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Abstract

Background
Diabetic cardiomyopathy (DCM) needs to be responsible for the increasing morbidity and mortality in
diabetic patients with heart failure. Unfortunately, the pathogenesis of DCM has yet to be elaborate. Here
we investigate the important role of lncRNA-ZFAS1 in the pathological process of DCM associated with
ferroptosis.

Methods
Microarray data analysis of DCM in the patients or mice model from GEO was presented that ZFAS1 was
significantly upregulated, miR-150-5p and CCND2 were significantly downregulated. High glucose (HG)-
treated cardiomyocytes and db/db mice were simulated DCM in vitro and in vivo. Ad-ZFAS1, Ad-sh-
ZFAS1, mimic miR-150-5p, Ad-CCND2, Ad-sh-CCND2 were injected into mice model or transfected into HG-
treated Cardiomyocytes to clarify whether ZFAS1 can regulate miR-150-5p and CCND2 on ferroptosis.
Effect of ZFAS1 on the left ventricular myocardial tissues in db/db mice and HG-treated cardiomyocytes,
ferroptosis and apoptosis was determined by Masson staining, immunohistochemical staining, western
blot, MBB staining, immunofluorescence staining and JC-1staining. The relationship among ZFAS1, miR-
150-5p, CCND2 was identified by dual luciferase reporter assay and RNA Pull-down assay.

Results
Inhibition of ZFAS1 led to the reduced collagen deposition, decreased cardiomyocytes apoptosis,
ferroptosis and attenuated the DCM progress. ZFAS1 can sponge miR-150-5p to regulate CCND2
expression. Ad-sh-ZFAS1, miR-150-5p mimic and Ad-CCND2 transfection contributed to attenuate
ferroptosis and DCM both in vitro and in vivo, while transfection Ad-ZFAS1could reverse the positive
effect of miR-150-5p mimic and Ad-CCND2 both in vitro and in vivo.

Conclusion
lncRNA-ZFAS1 acted as a ceRNA to sponge miR-150-5p can regulate CCND2 to promote cardiomyocytes
ferroptosis and developed DCM, and inhibition of ZFAS1 could be a promising therapeutic target for the
treatment and prevention of DCM.

Introduction
Diabetes makes patients vulnerable to a series of cardiovascular complications, one of the most serious
progress is associated with the heart failure [1, 2]. With the increasing of the incidence of diabetes
(expected to reach 693 million by 2045 [3]), heart failure caused by diabetes has become a worldwide
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epidemic [4, 5]. Indeed, diabetes accounts for 1/3 of patients with heart failure in clinical, and diabetes
has always been an independent predictor of adverse outcomes [6]. Instead, DCM is currently recognized
as a proximate cause of heart failure with a 4-5fold increase in the risk of heart failure among diabetic
patients which firstly descripted by the Framingham Heart Study 5 decades ago [2, 7, 8]. Despite the
extensive research attention in diabetic cardiomyopathy recently [9], however, the full spectrum of
possible pathogenesis and their relative contribution to the heart failure phenotype in diabetes are still
incompletely understood.

The long noncoding ribonucleic acids (lncRNAs), non-coding RNA longer than 200 nucleotides in length,
which participate in multiple biological processes, including cell metabolism, cell proliferation, cell fate
determination, cell apoptosis and cell death, result in a variety of pathological conditions, such as cancer,
Alzheimer’s disease, emerge evidence has shown that lncRNAs regulated cardiac diseases [10–13].
Cardiac-related lncRNA-ZFAS1 (zinc finger antisense 1) was proved to associate with acute myocardial
infarction [14–17]. Nevertheless, the mechanism between lncRNA-ZFAS1 with diabetic cardiomyopathy is
still lacking.

One of lncRNAs’ significant function was action as competing endogenous RNAs (ceRNAs) to sponge
macromolecules, such as micro-RNAs (miRNAs) and proteins [18], which associated with a range of
physiological, biological and pathological processes, including cardiac diseases [19, 20]. A clinical
research demonstrated that miR-150-5p was significantly reduced in patients with heart failure, and
represented an independent predictor of heart failure [21]. Furthermore, miR-150-5p could mitigate
apoptosis in sepsis-induced myocardial depression [22], alleviate the progression of myocardial fibrosis
[23], rescue cardiomyocytes from hypoxia-induced injury under the command of lncRNAs FOXD3-AS1
[24]. However, the role of miR-150-5p in diabetic cardiomyopathy and the relation with lncRNA-ZFAS1
have not been studied. Cyclin D2 (CCND2) could regulate the proliferation of cardiac myocytes [25], and
is beneficial to the cardiac dysfunction [26], activates cell-cycle progression to enhance myocardial repair
[27]. However, the role of CCND2 in diabetic cardiomyopathy have not been studied.

