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Introduction

Cancer remains a leading cause of global mortality, 
with chemotherapy continuing to serve as a cornerstone 
of oncologic intervention. Despite its established role 
in targeting rapidly dividing cells, chemotherapy lacks 
selectivity between malignant and healthy proliferative 
cells, leading to a wide range of adverse effects that 
compromise patient well-being and therapeutic outcomes. 
These effects range from relatively manageable symptoms 
such as nausea, vomiting, alopecia, and fatigue to life 
threatening toxicities including myelosuppression, 
mucositis, cardiotoxicity, hepatotoxicity, nephrotoxicity, 
and neurotoxicity. The cumulative impact often reduces 
treatment adherence, necessities dose reduction, or results 
in discontinuation of therapy [1].

In recent years, naturally derived bioactive compounds 
have attracted considerable attention as protective 
agents against chemotherapy induced toxicity. Bioactive 
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compounds are non-nutritive chemical substances present 
in plants, marine organisms, fungi, and bacteria that 
exert beneficial biological effects [2, 3]. They include 
diverse groups such as polyphenols, flavonoids, 
terpenoids, alkaloids, glucosinolates, saponins, and 
betalains. Their cytoprotectie properties are attributed to 
modulation of oxidative stress, inflammation, apoptosis, 
and immune responses at the molecular level. Many 
function as antioxidants, either by directly scavenging 
reactive oxygen species (ROS) or by enhancing the 
expression of endogenous antioxidant enzymes through 
redox sensitive transcription factors like nuclear factor 
erythroid 2 related factor 2 (Nrf2) [4]. Chemotherapeutic 
agents, particularly platinum based compounds and 
anthracyclines, are known to trigger excessive ROS 
generation, resulting in oxidative damage to DNA, 
lipids and proteins in normal tissues. By restoring redox 
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homeostasis, bioactive molecules reduce oxidative injury 
and improve tissue resilience during chemotherapy [5].

Among the most studied agents, curcumin, the 
principal curcuminoid of Curcuma longa, alleviates 
cisplatin-induced nephrotoxicity via Nrf2 activation 
while suppressing NF-κB mediated inflammation [6]. 
It also enhances antioxidant enzyme activity, including 
superoxide dismutase (SOD), catalase, and glutathione 
peroxidase, and decreases pro-inflammatory cytokines 
such as TNF-α, IL-6, and COX-2. Additionally, curcumin 
provides hepatoprotective and gastrointestinal benefits 
against drug induced organ injury [7, 8]. Resveratrol, 
a polyphenol found in grapes, berries, and peanuts, has 
shown cardioprotective effects against doxorubicin toxicity 
by modulating the SIRT1/AMPK pathway, improving 
mitochondrial function, and attenuating apoptosis [9, 10]. 
Quercetin, abundant in apples, onions, and tea, counteracts 
bone marrow suppression and gastrointestinal mucositis 
by free radical scavenging, membrane stabilization, 
and mucosal protection [11, 12]. Betanin from beetroot 
upregulates the Nrf2/HO-1 axis and protects liver and 
kidney tissues from cytotoxic insult, while also reducing 
inflammation [13, 14]. Thymoquinone, the major bioactive 
constituent of Nigella sativa, prevents myelosuppression 
and testicular toxicity in chemotherapy models through 
modulation of apoptotic pathways and hematopoietic 
support [15, 16]. Theaflavin, a polyphenol from black 
tea, exhibits antioxidant and anti-inflammatory effects, 
safeguarding liver, kidney, and gastrointestinal tissues 
while preserving hematopoietic integrity [17].

Emerging studies further highlight synergistic 
protection when bioactive compounds are used in 
combination, as well as the utility of nanotechnology-
based formulations that improve solubility, stability, and 
bioavailability [18]. Importantly, these protective effects 
appear to spare or even enhance the anticancer efficacy of 
chemotherapy, with some compounds sensitizing tumour 
cells to cytotoxic agents [19]. Mechanistic analyses have 
demonstrated modulation of oxidative stress markers, 
cytokines, and apoptosis related proteins, alongside 
regulation of key pathways such as Nrf2/Keap1, NF-κB, 
PI3/Akt, and MAPK [20]. Early phase clinical evaluations 
of compounds like curcumin and resveratrol have reported 
improvements in treatment tolerance and reductions in 
therapy related complications [21, 22].

The cytoprotective effects of these agents are largely 
mediated through their influence on mitochondrial 
integrity, redox balance, inflammatory regulation, and 
apoptotic signaling. Nrf2 driven antioxidant defense is 
particularly central to their activity, as it governs the 
expression of detoxifying and protective enzymes under 
oxidative stress [23]. These findings provide a strong 
biological rationale for investigating bioactive compounds 
as adjuvants in chemotherapy regimens.

Activation of Antioxidant defense via Nrf2/Keap1/ARE 
pathway

The Nrf2/Keap1/are signalling axis represents one 
of the most critical molecular pathways modulated 
by bioactive compounds to counteract chemotherapy 

induced oxidative stress. Chemotherapeutic agents such as 
cisplatin, doxorubicin, and cyclophosphamide are known 
to generate excessive reactive oxygen species (ROS) as a 
part of their cytotoxic mechanism. While this contributes 
to the death of malignant cells, it simultaneously induces 
collateral oxidative damage in normal tissues including the 
liver, kidney, heart, and nervous system. The accumulation 
of ROS disrupts cellular homeostasis, leading to lipid 
peroxidation, protein denaturation, mitochondrial 
dysfunction, and DNA strand breaks. In this context, the 
activation of the endogenous antioxidant defense system 
becomes paramount to minimize chemotherapy related 
toxicity (Figure 1) [24].

Nrf2 is a transcription factor that governs the 
expression of numerous genes involved in antioxidant 
defense, detoxification, and cellular protection. Under 
basal conditions, Nrf2 is bound in the cytoplasm to its 
negative regulator, Kelch like ECH-associated protein 1 
(Keap 1). This association facilitates the ubiquitination and 
proteasomal degradation of Nrf2, maintaining its levels at 
a low threshold. However, under oxidative or electrophilic 
stress, the conformation of Keap 1 is altered, resulting in 
the release of Nrf2. Freed from Keap 1, Nrf2 translocates 
into the nucleus, where it binds to Antioxidant Response 
Elements (AREs) located in the promoter regions of 
targeted genes. Once in the nucleus, Nrf2 promotes the 
transcription of a suite of cytoprotective and detoxifying 
enzymes. These include heme oxygenase-1 (HO-1), 
which degrades pro-oxidant heme into biliverdin and 
carbon monoxide; superoxide dismutase (SOD), which 
converts superoxide radicals into less reactive hydrogen 
peroxide; catalase and glutathione peroxide, which further 
detoxify hydrogen peroxide; and NAD(P)H quinone 
oxidoreductase 1 (NQO1), which reduces quinones to 
prevent redox cycling. Collectively, these enzymes play 
a pivotal role in reducing oxidative burden and restoring 
redox equilibrium in cells challenged by chemotherapeutic 

