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Introduction
There is a significant interest in the formation and consequences of 

free radicals in biological systems [1-4]. Free radicals molecules contain 
unpaired electrons and are produced during normal cell metabolism 
[5,6]. In vivo, inflammatory cells and  xanthine/xanthine oxidase system 
have been identified as sources for the generation of free radicals. Free 
radicals are also formed during metabolism of various anticancer 
drugs and xenobiotics in vivo and in tumor cells by cytochrome P450 
and peroxidases.  The bio-activations of these compounds result in the 
formation of either a carbon- or nitrogen-centered primary radical. 
Because these radicals have unpaired electrons,  they are not stable and 
react rapidly with a wide variety of cellular macromolecules, including 
protein and DNA. Furthermore, in the presence of oxygen, these 
free radical intermediates react with O2 and  generate various oxygen 
reactive species (superoxide anion radical, hydrogen peroxide and 
reactive hydroxyl radical, commonly known as ROS). The reactive •OH 
is formed following metal ion-catalysis of hydrogen peroxide (scheme 1) 
which has been shown to be pH dependent and this catalysis is efficient 
between pH-3 and 8. 

In addition to ROS, reactive nitrogen species (RNS) derived from 
nitric oxide (•NO) e.g., NO+, N2O3, and -OONO, are also formed in cells. 
Nitric oxide is a short-lived free radical molecule which easily diffuses in 
cells and is synthesized by nitric oxide synthase (NOS) from L-arginine. 
Nitric oxide is an important cellular messenger and has been reported 
to plays a significant role in vasodilatation, apoptosis, and the innate 
immune response [7]. As a signaling molecule, •NO has  been shown 
to interact with the heme moiety of soluble guanyl cyclase, resulting 
in the activation and production of second messenger cyclic GMP [7]. 
Furthermore, additional actions of •NO also result from the reaction 
of RNS with protein -SH groups (S-nitrosylation) and introduction of 
nitroso groups to form S-nitrosothiols (-SNO) (Scheme 1). It has been 
shown that the nitrosation of proteins is involved in protein stabilization 
or inactivation as well as in cell signaling [8-10] . 

Drug  →  [Drug]• + O2 →  Drug + O2
.-    

2 O2
.-  →  H2O2  → HO•

•OH + DNA  → DNA • →  DNA Damage
•OH + Lipids →  Lipid•  →  Lipid-OOH →  Lipid Peroxidation→
•OH + Protein-SH  →  Protein-S• → Protein-S-S-Protein (Protein 
Inactivation)

O2
.- + •NO  →   •OONOH

•OONOH + DNA  → DNA • →  DNA Damage
•OONOH + Lipids →  Lipid•  →  Lipid-OOH →  Lipid Peroxidation

NO+ + Protein-SH → Protein-SNO → Protein Inactivation/Activation

Scheme 1 shows that activation and the formation of free radical 
intermediates from anticancer drugs and subsequent damage to cellular 
macromolecules induced by ROS and RNS.  

ROS and RNS are continuously generated during normal cell 
functions in vivo; these reactive intermediates are removed by extensive 
cellular protective mechanisms (e.g., reduced glutathione, ascorbate, 
SOD, catalase and selenium-dependent glutathione peroxidases) and 
thus, they do not pose significant risks to human health. However, in 
the absence of proper removable of ROS/RNS, these reactive species 
have been shown to cause damages to cellular proteins, lipids (lipid 
peroxidation) and DNA (formation of 8-oxo-deoxyguanosine, other 
oxidized DNA molecules), and inducing  oxidative or nitrosative stress.  
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Abstract
Because of the emergence of drug-resistant tumor cells, successful treatments of human malignancies have been 