Ferroptosis, an iron-dependent regulated necrosis associated with a new form of regulatory cell death
firstly described in 2012 [28], which could induce the pathological process of cancer, stroke,
cardiovascular disease, and kidney failure [29, 30]. Glutathione peroxidase 4 (GPX4) could terminated the
process of ferroptosis which involved in caspase and necrosomal complex [31]. Recent report has
demonstrated that inhibiting ferroptosis could decrease mitochondrial iron to alleviate DOX-induced
cardiac injury [32], but its role in diabetic cardiomyopathy remains to be explored.

In this study, we used HG-treated cardiomyocytes and db/db mice to simulate DCM in vitro and in vivo
and investigated the identification of lncRNA-ZFAS1, which is upregulated during DCM, and show that
inhibition of ZFAS1 alleviate the development of DCM by reducing ferroptosis via stabilizing miR-150-5p
to activate CCND2.

Research Design And Methods
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Ethics and Animal Experiments
The Institutes of the First Affiliated Hospital of Wenzhou Medical University Health Guidelines on the Use
of Laboratory Animals to guide for the humanitarian care of animals.

Male db/+ mice and db/db mice (7 weeks old, weight 24 g) were fed a normal diet for four weeks under a
14-hour light / 8-hour dark cycle at 24 °C which purchased from the Model Animal Research Center of
Nanjing University (Nanjing, China). The equal volume adenovirus (Ad-ZFAS1, Ad-sh-ZFAS1, Ad-CCND2,
Ad-sh-CCND2) were injected into the left ventricle free wall of mice (40µL respectively, 10µL for each of
four sites). MiR-150-5p mimics and mimic control (NC) were injected into the tail vein of mice (50 µg/kg)
for every 15 days for 12 weeks. Each group contains 8 mice.

Primary Culture of Neonatal Cardiomyocytes and Cell
Transfection
Primary cardiomyocytes were isolated from the newborn (1- to 2-day-old) mice according to the
professional article [33]. Cardiomyocytes were transfected with the adenovirus including Ad-ZFAS1, Ad-
sh-ZFAS1, Ad-CCND2, Ad-sh-CCND2 (10µL/mL, MOI: 100:1, the titer of the adenoviruses was
approximately 1.2 × 1010 PFU/mL, Hanbio Technology Ltd. Shanghai, China) in serum-free Dulbecco's
Modified Eagle Medium (DMEM) for 6–8 h, the miR-150-5p mimics and mimic control (NC) (Sigma, St.
Louis, MO, USA) were transfected into cardiomyocytes using Lipofectamine® 3000 (Invitrogen; Carlsbad,
CA, USA), and then cultured in absence or presence of high glucose (HG, 25 mmol/L glucose).

Microarray-Based Gene Expression Data Analysis
The microarray data of diabetic and non-diabetic patients affected by heart failure (HF) based on the
GSE26887, the micro-RNAs in pathophysiology of diabetic cardiomyopathy based on the GSE44179, the
expression data from Rat ventricles 3 days, 28 days, and 42 days after STZ injection base on GSE4745,
were acquired from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/),
differentially DCM-related genes were screened by Excel (Microsoft) with the threshold of |log2FC| >2.0
and adj.P.Val (P value after correction) < 0.05.

Dual luciferase reporter assay
The online database StarBase v2.0 predicted the binding site of miR-150-5p with lncRNA-ZFAS1
(http://starbase.sysu.edu.cn/agoClipRNA.php?source=lncRNA). MiR-150-5p was predicted to binding
with CCND2 by online database TargetScan software (http://www.targetscan.org/mamm_31/). Wide
sequences (wt-ZFAS1 and wt-CCND2) and mutant sequences (mut-ZFAS1 and mut-CCND2) were
designed and synthesized according to the predicted binding sites. The human embryonic kidney cell line
(HEK293T cells, ATCC, Manassas, VA) were cultured in 24-well plates reached to 80% confluence, the miR-
150-5p mimic (30 n M) or miR-138-5p mimic negative controls (30 n M, Gene-Pharma, Shanghai, China)
using Lipofectamine 3000 regent (Thermo Fisher Scientific, USA) to co-transfected into HEK293T cells.
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After 48 hours, the luciferase activity was explored by the Dual-Luciferase Reporter Assay Kit (Promega,
USA).

Quantitative real time PCR (qRT-PCR)
The expression of ZFAS1, CCND2 and miR-150-5p were measured by qRT-PCR. Total RNA in left ventricle
tissue and cardiomyocytes was extracted using the TRIzol reagent (Invitrogen) and RNA extraction kit
(TaKaRa), miRNA was extracted using the miRNeasy Mini Kit (Qiagen, Germany) from the total RNA. RT-
qPCR was performed according to the manufacturer's protocal on a QuantStudio 5 Real-Time PCR
System (Thermo Fisher Scientific, USA). The primer sequences were listed as below: ZFAS1 (forward: 5ʹ-
ACGTGCAGACATCTACAAC CT-3ʹ and reverse: 5ʹ-TACTTCCAACACCCGCAT-3ʹ), miR-150-5p, forward: 5′-
TCGG CGTC TCCC AACC CTTG TAC-3′, reverse: 5′-GTCG TATC CAGT GCAG GGTC CGAG GT-3′, CCND2
(forward: 5′AGAGCCACCGGTATGGAGCTGCTGTGCCACGAGGT 3′, reverse:
5′CTGCAGGCGCGCCGAATTTTTTTTTTAAGTTTCACCCT 3′).

