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An emerging strategy in the fight against antimicrobial resistance is the development of antibiotic hybrids. The term
“hybrid” suggests a two-component molecule with biological activity that retains the activity of the individual
components after hybridization, acting synergistically. For example, hybrid drugs that incorporate two active
compounds into a single molecule could be used to expand the biological activity and prevent the development of

bacterial resistance.

hybrids antibiotic hybrids structure—activity relationship fluoroquinolone hybrids

1. Antibiotic Hybrids as Tools against Antimicrobial
Resistance

Spizek and Havlicek (2015) summarized five strategies that could be used to fight the global phenomenon of
antibiotic resistance. The first is the development of vaccines that target resistant bacterial strains; secondly, the
discovery of new antibiotics (from conventional and less conventional sources); and thirdly, the discovery of new
genes that specify the biosynthesis of antibiotics. The fourth strategy is the use and possible adaptation of natural
compounds that have fallen out of interest in the present. The last proposed strategy is the discovery of new
antibiotic targets [Xl. The search for new compounds that possess either natural or synthetic antibiotic effects that
are aimed at either traditional or more recent targets still receives interest from scientists 3. Finally, an emerging
strategy in the fight against antimicrobial resistance is the development of antibiotic hybrids. Some authors define
antibiotic hybrids as “a synthetic construct of two or more pharmacophores belonging to an established agent

known to elicit a desired antimicrobial effect” (Domalaon et al., 2018) 4!,

The term “hybrid” suggests a two-component molecule with biological activity that retains the activity of the
individual components after hybridization, acting synergistically. For example, hybrid drugs that incorporate two
active compounds into a single molecule could be used to expand the biological activity and prevent the
development of bacterial resistance Bl. Molecular hybridization combines the pharmacophore groups of different
bioactive substances to produce a new hybrid molecule with complementary activities and/or multiple
pharmacological targets and/or counterbalancing side effects compared to the original molecules. Over the last

years, there have been numerous attempts at obtaining and testing these hybrids against various bacterial strains,
with many proving successful RIBIIEIRIIL011][12][13][14]15][16][17][18][19][20][21]

Quinolones (QNs) and fluoroquinolones (FQNs) are good candidates for hybridization due to their chemical

structure, which facilitates linkage with many other active compounds . In addition, other advantages that make
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FQNs promising for incorporation in antibacterial hybrids are the mechanism of action that confers a bactericidal

effect, their effectiveness and potency, and the slower development of antimicrobial resistance [22231[24],

Prodrug versus Hybrid Comparison

A prodrug is a pharmacologically inactive molecule converted in vivo into active forms by enzymatic or chemical
reactions. By designing a prodrug, the pharmacokinetic properties of the active drug (such as bioavailability,
absorption, and permeability) can be modified without affecting its pharmacological activity. Prodrugs can be
classified into three categories: (1) carrier-linked prodrugs (an active drug linked to a pro-moiety), in which the
active drug is released after an enzymatic or chemical reaction by which the moiety is removed; (2) bio-precursor
prodrugs (the active drug is modified at the molecular level), where oxidation or reduction reactions modify the
structure and release the active drug; and (3) double prodrugs (two biologically active drugs are linked in a single
molecule), where the linkers between the two drugs can be cleaved by different mechanisms to release the

component molecules 22!,

Prodrug design has been used for (F)QNs to improve their physicochemical and pharmacokinetic properties (e.g.,
water solubility, lipophilicity, absorption, bioavailability) (281271281291 Some examples of the obtained FQNs’
prodrugs are alatrofloxacin (mesylate salt, a prodrug of trovafloxacin) BYBIE2l pisphosphonated fluoroquinolone
esters [BABLBS polyester prodrugs of norfloxacin BARLEA - cellulose ether derivatives of ofloxacin [BE1IES]
moxifloxacin conjugated with hydrophilic cellulose ethers [BABLIE8l g|alevonadifloxacin (L-alanine ester prodrug of

levonadifloxacin), and N-Acylated ciprofloxacin derivatives BA[BL37]38]

Antibiotic hybrids represent two covalently linked pharmacophores with different mechanisms of action B2, The
design of hybrids (antibiotic—antibiotics or antibiotic—adjuvant) aims to surmount the resistance mechanisms for
either or both drugs. The combination with an adjuvant helps by increasing the access to the target site or

augmenting the primary antibiotics’ efficacy B2BE11,

| 2. Structural Considerations regarding Antibiotic Hybrids

Although molecules can be directly joined in hybrids, a molecular connector can bind the active molecules together
through a covalent bond. The bond can be cleavable or non-cleavable. A hybrid with a cleavable connector would
be enzymatically biotransformed when reaching the site of action (the hybrid prodrug approach—mutual prodrug)
2511401y whilst the non-cleavable linker would remain intact for the duration of its time course in the body (the hybrid
drug approach) (Figure 1) [4BYBl For example, the valine—citrulline linker is cleavable in the DSTA4637S hybrid

