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A B S T R A C T   

Since its discovery in the 1960 s, doxorubicin (DOX) has constantly elicited the broadest spectrum of cancer-
ocidal activity against human cancers. However, cardiotoxicity caused by DOX directly as well as its metabolites 
is a great source of concern over the continuous use of DOX in chemotherapy. While the exact mechanism of 
DOX-induced cardiotoxicity is yet to be completely understood, recent studies indicate oxidative stress, 
inflammation, and several forms of cell death as key pathogenic mechanisms that underpin the etiology of 
doxorubicin-induced cardiotoxicity (DIC). Notably, these key mechanistic events are believed to be negatively 
regulated by 3,4-dihydroxybenzoic acid or protocatechuic acid (PCA)—a plant-based phytochemical with proven 
anti-oxidant, anti-inflammatory, and anti-apoptotic properties. Here, we review the experimental findings de-
tailing the potential ameliorative effects of PCA under exposure to DOX. We also discuss molecular insights into 
the pathophysiology of DIC, highlighting the potential intervention points where the use of PCA as a veritable 
chemoprotective agent may ameliorate DOX-induced cardiotoxicities as well as toxicities due to other anticancer 
drugs like cisplatin. While we acknowledge that controlled oral administration of PCA during chemotherapy may 
be insufficient to eliminate all toxicities due to DOX treatment, we propose that the ability of PCA to block 
oxidative stress, attenuate inflammation, and abrogate several forms of cardiomyocyte cell death underlines its 
great promise in the amelioration of DIC.   

1. Introduction 

Cardiotoxicity due to doxorubicin (DOX) remains the most important 
public health concern questioning its continuous use in cancer chemo-
therapy. While markers of cardiotoxic injuries have been reported with 
the use of DOX alone, a much higher magnitude of cardiac damage, over 
13 times more, has been observed following the metabolism of DOX into 
the highly toxic metabolite, doxorubicinol (DOXol) [1]. Aside from the 
adverse effects associated with DOXol, there is also the challenge of poor 
selectivity of the drug. While the use of nanoparticles—principally 
liposomal DOX (LD), and Pegylated DOX (PGD), PGD have improved 
selectivity, they are insufficient to completely prevent cardiac toxicity 
[2–4]. 

Although the exact mechanism of doxorubicin-induced 

cardiotoxicity (DIC) is far from being resolved, many studies have 
identified oxidative stress and several forms of cardiomyocyte cell death 
such as apoptosis, pyroptosis, necroptosis, and ferroptosis as key mo-
lecular drivers for the initiation and stabilization of DIC [5–11]. Stim-
ulation of pro-oxidant mechanisms and inhibition of antioxidant enzyme 
activity have been recently identified as the fundamental molecular 
mechanisms underlying DIC [6,8,9,12]. Moreover, once accumulated in 
the myocardium, DOX begins to activate cell-death pathways such as 
ferroptosis, necroptosis, and apoptosis which manifest in the clinical 
cardiotoxicity [8,11]. 

Collectively, the non-selectivity of DOX, in addition to the associated 
oxidative stress and cell death in host cells following DOX exposure, 
elicits several layers of cellular perturbations, which ultimately results 
in the initiation of DIC while also lowering the therapeutic index of the 
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drug and increasing morbidity and mortality. Given these challenges 
and the concomitant adverse effects associated with the use of the drug, 
serious consideration is currently being given to co-administration with 
potent chemoprotective agents such as PCA during chemotherapy to not 
only improve treatment outcomes, but also mitigate developing toxic-
ities as well as prevent the onset of the life-threatening cardiomyopathy 
post-therapy [13–17]. 

The antioxidant and pharmacological activities of PCA have been 
extensively elucidated both in vivo and in vitro. PCA has also been 
compared to its precursor molecule, protocatechuic aldehyde (PLA)— 
the parent anthocyanin compound from which PCA is directly generated 
[18,19]. Findings not only demonstrate the antioxidant, anti-cell death, 
and other pharmacological properties of PCA in rats but these properties 
of PCA, when compared with those of PLA, were also found to be 
significantly higher [18,19]. Interestingly, the pharmacological prop-
erties of PCA, including its metal-chelating properties, show that these 
DIC events are negatively regulated by PCA [19]. Thus, while further 
investigation is warranted to firmly establish the clinical safety and 
reliability of PCA in chemotherapy, its proven anti-oxidant, anti-in-
flammatory, anti-cell death, and overall safety index at a therapeutic 
dose of 50–150 mg/kg [19,20], demonstrates that PCA can be used as an 
effective chemopreventive intervention for the abrogation of the key 
molecular events underpinning clinically detectable DIC. 

2. Protocatechuic acid: an overview 

2.1. A brief elucidation 

PCA (3,4-dihydrobenzoic acid), as shown in Fig. 1, is a phenolic 
compound widely found in many edible fruits, vegetables, and medici-
nal plants, especially Hibiscus sabdariffa L. (Hs, roselle; Malvaceae) [21, 
22]. The PCA powder, is gray in color, decolorizes in air, and has melting 
and boiling points of 221 and 410 degrees, respectively [16,23]. Addi-
tionally, PCA is incompatible with strong oxidizing agents and bases and 
requires the utmost careful handling as it is irritable to the eyes, lungs, 
and skin. PCA is only sparingly dissolved in water (1:50) but highly 
soluble in alcohol and ether in addition to corn oil, which is principally 
used for PCA dissolution in the experimental research [16,23]. 

