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Abstract: Elevated Reactive Oxygen Species (ROS) generated by the conventional cancer 
therapies and the endogenous production of ROS have been observed in various types of can-
cers. In contrast to the harmful effects of oxidative stress in different pathologies other than 
cancer, ROS can speed anti-tumorigenic signaling and cause apoptosis of tumor cells via oxi-
dative stress as demonstrated in several studies. The primary actions of antioxidants in cells 
are to provide a redox balance between reduction-oxidation reactions. Antioxidants in tumor 
cells can scavenge excess ROS, causing resistance to ROS induced apoptosis. Various che-
motherapeutic drugs, in their clinical use, have evoked drug resistance and serious side ef-
fects. Consequently, drugs having single-targets are not able to provide an effective cancer 
therapy. Recently, developed hybrid anticancer drugs promise great therapeutic advantages 
due to their capacity to overcome the limitations encountered with conventional chemothera-
peutic agents. Hybrid compounds have advantages in comparison to the single cancer drugs 
which have usually low solubility, adverse side effects, and drug resistance. This review ad-
dresses two important treatments strategies in cancer therapy: oxidative stress induced apop-
tosis and hybrid anticancer drugs. 

Keywords: Cancer, oxidative stress, antioxidants, redox, apoptosis, hybrid compounds. 

1. INTRODUCTION 

Most of the currently available radiotherapeutic and 
chemotherapeutic agents exert their anti-cancer effects 
and kill cancer cells via generating ROS. Both strate-
gies involving ROS-elimination and ROS-elevation 
have been studied in cancer therapy. Several anticancer 
drugs generate ROS which induce apoptosis in cancer 
cells which is considered as a significant therapeutic 
approach in cancer therapy. Oxidative stress diminishes 
the lethal dose (LD50) of several anticancer drugs caus-
ing apoptosis in cancer cells [1]. ROS are generated 
through several reactions in the cells. While they regu-
late several metabolic pathways, they are also involved 
in several pathological conditions, including cancer  
[2-3].  

*Address correspondence to this author at the Department of Bio-
chemistry, Faculty of Medicine, Akdeniz University, P.O.: 07070, 
Antalya, Turkey; Tel: + 90 533 660 7247; Fax: + 90 242 227 4495; 
E-mail: ozben@akdeniz.edu.tr 

Antioxidants prevent the harmful effects caused by 
ROS. Balance between ROS and antioxidants is neces-
sary for normal cell signaling and cell survival. The 
uncontrolled formation of ROS in excess of antioxi-
dants, is termed as oxidative stress [4] Oxidative stress 
might cause the development of cancer. DNA damage 
by ROS may cause mutations leading to the develop-
ment of cancer. Several research studies have been per-
formed to clarify the effect of oxidative DNA damage 
in the development of carcinogenesis [5]. Numerous 
lines of evidence endorse the role of ROS in stimulat-
ing the growth as well as overcoming the survival of 
cancer cells. ROS participate in tumor development at 
every stage including metastasis, survival, transforma-
tion, proliferation, angiogenesis and invasion. ROS 
modulate chronic inflammation which is the mediator 
of cancer. ROS regulate the production of signaling 
molecules involved in cell cycle progression. The ex-
pression of several tumor suppressor genes is con-
trolled by ROS. Increased ROS level suppresses tumor 
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growth through the activation of cell cycle inhibitors 
[6].  

Recently, a new cancer therapy strategy termed as 
‘oxidation therapy’ has been developed which elevates 
ROS level in tumor cells and causes ROS-mediated 
apoptotic cancer cell death. Another type of oxidation 
therapy is based on suppression of the antioxidant sys-
tems and breaking the redox balance in cancer cells [7-
8]. Anticancer drugs might exert an alternative cyto-
toxic effect via ROS induced apoptosis in cancer cells. 
This anticancer therapy is based on delivery of agents 
generating ROS to the tumor tissue. Arsenic trioxide 
(ATO; As2O3) is used as a chemotherapy agent in the 
therapy of promyelocytic leukemia. ATO generates 
ROS which induce apoptotic cell death in vitro and in 
vivo [9]. ATO has serious renal, neuronal, cardiac, he-
patic and dermatological side effects. Metformin is a 
hypoglycemic drug, it prevents hepatocellular side ef-
fects of ATO via increasing the NADH/NAD+ ratio, 
inhibiting respiratory chain complex I of mitochondria, 
and decreasing the level of ROS generated by ATO.  

There is a big debate on the use of antioxidants in 
cancer patients during their cancer therapy. This debate 
is based on the fact that some anticancer agents exert 
their cytotoxic effects via generating ROS which kill 
cancer cells inducing apoptosis. On the other hand, an-
tioxidant supplements taken during cancer therapy may 
suppress ROS and prevent ROS-induced apoptosis of 
cancer cells [14]. 

