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Abstract: Ciprofloxacin, a widely used second-generation fluoroquinolone for treating
bacterial infections, has recently shown notable anticancer properties. This review explores
progress in developing ciprofloxacin derivatives with anticancer properties, emphasizing
key structural changes that improve their therapeutic effectiveness by modifying the
basic group at position 7, the carboxylic acid group at position 3, or both. It further
investigates the mechanisms by which these derivatives fight cancer, such as inducing
apoptosis, arresting the cell cycle, inhibiting topoisomerase I and II, preventing tubulin
polymerization, suppressing interleukin 6, blocking thymidine phosphorylase, inhibiting
multidrug resistance proteins, and hindering angiogenesis. Additionally, it outlines their
future directions, such as enhancing their efficacy, selectivity, and investigating potential
synergy with other chemotherapeutic agents, offering a promising avenue for developing
new therapies for cancer.

Keywords: ciprofloxacin; anticancer; topoisomerases I and II inhibitors; apoptosis inducers;
cell cycle arrest

1. Introduction

Ciprofloxacin, a well-established fluoroquinolone antibiotic, plays a key role in treat-
ing numerous bacterial infections, including urinary tract infections, sexually transmitted
diseases, typhoid fever, joint infections, gastrointestinal infections, prostatitis, lower respira-
tory tract infections, and salmonellosis, due to its potent activity against a broad spectrum
of Gram-negative and Gram-positive bacteria [1-4]. Ciprofloxacin exerts its antibacterial
effect mainly by inhibiting bacterial DNA gyrase and topoisomerase IV, which are crucial
enzymes for DNA replication and transcription [5,6]. DNA topoisomerases are essen-

Pharmaceuticals 2025, 18, 72

https:/ /doi.org/10.3390/ph18010072


https://doi.org/10.3390/ph18010072
https://doi.org/10.3390/ph18010072
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceuticals
https://www.mdpi.com
https://orcid.org/0009-0006-4969-0251
https://orcid.org/0000-0003-4845-3191
https://orcid.org/0000-0002-8649-7534
https://doi.org/10.3390/ph18010072
https://www.mdpi.com/article/10.3390/ph18010072?type=check_update&version=1

Pharmaceuticals 2025, 18, 72

2 0f 23

tial enzymes that control the topology of DNA, especially during key processes such as
replication, transcription, and chromosome segregation [7-9].

In vitro studies have demonstrated that ciprofloxacin can inhibit the proliferation of
various cancer cell lines, including colon carcinoma lines (CC-531, SW-403, and HT-29) [10],
transitional cell carcinoma lines (MBT-2 and T24), human lymphoid lines (Jurkat) [11],
non-small-cell lung cancer lines (NCI-H460 and A549) [12], the hormone-resistant prostate
cancer (HRPC) cell line (PC-3) [13], the ovarian cancer line (CHO AAS8) [14], the bladder
cancer line (HTB9), and the murine glioma line (GL26) [15]. Also, ciprofloxacin induces
G2 phase arrest and apoptosis, highlighting its anticancer potential in various cancer cell
lines [16-18]. In addition to its antiproliferative properties, ciprofloxacin’s well-established
safety profile and pharmacokinetics have sparked significant interest among researchers
for its potential repositioning from an antibacterial drug to an anticancer agent [19,20]. Fur-
thermore, ciprofloxacin derivatives are regarded as promising anticancer agents targeting
DNA topoisomerases [21,22]. Chemical modifications of ciprofloxacin could enhance its
selectivity and potency in targeting topoisomerase I and II in cancer cells, offering a novel
approach to disrupting cancer cell proliferation and survival [23]. As anticancer agents,
ciprofloxacin derivatives may stabilize the cleavable complex between topoisomerase and
DNA, thereby blocking the rejoining of DNA strands, resulting in DNA damage, triggering
apoptosis, and ultimately leading to cancer cell death (Figure 1) [24-26].
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Figure 1. The schematic diagram depicts the anticancer mechanisms of ciprofloxacin derivatives,
highlighting their role in inhibiting topoisomerases I and II within cancer cells, resulting in DNA
damage, triggering apoptosis, and ultimately leading to the death of cells.

This review provides a detailed overview of the recent advancements in developing
ciprofloxacin derivatives with anticancer properties. It examines the potential mechanisms
of anticancer activity for these derivatives. It discusses future directions to improve their
efficacy and selectivity against cancer cells, aiming to inspire new anticancer therapies with
reduced side effects.

2. Ciprofloxacin Physicochemical Properties

Ciprofloxacin, a second-generation fluoroquinolone antibiotic, possesses unique
physicochemical properties contributing to its broad-spectrum antibacterial activity and
efficacy in treating infections. It is a white, bitter-tasting compound with a melting point
of 313-315 °C, requiring storage at 4 °C in the dark to prevent photodegradation. It has
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moderate water solubility influenced by pH, its solubility increases in acidic or basic envi-
ronments due to its amphoteric nature. Ciprofloxacin is freely soluble in acetic acid but only
slightly soluble in water, methanol, ethanol, or acetone. Its lipophilicity, measured by the
partition coefficient (log P), aids in effective bacterial cell membrane penetration, while its
stability over a range of pH levels supports its pharmacokinetic properties. The dissociation
constants (pKaj = 6.09 and pKa; = 8.62) and an isoelectric point (pl = 7.14) reflect its two
ionizable functional groups. The stronger acidity of the carboxylic group corresponds
to pKaj, and the dissociation of a proton from the piperazine N-4 group corresponds to
pKa;,. At physiological pH, significant dissociation of both groups leads to the formation of
zwitterionic species, enhancing its pharmacological effectiveness [27,28].

