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Abstract
One of the most important side effects of chemotherapy is cardiovascular complications, such as cardiotoxicity. Many 
factors are involved in the pathogenesis of cardiotoxicity; one of the most important of which is long non-coding RNAs 
(lncRNAs). lncRNA has 200–1000 nucleotides. It is involved in important processes such as cell proliferation, regenera-
tion and apoptosis; today it is used as a prognostic and diagnostic factor. A, various drugs by acting on lncRNAs can affect 
cells. Therefore, by accurately identifying IncRNAs function, we can play an effective role in preventing the development 
of cardiotoxicity-induced chemotherapy drugs, and use them as a therapeutic strategy to improve clinical symptoms and 
increase patient survival.
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Introduction

Cancer is one of the most important and influential diseases 
in a human being [1]. Chemotherapy and related drugs are 
mainly used to treat this malignancy. Although chemother-
apy drugs have positive effects on the treatment of cancer 
patients, they also have side effects such as cardiotoxicity 
[2]. Cardiotoxicity is a complication caused by chemother-
apy drugs during or after administration; it leads to cardio-
vascular disease (CVD) [3].

It has recently been shown that Long noncoding RNAs 
(lncRNA) are involved in the development of this type of 
cardiotoxicity (Table 1) [4]. Different chemotherapy drugs 
can play effective role in drug-induced cardiotoxicity [5]. 
One of the most important of these drugs is doxorubicin 
[6]. Cardiotoxicity induced by chemotherapy drugs occurs 
following the aging of the heart muscle cells. Some actions 
occur during the process of aging, including: decrease cell 
proliferation, P53 and P16 proteins expression increment, 
decrease telomere length and telomerase activity. In these 
processes, lncRNA plays an important role as a regulatory 
molecule, so shutting down the lncRNA molecule plays a 
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protective role against the aging of heart cells, and lead to 
drug-induced cardiotoxicity [7].

In addition, lncRNA can induce toxicity in cells by inhib-
iting proliferation, inducing apoptosis, and producing reac-
tive oxygen species (ROS) [8, 9]. Thus, lncRNA via PI3K/
AKT pathway can induce apoptosis and ROS production, 
and subsequently induce cell toxicity via Notch1/KLF15 
pathway by inhibiting cell proliferation [10, 11]. Studies 
have also shown, that lncRNA can lead to CVD through 
toxin induction in cardiac muscle cells [12]. Thus, lncRNA 
Cfast can trigger the TGF-β signaling pathway by inhibiting 
the interaction of COLT1 with the TRAP1 molecule; sub-
sequently, by increasing the formation of SMAD2/SMAD4 
complexes, it induces fibrosis and finally toxicity in cardio 
myocytes, the product of which can be CVD induction [13].

So this study investigated the role of lncRNAs in the 
induction chemo toxicity by chemotherapy drugs, in order 
to obtain appropriate information in this field. The findings 
of the present study will help to provide appropriate treat-
ment strategies to combat the cardiotoxicity complications.

The Role of lnRNAs in Cardio Myocyte 
Regeneration

Regeneration is the repair process of heart muscle cells by 
themselves; it leads to form a similar cell. Recent studies 
have indicated to the lncRNAs role in this process [20].

IL-22 is an inflammatory cytokine, which increases 
the expression of lncRNA H19, through Protein Kinase 
A (PKA) and STAT3 transcription factor. This lncRNA 
can be effective on inducing regeneration from different 
pathways. lncRNA H19 binds to P53, microRNA 34a and 
let 7 (cell cycle inhibitors), and inhibits them; Finally, by 

promoting the cell cycle and increasing the expression of 
genes involved in the cell regeneration, it induces this pro-
cess in the cell [21].

On the other hand, lncRNA H19 encodes two microR-
NAs from exon number one, called miR-675-3P and miR-
675-5P. miR-675-3P suppresses the Bone Morphogenetic 
Protein (BMP) pathway by binding to the anti-differentiation 
transcription factor Smad (Smad1,5). miR-675-5P also plays 
a role in inducing the regeneration process by lncRNA H19, 
by suppressing cdc6 as a DNA replication initiator [22]. 
lncRNA H19 together with microRNA 675 inhibits Trans-
forming Growth Factor-β1 (TGF-β1) protein expression, and 
subsequently reduces the phosphorylation of Smad 3, which 
ultimately leads to inactivation of Histone Deacetylase 4.5 
(HAD 4.5) [23]. HDAC4/5 suppresses TBX5 transcription 
factor by deacetylation, and inhibits the Myocyte Enhancer 
Factor 2 (MEF 2) gene expression. The MEF 2 gene plays 
an important role in the development and regeneration of 
heart muscle cells; by inhibiting HDAC 4/5 performance, 
it Increases TBX5 transcription factor activity and MEF 2 
gene expression to induce myocardial cells regeneration [24, 
25].

Downregulation of lncRNA H19 can induce the effect of 
temozolomide on cancer cells by reducing the proliferation 
by suppressing the Wnt/β-Catenin pathway [26]. lncRNA 
H19 also binds to miR 29b-3p, which has an inhibitory role 
in the TGF-β1 protein, thereby activating the TGF-β1 sign-
aling pathway [27]. TGF-β1 protein along with activin-βA 
leads to cell regeneration, while SB-431542 molecule has 
a negative effect on TGF-β1 protein. On the other hand, 
in downstream of the TGF-β1 signaling pathway, there is 
a molecule called Smad3, which binds to the SMCα pro-
moter and increases its expression; it can also induce cellular 
regeneration [28].