difficult to achieve in the clinic. In spite of various approaches to overcome multi drug resistance, it has remained 
challenging and elusive. It is, therefore, necessary to define and understand the mechanisms of drug-induced tumor 
cell killing for the future development of anticancer agents and for rationally designed combination chemotherapies. The 
clinically active antitumor drugs, topotecan, doxorubicin, etoposide, and procarbazine are currently used for the treatment 
of human tumors. Therefore, a great deal research has been carried to understand mechanisms of actions of these agents 
both in the laboratory and in the clinic. These drugs are also extensively metabolized in tumor cells to various reactive 
species and generate oxygen free radical species (ROS) that initiate lipid peroxidation and induce DNA damage. However, 
the roles of ROS in the mechanism of cytotoxicity remain unappreciated in the clinic. In addition to ROS, various reactive 
nitrogen species (RNS) are also formed in tumor cells and in vivo. However, the importance of RNS in cancer treatment 
is not clear and has remained poorly defined. This review discusses the current understanding of the formation and the 
significance of ROS and RNS in the mechanisms of various clinically active anticancer drugs.
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These events lead to cellular toxicity, tumor formation or cell death 
(Scheme 1).

A number of anticancer drugs, e.g., topotecan, doxorubicin, 
etoposide and procarbazine are currently used for the treatment of a 
wide variety of malignancies in the clinic [11-16]. Topotecan (TPT), 
doxorubicin (DOX) and etoposide (VP-16) belong to a class of drugs 
known as topoisomerase poisons that induce the formation of highly 
cytotoxic double-strand DNA breaks for their antitumor activities [17]. 
While the main mechanism(s) of cell death by these agents is due to the 
formation of DNA double-strand breaks mediated by topoisomerase I 
(TPT) and II (DOX, VP-16), several other mechanisms are now known, 
e.g., enzymatic activation to reactive species that also induce cellular 
damage and cell death.  Procarbazine, a hydrazine derivative, has been 
shown to undergo extensive metabolism to form various reactive species 
that cause cellular damage and tumor cell death. Thus, bioactivation 
of anticancer drugs and the generation of reactive species (ROS and 
RNS) appears to be a common mechanism for actions of these drugs. 
This review examines activation, formation, and roles of ROS and RNS 
in the mechanisms of action (s) of certain anticancer drugs that may 
induce cell damage and ultimately lead to cell death.

Doxorubicin
Doxorubicin is extensively used for the treatment of both 

hematological and solid human tumors in the clinic [13,18]. It contains 
both an anthraquinone chromophore (Figure 1) and a quinone-
hydroquinone structure. While various cellular enzymes, e.g., NADPH 
cytochrome P450 reductase, xanthine oxidase, DT-diophorase and 
nitric oxide synthase are known  to reduce the quinone-hydroquinone 
moiety of doxorubicin [19,20], the cytochrome P450 reductase/NADPH 
system is considered to be the main reductive activation pathway for 
doxorubicin in tumor cells (Figure 1) [21-23].

Under anaerobic conditions, the doxorubicin semiquinone radical 
has been detected in biological samples by EPR [23,24]. However, it 

rapidly undergoes redox-cycling in the presence of O2 to generate 
superoxide anion, hydrogen peroxide, and hydroxyl radical, and 
regenerates the parent drug [20-25]. ●OH has been shown to induce 
DNA damage and initiates peroxidation of cellular lipids which forms 
other toxic metabolites that bind to DNA and proteins [26,27].  The 
role of ROS in doxorubicin cytotoxicity has remained a matter of 
disagreement in spite of significant amounts of research supporting 
the formation of ROS in doxorubicin-induced tumor cell death [26-
29]. This debate stems from the fact that doxorubicin is effective at 
nanomolar concentrations, while the EPR-based detection of free 
radicals requires micromolar concentrations of the drug. In addition, 
since the formation of ●OH from H2O2 is metal ion dependent, very 
little free Fe3+ is present in tumor cells for ●OH formation.

