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Review Article 

INTRODUCTION 

Antibiotics, antimicrobial substances active against bac-

teria, are key to fighting potential bacterial infections. 

Over a century ago, the first antibiotic, “salvarsan”, was 

used in 1910 (Hutchings et al., 2019). Globally, they are 

still being prescribed to treat and prevent a variety of 

infections caused by bacteria (Katz and Baltz, 2016). 

Antibiotics help fight infections by either inhibiting or 

killing the pathogen that causes the infection. However, 

the inappropriate prescription and overuse of antibiotics 

for treating humans, animals and agriculture has result-

ed in infectious bacteria becoming resistant to antibiot-

ics (Ventola, 2015). This mechanism termed antimicro-

bial (antibiotic) resistance has seen an alarming global 

increase, significantly endangering the antibiotic-based 
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treatment and outcomes of several bacterial infections 

(Giamarellou and Poulkau, 2009). Even though the rise 

of antibiotic resistance is a natural process, the exces-

sive and untimely use of antibiotics can speed up the 

process of gaining resistance. Some of the ways to 

combat antibiotic resistance would be to prevent the 

occurrence of infections and spread of resistance, ef-

fective use of antibiotics only when required and pre-

scribed by the physician and the development of new 

drugs (antibiotics). However, the ability of bacteria to 

gain resistance to the new antibiotic in a short period 

makes the whole process of antibiotic development 

futile. Therefore, this option is no longer considered 

profitable because of the economic and regulatory chal-

lenges faced in developing and bringing a new antibi-

otic to the market for use. Examples of some of the no-

table drug-resistant bacteria are MRSA (methicillin-

resistant Staphylococcus aureus), VRE (vancomycin-

resistant enterococci), CRE (carbapenem-resistant En-

terobacteriaceae), drug-resistant variants of Streptococ-

cus pneumoniae, Mycobacterium tuberculosis and 

Neisseria gonorrhoeae, MDR Pseudomonas aerugino-

sa and Acinetobacter as well as extended-spectrum 

beta-lactamase (ESBL)-producing members of Entero-

bacteriaceae. (Pfaller et al., 2018). 

With the option of developing new antimicrobials being 

ruled out, the only promising strategy to break the 

spread of antibiotic resistance would be to combine 

antibiotics to achieve better treatment efficacy. This is 

termed “combination therapy” instead of using a single 

antibiotic, “monotherapy”. If used in combination, antibi-

otics may show three varying degrees of response: ad-

ditive, synergistic or antagonistic. If the effect of the 

combination equals the sum of their individual effects, 

they are additive. If the effect is higher than the sum of 

the individual components, it is “synergistic”, whereas 

the interaction will be considered “antagonistic” when 

the effect of the combination is less than the individual 

antibiotic effect. This review focuses on antibiotic syner-

gy with a special emphasis on the synergy observed 

against carbapenemase-producing bacteria and the 

methods of measuring this synergy. (Briceland et al., 

1988). 

Even though the debate about whether combination 

antimicrobial therapy is better than monotherapy is still 

ongoing, some research and studies have shown that 

combination therapy could provide better results 

(Ratner et al., 2008). The overall mortality rate has 

been lower in patients following combination therapy 

than in those on single antibiotic therapy (Schmid et al., 

2019). For infections with no effective antimicrobial 

agents, combination therapy has proven to be highly 

effective. Several reports have studied the effect of 

combination therapy in treating multidrug-resistant 

Pseudomonas aeruginosa (Dundar and Otkun, 2010; 

Xipellet al., 2017), Acinetobacter baumannii (Sands et 

al., 2007; Wareham and Bean, 2006; Li et al., 2021)

Klebsiella pneumoniae(Lee et al., 2009, Nordmanet al., 

2009), and some of the most fatal drug-resistant patho-

gens. The study concluded that combination therapy is 

the best therapy when colistin and tigecycline are not 

accessible. 