Table 1  Summary of drug mechanisms in cardiotoxicity

lncRNA long non coding RNA, DOX doxorubicin, HOXB-AS3 HOXB cluster antisense RNA 3, SNHG1 small nucleolar RNA host gene 1, 
FOXC2-AS1 forkhead box C2—Antisense RNA 1, WISP1 WNT1-inducible signaling pathway protein, PVT 1 plasmacytoma variant transloca-
tion 1, AGO1 argonaute 1, CMDL1 cardiac mitochondrial dynamic—related lncRNA, Drp1 dynamin related protein 1

Drug Target Mechanism Refs.

Doxorubicin Upregulation lncRNA HOXB-AS3 Lead to inhibition the proliferation of cardio myocytes by regulating the expression 
of miR-875-3P

[14]

Doxorubicin Reduced the expression SNHG1 Decreased expression of this lncRNA leads to an increase in the function of 
miR-195, which increase apoptosis in cardio myocytes by inhibiting the BCL2 
anti-apoptotic protein

[15]

Doxorubicin Downregulated lncRNA FOXC2-AS1 Decreased the expression of this lncRNA leads to decreased expression of WISP1, 
thereby causing cardiotoxicity

[16]

Doxorubicin Up regulated lncRNA LINC00339 This lncRNA leads to increased apoptosis in cardio myocyte by regulating the 
function of miR-484

[17]

Doxorubicin Increased lncRNA PVT1 expression This lncRNA act as a CeRNA and increase apoptosis in cardio myocyte by destroy-
ing miR-187-3P, and increasing the AGO1 expression

[18]

Doxorubicin Downregulated lncRNA CMDL1 Decreased expression of this lncRNA leads to decrease in phosphorylation of the 
Drp1, and thus increases apoptosis in cardio myocyte

[19]
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Thus, in the cell, Growth Arrest Specific 5 (GAS5) bind-
ing to Smad3 prevents its binding to the SBEDNA sequence 
of TGF-β1-responsive elements in the SMCα gene promoter; 
as a result, inhibition of TGF-β1/Smad3 signaling leads to 
the inhibition of cell regeneration [29, 30]. The lncRNA H19 
can destroy miR-141 and miR-22, by affecting the β-catenin 
gene, which is common between the two microRNAs, and 
activates the Wnt/β- catenin-signaling pathway; the two cited 
mirs have inhibitory effect in the Wnt/β-Catenin-signaling 
pathway [31].

In this way, the Wnt molecule binds to its receptors, the 
Frizzled receptor and the LRP5/6 receptor, on the surface of 
target cell. This binding leads to the AXIN molecule phos-
phorylation in the β-Catenin complex and prevents its intra-
cytoplasmic destruction by the proteasome complex. In the 
nucleus of the β-Catenin complex, it binds to the transcrip-
tion factor T cell factor/lymphoid enhancing factor (TCF/
LEF) and activates it, which increases the expression of Wnt 
7, Fz7, DVl, Lgr5, C-myc genes. Wnt7, Fz7, DVl genes are 
involved in the early stages and C-myc in all stages of regen-
eration [31, 32].

The GSK-3β molecule of the β-Catenin complex can 
also activate the mTOR signaling pathway, which also 
plays an important role in the cellular regeneration [31]. 
One study has showed, that removing the PTEN, TSC1/2 
and NB-3 molecules, using cytosolic HDAC5, Wnt10b, 
Melanopsin/GPCR, and increasing the activity of IL-6 and 
the PF-4708671 small molecule, activates mTOR molecule; 
the activation causes regeneration of cells [33]. Also in the 
downstream part of the signaling pathway of the mTOR 
molecule, the Arnt-Sim Domain Kinase (PASK) enzyme is 
phosphorylated and activated, which induces the cell dif-
ferentiating factors production by phosphorylation of the 
Wrd5 molecule. In the next step, using the S6K molecule in 
the mTOR signaling pathway, leads to form the secondary 
structures; it induces cellular regeneration [34].

Activation of PI3K enzyme in the phosphorylation path-
way and activation of its own downstream molecules leads to 
AKt/mTOR/P70S6K pathway activation; this pathway plays 
an important role in the regeneration of cells after injury 
[35]. Activation of the mTOR molecule leads to the activa-
tion of Eukaryotic Initiation Factor 4 E (elF4E) molecule, 
which also induces Cyclin D activation; it promotes cell 
cycle and recovery in cell function and ultimately leads to 
the cell regeneration [36]. Considering the mTOR signal-
ing pathways in cell regeneration, it is hypothesized that 
such similar pathways may be effective in cardio myocyte 
regeneration.

Falcor is a type of lncRNA causes cell regeneration by 
acting on the Foxa transcription factor. Increased expression 
of Foxa1/a2 transcription factor by acting on Mucin2 (Muc2) 
and preproglucagon gene promoters plays effective role in 
cell differentiation and regeneration. Excessive increase in 

Foxa transcription factor affects Falcor lncRNA; it reduces 
production and disruption of Falcor-Foxa pathway in the cell 
regeneration [37, 38].

Two other lncRNAs, which are impressive in induc-
ing cardio myocyte regeneration are ECRAR and CRRL. 
ECARE activates ERK1/2 enzyme, that phosphorylates 
and activates Cyclin D1 and Cyclin E1. Activation of these 
cyclins leads to the cell cycle advancement and heart mus-
cle cells repair [39]. Cardio myocyte Regeneration related 
lncRNA (CRRL) acts as an (Competing endogenous) 
CeRNA. It binds to the miR199a3p and increases Hopx 
expression, which has a negative effect on cardio myocytes 
proliferation. CRRL lncRNA suppression can be effective in 
inducing cardio myocyte regeneration [40] (Fig. 1).

Another lncRNA called Cardiac regeneration-related 
lncRNA (CAREL) can inhibit cardio myocytes prolifera-
tion by inhibiting the function of miR-296 and increasing the 
expression of Trp53inp1 and Itm2 genes, thereby inducing a 
negative effect on cardiac cell regeneration [41]. In general, 
the identification of lncRNAs involved in the regeneration 
of cardio myocytes can lead to design strategies to prevent 
cardiotoxicity in patients.

