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Circ_005077 accelerates myocardial
lipotoxicity induced by high-fat diet via CyPA/
p47PHOX mediated ferroptosis

Xinzhu Ni'", Lian Duan'’, Yandong Bao'", Jinyang Li?, Xiaowen Zhang®", Dalin Jia'” and Nan Wu*'

Abstract

The long-term high-fat diet (HFD) can cause myocardial lipotoxicity, which is characterized pathologically by
myocardial hypertrophy, fibrosis, and remodeling and clinically by cardiac dysfunction and heart failure in patients
with obesity and diabetes. Circular RNAs (circRNAs), a novel class of noncoding RNA characterized by a ring
formation through covalent bonds, play a critical role in various cardiovascular diseases. However, few studies have
been conducted to investigate the role and mechanism of circRNA in myocardial lipotoxicity. Here, we found that
circ_005077, formed by exon 2-4 of Crmp1, was significantly upregulated in the myocardium of an HFD-fed rat.
Furthermore, we identified circ_005077 as a novel ferroptosis-related regulator that plays a role in palmitic acid (PA)
and HFD-induced myocardial lipotoxicity in vitro and in vivo. Mechanically, circ_005077 interacted with Cyclophilin
A (CyPA) and inhibited its degradation via the ubiquitination proteasome system (UBS), thus promoting the
interaction between CyPA and p47phox to enhance the activity of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase responsible for ROS generation, subsequently inducing ferroptosis. Therefore, our results provide
new insights into the mechanisms of myocardial lipotoxicity, potentially leading to the identification of a novel
therapeutic target for the treatment of myocardial lipotoxicity in the future.
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Introduction

The long-term high-fat diet (HFD) causes sharply
increased levels of triglycerides (TG) and their hydro-
lysates, namely, free fatty acids (FFA), in the blood [1].
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is significantly increased, even if adjustment for coronary
artery disease, hypertension and significant valvular dis-
ease, which proves that diabetes cardiomyopathy or obe-
sity cardiomyopathy, defined as either systolic or diastolic
left ventricular dysfunction in otherwise healthy diabetic
or obesity persons, objectively exists [5, 7]. Clinical sta-
tistics has showed that the prevalence of diabetic cardio-
myopathy in population may be approximately 1.1~1.6%
[8, 9]. In addition, the prevalence of diabetic cardiomy-
opathy in diabetic patients is 16.9% and the prevalence of
diastolic dysfunction in diabetic patients is 54% [8]. With
an increasing number of patients with obesity and diabe-
tes worldwide, researchers are increasing their efforts on
the mechanism for myocardial lipotoxicity. Myocardial
lipotoxicity is a complex process involving several factors
participated in regulation at multiple levels [4]. The ele-
vated TG and FFA can lead to mitochondrial dysfunction
[10] and endoplasmic reticulum (ER) stress [11] at the
subcellular level. Meanwhile, many intracellular signal
transduction pathways, such as AMP-dependent kinase
(AMPK) [12], peroxisome proliferators-activated recep-
tor (PPAR) [13] and NF-«B signal pathways [14], are also
activated. In consequence, the phenotypes of inflamma-
tion, apoptosis and necrosis occur in myocardial cells [3],
thereby resulting in abnormal alteration in the structure
of heart and cardiac dysfunction. However, the effects
of these regulatory factors are not independent of each
other, but rather involve extensive interactions. Thus, the
mechanism of myocardial lipotoxicity is far from fully
understood.

A novel area that has recently illuminated our under-
standing of the relations between obesity, diabetes, and
lipotoxicity are noncoding RNA, which can regulate
gene expression at the post-transcriptional level [15].
For example, in our previous study [16], we found that
microRNAs (miRNAs), a short noncoding RNA about
21~25 nt, are dysregulated in the myocardium of an
HED-induced obesity rat. Furthermore, miR-141 and
miR-144 are found to regulate palmitic acid (PA), a kind
of saturated fatty acid, induced myocardial hypertrophy
and fibrosis in vitro, suggesting that miRNAs play a key
role in myocardial lipotoxicity [16]. Moreover, we also
have demonstrated that some long noncoding RNAs,
such as GAS5 [17], MALAT1 [18] and OIP5-AS1 [19],
participates in the regulation of myocardial lipotoxicity.
Circular RNAs (circRNA) is another class of noncoding
RNA, characterized by a ring formation through cova-
lent bonds and lack of a 5’ terminal cap and a 3’ termi-
nal poly (A) tail [20]. Although the biological functions of
circRNAs have not been well understood, our knowledge
on its function includes circRNAs can at least regulate
gene transcription [22], interact with proteins [21], act as
miRNA sponges [22], and translate proteins or peptides
[23]. Interestingly, circRNAs play a critical role in various
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cardiovascular diseases, including acute myocardial
infarct [24], dilated cardiomyopathy [25], heart failure
[26], and overexpression or downregulation of circRNAs
can decrease cardiomyocyte death [27], attenuate myo-
cardial hypertrophy [28], and fibrosis [29], which implies
that circRNA is a novel therapeutic target for cardiovas-
cular disease. However, few studies have been conducted
to investigate the role and mechanism of circRNA in
myocardial lipotoxicity.

Ferroptosis, a new programmed cell death pattern dif-
ferent from apoptosis and autophagy, is an iron-depen-
dent death procedure characterized by an excessive
accumulation of lipid peroxides and reactive oxygen
species (ROS) [30]. Current knowledge about the main
mechanism of ferroptosis is that highly expressed unsatu-
rated fatty acids on the cell membrane are catalyzed by
the action of divalent iron or ester oxygenase, leading to
lipid peroxidation and ROS accumulation, which subse-
quently induces cell death [31]. In addition, ferroptosis
is also associated with a marked decrease in glutathione
peroxidase 4 (GPX4) [32], a core enzyme that regulates
the antioxidant system (glutathione system). Mitochon-
dria are the main source of ROS, and the mitochondrial
dysfunction in the condition of lipotoxicity caused by dia-
betes and obesity will produce excessive ROS [10], which
implies that myocardial lipotoxicity is closely related to
ferroptosis. Mounting evidence has shown that ferropto-
sis can contribute to cardiac dysfunction and remodeling
caused by obesity and diabetes [33, 34]. More impor-
tantly, myocardial ferroptosis may be strongly induced
when exposed long-term to HFD or FFA [35, 36]. How-
ever, the roles of circRNAs in lipotoxicity-induced myo-
cardial ferroptosis are still unclear and need further
investigation.

In this paper, circ_005077, formed by exon 2-4 of
Crmpl, was significantly upregulated in the myocar-
dium of an HFD-fed rat. Furthermore, we identified
circ_005077 as a novel ferroptosis-related regulator that
plays a role in PA and HFD-induced myocardial lipo-
toxicity in vitro and in vivo. Mechanically, circ_005077
interacts with Cyclophilin A (CyPA) and inhibits its
degradation via the ubiquitination proteasome system
(UBS), thus promoting the interaction between CyPA and
p47phox to enhance nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity and ROS content,
subsequently inducing ferroptosis. Therefore, our results
provide new insights into the mechanisms of myocardial
lipotoxicity.

Materials and methods

Animals

Healthy male Wistar rats weighing 200£20 g were pur-
chased from SiPeiFu Biotechnology Co., Ltd (Beijing,
China), and fed a normal chow diet (NCD) or HFD (60%
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ratio of fat to energy supply) (Keao Xieli Feed Co., Ltd,
Beijing, China) for 20 consecutive weeks. Each rat was
housed in settings of 22 —24 °C, 12 h of light and dark-
ness, and unrestricted access to clean water. The body
weight of the rats was recorded once every 4 weeks. All
experimental protocols were approved by the Institu-
tional Animal Care and Use Committee of the China
Medical University (CMU2021492) and followed the
guidelines provided by the National Institutes of Health
(NIH, USA).

Blood biochemistry analysis

After 20 weeks of feeding, blood samples were col-
lected from the rat’s tail vein after a fast of 6 h. The fast-
ing and OGTT Glucose Tolerance Test glucose levels
were detected using a blood glucose meter and glucose
test strips (OneTouch Ultra Easy, China). Serum insulin
content was measured using the competitive rat insu-
lin enzyme-linked immunosorbent assay (ELISA) Kit
(EK3220-96, MULTT SCIENCES, China) following the
manufacturer’s instructions. The triglyceride (TG), cho-
lesterol (CHO) and low-density lipoprotein (LDL-C)
indexes were analyzed using an automatic biochemical
analyzer (Chemray800, Rayto, China).

