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Bacterial resistance to antibiotics threatens our progress in healthcare, modern medicine, food
production and ultimately life expectancy. Antibiotic resistance is a global concern, which spreads
rapidly across borders and continents due to rapid travel of people, animals and goods. Derivatives of
metabolically stable pyrazole nucleus are known for their wide range of pharmacological properties,
including antibacterial activities. This review highlights recent reports of pyrazole derivatives targeting
different bacterial strains focusing on the drug-resistant variants. Pyrazole derivatives target different
metabolic pathways of both Gram-positive and Gram-negative bacteria.
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Microbial resistance & ESKAPE pathogens
The modern ‘antibiotic era’ started in the 1910s with the discovery of salvarsan, or compound 606, followed
neosalvarsan to treat syphilis caused by Treponema pallidum [1]. Subsequent discovery of sulfonamides and Alexander
Fleming’s codiscovery of penicillin saved millions of human lives worldwide. Discovery of several novel classes of new
antibiotics after World War II made the 1950s–1970s the golden era of antibiotics [2]. At the beginning, Fleming
and other scientists cautioned about the development of resistance to penicillin if not used judiciously [3]. Recently,
unabated emergence of antibiotic-resistant bacteria is an unsolved global concern [4]. Drug-resistant infections cause
>700,000 deaths worldwide each year, and the death toll is expected to reach 10 million annually by 2050 [5].
Without an imperative and coordinated action, we are heading toward an era in which minor infections or normal
injuries may become lethal. The ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
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Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species) bacteria cause two-thirds of the hospital-
acquired infections in the United States, and these pathogens are unaffected by all the current antibiotics [6].
Finding new antibiotics with novel chemical compositions is an important strategy to address this problem [7]. The
CDC recommends fighting antibiotic-resistance by developing new antibiotics for drug-resistant bacteria [8,9].

S. aureus is one of the most common types of germs that ∼30% of people carry in their noses, and 2% of
the population carry its drug-resistant variant, methicillin-resistant S. aureus (MRSA), which causes the highest
number of invasive infections among all the antibiotic-resistant bacteria [10,11]. S. aureus can cause a variety of
serious and fatal pathologies including bacteremia, endocarditis, pneumonia, osteomyelitis, skin infections and
sepsis [12]. The failure of antibiotic therapy against S. aureus is due its ability to develop multidrug-resistant strains
and adopt persistent nongrowing lifestyle [13]. Gram-positive enterococci are normal human microbiota capable of
causing severe infections and vancomycin-resistant enterococci (VRE) are among the most dangerous pathogens [14].
Enterococci bacteria that are found in human intestines and in the female genital tract can cause serious infections.
These bacteria are constantly finding new ways to neutralize the effects of antibiotics, and vancomycin-resistant
enterococci (VRE) infections are becoming common [15]. MRSA causes the highest number of invasive infections
among all antibiotic-resistant bacteria [10,11]. Both genera are among the WHO’s list of high-priority pathogens [16],
and both are known to produce biofilms that contain antibiotic-insensitive persister cells [17,18].

Nevertheless, the WHO lists only Gram-negative bacteria as critical-priority pathogens. The outer membrane
of these bacteria not only acts as a barrier to entry of antibiotics but is a virulence factor responsible for severe
diseases [16]. The last four members of ESKAPE pathogens are Gram-negative bacteria. These and other Gram-
negative bacteria are specifically difficult to treat with antibiotics because intracellular targets have to pass through the
negatively charged phospholipid outer membrane and hydrophobic inner membrane. The presence of efflux pumps
further makes the drug ineffective to treat Gram-negative pathogens [19,20]. Gram-negative bacterial resistance to
antibiotics is often mediated by multiple gene-carrying plasmids, so treatment is mostly limited to second- and
third-line antibiotics with high toxicity and poor efficacy [21]. K. pneumoniae can cause different types of healthcare-
associated infections such as pneumonia and bloodstream infections. Klebsiella bacteria have developed most of
the commonly used antibiotics including carbapenems [22]. A group of bacteria, Enterobacter species, are globally
important pathogens that are becoming resistant to antibiotics, including carbapenem and colistin [23]. In recent
years, emergence of extremely resistant and pandrug-resistant A. baumannii has alarmed the medical community [24–

26]. In 2017, the WHO has released a list of 12 drug-resistant bacteria that pose the greatest threat to human health
and for which new antibiotics are urgently needed. Carbapenem-resistant A. baumannii (CRAB) is on top of the
list [27,28] and is associated with high morbidity and mortality; it has the potential to cause outbreaks and spread
resistance [29]. P. aeruginosa is an opportunistic pathogen that is a leading cause of morbidity and mortality of cystic
fibrosis patients [30]. It is challenging to find new compounds that can inhibit the growth of nonfermenting bacteria
such as A. baumannii and P. aeruginosa that are often multidrug-resistant [31]. These two bacteria have a highly
impermeable outer membrane that thwarts the uptake of most molecules including several antibiotics [32].

