. The
fluorescence signal was visualized by the ChemiDoc™
XRS+imaging system (Bio-Rad, USA) and quanti-
fied using Image J (v5.0; National Institutes of Health,
USA).

Molecular docking analysis

The 3D chemical structure of celastrol was retrieved
from PubChem and subsequently imported into
ChemBio3D Ultra (v14) for energy minimization. The
crystal structure of ACE, which was acquired from
PDB (https://www.rcsb.org), was decorated by remov-
ing ligands and water motifs using PyMOL (v2.3). Both
the celastrol and ACE structures were imported into
AutoDockTools (v1.5.6) for hydrogen addition, charge
distribution, and charge calculation. Lastly, dock-
ing simulations between celastrol and ACE were per-
formed 10 times using AutoDock Vina (v1.1.2). The
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search space was size_x:60, size_y: 60 and size_z:60.
MM2 was used for energy minimization and bind-
ing ability < -5 was considered as the criteria for ideal
docking result.

Statistical analysis

All values are shown as mean+standard deviation and
analyzed by GraphPad Pro5.0 (GraphPad, USA). Com-
parisons between two groups were analyzed using the
t-test, while multiple group comparisons were con-
ducted using the one-way ANOVA. A p-value below
0.05 indicated statistically significant.

Results

Celastrol attenuates cardiac injury in diabetic mice

The ELISA results demonstrated that the concentra-
tions of myocardial injury markers, lactate dehydro-
genase and serum creatine kinase MB isoenzyme,
were increased in the model animals but decreased
in diabetic mice treated with celastrol (Fig. 2a, b).
H&E staining showed histological abnormalities in
the hearts of diabetic mice, while celastrol treatment
effectively mitigated these abnormalities (Fig. 2c).

Celastrol improves cardiac function in diabetic mice

To assess cardiac function, we measured LVEDD,
LVESD, EF, and ES using echocardiography (Fig. 3a).
Mice treated with STZ exhibited notable cardiac dia-
stolic and systolic dysfunction, including elevated
LVEDD and LVESD (Fig. 3b, c) and reduced EF and FS
(Fig. 3d, e). Celastrol treatment, however, increased
EF and FS and reduced LVEDD and LVESD in diabetic
mice.

Celastrol reduces histological abnormalities and cardiac
fibrosis in diabetic mice

To examine the impact of celastrol on histological
alterations and fibrosis in the hearts of diabetic mice,
we performed Masson’s staining, ELISA, and RT-PCR
analysis to measure fibrotic markers, including TGE-
B, COL1, and COL3. Diabetic mice showed serious
myocardial fibrosis (Fig. 4a) and upregulated levels of
TGE-B, COL1, and COL3 (Fig. 4b—d). However, celas-
trol treatment ameliorated myocardial fibrosis and
downregulated profibrotic markers.

Celastrol mediates oxidative stress and inflammation
induced by diabetes

In model animals, we observed excessive production
of IL-1B, TNF-a, IL-6. However, after celastrol inter-
vention, the levels of these inflammatory cytokines
were decreased (Fig. 5a—c). We also explored the
impact of celastrol on oxidative stress. Immunofluo-
rescence staining showed increased ROS generation
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Fig. 2 The effects of celastrol on diabetes-induced cardiac injury. (A, B) ELISA analysis of heart CK-MB and LDH expression at 16 weeks after STZ injection.
(C) HE staining of heart tissue at 16 weeks after STZ injection. Magnification, 200x. Data are shown as mean +SD. n=6, *P <0.05 vs. Control; # P <0.05 vs.

DCM + celastrol.
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Fig. 3 The effects of celastrol on diabetes-induced. (A) Representative M-mode and Doppler echocardiography images. (B-E) Relative quantification of
cardiac function parameters of mice, including left ventricular end-systolic diameter and end-diastolic diameter (LVESD, LVEDD), ejection fraction (EF),
and early mitral diastolic wave/late mitral diastolic wave (E/A) ratio. Data are shown as mean +SD. n=6, *P <0.05 vs. Control; # P <0.05 vs. DCM + celastrol.
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Fig. 4 The effects of celastrol on diabetes-induced cardiac fibrosis. (A) Representative Masson staining images of the hearts treated by STZ for 16 weeks.
Magnification, 200x. (B) Quantification of ELISA assay of TGF- expression in hearts. (C, D) Quantification of RT-PCR assay of COLT and COL3 mRAN level.
Data are shown as mean+SD. n=6, *P <0.05 vs. Control; # P <0.05 vs. DCM + celastrol.

and decreased expression of antioxidant marker endo-
thelial nitric oxide synthase in the hearts of model
animals (Fig. 5d-g). Administration with celastrol,
however, significantly inhibited the overproduction of
ROS and endothelial nitric oxide synthase.