In a 2012 investigation, involving the use of Liquid Chromatography 
with Tandem Mass Spectroscopy (LC-MS-MS), the pharmacokinetics 
activity of PCA was characterized in mice. Following an oral 

administration of 50 mg/kg in addition to reaching a plasma peak of 
73.6 μM in 5 min, PCA was reported to be rapidly absorbed with a half- 
life of 2.9 min [24]. Moreover, the characterization of Hs. extracts show 
that in addition to the presence of PCA, Hs extracts also possess organic 
acids (hydroxycitric acid and hibiscus acid) and anthocyanins (delphi-
nidin-3-sambubioside and cyanidin-3-sambubioside) as well as flavo-
noids, which are likely to be responsible for the anti-oxidant, 
anti-inflammatory, anti-nephrotoxic, hepatoprotective, anti-aging, 
p53-upregulating, anti-apoptotic, antibacterial, and antidiabetic prop-
erties that have been amply elucidated by several studies [21,25–29]. 
Notably, the flavonoids and polyphenols in PCA, have been associated 
with conferring protection against brain diseases, ulcerative colitis, 
cancers, diabetes, and a host of other non-communicable diseases 
[30–34]. Given the central role of inflammation in tumor initiation as 
well as the role of oxidative stress and cell death in the initiation, 
maintenance, and exacerbation of DIC, the role of PCA may indeed 
expand beyond simply ameliorating cardiotoxicity, to include sup-
pressing tumor progression during chemotherapy [33,35,36]. 

2.2. Comparing PCA with other chemoprotective agents 

Extensive work has been done on the mechanism of action and po-
tential applications of chemoprotective agents other than PCA [13, 
37–56]. Table 1 below provides a comparison of the chemoprotective 
effects of some agents with those of PCA. 

2.3. Toxicity profile 

Although there is a surfeit of experimental data regarding the 
beneficial roles of PCA, especially in regards to the attenuation of 
oxidative stress, inflammation, hepatotoxicity, nephrotoxicity, ulcer, 
aging, diabetes, and various forms of cell death, PCA has also been 
associated with adverse outcomes following overdose [19,26,28,61,62]. 
At an oral dose of 500 mg/kg, PCA has been reported to cause depletions 
in hepatic and renal GSH levels in mice, albeit, but no mortality [19,62]. 
Also, The LD50 of PCA was found to be 800 mg/kg by i.p. route and 
3.5 g/kg by i.v. route in mice [19]. Furthermore, sub-chronic mice 
exposure to 0.1% PCA in drinking water for a period of 60 days, cause 
slight but significant hepatotoxic and nephrotoxic effects in mice, 
underlined by enhanced activity of plasma alanine transferase and urea 
level, respectively. Nonetheless, a dose of at least 500 mg/kg PCA 
administration does not directly equate to the induction of toxicities. 
Kakkar and Bais, for example, also reported that aqueous extract of PCA 
in a daily dose of 500 mg/kg BW/day decreased the oxidative stress 
levels, prevented cellular degeneration and necrosis of the renal tissues, 
and also decreased serum urea and creatinine levels while significantly 
increasing GSH and SOD levels. Given this nuanced outcome with PCA 
administration at a dose of 500 mg/kg, available literature exhaustively 
supports the suggestion that overall safety with PCA admin-
istration—that is, significant non-toxic outcomes may only be guaran-
teed at a dose of between 50 and 150 mg/kg, for which no toxic 
outcomes have been reported till date [19,20]. 

2.4. Traditional use of PCA-containing plants 

Many plants including Hibiscus sabdariffa L. (Hs, roselle; Malvaceae), 
Eupenicillium parvum, Ceratonia silique (especially its Carob pod aqueous 
extract, CPAE), Boswellia dalzielii, Ginkgo biloba L. (ginkgo), Agar-
icusbisporus and Phellinus linteus (Mushrooms), have been studied for 
both their pharmacological and traditional importance [19]. However, 
the traditional use of Hibiscus sabdariffa (Roselle), is the most widely 
studied [21]. For example, the fresh and dried calyces of Hibiscus sab-
dariffa L. (Hs, roselle; Malvaceae) known as cHs, have been used tradi-
tionally in herbal drinks, as a food as well as in hot and cold beverages, 
fermented drinks, and in wine-making [21]. From its use in making 
‘’Cacody tea’’ in Egypt[63] and a drink known as ‘’Zoborodo’’ in Nigeria Fig. 1. Chemical structure of protocatechuic acid (PCA).  
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and ‘’Karkade’’ in Sudan [64], the PCA-containing Hibiscus plant, has 
also been locally applied to meet traditional culinary needs. Interest-
ingly, in Mexico, ‘’Zoborodo’’ and ‘’Karkade’’ are slightly modified in a 
process that involves the boiling of fleshy calyces with sugar to produce 
a new kind of drink called Jamaica or ‘‘agua de Jamaica’’ or ‘‘t é de 
Jamaica’’. Moreover, in Sudan, fresh or dried cHs calyces are eaten 
garnished with onions or groundnuts or eaten directly as vegetables in 
Malaysia [65]. 

2.5. Application in clinical trials 

PCA has also been applied in clinical settings, although progress in 
this area is still largely minimal. Relinqing granules (RLQ) granules are 
used alone or in combination with other antibacterial agents in the 
treatment of urological disorders. In a clinical study involving 12 
healthy patients to study the pharmacokinetics of RLQ in humans and 
the potential of RLQ-perpetrated interactions on transporters, in-
vestigators concluded that both garlic acid (GA) and protocatechuic acid 
(PCA) given their appreciable modulation of transporters (especially 
OAT1 transporter), could serve as pharmacokinetic (PK)-markers in 
RLQ-related pharmacokinetic and drug interaction studies [66]. Thus, 
by serving as a PK-marker for RLQ, PCA (and GA) via their modulatory 
activities on the organic anion transporter protein 1 (OAT1), can syn-
ergistically increase the assessment of RLQ in the brain to modulate the 
centers of the brain involved in controlling functionality and homeo-
stasis within the urological system. Also, PCA has been used in clinical 
settings as a topical antimicrobial agent for the amelioration of surgical 
site infection—essentially for surgical skin antisepsis. Using the 
Kirby-Bauer method of disc diffusion to investigate the in vitro antimi-
crobial activity and comparative effectiveness of PCA and 7 related 
compounds against surgical site infection (SSI) pathogens, Jalali et al. 
concluded that PCA demonstrated laboratory efficacy against pathogens 
implicated in SSI, including drug-resistant organisms and thus may be a 
novel antisepsis agent in the mitigation of the health burdens associated 
with SSI and bacteria resistance [67]. 