(41 On the other hand, the hybrid named cefiderocol contains a non-cleavable linker [4l142],
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Molecular connector
Drug 4= Non-cleavable Cleavable =~/ Prodrug
v L 4
» acts as a single molecule » enzymatically biotransformed at the site of action,
concerning metabolism resulting two molecules that exert individual functions,
and elimination with separate metabolism and elimination

Figure 1. The drug versus prodrug approach.

Regarding an antibiotic hybrid prodrug, the compound is cleaved into two molecules that exert individual functions,
with separate metabolism and elimination. On the other hand, the antibiotic hybrid possessing the non-cleavable

connector acts as a single molecule concerning metabolism and elimination B9,

Compared to antibiotic combination therapy, antibiotic hybrids would suppress resistance with a single molecular
agent, having a single pharmacokinetic profile, while also overcoming the possibility of noncomplementary
pharmacodynamics. There is also the premise that hybrid drugs could affect the bacterial strains that are
intermediately susceptible or resistant to one of the drug components. Moreover, although uncertain, there is the
possibility of retaining antibacterial potency even against pathogens with resistance or intermediate susceptibility to
both drug components. Supplementary physicochemical properties lacking in the original molecules could be
imparted to the hybrid. It could translate into enhanced efficacy or even a new mechanism of antibacterial action for
the obtained hybrid (Figure 2) 4129,

« 1MW
* | permeability
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* Multiple pharmacological

L]
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under various f e 4 multi-drug resistant bacteria
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conditions (AB) NonAB) Ef?;l‘x;ierba.lanang side
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Clenvable
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Legend:

AB - Antibiotic; MW - Molecular weight

Figure 2. Advantages and disadvantages of antibiotic hybrids.

The concept of an antibiotic hybrid is notably more widespread in the literature than the concept of a prodrug

hybrid. An essential challenge in the hybrid prodrug approach is finding a linker specifically cleavable by bacterial
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enzymes and resistant to human metabolic enzymes. However, both methods require great efforts for synthesis
due to the components’ different molecular stability and reactivity under various preparative conditions. Another
challenge of designing hybrid drugs is imposed by the characteristic high molecular weight (>600 g/mol) of the
resulting molecule; synthesizing agents able to penetrate the dual membrane of Gram-negative bacteria is
reasonably difficult. However, several hybrid drugs, efficient in eradicating multi-drug-resistant Gram-negative
bacteria and likely capable of delaying drug resistance onset, are currently in preclinical or clinical evaluation, thus

bringing hope of a favorable prognosis for this strategy 41431,

| 3. Obtained Hybrids with Antibiotics

Examples of antibiotic hybrids in various study phases are presented in Table 1. Many hybrids have been
developed to fight Gram-negative bacterial infections [4!. A particular class combines antibiotics with siderophore-
type molecules (e.g., cefiderocol) 42, The siderophores act based on the “Trojan horse” strategy: bacterial iron
uptake systems are used, and siderophores enter and destroy bacteria. More macrocycle—antibiotic hybrids are in

various stages of development [41],

Table 1. Examples of antibiotic hybrids in various stages of development (AB—antibiotic, LK—Iinker, NAB—non-

antibiotic, C—cleavable, NC—non-cleavable, UTl—urinary tract infection).

Hybrid . . Possible
Type (Commercial (g?a:ts:) Linker (g?a:tsi) Indications and References
Name) Dosage
Clostridium
AB- o _ . difﬁcile-associated
LK- Cadazolid Ted_|z_oI|d NC Ciprofloxacin d|_arrhea.—Pha_se 1 [4][44][45]
AB (oxazolidinones) (FQNSs) clinical trial—single
oral dose of 3000
mg
Gastrointestinal
and liver disorders
—Clostridium
difficile infection
model—6.67
. . mg/kg, orally, 7
TNP-2092 Rifamycin NG Cg)éﬁcgﬁsgm days, [46][47][48]
(CBR-2092) (ansamycins) Acute bacterial [49]
(FQNs) : .
skin and skin
structure infection
—Phase 2 clinical
trial—300 mg
intravenously,
every 12 h
Cefilavancin Vancomycin NC THRX-169797 Gram-positive [41](501(51]
(TD-1792) (glycopeptide antibiotics) (cephalosporins) complicated skin (52]i53]
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Hybrid .
Type (Commercial gr't 1
Name) (Class)
TD-1607 Vancomycin
(glycopeptide antibiotics)
TNP-2198 Rifamycin
(ansamycins)
MCB-3681 Linezolid
(oxazolidinones)
AB- Cefiderocol Ceftazidime
LK- (Fetroja) (cephalosporins)