Pyrazole derivatives as therapeutic agents
Pyrazole or 1,2-diazole is a five-membered azaheterocycle, and substituted-pyrazoles are known for a wide spectrum
of therapeutic activities [33]. This heterocycle is found as the cornerstone of several leading drugs, such as a potent
antiinflammatory medicine, celecoxib [34]; tepoxalin, a nonsteroidal antiinflammatory agent for veterinary use [33];
the antiobesity drug rimonabant [35]; and the analgesic difenamizole [36], among several other therapeutic agents. A
number of drugs containing pyrazole nucleus may be due to its decreased susceptibility to oxidative degradation by
metabolic enzymes than other five-membered heterocycles. Pyrazole compounds have been reported as antimicrobial
agents in a number of publications [37–39]. Pyrazole derivatives as anti-MRSA agents have been reported by our
group [40–44] and others [45,46], whereas pyrazole compounds as antiacinetobacterial activity had not been developed
until our more recent papers [40–44].

Two pyrazole-containing antibiotics, cefoselis (1) and ceftolozane (2), have been approved to treat bacterial
infection (Figure 1). These two antibiotics have a zwitterion structure that helps to penetrate the outer membrane
of Gram-negative bacteria. Cefoselis is a fourth-generation cephalosporin antibiotics that can cross the blood–
brain barrier [47]. Ceftolozane (2) is zwitterionic fifth-generation cephalosporin antibiotic. It is one of the most
widely used antibacterial agents to treat drug-resistant bacterial infection, including MRSA, enterobacterales and
P. aeruginosa [48]. Ceftolozane (2) in combination with tazobactam, a bacterial β-lactamase inhibitor, sold under
the brand name Zerbaxa is used to treat urinary tract infection (UTI), bacterial pneumonia and intraabdominal
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Figure 1. Approved pyrazole-containing antibiotics. Structures of pyrazole containing antibiotics cefoselis (1) and
ceftolozane (2) to treat bacterial infection.

infection. The pyrazolium substituent of ceftolozane (2) is one of the key components to prevent the AmpC
β-lactamase mediated hydrolysis of the lactam moiety [49].

In addition to preceding approved antibiotics, a large number of pyrazole derivatives have been reported as
potent antibacterial agents. In this review, recent reports on pyrazoles as antibacterial agents are summarized. These
pyrazole derivatives are classified based on their mode of action. If the mode of action has not been reported,
the compounds are classified based on their structures.

Pyrazole-derived hydrazone as potent antibacterial agents
We have developed pyrazole-derived hydrazones as potent antimicrobial agents including drug-resistant strains (Fig-
ure 2) [50,51]. N-Benzoic acid derived pyrazole hydrazones (e.g., 3) is a potent growth inhibitor of A. baumannii with
minimum inhibitory concentration (MIC) values as low as 4 μg/ml. These compounds were nontoxic to healthy
human embryonic kidney cells (HEK-293) with 50% cytotoxic concentration (CC50) values >32 μg/ml [40].
Difluorophenyl substituted derivatives (4) showed broader potency against Gram-positive bacteria, and these com-
pounds were less toxic to HEK-293 cells. Difluorophenyl-substituted compounds were also effective against A.
baumannii strains with MIC values as low as 0.78 μg/ml [41]. These compounds were somewhat hydrophobic,
to increase the hydrophilicity, we synthesized dibenzoic-acid-derived pyrazole hydrazone, and these compounds
are potent and selective inhibitors of A. baumannii strains. These dibenzoic acid pyrazole derivatives are nontoxic
to human healthy and cancer cell lines. The most potent compound in this series, 5, was studied for its possible
toxicity studies in vivo murine model. This compound did not show any noticeable toxicity in mice based on the
effect on 14 physiological markers of organ injury [52].

Naphthyl-substituted pyrazole-derived hydrazones (e.g., 6) were potent growth inhibitors of Gram-positive
strains and A. baumannii with MIC values in the range of 0.78–1.56 μg/ml. These compounds were effective
against S. aureus and A. baumannii biofilms. Naphthyl derivative (6) was bactericidal for S. aureus and bacteriostatic
for A. baumannii strains. The antibacterial mode of action of these compounds was due to their ability to disrupt
the bacterial cell wall [53]. 3-Coumarinyl substituted compounds (e.g., 7) were found to be the potent growth
inhibitors of MRSA and A. baumannii strains. These compounds were nontoxic to human cell line in vitro and to
mice in vivo [42]. Substitution on the coumarin moiety decreased the potency of the hydrazones (8) [54].

Several other groups have reported the synthesis and antibacterial studies of pyrazole-derived hydrazones (e.g., 9)
for the potential treatment of drug-resistant bacterial infections (Figure 3). In a series of pyrazole-thiazole deriva-
tives, some of the compounds were found to be potent growth inhibitors of MRSA with minimum bactericidal
concentration (MBC) values of <0.2 μM. Molecular docking studies have revealed that the possible molecular
targets were topoisomerase II and topoisomerase IV for its potent activity [55]. Gondru et al. reported the synthesis
of pyrazole-thiazole hybrids (10) containing the hydrazone moiety as potent antimicrobial agents [56]. These com-
pounds showed antibacterial activity with the MIC/MBC spectrum of 1.9/7.8 μg/ml to 3.9/7.8 μg/ml. These
compounds were also effective against S. aureus and Klebsiella planticola strains with an IC50 value of 11.8 μM. K.
planticola, also known as Raoultella planticola is a Gram-negative bacterium that cause a wide range of anomalies,
including conjunctivitis. R. planticola is a rare but emerging pathogen [57]. Hydrazide derivatives (e.g., 11) of
pyrazole were found to be better than the positive controls in inhibiting the growth of Gram-positive and Gram-
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Figure 2. Pyrazole-derived hydrazones as potent antimicrobial agents.

