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Abstract 

 

Cancer is the most-deadly disease having the most formidable afflictions in the 

world. Numerous anticancer drugs are available commercially, but the 

development of acquired drug resistance and the severe side effects of these 

clinically utilised anticancer drugs pose significant obstacles to the effective 

chemotherapy. Consequently, the rational design of novel medications with 

minimal adverse effects is advised. Due to their excellent pharmacological and 

pharmacokinetic characteristics, fluoroquinolone derivatives are of utmost 

interest to scientists. They display a number of positive traits, such as increased 

bioavailability, superior tissue penetration, and a relatively low prevalence of 

negative effects. The emphasis of the field of research is currently shifting 

towards these chemicals' anticancer properties because of their potential to 

intervene in mutagenesis and carcinogenesis. This study outlines current 

developments in the creation of new fluoroquinolones as prospective cytotoxic 

and anticancer medicines as well as their potential mechanisms of action for 

future research. Additionally, this review aims to concentrate on the numerous 

forthcoming characteristics of fluoroquinolones and offers a fresh perspective 

on their potential applications in the treatment of cancer. 
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1. Introduction 

        Cancer is a prevalent and commonly occurring disease that 

poses a major threat to human health. Modern cell biology holds 

that its fundamental mechanisms include aberrant cell 

proliferation and migration with uncontrolled cell cycles, 

ongoing self-renewal and replication of cancer stem cells. The 

annual death toll due to cancer exceeds eight million, which has 

a significant negative impact on global economic and social 

development (1). Currently, weapons used in fighting cancers 

include surgery, radiotherapy, chemotherapy, immunotherapy 

and targeted therapy. Surgery alone has been providing a cure 

for cancers for decades. With improvements in modern 

therapies, nearly fifty percent of patients are treated with 

radiotherapy due to the relatively little damage to the body. 

However, only malignant tumors that are locally limited to a 

specific organ can be treated with surgery and radiation therapy 

(2). With the paradigm shift in our knowledge of cancer as a 

systemic disease, targeted therapy and chemotherapy have 

presumed progressively greater role in cancer treatment and the 

impediments to patient care posed by acquired resistance and/or 

the genotoxic characteristics of these therapies have begun to 

take on a clearer emphasis (3). 

In recent decades, several therapeutic medicines that target 

distinct signaling pathways that are crucial for tumor initiation 

and progression have been developed (4). One of the 

pharmacological classes that have grown rapidly in recent years  

is fluoroquinolones (FQs). Based on research findings, FQs can 

boost cancer cell apoptosis, suppress cancer growth and block 

cancer metastasis. For all these causes, FQs are enormously 

being used to help in cancers treatment (5).  

2. FQs  

It is generally known that FQs can impede DNA gyrase or 

topoisomerase-II activity, respectively, to prevent bacterial 

DNA replication and transcription. Both of the enzymes must 

exist in order for bacterial growth to occur. Due to the complete 

differences between these two enzymes and their mammalian 

counterparts, FQs are 1000 times more susceptible to bacteria 

(6). In spite of their serendipitous discovery, they currently 

make up the majority of the antimicrobial agents used globally. 

The first quinolone with antibacterial activity found was 

nalidixic acid. In 1962, it was discovered as an end product of 

chloroquine production. After its discovery, years of intensive 

study ended in the development of the first generation of 

quinolones, which overcome the parent molecule’s drawbacks, 

including low bioavailability and gram-negative bacteria-only 

specificity (7). Early in the 1980s, researchers found that minor 

structural alterations to generic 4-quinolone backbone or its 

functional groups increased bacterial cell penetration and had a 

noticeable repressive impact on DNA gyrase (8). In spite of the 

significant anticancer and antimicrobial activity, FQs also 

exhibit antiprotozoal, anti-HIV, anti-TB and anti-inflammatory 

activities (9), depicted in Fig. 1. 

 Figure 1: Biological activities of FQs  

 Classification of FQs: 
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Based on their pharmacokinetic characteristics and spectrum of 

activity, FQs are categorized into four generations (10, 11) , 

described in table 1. 