The Role of lnRNAs in Cardio Myocyte 
Proliferation

In addition to regeneration, lncRNAs can also be involved 
in the cardio myocytes proliferation [42]. Sirt1 antisense 
lncRNA by forming a duplex antisense lncRNA/mRNA can 
protect Sirt1 mRNA against miR-34a function. It increases 
the translation of this mRNA by ribosomes, which results in 
increased production of Sirt1 protein. This protein can also 
induce proliferation in the cells by increasing the activity of 
cyclins B, D and E and promoting the cell cycle [43, 44]. 
On the other hand, it has been shown that C2dat1 lncRNA 
can also induce cell proliferation by binding and inhibiting 
the miR-34a function, and increasing the Sirtuin1 (SIRT1) 
expression.

In addition to the above mechanism, this lncRNA can also 
induce cell proliferation through the expression of the Pro-
liferating Cell Nuclear Antigen (PCNA). Thus, by affecting 
the Cyclin D/CDK4-CDK6 and Cyclin E/CDK2 complexes, 
the PCNA molecule promotes cell progression from phase 
G1; it also prevents stop in the S phase of the mitosis by 
affecting P21[45, 46].

Minichromosome maintenance 3 (MMC3) is a DNA 
replication initiator; it can also be involved in inducing 
cell proliferation by advancing the cell cycle from phase 
G1 to S. lncRNA CPR can turn off the MMC3 promoter by 
using the DNMT3A enzyme by methylating the cysteine-
phosphate-guanine sites; thereby it inhibits cardio myo-
cytes proliferation [47, 48]. lncRNA MALAT1 plays an 



194 Cardiovascular Toxicology (2022) 22:191–206

1 3

important role in cell proliferation, so lncRNA MALAT1 
silencing leads to the cessation of the cell cycle in the G0/
G1 phase. On the other hand, this lncRNA can also induce 
cell proliferation by binding and inhibiting miR-129-5p, 
which can inhibit cell proliferation by ZFP36L1 suppres-
sion [49, 50].

Drugs derived from Taxanes compounds such as Pacli-
taxel and Docetaxel as well as Adriamycin can reduce 
the proliferation of cancer cells by suppressing lncRNA 
MALAT1 and induce the effect of these drugs on these cells 
[51]. miR-138 can also inhibit cell proliferation by inhibit-
ing Cyclin D3 and suppressing the SOX9 molecule. Brain 
Cytoplasmic RNA 1 (BCYRNA1) lncRNA can induce cell 
proliferation by suppressing this microRNA and increasing 
the SOX9 and Cyclin D3 molecules expression; it also pro-
motes cell cycle [52–54].

One study has shown, that lncRNA LIPCAR can promote 
cell cycle; it increases cell proliferation by reducing P21 
expression and increasing the Cyclin D2 and PCNA func-
tion [55]. Recent studies also have indicated to the lncRNA 
FEZF1-AS1 role in the cell proliferation, thus lncRNA 
FEZF1-AS1 can induce cell proliferation by inhibiting 

miR-4443 function and suppressing the P21 expression, 
through LSD1 mediated H3K4me2 demethylation [56, 57].

Another lncRNA called MT1JP can also act as a CeRNA 
and inhibits cell proliferation by inhibiting miR-214-3P and 
increasing the RUNX1 transcription factor expression; sub-
sequently, MT1JP induces P21 and Bim molecules expres-
sion, which leads to cell proliferation inhibition [58]. MT1JP 
lncRNA can induce the Cisplatin effect on cancer cells by 
inhibiting miR-24-3P and suppressing the Wnt/Beta-Catenin 
pathway in these cells. Due to the inhibitory role of this 
lncRNA in the cell proliferation, Cisplatin can lead to car-
diotoxicity by inducing this lncRNA in cardio myocytes by 
inhibiting the cell proliferation [59].

LUCAT1 lncRNA can affect cell proliferation by regulat-
ing miR-181a-5P function and KLF15 and KLF6 expres-
sion. Thus, the KLF molecule can induce proliferation in 
the cell by increasing the C-JUN gene expression and Cyclin 
D1 activation, which promote cell cycle [60, 61]. LncRNA 
PEBP1P2 (also known as lncRNA5) also reduces the expres-
sion of alpha-SMA, Calponin1 (CNN1) and Smooth Muscle 
Myosine Heavy Chain (SMHC) genes by reducing CDK9 
activity and ultimately reduces cell proliferation [62]. Also 

Fig. 1  The Role of lncRNA in cardiotoxicity. lncRNAs can play a 
decisive role in inducing cardiotoxicity by affecting regeneration, 
proliferation and apoptosis processes of cardio myocytes. In general, 
the effect of lncRNA on reducing the process of cell regeneration and 
proliferation and consequently increasing the process of cell apopto-
sis in cardio myocytes can induce cardiotoxicity. lncRNA long non 
coding RNA, miR microRNA, TGF-beta transforming growth fac-

tor—beta, GAS5 growth arrest specific 5, ECRAR  endogenous cardiac 
regeneration associated regulator, ERK extracellular signal-regulated 
kinase, CRRL cardiomyocyte regeneration_related lncRNA, CRNDE 
colorectal neoplasia differentially expressed gene, LYRM1 LYR motif 
Containing1, SIRT1 Sirtuin1, JAK Janus kinase, STAT3 signal trans-
ducer and activator of transcription 3, IFN interferon, IL interleukin, 
BAX BCL2-associated X protein
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ZEB1 antisense1 lncRNA (ZEB1-AS1) can induce cell 
proliferation by downregulating miR-335-5P. miR-335-5P 
inhibits the function of cyclin B2 and stops the cell in G0/
G1 phase; this inhibitory function is blocked by ZEB1-AS1 
lncRNA [63, 64].