negative bacteria [58]. One of these compounds inhibited the growth of Neisseria gonorrhoeae with an MIC value
of 3.9 μg/ml, which was twofold more potent than the positive control, gentamicin. These results are exciting
because N. gonorrhoeae has emerged as broad-spectrum antibiotic-resistant pathogen and recently reached the status
of ‘superbug’ [59]. Aminoguanidine-derived 1,3-diphenyl pyrazoles (12) have been found as potent antimicrobial
agents against several strains of bacteria with MIC values in the range of 1–8 μg/ml [60]. These activities were
equivalent to approved drugs moxifloxacin and gatifloxacin for inhibiting the S. aureus strains. Compounds 12
showed better activity (MIC = 1μg/ml) than the positive control moxifloxacin (MIC = 2μg/ml) against Escherichia
coli 1924 strain. These compounds were equally effective against several multidrug-resistant clinical isolates of S.
aureus with MIC values ranging from 1 to 32 μg/ml. E. coli is a Gram-negative bacterium that is a part of gut
microbiota. Some strains of E. coli are known to cause foodborne diseases and other different anomalies including
UTIs [61,62]. In a series of pyrazole-triazole derived hydrazides, some compounds were potent growth inhibitors
of S. aureus, E. coli and P. aeruginosa strains with the MIC80 values of 2–8 μg/ml, which were comparable to the
standard, ciprofloxacin [63]. Pyrimidine and pyrazole clubbed hydrazone derivatives have been reported as moder-
ate inhibitors of S. aureus and P. aeruginosa strains [64]. Coumarin-attached pyrazole-derived thiazole hydrazones
(e.g., 13) have been reported as broad-spectrum antibacterial agents with moderate potency against the tested
strains [65]. Trisubstituted pyrazoles containing coumarin-thiazole moiety have been reported as moderate growth
inhibitors of bacterial strains. Compound 14 has shown the most potent activity in the series, with MIC values as
low as 15.5 μg/ml [66].

Pyrazole with other heterocycles
A series of pyrazole-pyrimidinethiones (e.g., 15) has been reported, and these compounds found to be potent
inhibitor of E. coli with an MIC value of 12.5μg/ml (Figure 4). Some of the compounds of this series were moderate
inhibitors of S. aureus and Streptococcus pyogenes [67]. S. pyogenes is a human-specific Gram-positive bacterial pathogen
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Figure 3. Pyrazole-containing hydrazones as antibacterial agents.

that can cause a wide variety of infections. Improper treatment of S. pyogenes can cause postinfection acute rheumatic
fever and glomerulonephritis [68]. Pyrazoline-clubbed pyrazole derivatives (16) have been reported as antimicrobial
agents, and some of these compounds are potent against P. aeruginosa. Another series of pyrazoline-attached pyrazole
derivatives have been found as moderate growth inhibitors of S. aureus bacteria [69]. These compounds were moderate
growth inhibitors of other bacterial strains such as E. coli and S. aureus. Santosh et al. have reported the synthesis and
antimicrobial studies of a library of 23 tethered thiazolo-pyrazole derivatives (e.g., 17) as potent anti-MRSA agents
with MIC values as low as 4 μg/ml. Compound 17 has better toxicity profile than the standard antibiotics [70].
Thiazolidinone-clubbed pyrazoles have been reported as moderate antibacterial agents with an MIC value of
16 μg/ml against E. coli [71]. Imidazo-pyridine substituted pyrazole derivatives (18) have been reported as potent
broad-spectrum antibacterial agents. These compounds were better than ciprofloxacin studied in vitro against two
Gram-positive and four Gram-negative bacterial strains. The minimum bactericidal concentration (MBC) values
were <1 μg/ml except for MRSA [72]. Compound 18 was potent against Gram-negative strains including E. coli,
K. pneumoniae, P. aeruginosa and Salmonella typhimurium. Salmonella is a Gram-negative, rod-shaped intracellular
pathogen that can cause symptoms ranging from diarrhea to lethal typhoid [73]. Quinoline-substituted pyrazole
derivatives (e.g., 19) have been reported as potent antimicrobial agents with MIC values in the range of 0.12–
0.98 μg/ml [74]. Compound 19 was potent against S. aureus, Staphylococcus epidermidis and B. subtilis. S. epidermidis
is one of the most common commensal bacteria of human skin. This bacterium is among the most common sources
of infection in in-dwelling medical devices that causes variety of problems including UTIs and endocarditis [75].
Compound 19 was also potent against Gram-negative strains, it was fourfold potent than gentamycin in inhibiting
the growth of Shigella flexneri, a Gram-negative bacterium causing diarrhea in humans. Pyrazole-nucleus-containing
benzofuran substitution (20) were found to be potent growth inhibitors of S. aureus, S. mutans, E. coli and K.
pneumonia bacteria with the MIC values of 7.81, 15.6, 15.6 and 3.91 μg/ml, respectively. These values were better
than the standard antibiotics used as positive controls in the study [76]. Pyrazole nucleus clubbed with oxadiazole
derivatives have been reported as moderate growth inhibitors of different strains of bacteria [77]. In a series of
pyrazole-triazole hybrids (21), some of the compounds were potent inhibitors of Gram-positive and Gram-negative
bacterial strains with MIC values in the range of 10–15 μg/ml compared with the MIC values in the range of
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Figure 4. Pyrazole-clubbed heterocycles as potent antibacterial agents.