3. Metabolism of doxorubicin: a summary 

Doxorubicin metabolism, even though required for its eliciting of its 
antineoplastic effects, also generates such toxic metabolites as DOXol, 
doxorubicin deoxyaglycone, and doxorubicinol hydroxyaglycone. [12, 
68]. Using high and low DOX:Protein ratio as a marker for measuring the 

efficiency of each metabolic route, low DOX:Protein ratio was shown to 
be associated with the generation of doxorubicin deoxyagylcone and 
doxorubicinol hydroxyagylcone. Additionally, the DOX:Protein ratios 
were also associated with acute cardiotoxicity, which relative to chronic 
toxicity, is mild [12]. Conversely, high DOX:Protein ratio, which is 
associated with the generation of DOXol (itself reported to be 13 times 
more toxic than the parent molecule, DOX), is responsible for the 
chronic, life-threatening cardiomyopathy, following the cessation of 
DOX chemotherapy [12]. Although cardiac dysfunction and electro-
physiologic indices of oxidative stress were found to be attenuated 
following catalase overexpression and antioxidant administration in 
transgenic mice [69–72], such protective effects were found to wane 
after chronic DOX administration [73]. Interestingly, the administration 
of iron-chelating agents such as bis-dioxi-piperazine dexrazoxane, 
rescued the myocardium from observed DOX-induced toxicities, 
conferring a significant amount of cardiac protection [73,74]. Notably, 
PCA, given its widely reported metal (including iron)-chelating activ-
ities, can effectively sequester the surfeit of iron generated during 
DOX-induced ferroptosis [6,11] as well as effectively abrogate 
DOXol-induced oxidative stress, caused by both acute and chronic tox-
icities [12]. The pathway for the generation of DOX metabolites is 
illustrated in Fig. 2. 

4. Potential chemoprotective properties of PCA under DOX 
treatment 

Cancer chemoprevention is collectively defined as the use of natural, 
synthetic, biological, or chemical agents in the inhibition, blocking, 
suppression, or prevention of cancer progression to an invasive tumor or 
full-blown metastasis [75–79]. In line with this definition, chemo-
preventive agents are categorized as ‘blocking agents’, when their 
mechanism of action is to inhibit the initiation of tumorigenesis and as 
‘suppressing agents’ when they function to abrogate tumor promo-
tion/progression [75,80]. Recent investigations identified oxidative 
stress and programmed cell death as key mechanisms underlying the 
DOX-induced acute cardiotoxicity [11]. Additionally, several studies 
have also found that inflammation is a strong factor predisposing cells to 
the development of cancer. Indeed, inflammation has been underscored 
as underpinning all the stages of tumorigenesis as well as DIC [81–84]. 
Furthermore, inflammation, like carcinogens, UV light, and variable 
radiation, can induce mutations and/or epigenetic alterations in genes 
and signaling pathways involved in tumor suppression, principally in 

Table 1 
A comparison of PCA with other chemoprotective agents.   

Major 
Biological 
Sources 

Prominent Mechanisms of Action Other 
Chemoprotective 
Agents 

Major 
Biological 
Sources 

Prominent Mechanisms of Action 

PCA Actinidia arguta 
(Kiwi berry) 

Antioxidant activity [57] Curcumin Tumeric Suppresses tumor promotion via its inhibition of NF-kB, AP1 
and Cox2, β − Catenin activities [13,37] 

Morus alba 
(mulberry 
leaves) 

Antioxidant and immunomodulatory 
activities [58] 

Capsaicin Chilli Pepper Anti-tumor activity via the blockage of PMA- TNF-α induced 
Ap1 activation 
in mouse skin and cultured human leukemia 
HL-60 cells [38] 

Hibiscus 
sabdariffa 
(Roselle) 

Nephroprotective activity [19]) [6]-Gingerol Ginger Suppresses tumor progression via the inhibition of epidermal 
growth-induced Ap1 activation [59] 

Hibiscus 
sabdariffa 

Anti-hypertensive, hepatoprotective and 
anti-inflammatory activities [19] 

Resveratrol Grapes Anticancer and cardioprotective activity (French paradox) 
through the downregulation of the activity of the Mmp-9, 
Cox2, PMA-induced activation of Ap1 as well as NF-kB activity 
[39–42] 

Ginkgo biloba 
leaves (ginkgo) 

Antioxidant activity [19] Indole-3-carbinol Cabbage Anti-tumor activity, principally via the suppression of 
β − Catenin activity [43] 

Prunus 
amygdalus 
(almond) 

Antioxidant activity [19] Epigallocatechin-3- 
gallate 

Green tea Exerts antioxidant activity via the transcriptional activation of 
phase II detoxifying gene expression, strongly activated all 
three MAPKs (ERK, JNK and p38) [44] 

Euterpe 
oleracea (Acai 
berry) 

Anti-inflammatory, antioxidant, 
antiproliferative, neuroprotective and 
cardioprotective activities [19,60] 

Diallyl sulfide Garlic Induces carcinogen detoxification and antioxidant genes, via 
the abrogation of KEAP1 repression of NRF2 [45,47–56]  
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the Tp53 gene [81]. 
Moreover, evidence from chronic intestinal inflammation shows a 

steady accumulation of inflammation-induced mutations in the Tp53 
gene and other cancer-suppressing genes in the intestinal epithelium 
[85–88]. Additional finding along this line, also shows that the accu-
mulation of inflammation-induced mutations alone, devoid of other 
extrinsic carcinogens, is sufficient for the induction of epithelial carci-
nogenesis [89]. It is noteworthy, however, to mention that at the basis of 
these inflammation-induced genotoxic insults, is oxidative 
stress—especially from macrophages and neutrophils, which generate 
huge amounts of reactive oxygen species (ROS) and reactive nitrogen 
species (RNI) which in turn, induces the mutations that result in cardiac 
cell death [81]. To induce its chemoprotective effect following DOX 
exposure, PCA being a potently antioxidant, exerts its free-radical 
scavenging effects on the generated ROS/RNIs, thereby abrogating 
cardiomyocyte cell death via inflammation-induced DNA damage [5,8, 
11,19,81]. 

