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Abstract
Chemotherapy (CT) is one of the flagship options for the treatment of cancers worldwide. It involves the use of cytotoxic 
anticancer agents to kill or inhibit the proliferation of cancer cells. However, despite its clinical efficacy, CT triggers side 
effect toxicities in several organs, which may impact cancer patient’s quality of life and treatment outcomes. While the 
side effect toxicity is consistent with non-ferroptotic mechanisms involving oxidative stress, inflammation, mitochondrial 
impairment and other aberrant signalling leading to apoptosis and necroptosis, recent studies show that ferroptosis, a non-
apoptotic, iron-dependent cell death pathway, is also involved in the pathophysiology of CT organ toxicity. CT provokes 
organ ferroptosis via system  Xc–/GPX-4/GSH/SLC7A11 axis depletion, ferritinophagy, iron overload, lipid peroxidation and 
upregulation of ferritin-related proteins. Cisplatin (CP) and doxorubicin (DOX) are common CT drugs indicated to induce 
ferroptosis in vitro and in vivo. Studies have explored natural preventive and therapeutic strategies using ginger rhizome and 
its major bioactive compounds, 6-gingerol (6G) and zingerone (ZG), to combat mechanisms of CT side effect toxicity. Ginger 
extract, 6G and ZG mitigate non-ferroptotic oxidative inflammation, apoptosis and mitochondrial dysfunction mechanisms 
of CT side effect toxicity, but their effects on CT-induced ferroptosis remain unclear. Systematic investigations are, therefore, 
needed to unfold the roles of ginger, 6G and ZG on ferroptosis involved in CT side effect toxicity, as they are potential natural 
agents for the prevention of CT toxicity. This review reveals the ferroptotic and non-ferroptotic toxicity mechanisms of CT 
and the protective mechanisms of ginger, 6G and ZG against CT-induced, ferroptotic and non-ferroptotic organ toxicities.
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Introduction

Cancer treatment has made considerable strides over the 
past 60 years due to advancements in various therapeu-
tic options and strategies. Although the traditional treat-
ment options are still surgery, radiotherapy and chemo-
therapy, the landscape of tumour treatment has largely 
changed comprehensively and remarkably, ushering in 
cutting-edge therapeutic strategies (Liu et al. 2024). The 
emerging strategies have not only afforded personalised 
and precise tumour targeting, but also provided patients 
with enhanced therapeutic comfort, the potential to impede 
disease progression and an increased prospect of surviving 
cancer (based on the number of cancer survivors) (Lomeli 
et al. 2021; Liu et al. 2024). Targeted therapy, cell ther-
apy (e.g. CAR-T cell therapy), gene therapy (e.g. mRNA 
therapy), monoclonal antibody therapy, antibody drug 
conjugates, small molecule inhibitors, proton therapy and 
carbon ion therapy, neoantigen/cancer vaccines and onco-
lytic virus, and photothermal and photodynamic therapy 
have been approved and introduced to clinical oncotherapy 
(Thurston 2007; Pucci et al. 2019; Liu et al. 2024). Thermal 
ablation of tumours and magnetic hyperthermia are open-
ing new opportunities for precision medicine, making the 
treatment localised to very narrow and precise areas (Pucci 
et al. 2019). Taken together, these strategies will be able to 
provide the best personalised therapies for cancer patients, 
highlighting the importance of combining multiple dis-
ciplines to get the best outcomes. However, these treat-
ments are still associated with contending challenges and 
drawbacks, including cytokine toxicities, adverse immune 
responses and off-target tissue damage. The treatment often 
encompasses more than one approach, and the strategy to 
be adopted largely depends on the type, nature and pro-
gression of the cancer. The traditional treatment options, 
radiotherapy and chemotherapy, generate significant side 
effects in patients, linked to their anticancer mechanisms, 
doses and frequency of use towards achieving remission.

Systemic and cytotoxic chemotherapy (CT) is still the 
frontline treatment modality for various cancers. Coined 
by Paul Ehrlich, a German chemist, CT is the use of cyto-
toxic chemical drugs to kill or inhibit the proliferation of 
cancer cells, and its anticancer efficacy has increased the 
number of cancer survivors (Lomeli et al. 2021). Due to 
its effectiveness in killing rapidly dividing cells, a promi-
nent cancer hallmark, CT remains a cornerstone of can-
cer treatment thus far despite the introduction of newer 
targeted and gene/antibody-based therapies (Brianna and 
Lee 2023). The cytotoxic CT agents target inhibition of 
tubulin dynamics, DNA replication and transcription, 
and metabolite synthesis in cancer cells. The blockage of 
the mitotic and metabolic processes in cancer cells via 

various molecular mechanisms leads to apoptotic and 
non-apoptotic cancer cell death (Al-Amir et  al.  2023; 
Wang et al. 2024a). Despite the indisputable potency of 
CT in oncological treatments, both clinical and experi-
mental data have strongly indicated that CT agents, such 
as tamoxifen (TAM), cisplatin (CP), cyclophosphamide 
(CYP), doxorubicin (DOX), methotrexate (MTX), 5-fluo-
rouracil (5-FU), paclitaxel (PXT) and docetaxel (DXT), 
dissipate severe side effect toxicity on various organs of 
the body (Famurewa et al. 2022; Wang et al. 2024a). In 
other words, the anticancer mechanisms of CTs exert dele-
terious effects on healthy cells and organs, thereby orches-
trating side effect toxic damage on the liver, kidney, brain, 
spinal cord, testis, ovary, placenta, heart, lungs, cochlea 
and spleen. However, while abundant pieces of evidence 
indicate that non-ferroptotic toxicity mechanisms, includ-
ing oxidative stress, inflammation, membrane dysfunction, 
apoptosis, pyroptosis and other signalling pathways, are 
critically involved in CT-induced organ toxicity (Okkay 
et al. 2024; Zhou et al. 2023; Famurewa et al. 2023; Fang 
et al. 2023; Nagoor Meeran et al. 2023), interestingly, 
recently published literature has shown that the ferroptotic 
pathway may also be involved in CT-induced organ toxic-
ity. Ferroptosis is a recently discovered, non-apoptotic, 
programmed cell death pathway provoked by iron-medi-
ated lipid peroxidation and ROS through impairment of 
iron metabolism and glutathione-glutathione peroxidase 
4 (GSH-GPX4) signal transduction pathways (Wang and 
Yi 2024; Zhao et al. 2023). It plays a pivotal role in several 
pathophysiological conditions, including diabetes, neuro-
degenerative disorders, ischemia–reperfusion injury and 
carcinogenesis (Li et al. 2022). CT-induced iron overload 
and altered iron metabolism leading to ferroptosis and tis-
sue damage in certain organs have been reported in recent 
studies (Jian et al. 2021; Ikeda et al. 2021). Interestingly, 
the molecular cues involved in ferroptosis-mediated CT 
toxicity suggest that natural products with potent phar-
macological activities may elicit anti-ferroptosis activity 
if used in the treatment of CT-induced toxicity.

Research in natural products and screening of plant-
derived products are ongoing towards discovering natural 
agents for combating CT-induced organ toxicity. Ginger 
(Zingiber officinale) is a natural herb with a longstanding 
medicinal background in treating various disorders and dis-
eases (Xiang et al. 2024). It is commonly used as a spice 
in various foods and beverages around the world, and as 
a dietary supplement in traditional remedies. Its remark-
able biological activities are well known, associated with 
ginger solvent extract and its various bioactive compounds. 
Ginger and its components have shown antioxidant, anti-
inflammatory, antiapoptotic and immunomodulatory effects, 
as well as modulatory effects on signalling pathways and 
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prevention of toxicity and pathologies in in vitro and in vivo 
models (Ayustaningwarno et al. 2024). Ginger’s antioxidant 
and anti-inflammatory activities are ascribed to gingerol, 
zingerone, shogaols and paradol. The main component of 
ginger is gingerol, which is principally responsible for the 
pungent and spicy taste of fresh ginger rhizome (Wohlmuth 
et al. 2005). Moreover, a robust body of studies have shown 
that ginger extracts and its foremost components, 6G and 
ZG (Fig. 1), possess protective activities against CT-induced 
organ toxicity. Therefore, the aim of this review was to 
summarize the recent investigations revealing the mecha-
nistic roles of ferroptosis and non-ferroptosis pathways in 
CT side effect toxicity in preclinical studies, with an over-
all emphasis on the inhibition of these pathways by ginger 
rhizome extract, 6G and ZG, as reported in the preclinical 
literature. We searched relevant databases, including Web 
of Science, Scopus, PubMed and Google Scholar, for pub-
lished papers on CT-induced ferroptosis-mediated toxicity; 
the mitigation of CT toxicity via targeting ferroptosis and 
non-ferroptosis pathways by ginger rhizome extract, 6G and 
ZG; and the protective mechanisms of these natural products 
against CT-induced organ toxicity. This review will further 
promote a comprehensive understanding of the molecular 
pathways with respect to ferroptosis modulation that may 

be responsible for the protection and therapeutic effects of 
ginger rhizome extract, 6G and ZG as an adjuvant therapy 
alongside CT treatments. The significance of these insights 
lies in the recognition of the involvement of the targetable 
cell death process of ferroptosis, the modulation of which 
holds promise for enhancing the quality of life for patients 
during and after treatment.

Anticancer drugs

Cancer is a disease in which the control of growth signalling 
is dysregulated in one or more cells, leading to an uncon-
trolled cell proliferation and growth of a mass of cells known 
as a tumour. The clinical use of cytotoxic anticancer agents 
for the treatment of cancers is termed CT. Although there 
are other established therapeutic options, including surgery 
and radiotherapy, CT retains a distinction as a treatment 
modality due to its effectiveness in killing rapidly dividing 
cells and/or metastasized cancer cells that are a prominent 
hallmark of cancer (Brianna and Lee 2023). Notably, CT 
has extended the survival of innumerable cancer patients. 
A German chemist, Paul Ehrlich, in the early 1900s coined 
the name ‘chemotherapy’ because it involves the use of cyto-
toxic chemical agents that target different stages of mitotic 

Fig. 1  Ginger rhizome, the molecular structures of its most bioactive compounds and common examples of CT drugs from the different classes 
of cytotoxic anticancer drugs
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and metabolic processes in order to inhibit the cell cycle, 
cell division and growth of cancer cells. (Kaufmann 2008). 
The classes of cytotoxic anticancer drugs (Fig. 1) used in 
CT treatment include antimetabolites (e.g. MTX and 5-FU), 
oxazaphosphorines (e.g. CYP), platinum complexes (e.g. 
CP), anthracyclines (e.g. DOX), antitubulins (e.g. vincris-
tine and vinblastine), taxanes (e.g. PTX and DTX), topoi-
somerase inhibitors (e.g. topotecan and etoposide), anti-
estrogens (e.g. TAM, toremifene) (Fig. 1) and a host of cell 
cycle inhibitors, anti-androgens and kinase inhibitors. CT 
can be used as a primary regimen for treating cancer, as a 
neoadjuvant before the application of a primary treatment 
regimen, or as an adjuvant to kill the remnant of cancer cells 
after the primary treatment (Seufferlein et al. 2014). They 
are administered through various routes, such as intrave-
nous, oral, subcutaneous, intraventricular or intramuscular. 
The choice of route is based on considering the drugs’ phar-
macokinetic properties, convenience of administration and 
patient’s health status (Brianna and Lee 2023; Aisner 2007). 
In clinical practice, some of the CTs are used as combination 
dosage regimens, which has been reported to have higher 
efficacy than monotherapy. The combination regimens exert 
synergistic or additive anticancer effects compared to mono-
therapy and also reduce the chances of chemoresistance and 
relapses via targeting the cancer stem cells. The anticancer 
mechanisms of various classes of drugs are mainly via DNA 
interactions. Majority of cytotoxic anticancer drugs exert 
cytotoxic actions by interacting with the DNA machinery 
of cancer cells to inhibit replication, transcription, trans-
lation and cell division (Brinkmann and Fritz 2022). The 
cytotoxic anticancer drug–induced DNA impairment trig-
gers mechanistic signalling that culminates in inhibition of 
DNA repair mechanisms, cell-cycle arrest, ROS generation, 
mitochondrial dysfunction, endoplasmic reticulum (ER) 
damage and intrinsic and extrinsic apoptotic cell death (Hil-
ton et al. 2015). However, the intractable drawbacks associ-
ated with CTs are chemoresistance and side effect toxicity 
(Davodabadi et al. 2023).