2–6 μg/ml of the positive control ciprofloxacin [78]. A series of novel pyrazole-imidazole-triazole hybrids (e.g., 22)
have been reported as potent growth inhibitors of S. aureus, E. coli and P. aeruginosa strains with MIC values in the
low μmol/ml range. Furthermore, the binding affinity of these compounds with DNA gyrase was predicted as their
mode of action [79]. Coumarin-substituted and pyran-fused derivatives (e.g., 23) of pyrazole have been reported as
potent growth inhibitors of bacteria including S. aureus and P. aeruginosa strains with MIC values in the range of
1.56–6.25μg/ml. The potent compound 23 was better than the positive control in inhibiting S. aureus strains [80]. A
semiautomated high-throughput screening (HTS) platform have been used to screen more than 125,000 molecules
to find potent antimicrobial agents. Eight compounds (e.g., 24) containing the pyrazole-thiazole hybrid structure
showed potent activity against �TolC E. coli with MIC values as low as 0.037 μg/ml, which was significantly
more potent than the positive controls erythromycin and levofloxacin. The limitation of these compounds for
further antibiotic development was their toxicity for HEK-293 cells [81]. Dayankar et al. has reported a series of
pyrazolyl triazole and one of the intermediates is a potent growth inhibitor of Micrococcus luteus with MIC/MBC
values of 3.9/7.8 μg/ml [82]. Some of these pyrazole-triazole hybrids moderately active against Salmonella typhi and
Salmonella paratyphi. Nevertheless, these potent compounds containing pyrazole-thiazole scaffold is a good starting
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MRSA: Methicillin-resistant Staphylococcus aureus.

point for the lead optimization. The pyrazole nucleus in conjugation with other heterocycles have resulted potent
compounds with antimicrobial properties against different bacterial strains including ESKAPE pathogens.

Pyrazole-derived aniline derivatives antibacterial agents
We have found aniline-derived pyrazoles as growth inhibitors of S. aureus. 3-phenyl pyrazoles (e.g., 25, Figure 5) were
moderate growth inhibitors of S. aureus with MIC values as low as 16 μg/ml [43]. The nature of substituents on the
N-phenyl ring changed the antimicrobial properties of the compounds significantly. As discussed earlier, dibenzoic-
acid-derived hydrazones were narrow-spectrum antimicrobial agents with specific activity against A. baumannii [83],
and aniline derivatives (26) of these compounds did not show any activity against the tested bacterial strains [84].
Replacing the carboxylic acid functional group on the 3-phenyl ring resulted the formation of potent antibacterial
compounds (e.g., 27). These trifluorophenyl-substituted compounds (e.g., 27) were potent growth inhibitors
of S. aureus including MRSA strains with MIC values as low as 0.39 μg/ml. Potent compounds of this series
were also effective against S. epidermidis with an MIC value of 1.56 μg/ml. These compounds were very potent
against B. subtilis and Enterococcus faecalis. The MIC values of several of these compounds against vancomycin-
resistant E. faecalis (VRE) were as low as 1.56 μg/ml. These results are very significant as E. faecalis, a Gram-
positive enterococcus, causes a variety of nosocomial infections, which are very difficult to treat by conventional
antibiotics [85]. These potent compounds were also active against bacterial biofilms. Compound 27 was 25 times
more active than the positive control vancomycin against catheter-associated biofilms. This potent compound
was very effective against MRSA strains with an MIC value as low as 2 μg/ml [84]. N-(trifluoromethylphenyl)
derivatives (e.g., 28) were also found to be potent growth inhibitors of Gram-positive bacterial strains with MIC
values as low as 0.78 μg/ml for MRSA strains. Compound 28 was also effective against the clinical isolates of
antibiotic resistant S. aureus and enterococci strains. These compounds were relatively nontoxic to HEK-293 cells.
In mode of action studies, these compounds caused the bactericidal effect in multiple pathways including the
inhibition of cell wall, protein and nucleic acid synthesis [86]. After finding the trifluoromethyl phenyl derivative
(27 and 28), bistrifluoromethyl compounds (e.g., 29) were discovered. As expected, these compounds were potent
antimicrobial agents. The potent compound 29 was a growth inhibitor Gram-positive bacteria with MIC values as
low as 0.25 μg/ml. This compound was also potent against S. aureus biofilm with minimum biofilm eradication
concentration (MBEC) value of 1 μg/ml. Nevertheless, this series of compounds were less tolerant to HEK-293
cell line [87].
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Fused-pyrazole derivatives as antibacterial agents
Pyrazole-fused diterpenoid have been reported as potent growth inhibitors of S. aureus strains with MIC values as low
as 0.71μg/ml (Figure 6). In a series of derivatives, two compounds (30) were most potent against S. aureus Newman
strain. These compounds were even better against the antibiotic-resistant variants. These potent compounds did
not show any obvious toxicity to human fibroblast (HAF) cells at MIC concentrations [88]. These pyrazole-derived
diterpenoids are the rare examples of pyrazole-fused natural product derivatives as potent antimicrobial agents.
Fraxinellone, a degraded limonoid natural product, is known for its wide range of pharmacological properties [89].
Synthesis and antibacterial studies of a series of novel N-phenylpyrazole-fused fraxinellone have been reported. One
of these hybrid compounds (31) was a potent growth inhibitor of B. subtilis with an MIC value of 4 μg/ml [90].
Several aromatic fused-pyrazole derivatives have been reported as potent antibacterial agents. A series of triazine-
fused pyrazole derivatives have been reported as potent growth inhibitors of multidrug-resistant bacterial strains [91].
The most active compound, 32, was a potent growth inhibitor of S. epidermidis and Enterobacter cloacae with MIC of
0.97 and 0.48 μg/ml, respectively. These MIC values were better than that of the positive control, tetracycline [91].
E. cloacae complex is a group of bacteria that are emerging as broad-spectrum antibiotic resistant nosocomial
pathogens, including the emergence of last-resort carbapenem-resistant strains [92]. Singh et al. have reported the
synthesis and antimicrobial studies of pyrazolopyridinone-fused imidazopyridines, These compounds showed good
to excellent antibacterial properties with MIC values as low as 0.39 μg/ml. Compound 33 showed better activity
against S. epidermidis than the positive control. Some of these compounds were also effective against S. aureus
and P. aeruginosa [93]. Thiophene-fused and other heterocycle-fused compounds (e.g., 34) have been reported
antibacterial agents with moderate activity [94]. Pyran-fused pyrazole derivatives have been reported as antibacterial
agents. Compound 35 has shown moderate activity against S. aureus with an MIC value of 15 μg/ml [95].