CARBAPENEMS  

Beta-lactams, antibiotics whose structure has a beta-

lactam ring, are routinely prescribed antibiotics for clini-

cal infections. They can be categorized into several 

classes:penicillins, cephalosporins, carbapenems, 

monobactams and beta-lactamase inhibitors (Thakuria 

and Lahon, 2013).Letourneau and Calderwood (2020) 

studied the actions of acombination of beta lactamase 

inhibitors of carbapenamase and monobactams. Car-

bapenems, an important class of beta-lactams identi-

fied in the late 1970s, exhibit good safety and efficacy. 

They have a broad spectrum of action with utmost ef-

fectiveness against Gram-positive and Gram-negative 

bacteria (Bradley et al., 1999). This makes them the 

antibiotics used as a last alternative for infections 

caused by highly drug-resistant bacteria.The literature 

suggests that imipenem and panipenem are more po-

tent in treating gram-positive infections, whereas bia-

penem, meropenem, and ertapenem can effectively 

fight infections caused by gram-negative bacteria. Dor-

ipenem, the carbapenem least susceptible to hydroly-

sis, targets both Gram-positive and Gram-negative bac-

teria. Carbapenems such as imipenem and mero-

penem have the widest spectrum of action (Bassettiet 

al., 2009). Imipenem–Relebactam and Meropenem–

Vaborbactam, which are two novel carbapenem-β-

lactamase inhibitors, have been studied in combination 

by Zhanel et al. (2018), and relebactam and vabor-

bactam have been reported to broaden the spectrum of 

imipenem and meropenem, respectively, against β-

lactamase-producing Gram-negative bacilli.Both combi-

nations appear to be well tolerated in healthy subjects 

and hospitalized patients, with few serious drug-related 

treatment-emergent adverse events reported to date. 

(Giannellaet al., 2018) assessed the effect of high-dose 

(HD) carbapenem-based combination therapy on clini-

cal outcome in patients with monomicrobial car-

bapenem-resistant Klebsiella pneumoniae (CR-KP) BSI 

and discovered that when patients receive combination 

therapy for CR-KP BSI, the use of HD carbapenem 

appears to be associated with a better outcome, even 

when high-level carbapenem resistance is present. 

Carbapenem controls bacterial infections by inhibiting 

cell wall synthesis, specifically peptide cross linking. 

They enter Gram-negative cells through outer mem-

brane transport proteins and porins and irreversiblyac-

ylate penicillin-binding proteins (PBPs). The acylation 

of PBP inhibits itstransglycosylase, transpeptidase and 
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carboxypeptidase activities. This results in the synthe-

sis of very weakened peptidoglycan and altered osmot-

ic pressure, resulting in bursting of the cell. The ability 

of carbapenems to bind to multiple types of PBPs 

(Hashizumeet al., 1984) makes them more effective 

against infectious Gram-negative bacteria. To treat 

more serious infections, they can be combined with 

other antimicrobials (Cha, 2008). Comparison of combi-

nation therapy with monotherapy is reported by (Peri et 

al., 2019), World Health Organization (WHO) stated 

that the superiority of combination treatment (most of-

ten including meropenem, colistin, gentamicin, or 

tigecycline) versus monotherapy has been limited due 

to the observational nature of the studies. This is of 

supreme importance due to the continuous emergence 

of multidrug-resistant (MDR) bacterial strains, which 

cannot be controlled with antibiotic monotherapy. 

Bacteria can develop resistance to carbapenems due 

to mechanisms that may be intrinsic, extrinsic or both. If 

the bacteria are naturally resistant to certain antibiotics, 

they are intrinsically resistant and often complicate drug 

selection for treatment. Extrinsic or acquired resistance 

is when a sensitive bacterium gains the gene responsi-

ble for the resistance from resistant bacteria (Forsberg 

et al., 2010). They may also develop strategies to stop 

the antibiotic from causing any harm to the host bacte-

ria. Some of the mechanisms include inactivation of the 

antibiotic using enzymes, mutating the target site of the 

antibiotic or rapid efflux of the antibiotics as soon as 

they enter the cell (Levy and Marshall, 2004). Gram-

negative bacteria are more dangerous, as they are 

gaining resistance against all available antibiotics, lead-

ing to a scenario similar to when there were no antibiot-

ics. Among the Gram-positive bacteria, drug-resistant 

variants of Staphylococcus aureus and Enterococci 

pose the biggest threat (Rossoliniet al., 2014). 

