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Abstract
The anti-cancer agent doxorubicin (DOX) has high cardiotoxicity that is linked to DOX-mediated increase in oxidative 
stress, mitochondrial iron overload, DNA damage, autophagy, necrosis, and apoptosis, all of which are also associated 
with secondary tumorigenicity. This limits the clinical application of DOX therapies. Previous studies have attributed 
DOX-mediated cardiotoxicity to mitochondrial iron accumulation and the production of reactive oxygen species (ROS), 
which seem to be independent of its anti-tumor DNA damaging effects. Chemo-sensitization of soluble guanylate cyclase 
(sGC) in the cyclic guanosine monophosphate (cGMP) pathway induces tumor cell death despite the cardiotoxicity 
associated with DOX treatment. However, sGC–cGMP signaling must be activated during heart failure to facilitate 
myocardial cell survival. The sGC pathway is dependent on nitric oxide and signal transduction via the nitric oxide–
sGC–cGMP pathway and is attenuated in various cardiovascular diseases. Additionally, cGMP signaling is regulated 
by the action of certain phosphodiesterases (PDEs) that protect the heart by inhibiting PDE, an enzyme that hydrolyses 
cGMP to GMP activity. In this review, we discuss the studies describing the interactions between cGMP regulation 
and DOX-mediated cardiotoxicity and their application in improving DOX therapeutic outcomes. The results provide 
novel avenues for the reduction of DOX-induced secondary tumorigenicity and improve cellular autonomy during DOX-
mediated cardiotoxicity.
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Key Points 

Doxorubicin induces high cardiotoxicity, leading to 
obstacles in clinical practice.

The regulation of cyclic guanosine monophosphate 
(cGMP) is an effective molecular therapeutic target in 
improving cardiac dysfunction.

Soluble guanylate cyclase activity is important in the 
regulation of cGMP in onco-cardiology.

1  Introduction

Doxorubicin (DOX) is an effective anti-cancer agent; how-
ever, its clinical application is limited as a result of its 
demonstrated cytotoxicity in cardiac cells, which can lead 
to heart failure [1]. DOX-induced cardiotoxicity can be 
divided into three categories: acute change, early chronic 

progressive cardiotoxicity, and late chronic progressive 
cardiotoxicity. Early onset chronic cardiotoxicity, such as 
cardiomyopathy that progresses to congestive heart fail-
ure (CHF), usually occurs within a year of discontinuing 
DOX therapy [2]. The enzymatic reduction of the car-
bonyl groups in the side chains of DOX leads to the for-
mation of the secondary alcohol metabolite doxorubicinol 
(DOXOL). DOXOL is several times more toxic than DOX 
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[3]. DNA damage and mitochondrial dysfunction have 
been shown to be crucial to the underlying mechanism of 
DOX cardiotoxicity [1, 4]. In addition, iron dyshomeosta-
sis and generation of intracellular reactive oxygen species 
(ROS) were also observed in patients treated with DOX 
[5]. However, the subcellular mechanism of DOX-induced 
heart failure and the effectiveness of the therapy are not 
well understood.

A recent review reported that manipulation of nitric 
oxide (NO)-cyclic guanosine monophosphate (cGMP) 
signals could open up new and innovative approaches to 
cancer treatment, stem cell proliferation, and differentiation 
[6]. cGMP regulates contractility, accelerates relaxation, and 
improves the stiffness of cardiac muscle. Most studies on 
the cardiac role of cGMP/cGMP-dependent protein kinase 1 
(cGK-1) signaling have focused on the effects of upregulated 
cGMP synthesis.

Clinical therapies have been developed using NO donors 
(or organic nitrate) or natriuretic peptide, and both are rou-
tinely used in the treatment of heart disease. In addition, 
interest in phosphodiesterases (PDEs), which control cGMP 
degradation, has increased over the past decade [7]. cGMP 
affects cAMP (cyclic adenosine monophosphate) signaling 
and regulates heart function through crosstalk regulation 
via cGMP-regulated PDE (PDE2 or PDE3). In a rat model 
of right ventricular hypertrophy, acute PDE5 inhibition 
increased myocardial cAMP (as well as cGMP) and cardiac 
contraction, which were linked to reduced PDE3 activity. 
Similar positive anisotropic conduction properties following 
PDE5 inhibition were observed by in a single study of the 
human right ventricle [8].