Side effect organ toxicity of cytotoxic CT drugs

Besides chemoresistance, side effect organ toxicity is a pre-
vailing and intractable drawback of CT. CTs not only tar-
get the cancer cells but also exert toxic effects on healthy 
cells in cancer patients. The non-targeted adverse effects 
affect major organs, leading to hepatotoxicity, ototoxicity, 
nephrotoxicity, cardiotoxicity, neurotoxicity, placental toxic-
ity, testicular toxicity, lung toxicity, intestinal toxicity, ovar-
ian toxicity and spleen toxicity (Famurewa et al. 2020a, b; 
Famurewa et al. 2017; Zhang et al. 2018b; Fang et al. 2023). 
For example, CYP, an alkylating oxazaphosphorine, is well 
known to induce bladder urotoxicity, clinically termed hem-
orrhagic cystitis (Famurewa et al. 2021; Zirak et al. 2020). 

DOX mainly targets the heart, causing cardiotoxicity; CP, 
a platinum complex, is associated with classic nephrotoxic-
ity (Famurewa et al. 2022), while taxanes clinically induce 
peripheral neuropathy (Da Costa et al. 2020). It has been 
shown that the toxicity is orchestrated via ROS generation 
and subsequent development of oxidative stress. Oxida-
tive stress in turn activates NF-κB-mediated inflammatory 
mechanism and caspase-dependent apoptosis cascades, lead-
ing to mitochondrial dysfunction and cell death (Nagoor 
Meeran et al. 2023; Famurewa et al. 2022). These impaired 
signalling networks mediate the role of PI3K/Akt/mTOR/
GSK3/MAPK, endoplasmic reticulum stress mediators and 
autophagy in CT-induced organ toxicity (Nagoor Meeran 
et al. 2023; Jiang et al. 2023; Zhang et al. 2020) (Fig. 2). 
In addition, a number of studies have also implicated the 
mechanistic roles of microRNAs and long non-coding RNAs 
in CT-induced cardiotoxicity (Guan et al. 2023; Kawano and 
Adamcova 2022; Yu et al. 2022b). However, ferroptosis is 
an emerging, nonapoptotic form of cell death character-
ized by iron dependence and lipid peroxidation, which has 
been recently linked to CT-induced toxicity. Ferroptosis is 
involved in a range of pathologies, including cardiovascular 
diseases, neurodegeneration and cancer (Zhang et al. 2024; 
Wang et al. 2024b). Some systematic investigations have 
reported the crucial role of ferroptosis in CP-induced hear-
ing loss ototoxicity (Jian et al. 2021), nephrotoxicity (Lin 
et al. 2024; Ikeda et al. 2021) and DOX-induced cardio-
toxicity and nephrotoxicity (Ouyang et al. 2023; Tadokoro 
et al. 2020).

Ferroptosis as a mechanism 
in chemotherapy‑induced side effect toxicity

Ferroptosis is a recently discovered programmed cell death 
induced by iron-dependent lipid peroxidation, ROS and oxi-
dative damage. In 2012, ferroptosis was formally defined 
and recognised as a nonapoptotic cell death with hallmarks 
consistent with dysregulation of iron homeostasis and lipid 
peroxidation of polyunsaturated fatty acids in membrane 
phospholipids (Zhao et al. 2023). The programmed cell 
death expresses morphology characterized by reduction 
or absence of the mitochondrial crista, rupture of the outer 
membrane, decreased mitochondrial volume and increased 
membrane density (Baiskhanova and Schäfer 2024). It may 
be provoked via altered iron metabolism, iron overload and 
metabolism of amino acids and lipids. Although the elemen-
tal culprit is iron, iron is an essential micronutrient element 
and plays essential roles in metabolism, enzyme action and 
oxygen transport in red blood cells. However, excessive 
iron accumulation and/or iron overload may result from 
increased iron uptake via the transferrin receptor (CD71), 
which generates ferrous iron  (Fe2+) stored in ferritin protein, 
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with the association of ferritin heavy chain 1 (FTH-1) and 
ferritin light chain 1 (FTL-1). Ferritin iron storage capac-
ity, which ranges from 2000 to 4500  Fe2+ ions, is enlarged 
due to accumulation resulting from transferrin and transfer-
rin receptor-1 (TFR-1) intracellular transportation of iron. 
However, a lower expression of FTH-1 and FTL-1, coupled 
with transferrin receptor upregulation, can lead to exces-
sive iron build-up, Fenton reactions and lipid peroxidation. 
The degradation of ferritin by the action of nuclear receptor 
coactivator 4 (NCOA4)–mediated autophagy, termed fer-
ritinophagy, increases the level of labile iron pool or iron 
overload status, promoting Fenton reactions that generate 
iron (III)  (Fe3+) and the hydroxyl radical  (OH·), thus elevat-
ing ROS levels and inducing oxidative damage (Fig. 4). 
A key oxidative effect is lipid peroxidation via enhanced 
activity of acyl-CoA synthetase long-chain family mem-
ber 4 (ACSL4), arachidonate lipoxygenase (ALOX) and its 
prolyl hydroxylase domain for the production of activated 
polyunsaturated fatty acid coenzyme A (PUFA-CoA) and 
phospholipid PUFA proxides in the presence of excess ROS 
(Chen et al. 2021b). In this oxidative milieu, several path-
ways are agitated, including cystine/glutathione/GPX4, fer-
roptosis suppressor protein-1/coenzyme Q10 (FSP1/CoQ10) 
and GTP cyclohydrolase-1/tetrahydrobiopterin/dihydrofolate 
reductase (GCH1/BH4/DHFR) signalling axis, activating 
downstream signalling pathways, inducing ferroptosis (Zhao 
et al. 2023; Hu et al. 2022a; Lee et al. 2020). The tripeptide 
antioxidant, glutathione (GSH), is a vital component of the 

cellular antioxidant defense and homeostasis. The process of 
its de novo synthesis occurs through the glutamate-cysteine 
transporter system called system  Xc−, and the channel 
SLC7A11 which allows glutamate exit from the cell, and 
entry of cystine into the cell. Subsequently, cystine is con-
verted to cysteine, which is further utilized in the synthesis 
of GSH. CT drugs have the potential to inhibit the function 
of system  Xc−, which may lead to a reduction in GSH levels 
and activity of glutathione peroxidase-4 (GPX-4). Conse-
quently, this may result in the accumulation of intracellular 
iron-generated ROS (Hu et al. 2020, 2022b). The GPX-4 
enzyme plays a vital role in cellular antioxidant defense by 
converting lipid peroxides into lipid alcohols via the utiliza-
tion of reduced GSH, thereby preventing the accumulation 
of lipid peroxides and subsequent damage to cell membranes 
and mitochondria, underscoring the role of SLC7A11/
GPX-4 axis in the modulation of ferroptosis. Considering 
the importance of this enzyme for maintaining intracellu-
lar antioxidant balance (Famurewa et al. 2024), inhibition 
of SLC7A11/GPX-4 axis by CT drugs can directly lead to 
the initiation of ferroptosis (Ma et al. 2022). Therefore, in 
cells undergoing ferroptosis, GSH depletion, glutathione 
peroxidase-4 (GPX4) inactivation and accumulation of 
malondialdehyde, 4-hydroxynonenal, iron ions and lipid 
peroxides are the evident biochemical alterations (Baiskh-
anova and Schäfer 2024). GPX-4 is a master regulator and 
marker of ferroptosis; GPX-4’s decreased activity, followed 
by increased activity of ACSL4, leads to iron accumulation 

Fig. 2  Mechanisms underlying chemotherapeutic drug-induced organ 
toxicity. Cytotoxic anticancer drugs generate ROS and/or oxidative 
stress. Oxidative stress triggers activation of NF-kB-mediated inflam-

mation, mitochondrial impairment and intrinsic caspase-dependent 
apoptosis, leading to organ damage or toxicity



 Naunyn-Schmiedeberg's Archives of Pharmacology

and induction of ferroptosis (He and Shi 2023). Oxidative 
impairment in the antioxidant cysteine/glutamate transporter 
receptor  (Xc−) system causes a depletion of the synthesis of 
cysteine and GSH, a tripeptide antioxidant molecule (Wang 
et al. 2024a, b). GSH is used by GPX-4 to convert phospho-
lipid hydroxylperoxide (PLOOH) to alcohol. The GSH and 
the system  Xc− play synergistic roles in enhancing detoxi-
fication of ROS, balance of cellular antioxidant mechanism 
and inhibiting oxidative stress to prevent ferroptosis (He 
and Shi 2023). Therefore, a reduced level of cysteine due to 
suppression of system  Xc− inactivates GPX-4 activity, ulti-
mately leading to ferroptotic cascades (Wang et al. 2024b; 
Vera et al. 2024) (Figs. 3 and 4).

Ferroptosis as an emerging cell death mechanism has been 
indicated to be involved in the pathogenesis of CT-induced 
organ toxicity. In a recently published paper, exposure of 
auditory cochlear to CP caused intracellular free iron accu-
mulation. The authors suggest that the iron accumulation 
may be linked to ferritin degradation, a type of autophagy 

named ferritinophagy due to increased expression of LC3II 
and decreased expression of NCOA4 as ferritinophagy bio-
markers (Jian et al. 2021). In addition, levels of markers of 
ferroptosis, GSH, GPX-4 and solute carrier family 7 mem-
ber 11 (SLC7A11), were reduced in the cochlear HEI-OC1 
cell line following the elevated levels of lipid peroxidation 
markers. Studies have shown that CP decreased GPX-4 
activity, GSH, SLC7A11 and system  Xc−, and increased 
protein expression of ferritin, transferrin receptor-1 (TFR1), 
ACSL4, free iron level, ROS, 4-hydroxynonenal (4HNE) and 
malondialdehyde (MDA) in mouse kidney and in the renal 
HK-2 cell line (Song et al. 2024a, b; Li et al. 2023; Hu et al. 
2020, 2022b; Zhou et al. 2022; Ikeda et al. 2021). In the Song 
et al. (2024a) study, CP induced reduced gene expression of 
ferritin heavy chain (FTH) and ferritin light chain (FTL). The 
study concludes that ferroptosis is involved in the pathogen-
esis of CP-induced renal toxicity. Interestingly, before the 
discovery of ferroptosis in 2012, Baliga et al. (1998) had 
reported evidence suggesting a role for iron in CP-induced 

Fig. 3  A schematic description of chemotherapy (CT)-induced fer-
roptosis. CT induces iron accumulation through transferrin receptor-1 
(TFR-1) in cells, which leads to cellular iron overload. The binding 
of nuclear receptor coactivator-4 (NCOA4) to ferritin induces deg-
radation of ferritin, a process known as ferritinophagy. As a result, 
cellular iron increases, causing iron overload–dependent excessive 
ROS accumulation, lipid peroxidation and ferroptosis. The cysteine/

glutamate transporter receptor  (Xc−) system (SLC3A2 + SLC7A11) 
enhances GSH synthesis and GPX-4 activity to inhibit ROS levels 
and lipid peroxidation. The activities of acyl-CoA synthetase long-
chain family member 4 (ACSL4) and arachidonate lipoxygenase 
(ALOX) contribute to lipid peroxidation, ROS generation and ferrop-
tosis
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nephrotoxicity. In the study, CP caused in vivo and in vitro 
(in LLC-PK1 cells, renal tubular epithelial cells) elevation 
of iron content accompanied with renal toxicity. This result 
was validated by the use of iron chelators (deferoxamine 
and 1,10-phenanthroline), which considerably reduced the 
CP-induced cytotoxicity. The HK-2 cells were employed to 
evaluate the underlying mechanisms of CP-induced renal kid-
ney injury in a recent study (Lin et al. 2024). The study found 
that ferritinophagy is the key mechanism promoting iron 
overload and ferroptosis in CP-exposed HK-2 cells. Accord-
ing to the study (Lin et al. 2024), the ferroptotic cell death 
was confirmed by the reduced expression of GSH, GPX-4, 
ferritin heavy chain (FTH) and SQSTM1, while nuclear 
receptor coactivator4 (NCOA4) and LC3II/I were markedly 
upregulated. Mechanistically, therefore, CP could orchestrate 
ferroptosis via modulation of ferritinophagy-related genes 
and proteins. DOX is another efficacious CT for treatment 
of neoplastic diseases. However, it induces a classic form 

of cardiotoxicity, in which ferroptosis has been implicated. 
DOX-induced cardiotoxicity was mediated by ferroptosis via 
downregulation of antioxidant GPX-4 and SLC7A11 in the 
cardiomyocyte H9c2 cells (He et al. 2023). In that cell line, 
the effects of CP on genes for ferritin heavy chain 1 (FTH1), 
ferritin light chain 1 (FTL2), transferrin receptor-1 (TFR1, 
an iron importer protein) and ferroportin 1 (FPN1) were 
investigated. They are genes mainly responsible for regulat-
ing the intercellular iron homeostasis. The study found that 
DOX upregulated the gene expression of FTH1, FTL2 and 
TFR1, and downregulated the FPN1 gene to induce ferrop-
tosis. DOX (Adriamycin) induces renal damage via oxidative 
stress, evidenced by iron content, ACSL4, ROS, MDA and 
depleted expression of SLC7A11 and activities of GPX-4, 
GSH and SOD (Ouyang et al. 2023). In DOX-induced cardio-
toxicity, the levels of iron, ROS and lipid peroxidation MDA 
were elevated and that of GPX-4 depressed in mitochondria 
dysfunction-mediated ferroptosis in male C57BL/6 J mice 