Echocardiography

In the 20th week, transthoracic echocardiography was
performed using a Vevo 3100LT system with an MX250
probe (center frequency 30 MHz). Briefly, isoflurane
was used to anesthetize rats (5% for inducing and 2% for
maintaining anesthesia). The rat’s paws were taped to a
conductive paste-coated electrode to maintain the cor-
rect electrocardiogram (ECG), body temperature, and
respiratory rate. The chest wall was exposed after depil-
ation. Images were recorded along the short axis in the
middle part of the left ventricle and stored offline for sub-
sequent analysis (VevoLAB3.2.6). The cardiac function
parameters obtained are listed in Table S1A.

Histological analysis

Myocardial tissues were fixed in 4% paraformaldehyde
overnight, then they were prepared into 6-um-thick par-
affin sections. To assess the histological change of the
myofibers, the sections were stained with hematoxylin
and eosin. Special staining (Masson and Sirius red stain-
ing) was performed to determine the collagen deposition.

Circ RNA microarray

Total RNA was extracted from each myocardial sample
using TRIzol Reagent (15596-026, Invitrogen, USA) and
quantified using NanoDrop ND-1000 (Thermo Fisher,
Waltham, MA, USA). For sample preparation and micro-
array hybridization, the standard Arraystar techniques
were used. In short, RNase R (Epicenter, Inc.) was used
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to digest total RNAs, separate linear RNAs, and enrich
circular RNAs. The enriched circular RNAs were then
amplified and converted into fluorescent cRNA utilizing
a random priming method (Arraystar Super RNA Label-
ing Kit; Arraystar). The Arraystar Rat circRNA Array
(8x15 K, Arraystar) was hybridized with the tagged
cRNAs. After the slides were washed, the Agilent Scan-
ner G2505C was used to scan the arrays.

Meanwhile, the Agilent Feature Extraction (version
11.0.1.1) software was employed to examine the images
obtained in the array. Quantile normalization and sub-
sequent data processing were performed using the R
software limma package. Meanwhile, volcano plot fil-
tering was used to identify differentially expressed cir-
cRNAs between two statistically significant groups. With
fold-change filtering, circRNAs that were differentially
expressed between two samples were identified. Hierar-
chical clustering analysis was performed to display the
unique circRNA expression pattern across samples.

Quantitative real-time polymerase chain reaction

To detect the mRNA level, an aliquot of 800 ng of total
RNA was reverse transcribed using the PrimeScriptTM
RT reagent Kit with gDNA Eraser (RR047A, TaKaRa,
Japan). The cDNA sample was subjected to quantitative
real-time polymerase chain reaction (QRT-PCR) using TB
Green® Premix Ex Taq TM II(Tli RHaseH Plus)(RR820A,
TaKaRa, Japan) and the QuantStudio TM II Real-Time
PCR Instrument (A40425Thermo Fisher Scientific,
USA). Gene expression levels were normalized using
B-actin. To measure miRNA expression, miRNA was
converted into cDNA using the Mir-XTM miRNA First-
Stand Synthesis Kit (638,313, TaKaRa, Japan), followed
by amplification by qRT-PCR using TB Green® Premix Ex
Taq TM II. U6 was used as an intern control for normal-
ization. Moreover, gene expression was analyzed using
the 2744 method. The primer sequences used was listed
in Table S1E.

RNA in situ hybridization (ISH)

To detect the expression pattern of circ_005077 in myo-
cardial tissue, RNA ISH using an ISH kit (Boster Bio-
logical, CA, USA) was performed. Appropriate amounts
of pepsin was added to paraffin sections and digested at
37 °C for 15 min to expose the nucleic acid fragment. The
digoxigenin-labeled circ_005077 probe(5-CTGTTGTG
GTGCCGGTCTCTCTTTGTCCTGCTCTTGCTCC-3)
was hybridized with the tissue after prehybridization.
The biotinylated rat antidigoxigenin, the streptavidin—
biotin complex (sABC), and the biotinylated peroxidase
were then added. Finally, the color develops with DAB for
3 min. Slices were blocked and observed under a micro-
scope (Aperio Versa 8, Leica, Germany).
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Cell culture and PA treatment

The adult rat cardiomyocyte line (H9c2) obtained from
the Chinese Academy of Sciences (Shanghai, China) was
cultured in low glucose medium containing 10% fetal
bovine serum (FBS), 100 units/ml penicillin, and 100 pg/
ml streptomycin in a 37 °C, 5% CO, incubator.

Primary neonatal rat ventricular cardiomyocytes
(NRVCs) were isolated from 1- to 3-day-old Wistar neo-
natal rats as previously described [37]. Primary NRVCs
were seeded in a 6-well plate with DMEM/F12 medium
(11,320,033, Gibco, USA) containing 10% FBS, 100 units/
ml penicillin, and 100 pg/ml streptomycin then prein-
cubated for 1.5 h to remove cardiac fibroblasts. Finally,
purified NRVCs were cultured in a CO, incubator at
37 °Cfor 72 h.

In order to induce in vitro myocardial lipotoxicity, as
described in a previous article [8]. H9c2 cells were treated
for 24 h with 250 pM PA (Sigma-Aldrich, St. Louis, MO),
whereas NRVCs were treated for 48 h with 150 pM PA.

RNA fluorescence in situ hybridization(FISH)

RNA-FISH was performed according to the manufac-
turer’s instructions using the FISH detection kit (G3017,
Servicebio, Wuhan, China). The circ_005077 specific
probe (5’AGGAGCCGGTCACTCTTTGTCCTGCAC-
TAG3’) was designed and synthesized by Servicebio.
After prehybridization treatment, cells cultured on slides
were incubated with probe hybrid solution (1pM) in a
wet box at 37 °C overnight, After washing with sodium
citrate saline buffer, DAPI was added to re-dye the
nucleus. Cells were observed and analyzed under a con-
focal microscope (AXR, Nikon, Japan).

RNA stability testing

HO9c2 cells were treated with 5 ug/ml actinomycin D (HY-
17,559, MCE, USA) when they reached 70-80% con-
fluence in 6-well plates and collected at different time
points. Total RNA was extracted from collected cells and
the levels of circ_005077 and the corresponding linear
RNA (crmpl mRNA) were analyzed by qRT-PCR.

For the RNase R treatment, 5 pug total RNA was incu-
bated for 15 min at 37 °C with or without 3 U/pg RNase
R (RNR16404, Lucigen, USA). qRT-PCR was used to
detect circ_005077 and crmpl mRNA levels after RNase
R treatment.

Transfection of cells and establishment of stable
transformation cell lines

Hanbio Tech (Shanghai, China) designed and synthesized
the plasmids (pcDNA3.1-Ppia, pcDNA3.1-Ncfl, and
their control vector pcDNA3.1). Meanwhile, small inter-
fering RNAs (siRNAs), including siRNA-circ_007077,
siRNA-Ppia, siRNA-Ncfl, and negative control were
designed and synthesized by RiboBio (Guangzhou,
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China). According to the manufacturer’s protocols, the
plasmids and siRNAs were transfected into cells using
the Lipofectamine 3000 Transfection Kit (Invitrogen,
Carlsbad, CA).

Lentivirus carrying the circ_005077 sequence or short
hairpin RNA (shRNA) targeting rno-circ_005077 and
their corresponding control vectors designed and syn-
thesized by Hanbio Tech were used to infect H9c2 cells.
Forty-eight hours after infection, cells were subjected
to puromycin treatment for two weeks to construct cell
lines that stably overexpress or silence circ_005077.

RNA sequencing

Total RNA was extracted and quantified in the same
manner as mentioned earlier. The RNA was tested for
integrity using a Bioanalyzer 2100 (Agilent, CA, USA)
and confirmed using agarose electrophoresis. PolyA
(polyadenylate) RNA was specifically captured using
Dynabeads Oligo (dT)25-61005, (Thermo Fisher, CA,
USA) through two rounds of purification. The cap-
tured mRNA was fragmented into small pieces at 94 °C
for 5-7 min using the magnesium RNA fragmentation
module (E6150, NEB, USA). SuperScript™ II synthesized
cDNA reverse transcriptase (1,896,649, Invitrogen, USA),
then E. coli DNA polymerase I (m0209, NEB, USA) and
RNase H (m0297, NEB, USA) were used for double-
stranded synthesis to synthesize U-labeled second-
stranded DNAs, dUTP solution (R0133, Thermo Fisher,
USA) was added to make the ends of double-stranded
DNA flat. An A-base was added to each end to connect
with the terminal joint with a T-base; then, the AMPur-
eXP beads were used to screen and purify their fragment
size. The U-labeled second-strand DNAs were digested
with the UDG enzyme (m0280, NEB, USA), then prede-
natured by PCR, at 95 ° for 3 min, denatured at 98 ° for
15 s with eight cycles, annealed at 60 ° for 15 s, extended
at 72 ° for 30 s, and finally extended at 72 ° for 5 min.
The average insert size for the final cDNA library was
300£50 bp. Ultimately, the vendor-recommended meth-
odology was followed while performing the paired-end
sequencing (PE150) on an Illumina NovaseqTM 6000
(LC-Bio Technology Co., Ltd., Hangzhou, China).