Figure 1. Bioactive compounds disrupt the Keap 1- 
Nrf2 interaction, enabling Nrf2 to enter the nucleus and 
active antioxidant genes, reducing oxidative stress and 
protecting normal cells from chemotherapy induced 
damage.
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activation, thereby preventing the degradation of IκB 
and effectively blocking NF-κB nuclear translocation. 
As a result, the expression of TNF-α, IL-1β, and COX-2 
is markedly reduced in models of chemotherapy induced 
mucosal and hepatic inflammation. Similarly, quercetin, 
a flavonoid found in onions and apples, has been reported 
to attenuate NF-κB activation in cardiomyocytes exposed 
to doxorubicin, thereby decreasing inflammatory damage 
and improving cardiac function. Epigallocatechin gallate 
(EGCG), a major catechin in green tea, also exerts 
potent anti-inflammatory effects by stabilizing IκB and 
interfering with upsteam signalling components of the 
NF-κB pathway [30] (Figure 2).

The inhibition of NF-κB by these compounds results 
not only in decreased transcription of inflammatory 
cytokines but also in the modulation of enzymes 
responsible for prostaglandin synthesis, nitric oxide 
production, and leukocyte recruitment, all of which are 
elevated in response to chemotherapy. By dampening 
these response, bioactive compounds reduce local and 
systemic inflammation, protect epithelial and endothelial 
barriers, and promote tissue repair. Importantly, this 
anti-inflammatory effect is achieved without impairing 
the anti-tumor activity of chemotherapeutic agents, 
indicating a favorable therapeutic index.From the 
above, it can be inferred that suppression of NF-κB 
signalling represents a critical molecular mechanism by 
which bioactive compounds confer protection against 
chemotherapy induced inflammation. Though stabilization 
of IKK activity, these natural agents downregulate 
pro-inflammatory gene expression and mitigate tissue 
injury, Their integration as adjuncts to conventional 
chemotherapy holds substantial promise for improving 
patient outcomes and quality of life [31].

stress [25].
Bioactive compounds such as curcumin, resveratrol, 

thymoquinone, and betanin have been extensively 
reported to modulate the Nrf2 pathway. These compounds 
act as electrophilic stressors or redox modulators that 
disrupt the Nrf2-Keap1 interaction, thereby stabilizing 
Nrf2 and facilitating its nuclear translocation. Curcumin, 
for instance, has been shown to enhance Nrf2-dependent 
HO-1 expression in models of cisplatin induced 
nephrotoxicity. Resveratrol increases Nrf2 nuclear 
translocation in cardiomyocytes and protects against 
doxorubicin mediated cardiac injury [26]. Thymoquinone 
and betanin similarly activate Nrf2 and downstream 
antioxidant responses in hepatic and renal tissue exposed 
to chemotherapeutic insult. Thus, the Nrf2/Keap 1/
ARE pathway serves as a fundamental line of defense 
against oxidative stress induced by chemotherapy. 
Bioactive compounds potentiate this pathway, providing 
a mechanistic basis for their cytoprotective action. 
Through enhanced expression of detoxifying enzymes 
and restoration of redox homeostasis, Nrf2 activation by 
bioactives represents a promising strategy to reduce off 
target toxicities and improve the tolerability of cancer 
treatment [27].

Suppression of Pro-Inflammatory Pathways via NF-κB 
Inhibition

In addition to oxidative stress, inflammation represents 
a major mechanism by which chemotherapy contributes to 
off-target tissue damage and systemic toxicity. Persistent 
activation of pro-inflammatory signaling cascades not 
only exacerbates organ injury but also impairs tissue 
regeneration and immune function. One of the most 
critical regulators of inflammation is the NF-κB. The 
NF-κB signalling pathway is a central mediator in the 
expression of genes involved in immune and inflammatory 
responses, including those encoding tumor necrosis factor 
alpha (TNF-α), interleukin-1 beta (IL-1β), interleukin-6 
(IL-6), and cyclooxygenase-2 (COX-2). These cytokines 
and enzymes play crucial roles in the pathogenesis 
of chemotherapy induced mucositis, hepatotoxicity, 
cardiotoxicity, and other inflammatory complications [28].

Under normal physiological conditions, NF-κB 
remains inactive in the cytoplasm, bound to its inhibitory 
protein IκB (Inhibitor of κB). Upon stimulation by various 
stressors such as chemotherapeutic agents, reactive 
oxygen species (ROS), and cellular damage signals, 
the IκB kinase (IKK) complex becomes activated. IKK 
phosphorylates IκB, leading to its ubiquitination and 
proteasomal degradation. This event liberates NF-κB, 
allowing it to translocate into the nucleus, where it binds 
to specific κB elements in the promoter regions of target 
genes. The subsequent transcriptional activation of 
pro-inflammatory genes results in the amplification of 
the inflammatory response, contributing to tissue injury 
and organ dysfunction [29].

Bioactive compounds derived from natural sources 
have demonstrated significant potential in modulating this 
inflammatory axis. Curcumin, a polyphenolic compound 
from Curcuma longa, has been shown to inhibit IKK 

Figure 2. Bioactive Compounds such as curcumin, 
quercetin, and EGCG inhibit IκB kinase, preventing 
IκB degradation and thereby blocking NF-κB nuclear 
translocation. This suppresses the transcription of 
pro-inflammatory genes, reducing chemotherapy 
induced inflammation and tissue damage
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Modulation of Apoptotic Pathways (Intrinsic and 
Extrinsic)

Apoptosis, or programmed cell death, is a tightly 
regulated physiological process essential for tissue 
homeostasis and the removal of damaged or dysfunctional 
cells. In the context of cancer therapy, apoptosis serves as 
a principal mechanism through which chemotherapeutic 
agents exert their cytotoxic action on malignant cells. 
However, these agents lack selectivity and often activate 
apoptotic pathways in non-malignant, healthy tissues 
as well, resulting in undesirable toxicities and organ 
dysfunction. The two primary apoptotic pathways 
implicated in chemotherapy induced toxicity are the 
intrinsic (mitochondrial) pathway and the extrinsic 
(death receptor mediated) pathway, Bioactive compounds 
derived from natural sources offer cytoprotective effects 
by modulating these pathways to selectively inhibit 
apoptosis in normal tissues while sparing or enhancing 
apoptosis in tumor cells [31].

