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Abstract

Doxorubicin (DOX) is a powerful and commonly used chemotherapeutic drug, used alone or in combination in a
variety of cancers, while it has been found to cause serious cardiac side effects in clinical application. More and more
researchers are trying to explore the molecular mechanisms of DOX-induced cardiomyopathy (DIC), in which oxida-
tive stress and inflammation are considered to play a significant role. This review summarizes signaling pathways
related to oxidative stress and inflammation in DIC and compounds that exert cardioprotective effects by acting on
relevant signaling pathways, including the role of Nrf2/Keap1/ARE, Sirt1/p66Shc, Sirt1/PPAR/PGC-1a signaling path-
ways and NOS, NOX, Fe?* signaling in oxidative stress, as well as the role of NLRP3/caspase-1/GSDMD, HMGB1/TLR4/
MAPKs/NF-kB, mTOR/TFEB/NF-kB pathways in DOX-induced inflammation. Hence, we attempt to explain the mecha-
nisms of DIC in terms of oxidative stress and inflammation, and to provide a theoretical basis or new idea for further

drug research on reducing DIC.
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Introduction

Doxorubicin (DOX) is a classical chemotherapy agent
derived from anthracycline, whose anticancer effect has
been confirmed in decades of clinical application, exten-
sively used alone or in combination for the treatment of
breast cancer, lymphoma, acute leukemia, ovarian cancer
and other cancers [1]. DOX plays a significant antican-
cer role by acting on topoisomerase Ila and inhibiting
synthesis of DNA and RNA. However, obvious adverse

*Correspondence:

Yan Dai

daiyan@swmu.edu.cn

! Department of Pharmacy, Affiliated Hospital of Southwest Medical
University, No. 25 Taiping Street, Luzhou 646000, Sichuan Province, China
2 School of Pharmacy, Southwest Medical University, Luzhou 646000,
Sichuan Province, China

3 Department of Ultrasound, The Affiliated Hospital of Southwest Medical
University, Luzhou 646000, Sichuan Province, China

“The First Outpatient Department of People’s Liberation Army Western
Theater General Hospital, Chengdu 610000, Sichuan Province, China

B BMC

cardiac reaction is often in the wake of the anticarcino-
genic effect of DOX, clinically manifested as elevated
troponin, arrhythmia, myocarditis and cardiomyopathy,
which seriously restricted the clinical application. Car-
diomyopathy can be classified as dilated, hypertrophic
and restrictive according to the clinical phenotype [2].
DOX-induced cardiomyopathy (DIC) is a non-ischemic
cardiomyopathy often presenting as dilated [3], clinically
presented with left ventricular expansion accompanied
by systolic dysfunction that cannot be explained by pres-
sure or volume overload or coronary artery disease [4].
There is a strong correlation between cumulative doses
of DOX and incidence and severity of DIC, in addition,
age and previous cardiovascular disease were found to
increase the incidence of DIC. Severe cardiomyopathy
cause progressive heart failure and irreversible cardiac
dysfunction, even death, severely affecting the quality of
survival of cancer survivors [5].
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With the development of the detection technology,
echocardiography, cardiac computed tomography, car-
diac magnetic resonance imaging, nuclear and molecular
cardiology and monitoring strategies for cardiac bio-
markers have been progressively applied in clinical prac-
tice to facilitate early diagnosis and treatment of patients
[6]. Biomarkers used to detect DOX-induced cardiomyo-
pathy include cardiac troponin I (cTnlI), hypersensitive
troponin I, creatine kinase isoenzyme (CK-MB), type B
brain natridium peptide (BNP) and NT-pro BNP [7].

The current clinical treatment strategies for DOX-
induced cardiomyopathy are mainly to limit the cumu-
lative dose of DOX, the use of liposomal doxorubicin
and the application of cardioprotective drugs, includ-
ing Dexrazoxane, angiotensin converting enzyme
inhibitor (ACEI), angiotensin receptor blocker (ARB),
mineralocorticoid receptor antagonist (MRA), B-blockers
(BB) and statins [6, 8]. Dexrazoxane (DEX) is the only
drug currently approved to prevent DOX-induced car-
diomyopathy by inhibiting topoisomerase IIf and DOX-
Fe>™ complex [9]. Moreover, DEX can also alleviate
DOX-induced apoptosis by upregulating the expression
of miR-17-5p and inhibiting p38 mitogen-activated pro-
tein kinases (p38 MAPK)/nuclear factor-kappaB (NF-kB)
pathway [10, 11]. However, one study showed that more
than 59% of patients who received DEX pretreatment
had elevated high-sensitivity troponin T levels, suggest-
ing that DEX pretreatment could not completely improve
DIC [12]. Therefore, it is crucial to further investigate the
molecular mechanisms of DIC and find more effective
targeted therapeutic strategies.

In recent years, the molecular mechanism of DIC has
been extensively studied, including oxidative stress,
inflammatory response, mitochondrial dysfunction,
autophagy, apoptosis, myocardial fibrosis, Ca*" overload,
endoplasmic reticulum stress and so on [13-16]. It has
been found that DIC was resulted by a variety of mecha-
nisms, involving multiple signal pathways. This review
article summarizes signaling pathways related to oxida-
tive stress and inflammatory (Fig. 1), and lists some drugs
that play a cardioprotective role in DIC by acting on sign-
aling pathways.

Signaling pathways related to oxidative stress

Oxidative stress refers to the stress state caused by the
unbalance between the weakening of body antioxidant
defense system and the excessive generation of reac-
tive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS), which is one of the fundamental causes for
DIC. Cardiolipin is a type of membrane phospholipid
that resides in the inner lobe of the mitochondrial mem-
brane in cardiomyocytes, which has high affinity with
DOX. The high affinity between DOX and cardiolipin
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makes DOX easy to accumulate in mitochondria and
lead to mitochondrial dysfunction mediated by oxida-
tive stress [17]. The combination of DOX and cardiolipin
can interrupt electron transfer chain (ETC) via inhibit-
ing the activity of complexes I, II and IV [18]. The qui-
none structure in DOX can be reduced to semiquinone
intermediate, catalyzed by several oxidoreductases,
such as cytochrome P450 reductase, xanthine oxidase,
nicotinamide adenine dinucleotide phosphate (NAD(P)
H) oxidase (NOX) through a single-electron reduction
mechanism. The hemiquinone intermediates rapidly
reduces oxygen to uperoxide(O, ™), which can be trans-
formed into hydrogen peroxide (H,O,) via the catalysis of
manganese superoxide dismutase (MnSOD or SOD). In
contrast, H,O, is less toxic. However, H,0O, can be fur-
ther converted into hydroxyl radical (OH) with stronger
activity and toxicity in the presence of Fe’' [19]. The
accumulation of DOX in mitochondria can bring about
excessive generation of ROS (including O, ~, H,0, and
‘OH), leading to mitochondrial protein oxidation, lipid
peroxidation, as well as DNA damage, further leading to
sarcolemmal and mitochondrial sarcoplasmic reticular
change, which eventually causes myocardial contraction
impairment [20-22]. ROS generation and mitochondrial
damage promote mutually, and elevated ROS levels can
directly lead to ETC inactivation and mitochondrial dys-
function, further increasing the generation of ROS [23].

RNS refers to a series of radical and nitro compounds
with high oxidative activity derived from the interaction
of NO and compounds including reactive oxygen species,
such as peroxynitrite anion (ONOO™) et al. The response
between NO and O, ™ most likely leads to NO depletion,
which impairs the endothelium-dependent vasodilatory
function [24]. Some important biomolecules such as pro-
teins, lipids and DNA react with ONOO™ through direct
or radical-mediated mechanisms, leading to changes in
enzymatic activity and signaling pathways. ONOO™ has
a high affinity for tyrosine residues in proteins and can
form nitrolated proteins by nitrating tyrosine groups,
resulting in loss or enhancement of enzymatic activity
[25]. The reaction of ONOO™ with DNA may lead to the
production of multiple oxidation products of the purine
and pyrimidine bases, such as 8-nitroguanine, a bio-
marker of oxidative DNA damage [26]. Moreover, it was
found that DOX increased the generation of ONOO™ in
myocytes, which subsequently caused the activation of
c-Jun N-terminal kinase (JNK), thereby increasing the
expression of High mobility group box 1(HMGB1) in
cardiomyocytes and involved in DOX-induced cardio-
myocyte apoptosis [27]. Overproduction of peroxyni-
trite overcomes the endogenous antioxidant mechanism,
which ultimately disrupts cellular homeostasis and leads
to cell death.
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Fig. 1 Schematic representation of oxidative stress and inflammation-related signaling pathways in doxorubicin-induced cardiomyopathy. DOX
induces overgeneration of ROS and RNS and leads to oxidative stress by activating Nrf2/Keap1/ARE, SIRT1/p66Shc, Sirt1/PPAR/PGC-1a pathway
as well as interfering with NOS, NOX and Fe?* signaling. DOX increases the secretion and release of inflammatory cytokines by acting on NLRP3/
caspase-1/GSDMD, HMGB1/TLR4/MAPKs/NF-kB, mTOR/TFEB/NF-kB pathway, and further cause cell and tissue damage. DOX: doxorubicin, ROS:
reactive oxygen species, RNS: reactive nitrogen species, Sirt1: Silent information regulator 1, Nrf2: Nuclear factor E2-related factor 2, Keap1:
kelch-like ECH associated protein 1, sMaf: small Maf proteins, ARE: antioxidant response element, NQO-1: NAD(P)H quinone oxidoreductase-1,
SOD: superoxide dismutase, GPX: Glutathione peroxidase 4, HO-1: heme oxygenase-1, P66Shc: The 66-kDa Src homology 2 domain-containing
protein, NOX: NAD(P)H oxidase, iNOS: inducible nitric oxide synthas, eNOS: endothelial nitric oxide synthase, PPAR: Peroxisome proliferator-activated
receptors, PGC-Ta: PPAR coactivator 1a, NRF-1: nuclear respiratory factor 1, TFAM: mitochondrial transcription factor A, Acot1: acyl-coenzyme A
thioesterase 1, IRP: iron regulins protein, FtMt: Mitochondrial ferritin, TfR: transferrin receptor, ABCB8: ATP-binding cassette transporter protein B8,
NLRP3: nucleotide-binding domain-like receptor protein 3, GSDMD: gasdermin D, GSDME: gasdermin E, MyD88: myeloid differentiation factor 88,
IRF3: interferon regulator 3, NF-kB: nuclear factor-kB, TLR: Toll-like receptors, TNF-a: tumor necrosis factor-a, IL: interleukin, IKK: IkB kinase, mTOR:

Mechanistic target of rapamycin, TFEB: transcription factor EB

Besides, the effects of DOX include a signifi-
cant reduction in the level of endogenous antioxidant
enzymes, such as SOD, NAD(P)H quinone oxidore-
ductase-1 (NQO-1), heme oxygenase-1 (HO-1), glu-
tathione peroxidase (GPX), catalase (CAT) and so
on, which significantly weaken the body’s antioxidant
defense system and cause the imbalance of redox [28].

Nrf2/Keap1/ARE signaling pathway

Nuclear factor E2-related factor 2 (Nrf2) is a critical
regulator of various physiological and pathological pro-
cesses, playing a key role in regulating cellular redox state
[29]. Nrf2 is not biologically active and does not activate
downstream genes in normal physiological state. Nrf2
has seven homodomains, Neh1-7, of which the Neh2



Shi et al. Cell Communication and Signaling (2023) 21:61

domain contains both DLG and ETGE fragments, as
required for interaction with kelch-like ECH associated
protein 1 (keapl) [30]. Nrf2 widely exists in cells as a
compound formed by combining with keapl. Keapl has
five domains containing NTR, BTB, IVR, DGR, and CTR.
Among them, the BTB domain allows cullin3 and keapl
binding, and the DGR domain is essential for the interac-
tion of Keap1l with other proteins (e.g.Nrf2 and p62) [30].
Keapl promotes the ubiquitination and degradation of
Nrf2 in the cytoplasm under the action of E3 ubiquitin
ligase containing cullin3. Lack of Keapl causes elevated
Nrf2 activity and further raised the expression of down-
stream antioxidant genes [31]. When cells are stimu-
lated, Nrf2 is stripped from the Nrf2-Keapl complex and
transfers to the nucleus, binds to the small Maf proteins
(sMaf). Nrf2 interacts with the antioxidant response ele-
ment (ARE) of cytoprotective genes with the help of sMaf

DLG ETGE
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to activate the downstream expression of antioxidase,
including SOD, CAT, HO-1, NAD(P)H oxidase and so on
[30, 32] (Fig. 2). It was found that the expressions of Nrf2
and HO-1 were slightly upregulated and the expression
of Keapl gene was inhibited in the early stage of DOX
treatment, but this weak upregulation was not enough
to offset the oxidative stress induced by doxorubicin [33,
34]. Over all, DOX treatment can increase Keapl level,
inhibit expression of Nrf2, HO-1, NAD(P)H oxidase and
aggravate oxidative stress [35, 36]. Nrf2 deficiency can
even aggravate the damage caused by DOX [37].

