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Pinoresinol diglucoside (PDG), an active component derived from Eucommia ulmoides, exhib-
its therapeutic effects against apoptosis, inflammation, and hypertrophy, etc. However,
whether PDG plays a protective role in diabetic cardiomyopathy (DCM) is not fully elucidated.
This study aimed to investigate the role and potential mechanism of PDG in DCM. The pos-
sible mechanism of PDG targeting DCM was identified by network pharmacology, bioinform-
atics, machine learning and molecular docking methods. The heart function of mice was eval-
uated using echocardiography. The pathological changes in the heart of mice were detected
using H&E staining. Changes of Ca®* fluorescence intensity values in H9c2 cells were assessed
by confocal microscopy. Apoptosis was evaluated by TUNEL staining and flow cytometry. The
expression of DCM-related genes and proteins, both in vivo and in vitro, was examined by qRT-
PCR and Western blot. The results showed that PDG effectively improved the cardiac function
and suppressed cardiac hypertrophy, inflammation, and cardiomyocyte apoptosis caused by
DCM. Intriguingly, molecular docking results revealed that the therapeutic effect of PDG on
DCM was associated with stromal interaction molecule 1 (STIM1), calcium release-activated
calcium channel protein 1 (Orail), and nuclear factor of activated T-cells 3 (NFAT3) signaling.
Consistently, animal experiments results indicated that PDG significantly downregulated the
expression of STIM1, Orail, NFAT3 at the protein level, as well as the associated store-oper-
ated calcium entry (SOCE). Therefore, our findings revealed that PDG can alleviate cardiac hy-
pertrophy, inflammation and apoptosis in DCM by downregulating the STIM1, Orail, and
NFAT3 signaling molecules. Thus, PDG may be a promising therapeutic candidate for treating

DCM.

1. Introduction

Diabetic cardiomyopathy (DCM) is a common myocardial
complication accompanied by ventricular dysfunction and struc-
tural abnormalities in patients with diabetes mellitus (DM)
without coronary artery disease, valve diseases, and hyperten-
sion ", It is characterized by cardiac hypertrophy, fibrosis, inflam-
mation, oxidative stress, apoptosis, and dysregulation of calcium
homeostasis in cardiomyocytes *. Specific therapeutic strategies
or drugs are not available for treating DCM to date. Notably, Li et
al. have recently reported the use of traditional Chinese medicine
(TCM) for the treatment of DCM. TCM modulates multiple path-
ways and targets, with fewer side effects :,

The mechanisms of diabetes-related cardiovascular complic-
ations are complex. Notably, altered endoplasmic reticulum (ER)
Ca®" signaling plays a key role in the pathogenesis of diabetes *.

* Corresponding author.
E-mail address: nzh149@126.com (L. Zhang)
® These authors contributed equally to this work.

https://doi.org/10.1016/S1875-5364(26)61114-4

Store-operated calcium entry (SOCE), an important Ca®*" flux
pathway in cardiomyocytes, is mainly composed of stromal inter-
action molecule 1 (STIM1) and calcium release-activated calcium
channel modulator 1 (Orai1) °. STIM1 is an ER Ca*" sensor, which
functions to monitor and replenish ER-luminal Ca** level through
SOCE, and Orail is mainly involved in the formation of Ca®* path-
ways in the cell membrane °. STIM1 and its isoform (STIM1L) en-
hance SOCE and participate in the pathogenesis of pathological
cardiac hypertrophy ’. In neonatal rat ventricular myocytes, short-
term hyperglycemia suppressed SOCE induced by angiotensin II
(Ang II) or thapsigargin (TG) °. Previous study demonstrated that
platelets from type 2 DM (T2DM) patients with peripheral artery
disease (PAD) exhibited a significant increase in SOCE and the up-
regulation of STIM1 and SERCA3 °. Moreover, the deficiency of
Orail can block hypertrophic signaling in pathologically hyper-
trophic cardiomyocyte '°. Furthermore, the increase of SOCE can
activate a number of Ca**-dependent enzymes and transcription
factors including nuclear factor of activated T cells (NFAT) "',
leading to myocardial hypertrophy, apoptosis, fibrosis, etc '*. Ad-
ditionally, the activation of NFAT3 plays an important role in the

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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development of diabetes-related cardiovascular complications .
Therefore, it was speculated that the STIM1/0rail/NFAT3 signal-
ing may be a therapeutic target in inhibiting the progression of
DCM.