Based on the analysis of significant differences between
samples, genes with a difference FC>2 times or a differ-
ence FC<0.5 times and a p-value of <0.05 were defined
as differential genes, and then Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis was performed.

Chromatin isolation by RNA purification (ChIRP)

The proteins binding to circRNA were detected using
the ChIRP method as previously described [38]. The bio-
tin-labeled antisense probes were designed at the back-
spliced site of circ_005077 and synthesized by RiboBio.
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A total of 2x107 cells were collected, cross-linked with
3% formaldehyde solution for 30 min at room tempera-
ture, and then cell lysate was prepared using lysis buffer.
The biotin-labeled probes were combined with magnetic
beads for 30 min, followed by mixing with the sample
for hybridization overnight at 37 °C. The magnetic beads
were washed with 1 ml of wash buffer at 37 °C five times,
collected using a magnetic frame, and mixed with protein
elution buffer and dithiothreitol at 37 °C for 2 h. Mag-
netic beads were re-collected, and the supernatant (pro-
tein sample) was transferred to a new centrifuge tube for
chromatography-mass spectrometry/mass spectrometry
(LC-MS/MS) or Western blotting detection.

LC-MS/MS

The nano-UPLC liquid phase system EASY-nL.C1200 was
used to divide each sample into 5 pl polypeptides, and
the polypeptides were identified using an online mass
spectrometer (Q-Exactive). The enzymatic hydrolysate
was separated via nano-UPLC and then analyzed online
using a Q-Exactive mass spectrometer (Thermo Finni-
gan). MaxQuant (version 2.0.1.0) searched and quanti-
tatively analyzed the LC-MS/MS raw data. The protein
database was uniprot-proteome-rat-2021.2. FASTA.
To enrich UlsnRNA and identify the binding protein,
a specific probe of UlsnRNA was used as the positive
control group (PC). Nonspecific antisense was used in
the negative control group. The proteins precipitated
by the circ_005077 probes were quantified based on the
fold-change of normalized spectral counts relative to the
negative control. The results of the ChIRP-MS assay are
listed in Table S5B.

RNA immunoprecipitation (RIP) and immunoprecipitation
(IP)

Magna RIP RNA-Binding Protein Immunoprecipitation
Kit (17-700, Millipore, USA) was used for RIP experi-
ments in accordance with previously mentioned manu-
facturer’s instructions [39]. Cell lysates were incubated
with 5 pg of CyPA primary antibodies (sc-134,310, Santa
Cruz Biotechnology, USA). Mouse immunoglobulin
(IgG) was used as a control. Western blot and qRT-PCR
were used to detect the final product.

IP experiments were used with the IP Kit with Protein
A +G Magnetic Beads (P2179S, Beyotime Biotechnology,
China) and the Flag-Tag Protein IP Assay Kit with Mag-
netic Beads (P2181S, Beyotime Biotechnology, China).
In Brief, the pretreated magnetic beads and the diluted
CyPA (1 pg per 100 pg of total protein) of tris-buffered
saline were flipped and incubated on a flip mixer for 1 h
at room temperature. The above step was omitted in
flag-tag magnetic beads. The magnetic beads were then
washed three times and incubated overnight with protein
sample lysis buffer at 4 °C on a rotary mixer. The next day,

Page 5 of 24

the magnetic beads were eluted with SDS-PAGE sam-
pling buffer, followed by Western blot analysis.

Transmission electron microscopy

In 2.5% glutaraldehyde (G1102, Sevicebio, China), 1mm3
fresh rat heart tissue or 1x107 H9c2 cells were fixed
overnight at 4 °C. After being rinsed, post-fixed with 1%
osmium tetroxide, and gradient dehydration with etha-
nol, the samples were inserted into the mold in a 37 °C
oven overnight. Following entrapment (90529-77-4, SPI,
China), ultrathin sections were prepared and stained
twice with uranyl acetate and lead citrate. Observation
and image analysis under a transmission electron micro-
scope (TEM) (HT7700, Hitachi, Japan).

Glutathione (GSH), malondialdehyde (MDA), lactate
dehydrogenase (LDH), and coenzyme Il NADP(H) content
ass

The determination of the content of GSH (BC1175,
Solarbio, China), MDA (S0131, Beyotime, China),
LDH (BC0685, Solarbio, China) content and the
NADPH/NADP? ratio (BC1105, Solarbio, China) was
carried out according to the manufacturer’s instructions.

Detection of ROS and Liperfluo (LPO) content

Cytoplasmic ROS and mitochondrial ROS were detected
by DCFH-DA (S0033S, Beyotime Biotechnology, China)
and MitoSOX Deep Red (MT14, Dojindo Laboratories,
Japan) following the manufacturer’s instructions, respec-
tively. Briefly, DCFH-DA and MitoSOX were diluted to 1:
1000 dilution in serum-free medium to a final concentra-
tion of 10 pm. Cell culture fluids were removed and incu-
bated with the above working solution for 30 min at 37 °C
in the dark. Fluorescent signals were quantified by Image
] (version 1.53e, National Institutes of Health, USA).

For the detection of cellular LPO, cells were incubated
with 5 mm LPO (L248, Dojindo Laboratories, Japan) for
30 min at 37 °C in the dark. Fluorescence images were
captured by a confocal microscope and analyzed using
ImageJ.

Measurement of Fe2 + content

Cells were incubated in the dark for 30 min at 37 °C with
1 uM FerroOrange working solution (F374, Dojindo
Laboratories, Japan) to measure cellular Fe2+content.
A confocal microscope was used to capture the fluores-
cence images, which were then analyzed using Image J.

Protein stability testing

To test whether CyPA stability was affected by
circ-005077, H9c2 cells that stably overexpress or
silencing rno-circ_005077 were treated with 10 uM pro-
teasome inhibitor MG-132 (HY-13,259, MCE, USA) or
30 uM protein synthesis inhibitor cycloheximide (CHX)
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(HY-12,320, MCE, USA) according to the previous report
[40]. After treatment, the proteins were isolated and the
expression of CyPA was detected by Western blotting.

Measurement of NADPH oxidase activity

The levels of NADPH oxidase (NOX) activity levels in
rats were measured via ELISA using a NADPH oxidase
detection kit (Fusheng Biotech Ltd., Shanghai, China)
following manufacturer’s instructions. The absorbance
(optical density) was measured via a microplate reader
(UV-visible Spectrometer Uv300, UK) at a wavelength of
450 nm, and the activity of NOX in the sample was calcu-
lated by standard curve.

Western blotting

Cells were harvested and lysed with RIPA buffer supple-
mented with protease and phosphatase inhibitors on ice
for 30 min. Protein concentration was quantified using
the BCA Protein Assay Kit (P0012, Beyotime Biotechnol-
ogy, China) Equal amounts of protein were electropho-
retically separated on 7.5% or 12.5% polyacrylamide gels
before being transferred to polyvinylidene fluoride mem-
branes. The membranes were incubated with primary
antibodies after blocking with Protein Free Rapid Block-
ing Buffer (PS108P, EpiZyme Biotechnology, China) for
45 min at room temperature, including rabbit polyclonal
to CyPA (1:2000, ab41684, abcam), mouse monoclonal
to CyPA (1:1000, sc-134,310, Santa Cruz Biotechnology),
rabbit monoclonal to NCF1/p47-phox (1:1000, ab308256,
abcam), rabbit monoclonal to FTH1 (1:1000, ab183781,
abcam), rabbit monoclonal to GPX4(1:5000, ab125066,
abcam), rabbit monoclonal to FACL4(1:10000, ab155282,
abcam), rabbit monoclonal to COX2 (1:5000, ab179800,
abcam), mouse monoclonal to transferrin recep-
tor (1:5000, ab269513, abcam), rabbit monoclonal to
PDIA6 (1:10000, ab154820, abcam), mouse monoclonal
to P4HB (1:1000, ab2792, abcam), rabbit polyclonal to
ERp57/ERp60 (1:2000, 15967-1-AP, proteintech), mouse
to DYKDDDDK-Tag(1:5000, M20008, abmart), mouse
to HA-Tag (1:5000, M20003, abmart), rabbit polyclonal
to ubiquitin(1:1000, 10201-2-AP, proteintech), or rab-
bit recombinant antibody to Beta Actin(1:10000, 81115-
1-RR, proteintech) at 4 °C overnight. Subsequently,
the membranes were washed three times, followed by
incubation with HRP-conjugated affinipure goat anti-
rabbit IgG (H+L) (1:10000, SA00001-2, proteintech) or
HRP-conjugated affinipure goat anti-mouse IgG (H+L)
(1:10000, SA00001-2, proteintech) secondary antibodies
for 1 h at room temperature. ECL chemiluminescence
was captured using the automatic chemiluminescence
image analysis system (5200, Tanon, China).
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Immunohistochemistry (IHC)