Celastrol decreases cardiomyocyte apoptosis in diabetic
mice

Excessive ROS generation has been considered a key
contributor to apoptosis [23]. Additionally, our previ-
ous study has also suggested that diabetes may lead to
cardiomyocyte apoptosis [24]. Here, TUNEL staining
demonstrated a remarkable increase in the quantity of
apoptotic cardiomyocytes in mice with diabetes. How-
ever, this increase was reversed by celastrol treatment
(Fig. 6a, c). Moreover, celastrol reversed the upregu-
lation of cleaved-caspase-3 and Bax/Bal-2 in diabetic
mice (Fig. 6b, d-f).

The core targets of celastrol against DCM and the PPI
network

To further elucidate the mechanisms of action of
celastrol in DCM, we performed network pharmacol-
ogy analysis. From the Comparative Toxicogenomics
Database and GeneCards database, a total of 33 com-
mon targets related to DCM and 102 targets related
to celastrol were identified (Supplementary Table 2)
(Fig. 7b, c). Subsequently, four core targets of celastrol
against DCM were determined, including ACE, AT1R,
peroxisome proliferator-activated receptor gamma,

and IL-6. Figure 6d depicts the PPI network of these
candidate targets.

GO and KEGG analysis

To identify the main pathways through which celas-
trol exerts its effect on DCM, we conducted GO and
KEGG enrichment analysis. The data revealed that
biological process was primarily related to the regula-
tion of blood volume via the renin-angiotensin path-
way. Moreover, the renin-angiotensin-aldosterone
system (RAAS) pathway (Fig. 8a) was mainly involved
in the protective impact of celastrol on DCM (Fig. 7d).

Celastrol regulates the ACE / Ang Il / AGTR1 pathway in
diabetic mice
The molecular docking analysis showed that celas-
trol can bind to the docking pocket of ACE (Fig. 9a,
b), with a binding energy of —10.9 kcal/mol. Celastrol
binds to ACE through a binding pocket consisting of
Ala332 (3.25A) and Asp140 (3.09A) (Fig. 9¢). Western
blot and ELISA were then conducted to validate the
findings of network pharmacology analysis. We found
that STZ markedly increased the expression of ACE,
Ang II, and AGTR1, while celastrol treatment signifi-
cantly suppressed the upregulation of these proteins
(Fig. 9c-f).

The mechanisms of the protective effects of celastrol on
DCM is shown in Fig. 10.
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Fig. 5 The effects of celastrol on diabetes-induced inflammation and oxidative stress. (A-C) Quantification of ELISA assay of IL-1(, IL-6 and TNF-a. (D, E)
Representative immunofluorescence staining of ROS and eNOS. Scale bar =20 pm. (F, G) Relative quantification of ROS and eNOS. Data are shown as

mean+SD. n=6, *P <0.05 vs. Control; # P <0.05 vs. DCM + celastrol.

Discussion
The goal of the present work was to examine the pro-
tective effects of celastrol on DCM and identify the
mechanisms involved. To achieve this, an STZ-induced
DCM model was established in mice. Cardiac injury,
dysfunction, and remodeling were assessed to examine
the effects of celastrol on DCM. Additionally, cardiac
oxidative stress and apoptosis in mice with diabetes
were also examined. Moreover, molecular docking and
network pharmacology analyses were performed to
elucidate the pharmacological mechanism of celastrol.
The close relationship between HF and diabetes
has been widely recognized [25]. Effective therapeu-
tic approaches for DCM or diabetes-related HF are
currently limited. The recently developed drug dapa-
gliflozin has demonstrated protective effects that are
not necessarily related to the presence of diabetes,

suggesting a mechanism of cardioprotective action
independent of glucose-lowering properties. Celastrol
derived from TwHF has exhibited remarkable thera-
peutic properties in the treatment of various metabolic
disorders [26, 27]. Recent literature has reported that
celastrol attenuates cardiac dysfunction and remodel-
ing triggered by transverse aortic constriction myo-
cardial infarction and Ang II [26, 28, 29]. Celastrol
has also been considered a therapeutic ingredient for
right ventricular failure induced by pulmonary arterial
hypertension [30]. In agreement with previous find-
ings, our work demonstrated that celastrol alleviates
DCM by improving cardiac injury, remodeling, and
dysfunction, suggesting that celastrol may be an effec-
tive therapeutic option for DCM.