Eucommia ulmoides (http://www.theplantlist.org), a TCM be-
ing tonifying the liver and kidneys and strengthening the sinews
and bones has the multiple therapeutic effects, such as antihyper-
tension, anti-oxidation, anti-inflammatory, and the ability of re-
ducing blood glucose and lipids '*. Additionally, chlorogenic acid
extracted from Eucommia ulmoides has the cardioprotective role
in cardiovascular diseases °. Therefore, these evidences indicate
that Eucommia ulmoides with dual pharmacological properties of
regulating metabolism and protecting the heart, is associated
with the core pathological mechanism of DCM. Pinoresinol digluc-
oside (PDG), a lignan from Eucommia ulmoides, has many phar-
macologic properties, such as anti-hypertensive, anti-endothelial
dysfunction, anti-inflammation, and anti-oxidant properties ‘> ",
In addition, it can ameliorate cardiomyocyte injury related to
myocardial ischemia/reperfusion '*. In a rat model, PDG exerts a
cardioprotective role in attenuating cardiac hypertrophy by
downregulating the Akt/mTOR/NF-kB pathway induced by pres-
sure overload '. However, whether PDG has a protective role in
DCM is not fully elucidated. Rosiglitazone (Rosi), a peroxisome
proliferator-activated receptor agonist, can improve lipid meta-
bolism disorders in diabetic organisms, and alleviate myocardial
damage caused by T2DM *’. Moreover, it is reported that Rosi is a
positive drug to validate the effect of Chinese medicine such as
Zhilong Huoxue Tongyu Capsule on DCM *'. Herein, Rosi was re-
garded as a positive drug to identify the therapeutic effect of PDG
in treating DCM.

Recently, network pharmacology, bioinformatics analysis,
machine learning and molecular docking methods have played
key roles in exploring the therapeutic targets of TCM for disea-
ses “*. In this study, we used network pharmacology, bioinformat-
ics, machine learning and molecular docking methods to identify
the potential mechanism by which PDG targets DCM. Further-
more, we used an in vivo mouse model (db/db mice) and an in
vitro cell model (high glucose-stimulated H9c2 cells) of DCM to
determine the effect of PDG on DCM induced by T2DM. Interest-
ingly, we investigated whether the action of PDG on DCM was me-
diated by the STIM1/0Orail/NFAT3 pathway and its associated
SOCE.

2. Materials and methods

2.1. Preparation of PDG and rosiglitazone (Rosi)

PDG (#63902-38-5; MW 682.67) with a purity of > 99% was
purchased from Chengdu Manster Biotechnology Co. Ltd. (Cheng-
du, China). PDG (2 mg-mL™) and Rosi (20 umol-L™", #HY-17386,
MedChemExpress, NJ, USA) solutions were prepared for the sub-
sequent experiments.

2.2. Chemicals and antibodies

Dulbecco’s modified eagle’s medium (DMEM, #6124116) was
obtained from GIBCO Laboratories (Grand Island, NY, USA). Fetal
bovine serum (FBS) was acquired from BOVOGEN Laboratories
(#2211C, Melbourne, Australia). BCA protein assay reagent was
obtained from Thermo (#23227, MA, USA). Cocktail was pro-
cured from Sigma Chemical Co. (#G2006, St. Louis, MO).
Lipo8000™ Transfection Reagent was obtained from Beyotime
Biotech Co., Ltd. (#C0533, Shanghai, China). The primary anti-
bodies were as follows: STIM1 (#5668, 1:1000), caspase 8
(#4790, 1:1000), caspase 3 (#14220, 1:1000) and NFAT3
(#2183, 1:1000) were purchased from CST (MA, USA); Orail (sc-
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377281, 1:500) was obtained from Santa Cruz Biotechnology
(CA, USA); GAPDH (#60004-1, 1:2000) was purchased from Pro-
teintech (Chicago, USA). The rabbit secondary antibody
(SA00001-2, 1:8000) and mouse secondary antibody (SA00001-
1, 1:8000) were purchased from Proteintech (Chicago, USA).
TUNEL BrightGreen Apoptosis Detection Kit (A112-01, Vazyme
Biotech Co., Ltd., Nanjing, China), BD PhalrmingenTM FITC Annex-
in V Apoptosis Detection Kit I (#556547, BD Biosciences, San
Jose, CA) and Fluo-4, AM (F14201, Invitrogen, USA) were ob-
tained commercially. The synthesis of primers Anp, Bnp, -Mhc, 1I-
1B, 1I-6, Tnf-a, and Gapdh was performed by Sangon Bio (Shang-
hai, China) from ZSGB-BIO. The small interfering RNA (siRNA)
targeting Stim1 or Orail was synthesized by Gene Pharma Co. Ltd.
(Shanghai, China).

2.3. Animals

Male db/db (C57BLKS/]) mice, aged 8 weeks and weighing
35-40 g, were purchased from Cytogen Bio (Hebei, China). The
control mice were db/m mice of the same strain. Mice were kept
in the animal center of Shandong Second Medical University at
22 £ 1 °C and 60% + 10% relative humidity in a 12h/12h
light/dark cycle. The animals were allowed unrestricted access to
water and food. The experiments were carried out according to
the requirements set forth in the “Care and Use of Laboratory An-
imals” by the People’s Government of Shandong Province, as well
as the guidelines of the National Institutes of Health. The experi-
mental protocol was approved by the Laboratory Animal Ethics
Committee of Shandong Second Medical University (No.
2021SDL400).