RNA pull-down assay
Biotinylated wild-type miR-150-5p (Bio-wt-150-5p) or biotinylated mutant miR-150-5p (Bio-mut-150-5p) or
biotinylated miRNA which not complementary to ZFAS1 (Bio-NC) were transfected into primary
cardiomyocytes. Forty-eight hours after transfection, cardiomyocytes were obtained for biotin-based pull-
down assay (Thermo Fisher Scientific, USA) according to the protocol. ZFAS1 expression levels were
measured by real-time PCR.

Magnetic bead coated by a ZFAS1 probe or a random probe were added into cardiomyocytes lysate. MiR-
150-5p was eluted from the streptavidin beads after washing and enrichment of beads/RNA complex.
MiR-150-5p expression level was measured by Northern Blot (Thermo Fisher Scientific, USA) according to
the protocol.

Cell immunofluorescence staining
After fixed with 4% paraformaldehyde for 15 minutes, permeabilized with 0.5%Triton X-100 for 20
minutes, and blocked with 4% goat serum for 30 minutes at 37 °C, the adherent experimental
cardiomyocytes were cultured with the primary antibody against Ferritin Heavy Chain (ab65080) at 4 °C
overnight. Next day, after incubated with DyLight 488 and 594 AffiniPure Goat IgG (H + L) for 1 h at 37 °C
and counterstained with 0.1 µg/mL DAPI (P36941; Invitrogen) for 3 minutes, images were measured by a
Nikon Eclipse Ti-U fluorescence microscope.

Histology and immunohistochemistry
After dewaxed in 60 ℃ incubator, hydrated with xylene and anhydrous ethanol, antigen repaired with
Citrate Antigen Retrieval Solution Sections (Beyotime, China) Sections (5-mm thickness) of the left
ventricular myocardial tissues were incubated with primary antibodies against Ferritin Heavy Chain
(FTH1, ab65080), 4-Hydroxynonenal (4-HNE, ab46545) at 4 °C overnight. Next day, sections were
incubated with secondary antibodies at 37 °C for 30 minutes and then stained with 3,3'-Diaminobenzidine
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(Gene Tech, China) at 37 °C for 5 minutes, photographed immediately in the dark using Nikon Eclipse Ti-U
fluorescence microscope (Tokyo, Japan).

Masson staining
Masson staining was used to measure cardiac collagen content. After dewaxed in 60 ℃ incubator,
hydrated with xylene and anhydrous ethanol, dyed with hematoxylin and Lichun red acid, Sections (5-mm
thickness) of the left ventricular myocardial tissues were finally dyed with 1% phosphomolybdic acid,
photographed immediately in the dark using Nikon Eclipse Ti-U fluorescence microscope (Tokyo, Japan).
Collagen fibers were blue (aniline blue) or green (bright green), muscle fibers and cellulose were red.

Monobromobimane (MBB) staining
MBB staining was used to determine the glutathione (GSH) in cardiomyocytes. Cardiomyocytes were
stained by MBB (20 µM; Sigma-Aldrich, USA) in PBS for 15 minutes at 37 °C, photographed immediately
in the dark using Nikon Eclipse Ti-U fluorescence microscope (Tokyo, Japan).

JC-1 staining
JC-1 staining was used to determine the mitochondrial membrane potential. Cardiomyocytes were
stained with JC-1 (MCE, NJ, USA) in PBS for 30 min at 37 °C, photographed immediately in the dark using
Nikon Eclipse Ti-U fluorescence microscope (Tokyo, Japan).

Western blotting
Left ventricle tissue and cardiomyocytes were lysed to extract protein which separated by SDS-PAGE and
then transferred onto 0.45 µm polyvinylidene difluoride transfer membranes (PVDF, Millipore, USA). After
blocked and incubated with the primary antibodies, including GPX4 (ab125066), CCND2 (ab207604),
cleaved caspase 3 (ab13847), Bcl-2 (ab32124), Bax (ab53154), and β-actin (ab8226) overnight at 4 ℃,
PVDF membranes were incubated with a peroxidase-conjugated secondary antibody, including anti-
mouse and anti-rabbit (Abbkine, Redlands, CA), finally visualized using an ECL Plus Detection Reagent
(Sigma, United States).

Statistical analysis
SPSS version 26.0 software (SPSS Inc, USA, IL) was used to analysis data which shown as mean ± 
standard deviation (SD) and perform Student’s t test and ANOVA to show differences between two groups
or multiple groups. All experiments were repeated at least three times and p values less than 0.05 were
considered significant.