 

 

Table 1: Classification of fluoroquinolones (FQs): 

Generations Drug Distinctive features 

First 

 

 

 

 Nalidixic acid 

 Pipemidic acid 

 Oxolinic acid 

 Cinoxacin 

 Effective against Gram-negative 

microorganisms 

 High protein binding. 

 Substantial toxicity level. 

 Minimal half-life. 

Second  Ciprofloxacin 

 Lomeflaxacin 

 Norflaxacin 

 Levofloxacin 

 Enoxacin 

 Enhanced ability to combat 

Gram-negative bacteria. 

 Protein-binding approximately 

50%. 

 Extended half-life. 

 Safe and tolerable. 

Third  Gatiflaxacin 

 Sparfloxacin 

 Grepafloxacin 

 Temafloxacin 

 Additionally effective against 

atypical bacteria strains as well 

as both Gram-positive and 

Gram-negative bacteria. 

Fourth  Clinaflaxacin 

 Moxifloxacin 

 Trovafloxacin 

 Enhanced effectiveness against 

both bacterial strains. 

 Additionally effective against 

anaerobes and atypical bacteria.  

2.2 Cytotoxic effects of FQs: potential interventional 

strategy: 

FQs are powerful inhibitors of homologous type II 

topoisomerases, DNA gyrase topoisomerase-IV enzymes that 

control DNA supercoiling and are essential for DNA 

replication, RNA synthesis, and recombination according to 

pharmacological mechanisms that have been clarified in 

numerous reports (12). When the DNA gyrase enzyme is 

inhibited, these processes are modulated (13) 

and its activity is reduced by stopping the DNA-

joining reaction. Recombination inhibition leads to fragments 

release that are subsequently damaged by bacterial exo-

nucleases, causing DNA strand breaks and ultimately cell death. 

All of these events are mediated by intrinsic apoptosis pathways 

which are inhibited by the contribution of various cell cycle 

fragments, resulting in the arrest of the cell cycle (G2 phase) 

(9). 

DNA gyrase enzymes and topoisomerase-IV are both 

topoisomerases of type-IIA, which are responsible for 

manipulating bacterial DNA topology via the transformation of 

relaxed and supercoiled DNA types. These enzymes perform 

similar activities with a significant difference that the DNA 

gyrase may also add negative supercoiling property. 

Structurally, 

DNA gyrase enzyme has a heterotetrameric structure made up o

f two GyrA subunits and two GyrB subunits (A2B2), while the 

component GyrB efficiently catalyses and rejoins the DNA 

strands, the subunits GyrA is responsible for non-catalytic DNA 

interactions. In the case of topoisomerase-IV, the homologous 

subunits are termed as ParC and ParE (14, 15) 

Eukaryotic type-II topoisomerases manipulate DNA topology, 

and human nuclear topoisomerases Topo-IIa and b are the 

primary targets of inhibitors therapeutically effective against 

cancer (16). Antibacterial quinolones and anticancer FQs both 

appear to trigger apoptosis through comparable mechanisms. 

Even though human DNA topoisomerase II is 100 times more 

vulnerable to bacterial DNA gyrase, FQs may block it. As a 

result, it was elucidated that antibacterial FQs were also 

cytotoxic to cancer cells, offering a potentially important source 

of novel cytotoxic drugs. Due to molecular identities with the 

sequence homologies of targeting eukaryotic topoisomerases, 

the development of antitumor medicines evolved from FQs has 

lately gained a lot of attention (17). The mechanism of FQs is 

illustrated in Fig. 2. 