It is critical to identify altered molecular signals involved 
in DOX-induced heart failure and to develop adjuvant ther-
apy to prevent DOX-induced cardiotoxicity. The recovery 
of the NO–soluble guanylate cyclase (sGC)–cGMP path-
way could provide protective effects for cardiomyocytes. 
Additionally, increasing sGC-cGMP pathway activity is an 
important treatment target in heart failure, and research has 
indicated that DOX administration decreases cardiac sGC 
activity [9].

We hypothesized that regulating the cGMP path-
way is an effective method for treating heart failure, and 
thus investigated the role of the cGMP-related pathways, 
NO–cGMP–sGC, and cGMP-PDEs in alleviating DOX-
mediated cardiotoxicity (Fig. 1). Our aim was to under-
stand the relationship between DNA damage, mitochon-
drial iron overload, energy dysregulation, oxidative stress, 
autophagy and apoptosis and their effects on both DOX 
anti-tumor activity and DOX-induced cardiotoxicity. We 
reviewed recent research articles, and provide the ground-
work for an anti-tumor approach to prevent DOX-mediated 
cardiotoxicity.

2 � DOX‑Induced Heart Failure During Cancer 
Therapy

DOX can inhibit tumor formation and ultimately retards can-
cer cell proliferation and division by limiting the prolifera-
tion of cancer cells through its prophylactic interference with 
DNA or RNA structures [2]. A total of 32% of breast cancer 
patients, 57–70% of elderly lymphoma patients, and 50–60% 
of childhood cancer survivors are treated with anthracycline 
therapies [10]. Therefore, any long-term clinical effects of 
these therapies may have far reaching consequences on 
the health and survival of cancer patients. Significant evi-
dence has linked increased cardiovascular morbidity and 
mortality in these patients with conventional anthracycline 
chemotherapies.

The incidence of cardiac toxicity depends on the method 
of treatment, with cardiac toxicity ranging from obvious 
clinical symptoms requiring urgent hospital stays to asymp-
tomatic structural changes in cardiac imaging, new onset 
arrhythmias, or significant biomarker elevations before 
symptoms and structural or electrical changes are detected. 
These observations span frequency and severity, with car-
diotoxicity frequently associated with other symptoms of 
systemic heart failure [10]. In addition, both myocardial 
and vascular toxicities have been associated with several 
aspects of myocardial ischemia and pulmonary hypertension 
caused by prolonged QTc, arrhythmia, and arteriosclerosis. 
Heart failure with preserved ejection fraction (HFpEF; also 
called diastolic heart failure) occurs when the left ventricle 
(LV) is not properly filled with blood during the diastolic 

Fig. 1   Schematic diagrams of cyclic GMP regulations. The activ-
ity of sGC and PDE altered by DOX complementarily regulates the 
concentration of cGMP. It raises the possibility that the NO-sGC-
cGMP signaling pathway may be therapeutically beneficial for DOX-
induced cardiac toxicity in cardio-oncology. cGMP cyclic guanosine 
monophosphate, DOX doxorubicin, eNOS endothelial nitric oxide 
synthease, GMP guanosine monophosphate, NO nitric oxide, PDE 
phosphodiesterase, PDE5 phosphodiesterase type 5, ROS reactive 
oxygen species, sGC soluble guanylate cyclase
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phase. Many HFpEF patients have increased LV mass or 
relative wall thickness and may have concentric remodeling 
or hypertrophy. The total LV chamber size is usually normal 
or almost normal, but the myocardial cells themselves may 
exhibit increased diameters [11]. Since the pathophysiology 
underlying HFpEF is heterogeneous, with each displaying 
slightly different phenotypes, it remains poorly understood, 
with even the etiological definition of HFpEF being vari-
able [12]. Therefore, accurate diagnosis is difficult and there 
is currently no effective treatment for HFpEF. However, 
recently novel biomarkers including cardiac stress protein 
biomarkers (ST2), matrix metalloproteinase-2, and growth 
differentiation factor-15 have been identified for risk strati-
fication in HFpEF and could be used to develop important 
therapeutic targets for the treatment of HFpEF [10, 13].