NAB

Linker

NC

NC

NC

Unit 2
(Class)

THRX-169797
(cephalosporins)

Metronidazole

Ciprofloxacin
derivative

(FQNSs)

2-chloro-3,4-

dihydroxybenzoic

acid
(catechol
derivative;
siderophore)

Possible

Indications and References

Dosage
and skin structure
infections—Phase
2 clinical trial—2
mg/kg/day,
intravenously

Infections with
Gram-positive
bacteria—Phase 1
clinical trials to
evaluate the
tolerability, safety,
and
pharmacokinetics
—single escalating
doses,
intravenously

Helicobacter
pylori infection
(mouse
model), Clostridium
difficile infection
(hamster model)—
5, 15, and 45
mg/kg/day, orally, 5
days;bacterial
vaginosis

Infections with
Gram-positive
bacteria—multiple-
dose phase 1
study—6 mg/kg
body weight over
12 h for 5 days,
intravenously

Complicated UTI
and severe
carbapenem-
resistant Gram-
negative bacterial
infection—Phase 3
clinical trial—2 g
intravenously over
3 hevery 8hfora
period of 7 to 14
days, or 2 g every

[41][54]

[41][55]

[4][57][58][59]
[60]
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Hybrid . . Possible
Type (Commercial (lére:ts:) Linker (Lcj:ra:ts:) Indications and References
Name) Dosage
6 h for participants
with creatinine
clearance >120
mL/min
Ampicillin/ Enterobactin Esllil?eecrtlif),:zic}h
- P . NC (catecholate . . . (6]
Amoxycillin . microbiological
siderophore)
assay
Gram-negative )
=i i ion.
e Ampicillin NC Tetramic acid(s) bactgnal mfect!ons [62]
—microbiological
assay al-acting
Staphylococcus ever, the
4- Thiomab human ~ 247eus infections— gnificant
. S . . Phase 1 clinical
Dimethylaminopiperidino-  [4]671 immunoglobulin trials—Ilow- [41163164] 3ss as a
DSTA4637S hydroxybenzoxazino © G1 (IgG1) . . ' [65][66]
; . intermediate-, and RO5
rifamycin monoclonal . two Ro
(ansamycins) antibod high-dose ;
y y intravenous 2 kinase
infusion egree of

flexibility to present aqueous solubility, transport through cell membranes, and target binding 8816979 |n 2020, 15
of the 26 drugs approved by the Food and Drug Administration (FDA) (58%) violated one or more drug-likeness
pharmacokinetic principles 1. Therefore, It can be highlighted that antibiotic hybrids cannot be discriminated
against based on their high molecular weight without proper fundamental and clinical research. As an alternative,
hybrids with antibiotic effects could also be used topically for treating various infections with multi-resistant
pathogens. A good example is the hybrid TNP-2198 (Table 1).

Due to technological progress, computer-aided drug design (CADD) methods are beneficial for predicting new
molecules with antibacterial activity and designing “hybrid” molecules. Examples of discovered compounds through
CADD and bacteria on which they have potential action have been presented by Juki¢ and Bren (2022) in their

review article 221,

| 4. Hybrids with FQNs

Hybridization of FQNs with other molecules (e.g., aminoglycosides, benzofuroxanes, oxazolidinones, etc.)
produces candidates with synergistic antibacterial effect, activity on resistant bacteria, reduced toxicity, or other
biological effects. To date, studies have been performed in which FQNs have been included in hybrids with various
molecules, both other antibiotics or non-antibiotics (e.g., substances of the aminoglycoside class (ciprofloxacin-
neomycin 28 moxifloxacin-tobramycin 1), oxazolidinones (ciprofloxacin-linezolid 12)), or with benzofuroxan 14
and benzimidazole derivatives [12) Table 2 comprises the antimicrobial activity of the hybrids presented in the

following section.
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Table 2. The antimicrobial activity of QN/FQN hybrids (represented through MIC).