3. Essential Structure Modifications for Improving the Antiproliferative
Activity of Ciprofloxacin

Numerous studies have been conducted to identify the structural modifications re-
quired to shift ciprofloxacin activity from an antibacterial to an anticancer agent [29]. This
can be achieved by reducing the zwitterionic nature of ciprofloxacin by altering the basic
group at position 7, the carboxylic acid group at position 3, or both [26,30]. The nitrogen at
position 1 of the quinolone ring is essential for its activity, and replacing the cyclopropyl
group with an ethyl group has been shown to reduce anticancer potency [31]. The sub-
stituent at position 3 must remain in the same plane as the main quinolone structure, and
having a hydrogen atom at position 2 is optimal for activity [21]. Similar to antibacterial
activity, the carbonyl group at position 4 is essential for anticancer activity in some stud-
ies [3]. The introduction of an amino group at position 5 was reported to enhance the
anticancer activity [3]. Fluorine atom at position 6 improves activity against mammalian
topoisomerases [21]. The substituent on the N-4 position of the piperazine ring is essential,
as it directly affects interactions with DNA topoisomerases, increases selectivity for mam-
malian enzymes, and markedly enhances anticancer activity [32]. The structure—activity
relationship (SAR) for the anticancer activity of ciprofloxacin is summarized in (Figure 2).
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Figure 2. Illustrates the essential structural modifications of the ciprofloxacin core and their impact
on anticancer activity and physicochemical properties, achieved either by introducing a substituent
on the N-4 piperazine moiety, modifying the carboxylic acid group at position 3, or both.
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4. Ciprofloxacin Derivatives with Anticancer Activity

In this context, enhancing the anticancer activity of ciprofloxacin has been extensively
explored through structural modifications, specifically by the introduction of an aromatic
or heteroaromatic substituent on its N-4 piperazine moiety, modifying the carboxylic acid
group at C-3, or both [19,21].