Results
Upregulated ZFAS1 expression and increased ferroptosis involved in diabetic cardiomyopathy and HG-
treated cardiomyocytes.
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The differentially HF-related genes profiles in diabetic patients and non-diabetic patients were screened
out from the GSE26887 in the GEO database, lncRNA-ZFAS1 was significantly upregulated in the diabetic
patients with HF (Fig. 1A). To determine whether ZFAS1 was really involved in diabetic cardiomyopathy,
the expression of ZFAS1 in the left ventricular myocardial tissues of db/db mice and HG-treated
cardiomyocytes was determined by RT-qPCR. The result revealed that ZFAS1 was significantly
upregulated at the same way (Fig. 1B-C).

As shown in Fig. 1D, FTH1, a key iron storage protein involved in iron metabolism and act as
ferritinophagy biomarkers, was decreased in the left ventricular myocardial tissues of db/db mice
evaluated by immunohistochemical staining (Fig. 1D). 4-hydroxynonenal (4-HNE), the final product of
lipid hydroperoxidation, was increased in the left ventricular myocardial tissues of db/db mice evaluated
by immunohistochemical staining (Fig. 1D). Glutathione peroxidase 4 (GPX4), which could terminate the
process of ferroptosis, was decreased in the left ventricular myocardial tissues of db/db mice measured
by western blot (Fig. 1E-F). In keeping with in vivo results, FTH1 was seen colocalized rarely in the
cytoplasm in HG-treated cardiomyocytes (Fig. 1G). We also observed a reduction in the expression of
GPX4 in HG-treated cardiomyocytes measured by western blot (Fig. 1H-I). Taking together, we found that
the expression of ZFAS1 was upregulated and ferroptosis was increased in diabetic cardiomyopathy and
HG-treated cardiomyocytes.

Inhibition of ZFAS1 repressed ferroptosis in diabetic cardiomyopathy and HG-Treated Cardiomyocytes.

To further identify the function of ZFAS1 in the process of DCM, we injected Ad-ZFAS1, Ad-sh-ZFAS1 into
the left ventricle free wall of mice. Masson staining showed a significant decrease of collagen deposition
in the left ventricular myocardial tissues of db/db + Ad-ZFAS1 group (Fig. 2A). Inhibition of ZFAS1 could
restore the expression of FTH1, reduce the expression of 4-HNE evaluated by immunohistochemical
staining (Fig. 2B), rescue the expression of GPX4 and inhibit the expression of apoptosis-related genes
including Cleaved caspase 3, Bax, and Bcl-2 measured by western blot (Fig. 2C-D). Inhibition of ZFAS1 in
HG-treated cardiomyocytes could increase intracellular GSH levels assessed by MBB staining to a certain
extent (Fig. 2E), restore the distribution of FTH1 in the cytoplasm (Fig. 2F), alleviate the mitochondrial
membrane potential as revealed by the transition from red fluorescence to green fluorescence measured
by JC-1 staining (Fig. 2G), rescue the expression of GPX4 and inhibit the expression of apoptosis-related
genes including Cleaved caspase 3, Bax, and Bcl-2 measured by western blot (Fig. 2H-I). Altogether, these
results suggested that inhibition of ZFAS1 could prevent ferroptosis from diabetic cardiomyopathy and
HG-treated cardiomyocytes.

lncRNA-ZFAS1 can bind with miR-150-5p to regulate expression of CCND2.

The differentially role of micro-RNAs profiles pathophysiology of diabetic cardiomyopathy were screened
out from the GSE44179 in the GEO database, we found that miR-150-5p was substantial reduced
(Fig. 3A). To determine whether miR-150-5p was really involved in diabetic cardiomyopathy, the
expression of miR-150-5p in the left ventricular myocardial tissues of db/db mice and HG-treated
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cardiomyocytes was determined by RT-qPCR. The result revealed that miR-150-5p was significantly
downregulated at the same way (Fig. 3B-C).

To elucidate the potential molecular mechanism by which ZFAS1 and miR-150-5p regulated DM, we
attempted to explore the underlying target bind site between ZFAS1 and miR-150-5p. The predicted bind
site of miR-150-5p and ZFAS1 was displayed in the Fig. 3D analyzed by bioinformatic program
TargetScan. Dual luciferase reporter assay demonstrated that transfection with miR-150-5p mimics
significantly reduced the relative firefly luciferase activity of wt-ZFAS1 whereas the mut-ZFAS1 luciferase
activity was not affected (Fig. 3E). Further, we compared the sequences of ZFAS1 with that of miR-150-5p
analyzed by the bioinformatics program RNAhybrid and investigated that ZFAS1 contains a binding site
of miR-150-5p (Fig. 3F). What’s more, we performed a biotin-avidin pull-down assay to explore whether
miR-150-5p could directly bind to ZFAS1. ZFAS1 was pulled down by biotinylated wild-type miR-150-5p,
the inability of miR-150-5p to pull down ZFAS1 when introduction of miR-150-5p mutations that destroy
base paring between ZFAS1 and miR-150-5p, indicating that the identification of miR-150-5p to ZFAS1 is
sequence specific (Fig. 3G). We also performed inverse pull-down assay to test if ZFAS1 could pull-down
miR-150-5p, the results showed that miR-150-5p could be co-precipitated by ZFAS1using a biotin-labeled-
specific ZFAS1 probe (Fig. 3H).

