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Diabetic cardiomyopathy (DCM) is a major cardiovascular complication of diabetes mellitus
(DM), and cardiac fibrosis is a characteristic pathological manifestation of DCM. DCM can
be exacerbated by pyroptosis, and pyroptosis is a potential target of microRNAs
(miRNAs). miR-135b is involved in delaying the progression of numerous
cardiovascular diseases, Nonetheless, the role of miR-135b in diabetic cardiac fibrosis
is unclear. Ranolazine is a piperazine derivative and is effective for the treatment of
cardiovascular disease. The purpose of the study was to elucidate the mechanism of
action of ranolazine against diabetic cardiac fibrosis and to investigate the role of miR-135b
in this process. Functional and structural changes in the rat heart were examined by
echocardiography, hematoxylin-eosin (H&E) and Masson staining. Immunohistochemistry
was used to assess the expression of caspase-1, interleukin-1p (IL-1p), gasdermin D
(GSDMD), transforming growth factor-p1 (TGF-1), collagen | and collagen Il in the rat left
ventricle. Western blot and immunofluorescence were used to detect the protein
expression of caspase-1, IL-1p, GSDMD, TGF-B1, collagen | and collagen Ill proteins,
and the mRNA levels were determined using fluorescent quantitative PCR. Ranolazine
reduced pyroptosis and inhibited collagen deposition, improving cardiac function in rats.
Ranolazine increased miR-135b expression in high glucose-treated cardiac fibroblasts,
and miR-135b directly bound to caspase-1. Interference with miR-135b reduced the
effects of ranolazine on pyroptosis and collagen deposition. Ranolazine treatment of
diabetic cardiac fibrosis inhibited pyroptosis and collagen deposition by upregulating miR-
135b. Our study provides a solid theoretical basis for understanding the pathogenesis of
diabetic cardiac fibrosis and the clinical use of ranolazine in the treatment of DCM.

Keywords: diabetic cardiomyopathy, ranolazine, MicroRNA-135b, cardiac fibrosis, pyroptosis

INTRODUCTION

The number of patients with diabetes mellitus (DM) has been increasing at an alarming rate for
decades (Guariguata et al.,, 2014; Wang H et al, 2019). The latest statistics of the International
Diabetes Federation indicate that approximately 451 million adults worldwide have DM, and this
number is expected to reach 693 million in 2045 (Cho et al., 2018). Diabetic cardiomyopathy (DCM)
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is a major cardiovascular complication of diabetes that can lead to
structural and functional damage of the heart independent of the
high blood pressure, coronary artery disease or atherosclerosis
associated with DM (de Simone et al., 2010; Holscher et al., 2016).
Cardiac fibrosis is the main pathological feature of DCM and can
increase the risk of heart failure, arrhythmia and sudden death
(Asbun and Villarreal, 2006). Cardiac fibrosis is often
accompanied by increase in the levels of inflammatory factors
(Palomer et al., 2020). Pyroptosis is a form of programmed cell
death associated with inflammation (Bergsbaken et al., 2009). The
classical pathway of pyroptosis is mediated by caspase-1 and can
increase mature interleukin-1p (IL-1p) levels (Schroder et al,
2010). Recent studies have revealed that gasdermin D (GSDMD)
plays an important indicator role in pyroptosis, and the
N-terminus of GSDMD creates small pores in the cell
membrane, causing the release of contents and the massive
entry of external substances such as water molecules,
eventually lead to cell death (Kovacs and Miao, 2017).
Activation of inflammatory factors and the release of
cytokines, which promotes the formation of collagen deposits
and fibrosis, exacerbate DCM (Bracey et al., 2014). Therefore,
suppression of pyroptosis is essential for the prevention and
treatment of diabetic cardiac fibrosis.

Recent studies have demonstrated a close relationship between
microRNAs (miRNAs) and pyroptosis. For example, miR-138-5
inhibition induces the upregulation of Sirtl expression to inhibit
cardiomyocyte pyroptosis and delay the progression of
myocardial infarction (Mao et al, 2019), and miR-30d
promotes the production of myocardial pyroptosis leading to
DCM (Li et al, 2014). Upregulation of miR-214 inhibits
pyroptosis in the treatment of DCM (Yang et al., 2019). These
observations suggest that miRNAs can influence the development
and progression of cardiomyopathy by regulating pyroptosis.
Overexpression of miR-135b can treat pathological myocardial
hypertrophy and myocardial ischemia(Chu et al., 2018; Li et al,,
2020). However, whether miR-135b affects the onset and
development of DCM by regulating pyroptosis has not yet
been determined.