Silent information regulator 1(Sirtl) deacetylates Nrf2
in order to activate it [38]. Knockout of Sirtl downregu-
lated the expression of Nrf2 and HO-1 [39]. Besides, Sirt2
is also involved in regulating the expression of Nrf2. Study
has found that miR-140-5p was obviously increased after
DOX treatment, which could aggravate oxidative stress
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Fig. 2 Schematic diagram of the mechanism of Nrf2/Keap1/ARE signaling pathway. Nrf2 has seven homodomains, Neh1-7. Keap1 has five
domains containing NTR, BTB, IVR, DGR, and CTR. Nrf2 binds to the DGR domain of keap1 homodimer via the DLG and ETGE fragments, and Cul3
binds to the BTB domain of Keap1. Under basal conditions, Nrf2 is ubiquitinated and degraded by the Keap1-Cul3 complex, without generating
biological activity. Upon stimulated, Nrf2 dissociates from the Keap1-Nrf2 complex, ectopically into the nucleus and binds to sMaf, and Nrf2-sMaf
binds to ARE to promote the expression of antioxidant genes, such as NQO-1, SOD, GPX, HO-1. Nrf2: Nuclear factor E2-related factor 2, Keap1:
kelch-like ECH associated protein 1, sMaf: small Maf proteins, ARE: antioxidant response element, NQO-1: NAD(P)H quinone oxidoreductase-1, SOD:
superoxide dismutase, GPX: Glutathione peroxidase 4, HO-1: heme oxygenase-1. (By Figdraw.)
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by targeting Sirt2/Nrf2 [40]. Dioscin directly reduces
the expression of miR-140-5p and activates Nrf2/Sirt2
signaling pathways, subsequently increasing the expres-
sion of antioxidant enzyme and reducing ROS generation
[41]. The p62/Sqstm1 protein can release Nrf2 by bind-
ing to Keapl, increasing Nrf2 activity and enhancing the
expression of antioxidant genes [42]. Researchers have
found that expression of tripartite motif containing-21
(TRIM21) is upregulated after DOX treatment, adversely
affecting the function of Nrf2. TRIM21 is an E3 ubiqui-
tin ligase that interacts with p62 to disturb the separa-
tion of Nrf2 from Nrf2-keapl and inhibit the activity of
Nrf2, further decreasing the expression of downstream
antioxidant genes. Inhibition or knockdown of TRIM21
could enhance Nrf2 expression and attenuated DIC [43].
In addition, protein kinase C (PKC) [44], P13K/Akt [45],
p21 protein [46] can also activate Nrf2 to phosphorylate
by interacting with Keapl [47].

Researchers have proved that alpha-Linolenic acid,
Sulforaphane, and Asiatic Acid can play a protective
role in DIC by activating Keapl/Nrf2/ARE pathway
[48-50]. Resolvin D1, Orosomucoid 1, Punicalagin, Fise-
tin and others improved cellular redox defense and alle-
viated DIC by activating the Nrf2/HO-1 pathway [34,
39, 51-61]. Baicalein, B-lapachone, Indole-3-carbinol,
p-Coumaric acid alleviates DIC by activating Nrf2/ARE
pathway and enhancing antioxidant enzymes expression
(including HO-1, SOD, CAT, GST, NQO1 and GPX) in
the myocardium [49, 54, 62—69]. At present, a variety of
compounds that can act on Keapl/Nrf2/ARE signaling
pathway have been found (Additional file 1: Table S1).
Nrf2 is expected to become a therapeutic target against
DIC [70].

Sirt1/p66Shc signaling pathway

P66Shc (The 66-kDa Src homology 2 domain-contain-
ing protein) is a member of the adapter protein family
involved in several biological processes such as ROS syn-
thesis, proliferation and apoptosis, containing a highly
conserved N-terminal phosphotyrosine binding domain
(PTB),central proline-enriched region 1 (CH1), C-ter-
minal Src identity region 2 (SH2), cytochrome ¢ binding
domain and a unique CH2 domain [71]. The presence of
the ser36 amino acid residues in the CH2 domain largely
determines the cell sensitivity to ROS [71]. The p66Shc
is in an inactive state in normal physiological state. Dur-
ing oxidative stress, on the one hand, p66Shc can be
transferred to the nucleus, transported to mitochondria
as well as related membranes and combined with mito-
chondrial cytochrome c, resulting in the oxidation of
cytochrome c, further promoting the generation of ROS
[72]. On the other hand, p66Shc is activated by the phos-
phorylation of ser36 amino acid residues and activates
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AKT (a serine/threonine protein kinase) to inactivate
FOXO3a transcription factors, thus reducing the level of
MnSOD and reducing the cellular detoxification of ROS
[73, 74].

Studies have shown that Sirtl is related to regulat-
ing the expression of p66Shc, and the level of p66Shc is
reduced in rats with knockout of Sirtl gene, while the
level of p66Shc can be restored by transfection of Sirtl
gene [75]. Sirtl is a nicotinamide adenine dinucleotide
(NAD +) dependent enzyme which can catalyze the dea-
cetylation of lysine residues of histone and participate in
the regulation of multiple vital movement such as pro-
liferation, growth and activation [76, 77]. Expression of
p66Shc requires the involvement of acetylated histones,
while Sirtl can reduce the amount of acetylated histones
by catalyzing histone deacetylation, thereby reducing
p66Shc expression and decreasing its activity [78].

Researchers demonstrated that p66Shc has a hand in
the oxidative stress process [72], and downregulation
or knockdown of p66Shc alleviated oxidative stress and
ROS generation in rat cells [74]. In contrast, overexpres-
sion of p66Shc exacerbates oxidative stress. After DOX
treatment, increased p66Shc content and decreased
Sirtl expression were observed in both in vitro and
in vivo experiments. Wu et al. showed that berberine
can downregulate the expression of p66shc by activating
Sirtl,enhance the body’s antioxidant defense (including
SOD, CAT, GPX),and promote lipid H,0O, metabolize
into malondialdehyde to alleviate DIC [79]. Zhu et al.
showed that the level of miR-34a-5p increased after DOX
treatment, and miR-34a-5p could increase the heart
injury induced by DOX by targeting Sirtl and activat-
ing Sirtl/p66Shc pathway, while blocking this pathway
could achieve the purpose of cardiac protection [80]. Liu
et al. found that the expression of intracellular miR-124
decreased after DOX treatment, increasing the expres-
sion of miR-124 can alleviate oxidative stress and car-
diac injury by inhibiting p66Shc [81] (Additional file 7:
Table S7). The Sirtl/p66shc signaling pathway may be a
therapeutic target for alleviate DIC.

NOX singnaling

NOX is the cytochrome subunit of the phagocyte
NAD(P)H oxidase, playing a crucial role in the generation
of ROS [82]. The NOX family is composed of NOX1-5
and DUOX1,2, of which NOX2 and NOX4 are mostly
existed in cardiomyocytes and regulate of cardiomyo-
cyte function. NOX2 and NOX4 can reduce the quinone
structure of DOX to hemiquinone intermediate through
a single-electron reduction mechanism, which converts
O, into O, ,H,0, and OH through a series of reac-
tions, resulting in myocardial injury [21]. NOX itself has
no catalytic activity and requires binding with subunits
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to form a stable complex to exert catalysis. Five subunits
take part in the activation of NOX2, including p22phox,
p67phox, p40phox, p47phox, as well as the GTPase Rac,
in which p22phox plays a major role. The activation of
NOX4 requires the involvement of p22phox and poly-
merase Poldip2 [83, 84]. DOX has been shown to activate
NOX signaling, promotes NOX2 and NOX4 expression
and ROS generation, exacerbate oxidative stress and
further activating apoptosis mediated by MAPK [85].
In addition, Dox activates the motility-related protein 1
(Drpl) by enhancing the expression of NOX1 and NOX4,
further inducing mitochondrial division, and causing
the NLRP3 inflammasome-mediated pyroptosis in car-
diomyocytes [86]. It was found that knockdown of NOX2
and NOX4 can prevent excessive generation of ROS and
attenuated DIC [87, 88].

Many compounds have been found to reduce DIC
by inhibiting activity of NOX [83] (Additional file 2:
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Table S2). Neferine, astragaloside IV, acacia hydaspica
and resolvin D1 can exert a cardioprotective effect by
inhibiting NOX [21, 55, 88-91]. As an momentous reg-
ulator, Rac are involved in the activation of NOX2. The
activation of Rac can trigger the feedback self-activa-
tion of NOX2, resulting in oxidation burst and obvious
increase of ROS production [92]. Conversely, knockout
of Rac can inhibit the activation of NOX and cut down
the generation of ROS, and mitigate DIC. Giving spe-
cific Rac inhibitor NSC23766 to mice with DIC can also
achieve cardiac protection [93]. In addition, p67phox
also take part in the activation of NOX2. Experiments
by Zhang et al. have proved that irisin can reduce the
activation of NOX, inhibit the activity of NOX and
reduce oxidative stress by inhibiting the expression of
p67phox [94]. Angiotensin II (Ang II) can activate and
regulate the expression of NOX. Valsartan can reduce
the DIC by inhibiting AnglI receptor and downregulat-
ing the expression of NOX2 and NOX4 [85] (Fig. 3).

e

Cardiomyopathy

Fig. 3 Schematic representation of the role of NAD(P)H oxidase (NOX) in DOX-induced cardiomyopathy. DOX upregulates NOX2 and NOX4
expression by activating the angiotensin receptor, oxidizes NADPH, and reduces O, to produce ROS. On the one hand, ROS causes oxidative stress

and DNA damage, further activates MAPK-mediated apoptosi. On the other hand, ROS activates Drp1

,inducing mitochondrial division, causing

NLRP3-mediated apoptosis and eventually causing myocardial damage. Natural compounds including neferine (N), valsartan (V), necrostain-1 (N-1),
setanaxib (S), astragaloside (AS), acacia (A), irisin (1), NSC23766 (NS) and resolvin D1 (R) attenuated DOX-induced cardiomyopathy by downregulation
of NOX2 and NOX4. DOX: doxorubicin, Drp1: motility-related protein 1, MAPK: mitogen-activated protein kinases, NLRP3: nucleotide- binding

domain-like receptor protein 3, ROS: reactive oxygen species. (By Figdraw.)
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Fig. 4 Schematic representation of the role of INOS and eNOS in DOX-induced cardiomyopathy. iNOS is mainly distributed in macrophages and is
not expressed under physiological conditions. The iNOS is activated under stress, converts L-arginine to L-citrulline and generates a large amount
of NO with the help of the co-factors FAD, FMN, BH4, heme complex-ferriprotoporphyrin IX. NO can react with O, to generate ONOO™, which
inhibits GPX and exacerbates oxidative stress. The eNOS is mainly distributed in endothelial cells and formed in its physiological state can reduce O,
to NO. In the stress state, eNOS is uncoupled to reduce O, to O, ™, aggravating the oxidative stress. Drugs including phenylalanine-butyramide(P),
fisetin(Fis), curcumin(Cur), crocin(Cro), eicosapentaenoic acid(E) can attenuate oxidative stress by downregulating the activation of iNOS. Drugs
including nebivolol(N), fenofibrate(Fen), ursolic acid(UA), folic acid(FA), fluvastatin(Flu) attenuate oxidative stress by downregulating the activation
of eNOS. iNOS: inducible nitric oxide synthase, eNOS: endothelial nitric oxide synthase, BH4: tetrahydrobiopterin, FAD: flavin adenine dinucleotide,

FMN: flavin mononucleotide, CaM: calmodulin. (By Figdraw.)

NOS singnaling

Except outside the oxidative stress mediated by ROS,
RNS-mediated nitrosative stress also participates in
the process of DIC (Fig. 4). RNS is a kind of free radi-
cal and nitro compounds with high oxidation activity,
generated by the interaction between ROS and nitric
oxide(NO). Thus, NO levels largely determine the lev-
els of intracellular RNS and are important in DIC. NO
is one of the products of L-arginine catalyzed by nitric
oxide synthase (NOS). NOS consists of three isoforms,
including neuronal nitric oxide synthase (nNOS),
inducible nitric oxide synthase(iNOS) and endothe-
lial nitric oxide synthase (eNOS), in which iNOS and
eNOS take part in the catalytic synthesis of NO in
the myocardium. NO levels can be directly regulated
by NOS, and NO levels are also indirectly affected by

endothelin-1(ET-1) activity and ROS levelsN [95]. No
acts as a messenger molecule with small molecular
weight that can dilate blood vessels. The normal NO
concentration and its bioavailability are important for
the maintenance of cardiovascular and neural tissue
function [96].

The process of NO production catalyzed by iNOS
requires the participation of NADPH and four cofac-
tors, including tetrahydrobiopterin (BH4), flavin ade-
nine dinucleotide (FAD), flavin mononucleotide (FMN)
and heme complex-ferriprotoporphyrin IX [97]. The
iNOS expression is affected by NF-«xB and IFN-y. DOX
treatment can upregulate the expression of iNOS and
the synthesis of NO. The excess of NO and O, ™ pro-
duce ONOO™. Excessive accumulation of free radicals
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with highly oxidative activity such as ONOO™ can
affect the expression of GPX and promote the nuclear
translocation of NF-kB to induce oxidative stress as
well as lipid peroxidation [97-100]. what’s more, iNOS
can also mediate ER stress, activate Toll-like recep-
tor-2 (TLR2) to promote inflammation, and further
induce apoptosis [101]. The HER2 inhibitor lapatinib
exacerbated DIC by increasing the expression of iNOS
and the generation of NO [102]. Studies have found
a variety of compounds that can exert cardioprotec-
tive effects by reducing the expression of iNOS, such
as eicosapentaenoic acid, curcumin, crocin, vitamin E,
fisetin, liposomal resveratrol, carvedilol, nebivolol and
so on [103-108] (Additional file 3: Table S3).