Anticancer agents have been classified according to 
their action mechanisms as molecular hybrids, anti-
tubulins, anti-metabolites, DNA-interactive hybrid 
hormones and monoclonal antibodies [10-11]. The de-
velopment of efficient drugs for cancer therapy is the 
aim of cancer researchers. Based on the results of the 
ongoing studies, the researchers and clinicians share 
the same opinion that cancer is a very complex disease 
and it is not possible to treat it efficiently with a single 
chemotherapeutic drug. This opinion has led to the de-
velopment and use of hybrid drugs having more than 
one target in cancer therapy recently. Hybrid com-
pounds corporate two drugs into a single molecule, 
which is more effective than the individual drugs. Hy-
brid anticancer drugs have several advantages includ-
ing improved specificity, better compliance of patients, 
and less side effects, along with decrease in drug-
resistance [12].  

1.1 Antioxidants  

Antioxidants are a group of substances that neutral-
ize ROS and counteract oxidative stress. Antioxidants 

are either produced within the body (endogenous) or 
externally supplied through foods and/or supplements 
(exogenous). Independent of the source, antioxidants 
scavenge free radicals, prevent, or repair damages 
caused by ROS; increase immunity and decrease the 
risk of several diseases. Increasing antioxidant activity 
helps delaying the adverse effects of ROS. 

Antioxidants are involved in many processes impli-
cated in the growth and invasiveness of tumor cells 
[13]. In recent years, there is a big interest to elucidate 
and evaluate the action and potential health benefits of 
antioxidants [14]. Dietary antioxidants along with en-
dogenous antioxidants have been demonstrated to neu-
tralize ROS [15] and oxidative stress [16]. The antioxi-
dant insufficiency causes several chronic and degenera-
tive pathologies. Antioxidants can decrease side effects 
of many anticancer drugs and the protective effect of 
some supplements might be independent of their anti-
oxidant properties. The effect of antioxidant supple-
ments taken at high pharmacological doses over years 
is expected to be distinct from the effect at physiologi-
cal doses. Consumption of any dietary supplement dur-
ing cancer therapy should be determined with the phy-
sician in charge for the therapy and according to the 
recent advances in the field [17-18]. 

It was reported that pretreatment of CYP1A1 in-
ducer DBahA increased oxidative stress and apoptosis 
induced by gefitinib in A549 cells [19]. In another 
study, AC16 cells were incubated with 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) which is a cyto-
chrome P4501A1 (CYP1A1) inducer and cytotoxicity 
of the cells was evaluated using MTT assay. The re-
sults of the study demonstrated that TCDD caused 
overexpression of aryl hydrocarbon receptor (AhR) and 
CYP1A1. The results indicated that the AhR/CYP1A1 
signaling pathway involves in the mitochondrial oxida-
tive stress induced cytotoxicity [20]. 

Concurrent use of an antioxidant inhibitor such as 
Quinine methide (QM) with a ROS generating drug has 
been shown to enhance oxidative stress and to be more 
efficient and selective in the advanced treatment of 
solid tumors [21]. Quinine methide (QM) is a new an-
tioxidant inhibitor and is used in cancer therapy. QM 
was shown to inhibit GSH, and to trigger apoptotic cell 
death. In contrast, NAC diminished oxidative stress 
index and increased total antioxidant capacity [22]. It 
was reported that NAC co-incubted with bleomycin 
and H2O2 (hydrogen peroxide) diminished oxidative 
stress and apoptosis in testicular cancer cells [23]. It 
was proposed that cancer patients who consume high 
amounts of antioxidant supplements during chemother-
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apy can prevent or diminish ROS-induced cancer cell 
apoptosis. Concurrent use of three antioxidants have 
been demonstrated to diminish the effectiveness of in 
vivo cancer therapy which are: doxorubicin and cis-
platin with N-acetylcysteine (NAC); tamoxifen with 
tangeretin; and 5-fluorouracil with beta carotene; 
namely [15-16].  

When the equilibrium between oxidants and anti-
oxidants is not maintained, supplementary antioxidants 
might be needed to prevent ROS-induced deleterious 
effects. The amount of the antioxidant supplement is 
important for a good cellular response; a too high anti-
oxidant level should be avoided which may act as a 
prooxidant. Over-expression of antioxidant enzyme 
genes was shown to be an effective tool in cancer. For 
instance, over-expression of SOD2 was reported to 
suppress human melanoma cells [33]. Based on the 
results of the studies, increasing ROS generation and 
ROS induced apoptosis and decreasing antioxidant ca-
pacity might be considered as an alternative treatment 
modality in cancer [17]. 

1.2. ROS Generating Chemotherapeutic Agents 

Anticancer drugs or their combinations with com-
pounds that generate high levels of ROS represent a 
potential anticancer strategy diminishing cellular anti-
oxidant capacity by depleting the antioxidant system 
and/or targeting glucose metabolism. Some anticancer 
drugs cause cytochrome c release from mitochondria 
leading to intrinsic apoptotic cell death [24].  