The GSE44179 from GEO database presented us that CCND2 was significantly decreased in rat ventricles
after STZ injection (Fig. 3I). To determine whether CCND2 was really involved in diabetic cardiomyopathy,
the expression of CCND2 in the left ventricular myocardial tissues of db/db mice and HG-treated
cardiomyocytes was determined by western blot. The result revealed that CCND2 was significantly
downregulated in the same way (Fig. 3J-M). The bioinformatic program TargetScan provided information
for the predicted binding site of miR-150-5p and CCND2 (Fig. 3N). Additionally, the dual-luciferase reporter
assay demonstrated that transfection with miR-150-5p mimics significantly reduced the relative firefly
luciferase activity of wt-CCND2 whereas the mut-CCND2 luciferase activity was not affected (Fig. 3O).
These results supported that ZFAS1 can bind with miR-150-5p to regulate the expression of CCND2.

ZFAS1 promoted ferroptosis in diabetic cardiomyopathy and HG-treated Cardiomyocytes through
modulating miR-150-5p.

Because of the interaction between ZFAS1 and miR-150-5p, we further explored whether ZFAS1 was able
to regulate ferroptosis through miR-150-5p. As shown in Fig. 4A, stimulation of miR-150-5p significantly
decreased collagen deposition in the left ventricular myocardial tissues of db/db mice which was similar
to the function of ZFAS1 inhibition. However, stimulation of ZFAS1 definitely abolished the positive effect
of miR-150-5p detected by Masson staining. Overexpression of miR-150-5p could restore the expression
of FTH1, reduce the expression of 4-HNE evaluated by immunohistochemical staining as the function of
inhibition of ZFAS1, whereas overexpression of ZFAS1 offset the positive effect of miR-150-5p (Fig. 4B).
Overexpression of miR-150-5p could rescue the expression of GPX4 and CCND2 and inhibit the
expression of apoptosis-related genes including Cleaved caspase 3, Bax, and Bcl-2 measured by western
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blot which were similar to the function of ZFAS1, whereas overexpression of ZFAS1 counteracted the
positive effect of miR-150-5p (Fig. 4C-D).

Subsequently, we explored whether ZFAS1 regulate ferroptosis through miR-150-5p in HG-treated
cardiomyocytes. As shown in Fig. 4E, HG-treated cardiomyocytes transfected with Ad-sh-ZFAS1 or mimic
miR-150-5p all made sense in the increase of intracellular GSH levels assessed by MBB staining (Fig. 4E),
whereas overexpression of ZFAS1 counteracted the positive effect of miR-150-5p. Moreover, Ad-ZFAS1
administration significantly reversed the effect of miR-150-5p, as demonstrated by a reduction in the
expression of FTH1 as detected via immunofluorescence (Fig. 4F), the decrease in mitochondrial
membrane potential as detected via JC-1 staining (Fig. 4G), a reduction in the expression of GPX4 and
CCND2 and a reduction in the expression of apoptosis-related genes including Cleaved caspase 3, Bax,
and Bcl-2 measured by western blot (Fig. 4H-I).

Taking together, these results indicated that inhibition of ZFAS1 could suppress ferroptosis in diabetic
cardiomyopathy and HG-treated Cardiomyocytes through targeting miR-150-5p. lncRNA-ZFAS1 acted as a
ceRNA to sponge miR-150-5p.

ZFAS1 promoted ferroptosis in diabetic cardiomyopathy and HG-treated Cardiomyocytes through
modulating CCND2.

To further elucidate the role of CCND2 in the positive function of ZFAS1 inhibition against ferroptosis in
diabetic cardiomyopathy and HG-treated Cardiomyocytes, the left ventricular myocardial tissues of db/db
mice were injected with Ad-sh-ZFAS1, Ad-ZFAS1, Ad-CCND2, or Ad-sh-CCND2. Interestingly,
overexpression of CCND2 exerted a marked effect in inhibition of ferroptosis likewise the function as the
inhibition of ZFAS1, however, these effects were eliminated when stimulation of ZFAS1 corroborated by
the increased collagen deposition measured by Masson staining (Fig. 5A), the decreased expression of
FTH1 and increased the expression of 4-HNE measured by immunohistochemical staining (Fig. 5B), the
decreased expression of GPX4 and the increased expression of apoptosis-related genes including
Cleaved caspase 3, Bax, and Bcl-2 measured by western blot (Fig. 5C-D) in the left ventricular myocardial
tissues of db/db mice, the decreased of intracellular GSH levels assessed by MBB staining(Fig. 5E), the
reduction expression of FTH1 as detected via immunofluorescence (Fig. 5F), the decreased mitochondrial
membrane potential as detected via JC-1 staining (Fig. 5G), the reduction in the expression of GPX4 and
the reduction in the expression of apoptosis-related genes including Cleaved caspase 3, Bax, and Bcl-2
measured by western blot (Fig. 5H-I). Cumulatively, these results demonstrated that ZFAS1 inhibition
suppressed ferroptosis in diabetic cardiomyopathy and HG-treated Cardiomyocytes through modulating
CCND2. lncRNA-ZFAS1 acted as a ceRNA to sponge miR-150-5p can regulate CCND2.