These disagreements are easily resolved as the detection of ROS 
in cells requires significantly higher concentrations of doxorubicin 
because of the limited sensitivity of EPR for the detection of free 
radical intermediates. Moreover, ROS formed in tumor cells and 
tissues are rapidly destroyed due to the presence of high amounts 
of reduced glutathione and other sulfhydryl compounds in cells. 
Furthermore, detoxifying enzymes (SOD, catalase and glutathione 
peroxidases) are also present in tumor cells that remove superoxide, 
hydrogen peroxide and hydroperoxides, respectively, and further 
reducing detectable levels of ROS. The formation of  H2O2 in tumor 
cells and tissues from nanomolar concentrations of doxorubicin has 
been confirmed by florescence detection methods [30]. It should also 
be noted that depletion of glutathione by BSO in most tumor cells 
results in significantly higher amounts of ROS generation and increase  
doxorubicin cytotoxicity, suggesting ROS are formed and participate in 
tumor cell death by doxorubicin [31,32]. 

Because doxorubicin requires bioactivation to form ROS, it is 
also possible that certain tumor cells cannot activate doxorubicin 
to the semiquinone radical for the formation of ROS as was found 
with doxorubicin-resistant MCF-7 tumor cells [33,34]. Furthermore, 

Figure 1: Reductive activation of doxorubicin to semiquinone radical, formation of ROS, and induction of DNA damage, lipid 
peroxidation and protein oxidation.
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significantly smaller amounts of doxorubicin-dependent ROS are 
formed and detected due to lesser amounts of doxorubicin present in 
tumor cells due to increased activities of both ABS transporter proteins 
and detoxifying enzymes (SOD, catalase, glutathione peroxidase and 
glutathione transferase) in resistant tumor cells [33-36]. Overexpression 
of MnSOD has been shown to inhibit the growth of tumor cells [37]. 
When combined with doxorubicin, MnSOD significantly increases 
tumor cell death by doxorubicin which is further increased by BCNU, 
an inhibitor of glutathione reductase [38-40]. Of interest is the finding 
that doxorubicin-sensitive human breast MCF-7 tumor cells are more 
sensitive to H2O2 than the resistant MCF-7 tumor cells [32]. These 
observations strongly suggest that ROS are formed and that H2O2 is the 
key intermediate for tumor cell killing by doxorubicin. 

Although higher amounts of copper and iron are present in human 
tumors, the role of iron in doxorubicin cytotoxicity is complex [41,42]. 
Because doxorubicin-Fe complexes do not cross cell membrane, 
nor they are actively transported in tumor cells, it is believed these 
complexes do not catalyze or participate in the reduction of H2O2 
inside tumor cells and form ●OH to induce cell death. It is possible, 
however; that Fe-doxorubicin complexes are formed within tumor cells 
as Fe ions are released from dying tumor cells. Furthermore, under 
anaerobic conditions, the semiquinone radical of doxorubicin has been 
reported to release iron from ferritin [43]. These observations would 
then suggest that doxorubicin-Fe complexes can be formed in tumors 
to generate ●OH and, ultimately cause cell death. We have found that 
RNS inhibits both catalytic and cleavage activities of topo II. However, 
the cytotoxicity of doxorubicin was not significantly modulated in 
several human tumor cell lines, indicating a non-topo II-dependent 
mechanism for doxorubicin cytotoxicity, likely a ROS-dependent cell 
death in these tumor cells [44].

Etoposide (VP-16,213) 
Etoposide (VP-16, Figure 2) is active against a wide variety of 

tumors, including lymphoma and testicular tumors [14]. It is a topo 
poison and induces the formation of topo II-mediated double-stranded 
DNA breaks in tumor cells, causing tumor cell death [45-47]. VP-16 
is metabolized by cytochrome P450, horseradish peroxidase, and 
tyrosinase to a VP-16 phenoxy radical, o-quinone-VP-16 (VP-16-Q, 
and o-dihydroxy VP-16 (DHVP) Figure 2) [48-52]. The presence of the 
4’-OH in VP-16 has been found to be essential for the formation of VP-
16•,  its metabolites, and for the antitumor activity of VP-16.