Figure 2: FQs' potential as anticancer drugs 

 

2.3 Mechanism of FQs beyond its anticancer activity: 

2.3.1 Inducing cell cycle arrest by FQs 
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Regulation of cell cycle is of a substantial importance in human 

development since the sequence and events of cell division are 

preserved during the evolution, from prokaryotes to eukaryotes 

to mammalian cells (18). A protein kinase complex is made up 

of cyclins and cyclin-dependent kinase (CDKs), which 

collaborate intimately to drive cell cycle progression. Through 

post translational alterations, the Cyclin-CDK complex 

regulates its activity in a positive or negative manner (19). Due 

to its significance in the cell cycle, this complex has emerged as 

a prospective pharmacological approach for cancer treatment as 

demonstrated by the existence of numerous medications as 

purvalonol, dinaciclib, fascaplysin, AT759 etc (11). It has been 

illustrated by that ciprofloxacin downregulated the expressions 

of cyclins-(B/E) and CDK2 in bladder cancer, which provided 

the initial mechanistic clue concerning FQs targeting cyclin-

CDK complex. Also, Yadav et al. demonstrated identical 

cyclin-CDK downregulation in pancreatic cancer cells under the 

influence of ciprofloxacin, moxifloxacin and gatifloxacin driven 

cell cycle arrest in two separate experiments. In one of their 

investigations, it was discovered that gatifloxacin caused to G2- 

phase arrest in pancreatic cancer cells through the p53 pathway 

(11, 20). This investigation is of great significance as it 

hypothesizes that gatifloxacin stabilizes mutant-p53 and return 

its wild type role in these cells.  

2.3.2 Inhibition of apoptotic genes by FQs 

FQs have been thoroughly investigated for their capacity to 

induce apoptosis in numerous cell types. Among FQ members, 

ciprofloxacin has the greatest capability in triggering apoptosis. 

Aranha et al. demonstrated that ciprofloxacin induces apoptosis 

in bladder and prostate cancer cells due to its strong anti-

proliferative impact. They elucidated that ciprofloxacin 

increased the levels of BCL2-Associated X Protein (Bax) 

through a mechanism that involved changes to the Bax: B-cell 

lymphoma 2 (Bcl2) index, mitochondrial depolarization, and 

ultimately PARP cleavage (21). In addition, others 

demonstrated mitochondrial depolarization, the Bax: Bcl2 ratio, 

and caspase-8, -9, and -3 are all involved in the ciprofloxacin-

mediated apoptosis of colorectal cancer cells (22). Following 

these initial reports, a number of other studies demonstrated 

ciprofloxacin's effectiveness in causing apoptosis with detailed 

mechanistic insights towards cell lines of various origins, 

including H460, pancreatic cancer, HeLa, lymphoblastoid cells 

and epidermoid carcinoma cells (23-25). In lymphoblastoid 

cells, Smart et al. demonstrated that ciprofloxacin promotes 

topo-II-mediated DNA or chromatin modification, which then 

triggers the ATM/p53 pathway and causes apoptosis (13). The 

significance of these research is underscored by the fact that the 

p53 gene is mutated in the majority of cancer cases. 

2.3.3 Modulation of epithelial-mesenchymal-transition 

(EMT) and cancer stem like cell / stemness by FQs 

During tumor progression, EMT initiates cellular detachment 

from originator organ and aides in their migration and invasion 

to various other organs via blood and lymphatic system.  Loss 

of epithelial characteristics and acquisition of mesenchymal 

characteristics, such as resistance to apoptosis, decreased cell 

adhesion, enhanced cellular motility, alterations in cellular 

appearance and invasiveness are all hallmarks of EMT. These 

characteristics accomplished by the gain of N-cadherin, 

vimentin, and fibronectin expression or by the loss of E-

cadherin expression assisted by transcriptional factors’ activity 

including Snail, ZEB, and basic helix-loop-helix (26). Multiple 

growth factors or cytokines are released by the tumor 

microenvironment, which causes EMT by integrating several 

signaling pathways such epidermal growth factor receptor 

(EGFR), neurogenic locus notch homolog protein (Notch), and 

WNTs (27). Only gemifloxacin, out of all FQs, has been shown 

to have anti-metastatic potential, according to research by Kan 

et al. and Chen et al. on breast cancer and colon cancer cell lines 

(28, 29). In both trials, gemifloxacin prevented tumor necrosis 

factor (TNF)-induced natural factor kappa B (NF-κB) activation 

from promoting cancer cell migration and invasion. However, 

Gong et al. demonstrated that sparfloxacin inhibits colon cancer 

cells' motility and invasion via targeting hERG human channels. 