The paraffin sections were deparaffinized in xylene and
rehydrated in alcohol. After antigen recovery, the slices
were treated with hydrogen peroxide (H,0,) and goat
serum, followed by incubation with anti-FTH1(1:200,
ab183781), anti-GPX4  (1:200, abl25066), anti-
ACSL4(1:200, ab155282), anti-TFRC (1:200, ab269513)
and anti-COX2 (1:200, ab179800) at 4 °C overnight. After
being washed three times, the slices were further incu-
bated with secondary antibodies at 37 °C for 1 h. Fol-
lowing hematoxylin staining and differentiation with 1%
hydrochloric acid alcohol, these slices were dehydrated
in alcohol, xylene transparent, and photographed under a
microscope (Aperio Versa 8, Leica, Germany).

Statistical analysis

Data were presented as meanzstandard deviation (SD)
and statistically analyzed with SPSS version 17.0 software
(SPSS, Inc., Chicago, IL, USA). The Student’s t-test was
used to examine the variations between the two groups.
A one-way analysis of variance was first used to exam-
ine differences between more than two groups. Multiple
comparison analysis was conducted using Fisher’s least
significant difference test when appropriate and suit-
able. A statistically significant difference was defined as
P<0.05.

Results

Expression and characterization of circ_005077 in the HFD
rat heart

After 20 weeks of feeding, body weight, serum glucose,
TG, CHO, and LDL-C levels in HFD-fed rats increased
significantly compared with NCD-fed rats (Fig S1).
Simultaneously, HFD-fed rats manifested hypertrophy
and fibrosis of the myocardium (Fig. 1A and B), upregu-
lated hypertrophy-and fibrosis-related genes (Collagen
I, Collagen III, ANP, and BNP) (Fig. 1C), and impaired
cardiac function (Fig. 1D and E). Analysis of the circRNA
microarray discovered 21 significantly upregulated cir-
cRNAs and 186 downregulated circRNAs (Table S1C,
D and Fig. 1F). Furthermore, we selected the top five
upregulated circRNAs for validation and, finally, found
that circ_005077 expression was significantly increased
by 3-folds in the HFD rat heart (Fig. 1G). Moreover, the
results of tissue in situ hybridization also showed that
the expression of circ_005077 in the HFD rat myocar-
dium was much higher than in the NCD rat myocardium
(Fig. 1H).

Circ_005077 was created by back-splicing Crmp 1
exons 2, 3, and 4 (Fig. 1I). RT-PCR with convergent and
divergent primers was used to validate the existence of
circ_005077’s head-to-tail splicing. As shown in Fig. 1],
circ_005077 was only detected in cDNA but not genomic
DNA (gDNA) with divergent primers, confirming the
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Fig. 1 Identification and characteristics of circ_005077 in H9¢c2 cells and myocardial tissues. Rats were fed a normal chow diet (NCD) or high-fat diet (HFD)
for 20 consecutive weeks and heart tissues were harvested for detection. (A, B) Representative image of hematoxylin and eosin staining representative
image (400x magnification) with the cross-sectional area of the cardiomyocyte evaluated; Masson staining (200x magnification) with the myofibrillar
density evaluated; Sirius Red staining (200x magnification) with the collagen volume evaluated. (C) Analysis of relative expression of hypertrophy and
fibrosis indicators (ANP, BNP, Collagen |, and Collagen Ill) in the myocardium identified by gRT-PCR. (D, E) Typical images taken in M mode. Measurement
of the thickness of the left ventricular posterior wall at the end-diastole (LVPW; d) left ventricular end-diastolic chamber diameters (LVID; d), and cardiac
output (CO). (F) Hierarchical clustering heatmap showing differences in the circRNAs of greatest expression between NCD and HFD myocardium with the
top 10 upregulated or downregulated genes selected (n=3, P<0.05). In a heat map, red indicates upregulation. Blue denotes downregulation. (G) gRT-
PCR validation of microarray-based expression of the top five upregulated circRNAs. Scatter plots displayed the results of ten independent experiments
conducted for each group. (H) In situ hybridization showed the expression of circ_005077in NCD and HFD myocardial tissue Sect. (400x magnification).
() Exons 2-4 of the crmp1 gene were used to generate circ_005077 in the schematic diagram (top). Circ_005077 was identified by Sanger sequencing in
H9c2 cells. The black arrow marked the back-splicing site conjunction. (J) Circ_005077 and (3-actin were detected from the cDNA or genomic DNA (gDNA)
of the H9¢2 cell using divergent and convergent primers by agarose gel electrophoresis experiments. (K) Circ_005077 and Crmp1 abundance were de-
termined by gRT-PCR in H9c2 cells treated with actinomycin D at the specified time points (n=4). (L) gRT-PCR for circ_005077 and crmp1 abundance in
H9c2 cells treated with RNase R versus mock cells (n=3). (M) RNA-FISH test demonstrated the localization of circ_005077 in the cytoplasm and nucleus
regions of H9c2 cells using a junction-specific antisense probe (green, 400x magnification) and nuclear labeling with DAPI (blue, 400x magnification).

Data were presented as mean+SD. *P<0.05, ** P<0.01, *** P<0.001, NS, no significance

presence of circ_005077. Cells were treated with RNase
R and actinomycin D to further confirm the stability of
circ_005077, and it was discovered that circ_005077
was resistant to both actinomycin D and RNase R treat-
ment (Fig. 1K and L), indicating that circ_005077 was
more stable than Crmp 1 mRNA. FISH showed that
circ_005077 was located in the cardiomyocyte’s nucleus
and cytoplasm (Fig. 1M).

Circ_005077 regulates PA-induced myocardial lipotoxicity
in vitro

Cardiomyocytes were treated with PA to mimic myocar-
dial lipotoxicity in vitro. After PA treatment, it was found
that the lipid was abundantly deposited in cardiomyo-
cytes (Fig. 2A), and the level of circ_005077 increased
significantly 12, 24, 36, and 48 h after treatment (Fig. 2B).
To explore the role of circ_005077 in myocardial lipotox-
icity, circ_005077, but not Crmp1 was overexpressed and
silenced using the lentivirus-carried circ_005077 plasmid
and the shRNA sequence (Fig. 2C and D), followed by
PA treatment. As shown in Fig. 2E~I, overexpression of
circ_005077 significantly reduced cell viability, increased
LDH release, cell surface area, and hypertrophy marker
expression (ANP and BNP). Meanwhile, downregula-
tion of circ_005077 clearly increased cell viability and
decreased LDH release, cell surface area, and hyper-
trophy marker expression (ANP and BNP). The above
results suggest that circ_005077 could regulate PA-
induced myocardial lipotoxicity in vitro.