Metal chelation of DHVP with either copper or iron ions induces the 
formation of •OH from H2O2, resulting in significant damage to DNA 
[26,53]. The DHVP metabolite is also autoxidized to produce H2O2 
and •OH, and in the presence of metal ions the rate of •OH formation 
is significantly increased from H2O2 [48]. Treatment of tumor cells or 
mice in vivo with VP-16 results in the formation of GSSG from the 
oxidation of GSH by VP-16• [54]. This observation  suggests that: (a) 
oxidative stress is induced in tumor cells from the depletion of GSH by 
VP-16, which may lead to damage to cellular lipids (lipid peroxidation) 
or to enzymes necessary for cell survival, and (b) products of lipid 
peroxidation (e.g., aldehydes) may bind to DNA, inhibiting DNA 
synthesis and cell death. Thus, the synergistic interactions observed 
in the clinic between VP-16 and ionizing radiation or photosensitizers 
may result from this oxidative stress induced by glutathione depletion 
by VP-16 or its metabolites [55,56]. 

Topotecan
Topotecan (TPT, Figure 3), a water soluble derivative of 

camptothecin, is an important anticancer agent for the treatment of 
various human malignancies in the clinic [57]. It is a topo I poison, 

Figure 2: Enzymatic activation of VP-16 and formation of VP-16 radical, o-quinone, and dihydroxy-VP-16.
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radical intermediates have also been detected during microsomal 
P450 and peroxidative metabolism of procarbazine (Figure 4) [72]. 
The identity of these species has been confirmed by spin-trapping 
techniques [72]. It has been shown that a nitrogen-centered radical 
formed by one-electron oxidation of procarbazine is the obligatory 
intermediate for the formation of reactive CH3

• and PhCH2
• (Figure 4). 

The highly reactive CH3
• and PhCH2

• can then bind irreversibly with 
DNA and proteins,  inhibiting both DNA and protein synthesis, and 
causing cells death (Figure 4).    

Reactive nitrogen species  

Nitric oxide was discovered as an endothelial relaxing factor in 
late 1970. Nitric oxide is continuously generated in vivo from arginine 
by nitric oxide synthase in nanomolar quantities. However, during 
infection (and following the induction of iNOS), •NO concentration in 
cells is significantly increased. •NO rapidly reacts with  O2 and forms 
various reactive metabolites (RNS) that induce cellular damage and 
cell death. •NO/RNS have been shown to inhibit the growth of human 
melanoma A375 tumor cells in vitro [73]. Since then a considerable 
amount of research has been carried out to bring NO-donors to the 
clinic for the treatment of various diseases, including cancers. Because 
•NO/RNS are cytotoxic to tumor cells various NO-donors have been 
developed that can generate high concentrations of •NO/RNS in tissue 
and tumor cells.  NO-donors have been reported to be synergistic with 
cis-platin in CHO cells [74] and to enhance cytotoxicity of various 
other  anticancer drugs both in vitro and in vivo [75-81].  DETA-NO 
and nitroglycerin (GTN) enhance doxorubicin cytotoxicity and reverse 
hypoxia-induced resistance to doxorubicin [82]. However, NO-donors 
with a short half-life are not effective modulators of doxorubicin 
cytotoxicity against several human tumor cells [44,83]. Several excellent 

Figure 3: Formation of topotecan radical, oxidation of glutathione and 
modulation of ROS-sensing genes in tumor cells.

Figure 4: Formation of reactive free radical intermediates from procarbazine 
following metabolic activation.

and it stabilizes transient complexes formed between topo I and DNA, 
leading to the formation of double-strand DNA breaks in tumor cells, 
and cell death. Induction of oxidative stress [58-60] and inhibition 
of hypoxia-inducible factors by TPT have also been suggested to 
play a role in tumor cells death [61,62]. Treatment of MCF-7 tumor 
cells with TPT leads to decreases in glutathione levels with increases 
in lipid peroxidation. Furthermore, higher levels of antioxidant 
enzymes, superoxide dismutase, and glutathione peroxidase, have 
also been observed following treatment of MCF-7 cells with TPT, 
indicating increased formation of ROS and  oxidative stress [58-60]. 
It is interesting to note that ROS generated by arsenic trioxide have 
been suggested to increase the formation of DNA-topo I complexes 
[61], while H2O2 cytotoxicity has been reported to be mediated, in 
part, by topo I [63]. These observations, taken together, clearly indicate 
that ROS are formed following TPT treatment and contribute to topo 
I-mediated DNA damage and cytotoxicity. 

