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A B S T R A C T   

Oxidative stress (OS), defined as redox imbalance in favor of oxidant burden, is one of the most significant 
biological events in cancer progression. Cancer cells generally represent a higher oxidant level, which suggests a 
dual therapeutic strategy by regulating redox status (i.e., pro-oxidant therapy and/or antioxidant therapy). 
Indeed, pro-oxidant therapy exhibits a great anti-cancer capability, attributing to a higher oxidant accumulation 
within cancer cells, whereas antioxidant therapy to restore redox homeostasis has been claimed to fail in several 
clinical practices. Targeting the redox vulnerability of cancer cells by pro-oxidants capable of generating 
excessive reactive oxygen species (ROS) has surfaced as an important anti-cancer strategy. However, multiple 
adverse effects caused by the indiscriminate attacks of uncontrolled drug-induced OS on normal tissues and the 
drug-tolerant capacity of some certain cancer cells greatly limit their further applications. Herein, we review 
several representative oxidative anti-cancer drugs and summarize their side effects on normal tissues and organs, 
emphasizing that seeking a balance between pro-oxidant therapy and oxidative damage is of great value in 
exploiting next-generation OS-based anti-cancer chemotherapeutics.   

1. Introduction 

Redox homeostasis is essential for human health, and its disturbance 
is a significant cause of multiple major diseases, such as type 2 diabetes, 
atherosclerosis, chronic obstructive pulmonary disease, Alzheimer’s 
disease, and cancer [1,2]. Redox imbalance in favor of oxidant burden is 
defined as oxidative stress (OS), which is frequently found in cancer cells 
and has become an emerging hallmark of various cancers [3,4]. Since OS 
promotes many malignant behaviors of cancer cells [5], antioxidant 
therapy may be an effective strategy to inhibit cancer initiation and 
progression. However, relevant clinical trials have always been reported 
to fail [6–8]. 

Inspiringly, OS can also be targeted as a vulnerability, in which 
cancer cells are more sensitive to pro-oxidant therapy (i.e., the treat
ments by triggering cytotoxic OS in cancer cells). Numerous pro-oxidant 
strategies are developed, some of which have become mainstream anti- 
cancer treatments in clinical practice, such as radiotherapy, chemo
therapy [9–11]. In fact, studies have found that most chemotherapeutic 
drugs can kill cancer cells by directly or indirectly facilitating reactive 
oxygen species (ROS) accumulation, such as doxorubicin, cisplatin, 
5-fluorouracil and arsenic trioxide (ATO) [12,13]. However, they also 
have many destructive effects on normal tissues and organs, which are 
even life-threatening [12]. Upon further studies of the mechanisms of 
their adverse effects, these drugs are frequently found to be hemotoxic 
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because they cause sharp ROS accumulation and/or disrupt the endog
enous antioxidant defense systems [14]. The chemicals that induce OS, 
either by generating ROS or by inhibiting antioxidant systems are 
collectively referred to as “pro-oxidants". 

Although pro-oxidants can greatly benefit cancer patients, pro- 
oxidant therapy always faces a critical problem – severe adverse ef
fects, largely limiting their wider applications [15,16]. Cancer patients 
generally experience over 40 different side effects after pro-oxidant 
therapy, such as nerve damage and bone marrow suppression, which 
are intimately related to the indiscriminate damage of excessive 
drug-induced OS [17]. Moreover, these side effects lead to reduced 
administration dosage and frequency of anti-cancer drugs, affecting 
therapeutic outcomes and patient survival [18]. Notably, precisely 
inducing OS has recently been recognized as a new strategy method in 
cancer treatments, which enhances the anti-cancer effects by elevating 
local OS levels in tumors or specific organelles and molecules of cancer 
cells, thus largely relieving the oxidative damage of the normal tissues 
[19,20]. However, the relevant technology is still in its infancy, and a 
large amount of basic research still needs to be implemented to prove the 
feasibility of the theory. Accordingly, pro-oxidants are promising in 
cancer treatment, but the problems of severe adverse effects and insuf
ficient elimination remain resolved. 

In this review, we systemically summarize the dual impacts of drug- 
induced OS in cancer therapy and propose some approaches aimed at 
seeking a balance between pro-oxidant therapy and oxidative damage. A 
comprehensive understanding of drug-induced OS will greatly help 
select scientific and rational therapeutic strategies and improve the 
outcome and survival of cancer patients. 

2. An overview of oxidative stress in cancer treatments 

Biological redox steady states are nonequilibria [21]. The dynamic 
regulation of intracellular redox status is essential for maintaining 
cellular homeostasis normal functions, and it has been phrased as “the 
golden mean of healthy living” [22,23]. 

ROS are significant mediators of redox reactions, which are consid
ered to be byproducts of cellular respiration [24]. ROS are primarily 
derived from numerous enzymatic and chemical reactions, such as 
cyclooxygenase, nicotinamide adenine dinucleotide phosphate NADPH 
oxidase (NOX), xanthine oxidase, lipogenesis, and iron-catalyzed Fenton 

reactions [25], occupying different forms like hydroxyl radicals (•OH), 
superoxide radicals (O2•

− ), and hydrogen peroxide (H2O2). In addition 
to ROS, redox molecules also consist of many other reactive substances, 
such as nitric oxide, hydrogen sulfide, and oxidized lipids [26,27]. 
Generally, low to moderate concentrations of ROS are beneficial for 
maintaining intracellular physiological activities and signaling path
ways, while higher levels of ROS may lead to malignant transformation, 
cell damage and even death [28,29] (Fig. 1). For example, at a low 
physiological level of ROS in the nanomolar range, H2O2 is a significant 
factor in signal transduction through specific protein targets involved in 
the metabolic regulation and stress responses. This helps the cell adapt 
to constantly changing environments and stress [30]. However, exces
sive accumulation of H2O2 directly interrupts normal cellular functions. 

In response to OS, cells have developed an antioxidant defense sys
tem to maintain cellular redox homeostasis and protect cells from 
damage. The antioxidant systems consist of endogenous and exogenous 
antioxidants. While exogenous antioxidants, such as N-acetyl cysteine, 
vitamin E (alpha-tocopherol), and vitamin C (or ascorbate), have shown 
significant antioxidant potential in preclinical studies, they still face 
challenges in clinical practice [31]. Endogenous antioxidants can be 
classified into antioxidant enzymes, catalytic antioxidant proteins, and 
small molecular scavengers based on their molecular weight. Specif
ically, antioxidant enzymes consist of superoxide dismutase (SOD), 
peroxiredoxin (PRX), and glutathione peroxidase (GPX); noncatalytic 
antioxidant proteins include thioredoxin (TRX), glutaredoxin, and 
metallothionein; small molecular weight antioxidants contain gluta
thione (GSH), bilirubin and urate [32]. 