4.1. N-4 Piperazine Modified Ciprofloxacin Derivatives

Altering the N-4-piperazine moiety of ciprofloxacin not only influences its physic-
ochemical properties but also substantially enhances its anti-proliferative activity and
improves the selectivity of ciprofloxacin derivatives for human topoisomerases [33]. As
a result, numerous ciprofloxacin derivatives have been synthesized, characterized, and
extensively studied for their antitumor potential. Mohammed and colleagues developed a
series of N-4 piperazinyl ciprofloxacin derivatives as potential anticancer agents. Among
these, compound 1 demonstrated notable activity against A549 non-small cell lung cancer
cells with an ICsg of 14.8 uM, whereas the original ciprofloxacin showed only weak activity
(IC50 > 100 uM). Although less potent than the reference drug doxorubicin (ICs5p of 1 pM),
ciprofloxacin derivative 1 selectively targeted cancer cells without harming normal WI-38
lung fibroblast cells. Its anticancer effect was linked to inducing G2/M cell cycle arrest by
upregulating p53 and p21 proteins, thereby inhibiting cancer cell proliferation [18] Further
studies on drug-resistant endometrial cancer cells revealed that compound 1 exerts its
anticancer effects through multiple mechanisms, including the inhibition of topoisomerase
I'and II, which are essential for DNA replication and cell division, thus hindering cancer cell
growth. It also enhanced the efficacy of the antimitotic drug paclitaxel (PTX) by promoting
tubulin polymerization, leading to G2/M phase cell cycle arrest and apoptosis via caspase-3
activation. Additionally, ciprofloxacin derivative 1 inhibited the MDR1 efflux pump, which
increases the intracellular concentration of PTX, aiding in overcoming drug resistance in
cancer cells [24,34]. Similarly, Swedan and colleagues reported that ciprofloxacin derivative
2 demonstrated notable anticancer activity with ICsg values of 3.88 uM and 9.35 uM against
T-24 bladder and PC-3 prostate cancer cell lines, respectively. Compared to the reference
drug doxorubicin, ciprofloxacin derivative 2 was 1.2 to 7.1-fold more potent. Its anticancer
mechanism involves inhibition of topoisomerase II, resulting in apoptosis through increased
caspase-3 levels and cell cycle arrest [35]. Fallica and colleagues reported that compound 3
demonstrated significantly enhanced anticancer activity compared to its parent compound,
ciprofloxacin, across multiple cancer cell lines. In DU145 prostate cancer cells, Compound
3 achieved an ICs) of 2.42 uM, substantially lower than ciprofloxacin’s 24.88 uM. A sim-
ilar trend was observed in PC3 cells, where compound 3 exhibited an ICsy of 3.02 uM,
far surpassing ciprofloxacin’s 33.90 pM. In MCF7 and MDA-MB231 breast cancer cells,
compound 3 again outperformed ciprofloxacin, with ICs values of 5.23 uM and 2.51 uM,
respectively, compared to 8.85 uM and 19.88 uM for ciprofloxacin. The superior potency
of compound 3 was attributed to its ability to inhibit topoisomerase II, thereby disrupting
DNA replication and inducing apoptosis [36]. Al-Taweel et al. explored the anticancer
properties of ciprofloxacin-1,2,3-triazole hybrids, Among the tested hybrids, ciprofloxacin
derivative 4 exhibited remarkable anticancer effects, with ICsy values of 1.2 uM for U-87
glioblastoma, 10.58 uM for MCF-7 breast cancer, and 29.4 uM for A549 lung cancer cells. In
comparison, the reference drug cisplatin showed higher ICsy values of 28.3 uM for U-87,
26.9 uM for MCF-7, and 30.4 uM for A549, making compound 4 more potent. Moreover,
compound 4 demonstrated significantly lower toxicity toward normal HDF cells, with an
ICs5¢ of 170.7 uM, reflecting an improved therapeutic profile [23].
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Shou and colleagues reported a series of new fluoroquinolone derivatives and evalu-
ated their anticancer activities. Among them, ciprofloxacin derivative 5 revealed potent
anticancer activity against HL-60 (leukemia), A549 (lung carcinoma), and HeLa (cervical
cancer) cell lines with ICsg values of 0.04 uM, 0.07 uM, and 0.03 uM, respectively, which
were comparable to the reference compound irinotecan (ICsp: 0.03-0.04 uM across the
same cell lines). The anticancer mechanism of compound 5 involved inhibition of DNA
topoisomerase I, as confirmed by docking studies, which revealed strong binding inter-
actions within the enzyme’s active site [37]. Mohammed and colleagues synthesized a
series of urea-linked ciprofloxacin—chalcone hybrids, among which compound 6 displayed
a remarkable antiproliferative effect with ICs values of 2.01 uM for colon cancer HCT-116
cells and 0.64 pM for leukemia SR cells, outperforming camptothecin (IC5p = 17.36 uM and
3.32 uM, respectively). The anticancer mechanism of compound 6 involved dual inhibition
of topoisomerase I (56.72% inhibition) and topoisomerase IIf3 (60.06% inhibition), as well
as induction of apoptosis via activating caspases-3, -8, and -9, and promoting cytochrome
C release [38]. Abdel-Rahman and colleagues synthesized a series of Mannich bases of
ciprofloxacin, with compound 7 demonstrating broad-spectrum anticancer activity. It
exhibited Gls5( values ranging from 2.5 to 6.79 uM across multiple cancer cell lines, showing
notable selectivity for renal and prostate cancers with selectivity ratios of 0.17 and 6.64,
respectively. The reference, doxorubicin, showed lower selectivity in these assays. The
anticancer mechanism of compound 7 was attributed to the induction of apoptosis, sup-
ported by caspase-3 overexpression, leading to effective inhibition of cell proliferation [39].
Abdel-Aziz et al. reported a series of ciprofloxacin-chalcone hybrids as potential anticancer
agents. Among these hybrids, compound 8 showed remarkable anticancer activity against
various cancer cell lines with Glsy values ranging from 0.21 to 57.6 M, demonstrating
the highest selectivity towards leukemia with a selectivity ratio of 6.71. The anticancer
mechanism of compound 8 involved the inhibition of both topoisomerase I and Il enzymes,
contributing to its potent antiproliferative effects [40]. Further studies on compound 8
showed remarkable anticancer activity against HepG2 (liver cancer) and MCF7 (breast
cancer) cell lines with ICsg values for HepG2 cells were 22 pg/mL and 5.6 ug/mL after 24
and 48 h, respectively, while for MCF7 cells, the values were 54 ug/mL and 11.5 pg/mL.
These values were lower compared to the reference drug doxorubicin, which showed ICsq
values of 67.5 pug/mL for HepG2 and 269.5 ug/mL for MCF?7 cells after 24 h. The anticancer
mechanism of ciprofloxacin derivative 8 involved G2/M cell cycle arrest, pre-G1 apoptosis,
upregulation of p53 and TNF-«, and downregulation of COX-2 [41].
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Demirci et al. evaluated the anticancer activity of a series of 1,3,4-thiadiazole-
ciprofloxacin hybrids. At a concentration of 10 uM, compound 9 decreased cell viability to
81% in A549 lung cancer cells, while in MRC5 and HEK293 cell lines, viability was reduced
to 63.2% and 66.8%, respectively. Compared to reference compounds like ciprofloxacin and
norfloxacin, compound 9 demonstrated moderate anticancer activity. The proposed mecha-
nism involved the inhibition of topoisomerase II, similar to other ciprofloxacin derivatives,
which disrupts cell replication and survival [42,43]. Alaaeldin et al. investigated the an-
ticancer activity of a novel ciprofloxacin derivative 10, which exhibited cytotoxic effects
against HepG2 and A549 cancer cells, with ICsq values of 22.09 pg/mL and 27.71 pug/mL,
respectively. Etoposide was used as the reference compound, showing higher ICs values
of 34.32 ug/mL and 48.32 ug/mL for the same cell lines. The anticancer action of com-
pound 10 was due to its dual inhibition of topoisomerase I and II, which caused DNA
damage, induced cell cycle arrest at the G2/M phase, and triggered both apoptotic and
necro-apoptotic pathways through the RIPK1/RIPK3/MLKL signaling cascade [25]. Mo-
hammed et al. developed a series of ciprofloxacin—chalcone hybrids linked by 1,2,3-triazole.
Among these, compound 11 displayed significant cytotoxic activity against colon cancer
cell lines, with ICsg values of 2.53 uM in HCT116 cells, 13.24 uM in HT-29 cells, and 7.14 uM
in Caco-2 cells. These values were compared to doxorubicin, which showed ICs( values
of 1.22 uM, 0.88 uM, and 4.15 uM, respectively. Chalcone derivative 11 exhibited its anti-
cancer effects by inhibiting topoisomerases I and II and disrupting tubulin polymerization.
This action caused DNA damage and induced cell cycle arrest at the G2/M phase, even-
tually leading to apoptosis [22]. Fawzy et al. studied the anticancer activity of a novel
ciprofloxacin derivative 12 on ovarian cancer (OVCAR-3) and lung cancer (A549) cell lines.
Compound 12 exhibited ICsy values of 21.62 uM for OVCAR-3 and 32.98 uM for A549 cells,
compared to the reference compound doxorubicin, which had ICsj values of 4.88 uM and
3.94 uM, respectively. Ciprofloxacin derivative 12 exhibits anticancer activity by inducing
apoptosis and causing cell cycle arrest in the S-phase. It modulates the MAPK/ERK and
p53/Bax/Bcl2 pathways, which together lead to decreased cell proliferation and enhanced