Circ_005077 acts as a regulator for PA-induced ferroptosis
in the cardiomyocyte

To explore the downstream pathway influenced by
circ_005077, H9c2 cells stably overexpressed with
circ_005077 were subjected to RNA sequence (Fig. 3A),
followed by GO and KEGG analysis. Among the enriched
signaling pathways, the ferroptosis signaling pathway has
piqued our interest, as recent research has shown that

ferroptosis is involved in the process of HFD-induced
myocardial lipotoxicity (Fig. 3B) [35, 36]. Therefore, we
first determined circ_005077’s ability to regulate myo-
cardial ferroptosis. Cardiomyocytes were treated with
erastin to induce myocardial ferroptosis. Overexpres-
sion of circ_005077 exacerbated erastin-induced cell
death, whereas downregulation of circ_005077 prevented
erastin-induced cell death (Fig. 3C and E). As PA can
induce myocardial lipotoxicity and trigger ferroptosis
in myocardial cells [41], we further investigated the role
of circ_005077 on PA-induced ferroptosis. As indicated
in Fig. 3D and E, cell viability decreased by PA treat-
ment was further aggravated in H9c2 cells stably over-
expressed with circ_005077, which was rescued by Fer-1
treatment. Moreover, after PA treatment, TEM observa-
tion revealed that mitochondria decreased in size with
increasing double-layer membrane density, a morpholog-
ical feature of ferroptosis (Fig. 4A). Meanwhile, PA treat-
ment has been shown to significantly increase the Fe*
content of myocardial cells (Fig. 4B), generation of ROS
within cells and mitochondria (Fig. 4D), increase the lev-
els of lipid peroxide (LPO and MDA) levels (Fig. 4C and
J), decrease the activity of the antioxidant enzyme GSH
(Fig. 41), increase the expression of TFRC, ACSL4, COX2,
and decrease the expression of FTHland GPX4 (Fig. 4K),
which confirms that PA could induce ferroptosis in car-
diomyocytes. Furthermore, it was also found that over-
expression of circ_005077 could promote the PA-induced
ferroptosis-related phenotype in vitro, whereas inhibition
of circ_005077 showed opposite effects. Taken together,
these results suggest that circ_005077 acts as a regulator
for PA-induced ferroptosis in cardiomyocytes.

Circ_005077 interacts with CyPA and inhibits its
degradation

We used MS to identify circ_005077-pulled down pro-
teins to better understand the regulatory mechanism
of circ_005077 in PA-induced ferroptosis. The findings
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Fig. 2 Circ_005077 regulates palmitate (PA)-induced myocardial lipotoxicity in vitro. H9c2 cells or primary neonatal rat ventricular cardiomyocytes
(NRVCs) were transfected with OE-circ_005077 mediated by lentivirus (10MOI), vector, SH-circ_005077 (10MOQJ)), and NC respectively. (C-I) The H9c2 were
then given a 24 h treatment with 250 uM PA and the NRVCs were followed by treatment with 150 uM PA for 48 h (E-I). (A) Oil-red O staining exhibited
lipid deposition in PA-treated H9c2 cells (400x magnification). (B) The abundance of circ_005077 in H9c2 cells treated with 250 uM PA at the defined
time points was determined by gRT-PCR compared to the treatment of BSA (n=3). (C) Circ_005077 overexpression efficacy of OE-circ_005077 compared
to vector in H9c2. (D) Circ_005077 knocks down the efficacy of SH-circ_005077 compared to NC in H9c2. (E) LDH released from H9c2 was measured
via colorimetry. (F and G) Immunofluorescence (IF) of NRVCs for F-actin (red, 600x magnification) and DAPI (blue, 600x magnification). Following IF, cell
surface area was measured using morphometry (each dot represents the mean area of a single experiment). (H and I) Analysis of the relative expression
of ANP and BNP mRNA in NRVCs. The results of three to six biological replicates were displayed using scatter plots. The data were presented as mean +SD.
*P<0.05,**P<0.01, **P<0.001, NS, no significance
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revealed 47 potential interacting proteins (Fig. 5A and
B, Table S5B). We focused on CyPA, a known ROS reg-
ulator [42], through systematic literature review, for
further investigation. A combination of FISH and IF
staining indicated that circ_005077 and CyPA were co-
located in H9c2 cells (Fig. 5C). ChIRP assays confirmed
that circ_005077 interacts with CyPA from H9c2 cell
extracts (Fig. 5D). Furthermore, RIP assays verified that

circ_005077 was enriched with the anti-CyPA antibody
compared to those with control IgG (Fig. 5E and F).

To explore the regulation of circ_005077 on CyPA, we
further detected the expression of CyPA under upregu-
lation or downregulation of circ_005077. The results
showed that overexpression or underexpression of
circ_005077 led to an increase or decrease in the expres-
sion of the CyPA protein; however, no significant changes
were displayed in the expression of CyPA mRNA (Fig. 5G



Ni et al. Cardiovascular Diabetology (2024) 23:129 Page 11 of 24

VectoﬁPA OE-circ 005077+PA > SH cm, 003077+PA

R
e
2

ey
€

e,
g \ h‘

005077+PA
Vector+PA
005077+PA
005077+PA

@
]
4
8
E

Cellular ROS

150 Hkk 150 *kk 150 sk < < <
3 . M * 3 m/ * 8 g L. K g o~ < g‘i
2 4 Hokok 29 Hkk s & $ok ok z Bl Y Bl
3 Zi00{ T . 2 Sy T R — z g 23 z A
2 =100 A o 8 =100 2 2100 o) - 8 @3 e} « o =2
% 3 S 5 * . . g £ &} = (SRS &} o Z »n3
2z 'I' R 23
= I ué §50 T 25 Tch| S . .. || -— ema— |90kD
§ = = S 5
= == =
B S . —— 0------A(SL| --‘-H o-——|79kD
S ‘?’QV‘ Q?’QV’ Yad ST Y S R IITII I
S ‘4 & X F YRR RS F VRS o «S
% () é}o 50/\ RS O @9@66\ S
ANQQ K QNQQ N (0X2| — — — | | — — |70kD
6“ &/ N S F7o
5 & & > & &
H N I & s ] & &
o * B-actin| - G - — - W T e KD
@ 20 1 e T2
° [ |
3 2 g & L
2 : 315 " FTH]| G- s s s AR s . - D
2 = =) £
3 210 is] B
£ % = 2 (JPX4|;--- ||-. ""-|17k])
g = % s a
s 5 = P—
= B-actin| —-—_- T — (| — — — w— )\

0
Oéq QY'Q Y'XQV’

&« & K
FON \k@ F S
ESO NG P @6
PSP 9 </
& & N o
N N

Fig. 4 Circ_005077 acts as a regulator for palmitate PA-induced ferroptosis in cardiomyocyte. H9¢2 cells were transfected with OE-circ_005077 mediated
by lentivirus (10MOI), vector, SH-circ_005077 (10MOQI), and NC, respectively (C-I), followed by 250 uM PA treatment for 24 h. (A) Representative pictures of
H9c¢2 mitochondria structure under a transmission electron microscope (1,500%, upper row and magnified views at 6,000, lower row). (B, E) lllustrations
and quantitative analysis of ferrous iron (orange, 400x magnification). (C, F) lllustrations and quantitative analysis of LPO (green, 400x magnification).
(D,G,H) lllustrations and quantitative analyses of mitoROS (red, 400x magnification) and cellular ROS (green, 400x magnification). (I) Intracellular GSH
content. (J) Intracellular MDA content. (K)Protein levels of TFRC, ACSL4, COX2, FTH1, and GPX4 in treated HI9C2 detected via Western blotting. Each point
showed the average fluorescence intensity of a single experiment. Data were shown as mean+SD of at least three independent experiments. *P < 0.05;
**P<0.01;**P<0.001



Ni et al. Cardiovascular Diabetology

(2024) 23:129

Page 12 of 24

A B CHIRP-MS C
Cp TP CYPA .g
wy
=3
(=)
Hnrnpc >
3
Hnrnpab
210 4> Pdiab
Pdia3
o ¢ ¢
«° 5O 5O
QSQ'\’\Q gC,Q
D o E F G sy s ns
25 kK . — i
o — °* IgG 5
<& z 20 " CYPA g :
S o~ ‘% 1.0
%) 3o S 22
s [\ <O X = ol15 o & Oum
o @ d MO AR z. ¥ e
5] o‘ © r~_05
v = ESEShs
CYPA » |18kDCYPA‘- -— ‘ISkD 25, o 9
—_— 2]
[} o~
S 0.0 ™
$ A A & N L O
& O & (L S "
NN TS
H ) &« QQS Q@ &« QSQ @"
Vector OE-circ_005077 ,54“& s ,5?& s Qfl}‘ &7
1 2 1 2 - & & &
o | - o o e e
— Vector OE-circ Vector  OE-circ NC  SH-cirtk NC  SH-circ
-acting e | 42kD 2 3 MG132 MG132
Fracting s Ay samiee anne £ 10 = 10 - -t + -t F
a S
NC SH-cire_005077 gz 2 <
1 2 1 2 S &5 Cypa | M0 SR AR AR | o (R e R oW o
2 05 5 005
CYPA L l . l ’18kD 5 2 | |
3 £ Poactin | T SN —— | - ———
4
B-actin | wm— — — -|42kD 0.0- =" 0.0-—" T
RS %G A
\\z‘o Q%Q Q(,?
Q N\
'&C/ c;\&(;/
J QQ/ K (%2* - Vector - NC
Vector OE-circ_005077 . N
CHX(h) = & OE-circ_005077 - SH-circ 005077
0 6 9 0 3 6 9 1.5 1.5
CYPA|-—_ i --—_|1ka = T * -
<
. g £
B-actin I- P — - | 42kD ' Z 1.0 *
2 S <«
X a a8 *
NC SH-circ_005077 5 Filrel
CHX(h) 2 0 Y
0 6 9 0 3 6 9 2 Z 05 *
= 5]
s 3
CYPA [ mm o - — |iso & 2
p-actin I— — — —— — — —| 42kD 0.0 T T T 0.0+ T T T
0 3 6 9 0 3 6 9
Time(h i
L M ime(h) 1eG FLAG Time(h)
HA-Ub + + +
1eG CYPA FLAG-CYPA + + +
MG132 + + + MG132 + + +
OE-circ 005077 + - 150KD - o cire 005077 + -+ 150kD
IB:Ub 1B:Ub IB:HA IB:HA
50kD 50kD
1P Input 1P - Input

Fig. 5 (See legend on next page.)