Cancer cells present higher ROS levels than normal cells due to al
terations in their metabolism, genomic instability, mitochondrial 
dysfunction, and tumor microenvironment modifications [33,34]. To 
avoid cell death, cancer cells also upregulate their antioxidant defense 
mechanisms to maintain ROS levels within a dynamic range [35]. Spe
cifically, at the onset of cancer progression, cancer cells increase their 
NADPH production by activating antioxidant transcription factors and 
the pentose phosphate pathway (PPP), which enables them to survive at 
high ROS levels. During progression and metastasis, cancer cells respond 
to OS by increasing NADPH production in various ways, including 
activation of AMPK and PPP, reduced glutamine metabolism and folic 
acid metabolism [17]. In addition, appropriate levels of ROS often 
upregulate antioxidant transcription factors in cancer cells, such as 

Fig. 1. The biological roles of ROS. Intracellular ROS 
levels mainly depend on the regulation of intracel
lular oxidative and antioxidant systems. In normal 
cells, endogenous antioxidants can effectively 
neutralize excessive ROS to maintain redox balance 
and cell homeostasis. However, higher ROS levels 
driven by different factors can lead to malignant 
transformation, which greatly promotes tumorigen
esis and cancer progression. Furthermore, excessive 
ROS induced by dysregulated redox balance or 
exogenous pro-oxidant therapy will activate multiple 
antioxidant pathways and elicit oxidative damage to 
biomacromolecules and even cell death. Intracellular 
lipids, proteins, and DNA can be easily destroyed by 
ROS under OS, therefore carefully controlling the 
intracellular redox state is essential for human health.   
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nuclear factor erythroid 2-related factor 2 (Nrf2), to support cancer cell 
proliferation [36]. Notably, within this dynamic range, a certain amount 
of ROS is necessary for cancer development and normal metabolic of 
cancer cells [37,38]. For instance, OS can mediate 
inflammation-induced gene fusion formation to promote tumorigenesis 
[39], and some OS-regulated microRNAs, such as microRNA-210 and 
microRNA-128a, are involved in the cancer development [40]. In 
addition, some antioxidant pathways activated by OS, such as Nrf2, also 
significantly contribute to cancer progression [36]. Cancer cells main
tain this “tense and fragile balance” by counteracting ROS accumulation 
to ensure cancer cell proliferation, metastasis, and other malignant 
phenotypes. From this perspective, reversing OS with antioxidants may 
be an effective way to treat cancer. However, most intracellular anti
oxidant defense is not provided exogenous or endogenous small mole
cules but antioxidant enzymes or proteins that utilize their specific 
substrates to reduce oxidants [5,41]. This may be the reason why small 
molecule antioxidants always fail in clinical trials [42,43]. A Mendelian 
randomization study explored the potential causal relationship between 
circulating vitamin C and the risk of five most common cancers. How
ever, the results were negative and did not support the hypothesis that 
physiological levels of circulating vitamin C have a large influence on 
the risk of these cancers in European populations [44]. Similar outcomes 
were observed in studies conducted on breast, pancreatic, and prostate 
cancer patients (NCT00003639, NCT01080352, NCT00006392). 

On the other side, persistent OS and intricate regulatory networks 
render cancer cells more susceptible to elevated ROS levels [45]. This 
high reactivity offers a breakthrough for many anti-cancer drugs and 
therapies [5,46]. Chemotherapeutic drugs with cytostatic activity 
eliminate cancer cells by generating high levels of intracellular ROS 
thereby triggering apoptosis, autophagy, and ferroptosis. 

However, pro-oxidant therapy also has significant drawbacks. Many 
studies in the last two decades have shown that OS therapy can cause 
severe side effects [47]. For example, anthracyclines can inhibit nucleic 
acid synthesis and induce the accumulation of Fe2+ in cells, which can 
generate large amounts of O2

− and OH− through the Fenton reaction and 
cause various forms of OS damage to cardiomyocytes [48,49]. More
over, some cells, such as cancer stem cells (CSCs) and slow cycling cells, 
are less sensitive to OS and may survive the treatment and lead to cancer 
recurrence and metastasis [50]. These adverse reactions greatly limit the 
clinical application of pro-oxidant therapy, therefore it is urgent to 
identify the side effects before administering the drugs. 

3. Representative drugs that induce oxidative stress in cancer 
treatments 

Cancer cells are more vulnerable to OS-induced damage than normal 
cells [51]. Therefore, pro-oxidants have attracted increasing attention as 
potential chemotherapeutic agents [52,53]. Pro-oxidant therapy can be 
achieved by either directly generating ROS or targeting and inhibiting 
the endogenous antioxidant systems of cancer cells to indirectly elevate 
intracellular ROS concentrations. Various therapeutic approaches have 
been developed based on this principle, such as chemotherapeutic 
agents, small molecule compounds, phototherapy agents, drugs that 
modulate redox metabolites, and drugs that interfere with key signal 
transduction pathways in redox regulation [54–56]. However, in light of 
considerable side effects of pro-oxidant therapy, a comprehensive and 
detailed understanding of drug-induced OS is essential to enhancing 
anti-cancer effects and expanding clinical applications. In this section, 
we provide a list of several representative drugs that induce OS, whose 
pro-oxidant capacity and cancer-killing effects have been convincingly 
verified in both preclinical studies and clinical applications. 

3.1. Direct ROS inducers 

With the deepening of the understanding of cancer redox homeo
stasis in the medical community, cancer treatment strategies based on 

OS and oxidative damage have been proven effective. In fact, many FDA- 
approved anti-cancer drugs effectively eliminate cancer cells by 
increasing the production of ROS, which is supported by the enhanced 
antioxidant capacity decreasing cancer-killing effects of these drugs [57, 
58]. Chemotherapy drugs interfering with cell division (e.g., Vinca al
kaloids and taxanes) or nucleic acid synthesis (e.g., 5-Fluorouracil, 
platinum complexes and anthracyclines) can trigger ROS production 
by disrupting mitochondrial functions [59–61]. Among these chemo
therapy agents, anthracyclines as a class of anti-cancer antibiotics, are 
widely used in single or combined chemotherapy due to their strong 
ROS generation ability and anti-cancer effects. Evidence abounds that 
anthracyclines induce excess ROS in a variety of ways [15,62]. The 
widely accepted theories currently include DNA-intercalation and 
topoisomerase II poisoning [48]. For example, the specific chemical 
structure of anthracyclines decides that they can be reduced to the form 
of semiquinone. This process is catalyzed by NOX and nitric oxide syn
thase in the cytoplasm, as well as by mitochondrial electron transport 
chains (ETCs). These components can transfer electrons onto doxoru
bicin, forming a semiquinone complex. The latter is an unstable 
metabolite, that can be oxidized by oxygen in mitochondria, accompa
nied by the release of large amounts of ROS [63,64]. Another accepted 
mechanism of anthracycline-induced cytotoxicity is the formation of an 
anthracycline-iron complex that triggers lipid peroxidation, protein 
oxidation, and DNA damage by ROS production, leading to apoptosis 
and ferroptosis [65]. In addition, ATO is also a typical pro-oxidant 
chemotherapy agent [66]. In September 2000, FDA approved ATO 
(Trisenox™) for treating relapsed or refractory acute promyelocytic 
leukemia, and it since become the first-line therapy for acute promye
locytic leukemia [67]. The main source of ATO toxicity is its ability to 
induce OS through various pathways, such as disintegrating the mito
chondrial membrane potential, deleting GSH and downregulating TRX-1 
[68–70]; To extend the applications of ATO, numerous clinical trials 
have been conducted to investigate the role of ATO in solid tumors, but 
relevant results are disappointed (NCT01470248, NCT00024258). On 
the basis of this, the combined approaches have been proposed and 
gained exciting findings in preclinical studies. For instance, in intra
hepatic cholangiocarcinoma (ICC), ATO and metformin synergistically 
prevented ICC proliferation by increasing intracellular ROS levels, cell 
apoptosis, and inducing G0/G1 cell cycle arrest in vitro and in vivo [71]. 
At present, many ongoing clinical trials are posted to assess the safety 
and efficacy of ATO coupling with other drugs in solid tumor therapy 
(NCT05721872, NCT04518501). 