We have recently reported that TPT is oxidized by H2O2 and various 
peroxidases to a TPT radical (TPT•) that reacts with both glutathione 
and cysteine to form GS• and Cys• radicals, respectively, and regenerates 
TPT (Figure 3) [64]. We have found that unlike doxorubicin, the TPT• 
can be generated in the presence of DNA (i.e., bound/intercalated TPT) 
and react with GSH. We have also shown that ascorbic acid is highly 
synergistic with TPT in MCF-7 breast cancer cells. Ascorbic acid is 
known to generate H2O2 which is taken up by tumor cells, leading to 
the formation of •OH in the presence of metal ions [65-67]. Our recent 
studies based on gene expression profiling following TPT treatment 
in MCF-7 cells have shown that key ROS-related genes (glutathione 
reductase, glutathione peroxidase, ferredoxin reductase, methionine 
sulfoxide reductase,) are differentially regulated by TPT, suggesting 
that oxidative stress is indeed induced by ROS, and plays an important 
role in TPT cytotoxicity (manuscript in submission). A ROS-based 
mechanism of TPT cytotoxicity is summarized in  Figure 3. 

Procarbazine 

Procarbazine, a hydrazine derivative and a pro-drug, requires 
activation for its antitumor activities. Procarbazine is used in the 
treatment of Hodgkin’s lymphoma, malignant melanoma, and 
brain tumors in children. It has been reported to be metabolized by 
cytochrome P450 and monoamine oxidase to its azo derivative and, 
subsequently, to the azoxy derivative [68-70]. It has been shown that 
from the azoxy derivative of procarbazine, methyl carbonium ion 
(CH3+) is formed which then reacts with DNA and proteins, inhibiting 
DNA and protein synthesis, and causing tumor cell death [71]. Free 
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reviews are available highlighting the importance of NO-donors as 
anticancer agents [79,84-87]. 

Various tumor specific NO-donors have been prepared, e.g., 
esterase-sensitive diazeniumdiolates-based [88] and O2-aryl 
diazeniumdiolates-based NO-donors [89] based on the idea that NO/
RNS delivered specifically to tumors would be more cytotoxic. These 
No-donors release •NO/RNS in vivo following reaction with either 
tumor esterases or GSH/GST systems, respectively [89-91]. JS-K, as a 
single agent, is active against many human tumors both in vitro and in 
vivo [89,92,93]. 

It is interesting to note that •NO/RNS are also known to induce cis-
platin resistance in several human tumor cell lines [94,95]. It has been 
reported that this NO-induced resistance is caused by the stabilization of 
bcl2 protein, resulting in the inhibition of apoptosis [94]. RNS has been 
reported to induce VP-16 resistance by directly reacting with VP-16 
and forming noncytotoxic metabolites of VP-16 [83]. RNS have shown 
to nitrosylates topo I in breast MCF-7 tumor and colon tumor HT-29 
cells, inducing significant resistance to camptothecin only in MCF-
7 cells [44,96]. This development of resistance to camptothecin was 
found to result from wtp53-dependent upregulation and stabilization 
of bcl2 protein in MCF-7 cells by •NO /RNS [96]. We have shown that 
RNS nitrosylate also topo II, leading to an inhibition of its functional 
activities and inducing resistance to various topo II poisons in MCF-
7 breast tumor cells  [44]. We have recently shown that RNS inhibit 
the ATPase activity of topo II, resulting in decreases in DNA damage 
and resistance to several topo II poisons [64]. Increased •NO formation 
has been reported to induce interferon (IFN-ϒ) and lead to altered cell 
migration and development of resistance to taxol in MDA-231 breast 
cancer cells. IFN-ϒ induces NOS2, •NO and IL-6 formation in MDA-
231 cells [97] as it is linked to more aggressive, clinically resistant 
tumors [98,99].