2.4. Animal grouping and drug administration

Fifty db/db mice were randomly divided into five groups (n =
10/each group): (1) model group: treated with the vehicle (sa-
line); (2) PDG-L group: treated with the low dose of PDG (1
mg-kg'-d™); (3) PDG-M group: treated with the medium dose of
PDG (2.5 mg'kg™-d™"); (4) PDG-H group: treated with the high
dose of PDG (5 mg-kg '-d™); (5) Rosi-treated group: treated with
Rosi (2 mg-kg "-d™"). The control group was male db/m mice of
the same strain as db/db mice, treated with the vehicle (saline).
All drugs of PDG or Rosi were intraperitoneally administered to
all animals once daily for 8 weeks.

2.5. Echocardiography

Using a VEVO 2100 imaging system (Visual Sonics Inc.,
Toronto, Canada), mice heart function was evaluated after anes-
thetized with isoflurane. The left ventricular ejection fraction
(LVEF), left ventricular fraction shortening (LVFS), thickness of
the left ventricle posterior wall in diastole (LVPWd) and systolic
(LVPWs), and thickness of the left ventricle internal diastolic in
diameter (LVIDd) were used to determine whether mice ap-
peared cardiac dysfunction. At least three consecutive measure-
ments were recorded for all echocardiographic parameters.

2.6. Histological analysis

The ventricular tissues of heart in mice were harvested, fur-
ther fixed overnight in 4% paraformaldehyde, dehydrated, and fi-
nally embedded. Sections (5-pum thickness) were used to perform
the experiments for H&E staining and TUNEL assay. Images were
captured under a light microscope (DM48, Leica, Germany) and
analyzed using the Image ] software (v1.53t, NIH, USA).

2.7. Cell culture and drug administration

H9c2 cells were provided by the laboratory of Dr. Luo, Capit-
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al Medical University, China. The cells were cultured in low-sugar
DMEM supplemented with 10% FBS and 1% penicillin-strepto-
mycin (#G4003, Solarbio, Wuhan, China) at 37 °C and 5% carbon
dioxide. The cells were exposed to 33.3 mmol-L™" glucose to mim-
ic the condition of DCM, whereas control cells were exposed to
5.5 mmol-L™ glucose. Subsequently, glucose-exposed cells were
treated with PDG (2.5, 5, and 7.5 pg-mL™") or Rosi (20 umol-L™).

2.8. Screening of PDG and DCM targets

The chemical structure of PDG was obtained from the Pub-
Chem database (https://pubchem.ncbi.nlm.nih.gov/). Potential
target genes for PDG were identified using the PharmMapper and
Swiss  Target Prediction databases (http://swisstarget
prediction.ch/). After merging the genes and removing duplic-
ates, the final drug target genes were determined. The DCM-re-
lated targets were retrieved from the GeneCards (https://
www.genecards.org/) and Online Mendelian Inheritance in Man
(OMIM) (https://omim.org/) databases. These targets were
merged, while the duplicates were removed in order to obtain the
final set of DCM-related targets. The intersection of PDG-related
genes and DCM-related genes was extracted. The Venn diagram
was obtained using the R package “ggvenn”.

2.9. Acquisition of differential expressed genes (DEGs)

After downloading the DCM-related datasets from the Gene
Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/geo), we merged them using R software (Version
4.5.1) and obtained principal component analysis (PCA) plots.
Using the R package “limma”, we achieved DEGs with the scre-
ening criteria of P < 0.05 and [log, (FC)| > 0.262. Furthermore,
a volcano plot of DEGs using the R package “ggplot2” was ob-
tained.

2.10. GO and KEGG enrichment analysis

Herein, the enrichment analysis of GO and KEGG pathway on
the targets of PDG on DCM was conducted using the R package
“cluster profiler package and org.Hs.eg.db”. The significance was
regarded as P < 0.05. The bar charts and bubble charts were ob-
tained using the R package “ggplot2”.

2.11. Screen core genes using machine learning algorithms

Using two machine learning algorithms, least absolute
shrinkage and selection operator (LASSO) regression and sup-
port vector machine-recursive feature elimination (SVM-RFE),
the core targets of PDG on DCM were identified. The LASSO re-
gression model was constructed using the R package “glmnet”,
and the SVM-RFE adopted the R package “e1071” to analyze the
minimum point after cross-validation and output the correspond-
ing genes. The final feature genes were obtained by taking the in-
tersection of the feature genes selected by LASSO regression and
SVM-RFE methods.