In recent years, some novel drugs (small molecule compounds) and 
repurposed traditional drugs have been reported to possess superior pro- 
oxidant properties and achieve remarkable therapeutic effects [72,73] 
(Fig. 2). For instance, elesclomol (STA-4783) is a synthetic small mole
cule compound that has exhibited anti-cancer activity in various can
cers, such as melanoma and breast cancer [74]. Studies have shown that 
elesclomol can chelate copper ions and transport them into mitochon
dria, disrupting the mitochondrial respiratory chain and increasing 
cellular OS, ultimately leading to cancer cell apoptosis [75]. Several 
clinical trials (NCT00808418, NCT00088088, NCT00087997) have 
been conducted to assess the safety and efficacy of elesclomol, either 
alone or in combination with conventional chemotherapy agents, for the 
treatment of various cancers. Ivermectin is a broad-spectrum, high-
efficiency, and low-toxicity antiparasitic drug that earned its discoverers 
the 2015 Nobel Prize in Physiology or Medicine. Dou et al. found that by 
blocking the PAK1/Akt axis in breast cancer, ivermectin exhibited an 
excellent pro-oxidant effect to induce autophagy in cancer cells via OS 
[76,77]. It is inspiring to note that ivermectin has entered clinical trials 
(NCT05318469, NCT02366884, NCT03305978), indicating its large 
potential for practical applications. In addition, photodynamic therapy 
(PDT) and sonodynamic therapy (SDT) are modern, noninvasive treat
ment modalities for the treatment of cancers and nonneoplastic diseases, 
which have exhibited superior antitumor activity. By exciting the 
photosensitizer molecules, PDT can utilize absorbed light to produce 
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toxic ROS under NIR laser irradiation [78,79]. Likewise, SDT is a type of 
cancer treatment that uses ultrasound waves to activate a sonosensitizer 
drug, which then produces ROS and kills cancer cells [80,81]. Currently, 
a lot of clinical studies on PDT and CDT at different statuses have been 
carried out, and achieved some preliminary results (NCT03638622, 
NCT03344861, NCT03527225, NCT01012401). 

3.2. Indirect ROS inducers by blocking antioxidant systems 

Except for direct ROS inducers, pro-oxidant strategies that target 
intracellular antioxidant systems and disrupt their balance can also elicit 
OS. The antioxidant process involves the neutralizing of ROS and the 

reversing of disulfide formation. This process relies on the regulation of 
two metabolic pathways: GSH and TRX [82]. Increasing studies have 
shown promise in molecules that modulate or interfere with redox 
signaling, which provide several viable therapeutic targets for many 
diseases, especially cancer [83] (Fig. 3). 

3.2.1. Drugs that affect GSH metabolism 
GSH, a tripeptide composed of glycine, cysteine, and glutamate, is 

the most abundant and essential intracellular antioxidant. The reduced 
form of GSH is the predominant active state and form (approximately 
95%) of GSH. When cells are exposed to ROS, the thiol group of the GSH 
cysteine can act as an electron donor to convert the reduced GSH to the 

Fig. 2. Representative direct ROS inducers. A variety of anti-cancer drugs are capable of inducing OS, such as antibiotics (anthracyclines), antimetabolites (ATO), 
small molecule synthetic drugs (elesclomol) and photodynamic drugs, of which the mitochondria are the core functional organelles. 

Fig. 3. Representative indirect ROS inducers. Representative indirect ROS inducers. Interventions by inhibiting the endogenous antioxidant systems, such as GSH, 
TRX, NADPH, Nrf2 and HIF-1 signaling pathways, can effectively augment the intracellular ROS levels and induce OS. 
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oxidized form of GSH disulfide (GSSG) and protect cells from OS [84]. 
High levels of GSH are associated with resistance to chemotherapy and 
radiation independently [85,86]. Therefore, a promising strategy may 
be to selectively deplete GSH in cancer cells, which can increase intra
cellular ROS levels and induce OS-mediated cytotoxicity. Christine C. 
Gana et al. identified a novel small molecule modulator that induces OS 
by selectively enhancing the efflux of reduced GSH and abolishing the 
clonal capacity of cancer cells. Moreover, they showed that the toxicity 
could be rescued by the ROS scavenger N-acetylcysteine, suggesting that 
elevated GSH levels confer oxidative resistance in cancer cells, and that 
intracellular GSH depletion can overcome drug resistance and improve 
cancer therapy outcomes [87]. 

Furthermore, intervention in crucial steps in GSH synthesis is rec
ommended as an effective way to decrease GSH levels. GSH synthesis 
depends on the catalysis of two ATP-dependent enzymes. First, γ -glu
tamic cysteine is synthesized from L-glutamic acid and cysteine. This 
conversion requires the linkage and modification of glutamate-cysteine 
ligase, which is the rate-limiting step for GSH synthesis. Second, glycine 
is added to the C-terminal of γ-glutamic cysteine with the catalysis of 
GSH synthase to eventually synthesizes GSH [88]. Buthionine sulfox
imine (BSO), a γ-glutamic cysteine ligase inhibitor, has a potent inhib
itory function on GSH synthesis. GSH deletion via BSO can sensitize 
breast cancer to radiotherapy in vitro and in vivo, suggesting that GSH 
inhibition can augment anticancer effects of pro-oxidant therapy [89]. 
Considering the capacity of powerful GSH elimination and reversing 
chemoradiotherapy resistance in preclinical studies, BSO has been used 
to reduce resistance to the chemotherapy of neuroblastoma in clinical 
trials, though the therapeutic outcomes are still unknown 
(NCT00005835, NCT00002730). Disulfiram, also known as antabuse, 
was discovered almost a century ago as an agent that inhibits acetal
dehyde dehydrogenase, resulting in an immediate hangover when 
alcohol is ingested. In addition to its use in alcoholism treatment, 
disulfiram has been found to shift the ratio of GSH: oxidized glutathione 
(GSSG) to the oxidized state and induce OS. An in vitro and in vivo study 
has revealed that disulfiram can act as a potent radio-chemo sensitizer 
for head and neck squamous cell carcinoma, which results from the GSH 
exhaustion and ROS accumulation [90]. Several clinical trials are 
currently recruiting patients with various types of cancer to evaluate the 
therapeutic potential of disulfiram alone or in combination with 
chemotherapy drugs (NCT03323346, NCT02671890). 

3.2.2. Drugs that regulate TRX metabolism 
Aside from the GSH system, the TRX-PRX pathway is arguably the 

most crucial antioxidant system that maintains intracellular redox ho
meostasis by scavenging ROS, regulating redox enzymes, and cooper
ating with GSH redox systems [91]. It consists of TRX, TRX reductase 
(TRXR), and NADPH [92]. OS also occurs when the intracellular TRX 
system is inhibited. Inhibitors of the TRX system can suppress tumor 
development and progression by increasing OS, inducing cancer cell 
death [93]. Several natural and synthetic inhibitors of the TRX system 
have been developed as anticancer drugs, such as metal complexes, se
lenium compounds, penicillin derivatives and flavonoids [94,95]. The 
clinical efficacy and safety of TRX inhibitors remain to be evaluated, and 
relevant clinical trials are still in their infancy (NCT05187338, 
NCT01042746). Encouragingly, the TRX inhibitor PX-12 (1-methyl
propyl 2-imidazolyl disulfide) has demonstrated excellent antitumor 
activity in both in vitro and in vivo experiments [96,97]. PX-12 has been 
shown to irreversibly thioalkylate the Cys 73 TRX residue, resulting in 
the inhibition of TRX redox activity. PX-12 is rapidly metabolized, 
producing two inactive metabolites, namely volatile 2-butanethiol and 
2-mercaptoimidazole, which accompany TRX inhibition. As the first 
TRX inhibitor to enter the clinic, PX-12 has completed a clinical study to 
determine its efficacy and maximum tolerated dose in patients with 
advanced or metastatic cancer, though the results have not been posted 
(NCT00736372). Auranofin is an FDA-approved anti-rheumatic drug 
that can potentiate radiotherapy and chemotherapy by inhibiting the 