DNA gyrase inhibitors
DNA gyrase is an ATP-dependent enzyme classified as topoisomerase II that is important for DNA replication,
transcription, and chromosome segregation. This enzyme is essential for all bacteria for their growth, and it is
an important target for antibacterial drug development. DNA gyrase is the protein target of fluoroquinolone
class of antibiotics that are widely used as broad-spectrum antibiotics [96]. Pyrazole derivatives as DNA gyrase
inhibitors have been reviewed recently [97]. Tan et al. have reported the synthesis and broad-spectrum antimicrobial
properties of aza-indole-derived pyrazole derivatives (e.g., 36, Figure 7) as potent DNA gyrase and topoisomerase
IV inhibitors [98]. The broad-spectrum compounds were discovered by extensive synthesis and SAR studies of potent
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anti-Gram-positive pyrazole-substituted aza-indole derivative reported by AstraZeneca [99]. The lead compound, 36,
was a potent growth inhibitor of several Gram-negative bacterial strains, including E. coli, K. pneumoniae, A.
baumannii and P. aeruginosa with MIC values in the range of 0.31–1.56 μg/ml. This lead compound has balanced
physicochemical properties showing high aqueous solubility and desirable pharmacokinetic (PK) features. In vivo
studies showed that this compound has bactericidal effect in neutropenic mouse thigh infection model [98]. In
another study, a series of indole-attached imines of pyrazole (e.g., 37) were found to be potent drug-resistant
antibacterial agents. These compounds were tested for their potency against S. aureus, Listeria monocytogenes, E.
coli and Salmonella strains. Compound 37 was potent growth inhibitor of drug-resistant strains of E. coli with
IC50 values as low as 1.0 μM. Molecular docking studies have shown that the bactericidal properties of these
compounds could be due to their potent DNA gyrase inhibition properties [100]. Hassan et al. reported the synthesis
of Schiff-based tethered pyrazole derivatives (e.g., 38) as potent dual dihydrofolate reductase (DHFR) and DNA
gyrase inhibitor with IC50 values as low as 3.98 μM. Molecular docking studies of the potent compounds against
DHFR and DNA gyrase exhibited potent binding affinity with different types of interactions, including hydrogen
bonding, arene–arene and arene–cations bonds. Several of these compounds were potent growth inhibitors of
Gram-positive and Gram-negative bacterial strains with the MIC values in the range of 0.97 to 62.5 μg/ml, which
were much better than the positive control antibiotic tetracycline. Furthermore, these compounds were effective
against multidrug-resistant strains of S. aureus, E. coli and P. aeruginosa [101]. A number of coumarin attached
pyrazole derivatives has been reported as antibacterial agents. Compound 39 inhibited the growth of S. aureus with
an MIC value of 1 mg/l. This compound inhibited the growth of L. monocytogenes, a Gram-positive bacterium that
caused food borne disease listeriosis, with an MIC value of 0.5 mg/l. Compound 39 showed the most remarkable
activity against Salmonella with an MIC value of 0.05 mg/l. These MIC values were better than the positive controls
novobiocin and ciprofloxacin. Compound 39 was a potent inhibitor of Topo II and Topo 1V with IC50 values of
0.25 and 8 mg/l, respectively [102].