Studies have shown that inhibition of ZEB1-AS1 lncRNA 
is required for the effect of Cisplatin on cancer cells. Inhibi-
tion of ZEB1-AS1 lncRNA in cancer cells leads to upregu-
lation of miR-129-5P and subsequently inhibits cell prolif-
eration and apoptosis induction in cancer cells through the 
inhibition of ZEB1 and bcl2 molecules. Considering the 
role of ZEB1-AS1 lncRNA in cell proliferation, including 
cardiac muscle cells, it is hypothesized that Cisplatin drug 
needs to inhibit ZEB1-AS1 lncRNA to induce its effect on 
cancer cells. Consequently, one of the side effects of this 
chemotherapy drug is probably cardiotoxicity; it happens by 
reducing the expression of ZEB1-AS1 lncRNA and inhibit-
ing its function in the proliferation of cardio myocytes [65].

Azin2-SV lncRNA also increases the expression of PTEN 
molecule by inhibiting miR-214 function. On the other hand, 
this lncRNA by binding to the PTEN molecule can also lead 
to its stability. Increased expression and stability of PTEN 
molecule leads to decreased phosphorylation of AKT and 
Cyclin D molecules, thus it leads to cell cycle blocking. 
Azin2-SV can inhibit cardio-myocytes proliferation in this 
way [66]. CTBP1-AS2 lncRNA can also inhibit cell prolif-
eration by inhibiting miR-216a function and increasing the 
expression of its target molecule, PTEN [67].

miR-216a inhibits the activity of Janus kinase 2 (JAK2) 
enzyme, which plays an important role in cardio myocytes 
proliferation by phosphorylating the transcription factor Sig-
nal Transducer and Activator of Transcription3 (STAT3). 
lncRNA NR-045363 activates the JAK2/STAT3 pathway by 
inhibiting the function of miR-216a, and ultimately induces 
proliferation in the heart cells [68, 69]. Another lncRNA 
called Cancer-associated region long non-coding RNA 
(CARLO-7), also promotes cell cycle and cell proliferation 
by regulating miR-302 and miR-182 function, and increasing 
the CDK1 activity. On the other hand, this lncRNA can also 
induce cell proliferation using the JAK2/STAT3 and Wnt/
Beta-Catenin signaling pathway and increasing the MYC 
transcription factor activity [70].

One study showed that Tumor Necrosis Factor-α (TNF-
α), OX-LDL, and Platelet-derived growth factor-BB (PDGF-
BB) molecules can lead to the HIX003209 upregulation. 
HC003209 can induce cell proliferation by regulating miR-
6089 function [71]. OXLDL and IL-6 molecules can also 
lead to HCG11 lncRNA upregulation in the cell. Increased 
expression of HCG11 lncRNA subsequently inhibits miR-
144 function by increasing the FOXF1 gene expression, 
which plays an important role in inducing cell proliferation. 
HCG11 lncRNA increases cell proliferation by regulating 
miR-144/FOXF1 function [72]. miR-23b binding to 3/UTR 

–fork head box O4 (FOXO4) inhibits FOXO4 expression 
and subsequently reduces cell proliferation, while lncRNA 
XR007793 inhibits cell proliferation by inhibiting the miR-
23b function [73].

MCM3AP-AS1 lncRNA also increases the expression 
of its target molecule, the fork head box A1 (FOXA1), by 
inhibiting the miR-194-5P function; it allows the cell to 
pass through G1 check point of the cell cycle and prolif-
erate [74]. Another lncRNA called ADAMTS9-AS2 can 
inhibit proliferation in cells by inhibiting miR-27a-3P func-
tion and increasing the expression of fork head Box pro-
tein 1 (FOXO1) [75]. In another study, it was shown, that 
lncRNA called Nuclear Enriched Abundant Transcript 1 
(NEAT1) could inhibit miR-193a function in the ischemic 
heart cells; it acts as a tumor suppressive in the cell. NEAT1 
leads to proliferation of cardiac cells in ischemic conditions, 
by advancing the cell cycle. It seems that this lncRNA can 
induce cell proliferation under normal conditions in cardio 
myocytes [76].

Studies show a distinctive role for NEAT1 lncRNA to 
induce the effect of chemotherapy drugs. Thus, NEAT1 
lncRNA can induce drug resistance in cancer cells to 
Sorafenib by modulating the function of miR-149-5P/AKT 
axis. But on the other hand, NEAT1 lncRNA can be effective 
in inducing apoptosis in the cancer cells by Imatinib via reg-
ulating the C-Myc gene expression; it indicates the dual role 
of this lncRNA to induce the effect of chemotherapy drugs 
[77, 78]. In addition, inhibition of NEC1 lncRNA function 
can be effective to inhibite cell proliferation and induce of 
apoptosis in the cancer cells following cisplatin administra-
tion. In other words, the effectiveness of Cisplatin on cancer 
cells depends on the reduced expression and inhibition of 
NEC1 lncRNA function [79].

Another lncRNA called Colorectal Neoplasia differen-
tially expressed gene (CRNDE) can also induce proliferation 
in cardio myocytes by inhibiting the miR-181a function and 
increasing the expression of its target molecule, LYR motif 
Containing1 (LYRM1), which is involved in promoting cell 
[80]. Downregulation of CRNDE lncRNA can be effec-
tive in inducing the effect of fluorouracil on cancer cells by 
increasing the miR-33a function and reducing the HMGA2 
expression. On the other hand, due to CRNDE lncRNA role 
in the proliferation of cardio myocytes, its reduction in the 
of cardiac muscle cells following the use of fluorouracil may 
lead to cardiotoxicity [81] (Fig. 1).