In several in vitro studies, bleomycin has been dem-
onstrated to induce apoptosis in malignant cells by pro-
ducing ROS. ROS generation and oxidative stress me-
diate cytotoxic effects of bleomycin inducing apoptosis 
in cancer cells. Drugs targeting oncogenes and tumor-
suppressor genes are other relevant pharmacological 
interventions in cancer therapy. Targeting the mecha-
nisms that sustain the survival of cancer cells has been 
reported to be a promising approach in cancer therapy 
[25-27]. Cancer cells adapt to the altered redox homeo-
stasis resulting from their rapid growth [28]. Targeting 
oxidative stress induced apoptosis can provide a poten-
tial treatment strategy in cancer [29]. Nrf2 activators 
were demonstrated as the potential therapy agents for 
oxidative stress, chemoprevention and inflammation. A 
complex redox pattern underlying the multiple drug 
resistance (MDR) problem in cancer therapies as well 
as the development and clinical use of oxidative stress 
modulators to combat MDR were explained in detail in 
our recent report [30].  

2. ANTICANCER HYBRIDS MOLECULES 

The anticancer hybrid molecules consist of the ad-
ministration of a mixture of drugs, emerging from 
combination therapies. Clinicians use hybrid drugs to 
treat patients not responding to single drugs [31]. The 
aim of combining two drugs acting by different mecha-
nisms is to diminish adverse effects, to improve effi-
cacy and to decrease drug resistance [32]. The hybrid 
anticancer drugs is designed linking an anticancer drug 
with another one or a carrier molecule which may more 
efficiently target and kill cancer cells [10].  

Hybrid anticancer drugs have advantageous includ-
ing better specificity, less side effects, better patient 
compliance and decrease in multiple drug-resistance. 
Hybrid anticancer molecule are termed also as multi-
functional conjugated drugs. They are prepared taking 
into account their different pharmacological, and struc-
tural interaction profiles [33]. A linker connects two or 
more drugs having different activities, allowing a si-
multaneous delivery [34]. Hybrid anticancer drugs re-
duce drug resistance and drug-drug interactions. It was 
reported in a study that a novel hybrid anticancer agent 
decreased antioxidant defense systems, and increased 
production, and accumulation of ROS in cancer cells 
followed by ROS-induced apoptotic cell death [35]. 
The researches designed a novel hybrid anticancer 
drug; QCA, [4-(1,3, 2-dioxaborinan-2-yl) benzyl ((5-
methyl-2-styryl-1,3-dioxan-5-yl) methyl) carbonate] by 
coupling a QM-generating moiety to ROS-generating 
cinnamaldehyde, which amplified oxidative stress and 
increased apoptotic cell death in cancer cells.  

2.1. Mechanism of Action of Anticancer Hybrid 
Drugs  

Hybrid compounds combine two or more pharma-
cophores in a single molecule. They are chemical enti-
ties with two or more structural moieties with distinct 
biological functions. Hybridization of molecules is util-
ized to develop a compound with an increased potential 
to treat cancer. Hybridization may lead to loss or gain 
of properties of the individual pharmacophore moieties 
[36-37]. According to the linker, hybrid drugs are 
grouped in four categories (Fig. 1): (i) conjugates: A 
metabolically-stable linker group connects pharma-
cophores to form a hybrid (ii) cleavage conjugates: 
Two drugs having different targets are released upon 
metabolization of the linker; (iii) fused hybrid mole-
cules: The size of the linker is too small allowing the 
scaffolds touching; (iv) merged hybrids: Scaffolds are 
merged to produce smaller and simpler molecules [38]. 
Hybrid molecules are classified according to three dif-
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ferent bases: nature of the linker unit; nature/form of 
presentation; and mode of interaction of the individual 
pharmacophores with their target [39].   

Hybrid drugs do not always enhance the anticancer 
effect of individual drug components. This depends on 
the associated component molecules. For example, the 
anticancer efficiency of curcumin changes depending 
on the various compounds it is conjugated [40]. These 
observations demonstrate that hybrid molecule design 
and synthesis should be carefully evaluated to increase 
the efficacy of the conjugated molecules. 

3. ANTICANCER HYBRID DRUGS WITH 
NATURAL PRODUCTS 

A novel hybrid drug discovery approach to form po-
tent hybrid drugs is to combine a huge source of natural 
compounds as scaffolds with the chemotherapeutic 
agents (Table 1). Hybrid drugs based on natural com-
pounds can be produced by combining natural scaf-
folds entirely or partially. Resulting hybrids target spe-
cific organs and present different mechanism of action. 
Natural product hybrid drugs, consisting of stilbenes, 
chalcones, coumarins, and other scaffolds, are utilized 
mainly in cancer and neurodegenerative disorder (Alz-
heimer’s disease, AD) therapies. Some hybrid drugs 
have already received U.S. patents. A hybrid drug 
combining curcumin and β –ionone received a patent in 

2011. It is an anti-androgen and multi-targeting agent 
and is used in both hormone-sensitive (LNCAP) and 
hormone-independent (22Rv1) prostate cancer cells. It 
inhibits androgen receptor (AR) signaling and IκB 
kinases. It exerts potent dose-dependent cytotoxic ac-
tivities and prevents resistance to the anti-androgens 
used in clinics. A hybrid drug consisting of oleanolic 
acid coupled 1H-1, 2, 3,-triazole showed stronger anti-
cancer potential in comparison to 5-FU in five human 
cancer cells [41].  