The intrinsic pathway of apoptosis is governed 
by mitochondrial integrity and is highly responsive 
to intracellular stress, including DNA damage, 
oxidative stress, and metabolic disturbances induced by 
chemotherapeutic drugs. Mitochondrial outer membrane 
permeabilization (MOMP) is a pivotal event in this 
pathway, resulting in the release of cytochrome into the 
cytoplasm. Cytochrome c binds to apoptotic protease 
activating factor -1 (Apaf-1), forming the apoptosome 
complex that subsequently activates initiator caspase-9. 
This leads to the activation of executioner caspases 
such as caspase-3, culminating in controlled cellular 
dismantling. The balance between pro-apoptotic proteins 
and anti-apoptotic proteins is critical in determining 
mitochondrial susceptibility to apoptotic stimuli. Bioactive 
compounds such as thymoquinone, resveratrol, theaflavin, 

and betanin have been shown to favorably modulate this 
balance. Thymoquinone enhances the expression of Bcl-2 
and supresses Bax, thereby preserving mitochondrial 
membrane integrity. Resveratrol, in addition to reducing 
oxidative stress, inhibis caspase-3 activation and prevents 
cytochrome c release in non-cancerous cardiac and 
nueral tissues. Betanin similarly stabilizes mitochondrial 
function and mitigates apoptotic cell death in renal and 

Table 1. Protective Effects of Key Bioactive Compounds Against Chemotherapy-Induced Toxicity

Bioactive 
Compound

Target Pathways Affected Organs/
Tissues

Mechanism of Action Protective Outcome

Curcumin Nrf2/Keap1/ARE, NF-κB, 
PI3K/Akt, HDAC

Liver, Kidney, 
Heart

Activates antioxidant genes, inhibits 
inflammatory cytokines, modulates 
apoptosis, epigenetic remodeling

Reduces ROS, inflammation, 
and DNA damage [3]

Resveratrol Nrf2/ARE, SIRT1, 
PI3K/Akt/mTOR, miRNA

Heart, Neurons, 
Bone marrow

Mitochondrial stabilization, a
nti-inflammatory, HDAC inhibition, SIRT1 

activation

Prevents neuro- and 
cardiotoxicity [9]

Thymoquinone Nrf2, p53/Bcl-2, 
Caspases, NF-κB

Bone marrow, 
Testes, Liver

Modulates apoptosis regulators, suppresses 
inflammation, maintains redox balance

Prevents myelosuppression 
and testicular damage [15]

Betanin Nrf2/HO-1, 
Bax/Bcl-2, ROS-scavenging

Liver, Kidney Upregulates antioxidant enzymes, inhibits 
caspase cascade

Prevents hepatotoxicity and 
nephrotoxicity [13]

Quercetin NF-κB, Mitochondrial membrane, 
DNA repair

GI Tract, 
Bone marrow

Enhances mucin production, inhibits 
inflammation, preserves mitochondrial 

integrity

Reduces mucositis and bone 
marrow suppression [11]

EGCG AMPK/mTOR, NF-κB, 
Autophagy

Heart, Neurons Induces autophagy, downregulates 
pro-inflammatory signals

Protects against oxidative 
cardiac and neural damage 

[47]

Theaflavin NF-κB, Nrf2, MMPs,
 PI3K/Akt

Lung, Oral mucosa, 
Bone marrow

Inhibits NF-κB activation, enhances 
antioxidant enzymes, suppresses MMPs 

and cytokines

Reduces inflammation, ROS, 
and tissue remodeling [17]

Genistein DNMT, Histone acetylation, 
miRNA

Systemic DNA demethylation, reactivation of 
silenced protective genes

Long-term genomic stability 
and anti-inflammation [27]

Sulforaphane Nrf2/ARE, DNMT, 
HDAC

Liver, Intestine Antioxidant gene induction, epigenetic 
reprogramming

Reduces genotoxicity and 
promotes detoxification [28]

Figure 3. Bioactive compounds such as thymoquinone, 
resveratrol, and betanin protect healthy cells during 
chemotherapy by modulating both intrinsic and extrinsic 
apoptotic pathways. They stabilize mitochondria by 
upregulating anti-apoptotic Bcl-2 and suppressing 
pro-apoptotic Bax and caspase -3 in the intrinsic pathway. 
Concurrently, they inhibit death receptor signaling and 
caspase-8 activation in the extrinsic pathway, thereby 
preventing unnecessary cell death in normal tissues.
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hepatic models exposed to cytotoxic agents [32].
The extrinsic pathway is initiated by the binding of 

extracellular death ligands sucg as Fas ligand (FasL) 
or TNF related apoptosis inducing ligand (TRAIL) to 
their corresponding receptors on the cell surface. This 
ligand receptor interaction triggers the formation of the 
death inducing signalling complex (DISC), leading to 
the activation of caspase-8 and downstream executioner 
caspases. In normal tissues, this pathway can be 
excessively stimulated duting chemotherapy, contributing 
to mucosal damage, bone marrow suppression, and hepatic 
injury. Bioactive compounds modulate this pathway by 
inhibiting the expression or activity of death receptors 
and interfering with caspase-8 activation. For instance, 
curcumin and EGCG have demonstrated the ability to 
downregulate Fas and TRAIL receptor expression, therby 
reducing extrinsic apoptotic signalling in healthy cells 
(Figure 3). Importantly, the anti-apoptotic effect of these 
compounds is tissue selective and does not compromise 
their tumoricidal potential. In fact, several bioactives 
have demonstrated pro-apoptotic effects in cancer cells 
by sensitizing them to chemotherapy or directly activating 
apoptotic signaling (Table 1). This dual action underscores 
their value as adjuncts that enhance therapeutic efficacy 
while minimizing collateral damage. Thus, the modulation 
of intrinsic and extrinsic apoptotic pathways by bioactive 
compounds represents a promising strategy to reduce 
chemotherapy induced toxicity and improve treatment 
tolerability [33]. 

Prevention of Mitochondrial Function and Membrane 
Potential (Δψm)

Mitochondria play a pivotal role in cellular energy 
production, redox homeostasis, and the regulation of 
programmed cell death. In the context of chemotherapy, 
mitochondrial dysfunction isa critical factor contributing 

to off target toxicity in non-cancerous tissues. Many 
chemotherapeutic agents, including doxorubicin, cisplatin, 
and etoposide, induce excessive generation of reactive 
oxygen species (ROS) within the mitochondria, disrupt 
the electron transport chain, and initiate mitochondrial 
mediated apoptosis. A hallmark event in this process is the 
loss of mitochondrial membrane potential (Δψm), which 
compromises ATP synthesis, enhances ROS leakage, 
and ultimately triggers the opening of the mitochondrial 
permeability transition pore (mPTP), leading to the release 
of pro-apoptotic factors and cellular demise [34].

Preserving mitochondrial function and membrane 
integrity is thus essential for mitigating chemotherapy 
induced toxicity. Bioactive compounds such as resveratrol 
and quercetin have emerged as potent mitochondrial 
protectants through their multifaced mechanism of action. 
Resveratrol, a polyphenolic stilbene found in grapes 
and red wine, is known to interact with mitochondrial 
membranes and stabilize their potential. It enhances 
the activity of mitochondrial complex I and improves 
the efficiency of oxidative phosphorylation, leading 
to sustained ATP production under stress conditions. 
Furthermore, resveratrol activates SIRT1 and AMPK, 
which are involved in mitochondrial biogenesis and 
the maintenance of mitochondrial dynamics. These 
actions collectively reduce mitochondria swelling, limit 
cytochrome c release, and supress caspase activation in 
non-cancerous tissues subjected to chemotherapeutic 
medication [35].