TRXR of cancer cells [98,99], and has been proven to have low toxicity 
and high selectivity in some tumor cells [100–102]. One study reported 
that auranofin could alleviate the intestinal toxicity of radiotherapy and 
chemotherapy by inducing reversible cell cycle arrest of normal intes
tinal cells via the p53/p21 pathway. Meanwhile, auranofin could 
enhance the cytotoxicity of radiotherapy and chemotherapy against 
colon cancer cells by inducing endoplasmic reticulum (ER) stress/un
folded protein response and apoptosis via proteasome inhibition [103]. 
Although auranofin has shown potential as an adjuvant drug for radio
therapy and chemotherapy, its differential anti-cancer effects in cancer 
and normal cells have not been well studied. A phase II clinical trial 
(NCT01737502) for patients with advanced or metastatic non-small cell 
lung cancer showed that the combination of auranofin and carbopla
tin/pemetrexed did not significantly improve the survival rate of pa
tients or reduce toxic side effects. Another phase II clinical trial 
(NCT01730833) for patients with advanced or metastatic breast cancer 
showed that the combination of auranofin and paclitaxel prolonged the 
progression-free survival of some patients, but also increased toxic side 
effects. Currently, phase I/II clinical trials of auranofin have been con
ducted in canine osteosarcoma and several human cancer cells, showing 
promising results [104]. However, further basic and clinical research is 
necessary to validate and optimize its effectiveness. 

3.2.3. Drugs that modulate NADPH metabolism 
As previously reported, the regulation of high ROS levels depends on 

the content of GSH and TRX, both of which require the reductive pro
duction of NADPH [105]. GSH is converted to its oxidized form, GSSG, 
during the reduction of H2O2, and GSSG is reduced back to GSH by 
NADPH-dependent GSH reductase [106]. GSH is also involved as a 
substrate in the production of TRX-S2 and thioredoxin reductases 1 and 
2 (TRXR1 and TRXR2) [90]. In addition, NADPH can maintain the 
antioxidant activity of catalase by binding to it [107,108]. Thus, 
reducing the ability of cancer cells to clear ROS by downregulating 
NADPH levels is expected to weaken their ROS buffering capacity and 
cause cell death [109]. NADK is a crucial enzyme in the cytoplasm that 
produces NADP, which can be rapidly converted to NADPH by reduc
tase. Thionicotinamide is an NADK inhibitor prodrug that has been 
demonstrated to significantly downregulate NADPH levels by inhibiting 
NADK and glucose-6-phosphate dehydrogenase. This leads to increased 
ROS levels and subsequent apoptosis in colon cancer and lymphoma 
[110]. When used in combination with chemotherapy, thionicotinamide 
has been shown to have a better synergistic effect in eliciting tumor 
cytotoxicity [111]. Currently, no NADPH inhibitors have entered clin
ical trials. Although NADPH inhibitors have demonstrated potential for 
anti-tumor activity in vitro and in animal models, additional research is 
necessary to investigate their pharmacokinetic and toxicological prop
erties in humans [93]. 

3.2.4. Drugs that interfere with redox signaling 
Redox regulation involves a complex set of signal transduction reg

ulatory pathways, similar to other body functions. Some of the canonical 
regulatory pathways include Nrf2-Keap 1 signaling [112], NF-κB 
signaling [113], and HIF-1 signaling [114], which are essential for 
maintaining redox homeostasis. Drugs that interfere with signal trans
duction pathways can also induce lethal OS for cancer therapy. PX-478 
is a small molecule that has been shown to downregulate the 
hypoxia-induced expression of HIF-1α and HIF-1 transcription factor 
activity. It is a potent and selective inhibitor of HIF-1α, which is a key 
regulator of the cellular response to hypoxia. By inhibiting HIF-1α, 
PX-478 can reduce the expression of HIF-1 target genes, including VEGF 
and glucose transporter 1, which are involved in angiogenesis and 
glucose metabolism, respectively. PX-478 has been demonstrated 
anti-tumor activity in various cancer cell lines and animal models, and is 
currently undergoing clinical trials as a potential cancer treatment 
[115]. A phase I clinical study has evaluated safety and biological ac
tivity of PX-478 in advanced metastatic cancer (NCT00522652). 
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Pharmacodynamic studies of PX-478 have revealed dose-proportional 
inhibition of HIF-1α levels. It means that as the dosage of PX-478 in
creases, the inhibition of HIF-1α levels also increases proportionally. 
This is important finding because it indicates that the drug is functioning 
as intended, and higher doses may potentially result in more significant 
therapeutic effects. The dose-proportional inhibition of HIF-1α levels 
has been observed in both preclinical studies and clinical trials of 
PX-478, supporting its potential as a promising cancer therapeutic 
agent. The NF-κB signaling pathway is a complex process that can be 
targeted at different stages, including Iκκ activation, IκB degradation, 
and NF-κB DNA binding. However, most of the research and efforts have 
been focused on developing Iκκb inhibitors. These inhibitors function by 
preventing the phosphorylation of IκB, which in turn prevents its 
degradation and keeps NF-κB in an inactive state in the cytoplasm. 
Though a lot of NF-κB signaling inhibitors have appeared, less or none 
enter the clinic. This may be attributed to the complexity and impor
tance of NF-κB signaling in maintaining physiological homeostasis. Due 
to the pro-tumor activity of Nrf2, there is an increasing demand for 
negative modulators of this protein. Several small molecule compounds 
and natural compounds are identified to be Nrf2 inhibitors, such as 
ML385 and Brusatol, which exhibit significant antitumor activities in 
preclinical studies [116,117]. However, similar to NF-κB, there are 
currently no selective inhibitors available for Nrf2, and none are 
currently being evaluated in clinical trials. 

4. The adverse effects of drug-induced oxidative stress in cancer 
treatments 

As mentioned earlier, many drugs approved for clinical application 
have potent anti-cancer activity by inducing OS [118]. However, OS can 
also damage normal tissues that rapidly proliferate, such as gastroin
testinal tract, bone marrow and hair follicles, leading to cardiac, hepatic, 
pulmonary, renal and gastrointestinal toxicities [119,120] (Table 1). 

Additionally, other adverse events reduce the efficacy of chemotherapy 
and promote cancer metastasis and recurrence, such as cancer cell 
adaptation to OS, cell cycle alterations by OS, or CSC escape from 
oxidative damage [121–123]. Therefore, pro-oxidant therapy has two 
major drawbacks in cancer treatment: side effects and drug resistance. 

4.1. Oxidative stress contributes to drug-induced organ toxicity 

Despite having favorable effects on cancer treatment, pro-oxidant 
therapy can also cause long-term organ damage and functional disabil
ities due to the non-targeted nature of oxidative damage. OS-induced 
organ damage can affect the design and completion of chemotherapy 
regimens, lower the quality of life, and shorten the lifetime of patients 
with cancer. 