Other studies have shown, that lncRNA called small 
nucleolar RNA host gene (SNHG), also plays an important 
role in the cell proliferation. Thus, SNHG7 lncRNA can 
induce proliferation in cells by inhibiting the miR-122-5P 
function and increasing the expression of its target mole-
cule, Ribosomal protein L4 (RPL4). SNHG5 lncRNA also 
induce cell proliferation by inhibiting the miR-32 function 
and increasing the KLF4 (Kruppel-like Factor 4) molecule 
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and SNHG20 lncRNA expression, by inhibiting the miR-
495-3P and upregulating the Zinc Finger Protein X-linked 
(ZFX) molecules; they are the target molecules of the listed 
microRNAs. Given these studies and the role of SNHG 
lncRNA in the cell proliferation, it is hypothesized that it 
may also play effective role in the cardio myocyte prolif-
eration [82–84]. Expression of SNGH lncRNA may also be 
important in inducing resistance to chemotherapy drugs, so 
that SNGH12 lncRNA can induce drug resistance to Suni-
tinib in the cancer cells through upregulation of CDCA3 
molecule [85].

YAP1 is a molecule that plays an important role in the 
cell proliferation. miR-29a inhibits its function by binding to 
YAP1, while lncRNA called CTTN-IT1 can act as a CeRNA 
and binds to miR-29a to stop this inhibitory pathway, and 
promotes functional YAP1 molecule and cell proliferation 
[86]. Ezrin antisense RNA 1 (EZR-AS1) lncRNA induces 
cell proliferation through EZR expression. In this way, this 
lncRNA regulates SET and MYND domain-containing 
protein3 (SMYD3), which is a histone H3 lysine 4 specific 
methyl transferase, and subsequently can affect EZR factor 
transcription; it is involved in the cell proliferation [87].

miR-539 has an inhibitory role in the cell cycle and is 
a tumor suppressor; it increases MMP-9 protein expres-
sion. Another study showed that LINC00460 lncRNA by 
degrading miR-539 could increase cell proliferation [88]. 
WEC2 antisense lncRNA (WEE2-AS1) also binds to the 
miR-32-5P and degrades it to increase the expression of 
Transducer of ERBB2 (TOB1) gene in the downstream part 
of the microRNA; it ultimately induces proliferation in the 
cell [89]. HOTAIR lncRNA can also induce cell prolifera-
tion by inhibiting miR-326 and increasing the expression of 
its target molecule, Phox2a [90, 91]. Inhibition of HOTAIR 
lncRNA can induce the PI3K/AKt/mTOR signaling pathway 
and thus be effective in inducing the effect of doxorubicin on 
the cancer cells [92]. HOTAIR lncRNA can also lead to drug 
resistance to Imatinib in the cancer cells via the miR-130a/
ATG2B pathway [93].

miR-145 inhibits the function of the Zeb1 molecule, 
which plays an important role in the cell proliferation. TUG1 
lncRNA acts as a CeRNA by inhibiting the miR-145 func-
tion, leading to the activation of the Zeb1 molecule and the 
induction of cell proliferation [94]. Studies also showed the 
dual role of TUG1 lncRNA in inducing the effect of chemo-
therapy drugs. TUG1 lncRNA can inhibit proliferation and 
induce apoptosis in cancer cells by suppressing miR-221 and 
increasing the expression of PTEN molecules; subsequently, 
it leads to chemo sensitivity and induces the effect of Cispl-
atin on cancer cells [95]. On the other hand, TUG1 lncRNA 
can act as a CeRNA and induce drug resistance in cancer 
cells against Paclitaxel by degrading miR-29b-3P [96].

Another lncRNA called HOXA transcript at the distal 
tip (HOTTIP) also induces proliferation in the cells by 

inhibiting the function of miR-490-3P; miR-490-3P inhib-
its the expression of high mobility group B1 (HMGB1) 
and inhibits cell proliferation [97]. Inhibition of HOT-
TIP lncRNA by increasing the expression of miR-214 
and decreasing the function of KPNA3 molecule can lead 
to the induction of the Mitomycin effect on cancer cells; 
HOTTIP lncRNA can also be involved in the drug resist-
ance of cancer cells to Cisplatin by modulating miR-137 
[98, 99]. In addition, HOTTIP lncRNA can play an impres-
sive role in inducing chemo resistance by activating the 
Wnt/Beta-Catenin pathway [100].

LINC00668 lncRNA can also act as a CeRNA and 
induce cell proliferation by binding and inhibiting the 
miR-532-5P function; it also increases YY1 gene expres-
sion [101]. Another lncRNA called Antisense non-coding 
RNA in the INK4 locus (ANRIL) can also be involved 
in the cell proliferation. ANRIL Knockdown can inhibit 
cell proliferation by increasing miR-122-5p expression. 
Therefore, ANRIL lncRNA acts as a CeRNA, and can lead 
to cell proliferation by inhibiting the miR-122-5P func-
tion [102]. ANRIL lncRNA can also induce the effect of 
Cisplatin on cancer cells by regulating the let-7a/HMGA2 
pathway [103].

Another study showed, that MIR31HG lncRNA could 
inhibit cell proliferation by degrading miR-575 and regulat-
ing the function of the Suppression of 7-like tumorigenic-
ity (ST7L) molecule [104]. On the other hand, AGAP2-
AS1 lncRNA increases the ANXA11 molecule expression 
through miR-16-5P degradation, which can also lead to cell 
proliferation by activating the AKT pathway [105]. Musculin 
antisense RNA1 (MSC-AS1) lncRNA can also be effective 
in inducing cell proliferation by regulating the expression 
of 6-Phosphofructo-2-Kinase/fructose-2,6 biphosphatase 
3 (PFKFB3) [106]. lncRNA Materially expressed gene 3 
(MEG3) can inhibit cell proliferation by inhibiting miR-
96-5P function and increasing the expression of its target 
molecule, Metastasis Suppressor1 (MTSS1) [107]. On the 
other hand, BC032469 lncRNA plays an effective role in 
inducing cell proliferation by degrading miR-1207-5P and 
increasing the hTERT expression [108].