Based on their earlier research, they discovered that of the eight 

tested FQs, sparfloxacin inhibited the hERG channel the most 

effectively (30). EMT, cancer stem cells (CSCs), and treatment 

resistance are all closely related. In fact, it is now commonly 

believed that EMT causes CSCs to become resistant to a variety 

of well-known anticancer medications (31). CSCs are a distinct 

subgroup of the cancer cell population with the capacity for 

self-renewal and differentiation. According to their name, they 

have stem cell-like multipotency and can transform into any 

originating type that makes up the cancer mass (32). In this 

context, xenograft assay by Cornaz-buros et al. demonstrated 

the combined effects of doxorubicin and enoxacin in 

eliminating cancer stem-like cells in Ewing sarcoma family 

tumour (ESFT) cells. However, when enoxacin or doxorubicin 

were given separately, this effect was absent (33). On the other 

hand, a fairly recent study by Phiboonchaiyanan et al. revealed 

that ciprofloxacin positively modulates lung cancer cells’ 

aggressive behaviour by improving their stemness property 

through spheroid and colony formation. Additionally, they 

discovered higher expression levels of CSCs producing 

indicators such Nanog, Oct4, and Caveolin-1 (34). However, 

based on the findings of these two investigations, it would be 

speculative to make any predictions regarding the stemness-

related use of ciprofloxacin in the future, as this impact could be 

cell line or context dependent. Further in vivo confirmation is 

necessary before making any assumptions from these results. 

2.3.4 Enhancing adjuvant chemotherapy protocol 

Chemotherapy, radiation, and surgery are clinically proven 

methods for fighting cancer. The only treatment for cancer for 

millennia was surgery. Even now, it is still the primary 

treatment strategy for a lot of malignancies, including 

colorectal, hepatic and breast carcinoma (35). Unfortunately, 

the genotoxic characteristics of the current chemotherapy in use 

or acquired resistance provide challenges (36). A growing body 

of research shows that anticancer medications work best when 

used in combination. The co-administration of different 

medications results in additive or synergistic effects that 

increase cancer cell death while simultaneously reducing the 

likelihood of treatment resistance and raising minimal toxicity 

concerns (37). Numerous in vitro studies looking at the use of 

FQ in combination with well-recognized anticancer medications 

point to improved chances for these to be added as a permanent 

element of the adjuvant chemotherapy regimen. El-rayes et al., 

evaluated the effectiveness of ciprofloxacin in conjunction with 

etoposide against hormone-resistant prostate cancer cells using 

the ciprofloxacin's individualistic efficacy against bladder 
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cancer cells and transitional cell carcinoma cell lines (38). 

According to their research, ciprofloxacin pre-treatment for 24 

hours sensitises hormone-resistant prostate cancer cells to 

apoptotic cell death. Herold C. et al. conducted a more in-depth 

and mechanistic study on ciprofloxacin's adjuvant efficacy 

against hepatoma cells at the same time they discovered 

ciprofloxacin had a significant synergistic impact with retinoic 

acid and tamoxifen against hepatoma cells (11). Later, Pinto et 

al. discovered that ciprofloxacin combined with imatinib, 

docetaxel, and doxorubicin had a similar synergistic impact on 

hormone-resistant prostate cancer cells in their two separate 

investigations (39). In the first study, it was demonstrated that 

pre-treating prostate cancer cells with ciprofloxacin increased 

the dose reduction index (DRI) of doxorubicin and docetaxel by 

4–15 and 3–8 times, respectively. A comparable result was seen 

when they attempted to compare the sequential pre-treatment 

combinations of ciprofloxacin or imatinib with traditional 

prostate cancer chemotherapy (11). Similar to ciprofloxacin, 

other FQs, as fleroxacin, moxifloxacin, and enoxacin, have 

displayed comparable modulating effects of well-known 

anticancer medications. Fleroxacin was found to augment the 

anti-proliferative impact of 5-fluorouracil against bladder 

cancer cells both in vitro and in vivo, according to a study by 

Nishikawa et al. based on isobologram and combination indexes 

(40). To sum up, FQs as adjuvant chemotherapy provides right 

away implications for clinical assessment due to so many 

encouraging effective results in vivo. 