In silico studies on newly designed pyrazole compounds based on drug molecules led to the prediction of S. aureus
DNA gyrase inhibitors. Among the predicted compounds, four pyrazole derivatives were synthesized and tested
for their potency against Gram-positive and Gram-negative bacterial strains. These compound showed moderate
antibacterial activity with MIC values as low as 12.5 μg/ml [103]. These results indicated that several pyrazole
derivatives are potent DNA gyrase inhibitors, and these compounds were active against both Gram-positive and
Gram-negative bacteria.
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Inhibitors of DHFR, protein synthesis & quorum-sensing inhibitors
DHFR is a molecular target to develop drugs to treat several anomalies such as cancer, malaria and bacterial
infections. Trimethoprim (TMP) is a classical DHFR inhibitor used as antibiotics to treat UTIs [104]. Piao et al.
have reported a series of pyrazole-thioxothiazolidinone hybrids (e.g., 40) as potent antimicrobial agents (Figure 8).
In vitro studies have shown that some of these compounds are potent growth inhibitors of Streptococcus mutans,
an anaerobic Gram-positive bacteria found in oral cavity and a significant contributor to tooth decay, with an
MIC value of 1 μg/ml. These compounds were potent against MRSA with an MIC value of 1 μg/ml, which was
equivalent to the positive control moxifloxacin and better than several approved antibiotics such as oxacillin [105].
Further structure–activity relationship (SAR) studies let to the discovery of dihydrotriazine substituted pyrazole
derivatives (40) as potent broad-spectrum antibacterial agents. One of these compounds inhibited the growth of
MRSA and E. coli strains with MIC values as low as 1 μg/ml, which was comparable or better than several standard
antibiotics. Molecular docking studies predicted the inhibition of DHFR as the possible mode of inhibition, which
was further validated by enzyme inhibition studies [106].

Several antibiotics, such as tetracyclines, macrolide, aminoglycosides, chloramphenicol and oxazolidinones,
inhibit bacterial protein synthesis [107]. Some pyrazole-containing compounds have also been reported as the
inhibitors of bacterial protein synthesis. Luo et al. reported a series of pyrazole-derived oxazolidinone compounds
(e.g., 41) as potent antimicrobial compounds. In an extensive SAR studies, the compounds with N-heterocyclic
substituents at the pyrazole ring found to be better antibacterial agents. The potent compound 41 inhibited
the growth of MRSA strains with the MIC values in the range of 0.25–2.0 μg/ml, which was better than the
widely used oxazolidinone antibiotic linezolid. In vivo mice model studies showed that this compound significantly
improved the survival of MRSA-infected murine models. Furthermore, this potent compound has demonstrated
high bioavailability and would be predicted to have less bone marrow suppression [108]. This result shows the
significance of pyrazole in treating the MRSA infection because it has improved the anti-MRSA and pharmacological
properties of linezolid skeleton. Molecular docking studies revealed that the mode of action was the binding with
the 50S ribosomal subunit of bacteria to prevent protein synthesis [108].

β-Lactamases are the enzymes that hydrolyze the β-lactam ring of penicillins, cephalosporins, carbapenems and
monobactams. These hydrolytic enzymes are broadly classified as serine-β-lactamases and zinc-dependent hydro-
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lases. These enzymes are the major determinant of β-lactam antibiotics effectiveness in Gram-negative bacteria.
Different classes of compounds have been found as potent β-lactamase inhibitors [109,110]. By using structure-guided
approach, a series of pyrazole-derived aryl sulfonyl hydrazones (e.g., 42) was synthesized to target metallo-β-
lactamases (MBLs). Several of these compounds showed potent inhibition of MBLs at low μM concentration.
These compounds showed promising antibacterial activity against drug-resistant clinical isolates of K. pneumoniae.
In a synergistic studies, these compounds resensitized resistant K. pneumoniae (K5) strain for meropenem and
cephalexin antibiotics. The most active compound, 42, was well tolerated in animal model studies [111].

Quorum sensing (QS) is a bacterial cell–cell communication strategy of gene expression that acts as a group
to regulate pathogenic processes such as biofilm formation, tolerance to antibiotics and expression of virulence
factors. QS is regulated by small organic compounds called autoinducer. Oligopeptide and N-acyl homoserine
lactone are the most common autoinducers in Gram-positive and Gram-negative bacteria, respectively [112]. LsrK
kinase, a carbohydrate family of kinases, is one of the key enzymes to activate QS in both Gram-positive and
Gram-negative bacteria [113]. Collina et al. designed a series of heterocycles to find potent LsrK inhibitors. SAR
studies of these compounds led to the discovery of LsrK inhibitor (43) with IC50 values as low as 100 μM. In
this study, it was confirmed that the pyrazole nucleus was essential for LsrK inhibition [114]. Vibriosis caused by
vibrios bacteria causes an estimated 80,000 illnesses and 100 deaths each year in the US. Vibriosis or cholera is
considered rare in the US and other industrialized countries, but it is one of the major diseases in the developing
and underdeveloped world [115]. In vibrios, QS is regulated by a master regulator called LuxR protein, which
is conserved in all pathogenic vibrios [116]. Screening a library of compounds followed by the synthesis of 50
sulfonamide derivatives to examine the SAR effects on QS in vivo led to the discovery several compounds as potent
LuxR inhibitors. Among these compounds, the pyrazole-derived sulfonamide (44) was the most potent inhibitor
with an IC50 value of submicromolar concentration [117]. Bromothiophene-derived pyrazole (45) has been found
to be a potent vibrio QS inhibitor at nanomolar concentration. This small molecule inhibited Vibrio harveyi LuxR
homologues, which is a well-conserved master transcriptional regulator for QS in Vibrio species [118].