One of the most promising effects of •NO/RNS is that they can also 
reverse multi-drug resistance (MDR). MDR cells overexpress ATP-
dependent ABC transporters, e.g., p-170-glycoprotein (P-gp), breast 
cancer resistance protein (BCRP) and multi-drug resistance proteins 
(MRP’s). These efflux proteins remove intracellular drugs in an energy-
dependent manner. The reversal of doxorubicin resistance by •NO/
RNS has been described in various ABC transporter-overexpressing 
cell lines (HT-29-dx and K562-dx); this effect is observed when •NO/

RNS increase drug accumulation resulting from nitration of tyrosines 
in the MRP3 transporter protein [100,101]. •NO/RNS have also been 
reported to increase the accumulation of daunorubicin in leukemia 
K562 cells which constitutively express anti-apoptotic bcl2 and survivin 
proteins and are resistant to daunorubicin [102]. K562 tumor cells 
overexpress both MRP and lung-resistance proteins which are involved 
in removing and redistributing drugs away from the nucleus [103,104], 
thus reducing effective drug concentrations in the nucleus. 

The ATPase activity of P-gp is also inhibited by ●NO/RNS, resulting in 
significantly increased accumulation of drugs in a P-gp-overexpressing 
NCI/ADR-RES cell line. This increase in drug accumulation 
significantly reversed both adriamycin and taxol resistance in NCI/
ADR-RES cells [105]. We found that ●NO/RNS treatment of MDR 
cells also enhanced •OH formation from adriamycin, resulting from 
the increased drug accumulation [105]. Recently we have used JS-K, 
a tumor-specific NO-donor, to study the reversal of drug resistance in 
both P-gp- and BCRP-overexpressing human tumor cells [106]. JS-K 
was found to be extremely effective in reversing adriamycin resistance 
in NCI/ADR-RES, however, it was also highly resistant to BCRP-
overexpressing MCF-7/MX tumor cells. In that study, we found that 
●NO/RNS inhibits the ATPase activity of BCRP, resulting in significant 
increases in the accumulation of Hoechst 33342 dye, and topotecan, 
leading to  reversal of topotecan and mitoxantrone resistance to MCF-
7/MX cells. A mechanism-based modification of cysteines in the 
ATP binding site by RNS is shown in Figure 5. It is believed that the 
modification of cysteines to NO-Cysteines in both P-gp and BCRP in 
ATP binding sites by RNS leads to a decrease in ATP binding and an 
increase in drug accumulation and cytotoxicity (Figure 5).    

Discussion 
It is clear that doxorubicin is reductively activated to its 

semiquinone radical in tumor cells. The semiquinone radical generates 
various other reactive species that alkylate DNA and proteins, leading 
to in a plethora of unwanted cellular stresses and ultimately causing 
tumor cell death. The mechanism of doxorubicin cytotoxicity, however, 
is dependent upon both the cell type and the presence of O2. In the 
absence of  O2, especially under hypoxic conditions, formation of 
the covalent binding species is favored. In contrast, under aerobic 
conditions; the formation of covalently binding species is significantly 
reduced due to reactions of the semiquinone radicals with O2, and in 

Figure 5: (A) Under normal conditions drugs (D) are exported out of the cells by P-gp or BCRP following ATP binding. (B) In the presence of RNS, binding 
of ATP is significantly decreased due to modifications of cysteines (S-NO) in the ATP binding site, resulting in enhanced drug accumulation and cytotoxicity.
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which case ROS-mediated tumor cell killing dominates. ROS have been 
detected in tumor cells and their presence are known to damage cellular 
macromolecules, leading to tumor cell death. Because doxorubicin is 
active at low concentrations in vivo, it has been suggested that the topo 
II is more important in doxorubicin cytotoxicity and ROS-dependent 
mechanisms do not contribute significantly. This is more so in highly 
hypoxic cells where there is very little O2, as ROS formation requires O2. 
It should be mentioned, however, that under highly hypoxic conditions 
and when tumor cells are not dividing, the concentration of topo II 
is also very low as topo II is cell-cycle dependent, and at low topo II 
protein levels, doxorubicin is inactive. Thus, tumor cell killing by 
doxorubicin is depend upon both cell type and O2 concentrations, and 
in tumor with rich O2 environments, ROS will play an important role in 
doxorubicin cytotoxicity. 