Type of Hybrid Corggg:nd Microorganism MiC Reference
10f Staphylococcus aureus 3.3 uM
10b Streptococcus pyogenes 7.8 uM
QN-FQN 23]
11a 7.6 UM
Salmonella typhi
11b 7.4 uM
. Mycobacterium tuberculosis H37Rv and
N-alkylations of the C-7 71 multi-drug-resistant Mycobacterium 0.09 pM [74]

chain of QN tuberculosis

Staphylococcus aureus

T _ < I'l_zl
Oxazolidinone-FQN 2,5and 6 Enterococcus faecium <1 pg/mL
Tetracycline-FQN 10 Mycobacterium tuberculosis 0.2 pg/mL [75]
Rifamycin-QN CBR-2092 300 clinical isolates of staphylococm 0.008-0.5 [76]
and streptococci pg/mL
1i 0.75-3
Escherichia coli (R477-100, ATCC Hg/mL
' —_ A [16]
Gl i b O 25922, AG100B, AG100A)
1 0.38-12
q pg/mL
7f 0.5 pg/mL
Streptococcus pyogenes
8f 1 pg/mL
Azithromycin-QN (7]
7f 0.5 pg/mL
Haemophilus influenzae B 0529
8f 0.5 pg/mL
Staphylococcus aureus and methicillin-
. 1 pg/mL
resistant Staphylococcus aureus
Aminoglycoside-FQN 1 three Pseudomonas aeruginosa strains [L1]
(including two gentamicin- B
resistant Pseudomonas 4-8 pg/mL
aeruginosa strains)
6.2+ 0.7 uyM
. . . . (day 1) 30.3 78]
Aminoglycoside-FQN 1m Escherichia coli £3.4 UM
(day 17)
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Type of Hybrid

Aminoglycoside-FQN

ATP-competitive
inhibitors (for DNA
Gyrase A and B)-FQN

3-arylfuran-2(5H)-one-
FQN

Benzimidazole-QN

Benzofuroxane-FQN

Flavonoids
(naringenin)-FQN

1,3,4-Oxadiazole-FQN

Sulfonamide-FQN

Triazole-FQN

Trimethoprim-FQN

connectors differ from study to study «. ccecet wine <. ..

Compound
Code

1b

3a

11

5b

4d

4b-d

3a

3b

11

BP-4Q-002

Microorganism

Escherichia coli (R477-100, 25922,

AG100B, AG100A)
Bacillus subtilis
Klebsiella pneumoniae
Enterobacter cloacae

Escherichia coli

Multiple drug-resistant Escherichia coli

Pseudomonas aeruginosa

Staphylococcus aureus and methicillin-
resistant Staphylococcus aureus

Klebsiella pneumoniae
Bacillus cereus 8035
Escherichia coli
Bacillus subtilis
Staphylococcus aureus

Candida albicans

Staphylococcus aureus

Staphylococcus aureus

Escherichia coli ATCC8739

Staphylococcus aureus

Escherichia coli ATCC8739

Candida albicans
Staphylococcus aureus

Escherichia coli

Staphylococcus aureus NRS19

MiC

0.37-12
pg/mL

1.5 pg/mL
0.5 pg/mL
4 ng/mL

2 pg/mL

0.11 pg/mL

1 pg/mL

8 pg/mL

16 pg/mL
0.97 pg/mL
0.71 pg/mL
0.062 pg/mL
0.29 pg/mL
0.14 pg/mL

<0.125
pg/mL

0.324 uM
0.025 uM
0.422 uM
0.013 pM
10.23 pg/mL
0.5 pg/mL

1 pg/mL

1 pg/mL

Reference

5]

1olecules’

eie w wewiee w.2Mical elements). Figure 3, Figure

4, Figure 5, Figure 6, Figure 7 and Figure 8 illustrate such examples (the linker is highlighted with the orange

circle while the blue rectangle highlights the FQN unit) B4 Each research group probably selected the most
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Compound

i i sleavable”
Code Microorganism MiC Reference

Type of Hybrid

(resistant to ciprofloxacin)

O

Bl

Figure 3. Antibiotic—antibiotic hybrid containing an FQN: tedizolid derivative—linker—ciprofloxacin derivative
(Cadazolid); the linker is highlighted with the orange circle while the QN/FQN unit is highlighted by the blue
rectangle 4],