programmed cell death [44].
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Struga and colleagues synthesized a series of N-4 substituted ciprofloxacin derivatives
with promising antitumor potential. Among them, compound 13 demonstrated strong
anticancer activity against PC3 prostate cancer cells, with an ICzy of 2.02 uM, making
it 6.5 times more effective than cisplatin (ICsy of 13.1 uM). Additionally, the compound
demonstrated reduced cytotoxicity toward normal HaCaT cells, with an ICsq of 35.07 uM. Its
anticancer mechanism included triggering apoptosis and necrosis by elevating intracellular
reactive oxygen species (ROS) levels and decreasing IL-6 in tumor cells [45]. Azéma
and colleagues developed a series of ciprofloxacin derivatives with potential anticancer
properties. Among them, compound 14 demonstrated notable anticancer effects, with ICs
values between 4 uM and 30 uM across various human cancer cell lines, including prostate
(PC-3), non-small-cell lung cancer (A549), glioblastoma (U373-MG), colorectal (LoVo),
and breast (MCEF-7) cells. In contrast, the ICs5, values of ciprofloxacin were much higher,
generally exceeding 100 uM in these tests. The anticancer mechanism of compound 14 was
linked to DNA topoisomerase II inhibition, resulting in apoptotic cell death [46]. Szostek
and colleagues investigated the anticancer activity of menthol and thymol derivatives of
ciprofloxacin. Menthol derivative 15 displayed effective anticancer activity across various
cancer cell lines with ICs values of 36.8 uM for HepG2, 27.1 uM for HCT-116, 30.3 uM for
SW480, and 38.6 uM for SW620. These ICs, values indicate moderate potency relative to
the reference drug doxorubicin, which exhibited ICsy values between 0.26 and 0.75 uM
across the same cell lines. Unlike compound 15, doxorubicin showed significantly higher
cytotoxicity toward normal cells (HaCaT) [47]. Dileep and colleagues presented a series
of N-4 piperazinyl tetrazole-ciprofloxacin hybrids. Among these hybrids, ciprofloxacin
derivative 16 demonstrated significant anticancer activity, achieving Glsy values of 0.08 uM
against the SiHa cell line, 0.22 uM against the MDA-MB-231 cell line, and 0.07 uM against
the PANC-1 cell line. In comparison, the reference drug tamoxifen showed higher Glsg
values of 0.12, 0.24, and 0.15 uM for the same cell lines, respectively [48].
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Farooqi and colleagues synthesized a series of aroylthiourea derivatives of ciprofloxacin
as anticancer agents. Ciprofloxacin derivative 17 exhibited an ICsj value of 7.1 uM against
the Huh-7 human hepatocellular carcinoma cell line. Compared to the reference drug
ciprofloxacin, compound 17 showed more effective DNA binding and anticancer activ-
ity [49]. Piplani and colleagues synthesized a series of N-Mannich-based prodrugs of
ciprofloxacin as potential anticancer agents. Among these prodrugs, compound 18 exhib-
ited notable anticancer activity with a Glsy value of 28.8 uM against the A-549 human
lung cancer cell line. In contrast, the reference drug Adriamycin showed considerably
higher activity, with a GI5p value of less than 10 pM. The anticancer effect of compound
18 was linked to its increased lipophilicity, which facilitated greater penetration through
cellular membranes, resulting in more effective inhibition of cancer cell growth compared
to the parent drug [50]. Shahzad and colleagues evaluated the anticancer activity of a
series of N-4 substituted ciprofloxacin derivatives as thymidine phosphorylase inhibitors.
Among these derivatives, compound 19 has an ICs( value of 39.71 uM against thymidine
phosphorylase. In comparison, the reference drug, 7-deazaxanthine, exhibited an ICsg of
37.82 uM. The anticancer effect of the compound was attributed to its inhibition of thymi-
dine phosphorylase, an enzyme linked to tumor growth and angiogenesis [51]. Suresh and
colleagues reported that compound 20 exhibited significant anticancer activity, showing
comparable potency to the reference drug doxorubicin at a concentration of 50 uM across
three human cancer cell lines: CCRF-CEM, MDA-MB-468, and HCT-116. The ICs; values
for ciprofloxacin derivative 20 were not provided directly but it was effective in inhibiting
cell proliferation by 35-60%. In comparison, doxorubicin (used at 10 uM) demonstrated
similar activity. The anticancer mechanism of compound 20 was attributed to inhibition of
topoisomerase II [43,52]

O,N N O 18

19 O 20

Alj et al. reported the anticancer potential of a new ciprofloxacin—chalcone hybrid 21
with ICsq values of 5.0 uM and 1.3 uM against HCT-116 and LOX IMVI cancer cells, respec-
tively, outperforming the reference compound Staurosporine (ICsg: 8.4 uM and 1.6 pM).
The compound’s anticancer mechanism involved dual inhibition of topoisomerases I and II,
cell cycle arrest at the G2/M phase, and apoptosis induction through increased expression
of pro-apoptotic genes (Bax, Caspase 9) and decreased expression of the anti-apoptotic
gene (Bcl-2) [53]. Foroumadi and colleagues evaluated a series of N-substituted piperazinyl
ciprofloxacin derivatives as anticancer agents. Among these derivatives, compound 22 ex-
hibited ICs( values of 7.7 pM against SKMEL-3 (melanoma), 2.9 uM against MCF-7 (breast
carcinoma), 3.7 uM against A431 (epidermoid carcinoma), 3.9 uM against EJ (bladder carci-
noma), 4.3 uM against SW480 (colon carcinoma), and 17 uM against KB (cervical carcinoma)
cell lines. The reference drug etoposide had ICsy values ranging from 0.18 uM to 11.6 uM
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across the same cell lines. The anticancer mechanism of compound 22 was linked to the
inhibition of DNA topoisomerase II, disrupting DNA replication and cell division [33].
Kassab et al. synthesized and evaluated a series of novel ciprofloxacin hybrids as potential
cancer therapy. Among these hybrids, ciprofloxacin 23 exhibited strong anticancer activity,
with ICs values of 0.72 pM against the UO-31 renal cancer cell line, 0.75 uM against the
IGROV1 ovarian cancer cell line, and 1.2 uM against the NCI-H226 non-small cell lung
cancer line. These values show that compound 23 is 4.9 to 5.8 times more potent than the
reference drug doxorubicin (ICsy values of 4.36 to 8.91 uM across these cell lines). The
anticancer mechanism of compound 23 involved inhibition of topoisomerase II (ICsy of
0.86 uM) and induction of apoptosis via activation of caspase-3 [54]. In a study by Aziz
et al., a series of thiazolidine-2,4-dione derivatives of ciprofloxacin were synthesized and
evaluated as antiproliferative agents. Among the tested ciprofloxacin derivatives, com-
pound 24 exhibited significant anticancer activity against the human melanoma LOX IMVI
cancer cell line with an ICsy value of 25.4 uM, compared to the reference drugs doxorubicin
and cisplatin, which had ICsy values of 7.03 and 5.07 uM, respectively. Mechanistically,
ciprofloxacin derivative 24 inhibited both topoisomerase I and II enzymes with ICs, values
of 4.77 uM and 15.00 puM, respectively. It also induced S-phase cell cycle arrest and triggered
apoptosis, as evidenced by increased caspase-3 levels, enhanced Bax protein expression,
and a reduction in PARP-1 activity [55].
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4.2. C-3-Modified Ciprofloxacin Derivatives

