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RETRACTED ARTICLE: miR-16-5p Regulates
Ferroptosis by Targeting SLC7AI | in Adriamycin-
Induced Ferroptosis in Cardiomyocytes
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clinical application. Ferroptosis is an implicated cause of ADR-induced injury.
poorly understood. This study explored whether ferroptosis is a pivotal pat]
and the possible molecular mechanisms involved.

Methods: In vivo and in vitro experimental models were used to
levels were examined in mice and human/rat cardiomyocytes. Mech:

were examined. Bioinformatics prediction and luciferase reporter as

optosis levels in vivo and in vitro. Ferroptosis-related

g played that the SLC7A11 level was significantly decreased
0t miR-16-5p was observed. Moreover, upregulation of SLC7A1 and
e ferroptosis injury. Interactive rescue experiments showed that the

1R-16-5p could partially reverse the ADR-induced cardiotoxicity by rescuing the
ts a pre-clinical basis to identify miR-16-5p/SLC7AI11 as a potential treatment

is an anthracycline antibiotic identified as a chemotherapeutic drug since it was first
is'potent and effective in treating several tumors.! However, its clinical utility is restricted by
icularly 1ts irreversible cardiotoxicity and high rate of severe heart failure.> A complete understanding of
anisms by which ADR exerts its cardiotoxicity has yet to be developed.

nderlying molecular mechanisms of ADR-induced cardiomyopathy are multifaceted and have not yet
been fully elucidated, they involve oxidative stress, inflammatory response, apoptosis, and mitochondrial dysfunction.>
The recognized mechanism of ADR-induced cardiotoxicity and dysfunction is mainly initiated by reactive oxygen
species (ROS). Excessive ROS exceeds the antioxidant defense capacity of myocardial mitochondria, contributing to
developing ADR-induced chronic heart failure.® When a pathological cardiac injury occurs, iron metabolism in cells is
out of balance, and excessive Fe*" presentation leads to an abnormally high level of lipid ROS in cells, so cells are in

a state of iron-dependent lipid peroxidation.”* This recently discovered kind of cell death caused by excessive production
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of Fe*" in cells has been named ferroptosis.® It remains unclear mainly whether ferroptosis plays a role in ADR-induced
cardiotoxicity and what the molecular mechanisms are.

Various signaling pathways tightly regulate ferroptosis. Researchers have increasingly focused on finding signaling
pathways and related genes involved in regulating ferroptosis processes in cardiomyocytes. Solute carrier family 7
member 11 (SLC7A11), a member of the solute carrier family, which encodes xCT, plays a vital role in maintaining
redox balance.'® SLC7A11 transports cystine (entering cells) and glutamate (efferent cells) across the cell membrane in
a sodium-independent manner.'' Reducing cystine to cysteine is the precursor to the biosynthesis of glutathione (GSH),
antioxidant protection against lipid peroxidation manufactured by GSH peroxidase 4 (GPX4).

Consequently, by altering the extracellular redox environment, SLC7A11 can affect intracellular signaling pathways
and biological functions. Multiple pharmacological agents can modulate ferroptosis activity directly or 1nd1rectly through
a 51gnahng pathway. Erastin inhibits cystme/glutamate antiporter signaling, acceleratmg ferroptos1s

ADR-induced cardiotoxicity.

MicroRNAs (miRNAs) are a class of endogenous, small, single-stranded non-codin
the 3’ untranslated region of target mRNA.'> Dysregulation of miRNA is also linked
for normal eukaryotic cell function.'® Dysregulation of miRNA dysregulation_c
miRNAs are transcribed tissue-specifically and evolutionarily conserved, an
promising. Moreover, various miRNAs regulate SLC7A11."*2° Whether

Materials and Methods

Animal Experiments
Male C57BL/6J mice at the age of 8—10 wg
maintained in an environmentally contro

1, Thermo Fisher Scientj
group for 4 weeks.
Chemical Reagent Co.,
was inserted, ag 3 ssure rise rate (+dp/dt) and left-chamber pressure drop rate (—dp/dt) were recorded.
, and blood and hearts were collected.