Figure 4. Antibiotic—antibiotic hybrid containing an FQN: minocycline—linker—lomefloxacin; the linker is highlighted

with the orange circle while the QN/FQN unit is highlighted by the blue rectangle (7],
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Figure 5. Antibiotic—antibiotic hybrid containing an FQN: rifampicin derivative—linker—ciprofloxacin derivative; the

linker is highlighted with the orange circle while the QN/FQN unit is highlighted by the blue rectangle L&,
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Figure 6. Antibiotic—antibiotic hybrid containing an FQN: neomycin B—linker—ciprofloxacin; the linker is highlighted

with the orange circle while the QN/FQN unit is highlighted by the blue rectangle 28!,
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Figure 7. Antibiotic—antibiotic hybrid containing an FQN: tobramycin—-linker—moxifloxacin; the linker is highlighted

with the orange circle while the QN/FQN unit is highlighted by the blue rectangle (1],

\ (0] OH/

Figure 8. Antibiotic—antibiotic hybrid containing an FQN: kanamycin A-linker—ciprofloxacin; the linker is highlighted

with the orange circle while the QN/FQN unit is highlighted by the blue rectangle (29]

The most advantageous way of binding is to the radical in position 7 of the structure of FQNSs, responsible for the

antimicrobial potential and pharmacokinetic properties; thus, the groups responsible for binding to the bacterial
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target enzymes remain unaffected. Among the binding possibilities in the structure of hybrids is the formation of

Mannich bases, between tetracyclines, formaldehyde, and the secondary amino group (piperazine) of FQNs 2],

A series of quinolone—fluoroquinolone hybrids were synthesized through benzotriazole chemistry. The C7 positions
(the piperazine ring) of ciprofloxacin and norfloxacin and the amino acid linkers were targeted to obtain the final
compounds. The obtained hybrids presented antibacterial properties that were comparable with the parent

compounds 23,

Various researchers have synthesized ciprofloxacin derivatives using N-alkylations of the C-7 chain to increase the
lipophilia and antibacterial potential 7488 The combination with oxazolidinone can be achieved by a bridge
linking an FQN to the pharmacophore groups of the oxazolidinone derivative 121, One of the promising hybrids that
reached the phase 3 clinical stage is cadazolid. Cadazolid is a hybrid that contains structural elements of an

oxazolidinone with an FQN moiety with significant activity against Clostridium difficile (Figure 3) [44E7I[88]

Gordeev et al. (2003) synthesized several compounds that incorporated pharmacophore structures of FQNs
and oxazolidinones and demonstrated superior potency to linezolid against Gram-positive and Gram-negative
bacteria, even for linezolid- and ciprofloxacin-resistant strains of Staphylococcus aureus and Enterococcus
faecium. The mechanism of action combined the inhibition of protein synthesis and DNA gyrase and

Topoisomerase 1V 12,

Representatives from the tetracyclines class (tetracycline, oxytetracycline, and minocycline) were combined with
the secondary amino (piperazine) function of FQNs (norfloxacin, lomefloxacin, ciprofloxacin, and gatifloxacin) by
Sriram et al. (2007). The results revealed anti-HIV and antitubercular activities, which were most significant for one
of the compounds (minocycline-lomefloxacin derived—Figure 4), making it a promising candidate in treating
patients with HIV-1 and co-infected with Mycobacterium tuberculosis 73,

CBR-2092 combines rifampicin and QNs in a hybrid antibiotic structure (Figure 5). Studies showed increased
bactericidal activity against Staphylococcus aureus exhibited by CBR-2092, superior to that of rifampicin,
moxifloxacin, or the combination of rifampicin and moxifloxacin. Furthermore, it is retained against strains that are
intermediate or resistant to rifampicin or quinolone. Additionally, this hybrid prevented the development of
resistance and was not a substrate for Staphylococcus aureus efflux pumps (NorA or MepA) 8. Further studies
showed that CBR-2092 exhibited a similar potency to rifampicin as an inhibitor of RNA polymerase, inhibited DNA
gyrase and DNA Topoisomerase 1V, and maintained activity against a variant commonly resistant to quinolone.
Furthermore, CBR-2092 showed effects similar to rifampicin on RNA synthesis in strains susceptible to rifampicin

and quinolone-like effects on DNA synthesis in strains resistant to rifampicin [,