Ranolazine is a piperazine derivative that is approved by the
US Food and Drug Administration in 2006 for the treatment of
stable angina pectoris. Additionally, ranolazine is effective for the
treatment of other cardiovascular conditions, such as atrial
fibrillation, arrhythmias and diastolic dysfunction (Banerjee
et al., 2017). Previous studies have shown that ranolazine
reduces the cardiotoxicity of anthraquinone anticancer drugs
and decreases cardiac fibrosis (Cappetta et al, 2017).
Moreover, ranolazine has been shown to promote AKT
phosphorylation to inhibit cardiomyocyte inflammation and
thereby improve cardiac function in a rat model of heart
failure (Wang G T et al, 2019). However, the mechanism of
ranolazine in diabetic cardiac fibrosis has not been fully
elucidated.

The purpose of the present study was to elucidate the
mechanism of ranolazine in the treatment of diabetic cardiac
fibrosis and to investigate the role of miR-135b in this process.
We hypothesized that ranolazine inhibits pyroptosis and collagen
deposition by up-regulating miR-135b to treat DCM. Our study
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provides a solid theoretical basis for understanding the
pathogenesis of diabetic cardiac fibrosis and the clinical use of
ranolazine in the treatment of DCM.

MATERIALS AND METHODS

Establishment of Animal Models
Sprague-Dawley (SD) rats (6-8 weeks of age, weighing
180-200g)  were  purchased from the  Animal
Experimentation Centre of the Second Hospital of Harbin
Medical University. The control group was given a standard
diet (STD), and the high-fat group was given a high-fat diet
[ordinary mixed feed (88.5%), cholesterol (1%), lard (10%) and
pig bile salt (0.5%)]. After 8 weeks of high-fat feeding, the rats
were fasted for 12-16 h and then injected intraperitoneally
with 35 mg/kg streptozotocin (STZ, Sigma, United States). The
control group was injected with the same amount of buffered
solution, and the blood glucose levels of rats were measured
7 days later using a Roche blood glucose monitor (Roche,
Germany). A fasting blood glucose level greater than
16.7 mmol/L in the high-fat diet group indicated that the
DM model was successful. Ranolazine was administered at a
dose of 30 mg/kg by gavage to the DM + Ranolazine (DM +
Ran) group, and equal amounts of drug solvent were
administered to the other groups. All animals were kept for
12 weeks under DM modeling (high-fat modeling for
20 weeks) for sampling. The rats were freely exposed to
standard nutritious food and fresh sterile water, and they
were maintained in an environment with a controlled
temperature (22 + 1°C) and a light-dark cycle (12h light/
12h dark). All experimental animals were male, and the
experiments were performed with the approval of the Ethics
Committee of Harbin Medical University (No. IRB3005619)
and maintained following the guidelines of the China Council
on Animal Management for the care and use of animals.

Echocardiographic Function

All experimental rats were measured for echocardiographic
function using the using a Vevo 1100 high-resolution imaging
system (Visual Sonics, Toronto, Canada) and an ultrasound
instrument with a 10 MHz phased-array transducer (Vivid 7,
GE Medical, Milwaukee, Wisconsin) at 12 weeks after the
diabetes model was established. Rats were first anesthetized
with 2% pentobarbital sodium, order to anesthetize without
offending respiration. Cardiac function was evaluated by
computer calculation of left ventricular ejection fraction
(LVEF) and left ventricular fractional shortening (LVES)
percentages.