Several mechanisms for cardiac DOX toxicity memory 
have been proposed [14]. One of the most widely accepted 
explanations is that the oxidative stress induced by these 
therapies produces ROS and oxygen free radicals that dam-
age the oxidative respiratory chain. There have been many 
studies on DOX-induced heart damage and its mechanism, 
and we summarize the cited studies in Table 1. Mitochon-
dria, which are abundant in myocardial cells, have been 

identified as major targets of DOX-induced cardiotoxicity 
[15]. DOX derivatives accumulate in the inner mitochon-
drial membrane, interfering with the electron transport chain 
promoting cytochrome C release. In addition, DOX has been 
shown to decrease the calcium storage capacity of mitochon-
dria by specifically activating the calcium channels, exacer-
bating calcium overload. Changes in calcium homeostasis 
cause mitochondrial dysfunction and apoptosis [16].

Dexrazoxane, the only known protective agent, approved 
by the Food and Drug Administration (FDA), against the 
cardiotoxic effects of the anthracyclines, has been shown to 
be a catalytic inhibitor of topoisomerase II (TopII). There are 
two TopII isomers. TopIIα, highly expressed in cancer cells 
and required for cell division, is a target for the anti-tumor 
effect of anthracyclines. However, TopIIβ is only expressed 
when it is not required for adult myocardial cell division. 
Since dexrazoxane binds TopIIβ and inhibits DOX-induced 
DNA double-strand breakage, it is possible to target TopIIβ 
in cardiomyocytes and induce a cardioprotective effect [15]. 
Although this effect can be observed in reduced DOX-medi-
ated cardiotoxicity in a TopIIβ knockout mouse model, the 
long-term effects of DOX treatment on cardiac progenitor 
cells remains unclear. Dexrazoxane appears to be the most 

Table 1   Experimental and clinical studies of doxorubicin on onco-cardiology

ABCB8 ATP-binding cassette subfamily B member 8, ANP atrial natriuretic peptide, ATP adenosine triphosphate, β-MHC beta-myosin heavy 
chain, DOXOL doxorubicinol, ETC electron transport chain, FTMT ferritin mitochondrial, FXN frataxin, HF heart failure, H9c2 cells rat cardio-
myocytes, LC3I/II I/II-light chain 3, LV left ventricle, LVDd left ventricular diastolic dysfunction, LVEF left ventricular ejection fraction, LVFS 
left ventricular fractional shortening, MFRN2 mitoferrin-2, ROS reactive oxygen species, SD Sprague–Dawley, TCA​ tricarboxylic acid cycle, 
TfR1 transferrin receptor protein 1, TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling

Models (publication year) Treatments of doxorubicin Mechanisms Morphological and func-
tional alterations

Human cardiac tissue (2020) [3] 60 mg/m2 rapid infusion Carbonyl reductase 3↑
DOXOL level↑

HF risk↑

H9c2 cells/A2780 cells/mouse (2015) [4] 5 μM for cells
3 mg/kg for mouse

ATP/TCA activity↓
ETC complex I protein activity↓
ROS level↑

Mitochondrial volume↑
Body weight↓
Creatine kinase level↑

Neonatal rat cardiomyocytes/C57BL/6 J 
ABCB8-TG mouse (2014) [5]

10 or 20 μM for cells
30 mg/kg for mouse

ABCB8, MFRN2 level↓
FTMT level↑
Lipid peroxidation product↑

Mitochondrial iron level↑
Fibrosis↑

Juvenile nu/nu athymic mouse (2015) [18] 25 mg/kg ANP/β-MHC↑
FXN↓
TfR1↑, ABCB8↓

LV mass and thickness↑
Mitochondrial ROS level↑
Mitochondrial iron level↑

6-weeks SD rat (2017) [24] 6 mg/kg 99mTc annexin-V uptake↑
Activated caspase-3↑

Body weight↓
Myocardial iron level↑
Myofilament loss↑

GFP-LC3 mouse (2012) [28] 20 mg/kg LVDd↑/LVEF↓
LC3I/II, p62, cathepsin D↑
ATP content↓

Heart function↓
Autophagy↑
Kinase protein activity↓

BALB/cAnNCr-nu/nu mouse (2010) [44] Doxorubicin (3 mg/kg)
Sildenafil (10 mg/kg)

Caspase-3 activity↑
LVFS, LVEF↓

LV function↓
Heart rate↓

H9c2 cells/8-weeks SD rat (2017) [56] 1 μM for cells
20 mg/kg for mouse

Activated caspase-3↑
TUNEL positive↑
LVEF, LVFS↓
Beclin1, p62, autophagosome↑

Apoptosis↑
LV function↓
ROS level↑
Autophagy↑
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effective drug tested to date. In addition to directly compet-
ing with TopII, it can reduce the oxidative stress experienced 
by myocardial cells produced by the interactions between 
DOX and iron ions, as well as stimulating the expression of 
the mitochondrial antioxidant enzymes [16].