Cell wall synthesis inhibition & cell wall disrupting agents
MurB Inhibitors & Bacterial Cystathionine γ-lyase (bCSE) inhibitors
MurB, UND-N-acetylenolpyruvylglucosamine reductase, is an enzyme that participate in cytoplasmic steps of
bacterial cell wall biosynthesis [119]. Novel piperazine bis(pyrazole-benzofuran) hybrid compounds found to be
potent inhibitors of MurB enzyme. Compound 46 inhibited the MurB with an IC50 value of 3.1 μM (Figure 9).
This compound inhibited the growth of MRSA strain with the MIC value of 18.1 μM and this compound was
effective against the biofilms of S. aureus, S. mutans and E. coli strains. The antibiofilm activities of these compounds
were better than the reference drug ciprofloxacin [120].

Undecaprenyl pyrophosphate synthase inhibitors
Undecaprenyl pyrophosphate synthase (UppS) catalyzes the reaction to synthesize undecaprenyl pyrophosphate by
the condensation of a pyrophosphate (FPP) with eight isopentenyl pyrophosphate. UppS is an essential enzyme to
synthesize peptidoglycan of bacterial cell wall [121]. Several inhibitors UppS of S. aureus were discovered from an
encoded library technology. The binding of a potent compound to the hydrophobic substrate site was confirmed
through cocrystallagraphy studies. Compound 47 inhibited the growth of S. aureus strains with an MIC value
of 8 μg/ml (Figure 9). This compound was also a moderate growth inhibitor of two pathogenic Gram-negative
bacterial strains; Haemophilus influenzae and Moraxella catarrhalis [122]. M. catarrhalis has gained recent attention
for respiratory tract infection [123]. Screening a collection of 142,000 small molecules led to the discovery of a
pyrazole-fused derivative (48) as potent UppS inhibitor with IC50 values as low as 0.05 μM. In this study, another
pyrazole derivative (49) was also discovered as potent UppS inhibitor. These compounds effectively inhibited the
growth of B. subtilis 168 with MIC values ranging from 0.1 to 12 μg/ml. These compounds were moderately
active against S. aureus and did not show any activity against Gram-negative strains. Nevertheless, the fused-
pyrazole compound (48) showed potent UppS inhibition at nanomolar concentration without off-target effects on
membrane potential [124].

Cell wall disrupting agents
Several cell wall disrupting agents, such as daptomycin, polymixins and gramicidins, are currently used
to treat various bacterial infections. The structure of the bacterial membrane is relatively conserved, and
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Figure 9. Cell wall synthesis inhibitors and cell wall disrupting agents.

thus antibiotic-disrupting the bacterial membrane is considered to be less likely drug resistance than that
of other classes of antibiotics [125]. Bang et al. have reported the first chemical synthesis of ultra-short pyra-
zole incorporated arginine-based peptidomimetics as potent antimicrobial agents. By systematic tuning of
peptide length and hydrophobicity, compound 50 has been found as the most potent pyrazole containing
peptidomimetics (Figure 9). This pyrazole-containing peptide inhibited the growth of S. aureus and P. aerug-
inosa strains with MIC values of 4 and 8 μg/ml, respectively. This compound was 2–4 times more potent
against drug-resistant bacterial strains than melittin, the main component of honey bee venom. Fluores-
cence spectroscopy and transmission electron microscopy studies revealed the possible mechanism of action
of these compounds, which caused cell wall disruption leading to cytosol leakage and eventual cell lysis [126].

Pyrazole derivatives as photodynamic antimicrobial agents
Antimicrobial photodynamic therapy (aPDT) is emerging a promising alternative technique to treat microbial
infections [127,128]. Photodynamic therapy involves a combination of a photosensitizer (PS), oxygen and light to
eliminate metabolically active cells or microorganism [128]. Some PS compounds as antimicrobial agents have
been reported in recent years (Figure 10). Fuchter et al. have reported arylazopyrazole derivatives (51 and 52)
as photopharmacological agents, and these compounds may have the potential to treat bacterial infections [129].
These compounds were potent growth inhibitors of amido-hydrolases, homologues to human histone deacetylases
(HDACs). In this study, two classes of photoswitches (azobenzenes and arylazopyrazoles) were studied; the ary-
lazopyrazoles were found to be better intrinsic photoswitches with nM IC50 values. Although no antimicrobial
properties were reported in this study, due to potent amidohydrolase inhibition activities, these molecules have
the potential for the development of new antimicrobial agents and modalities [129]. Lourenco et al. reported the
synthesis and antimicrobial studies of pyrazole-attached porphyrins and chlorins as photosensitizers. These com-
pounds (e.g., 53) were potent against E. coli bacteria both in planktonic and biofilm context. Compound 53 caused
photoinactivation of E. coli at 2.0 μM concentration after 30 min of red light irradiation. This compound caused
higher levels of 1O2 in bacteria to cause cell death [130].