PDZK1 is the target molecule of miR-15b. PENG 
lncRNA also increases its expression, by inhibiting miR-15b 
function; as a result, PENG lncRNA can inhibit cell prolif-
eration in this way [109]. Another study also showed, that 
ZNFX1 lncRNA antisense RNA1 (ZFAS1) could induce cell 
proliferation by inhibiting miR-19a function and activating 
the SKA1 signaling pathway [110]. Evaluating the involved 
lncRNAs in cardio myocyte proliferation can be effective to 
induce repair in the chemotherapy damaged cells. In addi-
tion, some drugs can affect cell proliferation by affecting 
lncRNAs in the downstream of their mechanism; they may 
be used as therapeutic targets for cardiotoxicity and cardio 
myocyte damage (Table 2).
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The Role of lncRNAs in Cardio Myocyte 
Apoptosis

Apoptosis is referred to as programmed cell death. In 
fact, apoptosis is the physiological cell death, that natu-
rally removes old, damaged, excess and harmful cells; it 
is essential for tissue homeostasis [123]. Recent studies 
show, that lncRNAs also play a role in cardio myocyte 
apoptosis [124]. MIRF lncRNA can induce apoptosis in 
cardio myocytes by regulating the miR-26a function and 
increasing the expression of the target molecule, Bak1; it 
is a key molecule in promoting the mitochondrial path-
way of apoptosis. On the other hand, this lncRNA reduces 
the content of ATP and MMP (mitochondrial membrane 
potential) by regulating the miR-26a function; miR-26a 
also plays an important role in apoptosis induction in the 
heart muscle cells [125].

lncRNA BANCR also induces IFN-β-STAT1 signal-
ing pathway through interaction with the STAT1 enzyme, 
which ultimately leads to increased expression of inter-
feron-family pro-apoptotic genes. Therefore, this lncRNA 
using STAT1 enzyme can lead to interferon beta-induced 
apoptosis in cardio-myocytes [126]. BANCR lncRNA 
can also attenuate the effect of Cisplatin on cancer cells 
by inducing the ERK1/2 pathway, thereby creating drug 
resistance to Cisplatin in the cancer cells [127].

lncRNA RP11-468E2.5 upregulation leads to cell 
proliferation inhibition and apoptosis induction in cells, 
by inhibiting the JAK/STAT signaling and suppress-
ing STAT5 and STAT6 [128]. Β-type—natriuretic pep-
tide (BNP) molecule up regulates the lncRNA called 
LSINCT5, which can induce cell apoptosis by activating 
caspase 1/IL-1β signaling pathway; so BNP also expresses 
lncRNA LSINCT5 in cardio myocytes. The use of Caspase 
1/interleukin 1—β-signaling pathway can lead to myocar-
dial cells apoptosis [129] (Fig. 1).

Taurine-upregulated lncRNA1 (TUG1) induces epige-
netic changes and silences the BAX pro-apoptotic pro-
tein expression by interacting with EZH2 domain of the 
pre-apoptotic BAX protein; it ultimately leads to cellular 
apoptosis suppression [130]. Downregulation of GASL1 
lncRNA increases TGF-β molecule expression. This mol-
ecule leads to Bax and Bak1 molecules oligomerization 
in the outer membrane of the mitochondria, due to BH3-
containing proteins such as Bim; it leads to cytochrome 
C release from the mitochondria and apoptosis in cardio-
myocytes through the internal apoptotic pathway [131, 
132].

MORT lncRNA can also induce apoptosis in cardio-
myocytes through miR-93 downregulation; miR-93 inhib-
its cellular apoptosis by inhibiting RUNX3 and subse-
quently promoting the TGF-β/Smad signaling pathway 

[133, 134]. lncRNA-ATB overexpression can also induce 
apoptosis in the cell by activating the TGF-β/SMAD2/3 
signaling pathway [135]. DANCR lncRNA can affect 
cell apoptosis by regulating miR-758-3P function and 
PAX6 molecule expression, so that downregulation of 
this lncRNA leads to increased expression of Caspase 3, 
Caspase9 and Bax molecules. It indicates apoptosis induc-
tion in the cell, as the mentioned molecules (Caspase3, 
Caspase9 and Bax) play an important role in promoting 
cellular apoptosis [136].

DANCR lncRNA downregulation can increase the effect 
of Docetaxel on the cancer cells by increasing miR-34a-5P 
expression and suppressing the JAG1 pathway [137]. 
DANCR lncRNA downregulation can also be effective to 
induce the effect of Sorafenib in cancer cells by suppressing 
the IL6/STAT3 pathway [138]. In addition, downregulation 
of this lncRNA by increasing the function of miR-874-3P 
and suppressing the ATG16L1 molecule can also lead to 
the induction of the Cytarabine drug effects on cancer cells 
[139]. Therefore, downregulation of DNCR lncRNA by the 
mentioned chemotherapy drugs can lead to cardiotoxicity 
due to its role in cardio myocyte apoptosis induction.