2.3.5 Stimulating cancer-specific micro-RNA biogenesis 

Endogenously produced microRNAs (microRNAs) are small, 

non-protein coding RNAs that are known to have a role in the 

control of vital cellular functions such as differentiation, 

proliferation, apoptosis, and metabolism (41). In respect to 

cancer, miRNAs are either oncogenic or tumor-suppressors. 

Due to modifications made to the miRNA biogenesis 

machinery, miRNA loci, or inhibitory signals from transcribing 

genes, human cancers have altered miRNA expression profiles. 

Therefore, the most promising approach for developing new 

anticancer treatments appears to be the use of synthetic 

miRNAs or medications that restore the natural tumor-

suppressor microRNA synthesis. Shan et colleagues used a 

chemical biology technique to screen a library of 2000 USFDA-

approved synthetic and natural chemicals in Hek293, HeLa, and 

NIH3T3 cell lines in search of such a potential therapeutic 

molecule. Surprisingly, the screening findings showed that only 

enoxacin had a significant impact on miRNA production. This 

effect was achieved by improved TRBP (trans-activator RNA-

binding protein) interactions with RNAs (11). In addition, their 

investigation also revealed that enoxacin's higher miRNA 

biogenesis effect is attributable to its distinct structure and not 

just the general activity of FQs when compared to 10 other FQ 

members. The entire proof concept that enoxacin's TRBP-

mediated increased microRNA biogenesis selectivity is 

restricted to cancer cells was later proven by two independent 

investigations conducted on around 18 cell lines (42). 

According to a recent study, enoxacin alters miRNAs that target 

the splicing machinery in addition to binding to TRBP, which 

restores the activity of the tumour suppressor p53 in MDMX 

overexpressing melanoma cells (43). 

Other cytotoxic effects of FQs mediated by another 

mechanisms:  

The subjected FQ affected ESFT cells in various ways. It 

effectively inhibited the growth of ESFT cells derived from 

primary tumors, but only those that were CD133-positive. 

Interestingly, the inhibition occurred only in cells cultured in 

spheres but not in those cultured in a monolayer. It also 

inhibited the formation of ESFT cell spheres, which could be 

considered as the inhibition of self-renewal. Interestingly, 

enoxacin did not affect A673 ESFT cells or primary human 

pediatric mesenchymal stem cells and had little effect on TC252 

ESFT (33). Interestingly, Enoxacin showed an inhibitory nature 

towards cytochrome P450. It strongly inhibited the formation of 

1,3-dimethyluric acid in freshly isolated rat hepatocytes but did 

not cause significant changes in rat liver microsomes. The 

elevated levels of ER stress markers such as ATF6, CHOP, 

GRP78 and IRE1 were observed in PC-3 cells after enoxacin 

treatment (44). It was proven enoxacin induced the inhibition 

between vacuolar H+-ATPase (V-ATPase) and microfilaments. 

The affected subunits of V-ATPase were B2 subunit and a3 

subunit. The proper function of V-ATPase is essential for 

osteoclast bone resorption (45). Increased expression of V-

ATPase was found in a wide range of cancer cell lines, while V-

ATPase inhibitors decreased cancer cell invasiveness (46). 

However, knockout of the V-ATPase a2 isoform increased the 

invasiveness of breast cancer in a mouse model (47). Another 

mechanism of osteoclastogenesis inhibition by enoxacin was 

identified as c-Jun N-terminal kinase (JNK) signaling 

suppression. Interestingly, overexpression of JNK has been 

observed in various cancers, and introducing JNK inhibitors 

resulted in anticancer effects (48) (Fig. 3). 