3 � DOX‑Induced Genome Instability

There are three interrelated properties in clinical DOX 
chemotherapy: cardiotoxicity, anti-tumor activity, and 
secondary malignancies [1, 17]. Genome instability is an 
underlying issue since the generation of ROS and cytotoxic 
protein-linked DNA breaks (PDBs), primarily double-strand 
breaks (DSBs), are caused by DOX binding to DNA-TopII 
and mitochondria, respectively [1, 18, 19]. DOX interacts 
with TopII, which affects the tension and topologic features 
of genomic DNA, resulting in DNA damage and inducing 
DSBs. In the latter, DOX binds to mitochondria via oxida-
tive phosphorylation (OXPHOS) complex-I [19] and induces 
mitochondrial iron accumulation, generating ROS via the 
Fenton reaction [20]. These ROS produce DNA damage, 
which induces the DNA-damage-response pathways that 
suppress transcription factors known to be critical in the 
regulation of mitochondrial biogenesis, which may induce 
mitochondrial dysfunction [1, 4]. In addition, it has been 
reported that sGC activity decreases during DOX-mediated 
cardiomyopathy, and that this reduced sGC activity exacer-
bated ROS formation and cardiac dysfunction [9].

The mitochondria are also an important target of DOX 
toxicity. Frataxin (FXN) is a nuclear encoded mitochondrial 
protein that maintains mitochondrial iron homeostasis and 
modulates complexes I and III of the electron transport chain 
system [21], including the binding surfaces for iron and fer-
rochelatase [22]. FXN is also a direct target of p53, which 
can become dysregulated in tumor cells and downregulated 
in cardiomyocytes following DOX treatment [18, 23]. MtFt, 
an iron-sequestering protein, plays a role in iron storage and 
has a functional ferroxidase center with ferroxidase activity. 
MtFt prevents the production of ROS through the Fenton 
reaction, linking it to DOX-iron mediated oxidative stress 
[20]. DOX interacts with metal ions, especially iron, lead-
ing to the formation of DOX-iron (III) complexes. Iron also 
plays an important independent role in the production of 
harmful free radicals, which can have a detrimental effect on 
the myocardium [15, 24]. MtFt is highly expressed in heart 
tissue and decreases ROS production to inhibit mitochon-
drial damage [20]. Overexpression of MtFt leads to cellular 
iron redistribution and translocation into the mitochondria, 
even in tumor cells [20, 25]. Importantly, tumor growth is 
inhibited by the cytosolic iron deprivation caused by MtFt 
expression [25]. MtFt acts as a tumor suppressor protein, 
although its expression depends on tissue type. Furthermore, 

the inhibition of mitochondrial metabolism leads to p53 
genetic inactivation via an ROS-dependent mechanism in 
cancer cells [26], and ROS-generating mitochondrial DNA 
mutations can regulate tumor cell metastasis [27], which can 
stimulate cellular proliferation, cell migration, and invasion, 
contributing to carcinogenesis [27].

Chromosomal DNA is essential for maintaining homeo-
stasis and promoting cellular survival. Autophagy and bio-
genesis are tightly linked and have been shown to exhibit 
conserved responses to DOX-induced stress or damage. 
These processes exert some control on cellular turnover 
and act to restore cellular homeostasis and genomic stabil-
ity [4, 28]. However, electron microscopy has revealed that 
the autophagic process in response to DOX is initiated by an 
increase in lysosomes followed by rare autophagy-lysosome 
formation [28], which supports the generally accepted belief 
that DOX impairs the autophagic process. Autophagy failure 
promotes genomic instability resulting from gene amplifi-
cation and aneuploidy, both of which are associated with 
tumorigenesis [27, 29]. Although autophagy, programmed 
as a bulk degradation process, is part of the programmed 
cell death response, it can also suppress tumor growth by 
limiting genomic instability and oncogenic signaling [29]. 
Depending on the context and cell type, autophagy is an 
essential autonomous mechanism for restoring and main-
taining cell health. In addition, autophagy is also impor-
tant for recycling ferritin, and autophagy defects can alter 
iron homeostasis, which increases the cell’s susceptibility 
to oxidative stress. In contrast, autophagy could be help-
ful in reversing DOX-induced iron dyshomeostasis via its 
functional role in ferritin recycling [30].