Cell lines of human$rdiomyocytes AC16 and rat cardiomyocytes H9¢c2 were acquired commercially (Biovector NTCC
Inc., Beijing, China) and cultivated in DMEM with 10% fetal bovine serum (FBS) (Gibco, USA) and 1% penicillin-
streptomycin in a humid atmosphere at 37 °C and CO2 (5%). During the functional experiments, Erastin (5 uM), Fer-1 (1
uM), or DFP (100 uM) were added correspondingly.

Transfection

Regarding in vitro cell transfection, lentiviral vectors with the sequence of short hairpin RNA (shRNA) targeting
SLC7A1l and the control s (SLC7A11-shRNA, SC), miR-16-5p mimic, mimic negative control (miR-NC), miR-16-5p
inhibitor and inhibitor NC (miR-NC), pcDNA vector containing SLC7A11 or scramble control, miR-16-5p antagomir
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(16-anta) and its scramble control (Scr) were acquired from GenePharma (Shanghai, China). Vectors were transfected
into AC16 and H9c2 cells following the instruction book of Lipofectamine™ 3000 Kit (Invitrogen, Carlsbad, CA, USA).
For in vivo viral injection, adeno-associated virus (AAV) vectors containing SLC7A11-shRNA, scrabble control vector,
or overexpression sequences were developed and obtained from Shanghai GeneChem company (Shanghai, China). Mice
were sacrificed 2 weeks after AAV injection, and heart samples were collected.

CCK-8 Assay

The cell was planted in a 96-well plate at a 1 x 103/well cell volume. After treatment and transfection of cells, three
replicate wells were established, and cells were placed in the incubator for 24 h and supplemented with 10 uL of CCK-8
solution (Beyotime, Shanghai, China) to each well for 2 h, and the optical density value was determined at A = 450 nm
using the microplate reader (Bio-Rad, Hercules, CA, USA).

Biochemical Analysis
The Fe** level was tested using an Iron Colorimetric Assay Kit (ScienCell, USA). A
and 4-HNE levels of the cells were analyzed using the corresponding Kkits
Bioengineering Institute (Nanjing, China). All experimental steps were condyc

Immunofluorescence Assays
For immunofluorescence assays, cardiac sections were fixed with
serum, 1% bovine serum albumin, and 0.03% Triton X-10
h. Sections were then incubated with the selected primary a
according to the species of origin of the primary antibodies.
three times. DAPI stain (Sigma, Fluoroshield with DAPI) wa
FerroOrange (DojinDo, Japan) was used. Sectio
(LSCM) (Leica, Mannheim, Germany).

Western Blotting (WB)

Total proteins were homogenized usi:
examined using bicinchoninic

Sangon Biotech, Shanghai, China). WB was conducted as previously

described.>® Primary antibod ows: rabbit monoclonal antibody Anti-SLC7A11 (PA1-16893, 1:2000,

Primer s& I es were designed for PCR using Primer Premier 5.0 software (PREMIER Biosoft). TRIzol reagent

(Beyotime, wohai, China) was purchased to extract and purify all RNAs from tissues and cells. Consequently, RNAs

were recovered Wito cDNA using the PrimeScript RT kit (Takara, Dalian, China), and an amplification experiment was
performed using the SYBR Premix ExTaqll kit (Takara). Increasing conditions were as follows: 95 °C for 10 min (45
cycles), 95 °C for 15s, 60 °C for 20s, and 72 °C for 20s. Gene expression level was calculated using the 2-*““T method.
Dual-Luciferase Assay

The wild type (WT) or point mutation SLC7A11 promoter sequence (Mut) was synthesized and cloned in pGL3 vector to
construct corresponding plasmids. Subsequently, these plasmids were transfected into AC16 and H9c2 cells with
corresponding miR-NC, miR-inhibitor, or miR-mimic. After 48 h, the dual-luciferase system (Promega, WI, USA)

determined the luciferase activity.
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Statistical Analysis

SPSS 21.0 software (IBM Corp. Armonk, NY, USA) and GraphPad Prism 6.0 software (GraphPad Software Inc., San
Diego, CA, USA) were used for statistical analyses and plotting. The Shapiro—Wilk test was used for normal distribution
detection. Measurement data of normal distribution were depicted as mean =+ standard deviation. The #-test was used for
data comparison between two groups, the one-way analysis of variance (ANOVA) test was used for data comparison
among multiple groups, and Tukey’s test was used for the post hoc test. P was obtained from the bilateral test.
Differences were considered of statistical significance at P < 0.05.