Decreased activity of inflammatory markers such as interleukin-6, 
tumor necrosis factor-α (TNF-α), myeloid peroxidase, and nitric oxide 
have also been reported in tissues of streptozotocin-induced diabetic 
adult male mice following PCA treatment, thus further demonstrating 
PCA as a potent tumor suppressive agent [26,77]. Taken together, the 
chemopreventive properties of PCA relevant to its potential ameliorative 
effects against DIC, are its antioxidant, metal-chelating effects (espe-
cially in ferroptosis), anti-cell death (apoptosis, pyroptosis and nec-
roptosis), anti-inflammatory properties, and p53-upregulatory effects 
[11,19,26]. The latter, up-regulation of p53 expression, was observed in 
gastric adenocarcinoma cells (AGS) exposed to a combined treatment of 
PCA (500 mM) and 5-fluorouracil, 5-FU (10 μM), leading to the upre-
gulation of p53 expression and downregulation of Bcl-2 proteins [90]. A 
summary sketch of the molecular processes underpinning DIC and the 
potential ameliorative function of PCA administration is provided in  
Fig. 3. 

4.1. Anti-cell death property of PCA under DOX treatment 

4.1.1. Apoptosis 
Apoptosis—an automated programmed cell death pathway devoid of 

inflammation in surrounding tissues—is by far the most dominant form 
of cell death that occurs in the DIC [8]. Evidence from human stem 
cell-derived cardiomyocytes, highlights increased sensitivity of cardiac 

cells to DOX treatment under conditions of increased topoisomerase 2β 
(Top2β) gene expression. In contrast, cardiomyocyte-specific deletion of 
the Top2β gene was found to positively correlate with decreased 
apoptosis, resulting in the attenuation of DOX-induced cardiotoxicities 
[91,92]. Essentially, a high Top2β gene expression in cardiomyocytes 
increases their sensitivity to DOX treatment, which in turn, causes the 
induction of DNA damage, p53 phosphorylation, and apoptosis via a 
process undergirded by the formation of the rate-limiting DOX--
Top2β-DNA complex [11,91,92]. While the direct effect of PCA on 
Top2β expression is unknown, the DNA damage, p53 phosphorylation, 
and apoptotic cell death that ensues are underpinned by oxidative stress, 
which PCA has been widely reported to effectively abrogate [26,93]. 

Other common forms of DOX-induced death of cardiomyocytes 
include necroptosis, pyroptosis, and ferroptosis [11]. Although benefi-
cial to the cell under physiological conditions due to its role in the 
normal development of cardiomyocytes and the establishment of car-
diac homeostasis, apoptosis becomes dysregulated and cardiotoxic 
following DOX-treatment, ultimately inducing cell death, genome 
instability, and clinically detectable DIC [8]. Notably, DOX-induced 
apoptosis could be via any of the two canonical pathways—intrinsic 
and extrinsic pathways. 

The induction of the intrinsic pathway following DOX treatment is 
crucially accompanied by mitochondrial outer membrane per-
meabilization (MOMP). This represents a loss in the mitochondrial 
membrane potential and is commonly referred to as the ‘point-of-no re-
turn’ along the intrinsic pathway of the apoptosis [8,94]. Once estab-
lished, the MOMP, triggers the release of cytochrome c (Cyt c), an 
intracellular mitochondrial protein that mediates the trafficking of 
electrons between complex III and complex IV into the cytosol. The 
following release into the cytosol, Cyt c, triggers the oligomerization of 
apoptosis protease activating factor-1 protein (Apaf-1), which in turn, 
generates the apoptosome. Inactive caspase-9 dimers are recruited, 
cleaved, and activated using energy from ATP hydrolysis. Caspase-9 
once generated, activates the executioner caspases 3/7. To drive the 
final step of induction of apoptosis, caspase 3 (not caspase-7), is trans-
located into the nucleus to initiate the induction of apoptosis. In the 
nucleus, caspase 3 stimulates the release and activation of 
caspase-3-activated DNase (CAD), by cleaving the inhibitor of CAD 
(ICAD), which results in a DNA fragmentation [8]. Studies have also 
shown that while not translocated into the nucleus (remains in the 
cytoplasm), caspase-7 is also able to mediate the nucleus-located inhi-
bition of ICAD, stressing the heterogeneous localization of ICAD [8,95]. 

Poly (ADP-ribose) polymerase, PARP, activity is often activated as an 
endogenous response mechanism to DNA damage. However, under 
conditions of DOX-induced apoptosis, PARP polymerization activity is 
inactivated by caspase-3, allowing for the potentiation of DNA damage 
and genomic instability [96]. Interestingly, apoptosis via the intrinsic 
pathway can also occur in a caspase-independent manner. 

Following the loss of the mitochondrial membrane potential due to 
DOX treatment, mitochondria-bound pro-apoptotic factors such as the 
BAX and BAK proteins, apoptosis-inducing factor (AIF), and endonu-
clease G (EndoG), are released into the cytosol and then translocated to 
the nucleus to drive apoptosis [8]. Unlike AIF which lacks DNase activity 
and is thus unable to mediate oligonucleosomal DNA fragmentation, 
EndoG having both DNase and RNase activity mediates the cleavage of 
high order chromatin into high resolution melting (HRM) DNA frag-
ments [97,98]. Together, this aberrant apoptosis induced by DOX 
treatment accelerates the death of cardiomyocytes, which manifests 
clinically as DIC (Fig. 4). 