Fig. 4  Schematic illustration of the ferroptotic and non-ferroptotic 
pathways triggered by cytotoxic chemotherapy drugs (CT drugs) in 
non-targeted, healthy cells. CT induces the entry of iron (II) via the 
transferrin and membrane protein transferrin receptor-1 (TFR-1). The 
increasing concentrations of iron (II) ions set up Fenton reactions and 
degradation of iron-storage protein ferritin by nuclear receptor coacti-
vator-4 (NCOA4) through an autophagy-mediated process called fer-
ritinophagy. These result in iron overload, increased ROS generation 
and formation of phospholipid-polyunsaturated fatty acid peroxides 
(PL-PUFA-OOH) by the action of acyl-CoA synthetase long-chain 

family member 4, ACSL4. Due to inhibition of the glutathione-glu-
tathione peroxidase-4 (GSH-GPX-4) synthetic pathway by CT drugs, 
lipid peroxides are copiously generated, leading to cell death by fer-
roptosis. CT drugs initiate non-ferroptotic pathway through genera-
tion of ROS and activation of inflammatory processes. The build-up 
of oxidative stress triggers inhibition of antioxidant enzyme activities, 
mitochondrial dysfunction, ER stress, activation of MAPK-PI3K axis 
and NF-κB-mediated inflammatory cascades. These ROS-mediated 
alterations result in apoptosis and inflammation
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(Tadokoro et al. 2020). Moreover, in vivo and in vitro stud-
ies have shown that downregulation of a lipid metabolism 
enzyme, acyl-CoA thioesterase 1 (Acot1), could contribute to 
DOX ferroptosis (Liu et al. 2020). The knockdown of Acot1 
gene progresses the cardiomyocytes to ferroptosis in DOX-
induced cardiotoxicity. Acot1 is an important enzyme in fatty 
acid metabolism; it catalyzes the reaction of fatty acyl-CoA 
to CoA-SH and free fatty acids. This role is crucial to car-
diomyocyte mitochondria that use fatty acid for energy and 
ROS generation (Jezek and Hlavata 2005). Because Acot1 is 
an inhibitor of oxidative stress in cardiomyocytes, its inhibi-
tion by DOX may contribute to ROS-mediated lipid peroxi-
dation and ferroptosis in cardiac cells (Liu et al. 2020; Xia 
et al. 2015). Moreover, in a recent study by Ou et al. (2024), 
in vitro and in vivo investigations confirmed the role of fer-
roptosis in DOX-induced cardiotoxicity. In the study, iron 
accumulation increased and the levels of ferroptosis markers 
GPX-4 and SLC7A11 were markedly depressed, followed by 
impairment in lipid metabolism. Lipid metabolism dysfunc-
tion has been shown to adversely affect cardiomyocyte mito-
chondria and may lead to increased generation of ROS and 
subsequent lipid peroxides that provoke ferroptotic signalling 
(Jezek and Hlavata 2005).

It is noteworthy that the effects of CP and DOX on FTH 
and FTL gene/protein expression in in vitro models are 
inconsistent. CP reduced the gene expression of FTH, FSP1 
and FTL in ferroptosis-induced ototoxicity in the HEI-OC1 
cell line and nephrotoxicity in HK-2 and KM mice (Song 
et al. 2024a, b), whereas DOX upregulated the gene expres-
sion of FTH and FTL in ferroptosis-induced cardiotoxicity 
in the H9c2 cell line. Although different CTs were involved, 
there is a need for further mechanistic studies to clarify the 
effects of CT on key gene-proteins involved in intracellular 
iron metabolism (Table 1).

Non‑ferroptotic mechanisms 
in chemotherapy‑induced toxicity

Oxidative stress

One of the key ways by which CT exerts deleterious effects 
is by promoting oxidative stress (Foufelle and Fromenty 
2016). Although oxidative stress has been thoroughly inves-
tigated in relation to ferroptosis, a type of programmed cell 
death linked to iron-dependent lipid peroxidation, there are 
a number of non-ferroptotic ways in which oxidative stress 
mediates the toxicity of chemotherapeutic drugs (Zhao 
et al. 2022). ROS, which comprise non-radical molecules 
like hydrogen peroxide and free radicals like superoxide 
anion and hydroxyl radical, are extremely reactive (Gavanji 
et al. 2023). In physiological states, ROS are generated as 
metabolic byproducts of cells and play a role in multiple 

signalling cascades. On the contrary, chemotherapeutic 
drugs have the potential to markedly increase ROS lev-
els, which might result in oxidative stress if ROS genera-
tion overwhelms the antioxidant defence of the cell (Bhat-
tacharya 2015). An instance is the anthracycline class of 
CT, which includes DOX and is known to produce ROS via 
redox cycling (Akhigbe et al. 2023; Famurewa et al. 2023; 
Adeyemi et al. 2024). DOX undergoes one-electron reduc-
tion to form a semiquinone radical, which subsequently 
binds with oxygen to generate superoxide anion and other 
ROS. Lipids, proteins and DNA are among the biological 
components that these ROS do harm. Damage to DNA can 
lead to strand breakage, mutations and cross-linking, all 
of which can negatively impact the viability and function 
of cells. Furthermore, lipid peroxidation damages cellular 
membranes, resulting in loss of membrane integrity and cell 
death (Zhu et al. 2016). Mitochondria are central to cel-
lular energy production but are also significant sources of 
ROS. CTs such as CP and PTX can induce mitochondrial 
dysfunction, contributing to oxidative stress and cytotoxic-
ity. CP, for instance, can accumulate in the mitochondria 
and bind to mitochondrial DNA (mtDNA), disrupting the 
mitochondrial electron transport chain (ETC). This disrup-
tion leads to an increase in electron leakage and the forma-
tion of superoxide anion (Cocetta et al. 2019). Furthermore, 
mitochondrial dysfunction impairs ATP production, leading 
to energy deficits that affect cellular processes. As a result 
of ETC breakdown, mitochondrial membrane potential is 
lost. This can also cause pro-apoptotic substances such as 
cytochrome c to be released into the cytosol, which acti-
vates the intrinsic pathway of apoptosis. Caspases, which 
are proteolytic enzymes that cause cell death by cleaving 
particular substrates, are activated in this pathway (Chis-
tiakov et al. 2018). Moreover, the endoplasmic reticulum 
(ER) plays a role in calcium homeostasis, lipid production 
and protein folding. By interfering with these processes, 
chemotherapeutic medications can cause ER stress and an 
accumulation of unfolded or misfolded proteins in the ER 
lumen that triggers the unfolded protein response (UPR), 
a signalling network that aims to restore ER homeostasis. 
Nonetheless, if the stress is intense or persistent, the UPR 
could trigger apoptotic pathways (Bonsignore et al. 2023). 
Bortezomib, a proteasome inhibitor used in the manage-
ment of multiple myeloma, exemplifies this mechanism. 
Bortezomib blocks the proteasome, which stops misfolded 
proteins from degrading and building up, causing ER stress. 
The resulting oxidative stress can further exacerbate cellular 
damage, as the ER is a significant source of ROS produc-
tion during protein folding (Auner and Cenci 2015). Cells 
possess a robust antioxidant buffer system that inhibits oxi-
dative injury (Akhigbe and Hamed 2021a). Together with 
non-enzymatic antioxidants such as GSH, this system also 
contains enzymatic antioxidants, including superoxide 
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Table 1  Ferroptosis and ferroptosis markers in chemotherapy-induced toxicity

Chemotherapy Organ toxicity Study model Ferroptosis findings Reference

Cisplatin Ototoxicity In vitro cell line GPX4

GSH 

SLC7A11 

NCOA4

ROS

MDA

free iron

LC3II

Jian et al. 2021

Cisplatin Nephrotoxicity  mouse andin vitro HK-2 cells GPX4

ACLS4

Li et al. 2023

Cisplatin Nephrotoxicity  mouse andin vitro HK-2 cells GPX4 

GSH 

ROS 

MDA

4HNE

Zhou et al. 2022

Cisplatin Nephrotoxicity Mouse GPX4

Transferrin 

receptor-1         

Ferritin

Ikeda et al. 2021

Cisplatin Nephrotoxicity  rat andin vitro LLC-PK1 cells Iron

ROS

Baliga et al. 1998

Cisplatin Nephrotoxicity In vitro HK-2 cells GPX4 

SQSTM1

GSH 

SLC7A11 

NCOA4

ROS 

MDA

free iron 

LC3II

FTH

Lin et al. 2024
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Table 1  (continued)

Chemotherapy Organ toxicity Study model Ferroptosis findings Reference

Cisplatin Nephrotoxicity HK-2 cell line GPX4

Xc- system

GSH

SOD

SLC7A11

Transferrin 

receptor 1

MDA

Iron content

Hu et al. 2022b

Cisplatin Nephrotoxicity mouse and HK-2 cells GPX4

4HNE

Hu et al. 2020

Cisplatin Ototoxicity HEI-OC1 cell line GPX-4

GSH

SLC7A11

FTH

FTL

Song et al. 2024a

Cisplatin Acute kidney injury In vivo mouse andin vitro HK-2 
cells

GPX-4

GSH

FTH

FSP1

Iron

MDA

ROS

TRF

Song et al. 2024b

Cisplatin Acute kidney injury In vivo mouse andin vitro HK-2 
cells

GPX4

GSH

FTH 

FSP

Catalase

SOD

MDA

Sun et al. 2024
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dismutase (SOD), glutathione peroxidase and catalase (Akh-
igbe and Ajayi 2020). Anti-cancer drugs can disrupt these 
defenses, augmenting oxidative stress and toxicity (He et al. 
2017). For instance, the depletion of GSH, a major cellular 

antioxidant that is essential for detoxifying ROS and main-
taining redox balance within the cell (Akhigbe and Ajayi 
2020; Famurewa et al. 2018), is a common consequence 
of treatment with CT drugs such as cisplatin and analgesic 

Table 1  (continued)

Chemotherapy Organ toxicity Study model Ferroptosis findings Reference

Doxorubicin Cardiotoxicity In vitro H9c2 cells GPX4

GSH

SLC7A11

Ferroportin 1

ROS

Transferrin 

receptor

Ferritin light 

chain

Ferritin heavy 

chain

He et al. 2023

Doxorubicin Cardiotoxicity Rat GPX-4

GSH

SOD

SLC7A11)

Iron content

ACSL4

ROS

MDA

Ouyang et al. 2023

Doxorubicin Cardiotoxicity Mouse GPX-4

MDA

Tadokoro et al. 2020

Doxorubicin Cardiotoxicity Mouse GSH

Acot1

Liu et al. 2020

Doxorubicin Cardiotoxicity Mouse and neonatal rat cardiomyo-
cytes

GPX-4

SLC7A11

MDA

4HNE

Ou et al. 2024
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drugs such as acetaminophen (paracetamol). Cisplatin can 
form adducts with GSH, depleting its levels and impairing 
its protective functions. This depletion not only increases 
susceptibility to oxidative damage but also affects the activ-
ity of GSH-dependent enzymes, further compromising the 
cell’s ability to counteract ROS (Cheng et al. 2021). Oxida-
tive stress can also trigger inflammatory responses, contrib-
uting to the side effect toxicity of CT drugs. ROS activates 
several signalling factors or pathways such as nuclear fac-
tor-kappa B (NF-κB) and mitogen-activated protein kinases 
(MAPKs), which regulate the transcription and release of 
inflammatory cytokines. The release of pro-inflammatory 
cytokines such as interleukins and tumour necrosis factor-
alpha (TNF-α) exacerbates tissue injury and promotes cell 
death (Li et al. 2020a, b). MTX, a folate antagonist used in 
CT, induces inflammation and oxidative stress. MTX gener-
ates ROS that can activate NF-κB, leading to increased pro-
duction of inflammatory cytokines. This inflammation can 
cause damage to normal tissues, contributing to the drug’s 
toxicity (Marin et al. 2022) (Fig. 4).