The antitumor potential of five dimeric diamines 
tagged with oleanolic acid were formed and tested us-
ing MTT cytotoxicity assay in five human cancer cells. 
The anti-proliferative potency does not depend on the 
alkyl chain length of the dimer between the two car-
boxyl groups [42]. Cai et al. designed and synthesized 
diaryl-1, 2, 4-triazole-caffeic acid (CA) hybrids for 
cancer treatment as dual inhibitors of cyclooxygenase-2 
(COX-2) / lipoxygenase (5-LOX) [43]. 

Molecular hybrids of tyrosine kinase inhibitor of 
EGFR, Erlotinib with non-steroidal anti-inflammatory 
(NSAIDs) drugs were synthesized and tested for their 
pharmacokinetic and anti-proliferative activities in two 
tumor cells (HCC827, lung and A431 squamous carci-
noma). Anti-proliferative data showed that the synthe-
sized compounds possess comparable activity to the 
positive control with erlotinib [44]. 

 
Fig. (1). Distinct approaches for the design of the hybrid molecules. 
Cu: Curcumin   X: Molecule W: Common Pharmacophore 
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Table 1. Anticancer hybrid drugs with natural products. 

Hybrid  
Component 1 

Hybrid  
Component 2 

Cancer Type References 

Quinolone Curcumin-
Quinolone hybrid 

Ovarian-SKOV-3, 
Lung-H-460, 
Lung-A-549 

Breast-MCF-7cell lines 

[50] 

İsatin Curcumin-Isatin Panel of cancer cells [51] 

CURCUMIN 

Imidazol Curcumin-Imidazol Prostate cancer cell lines (DU-145 & PC-
3 and; LNaP cells) 

[52] 

Triazine Benzimidazole-
triazine 

NCI-60 cell panel containing nine tumor 
cell lines 

[55] 

Chalcone Benzimidazole-
chalcone 

NCI-60 cell panel [56] 
BENZIMIDAZOLE 

Pyrazole Benzimidazole -
Pyrazole 

Breast-MCF-7, 
Lung-A-549 

Cervical-Hela cancer cell lines 

[57] 

Triazole Pyrimidine-
Triazole 

Potent activity on cancer cell lines, lung 
A-549, skin A-375 and breast MCF-7 

cancer cell lines 

[58] 

Pyrazol Pyrimidine -
Pyrazol 

The NCI 60-cell panel [59] PYRIMIDINE 

Thiourea Pyrimidine-
Thiourea 

Human bone osteosarcoma (Saos-2) and 
breast MCF-7 cell lines 

[62] 

DIAMINOPYRIMIDINE 
Arylthiazole 2, 4-

diaminopyrimidine-
arylthiazole 

Two breast cancer cell lines (MCF-7, 
MDA-MB-231) 

[60] 

Indole Coumarin-Indole Breast MCF-7 and normal cell lines [63] 

Pyrazoline Coumarin-
Pyrazoline 

Hepatocellular carcinoma (HepG2) cells [64] 

COUMARIN 
Imidazole [1,2-a] 

pyrazine 
Coumarin- 

İmidazole [1,2-a] 
pyrazine 

Panel of NCI 60-cells [65] 

Benzofuran Pyrazole-
Benzofuran 

Panel of NCI 60- cells [66] 

Triazole Pyrazole-Triazole PC-3 (prostate),  
HT-29 (colon),  

U87MG (glioblastoma)  
 A549 (lung) 

[67] 

PYRAZOLE 

Pyrimidine Pyrazole-
Pyrimidine 

Induced cyclization reaction of pyrazoles [68] 

QUINOLINE Stilbene Quinoline-Stilbene Different cancer cell lines [69] 

QUINONE Chalcone Quinone-Chalcone Hela cervix cancer cells [70, 71] 

QUINAZOLINE 
1,3,4-Oxadiazole hy-

brids 
Quinazoline 1,3,4-

Oxadiazole  
Breast MCF-7,  
cervix HeLa , 

Lung A549 cancer cell lines 

[74] 

Sulfonamide Pyridine-
Sulfonamide  

Human liver cancer cell line (HepG2) [76] 

PYRIDINE 
Hydrazone Pyridine-based 

Hydrazone 
Stopped the growth of cancer cell lines [77] 

(Table 1) contd…. 
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Hybrid  
Component 1 

Hybrid  
Component 2 

Cancer Type References 

 
Quinoxaline 

 
Triazole-

Quinoxaline 

Prostate cancer PC-3,  
Non-small cell lung cancer HOP-92,  

HCT-15,  
Colon cancer HCT-116,  

NCI-H460,  
Renal cancer A498,  

Leukemia SR,  
Melanoma LOX IMVI,  

CNS cancer U251,  
Breast cancer MDA-MB-468 cell lines 

[81, 82] 