In a recent study, kanglemycin A (a rifampicin analogue) was linked to nine FQNs to obtain hybrids with superior
antibacterial activity. Kanglemycin presents a dimethyl succinic acid moiety as an offering chemical group in

synthesizing antibiotic hybrids. The activity of the synthesized hybrids linked to the acid group versus synthesized
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hybrids linked at the compound’s naphthoquinone ring system was compared. These have been proven to be

determinants of the biological activity of the hybrids 22,

A series of hybrids with ciprofloxacin (FQNs) and neomycin (aminoglycoside) was synthesized by Pokrovskaya et
al. (2009) (Figure 6). The antibacterial activity of most of the synthesized compounds was significantly higher than
that of neomycin, in particular for Gram-negative bacteria and MRSA. Moreover, they overcame the most common
types of aminoglycosides-associated resistance. When treated with the ciprofloxacin—-neomycin hybrid, a significant
delay in resistance formation against Gram-negative (Escherichia coli) and Gram-positive (Bacillus subtilis)
bacteria was observed for the mixture of the two drugs or each drug separately. The hybrids’ mechanism of action
could inhibit protein translation similar to or better than neomycin. Most importantly, they inhibited DNA gyrase and
Topoisomerase IV up to 32-fold more than ciprofloxacin, proving a dual mechanism of action characteristic of
hybrids [2€],

Azithromycin and quinolone substructures were conjoined to preserve pharmacophores from both molecules;
some obtained representatives showed an improved potency compared to azithromycin against Gram-positive and
Gram-negative pathogens. Moreover, they maintained activity against macrolide-lincosamide-streptogramin-
resistant strains of Streptococcus pneumoniae and Streptococcus pyogenes. Furthermore, they displayed

increased potency over azithromycin and telithromycin against the Gram-negative Haemophilus influenzae 2,

Gorityala et al. (2016) used ciprofloxacin and  moxifloxacin to  synthesize  conjugates
with tobramycin (aminoglycoside) (Figure 7). Long carbon chains were used to link the compound molecules. The
antibacterial properties were evaluated. In the synthesized series, among some hybrids that exhibited weak
antibacterial effects, two of the hybrids showed good antibacterial effects against multi-drug-resistant strains
of Pseudomonas aeruginosa. These conjugates destabilized the membrane and inhibited DNA gyrase A and
Topoisomerase |V better than the original FQN and reduced efflux. The effect of the aminoglycoside (inhibition of
protein translation) was reduced. However, it was observed that the development of bacterial resistance was

delayed 1. The ciprofloxacin—tobramycin hybrid was the first to be electrochemically characterized 211,

The emergence of resistance in Escherichia coli was evaluated for combining ciprofloxacin and neomycin
B (aminoglycoside) compared to a hybrid drug obtained from the two antibiotics. The hybrids were synthesized,
containing different linkers. For example, an aromatic triazole linker or hydroxyl group-containing aliphatic triazole
linker united ciprofloxacin and neomycin B. The authors found that the bacterial populations grown in the presence
of the hybrid developed less resistance than those produced in an equimolar mixture of the components.
Furthermore, it was found that the ciprofloxacin part of the hybrid was responsible for the inhibition of bacterial
growth while the neomycin B part limited resistance mediated by efflux 8. A series of hybrids composed of
ciprofloxacin (FQN) and kanamycin A (aminoglycoside) (Figure 8) were synthesized by Shavit et al. (2017) and
showed superior activity against Gram-negative bacteria. These hybrids delayed the emergence of resistance for

strains of Escherichia coli and Bacillus subtilis compared to the 1:1 mixture of the two antibiotics (2,
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Most of the FQN antibiotic hybrids targeted in the manuscript are studied or are under study regarding their

If the antibiotic hybrid contains a cleavable linker, there will be a high chance that the adverse reactions of the
hybrid will be those of the FQN unit. However, in the case of a non-cleavable linker, it is possible to reduce the side
effects of the FQN unit. Cadazolid is an FQN antibiotic hybrid in clinical phase 3 44l Seiler P. et al. (2019) reported
that treatment with cadazolid did not lead to one potential side effect, namely the appearance of vancomycin-
resistant enterococci, when treating Clostridium difficile infection. Therefore, cadazolid is a promising antibiotic
alternative to vancomycin for treating Clostridium difficile infection 22831 Currently, few data are published

concerning adverse reactions of hybrids with FQNSs.

4.2. Antibiotic—-Non-Antibiotic Hybrids

Additionally, various hybrids of FQNs with different active substances were synthesized to broaden the

antimicrobial spectrum, presented in detail below (Figure 9).