Ni et al. Cardiovascular Diabetology (2024) 23:129 Page 13 of 24
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Fig. 5 Circ_005077 bound to the CyPA protein and decreased its degradation via the ubiquitin-mediated proteasomal pathway. (A) The gel was stained
with Coomassie bright blue to show the total proteins loading of ChIRP by circ_005077 probes and NC probes. (B)Venn diagram showed the differential
proteins of LC-MS analysis. (C) H9c2 cells were stained with immunofluorescence to detect the colocalization of the CyPA protein (red, 400x magnifica-
tion) and circ_005077 (green, 400x magnification). (D) The binding of circ_005077 to the CyPA protein was validated by ChIRP assay followed by Western
blotting. (E) The CyPA protein was pulled down by RIP assay. (F) Enrichment of circ_005077 pulled down by the CyPA protein was shown. (G) The relative
levels of CyPA mRNA in HOc2 cells with inhibition or overexpression of circ_005077 were shown. (H) CyPA protein levels were shown in H9c2 cells with
inhibition or overexpression of circ_005077. (I) The expression of CyPA in H9c2 cells after inhibition or overexpression of circ_005077 and then treated
with or without MG132 for 12 h, demonstrated by Western blotting. (J) The expression of CyPA was evaluated at different durations of CHX administration
with inhibition or overexpression of circ_005077 in H9c2 cells. (K) Quantification of CyPA degradation rate by grayscale analysis. (L) Ubiquitinated CyPA
measured by immunoprecipitation with anti-CyPA antibody or IgG control and immunoblotting with anti-ubiquitin antibody in H9c2 cells after overex-
pression of circ_005077 or not. (M) Flag-CyPA and HA-Ub were co-transfected and expressed in H9c2 cells. Ubiquitinated Flag-CyPA measured by IP with
anti-Flag antibody or IgG control and immunoblotting with anti-HA antibody after overexpression of circ_005077 or not. Data were shown as mean +SD

of at least three independent experiments. *P<0.05; **P < 0.01; ***P<0.001, NS, no significance

and H). Therefore, we inferred that circ_005077 could
regulate the stability of the CyPA protein at the post-
transcriptional level. As expected, MG132 treatment
was found to abrogate upregulation or downregulation
of the CyPA protein by overexpression or underexpres-
sion of circ_005077(Fig. 5I). Furthermore, overexpres-
sion or underexpression of circ_005077 could lengthen
or shorten the half-life of CyPA protein (Fig. 5] and K).
The ubiquitination level of CyPA was determined to
confirm whether circ_005077 influenced CyPA protein
stability via UBS (Fig. 5L and M). As shown, the level of
CyPA ubiquitination decreased, relatively, after overex-
pression of circ_005077 compared to the empty vector
group, suggesting that circ_005077 could modulate CyPA
ubiquitination.

Circ_005077 promotes the interaction between CyPA and
p47PHOX to enhance NADPH oxidase activity

According to reports from the literature [42], under the
action of angiotensin II, CyPA could affect the activ-
ity of NADPH oxidase and regulate ROS generation by
interacting with p47PHOX. Therefore, we inferred that
circ_005077 might affect the interaction between CyPA
and p47PHOX, thus regulating NADPH oxidase activ-
ity. As expected, the interaction between CyPA and
p47PHOX was remarkably enhanced under the condition
of PA treatment, and their interaction was much stron-
ger in the cell overexpressing circ_005077 than in the cell
transfected with the empty vector (Fig. 6A and B). How-
ever, circ_005077 overexpression or knockdown had little
impact on p47PHOX expression (Fig. 6C and D). Further-
more, NADPH oxidase activity increased or decreased
in circ_005077 cell upregulation or downregulation
compared to cells transfected with empty vectors or NC
under PA treatment (Fig. 6E and F), meanwhile, the level
of NAPDH, a main substrate of NADPH oxidase, and the
ratio of NAPDH to NADP™* correspondingly decreased
or increased in circ_005077 cell upregulation or down-
regulation (Fig. 6G~]J), whereas these alterations were
reversed by transfection with si-CyPA or OE-p47PHOX
(Fig. 6E~]). These results demonstrate that circ_005077

promotes the interaction between CyPA and p47PHOX
to enhance NADPH oxidase activity.

CyPA and p47PHOX mediated the regulation of
circ_005077 in PA-induced myocardial ferroptosis and
hypertrophy
To confirm the regulatory role of CyPA in PA-induced
myocardial ferroptosis and hypertrophy, CyPA was over-
expressed and silenced in H9c2 cells transfected with
the CyPA plasmid and si-CyPA (Fig. 7A). We found that
overexpression and suppression of CyPA have little effect
on circ_005077 (Fig. 7B). CyPA overexpression alone can
promote PA-induced myocardial ferroptosis and hyper-
trophy (Fig. 7C-I and Fig. 8A-I), which is similar to over-
expression of circ_005077. When CyPA was silenced in
H9c2 cells overexpressing circ_005077, the promotion of
myocardial ferroptosis and hypertrophy by circ_005077
overexpression was reversed (Fig. 7C-I and Fig. 8A-I),
suggesting that CyPA mediates the effect of circ_005077
on PA-induced myocardial ferroptosis and hypertrophy.
We also examined the regulation of p47PHOX in
PA-induced myocardial ferroptosis and hypertrophy.
p47PHOX expression was successfully increased and
decreased after transfection with the plasmid p47PHOX
plasmid and si-p47PHOX, respectively (Fig. 8] and K).
Silencing of p47PHOX alone could repress PA-induced
myocardial ferroptosis and hypertrophy, similar to the
silencing of circ_005077 (Figs. 8L and 9A~O). When
circ_005077 was silenced in H9c2 cells, repression of
myocardial ferroptosis and hypertrophy by circ_005077
silencing was rescued by p47PHOX overexpression
(Figs. 8L and 9A~O), implicating that circ_005077 regu-
lates PA-induced myocardial ferroptosis and hypertrophy
through p47PHOX.

Circ_005077 regulates HFD-induced cardiac dysfunction,

myocardial hypertrophy, fibrosis, and ferroptosis in vivo

To test the role of circ_005077 in myocardial lipotoxic-
ity in vivo, the level of circ_005077 was significantly
upregulated and downregulated in the rat myocardium
by injecting AAV-9 carrying the circ_005077 plasmid
and sh-circ_005077 through the tail vein. However,



Ni et al. Cardiovascular Diabetology (2024) 23:129

A CYPA CYPA
G = —
PA - - -+ + +
OE-circ_005077 + - + - + -
1B:p47phox | — | 47kD
P
IB-CYPA [ e e
IB:p47phox | o | 47kD
INPUT IB-CYPA |- e — - -| 18kD
1B:B-actin |— — — —— -| 42kD
C D ns
1.5 ns |
= [ | Iy
8| ~ o ~ :
g 55 5 £ o
131 m o &) Lo w 1
2 52 =z g < L
o
p47phox ‘— —— — —‘47kD E %
2 =05
Pactin [ —— — 25D
00
& & §
N NS
/c‘,éo &Q
& S
G H .
08y M1 0.8
E
206 . 506
= ; m =
<
g04 — S04
] .I. )
E :
502 Z02
< [0
z 7

g QY' QV’ QY' STRT R

0@0@ / Qt;?\ 2 Q \@ /g),\ >
F e & =&

o% &Q 7 o% \Q e

& &

Page 14 of 24

B FLAG FLAG

1gG 1gG
FLAG + +  + + o+ 4+

HA + + + + +
PA - - - + +
OE-circ_005077 + - + - +

- -| 47%D

|-~-~..‘|47k])