Results
ADR-Induced Cardiomyocyte Ferroptosis-Related Damage Both in vitro and in vivo

and -dP/dt than control mice, which confirmed the ADR-induced myocardial injury (Figure
is an upregulation of LDH and CK-MB in the blood of ADR group mice, indicating

roxidation levels. Heart
1 of Fe?" and increased 4-HNE
(P < 0.001). Cell phenotypic
in AC16 cardiomyocytes from human

kit. HNE was the main toxic product of lipid peroxidation and was us
tissue levels of Fe?" and 4-HNE were further quantified. A signific

yocytes with ADR, a decrease in cell

duced Cardiotoxicity in vitro and in vivo
optosis shedding to ADR cardiotoxicity using Fer-1, a ferroptosis

: 005). Coadministration of ADR + Erastin exacerbated ADR-induced ferroptosis of H9¢c2 and
DR + Fer-1 or ADR + DFP decreased it (Figure 2F and G) (P < 0.01).

)

ACI16 cells, wh

SLC7AI1 | Mediated ADR-Induced Ferroptosis-Like Cardiotoxicity

Since SLC7A11 plays an essential role in ferroptosis and is linked to ADR-induced chronic cardiotoxicity, SLC7A11-
mediated ferroptosis was investigated in vivo and in vitro. In vivo and in vitro, SLC7A11 expression was reduced in
ADR-treated cardiomyocytes. The downstream gene, GPX4, showed a similar decrease (Figure 3A) (P < 0.01). In vivo,
the experimental strategy of SLC7A11 overexpression/knockdown using adenoviral transfection was used to determine
the effect of ADR-induced ferroptosis-like cardiotoxicity. WB confirmed the successful SLC7All intervention
(Figure 3B). Upon ADR administration, SLC7A1l knockdown compromised the CK-MB release in heart tissue, but
SLC7A11 overexpression aggravated it (Figure 3B) (P < 0.01). Next, H9c2 and AC16 cells were cultured in vitro to
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Figure | Ferroptosis ifWolved in ADR-induced myocardial injury both in vivo and in vitro. (A and B) The responses of +dP/dt maximum and -dP/dt maximum in the study
groups. (C and D) ADR-induced myocardial damage were assessed using biochemical cardiotoxicity markers LDH and CK-MB. (E) ADR-induced the lipid peroxidation in
myocardial tissue. (F) We obtained the Fe* data using iron colorimetric assay. (G) The immunofluorescence examination was performed to examine the distribution of
4-HNE. (H) Cell viability assays were conducted on H9¢2 and ACI6 cardiomyocytes in order to evaluate the cytotoxic effects of ADR. (I) H9¢2 and AC16 cardiomyocytes
were measured for lipid peroxidation. (J) Levels of Fe?* in the H9¢2 and AC16 cells treated with ADR. (K) Levels of 4-HNE in the H9c2 and ACI16 cells treated with ADR.
Data are reported from at least three independent experiments and analysed by independent t-test, ***P < 0.001.

determine the effects of SLC7A11 overexpression and knockdown. The results showed that ADR treatment reduced cell
viability, while co-transfection of SLC7A11-shRNA significantly exacerbated the cell viability of H9¢2 and AC16 cells.
On the contrary, ADR-induced cell injury was inhibited in H9¢2 and AC16 cells that overexpress SLC7A11 (Figure 2C)

Journal of Inflammation Research 2023:16 https:

1081

Dove:


https://www.dovepress.com
https://www.dovepress.com

Chen et al Dove

A 600 + B 300 + hiid c 39300 1 D S 600 1
l < sk L k%
— = °
— Hkk S ke g
< 400 1 — 200 1 # 5 2004 # = 400+
: = s g # w
Q 5 o Zz #
> —_— = I
2 # m o I i
T #i S Q ~
A 2004 ~ 100 4 T 100 1 T 200 o
o
= B 2 N
[1 ) : e [
2 £
0 T T T T 0 T T T T o 0 T g 0 T
[0]
SN >y &R @ PRSP SN > &
& $ 4 © & &L L& &L S &
(P& Y’Q @Q @Q@ CP& Y’Q ) q}(‘@ 00{\\ VQ O &e oo& Y’Q O q}‘«,
R R Ry R
E F G_
. 150 = H9¢2 § 900 = HO9¢2 E.\o/
S = i =
= [
()
z 5 3
= o =4 E
§ 100 W § 600 ex %
> o ]I:
% Kok .g' <
HED . 2 300 1 T = ke
2 [
= 2
° | I s | |
~ []
0 T r T T x 0 T T r T T
’ N .
& F & & F &
& P& O g & P& 9 L
C L §F & © S aa
S RN R
AC & ACl6
150 ACl6 < 900 < 900 -
3 < = #
S 5 g
= 2 ]
= L R i1 L
5 100 é 4 600 e
£ g I
= <
9 EEES p=d # #
o 50+ s B 300 4
2 0 N
= ©
2 5,101
044 2 oo —
AN > .
L &L QQ.' %\\O QQ z}\
£ & LoD X <
C d S
F
A A
Figure 2 Ferroptosis contribute to jury mechanism. (A and B) Co-administration of Fer-1/DFP alleviated ADR-induced myocardial damage
assessed using biochemical cardi -MB in mice. (C) Co-administration of Fer-1/DFP decreased ADR-induced the lipid peroxidation in
myocardial tissue. (D) Co-adm IDFP decreased the expression of 4-HNE in myocardial tissue. (E) Cell viability assays were conducted on H9c2 and ACI16
cardiomyocytes when co-admin i Erastin/Fgr-|/DFP to evaluate the cytotoxic effects of ADR. (F) H9c2 and ACI6 cardiomyocytes were measured for lipid
peroxidation. (G) Levels gf4 cells were examined when co-administration with Erastin/Fer-1/DFP under ADR. Data are reported from at least
three independent e: ay ANOVA followed by Dunnett's post hoc test. *P < 0.001 compared with Control; P < 0.05, *P < 0.01, ##p <

0.001 compared

(P < 0.01). bared to ADR + SC, lipid peroxidation levels were significantly reduced in ADR + SLC7A11-OE
(Figure 2D and R < 0.01). Conversely, this effect was also present, indicating that SLC7A11 mediated ferroptosis-
related lipid peroxidation in H9¢2 and AC16 cells.

SLC7AIl 1 is the Direct Target Gene of miR-16-5p

mRNA 3'UTR is targeted by miRNA to modulate gene expression. SLC7A11 targeted miRNA was discovered using
the miRNA target prediction program. The potential targets of differentially expressed miRNA were predicted based
on miRNA.org and TARGETSCANS miRNA target prediction database (Figure 4A and B). Following ADR
administration in mice, miR-16-5p and miR-497-5p were the most significant upregulated candidate prognostic
target miRNAs. SLC7A11 expression was negatively associated with miR-16-5p expression in vivo (Figure 4C). The
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Figure 3 SLC7AI |-mediated ferroptosis involved in ADR-induced cardiac injury. (A) The ADR induces down-regulation of SLC7Al1 and GPX4 expression both in vitro
and in vivo. (B) The intervention of SLC7Al | mediated ADR-induced cardiac injury assessed using biochemical cardiotoxicity markers CK-MB in mice. (C) Cell viability
assays were conducted on H9c2 and AC16 cardiomyocytes when SLC7AI | was interfered to mediated ADR-induced cardiac injury. (D) H9c2 and ACI16 cardiomyocytes
were measured for lipid peroxidation. (E) Levels of 4-HNE in the H9¢2 and ACI6 cells were examined when SLC7AI | was interfered under ADR. Data are reported from
at least three independent experiments and analysed by one way ANOVA followed by Dunnett’s post hoc test. *P < 0.01, **P < 0,001 compared with Control; *P < 0.01,
###Pp < 0,001 compared with ADR+SC.