Figure 3: A summary of anticancer mechanisms mediated by FQs 

and its derivatives. 

 

3. Adverse effects of FQs: 

With rare exceptions, FQ medications don't often have 

substantial adverse effects compared to their positive traits. 

They have a minor toxic effect at therapeutic levels and are only 

known to cause GIT problems such as nausea, diarrhea and 

vomiting (49). It comprises liver toxicity, tendon articular 
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toxicity, cardiovascular toxicity, and CNS toxicity (50). FQs are 

associated with a two- to fourfold increased risk of acute 

tendinopathy and tendon rupture (51). The incidence of this 

adverse effect may be up to 2% in patients aged 65 years and 

above, compared with a background tendon rupture rate of 

approximately 0.9% in the general population (52, 53). 

The onset of tendinopathy is highest within the first month after 

drug exposure (51). The Achilles tendon is most commonly 

affected, with severe and sudden onset pain being a 

characteristic clinical presentation. While optimal management 

of FQ-associated tendon disorders is unclear, prompt drug 

discontinuation is recommended alongside supportive measures 

such as analgesia and physiotherapy. The majority of patients 

(90%) are managed non-operatively with recovery taking a 

median of one month. 

The absolute risk of torsades de pointes with FQ use is low, 

equating to 160 additional serious arrhythmias per 1,000,000 

antibiotic courses. However, the risk can be increased by 

hypokalemia, hypomagnesaemia and drugs that prolong the 

QTc interval on the ECG (54). There is a particular risk 

associated with moxifloxacin. This drug probably has twice the 

risk of arrhythmia compared to ciprofloxacin and levofloxacin 

(55). QTc prolongation occurs due to blockade of cardiac 

delayed rectifier potassium channels. This leads to prolongation 

of the action potential (56). 

Moreover, a limited number of observational studies suggest 

that FQs increase the risk of seizures and peripheral neuropathy, 

manifesting as numbness or pain, by up to 1.5-fold (57, 

58). However, the occurrence of neuropathy in FQ-exposed 

patients is still rare, with an absolute risk increase in a large 

database study of just 0.02% per year among all patients, and 

0.04% per year in those aged 60 years or above (57). 

Moreover, FQs have an impact on a number of physiologically 

significant cell differentiation processes such as bone 

mineralization, spermatogenesis and brain development, as well 

as oxidative stress, photosensitization and altered calcium 

handling (Fig. 4) (59). 

 

Contraindications of FQs: 

Individuals who have pre-existing CNS lesions, CNS 

inflammation, epilepsy, or patients who have had an accidental 

stroke should not use FQs. FQs are generally safe to use during 

pregnancy; use in the early first trimester showed no risk of 

abnormalities (60, 61). It is advised to avoid using FQs in 

conjunction with non-steroidal anti-inflammatory medicines 

drugs. Due to the likelihood of severe responses, individuals 

who receive FQs and have a history of CNS problems must be 

closely watched. Since FQ medications build up in the body, 

they should be precisely given to individuals with compromised 

renal and hepatic functions. FQs use is linked to an extension of 

QT interval that is coupled with heart rate on ventricular 

repolarization, which can result in a life-threatening cardiac 

arrhythmia (62). 

Conclusion 

Despite the fact that FQs have demonstrated to be good 

antibacterial agents, their potential application as anticancer 

agents appear to be encouraged due to their non-genotoxic 

properties and excellent absorption when compared to the 

present therapeutic medications for cancer treatment. The 

scientific study of FQs may provide light on their structural 

basis for topoisomerase enzyme selectivity as well as their 

capacity to induce morphological changes, cell cycle arrest, 

growth inhibition, a decrease in invasiveness and apoptosis in 

cancer. Another anticancer mechanism of FQs was the 

suppression of CYP, JNK signaling pathway and binding with 

V-ATPase subunits. 
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