Inflammation

Inflammation plays a crucial role in mediating the toxicity of 
CTs (Fig. 4). It is a complex biological response to harmful 
stimuli and can be both beneficial and detrimental (Cao et al. 
2021). In the context of CT therapy, chronic inflammation 
induced by the drugs can lead to various adverse effects, 
including tissue damage, organ dysfunction and systemic 
toxicity (Vogel et al. 2020). Pro-inflammatory cytokines 
such as TNF-α, interleukin-1 beta (IL-1β) and interleukin-6 
(IL-6) can be produced and released in response to CT 
(Famurewa et al. 2019). These cytokines initiate and amplify 
inflammatory responses that lead to various pathological 
conditions. For instance, DOX, an anthracycline antibiotic 
used in CT, is known to cause cardiotoxicity partly through 
the induction of inflammatory cytokines. DOX induces the 
expression of TNF-α and IL-1β in cardiac tissues, promoting 
an inflammatory environment that contributes to myocardial 
damage. The elevated cytokine levels activate downstream 
signalling pathways of drug-induced toxicity that exacerbate 
tissue injury and induce non-ferroptotic cell death (Muso-
lino et al. 2017). The inflammatory response to CT drugs is 
mostly mediated by the immune system. These drugs can 
activate various immune cells, including macrophages, neu-
trophils and lymphocytes, which in turn release pro-inflam-
matory cytokines and chemokines. This activation can lead 
to acute and chronic inflammatory conditions (Zappavigna 
et al. 2020).

MTX activates macrophages resulting in the release of 
pro-inflammatory cytokines. The drug-induced activation 
of these immune cells can result in systemic inflammation, 
contributing to side effects such as mucositis, hepatotoxicity 

and nephrotoxicity. The inflammatory response triggered by 
immune cell activation could mediate the toxic effects of the 
CT drugs to lead to a non-ferroptotic form of cell death (De 
Freitas Saito et al. 2023). Multiple signalling pathways are 
involved in mediating the inflammatory response to antican-
cer CT drugs. Key among these are the nuclear factor-kappa 
B (NF-κB) and mitogen-activated protein kinase (MAPK) 
pathways. These pathways mediate CT-induced inflamma-
tion since they control the expression of genes that promote 
inflammation. The NF-κB pathway is a major regulator 
of inflammation and is often activated by anti-cancer CT 
drugs. The activation of NF-kB upregulates the expression 
of inflammatory cytokines and chemokines, contributing to 
anti-cancer CT drug-induced side effect toxicity. Similarly, 
the MAPK pathway, which includes ERK, JNK and p38 
MAPK, is activated in response to stress signals and can 
mediate inflammatory responses to anti-cancer CT drugs 
(Chen et al. 2018).

Inflammation and oxidative stress are closely linked pro-
cesses that can mutually reinforce each other. Anti-cancer 
CT drugs induce ROS release which result in oxidative stress 
that may activate various inflammatory signalling pathways, 
creating a feedback loop that amplifies both oxidative stress 
and inflammation (Yu et al. 2022a). CP, a platinum-based 
chemotherapeutic agent, is known to induce nephrotoxic-
ity through mechanisms involving both oxidative stress and 
inflammation. CP generates ROS, which can activate the 
NF-κB and MAPK pathways, resulting in the generation 
of pro-inflammatory cytokines. These cytokines further 
exacerbate oxidative stress by recruiting immune cells that 
produce additional ROS, creating a vicious cycle of inflam-
mation and oxidative damage. This interplay between oxida-
tive stress and inflammation could underlie non-ferroptotic 
mechanisms of CP-induced toxicity (Sahu et al. 2014). The 
inflammatory response to anti-cancer CT drugs can vary, 
depending on the tissue(s) affected. Different tissues have 
distinct inflammatory environments and immune cell com-
positions, which can influence the nature and severity of 
drug-induced toxicity (Ramos-Casals et al. 2020). For exam-
ple, the gastrointestinal tract is particularly susceptible to 
inflammation induced by chemotherapeutic drugs such as 
5-fluorouracil (5-FU). 5-FU can cause mucositis, an inflam-
matory condition characterized by ulceration and pain in 
the mucosal lining of the digestive tract. The drug induces 
the release of pro-inflammatory cytokines and chemokines 
and the accumulation of immune cells and subsequent tissue 
damage. The localized inflammation in the gastrointestinal 
tract exemplifies how tissue-specific factors contribute to 
the side effect toxicity of CT drugs (Sim et al. 2023). In 
some cases, CT drugs can induce a systemic inflammatory 
response, leading to a condition known as systemic inflam-
matory response syndrome (SIRS). SIRS is characterized 
by widespread inflammation that can result in multiple 
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organ failure, and is a severe complication of CT (Dolan 
et al. 2017). Taxanes, such as PTX, are known to cause 
SIRS. PTX can stimulate the release of high levels of pro-
inflammatory cytokines, leading to systemic inflammation. 
The excessive inflammatory response can affect multiple 
organs, including the liver, kidneys and lungs, leading to 
widespread tissue damage and organ dysfunction. SIRS rep-
resents an extreme manifestation of drug-induced inflamma-
tion and highlights the potential outcomes of systemic side 
effect toxicity with cytotoxic anticancer therapies. However, 
the anti-inflammatory and/or protective roles of cytokines, 
including IL-4, IL-10, IL-19 and IL-22, have been shown 
in the existing literature, especially in the pathogenesis of 
cardiovascular diseases (Haybar et al. 2023; Algefare et al. 
2024).

Mitochondrial damage and apoptosis

One of the critical pathways through which CT drugs exert 
their side effect toxicity is by causing mitochondrial damage 
and inducing apoptosis, which is distinct from ferroptosis 
(Li et al. 2020a, b). Apoptosis, or programmed cell death, is 
a tightly regulated process that enables the body to remove 
damaged or unwanted cells in a controlled manner. Con-
trary to necrosis, which is a largely random cell death from 
acute cellular injury, apoptosis is a more orderly process that 
avoids eliciting an inflammatory response. Many CT drugs 
leverage apoptosis to kill cancer cells; however, they can also 
inadvertently trigger apoptosis in healthy cells, leading to 
side effect toxicity (Mishra et al. 2018). CT drugs can induce 
apoptosis through the intrinsic/mitochondrial and extrinsic/
death receptor pathways (Pfeffer and Singh 2018; Hamed 
et al. 2024). The intrinsic pathway is initiated by intracel-
lular signals, usually in response to oxidative stress, DNA 
damage or other forms of cellular stress. CT drugs like DOX 
and CP can induce significant DNA damage and oxidative 
stress, resulting in the activation of the intrinsic apoptotic 
pathway. This promotes the release of cytochrome c from the 
mitochondria into the cytosol, and procaspase-9, apoptotic 
protease activating factor-1 (Apaf-1) and cytochrome c cre-
ate a complex that activates caspase-9. Activated caspase-9 
then triggers a cascade of downstream caspases, such as cas-
pase-3, which execute apoptosis by cleaving cellular proteins 
and dismantling the cell (Rezatabar et al. 2019).

The extrinsic pathway is activated by the interaction of 
extracellular death ligands with their corresponding death 
receptors on the cell surface (Akhigbe et al. 2021b). Anti-
cancer agents like TRAIL (TNF-related apoptosis-inducing 
ligand) can engage this pathway. TRAIL binds to death 
receptors such as DR4 and DR5 to produce death-inducing 
signalling complex (DISC) that in turn activates caspase-8. 
Caspase-8 directly activates downstream effector caspases or 
cleaves Bid, a pro-apoptotic Bcl-2 family member, to tBid, to 

drive the intrinsic pathway (Jan 2019). However, mitochon-
dria are the powerhouse of the cell, playing a crucial role in 
energy production, regulation of metabolic pathways and 
initiation of apoptosis. Many anti-cancer drugs target mito-
chondrial function, leading to mitochondrial damage, which 
contributes to their cytotoxic effects (Neuzil et al. 2014). 
Anti-cancer drugs such as CP can accumulate in the mito-
chondria and bind to mitochondrial DNA (mtDNA), causing 
cross-linking and mutations. This damage suppresses the 
mitochondrial electron transport chain (ETC), resulting in 
increased ROS production that further damages mtDNA, 
proteins and lipids, creating a vicious cycle of mitochondrial 
dysfunction and oxidative stress (Mapuskar et al. 2021). 
Drugs such as DOX can disrupt the mitochondrial mem-
brane potential (Δψm). DOX interacts with cardiolipin, a 
phospholipid unique to the inner mitochondrial membrane, 
affecting the integrity of the membrane and the function of 
ETC complexes. Mitochondrial apoptosis is characterized by 
the loss of Δψm, which opens the mitochondrial permeabil-
ity transition pore (mPTP) and releases pro-apoptotic sub-
stances such as cytochrome c and apoptosis-inducing factor 
(AIF) (Rocca et al. 2022). Mitochondrial damage results in 
impaired ATP production, leading to an energy deficit in the 
cell. ATP is essential for various cellular processes, includ-
ing ion homeostasis and protein synthesis. The depletion of 
ATP can lead to cellular dysfunction and death, particularly 
in tissues with high energy demands, such as the heart and 
the brain. For example, anthracyclines such as DOX are 
notorious for causing cardiotoxicity through this mechanism 
(Seungyoon and Pekkurnaz 2018). Mitochondrial dysfunc-
tion often leads to the overproduction of ROS. Anti-cancer 
drugs such as PTX can exacerbate this effect by inhibiting 
microtubule dynamics, which are critical for mitochondrial 
transport and distribution within cells. Accumulated ROS 
can damage mitochondrial and nuclear DNA, proteins and 
lipids, further impairing cellular function and viability 
(Khan et al. 2022). Mitochondrial damage and apoptosis are 
closely interconnected. Mitochondrial dysfunction can lead 
to the release of apoptogenic factors, while the activation of 
apoptotic pathways can exacerbate mitochondrial damage 
(Belhadj Slimen et al. 2014).

The Bcl-2 protein family regulates apoptosis and mito-
chondrial integrity. This family comprises both pro-apop-
totic (Bax, Bak) and anti-apoptotic (Bcl-2, Bcl-xL) pro-
teins. Anti-cancer drugs can alter the balance between these 
proteins, tipping the scale towards apoptosis. For instance, 
drugs like venetoclax, a Bcl-2 inhibitor, promote the activa-
tion of Bax and Bak, mitochondrial outer membrane per-
meabilization (MOMP) and cytochrome c release (D'Orsi 
et al. 2017). The opening of the mPTP is a critical event 
in mitochondrial-mediated apoptosis. Drugs that cause oxi-
dative stress or disrupt mitochondrial calcium homeostasis 
can trigger mPTP opening. For example, cisplatin induces 
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mitochondrial calcium overload and oxidative stress, lead-
ing to mPTP opening and the release of pro-apoptotic fac-
tors. Once opened, the mPTP allows the passage of solutes 
across the mitochondrial membrane, leading to mitochon-
drial swelling, loss of Δψm and release of cytochrome c 
(Waseem and Wang 2023).

Autophagy and other signalling alterations

Autophagy, a cellular degradation and recycling process, 
and other signalling alterations play critical roles in main-
taining cellular homeostasis. When disrupted by anti-cancer 
drugs, these processes can lead to significant toxicity (Chen 
et al. 2021a). Some anti-cancer drugs can induce excessive 
autophagy, leading to autophagic cell death, also known as 
type II programmed cell death. For instance, drugs like tem-
sirolimus, an mTOR inhibitor, can upregulate autophagy. 
While this can be beneficial in targeting cancer cells, exces-
sive autophagy in normal cells can lead to the degradation of 
essential cellular components and cell death. The removal of 
crucial organelles and proteins can disrupt cellular functions, 
resulting in toxicity in healthy tissues (Cuomo et al. 2019). 
Conversely, some drugs inhibit autophagy, preventing cells 
from clearing damaged organelles and proteins, leading to 
cellular dysfunction and death. Chloroquine and hydroxy-
chloroquine, for example, inhibit the fusion of autophago-
somes with lysosomes. This inhibition can cause the accu-
mulation of damaged cellular components, inducing stress 
and apoptosis in non-cancerous cells, thereby contributing 
to toxicity (Khandia et al. 2019).