In contrast to the intrinsic pathway, induction of the extrinsic 
pathway following DOX exposure, is via the overstimulation of the 
death-signaling receptors—Fas, TNF receptor superfamily 1 A 
(TNFR1A), TNF-related apoptosis-inducing ligand receptor 10a (TRAIL 
1), and TNF-related apoptosis-inducing ligand receptor 10b (TRAIL 2), 
all of which rely on binding of the complementary ligands [99,100]. 
Interestingly, while cardiac cells demonstrate resistance to Fas-induced 

Fig. 2. Diagram of Doxorubicin metabolism and generated metabolites. Four 
major metabolites of Doxorubicin (DOX) metabolism, including doxorubicinol 
(DOXol), doxorubicin aglycone, doxorubicin deoxyglycone, and doxorubicin 
hydroxyaglycone. Although several reports have highlighted a role for DOX 
treatment in the induction of arrhythmogenic events, the mechanistic basis for 
this phenomenon or which DOX metabolite may be involved, is not clearly 
understood, hence the denotation ‘???’. 
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apoptosis under normal physiological conditions, available literature 
shows that DOX-exposure induces extrinsic apoptosis in the myocar-
dium in a Fas-dependent manner [99,101]. To execute DOX-induced 
cardiotoxic effects following the formation of the associated death 
receptor-ligand complexes, a dynamic multi-protein structure known as 
the death-inducing signaling complex I and II (DISC) is formed to 
positively regulate the activation of pro-caspase-8 to caspase-8. Acti-
vated caspase-8 once formed, catalyze the proteolytic maturation and 
cleavage (activation) of the executioner caspases-3/6/7, which in turn, 
mediates apoptosis of cardiomyocytes through DNA damage [99]. 
Additionally, DOX administration mediates the reduction of XIAP 
(X-linked inhibitor of apoptosis protein) and cFLIPS (cellular FLICE-like 
inhibitory proteins), both of which otherwise inhibit apoptosis and 
concomitantly enhance the activity of TRAIL 10a and 10b to trigger the 
induction, progression, and potentiation of cardiomyocyte apoptosis. 

Substantial parts of both the intrinsic and extrinsic pathways of 
apoptosis following DOX exposure terminate with the generation of the 
executioner caspase-3, whose activity PCA has been widely reported to 
effectively abrogate [19,26,102]. Thus, because PCA can rescue cell 

death from caspase-3-induced apoptosis, its administration as an adju-
vant during chemotherapy at the safe oral dose of 100 mg/kg represents 
a unique therapeutic intervention for the amelioration of DOX-induced 
cardiotoxicities in the chemotherapy [19]. Further, it can attenuate the 
occurrence of life-threatening cardiomyopathy that may occur during a 
long post-chemotherapeutic period [12]. 

4.1.2. Pyroptosis 
Pyroptosis is the inflammatory form of programmed cell death 

(apoptosis), which occurs upon infection with intracellular pathogens. 
Although generally occurring as a result of the inflammatory response to 
microbes, pyroptosis has been identified as one of the major cell death 
forms associated with DIC [103,104]. By upregulating the expression of 
BH3-only protein Bcl-2/adenovirus E1B19-kDa-interacting protein 3 
(Bnip3) in myocytes, it triggers the activation of caspase-3, cleavage of 
Gasdermin E (GSDME), membrane rupture, and pyroptosis in car-
diomyocytes [105,106]. Further investigations showed that either 
knockdown of GSDME with siRNA or complete deletion of caspase-3 
prevented approximately 50% of DOX-induced pyroptosis in the 

Fig. 3. Summarization of DIC mechanisms and 
potential ameliorative role for PCA. Generation 
of DOX-semiquinone via an NADPH oxidase 2 
(NOX2)-catalyzed single electron reduction is 
the common point for the induction of molec-
ular toxicities such as oxidative stress, inflam-
mation, DNA fragmentation/adduction, and 
cell deaths of several forms (apoptosis, pyrop-
tosis, and necroptosis) in cardiomyocytes. Left 
unchecked or unregulated, these processes 
collectively result in DIC. Interestingly, PCA, 
due to its established antioxidant, anti- 
inflammatory, anti-cell death, and DNA- 
protecting activities abrogates the induction of 
molecular toxicities due to DOX-quinone gen-
eration thereby rescuing cardiac cells from 
DOX-induced injuries.   
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macrophages [107]. Notably, the involvement of caspase-3 expression 
in the mediation of DOX-induced pyroprosis in macrophages and the 
well-reported negative regulation of caspase-3 by PCA highlights the 
role of PCA in rescuing cardiac cells from DOX-induced pyrotosis during 
chemotherapy [19,26,102]. 

DOX treatment was also found to trigger the activation of Toll-like 
receptor 4 (TLR4) while also augmenting the formation of NLRP3 
(NACHT, LRR, and PYD domains-containing protein 3) inflammasomes 
to activate caspase-1 and GSDMD, which ultimately mediates induction 
of pyroptosis [108]. Furthermore, these studies also found that the 
activation of NLRP3, following DOX exposure, occurred in a 
TLR4-independent but ROS-dependent manner. In the context of a role 
as a potential attenuator of DOX-induced pyroptosis, PCA exerts its 
antioxidant function by scavenging the ROS and/or free radicals upon 
which the activation of NLRP3 depends. PCA is also able to block the 
activation of caspase-1 and GSDMD which are directly responsible for 
pyroptotic cardiac cell death [26,108,109]. 

Available literature shows that the overexpression of NOX1/NOX4 
following DOX treatment triggers mitochondrial fission and promotes 

the subsequent activation of NLRP3 in a ROS-dependent manner, 
thereby mediating the onset of pyroptosis in the heart [108,110]. 
Moreover, NLRP3- and caspase-1-deficient mice were found to be 
resistant to DOX-induced pyroptotic cell death, suggesting a critical role 
for NLRP3 inflammasomes and caspase-1 in DOX-induced pyroptotic 
cell death [110]. Although additional studies are required to either 
confirm or refute these findings [110], it holds an enormous therapeutic 
or chemoprotective potential as it stresses the centrality of NLRP3 
inflammasomes activation—an ROS-dependent process, in the onset of 
DOX-induced pyroptosis. This ROS-driven induction of pyroptosis 
highlights a chemopreventive potential (abrogation of pyroptosis) for 
PCA as an established anti-oxidant [19,26]. Collectively, the potential 
ameliorative effects of PCA on DOX-induced pyroptosis are schemati-
cally summarized in Fig. 5. 