Discussion
Diabetes mellitus is an independent risk of heart failure (HF), while HF could accelerate diabetes mellitus
cardiovascular complication [5], according to a report, 15%-35% of HF patients should blamed to diabetic
patients [34]. What’s more, diabetic cardiomyopathy is considered an indispensable pathophysiological
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state among diabetic patients which could result in the dysfunctional cardiomyocytes, abnormal
myocardial and the final cardiac dysfunction characterized by left ventricular longitudinal dysfunction [8,
35, 36]. However, the therapy or specific treatment of DCM in clinical is a considerable challenge. To date,
there is still no identified molecular mechanism of DCM to guide the treatment of DCM. In the present
study, we aimed to elucidate the role of lncRNA-ZFAS1, miR-150-5p, CCND2 in ferroptosis of
cardiomyocytes in DCM. Specifically, inhibition of ZFAS1 could potentially alleviate myocardial fibrosis in
DCM by inhibiting cardiomyocyte ferroptosis via sponging miR-150-5p to activate CCND2.

These decade, the roles of lncRNAs were paid attention to various cardiovascular diseases, especially
myocardial infarction (MI) [20, 37–39], but little is known about the role of lncRNAs in the pathogenesis
of DCM. The GSE26887 from GEO database show that lncRNA-ZFAS1 was significantly upregulated in
diabetic patients with HF, compared with non-diabetic patients (Fig. 1A). As we expected, ZFAS1 was also
upregulated in diabetic cardiomyopathy and HG-treated cardiomyocytes (Fig. 1B-C). ZFAS1 is one of
cardiac-related lncRNAs, previously, knockdown of lncRNA-ZFAS1 prevents cardiomyocytes from MI [14].
Reports emphasized that ZFAS1 was upregulated to promote cardiac disease [40] and induce
mitochondria-mediated cardiomyocytes apoptosis [16].

Ferroptosis, a unique cell death, characterized by the stimulation of reactive oxygen species (ROS) result
in the mitochondria dysfunction induced by iron catalytic activity and lipid peroxidation [41]. Growing
studies has shown that ferroptosis was also a critical form of cardiomyocytes death [42, 43]. In this
study, we found that ferroptosis was accumulated in the left ventricular myocardial tissues of DCM and
HG-treated cardiomyocytes, as demonstrated by the downregulation expression of iron storage protein
FTH1 as determined by immunohistochemical staining (Fig. 1D) and immunofluorescence staining
(Fig. 1G), the upregulation expression of the final product of lipid hydroperoxidation protein 4-HNE as
determined by immunohistochemical staining (Fig. 1D), the downregulation expression of the ferroptosis
termination protein GPX4 determined by western blot analysis (Fig. 1E-F, 1H-I).

Moreover, we found that the inhibition of ZFAS1 in db/db mice could attenuate ferroptosis in the left
ventricular myocardial tissues of DCM and HG-treated cardiomyocytes based on the upregulation
expression of FTH1 as determined by immunohistochemical staining (Fig. 2B) and immunofluorescence
staining (Fig. 2F), the upregulation expression of the ferroptosis termination protein GPX4 as determined
by western blot analysis (Fig. 2C-D, 2-H-I), the increased intracellular GSH levels assessed by MBB
staining (Fig. 2E), the restoration of mitochondrial membrane potential measured by JC-1 staining, all the
change related with ferroptosis resulted in the reduction of the collagen deposition to attenuate cardiac
fibrosis in myocardial tissue as determined by Masson staining (Fig. 2A) and the decreased expression of
apoptosis-related genes including Cleaved caspase 3, Bax, and Bcl-2 measured by western blot (Fig. 2C-D,
2-H-I).

Emerging evidence has shown that miR-150-5p involved in heart disease and HF [44, 45]. The GSE44179
from GEO database and the RT-qPCR of left ventricular myocardial tissues of db/db mice and HG-treated
cardiomyocytes all show that miR-150-5p was significantly downregulated (Fig. 3A-C). Type D cyclins



Page 11/21

regulate the transition of cell cycle from G1 to S, while overexpression of CCND2 (cyclin D2) can activate
the cell cycle of cardiomyocytes [25, 46]. The GSE4745 from GEO database and the RT-qPCR of left
ventricular myocardial tissues of db/db mice and HG-treated cardiomyocytes all show that CCND2 was
significantly downregulated (Fig. 3I-M). Further, we identified that ZFAS1 can bind with miR-150-5p to
regulate expression of CCND2 as determined by RNA Pull-down assay (Fig. 3G-H), dual luciferase reporter
assay (Fig. 3E, O), RNAhybrid program (Fig. 3F) and TargetScan program (Fig. 3D, N).