The complex phenotypes under the pathophysiol-
ogy of DCM have been well described in previous
literature [31]. Aberrant cardiac energy metabolism,
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Fig. 6 The effects of celastrol on diabetes-induced apoptosis. (A, C) Representative TUNEL staining images and relative quantification of TUNEL-positive
cell'in the hearts treated by STZ for 16 weeks. Scale bar =20 um. (B, D-F) Representative Western blot images and relative quantification of Bax, Bcl-2
and cleaved-caspase 3 of the hearts treated by STZ for 16 weeks. Data are shown as mean +SD. n=6, *P <0.05 vs. Control; # P <0.05 vs. DCM + celastrol.
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oxidative stress, inflammation, cardiomyocyte apop-
tosis, lipotoxicity, mitochondrial dysfunction path-
ways, and neurohumoral mechanisms are key factors
associated with DCM and HF. Oxidative stress plays
an indispensable role in cardiac inflammation and
remodeling associated with diabetes, resulting from
an imbalance between free radicals and antioxidants
[32, 33]. Increasing data have illustrated that excess
ROS generation contributes to oxidative stress, sub-
sequently leading to contractile cardiomyocyte apop-
tosis, cardiac remodeling, and eventually HF [34, 35].
Celastrol was reported to exert cardioprotective effects
by modulating inflammation, fibrosis, and apoptosis.
In the current study, celastrol suppressed the upregu-
lation of proinflammatory cytokines and induced the
production of anti-inflammatory molecules in mice
with STZ-induced DCM. In addition, celastrol reduced
ROS production and cardiomyocyte apoptosis induced
by STZ stimulation. The above findings suggest that
celastrol protects against DCM by suppressing inflam-
mation, oxidative stress, and apoptosis.

Network pharmacology analysis offers a system-
atic approach to evaluate the potential mechanism of
multitarget drugs by assessing multiple databases and
complex interactions among targets. It has been widely
used in investigating key pathways and molecule tar-
gets for the treatment of various diseases [36]. In this
study, ACE, AGTR1, peroxisome proliferator-activated
receptor gamma, and IL-6 were identified as key tar-
gets of celastrol for DCM treatment. However, GO
and KEGG enrichment analysis implied that the RAAS
pathway may play an important role in the effects
of celastrol against DCM. Celastrol treatment sup-
pressed the upregulation of ACE, Ang II, and AGTR1

in diabetic mice. Diabetes-induced activation of RAAS
in the heart has been observed in both clinical and
preclinical settings. Targeting RAAS through pharma-
cological and gene knockout approaches has proven to
be effective in treating DCM in animal models, imply-
ing the contribution of the RAAS pathway to DCM
[37, 38]. One of the main axes of the RAAS pathway
relies on the production of Ang II by ACE, with the
AT1 receptor as the effector molecule. Hence, the ACE
/ Ang II / AGTR1 axis regulates key biological pro-
cesses in the diabetic heart [39]. The AGTR1 and ACE
inhibitors have been frequently used in clinical prac-
tice, highlighting the critical role of the ACE / Ang II
/ AGTR1 signaling pathway. Hyperglycemia activates
the RAAS pathway, leading to increased oxidative
stress, cardiomyocyte apoptosis, and fibrosis, and ulti-
mately contributing to cardiac dysfunction [40, 41]. In
this work, we observed a reduction in oxidative stress,
cardiomyocyte apoptosis, inflammation, and fibrosis
following the inhibition of the ACE / Ang II / AGTR1
axis. Numerous inflammatory signaling pathways
have been implicated as underlying mechanisms in
celastrol-mediated effects. As far as we are aware, the
targeting of ACE by celastrol has not been previously
reported. Here, the result of molecular docking anal-
ysis showed celastrol may target ACE. We confirmed
that celastrol regulated the ACE / Ang II / AGTR1
signaling pathway by Western blot. Considering that
AGTR1 and ACE inhibitors are essential in HF treat-
ment [42, 43], celastrol may be used as a therapeutic
agent for HF caused by various etiologies. The novel
pharmacological mechanism identified in this study
also provides a theoretical basis for the future use of
celastrol in the management of other diseases.
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Fig.9 The effects of celastrol on ACE/Angll/AGTR1 signaling pathway in DCM. (A, B) The molecular docking simulation of the binding pattern of celastrol
with ACE. (C-E) Representative Western blot images and relative quantification of ACE and AGTR1, n=3. (F) Quantification of ELISA assay of Angll expres-

sion in hearts, n=6. *P <0.05 vs. Control; # P <0.05 vs. DCM + celastrol.