Similarly, quercetin, a flavonol present in many 
fruits and vegetables exerts significant antioxidant and 
mitochondria preserving effects. Quercetin prevents the 
collapse of Δψm by scavenging mitochondrial ROS and 
by modulating the expression of Bcl-2 family proteins 
that regulate mitochondrial membrane permeability. It 
has been demonstrated to inhibit mPTP opening, a critical 
event that leads to mitochondrial swelling, membrane 
rupture, and the activation of apoptosis. By stabilizing 
mitochondrial membranes, quercetin not only improves 
bioenergetics but also protects against oxidative stress 
induced loss of mitochondrial integrity in cardiomyocytes, 
hepatocytes, and renal tubular cells. Another key feature 
of mitochondrial protection by these compounds is 
the prevention of mitochondrial fragmentation and 
maintenance of mitochondrial morphology. Under 
chemotherapeutic stress, mitochondria often undergo 
excessive fission, a process that is associated with loss 
of function and enhanced susceptibility to apoptosis. 
Resveratrol and quercetin counteract this by promoting 
fusion related proteins and maintain mitochondrial 
network integrity, which is vital for cellular survival. 
Overall, the preservation of mitochondrial membrane 
potential and function by bioactive compounds translates 
to improve energy metabolism, reduced oxidative stress, 
and protection against mitochondrial mediated cell death 
(Figure 4). These effects are particularly significant in 
tissues with high metabolic demand, such as the heart, 
kidney, and brain, where mitochondrial impairment 
contributes heavily to chemotherapy induced organ 
toxicity. Incorporating such mitochondria stabilizing 

Figure 4. The diagram illustrates how bioactive 
compounds such as resveratrol and quercetin preserve 
mitochondrial integrity during chemotherapy. These 
agents stabilize the mitochondrial membrane potential, 
prevent the opening of the mitochondrial permeability 
transition pore (mPTP), and support ATP synthesis. 
By attenuating ROS production and maintaining 
mitochondrial homeostasis, they reduce mitochondrial 
mediated apoptosis in normal cells and enhance cellular 
survival.
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agents as adjuncts in chemotherapeutic regiments offers 
a promising approach to enhance treatment tolerability 
and safeguard healthy tissues from collateral damage [35].

Inhibition of DNA Damage and Genotoxicity
DNA integrity is essential for cellular homeostasis, 

and its damage underlies both the therapeutic effects 
and adverse consequences of many chemotherapeutic 
agents. Chemotherapy drugs such as cyclophosphamide, 
doxorubicin, and etoposide are highly effective in targeting 
rapidly proliferating tumor cells; however, they also 
induce substantial genotoxic stress in normal tissues. 
One of the primary cytotoxic mechanisms of these agents 
is the induction of DNA double strand breaks (DSBs), 
single strand breaks (SSBs), DNA adducts, and oxidative 
base modifications. These lesions, if unrepaired, can lead 
to chromosomal instability, apoptosis or carcinogenic 
mutations in surviving cells. Therefore, preventing or 
mitigating DNA damage in non-cancerous cells is a key 
strategy for reducing chemotherapy induced toxicity and 
long-term complications [36]. 

Bioactive compounds particularly flavonoids and 
phenolic acids have demonstrated significant protective 
effects against DNA damage through several mechanisms. 
One of the principal actions involves the enhancement 
of DNA repair capacity. Compounds such as quercetin, 
epigallocatechin gallate (EGCG), and caffeic acid have 
been shown to upregulate key enzymes involved in the 
base excision repair and homologous recombination 
pathways, including poly (ADP-ribose) polymerase 
(PARP), X-ray repair cross complementing protein 1 
(XRCC1), and DNA ligase III. These enzymes detect 
DNA lesions and coordinate repair processes, thus 
minimizing the accumulation of mutations and strand 
breaks in normal cells during chemotherapy. In addition to 
facilitating repair, bioactive compounds effectively reduce 
the burden of DNA damage by neutralizing the primary 
culprits reactive oxygen species (ROS). Chemotherapeutic 
agents often generate ROS as a byproduct of redox 
cyclin or through mitochondrial disruption, which in 
turn cause oxidative lesions in nucleic acids. Antioxidant 
rich bioactives scavenge these free radicals, directly 
reducing oxidative lesions in nucleic acids. Antioxidant 
rich bioactives scavenge these free radicals, directly 
reducing oxidative stress in genomic regions. For example, 
resveratrol and kaempferol have been shown to lower 
levels of 8-oxoguanine, a common oxidative DNA lesion, 
in non-malignant cells exposed to genotoxic stress[37].

Another layer of protection offered by these compounds 
is their ability to chelate transition metal ions, such as 
iron and copper, which catalyse the Fenton reaction and 
generate highly reactive hydroxyl radicals. By binding to 
these metal ions, flavonoids such as rutin and myricetin 
prevent the initiation of free radical mediated DNA strand 
breaks, especially in cells with high mitochondrial or 
lysosomal metal concentrations. Moreover, bioactive 
compounds have been observed to modulate checkpoint 
signaling pathways that regulate cell cycle arrest and 
DNA repair fidelity. For instance, curcumin and baicalein 
can influence the activation of ATM/ATR and p53, which 

are critical mediators in the DNA damage response. This 
regulation ensures that healthy cells either repair DNA 
damage effectively or undergo controlled senescence 
rather than uncontrolled apoptosis (Figure 5). Thus, the 
inhibition of DNA damage and genotoxicity by bioactive 
compounds is achieved through a multi-pronged approach: 
enhancing endogenous DNA repair mechanisms, reducing 
ROS induced strand breaks, and minimizing metal 
catalyzed oxidative stress. These protective actions 
preserve genomic stability in normal tissues during 
chemotherapy and reduce the risk of mutagenesis, making 
bioactives promising adjuncts in cancer therapy [38].

Modulation of P13K/Akt/mTOR Signaling
The phosphoinositide 3-kinase (P13K)/Akt/mTOR 

signalling axix plays a central role in regulating critical 
cellular processes including survival, growth, proliferation, 
and metabolism. In healthy cells, this pathway ensures 
homeostasis under stress by promoting protein synthesis, 
mitochondrial function, and resistance to apoptotic 
cues. However, in the context of cancer aberrant and 
constitutive activation of the P13K/Akt/mTOR pathway 
contributes to tumor growth, chemoresistance, and 
metastasis. Therefore, this signalling pathway represents 
a paradoxical target one that must be suppressed in 
tumor cells while being preserved or even enhanced in 
non-cancerous tissues to reduce off target toxicity during 
chemotherapy. Bioactive compounds, notably curcumin 
and resveratrol, have emerged as modulators of the P13K/
Akt/Mtor axis with context dependent actions that offer 
therapeutic selectivity [39].