LINC00152 lncRNA knocking down increases the miR-
125b expression, which can induce apoptosis in the cells by 
inhibiting the MCL1 molecule function. The MCL1 mol-
ecule binds to the BAK and BAX molecules; it prevents the 
permeability of the outer membrane of the mitochondria and 
the entry of cytochrome C into the cytosol, which induces 
the mitochondrial pathway apoptosis. By inhibiting this 
function, apoptosis occurs in cell [140].

lncRNA CEBPA-AS 1 can induce apoptosis in cells by 
using the Notch signaling pathway. In this pathway, NICD, 
HIF-1α, NF-Kβ, MAPK (P38) and JNK/C-JUN molecules 
can cause apoptosis using apoptotic stimulants, such as BAX 
and Caspase3 and 9 [141]. In hypoxia, an lncRNA called 
FOXD3-AS1 can increase Caspase3, Caspase7, and pro-
apoptotic molecules expression in myocardial cells by mod-
ulating miR-150-5P function; it ultimately induces apoptosis 
in cardio myocytes. Therefore, it is possible to prevent car-
diomyocyte apoptosis by using the FOXD3-AS1 antagonists 
in hypoxic conditions [142]. On the other hand, microRNA 
150 inhibits apoptosis induction in cell by inhibiting the 
PDCD4 function, while FOXD3-AS1 lncRNA can induce 
apoptosis in cell by inhibiting miR-150 and increasing the 
PDCD4 expression in another pathway [143]. In addition, 
FOXD3-AS1 lncRNA can induce the phenomenon of Cis-
platin chemo resistance by suppressing the miR-127-3P and 
increasing the MDM2 molecule expression [144].

Another lncRNA called RNA-Steroid receptor RNA 
activator 1 (SRA1) can induce apoptosis in cells by regu-
lating the miR-208a function and increasing the expres-
sion of its target molecule, programmed cell death4 
(PDCD4) [145]. TNF-α induces the expression of lncRNA 
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called Hypoxy-inducible factor 1 alpha antisens RNA 1 
(HIF1α-AS1) in cell. This lncRNA can cause apoptosis 
in cell through caspase 3 upregulation [146]. On the other 
hand, androgens induce SOCS2-AS1 lncRNA, which can 
inhibit cellular apoptosis by suppressing the TNFSF10 gene 
expression (a member of the TNF family) [147]. NORAD 
lncRNA can also prevent apoptosis in cells by inhibiting the 
miR-214 function and increasing the activation of the AKT/
mTOR pathway. This lncRNA can also affect cell apoptosis 
by regulating the caspase 3 function [148].

ACART lncRNA increases the expression of BCL2 mol-
ecule and suppresses the Bax and cytochrome C molecules 
production by activating the PPAR-γ molecule. Considering 
the anti-apoptotic role of BCL2 and the pro-apoptotic role of 
Bax and cytochrome C, it can be said that ACART lncRNA 
can prevent apoptosis in cardio-myocytes by activating the 
PPAR-γ molecule, and subsequently using the BCL2 path-
way [149].

OX-LDL in the cell can also lead to lncRNA 00,152 
upregulation; this lncRNA inhibits apoptosis in cells by 
inhibiting the miR-4767 function, and increasing the 
BCL2L12 and EGFR proteins expression [150]. Due to the 
miR-143 role in inhibiting the expression of BCL2 anti-
apoptotic protein and inducing apoptosis in cells, LOXL1-
AS1 lncRNA can affect cell apoptosis by regulating the 
function of this microRNA [151, 152]. A substance called 
Berberine leads to CASC2 lncRNA upregulation in cell; 
it can cause cell apoptosis through this lncRNA. CASC2 
lncRNA activates by binding to the AUF1 molecule; after 
activation, this lncRNA inhibits translation of BCL2 by 
binding to the mRNA of this molecule, and induces apop-
tosis in the cell [153]. In addition, CASC2 lncRNA can 
increase the antitumor activity of Cisplatin by inhibiting the 
AKT pathway through inhibiting miR-181a [154].

ASNR lncRNA can also regulate cellular apoptosis 
through a similar mechanism to CASC2 lncRNA, via inter-
action with AUF1 molecule and BCL2 mRNA degradation 
[155]. PANDAR lncRNA affects BCL2 protein transcription 
by interaction with NF-YA molecule, and thus can regulate 
cellular apoptosis [156]. PANDAR lncRNA can also induce 
drug resistance to Cisplatin in the cancer cells by regulating 
SFRS2 mediated P53 phosphorylation [157]. Considering 
the role of the mentioned lncRNAs in regulating the function 
of the BCL2 anti-apoptotic protein, it is hypothesized that 
these lncRNAs can also induce apoptosis in cardio myocytes 
by regulating BCL2.

lncRNA FGD antisense RNA1 (FGD-AS1) can also 
inhibit apoptosis in myocardial cells by inhibiting the miR-
195 function and RORA Upregulation [158]. In addition, 
downregulation of FGD-AS1 lncRNA could induce the 
effect of Cisplatin on cancer cells via the miR-142/PD-L1 
pathway [159]. The LPS molecule leads to LUADT1 
lncRNA downregulation, which can increase miR-195 

expression; subsequently miR-195 binds to its target mol-
ecule, Pim1, to inhibit it and induce apoptosis in cardiac 
endothelial cells. By upregulating the LUADT1 lncRNA, it 
can be used as a CeRNA to prevent apoptosis induction in 
the cardiac endothelial cells via inhibiting miR-195 function 
and increasing Pim1 expression [160].

lncRNA LNC-000898 can also prevent apoptosis in car-
dio myocytes by inhibiting miR-375 function and increas-
ing the expression of the target molecule of this microRNA, 
PDK1 [161]. Studies have shown that overexpression of 
lncRNAs Gm43050, Gm15621 through the regulation of 
miR-640 and miR-133a function, leads to Increased expres-
sion of the target molecules of these microRNAs, ZFP1 
and SOX4, respectively; they can subsequently lead to cel-
lular apoptosis reduction [162, 163]. The TGP molecule 
also increases miR-124-3P function by inhibiting the XIST 
lncRNA, which inhibits cellular apoptosis via ITGB1 mol-
ecule inhibition [164]. Thus, lncRNA XIST can play an 
impressive role in inducing cellular apoptosis.