5. Antioxidant property of PCA and DOX treatment 

Oxidative stress is defined as the imbalance in the production/gen-
eration of free radicals or ROS/RNI at a rate that exceeds the scavenging 

Fig. 4. Schematic representation of DOX- 
induced intrinsic apoptosis, highlighting the 
potential attenuating effects of PCA. DOX 
following its entry into the myocardium and 
inducing MOMP can cause DNA fragmentation, 
leading to apoptosis in a caspase-dependent or 
-independent manner. While the former process 
is directly brought about by the executioner 
caspase-3, which mediates the inhibitory phos-
phorylation of Poly ADP-ribose polymerase 
(PARP) and Caspase-activated DNase enzyme 
(ICAD), the latter process is mediated by the 
pro-apoptotic factors like BAX and BAK as well 
as by endonuclease G (EndoG) and apoptosis- 
inducing factor (AIF). Notably, while the 
caspase-3 suppressing effects of PCA have been 
widely reported in both in vivo and in vitro 
studies, very few findings observe the effects of 
PCA on such DNA-damage driving factors as 
AIF and EndoG.   
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or protective activity of the body’s endogenous antioxidant mechanisms 
e.g., superoxide dismutase (SOD), catalase (CAT), glutathione peroxi-
dase (GSH-PX), and blockers of lipid peroxidation [18,26,111,112]. To 
exert its anti-oxidative effects and confer protection against oxidative 
stress, PCA up-regulates the activities of endogenous antioxidant sys-
tems and attenuates pro-oxidant systems [19]. As a result, the free 
radicals that induce apoptosis, DNA damage, and oxidative stress, 
following DOX exposure, can be effectively scavenged. Moreover, the 
reduction of pro-oxidant enzyme systems like those of xanthine oxidase 
(XOD), peroxisomes, and NADP oxidase (NOX) as well as the reduction 
of the level of malondialdehydes (MDAs) which are a marker for lipid 
peroxidation by PCA, further underlines the potential chemoprotective 
function of PCA in attenuating DIC [8,18,113–116]. Notably, of the 
seven members of the NOX family, NOX2 and NOX4 are predominantly 
expressed in the mammalian heart [117]. While normally remaining 
inactive on the cell membrane of cardiomyocytes, NOX2 is readily 
activated following DOX treatment to mediate the reduction of DOX (to 
semiquinone). This in turn generates super-oxide anion radicals and 
hydrogen peroxide, both of which are effectively scavenged, 

sequestered, and converted into less toxic moieties by the endogenous 
antioxidant mechanisms, which are upregulated by PCA [26,118]. 

DOX treatment, asides from being associated with glutathione (GSH) 
depletion, also potently induces a form of oxidative stress called fer-
roptosis, which results in iron overload in the cardiomyocytes and cor-
responding cell death [8,11]. By elevating the expression of transferrin 
(Tf) and its receptor, transferrin receptor (TrF) through its induction of a 
mutation in human homeostatic iron protein (HFE), DOX 
hyper-activates the entry of iron into the cardiomyocytes inducing fer-
roptosis [5,8]. Because reduced glutathione (GSH) is an essential re-
pository for intracellular cysteine and also plays a crucial role in redox 
homeostasis, both enzymatic anti-oxidant systems (SOD, CAT, GPXs, 
and GSTs) and non-enzymatic anti-oxidant systems (alpha-tocopher-
ol/vitamin E), are directly inhibited by DOX-induced GSH depletion, 
increasing the vulnerability of the cell to oxidative stress following DOX 
treatment [119]. Moreover, DOX-induced GSH depletion has also been 
reported to induce a dysregulation in the activity of nicotinamide 
adenine dinucleotide phosphate (NADPH), which under normal physi-
ological conditions plays a critical role in the conversion of oxidized 

Fig. 5. Schematic illustration of the crosstalk between 
DOX-induced pyroptosis and apoptosis and the potential 
ameliorative function of PCA. The schematic illustration 
shows the crosstalk between DOX-induced pyroptosis and 
DOX-induced apoptosis. The left side of the schematic 
illustration shows the formation of NLRP3 inflammation, a 
process that is heavily ROS-dependent and TLR4 (Dox- 
activated toll-like receptor)-independent. Formation of 
NLRP3 allows for its activation of caspase-1 which could 
directly induce pyroptosis by the activation of Gasdermin D 
(GSDMD) or by activation of caspase-3 in the absence of 
GSDMD (Taabazuing et al., 2017). The right side of the 
schematic illustration shows a caspase-3-dependent in-
duction of apoptosis following DOX treatment. Notably, 
introduction of PCA, either to scavenge ROS or attenuate 
Caspase-3 activity, ultimately results in limiting both 
pyroptosis and apoptosis and ipso facto, DIC.   
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glutathione (GSSG) to reduced glutathione (GSH) via a process catalyzed 
by the enzyme glutathione reductase [8]. 

Under conditions of DOX exposure, NADPH switches from being 
beneficial to being deleterious, as it is recruited by NADPH oxidases 
(NOXs) to serve as a substrate in reactions that ultimately result in ROS 
generation [120,121]. Generation of ROS, with the concomitant deple-
tion of GSH, results in the downregulation of both the enzymatic and 
non-enzymatic antioxidant systems, allowing the build-up of the 
oxidative stress [122]. Furthermore, the DOX-Fe complexes formed, due 
to the iron-chelating ability of DOX, potentiates oxidative stress and 
accompanying oxidative damage to cardiac cells. Specifically, iron 
overload results in the generation of superoxide anion radical, O2

- ; 
hydrogen peroxide, H2O2; and malondialdehydes (MDAs) into more 
toxic ROS entities, like hydroxyl radicals (-OH) [123,124]. Interestingly, 
the metal-chelating and metal radical-scavenging properties of PCA 
have been reported in vitro using the positive controls Trolox and 
Butylated Hydroxy Toluene (BHT) [19,125,126]. Notably, the 
metal-chelating capacity of PCA on Fe2+ and Cu2+ as well as its ability to 
scavenge DPPH radicals was observed to be dose-dependent and 
significantly higher than those of the positive controls [126]. Various 

antioxidant assays were used to demonstrate the metal-chelating as well 
as superoxide anion radical-scavenging and hydroxyl radical-scavenging 
powers of PCA concerning positive controls [19,125]. When compared 
to the positive control, Trolox, PCA shows much more effective anti-
oxidant activity in vitro in both lipid and aqueous media, indicating the 
possibility of PCA as a safer and more effective antioxidant relative to 
established or standard anti-oxidants [19]. Altogether, PCA, with widely 
reported free radical scavenging activities, has the potential to sequester 
toxic ROS moieties, thereby attenuating the severity of the DIC [18,19, 
26,93]. 