The process of NO production can also be catalyzed
by eNOS, whose cofactors required for catalysis are the
same as the iNOS. The activation of eNOS is associated
with AKT, activation of adenosine monophosphate-
activated protein kinase (AMPK) and soluble guanylate
cyclase (sGC) [109]. In the physiological state, the eNOS
is in a relatively stable dimer-coupled state to generate
the NO. During oxidative stress, eNOS uncouples into
unstable eNOS monomers that no longer generate NO
while generate large amounts of O, ”, further aggravat-
ing oxidative stress. On the one hand, DOX can induce
eNOS uncoupling by affecting NOX4, Ang II receptor
and AKT, increasing the monomer/dimer eNOS ratio.
DOX binds to eNOS monomers to form a hemiquinone,
which reacts rapidly with oxygen radicals to increase
the production of O, and reduce NO synthesis as well
as bioavailability. On the other hand, DOX inhibits the
phosphorylation at eNOS Ser1177, increases the phos-
phorylation at eNOS Thr495, and decreases the eNOS
activity [110]. The results showed that DOX treatment
in eNOS knockout rats showed lower ROS levels and
weaker cardiotoxicity than the control group. However,
myocardial-specific eNOS overexpression can aggravate
the cardiac toxicity caused by DOX [111]. Therefore,
the inhibition of the eNOS uncoupling and reducing the
number of eNOS monomers could be used as a strat-
egy for cardioprotection. Vitamin C can reduce DIC by
increasing the level of cofactor BH4 and stabilizing the
eNOS and reducing the number of eNOS monomer.
Meanwhile, vitamin C also increases the phosphorylation
at eNOS Ser1177 to reduce the DOX-induced nitrosative
stress [112]. A special amino acid formulation used for
promoting cellular respiration modulates phosphoryla-
tion at Ser1177 by affecting mTOR complex 1 (mTORC1)
and activates eNOS/mTORCI1 signaling to prevent DIC
[113, 114]. Fenofibrate, urgulic acid and folic acid can
increase NO bioavailability by activating eNOS and
inhibiting eNOS uncoupling to alleviate DIC [115-117]
(Additional file 3: Table S3).
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Sirt1/PPAR/PGC-1a signaling pathway

Peroxisome proliferator-activated receptors (PPAR) is
a ligand-inducible nuclear receptor with three isoforms
containing PPARa, PPARy and PPARP/® [118]. PPAR
is widely expressed in cardiomyocytes and involved in
cardiomyocyte energy metabolism, proliferation, differ-
entiation, development as well as the regulation of cell
death [119]. It was found that DOX can cause mitochon-
drial dysfunction by acting on PPAR, activating oxidative
stress and inflammation and ultimately inducing apopto-
sis. On the one hand, DOX can reduce the expression of
PPAR by regulating Sirtl or AMPK and further upregu-
late NF-kB expression, promote inflammatory factor
release and aggravate the inflammatory response [120].
On the other hand, DOX can decrease Nrf2 expres-
sion by inhibiting PPAR, reduce the level of antioxidant
enzymes and reduce the body’s antioxidant capacity,
resulting in oxidative stress [121]. The expression of
PPAR«a, PPARy and PPARP/S in the heart decreased after
DOX treatment [122-125]. It was found that Glycyr-
rhiza Glabra root extract could reduce DIC by restoring
Sirtl and PPARa/y levels [124]. Piperine, Astragali Radix,
Catalpol can exert their cardioprotective effects through
the activation of PPAR [126-128].

PPAR coactivator 1a(PGC-1a) is an inducible tran-
scription coactivator of PPAR, which enhances the
nuclear transcriptional function of PPAR and plays a
significant role in regulating various signaling pathways
occurring in mitochondria. The expression of PGC-la
is regulated by AMPK and Sirtl, and Sirt3 [129, 130].
Deacetylation of Sirtl and Sirt3 can activate PGC-1a to
increase the level of its downstream factor Nrf2 and the
transcription of the antioxidant gene SOD and HO-1,
significantly enhancing the antioxidant defense system
of body [131]. DOX treatment decreased the levels of
SIRT1 and PGC-1aq, reduced the antioxidant capacity and
induced oxidative stress. Ferruginol can exert cardiopro-
tective effects by activating PGC-1a expression by acting
on Sirtl [132]. Dichloroacetate attenuates DIC by restor-
ing the abnormal SIRT3 and PGC-1la signaling caused
by DOX [133]. Pterostilbene can upregulate PGC-la
activity by activating AMPK and SIRT1 to reduce the
oxidative stress caused by DOX [134]. Troxerutin can
prevent DOX from downregulating the levels of SIRT1
and PGC-1a and reduce cardiomyocyte damage [121].
PGC-1a can also act as a regulatory factor of the expres-
sion of nuclear respiratory factor 1(NRF-1) and mito-
chondrial transcription factor A (TFAM), thus affecting
mitochondrial biosynthesis process [135]. Sonowal et al.
have found that fidarestat (an aldose reductase inhibi-
tor) reduced DIC by increasing the levels of PGC-1a and
TFAM and enhancing mitochondrial biogenesis [136].
What’s more, PGC-1la can also affect the expression
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of uncoupling protein 2 (UCP2). UCP2 is an oxidative
stress-protective molecule that may reduce oxidative
stress by transferring Ca®" from extracellular to matrix
and exporting lipid peroxides [137]. Dexmedetomidine
can reduce the degradation of PGC-1a and increase the
expression of UCP2, significantly reducing the synthesis
of mitochondrial ROS [138]. Matrine can also reverse the
downregulation of UCP2 caused by DOX through AMPK
activation, and reduce the oxidative damage and apopto-
sis in cardiomyocytes [139] (Additional file 4: Table S4).

The current study has also found that a portion of
MicroRNAs (miRNAs), which is abnormally expressed
after DOX treatment, aggravate DIC by targeting PPAR
or PGC-1a (Additional file 7: Table S7). MiRNAs is a kind
of small single stranded noncoding RNA that can lead to
the degradation of mRNA and inhibit mRNA translation
by acting on the untranslated region of mRNA. In vitro
and in vivo experiments found that miR-128-3p and
miR-130a were upregulated after DOX treatment, and
the inhibition of miR-128-3p and miR-130a produced
cardioprotective effects. Moreover, this protective effect
can be abolished by PPARY antagonists, which fully dem-
onstrates that miR-128-3p and miR-130a can target and
reduce PPAR expression [125, 140]. MiR-22 is abnormally
expressed in DOX-treated cells. Inhibition or knockout
of miR-22 can inhibit mitochondrial biosynthesis, reduce
ROS production and reduce heart injury. It was found
that this protective effect was achieved by activating Sirt1
and upregulating the expression of PGC-1a, TFAM and
NRE-1 [135]. In cardiotoxicity models, the expression
of miR-23a increased with the cumulative dose of DOX,
and miR-23a significantly leads to mitochondrial damage
and apoptosis by targeting PGC-1a and the phosphoryla-
tion of Dynamin-related protein-1 (Drpl). Inhibition of
miR-23a significantly alleviated mitochondrial dysfunc-
tion and oxidative stress [141]. Therefore, screening for
mRNA and other indicators abnormally expressed after
DOX treatment can also be used as a way to study the
molecular mechanism of DIC.

Iron signaling

Fe?" participates in the generation of ROS in mitochon-
dria through Fenton reaction, and then induces the gen-
eration and accumulation of oxidized lipids [142]. Iron
is one of the fundamental trace elements to maintain
normal life activities of the body. Lack or excess of iron
will lead to the occurrence of diseases, such as anemia,
chronic heart failure and so on [143]. It was found that
iron homeostasis imbalance causes overproduction of
ROS, induces lipid peroxidation, and eventually leads to
cell ferroptosis [144]. Ferroptosis is a regulatory cell death
caused by the accumulation of lethal lipid peroxides,
which is different from apoptosis and is characterized

Page 9 of 20

by intact mitochondrial nuclei but rupture of the outer
membrane [145]. Ferrostatin-1(fer-1) removes lipid per-
oxides by reducing the generated alkoxy groups for anti-
iron death effects [146].

On the one hand, DOX can induce ferroptosis by
directly interfering with the clearance of lipid perox-
ides. The formation of Fe?*-dependent toxic lipid ROS
can be significantly reduced by converting lipid hydro-
gen peroxide into lipid alcohols, which is less toxic. Glu-
tathione peroxidase 4 (GPX4) plays an important role
in this transformation process and inhibition of GPX4
function results in the accumulation of lipid peroxides in
Cardiomyocytes [147]. The DOX-Fe** complex formed
by DOX and Fe?" can downregulate the expression of
GPX4, reduce the reduction of oxidized phospholipids,
and increase the accumulation of oxidized phospho-
lipids in mitochondria [148]. It was found that protein
arginine methyltransferase 4 (PRMT4) could regulate
the expression of GPX4. PRMT4 overexpression cata-
lyzes the enzymatic methylation of Nrf2, resulting in the
restricted nuclear translocation of Nrf2 and reducing the
expression of downstream iron death related gene. While
knoknockdown of PRMT4 promotes nuclear ectopic of
Nrf2 and alleviates cardiac damage [149]. Experiments
showed that GPX4 overexpression or iron chelate target-
ing Fe?" in mitochondria could reduce DOX-induced fer-
roptosis [144]. Astragaloside IV and Salidroside can play
a cardioprotective role by upregulating the expression of
GPX4, restoring its antioxidant capacity and reducing
the accumulation of oxidized phospholipids [150, 151].
MITOL/MARCHS5 is an E3 ubiquitin ligase that inhibits
DOX-induced ferroptosis by maintaining the ratio of glu-
tathione/ glutathione disulfide(GSH/GSSG) in mitochon-
dria and the expression of GPX4. Conversely, knockdown
of MITOL/MARCHS5 aggravated DIC, and this aggra-
vation of cardiomyopathy could be offset by fer-1 [152]
In addition to GPX4, acyl-coenzyme A thioesterase 1
(Acotl) is also involved in lipid metabolism, that inhibit
lipid peroxidation. It was found that Acotl was down-
regulated after DOX treatment, and the knockdown of
Acotl sensitized cardiomyocytes to ferritin action and
aggravated iron death. In contrast, overexpression of
Acotl attenuated DOX-induced ferroptosis [153] (Addi-
tional file 7: Table S7).

On the other hand, DOX can disrupt iron homeosta-
sis through the following three pathways, leading to
iron overload and subsequently inducing the generation
of lipid peroxides. Firstly, DOX leads to iron overload
within the mitochondria by increasing iron synthesis
and uptake. DOX and its metabolites can interfere with
the expression of iron regulins protein 1 and 2 (IRP1 and
IRP2), increasing iron absorption and reducing iron stor-
age [154]. ROS is an important factor in mediating the
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regulation of IRP activity [155]. In addition, the activation
of TLR4 and NOX4 can also interfere with the function
of the IRP and mediate ferroptosis [156]. Mitochondrial
ferritin (FtMt), an iron-storing protein in mitochondria
decreases in quantity and leads to increased intracellular
free Fe** content after DOX treatment [157]. DOX can
increase the cellular uptake of Fe** by upregulating the
transferrin receptor (TfR). Secondly, DOX interferes with
iron release. DOX causes the activation of Nrf-2 to bring
about the upregulation of HO-1, catalyzes heme degra-
dation and induce the release of free Fe®, ultimately
leading to the accumulation of oxidized lipids in the
mitochondrial membrane [158]. Finally, DOX interferes
with the excretion of iron. ATP-binding cassette trans-
porter proteinB8 (ABCBS8) is a mitochondrial protein
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that promotes iron excretion.DOX treatment brings
about the accumulation of Fe*" within the mitochondria
by downregulating ABCB8 expression and reducing Fe?™
expulsion [159]. Study has found that ABCBS8 deficiency
even led to reduced efflux of DOX, causing DOX accu-
mulation and increased DIC. In contrast, ABCB8 over-
expression improved intracellular DOX retention and
toxicity [160]. Besides, DOX reduces the extracellular
excretion of Fe?™ by downregulating the iron export pro-
tein ferroportin (FPN) expression.

Fe’* overload in cardiomyocytes can mediate lipid
peroxidation and further induce cell ferroptosis, playing
a crucial role in DIC [161]. Therefore, inhibition of lipid
peroxidation and maintenance of iron homeostasis are
important for mitigate DIC (Fig. 5).
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Fig.5 Schematic representation of the mechanism of ferroptosis in DOX-induced cardiomyopathy. Ferroptosis is a type of cell death mediated
by lipid peroxidation. Fe>* is imported by the transferrin receptor and converted to Fe?* in endosome, released from endosomes to cytoplasm by

the bivalent metal transporter 1. Fe*

is converted to Fe** by fenton and activates lypoxygenases to induce lipid peroxidation. After Fe?* entering

the mitochondria, it can participate in the heme composition, be stored in FtMt, and be excreted in the mitochondria via ABCBS. Free Fe?* can be
excreted from the cytoplasm by FPN. Glutathione peroxidase 4 is the main endogenous mechanism to inhibit lipid peroxidation. Glutathione is a
cofactor of GPX4. Cells transfer glutamate to extracellular via glutamate inhibit system Xc, at the same time, cystine enters the cell and subsequently
transforms to cysteine to produce GSH. DOX can increase uptake of Fe* by upregulating TfR, and reduce excretion of Fe?* by downregulation of
FPN, ABCBS, and FtMt, leading to Fe’* overload-mediated lipid peroxidation. DOX can reduce the clearance of lipid peroxides by downregulation

of GPX4 and Acot1, leading to lipid peroxide accumulation-mediated ferroptosis. DOX: doxorubicin, TfR: transferrin receptor, DMT1: bivalent metal
transporter 1, FtMt: mitochondrial ferritin, ABCB8: ATP-binding cassette transporter proteinB8, FPN: ferroportin, GPX4: Glutathione peroxidase 4, GSH:

Glutathione, IRP: Iron regulins protein. (By Figdraw.)
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Signaling pathways related to inflammation

Inflammatory response is the defensive response of living
tissues with vascular systems to various stimuli, includ-
ing septic and aseptic inflammation. Aseptic inflamma-
tion is mainly caused by non-pathogenic stimuli such as
physical and chemical conditions. In recent years, many
studies have found that DIC is associated with asep-
tic inflammation [162]. DOX upregulates the levels of a
variety of inflammatory factors, including interleukin-1
(IL-1) and tumor necrosis factor-a(TNF-a) in the heart,
activating inflammatory and immune responses and lead-
ing to cardiomyocyte damage [163]. Zhang et al. found
that there were two types of macrophages acting together
to coordinate the inflammatory response in DIC, namely
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repairing macrophages and pro-inflammatory mac-
rophages. A large number of lipid peroxides induced by
DOX act as ligands to activate class A1 Scavenger recep-
tors (SR-Al), activate transcription factor c-Myc by
transforming growth bringing about the accumulation of
Fe’* within the mitochondria factor-activated kinase 1
and P38-related pathways, and further mediates the acti-
vation of SIRT1, influences the expression of macrophage
self-renewal genes, promotes the proliferation of cardiac
resident repair macrophages, and alleviates DIC [164].
However, this repair effect is insufficient to resist the
inflammatory induced by DOX. The release of inflamma-
tory factors is regulated by the following signaling path-
ways (Fig. 6).
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Fig. 6 Schematic representation of the mechanism of pyroptosis and inflammation in DOX-induced cardiomyopathy. After Toll-like receptors (TLR)
activation, it can transduce signals through myeloid differentiation factor 88 (MyD88) or Toll/IL-1 receptor domain-containing adapter-inducing
interferon-B (TRIF), activate nuclear factor (NF-kB) and induce transcriptional upregulation of inflammasome regulators nucleotide-binding
domain-like receptor protein 3 (NLRP3), leading to more efficient inflammasome assembly and release of damage-associated molecular

pattern (DAMPs) such as IL-1(3, IL-18, TNF-a and IFN-y, mediating the inflammatory response. DOX can activate NLRP3 to assemble with ASC and
pro-caspase-1, and further activating Caspase-1. Caspase-1 has both the p20 and p10 protein domains and generates activity via self-processing
into Caspase-1p10 form. Activated caspase-1 cleaves gasdermin D (GSDMD) and causes GSDMD cleavage to produce N and C terminal fragments.
GSDMD N terminus binds with the plasma membrane to form transmembrane pores, causing cell swelling and rupture, releasing numerous
inflammatory factors into the blood system and inducing cell pyroptosis. In addition, DOX can upregulate Bnip3 to activate caspase-3 and cleave
gasdermin E(GSDME) to produce the N and C terminal fragments, inducing cell pyroptosis. (By Figdraw.)
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NLRP3/caspase-1/GSDMD signaling pathway

Pyroptosis is a cell death which is distinguished from
apoptosis and is characterized by promoting inflamma-
tion and cell swelling or lysis [165], accompanied with
massive release of by inflammatory factors and cellular
contents [166]. Pyroptosis can be activated by the follow-
ing three signaling pathways. One is the typical inflam-
masome pathway, which activates caspase-1 (caspase-1)
and gasdermin D (GSDMD) by nucleotide-binding
domain-like receptor protein 3 (NLRP3) [167]. The sec-
ond is an atypical inflammasome pathway that occurs
during pyroptosis during cell infection, resulting by the
binding of caspase-4/5/11 through specific recognition of
bacterial lipopolysaccharide [168]. The third is induced
by activation of caspase-3 cleavage gasdermin E(GSDME)
[169]. It has been found that DOX can induce pyroptosis
through the above one and third paths, leading to myo-
cardial damage.