Free radical intermediates are also formed in tumor cells from 
VP-16 following its  metabolism, which may be important in the 
mechanism of tumor cell killing in vivo. We found that the inhibition of 
tyrosinase activity decreases both VP-16 activation and its cytotoxicity 
in tumor cells, indicating a free radical-based mechanism for VP-16 
cytotoxicity. It is interesting to note that CH3

• is released during the 
oxidation of VP-16 by peroxidases to  form of VP-16-quinone through 
the intermediacy of VP-16•. •CH3 has been shown to alkylate DNA 
and proteins, inhibiting DNA synthesis, leading to tumor cell death. 
However, to date studies related to the formation of •CH3 from VP-16 
has not been carried out and thus, its role in VP-16 cytotoxicity is not 
known. Oxidative metabolism of VP-16 to VP-16• and to its reactive 
metabolites (DHVP and o-VP-Q) in tumor cells may be important in 
tumor cell killing as metabolites are also topo II-active. Although the 
formation of ROS has been reported from DHVP in the presence of 
metal ions, no significant data are currently available in the clinic for 
the formation of ROS or their role in cytotoxicity. 

Regarding topotecan, our recent studies show that TPT radical 
is formed from TPT following its one-electron oxidation in tumor 
cells, suggesting induction of oxidative stress by ROS formed by TPT. 
Furthermore, our gene expression study strongly indicates that various 
ROS-sensing genes are differentially regulated by TPT in MCF-7 cells. 
These observations suggest that ROS are formed and that they play 
a significant role in tumor cell death by TPT. Our observations also 
suggest that the formation of ROS by TPT is involved in the mechanism 
of synergistic interactions between topotecan and ionizing radiation in 
the clinic.

It is now clear that RNS are cytotoxic to tumor cells and that NO-
donors enhance the antitumor activities of various clinically active 
antitumor agents against a variety of human tumors. Although various 
NO-donors have found good success in the clinic for the treatment 
of heart-related complications [107], NO-donors are currently not 
utilized for the treatment of cancers, and only a limited number of 
trials have been carried out [108,109]. There are a number of reasons 
for this, as NO-donors are toxic to the host and are not tumor-specific. 
Furthermore, while •NO/RNS are cytotoxic to some tumors, they also 
cause resistance to certain anticancer drugs. Tumor-specific NO-donors 
that are target specific and require intracellular activation to release 
•NO/RNS, e.g., JS-K, offer more promise for future development.

Tumor-specific intracellularly activated NO-donors may inhibit 
ATPase activities of resistant cells and thus would be suitable for 
targeting MDR and cancer stem cells for the reversal of drug resistance 
in the clinic. It is also possible that selective target-specific NO-donors 
could be delivered to tumors in vivo by newer techniques including 
lipid encapsulation or nanotechnologies for better overall tumor 

responses with standard chemotherapeutic agents. Recently, Sun et al. 
[110] have utilized NO conjugated with anti-CD24 antibody against 
hepatic carcinoma and found that this NO-donor is highly selective 
against tumors.

Conclusion
Tumor-specific NO-donors that are target specific and require 

intracellular activation to release •NO/RNS, e.g., JS-K, offer more 
promise for future development. In the clinic, one must overcome 
multi-drug resistance as it is an important determinant for a successful 
therapy. At present, the use of NO-donors in combinations with other 
active drugs is extremely promising directions for the treatment of 
resistance tumors.  It appears to this authors that it is important to 
develop newer cancer therapies with tumor site-specific NO-donors 

that release •NO/RNS following intracellular activation. 
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