6. Anti-inflammatory properties of PCA and DOX-treatment 

The induction of inflammatory responses following DOX treatment 
occurs through the regulation of a variety of downstream inflammatory 
effectors such as the binding of TNF-α to TNFR1, impairment of nuclear 
factor kappa beta (NF-κβ), and inhibition of the Janus kinase (JAK)/ 
signal transducer and activator of transcription (STAT3) pathway [101]. 
To begin this complex inflammatory process, TNF-α binds to TNFR1, 
which causes the assembly of the cytoplasmic complex II—consisting of 

Fig. 6. Doxorubicin-induced inflammatory 
signaling and the potential suppressive effect of 
PCA. DOX exposure upregulates the expression 
of tumor necrosis factor alpha, TNF-α which 
binds to its receptor, the TNF-α receptor 1, 
TNFR1. The ligand-receptor complex allows for 
the activation of TRADD (TNFα receptor acti-
vated death domain), also known as Apo2L, as 
well as the assembly of complex II—consisting 
of the Fas-associated Death domain, FADD, 
Caspase-8, Casp-8, and Receptor-interacting 
protein-1, RIPK1. Within this complex, Casp-8 
is activated by autophosphorylation, allowing 
it to exercise its dual functionality as an inducer 
of apoptosis (via the activation of caspase 3) as 
well as an inhibitor of necroptosis (via the 
blockade of the activity of necroptosis media-
tors RIPKI/RIPK3). Interestingly, DOX treat-
ment, not only blocks the activity of caspase-8, 
releasing RIPKI/RIPK3 from its inhibitory ef-
fect, DOX treatment also initiates necroptosis 
via the induction of an activation phosphory-
lation of the mixed lineage kinase domain-like 
protein, MLKL. Collectively, by suppressing 
TNF-α, IL6, IL-1β expressions, PCA impairs the 
relevant ligand-receptor interactions needed to 
the complex signaling process underpinning the 
induction of toxicities and ipso facto DIC by 
necroptosis.   
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the receptor-interacting protein-1 (RIPK1), Caspase-8, and complex 
Fas-associated via death domain (FADD) [101,127]. The cytoplasmic 
complex II once formed, triggers the phosphorylation and oligomeriza-
tion of the receptor-interacting protein kinases 1/3 (RIPK1/3) at the 
serine/threonine residues, while also simultaneously inhibiting 
caspase-8, a process which ultimately initiates the induction of nec-
roptosis (programmed necrosis) via the phosphorylation of mixed line-
age kinase domain-like protein (MLKL) [101,127]. 

DOX treatment also impairs NF-κβ. NF-κβ impairment is achieved by 
two key mechanisms: the upregulation of interleukin 1 beta (IL-1β)/ 
interleukin 6 (IL-6) and the disruption of the Ikappa B kinase complex 
(IKK) which consists of IKKα, IKKβ, and NF-κβ essential modulator 
(NEMO) [99,100]. Furthermore, the inhibition of the JAK/STAT3 
signaling pathway inhibits the transcription of anti-apoptotic or in this 
context, pro-survival genes (such as the BCL-2 gene), which further 
worsens cardiac outcomes due to sustained death of cardiac cells by both 
apoptosis and necroptosis (Fig. 6). 

It is instructive to point out that inflammation due to DOX treatment, 
also induces cardiac cell death, principally by the induction of both 
necroptosis and apoptosis, both of which in turn, have being reported by 
various studies to be negatively regulated by PCA [19,22,26,93]. In 
brief, the ‘co-conspiration’ of inflammation and oxidative stress to 
induce cell death via DNA damage under conditions of DOX exposure 
and the abundance of laboratory-based evidence underscoring the 
anti-oxidant, anti-inflammatory, and anti-apoptotic properties of PCA; 
PCA represents an effective chemopreventive intervention in blocking, 
suppressing, and attenuating the many cardiotoxicities associated with 
DOX chemotherapy. Therefore, it may ultimately result in increasing the 
therapeutic index of DOX therapy for the treatment of cancer. 

7. Chemoprotection beyond DOX-induced toxicities 

Importantly, the chemoprotective properties of PCA, including its 
anti-inflammatory and cardio-protective properties—the latter being 
achieved through its abrogation of various forms of cell death of car-
diomyocytes, are not specific for doxorubicin-induced toxicities, 
although, certain limitations exist. In the case of cisplatin, for example, 
where mechanisms of toxicity are known (principally oxidative stress 
and inflammation), PCA has a clear potential of attenuating cisplatin- 
induced toxicities—hepatotoxic and gastrointestinal toxicity [20,128]. 
However, for a drug such as 5-FU, where toxicities could be due to ge-
netic factors such as a deficiency in the DYDP (dihydropyrimidine dehy-
drogenenase) gene or cardio-toxicities due to an interplay of various 
pathophysiological processes such as myocardial inflammation, coro-
nary spasm and increased endothelial thrombogenicity [129], the 
outcome of PCA use is not known and may yield very minimal chemo-
protection, if any. Because DOX toxicity is associated with its induction 
of oxidative stress, inflammation, and various forms of cell death 
including apoptosis, necrosis, necroptosis, and/or Ferroptosis, all of 
which PCA negatively regulates, PCA-conferred chemoprotection 
against DOX-induced toxicities, is more significant when compared to 
other cancer drugs whose mechanism of toxicity is either not fully un-
derstood or whose mechanism of toxicity PCA can only minimally 
attenuates. 