IB:HA-p47phox |

IB:FLAG-CYPA |

1B:HA-p47phox

INPUT
Briacoyes | . |
1B:-actin |- — — — s ——| 42kD

ek ok
*
E 200 F 150 71 M *
~ -
S 150 5 00
z z
£ 100 £
< 2
g so 5
z z
0 0
5 TR AT RIS DL U
& QQ \;C AQY’ (90%10 & @'\ <3 °+
L S S 4®° o
QQ’.@ /Q,,)u S \le
S £
Fd 3
O;\@/
| © J
038 1.0
e .08
5 0.6 g
= =
3 206
£0.4 =
= =04
T
0.2 b
Et ; 0.2
P4
0.0 0.0
0% Nad Q‘?’ Q?’ [PRY S P
(./\oo-b ) \G&Q
A9 Q” RN
%\i\&é@/\é{’&
T
ESs
%‘2\« S
&
& 5
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***P<0.001. NS, no significance

no significant changes were found in the liver, kidney,
lung, and spleen (Fig. 10A). When the HED rats overex-
pressed circ_005077 were compared to controls, heart
weight and the ratio of heart weight to tibia length (HW/
TL) significantly increased (Fig. 10B). Meanwhile, two-
dimensional ultrasound showed that the left ventricular
wall thickness increased while the end-diastolic volume

and cardiac output decreased (Fig. 10C and D). Fur-
thermore, overexpression of circ_005077 in HFD rats
increased myocardial cross-sectional area, fibrosis, and
collagen deposition (Fig. 10E and F), as well as upregula-
tion of hypertrophy-and fibrosis-related genes compared
with HFD rats with empty vector (Fig. 10G). In contrast,
HFD rats with circ_005077 silencing exhibited opposite
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Fig. 7 Circ_005077 promoted ferroptosis in H9c2 cells via CyPA. H9c2 cells (C~I) ) and primary neonatal rat ventricular cardiomyocytes (NRVCs) (G,
H) were transfected with vector; OE-CyPA; OE-circ_005077; OE-circ_005077 + NC(co-transfected with OE-circ_005077 and NC); or OE-circ_005077 + Si-
CyPA(co-transfected with OE-circ_005077 and Si-CyPA). (A) Transfection efficiency of CyPA overexpression and inhibition of CyPA demonstrated by West-
ern blotting. The corresponding quantification was shown. (B) The relative expression of circ_005077 in H9c2 cells with inhibition or overexpression
of CyPA is shown. (C) Representative TEM images of mitochondria in HOC2 cells (1,500x%, upper row and magnified views at 6,000, lower row). (D) The
changes in LDH levels. (E) The changes in GSH levels. (F) The changes in MDA levels. (G) The mRNA expression of ANP in NRVCs was evaluated using qRT-
PCR. (H) gRT-PCR evaluated the mRNA expression of BNP in NRVCs. (I) Western blotting detecting TFRC, ACSL4, COX2, FTH1, and GPX4 protein levels. Data
were shown as mean = SD of at least three independent experiments. *P<0.05; **P<0.01; *** P<0.001
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Fig. 8 Circ_005077 promoted ferroptosis in H9c2 cells via CyPA/p47phox. (A, E) Representative immunofluorescent staining and quantitative analysis
of ferrous iron (orange, 400x magnification). (B, F) Representative immunofluorescent staining and quantitative analysis of LPO (green, 400x magnifica-
tion). (C, G, H) Representative immunofluorescent staining and quantitative analysis of cellular ROS (green,400x magnification) and mitoROS (red, 400x
magnification). (D, I) IF staining (600x magnification) was used to determine the surface area of NRVCs. (J, K) The transfection efficiency of p47phox
overexpression p47phox and inhibition p47phox was demonstrated by Western blotting, and the corresponding quantification was exhibited. (L) LDH
expression levels. Data were shown as mean+SD of at least three independent experiments. *P < 0.05; **P<0.01; *** P<0.001
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(See figure on previous page.)

Fig. 9 Circ_005077 promoted ferroptosis in H9c2 cells via p47phox. H9c2 cells (A~F, O) and primary neonatal rat ventricular cardiomyocytes (NRVCs)
(G, M, N) were transfected with NC;Si-p47phox;SH-circ_005077;SH-circ_005077 + vector (co-transfected with SH-circ_005077 and vector); or SH-
circ_005077 + OE-p47phox(co-transfected with SH-circ_005077 and OE-p47phox). (A) Microbiology of mitochondria under electron microscope (1,500,
upper row, and magnified views at 6,000, lower row). (B) The expression levels of GSH. (C) The MDA expression levels. (D, H) Ferrous iron representative
photos and quantitative analysis (orange, 400x magnification). (E, 1) LPO representative images and quantitative analysis (green, 400X magnification).
(F, J, K) MitoROS (red, 400x magnification) and cellular ROS (green, 400x magnification) representative photos and quantitative analysis. (G, L) F-actin
representative images (red,600x magnification) and quantitative analysis of cell surface area. (M) Rescue experiments detect the ANP mRNA expression
levels in NRVCs by the gPCR assay. (N) Rescue experiments detect the BNP mRNA expression levels in NRVCs by the gPCR assay. (0) Western blotting de-
tecting TFRC, ACSL4, COX2, FTH1, and GPX4 protein levels. Data were presented as the normalized mean + SD of at least three independent experiments.

*P<0.05;**P<0.01; **P<0.001. NS, no significance

phenotypes (Fig. 10B-G). Additionally, we also examined
the effect of circ_005077 overexpression or inhibition on
HFD-induced ferroptosis in vivo. As shown in Fig. 11,
overexpression of circ_005077 in HFD rats promoted
myocardial ferroptosis phenotypes. However, inhibition
of circ_005077 in the HFD rats repressed the ferroptosis
phenotypes.

Taken together, circ_005077 could regulate HFD-
induced cardiac dysfunction, myocardial hypertrophy,
fibrosis, and ferroptosis in vivo.

Discussion

Recent studies have reported that circRNA is an impor-
tant regulator of diabetic cardiomyopathy [43, 44]. For
example, circRNA CDRlas promotes cardiomyocyte
apoptosis [43] and circRNA DICAR modulates cardio-
myocyte pyroptosis in diabetic cardiomyopathy [44]. The
lipotoxicity in nonadipose cell in vitro could be induced
by PA treatment [45, 46]. Wu L et al. have shown that
circ_Tulp4 overexpression alleviates PA-induced beta
cell dysfunction [45]. Xu ZX et al. found that circ608
promotes PINK1-mediated mitophagy of liver stellate
cells in the present of PA [46]. However, little is known
about circRNA'’s role in myocardial lipotoxicity. The cur-
rent study identified circ_005077 as a regulator for PA
and HFD-induced myocardial lipotoxicity for the first
time, providing a new therapeutic target for myocardial
lipotoxicity.

It is widely known that ROS accumulation can cause
cell and tissue damage, and that it can also play a regula-
tory role as a signaling molecule [47]. Oxidative stress is
the core mechanism of diabetes [48]. The accumulation
of FFA can produce excessive ROS in the condition of
diabetes, and ROS can directly damage pancreatic islets 3
Cells, promoting their apoptosis [49]. In addition, ROS is
also involved in the occurrence of diabetes complications,
such as endothelial dysfunction, diabetic retinopathy and
nephropathy [49]. Given that ferroptosis is character-
ized by an accumulation of iron-induced lipid ROS [50],
overproduction of ROS is an important bridge between
ferroptosis and P Cells damage [51], endothelial dysfunc-
tion [52], diabetic retinopathy [53] and nephropathy [54].
Similarly, cardiomyocyte is one of the cell types with the
highest content of mitochondria [55] and the generation

of mitochondrial ROS induced by lipid overload in car-
diomyocytes contributes to diabetes or obesity-induced
myocardial lipotoxicity [56], therefore, ferroptosis may
also be involved in PA or HFD-induced myocardial lipo-
toxicity. In this study, we found that PA and HFD not
only caused the in vitro and in vivo phenotype of myo-
cardial lipotoxicity but also, simultaneously, altered the
ferroptosis marker in cardiomyocytes and myocardium,
which is similar to the previous report and suggests that
PA or HFD is an inducer of ferroptosis [35, 36, 41]. Some
researchers have focused on the HFD- or PA-induced fer-
roptosis mechanism. For instance, Zhao HP et al. have
found that the deficiency of the FUN14 domain-con-
taining protein (FUNDCI1), a key regulator of mitoph-
agy, increases susceptibility to cardiac dysfunction and
remodeling under short-term exposure to HFD through
ACSL4-mediated ferroptosis [33]. Meanwhile, Zhu
MY et al. have reported that HFD-induced myocardial
injury is related to ferritinophagy-mediated ferroptosis
activation [35]. Another notable aspect for the regula-
tion of ferroptosis is non-coding RNA, mainly including
miRNA, long noncoding RNA and circRNA [57]. For
instance, some oncogenic circular RNAs, such as Cir-
cPVT1 [58], Circ_0000745 [59], CircGFRA1 [60] and so
on, can negatively regulated ferroptosis, thereby leading
to tumor growth and metastasis. However, the regulatory
mode of ferroptosis has certain cell and tissue specificity
[61], the regulation of circRNA in HFD- or PA-induced
ferroptosis need to be determined. In the present study,
we found that circ_005077 is a novel modulator for fer-
roptosis, especially for PA or HFD-induced myocardial
ferroptosis, providing a new clue to illuminate the regula-
tion of ferroptosis under lipotoxicity condition.