Conclusion and limitation

This study showed that celastrol attenuated cardiac
injury, dysfunction, inflammation, fibrosis, apoptosis,
and oxidative stress in the DCM model. Notably, the
ACE / Ang II / AGTR1 signaling pathway played a sig-
nificant part in the protective effect of celastrol against
DCM. Taken together, our findings provide evidence
supporting the therapeutic efficacy of celastrol in the
management of DCM and reveal a novel pharmaco-
logical mechanism of celastrol. Future research could

be conducted to investigate the effects of celastrol on
other models of HF and potential side effects. Addi-
tional investigations are warranted to explore the
inhibitory activity of celastrol on ACE. In addtion,
positive control/existing treatment and the concentra-
tion gradient were not applied in this study. The tar-
gets of celastrol and DCM were obtained from public
databases, which may lead to inaccurate results. The
protective role of celastrol in the treatment of patients
with DCM and HF should evaluated in future study.



Zhao et al. Diabetology & Metabolic Syndrome

Ang I

Ang 11

AGTRI1

Apoptosis

Fig. 10 The mechanism of celastrol protecting against DCM.

Abbreviations

DCM
HF
TwHF
STZ
Ang I
LVESD
EF
LVEDD
IVSd
LvPwd
H&E
CoL3
coLt
ROS
TUNEL

PPI
GO
KEGG
AGTRI1
ACE
RAAS

Diabetic cardiomyopathy

Heart failure

Tripterygium wilfordii Hook. F.

Streptozotocin

Angiotensin Il

Left ventricular end-systolic diameter
Ejection fraction

Left ventricular end-diastolic diameter
intraventricular septum thickness in diastole
LV posterior wall thickness in diastole
Hematoxylin and eosin

Type lll collagen

Type | collagen

Reactive oxygen species

Terminal deoxyribonucleotide transferase-mediated dot nick
end-labeling

Protein-protein interaction

Gene Ontology

Kyoto Encyclopedia of Genes and Genomes
Angiotensin Il receptor type 1
Angiotensin-converting enzyme
Renin-angiotensin-aldosterone system

(2023) 15:186

Page 11 of 12

» s®

*
)

= (ACE ) Celastrol
Cardiac
IL-6,IL-1B,TNF-a remodeling&

dysfunction

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/513098-023-01159-x.

Supplementary Material 1
Supplementary Material 2

Supplementary Material 3

Author contributions

Xuyong Zhao: Methodology, Writing - original draft, methodology, formal
analysis; Bingwu Huang: Methodology, investigation, writing — editing;
Jianhua Zhang: Methodology, formal analysis, visualization; Wenjun Xiang:
Methodology, resources; Ning Zhu: writing — review and editing, supervision,
project administration.

Funding
This work was supported by Medical Science and Technology Project of
Zhejiang Province (grant no. 2023RC271).

Data Availability

and statement.

The data that support the findings of this study are available from the
corresponding author upon reasonable request.


https://doi.org/10.1186/s13098-023-01159-x
https://doi.org/10.1186/s13098-023-01159-x

Zhao et al. Diabetology & Metabolic Syndrome

(2023) 15:186

Declarations

Ethics approval and consent to participate
All experimental protocols related to animals were approved by the Wenzhou
Medical University Animal Policy and Welfare Committee.

Competing interests
The authors declare no competing interests.

Received: 8 June 2023 / Accepted: 4 September 2023
Published online: 12 September 2023

References

1.

Dannenberg L, et al. Cellular mechanisms and recommended drug-

based therapeutic options in diabetic cardiomyopathy. Pharmacol Ther.
2021,228:107920.

Ritchie RH, et al. Basic Mechanisms of Diabetic Heart Disease. Circ Res.
2020;126(11):1501-25.

Zinman B, et al. Empagliflozin, Cardiovascular Outcomes, and mortality in
type 2 diabetes. N Engl J Med. 2015;373(22):2117-28.

Neal B, et al. Canagliflozin and Cardiovascular and renal events in type 2
diabetes. N Engl J Med. 2017,377(7):644-57.