Autophagy is controlled by several signalling pathways, 
including the PI3K/Akt/mTOR pathway, the AMPK pathway 
and the Beclin-1 complex. Anti-cancer drugs can disrupt these 
pathways, leading to altered autophagic activity. For example, 
the inhibition of the PI3K/Akt/mTOR pathway by drugs like 
rapamycin can lead to increased autophagy. While this might 
help in killing cancer cells, it can also result in unintended tox-
icity in normal cells. Apart from autophagy, several other cell 
signalling pathways are affected by anti-cancer drugs, contrib-
uting to their toxic effects. These include the NF-κB, mitogen-
activated protein kinase (MAPK), p53 and Janus kinase/signal 
transducer and activator of transcription (JAK/STAT) signalling 
pathways. NF-κB is a critical regulator of immune response, 
inflammation and cell survival. Anti-cancer drugs can aberrantly 
activate or inhibit this pathway, leading to toxicity (Chen et al. 
2021b). Some drugs, such as doxorubicin, activate the NF-κB 
pathway, leading to the transcription of pro-inflammatory 
cytokines and survival genes. Chronic activation of NF-κB can 
cause inflammation and contribute to drug resistance in cancer 
cells. In normal tissues, this can result in inflammatory dam-
age and toxicity, as seen in doxorubicin-induced cardiotoxicity. 
Conversely, drugs that inhibit NF-κB signalling can impair cell 
survival mechanisms, making normal cells more susceptible to 

apoptosis. This can be particularly detrimental in tissues requir-
ing high turnover or repair capacity, such as the gastrointestinal 
tract and the bone marrow (Mortezaee et al. 2019).

The MAPK pathway is involved in regulating cell 
growth, differentiation and apoptosis. CT anti-cancer drugs 
can disrupt MAPK signalling, leading to toxicity (Braicu 
et al. 2019). Drugs like CP can activate the MAPK pathway, 
leading to increased apoptosis. While this is beneficial in 
eliminating cancer cells, the activation of MAPK in normal 
cells can result in unwanted cell death and tissue damage. 
CP-induced nephrotoxicity is a prime example of MAPK 
activation leading to renal cell apoptosis and kidney dam-
age (Achkar et al. 2018). On the other hand, inhibition of 
MAPK signalling by drugs such as MEK inhibitors can 
suppress cell proliferation and survival. In normal tissues, 
this inhibition can impair cellular repair and regeneration 
processes, leading to toxicity in rapidly dividing tissues 
such as the skin and the gastrointestinal mucosa (Kun et al. 
2021). Also, the p53 tumour suppressor pathway is crucial 
for regulating the cell cycle and apoptosis in response to 
DNA damage. Anti-cancer drugs often target this pathway 
to induce cancer cell death, but they can also affect normal 
cells. Drugs like etoposide induce DNA damage and acti-
vate p53, leading to cell cycle arrest and apoptosis. While 
this is effective against cancer cells, normal cells with high 
turnover rates, such as hematopoietic stem cells, can also 
undergo apoptosis, leading to side effects like myelosup-
pression and immunosuppression (Karimian et al. 2016). 
Some drugs might inadvertently inhibit p53 signalling, 
reducing the cell’s ability to undergo apoptosis in response 
to DNA damage. This can lead to the accumulation of dam-
aged cells, increasing the risk of secondary malignancies 
and other toxicities (Dobbelstein and Sorensen 2015). The 
JAK/STAT pathway is involved in cytokine signalling and 
immune regulation. Anti-cancer drugs can modulate this 
pathway, leading to various toxic effects. Cytokine thera-
pies, such as interferons, activate the JAK/STAT pathway 
to boost the immune response against cancer. However, 
prolonged activation can result in systemic inflammation 
and autoimmune-like side effects, such as fatigue, myalgia 
and hepatotoxicity. Drugs that inhibit JAK/STAT signal-
ling, like JAK inhibitors, can suppress immune function, 
increasing the risk of infections and impairing the body’s 
ability to respond to cellular stress and damage. This immu-
nosuppressive effect can lead to increased susceptibility to 
infections and delayed wound healing (Bose et al. 2020).

Pharmacological effects of ginger, 6‑gingerol 
and zingerone: an overview

Zingiber officinale Roscoe (Ginger) (Zingiberaceae) is one 
of the most pungent spices which has been used extensively 
in Asia and Africa. From antiquity, it has been used to treat 
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a variety of diseases (Ali et al. 2008). It is both cultivated 
widely as food and recognised for its healing properties 
in traditional medicine. Ginger has received enormous 
research attention, leading to investigating it for a wide 
range of pharmacological activities and isolating many bio-
active compounds from it. The pharmacological activities 
of ginger include antioxidant, anti-inflammatory, antihy-
pertensive, antibacterial, immunosuppressive, respiratory 
protective, neuroprotective and anticancer activities (Ali 
et al. 2008; Mao et al. 2019; Ali and Mamo 2023). Ginger 
contains many bioactive compounds, principally oleoresin 
and essential oil. The main components of oleoresin, the 
non-volatile pungent component, are identified as gin-
gerols, which include 6-gingerol, 8-gingerol, 10-gingerol 
and 6-shogaol (the dehydrated product of 6-gingerol) and 
zingerone (Wang et al. 2009). 6-Gingerol (1-[4′-hydroxy-
3′-methoxyphenyl]−5-hydroxy-3-decanone) and zingerone 
(4-(4-hydroxy-3-methylphenyl) butan-2-one) (Fig. 5) are 
important bioactive compounds isolated from the extracts 
of ginger and they show a wide range of pharmacological 
activities. This section focuses on an overview of the phar-
macological effects of ginger and its bioactive compounds 
6-gingerol (6G) and zingerone (ZG).

Antioxidant activity

Eating foods high in antioxidants can protect against oxida-
tive processes. Numerous naturally occurring antioxidants 
have been identified from a variety of plant materials, includ-
ing seeds, fruits, vegetables, roots and leaves. Ginger and its 
phyto-constituents have been used to treat ROS-associated 
diseases. Ginger extract inhibits iron- and sodium nitroprus-
side (SNP)–induced lipid peroxidation in vitro (Akinyemi 
et al. 2013). Another study examined the protective effects 
of ginger extract against interleukin-1β (IL-1β)-induced oxi-
dative stress and mitochondrial apoptosis in C28/I2 human 
chondrocytes. The cells were pre-treated with ginger extract 
for 24 h, followed by incubation with IL-1β for another 24 h 
to examine the protective effect of ginger extract on IL-1β-
induced intracellular ROS production and lipid peroxidation. 

The results indicated that ginger extract pre-treatment sig-
nificantly raised the gene expression of antioxidant enzymes 
(CAT, SOD-1, GPX-1, GPX-3 and GPX-4) and decreased 
the IL-1β-mediated rise of ROS, lipid peroxidation, the 
Bax/Bcl-2 ratio and caspase-3 activity (Hosseinzadeh et al. 
2017). The effect of hydrogen peroxide-induced oxidative 
stress on HT1080 cell viability, ROS production, Akt activa-
tion and mitochondrial membrane potential was attenuated 
by ginger extract, resulting in decreased ROS production 
(at 200 and 400 µg/mL), increased mitochondrial mem-
brane potential and decreased Akt activation (Romero et al. 
2018). In addition to ginger extracts, 6G and ZG have also 
demonstrated antioxidant activities. Dugasani et al. (2010) 
compared the antioxidant activities of 6G, 8-gingerol, 
10-gingerol and 6-shogaol in terms of scavenging of DPPH, 
superoxide and hydroxyl radicals. The four compounds dem-
onstrated significant, concentration-dependent activities in 
all the models.

Analgesic and anti‑inflammatory activity

In an investigation into ginger’s anti-inflammatory proper-
ties, the herb inhibited T-lymphocyte Akt and NF-κB activa-
tion produced by anti-CD3 antibodies, as well as the TNFα-
driven activation of epithelial NF-κB (Ueno et al. 2014). 
In an in vivo analgesic and anti-inflammatory study of 6G, 
its intraperitoneal administration at 25–50 mg/kg inhibited 
the acetic acid–induced writhing response and formalin-
induced licking time in the late phase in male ICR and 
female Wistar rats. In addition, higher doses (50–100 mg/
kg) of 6G inhibited carrageenan-induced paw oedema in 
the animals (Young et al. 2005). At 6 µM, 6G significantly 
inhibited N-formyl-methionyl-leucyl-phenylalanine-induced 
production of ROS in human polymorphonuclear neutro-
phils. It also inhibited the lipopolysaccharide (LPS)-induced 
production of inflammatory mediators (nitrite and prosta-
glandin E2) in RAW 264.7 cells in a dose-dependent manner 
(Dugasani et al. 2010).

Anticancer activity

The literature has got a litany of data on the anticancer poten-
tial of ginger and its bioactive compounds. An investigation 
of the molecular mechanisms underlying the anticancer 
effects of an ethanolic extract of ginger in mice bearing solid 
Ehrlich carcinoma revealed that the extract’s activity was 
mediated by activation of adenosine monophosphate protein 
kinase (AMPK) and downregulation of the expression of 
cyclin D1 gene. An elevation of the p53 and suppression 
of the NF-κB levels in tumour tissue were also observed. 
In addition, the anticancer activity of DOX was potentiated 
by ginger extract (El-Ashmawy et al. 2018). A synergistic 
cytotoxicity of ginger extract with honey was observed in 
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the colorectal cell line HT29. According to this study, the 
synergistic action of ginger and Gelam honey induced cell 
death in HT29 cells by upregulating caspase-9 and IκB 
genes, followed by a downregulation of KRAS, ERK, Akt, 
Bcl-xL and NFkB (p65) genes (Tahir et al. 2015). In vitro, 
in vivo and in silico studies have shown that 6G and ZG 
interfere with the carcinogenic processes. A study by Lee 
et al. (2008) showed that 6G inhibits the adhesion, invasion, 
motility and activities of MMP-2 and MMP-9 proteins in the 
human breast cancer cell line MDA-MB-231. Experimental 
data have indicated that 6G exerts its anticancer actions via 
important cell signalling mediators and pathways, which 
include Bax/Bcl-2, caspases‐3 and −9, extracellular signal-
regulated protein kinases 1 and 2 (ERK1/2), nuclear fac-
tor erythroid 2-related factor-2 (Nrf2), p65/NF‐κB, p38/
MAPK, p53, TNF‐α, ROS/NF‐κB/COX‐2 and SAPK/JNK. 
6-Gingerol targets ferroptosis in lung cancer cells (A549 
and CCD19-Lu cells; Balb/c nude mice) by downregulat-
ing ubiquitin-specific protease 14 (USP14), enhancing 
autophagy-dependent ferroptosis, increasing ROS and reduc-
ing the proliferation of cancer cells (Tsai et al. 2020). When 
phorbol 12-myristate 13-acetate (PMA)–treated human liver 
cancer cell lines (HepG2 and Hep3B) were incubated with 
6G, the activity of matrix metalloproteinase-9 (MMP-9) was 
reduced, while an increase in the expression of tissue inhibi-
tor metalloproteinase-1 (TIMP-1) protein was observed in 
both cell lines. These findings suggested that 6G exerts 
anti-invasive effect on liver cells through the regulation of 
MMP-9 (Weng et al. 2010). In the in vitro and in vivo inves-
tigation by Rastogi et al. (2015) of molecular mechanisms 
of action of 6G in human cervical cancer cells, at 50 µM, it 
potently inhibited the proliferation of the human papilloma 
virus (HPV)–positive cervical cancer cells (HeLa, CaSki 
and SiHa). In addition, 6G caused inhibition of the chy-
motrypsin activity of proteasomes, induction of reactivation 
of p53, increase in the levels of p21 and induction of ROS 
generation, leading to DNA damage and G2/M cell cycle 
arrest. It also altered the expression of p53-associated apop-
totic markers (including cleaved caspase-3 and PARP), and 
enhanced the antiproliferative activity of CP. It increased 
the percentage of apoptotic cells in both early and late apop-
totic phases in HeLa by 25.22%, in CaSki by 29.19% and in 
SiHa by 35.48%. In vivo, 6G treatment caused significant 
reduction of tumour volume, tumour weight, proteasome 
inhibition and p53 accumulation in HeLa xenograft tumour 
cells. 6G inhibited the growth of human cervical cancer cell 
line (HeLa)  (IC50, 96.32 µM) through induction of cell cycle 
arrest at the G0/G1 phase by lowering the expression of 
cyclin (A, D1, E1) and upregulating the Bax/Bcl-2 ratio. It 
also caused activation of AMPK and inhibition of PI3K/Akt 
phosphorylation, with reduced expression of P70S6K and 
phosphorylation of mTOR. A combination of 6G with 5-FU 
and PTX led to much higher cellular inhibition compared 