During chemotherapy, non-cancerous tissues are 
subjected to oxidative and genotoxic stress that can 
inappropriately suppress the P13K/Akt pathway, resulting 

Figure 5. The diagram illustrates how bioactive 
compounds, including flavonoids and phenolic acids 
such as quercetin and resveratrol, mitigate chemotherapy 
induced DNA damage in healthy cells. These compounds 
enhance the activity of DNA repair enzymes, scavage 
reactive oxygen species, and chelate transition metal 
ions to prevent Fenton reaction mediated oxidative 
damage. The result is a reduction in DNA strand breaks, 
preservation of genomic stability, and protection of 
normal tissues from genotoxic stress.
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in impaired survival signalling, increased susceptibility to 
apoptosis, and compromised tissue integrity. Curcumin 
and resveratrol restore this balance by activating P13K 
and downstream effector Akt in normal cells. Akt, once 
phosphorylated, promotes cell survival by inhibiting 
pro-apoptotic factors such as Bad and caspase-9, as 
well as by phosphorylating the transcription factor 
FOXO, which suppresses genes involved in apoptosis. 
Simultaneously, Akt activates the mechanistic target of 
rapamycin (mTOR), a key regulator of protein synthesis 
and cell growth. Activation of this pathway in healthy 
tissues under chemotherapeutic assault promotes anabolic 
recovery, DNA repair, mitochondrial stability, and cellular 
resistance to apoptosis [40]. 

Resveratrol has been shown to enhance the 
phosphorylation of Akt in cardiac and neural tissues 
exposed to doxorubicin, reducing mitochondrial mediated 
apoptosis and preserving function. Similarly, curcumin 
restores P13K/Akt signaling in intestinal epithelial cells 
undergoing 5-flurouracil induced mucosal damage, thus 
facilitating mucosal regeneration and barrier restoration. 
These findings support the cytoprotective role of 
bioactive compounds in chemotherapy exposed tissues 
through P13K/Akt/mTOR modulation. Interestingly, 
in contrast to their protective roles in normal cells, 
both curcumin and resveratrol demonstrate the ability 
to inhibit P13K/Akt/mTOR signaling in cancer cells. 
In tumor models, these compounds downregulate the 
expression of P13K catalytic subunits and prevent Akt 
phosphorylation, thereby suppressing mTOR activity. 

This leads to inhibition of protein synthesis, cell cycle 
arrest, and activation of intrinsic apoptotic pathways 
in malignant cells. This dichotomous action protective 
in healthy cells and suppressive in tumor cells is likely 
mediated by differences in upstream receptor activation, 
oxidative microenvironments, and differential expression 
of pathway components between normal and cancerous 
cells. Hence, the modulation of the P13K/Akt/mTOR 
pathway by bioactive compounds offers a unique 
advantage in chemotherapy: the selective promotion of 
survival in normal cells while retaining or enhancing 
cytotoxicity in tumor cells (Figure 6). This context 
specific regulation underscores the potential of curcumin, 
resveratrol, and similar phytochemicals as ideal adjuncts 
in cancer treatment, improving therapeutic outcomes while 
minimizing systemic toxicity [41].

Suppression of p53 Overactivation in Normal cells
The tumor suppressor protein 53 plays a pivotal role 

in maintaining genomic stability by regulating cell cycle 
arrest, DNA repair, and apoptosis in response to genotoxic 
stress. Under normal conditions. p53 activity is tightly 
regulated to maintain tissue homeostasis. However, during 
chemotherapy, which induces widespread DNA damage 
and oxidative stress, p53 can become excessively activated 
not only in cancer cells, where it promotes apoptosis, 
but also in  non-cancerous tissues. This overactivation in 
normal cells can lead to undesired apoptosis, impairing 
tissue function and contributing to side effects such 
as mucositis, myelosuppression, cardiotoxicity, and 
nephrotoxicity. Therefore, a controlled and context 
specific modulation of p53 activity is essential to minimize 
off target toxicity while preserving its tumor suppressive 
effects.In normal cells, p53 is maintained at low levels 
through its interaction with the E3 ubiquitin ligase 
MDM2, which targets it for proteasomal degradation. 
Upon chemotherapy induced stress, DNA damage sensors 
such as ATM and ATR phosphorylate p53, stabilizing and 
activating it. Activated p53 induces the transcription of 
target genes involved in apoptosis, cell cycle inhibition, 
and DNA repair. While these functions are critical in 
eliminating damaged or precancerous cells, excessive 
or prolonged activation of p53 in healthy tissues can be 
detrimental, leading to apoptosis even in cells that are 
otherwise capable of recovery [42].

Bioactive compounds such as quercetin and theaflavin 
have shown the ability to finely modulate p53 signaling 
in normal cells. Quercetin, a flavonoid abundant in fruits 
and vegetables, exerts a dual effect on p53 depending 
on cellular context. In cancer cells, it promotes p53 
stabilization and transcriptional activity, thereby 
enhancing apoptosis. However, in non-malignant cells, 
quercetin has been observed to attenuate excessive 
p53 accumulation by modulating upstream kinases and 
maintaining MDM2 mediated feedback regulation. 
This modulation prevents unwarranted apoptosis, 
particularly in tissues such as gastrointestinal mucosa 
and hematopoietic system. Similarly, theaflavin the major 
bioactive constituent of black tea, exhibits protective 
effects by supressing p53 overactivation in healthy tissues 

Figure 6. The diagram demonstrates the dual regulatory 
role of bioactive compounds such as curcumin 
and resveratrol on the P13K/Akt/mTOR pathway. 
In non-cancerous cells, these compounds activate 
P13K and downstream signaling, promoting cell 
survival, energy metabolism, and anti-apoptotic effects 
in response to chemotherapeutic stress. Conversely, in 
tumor cells, the same compounds inhibit hyperactive 
P13K/Akt/mTOR signaling, reducing proliferation and 
sensitizing cancer cells to chemotherapy. This context 
dependent modulation aids in selectively protecting 
normal tissues while maintaining the anticancer efficacy 
of chemotherapy.
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exposed to chemotherapeutic agents. Thymoquinone 
reduces the phosphorylation of p53 and downregulates 
pro-apoptotic downstream targets such as Bax ans 
caspase-3 while preserving the expression of DNA repair 
genes. This fine-tuned modulation ensures that cells with 
reparable damage survive and restore function, reducing 
overall tissue injury [43].