4.1.1. Cardiotoxicity 
Cancer and heart disease are the two leading causes of human death. 

With the development of anti-cancer therapy, the survival rate of cancer 
patients has significantly improved. However, this also comes with a 
higher incidence of cardiovascular adverse events caused by cancer 
treatment, such as endothelial dysfunction, arrhythmia, and heart fail
ure, which impair the quality of life of cancer patients [130,135]. A large 
body of literature evidence indicates that OS plays a vital role in the 
cardiotoxicity of different classes of anti-cancer drugs, including 
chemotherapy, targeted therapy, and immunotherapy [136–139]. These 
adverse events can significantly impact the well-being and life quality of 
cancer patients, leading to dose modifications and interruption or 
discontinuation of anti-cancer treatments in severe cases. 

Anthracyclines are one of the most prominent examples of 
chemotherapy-induced cardiac damage. One of the main causes of 
anthracycline-related cardiomyopathy is mitochondrial DNA injury due 
to OS exposure [140,141]. When the cumulative dose of doxorubicin 
exceeds 400–700 mg/m2 (adults) and 300 mg/m2 (children), it can 

Table 1 
Side effects of the representative pro-oxidants.  

Drugs Clinical applications Major side effects ROS sources References 

Anthracyclines (e.g., 
Doxorubicin, Epirubicin, 
Daunorubicin) 

Breast, bile ducts, prostate, uterus, ovary, esophagus, 
stomach, liver, childhood solid cancers, 
osteosarcomas and soft tissue sarcomas, Kaposi’s 
sarcoma, acute myeloblastic and lymphoblastic 
leukemia and Wilms Cancer 

Neurologic disturbances, cumulative 
cardiotoxicity and bone marrow 
aplasia  

(1) Impaired energetic substrate 
uses. 

[49,124]  

(2) Topoisomerase IIB 
inhibition. 

Platinum complexes (e.g., 
cisplatin, carboplatin, 
oxaliplatin) 

Testicular, ovarian, head and neck, bladder, lung, 
cervical cancer, melanoma, lymphomas. 

Cisplatin: nephrotoxicity Carboplatin: 
myelosuppression Oxaliplatin: 
neurotoxicity  

(1) Antioxidant peptide GSH 
binding. 

[7,125, 
126]  

(2) Prevent DNA transcription 
and replication. 

5-FU Colorectal, breast, gastric, pancreatic, prostate, and 
bladder cancers 

Cognitive disability cardiotoxicity  (1) The enzyme thymidylate 
synthase inhibition, DNA 
formation blockage. 

[127,128]  

(2) Dysregulate mitochondrial 
phosphate metabolism. 

Gemcitabine Colon, pancreatic, colon, ovarian, breast, head and 
neck and lung cancers 

Myelosuppression, thrombocytopenia, 
anemia, granulocytopenia and 
neutropenia  

(1) Inhibit DNA synthesis, 
leading to apoptosis. 

[129] 

Arsenic trioxide Acute promyelocytic leukemia Cardiotoxicity, Hepatotoxicity  (1) Interfere with mitochondrial 
function. 

[66,69]  

(2) Increase intracellular Ca2+

levels. 
Cyclophosphamide Leukemia, neuroblastoma, multiple myeloma, 

endometrial cancer, breast cancer, lung cancer, and 
organ transplant 

Hemorrhagic cystitis, bone marrow 
suppression, cardiotoxicity, gonadal 
toxicity, and carcinogenesis 

The metabolite, acrolein, 
increases lipid peroxidation. 

[130,131] 

Trastuzumab HER2+ breast cancer Cardiotoxicity  (1) Modify the expression of 
regulatory genes of 
mitochondrial function. 

[132,133]  

(2) DNA repair, leading to 
mitochondrial-induced 
apoptosis. 

Paclitaxel Ovarian, breast, and prostate cancer Peripheral neuropathy Impair the axonal transport of 
mitochondria and morphology 
and function. 

[134]  
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induce OS and even congestive heart failure [142]. Anthracyclines can 
be reduced to semiquinones under the catalysis of enzymes and react 
with oxygen to generate superoxide anion (O2

− ), which is further con
verted by SOD to H2O2. H2O2 is a relatively stable and low-toxic species, 
but it can react with O2

− in the iron-catalyzed Fenton reaction to generate 
highly reactive and toxic •OH [51,143] Iron also plays a crucial role in 
doxorubicin-induced cardiotoxicity. Doxorubicin can interact with iron 
to form reactive anthracycline-iron complexes through Fenton re
actions, which disrupt normal iron homeostasis [144]. Excessive ROS 
production can damage multiple components near the mitochondria, 
interfere with normal mitochondrial function, and decrease energy 
production efficiency. The heart muscle consumes the most energy per 
gram of tissue and has mitochondria that account for 1/3 of the total cell 
volume. Therefore, mitochondrial dysfunction strongly affects the heart 
muscle, which depends on high metabolic demands and energy con
sumption. This may be the fundamental reason why cardiomyocytes are 
vulnerable to OS damage [145]. 

4.1.2. Neurotoxicity 
The brain and nerves are also common areas of non-targeted OS 

damage. Like the myocardial tissue, cranial nerve cells are also non- 
regenerative cells, so oxidative brain injuries can seriously affect the 
patients’ life quality and interfere with treatment regimens [146]. 
Pro-oxidants-induced OS may lead to “chemobrain” symptoms such as 
memory loss, distraction, and decreased executive function [147], as 
well as central or peripheral neuropathy symptoms, such as spontaneous 
pain and mechanical/cold allodynia in the extremities [148]. Compared 
to the multiple mechanisms by which chemotherapy drugs induce car
diac oxidative damage, the relevant mechanistic questions in the brain 
remain poorly understood [149]. Nowadays, it is known that the path
ogenesis of this organ toxicity is more complex, in which OS plays a 
significant role [150]. Mitochondrial dysfunction, elevated levels of 
tumor necrosis factor-α (TNF-α), and the translational effects of the drug 
itself may be the sources of high ROS [151]. Previous studies have 
identified that ROS can downregulate and destroy the blood-brain bar
rier (BBB) by generating downstream cytokine-mediated signaling 
events, leading to OS in brain tissues, despite the existence of protective 
mechanisms at the BBB [152,153]. In addition, OS can damage to 
plasma proteins in the blood, which may be one of the mechanisms of 
oxidative damage that penetrates the BBB [154]. Several chemothera
peutic drugs have been demonstrated to be able to induce OS in the 
central or peripheral nervous system, suggesting that pro-oxidants can 
breach the BBB. In a rodent model of breast cancer, doxorubicin and 
cyclophosphamide increased protein oxidation and lipid peroxidation, 
respectively, in the mouse brain tissues [155–157]. Moreover, the 
commonly used anti-cancer drugs cisplatin and taxane can trigger OS in 
ganglion cells in rodent models by damaging mitochondrial structures, 
ultimately leading to cognitive impairment and peripheral neuropathy 
[158]. 

4.1.3. Hepatotoxicity 
Drug-induced liver injury (DILI) is a major cause of drug discontin

uation in both preclinical and clinical stages, posing a significant chal
lenge for physicians, patients, and pharmaceutical companies [159, 
124]. The liver is the major site of metabolism for most chemothera
peutic drugs, which produces large amounts of ROS in the course of 
detoxifying xenobiotic and toxic substances, and accompanied OS has 
been shown to be linked to liver diseases, such as hepatotoxicity, and 
other liver pathological conditions [160,161]. Drugs, especially 
chemotherapeutic drugs, can also cause endogenous liver damage by 
interfering with specific cellular functions or producing toxic metabo
lites, which are dose-dependent and predictable. OS is also one of the 
essential mechanisms of DILI. Drugs-induced OS in the liver can result in 
lipid peroxidation, mitochondrial dysfunction, ER stress, and DNA 
damage, directly leading to liver damage [162,163]. Hepatotoxicity has 
been documented in patients receiving low-dose cisplatin [164]. 