Studies have shown, that Carboplatin can inhibit the 
growth of cancer cells through the lncRNA XIST/miR-
200a-3P/NRP1 pathway, thereby inducing its effect on 
cancer cells [165]. Downregulation of PVT1 lncRNA also 
results in increased miR-145 expression; miR-145 binds 
to the target gene, FSC1, and inhibits its expression and 
induces apoptosis in cells [166]. Studies have shown that 
Cisplatin can induce apoptosis in cancer cells by inhibiting 
the function of PVC1 lncRNA, and subsequently induces the 
expression of apoptotic proteins such as Bax and Caspase3 
[167].

Inhibition of SBF2-AS1 lncRNA through miR-30a upreg-
ulation and FOXA1 expression inhibition can be effective in 
cellular apoptosis induction [168]. In addition, SBF2-AS1 
lncRNA is effective in Temozolomide resistance induc-
tion by inhibiting the miR-151A-3P and XRCC4 molecule 
expression. Therefore, SBF2-AS1 lncRNA inhibition can 
be effective to induce the effect of this drug on cancer cells, 
and SBF2-AS1 lncRNA function inhibition can induce cel-
lular apoptosis; so one of the possible side effects of cited 
lncRNA inhibition is cardiotoxicity due to apoptosis in the 
cardio myocytes The cited process is the Temozolomide 
mechanism of action [169]. UBE2R2-AS1 lncRNA can also 
act as a CeRNA; it induces cellular apoptosis by degrad-
ing miR-877-3P and increasing TLR4 mRNA expression. 
Considering the TLR4 role in apoptosis induction in cardio 
myocytes through SIRT2 dependent p53 deacetylation, it is 
hypothesized that UBE2R2-AS1 lncRNA can also induce 
apoptosis in cardio myocytes through miR-877-3P/TLR4 
pathway [170, 171]. Another study also showed, that Lnc10 
could affect cell apoptosis by interacting with QKI5 mole-
cule and regulating the P38MAPK signaling pathway [172]. 
lncRNA00312 can also induce apoptosis by inhibiting miR-
34a-5P function and ASS1 overexpression [173].
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lncRNA LINC00472 also induces apoptosis by inhibit-
ing miR-24-3P function and increasing the expression of 
Death Effector Domain containing DNA binding protein 
(DEDD) [174]. TP73-AS1 lncRNA can also prevent apop-
tosis in cells by inhibiting the KISS1 molecule expression 
and inactivating the PI3K/AKT/mTOR signaling path-
way [175]. lncRNA HITTERS acts as a scaffold RNA, 
and forms the MRE11-RAD50-NBS1 complex to protect 
cells against induced apoptosis as a result of DNA damage 
by Endoplasmic Reticulum Stress [176]. TNRC6C-AS1 
lncRNA with increased STK4 gene promoter methylation 
has led to suppress the expression of this molecule and 
subsequently can inhibit cell apoptosis by activating the 
Hippo Signaling pathway [177].

PCAT6 lncRNA also increases the transcription of the 
Apoptosis Repressor with Caspase recruitment (ARC) 
molecule by forming a complex with EZH2, and increas-
ing methylation of H3K4 (H3K4me3) gene promoter 
regions ARC; Therefore, PCAT6 lncRNA can prevent 
apoptosis induction by increasing the activity and expres-
sion of the ARC molecule [178]. PCAT6 lncRNA can 
induce Fluorouracil resistance in cancer cells by inhibiting 
the function of miR-204 and inducing the HMGA2/PI3K 
signaling pathway. Therefore, downregulation of PCAT6 
lncRNA can lead to miR-204 overexpression, which can 
also be impressive to induce the effects of Fluorouracil 
by targeting the HMGA2/PI3K pathway. However, since 
PCAT6 lncRNA has an inhibitory role in cellular apopto-
sis, function inhibition of this lncRNA can induce cellular 
apoptosis in cardio myocytes and subsequently induce the 
cardiotoxicity effect of Fluorouracil [179].

lncRNA—UCA1 Knocking down increases the miR-
193a activity, which induces apoptosis in the cell by CDK6 
downregulation and blocking the PI3K/AKT, MAPK and 
Notch signaling pathways [180]. In addition, downregula-
tion of UCA1 lncRNA can be effective in reducing drug 
resistance and inducing the effect of Cetuximab on can-
cer cells. Therefore, since inhibition of UCA1 lncRNA 
function can induce cellular apoptosis, one of the possible 
side effects of decreased UCA1 lncRNA expression can be 
cardiotoxicity; it can induce apoptotic process in cardio 
myocyte by inhibiting UCA1 lncRNA function [181].

TTN-AS1 lncRNA can regulate cellular apoptosis by 
increasing the MBTD1 expression via inhibiting the miR-
134-5P function. miR-134-5P is the target microRNA of 
this molecule [182]. Studies have also shown, that SOX2-
OT lncRNA can intensify the induction of cellular apop-
tosis by Doxorubicin in cardio myocytes by targeting the 
miR-942-5P/DP5 pathway. Unlike SOX2-OT lncRNA, 
NEAT1 lncRNA by degrading miR-221-3P can prevent 
Doxorubicin-induced cardiac senescence in cardio myo-
cytes; thereby it inhibits cardiotoxicity, whereas lncRNA 

SOX2-OT could be due to the effect of Doxorubicin induc-
ing apoptosis in cardio myocytes [183, 184].

Conclusion

lncRNAs play important roles in the apoptosis, proliferation, 
and regeneration of cardio myocytes; identifying the sign-
aling pathways associated with them, as well as evaluating 
the upstream and downstream molecules of these pathways 
can be effective to design chemo toxic induced prevention 
strategies. In addition, targeting these pathways due to their 
role can provide some suitable therapeutic strategies, which 
require more studies in the future.
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