results of bioinformatics prediction showed that SLC7A11 could bind to miR-16-5p in several species (Figure 4D).
Luciferase reporter displayed that miR-16-5p-mimic declined the luciferase activity of SLC7A11-WT in both H9c2
and AC16 cells but miR-497-5p-mimic failed (Figure 4E). Additionally, the result of the WB assay indicated that
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Figure 4 SLC7AI 1 interacted with miR-16-5p in cardiomyocyte. (A) Target prediction programs including miRNA.org and TargetScan were used to identify potential
SLC7A11 miRNA targets. (B) The expression profiles of SLC7Al I’s potential target miRNAs. (C) Spearman correlation analysis was used to analyze the relationship
between the expression of SLC7All and miR-16-5p. (D) The binding sites between SLC7AI |l and miR-16-5p sequences were listed using target prediction tools. (E)
Following co-transfection of miR-16-5p mimics and wild-type luciferase reporters, the reporter intensity of the mutant reporter was not affected. (F) Western blot was used
to detect levels of SLC7AIl in H9¢2 and ACI6 transfected with mimic or inhibitor of miR-16-5p. Data are reported from at least three independent experiments and
analysed by independent t-test or one way ANOVA followed by Dunnett’s post hoc test. *P< 0.05, **P< 0.01, ***P < 0.00| compared with Control; **P < 0.00| compared
with miR-NC.

the decreased SLC7A11 expression was caused by miR-16-5p-mimic transfection. In contrast, SLC7A1l expression
was markedly increased by transfection with miR-16-5p-inhibitor. These results showed that miR-16-5p targets
SLC7ALL.
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SLC7A1 | Knockdown Neutralized Effect of miR-16-5p in ADR-Induced Cardiac Injury
To analyze the regulatory network of SLC7A11 and miR-16-5p, they were co-transfected into H9¢2 and AC16 cells. The
transfection of miR-16-5p-inhibitor significantly alleviated the ADR-induced cell viability suppression, while SLC7A11
knockdown blocked the above effect in H9c2 and AC16 cells (Figure 5A). Inhibiting miR-16-5p depleted the lipid
peroxidation and 4-HNE levels while downregulating SLC7A11 reversed them (Figure 5B and C). Moreover, AC16
cells were stained with FerroOrange, a dye that reacts specifically with Fe?*. The results determined that signal intensity

was significantly reduced after downregulating miR-16-5p, while SLC7A11 knockdown inverted the miR-16-5p-inhibitor
roles (Figure 5D). These findings indicated that the down-regulated SLC7A11 inverted the function of miR-16-5p in vitro.

Verification of miR-16-5p/SLC7AIl Axis Function in ADR-Induced Cardiac Injury
in vivo

The animal model was further analyzed to confirm the role of miR-16-5p/SLC7A11 axis i
miR-16-5p antagomir (16-anta) or its scramble control (Scr), SLC7A11-shRNA or C

1virus containing
SLC7A11-shRNA made a difference in the reduction in SLC7AI11l expressg . istently, the adminis-

(Figure 6B—G). The results confirmed that the miR-16-5p/SLC7A11 i cardiomyocyte injury under
ADR conditions in vivo.

Discussion

been limited by toxic effects such as cardiotoxicit

ot
induced cardiotoxicity is regulated to minimize its \w:
using ADR in vivo and in vitro and confirig ent and contribution of ferroptosis. These results suggested

nificant challenges is determining how ADR-
gage. This study established myocardial injury models

in organ damage, causing oxidative stress in target organs and
the occurrence and mechanism of ADR-induced ferroptosis in the heart

ree radical capture mechanism of lipid peroxidation. The results of fer-1 are consistent with previous
inhibit the occurrence of myocardial injury in ADR-induced mouse models. This further proves that
inhibiting ferrop®sis can inhibit the progression of ADR-induced myocardial injury. Fer-1 and DFP showed apparent
therapeutic and protective effects in vivo experiments, providing a theoretical possibility for clinical application.
SLC7A11 and its downstream GPX4 are essential regulatory genes in ferroptosis,”® and their reduced expression is
a sign of ferroptosis injury. Under normal conditions, SLC7A11/GPX4 can protect cells by consuming the lipid peroxide
produced through a series of reactions. However, under certain pathological conditions, the transport capacity of
SLC7A11 and the activity of GPX4 decreased, finally inducing ferroptosis.”” SLC7A11 is expressed in various tissues