Cisplatin accumulates in large amounts in liver cells, and induces hep
atotoxicity by generating oxygen metabolites. It directly generates ROS 
(H2O2) through a cascade reaction, and simultaneously reduces the ac
tivity of most enzymes in the antioxidant defense system of hepatocytes, 
including SOD, catalase and GPX. In addition, cisplatin can bind to GSH 
to form a cisplatin-GSH conjugate, leading to GSH depletion and ROS 
accumulation [125,126]. Methotrexate (MTX) is a folic acid antagonist 
widely used in treating cancers such as osteosarcoma, acute lympho
blastic leukemia, breast cancer, and non-Hodgkin lymphoma [165]. 
However, it is also a representative drug that induces hepatotoxicity. 
Many models of hepatotoxicity have been established with MTX [166, 
167]. Previous reviews and studies have suggested that intraperitoneal 
injection of MTX can increase serum transaminases, bilirubin, and lipid 
peroxidation and reduce the activity of intracellular antioxidant en
zymes in rat liver tissue, resulting in OS-mediated liver fibrosis, and 
intrinsic apoptosis [168–170]. 

4.1.4. Others 
Because the damage of drug-induced OS is untargeted, the associated 

side effects can spread across multiple organs and systems in the body. 
Kidney damage caused by pro-oxidants is a growing concern. According 
to statistics, between 2007 and 2014, the incidence of acute kidney 
injury in patients receiving chemotherapy increased by three times 
(1.8%–5.2%) [171]. OS plays an important role in almost all cases of 
impaired kidney function. Pro-oxidants, such as cisplatin, cyclophos
phamide, gemcitabine and MTX [172,129], generate ROS that 
contribute to the increased OS level in renal cells, which conduces to 
renal tissue damage, fibrosis, and abnormal renal function [173]. 
Myelosuppression is another common and severe side effect of cytotoxic 
drug use. Numazawa et al. suggested that 5-FU-induced OS was involved 
in myelosuppression [127]. In addition, a glycoprotein (ZPDC) isolated 
and purified from the fruit of Zanthoxylum piperitum was shown to 
protect against cyclophosphamide-induced OS and myelosuppression, 
indicating that drug-induced OS is a cause of chemotherapy-related 
myelosuppression [174]. Elevated OS can also lead to some degree of 
enterotoxicity. It is estimated that approximately 60%–100% of patients 
experience gastrointestinal toxicities during chemotherapy, including 
mucositis, diarrhea, and constipation [175]. Other commonly used 
cytotoxic drugs such as irinotecan and 5-FU have also been proven to 
interfere with gastrointestinal function by inducing OS [176,128]. In 
addition to these examples, the side effects of drug-induced OS on the 
body also include fatigue, aging, hair loss, and skeletal muscle weakness 
[177–179]. 

4.2. Drug-induced oxidative stress decreases anti-cancer efficacy 

In recent decades, pleiotropic functions of OS have been gradually 
revealed, including inhibition of intracellular signal transduction, gene 
transcription, and DNA repair; delay or blockage of the cell cycle; in
duction of cell apoptosis; and the development of cancers [180]. 
Consequently, manipulating intracellular redox status of cancer cells 
seems to be an attractive and promising approach for cancer therapy. 
However, studies have shown that some pro-oxidant therapies also 
promote ROS-induced drug resistance [181,182]. Possible causes may 
include lipid peroxidation during OS induced by chemotherapy drugs. It 
produces plenty of electrophilic aldehydes, which can slow down the 
cell cycle of cancer cells, thereby decreasing the efficacy of drugs that 
rely on preventing cell replication cycles to kill cancers [183]. Secondly, 
heat shock protein (HSP) acts as a molecular chaperone and has a strong 
protective effect on cells. Studies have shown that during acute or 
chronic OS, intracellular activities like protein misfolding, protein ag
gregation, and destruction of regulatory complexes may lead to HSP 
overexpression and reduced apoptosis of cancer cells, which may be the 
causes of resistance to OS-based chemotherapy [184]. In addition to the 
above factors, the failure of pro-oxidant therapy caused by the adapta
tion and insensitivity to OS of a small population of cancer cells has 
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gradually attracted attention, and it is also a major obstacle to 
pro-oxidant drug failure in clinical applications [185,186]. 

4.2.1. Oxidative stress activates endogenous antioxidant pathways 
Over the past decade, it has been found that pro-oxidants, such as 

chemotherapeutics, can drive resistance phenotypes by continuously 
generating ROS and inducing OS. Indeed, intracellular ROS not only 
activates OS, but also promotes the resistance of cancer cells to OS by 
activating multiple antioxidative signaling pathways [187]. The effects 
of ROS depend on the severity and duration of exposure. Prolonged 
exposure to high doses of ROS can induce genetic mutations, destroy 
biomolecules, promote the transformation of normal cells into cancer 
cells, or induce cell death [188]. However, exposure to low concentra
tions of ROS seems to be involved in cell proliferation and differentia
tion. Several studies have indicated that cancer initiation and 
progression, malignant transformation, and chemoresistance may be 
promoted during the initial stages of ROS accumulation or when OS is 
weak. Correspondingly, cancer cells exhibit adaptations to OS that un
derlie their drug-resistant phenotype [188,189]. This view also supports 
the concept of metabolic reprogramming of cancer cells in response to 
stressful environments [190,191], that is, the adaptation of cancer cells 
to the stressful environment by reprogramming metabolic processes 
could serve as a leading cause of therapeutic resistance and cancer 
progression [192]. 

Cancer cells rely on a complex redox network to adapt to OS. Cancer 
cells rely on a complex redox network to adapt to Nrf2, which controls 
the expression of many ROS detoxification genes and contributes to drug 
resistance [193]. Nrf2 can be considered as the central node of the 
regulatory network. Previous studies have shown that Nrf2 can directly 
affect the synthesis and expression of redox-related substances such as 
GSH, mitochondrial antioxidant enzymes, NADPH, etc., under OS 
[194–197]. In addition to directly affecting the functions of 
redox-related substances, Nrf2 also regulates other components 
involved in cancer drug resistance phenotypes [198,199]. For example, 
this transcription factor can enhance the efflux of chemotherapeutic 
drugs by inducing the overexpression of efflux pumps, resulting in a 
broad-spectrum drug resistance phenotype known as MDR [200]. Nrf2 
has been reported to be upregulated in various OS cancer cell models 
and promoted chemoresistance. For example, Nrf2 is overexpressed in 
an H2O2-induced OS model of hepatocellular carcinoma, which can be 
effectively inhibited by the antioxidants tocopheryl acetate and S-ade
nosylmethionine [201]. Furthermore, Nrf2 was found to be significantly 
upregulated in chemo resistant cancer cells, and silencing Nrf2 was 
validated to promote cancer chemosensitivity to pro-oxidants, such as 
doxorubicin, cisplatin, and etoposide [202]. Nrf2 provides antioxidant 
protection to cancer cells by regulating the expression of antioxidant 
response elements and anti-apoptotic protein (Bcl-xL), ultimately facil
itating cancer cell survival and drug resistance [203]. The mechanisms 
of chemoresistance involving Nrf2 inhibition of OS in various cancers 
have been extensively elucidated [204–209]. Targeting the Nrf2 mole
cule is a potential therapeutic strategy to reverse the resistance of 
pro-oxidant therapy. An experimental report suggests that inhibition of 
the Nrf2-ARE pathway increases artesunate sensitivity and reverses OS 
resistance in head and neck cancer cells [210]. Chen et al. confirmed this 
notion by knocking down Nrf2 in the SKVO3 cell line increased 
cisplatin-induced ROS production and elevated p38/JNK phosphoryla
tion levels, ultimately enhancing OS sensitivity to cisplatin [211]. The 
exploration of the regulation and function of Nrf2 expression deserves 
further investigation to identify new therapeutic targets beneficial for 
cancer therapy and overcoming drug resistance. 