4 � Damage to cGMP‑Dependent Pathway 
During Heart Failure

NO plays a fundamental role in activating sGC, which 
produces circulating GMP, a potent activator of protein 
kinase G1α (PKG1α), which plays an essential role in nor-
mal cardiovascular function by inhibiting vasoconstric-
tion, inflammation, hypertrophy, and fibrosis. cGMP is a 
ubiquitous second messenger found throughout the cells 
in the cardiovascular system. Acute elevations of cGMP 
generally exert anisotropic conduction properties as well 
as negative metabolism, while chronic elevations prevent 
and reverse heart hypertrophy [31]. A few studies found 
that the sGC/cGMP pathway is mediated in onco-cardi-
ology therapy (Table 2). Thus, reduced sGC activity is 
an important contributor to coronary microvascular dam-
age, myocardial cell stiffness, and interstitial fibrosis [32, 
33]. sGC is a heterodimeric enzyme composed of α and β 
subunits containing NO-sensitive heme cofactors. Small 
molecule stimulants bind and act on sGC in the presence 
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of these heme cofactors to enhance NO signaling [34]. 
Changes in sGC activity are recognized as a major fea-
ture of heart failure syndrome as reflected by the overpro-
duction of ROS, which reduces NO bioavailability [35]. 
Therefore, in order to increase cGMP, many studies have 
focused on the use of sGC activators or stimulators [36]. A 
recent study by Ritchie and colleagues demonstrated that 
sGC activator BAY 58-2667 induces myocardial protective 
effects in vitro, limiting myocardial hypertrophy [37]. In 
addition, the most recently published paper revealed that 
BAY 60-2770, an activator of oxidized sGC, acts as a car-
dioprotector by mitigating autophagy and mitochondrial 
membrane potential loss associated with oxidative stress 
in DOX-induced cardiac injury models. These new results 
highlight the therapeutic potential of sGC signaling to pre-
vent DOX-induced cardiomyopathy [38].

Elevated intracellular cGMP levels in cardiac myocytes 
affect several different pathways, including the activation of 
PKG, inhibition or stimulation of PDE activity, and changes 
in cAMP levels. Both sGC and cGMP are important targets 
for PDE proteins. Four PDEs (PDE1a, c; PDE2; PDE3a; 
and PDE5a) were found to contribute to the regulation of 
hydrolysis and/or signal transduction in myocytes. PDE1 
is a calcium-calmodulin (CaM)-dependent double esterase, 
PDE2 is a cGMP-stimulated cAMP esterase, and PDE3a is a 
cAMP esterase that can be competitively inhibited by cGMP. 
PDE5a is the only selective cGMP esterase in this group 
[39]. High concentrations of cGMP possibly induce con-
tractile changes through cross-activation of protein kinase A 
(PKA), as demonstrated in smooth muscle cells [40]. Acti-
vation of PDE was observed at low (less than 1 μM) con-
centrations of cGMP [41]. In hypertrophic right ventricular 

Table 2   sGC/cGMP-mediated on onco-cardiology therapy

ATP adenosine triphosphate, Bax Bcl-2 associated X, Bcl-2 B cell lymphoma 2, cGK-1 cGMP-dependent protein kinase 1, cGMP cyclic guano-
sine monophosphate, CTGF connective tissue growth factor, EC endothelial cell, H9c2 cells rat cardiomyocytes, HUVEC human umbilical vein 
endothelial cells, KO/WT knockout/wild type, LV left ventricle, LVEF left ventricular ejection fraction, LVFS left ventricular fractional short-
ening, MAPK mitogen-activated protein kinase, MDA malondialdehyde, mitoKATP mitochondrial ATP-sensitive potassium channel, mitoSOX 
mitochondrial superoxide, Nppb natriuretic peptide B, PDE5 phosphodiesterase type 5, PKG protein kinase G, p-VASP phospho-vasodilator 
stimulated phosphoprotein, Rcan1 regulator of calcineurin 1, ROS reactive oxygen species, SD Sprague–Dawley, sGC soluble guanylate cyclase, 
TAC​ transverse aortic constriction, TGFβ transforming growth factor-β, TMRE tetramethylrhodamine ethyl ester, VEGF vascular endothelial 
growth factor