to 6G alone (Zhang et al. 2017). HeLa cells treated with 
6G showed depolarization of mitochondrial membrane 
potential, increased expression of caspase-3 and PARP, 
downregulation of NF-kB, Akt and Bcl2 gene expression, 
and upregulation of TNFα, Bax and cytochrome c protein 
expression. It also bound with the nuclear DNA and induced 
conformational changes to DNA in circular dichroism study. 
The study suggested that 6G could bind with DNA and 
mediate cell death by autophagy and caspase-3-induced 
apoptosis (Chakraborty et al. 2012). A study that investi-
gated the action of 6G against human pancreatic cancer cell 
lines (HPAC expressing wildtype p53 and BxPC-3 express-
ing mutated p53) found that the compound inhibited cell 
growth via cell cycle arrest at the G1 phase in both cell lines. 
Further analysis by Western blot indicated that 6G reduced 
Cyclin A and Cyclin-dependent kinase expression. The 
expression of p53 was decreased in 6-gingerol-treated cells, 
suggesting that the induction of Cyclin-dependent kinase 
inhibitor (p21/cip1) was p53-independent (Park et al. 2006). 
6-Gingerol pre-treatment in HepG2 cells has also partially 
protected against radiation-induced cell damage related to 
oxidative stress and apoptosis (Chung et al. 2015). In a colo-
rectal cancer cell line (HCT116), 6G inhibited cancer cell 
growth by targeting leukotriene  A4 activity. In vivo, it also 
suppressed tumour growth in nude mice (Jeong et al. 2009). 
Kang and co-workers evaluated the mechanism by which 6G 
induced cell death in non-small-cell lung cancer (NSCLC) 
cells. The results showed that 6G induced cell death by the 
mitochondrial-dependent, intrinsic apoptosis pathway. Iron 
metabolism was also found to play an important role in 
the antiproliferative potential of 6G through downregula-
tion of EGFR/JAK2/STAT5b signalling or upregulation of 
p53 and downregulation of PD-L1 expression (Kang et al. 
2023). ZG protected against radiation-induced DNA dam-
age and apoptosis in lymphocytes in vitro. Pre-treatment of 
lymphocytes with ZG prior to exposure to gamma radia-
tion was observed to significantly reduce the frequency of 
micronuclei, decrease genetic material and reduce percent-
age of apoptotic cells (Rao et al. 2011). In colon carcino-
genesis induced by 1,2-dimethylhydrazine in Wistar rats, 
Ganaie et al. (2019) observed the protective effect of ZG via 
altering cytochrome P450 2E1 and serum marker enzyme 
carcinoembryonic antigen (CEA) activities, suppressing 
NF-kB-p65, COX-2, iNOS, PCNA and Ki-67 expression, 
and attenuating IL-6 and TNF-α levels. ZG also demon-
strated anti-mitotic effect in human neuroblastoma cells 
(BE(2)-M17). ZG-treated neuroblastoma cells showed an 
increase in the number of mitotic cells, especially those in 
prometaphase, perhaps by decreasing the expression of cyc-
lin D1 and inducing the cleavage of caspase-3 and PARP-1 
(Choi et al. 2018). In PC-3 cells (prostate cancer model), ZG 
decreased cell viability in a concentration-dependent manner 
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and induced apoptosis, as well as inhibited the PI3K/AKT/
mTOR signalling pathway (Qian et al. 2021).

Antimicrobial activity

Phyto-compounds are veritable sources of antibacte-
rial agents (Berida et al. 2024). Ginger showed inhibi-
tory effect against the growth of multi-drug-resistant 
Pseudomonas aeruginosa by altering its cellular physi-
ology and inhibiting the biofilm formation (Chakotiya 
et al. 2017). Another study investigated, using a static 
biofilm assay, the potential of ginger extract to inhibit 
PA14 biofilm formation in P. aeruginosa. The results 
showed that ginger-treated culture had 39–56% reduc-
tion in biofilm development. In addition, treatment with 
ginger extract altered various phenotypes of PA14 (Kim 
and Park 2013). Crude extract and methanol fractions 
of ginger were found to inhibit various virulent proper-
ties of Streptococcus mutans. Biofilm development was 
reduced at critical growth phases, and glucan synthesis 
and adherence were also inhibited. In vivo, the extract and 
fractions also showed anti-cariogenic tendency in treated 
rats when compared to the untreated animals (Hasan et al. 
2015). The effects of 6G on Acinetobacter baumannii, 
Klebsiella pneumoniae, Pseudomonas aeruginosa and 
Staphylococcus aureus, as well as on their biofilm forma-
tion and virulence properties, were investigated. For S. 
aureus and P. aeruginosa, 6G decreased efflux and dam-
aged the cell membrane. It further decreased the biofilm 
formation and virulence factors production in S. aureus 
and P. aeruginosa at concentrations lower than the mini-
mal inhibitory concentrations (MICs). Molecular dynam-
ics simulation run for 100 ns also demonstrated a stable 
interaction of 6G with quorum sensing protein targets of 
P. aeruginosa. 6G’s ability to interfere with quorum sens-
ing and virulence-regulating mechanisms in bacteria may 
be the cause of its anti-virulence characteristics (Elfaky 
et al. 2024). Zingerone has also demonstrated inhibitory 
effects against biofilm formation by P. aeruginosa. In 
addition, it improved the susceptibility of the bacterium 
to the quinolone antibiotic ciprofloxacin. Synergism was 
observed in the inhibition of P. aeruginosa biofilm forma-
tion when ZG was combined with ciprofloxacin (Kumar 
et al. 2013). The same researchers later investigated the 
anti-quorum sensing and anti-virulence potential of zinge-
rone using P. aeruginosa PAO1. ZG decreased swimming, 
swarming and twitching phenotypes of P. aeruginosa 
PAO1, as well as reduced biofilm formation and produc-
tion of virulence factors such as rhamnolipid, elastase, 
protease, pyocyanin and cell-free and cell-bound haemo-
lysin (Kumar et al. 2015). Molecular docking analysis of 
ZG with quorum sensing receptors (TraR, LasR, RhlR 
and PqsR) was also carried out to gain insights into the 

mechanisms of its anti-virulence potential. P. aeruginosa 
was found to withstand high antibiotic concentrations in 
the presence of biofilm (Kumar et al. 2015). Therefore, 
overuse of antibiotics to treat biofilm-related infections 
has caused those antibiotics to lose their activity. Find-
ing chemical compounds to inhibit biofilm formation is 
therefore a good research strategy which could also help 
reduce antibiotic resistance.

Antihypertensive activity

The ability of ginger extract to inhibit angiotensin I-con-
verting enzyme (ACE) and iron- and sodium nitroprusside 
(SNP)–induced lipid peroxidation was studied in vitro using 
rat isolated heart. The results showed that the extract inhib-
ited ACE in a dose-dependent manner, with an  IC50 value 
of 87.0 μg/mL. When the rat heart was incubated with  Fe2+ 
and SNP, a marked rise in the level of MDA in the heart 
homogenates was observed. Upon addition of the ginger 
extract, a decrease in the MDA level in a dose-dependent 
manner was observed. This suggests that ginger exhibits 
its hypotensive effects through the inhibition of ACE activ-
ity and attenuation of lipid peroxidation (Akinyemi et al. 
2013). Ginger extract blocks the voltage-dependent calcium 
channels to mediate lowering on blood pressure in different 
animal models (Ghayur and Gilani 2005). In spontaneously 
hypertensive rats, the hypotensive effect of ginger extract is 
suggested to be associated with vascular relaxation mecha-
nisms via activation of cGMP-KATP channels, nitric oxide 
and prostacyclin release, transmembrane calcium channel 
or  Ca2+ release from intracellular stores, and stimulation of 
muscarinic receptors (Razali et al. 2020).

Cardioprotective activity

There is a significant death risk from myocardial ischemia/
reperfusion injury because it severely damages the heart tis-
sue. Myocardial ischemia/reperfusion damage is said to be 
significantly reduced by 6G. A study by Hosseini et al. (2024) 
shows that 6G has protective actions against lipopolysaccha-
ride-induced cardiomyocyte injury in H9c2 cells through the 
suppression of ROS and pro-inflammatory cytokine produc-
tion while enhancing GSH levels. Another significant study 
examined the underlying mechanisms by which 6G alleviates 
myocardial ischemia/reperfusion injury. 6G upregulated the 
expression of lncRNA H19 in hypoxia/reoxygenation-treated 
HL-1 cells. In addition, it elevated the expression of Bcl-2, 
while it reduced caspase 3 and caspase 9 levels. It was also 
observed that H19 both interacted with and lowered the cel-
lular level of miR-143. The depletion of miR-143 by H19 
caused an increase in the expression of its regulated gene 
(ATG7), which subsequently enhanced autophagy. According 
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to the study’s findings, the H19/miR-143/ATG7 axis is essen-
tial to 6G’s ability to relieve myocardial ischemia/reperfusion 
injury (Lv et al. 2021). Network pharmacology and in vivo 
experimental data suggest that 6G can alleviate arsenic tri-
oxide–induced liver injury and oxidative stress through the 
inhibition of pyroptosis and ROS-NLRP3 inflammatory sig-
nalling pathway (Wu et al. 2023). DOX, though used as an 
anticancer drug, has a major clinical limitation of being car-
diotoxic. In a study by El-Bakly et al. (2012), it was shown 
that 6G pre-treatment notably ameliorated the elevated car-
diac enzymes induced by DOX. The hepatoprotective effect 
of ZG in vivo was studied by inducing liver damage in rats 
using vancomycin. The hepatoprotective effect of ZG was 
attributed to its ability to regulate oxidative stress and inflam-
matory and apoptotic parameters (Kucukler et al. 2020).

Neuroprotective activity

6G could also play a role in neurodegenerative diseases such 
as Alzheimer’s disease. The compound’s ability to allevi-
ate neuroinflammatory effects in lipopolysaccharide (LPS)-
induced disorder was studied using both in vitro and in vivo 
models. LPS-treated C6 astroglioma cells produced excessive 
pro-inflammatory cytokines (TNF-α and IL-6), as well as 
increased intercellular ROS, nitric oxide (NO) and induc-
ible nitric oxide synthase (iNOS or NOS2). 6G inhibited all 
of them in a concentration-dependent manner. In vivo, the 
Morris water-maze (MWM) test was used to assess the rats’ 
spatial learning and memory after being exposed to LPS. A 
dose-dependent reduction in LPS-mediated impairment of 
MWM learning and memory was observed after exposure 
to 6G (Zhang et al. 2018a). Dose-dependent anticonvulsant 
activity of 6G was also observed in the pentylenetetrazole-
induced hyperlocomotion assay in larval zebrafish, which 
occurred by decreasing the level of glutamic acid and glu-
tamic acid/gamma-aminobutyric acid (GABA) ratio (Gawel 
et al. 2021). Asuku and co-workers investigated the protec-
tive effect of 6G-rich fraction on mercury chloride-induced 
neurotoxicity in vivo. The fraction inhibited mercury chlo-
ride–induced cognitive deficit by reducing brain inflamma-
tion and preventing oxidative stress in Wistar rats (Asuku 
et al. 2024). In addition, house dust mite–induced asthmatic 
oedema and inflammation of the bronchi and alveoli in a 
mouse model were prevented by the administration of 6G 
(Ajayi et al. 2022). Furthermore, Luo et al. (2021) reported 
that 6G demonstrated antiapoptotic and anti-inflammatory 
activities via TRPV1/FAF1 complex dissociation–induced 
autophagy during cerebral ischemia reperfusion injury. Simi-
lar findings were reported by Kongsui and Jittiwat (2023).