4.2.2. Oxidative stress induces phenotypic plasticity 
CSCs are a subset of cancer cells with the capability of self-renewal 

and proliferation. They are considered to be the critical origin of can
cer initiation [212,213]. Their presence can contribute to the resistance 
to multiple therapeutic modalities, which depends on the low 

intracellular ROS levels, superior DNA repair ability and powerful ROS 
scavenging systems. These properties enable CSCs to cope with envi
ronmental changes and resist therapy more effectively than normal 
cancer cells [214]. Studies have shown that DNA oxidation can trans
form some cancer cells into CSCs [215,216]. Moreover, ROS can also 
promote EMT, which gives cancer cells CSC-like traits, such as high 
self-renewal and drug/radiation resistance [217,218]. Additionally, 
CSCs have an enhanced ROS removal ability, manifested by enhanced 
mitochondrial respiration and GSH production, which helps them keep 
low ROS levels or even a quiescent (or dormant) state to escape injury 
during pro-oxidant therapy [214,219–221]. In conclusion, in the 
pro-oxidative therapy, a small group of cells is capable of escaping from 
oxidative damage, hence more precise methods of inducing destructive 
OS need to be conducted. 

5. Strategies for enhancing antitumor effects of drug-induced 
oxidative stress while mitigating toxicity in cancer therapy 

Globally, the cytotoxic effects of ROS achieved by manipulating 
redox equilibrium for cancer treatments have shown great potential in 
clinical translation [48,222]. However, due to the nonselective draw
backs of OS, pro-oxidant strategy inevitably leads to normal tissue 
damage and resistance to OS, which are the current focus of redox 
medicine and accounts for inconsistency between clinical and labora
tory findings based on ROS. Further studies aimed at managing the 
adverse effects and therapy resistance induced by OS are needed to fully 
exert the therapeutic potential of pro-oxidant treatments. Therefore, the 
scientific community is trying to find a balance between the cytotoxic 
effect and the adverse effect to maximize the benefits of pro-oxidant 
therapy benefits, minimize adverse reactions, and improve survival 
[184,223] (Fig. 4). 

5.1. Precision targeting in cancer therapy: nanoparticle-based approaches 

As we described above, one of the most important missions is to 
deliver anti-cancer drugs precisely to the target region to avoid severe 
nonselective injury of normal tissues. Several targeting strategies have 
achieved considerable progress and applications motivated by this 
consideration. 

5.1.1. Targeting the primary lesion 
To precisely deliver pro-oxidants to the primary lesion, many ap

proaches have been developed and applied. For solid tumors, the 
enhanced permeability and retention effect provides a rationale and 
guidelines for tumor-targeted nanodrug cancer enrichment [224]. Spe
cific modification of nanoscale particles can improve the biocompati
bility and stability of the encapsulated drug and prolong the circulation 
time, thereby increasing its safety and effectiveness [225,226]. These 
findings have led to extensive research in nanomedicine, which has 
shown promising results in vitro and in animal models [227]. In the 
1990s, the FDA approved the first nanodrug formulation, named lipo
somal doxorubicin (Doxil). As the first-generation nanodrug, Doxil im
proves the bioavailability and reduces its dose dependence, which 
officially opened the door for the nanomedicine field [228]. In addition 
to chemotherapeutic drugs, the combination of different redox-active 
compounds has also been described to contribute to pro-oxidant ther
apy. Fady N. and colleagues discovered two distinct oxidatively active 
species, azines and copper (II), that exhibit a high degree of synergy. 
They exploited biological differences between normal cells and cancer 
cells to target cancer cells and induce a high level of OS while avoiding 
damage to normal cells [229]. It is worth mentioning that targeted in
duction of OS remains the most crucial task in the nano platform [230]. 
In the past 30 years, researchers have been working on the development 
of a highly specific drug delivery system, which can reach the designated 
cancer microenvironment or cellular structures to improve the thera
peutic efficacy and achieve cancer targeting. Many nanoparticles have 
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been designed as drug delivery systems to target deeper subcellular 
units. 

5.1.2. Targeting subcellular structures 
In recent years, various theragnostic probes that target different 

subcellular organelles in cancer cells, including ER, lysosomes, and 
mitochondria, have been elucidated to be effective [231]. Triphenyl
phosphine is a lipophilic compound with mitochondrial targeting effect, 
that can easily pass through the biomembrane structure and bind to the 
mitochondrial membrane, precisely delivering drugs to mitochondria. 
For example, the chemical linking of mitochondria-targeting to trans
port DOX to mitochondria has successfully achieved the accurate in
duction of OS and apoptosis through the mitochondrial pathway in 
tumor cells [232–234]. Other approaches to target the mitochondrial 
compartment have focused on the protein channel (BAK), which is a 
pro-apoptotic effector protein at the outer mitochondrial membrane. 
Bcl-2 homology domain 3 mimetics, such as ABT199, which can activate 
the intrinsic apoptosis pathway of the BAK-BAX complex to introduce 
pores in the mitochondrial membrane, enhancing the activity of mito
chondrial metabolism-targeted drugs, inducing mitochondrial dysfunc
tion and OS [235]. Likewise, the ER, an essential intracellular organelle, 
is responsible for the synthesis, posttranslational modification, and de
livery of biologically active proteins and participates in numerous 
enzymatic reactions, including redox balance, protein folding, intra
cellular calcium storage, and lipid biogenesis. Some FDA-approved 
drugs have shown the ability to target and induce ER stress, such as 
bortezomib [236], carfilzomib [237], and polyethylene 
glycol-phosphoethanolamine [238]. In addition, several drugs have 
been found to selectively target cancer cells and induce apoptosis by 
disrupting the cells’ ability to repair ER stress, exacerbating OS. These 
include the HSP 90 inhibitor (geldanamycin or 17-AAG) and the BiP 
inhibitor (versipelostatin) [239,240]. 

5.1.3. Targeting the specific molecules 
Individualized molecular targeted drug therapy can selectively kill 

cancer cells with well-defined (or highly expressed) biomarkers of 
cancer driver genes, achieving precise drug delivery [241]. Cluster of 
differentiation-44 (CD44) is a glycoprotein that functions as a hyal
uronic acid receptor and is widely expressed on mammalian cell sur
faces. Overexpression of CD44 is a hallmark of various solid cancers 

[242]. Polysaccharide-based biomaterials, such as hyaluronic acid and 
chondroitin sulfate, are major CD44-targeting binding molecules that 
have good biocompatibility and selective CD44 targeting. Due to the 
unique functions of receptors and ligands in cancer cells, they have 
aroused great interest in drug delivery systems for cancer therapy [243]. 
Some nanoparticles thus acquire the homing ability of active targeting, 
which dramatically improves the precision of drug delivery [244,245]. 
For instance, in the study of Min Mu et al., HA was used to deliver drugs 
to overexpressed CD44 receptors on tumor surfaces, amplifying OS for 
tumor killing [246]. In addition to CD44, other promising active targets 
include transferrin [247], folic acid [248,249], and epidermal growth 
factor [250]. 