Models 
(publication year)
Journal

Stressor Treatments Mechanisms Morphological and func-
tional alterations

C57BL/6 J TG mice
DNsGCα1 tg/+, 

sGCα1 −/−CM(2017) [9]

sGC activity↓
ROS level↑
Profibrotic mediator 

(TGFβ, CTGF)↑
MDA↑

LV systolic function↓
fibrosis↑
Reactive nitrogen species↑

HUVEC (2010) [33] sGC inhibitor NS-2028
(10 μM)

BAY 41-2272
(10 μM)
DETA-NO
(10 μM)

VEGF-induced EC prolif-
eration↓

Vascular sprouting↓
p-38 MAPK↓

EC migration↑
p-38 MAPK↑

Neonatal rat cardiomyo-
cytes (2012) [37]

BAY 58-2667/BAY 
41-2272

(0.1 μmol/L)

cGMP content↑
p-VASP↑
MAPK activity↑

Antihypertrophic action↑
cGK-1 activity↑
ROS level↓

H9c2 cells/8-weeks SD rat 
(2020) [38]

Doxorubicin
(0.5–10 μM for cells, 

20 mg/kg for rat)

BAY 60-2770
(10 μM for cells, 5 mg/kg 

for rat)

p-VASP↑, p-53↓
Bax/Bcl-2 ratio ↓
TMRE, mitoSOX↓
Autophagosome↑

Mitochondrial ROS level↓
Mitochondrial membrane 

potential↓
LV function↑
Autophagy↑

H9c2 cells/8-weeks SD rat 
(2017) [45]

Ischemic-reperfusion 
injury

BAY 60-2770
(5 mg/kg)

Infarct area↓
LVFS, LVEF↑
cGMP, PKG activity↑
mitoKATP channel↑

Myocardial infarction↓
LV function↑
PKG-mediated heart pro-

tection↑
Mitochondrial ROS level↓

PKG1α C42S KO/WT 
mouse (2019) [46]

TAC model
(7–0 prolene snare sized to 

a 27-G needle

Sildenafil
(200 mg/kg/day)
BAY 60-2770
(0.3 mg/kg/day)

Nppb, Rcan1↓
sGC↑
PDE5↓, cGMP↑

Cardiac hypertrophy↓
fibrosis↓
PKG1α oxidation↓
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myocardia, PDE5 is upregulated, PKG activity is inhibited, 
and cGMP is preferentially shifted to inhibition of PDE3. 
This increases cAMP and intracellular calcium levels, PKA 
activation, and contractility. Increased PDE5 expression 
tends to adversely affect LV remodeling in mice after myo-
cardial infarction. LV systolic and diastolic disorders were 
shown to be more pronounced in PDE5-TG mice, which 
overexpress PDE5 within cardiomyocytes specifically, than 
in wild-type mice. This was related to improved hypertro-
phy and decreased contractile function in myocardial cells 
isolated from remote myocardia [42]. The combination of 
cGMP and PDE reduces the activity of the enzymes that 
facilitate cAMP accumulation in myocardial cells. Initial 
investigations in frog, guinea pig, and human cardiomyo-
cytes have shown that inhibition of PDE initiated by cGMP 
stimulates transmembrane calcium transport [41].

5 � Cardioprotective Effect of PDE Pathways 
in Tumor Therapy

At least four different PDE isoforms account for the hydroly-
sis of cGMP in cardiac tissues. Among these, PDE5 is the 
most highly expressed in vascular smooth muscle [7, 31]. 
PDE5 inhibitors directly increase cGMP levels [43], which 
can increase the chemotherapy efficacy of DOX in cancer, 
such as prostate cancer, and protects against cardiac dysfunc-
tion [44]. PDE5 inhibitors effect their function via PKG1α 
signaling.

These studies led to the discovery of a novel application 
of the PDE5 inhibitor sildenafil in cardiovascular medicine. 
Sildenafil has been approved for use in pulmonary hyperten-
sion, but its efficacy in HFpEF patients has not been demon-
strated. cGMP inhibition of myocardial remodeling follow-
ing inhibition of PDE5 by sildenafil has been shown to be 
an attractive option for the treatment of lung and systemic 
hypertension and heart failure [35]. In a single-center study 
of 44 patients with HFpEF, pulmonary function with central 
hemodynamics, LV function, and PDE5 inhibitory function 
significantly improved, without inducing significant changes 
in the plasma cGMP levels between sildenafil and placebo 
groups. Thus, upregulation of PDE5 in HFpEF has not been 
clearly shown to be the underlying mechanism for reduced 
cGMP signaling, and reduced cGMP production has been 
shown to be more critical in HFpEF than PDE5 [11].