More importantly, overexpression of miR-150-5p and CCND2 significantly alleviated ferroptosis which
was similar to the function of ZFAS1 inhibition in db/db mice and HG-treated Cardiomyocytes, however,
these positive effects were eliminated when stimulation of ZFAS1 based on the downregulation
expression of FTH1 as determined by immunohistochemical staining (Fig. 4B, Fig. 5B) and
immunofluorescence staining (Fig. 4F, Fig. 5F), the downregulation expression of the ferroptosis
termination protein GPX4 as determined by western blot analysis (Fig. 4C-D and 4H-I, Fig. 5C-D and 5H-I),
the decreased intracellular GSH levels assessed by MBB staining (Fig. 4E, Fig. 5E), the reduction of
mitochondrial membrane potential measured by JC-1 staining (Fig. 4G, Fig. 5G), all the change related
with ferroptosis resulted in the accumulation of the collagen deposition which induce cardiac fibrosis in
myocardial tissue as determined by Masson staining (Fig. 4A, Fig. 5A) and the increased expression of
apoptosis-related genes including Cleaved caspase 3, Bax, and Bcl-2 measured by western blot (Fig. 4C-D
and 4H-I, Fig. 5C-D and 5H-I). Such findings strongly supported that inhibition of ZFAS1 could inhibit
cardiomyocytes ferroptosis by sponging miR-150-5p to activate CCND2 against diabetic cardiomyopathy
(Fig. 6).

Conclusion
Together, all these results strongly suggested that simulation of ZFAS1 indeed promote ferroptosis in
DCM, lncRNA-ZFAS1 acted as a ceRNA to sponge miR-150-5p can regulate CCND2. Most important of all,
inhibition of ZFAS1 could suppress cardiomyocytes ferroptosis and attenuated DCM progress. The ability
to target lncRNA-ZFAS1 will pave the way for the novel treatment of DCM.
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Figures

Figure 1

ZFAS1 is involved in the response to diabetic cardiomyopathy- and high glucose-induced ferroptosis. (A)
ZFAS1 expression levels in heart failure of diabetic patients and non-diabetic patients from RNA-
sequencing data (GSE26887). (B) RT-qPCR analysis of ZFAS1 expression in the left ventricular
myocardial tissues of db/+ and db/db mice. (C) RT-qPCR analysis of ZFAS1 expression in control
cardiomyocytes and HG-treated cardiomyocytes. (D) Relative expression of FTH1 and 4-HNE were
determined by immunohistochemical staining in the left ventricular myocardial tissues of db/+ and
db/db mice. (E-F) Relative protein expression of GPX4 was assessed by western blot analysis in the left
ventricular myocardial tissues of db/+ and db/db mice. (G) Immunofluorescence against FTH1 (green) in
control cardiomyocytes and HG-treated cardiomyocytes. (H-I) Relative protein expression of GPX4 was
assessed by western blot analysis in control cardiomyocytes and HG-treated cardiomyocytes. #P < 0.05
vs CON group or db/+ group, data are measured as mean ± SD (n=3).
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Figure 2

Inhibition of ZFAS1 alleviated ferroptosis induced in diabetic cardiomyopathy and HG-treated
cardiomyocytes. Db/+mice (n = 8) and db/db mice (n=8) were injected with Ad-NC, Ad-ZFAS1, Ad-sh-
ZFAS1, respectively. Cardiomyocytes were transfected with Ad-NC, Ad-ZFAS1, Ad-sh-ZFAS1 with or
without under HG stimulation. (A) Masson staining was used to assess Collagen deposition in the left
ventricular myocardial tissues in experimental mice (blue indicates collagen deposition). (B) Relative
expression of FTH1 and 4-HNE were determined by immunohistochemical staining in the left ventricular
myocardial tissues of experimental mice. (C-D) Relative protein expression of GPX4, Cleaved caspase 3,
Bax, and Bcl-2 were assessed by western blot analysis in the left ventricular myocardial tissues of
experimental mice. (E) MBB staining was used to assess GSH levels in experimental cardiomyocytes. (F)
Immunofluorescence against FTH1 (green) in experimental cardiomyocytes. (G) JC-1 staining was used
to assess mitochondrial membrane potential in experimental cardiomyocytes. (H-I) Relative protein
expression of GPX4, Cleaved caspase 3, Bax, and Bcl-2 were assessed by western blot analysis in
experimental cardiomyocytes. #P < 0.05 vs CON group or db/+ group, *P < 0.05 vs HG + Ad-NC or db/db +
Ad-NC; data are measured as mean ± SD (n=3).
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Figure 3