NLRP3 is a significant regulatory factor of the innate
immune system, whose activation requires the assem-
bly of NLRP3 protein, apoptosis-associated speck-like
protein containing a CARD (ASC), and caspase-1 into a
mixture. The NLRP3 inflammasome can be activated by a
variety of stimuli, including K™ excretion, Cl™ excretion,
Ca®t mobilization, mitochondrial dysfunction, lysoso-
mal damage, the generation of ROS and so on [170]. The
NLRP3 inflammasome can activate caspase-1 under the
stimulation of endogenous and exogenous factors, on the
one hand converting inactive IL-1f3 and IL-18 precursors
into bioactive IL-1p and IL-18 and released outside the
cell, leading in inflammatory and tissue damage. On the
other hand, activated caspase-1 causes GSDMD lysis to
produce N and C terminal fragments, and the N termi-
nus of GSDMD binds to the plasma membrane, causing
cell swelling and rupture, and a large number of inflam-
matory factors enter the blood system, leading to cell
pyroptosis [171, 172]. GSDMD is a porogenic protein
containing an N and a C terminal domain, which is one
of the substrates of caspase-1 and plays a significant role
in pyroptosis [173]. Caspase-1 has a conserved protease
domain, which is divided into P20 and P10 subunits. The
breakage of both subunits prompted activation of cas-
pase-1. Caspase-1 can be self-processed into an active
Caspase-1 p10 form, that binds to the C-terminal domain
of GSDMD through hydrophobic interaction, cleaves
GSDMD, exposes the GSDMD N terminus, and binds
to the plasma membrane to form transmembrane pores,
leading to cell swelling and rupture to mediate pyroptosis
[174]. ASC does not participate in GSDMD cleavage, but
can increase the amount of GSDMD, thereby enhancing
GSDMD activation [175].

Due to the generation of ROS, reduced intracellular
K™ levels and/or downregulation of Sirtl, DOX activates
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the NLRP3 inflammasome in cardiomyocytes and mac-
rophages to activate caspase-1 as well as produce and
secrete large amounts of pro-inflammatory cytokines,
such as IL-1f, IL-18 and so on. IL-1f and IL-18 signal-
ing triggers cardiomyocyte apoptosis through the IL-1
type I receptor (IL-1R), further promoting poor cardiac
remodeling and inducing heart failure [176]. It was found
that DOX treatment significantly upregulated the expres-
sion of NLRP3 and GSDMD, as well as the secretion of
inflammatory cytokines in cardiomyocyte [177].

In the research of Wei et al., both H9¢c2 cells and ani-
mals treated with DOX showed upregulation of NLRP3
and caspase-1 p20, and elevated levels of caspase-1 and
IL-1pB and IL-18. Moreover, MCC950(a specific NLRP3
inhibitor) treatment reversed DOX-induced NLRP3
inflammasome activation and apoptosis in vitro and
in vivo, proving that NLRP3 is involved in DIC [178].
Meng et al. experimentally demonstrated that DOX can
promote NLRP3 expression by activating terminal differ-
entiation-induced terminal differentiation-induced non-
coding RNA (TINCR), increase the activity of NLRP3/
caspase-1, and increase cardiomyocyte pyroptosis, thus
leading to cardiac damage and dysfunction [179]. Thiore-
doxin interactive protein (TXNIP) overexpression has
promoting effect on the activation of NLRP3. Honok-
iol can inhibit NLRP3 activation by inhibiting TXNIP
expression [180]. Moreover, Nrf2 can also affect NLRP3
activation. It was found that Selenium and Pinocembrin
could reduce the inflammatory response by enhancing
Nrf2 expression and weakening the NLRP3 activation
caused by DOX [181, 182]. Calycosin and Dihydromyri-
cetin could inhibit inflammation and improve DIC by
improving SIRT1, NLRP3 and related protein levels in
cells and mouse hearts [183, 184]. Fraxetin, resveratrol,
Nicotinamide mononucleotide and others exert anti-
inflammatory effects to protect the heart by inhibiting
NLRP3 activation and reducing the subsequent inflam-
matory factor secretion and release [185-188]. Zhang
et al. found that Calycosin and MCC950 enhanced the
viability of rat cardiomyocytes and attenuated DIC by
inhibiting the NLRP3/caspase-1/GSDMD pathway [189,
190] (Additional file 5: Table S5).

Similarly, GSDME also produces a partial effect in cel-
lular pyroptosis, as evidenced by the reduced doxoru-
bicin-induced cellular pyroptosis upon knockdown of
GSDME [191]. A variety of chemotherapeutic agents,
including DOX, were found to trigger cell pyropto-
sis by activating caspase-3 and splitting GSDME [169].
As a classical anthracycline chemotherapeutic agent,
DOX can promote JNK phosphorylation by increasing
ROS accumulation, thereby inducing the activation of
caspase-3, cleaving GSDME and triggering pyroptosis
[192]. Zheng et al. have found that Bnip3 upregulated
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the expression of caspase-3 and lysis of the GSDME, thus
alleviating doxorubicin-induced cell pyroptosis [191]
(Additional file 5: Table S5).

HMGB1/TLR4/MAPKs/NF-kB signaling pathway
Toll-like receptors (TLR), a class of transmembrane
receptors, play a significant role in identifying various
pathogen-associated molecular patterns and transducing
signals into intracellular through their transmembrane
regions [193]. Currently, 11 TLR species have been found
in the human body, among which TLR2, TLR3, TLR4,
and TLR5 play a role in DIC [194]. TLR4 is the first TLR
found to be closely related to inflammation and is mainly
expressed in immune cells [195]. TLR2, TLR4 and TLR5
are mainly expressed on the cell surface, whereas TLR3
is mainly expressed intracellularly. TLR can transduce
signals dependent on or independent of the myeloid dif-
ferentiation factor 88 (MyD88). TLR2 and TLR4 can
bind to MyD88 to activate interferon regulator 3 (IRF3)
and NF-«B, promoting the release of a series of dam-
age-associated molecular pattern (DAMPs) [196, 197].
TLR2, TLR3 and TLR5 can also directly activate NF-«B,
directly or indirectly promoting the secretion and release
of inflammatory factors, being independent of MyD88
[198]. It was found that the ROS and RNS generated
by DOX could upregulate TLR2, TLR4, and TLR5, and
downregulate the expression of TLR3 [199, 200]. Ani-
mal experiments demonstrated that TLR4 deficiency and
TLR5 deficiency attenuated doxorubicin-induced cardiac
toxicity [201, 202], TLR2 deficiency suppressed the high
expression of proinflammatory factors due to DOX [203].
It was found that HMGBI1 takes part in the regula-
tion of TLR4 expression. HMGBI is a nuclear protein
with pro-inflammatory effects, participating in the
progress of autophagy, apoptosis, ferroptosis, inflam-
mation etc. [204—207]. HMGB]I, acted as a damage-asso-
ciated molecular pattern (DAMP) protein, is secreted in
response to ROS, RNS, Ca2+and other stimuli, and is
released extracellular by activated macrophages to medi-
ate inflammatory response [208, 209]. HMGBI released
to extracellular cells can activate receptors such as TLR2
and TLR4, upregulate their expression, and further affect
the release and secretion of inflammatory cytokines
[209]. Study has found that HMGBI1 levels were increased
after DOX treatment, while silencing HMGB1 had
detectable reduced TLR4 expression and reduced DIC
due to DOX [210]. Thus, reducing HMGB1 can be a strat-
egy to mitigate DIC. Zhang et al. found that rosuvastatin
reduced the secretion of TNF-a and IFN-y by reducing
HMGBI levels [211]. Du et al. found that miR-204 levels
were decreased after DOX treatment, and miR-204 over-
expression targeted HMGBL to directly reduce its levels,
thus exerting a cardioprotective effect [212]. Besides,
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myeloid differentiation protein 1(MD-1) appears to be
related to the regulation of TLR4 expression and DOX-
induced myocardial inflammation. Knockout of MD-1
can strengthen the activation of TLR4/MAPKs/ NF-«B
pathway and aggravate DOX-induced myocardial inflam-
matory response [213].

The upregulation of TLR expression can significantly
activate the TLR/MAPKs/NF-«B signaling pathway, and
induce the expression of inflammatory cytokines such
as interleukin 8 (IL-8) and TNF-a, leading to the injury
and apoptosis of cardiomyocytes [67]. Mitogen-activated
protein kinases (MAPKs) are mainly responsible for
conducting signals from the cell surface to the nucleus,
including ERK1/2, p38 and JNK. Nuclear factor (NF-«B),
a protein complex, plays a significant role in regulating
cellular inflammatory, involved in regulating the tran-
scription of various pro-inflammatory cytokines [214].
NF-«B binds to IkB-a in normal physiological conditions
and is not biologically active. When the body is endog-
enous or exogenous stimulated, it can interact with the
IkB kinase (IKK) complex to promote IkB-a phospho-
rylation and accelerate the ubiquitination and degrada-
tion of IkB-a. The degradation of IkB-a can dissociate
NF-kB from the NF-kB/IkB-a complex, increase the free
NF-«B content, and transfer to the nucleus to generate
activity [215]. It was found that Pristimerin and Nerolidol
can exert anti-inflammatory effects and alleviate cardiac
injury by inhibiting MAPKs/NF-«B signaling and subse-
quently inhibiting the effects of inflammatory cytokines
[60, 216, 217].

Multiple compounds that exert anti-inflamma-
tory effects by acting on TLR signaling were identi-
fied (Additional file 6: Table S6). LCZ696 (sacubitril/
valsartan) attenuates DIC by inhibiting signaling from
TLR2-MyD88 [203]. Enalapril and Crocin exert their
cardioprotective effects by inhibiting the TLR-2/NF-«xB
pathway [218, 219]. Vanillic acid, and Ozone were found
to reduce inflammatory cytokine release and reduce DIC
by inhibiting the TLR-4/NF-kB pathway [220, 221]. It was
found that Hemin alleviates inflammation by inhibiting
the TLR-5/NF-kB/TNF-a pathway [199].

mTOR/TFEB/NF-kB signaling pathway

Mechanistic target of rapamycin (mTOR), an atypical ser-
ine/threonine kinase, takes part in the regulation of vari-
ous cellular functions, including mammals’ growth and
proliferation. The transcription factor EB (TFEB) with
potential anti-inflammatory effects joins in regulating
basic cellular processes [222]. NF-kB binds to IkB (NF-kB
inhibitor) in the resting state, present in the cytoplasm,
and is not bioactive. Upon stimulation by pro-inflamma-
tory signals, IKKs are activated to activate NF-kB dimers
and release and transport them to the nucleus, enhancing
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the expression of IL-8, TNF-a and other inflammatory
cytokines [112]. The mTOR-mediated phosphorylation
negatively regulates TFEB nuclear translocation and
activity [223]. Reduced TFEB expression of TEEB can
bring about an upregulation of IKK-a/pfand NF-«B phos-
phorylation, which were reversed by TFEB overexpres-
sion. Wang et al. found that dihydrotanshinone could
inhibit NF-kB by regulating the mTOR/TFEB pathway
in cardiomyocytes, thereby inhibiting the expression of
inflammatory cytokines and relieve DIC [224]. Moreover,
curcuminy can also exert anti-inflammatory effects by
inhibiting inflammatory factor release by activating the
mTOR pathway [188].

Conclusion

As a classical anthracycline anticancer drug, DOX has
no doubt about its anticancer effect, while its clini-
cal application is greatly limited by the dose-dependent
cardiotoxicity—have made DOX a representative drug
responsible for the study of anthracycline-induced car-
diotoxicity. Currently, much progress has been made
regarding the mechanism and clinical manifestations of
cardiotoxicity caused by DOX. However, accurate predic-
tion as well as effectively providing cardioprotection for
patients vulnerable to DIC remains a mystery. In the past
decades, there have been many researchers trying to find
drugs that provide cardiac protection through the in vitro
and in vivo experiments. In vitro, the investigators used a
medium containing DOX to culture HOC2 cells for 24 h
to construct a DOX cardiotoxicity model. In vivo, the
experimental animals are often rats or mice. A model of
DOX-induced acute cardiotoxicity was constructed by
administering a disposable toxic dose of DOX, and the
commonly used dose was a one-time intraperitoneal
injection of 15-20 mg/kg DOX. Successful modeling
was determined by measuring the presence of cardiac
enzyme levels, echocardiography, HE staining of cardiac
tissue, etc.