(@) (b)

(c)

(&)

Figure 9. Examples of antibiotic—non-antibiotic hybrids containing an FQN; the linker is highlighted with the orange
circle while the QN/FQN unit is highlighted by the blue rectangle: (a) benzimidazole derivative—linker—quinolone
derivative (esther form) [ (b) triazole derivative-linker—clinafloxacin 24; (c) benzofuroxan derivative—
lomefloxacin 1Z: (d) naringenin—linker—ciprofloxacin 481l (e) thiazole derivative—linker—quinolone 23 (f)

trimethoprim-linker—ciprofloxacin 482!,

Durcik M. et al. (2021) designed and synthesized new hybrids of ciprofloxacin that can interact with the GyrA- and

GyrB-binding sites of the target enzyme DNA gyrase. These new compounds demonstrate good activity
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against Escherichia coli and Klebsiella pneumoniae. In addition, without extensive efflux, some hybrids delayed or

prevented the emergence of bacterial resistance 2,
3-Arylfuran-2(5H)-one

An array of covalently linked hybrids between FQNs and a tyrosyl-tRNA synthetase (TyrRS) inhibitor (3-arylfuran-
2(5H)-one) was synthesized. Some hybrids displayed activity against both Gram-negative and Gram-positive
resistant bacteria. A resulting hybrid of ciprofloxacin exhibited significantly greater potency against
MDR Escherichia coli (MIC50—0.11 ug/mL) than the parent FQN (MIC50—5.65 ug/mL, for ciprofloxacin) BY. This
hybrid also displayed a dual mode of action (in vitro), having a more remarkable ability to inhibit DNA gyrase than

ciprofloxacin and similar TyrRS inhibitory activity to that of the parent compound 1%,
Benzimidazole

A series of hybrids between quinolone derivatives and benzimidazole was synthesized by Wang YN et al. (2018).
One of the compounds showed remarkable activity against the resistant strains of Pseudomonas
aeruginosa and Candida tropicalis. It also caused a decrease in the resistance of Pseudomonas

aeruginosa compared to norfloxacin 21,
Benzofuroxane

Chugunova et al. (2016) synthesized a series of FQN hybrids with benzofuroxane derivatives; some hybrids

showed superior antibacterial activity on Bacillus cereus 8035 strains compared to the free FQN 2],
Chlorhexidine

Kowalczuk D. et al. (2021) obtained ciprofloxacin—bismuth(lll)—chlorhexidine, a new hybrid that contains the
bismuth atom as a linker. This new hybrid (metal complex) has potential in the local treatment of wounds. So far,
the published data have focused on the structural characteristics of the obtained hybrid using spectroscopic
methods (28],

Flavonoids (naringenin)

Another collection of hybrids among FQNs and phenolic flavonoids was obtained. The most compelling
representative was between ciprofloxacin and naringenin, with significant activity against methicillin-
resistant Staphylococcus aureus (MIC50—0.29 ug/mL), Escherichia coli (MIC50—0.71 pg/mL), and amphotericin
B-resistant Candida albicans (MIC50—0.14 ug/mL) Bl This example also backs up the dual mode of action
theory, displaying significant inhibition of both the DNA gyrase (specific to ciprofloxacin) and efflux pump (specific
to naringenin) BLR7,

1,3,4-Oxadiazole
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In a recent study, 1,3,4-oxadiazole derivatives were linked to the piperazine ring of ciprofloxacin or norfloxacin.
Hybrids of the two FQNSs with activity against Gram-positive bacteria were obtained. The molecular docking study

revealed a high binding affinity for the hybrids 4 ¢ for Topoisomerase IV with a minimum binding energy 82,
Sulfonamides

Nineteen novel ciprofloxacin-sulfonamide hybrid molecules showed significant antibacterial activity. In addition to
biological activity, the side effects of hybrids were also tested. The following were used as linkers: azide,
acetamide, propionamide, and isopropionamide. The most active hybrids presented lower CNS adverse reactions
and GABA expression compared to those that used FQN B2,

Thiazole

The thiazole structural fragment is known for its numerous biological effects in medicinal chemistry research. A
series of two-substituted quinolines, including a thiazole moiety separated by a hydrophobic linker, were
synthesized and tested against Gram-positive and Gram-negative bacteria. The best structural element for
antibacterial activity was the 2,3-dihydrothiazole fragment near the electron-donating group on the nitrogen atom of
thiazole and the methyl at the carbon of azomethine. The authors of this study used the model of FQN hybrids with

other antibiotics or sulfonamides, keeping the quinoline nucleus in the newly synthesized hybrids 22!,
Triazole