ZFAS1 can bind with miR-150-5p to regulate expression of CCND2. (A) MiR-150-5p expression levels in
control group (CON) and diabetic cardiomyopathy (DCM) from RNA-sequencing data (GSE44179). (B) RT-
qPCR analysis of miR-150-5p expression in the left ventricular myocardial tissues of db/+ and db/db
mice. (C) RT-qPCR analysis of ZFAS1 expression in control cardiomyocytes and HG-treated
cardiomyocytes. (D) The predicted bind site of miR-150-5p with ZFAS1 was analyzed by TargetScan
program. (E) Dual luciferase reporter assay was used to confirm the binding of miR-150-5p with ZFAS1.
(F) ZFAS1 contains a site complementary to miR-150-5p analyzed by RNAhybrid program. (G) miR-150-5p
can bind directly to ZFAS1 in vivo performed by RNA Pull-down assay. (H) ZFAS1 can bind to miR-150-5p
in vivo performed by RNA Pull-down assay. (I) CCND2 expression levels in the control rat ventricles and in
the rat ventricles after STZ injection from RNA-sequencing data (GSE4745). (J-K) Relative protein
expression of CCND2 by western blot analysis in the left ventricular myocardial tissues of db/+ and
db/db mice. (L-M) Relative protein expression of CCND2 was assessed by western blot analysis in control
cardiomyocytes and HG-treated cardiomyocytes. (N) The predicted bind site of CCND2 with ZFAS1 was
analyzed by TargetScan program. (O) Dual luciferase reporter assay was used to confirm the binding of
CCND2 with ZFAS1. #P < 0.05 vs CON group or db/+ group, data are measured as mean ± SD (n=3).
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Figure 4

Inhibition of ZFAS1 repressed ferroptosis by up-regulating miR-150-5p in diabetic cardiomyopathy and
HG-treated Cardiomyocytes. Db/+mice (n = 8) and db/db mice (n = 8) were injected with Ad-NC, Ad-
ZFAS1, Ad-sh-ZFAS1, mimic NC, mimic miR-150-5p, respectively. Cardiomyocytes were transfected with
Ad-NC, Ad-ZFAS1, Ad-sh-ZFAS1, mimic NC or mimic miR-150-5p with or without under HG stimulation. (A)
Masson staining was used to assess collagen deposition in the left ventricular myocardial tissues in
experimental mice (blue indicates collagen deposition). (B) Relative expression of FTH1 and 4-HNE were
determined by immunohistochemical staining in the left ventricular myocardial tissues of experimental
mice. (C-D) Relative protein expression of GPX4, Cleaved caspase 3, Bax, and Bcl-2 were assessed by
western blot analysis in the left ventricular myocardial tissues of experimental mice. (E) MBB staining
was used to assess GSH levels in experimental cardiomyocytes. (F) Immunofluorescence against FTH1
(green) in experimental cardiomyocytes. (G) JC-1 staining was used to assess mitochondrial membrane
potential in experimental cardiomyocytes. (H-I) Relative protein expression of GPX4, Cleaved caspase 3,
Bax, and Bcl-2 were assessed by western blot analysis in experimental cardiomyocytes. #P < 0.05 vs CON
group +Ad-NC+mimic NC or db/+ +Ad-NC+mimic NC group, *P < 0.05 vs HG +Ad-NC+mimic NC or db/db +
Ad-NC+mimic NC; data are measured as mean ± SD (n=3).
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Figure 5

Inhibition of ZFAS1 alleviated ferroptosis by up-regulating CCND2 in diabetic cardiomyopathy and HG-
treated Cardiomyocytes. Db/+mice (n = 8) and db/db mice (n = 8) were injected with Ad-NC, Ad-ZFAS1,
Ad-sh-ZFAS1, Ad-CCND2, Ad-sh- CCND2, respectively. Cardiomyocytes were transfected with Ad-NC, Ad-
ZFAS1, Ad-sh-ZFAS1, Ad-CCND2 or Ad-sh-CCND2 with or without under HG stimulation. (A) Masson
staining was used to assess Collagen deposition in the left ventricular myocardial tissues in experimental
mice (blue indicates collagen deposition). (B) Relative expression of FTH1 and 4-HNE were determined by
immunohistochemical staining in the left ventricular myocardial tissues of experimental mice. (C-D)
Relative protein expression of GPX4, Cleaved caspase 3, Bax, and Bcl-2 were assessed by western blot
analysis in the left ventricular myocardial tissues of experimental mice. (E) MBB staining was used to
assess GSH levels in experimental cardiomyocytes. (F) Immunofluorescence against FTH1 (green) in
experimental cardiomyocytes. (G) JC-1 staining was used to assess mitochondrial membrane potential in
experimental cardiomyocytes. (H-I) Relative protein expression of GPX4, Cleaved caspase 3, Bax, and Bcl-
2 were assessed by western blot analysis in experimental cardiomyocytes. #P < 0.05 vs CON group +Ad-
NC or db/+ +Ad-NC group, *P < 0.05 vs HG +Ad-NC or db/db + Ad-NC; data are measured as mean ± SD
(n=3).
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Figure 6

Schematic representing that ZFAS1 was highly expressed in DCM, ZFAS1 act as ceRNA to sponge miR-
150-5p to regulate CCND2 expression, thereby indeed promote ferroptosis to accelerate diabetic
cardiomyopathy.