It has been observed that altering the carboxylic group of ciprofloxacin substantially
improves its antiproliferative properties [56]. Regarding modifications at the C-3 position,
the carboxylic acid group is crucial for the antibacterial activity of ciprofloxacin, primarily
due to its role in DNA gyrase binding [9]. However, specific studies directly linking C-3
carboxylic acid modifications to changes in ROS levels are limited. The generation of ROS
by fluoroquinolones, including ciprofloxacin, has been documented as a contributing factor
to their antibacterial activity, and phototoxic effects. Also, these ROS can attack lipid mem-
branes and cause DNA damage that results in tumor development. In this context, certain
structural modifications have been explored to mitigate ROS-related toxicity. For example,
incorporating phenyl thiourea moieties, known to react with ROS, has been investigated to
alleviate phototoxic effects [57]. Ahadi et al. synthesized a series of ciprofloxacin-derived
1,3,4-thiadiazoles as anticancer agents. Among the tested compounds, thiadiazole deriva-
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tive 25 demonstrated strong anticancer activity with ICsq values of 3.26 uM against MCF-7,
10.53 uM against A549, and 5.08 uM against SKOV-3 cancer cells, which is comparable to
the reference drug doxorubicin, whose ICsy ranged from 2.25 to 3.48 uM across the same
cell lines. The anticancer mechanism of compound 25 was primarily attributed to its ability
to induce apoptosis and cause cell cycle arrest in the sub-G1 phase [58]. Shi et al. reported
that the piperonal ciprofloxacin hydrazone 26 exhibited remarkable anticancer activity with
ICsp values of 2.96 uM for SMMC-7721 hepatocarcinoma cells, 3.71 uM for MCF-7 breast
cancer cells, and 3.69 uM for HCT-8 colon cancer cells. These values demonstrate signif-
icantly higher potency than ciprofloxacin, which had an ICsy of 6.86 pM in SMMC-7721
cells. The anticancer mechanism of Ciprofloxacin derivative 26 included the inhibition of
topoisomerase II along with the induction of apoptosis [59].
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4.3. N-4 Piperazine- and C-3-Modified Ciprofloxacin Derivatives

Samir et al. synthesized a series of 3,7-bis-benzylidenes of ciprofloxacin as potential
topoisomerases I and II inhibitors. Among these compounds, ciprofloxacin derivative 27
demonstrated significant anticancer activity with ICsg values of 1.21 uM for the leukemia
HL-60 (TB) cell line, 0.87 uM for the colon cancer HCT-116 cell line, and 1.21 uM for
the breast cancer MCF7 cell line. These ICsg values were comparable to the reference
drug doxorubicin, which had ICsj values of 1.26 uM, 1.79 uM, and 0.63 uM, respectively,
against the same cancer cell lines. The anticancer mechanism of compound 27 involved
dual inhibition of topoisomerases I and 1IB, with a % inhibition of 53.78% and 66.94%,
respectively [60]. Hydroxamic acid, used to mimic the C3 carboxylic acid group, was
introduced into ciprofloxacin. The resulting compounds were tested against four human
cancer cell lines and demonstrated activity comparable to the SAHA reference drug. Among
them, compounds 28 and 29 exhibited the strongest anticancer effects, with compound 28
being the most effective against pancreatic carcinoma PANC1 and lung adenocarcinoma
A549. In contrast, compound 29 showed the highest potency against colon carcinoma
HCT-116 and cervical adenocarcinoma HelLa [21]. Several studies have been conducted on
ciprofloxacin derivatives designed as C3 bis-oxadiazole methyl sulfides. These derivatives
were evaluated for their antitumor activity against human leukemia HL60, murine leukemia
L1210, and Chinese hamster ovary (CHO). This modification significantly enhanced the
anticancer activity, shifting them towards strong anticancer activity, resulting in compounds
that were several times more potent than the original quinolones. Among the most active
was compound 30, which demonstrated Glsp values ranging from 1.1 to 2.8 uM. Likewise,
C3-modified ciprofloxacin analogs, including compound 31, exhibited notable antitumor
potential when tested against hepatoma Hep-3B, leukemia HL60, and pancreatic ductal
adenocarcinoma Capan-1 cell lines. Compound 31 demonstrated significantly greater
activity than the anticancer drug doxorubicin, with ICsj values ranging from 0.3 to 1.5 uM,
compared to doxorubicin’s range of 1.7 to 3.5 uM [21].
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4.4. Ciprofloxacin Dimers