Importantly, these bioactive compounds do not interfere 
with p53 activity in tumor cells, where its overactivation 
is therapeutically desirable. Instead, they exhibit a context 
sensitive modulation, enhancing p53 induced apoptosis in 
cancerous tissues while limiting it in normal cells. This 
selectively is attributed to differences in redox states, 
kinase signaling networks, and p53 isoform expression 
between and cancerous cells. Thus, the suppression of 
p53 overactivation in normal cells represents a crucial 
mechanism by which bioactive compounds protect against 
chemotherapy induced toxicity. Through controlled 
modulation of p53 signaling, compounds like quercetin 
and theaflavin reduce collateral tissue damage, promote 
regenerative capacity, and improve the overall tolerability 
of cancer treatment (Figure 7).

Regulation of Autophagy for Cytoprotection
Autophagy is an evolutionarily conserved cellular 

process responsible for degrading and recycling damaged 
organelles, misfolded proteins, and cytoplasmic debris. 
It serves as a vital homeostatic mechanism, particularly 
under stress conditions like nutrient deprivation, 
oxidative stress, and exposure to cytotoxic agents such as 
chemotherapeutic drugs. In normal tissues, chemotherapy 
often induces severe oxidative and genotoxic stress, 
leading to mitochondrial dysfunction, protein aggregation, 
and lipid peroxidation. These deleterious effects not only 
impair celluar metabolism but also trigger apoptosis if 
not adequately resolved. The regulation of autophagy by 
bioactive compounds offers a protective mechanism that 
enhances cellular survival, promotes regeneration, and 
reduces inflammation in non-cancerous tissues during 
chemotherapy [44, 45].  

Among the key regulators of autophagy is the AMP 
activated protein kinase (AMPK), an energy sensing 
kinase that activates autophagic processes when cellular 
ATP levels drop. AMPK phosphorylates and inhibits the 
mechanistic target of rapamycin (mTOR), a negative 
regulator of autophagy. Inhibition of mTOR removes the 
suppression on the ULK1 complex, thereby initiating 
the formation of autophagosomes. These vesicles engulf 
damaged cytoplasmic content and subsequently fuse 
with lysosomes foe degradation and recycling. This 
pathway helps maintain cellular energy balance, reduces 
intracellular ROS, and prevents the accumulation of 
toxic macromolecules. Bioactive compounds such as 
resveratrol and epigallocatechin gallate (EGCG) have 
been shown to effectively modulate this autophagic 
pathway. Resveratrol. a polyphenol found in red grapes 
and berries, activates AMPK by increasing the AMP/

Table 2. Mechanism Based Classification of Bioactive Compounds in Protecting against Chemotherapy Induced 
Toxicity

Mechanism of 
Action

Bioactive Compounds Molecular Targets /
Pathways

Physiological Effect Key Organ 
Protection

Antioxidant 
Defense Activation

Curcumin, Resveratrol, 
Betanin, Theaflavin

Nrf2/Keap1/ARE, 
HO-1, SOD, GPx

Neutralization of ROS, 
redox homeostasis

Liver, Kidney, 
Heart [20]

Anti-Inflammatory 
Activity

Quercetin, Thymoquinone, 
EGCG, Theaflavin

NF-κB, COX-2, 
IL-6, TNF-α

Suppression of cytokine storm,
 inflammation resolution

GI tract, Oral mucosa, 
Lung

Mitochondrial 
Stabilization

Resveratrol, Quercetin, 
Thymoquinone

Δψm, mPTP, Bcl-2, 
Bax, Caspase-3

ATP preservation, prevention of 
mitochondrial-mediated apoptosis

Cardiac, Neural, 
Renal tissues

Apoptosis 
Modulation

Betanin, Thymoquinone, 
Curcumin

Bcl-2/Bax, Caspase-3/9, 
Fas/TRAIL-R

Inhibition of unnecessary 
apoptosis in healthy cells

Bone marrow, 
Liver, Kidney

Autophagy 
Regulation

Resveratrol, EGCG AMPK/mTOR, LC3, 
Beclin-1

Clearance of damaged proteins/
organelles, cellular renewal

Neurons, 
Cardiomyocytes

DNA Damage 
Reduction

Quercetin, Curcumin, 
EGCG, Genistein

PARP, XRCC1, 
DNMTs, 8-OxoG

Decreased strand breaks, 
enhanced DNA repair

Intestinal epithelium, 
Bone marrow

Epigenetic 
Modulation

Curcumin, Resveratrol, 
Sulforaphane, Genistein

HDACs, DNMTs, Histone 
acetylation, miRNAs

Reactivation of protective genes, 
anti-inflammatory gene reprogramming

Systemic, 
Long-term gene regulation

PI3K/Akt Survival 
Signaling

Curcumin, Resveratrol, 
Theaflavin

PI3K, Akt, mTOR, 
FOXO

Cell survival, regenerative 
signaling in normal cells

Mucosa, 
Cardiomyocytes

Figure 7. The diagram depicts how bioactive compounds 
modulate p53 signaling during chemotherapy. By 
limiting excessive p53 activation in normal cells, they 
prevent apoptosis and tissue damage, while preserving 
tumor suppressive effects in cancer cells.
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ATP ratio, especially in cells under oxidative stress. By 
promoting AMPK activity and simultaneously inhibiting 
mTOR signalling, resveratrol enhances the initiation of 
autophagy in cardiac and neuronal cells. This mechanism 
is particularly beneficial in tissues where chemotherapy 
drugs like doxorubicin or cisplatin are known to induce 
severe mitochondrial damage and protein aggregation, 
leading to cell death. Resveratrol mediated autophagy 
removes these damaged components, preserving tissue 
integrity and function [46].

EGCG, the primary catechin in green tea, also 
promotes autophagy via a similar mechanism. In 
preclinical models, EGCG has been shown to activate 
AMPK and reduce the activity of Akt/mTOR signaling, 
enhancing autophagic flux. This results in reduced 
apoptosis, diminished pro-inflammatory cytokine release, 
and improved mitochondrial health. Furthermore, EGCG 
has demonstrated neuroprotective effects by inducing 
autophagy in neuronal cells exposed to chemotherapeutic 
agents, thereby alleviating neurotoxicity and cognitive 
decline. Notably, this autophagic modulation by 
resveratrol and EGCG is selective for normal cells under 
stress and does not promote survival in cancer cells. 
In fact, in many tumor models, these bioactives can 
induce excessive autophagy or autophagic cell death, 
which is therapeutically advantageous. This dual context 
behavior underscores the selective cytoprotective potential 
of autophagy regulation in chemotherapy (Figure 8). 
In essence, the regulation of autophagy by bioactive 
compounds represents a robust defese mechanism that 
improvs cellular resilience and longevity during cancer 
treatment. By facilitating the clearance of damaged 
components and restoring metabolic homeostasis, 
components like resveratrol and EGCG preserve 
organ function and reduce systemic toxicity ultimately 
improving the therapeutic index of chemotherapy [47]. 