Biochemical Index

After 12 h of fasting, blood was collected from the rats via the tail
vein, and the blood was placed onto the blood glucose reagent
paper, which was inserted into a Roche blood glucose meter to
obtain the fasting blood glucose value. Fasting blood glucose was
measured in rats every four weeks before the experimental

animals were sampled. Total cholesterol (T-CHO),
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Primer and interfering RNA Sequence

miR-135b-F GGGGTATGGCTTTTCATTCC
miR-135b-R CAGTGCGTGTCGTGGAGT
Caspase-1-F ATGCCGTGGAGAGAAACAAG
Caspase-1-R CCAGGACACATTATCTGGTG
IL-1B-F CCTTGTGCAAGTGTCTGAAG
IL-1B-R GGGCTTGGAAGCAATCCTTA
TGF-p1-F ACTACTACGCCAAGGAGGTCAC
TGF-p1-R AGAGCAACACGGGTTCAGGTA
Collagen I-F CAATGCTGCCCTTTCTGCTCCTTT
Collagen I-R ATTGCCTTTGATTGCTGGGCAGAC
Collagen llI-F GGTCACTTTCACTGGTTGACGA
Collagen llI-R TTGAATATCAAACACGCAAGGC
GAPDH-F AAGAAGGTGGTGAAGCAGGC
GAPDH-R TCCACCACCCTGTTGCTGTA
Ue-F GCTTCGGCAGCACATATACTAAAAT
U6-R CGCTTCACGAATTTGCGTGTCAT

triglycerides (TG), low-density lipoprotein (LDL-C) and high-
density lipoprotein (HDL-C) were determined by collecting
blood samples via the tail vein using a kit (Nanjing Jiancheng
Institute of Biological Engineering, China) according to the
manufacturer’s instructions.

Hematoxylin-Eosin (H&E) and Masson
Staining

After sampling, the heart tissue fixed in 4%
paraformaldehyde for 48 h and placed under tap water for 3 h
before dehydration. The tissue was then embedded in paraffin
and then sectioned into 5 um thick continuous sections. Staining
was then performed according to the instructions of the H&E and

was
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Masson kits (Solarbio, China). Tissue sections were sealed using
neutral gum, and image acquisition was performed using
fluorescence microscopy (Nikon 80i, Japan) under white light
conditions.

Immunohistochemical Staining

Tissue sections were removed oxidase and then subjected to
antigen repair. The sections were blocked for 30 min at room
temperature using 5% bovine serum albumin followed by
incubation with the following primary antibodies at 4°C
overnight: caspase-1 (1:200) (Cell Signaling Technology,MA,
United States), IL-1p (1:100) (Cell Signaling Technology,MA,
United States), TGF-p1 (1:200) (Cell Signaling Technology,
MA, United States), GSDMD (1:100) (Bioss, Beijing, China),
collagen I (1:200) (Cell Signaling Technology, MA,
United States) and collagen IIT (1:200) (Cell Signaling
Technology, MA, United States). Next day, the samples
were then washed three times for 5min each using PBST,
and the corresponding secondary antibodies were added
followed by incubation for 1h at room temperature. The
sections were then stained with diaminobenzidine, and the
nuclei were stained with hematoxylin. The sections were then
sealed using neutral gum. A fluorescence microscope under
white light conditions (Nikon 80i, Japan) was used for
imaging.

Immunofluorescence

Cardiac fibroblasts were fixed in 4% paraformaldehyde for 15 min
followed by permeabilized with 0.1% Triton X-100 for 5 min. The
samples were then blocked with 5% bovine serum albumin at
room temperature for 1h. The samples were then incubated
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FIGURE 1 | Ranolazine attenuates altered cardiac function in diabetic rats. (A-D) T-CHO, TG, LDL-C and HDL-C were measured at O and 8 weeks in animals fed a
high-fat diet. (E) Changes in fasting blood glucose levels were assayed every 4 weeks in all groups of rats. (F) M-mode echocardiogram of the left ventricle. (G) The LVEF
and LVFS of all groups are shown. ***p < 0.001 vs. O weeks, **p < 0.001 vs. control, “#p < 0.001 vs. DM; n = 6-10.
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overnight at 4°C with the following primary antibodies:caspase-1
(1:200), IL-1B (1:100), TGF-B1 (1:200), collagen I (1:200) and
collagen III (1:200). And, the samples were incubated with
secondary antibodies at 37°C for 1h followed by DAPI
staining for 15 min. Image acquisition was performed using a
fluorescence microscope (Nikon 80i, Japan) showing the nucleus
in blue, and the cytoplasm in green or red.