Azéma et al. reported the synthesis of Dimers of C7/C7 linked ciprofloxacin and
evaluated them for their antitumor activity compared to their parent ciprofloxacin. Com-
pound 32 demonstrated potent anticancer activity across several cancer cell lines with
ICsp values ranging from 0.1 to 9 uM, significantly lower than the reference ciprofloxacin,
whose ICs) values ranged from 89 to 476 uM depending on the cell line. Compound 32
showed enhanced potency, being 32 to 890 times more effective than the parent drug. The
anticancer mechanism involves inhibiting DNA topoisomerases, leading to DNA damage
and apoptosis in cancer cells [21]. Similarly, Hu et al. reported the synthesis and anticancer
activity of C3/C3 linked ciprofloxacin derivatives via S-triazolo[2,1-b][1,3,4]thiadiazole
moiety were evaluated along with the parent triazole quinolone 33. Compound 33 showed
moderate anticancer activity, with an ICs of approximately 50 uM against L1210 murine
leukemia cells. At the same time, derivatives 34, 35, and 36 exhibited significantly higher
potency, with IC5 values of 0.20, 1.2, and 2.5 uM, respectively, against the same cell line.
These compounds demonstrated much stronger activity than ciprofloxacin, which had ICs
values greater than 150 uM. The anticancer mechanism is attributed to the inhibition of
topoisomerase II, leading to DNA damage and apoptosis in cancer cells [61].

o O o O
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4.5. Ciprofloxacin Metal Complexes with Anticancer Activities

Metal ion complexes are of interest in medicinal chemistry due to their potential for in-
hibiting cell growth and anticancer activity [62,63]. Quinolones, specifically, act by forming
ternary complexes with DNA and topoisomerases, facilitated by Mg?* ions [64]. Addition-
ally, metal ions are believed to contribute to topoisomerase poisoning by forming chelates
with quinolones via the C3 and C4 oxygen atoms [65,66]. Incorporating ciprofloxacin into
metal ion complexes has been shown to enhance their DNA binding, intercalation, and cy-
totoxic effects [67,68]. Studies have tested combinations of ciprofloxacin with 2,2-bipyridyl
derivatives, revealing strong cytotoxicity, DNA interaction, and superoxide radical scav-
enging. Among them, complexes 37 and 38 displayed the highest cytotoxic activity, with
LCs values of 6.2 uM and 6.0 uM, respectively [69]. Ciprofloxacin Cu(II) complexes with
bidentate ligands displayed significant cytotoxicity, with compound 39 being the most
potent. This complex demonstrated the ability to intercalate with DNA and exhibited free
radical scavenging activity [70]. Copper (I) and (II) complexes with phosphine derivatives
of fluoroquinolones, including ciprofloxacin complex 40, were evaluated for their cytotoxic

activity. Ciprofloxacin complex 40 was the most potent, with ICsy values ranging from
2.5 t0 5.9 uM when tested on human A549 and murine colon carcinoma CT26 cell lines.
This complex induced apoptosis, promoted reactive oxygen species formation, caused
single-strand breaks, and intercalated with DNA [71].

40

5. Potential Molecular Targets of Ciprofloxacin and Its Derivatives as
Antiproliferative Agents

5.1. Inhibitors of Topoisomerases 1/1I Enzymes

DNA topoisomerases are enzymes that manage DNA supercoiling during replication
and transcription [72-74]. These enzymes function by creating single-strand breaks (type I)
or double-strand breaks (type II) in DNA, followed by the rejoining of these breaks after
allowing other DNA strands to pass through them [21]. In contrast, bacteria possess a
unique topoisomerase called DNA gyrase, which introduces negative supercoils into DNA,
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a process crucial for DNA replication and compaction [75]. The structural and functional
differences between human and bacterial topoisomerases have been exploited in medicine.
Antibiotics like fluoroquinolones specifically target bacterial DNA gyrase, inhibiting bacte-
rial replication without affecting human topoisomerases [76,77]. This selective inhibition
is possible due to the distinct structural features of bacterial enzymes compared to their
human counterparts [78]. Inhibiting prokaryotic DNA topoisomerases leads to antimicro-
bial effects while targeting their mammalian equivalents can serve as an effective approach
for cancer treatment [21]. Due to structural and functional differences between human
and bacterial topoisomerases, many studies investigated the possibility of repurposing
ciprofloxacin from an antibacterial to an antitumor agent [79,80]. Recent studies highlight
the role of fluoroquinolones as antiproliferative agents, with ciprofloxacin shown to inhibit
topoisomerase Il in mammalian cells [40,72]. SAR studies of ciprofloxacin indicate that mod-
ifying the N-4 position of its piperazine ring is crucial, as it directly influences interactions
with DNA topoisomerases, enhances selectivity for mammalian enzymes, and significantly
boosts anticancer activity [81-83]. Several ciprofloxacin derivatives with antiproliferative
effects have been identified, targeting topoisomerase I/1l enzymes (Figure 3A) [54,84].
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Figure 3. Illustration of potential molecular targets through which ciprofloxacin derivatives exert
anticancer effects: (A) inhibiting topoisomerase I and II; (B) arresting the cell cycle; (C) inducing apop-
tosis; (D) blocking interleukin 6; (E) preventing tubulin polymerization; (F) impeding angiogenesis,
and (G) inhibiting multidrug resistance proteins.
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5.2. Inducers of Cell Cycle Arrest

Cell growth and survival are controlled by cell cycle mechanisms, and recent studies
have identified cancer as a disease of the cell cycle, marked by uncontrolled proliferation
of tumor cells [85-87]. Ciprofloxacin has shown the ability to induce S/G2-phase arrest in
prostate cancer cells and is recognized as the first fluoroquinolone to target the cyclin-CDK
complex by reducing cyclins B/E and CDK?2 levels in bladder cancer cells [88,89]. The
tumor suppressor protein p53 is vital for arresting the cell cycle and induction of apoptosis
in response to DNA damage, halting the cell cycle at the G2/M phase by activating target
genes like p21 or directly inhibiting cyclins and CDKs [90,91]. Ciprofloxacin derivatives
have also been found to induce p53/p21-mediated G2/M arrest in non-small cell lung
cancer A549 cells (Figure 3B) [18].