TRIAZOLE 

Benzoxepine 2, 3-Triazole-
benzoxepine 

Colon HCT-15,  
 Lung NCI-H226 cancer cell lines 

[83] 

Pyridine Isatin-Pyridine Hepato-cellular carcinoma (HepG2),  
Lung cancer (A549), 

 MCF7 (breast cancer) cell lines 

[85] 

Hydrazone Isatin-Hydrazone Cytotoxicity in several human cancer 
cells 

[86] 
ISATIN 

Triazole Isatin- Triazole  MGC-803 (gastric) cell line, 
 TE-1 (human squamous cell carcinoma),  

SW780 (urinary), 
MCF-7 (breast) cancer cell lines 

[89] 

CHALCONES 

Benzoxaborole Chalcones - Ben-
zoxaborole 

Colon (HCT-116),  
Ovary (SKOV-3),  

 Human breast (MDA-MB231) cancer 
cell lines 

[93] 

IMIDAZOLE 

Imidazothiadiazole and 
Imidazo-thiazoles 

Imidazole-based 
hybrids viz. Imida-
zothiadiazole and 
Imidazo-thiazoles 

Hela (cervix),  
CEM (human T-lymphocyte),  

L1210 (leukemia),  
FM3A (murine mammary carcinoma) 

cancer cell lines 

[94] 

NITRIC OXIDE (NO) Aspirin hybrid NOSH-aspirin hy-
brid 

Human colon cancer cells (HT-29 and 
HCT-15) 

[98] 

 
3.1. Curcumin Based Anticancer Hybrids 

Curcumin is a natural polyphenol. It is studied 
widely as a chemotherapeutic agent. However, due to 
its low solubility, low bioavailability, and weak po-
tency, the clinical efficacy of curcumin is quite limited. 
It was demonstrated that incubation with curcumin 
leads to apoptosis [45]. In addition, curcumin has 
antiangiogenic properties indicating a therapeutic po-
tential for its use in cancer therapy. The in vitro anti-
cancer potential of curcumin lies in its ability to dimin-
ish oxidative stress by modulating downstream signal-
ing molecules in cancer cells. The chemo preventive 
potential of curcumin has also been shown in chemi-
cally-induced animal models of skin [46], forestomach 
[47], colon [48] and liver [49] cancers. Hybrid curcu-
min molecules have been developed incorporating or 
combining curcumin with antibodies, natural products 
and adjuvants. Curcumin hybrids overcome its poor 
pharmacological profile and show a promising future 

use in cancer therapy. Raghavan et al. synthesized a 
curcumin-quinolone hybrid as an effective hybrid ex-
hibiting low IC50 in ovarian-SKOV-3, lung-H-460, 
lung-A-549 and breast-MCF-7cell lines [50].  

Sharma et al. examined the cytotoxicity of curcu-
min-isatin hybrid on a panel of cancer cells [51]. Chen 
and co-workers evaluated cytotoxic activity of the cur-
cumin-imidazol hybrids using genistein as a reference 
drug in human androgen-dependent and androgen-
inependent prostate cancer cell lines (DU-145 & PC-3 
and; LNaP cells) [52]. Wang et al. synthesized several 
curcumin hybrids with different pharmacophore mole-
cules [53]. 

3.2. Benzimidazole Based Anticancer Hybrids 

The benzimidazole molecule is a heterocyclic scaf-
fold having a great anticancer potential. Recent studies 
have demonstrated that benzimidazole hybrids with 
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other heterocyclic molecules have great anti-cancer 
potential. [54]. Single et al. evaluated benzimidazole-
triazine hybrids on a NCI-60 cell panel containing nine 
tumor cell lines [55]. Kalalbandi and co-workers syn-
thesized benzimidazole-chalcone hybrids and demon-
strated their potent cytotoxic activity on the NCI-60 
cell panel [56]. Reddy et al. conjugated pyrazole nuclei 
with benzimidazole and studied their anti-proliferative 
effects on breast-MCF-7, lung-A-549 and cervical-Hela 
cancer cell lines [57]. 

3.3. Pyrimidine Based Anticancer Hybrids 

Pyrimidine is present in several natural products 
having potent pharmacological effects . Ma et al. pro-
duced different pyrimidine-triazole hybrids and studies 
their cytotoxic potential on different cancer cell lines. 
Majority of them exhibited cytotoxic activity ranging 
from moderate to potent on different cancer cells [58]. 
In another study, pyrazol-pyrimidine hybrids proved to 
have potent anticancer activity in the NCI 60-cell panel 
[59]. Zhou et al. demonstrated that  