5.2. Antioxidants as effective allies in pro-oxidant therapy：a balanced 
strategy 

Moreover, several novel strategies have emerged that offer a prom
ising balance between the benefits and harms of pro-oxidant therapy. 
Unlike the simple use of antioxidants, some redox-active drugs can serve 
as adjuvants for cancer treatment, protecting normal tissues from OS 
damage while preserving or enhancing the efficacy of tumor radio
therapy and chemotherapy. 

Antioxidant enzyme mimetics are compounds that mimic the func
tion of antioxidant enzymes, protecting cells from OS. Several trials are 
underway or have been completed to evaluate the efficacy of antioxi
dant enzyme mimetics [251–254]. For example, GC4419 is an investi
gational SOD mimetic drug that is being developed to protect normal 
tissues from radiation-induced oral mucositis and enhance the radiation 
therapy effect in patients with head and neck cancer (NCT03689712). It 
has demonstrated significant clinical benefit in a phase III trial and has 
been granted breakthrough therapy status by the FDA [255]. Ebselen is a 
GPX mimic that has been investigated as a radiomodulator for glio
blastoma multiforme, a malignant brain tumor [256]. By increasing ROS 
levels and inducing DNA damage and apoptosis, ebselen may enhance 
the radiosensitivity of glioblastoma multiforme cells. Conversely, ebse
len can protect normal cells from radiation-induced injury by reducing 
ROS levels and inflammation [257]. Ebselen has also demonstrated 
potential for preventing cisplatin-induced ototoxicity by mimicking GPX 
activity and modulating the p53 pathway [258]. 

Pharmacological ascorbate has been proposed as a potential anti- 

Fig. 4. Targeted strategies to maximize the efficacy 
and minimize the adverse effects of pro-oxidant anti- 
cancer therapy. a. To maximize the killing effect of 
OS and reduce the side effects related to oxidative 
damage, improving the targeting of drugs is a 
balanced approach. Recently, rapid progress has been 
made in encapsulating pro-oxidants with specific 
materials to make nanoscale particles. Due to the 
appropriate particle size or some special targeting 
recognition capabilities, nanoparticles can target and 
enrich cancer sites, or even subcellular structures of 
cancer cells such as cell membranes and mitochon
dria. b. For drug resistance considerations, targeting 
the phenotypic signal transduction pathways of CSCs 
is a wise choice to overcome resistance. The activa
tion of some highly conserved signal transduction 
pathways may be involved in the phenotype of CSCs, 
including Notch, Hedgehog, and WNT pathways, and 
corresponding inhibitors have also successively 
shown the hope of overcoming the resistance of CSCs.   
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cancer agent when combined with radiation and chemotherapy, which 
can have therapeutic and adjuvant benefits for cancer treatment. It 
serves as a donor antioxidant in normal tissues, sparing them from the 
damage of radiotherapy and chemotherapy, while exploiting the 
fundamental differences in their oxidative metabolism, and potentiating 
the anticancer effects. Pharmacological ascorbate was used in a study to 
enhance the efficacy of radiation therapy and chemotherapy for 
advanced glioblastoma. The study found that pharmacological ascorbate 
enhanced the cytotoxicity of radiation therapy and temozolomide by 
altering the iron redox state within the tumor, while protecting normal 
tissues from damage [259]. In addition, a clinical study demonstrated 
that ascorbate selectively generates H2O2 in cancer cells by autoxida
tion, which interferes with the iron homeostasis in cancer cells and in
duces iron-mediated OS and cell death in NSCLC and GBM [260]. In line 
with this, other clinical studies have found that ascorbate reduced 
radiation-induced normal tissue toxicity in pancreatic or ovarian cancer 
and enhanced tumor radiosensitivity. They suggested that ascorbate 
could be used as a simple, nontoxic agent to improve the outcome of 
radiation therapy for pancreatic cancer [261,262]. Several clinical trials 
are currently underway to investigate the safety and efficacy of phar
macological ascorbate in various malignancies, such as pancreatic can
cer, glioma and lung cancer [263–265]. 

6. Concluding remarks and future perspectives 

Redox status has been shown to play a crucial role in determining 
cancer cell fate. While various drugs manipulating redox homeostasis 
have achieved promising outcomes in killing cancer cells, antioxidant 
therapy alone has been claimed to fail in some clinical trials. Cancer cells 
are more vulnerable to oxidative damage due to their higher basal level 
of ROS compared to normal cells, making pro-oxidant therapy a po
tential option for cancer treatment. However, the uncontrollable or 
indiscriminate OS can damage most cells, including both cancer cells 
and normal cells, leading to a poor outcome and affecting cancer patient 
survival. Additionally, pro-oxidant therapy can lead to the occurrence of 
a small population of cancer cells with stem cell properties, which can 
cause cancer recurrence and metastasis. Balancing the cancer-killing 
effects and oxidative tissue damage of pro-oxidant therapy remains an 
unresolved issue. 

Inspiringly, the emergence of nanomedicine has made targeted 
strategies possible in cancer therapy. Specific properties of cancer cells 
have been utilized to deliver pro-oxidant agents to primary lesions and 
subcellular structures, resulting in significant success in killing cancer 
cells while sparing normal cells. Notably, though antioxidant therapy 
alone fails in clinical cancer treatment, combined strategies with che
moradiotherapy have exhibited superior effects in several clinical trials. 
Antioxidant agents can largely relieve oxidative damage and sensitize 
tumor tissues. Nonetheless, this approach still needs extensive experi
ments to evaluate the dosage of antioxidants and avoids excessive or 
insufficient neutralization of ROS toxic effects. 

Given the complexity of redox mechanisms in different cancer pa
tients, types of cancer, and stages of cancer progression, manipulating 
redox status arbitrarily may be inappropriate. Therefore, precisely 
regulating redox balance is of great significance and has become a key 
focus in developing next-generation redox medicine for cancer therapy. 
Several studies have suggested that specifically modulating antioxidant 
pathways shows great potential in decreasing adverse effects and over
coming treatment resistance. Though promising, a comprehensive un
derstanding of redox mechanisms in cancer progression is still 
challenging and requires extensive experimental validation. Addition
ally, individual differences can lead to differential drug responses, 
making the development of individual-oriented precision medicine a 
necessity to advance redox medicine. 

Author contributions 

FG, JT, LL and CHH conceived the structure of the manuscript. HJ 
and JZ drafted the initial manuscript. FG, JT and LL prepared and 
revised the manuscript. HJ and JZ prepared the figures. BWL, RC, KJL, 
XHX and SJL are responsible for the sorting of the checksum format of 
writing. All authors read and approved the final manuscript. 

Declaration of competing interest 

The authors declare no conflict of interest. 

Data availability 

The data that has been used is confidential. 

Acknowledgements 

This work was supported by grants from Guangdong Basic and 
Applied Basic Research Foundation (2019B030302012), National Nat
ural Science Foundation of China (81821002), Natural Science Foun
dation of Ningbo (No. 2022J236), Wu Jieping Medical Foundation 
(320.6750.18492), Department of Education, Heilongjiang Province 
(SJGY20200447) and the Science and Technology Support Program of 
Sichuan Province (2021YFG0137). These figures were created by 
Biorender. 

References 

[1] J. Zuo, Z. Zhang, M. Luo, L. Zhou, E. Nice, W. Zhang, C. Wang, C.J.M. Huang, 
Redox signaling at the crossroads of human health and disease, Medcomm (2022) 
e127. 

[2] H. Sies, Oxidative stress: a concept in redox biology and medicine, Redox Biol. 4 
(2015) 180–183. 
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