Epigenic Modulation by Bioactive compounds
Epigenetics refers to heritable but reversible 

modifications in gene expression that occyr without 
changes to the underlying DNA sequence. These 
modifications primarily involving DNA methylation, 
histone acetylation/deacetylation, and non-coding RNA 
regulation, play critical roles in gene silencing, activation 
and chromatin remodelling. During chemotherapy, 
widespread epigenetic disruptions often occur, contributing 
to cellular stress, inflammation, organ toxicity, and even 
chemoresistance (Table 2). Interestingly, certain bioactive 
compounds have demonstrated the capacity to modulate 
epigenetic landscapes in normal cells, thereby enhancing 
their resistance to chemotherapy induced damage [48].

One of the key mechanisms of epigenetic regulation 
involves histone acetylation, controlled by the opposing 
actions of histone acetyltransferases (HATs) and histone 
deacetylases (HDACs). Acetylation of histone tails 
by HATs relaxes chromatin structure, promoting gene 
transcription, while HDACs remove acetyl groups, 
leading to chromatin compaction and transcriptional 
repression. Chemotherapy often dysregulates this balance, 
suppressing genes involved in detoxification, antioxidant 
defense, and DNA repair. Bioactive compounds such as 
curcumin and resveratrol have been identified as natural 
HDAC inhibitors. By inhibiting HDAC activity, these 
compounds promote the acetylation of histones associated 
with protective genes such as Nrf2, HO-1, SOD2, and 
GPx, leading to their transcriptional activation. Curcumin, 
a polyphenol derived from turmeric, can inhibit HDAC1, 
HDAC3, and HDAC8, threby restoring the expression 
of silenced tumor suppressor genes and detoxification 
pathways. Additionally, it enhances histone acetylation at 
the promoter regions of anti-inflammatory and antioxidant 
genes, which mitigates the impact of chemotherapy 
induced oxidative stress and inflammation. Resveratrol 
similarly targets class I and II HDACs, and has also been 
shown to modulate the expression of sirtuins, NAD+ 
dependent deacetylases involved in stress response and 
mitochondrial function. Activation of SIRT1 by resveratrol 
promotes chromatin remodeling that supports genomic 
stability and cell survival under chemotherapeutic insult 
[49]. 

In addition to histone modification, DNA methylation 
is another epigenetic layer that bioactive compounds 
can influence. DNA methyltransferases (DNMTs) 
catalyse the addition of methyl groups to cytosine 
residues, particularly in CpG islands of gene promoters, 
resulting in transcriptional repression. Overexpresion of 
DNMTs during chemotherapy can silence critical genes 
responsible for cell cycle regulation, antioxidant defense, 
and apoptosis inhibition. Bioactive compounds such as 
genistein, sulforaphane, and EGCG have been shown 
to inhibit DNMT activity, leading to demethylation 
and re-expression of genes involved in cytoprotection. 
Furthermore, these compounds influence the levels 
and activity of non-coding RNAs such as microRNAs 
(miRNAs), which regulate mRNA stability and translation. 
For instance, curcumin modulates miR-21, miR-34a, and 
miR-155 known to regulate inflammatory signalling, 

Figure 8. The diagram illustrates how bioactive 
compounds such as resveratrol and EGCG regulate 
autophagy through AMPK activation and mTOR 
inhibition. This signalling casade initiates autophagic 
clearance of damaged organelles and proteins, 
thereby reducing oxidative stress and inflammation in 
non-cancerous cells during chemotherapy, enhancing 
cellular survival and resilience.
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apoptosis and oxidative stress responses (Figure 9). 
Through these epigenetic mechanisms, bioactive 
compounds offer long lasting cellular reprogramming that 
enhances resilience to chemotherapy while maintaining 
normal cell viability. Hence the ability of bioactive 
compounds to modulate the epigenome represents a 
powerful strategy to counteract the collateral damage of 
chemotherapeutic agents. By promoting the expression 
of protective genes and reversing maladaptive silencing 
events, these natural agents offer durable and tissue 
specific cytoprotection that complements traditional 
cancer therapies [50].

Discussion

Chemotherapy, while integral to modern cancer 
management, is frequently marred by its indiscriminate 
cytotoxicity toward both malignant and healthy 
proliferative cells. The resulting collateral tissue damage 
often leads to debilitating side effects ranging from fatigue, 
mucositis, and myelosuppression to cardiotoxicity, 
hepatotoxicity, and neurotoxicity which limit dose 
intensity and negatively impact patient compliance and 
quality of life. The urgent clinical need to mitigate these 
adverse effects without compromising antitumor efficacy 
has directed attention toward natural bioactive compounds 
as potential adjuncts to conventional chemotherapeutic 
regiments. The current study comprehensively examines 
the protective roles of compounds such as curcumin, 
resveratrol, thymoquinone, quercetin, betanin, theaflavin, 
and EGCG, with a focus on their mechanistic engagement 
in oxidative stress regulation, inflammation suppression, 
mitochondrial preservation, apoptotic control, autophagy 
induction, DNA repair and epigenetic remodeling [51, 52].

A primary mechanism of protection observed across 
multiple compounds is the activation of the Nrf2/
Keap1/ARE pathway, a central regulator of antioxidant 

defense. Chemotherapeutic agents like doxorubicin 
and cisplatin induce excessive reactive oxygen species 
(ROS), disrupting redox balance and causing oxidative 
damage in normal tissues. Compounds such as curcumin, 
resveratrol, betanin, and theaflavin disrupt the Nrf2-Keap1 
interaction, allowing Nrf2 to translocate into the nucleus 
and upregulate antioxidant genes including HO-1,SOD, 
GPx, and NQO1. This cascade reduces intracellular ROS 
accumulation and preserves tissue function, particularly 
in oxidative stress sensitive organs like the liver, kidney, 
and heart. The ability of these compounds to engage 
endogenous cytoprotective pathways underscores their 
preventive potential during chemotherapy [53].