Respiratory protective activity

Intraperitoneally injected LPS induced acute lung injury in 
Sprague–Dawley rats, which was characterized by elevated 
levels of inflammatory cells, alveolar haemorrhage and 
pulmonary interstitial oedema. 6G, given intraperitoneally, 
significantly reduced the lung wet/dry ratio and protein per-
meability index in the LPS-induced rats. It also suppressed 
oxidative and inflammatory damage by downregulating 
MDA, GSH, SOD, TNF-α, IL-6 and IL-1β levels in the 
lung tissue. In addition, 6G activated Nrf2/HO-1 signalling 
and suppressed LPS-induced NLRP3 inflammasome expres-
sion in lung tissues (Pan et al. 2023). Aqueous extract of 
fresh ginger was found to effectively reduce human respira-
tory syncytial virus (HRSV)–induced plaque formation in 
human HEp-2 and A549 respiratory tract cell lines in a dose-
dependent manner (Chang et al. 2013). In vitro, 6G has an 
 IC50 value of 2.25 ± 0.18 μM against the PR8 strain of the 
H1N1 influenza A virus. This activity was mediated by the 
inhibition of viral neuraminidase activity (Dutta et al. 2023). 
Studies have shown that, similar to 6G, ZG can attenuate 
LPS-induced production of proinflammatory cytokines 
in RAW 264.7 cells or LPS-induced acute lung injury in 
BALB/c mice (Xie et al. 2014).

Anti‑ulcerative colitis activity

6G shows potential to ameliorate ulcerative colitis through 
inhibition of ferroptosis, as evidenced through plasma 
metabolomics and network pharmacology analysis (Li et al. 
2024). 6G suppressed the induction of ulcerative colitis in 
BALB/c mice exposed to dextran sulphate sodium (DSS) by 
promoting the activities of antioxidant enzymes and increas-
ing glutathione level, and by decreasing  H2O2 and MDA lev-
els (Ajayi et al. 2015). Similarly, ZG was shown to attenuate 
ethanol-induced gastric ulcers in experimental rats. Gastric 
ulcers were induced in rats by oral ingestion of 5 mL/kg 96% 
ethanol. Oral administration of ZG at various doses signifi-
cantly reduced both the mean number and length of gastric 
ulcers. The study concluded that the anti-ulcer effects of ZG 
may be mediated by its ability to scavenge free radicals in 
the rat stomach (Karampour et al. 2019).

Nephroprotective activity

Through its antioxidant and anti-inflammatory effects, 6G 
offers nephroprotective activity in streptozotocin-induced 
diabetes in rats. Administration of 6G to diabetic rats 
resulted in a considerable elevation in their kidneys’ levels 
of antioxidant enzymes and depressions in NF-kB protein 
expression, hyperlipidaemia and MDA levels (Almatroodi 
et al. 2021). Similarly, ZG too demonstrated reno-protective 
activity in LPS-induced acute kidney injury in vivo. The 
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results indicate that ZG downregulated blood urea nitrogen, 
creatinine and TNF-α, IL-6 and IL-1β levels in a concentra-
tion-dependent manner (Song et al. 2016). ZG also protected 
against CP-induced nephrotoxicity in rat by suppressing 
oxidative stress and inflammation (Alibakhshi et al. 2018). 
Another study demonstrated that ZG could alleviate com-
plications in alloxan-induced diabetic rats. Daily adminis-
tration of ZG (50 and 100 mg/kg body weight) to diabetic 
rats for 21 days was found to suppress oxidative stress by 
enhancing the activities of GSH, SOD, CAT and GPx. It 
also suppressed NF-κB level and downregulated inflamma-
tory cytokines (e.g. IL-1β, IL-2, IL-6) and TNF-α (Ahmad 
et al. 2018).

Mechanisms of ginger’s mitigation 
of chemotherapy‑induced side effect toxicity

Testicular dysfunction is one of the known adverse effects 
of CYP that may lead to infertility. Ahd et al. (2019) tested 
the efficacy of ginger extract against CYP-induced testicular 
toxicity in rats. The extract was administered at two doses 
(300 and 600 mg/kg). Treatment with ginger augmented 
germ cell count in the seminiferous tubules and testicular 
epithelium thickness. Besides, owing to its anti-oxidant 
activity, the extract buffered the oxidative imbalance induced 
by CYP, as evidenced by its effect on total anti-oxidant 
capacity. In addition, the extract at 600 mg/kg markedly 
enhanced testosterone level. Besides, treatment with the 
extract (fresh rhizomes of Z. officinale) at 300 mg/kg allevi-
ated CYP-induced renal deficits in rats (Gabr et al. 2023). In 
the study, the extract reduced, at the gene expression level, 
the Bax/Bcl2 ratio and caspase-3, thus preventing CYP-
induced apoptosis in the kidney tissue. It modulated renal 
microRNAs induced by CYP intoxication. Moreover, it 
upregulated the mRNA expression of Nrf2 and HO-1, as 
well as prevented renal fibrosis following CYP intoxication. 
Abdul-Hamid and Salah (2016) found that ginger (200 mg/
kg) alleviated MTX-induced ileum toxicity in rats. In their 
study, ginger corrected the histological alterations induced 
by MTX. Furthermore, electron microscopy results revealed 
significant improvements in ileac cellular structures such as 
brush border length, nucleus, blood capillaries and mito-
chondria. The extract at 1 g/kg was found to counteract CP-
induced reproductive toxicity in male rats (Amin and Hamza 
2006). Treatment with the extract increased epididymal 
sperm count markedly. However, no significant effect was 
observed on oxidative stress markers, including CAT, SOD, 
GSH and MDA. Besides, histological examination revealed 
that animals pretreated with the extract displayed intact tes-
ticular morphology and spermatogenesis, with minor altera-
tions in some tubules. In another study, Fekry et al. (2019) 
reported the protective effect of ginger against CP-induced 
testicular toxicity in male rats. Ginger treatment exhibited 

lower chromatin margination, prevented loss of germinal 
epithelium and reduced Leydig cell loss relative to the group 
of rats treated with CP only. Also, normal spermatogenic 
epithelium of seminiferous tubules was found in ginger-
treated group. Moreover, in the ginger plus CP group, it was 
observed that there was a significant increase in serum tes-
tosterone level compared to CP only-treated group. Further-
more, ginger fresh juice extracted from ginger rhizomes was 
proved to counteract the toxic effects of CP in the rat testis 
(Famurewa et al. 2020a, b). Ginger juice was able to aug-
ment the levels of testosterone, LH and FSH in a significant 
manner following cisplatin administration. Moreover, the 
levels of inflammatory cytokines TNF-α, IL-1β and IL-6 
were abrogated in testicular tissue following ginger juice 
administration. Ginger juice protected against CP-induced 
deficits in testicular tissue of rats, owing to its effect on the 
NO/iNOS/NF-κB signalling axis. However, the interleu-
kin-10 family of cytokines have been implicated in the pro-
tection of delicate organs against toxicity. The pleiotropic 
cytokine IL-10 secreted by dendritic cells exerts an anti-
inflammatory role, ameliorating CP-induced renal toxicity 
(Tadagavadi and Reeves 2010; Deng et al. 2001). An exog-
enous IL-10 mitigates ER stress in DOX-induced cardiac 
damage (Malik et al. 2022). In an in vivo model of CP-
induced anorexia, ginger extract (100 and 500  mg/kg) 
enhanced total food and water intake, as well as body 
weights in rats (Kim et al. 2023). In addition, 5-HT level in 
nodose ganglion was found to be decreased following ginger 
extract treatment. This may be attributed to the effect of 
ginger extract on gene expression of 5-HT3A and 5-HT4 
receptors. These results were further confirmed by the pro-
tein expression results of both 5-HT3A and 5-HT4 receptors 
at the right and left nodose ganglion. In another study, ginger 
extract protected against CP-induced cardiotoxicity in mice. 
Ginger extract administered at a dose of 500 mg/kg for 12 
consecutive days exhibited less deposition of collagenous 
fibers in the cardiac tissue of mice compared to CP only-
treated group. Also, the extract reduced the expression levels 
of p53 and TNF-α significantly. This was further confirmed 
by the morphometric analysis of the heart tissues. Ginger 
extract displayed euchromatic nucleus with some regular 
arrangement of myofibrils, in addition to intact, intercalated 
discs and Z lines (El-Hawwary and Omar 2019). One of the 
most known adverse effects of CP is nephrotoxicity. Ali et al. 
(2015) found that ginger extract administered at 120 mg/kg 
might protect against CP-induced kidney injury in rats. The 
extract induced a significant enhancement in the body weight 
of rats. In addition, it rescued renal tissues as evident by its 
effect on serum creatinine and blood urea nitrogen. Moreo-
ver, a marked decrease in the collagenous fibers was found 
in both the renal corpuscles and the tubules treated with 
ginger extract. The anti-apoptotic effect of the extract was 
confirmed by its downregulation of Bax protein expression. 
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6-Shogaol, an active constituent of ginger, exhibited protec-
tive activity against CP-induced renal injury in rats (Gwon 
et al. 2021). Treatment with 6-shogaol ameliorated CP-
induced kidney injury as evidenced by reduced serum levels 
of creatinine and blood urea nitrogen. Also, NGAL and 
KIM-1 expression levels were found to be reduced with 
6-shogaol treatment. Owing to its anti-oxidant property, 
6-shogaol treatment alleviates renal oxidative damage 
induced by cisplatin as shown by decreased levels of MDA 
and 4-NHE, as well as enhanced GSH/GSSG ratio. Further-
more, 6-shogaol treatment revealed downregulated mRNA 
levels of iNOS, COX-2, 5-LOX and NOX-4. In a TUNEL 
assay of kidney tissues, a marked reduction in apoptosis 
level was found following 6-shogaol treatment relative to CP 
only-treated group. Besides, necroptosis proteins RIPK1, 
RIPK3 and p-MLKL were found to be downregulated with 
6-shogaol treatment. A marked decrease in serum inflamma-
tory markers was also seen following 6-shogaol treatment. 
One of the constituents of ginger extract, 10-dehydroging-
erdione (10-DHGD), was found to alleviate CP-induced 
nephrotoxicity in rats (Elseweidy et al. 2016). CP treatment 
induced a marked increase in serum levels of creatinine, urea 
and total protein. This was opposed by 10-DHGD treatment, 
enhancing kidney function in rats. In addition, 10-DHGD 
showed a powerful anti-oxidant activity evident by decreased 
renal lipid peroxidation level and increased reduced glu-
tathione level. Moreover, renal fibrosis markers such as 
fibroblast growth factor-23 and insulin-like growth factor I 
were found to be inhibited following 10-DHGD treatment. 
Regarding inflammatory response in renal tissues, 10-DHGD 
opposed the deleterious effect of cisplatin via downregula-
tion of NK-κB, TNF-α and TGF-β. Extract of Alpinia offici-
narum, a rhizome from the ginger family, is traditionally 
used in Asia for its anti-inflammatory and antihyperlipi-
demic activities. CP use has been associated with hepatotox-
icity, limiting its use in cancer patients. It was found that 
treatment with the A. officinarum extract prevented CP-
induced toxicity by modulation of hepatotoxicity markers, 
oxidative stress, Bcl2 and p53 (Niazvand et al. 2023). In an 
animal model of oxaliplatin-induced peripheral neuropathy, 
Z. officinale rhizomes upregulated 5-HT1A mRNA expres-
sion, confirming the inclusion of 5-HT1A, but not 5-HT2A, 
in the analgesic effect of Z. officinale (Lee et al. 2021). In 
another study, Kim et al. (2022) reported the protective 
effect of 6-shogaol against oxaliplatin-induced neuropathic 
pain in mice. Administration of 6-shogaol at 10 mg/kg, but 
not at 1 mg/kg, reduced mechanical and cold allodynia. This 
analgesic effect was found to be mediated via the 5-HT1A, 
5-HT3 and  GABAB receptors (Table 2).

Red ginger extract administered at 100 and 300 mg/kg 
in rats exhibited significant protection against oxaliplatin-
induced neuropathy (Park et al. 2023). Pretreatment with 
red ginger extract markedly decreased cold and mechanical 

allodynia starting from day 3 and continuing to day 5 post-
oxaliplatin exposure. Moreover, the analgesic effect of red 
ginger extract may be related to its effect on spinal noradr-
energic system. Treatment of rats with the extract reduced 
the mRNA expression levels of α1- and α2-adrenergic recep-
tors, as well as serum and spinal noradrenaline levels. In a 
tumour-bearing mouse model, ginger extract nanoparticles 
ameliorated cardiotoxicity induced by DOX (Abo Mansour 
et al. 2021). In an MTT assay, ginger extract nanoparticles 
enhanced the cytotoxic anticancer activity of DOX. Further-
more, liver index and serum transaminase activities of ginger 
extract–treated rats were found restored comparable to nor-
mal rats. Serum cardiotoxicity markers CK-MB and LDH 
were reduced following ginger extract nanoparticle treat-
ment. Moreover, ginger extract loaded into chitosan nano-
particles showed normal levels of GSH and TNF-α, as well 
as gene expression of GPx, CAT and MDR1. Normal levels 
of liver content of VEGF and Bcl2 were noticed in ginger 
nanoparticle–treated group. An aqueous ethanol extract of 
the rhizome of Z. officinale (200 and 400 mg/kg) prevented 
DOX-induced nephrotoxicity in female rats (Ajith et al. 
2008). In a dose-dependent manner, Z. officinale extract 
reduced serum levels of urea and creatinine, compared to 
DOX only–treated group. In addition, renal activities of 
CAT, SOD and GSH were found to be enhanced following 
ginger extract treatment. Also, the treatment inhibited lipid 
peroxidation level markedly, relative to DOX only–treated 
rats.