Primary Cell Culture

Unweaned 1- to 3-day-old SD rats were purchased from the
Animal Experiment Centre of the Second Hospital of Harbin
Medical University, and cardiac fibroblasts were isolated by
trypsin digestion. Cells were incubated in 5.5 mM glucose (NG
group), 30 mM glucose (HG group) or 30 mM glucose with
20 uM ranolazine (HG + Ran) at 37°C and 5% CO, under
humid air conditions for 48 h. Cells were then transfected with
anti-miR-135b  oligonucleotide =~ (AMO-135b) or  the
corresponding negative control (AMO-NC) designed and
synthesized by RIOBIO (Guangzhou, China).

gRT-PCR

Total RNA was extracted from tissues and cells using TRIzol
(Invitrogen). cDNA was synthesized by reverse transcription
according to the instructions given by the manufacturer of the
reverse transcription reagent. cDNA was synthesized by real-
time quantitative PCR using SYBR Green I (Yoyobo, Japan) in
an ABI 7500 (Applied Biosystems, United States) rapid system,

using U6 as an internal reference for miR-135b, and others
used GAPDH as an internal reference. The primer sequences
were as follows:

Western Blot

Total tissue and cell proteins were extracted, and electrophoresis
was performed on 10% sodium dodecyl sulfate acrylamide gels
followed by protein transfer to nitrocellulose membranes. The
membranes were then incubated overnight at 4°C with the
following antibodies: caspase-1 (1:500), IL-1B (1:300), TGF-p1
(1:500), GSDMD (1:500), collagen I (1:500), collagen III (1:500)
and GAPDH (1:1000) (ZSGB-BIO, China). Next day, the
membranes were then incubated for 1h with the
corresponding secondary antibodies. Bands were imaged using
a Odyssey Infrared Imaging System, and the grayscale values of
the bands were determined using ImageJ software, with GAPDH
was used as an internal control.

Luciferase Assay

The 3’ untranslated region (3'-UTR) of caspase-1 with or without
the miR-135b binding site was amplified and cloned into psi-
CHECK2 as the wild-type (WT) and mutant (Mut) plasmids.
Then, the WT or the Mut plasmids were co-transfected into rat
cardiac fibroblasts together with 20 nM miR-NC or miR-135b
using Lipofectamine 2000 (Invitrogen). Samples were assayed for
luciferase activity after 48 h using Promega’s Dual-Luciferase
Reporter Assay System (E1910).
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Data Analysis
The data are presented as the mean + SD. Student’s t-test and

one-way ANOVA were used to assess the differences between two
groups or between multiple groups, respectively. Two-tailed p <
0.05 was considered statistically significant. The data were plotted
using GraphPad Prism 7.0.

RESULTS

Ranolazine Restrains Cardiac Dysfunction
in Diabetic Rats

To validate the role of ranolazine in cardiac dysfunction in
diabetic rats, we generated a model of type II diabetes in SD
rats. After 8 weeks of feeding a high-fat diet, compared to the
levels at baseline, T-CHO, TG and LDL-C were elevated, but
HDL-C was significantly decreased (Figures 1A-D). We
monitored fasting glucose every 4 weeks and found that the
fasting glucose in the DM + Ran group was less than that in
the DM group, but its value was still higher than that in the
control group (Figure 1E). We performed echocardiographic
measurements at 12 weeks after the diabetic model was
established. The results showed that LVEF and LVES were
significantly lower in the DM group compared with the
control group, while the impairment of cardiac function was
reduced in the DM + Ran group compared with the DM group
(Figures 1F,G). These results suggested that ranolazine inhibits
cardiac dysfunction in diabetic rats.

Ranolazine Suppresses Cardiac Fibrosis in
Diabetic Rats

In view of the therapeutic function of ranolazine in the cardiac
tissue of diabetic rats, we performed pathological tests on the
cardiac tissue of diabetic rats. Morphological data obtained by
H&E and Masson staining indicated that cardiac tissue in the DM
group manifested inflammatory infiltration and higher collagen
deposition, which were significantly suppressed in the DM + Ran
group compared to those in the DM group (Figure 2A). The
immunohistochemical analysis indicated an increase in the
positive staining for TGF-B1, collagen I and collagen III in the
DM group but a decrease in the positive staining for these factors
after administration of ranolazine (Figures 2B,C). Additionally,
the results indicated a significant increase in the mRNA levels of
TGF-P1, collagen I and collagen IIT in the DM group compared to
the control group, and the changes in the expression of these
factors were reversed after administration of ranolazine
(Figure 2D). In addition, the Western blot analysis results
were consistent with the immunohistochemistry and mRNA
data (Figure 2E). These results suggested that ranolazine
reducs the occurrence of cardiac fibrosis in type II diabetic rats.