Many studies have been conducted on the molecular
mechanisms of DIC, involving oxidative stress, inflam-
mation, apoptosis, autophagy, mitochondrial damage,
iron death, endoplasmic reticulum stress, Ca*" overload
and so on. DIC is a complex process resulting by the
effects of multiple mechanisms. ROS generation is the
result of redox metabolism after DOX enters the body,
with ROS acting as a blasting fuse, and oxidative stress
serving as the basis for other molecular mechanisms of
DIC. On the one hand, overgeneration and accumula-
tion of ROS directly damaged DNA and mitochondrial
protein, causing mitochondrial dysfunction and tissue
damage. On the other hand, ROS can also act as a signal
to activate the body defense mechanisms to induce vari-
ous ways of cell death, including apoptosis, autophagy,
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necrosis, pyroptosis, iron death, etc. Furthermore, oxi-
dative stress and inflammatory responses are mutu-
ally causal and promote each other, exacerbating DIC.
Inflammatory cytokines can participate in the generation
of ROS. Simultaneously, ROS can induce NF-kB nuclear
transcription factor activation and indirectly upregulate
the level of inflammatory factors, making their overex-
pression, thus aggravating the inflammatory response of
the body.

In conclusion, DOX induces overgeneration of ROS
and RNS and leads to oxidative stress by activating Nrf2/
Keapl/ARE, SIRT1/p66Shc, Sirtl/PPAR/PGC-la path-
way as well as interfering with NOS, NOX and Fe?"
signaling. DOX increases the secretion and release of
inflammatory cytokines by acting on NLRP3/caspase-1/
GSDMD, HMGB1/TLR4/MAPKs/NE-kB, mTOR/TFEB/
NF-«B pathway, and further cause cell and tissue dam-
age. It is necessary to further search for the molecular
mechanism of DIC. Clarify the molecular mechanism of
DIC can provide effective basis and ideas for the preven-
tion and treatment of DIC and bring good news to cancer
survivors.

Future perspective

Numerous studies have shown that oxidative stress and
inflammation are closely related to DIC. Studies have
shown that the administration of antioxidant and anti-
inflammatory therapy can reduce the level of myocardial
damage markers and reduce DIC. However, antioxidants
are hardly successful in the clinical prevention and treat-
ment of DIC [225]. Although current antioxidant and
anti-inflammatory treatments have not shown better
therapeutic effects in DIC, inflammation and oxidative
stress remain the focus of intensive research.

In recent years, researchers have paid more and more
attention to the role of inflammatory response in car-
diovascular diseases, which is recognized as a chronic
process with inflammatory characteristics [226]. Immu-
nomodulatory and specific anti-inflammatory therapies
have been demonstrated in clinical trials to treat car-
diovascular disease and mitigate cardiovascular disease
mortality [227]. The role of inflammation in DIC is grad-
ually discovered, and the research on DIC is no longer
focused on cardiomyocytes, but expanded to investigate
cardiac resident macrophages, neutrophils, B cells, T
cells, endothelial cells and even systemic inflammation
[228]. In the existing studies, anti-inflammatory therapy
targeting TNF-a, pro-inflammatory cytokines has failed
to show better efficacy, and finding more effective inflam-
matory targets is imminent [229]. Targeting immune cells
(including heart resident macrophages, B cells, T cells,
etc.) and regulating the body’s immune function can be
used as a new research idea. The study of immune system
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related to cardiac inflammation, especially cardiac resi-
dent macrophages may be the main research direction
of DIC in the future [228, 230, 231]. In addition, vari-
ous treatment that induce cardiomyocyte proliferation
and cardiac regeneration, such as the transplantation of
human embryonic stem cell-derived cardiac myocytes
(hESC-CMs) and human induced pluripotent stem cell-
derived cardiac myocytes (hiPSC-CMs), coding and non-
coding gene inducers, small molecules inducer and so on,
may also be the main research direction of DIC in the
future [232].

Abbreviations

‘OH Hydroxyl radical

ABCBS8 ATP-binding cassette transporter protein B8
ACEI Angiotensin converting enzyme inhibitor
Acot] Acyl-coenzyme A thioesterase 1

ARB Angiotensin receptor blocker

ARE Antioxidant response element

ASC Apoptosis-associated speck-like protein containing a CARD
BB 3-Blockers

BH4 Tetrahydrobiopterin

BNP Type B brain natridium peptide

CK-MB Creatine kinase isoenzyme

cTnl Cardiac troponin |

DEX Dexrazoxane

DIC Doxorubicin-induced cardiomyopathy
DOX Doxorubicin

Drp1 Dynamin-related protein-1

eNOS Endothelial nitric oxide synthase

FAD Flavin adenine dinucleotide

Fer-1 Ferrostatin-1

FMN Flavin mononucleotide

FtMt Mitochondrial ferritin

GPX 4 Glutathione peroxidase 4
GSDMD  Gasdermin D
GSDME Gasdermin E

H,0, Hydrogen peroxide

HO-1 Heme oxygenase-1

IFN-y Interferon-gamma

IKK IkB kinase

IL Interleukin

iNOS Inducible nitric oxide synthas

IRF3 Interferon regulator

IRP Iron regulins protein

JNK C-Jun N-terminal kinase

Keap1 Kelch-like ECH associated protein 1
MAPK Mitogen-activated protein kinases
MD-1 Myeloid differentiation protein 1
MRA Mineralocorticoid receptor antagonist
mTOR Mammalian target of rapamycin

MyD88 Myeloid differentiation factor 88
NAD (P) H Nicotinamide adenine dinucleotide phosphate
NLRP3 Nucleotide-binding domain-like receptor protein 3

nNOS Neuronal nitric oxide synthase

NOX NAD (P) H oxidase

NQO-1 NAD (P) H quinone oxidoreductase-1
NRF-1 Nuclear respiratory factor 1

Nrf2 Nuclear Factor Erythroid 2-related Factor 2
0,~ Superoxide

ONOO™  Peroxynitrite anion

P66Shc The 66-kDa Src homology 2 domain-containing protein

PGC-1a Peroxisome proliferator-activated receptor-gamma
co-activator-1alpha

PKC Protein kinase C

PRMT4 Protein arginine methyltransferase 4

Page 15 of 20

RNS Reactive nitrogen species

ROS Reactive oxygen species

sGC Soluble guanylate cyclase
sMaf Small Maf proteins

SOD Superoxide dismutase

SR-A1 Class A1 Scavenger receptors
TFAM Mitochondrial transcription factor A
TFEB Transcription factor EB

TfR Transferrin receptor

TLR Toll-like receptor

TRIM21 Tripartite motif containing-21
TXNIP Thioredoxin interactive protein
ucpP2 Uncoupling protein 2

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512964-023-01077-5.

Additional file 1. Table S1: Some drugs that exert cardioprotective
effects by acting on the Nrf2 / keap1 / ARE signaling pathway.

Additional file 2. Table S2: Some drugs that exert cardioprotective
effects by acting on the NOX signaling.

Additional file 3. Table S3: Some drugs that exert cardioprotective
effects by acting on the NOS signaling.

Additional file 4. Table S4: Some drugs that exert cardioprotective
effects by acting on the PPAR/PGC-1a signaling pathway.

Additional file 5. Table S5: Some drugs that exert cardioprotective
effects by acting on the NLRP3 signaling.

Additional file 6. Table S6: Some drugs that exert cardioprotective
effects by acting on the TLR signaling.

Additional file 7. Table S7: Acting on some drug targets mitigates the
oxidative stress and inflammation in DOX-induced cardiotoxicity.

Acknowledgements
Not applicable.

Author contributions

SS participated in the topic selection, article writing and illustrations. YC
participated in the topic selection, article modification and illustrations. ZL
participated in the topic selection and revised the article. GN participated

in the topic selection and revised the article. YD participated in the topic
selection, article modification and put forward many valuable guidelines. All
authors read and approved the final manuscript.

Funding

This research was supported financially by the Nuclear Medicine and
Molecular Imaging Key Laboratory of Sichuan Province (HYX19014); Luzhou
Municipal People’s Government-Southwest Medical Science and Technology
Strategic Cooperation Projects (2019LZXNYDJ41); Application and research of
Hospital preparation achievements of Affiliated Hospital of Southwest Medical
University (YZZ2020001).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


https://doi.org/10.1186/s12964-023-01077-5
https://doi.org/10.1186/s12964-023-01077-5

Shi et al. Cell Communication and Signaling

(2023) 21:61

Received: 7 January 2023 Accepted: 12 February 2023
Published online: 14 March 2023

References

1.
2.

3.

20.

21.

22.

Johnson-Arbor K, Dubey R. Doxorubicin. 2022.

Sinagra G, Elliott PM, Merlo M. Dilated cardiomyopathy: so many cardio-
myopathies! Eur Heart J. 2020;41(39):3784-6.

Tomczyk MM, et al. Mitochondrial Sirtuin-3 (SIRT3) prevents doxoru-
bicin-induced dilated cardiomyopathy by modulating protein acetyla-
tion and oxidative stress. Circ Heart Fail. 2022;15(5):e008547.

Cowgill JA, Francis SA, Sawyer DB. Anthracycline and peripartum
cardiomyopathies. Circ Res. 2019;124(11):1633-46.

Baech J, et al. Cumulative anthracycline exposure and risk of car-
diotoxicity; a Danish nationwide cohort study of 2440 lymphoma
patients treated with or without anthracyclines. Br J Haematol.
2018;183(5):717-26.

Packard R, Yang EH. Editorial: Novel mechanisms, imaging approaches,
and management strategies for anthracycline-induced cardiotoxicity.
Front Cardiovasc Med. 2022;9:1109078.

Dent SF, et al. Optimizing cardiovascular health in patients with cancer:
a practical review of risk assessment, monitoring, and prevention of
cancer treatment-related cardiovascular toxicity. Am Soc Clin Oncol
Educ Book. 2020;40:1-15.

Curigliano G, et al. Management of cardiac disease in cancer patients
throughout oncological treatment: ESMO consensus recommenda-
tions. Ann Oncol. 2020;31(2):171-90.

Deng S, et al. Dexrazoxane may prevent doxorubicin-induced DNA
damage via depleting both topoisomerase Il isoforms. BMC Cancer.
2014;14:842.

Yu X, et al. Dexrazoxane protects cardiomyocyte from doxorubicin-
induced apoptosis by modulating miR-17-5p. Biomed Res Int.
2020;2020:5107193.

Yu X, et al. Dexrazoxane ameliorates doxorubicin-induced cardiotoxic-
ity by inhibiting both apoptosis and necroptosis in cardiomyocytes.
Biochem Biophys Res Commun. 2020;523(1):140-6.

Li J, et al. Detection of subclinical cardiotoxicity in sarcoma patients
receiving continuous doxorubicin infusion or pre-treatment with dexra-
zoxane before bolus doxorubicin. Cardiooncology. 2020;6:1.

Wang Z, et al. Inhibition of TRPA1 attenuates doxorubicin-induced
acute cardiotoxicity by suppressing oxidative stress, the inflammatory
response, and endoplasmic reticulum stress. Oxid Med Cell Longev.
2018;2018:5179468.

Liang X, et al. Mitophagy inhibitor liensinine suppresses doxorubicin-
induced cardiotoxicity through inhibition of Drp1-mediated maladap-
tive mitochondrial fission. Pharmacol Res. 2020;157:104846.

Llach A, et al. Progression of excitation-contraction coupling defects in
doxorubicin cardiotoxicity. J Mol Cell Cardiol. 2019;126:129-39.

Wang X, et al. Tanshinone IIA restores dynamic balance of autophago-
some/autolysosome in doxorubicin-induced cardiotoxicity via target-
ing beclin1/LAMP1. Cancers (Basel) 2019;11(7): 910.

Aryal B, Rao VA. Deficiency in cardiolipin reduces doxorubicin-induced
oxidative stress and mitochondrial damage in human B-lymphocytes.
PLoS ONE. 2016;11(7):e0158376.

Gorini S, et al. Chemotherapeutic drugs and mitochondrial dysfunc-
tion: focus on doxorubicin, trastuzumab, and sunitinib. Oxid Med Cell
Longev. 2018;2018:7582730.

Cappetta D, et al. Oxidative stress and cellular response to doxorubicin:
a common factor in the complex milieu of anthracycline cardiotoxicity.
Oxid Med Cell Longev. 2017;2017:1521020.

Delemasure S, et al. Preventing the cardiotoxic effects of anthracyc-
lins. From basic concepts to clinical data. Ann Cardiol Angeiol (Paris)
2006;55(2):104-12.

Priya LB, et al. Neferine ameliorates cardiomyoblast apoptosis induced
by doxorubicin: possible role in modulating NADPH oxidase/ROS-
mediated NFkappaB redox signaling cascade. Sci Rep. 2017;7(1):12283.
Antonucci S, et al. The determining role of mitochondrial reac-

tive oxygen species generation and monoamine oxidase

23.

24,

25.

26.

27.

28.

29.

30.

32.

33

34,

35.

36.

38.

39.

40.

42.

43.

44,

45.

46.

Page 16 of 20

activity in doxorubicin-induced cardiotoxicity. Antioxid Redox Signal.
2021,34(7):531-50.

de Oliveira BL, Niederer S. A biophysical systems approach to identi-
fying the pathways of acute and chronic doxorubicin mitochondrial
cardiotoxicity. PLoS Comput Biol. 2016;12(11):1005214.
Kalyanaraman B. Teaching the basics of redox biology to medical and
graduate students: Oxidants, antioxidants and disease mechanisms.
Redox Biol. 2013;1(1):244-57.

Mukhopadhyay P, et al. Role of superoxide, nitric oxide, and perox-
ynitrite in doxorubicin-induced cell death in vivo and in vitro. Am J
Physiol Heart Circ Physiol. 2009;296(5):H1466-83.

Ohshima H, Sawa T, Akaike T. 8-nitroguanine, a product of nitrative
DNA damage caused by reactive nitrogen species: formation, occur-
rence, and implications in inflammation and carcinogenesis. Antioxid
Redox Signal. 2006;8(5-6):1033-45.

Yao'Y, et al. Role of HMGB1 in doxorubicin-induced myocardial apop-
tosis and its regulation pathway. Basic Res Cardiol. 2012;107(3):267.
Sangomla S, et al. Nanoceria ameliorates doxorubicin induced car-
diotoxicity: possible mitigation via reduction of oxidative stress and
inflammation. J Trace Elem Med Biol. 2018:47:53-62.

Menegon S, Columbano A, Giordano S. The dual roles of NRF2 in
cancer. Trends Mol Med. 2016;22(7):578-93.