An array of clinafloxacin triazole hybrids was synthesized, and their antimicrobial and antifungal activity were
evaluated. Most compounds showed similar or better activity against the tested strains (Gram-positive bacteria—
four strains, Gram-negative bacteria—four strains, and fungi—two strains) compared to chloramphenicol,
clinafloxacin, and fluconazole. Moreover, clinafloxacin triazoles displayed improved efficacy on methicillin-

resistant Staphylococcus aureus than clinafloxacin 241,

Another example of FQNs—triazole derivatives is provided by the study performed by Ezelarab et al. (2018). The
antifungal activity of a ciprofloxacin—azole hybrid was evaluated, revealing promising results (MIC 10.23 pg/mL,
comparable to itraconazole 11.22 ug/mL). Moreover, this obtained hybrid can reasonably bind to the active site of
the target (lanosterol 14-a-demethylase CYP51) 84 Other hybrids with FQNs were synthesized (1,2,3-triazole-
substituted ciprofloxacin and norfloxacin derivatives); antibacterial and antifungal activities were investigated in

silico and in vitro 28!,

The use of the quinolone nucleus in hybrid compounds to obtain antimicrobial activity is supported by a recent
study in which hybrids with quinolone derivatives and triazole were obtained. Triazole-linked quinoline derivatives
from 8-aminoquinoline presented promising activities against Gram-positive and Gram-negative bacteria and some
fungi strains (22, Other 1H-1,2,3-triazole-linked quinoline—isatin hybrids were recently synthesized by Awolade P. et

al. (2021); these new hybrids are promising anti-breast cancer and anti-MRSA agents 129,
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N-substituted trifluoroacetimidoyl chlorides

Darehkordi et al. (2011) used N-substituted trifluoroacetimidoyl chlorides to synthesize piperazinyl-quinolone
derivatives. Out of the obtained compounds, two exhibited superior antibacterial activity against strains
of Escherichia coli, Klebsiella pneumoniae (compared to ciprofloxacin), and Staphylococcus aureus (compared to

vancomycin) &,
Trimethoprim

Although trimethoprim is not used in single therapy as an antibiotic, it was targeted by the hybridization strategy
with an FQN. Trimethoprim linked to ciprofloxacin (through the piperazine ring) yielded a hybrid (BP-4Q-002) with
good activity against Staphylococcus aureus (MIC 0.5 pg/mL) and Escherichia coli (MIC 1 pg/mL). Against
the Staphylococcus aureus strain NRS19 (resistant to ciprofloxacin (MIC for ciprofloxacin—32 pg/mL, minimum
inhibitory concentration (MIC) for trimethoprim—4 ug/mL, and MIC for the equimolar mixture—8 pg/mL)), this
hybrid exhibited an MIC value of 1 pg/mL) B2, The activity of BP-4Q-002 against the drug-resistant Staphylococcus
aureus strain endorses the concept that hybrid drugs may be able to eradicate strains resistant or intermediately
susceptible to one of the parent compounds. Another contribution to a fundamental hypothesis of hybrid drugs
(claiming that further qualities are imparted to the hybrid, which is missing in the parent components or the
equimolar mixture) could be highlighted by the reduction in the MIC in the case of BP-4Q-002 against
the Staphylococcus aureus strain NRS19, compared to the MIC of just ciprofloxacin, trimethoprim, or an equimolar

mixture of the two 4.

| 5. FQN Hybrids with Other Biological Effects

FQNSs are being studied for numerous other biological effects [£01],

Thus, in addition to the hybrids’ antibacterial properties, as highlighted above for the antifungal effect 1981I84]
quinolone hybrid compounds also showed anti-HIV 2], antifungal [B494138] antiplasmodic/antimalarial 2021931 and

antitumor (294! potential.

A considerable number of quinolone-based derivatives were synthesized for their antiplasmodial activity to be
evaluated. Some displayed promising antiplasmodial (in vitro) activity against chloroquine-sensitive, chloroquine-
resistant, and multi-drug-resistant strains of Plasmodium falciparum. At the same time, some showed significant

antiplasmodial (in vitro) and antimalarial (in vivo) activity [192](203]

N-4-piperazinyl—ciprofloxacin chalcone hybrids were synthesized, and their activity against various cancer cell lines
and topoisomerase inhibitory activity were evaluated. The obtained hybrids exhibited significant inhibitory activity

on Topoisomerase | and Il while a few of the compounds displayed broad antitumor activity 1941,

https://encyclopedia.pub/entry/27260 18/27



Antibiotic Hybrids | Encyclopedia.pub

Additionally, nitric oxide (NO) photo-donor of ciprofloxacin and norfloxacin hybrids were synthesized by Fallica,

A.N. et al. (2021) to study the potential anticancer effect. This study showed that some hybrids have intense

antiproliferative activity on breast cancer cell lines (aggressive, refractory, and multi-drug-resistant cancer type)
105
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