NO is the key initiator of the cGMP pathway, and many 
studies have investigated it as a therapeutic target for HFpEF. 
Several studies have reported that the introduction of an 
organic nitrate NO donor improves the health of the cardiac 
environment via  cGMP-independent pathways, and may 
be applicable as a clinical intervention. Interestingly, simulta-
neous administration of a PDE5 inhibitor and NO donor results 
in large increases in cGMP [31]. Conversely, low endogenous 

NO-cGMP production significantly limits or impairs the 
effectiveness of PDE5 inhibitors [32]. cGMP is produced 
by sGCs activated by NO and particulate GC downstream of 
sodium diuretic peptides [45]. Therefore, activation of sGCs is 
required to induce cGMP. The higher efficacy of sGC stimu-
lants compared to PDE5 inhibitors suggests that direct target-
ing of sGCs may be more beneficial than targeting downstream 
components of cGMP production [32, 46].

6 � sGCs and hsp90 in Tumor Therapy

More recently developed sGCs modulators that stimulate 
and activate sGCs in an NO-independent manner have been 
shown to have broader therapeutic potential. sGC modu-
lators include sGC stimulators and sGC activators. These 
sGC stimulators bind to the heme-containing sGCs, and their 
activity is dependent on the presence of heme, while the 
sGC activators preferentially bind to oxidized sGCs and act 
independently of the heme group [32].

Studies have shown that sGC is one of the more than 200 
chaperone heat shock protein 90 (hsp90) client proteins. sGC 
requires hsp90 for heme insertion during NO-active enzyme 
maturation [47], and hsp90 inhibitors are considered a poten-
tial treatment avenue for various cancers [48]. Additionally, 
tumor suppressor p53 is one of the hsp90 client proteins 
[49, 50]. However, one type of sGC activator, BAY 60-2770 
(4-(((4-carboxybutyl) (2-(5-fluoro-2-((4′-(trifluoromethyl) 
biphenyl-4-yl) methoxy) phenyl) ethyl) amino) methyl) ben-
zoic acid) [51], can overcome DOX-induced oxidized stress 
and activate sGC-cGMP-based signal cascades, bypass-
ing the requirements for active hsp90 [47]. Therefore, it is 
unlikely that BAY 60-2770 supports hsp90-mediated tumor 
growth. sGC expression is significantly lower in embryonic 
stem cells and glioma specimens as well as in hepatoma and 
breast cancer; restoring sGC expression blocks the aggres-
sive expansion of both glioma and breast cancer [6]. sGC 
consists of a large α and small heme-binding β subunit, with 
the β-subunit described as essential for sGC function [47, 
52]. Previous reports have indicated that sGCα1 is a poten-
tial regulator of sGC activity, and that the α-subunit main-
tains sGCs in an auto-inhibited basal state [52]. If this sGC 
activator bypasses active hsp90 and heme insertion and over-
comes allosteric inhibition by the α-subunit [47], this pro-
cess could be an innovative approach to cancer therapy using 
DOX, although this approach would be cell-type dependent.

7 � sGC‑cGMP and TopI‑Mediated 
Transcriptional Regulation

The sGC-cGMP signal pathway is poorly understood, but it 
has been linked to the activation of topoisomerase I (TopI), 
which might mediate PDB repair [53]. Additionally, TopI 



123The sGC-cGMP Signaling Pathway as a Potential Therapeutic Target

promotes RNA maturation and regulates gene expression 
[54]. TopI expression (as opposed to TopIIα, which is a 
target of DOX in tumor cells) is proliferation independent 
and is similar in cycling and non-cycling cells. TopIIα, 
which is expressed only in the S phase of the cell cycle, 
has been shown to increase in response to tumor tissue 
proliferation [55]. In comparison, disruption of TopIIα or 
TopIIβ results in embryonic or perinatal lethality and is 
not associated with TopI [53]. As discussed above, DOX 
can serve toxicity to TopIIα and TopIIβ. While cGMP tar-
gets TopI, sGC-cGMP signaling does not activate TopII. 
This indicates that it is unlikely that the DOX-TopII inter-
action is impaired by DOX target effects. Next, we focused 
on the effect of sGC activators on DOX-induced secondary 
malignancies related to topoisomerase in transcription-
associated carcinogenesis. Previous studies have shown 
that TopIIα and TopIIβ drive oncogenic translocations in 
TopII poison-induced secondary malignancies; however, 
in contrast to TopII, TopI has been implicated in gene 
deletion, and its role in carcinogenesis is not yet defined 
[55]. Taken together, these results support a causative role 
for TopII poisons in carcinogenic translocation, but do 
not support the same conclusion for TopI. The 180 kDa 
form of TopII was shown to be involved in the main steps 
preceding repair-specific DNA incision in UV-irradiated 
human fibroblasts. Because TopII inhibitors, particularly 
DOX, block UV-induced DNA repair, the strongest inter-
calators causes the most pronounced inhibition of repair. 
However, TopI inhibitors did not markedly diminish DNA 
repair synthesis [56]. Therefore, sGC activators could acti-
vate TopI-mediated transcription, regulating gene expres-
sion [54] and PDB repair attenuating DOX-associated 
secondary malignancies.