and downregulated in pathological conditions. Similarly to our results, Li et al*® recently reported that GPX4 expression
decreased in ADR-induced myocardial injury in mice, suggesting that upstream SLC7All may participate in the

ferroptosis of ADR-induced myocardial injury in mice. Through the direct intervention of SLC7A11, this study
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Figure 5 MiR-16-5p functionally interacted with SLC7AI | to reversed the ADR-induced cardiac injury in vitro. (A) Analyzing the effect of miR-16-5p/SLC7AI | intervention
on cell viability in H9¢c2 and AC16 cells. (B) Analyzing the effect of miR-16-5p/SLC7Al | intervention on lipid peroxidation levels in H9¢c2 and AC16 cells. (C) Analyzing the
effect of miR-16-5p/SLC7AI | intervention on lipid peroxidation levels in H9¢2 and ACI16 cells. (D) Analyzing the effect of miR-16-5p/SLC7Al | intervention on Fe**
accumulation in AC16 cells. Data are reported from at least three independent experiments and analysed by independent one way ANOVA followed by Dunnett's post hoc
test. #*P < 0,001 compared with miR-NC+shRNA-Con; #P < 0.05, P < 0.01, P < 0.001 compared with ADR+miR-NC+shRNA-Con; ¥*P< 0.01, ¥**P < 0.00| compared
with Control.
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Figure 6 Inhibition of SLC7AI | inverted the effect of mig#§s- i mice cardiac injury. (A) After transfection, Western blotting was performed to detect
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regulatory mech
ADR-induced

transcrif bf target gene expression, and participate in various physiological and pathological processes.
miR-16-5p Waexpressed in the heart.>*>' In other heart injuries, SNHG1/miR165p/GATA4 positive feedback loops
pcytes against damage caused by hypoxia/reoxygenation and may provide therapeutic targets for
ischemic cardiomyopathy.*> Consistently, AC16 cells treated with H/R were repressed from apoptosis, diminished
LDH and CK-MB activities, and displayed increased viability due to miR-16-5p knockdown.>® Furthermore, Hayasaka
et al** demonstrated that miR-16-5p promotes apoptosis in cardiomyocytes via SESN1. This study identified miR-16-5p/
SLC7ALI1 as a potential therapeutic target for ADR-induced cardiotoxicity. The results of in vivo and in vitro validation
and the double luciferase reporter gene analysis confirmed a targeted regulatory relationship between miR-16-5p and
SLC7A11. Regulating miR-16-5p can significantly interfere with SLC7A11 expression in cardiomyocytes. Concurrently,
silencing SLC7A11 alleviated miR-16-5p knockdown-mediated injury in vitro and in vivo.
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In animal studies, miRNA agomirs and antagomirs have induced short-term gains or loss of function.>> Antagomirs
were injected into experimental mice to mute their mRNA. The antagomir was injected into the experimental mice to
silence miR-16-5p therapeutically. Treatment with MiR-16-5p antagomir before ADR administration markedly improved
cardiac function and relieved symptoms of ferroptosis. However, this therapeutic effect was blocked by SLC7A11
knockdown. This study suggests that miR-16-5p-SLC7A11 interactions may be crucial for regulating ADR-induced
cardiotoxicity. Our findings indicate that miRNA network-based therapies may effectively treat ADR-induced
cardiotoxicity.

Accordingly, this study suggests that cellular ferroptosis plays a crucial role in the pathogenesis of ADR-induced
cardiac injury. SLC7A11 overexpression or miR-16-5p knockdown inhibits ferroptosis and exhibits cardioprotective
effects in vitro and in vivo. The study revealed a novel regulatory axis involving miR-16-5p/SLC7A11/ferroptosis in
ADR-induced cardiotoxicity, which can be used as a potential mechanism for clinical treatment o
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