Venkatesha SH, et al. Celastrol and its role in Controlling Chronic Diseases.
Adv Exp Med Biol. 2016,928:267-89.

Li M, et al. Celastrol: an update on its Hepatoprotective Properties and the
Linked Molecular Mechanisms. Front Pharmacol. 2022;13:857956.

Ng SW, et al. Molecular modulators of celastrol as the keystones for its diverse
pharmacological activities. Biomed Pharmacother. 2019;109:1785-92.

Liu J, et al. Treatment of obesity with celastrol. Cell. 2015;161(5):999-1011.
Feng X, et al. IL1R1 is required for celastrol’s leptin-sensitization and antiobe-
sity effects. Nat Med. 2019;25(4):575-82.

Li Z et al. Celastrol: a Promising Agent fighting against Cardiovascular Dis-
eases. Antioxid (Basel). 2022; 11(8).

Kyriakou E, et al. Celastrol promotes weight loss in Diet-Induced obesity by
inhibiting the protein tyrosine phosphatases PTP1B and TCPTP in the Hypo-
thalamus. J Med Chem. 2018,61(24):11144-57.

Yang X, et al. Celastrol alleviates metabolic disturbance in high-fat diet-
induced obese mice through increasing energy expenditure by ameliorating
metabolic inflammation. Phytother Res. 2021,35(1):297-310.

Ferrero-Andrés A et al. NLRP3 inflammasome-mediated inflammation in
Acute Pancreatitis. Int J Mol Sci. 2020; 21(15).

Sun SC. The non-canonical NF-kB pathway in immunity and inflammation.
Nat Rev Immunol. 2017;17(9):545-58.

Yang NN, et al. Electroacupuncture ameliorates intestinal inflammation by
activating a7nAChR-mediated JAK2/STAT3 signaling pathway in postopera-
tive ileus. Theranostics. 2021;11(9):4078-89.

Nogales C, et al. Network pharmacology: curing causal mechanisms instead
of treating symptoms. Trends Pharmacol Sci. 2022;43(2):136-50.

Liu Q et al. Identification of PIK3CG as a hub in septic myocardial injury using
network pharmacology and weighted gene co-expression network analysis.
Bioeng Transl Med. 2023;8(1):e10384.

Daina A, et al. SwissTargetPrediction: updated data and new features for
efficient prediction of protein targets of small molecules. Nucleic Acids Res.
201947(W1):W357-w64.

Davis AP, et al. Comparative toxicogenomics database (CTD): update 2021.
Nucleic Acids Res. 2021;49(D1):D1138-d43.

Rebhan M, et al. GeneCards: integrating information about genes, proteins
and diseases. Trends Genet. 1997;13(4):163.

Szklarczyk D, et al. STRING v11: protein-protein association networks with
increased coverage, supporting functional discovery in genome-wide experi-
mental datasets. Nucleic Acids Res. 2019;47(D1):D607-d13.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 12 of 12

Liao, et al. WebGestalt 2019: gene set analysis toolkit with revamped Uls
and APIs. Nucleic Acids Res. 2019:47(W1):W199-w205.

Qi B, et al. Akap1 deficiency exacerbates diabetic cardiomyopathy in mice by
NDUFS1-mediated mitochondrial dysfunction and apoptosis. Diabetologia.
2020;63(5):1072-87.

Zhu N, et al. Galectin-3 inhibition ameliorates Streptozotocin-Induced Dia-
betic Cardiomyopathy in mice. Front Cardiovasc Med. 2022;9:868372.
Nakamura K et al. Pathophysiology and treatment of Diabetic Cardiomyopa-
thy and Heart failure in patients with diabetes Mellitus. Int J Mol Sci. 2022;
23(7).

Cheng M, et al. Celastrol-Induced suppression of the MiR-21/ERK signalling
pathway attenuates Cardiac Fibrosis and Dysfunction. Cell Physiol Biochem.
2016;38(5):1928-38.

Xu'S, et al. Celastrol in metabolic diseases: Progress and application pros-
pects. Pharmacol Res. 2021;167:105572.

Der Sarkissian S, et al. Celastrol protects ischaemic myocardium through a
heat shock response with up-regulation of haeme oxygenase-1. Br J Pharma-
col. 2014;171(23):5265-79.

Ye S, et al. Celastrol attenuates angiotensin Il-induced Cardiac Remodeling by
Targeting STAT3. Circ Res. 2020;126(8):1007-23.