Ranolazine Inhibits Pyroptosis in the
Cardiac Tissue of Diabetic Rats

Because pyroptosis promotes the expression of inflammatory
factors that increase collagen deposition and fibrosis, we
evaluated the expression of factors related to pyroptosis.
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Immunohistochemistry staining indicated that the expression of
caspase-1, IL-13 and GSDMD was significantly increased in
cardiac tissues of rats with DM, but decreased after ranolazine
treatment (Figures 3A-D). The mRNA expression of caspase-1
and IL-1B was significantly increased in the DM group, but
decreased after administration of ranolazine (Figures 3E,F).
Moreover, Western blot analyses indicated that ranolazine
reduced the expression of caspase-1, IL-13 and GSDMD
(Figures 3G-I). These data suggested that ranolazine inhibits
pyroptosis in cardiac tissue in diabetic rats.

Ranolazine Inhibits Pyroptosis of Cardiac
Fibroblasts Via miR-135b

To demonstrate the involvement of miR-135b in the inhibition of
pyroptosis of cardiac fibroblasts by ranolazine.The binding sequence
of miR-135b to caspase-1 untranslated regions (3'UTRs) was
predicted by bioinformatics (Figure 4A). Notably, a luciferase
assay in rat cardiac fibroblasts confirmed the relationship between
caspase-1 and miR-135b targeting (Figure 4A), changes in miR-
135b expression were determined after high glucose stimulation of
rat cardiac fibroblasts and treatment with ranolazine. The results
showed that miR-135b expression was downregulated in the HG
group, but increased following ranolazine treatment (Figure 4B).
Subsequently, miR-135b expression was silenced in cells to detect

changes in the expression of factors associated with pyroptosis,
which revealed elevated mRNA and protein expression of
caspase-1 and IL-1P as well as a similar trend for the protein
expression of GSDMD (Figures 4C-G). In addition, the same
results were obtained by immunofluorescence (Figures 4H-J).
Together, these results suggested that ranolazine inhibits cardiac
fibroblast pyroptosis via miR-135b.

miR-135b Silencing Attenuates High
Glucose-Induced Fibrosis in Fibroblasts

Treated With Ranolazine

The in vivo results indicated that ranolazine inhibited high glucose-
induced cardiac fibrosis, which was verified in vitro by
immunofluorescence. The data indicated that the fluorescence
intensity of TGF-P1, collagen I and collagen III was increased in
high glucose-stimulated cardiac fibroblasts but was significantly
decreased after treatment with ranolazine. However, inhibition of
fluorescence intensity was reduced after silencing miR-135b
(Figures 5A-C). Moreover, RT-PCR analysis indicated that the
mRNA levels of TGF-p1, collagen I and collagen III were increased
in the HG group and decreased after treatment with ranolazine. In
addition, miR-135b silencing did not reverse these changes induced
by high glucose even after treatment with ranolazine (Figures
5D-F). In addition, the Western blot analysis results were similar
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to the immunofluorescence assay results (Figures 5G-I). These
results suggested that ranolazine inhibition of high glucose-
stimulated fibrosis of cardiac fibroblasts is achieved in
coordination with miR-135b.

DISCUSSION

DCM, a chronic disease with complex pathogenesis, has no clear
clinical criteria for diagnosis. Patients with what was initially defined
as DCM had pathological manifestations of cardiac fibrosis (Rubler
etal,, 1972); therefore, effective inhibition of cardiac fibrosis may help
to treat DCM. In the present study, we verified that ranolazine
inhibited diabetic cardiac fibrosis and that miR-135b reduced
collagen deposition by inhibiting cardiac fibroblast pyroptosis. We
elucidated for the first time the involvement of miR-135b inhibition
of pyroptosis in the treatment of diabetic cardiac fibrosis with
ranolazine (Figure 6).