2.12. Molecular docking

The molecular structure of PDG was obtained from the Pub-
Chem database, while the protein structures of the core targets
were retrieved from the Protein Data Bank (PDB; http://www.rc-
sb.org/). Molecular docking simulation calculations were
performed through the AutoDock tool, and the final visual anal-
ysis was conducted using PyMol 3.1 software. The predicted
binding constant was calculated to evaluate the binding energy.
When the binding energy between two molecules is < -5
kcal'mol ™, it indicates that there is a strong binding affinity
between them >

851

Chinese Journal of Natural Medicines 24 (2026) 849-858

2.13. Cytosolic Ca** measurement

Fluo4-AM powder (50 pg) was dissolved in DMSO (11.395
uL) to prepare the Fluo4-AM masterbatch (4 mmol-L™). Fluo4-
AM master mix was diluted with serum-free DMEM to make a 4
umol-L™" working solution. The cells were treated with Fluo 4-AM
and incubated at 37 °C for 40 min. Finally, the cells were gently
washed with calcium-free HEPES solution (NaCl: 0.788 g,
KCl: 0.038 g, MgCl,: 0.02 g, HEPES: 0.238 g, Glucose: 0.218 g; pH
7.2).

A laser confocal microscope (TCS SP8, Leica, Germany) was
used to analyze relevant parameters. The initial fluorescence in-
tensity of intracellular Ca® ions (FO) was recorded by selecting
the appropriate cell level. After the cells were stabilized,
2 umol-L™" of TG was added, and the resulting change in the fluor-
escence intensity of the Ca®* release (F) was continuously recor-
ded. When the calcium signal of the cells returned to the res-
ting state, a 1.8 mmol-L™" CaCl, solution was added, and the
change in fluorescence intensity of the transient Ca®* inflow was
recorded (F) until the cells returned to the resting state. The ra-
tio of the change in fluorescence intensity of Ca*" ions to the ini-
tial fluorescence intensity of Ca®* ions in each cell (F/F0) was de-
termined.

2.14. Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from mouse heart tissues or H9c2
cells and reverse transcribed using a reverse transcription kit
(FSQ-101, TOYOBO, Japan). qRT-PCR was performed using SYBR
Green Realtime PCR Master Mix (QPK-201, TOYOBO, Japan) and
Light Cycler® 480 (Roche, Germany). Supplemental Table S1
showed the primers of target genes. The gene expression was de-
tected by the 27**“ method.

2.15. Western blot

The BCA protein assay kit was used to determine the protein
contentin mouse heart tissues and HO9c2 cells. The electro-
phoresed proteins were transferred onto a PVDF membrane. The
membranes were blocked with milk (5%) and then incubated
with different primary antibodies at 4 °C for more than 12 h. Fi-
nally, the membranes were incubated with the secondary anti-
body at room temperature for 1 h. The protein bands were ana-
lyzed and quantified using an e-BLOT Touch Imager (e-BLOT,
China).

2.16. siRNA transfection

H9c2 cells were cultured at a density of 1.2 x 10°/well in a 6-
well plate (cell confluence: 60%-70%) and further transfected
with siStim1 or siOrai1 (50 nmol-L™"). The transfection mix was
composed of 125 pL serum-free low-glycemic DMEM, 5 pL small
interference stock solution, and 4 pL Lipo8000™ Transfection re-
agent. After transfection for 24 h, the cells were exposed to HG
with the simultaneous addition of three different PDG doses (2.5,
5, and 7.5 pg-mL™") for 24 h. Finally, the cells were harvested for
subsequent experiments. The sequences of siStim1 and siOrail
are listed in Supplemental Table S2.

2.17. Flow cytometry

The rates of cell apoptosis were determined using BD
Pharmingen™ FITC Annexin V Apoptosis Detection Reagent.
HO9c2 cells were digested with 0.25% trypsin, collected, and
rinsed twice with PBS. Subsequently, cells were mixed with
1 x binding buffer suspension, FITC Annexin V, and PI and incub-
ated at 25 °C for 15 min away from light. Analysis was condu-
cted within 1 h using a flow cytometer-Cé plus (BD Biosciences,
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USA).
2.18. Statistical analysis

Statistical analysis and graphing were conducted using
GraphPad Prism 9.5.1 software (San Diego, USA). All data were
indicated as mean # standard deviation (SD). Comparisons
among multiple groups were analyzed using one-way ANOVA,
followed by Tukey’s test. P < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. PDG alleviated cardiac dysfunction caused by T2DM