8 � Study Limitations

As with other analytical reviews, our review currently has 
limitations. All of the studies used in the analysis were 
very high quality, but there were some differences in the 
subject, method, or mechanism among each experiment. It 
was not possible to define the extent to which these differ-
ences could be related to the variation in the trial design 
or the target model. Bias could not be completely ruled 
out, and there is the potential for a hasty generalization 
error. Nevertheless, the direction of the study results was 
consistent, and the details can be found in the included 
tables. In addition, only studies on heart failure among car-
diotoxic diseases that may occur when anthracycline drugs 
are used during chemotherapy were included. It should be 
confirmed whether this study can be applied to other cardi-
otoxic diseases that may develop, such as cardiac ischemia, 

hypertension, and arrhythmia. A systematic study of these 
will be needed.

9 � Conclusion

Biochemical changes in myocardial cells induced by DOX 
pose a major obstacle to researchers and the development 
of DOX-reliant clinical therapies in the treatment of vari-
ous cancers. Autophagy and mitochondrial damage are 
important mechanisms underlying DOX-induced cardio-
toxicity [4, 56]. In particular, mitochondria, which play an 
important role in cardiomyocytes, are not only affected by 
DOX-induced DNA damage and transcriptional changes 
[19], but also induce iron accumulation resulting from 
reduced availability of MtFt and FXN [18, 26]. These fac-
tors can increase ROS in cardiomyocytes or activate p53 
gene expression, resulting in apoptosis [50, 57]. These 
cellular pathways are important for homeostasis, and sub-
sequent genomic instability and aberrations in these path-
ways can alter cancer development.

Administration of DOX reduces sGC activity in the 
heart, accelerating ROS formation and exacerbating heart 
failure [9]. Additionally, DOX promotes PDE (an enzyme 
involved in other cGMP signaling pathways) activation, 
inducing the degradation of cGMP in cardiomyocytes [39, 
42]. If the cGMP concentration in myocardial cells falls 
below a certain level, normal activity of the heart may not 
be achieved. sGC or PDE-cGMP signaling is important in 
innovative cancer treatments [6].

In conclusion, cGMP signaling pathways are a very 
important part of DOX oncology. Such interactions can 
attenuate DOX-induced cardiotoxicity and potentially 
reduce secondary malignant tumors that may occur dur-
ing DOX treatment in clinic, increasing the efficacy of 
DOX chemotherapy. This article focused on integrating 
multiple pathways to evaluate approaches to avoid DOX-
mediated cardiac toxicity. As a result, DOX provides infor-
mation on signaling pathways that regulate cGMP as a 
potential and innovative approach to cancer therapy. This 
provides additional information that can be incorporated 
into clinical practice and the prevention of DOX-induced 
cardiomyopathy.

10 � Clinical Perspective

DOX is used as a very effective anticancer agent, but it 
directly causes high cardiac toxicity and presents serious 
obstacles to clinical treatment. When cGMP is regulated 
in the heart and the concentration exceeds a certain level, 
heart function can be maintained normally. Therefore, the 
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control of cGMP can be an effective therapeutic target in 
the event of heart abnormalities. The activities of sGC and 
PDE, which are closely related to the cGMP regulation 
pathway, will play a very important role in cardio-oncol-
ogy. If a combination therapy with drugs that activates 
sGC or inhibits PDE is performed in clinical treatment 
to avoid heart damage, the use of DOX is smoother by 
mitigating the cardiac toxicity caused by cGMP. Treatment 
effect can be expected in chemotherapy for cancer patients.
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