Fao L, Mota SI, Rego AC. Shaping the Nrf2-ARE-related pathways

in Alzheimer's and Parkinson’s diseases. Ageing Res Rev. 2019;54:
100942.

Yamamoto M, Kensler TW, Motohashi H. The KEAP1-NRF2 system: a
thiol-based sensor-effector apparatus for maintaining redox homeo-
stasis. Physiol Rev. 2018;98(3):1169-203.

Keum YS, Choi BY. Molecular and chemical regulation of the Keap1-
Nrf2 signaling pathway. Molecules. 2014;19(7):10074-89.

Nordgren KK, Wallace KB. Keap1 redox-dependent regulation of
doxorubicin-induced oxidative stress response in cardiac myoblasts.
Toxicol Appl Pharmacol. 2014,274(1):107-16.

Wu Z, et al. Curdione ameliorated doxorubicin-induced cardiotoxic-
ity through suppressing oxidative stress and activating Nrf2/HO-1
pathway. J Cardiovasc Pharmacol. 2019;74(2):118-27.

Deng J, Huang M, Wu H. Protective effect of limonin against doxoru-
bicin-induced cardiotoxicity via activating nuclear factor—like 2 and
Sirtuin 2 signaling pathways. Bioengineered. 2021;12(1):7975-84.
Nordgren K, Wallace KB. Disruption of the Keap1/Nrf2-antioxidant
response system after chronic doxorubicin exposure in vivo. Cardio-
vasc Toxicol. 2020:20(6):557-70.

Li S, et al. Nrf2 deficiency exaggerates doxorubicin-induced
cardiotoxicity and cardiac dysfunction. Oxid Med Cell Longev.
2014;2014:748524.

Fan Z, et al. Nrf2-Keap1 pathway promotes cell proliferation and dimin-
ishes ferroptosis. Oncogenesis. 2017;6(8):e371.

Li D, et al. Fisetin attenuates doxorubicin-induced cardiomyopathy

in vivo and in vitro by inhibiting ferroptosis through SIRT1/Nrf2 signal-
ing pathway activation. Front Pharmacol. 2021;12:808480.

Zhao L, et al. MicroRNA-140-5p aggravates doxorubicin-induced cardio-
toxicity by promoting myocardial oxidative stress via targeting Nrf2 and
Sirt2. Redox Biol. 2018;15:284-96.

Zhao L, et al. Protective effect of dioscin against doxorubicin-induced
cardiotoxicity via adjusting microRNA-140-5p-mediated myocardial
oxidative stress. Redox Biol. 2018;16:189-98.

Kageyama S, et al. Negative regulation of the Keap1-Nrf2 pathway by a
p62/5qstm1 splicing variant. Mol Cell Biol. 2018;38(7):e00642-17.

Hou K, et al. Loss of TRIM21 alleviates cardiotoxicity by suppressing
ferroptosis induced by the chemotherapeutic agent doxorubicin.
EBioMedicine. 2021,69:103456.

Qi B, et al. Brazilin prevents against myocardial ischemia-reperfusion
injury through the modulation of Nrf2 via the PKC signaling pathway.
Ann Transl Med. 2021;9(4):312.

Zhou L, et al. Procyanidin B2 protects neurons from cypermethrin-
induced oxidative stress through the P13K/Akt/Nrf2 signaling pathway].
Nan Fang Yi Ke Da Xue Xue Bao. 2021;41(8):1158-64.

Han D, et al. Chlorogenic acid promotes the Nrf2/HO-1 anti-oxidative
pathway by activating p21(Waf1/Cip1) to resist dexamethasone-
induced apoptosis in osteoblastic cells. Free Radic Biol Med.
2019;137:1-12.



Shi et al. Cell Communication and Signaling

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

(2023) 21:61

Silva-Islas CA, Maldonado PD. Canonical and non-canonical mecha-
nisms of Nrf2 activation. Pharmacol Res. 2018;134:92-9.

Yu X, et al. alpha-Linolenic acid attenuates doxorubicin-induced cardio-
toxicity in rats through suppression of oxidative stress and apoptosis.
Acta Biochim Biophys Sin (Shanghai). 2013;45(10):817-26.

BaiV, et al. Sulforaphane protection against the development of
doxorubicin-induced chronic heart failure is associated with Nrf2
Upregulation. Cardiovasc Ther. 2017;35(5).

Kamble SM, Patil CR. Asiatic acid ameliorates doxorubicin-induced
cardiac and hepato-renal toxicities with Nrf2 transcriptional factor
activation in rats. Cardiovasc Toxicol. 2018;18(2):131-41.

Sahu R, et al. Wheat phenolics suppress doxorubicin-induced cardiotox-
icity via inhibition of oxidative stress, MAP kinase activation, NF-kappaB
pathway, PI3K/Akt/mTOR impairment, and cardiac apoptosis. Food
Chem Toxicol. 2019;125:503-19.

Hu X, et al. Dimethyl fumarate ameliorates doxorubicin-induced
cardiotoxicity by activating the Nrf2 pathway. Front Pharmacol.
2022;13:872057.

Xu F, et al. Effects of Ganoderma lucidum polysaccharides against doxo-
rubicin-induced cardiotoxicity. Biomed Pharmacother. 2017;95:504-12.
Sunitha MC, et al. p-Coumaric acid mediated protection of H9c2 cells
from Doxorubicin-induced cardiotoxicity: Involvement of augmented
Nrf2 and autophagy. Biomed Pharmacother. 2018;102:823-32.

Wang M, et al. Resolvin D1 attenuates doxorubicin-induced cardiotoxic-
ity by inhibiting inflammation, oxidative and endoplasmic reticulum
stress. Front Pharmacol. 2021;12:749899.

Cheng X, et al. Orosomucoid 1 attenuates doxorubicin-induced oxida-
tive stress and apoptosis in cardiomyocytes via Nrf2 signaling. Biomed
Res Int. 2020;2020:5923572.

Ye M, et al. Punicalagin protects H9c2 cardiomyocytes from doxoru-
bicin-induced toxicity through activation of Nrf2/HO-1 signaling. Biosci
Rep. 2019;39(5):BSR20190229.

Ismail MB, et al. Mangiferin inhibits apoptosis in doxorubicin-induced
vascular endothelial cells via the Nrf2 signaling pathway. Int J Mol Sci.
2021,;22(8):4259.

Sirwi A, et al. Mokko lactone alleviates doxorubicin-induced cardio-
toxicity in rats via antioxidant, anti-inflammatory, and antiapoptotic
activities. Nutrients. 2022;14(4):733.

Meeran M, et al. Nerolidol, a sesquiterpene from the essential oils of
aromatic plants, attenuates doxorubicin-induced chronic cardiotoxicity
in rats. J Agric Food Chem. 2021,69(26):7334-43.

Zhou P, et al. In vivo and in vitro protective effects of shengmai
injection against doxorubicin-induced cardiotoxicity. Pharm Biol.
2022,60(1):638-51.

Sahu BD, et al. Baicalein alleviates doxorubicin-induced cardiotoxicity
via suppression of myocardial oxidative stress and apoptosis in mice.
Life Sci. 2016;144:8-18.

Nazari SAS, et al. beta-LAPachone ameliorates doxorubicin-induced
cardiotoxicity via regulating autophagy and Nrf2 signalling pathways in
mice. Basic Clin Pharmacol Toxicol. 2020;126(4):364-73.

Hajra S, et al. Attenuation of doxorubicin-induced cardiotoxicity and
genotoxicity by an indole-based natural compound 3,3-diindolyl-
methane (DIM) through activation of Nrf2/ARE signaling pathways and
inhibiting apoptosis. Free Radic Res. 2017,51(9-10):812-27.

Guo Z, et al. Nrf2-dependent antioxidant response mediated the pro-
tective effect of tanshinone IIA on doxorubicin-induced cardiotoxicity.
Exp Ther Med. 2018;16(4):3333-44.

Hu X, et al. miR-200a attenuated doxorubicin-induced cardiotoxic-

ity through upregulation of Nrf2 in mice. Oxid Med Cell Longev.
2019;2019:1512326.

Qi W, et al. Cardamonin protects against doxorubicin-induced cardio-
toxicity in mice by restraining oxidative stress and inflammation associ-
ated with Nrf2 signaling. Biomed Pharmacother. 2020;122:109547.

Qi JY, et al. Exploring the mechanism of danshensu in the treatment of
doxorubicin-induced cardiotoxicity based on network pharmacology
and experimental evaluation. Front Cardiovasc Med. 2022,9:827975.
LiuY, et al. Cardioprotective roles of beta-hydroxybutyrate against
doxorubicin induced cardiotoxicity. Front Pharmacol. 2020;11:603596.
Yarmohammadi F, Rezaee R, Karimi G. Natural compounds against
doxorubicin-induced cardiotoxicity: a review on the involvement of
Nrf2/ARE signaling pathway. Phytother Res. 2021,35(3):1163-75.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Page 17 of 20

Mir HA, et al. Structure-functional implications of longevity protein
p66Shc in health and disease. Ageing Res Rev. 2020;63:101139.
Sampaio SF, et al. p66Shc signaling is involved in stress responses
elicited by anthracycline treatment of rat cardiomyoblasts. Arch Toxicol.
2016;90(7):1669-84.

Guo J, et al. p66Shc links alphal-adrenergic receptors to a reactive
oxygen species-dependent AKT-FOXO3A phosphorylation pathway in
cardiomyocytes. Circ Res. 2009;104(5):660-9.

Hao C, et al. Downregulation of p66Shc can reduce oxidative stress and
apoptosis in oxidative stress model of marginal cells of stria vascularis in
Sprague Dawley rats. Drug Des Devel Ther. 2019;13:3199-206.

Zhang H, et al. Genistein suppresses ox-LDL-elicited oxidative stress and
senescence in HUVECs through the SIRT1-p66shc-Foxo3a pathways. J
Biochem Mol Toxicol. 2022;36(1):222939.

Kumar S. P66Shc and vascular endothelial function. Biosci Rep.
2019;39(4).

Ministrini S, et al. Sirtuin 1 in endothelial dysfunction and cardiovascular
aging. Front Physiol. 2021;12:733696.

Yan H, et al. Sirtuin 1-mediated inhibition of p66shc expres-

sion alleviates liver ischemia/reperfusion injury. Crit Care Med.
2014;42(5).e373-81.

Wu YZ, et al. Berberine ameliorates doxorubicin-induced cardiotoxic-
ity via a SIRT1/p66Shc-mediated pathway. Oxid Med Cell Longev.
2019;2019:2150394.

Zhu JN, et al. Activation of miR-34a-5p/Sirt1/p66shc pathway contrib-
utes to doxorubicin-induced cardiotoxicity. Sci Rep. 2017;7(1):11879.
LiuY, et al. MiR-124 attenuates doxorubicin-induced cardiac injury via
inhibiting p66Shc-mediated oxidative stress. Biochem Biophys Res
Commun. 2020;521(2):420-6.

Li G, et al. Oxidative injury in ischemic stroke: a focus on NADPH oxidase
4. Oxid Med Cell Longev. 2022;2022:1148874.

Yousefian M, et al. The protective effect of natural compounds on dox-
orubicin-induced cardiotoxicity via nicotinamide adenine dinucleotide
phosphate oxidase inhibition. J Pharm Pharmacol. 2022;74(3):351-9.
Brandes RP, Weissmann N, Schroder K. Nox family NADPH oxi-

dases: molecular mechanisms of activation. Free Radic Biol Med.
2014;76:208-26.

Cheng D, et al. Protective effects of valsartan administration on doxo-
rubicininduced myocardial injury in rats and the role of oxidative stress
and NOX2/NOX4 signaling. Mol Med Rep. 2020;22(5):4151-62.

Zeng C, et al. NLRP3 inflammasome-mediated pyroptosis contributes
to the pathogenesis of non-ischemic dilated cardiomyopathy. Redox
Biol. 2020;34:101523.

Cheng D, et al. MSCs enhances the protective effects of valsar-

tan on attenuating the doxorubicin-induced myocardial injury

via Angll/NOX/ROS/MAPK signaling pathway. Aging (Albany NY).
2021;13(18):22556-70.

Lin J, et al. Astragaloside IV alleviates doxorubicin induced cardio-
myopathy by inhibiting NADPH oxidase derived oxidative stress. Eur J
Pharmacol. 2019;859: 172490.

Afsar T, et al. Acacia hydaspica R. Parker prevents doxorubicin-induced
cardiac injury by attenuation of oxidative stress and structural
Cardiomyocyte alterations in rats. BMC Complement Altern Med
2017;17(1):554.

Erdogmus OZ, et al. Protective effects of necrostatin-1 on dox-
orubicin-induced cardiotoxicity in rat heart. Hum Exp Toxicol.
2022;41:9603271211066066.

Zheng H, et al. Setanaxib (GKT137831) ameliorates doxorubicin-
induced cardiotoxicity by inhibiting the NOX1/NOX4/reactive oxygen
species/MAPK pathway. Front Pharmacol. 2022;13:823975.

Hoang HM, Johnson HE, Heo J. Rac-dependent feedforward autoactiva-
tion of NOX2 leads to oxidative burst. J Biol Chem. 2021;297(2):100982.
Ma J, et al. Rac1 signalling mediates doxorubicin-induced cardiotoxicity
through both reactive oxygen species-dependent and -independent
pathways. Cardiovasc Res. 2013;97(1):77-87.

Zhang X, et al. FNDC5 alleviates oxidative stress and cardiomyocyte
apoptosis in doxorubicin-induced cardiotoxicity via activating AKT. Cell
Death Differ. 2020;27(2):540-55.

Luu AZ, et al. Role of endothelium in doxorubicin-induced cardiomyo-
pathy. JACC Basic Transl Sci. 2018;3(6):861-70.



Shi et al. Cell Communication and Signaling

96.

97.
98.

99.

100.

102.

104.

105.

106.

107.

108.

109.

110.

112,

116.

118.

(2023) 21:61

Tran N, et al. Endothelial nitric oxide synthase (eNOS) and the cardiovas-
cular system: in physiology and in disease states. Am J Biomed Sci Res.
2022;15(2):153-77.

Malik A, et al. Vitamin C: historical perspectives and heart failure. Heart
Fail Rev. 2021;26(3):699-709.