Miscellaneous pyrazole derivative
A series of small molecules have been tested for their bacterial cystathionine γ-lyase (bCSE) inhibition activity. The
pyrazole derivative (54) has been as the most potent inhibitor of S. aureus CSE (SaCSE) and P. aeruginosa CSE
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(PaCSE) with the IC50 values of 0.7 and 1.2 μM respectively (Figure 11) [131]. Inhibition of CSE is significant
because this enzyme is the key to produce hydrogen sulfide (H2S), which protects bacteria against oxidative
stress [132]. A carbodithionate derivative (55) has been reported as a bacteriostatic agent against MRSA strains with
an MIC value of 4 μg/ml. This molecule is moderately active against E. faecium with an MIC value of 16 μg/ml.
In vivo studies further showed the potential of these compounds by rescuing Caenorhabditis elegans from S. aureus
infection. Whole-genome sequencing of treated S. aureus and screening of a S. aureus promoter-lux array were used

future science group www.future-science.com 355



Review Alam

to find the mechanism of action of this potent compound (55). Twenty analogues of the lead compound (55)
were further synthesized and tested for their potency against different bacterial strains. Some of these compounds
were found to be potent antimicrobial agents with MIC values as low as 0.5 μg/ml [133]. These pyrazole derivatives
(e.g., 55) were potential regulators of global transcriptional factor MgrA [134], an oxidation-sensing mechanism used
by S. aureus to neutralize reactive oxygen species. The MgrA protein acts as both virulence factor and a regulator
of antibiotic resistance in S. aureus [135].

In a unique study on the importance of pyrazole nucleus, Seleem et al. reported the synthesis and antimicrobial
properties of pyrazole derivatives as broad-spectrum antibacterial agents [136]. In this study, the narrow antibacterial
spectrum of phenyl thiazole derivatives was expanded by replacing the thiazole nucleus with a pyrazole ring
without compromising the pharmacokinetics features of the resultant compounds. The promising derivatives
(e.g., 56) showed better activity than that of vancomycin against vancomycin- and linezolid-resistant MRSA
strains with MIC values as low as 0.5 μg/ml. Some of these derivatives were potent against carbapenem-resistant
A. baumannii (CRAB), K. pneumoniae and E. coli strains. Furthermore, these compounds were effective against
clearing intracellular Gram-positive and Gram-negative pathogenic bacteria present in murine macrophage (J774)
cells [136]. Finally, several pyrazole-derived metal complexes were found to be moderate growth inhibitors of bacterial
strains [137].

Conclusion
Pyrazole derivatives have been approved to treat different type of diseases including bacterial infections. Cefoselis
and ceftolozane are two pyrazole-derived antibiotics, which have been approved to treat different bacterial infections.
A large number of pyrazole derivatives are in different stages of drug development to treat microbial infections.

Future perspective
Pyrazole derivatives have been found as potent antimicrobial agents targeting different molecular pathways of
bacteria. It has been found that replacing other heterocycles with pyrazole increases the potency and the spectrum
of the resultant compounds. Thus, replacing other heterocycles such as thiazole with pyrazole could generate potent
antibacterial agents. The mechanism of action for most of the pyrazole derivatives are not known or are not reported.
Therefore, it is difficult to determine the exact role of pyrazole for their antimicrobial properties. More mechanistic
studies of pyrazole antibacterials will help to design better compounds. Metabolic stability of the pyrazole nucleus
makes it one of the important heterocycles for novel antibiotic drug development.

Executive summary

• Microbial resistance to drugs is a global concern.
• ESKAPE pathogens cause majority of nosocomial drug-resistant infections.
• Pathogenic bacteria have developed resistance to existing antibiotics, and pandrug resistance bacteria are

becoming common.
• We are moving toward a post-antibiotic era in which minor infections and injuries may be lethal.
• Major pharmaceutical companies began to abandon the discovery of novel antibiotics in the 1980s.
• A few antibacterials are in the clinical pipeline, and less is known about their preclinical pipelines.
• Pyrazole-derivatives are being used to treat various types of diseases, including bacterial infections.
• A number of pyrazole-based small molecules have been reported as potent antibacterial agents.
• Different scaffolds containing pyrazole nucleus are known to show potent antimicrobial properties.
• These compounds show bactericidal or bacteriostatic properties by inhibiting different metabolic pathways

including DNA gyrase inhibition, inhibition of protein synthesis and peptidoglycan synthesis inhibitions.
• These pyrazole-containing compounds are also known as cell wall disrupting agents, photosensitizer and reactive

oxygen species generators.
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