Mechanisms of 6‑gingerol’s mitigation 
of chemotherapy‑induced side effect toxicity

6-Gingerol (6G), a key bioactive component of ginger, has 
received great interest for its possible health advantages, 
which include anti-inflammatory, antioxidant and anti-
cancer effects. 6G’s natural properties may offer a means 
to alleviate these adverse effects, enhancing patient qual-
ity of life and potentially improving treatment outcomes 
(Srinivasan et al. 2019). Chemotherapeutic agents such 
as DOX, CP and CYP are known to generate ROS. While 
ROS are useful in killing cancer cells, they also harm nor-
mal cells, causing oxidative stress that leads to lipid peroxi-
dation, protein damage and DNA mutations. These effects 
manifest as cardiotoxicity, nephrotoxicity, hepatotoxicity 
and neurotoxicity (Sahoo et al. 2022). 6G effectively scav-
enges free radicals, including superoxide anions, hydroxyl 
radicals and peroxyl radicals. By neutralizing these ROS, 
6G reduces oxidative stress and prevents cellular damage. 
Research has shown that 6G can significantly decrease levels 
of malondialdehyde (MDA), a marker of lipid peroxidation, 
thereby preserving cellular integrity (Tahoun et al. 2021). 
6G enhances the body’s endogenous antioxidant defenses 
by upregulating key enzymes such as SOD, GPx and CAT. 
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These enzymes neutralize ROS and confer cellular protec-
tion against oxidative damage. SOD converts the superoxide 
radical into hydrogen peroxide, which is then broken down 
by CAT and GPx into water and oxygen, reducing oxida-
tive stress (Akhigbe et al. 2021c; Ballester et al. 2023). The 
nuclear factor erythroid 2–related factor 2 (Nrf2) pathway is 
a major regulator of the cellular antioxidant response. Under 
oxidative stress, Nrf2 translocates to the nucleus, activat-
ing the expression of various antioxidant and cytoprotective 
genes. 6G activates the Nrf2 pathway, enhancing the cellular 
capacity to detoxify and eliminate ROS, thus maintaining 
redox homeostasis and protecting tissues from oxidative 
damage induced by CT (Zhao et al. 2017). DOX, a widely 
used chemotherapeutic agent, is known for its cardiotoxic 
effects, mediated primarily through oxidative stress. 6G’s 
antioxidative property can mitigate DOX-induced cardiotox-
icity. Studies in animal models have shown that 6G reduces 
markers of cardiac injury such as creatine kinase-MB (CK-
MB) and lactate dehydrogenase (LDH) by decreasing oxida-
tive stress in cardiac tissues. Additionally, 6G improves the 
histopathological features of the heart, indicating reduced 
tissue damage (Abushouk et al. 2017).

Cisplatin (CP), another common CT, induces severe 
nephrotoxicity through the generation of ROS and subse-
quent oxidative damage in renal tissues. 6G’s antioxida-
tive mechanisms can alleviate CP-induced nephrotoxicity. 
Research has demonstrated that 6G reduces levels of blood 
urea nitrogen (BUN) and serum creatinine, markers of kid-
ney injury, by attenuating oxidative stress in renal tissues. 6G 
also preserves the histological structure of the kidneys, indi-
cating its protective effects against CP-induced renal damage 
(Alibakhshi et al. 2018). 6G exerts strong anti-inflammatory 
effects by inhibiting key pro-inflammatory pathways such as 
the NF-κB pathway. NF-κB is a critical regulator of inflam-
mation and is often upregulated in response to chemother-
apy. By inhibiting NF-κB, gingerol reduces the production 
of inflammatory cytokines such as TNF-α, IL-1β and IL-6, 
which are implicated in CT-induced inflammation and tis-
sue damage. This anti-inflammatory action not only pro-
tects normal tissues but can also reduce symptoms such as 
mucositis and enteritis, common in patients undergoing CT 
(Yücel et al. 2022).

While apoptosis is a desired outcome in cancer cells, its 
induction in healthy cells contributes to the side effects of 
CT. 6G has been shown to modulate apoptosis pathways 
selectively. In cancer cells, 6G induces apoptosis by acti-
vating pro-apoptotic proteins and inhibiting anti-apoptotic 
proteins. However, in normal cells, 6G appears to exert a 
protective effect by enhancing cell survival pathways and 
inhibiting apoptosis. This dual action helps to minimize 
the damage to healthy tissues during CT (Zadorozhna and 
Mangieri 2021). 6G can also influence the metabolism and 
pharmacokinetics of chemotherapeutic drugs. It has been 

found to modulate the activity of cytochrome P450 enzymes, 
which are involved in drug metabolism. By altering the 
activity of these enzymes, 6G can potentially reduce the for-
mation of toxic metabolites associated with chemotherapy. 
This modulation can help in lowering the overall toxicity 
of the drugs without compromising their efficacy against 
cancer cells (Mukkavilli et al. 2014).

Gastrointestinal toxicity is a common side effect of sev-
eral chemotherapeutic agents, often leading to severe nausea, 
vomiting and diarrhea. 6G has been shown to have gastro-
protective effects, largely attributed to its anti-inflammatory 
and antioxidant properties. It protects the gastric mucosa 
and reduces the secretion of gastric acid, thereby prevent-
ing ulceration and other forms of gastrointestinal damage. 
Furthermore, 6G’s ability to accelerate gastric emptying and 
improve gastrointestinal motility can alleviate nausea and 
vomiting, thus significantly improving patient comfort and 
adherence to CT regimens (Balogun et al. 2019). Neurotox-
icity is another significant adverse effect of certain chemo-
therapeutic agents, such as platinum-based drugs. 6G’s neu-
roprotective properties are thought to be mediated through 
its antioxidant and anti-inflammatory actions. By reducing 
oxidative stress and inflammation in neural tissues, 6G can 
protect against CT-induced peripheral neuropathy, a com-
mon and often debilitating side effect. Studies have demon-
strated that 6G can enhance the expression of neurotrophic 
factors like brain-derived neurotrophic factor (BDNF), thus 
promoting neuronal survival and regeneration (Cocetta et al. 
2023) (Table 2).

Mechanisms of zingerone’s mitigation 
of chemotherapy‑induced side effect toxicity

Zingerone (ZG), a bioactive compound found in ginger, has 
garnered significant attention for its potential therapeutic 
applications. One area of growing interest is its ability to 
mitigate the side effect toxicity of anti-cancer drugs. CT, 
while effective in combating cancer, often causes severe side 
effects due to the induction of oxidative stress and inflam-
mation in normal tissues. ZG, via its antioxidant and anti-
inflammatory properties, offers a promising approach to 
reducing these toxic side effects (Shamsabadi et al. 2023). 
CTs such as DOX, CP and CYP are widely used to treat vari-
ous cancers. However, these drugs are associated with signif-
icant toxicities. DOX induces oxidative stress and damages 
cardiac tissues, leading to cardiomyopathy and heart failure. 
CP causes nephrotoxicity by generating ROS that damage 
renal cells, leading to kidney dysfunction. CYP induces 
hepatotoxicity and hemorrhagic cystitis through oxidative 
stress and inflammatory mechanisms. The toxicities associ-
ated with these drugs often limit their dosage and effective-
ness, underscoring the need for adjunctive therapies that can 
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mitigate these adverse effects (Famurewa et al. 2021; Gadisa 
et al. 2020).

The antioxidative property of ZG is central to its ability to 
mitigate CT-induced toxicity. ZG abates oxidative damage 
and inhibits cellular damage by combating ROS (Mir et al. 
2018). ZG can directly neutralize ROS such as superoxide 
anions, hydroxyl radicals and peroxyl radicals. It increases 
the activities of endogenous antioxidant enzymes such as 
SOD, GPx and CAT. These enzymes play a critical role in 
detoxifying ROS, thus protecting cells from oxidative dam-
age (Srinivasan 2014). ZG activates the Nrf2 pathway, a 
key transcription factor in cellular antioxidant response, to 
promote its translocation to the nucleus and enhance the 
expression of antioxidant response element (ARE)–driven 
genes, which encode for various antioxidant and cytoprotec-
tive proteins. This activation enhances the cellular capacity 
to combat oxidative stress (Wu et al. 2022). ZG also pos-
sesses potent anti-inflammatory properties. ZG mitigates 
inflammation and its associated damage via the inhibition 
of NF-κB activation, thereby reducing the expression of 
pro-inflammatory cytokines such as TNF-α, IL-1β and IL-6 
(Bashir et al. 2021). More so, ZG suppresses the activities 
of enzymes like cyclooxygenase-2 (COX-2) and inducible 
nitric oxide synthase (iNOS), thus inhibiting the production 
of inflammatory mediators, e.g. prostaglandins and nitric 
oxide (Mehrzadi et al. 2021). DOX-induced cardiotoxicity is 
a major concern in cancer therapy. ZG reduces the levels of 
cardiac injury markers such as creatine kinase-MB (CK-MB) 
and lactate dehydrogenase (LDH) by attenuating oxidative 
stress in cardiac tissues (Al-Thubiani 2021). Furthermore, 
by upregulating the activities of antioxidant enzymes and 
reducing lipid peroxidation, ZG helps preserve cardiac func-
tion and structure. Histopathological studies in animal mod-
els revealed that ZG treatment attenuated cisplatin-induced 
myocardial damage and improved cardiac tissue integrity 
through the attenuation of oxidative stress and inflammatory 
response (Soliman et al. 2018). Elshopakey et al. (2022) 
revealed that ZG preserves renal histoarchitecture and renal 
function in adriamycin-exposed mice by suppressing pro-
inflammatory cytokines. Additionally, ZG protected against 
CYP-induced hepatotoxicity (Mir et al. 2018) and vancomy-
cin-induced hepatotoxicity (Kucukler et al. 2020) by mitigat-
ing oxidative stress and enhancing the activities of hepatic 
antioxidant enzymes.

Research gaps and future perspectives

Ferroptosis is a regulated cell death characterized by iron 
dyshomeostasis and lipid peroxidation and contributes to 
the development of CT-induced organ toxicity. While this 

literature review explored the effects of ginger, 6G and ZG 
on ferroptosis in the context of CT-induced organ toxicity, 
research in that area is still emerging and should be strength-
ened. For example, whether ginger, 6G or ZG could modu-
late iron overload through transferrin receptor-1/ferritin/
ferritinophagy axis remains unclear, and thus should be 
explored in greater details. Also, a systematic investigation 
of the possible effects of the natural agents on antiferroptotic 
SLC7A11 and SLC3A2 proteins and/or genes should be con-
ducted. The crucial roles of microRNA, Wnt/β-catenin and 
lncRNAs signalling are emerging in CT-induced toxicity, 
and they are potential therapeutic targets in this regard, and 
hence an avenue for future research. Besides CP and DOX, 
research should explore the protective effects of ginger, 6G 
and ZG against side effect toxicities induced by other CT 
drugs. The potential for ginger, 6G and ZG to elicit chemo-
therapeutic efficacy should also be explored, for their ability 
to be used in combination or adjuvant anticancer therapy.

Conclusions

The current review reveals the involvement of ferropto-
sis and non-ferroptotic oxidative stress, NF-κB-mediated 
inflammation, autophagy and apoptosis in the pathogenesis 
of CT-induced organ toxicity. It also shows, through the 
published studies, that ERK/JNK/p38MAPK and PI3K/
Akt/mTOR signalling are allied pathways provoking CT-
induced organ toxicity and damage. Antioxidant, anti-
inflammatory and antiapoptotic processes are the chief 
mechanisms through which ginger, 6G and ZG could 
combat CT-induced organ toxicity. In vivo and in vitro 
models demonstrate that the side effect toxicities by CP 
and DOX are the most explored with respect to the thera-
peutic effects of ginger, 6G and ZG against such toxicities. 
Undoubtedly, more studies are required to evaluate the 
side effect toxicity mechanisms of other CT drugs, and the 
potential protection against them by natural products gin-
ger, 6G and ZG, before clinical trials can be undertaken.
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