According to the previous study **, we used leptin receptor-
deficient db/db mice as the mouse model of DCM in order to
mimic the development of T2DM-related cardiac complications.
Mouse heart tissues were harvested for further analysis after
PDG or Rosi treatment for 8 weeks (Fig. 1A). Echocardiographic
data revealed that db/db mice had a lower level of the LVEF and
LVFS than db/m mice. However, PDG or Rosi treatment reversed
these changes (Figs. 1B-1D). Meanwhile, LVPWd and LVPWs
were significantly increased in db/db mice rather than db/m
mice, while PDG treatment inhibited this kind of change in the
corresponding groups (Figs. 1E and 1F). A similar trend was ob-
served in LVIDs value (Fig. 1G). However, there was no signific-
ant difference between PDG and Rosi treatment. These findings
indicated that PDG was effective in attenuating cardiac dysfunc-

A PDG I mg'kg™! B
PDG 2.5 mg-kg™! db/m
5 kol
PD(_’ 5 mgkg , Echocardiography
Rosi 2 mg-kg euthanasia
l Intraperitoneal injection/once a day ]
i } } 3"
db/db mice 8 w 12w lﬁw.
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tion in db/db mice.

3.2. PDG ameliorated cardiac hypertrophy, inflammation and ap-
optosis in db/db mice

In this study, the heart size was much larger in db/db mice
relative to db/m mice, and this alteration was markedly mitig-
ated by PDG or Rosi treatment (Fig. 1H). Furthermore, the ratio of
HW/TL was as well as higher in db/db mice compared with the
control mice, and PDG or Rosi treatment reversed this kind of
change (Fig. 11). db/db mice exhibited a much larger cross-sec-
tional area than db/m mice, PDG or Rosi decreased this increase
in area (Figs. 1H, and 1J]). The expression of hypertrophic mark-
ers (Anp, Bnp, and B-Mhc) at the mRNA level was significantly in-
creased in db/db mice relative to db/m mice, and PDG adminis-
tration obviously reversed these above changes, especially the
PDG-H treatment showed the most pronounced reduction (Figs.
1K-1M). Moreover, PDG effectively suppressed the inflammatory
response (II-6, Tnf-a, and II-1) at the mRNA level, and the PDG-H-
treatment exhibited the most optimal efficiency (Figs. 2A-2C).
Herein, db/db mice had more apoptotic cells than db/m mice.
PDG effectively reversed these changes, and the PDG-H-treated
group exhibited the optimum effect (Figs. 2D and 2E). PDG down-
regulated the expression of the related apoptotic proteins
(cleaved caspase-8/caspase-8 and cleaved caspase-3/caspase-3),
and PDG-H treatment exhibited the strongest inhibitory effect
(Figs. 2F-21). To sum up, these data suggested that PDG was ef-
fective in suppressing T2DM-related cardiac hypertrophy, inflam-
mation and apoptosis.
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Fig. 1 PDG alleviated cardiac dysfunction and cardiac hypertrophy in db/db mice. (A) Experimental protocol of PDG on the in vivo mouse model of DCM (n = 10). (B) Rep-
resentative echocardiographic images of mice. (C-G) Quantification of echocardiogram parameters (n = 9-10). LVEF, left ventricular ejection fraction; LVFS, left ventricular
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al heart images: (a) Representative images of heart sizes. (b) HE staining typical images (scale bar = 50 pm). (I) The ratio of heart weight to tibia length (HW/TL) (n = 6).
(J) Left ventricular cardiomyocyte area (n = 3). (K-M) Relative mRNA expression levels of Anp, Bnp, f-Mhc in heart tissues of mice, determined by qRT-PCR (n = 4). Data are
shown as mean # SD. One-way ANOVA, ‘P < 0.05, "P < 0.01 vs db/m group; *P < 0.05, **P < 0.01 vs db/db group. All experiments were repeated at least three times.
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repeated at least three times.

3.3. PDG suppressed cardiac hypertrophy, inflammation, and apop-
tosis in HG-induced H9c2 cells

To further identify whether PDG had the inhibitory effect on
DCM in vitro, we used HG-induction to establish the cellular DCM
model (Fig. 3A). As shown in Figs. 3B-3D, PDG effectively sup-
pressed cardiac hypertrophy in HG-induced H9c2 cells. Further-
more, PDG obviously inhibited the inflammatory response in-
duced by HG (Figs. 3E-3G). Additionally, PDG also suppressed ap-

optosis induced by HG (Figs. 3H and 3I). Interestingly, the PDG-
treated groups and Rosi-treated group exhibited a similar trend.
Collectively, these data indicated that PDG had the similar inhibit-
ory effect on DCM in vitro.