Bartesaghi S, Radi R. Fundamentals on the biochemistry of peroxynitrite
and protein tyrosine nitration. Redox Biol. 2018;14:618-25.

Russo M, et al. The novel butyrate derivative phenylalanine-butyramide
protects from doxorubicin-induced cardiotoxicity. Eur J Heart Fail.
2019;21(4):519-28.

Pecoraro M, et al. Doxorubicininduced oxidative and nitrosative

stress: Mitochondrial connexin 43 is at the crossroads. Int J Mol Med.
2020;46(3):1197-209.

Bagchi AK; et al. Endoplasmic reticulum stress promotes iINOS/NO and
influences inflammation in the development of doxorubicin-induced
cardiomyopathy. Antioxidants (Basel). 2021;10(12):1897.

Hsu WT, et al. The HER2 inhibitor lapatinib potentiates doxorubicin-
induced cardiotoxicity through iNOS signaling. Theranostics.
2018;8(12):3176-88.

Fayez AM, Zaafan MA. Eicosapentaenoic acid and vitamin E against
doxorubicin induced cardiac and renal damages: role of cytochrome c
and iNOS. Arch Iran Med. 2018;21(11):502-8.

Ibrahim FG, Ahmed KA. Curcumin ameliorates doxorubicin-induced
cardiotoxicity and hepatotoxicity via suppressing oxidative stress and
modulating iNOS, NF-kappaB, and TNF-alpha in rats. Cardiovasc Toxicol.
2022,22(2):152-66.

MaT, et al. Fisetin, a plant flavonoid ameliorates doxorubicin-induced
cardiotoxicity in experimental rats: the decisive role of caspase-3, COX-
I, cTn-l, iNOs and TNF-alpha. Mol Biol Rep. 2019;46(1):105-18.

Hussain MA, et al. Antioxidant and anti-inflammatory effects of crocin
ameliorate doxorubicin-induced nephrotoxicity in rats. Oxid Med Cell
Longev. 2021;2021:8841726.

Mohamed EA, Kassem HH. Protective effect of nebivolol on doxoru-
bicin-induced cardiotoxicity in rats. Arch Med Sci. 2018;14(6):1450-8.
Kuscu GG, et al. Fluvastatin alleviates doxorubicin-induced cardiac and
renal toxicity in rats via regulation of oxidative stress, inflammation, and
apoptosis associated genes expressions. Drug Chem Toxicol, 2022:1-12.
Vandenwijngaert S, et al. Decreased soluble guanylate cyclase contrib-
utes to cardiac dysfunction induced by chronic doxorubicin treatment
in mice. Antioxid Redox Signal. 2017;26(4):153-64.

Akolkar G, et al. Doxorubicin-induced nitrosative stress is mitigated by
vitamin C via the modulation of nitric oxide synthesis. Am J Physiol Cell
Physiol. 2017,312(4):C418-27.

Neilan TG, et al. Disruption of nitric oxide synthase 3 protects against
the cardiac injury, dysfunction, and mortality induced by doxorubicin.
Circulation. 2007;116(5):506-14.

Akolkar G, et al. Vitamin C mitigates oxidative/nitrosative stress and
inflammation in doxorubicin-induced cardiomyopathy. Am J Physiol
Heart Circ Physiol. 2017,313(4):H795-809.

Tedesco L, et al. A special amino-acid formula tailored to boosting

cell respiration prevents mitochondrial dysfunction and oxidative
stress caused by doxorubicin in mouse cardiomyocytes. Nutrients
2020;12(2):282.

Decker B, Pumiglia K. mTORc1 activity is necessary and sufficient for
phosphorylation of eNOS(S1177). Physiol Rep. 2018;6(12):e13733.
Huang WP, et al. Fenofibrate attenuates doxorubicin-induced cardiac
dysfunction in mice via activating the eNOS/EPC pathway. Sci Rep.
2021;11(1):1159.

Mu H, et al. Ursolic acid prevents doxorubicin-induced cardiac toxicity
in mice through eNOS activation and inhibition of eNOS uncoupling. J
Cell Mol Med. 2019;23(3):2174-83.

Octavia Y, et al. Folic acid reduces doxorubicin-induced cardiomyopa-
thy by modulating endothelial nitric oxide synthase. J Cell Mol Med.
2017,21(12):3277-87.

Yarmohammadi F, Hayes AW, Karimi G. Targeting PPARs signaling
pathways in cardiotoxicity by natural compounds. Cardiovasc Toxicol.
2022,22(4):281-91.

HiguchiT, et al. PPARgamma agonist pioglitazone in combination with
cisplatinum arrests a chemotherapy-resistant osteosarcoma PDOX
model. Cancer Genomics Proteomics. 2020;17(1):35-40.

120.

122.

123.

124.

125.

126.

127.

129.

132.

135.

137.

138.

139.

140.

141.

Page 18 of 20

LiuY, et al. Delivery of astragalus polysaccharide by ultrasound micro-
bubbles attenuate doxorubicin-induced cardiomyopathy in rodent
animals. Bioengineered. 2022;13(4):8419-31.

Babaei-Kouchaki S, et al. Effect of troxerutin on oxidative stress and
expression of genes regulating mitochondrial biogenesis in doxoru-
bicin-induced myocardial injury in rats. Naunyn Schmiedebergs Arch
Pharmacol. 2020;393(7):1187-95.

Chen ZC, Chen LJ, Cheng JT. Doxorubicin-induced cardiac toxicity is
mediated by lowering of peroxisome proliferator-activated receptor
delta expression in rats. PPAR Res. 2013;2013:456042.

Renu K, et al. Exploring the pattern of metabolic alterations causing
energy imbalance via PPARalpha dysregulation in cardiac muscle dur-
ing doxorubicin treatment. Cardiovasc Toxicol. 2022;22(5):436-61.
Upadhyay S, Mantha AK, Dhiman M. Glycyrrhiza glabra (Licorice) root
extract attenuates doxorubicin-induced cardiotoxicity via alleviating
oxidative stress and stabilising the cardiac health in H9c2 cardiomyo-
cytes. J Ethnopharmacol. 2020;258:112690.

Zhang WB, Zheng YF, Wu YG. Inhibition of miR-128-3p attenuated
doxorubicin-triggered acute cardiac injury in mice by the regulation of
PPAR-gamma. PPAR Res. 2021;2021:7595374.

Yan J, et al. Piperine alleviates doxorubicin-induced cardiotoxicity via
activating PPAR-gamma in mice. PPAR Res. 2019;2019:2601408.

Han Z, et al. Network-driven targeted analysis reveals that Astragali
Radix alleviates doxorubicin-induced cardiotoxicity by maintaining fatty
acid homeostasis. J Ethnopharmacol. 2022,287:114967.

Jiang Y, Zhang Q. Catalpol ameliorates doxorubicin-induced inflamma-
tion and oxidative stress in H9C2 cells through PPAR-gamma activation.
Exp Ther Med. 2020;20(2):1003-11.

Kong, S., B. Cai and Q. Nie, PGC-1alpha affects skeletal muscle and
adipose tissue development by regulating mitochondrial biogenesis.
Mol Genet Genomics 2022.

Ou HC, et al. Low-level laser prevents doxorubicin-induced skeletal
muscle atrophy by modulating AMPK/SIRT1/PCG-1alpha-mediated
mitochondrial function, apoptosis and up-regulation of pro-inflamma-
tory responses. Cell Biosci. 2021;11(1):200.

Cheung KG, et al. Sirtuin-3 (SIRT3) protein attenuates doxorubicin-
induced oxidative stress and improves mitochondrial respiration in
H9c2 cardiomyocytes. J Biol Chem. 2015;290(17):10981-93.

LiW, et al. Ferruginol restores SIRT1-PGC-1alpha-mediated mitochon-
drial biogenesis and fatty acid oxidation for the treatment of DOX-
induced cardiotoxicity. Front Pharmacol. 2021;12:773834.

Saleh MF, Elsayad ME, Goda AE. Mitigation of doxorubicin-induced
cardiotoxicity by dichloroacetate: potential roles of restoration of
PGC-1alpha/SIRT3 signaling and suppression of oxidative stress and
apoptosis. Eur Rev Med Pharmacol Sci. 2021,25(21):6573-84.

Liu D, et al. PGC1alpha activation by pterostilbene ameliorates acute
doxorubicin cardiotoxicity by reducing oxidative stress via enhancing
AMPK and SIRT1 cascades. Aging (Albany NY). 2019;11(22):10061-73.
Wang R, et al. MiR-22 inhibition alleviates cardiac dysfunction in
doxorubicin-induced cardiomyopathy by targeting the sirt1/PGC-
Talpha pathway. Front Physiol. 2021;12:646903.

Sonowal H, et al. Aldose reductase regulates doxorubicin-induced
immune and inflammatory responses by activating mitochondrial
biogenesis. Eur J Pharmacol. 2021;895:173884.

Hirschenson J, Melgar-Bermudez E, Mailloux RJ. The uncoupling pro-
teins: a systematic review on the mechanism used in the prevention of
oxidative stress. Antioxidants (Basel). 2022;11(2).

Yu JL, et al. Dexmedetomidine alleviates doxorubicin cardiotoxicity by
inhibiting mitochondrial reactive oxygen species generation. Hum Cell.
2020;33(1):47-56.

Hu C, et al. Matrine attenuates oxidative stress and cardiomyocyte
apoptosis in doxorubicin-induced cardiotoxicity via maintaining AMP-
Kalpha/UCP2 pathway. Acta Pharm Sin B. 2019;9(4):690-701.

Pakravan G, et al. Downregulation of miR-130a, antagonized doxoru-
bicin-induced cardiotoxicity via increasing the PPARgamma expression
in mESCs-derived cardiac cells. Cell Death Dis. 2018:9(7):758.

Du J, et al. Inhibition of miR-23a attenuates doxorubicin-induced
mitochondria-dependent cardiomyocyte apoptosis by targeting the
PGC-1alpha/Drp1 pathway. Toxicol Appl Pharmacol. 2019;369:73-81.
Koleini N, et al. Oxidized phospholipids in Doxorubicin-induced cardio-
toxicity. Chem Biol Interact. 2019;303:35-9.



Shi et al. Cell Communication and Signaling

143,
144,
145,
146.
147.
148,

149.

151.

152.

153.

154.

155.

156.

157.

161.

162.

164.

167.
168.
169.

170.

(2023) 21:61

Ying H, et al. Role of iron homeostasis in the heart : Heart failure, cardio-
myopathy, and ischemia-reperfusion injury. Herz. 2022;47(2):141-9.
Tadokoro T, et al. Mitochondria-dependent ferroptosis plays a pivotal
role in doxorubicin cardiotoxicity. JCI Insight. 2020;5(9).

Stockwell BR, et al. Ferroptosis: a regulated cell death nexus linking
metabolism, redox biology, and disease. Cell. 2017;171(2):273-85.
Miotto G, et al. Insight into the mechanism of ferroptosis inhibition by
ferrostatin-1. Redox Biol. 2020;28:101328.

Forcina GC, Dixon SJ. GPX4 at the crossroads of lipid homeostasis and
ferroptosis. Proteomics. 2019;19(18):e1800311.

Imai H, et al. Lipid peroxidation-dependent cell death regulated by
GPx4 and ferroptosis. Curr Top Microbiol Immunol. 2017;403:143-70.
WangY, et al. PRMT4 promotes ferroptosis to aggravate doxorubicin-
induced cardiomyopathy via inhibition of the Nrf2/GPX4 pathway. Cell
Death Differ. 2022.

Luo LF, et al. Astragaloside IV inhibits adriamycin-induced car-

diac ferroptosis by enhancing Nrf2 signaling. Mol Cell Biochem.
2021;476(7):2603-11.

Chen H, et al. Salidroside inhibits doxorubicin-induced cardiomyopa-
thy by modulating a ferroptosis-dependent pathway. Phytomedicine.
2022;99:153964.

Kitakata H, et al. MITOL/MARCH5 determines the susceptibility of
cardiomyocytes to doxorubicin-induced ferroptosis by regulating GSH
homeostasis. J Mol Cell Cardiol. 2021;161:116-29.

LiuY, et al. Acyl-CoA thioesterase 1 prevents cardiomyocytes from
Doxorubicin-induced ferroptosis via shaping the lipid composition. Cell
Death Dis. 2020;11(9):756.

Xu X, Persson HL, Richardson DR. Molecular pharmacology of the inter-
action of anthracyclines with iron. Mol Pharmacol. 2005;68(2):261-71.
Milczarek A, et al. A drastic superoxide-dependent oxidative stress is
prerequisite for the down-regulation of IRP1: Insights from studies on
SOD1-deficient mice and macrophages treated with paraquat. PLoS
ONE. 2017;12(5):¢0176800.

Chen X, et al. Role of TLR4/NADPH oxidase 4 pathway in promoting cell
death through autophagy and ferroptosis during heart failure. Biochem
Biophys Res Commun. 2019;516(1):37-43.

CoccoE, et al. Protective effect of mitochondrial ferritin on cytosolic
iron dysregulation induced by doxorubicin in Hela cells. Mol Biol Rep.
2013;40(12):6757-64.

Fang X, et al. Ferroptosis as a target for protection against cardiomyopa-
thy. Proc Natl Acad Sci USA. 2019;116(7):2672-80.

Ichikawa Y, et al. Cardiotoxicity of doxorubicin is mediated through
mitochondrial iron accumulation. J Clin Invest. 2014;124(2):617-30.
Menon AV, Kim J. Iron promotes cardiac doxorubicin retention and
toxicity through downregulation of the mitochondrial exporter ABCBS.
Front Pharmacol. 2022;13:817951.

Wu X, et al. Ferroptosis as a novel therapeutic target for cardiovascular
disease. Theranostics. 2021;11(7):3052-9.

Yarmohammadi F, et al. Inflammation suppression in doxorubicin-
induced cardiotoxicity: natural compounds as therapeutic options.
Naunyn Schmiedebergs Arch Pharmacol. 2021;394(10):2003-11.
QuagliarielloV, et al. Cardioprotective effects of nanoemulsions loaded
with anti-inflammatory nutraceuticals against doxorubicin-induced
cardiotoxicity. Nutrients. 2018;10(9).