It is one of the important models for circRNA regula-
tion because it can act as microRNA sponges, result-
ing in increased levels of miRNA targets [22]. Although
circ_005077 is predicted to interact with several miRNAs,
we could not detect these predicted miRNAs in the prod-
uct pulled down by circ 005077 (Fig. S5A). This could be
because circRNA that functions as miRNA sponges must
be highly and widely associated with Argonaute (AGO)
proteins; however, circ_005077 was not found to interact
with AGO protein in our study (Table S5B).
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Fig. 10 Circ_005077 regulated cardiac hypertrophy and fibrosis of myocardial tissue in vivo. AAV9-OE-circ_005077, AAV9-OE-NC, AAV9-SH-circ_005077,

and AAV9-SH-NC were injected individually through the tail vein. (A) Relative
after overexpression or silencing of rno_circ_005077 with AAV9 injection. (B) E

expression of rno_circ_005077 in the heart, liver, kidney, lung, and spleen
ach rat's heart weight and tibia length and the ratio of heart weight to tibia

length (HW/TL) (C, D) Representative echocardiographic images from the respective groups of rats. Systolic and diastolic function in rat (LVID; d, LVPW; d,
CO). (E, F) HE staining to assess the presence of hypertrophy in cardiomyocytes and statistical results of cross-sectional area (400x magnification); Mas-
son staining to identify myocardial fibrosis and statistical results of the degree of fibrosis (200x magnification); Sirus red staining to determine collagen
fiber deposition and statistical results of collagen content (200x magnification). (G) gPCR was used to identify hypertrophic marker and fibrosis genes
in the indicated groups. AAV9: adeno-associated virus-9; n=6 in each group. The data were displayed as the normalized mean +SD. *P<0.05; **P<0.01;

**p<0.001

Compared to the interaction between circRNA and
miRNA, circRNA protein models are multiple and more
complex [62]. To the best of our knowledge, the interac-
tions of circRNA protein include at least four types of
models: (i) circRNAs could act as protein scaffolds to
facilitate colocalization and complex formation between
enzymes and their substrates (such as phosphatases,

transmethylases, and ubiquitin ligases) [63, 64]; (ii) cir-
cRNAs may act as protein recruiters to guide proteins to
cellular locations [65, 66]; and (iii) circRNAs may rein-
force the function of its binding proteins [67]; and (iv)
circRNAs could function as protein sponges or decoys by
competing with other molecules to bind to specific RBP
motifs [68, 69]. CyPA, a protein universally expressed in
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Fig. 11 Circ_005077 regulated ferroptosis of myocardial tissue in vivo. AAV9-OE-circ_005077, AAV9-OE-NC, AAV9-SH-circ_005077, and AAV9-SH-NC were
injected individually through the tail vein. (A) Ultrastructure of the mitochondria and sarcomere using TEM (5,000, upper row and magnified views at
10,000, lower row) (B, C) Representative immunohistochemical (IHC) staining of the ferroptosis indicator TFRC, ACSL4, COX2, FTH1 and GPX4 in myocar-
dial tissue (Original magnification: 400x) and quantification of IHC analysis. AAV9: adeno-associated virus-9. Per group, n=6. Data were presented as the

normalized mean +SD.*P < 0.05; **P<0.01; ***P < 0.001

the cytoplasm, is an important regulator of ROS genera-
tion in response to oxidative stress [42]. Furthermore,
CyPA can function as a key regulator for regulated cell
death [70, 71]. For example, CyPA has been reported to
participate in nuclear translocation of AIF during apopto-
sis [70]. CyPA is also involved in shikonin-induced glioma
cell necroptosis and chromatinolysis [71]. RSL3, a ferrop-
tosis inducer, has been shown to cause CyPA release in
human proximal tubular HK2 cells [72]. Therefore, we
inferred that CyPA is a potential ferroptosis regulator and
have choosen it from 47 circ_005077 binding proteins
for further study. In our study, circ_005077 interacted
with CyPA and inhibited the latter degradation depen-
dent on UBS. We inferred that circ_005077 may func-
tion as a protein sponge by blocking the ubiquitination
sites of the CyPA protein, protecting it from ubiquitin

protease-dependent protein degradation, which is similar
to previous reports [68, 69]. NADPH oxidase is the main
driving force of oxidative stress during ferroptosis and
lipotoxicity, and acts as positive regulator of ferroptosis
and lipotoxicity by promotion of ROS production [73,
74]. p47phox is the cytosolic subunit of NADPH oxidase
[75]. During activation, p47phox is phosphorylated [75]
and translocated to the plasma membrane, coordinating
the interaction of the different NADPH oxidase subunits
(p67phox, p40phox and p22phox) allowing the formation
of an active complex [76]. Growing evidence has shown
that CyPA can regulate ROS generation by interacting
with p47phox, thereby influencing the activity of NADPH
oxidase [42]. In this study, we found that overexpression
of circ_005077 in PA-treated cardiomyocytes could pro-
mote the interaction of CyPA and p47phox. We believe
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Fig. 12 A schematic outlining the proposed mechanisms that circ_005077 accelerates myocardial lipotoxicity induced by high-fat diet via CyPA/

p47PHOX mediated ferroptosis

that one possibility is that circ_005077 can increase the
expression level of Cypa in cells, causing the latter to bind
more to p47phox induced by PA, assisting in its transfer
to the cell membrane and activating NADPH oxidase.
Another possibility is that circ_005077 serves as a protein
scaffold to facilitate colocalization and complex forma-
tion of CyPA and p47phox, thereby improving p47phox
function on NADPH oxidase and ROS generation activ-
ity. This finding may explain why circ_005077 regulates
PA-induced myocardial ferroptosis and lipotoxicity,
partly dependent on CyPA and p47phox.

Recent studies have reported that small open reading
frames (sORFs) within circRNA can encode a peptide
or protein [77]. Circular RNA encoded peptides or pro-
teins are critical players in cancer progression [78] and
viral replication [79]. Through bioinformatic analysis
(ORFfinder Viewer and IRESite database [80]), we found
that circ_005077 has three ORF segments and multiple
internal ribosome entry sites (IRESite) (Table S5C), sug-
gesting that circ_005077 may have peptide or protein
coding potential. However, our study does not deter-
mine the possibility of a peptide- or protein-encoded by
circ_005077. This is a limitation that we must acknowl-
edge here.

In this study, we used in vitro and in vivo model
induced by PA or HED, which primarily aims to mimic

myocardial lipotoxicity, a common pathophysiological
process in the heart of diabetes or obesity, rather than
causing a specific disease, such as diabetes cardiomy-
opathy or obesity cardiomyopathy. Therefore, the model
used in this study may not meet the diagnostic criteria of
diabetes. Whether the conclusions of this study are com-
pletely consistent with those of diabetes cardiomyopathy
needs to be verified by diabetes gene knockout animals,
such as diabetic (db/db) mice.

Finally, we show that circ_005077 can directly interact
with CyPA and increase NADPH oxidase activity and
ROS content by promoting the interaction of CyPA and
p47phox, thereby regulating PA/HFD-induced myocar-
dial ferroptosis (Fig. 12). Our results provide new insights
into the mechanisms of myocardial lipotoxicity, poten-
tially leading to the identification of a novel therapeutic
target for the treatment of myocardial lipotoxicity in the
future.
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