3.4. The results of network pharmacology and bioinformatics

A total of 387 PDG-related targets were identified in the

PharmMapper and Swiss Target Prediction databases. After re-
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Fig. 3 PDG suppressed cardiac hypertrophy, inflammation, and apoptosis induced by HG in H9c2 cells. (A) Experimental protocol of PDG on the in vitro cells model of DCM.
H9c2 cells were exposed to HG (33.3 mmol-L™) for 24 h and treated with PDG (2.5, 5, and 7.5 pg-mL™") or Rosi (20 pmol-L™"). (B-G) Relative mRNA expression levels of Anp,
Bnp, B-Mhc, 1I-6, Tnf-a, and II-1f3 in H9c2 cells were measured by qRT-PCR (n = 4). (H and I) Apoptosis was measured using flow cytometry in H9c2 cells (n = 3). Data are
shown as mean # SD. One-way ANOVA, ‘P < 0.05, "P < 0.01 vs Con group; *P < 0.05, **P < 0.01 vs HG group. All experiments were repeated at least three times.
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moving duplicates, 4052 DCM-related targets were obtained from
the GeneCards and OMIM databases. As depicted in Fig. 4A, the
intersection analysis of PDG on DCM was shown in the Venn dia-
gram with 238 target genes. Furthermore, we downloaded the
datasets of GSE26887 and GSE62203 from the GEO database,
merged and normalized them, and removed the heterogeneity of
the datasets before and after the batch effect (Figs. 4B and 4C).
After analyzing the GSE26887 and GSE62203 datasets, 295 genes
with significant differences were screened out. These genes were
170 up-regulated genes and 125 down-regulated genes. The top
50 genes with the greatest variations were shown in the volcano
plot (Fig. 4D). The intersection of the DEGs and the PDG-DCM
genes was extracted to obtain 11 genes, which were visualized
using a Venn diagram (Fig. 4E). To explore the therapeutic effect
of PDG on DCM, we further conducted the enrichment function
analysis of GO and KEGG pathway on the 11 overlapping target
genes. The top 10 GO terms in each category were selected for
visualization. Biological process (BP) analysis revealed that the
target genes were enriched in response to metal ion, purine ribo-
nucleotide metabolic process, store-operated calcium entry, etc.
The cellular components (CC) involved plasma membrane raft,
ficolin-1-rich granule lumen, mitochondrial outer membrane, etc.
In molecular functions (MF), genes were significantly enriched in
monosaccharide binding, store-operated calcium channel activ-
ity, etc (Fig. 4F). KEGG enrichment analysis showed that glycolys-
is/gluconeogenesis, pentose phosphate pathway and calcium sig-
naling pathway were the top three signaling pathways (Fig. 4G).
These data indicated the action mechanism of PDG targeting DCM
was possibly through the calcium signaling-related signaling
pathway.

3.5. The results of machine learning screening

LASSO regression and triple cross-validation were conduc-
ted to screen out 8 potential key genes (Figs. 5A and 5B). SVM-
RFE algorithm further identified 7 core genes (Figs. 5C and 5D).
The Venn plot showed that the two algorithms identified a total of
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6 overlapping genes related to PDG treating DCM, including gluc-
ose-6-phosphate isomerase (Gpi), receptor related orphan re-
ceptor alpha (Rora), heme oxygenase 1 (Hmox1), Stim1, Nfat3,
and Orail (Fig. 5E).

3.6. Molecular docking analysis of PDG and DCM targets

We further used molecular docking method to evaluate
whether PDG had the interaction to STIM1/0Orail/NFAT3 signal-
ing. The results showed that the binding energies of PDG with
STIM1, Orail, and NFAT3 were 7.6, -6.7, and —6.4 kcal-mol™", in-
dicating that PDG had a strong binding affinity to STIM1, Orail
and NFAT3 proteins (Figs. 5F-5H).

3.7. The inhibitory effect of PDG on DCM may be associated with the
STIM1/0rail/NFAT3 signaling and its associated SOCE

As shown in Figs. 6A and 6B, we identified the silencing ef-
fect of siStim1 and siOrail. HG induced a significant increase of
hypertrophic genes (Anp, Bnp, and (-Mhc) and inflammatory
genes (II-6, Tnf-a, and II-1f) at mRNA level. In contrast, the defi-
ciency of Stim1 or Orail reversed these changes, and no additive
effect was observed after PDG treatment (Figs. 6C-6F). Addition-
ally, the apoptosis rate increased in the HG-treated group. This
rate decreased after silencing Stim1 or Orail. However, no addit-
ive effects were displayed in siStim1 or siOrail-treated cells fol-
lowed by HG-induction and PDG treatment (Figs. 6G-61). Further-
more, we validated the action of PDG on SOCE caused by HG, fol-
lowed by TG (2 pmol-L™) treatment to deplete the intracellular
calcium ions and external calcium (1.8 mmol-L™) to induce an el-
evation of intracellular calcium in H9c2 cells. The amplitude of
SOCE was significantly higher in the HG-induced cells than in the
control cells, and PDG or Rosi treatment significantly reversed
these changes (Figs. 7A and 7B). We noted a marked downregula-
tion of STIM1 and Orail protein expression in db/db mice relat-
ive to the db/m mice after PDG or Rosi treatment (Figs. 7C, 7E
and 7F). Furthermore, we validated the effect of PDG on
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Fig. 6 The inhibitory effect of PDG on DCM was associated with STIM1/Orail signaling. (A and B) The identification of siStim1 and siOrail in H9c2 cells. (C and D) Relative
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siRNA transfected H9c2 cells following HG, HG + PDG-L, HG + PDG-M and HG + PDG-H treatment by qRT-PCR (n = 4). (G) Flow cytometry assay images of the Con group, HG
model and Stim1 or Orail siRNA transfected H9c2 cells following HG, HG + PDG-L, HG + PDG-M and HG + PDG-H treatment. (H and I) Quantification of apoptosis detected us-
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STIM1/Orail signaling in the diabetic cellular model. Consistent vitro (Figs. 7D, 7G and 7H). Meanwhile, as shown in Fig. 7] and
7L, the protein level of NFAT3 was much higher in the heart tis-