Zhang H, et al. Self-maintenance of cardiac resident reparative mac-
rophages attenuates doxorubicin-induced cardiomyopathy through
the SR-AT-c-Myc axis. Circ Res. 2020;127(5):610-27.

Wei, et al. Pyroptosis-induced inflammation and tissue damage. J Mol
Biol. 2022;434(4):167301.

Yang F, et al. Pyroptosis and pyroptosis-inducing cancer drugs. Acta
Pharmacol Sin. 2022.

Shi H, et al. GSDMD-mediated cardiomyocyte pyroptosis promotes
myocardial I/R injury. Circ Res. 2021;129(3):383-96.

Johns CE, Galam L. Guanylate binding protein 1 (GBP1): a key protein in
inflammatory pyroptosis. Cell Biochem Biophys. 2022.

Wang Y, et al. Chemotherapy drugs induce pyroptosis through cas-
pase-3 cleavage of a gasdermin. Nature. 2017;547(7661):99-103.

Kelley N, et al. The NLRP3 inflammasome: an overview of mechanisms
of activation and regulation. Int J Mol Sci. 2019;20(13).

He Q, et al. Resveratrol alleviates cerebral ischemia/reperfusion

injury in rats by inhibiting NLRP3 inflammasome activation through

172.

173.

174.

175.

176.

178.

180.

183.

184.

185.

186.

187.

189.

191.

192.

193.

194.

195.

196.

197.

Page 19 of 20

Sirt1-dependent autophagy induction. Int Immunopharmacol.
2017;50:208-15.

Shi J, et al. Cleavage of GSDMD by inflammatory caspases determines
pyroptotic cell death. Nature. 2015;526(7575):660-5.

Kamajaya LJ, Boucher D. Gasdermin D cleavage assay following inflam-
masome activation. Methods Mol Biol. 2022;2459:39-49.

Wang K, et al. Structural mechanism for GSDMD targeting by auto-
processed caspases in pyroptosis. Cell. 2020;180(5):941-955.e20.

He WT, et al. Gasdermin D is an executor of pyroptosis and required for
interleukin-1beta secretion. Cell Res. 2015;25(12):1285-98.

Maayah ZH, Takahara S, Dyck J. The beneficial effects of reducing NLRP3
inflammasome activation in the cardiotoxicity and the anti-cancer
effects of doxorubicin. Arch Toxicol. 2021;95(1):1-9.

Tavakoli DZ, Singla DK. Embryonic stem cell-derived exosomes inhibit
doxorubicin-induced TLR4-NLRP3-mediated cell death-pyroptosis. Am J
Physiol Heart Circ Physiol. 2019;317(2):H460-71.

Wei S, et al. Involvement of ROS/NLRP3 inflammasome signaling
pathway in doxorubicin-induced cardiotoxicity. Cardiovasc Toxicol.
2020;20(5):507-19.

Meng L, et al. Doxorubicin induces cardiomyocyte pyroptosis via the
TINCR-mediated posttranscriptional stabilization of NLR family pyrin
domain containing 3.J Mol Cell Cardiol. 2019;136:15-26.

Huang PP, et al. Honokiol antagonizes doxorubicininduced cardiomyo-
cyte senescence by inhibiting TXNIPmediated NLRP3 inflammasome
activation. Int J Mol Med. 2020;45(1):186-94.

Yang HB, et al. Selenium attenuates doxorubicin-induced cardiotoxicity
through Nrf2-NLRP3 pathway. Biol Trace Elem Res. 2021.

Gu J, et al. Pinocembrin inhibited cardiomyocyte pyroptosis against
doxorubicin-induced cardiac dysfunction via regulating Nrf2/Sirt3
signaling pathway. Int Immunopharmacol. 2021;95:107533.

Zhai J, et al. Calycosin ameliorates doxorubicin-induced cardiotoxicity
by suppressing oxidative stress and inflammation via the sirtuin 1-NOD-
like receptor protein 3 pathway. Phytother Res. 2020;34(3):649-59.

Sun Z, et al. Dihydromyricetin alleviates doxorubicin-induced cardio-
toxicity by inhibiting NLRP3 inflammasome through activation of SIRT1.
Biochem Pharmacol. 2020;175:113888.

Maayah ZH, et al. Resveratrol reduces cardiac NLRP3-inflammasome
activation and systemic inflammation to lessen doxorubicin-induced
cardiotoxicity in juvenile mice. FEBS Lett. 2021;595(12):1681-95.

Kabel AM, et al. Targeting oxidative stress, NLRP3 inflammasome, and
autophagy by fraxetin to combat doxorubicin-induced cardiotoxicity.
Pharmaceuticals (Basel) 2021;14(11).

Wan'Y, et al. Nicotinamide mononucleotide attenuates doxorubicin-
induced cardiotoxicity by reducing oxidative stress, inflammation and
apoptosis in rats. Arch Biochem Biophys. 2021;712:109050.

Yu W, et al. Curcumin suppresses doxorubicin-induced cardiomyocyte
pyroptosis via a PI3K/Akt/mTOR-dependent manner. Cardiovasc Diagn
Ther. 2020;10(4):752-69.

Zhang L, et al. Calycosin alleviates doxorubicin-induced cardiotoxicity
and pyroptosis by inhibiting NLRP3 inflammasome activation. Oxid
Med Cell Longev. 2022;2022:1733834.

Zhang L, et al. MCC950 attenuates doxorubicin-induced myocardial
injury in vivo and in vitro by inhibiting NLRP3-mediated pyroptosis.
Biomed Pharmacother. 2021;143:112133.

Zheng X, et al. Bnip3 mediates doxorubicin-induced cardiomyocyte
pyroptosis via caspase-3/GSDME. Life Sci. 2020,242:117186.

Zhang Z, et al. Caspase-3-mediated GSDME induced Pyroptosis in
breast cancer cells through the ROS/JNK signalling pathway. J Cell Mol
Med. 2021;25(17):8159-68.

Duan T, et al. Toll-like receptor signaling and its role in cell-mediated
immunity. Front Immunol. 2022;13:812774.

Zhou Y, et al. The role of toll-like receptors in atherothrombotic cardio-
vascular disease. ACS Pharmacol Transl Sci. 2020;3(3):457-71.
Crowley T, et al. Modulation of TLR3/TLR4 inflammatory signaling by the
GABAB receptor agonist baclofen in glia and immune cells: relevance to
therapeutic effects in multiple sclerosis. Front Cell Neurosci. 2015;9:284.
Taskin E, et al. The role of toll-like receptors in the protective effect of
melatonin against doxorubicin-induced pancreatic beta cell toxicity.
Life Sci. 2019;233:116704.

Fitzgerald KA, Kagan JC. Toll-like receptors and the control of immunity.
Cell. 2020;180(6):1044-66.



Shi et al. Cell Communication and Signaling

198.

199.

200.
201.

202.

203.

204.

205.

206.

207.

208.

209.

211.

214,

215.

216.

217.

218.

220.

221.

222.

(2023) 21:61

Xinyong C, et al. The role of toll-like receptors in myocardial toxicity
induced by doxorubicin. Immunol Lett. 2020;217:56-64.

Refaie M, et al. Dose-dependent cardioprotective effect of hemin

in doxorubicin-induced cardiotoxicity via Nrf-2/HO-1 and TLR-5/
NF-kappaB/TNF-alpha signaling pathways. Cardiovasc Toxicol.
2021;21(12):1033-44.

Liang S, et al. TLR2 and TLR3 expression as a biomarker for the risk of
doxorubicin-induced heart failure. Toxicol Lett. 2018;295:205-11.

Riad A, et al. Toll-like receptor-4 deficiency attenuates doxorubicin-
induced cardiomyopathy in mice. Eur J Heart Fail. 2008;10(3):233-43.
Ma ZG, et al. Toll-like receptor 5 deficiency diminishes dox-
orubicin-induced acute cardiotoxicity in mice. Theranostics.
2020;10(24):11013-25.

Ye S, et al. LCZ696 attenuated doxorubicin-induced chronic cardiomyo-
pathy through the TLR2-MyD88 complex formation. Front Cell Dev Biol.
2021;9:654051.

Syukri A, et al. Doxorubicin induced immune abnormalities and
inflammatory responses via HMGB1, HIF1-alpha and VEGF pathway

in progressive of cardiovascular damage. Ann Med Surg (Lond).
2022;76:103501.

Zhang H, et al. Protective effects of dexazoxane on rat ferroptosis in
doxorubicin-induced cardiomyopathy through regulating HMGB1.
Front Cardiovasc Med. 2021;8:685434.

Li J, et al. HMGB1 promotes resistance to doxorubicin in human hepa-
tocellular carcinoma cells by inducing autophagy via the AMPK/mTOR
signaling pathway. Front Oncol. 2021;11:739145.

Chen H, et al. Protective effect of INcRNA CRNDE on myocardial cell
apoptosis in heart failure by regulating HMGB1 cytoplasm translocation
through PARP-1. Arch Pharm Res. 2020;43(12):1325-34.

Chen R, Kang R, Tang D. The mechanism of HMGB1 secretion and
release. Exp Mol Med. 2022;54(2):91-102.

Yang H, Wang H, Andersson U. Targeting inflammation driven by
HMGBT1. Front Immunol. 2020;11:484.

Taskin E, et al. Silencing HMGB1 expression inhibits adriamycin’s heart

toxicity via TLR4 dependent manner through MAPK signal transduction.

JBUON. 2020;25(1):554-65.

Zhang H, et al. Rosuvastatin reduces the pro-inflammatory effects of
adriamycin on the expression of HMGB1 and RAGE in rats. Int J Mol
Med. 2018;42(6):3415-23.

DuY, et al. Protective effect of miR-204 on doxorubicin-induced cardio-
myocyte injury via HMGB1. Oxid Med Cell Longev. 2020;2020:8819771.
Zhang VJ, et al. MD-1 deficiency accelerates myocardial inflammation
and apoptosis in doxorubicin-induced cardiotoxicity by activating the
TLR4/MAPKs/nuclear factor kappa B (NF-kappaB) signaling pathway.
Med Sci Monit. 2019;25:7898-907.

LiuT, et al. NF-kappaB signaling in inflammation. Signal Transduct
Target Ther. 2017. 2.

Ricottini E, et al. Effect of high-dose atorvastatin reload on the release
of endothelial progenitor cells in patients on long-term statin treat-
ment who underwent percutaneous coronary intervention (from the
ARMYDA-EPC Study). Am J Cardiol. 2016;117(2):165-71.

El-Agamy DS, et al. Pristimerin protects against doxorubicin-induced
cardiotoxicity and fibrosis through modulation of Nrf2 and MAPK/
NF-kB signaling pathways. Cancer Manag Res. 2019;11:47-61.
Arunachalam S, et al. Nerolidol attenuates oxidative stress, inflamma-
tion, and apoptosis by modulating Nrf2/MAPK signaling pathways in
doxorubicin-induced acute cardiotoxicity in rats. Antioxidants (Basel).
2021;10(6).

Chu X, et al. Crocin protects against cardiotoxicity induced by doxo-
rubicin through TLR-2/NF-kappaB signal pathway in vivo and vitro. Int
Immunopharmacol. 2020;84:106548.

. TangY, et al. Effects of enalapril on TLR2/NF-kappaB signaling pathway

and inflammatory factors in rabbits with chronic heart failure. Evid
Based Complement Alternat Med. 2021,2021:9594607.

Baniahmad B, et al. Cardioprotective effect of vanillic acid against doxo-
rubicin-induced cardiotoxicity in rat. Res Pharm Sci. 2020;15(1):87-96.
Xu L, et al. Ozone attenuated H9c2 cell injury induced by doxorubicin. J
Cardiovasc Pharmacol. 2021;78(1):e86-93.

Brady OA, Martina JA, Puertollano R. Emerging roles for TFEB in the
immune response and inflammation. Autophagy. 2018;14(2):181-9.

223.

224,

225.

226.

227.

228.

229.

230.

231,

232.

Page 20 of 20

Napolitano G, Ballabio A. TFEB at a glance. J Cell Sci.
2016;129(13):2475-81.

Wang X, et al. TFEB-NF-kappaB inflammatory signaling axis: a novel
therapeutic pathway of Dihydrotanshinone | in doxorubicin-induced
cardiotoxicity. J Exp Clin Cancer Res. 2020;39(1):93.

Forman HJ, Zhang H. Targeting oxidative stress in disease: prom-

ise and limitations of antioxidant therapy. Nat Rev Drug Discov.
2021;20(9):689-709.

Murphy AJ, Febbraio MA. Immune-based therapies in cardiovascular
and metabolic diseases: past, present and future. Nat Rev Immunol.
2021;21(10):669-79.

Baik AH, et al. Mechanisms of Cardiovascular Toxicities Associated With
Immunotherapies. Circ Res. 2021;128(11):1780-801.

Lafuse WP, Wozniak DJ, Rajaram M. Role of cardiac macrophages on
cardiac inflammation, fibrosis and tissue repair. Cells. 2020;10(1).
Lutgens E, et al. Immunotherapy for cardiovascular disease. Eur Heart J.
2019;40(48):3937-46.

Rurik JG, Aghajanian H, Epstein JA. Immune cells and immunotherapy
for cardiac injury and repair. Circ Res. 2021;128(11):1766-79.

Singla DK, Johnson TA, Tavakoli DZ. Exosome treatment enhances anti-
inflammatory m2 macrophages and reduces inflammation-induced
pyroptosis in doxorubicin-induced cardiomyopathy. Cells. 2019;8(10).
Du J, et al. A small-molecule cocktail promotes mammalian car-
diomyocyte proliferation and heart regeneration. Cell Stem Cell.
2022;29(4):545-558.e13.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Role of oxidative stress and inflammation-related signaling pathways in doxorubicin-induced cardiomyopathy
	Abstract 
	Introduction
	Signaling pathways related to oxidative stress
	Nrf2Keap1ARE signaling pathway
	Sirt1p66Shc signaling pathway
	NOX singnaling
	NOS singnaling
	Sirt1PPARPGC-1α signaling pathway
	Iron signaling

	Signaling pathways related to inflammation
	NLRP3caspase-1GSDMD signaling pathway
	HMGB1TLR4MAPKsNF-κB signaling pathway
	mTORTFEBNF-κB signaling pathway

	Conclusion
	Future perspective
	Anchor 17
	Acknowledgements
	References