5.3. Inducers of Apoptosis and Necro Apoptosis

Apoptosis, or programmed cell death, is a controlled process essential for eliminating
cells, and its deficiency is often associated with cancer progression and chemotherapy resis-
tance [92,93]. Key regulators of apoptosis, such as death receptors, Bcl-2 family proteins, cas-
pases, and p53, are promising targets for chemotherapy [94]. Quite recently, ciprofloxacin
and its derivatives were found to induce apoptosis by inhibiting topoisomerases I and II,
causing DNA damage, increasing pro-apoptotic Bax, reducing anti-apoptotic Bcl2, and
activating caspases [44,95]. Additionally, some ciprofloxacin derivatives can induce necro-
apoptosis by activating the RIPK1/RIPK3/MLKL pathway (Figure 3C) [25].

5.4. Inhibitors of Interleukin-6 (IL-6) and IL-8

Interleukin-6 (IL-6) and interleukin-8 (IL-8) are pro-inflammatory cytokines crucial to
cancer progression, promoting tumor growth, survival, and angiogenesis [96]. IL-6 activates
the JAK/STAT3 pathway, supporting cell survival and resistance to apoptosis, while IL-8
aids tumor invasion, and metastasis [97-100]. Targeting these cytokines can inhibit tumor
growth and improve chemotherapy outcomes [101,102]. Chrzanowska and colleagues
developed ciprofloxacin-fatty acid conjugates that notably decreased IL-6 secretion in
cancer cells, potentially inhibiting tumor progression and inflammation-associated cancer
development (Figure 3D) [16].

5.5. Tubulin Polymerization Inhibitors

Tubulin polymerization, essential for cell division, forms the mitotic spindle that sepa-
rates chromosomes during mitosis [103]. Cancer cells, due to their rapid division, depend
heavily on this process, making it a key anticancer target [104]. Disrupting microtubule
dynamics inhibits cancer cell proliferation by blocking spindle formation, leading to cell
cycle arrest and apoptosis [105,106]. Mohammed et al. synthesized ciprofloxacin—chalcone
hybrids that inhibit tubulin polymerization in HCT 116 colon cancer cells, inducing G2/M
phase arrest and leading to apoptosis (Figure 3E) [22].

5.6. Thymidine Phosphorylase Inhibitors (Anti-Angiogenic Agents)

Thymidine phosphorylase (TP), also known as platelet-derived endothelial cell growth
factor (PD-ECGF), plays a role in pyrimidine metabolism and has become a potential
target in cancer therapy [107]. Commonly overexpressed in tumors, TP promotes cancer
progression by stimulating angiogenesis, supplying tumors with essential oxygen and
nutrients for growth and metastasis [108]. Additionally, TP contributes to chemotherapy
resistance by altering the tumor microenvironment [109]. Inhibiting TP aims to reduce its
pro-angiogenic effects, restrict tumor growth, and enhance anticancer treatments [110,111].
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Shahzad and colleagues designed ciprofloxacin derivatives as anti-angiogenic agents,
identifying nine compounds with notable TP inhibitory activity (Figure 3F) [51].

5.7. Inhibitor of Multidrug Resistance Protein 1 (MDR1)

The MDR1 efflux pump, or P-glycoprotein, often overexpressed in drug-resistant can-
cer cells, poses a significant challenge in cancer treatment by actively expelling chemother-
apeutic drugs, reducing their intracellular concentrations and effectiveness [112]. This
allows resistant cancer cells to survive, leading to poor therapeutic outcomes and recur-
rence [113]. Inhibiting MDR1 is a vital approach to overcoming drug resistance, as it allows
therapeutic drugs to accumulate in tumor cells, enhancing their cytotoxicity [114]. A study
by Alhag-Soluman and colleagues showed that a new ciprofloxacin derivative inhibited
MDR1, increasing paclitaxel accumulation in drug-resistant endometrial cancer cells and
boosting its efficacy (Figure 3G) [24].

5.8. Adjuvant Chemotherapy

Combination therapy, a strategy used in cancer treatment, enhances tumor cell death
by targeting multiple pathways and reducing resistance risk [115]. Studies show that
using ciprofloxacin with other anticancer drugs can boost treatment outcomes. For in-
stance, pre-treatment with ciprofloxacin made resistant prostate cancer cells more sus-
ceptible to apoptosis when combined with etoposide [13]. Additionally, ciprofloxacin
showed a synergistic effect with retinoic acid and Tamoxifen in hepatoma cells [10]. In vitro
studies using a mouse model of human endometrial cancer demonstrated that a specific
ciprofloxacin derivative, known as CIP2b, strengthened the effects of the antimitotic drug
paclitaxel [24,34].

6. Future Directions of Ciprofloxacin Derivatives as Anticancer Agents

Ciprofloxacin, widely recognized as a broad-spectrum antibiotic, has recently gained
attention for its potential applications as an anticancer agent. The rationale for exploring
ciprofloxacin and its derivatives in oncology stems from their ability to inhibit topoiso-
merases | and II, induce DNA damage, and trigger apoptosis in a wide range of cancer cells.
These mechanisms, vital for cancer cell proliferation and survival, offer promising avenues
for future research and therapeutic development. Below are several potential directions
and challenges in advancing ciprofloxacin derivatives for clinical applications.

6.1. Development of Targeted Derivatives

Ciprofloxacin, a fluoroquinolone antibiotic, can cause side effects such as nausea,
diarrhea, tendon problems, nerve damage, central nervous system side effects, liver damage,
skin sensitivity to ultraviolet light, heart thythm problems, and seizures [31]. To reduce
these side effects in anticancer applications, ongoing research aims to develop ciprofloxacin
derivatives with greater selectivity and efficacy against cancer cells, involving chemical
modifications to enhance binding affinity to cancer-specific targets. For instance, some
ciprofloxacin derivatives can selectively inhibit mitochondrial DNA synthesis in cancer
cells, minimizing off-target effects on healthy tissues. Further investigation into structure—
activity relationships (SARs) will be crucial to optimize these compounds for targeting
specific cancers.