Another hallmark feature of chemotherapy 
induced toxicity is inflammation, largely driven by 
NF-kB activation, which promotes the transcription 
of pro-inflammatory cytokines such as TNF-α, IL-6, 
COX-2. Bioactive compounds including quercetin, 
thymoquinone, EGCG, and theaflavin have demonstrated 
significant NF-κB inhibitory activity. By blocking IκB 
degradation or suppressing upstream kinases like IKK, 
these compounds rretain NF-κB in the cytoplasm, 
therby preventing its translocation and subsequent gene 
transcription. This action results in the attenuation of 
mucositis, hepatotoxicity, and cardiotoxicity observed 
during chemotherapy. Notably, this anti-inflammatory 
property works synergistically with their antioxidant 
effects, as inflammation and ROS production are tightly 
interconnected in a feed forward loop during cytotoxic 
stress [54]. Mitochondrial dysfunction is another 
major consequence of chemotherapeutic exposure, 
contributing to bioenergetic failure and intrinsic 
apoptosis. Chemotherapeutic agents induce mitochondrial 
membrane depolarization, open the mPTP, and trigger 
cytochrome c release, which activates caspase-9 and 
caspase-3. Bioactive compounds such as resveratrol 
and quercetin help maintain mitochondrial membrane 
potential (Δψm), prevent mPTP opening, and stabilize 
ATP synthesis. Furthermore, by upregulating Bcl-2 
and downregulating Bax and caspase-3, compounds 
like thymoquinone and betanin protect mitochondrial 
integrity and suppress apoptosis in non-cancerous tissues. 
Importantly, these actions are tissue selective; they do 
not interfere with chemotherapy induced apoptosis in 
tumor cells, a phenomenon attributed to differing cellular 
redox states and oncogenic signaling between cancerous 
and normal cells. The modulation of both intrinsic and 
extrinsic apoptotic pathways is a shared protective 
strategy. In addition to stabilizing mitochondrial function, 
bioactives inhibit death receptor mediated signaling 
through suppression of Fas, TRAIL-R, and caspase-8. 
This particularly important in preventing tissue injury 
in bone marrow, GI epithelium, and other high turnover 
tissues. Such dual pathway modulation supports tissue 
specific cytoprotecting without compromising systemic 
therapeutic intent. A lesser explored but increasingly 
important mechanism involves regulation of autophagy, 
a cellular process that removes damaged organelles and 
aggregated proteins. Autophagic flux is often disrupted 
during chemotherapy, exacerbating cytoplasmic stress 

Figure 9. The diagram depicts the epigenetic modulation 
exerted by bioactive compounds and these compounds 
act as natural HDAC inhibitors and DNA methylation 
modulators. By altering histone acetylation and DNA 
methylation patterns, they promote the transcription of 
cytoprotective genes involved in antioxidant defense, 
detoxification, and anti-inflammatory responses, 
ultimately mitigating chemotherapy induced toxicity and 
promote tissue resilience.
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and promoting apoptosis. Resveratrol and EGCG were 
shown to activate AMPK and inhibit mTOR, initiating 
autophagosome formation and lysosomal degradation 
of damaged components. This only restores cellular 
homeostasis but also limits secondary inflammation 
and oxidative stress. In neural and cardiac tissues, this 
regulation translates into preserved organ function and 
resilience against long term degenerative effects [55].

Additionally, DNA damage mitigation is critical 
in preventing long term genomic instability induced 
by agents like cyclophosphamide and doxorubicin. 
Flavonoids such as quercetin and phenolic acids like 
caffeic acid enhance DNA repair enzymes (e.g. PARP, 
XRCC1), reduce oxidative DNA adducts, and chelate 
transition metals that catalyse DNA damaging Fenton 
reactions. These properties reduce strand breaks and 
chromosomal aberrations, preserving genome fidelity 
in replicating non-malignant cells such as those in the 
hematopoietic and gastrointestinal systems. Epigenic 
remodeling, including histone modification and DNA 
demethylation, represents a novel and durable mechanism 
of protection. Curcumin and resveratrol have been shown 
to inhibit histone deacetylases (HDACs), resulting in 
relaxed chromatin and transcriptional activation of 
genes involved in antioxidant defense and inflammation 
resolution. Furthermore, compounds like genistein and 
sulforaphane inhibit DNMTs, restoring the expression 
of silenced tumor suppressor and detoxification genes. 
This epigenetic reprograming creates a long-term shift in 
cellular phenotype that enhances resilience during repeated 
chemotherapeutic exposures and may even reduce the 
risk of therapy induced secondary malignancies. The 
P13K/Akt/mTOR pathway, critical for regulating cell 
survival and proliferation, is also contextually modulated 
by bioactive compounds. In healthy cells, curcumin 
and resveratrol activate Akt and mTOR in response to 
chemotherapy induced stress, promoting survival, tissue 
regeneration, and protein synthesis. Conversely, in cancer 
cells, these same compounds suppress P13K signalling, 
facilitating apoptosis and blocking proliferation. This 
context specific duality underscores the selectivity 
and safety of bioactives in therapeutic applications. 
Another intriguing mechanism is the suppression of 
p53 overactivation. Although p53 is essential for tumor 
suppression, excessive activation in healthy cells during 
chemotherapy can lead to inappropriate apoptosis. 
Bioactives like quercetin and thymoquinone fine tune p53 
responses by modulating upstream kinases or feedback 
loops involving MDM2. This ensures that p53 promotes 
repair and survival in normal cells while retaining 
apoptotic activity in cancerous counterparts [56].

Together, these findings establish that bioactive 
compounds exert their protective effects through 
a multi-targeted approach, engaging several intersecting 
signaling networks to reduce oxidative stress, inflammation, 
mitochondrial injury, apoptosis, genotoxicity, and 
epigenetic dysregulation. Their pleiotropic nature offers 
a distinct advantage over single target synthetic agents, 
enabling more holistic protection of normal tissues 
without negating the efficacy of chemotherapeutic 

agents on tumors. Furthermore, these compounds are 
often well tolerated, cost effective, and widely available. 
Their incorporation into cancer care whether as dietary 
supplements, encapsulated formulations, our nano 
delivery systems represent a promising adjunctive 
strategy. However, despite robust preclinical data, clinical 
translation remains limited. Future directions should 
prioritize pharmacokinetic optimization, synergistic 
combinations, and large scale randomized controlled trails 
to validate the efficacy and safety of bioactive compounds 
in diverse cancer populations. Thus, the use of bioactive 
compounds as a protective shield against chemotherapy 
induced toxicity is grounded in sound molecular rationale 
and strong experimental evidence. Their ability to target 
multiple hallmarks of tissue injury with high selectivity 
and minimal side effects makes them compelling 
candidates for integrative cancer therapy. Advancing their 
clinical application holds promise for improving patient 
tolerance, treatment continuity, and overall outcomes in 
cancer management [57].

In conclusion, the use of bioactive compounds as 
adjuncts to chemotherapy represents a promising strategy 
to alleviate treatment induced toxicity in cancer patients. 
These naturally occurring molecules, including curcumin, 
resveratrol, quercetin, theaflavin, thymoquinone, and 
betanin, exert multifaced protective effects through well 
characterized molecular mechanisms. By modulating 
oxidative stress, inflammatory cascades, mitochondrial 
function, apoptotic pathways, and DNA integrity, they 
offer selective protection to normal tissues without 
compromising the cytotoxicity against tumor cells. 
Importantly, their ability to influence key signalling 
pathways such as Nrf2/ARE, NF-κB, PI3/Akt, and 
p53 highlights their potential as intelligent modulators 
of cellular stress responses. Some bioactives also 
contribute to long term protection through epigenetic 
remodeling and autophagy regulation. While preclinical 
evidence is compelling, translating these findings into 
clinical oncology requires rigorous validation, including 
standardization, pharmacokinetic profiling, and dose 
optimization. Nevertheless, the integration of these 
compounds into therapeutic regiments could transform 
chemotherapy from a purely cytotoxic intervention into 
a more tolerable and supportive cancer care approach, 
improving patient outcomes and quality of life. 
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