sues in db/db mice compared to db/m mice, while PDG or Rosi

with the animal experiment results, PDG had the similar inhibit-
ory effect in the downregulation of the STIM1/0rail signaling in
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Fig. 7 PDG suppressed SOCE and downregulated the expression of STIM1/0rail/NFAT3 on DCM. (A and B) The effect of PDG on SOCE in HG-induced cardiomyocytes. The
representative traces (left) and data summary (right) of Ca®" responses were shown, SOCE was plotted in the summary chart (n = 15-25/replicate). (C, E and F) Western
blotting and quantification of STIM1 and Orail in the heart tissues of mice (n = 4). (D, G and H) Western blotting and quantification of STIM1 and Orail in H9¢2 cells (n = 4).
(I and L) Western blotting and quantification of NFAT3 in the heart tissues of mice (n = 4). (J-N) Western blotting and quantification of NFAT3 in the Con group, HG model
and Stlml or Orail siRNA transfected H9c2 cells followmg HG, HG + PDG-L, HG + PDG-M and HG + PDG-H treatment (n = 4). Data are shown as mean #* SD. One-way ANOVA,
'P<0.05,"P<0.01 vs db/m group or Con group; “P < 0.05, **P < 0.01 vs db/db group or HG group; ns, not significant. All experiments were repeated at least three times.

treatment obviously reversed this kind of change. Consistently,
the expression of NFAT3 showed a significant increase in the HG
group relative to the control group, while this kind of change
could be attenuated by the deficiency of Stim1 or Orail, but PDG
did not exert any additive inhibitory effect (Figs. 7J-7N). Collect-
ively, these data indicated that PDG significantly downregulated
STIM1/Orail signaling pathway and reduced its associated SOCE,
for which negatively regulated SOCE to some extent through the
activation of NFAT3 in maintaining Ca® homeostasis, and ulti-
mately inhibited the progression of DCM.

4. Discussion

Previous study showed that Eucommia ulmoides has the
therapeutic effects on diabetes and some cardiovascular dise-
ases “°. PDG, the main constituent of Eucommia ulmoides, has the
antihypertensive, antioxidant, and hypolipidemic effects '°
However, the effect of PDG on DCM remains blurred. Our find-
ings revealed that PDG effectively attenuated cardiac hyper-
trophy, inflammation, and cardiomyocyte apoptosis in both
db/db mice and HG-induced H9c2 cells. Furthermore, we con-
firmed that the effect of PDG on DCM might be through suppress-
ing the SOCE and downregulating the STIM1/0rail and NFAT3
signaling pathway. These data suggested that PDG has the cardi-
oprotective role in DCM. As shown in Fig. 8, we depicted a pos-
sible schematic model with our mainly findings.

856

DCM is characterized by early left ventricular hypertrophy
and diastolic dysfunction related to diabetes “°. Moreover, diabet-
ic cardiac hypertrophy could be reflected by relevant indexes,
such as the cell surface area, the HW/TL ratio, and the hyper-
trophic responses *’. Furthermore, diabetes-associated hypergly-
cemia leads to the pathological changes in the heart, such as
myocardial fibrosis and hypertrophy *. In this study, PDG effect-
ively improved systolic and diastolic function in db/db mice. PDG
effectively suppressed cardiac hypertrophy in both animal and
cell models. Overall, PDG was effective in suppressing the hyper-
trophic responses associated with DCM.