Also, because different anticancer drugs have different mechanisms 
of toxicity—some established and well-known and others nuanced and 
still yet to be fully understood—the chemoprotective effect of PCA 
would be dependent on whether the toxic mechanism of the drug is 
known or on when there is experimental evidence supporting the 
negatively regulation or attenuation of identified toxic mechanisms by 
PCA. In the case of cisplatin mentioned above, very recent investigations 
have shown, that suppressing serum MDA and NO levels, decreases the 
expressions of IL-6 and TNF-α and NF-kB p65 subunit and iNOS, as well 
as significantly lowers the levels of apoptotic (annexin-V, Bax, caspase- 
3) biomarkers, while concurrently raising serum GSH and SOD levels, 
PCA attenuates cisplatin-induced hepatotoxicity[20]. Moreover, 

because oxidative stress, inflammation, and apoptosis have been proven 
to play critical roles in the pathogenesis of cisplatin-induced hepato-
toxicity [20], and because all three toxic mechanisms have been 
demonstrated by a broad spectrum of experimental investigations to be 
negatively regulated by PCA, that remains a veritable rescuing agent for 
the attenuation of the harmful effects associated with the use of 
anti-cancer drugs, such as cisplatin. In a related study, Dioscin—a ste-
roidal saponin with potential anti-cancer, anti-oxidative and 
anti-inflammatory properties, was reported to ameliorate 
cisplatin-induced intestinal toxicity by attenuating oxidative stress and 
inflammation, thereby, improving the therapeutic efficacy of the drug. 
Identified dioscin-driven mechanisms include induction of the 
Nrf2-HO-1 pathway and amelioration of intestinal oxidative stress, in-
hibition of both NLRP3 inflammasome activation and inflammatory 
factor expression, and finally, promotion of Wnt3A/β-catenin signaling 
to relieve cisplatin-induced proliferation inhibition [128]. Notably, 
since PCA also exerts an inhibitory effect on the NLRP3 inflammasome 
activation [19], it has the capacity of replicating the ameliorative effect 
of dioscin against cisplatin-induced gastrointestinal toxicity if it were to 
be replaced with dioscin. Nonetheless, for some anti-cancer drugs such 
as 5-FU, whose toxic mechanisms are yet to be fully dissected and for 
which reported cardiotoxic effects are due to the contribution of various 
pathophysiological mechanisms such as myocardial inflammation, cor-
onary spasm, and increased endothelial thrombogenicity [129], caution 
must be taken in the application of PCA. 

8. Limitations and future perspectives 

Findings from several studies have dissociated the tumouricidal ac-
tivity of DOX from observed cardiotoxicity, stressing a role for the me-
tabolites generated following DOX metabolism in the induction of the 
cardiotoxicity [8,11,12,70]. DOX has also been reported to induce 
destabilization of the electrophysiology of cardiac cells, albeit a dearth 
of commensurate evidence elucidating the mechanistic basis for this 
phenomenon [130]. Interestingly, a possible role for DOXol in the 
perturbation of cardiac electrophysiology has also been identified in 
vitro [70]. Briefly, DOXol was not only more potent than DOX in 
impairing both systolic and diastolic heart function, but it was also more 
effective in inhibiting the activity of pumps such as the Ca2+ pump of the 
sarcoplasmic reticulum, Na+/K+ pump of the sarcolemma, and the FOF1 
proton pump of the mitochondria, all of which play critical roles in the 
induction and stabilization of myocardial electric homeostasis [70]. 
Moreover, these findings stress a potential role for DOX, especially in a 
DOXol-dependent manner, in the alteration of the electrophysiology of 
cardiac cells and the induction of arrhythmias including more lethal 
arrhythmic events like complete heart block and ventricular fibrillation 
[12,130–133]. 

While PCA can negatively regulate oxidative stress, inflammation 
and several other forms of cell death as elucidated in this review [19,26, 
102], these chemoprotective properties of PCA do not readily demon-
strate possible anti-arrhythmogenic effects. This is especially problem-
atic because the mechanistic basis of DOX-induced arrhythmia is far 
from being comprehensively understood [130]. Given this limitation of 
the current review, that is, uncertainties around the possible effect of 
PCA in limiting the molecular mechanisms underpinning arrhythmia, 
future investigations on this subject are warranted. Investigators may 
want to focus on designing experiments in appropriate models to assess a 
potential role for PCA in the stabilization of all stages of cardiac electric 
activity from direct effects on single cell ionic currents to the whole 
animal telemetry [130]. Whether this proposed ‘anti-arrhythmogenic 
effects of PCA rely on its ability to negatively regulate the adverse effects 
of DOXol, remains to be determined. Consequently, it may signal the 
discovery of new research paradigms toward a more comprehensive 
understanding of DOX-induced cardio-electric alterations and the po-
tential for novel ameliorative/chemoprotective strategies. 
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9. Conclusion 

Oxidative stress, inflammation, apoptosis, as well as other forms of 
cell death such as pyroptosis, necroptosis, and ferroptosis, have been 
identified as the molecular mechanisms of DIC. Interestingly, the anti-
oxidant, anti-inflammatory, anti-apoptotic, anti-cell death, and chemo-
protective properties of PCA have been amply underlined by several 
laboratory-based investigations, indicating a potential role for PCA in 
the attenuation of cardiotoxicities during DOX chemotherapy as well as 
in the mitigation of the more life-threatening cardiomyopathy after 
treatment cessation. Moreover, PCA may also exert chemoprotective 
effects against toxicities induced by anticancer drugs such as cisplatin 
since reported cases of cisplatin-induced hepatotoxicity and gastroin-
testinal toxicities, are principally driven by oxidative stress and 
inflammation. Although much is still unknown about the exact molec-
ular mechanisms by which PCA abrogates pathways such as the death 
receptor-based extrinsic apoptotic, the caspase-independent, and the 
pro-apoptotic factors-driven intrinsic pathways; PCA, at a dose from 50 
to 150 mg/kg, still represents a safe and effective intervention. Further 
experimental and clinical studies are warranted to elucidate these po-
tentials of PCA and to possibly establish its usage as a veritable chemo- 
protective adjuvant in the amelioration of DIC both during and after 
chemotherapy. 
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