 2, 4-diaminopyrimidine-arylthiazole hybrids had 
cytotoxic and anti-proliferative activities on two breast 
cancer (MDA-MB-231 and MCF-7) cell lines. Some of 
them having potent antiproliferative activities also in-
dicated potent inhibitory activities against cell migra-
tion [60]. Kumbhare et al. synthesized new pyrimidine-
triazole hybrids and studied their anticancer and cyto-
toxic effects on lung (A-549), skin (A-375) and breast 
(MCF-7) cancer cell lines in comparison to the normal 
breast epithelial cells. The results of these studies dem-
onstrated that they are able to control both cell prolif-
eration and invasion in breast cancers [61]. The most 
common breast cancer is invasive ductal carcinoma 
which can form usually bone metastases. Heat Shock 
Protein 90 (Hsp90) is involved in formation of metasta-
ses. Based on this fact, Hsp90 inhibitors have been 
considered as a novel and new cancer therapeutical ap-
proach. Due to their low solubility and side effects in 
clinical trials, they failed to be used widely. Koca and 
coworkers studied cytotoxic and inhibitory effects of 
pyrimidine-thiourea hybrids together with Heat shock 
protein 90 (Hsp90) on human bone osteosarcoma 
(Saos-2) and breast (MCF-7) cancer cell lines. The re-
sults of their in vitro experiments demonstrated that 
they had cytotoxic effect and inhibited cell prolifera-
tion on both bone and ductal breast carcinoma cell 
lines. Hybrids of pyrimidinyl acyl thiourea derivatives 
have therapeutic potential to be used for the invasive 
ductal breast carcinoma therapy and to prevent its bone 
metastasis [62]. 

3.4. Coumarin Based Hybrids 

Three new coumarin-indole hybrids were studied 
for their in vitro cytotoxicity on normal and breast can-
cer (MCF-7) cell lines in comparison to the effect of 
vincristine [63]. Halogen-substituted hybrids in com-
parison to their unsubstituted or hydroxyl-substituted 
analogues demonstrated more potent in vitro cytotoxic 
activity on breast cancer (MCF-7) cell lines. Three 
coumarin-pyrazoline hybrids were produced and tested 
for their cytotoxic activity in hepatocellular carcinoma 
(HepG2) cells [64]. The anti-proliferative activity is 
influenced by the substitution pattern on pyrazoline 
ring. Imidazole-[1,2-a] pyrazine-coumarin hybrids 
were synthesized using the Suzuki-Miyaura cross cou-
pling and their in vitro cytotoxic activity was studied 
on the panel of NCI 60-cells [65]. 

3.5. Pyrazole Based Anticancer Hybrids 

Abd El-Karim et al. studied in vitro anticancer ef-
fects of novel pyrazole-benzofuran hybrids on the NCI 
60- cells panel using a single dose concentration [66]. 
Reddy et al. synthesized pyrazole-triazole hybrids 
which demonstrated inhibition of four human tumor 
cell growth e.g. PC-3 (prostate), HT-29 (colon), 
U87MG (glioblastoma) and A549 (lung) [67]. Shi et al. 
improved novel pyrazole-pyrimidine hybrids via cycli-
zation reaction of pyrazoles induced by a base [68]. 

3.6. Quinoline Based Anticancer Hybrids 

Srivastava et al. developed quinoline-stilbene hy-
brids and their cytotoxic effects were investigated in 
different cancer cell lines [69]. Most hybrids had potent 
inhibitory effects towards Era and cytotoxic effects on 
human endometrial and breast cancer cell lines. Some 
of the hybrids had potent VEGFR-2 inhibitory effects. 
Structural activity relationship showed that the anti-
proliferative activity on MCF-7 and MDA-MB-231 
cells was diminished when the length of the side chain 
was increased. 

3.7. Quinone Based Anticancer Hybrids 

Markovic et al. studied the anthraquinone and chal-
cone pharmacophore hybrids [70]. Three quinone 
based chalcone hybrids demonstrated encouraging 
anticancer activity and selective cytotoxic effect in 
Hela cervix cancer cells similar to cisplatin and in non-
cancerous MRC-5 cells lower cytotoxicity than cis-
platin. These hybrids caused cells to remain in the S 
and G2/M phase and killed cancerous cells by inducing 
apoptosis and shown by the MTT assay [71]. Jiang et 
al. produced several tricyclic quinone-based hybrids by 
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coupling them with lactone and pyran and studied their 
cytotoxic activity in many cancer cells [72]. Most of 
them demonstrated potent cytotoxic effects. 

3.8. Quinazoline Based Anticancer Hybrids 
Alafeefy et al. produced several quinazoline-indole 

hybrids via condensation of the benzamides [73]. Qiao 
et al. studied cytotoxicity of the novel quinazoline 
1,3,4-oxadiazole hybrids in breast MCF-7, cervix HeLa 
and lung A549 cancer cell lines [74]. 