Kurosawa R, et al. Identification of Celastrol as a Novel Therapeutic Agent for
Pulmonary arterial hypertension and right ventricular failure through sup-
pression of Bsg (Basigin)/CyPA (cyclophilin A). Arterioscler Thromb Vasc Biol.
2021,41(3):1205-17.

TanYY, et al. Mechanisms of diabetic cardiomyopathy and potential
therapeutic strategies: preclinical and clinical evidence. Nat Rev Cardiol.
2020;17(9):585-607.

Wilson AJ, et al. Reactive oxygen species signalling in the diabetic heart:
emerging prospect for therapeutic targeting. Heart. 2018;104(4):293-99.
TanY, et al. Diabetic downregulation of Nrf2 activity via ERK contributes to
oxidative stress-induced insulin resistance in cardiac cells in vitro and in vivo.
Diabetes. 2011,60(2):625-33.

Zhang B, et al. Peroxiredomin-4 ameliorates lipotoxicity-induced oxidative
stress and apoptosis in diabetic cardiomyopathy. Biomed Pharmacother.
2021;141:111780.

Lin C, et al. FNDC5/Irisin attenuates diabetic cardiomyopathy in a type 2
diabetes mouse model by activation of integrin aV/B5-AKT signaling and
reduction of oxidative/nitrosative stress. J Mol Cell Cardiol. 2021;160:27-41.
Zhang R, et al. Network Pharmacology Databases for Traditional Chinese
Medicine: Review and Assessment. Front Pharmacol. 2019;10:123.

Huynh K; et al. Coenzyme Q10 attenuates diastolic dysfunction, cardiomyo-
cyte hypertrophy and cardiac fibrosis in the db/db mouse model of type 2
diabetes. Diabetologia. 2012;55(5):1544-53.

Dong B, et al. Angiotensin-converting enzyme-2 overexpression improves
left ventricular remodeling and function in a rat model of diabetic cardiomy-
opathy. J Am Coll Cardiol. 2012;59(8):739-47.

Sukumaran'V, et al. Understanding diabetes-induced cardiomyopathy from
the perspective of renin angiotensin aldosterone system. Pflugers Arch.
2022;474(1):63-81.

Zhang M, et al. Angiotensin IV attenuates diabetic cardiomyopathy via
suppressing FoxOT-induced excessive autophagy, apoptosis and fibrosis.
Theranostics. 2021;11(18):8624-39.

Kenny HC, et al. Heart failure in type 2 diabetes Mellitus. Circ Res.
2019;124(1):121-41.

McDonagh TA, et al. 2021 ESC Guidelines for the diagnosis and treatment of
acute and chronic heart failure. Eur Heart J. 2021:42(36):3599-726.
Heidenreich PA, et al. 2022 AHA/ACC/HFSA Guideline for the management
of Heart failure: a report of the American College of Cardiology/American
Heart Association Joint Committee on Clinical Practice Guidelines. J Am Coll
Cardiol. 2022;79(17):e263-e421.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Celastrol attenuates streptozotocin-induced diabetic cardiomyopathy in mice by inhibiting the ACE / Ang II / AGTR1 signaling pathway
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Animal model and treatment
	﻿ELISA
	﻿Echocardiography
	﻿Histopathological analysis
	﻿RT-PCR
	﻿Reactive oxygen species (ROS) analysis
	﻿Apoptosis analysis
	﻿Identification of potential targets associated with the therapeutic effects of celastrol on DCM
	﻿Protein-protein interaction (PPI) network
	﻿Gene Ontology (GO) and Kyoto Encyclopedia of genes and genomes (KEGG) analysis
	﻿Western blot
	﻿Molecular docking analysis
	﻿Statistical analysis

	﻿Results
	﻿Celastrol attenuates cardiac injury in diabetic mice
	﻿Celastrol improves cardiac function in diabetic mice
	﻿Celastrol reduces histological abnormalities and cardiac fibrosis in diabetic mice
	﻿Celastrol mediates oxidative stress and inflammation induced by diabetes
	﻿Celastrol decreases cardiomyocyte apoptosis in diabetic mice
	﻿The core targets of celastrol against DCM and the PPI network
	﻿GO and KEGG analysis


	﻿Celastrol regulates the ACE / Ang II / AGTR1 pathway in diabetic mice
	﻿Discussion
	﻿Conclusion and limitation

	﻿References