6.2. Utilizing Nanotechnology-Based Drug Delivery Systems

Nanoparticle-based systems present a promising solution, as ciprofloxacin derivatives
can be encapsulated in liposomes, polymeric nanoparticles, or other nanocarriers equipped
with targeting ligands like antibodies or peptides. This strategy can increase bioavailability,
reduce systemic toxicity, and improve tumor penetration. Further research on conjugating
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ciprofloxacin derivatives with nanotechnology platforms, such as dendrimers or micelles,
could greatly enhance their therapeutic potential. Naguib and colleagues developed a
combination therapy using CIP2b-loaded PEGylated polymeric nanoparticles (CIP2b-NPs)
and PTX to treat type-II endometrial cancer with p53 loss. CIP2b-NPs synergistically
enhanced PTX’s antitumor effects while demonstrating a favorable safety profile in vitro,
with no toxicity observed. Intravenous delivery of CIP2b-NPs significantly improved tumor
accumulation of CIP2b, boosting PTX's efficacy at the tumor site. This approach slowed
tumor progression and may reduce PTX-related side effects by enabling lower doses [34].

6.3. Synergistic Combinations with Other Chemotherapeutic Agents

Another promising strategy involves combining ciprofloxacin derivatives with existing
chemotherapeutic agents to harness potential synergistic effects while reducing possible
side effects. For instance, pairing ciprofloxacin with DNA-damaging agents like cisplatin
or with inhibitors of specific cancer signaling pathways may boost efficacy while lowering
the required doses of each drug. The ability of ciprofloxacin derivatives to modulate
topoisomerase II, which is traditionally targeted by chemotherapeutic agents, offers an
avenue to enhance the effectiveness of these treatments, especially in drug-resistant cancers.
Alhaj-Suliman and colleagues investigated the combined use of the ciprofloxacin derivative
CIP2b and paclitaxel (PTX) to combat resistance in type-II endometrial cancer associated
with p53 mutations and MDR1 overexpression. In vitro studies demonstrated that the
PTX + CIP2b combination significantly enhanced PTX accumulation in tumors, resulting in
reduced tumor growth. Histological and immunohistochemical analyses confirmed the
improved cytotoxic effects, while complete blood count and biochemistry tests showed no
evidence of off-target toxicity. These results emphasize the potential of CIP2b and PTX as
a safe and effective combination therapy for overcoming chemoresistance and enhancing
cancer treatment outcomes [24].

6.4. Personalized Medicine

The use of ciprofloxacin derivatives in personalized medicine offers a promising
step forward in oncology. These agents can be specifically designed to target molecular
pathways in cancer cells, such as inhibiting topoisomerases or selectively inducing oxidative
stress in tumor environments. By leveraging genetic or molecular biomarkers, clinicians
can predict individual patient responses and tailor treatments to enhance effectiveness
while minimizing side effects. Additionally, ciprofloxacin derivatives show potential in
combination therapies, where their use alongside other drugs can improve patient-specific
therapeutic outcomes. This targeted approach not only enhances treatment success but
also aligns with efforts to reduce toxicity and improve cancer patients” quality of life. With
further research and development, these derivatives could become integral to advancing
precision oncology.

6.5. Preclinical and Clinical Evaluation

Although in vitro studies and some in vitro models suggest promising anticancer
potential for ciprofloxacin derivatives, a significant gap remains in translating these effects
into clinical applications. Future research should prioritize thorough preclinical evalu-
ations, encompassing toxicity, pharmacokinetics, and pharmacodynamics, to determine
their feasibility for clinical trials. Furthermore, exploring the safety and efficacy of these
derivatives in combination with other drugs is essential to optimize therapeutic strategies.

6.6. Challenges to Overcome

The development of ciprofloxacin derivatives as anticancer agents faces several chal-
lenges that must be overcome to unlock their full therapeutic potential. A primary concern
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is the risk of resistance, as prolonged exposure to these derivatives may lead to resistance
mechanisms. To counter this, focused research is needed to understand, prevent, and coun-
teract these resistance pathways, ensuring long-term efficacy. Another major challenge is
the regulatory complexity involved in repurposing antibiotics for cancer treatment. Moving
ciprofloxacin derivatives from experimental studies to clinical use demands rigorous testing
to confirm both safety and effectiveness in oncology, a process that is both intricate and
resource intensive. Furthermore, these derivatives must undergo extensive clinical trials to
assess pharmacokinetics, optimize dosing, and minimize adverse effects for cancer patients.
Overcoming these challenges will require dedicated preclinical and clinical research, as
well as close collaboration with regulatory bodies to facilitate a smooth approval process.

7. Conclusions

In conclusion, transforming ciprofloxacin from an antibacterial agent into an antitumor
compound through chemical modification offers an exciting new direction in the develop-
ment of anticancer drugs. SAR studies have identified essential structural changes that
boost the anticancer efficacy of ciprofloxacin, such as altering the basic group at position 7,
the carboxylic acid group at position 3, or both. Structural modifications of ciprofloxacin
have led to the development of compounds with increased cytotoxic activity against vari-
ous cancer cell lines, demonstrating a promising ability to selectively target cancer cells
while maintaining minimal toxicity to normal cells. Mechanistically, these derivatives
combat cancer through various mechanisms such as inducing apoptosis, arresting the cell
cycle, inhibiting topoisomerase I and II, preventing tubulin polymerization, suppressing
interleukin 6, blocking thymidine phosphorylase, inhibiting multidrug resistance pro-
teins, and hindering angiogenesis. Although preclinical studies show the potential of
ciprofloxacin derivatives as anticancer agents, additional in vitro studies and pharmacoki-
netic assessments are needed to validate their ADME profiles relative to that of the parent
ciprofloxacin. Also, clinical trials are essential to fully evaluate the safety, efficacy, and
therapeutic potential of these derivatives. Moreover, challenges such as drug resistance
mechanisms and possible off-target effects warrant further investigation. As research
progresses, ciprofloxacin derivatives may emerge as valuable additions to the arsenal of
anticancer agents, bringing renewed hope in tackling resistant and aggressive cancers.
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