3.9. Pyridine Based Anticancer Hybrids 
Pyridine hybrids are important heterocyclic hybrids 

having potent anticancer effects. Pyridine hybrids such 
as Sorafenib, Vismodegib, Regorafenib and Crizotinib 
were shown clinically approved effects. Sorafenib is a 
multikinase inhibitor affecting tumor signaling and 
vasculature. It inhibited multiple kinases involving in 
tumor angiogenesis and growth and was shown to have 
wide preclinical effects in many human cancers. It took 
11 years for Sorafenib to receive the approval of FDA 
in December 2005 for the treatment of Advanced Renal 
Cell Carcinoma (RCC) [75]. Ghorab et al. tested pyri-
dine-sulfonamide hybrids for their cytotoxic effects in 
human liver (HepG2) cancer cell line [76]. Pyridine-
based hydrazone stopped the proliferation of cancer 
cells with no apparent animal toxicity. The anticancer 
activity was influenced positively by the sulfonamide 
and pyridine components. Pourbasheer et al. studied 
several pyrimidine thiazolinone hybrids for their effects 
on tumor cell anti-proliferation as potential HER-2 
kinase and EGFR inhibitors [77-78]. Shah et al. studied 
pyridine-sunitinib hybrid which targets tyrosine kinases 
in several cancer cell lines [79]. Pyridine-indazole hy-
brids was reported by Liu et al. as potent threonine ty-
rosine kinase (TTK) inhibitors [80]. 

3.10. Triazole Based Anticancer Hybrids  

Issa et al. designed, produced and tested several 1, 
2, 4-triazolo-quinoxalines hybrids for their cytotoxic 
potential in a panel of NCI-60 cells [81]. Triazole-
quinoxaline hybrid demonstrated effective cytotoxic 
activities towards several cancer cells including pros-
tate cancer cells (PC-3), non-small cell lung cancer 
cells (HOP-92), HCT-15, colon cancer cells (HCT-
116), NCI-H460, renal cancer A498, leukemia SR, 
melanoma LOX IMVI, CNS cancer U251, and breast 
cancer (MDA-MB-468) cell lines [82]. Kuntala et al. 
synthesized 2, 3-triazole-benzoxepine hybrids and 
evaluated their cytotoxicity in colon (HCT-15) and 
lung (NCI-H226) cancer cells [83]. Kumar et al. syn-
thesized thirteen 5H-dibenzo [1,4] diazepin-11(10H)-

one structural hybrids and studied their anti-
proliferative effects on five human cancer cells [84]. 
They inhibited tumor growth in all cell lines. Due to 
their simple synthesis and potent anticancer effects, 
they are considered promising and efficient new agents 
in cancer therapy [84]. 

3.11. Isatin Based Anticancer Hybrids 

Isatin is a heterocyclic compounds, its toleration is 
good in humans. The studies with isatin demonstrated 
promising results with interesting pharmacological ac-
tivities. It is well tolerated in humans. Eldehna et al. 
synthesized and tested in vitro novel isatin-pyridine 
hybrids in human hepato-cellular carcinoma (HepG2), 
lung cancer (A549) and breast cancer (MCF7) cell lines 
[85]. Fluorine and isatin incorporation into the hybrids 
elevated their cytotoxic activity. Katiyar et al. synthe-
sized isatin-hydrazone hybrids and studied their anti-
cancer effects in several human cancer cell lines [86]. 
New isatin-dehydroepiandrosterone hybrids showed 
potent anticancer activities in several cancer cell lines 
[87]. Sharma et al. studied the cytotoxic activities of 
isatin-tetrazole hybrids on different human cancer cell 
lines [88]. Yu et al. prepared isatin-triazole hybrids 
which inhibited selectively the growth of MGC-803 
(gastric) cell line in comparison to the human 
squamous cell carcinoma (TE-1), urinary (SW780) and 
breast cancer (MCF-7) cell lines [89]. A molecular hy-
bridization approach was used to produce a series of 
steroidal hybrids having bioactive terminals. Their anti-
proliferative and cytotoxic activities were tested in dif-
ferent cancer cell lines [90]. 

3.12. Chalcone Based Anticancer Hybrids 

Chalcones (1, 3-diaryl-2-propen-1-ones) belong to 
the flavonoid family having potent biological effects. 
Several studies showed promising anti-cancer activities 
of chalcone hybrids with diverse heterocyclic com-
pounds. Chen et al. produced chalcone hybrids with 
indole carbaldehydes and indamines via aldol conden-
sation [91]. Most of them exerted anti-proliferative ac-
tivities in small concentrations ranging from micromo-
lar to submicromolar amounts [92]. Zhang et al. stud-
ied the anticancer activities of chalcone-benzoxaborole 
hybrids in colon (HCT-116), ovary (SKOV-3) and hu-
man breast (MDA-MB231) cancer cell lines [93]. 

3.13. Imidazole Based Anticancer Hybrids 

Romagnoli et al. prepared imidazole-based hybrids 
viz. imidazothiadiazole and imidazo-thiazoles which 
had low IC50 in cervix (Hela), human T-lymphocyte 
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(CEM), murine mammary carcinoma (FM3A), and 
leukemia (L1210) cancer cell lines [94]. Imidazole hy-
brids at IC50 < 1 mM were shown to be highly cyto-
toxic to melanoma (SKMEL-1) and human leukemia 
(U937) cell lines which overexpress BcI-2 (U937/BcI-
2). 