Ranolazine is recommended as a second-line agent for chronic
stable angina pectoris by European and North American clinical
guidelines (Task Force et al., 2013). Ranolazine has a cardioprotective
effect and is particularly effective in functional restoration after
myocardial infarction in patients with diabetes (Odiete et al,
2013). Persistent hyperglycemia is a major cause of cardiovascular
complications in diabetic patients. Ranolazine lowers the levels of
glycated hemoglobin and fasting blood glucose, and it inhibits the
release of glucagon in diabetic patients, which has a positive effect on

the treatment of diabetes (Chisholm et al., 2010; Dhalla et al., 2014;
Eckel et al., 2015). Moreover, Ranolazine has a protective effect on
cardiomyocytes stimulated by high glucose; however, the effect on
fibroblasts has not been elucidated (Chen et al., 2020). The results of
the present study indicated that ranolazine attenuated cardiac
inflammation and collagen deposition. Moreover, ranolazine
restrained cardiac fibrosis and improved cardiac dysfunction and
reconstruction in DM rats by inhibiting the expression of collagen I
and collagen III.

miRNA-135b is closely associated with a variety of diseases,
including cancer, heart disease and epilepsy (Umezu et al., 2014).
Recently, miR-135b has been reported to promote M2 polarization
of synovial macrophages by targeting MAPKS, thereby reducing
cartilage damage (Wang and Xu, 2021). miR-135b inhibits the
immune response of Th17 cells by targeting CXCL12, indicating
the potential value of miR-135b in the treatment of inflammation
(Liu et al.,, 2020). However, relationships between miR-135b and
DCM have not been reported. A decrease in the expression of miR-
135b in retinal cells exposed to high glucose levels suggests a
relationship between miR-135b and diabetic complications (Gong
et al, 2017). The present study demonstrated that miR-135b
expression was reduced in high glucose-stimulated cardiac
fibroblasts and that ranolazine induced an increase in miR-135b
expression. Interference with miR-135b had little effect on the
expression of downstream factors even after treatment with
ranolazine, suggesting that the effects of ranolazine in diabetic
cardiac fibrosis are mediated by upregulation of miR-135b. The
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present study is the first to demonstrate differential expression of
miR-135b in a model of DCM and to show that ranolazine
modulates miR-135b expression in diabetic cardiac fibrosis.

Pyroptosis is involved in the development and progression of
DCM (Yang et al., 2018). Caspase-1 plays an important role in the
production of pyroptosis and the release of related factors (Miao
et al, 2010). The present study demonstrated that caspase-1
expression was increased in high glucose-stimulated cardiac
fibroblasts and diabetic rats, which led to promotion of
downstream production of IL-13 and GSDMD. GSDMD
expression is closely associated with cell pyroptosis (Kovacs and
Miao, 2017). At the same time, prolonged exposure of microvascular
endothelial cells to IL-1p activates the TGF-p1 signaling pathway,
which induces the conversion of microvascular endothelial cells into
fibroblasts and increases collagen deposition, ultimately leading to
cardiac remodeling and the generation of myocardial interstitial
fibrosis (Fernandez and Mosquera, 2002; Artlett, 2012; Wang et al.,
2013). In in vitro and in vivo experiments, activation of pyroptosis
was found to have triggered the expression of the downstream
factors, including TGF-P1, collagen I and collagen III. Thus, we
concluded that miR-135b inhibits pyroptosis of cardiac fibroblasts
and reduces collagen deposition.

Although we demonstrated the protective effect of ranolazine on
high glucose-stimulated cardiac fibroblasts, our experiments had
several limitations. First, we only demonstrated in vitro that
ranolazine reduces the damage of cardiac fibroblasts induced by
high glucose by regulating miR-135b, and it remains unclear
whether the same results can be obtained with in vivo
experiments. Second, ranolazine protects cardiac fibroblasts by
reducing caspase-1-mediated pyroptosis, but it needs to be
further verified whether the same results can be obtained in vivo
or by human-specific knockdown of caspase-1.

In conclusion, we validated the effect of ranolazine on diabetic
cardiac fibrosis, and we reported for the first time that
hyperglycemia decreases miR-135b expression in cardiac
fibroblasts and that ranolazine reverses this change. Ranolazine
treatment of diabetic cardiac fibrosis is mediated by the miR-135b/
caspase-1/TGF-p1 pathway. Our study provides a solid theoretical

basis for understanding the pathogenesis of diabetic cardiac fibrosis
and the clinical use of ranolazine in the treatment of DCM.
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