Inflammation is an important trigger during the develop-
ment of DCM. It promotes myocardial hypertrophy and apoptosis,
as well as impairs cardiac function, which assumes a key role in
the pathogenesis of DCM **. Prolonged HG conditions lead to the
secretion of inflammatory mediators from cardiomyocytes,
which, in turn, promote the synthesis of pro-inflammatory cy-
tokines, such as Tnf-a, II-18, and II-6 *’. In this study, PDG sup-
pressed the inflammatory responses, exhibiting a substantial re-
duction of the expression of II-6, Tnf-a, and Il-1f at the mRNA
level. These data indicated that PDG inhibited DCM-induced car-
diac inflammation.

Apoptosis plays a pivotal role in the degradation of cardiac
function *. Hyperglycemia promotes intracellular ROS produc-
tion and triggers oxidative stress, which further leads to apoptos-
is and necrosis, eventually culminating in cardiac insufficiency,
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Fig. 8 A schematic model of the possible mechanism of PDG on DCM.

remodeling, and the onset of heart failure *'. Furthermore, hyper-
glycemia has the potential to induce apoptosis through the activa-
tion of caspase proteins **. In this context, our results indicated
that PDG significantly inhibited cardiomyocyte apoptosis and the
apoptotic proteins. Similarly, flow cytometry analysis further
confirmed the action of PDG against apoptosis in H9c2 cells.
These results indicate that PDG is effective in suppressing DCM-
related apoptosis.

The mechanisms of DCM are complex, including hypergly-
cemia, insulin resistance, and improper intracellular calcium
handling in the myocardium *. Recently, network pharmacology,
bioinformatics, machine learning and molecular docking meth-
ods were combined to explore the possible target genes of TCM
on diseases **. In this study, GO and KEGG enrichment analysis in-
dicated that PDG acted on DCM by regulating the calcium signal-
ing pathway. Machine learning algorithms identified 6 key genes
including Stim1, Orail and Nfat3 genes, while molecular docking
analysis revealed that PDG had a strong binding affinity to STIM1,
Orail and NFAT3 proteins. Therefore, we supposed that PDG
might have an interaction to STIM1/0rail/NFAT3 signaling.

Previous studies have demonstrated that the downregula-
tion of STIM1/0rail signaling and its associated SOCE can lead to
inhibition of cardiac hypertrophy *°, and that inhibition of Orail
also suppresses cardiac hypertrophy both in vivo and in vitro *°.
Moreover, disruption of cytoplasmic Ca*" homeostasis can ex-
acerbate apoptosis, and inhibition of SOCE-related proteins is as-
sociated with the alleviation of HG-induced endothelial cell apop-
tosis *. Herein, our data showed that the combined deficiency of
Stim1 or Orail was effective in suppressing HG-induced hyper-
trophy, inflammation, and apoptosis in H9c2 cells. However,
these effects were not reversed after the application of PDG on
this basis. The action of PDG treating DCM may be mediated
through inhibition of SOCE. Therefore, our findings indicated that
the inhibitory effect of PDG on DCM is associated to STIM1/Orail
signaling and its related SOCE.

During the development of diabetic cardiac hypertrophy, the
increase of Ca®* level triggers the activation of calcineurin/NFAT
signaling pathway *°. Pyridostigmine attenuated cardiac hyper-
trophy by inhibiting the expression of NFAT3 and STIM1, thereby
suppressing Orail/STIM1 complex formation *’. In addition, HG
can increase the NFATc3 level in H9c2 cells, thereby exacerbat-
ing cardiomyocyte hypertrophy and apoptosis . Our results
showed that PDG significantly downregulated the expression of
NFAT3 at the protein level both in vivo and in vitro. Furthermore,
our findings indicated that the deficiency of Stim1 or Orail down-

857

regulated the expression of NFAT3 in HG-induced H9c2 cells, but
the application of PDG on the basis did not produce an additive
effect. Our data revealed that inhibition of SOCE and the down-
regulation of STIM1/0rail/NFAT3 signaling may be an effective
target in treating T2DM-related DCM. Therefore, PDG may negat-
ively reduce SOCE through the activation of NFAT3, in order to
maintain Ca** homeostasis and ultimately inhibit the progression
of DCM.

Herein, our study had some limitations. This study only con-
firmed that the inhibitory effect of PDG on DCM caused by T2DM.
Additionally, we just used network pharmacology, bioinformat-
ics, machine learning and molecular docking methods to reveal
the possible mechanism of PDG targeting DCM, and did not
provide the direct interaction evidence of PDG targeting STIM1/
Orail signaling. In the future, we would use microscale thermo-
phoresis or surface plasmon resonance assay to identify the asso-
ciation between PDG and the associated proteins in the treat-
ment of DCM.

5. Conclusion

PDG was effective in attenuating cardiac hypertrophy, in-
flammation, and apoptosis caused by DCM, potentially through
the inhibition of SOCE and the downregulation of the STIM1/
Orail/NFAT3 signaling. Therefore, PDG may represent a prom-
ising therapeutic candidate for treating DCM.
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