3.14. Selenium/Sulfur-Based Anticancer Hybrids 
Yan et al. prepared benzoselenazole-stilbene hy-

brids via combining ebselen and resveratrol and dem-
onstrated their anticancer activity [95]. Mudududdla et 
al. prepared thiophene-based hybrids and studied their 
inhibitory effects on VEGFR and P-gp (P-glycoprotein) 
[96]. 

3.15. Anticancer Hybrids Releasing Nitric Oxide 
(NO) 

Huang et al. produced several furoxan-pyrazo ster-
oidal hybrids which release NO and studied their in 
vitro anti-proliferative activity in different cancer cells 
[97]. Vannini et al. synthesized NOSH-aspirin hybrids 
which release nitric oxide and hydrogen sulfide (H2S). 
These hybrids suppressed the proliferation of two hu-
man colon (HT-29 and HCT-15) cancer cell lines by 
producing ROS leading to cancer cell regression [98]. 
The strong anti-cancer activities of these hybrids were 
due to high levels of NO released from diazeniumdio-
lates and the synergic effects of oridonin and NO. 

4. DIFFERENT HYBRID MOLECULAR AP-
PROACHES IN CANCER THERAPY 

4.1. Nanoparticles 

There are on-going studies to incorporate diagnostic 
and therapeutic functions into a single nanoscale sys-
tem for an improved cancer treatment. Nanoparticles 
have a great potential to provide such a dual function, 
especially when more than one type of nanostructure is 
incorporated into a nano-assembly. The ligands on the 
surface of protein-inorganic nanohybrids show func-
tions for targeted drug delivery specific for tumor site. 
Conjugation of different antibodies to the surface of 
nanohybrids strengthens their tumor targeting specifity. 
The nanoconjugates significantly increased the survival 
time of mice having cancer and diminished the prolif-
eration of human hepatoma cancer cells. The protein-
inorganic nanohybrids were used in various imaging 
applications due to their unique characteristics [99-
100].  

Nanohybrids in cancer therapy have several advan-
tageous in comparison to the limitations of chemother-
apy such as restricted efficiency, severe cyto-toxicity to 

normal cells and multiple drug resistance. Studies with 
hybrid protein-inorganic NPs in oncology demon-
strated their beneficial effects for targeted drug deliv-
ery and tissue imaging [101]. Hybrid nanoparticles that 
contain both therapeutic and diagnostic functions are 
under development. It is known that anticancer drug 
delivery with nanoparticles increases therapeutic effi-
cacy. It was demonstrated that hybrid nanoparticles 
showed potent cytotoxicity on MCF-7 cancer cells in 
acidic conditions and a pH-controlled targeted drug 
delivery [102]. The results of the recent studies with 
hybrid nanoparticles consider them as a promising plat-
form for the novel cancer treatment approaches provid-
ing co-delivery of multiple therapeutic agents using 
different modalities. Hybrid nanoparticle based 
nanomedicine seems to have a bright future [103-105].  

4.2. Hybrid Cell Vaccination  

Hybrid cell vaccination is a recent therapeutic ap-
proach cancer immunity. Its aim is to recruit T cells 
and induce them for tumor specific cytolytic immunity. 
The hybrid cell vaccination approach aims to correct 
defects in the antigenicity of the tumor cells. Hybrid 
cell vaccination can be applied to the patients at early 
stages of their disease or after surgery [106-107]. 

CONCLUSION  

The therapeutic interest for hybrid anticancer drugs 
keep increasing since they may avoid most of the limi-
tations of the conventional anticancer therapies. Indeed, 
the discovery and incorporation of selective and potent 
two drugs as hybrids triggering more than one cyto-
cidal action mechanisms in synergy to inhibit cancer 
tumor growth opens new horizons in the fight against 
cancer [35, 108]. Studies demonstrated that anticancer 
hybrids of conventional individual compounds could 
strengthen their efficacy and overcome drug resistance. 
The necessity for the development of a Hybrid mole-
cules having the capability to interact with various bio-
logical targets are definitely superior to aiming at a 
single biological target. The concept of hybrid antican-
cer drugs is evolving and promising new hybrid drugs 
are being developed fast. Hybrid drugs provide an ef-
fective strategy to overcome multiple drug resistance. 
However, some regulatory and technical challenges 
need to be solved before the widespread clinical appli-
cation of hybrid drugs. 

LIST OF ABBREVIATIONS 

ROS = Reactive oxygen species 

LD50 = Lethal dose killing 50% of cells 
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NAC = N-acetylcysteine 

ATP = Adenosine triphosphate  

GPx = Glutathione peroxidase 

SOD = Superoxide dismutase  

CAT = Catalase 

GRx = Glutathione reductase  

MDR = Multiple drug resistance  

QM = Quinone methide  

H2O2 = Hydrogen peroxide 

Hsp90 = Heat Shock Protein 90  

TTK = Threonine tyrosine kinases 

P-gp = P-glycoprotein 

H2S = Hydrogen sulfide  

AR = Androgen receptor  

NSAIDs = Non-steroidal anti-inflammatory drugs 

NPs = Nanoparticles  
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