CARBAPENEMASE 

Carbapenemase, a class of beta-lactamases, can hy-

drolyse carbapenems as well as other beta-lactams, 

such as penicillin, cephalosporins and monobactams. 

Drug-resistant bacteria producing carbapenemase can 

nullify the effect of carbapenem, the antibiotic used as 

the last resort to treat infections. Moreover, these en-

zymes are too resilient to be destroyed by beta-

lactamase inhibitors. Based on their amino acid homol-

ogy, carbapenemase can be classified into three major 

classes, class A, class B and class D. Of these, mem-

bers of classA and class D have at their active site the 

presence of a serine residue, which in class B enzymes 

is replaced by zinc. Therefore, class A and D car-

bapenemases are serine carbapenemases, while class 

B enzymes are metallo-carbapenemases. In terms of 

the ability to hydrolyze carbapenem and geographical 

spread, the most effective ones are NDM, IMP, KPC, 

OXA-48 and VIM (Poirelet al., 2012). Members of 

SME, KPC, IMI, GES and NMC comprise class A, 

members of IMP, SPM, VIM, SIM and GIM form the 

class B metallo-carbapenemase, while the class D en-

zymes are OXA- type.(MUSA and D. N. B. (2018) stat-

ed that according to the Ambler classification, there are 

four molecular classes of β-lactamases, namely, A, B, 

C and D. The genes that encode thebeta-lactamase 

enzyme AmpCtype,an Ambler class C,are present in 

Serratia, Citrobacter and Enterobacter. It can rapidly 

hydrolyze penicillin, cephalosporins, and monobactams 

but is not inhibited by beta-lactamase inhibitors. The 

metallo β-lactamase subtype generated by car-

bapenem-resistant Pseudomonas aeruginosa isolates 

in Japan was classified by (Nakayama et al., 2021), 

and it was discovered that all MBL-positive CRBP-r 

isolates were extremely resistant to carbapenems, 

which were dominant in IMP-1 synthesis. Sun et al.

(2018) evaluated the reliability of the inhibitor-

enhanced carbapenem inactivation method (CIM) for 

the detection and preliminary classification of car-

bapenemase in gram-negative rods and concluded that 

the CIM produces consistent results with the car-

bapenemase gene detection method and thus may be 

used to detect and classify carbapenemase in clinical 

microbiology laboratories. Table 1 highlights some of 

the key features of the different classes of car-

bapenemase. 

Carbapenemasewas first reported in the 1980s from 

Aeromonas hydrophila, followed by reports in 1982 

(SME-1 from Serratia marcescens), 1984 (IMI-1 from 

Enterobacter cloacae) and 1990 (NMC from E. cloa-

cae). This global spread hascreated many serious con-

cerns, as bacterial strains are gaining resistance 

against one of the most potent classes of beta-lactams, 

carbapenems (Garcia, 2013). 

Class A carbapenemases (penicillinases) 

They are serinecarbapenemases reported from Serra-

tia marcescens, Enterobacter cloacae(Nordmannet al., 

1993), Klebsiellaspp. (Yigitet al., 2001), etc. Class A 

carbapenemase can hydrolyze penicillin, cephalospor-

in, carbapenem, and aztreonam and is inhibited by 

compounds such as clavulanate and tazobactam. They 

comprise three major enzyme families: NMC/IMI, KPC 

and SME. NMC (nonmetalloenzymecarbapenemase) 

and IMI (imipenem hydrolyzing beta-lactamase) genes 

are chromosomally encodedand have been detected in 

Enterobacter cloacae isolates (Nordmannet al., 1993) 

with an internal amino acid identity of 97% 

(Rasmussen et al., 1996).Klebsiella pneumoniae car-

bapenemase (KPC) genes are not chromosomally en-

coded but are present on extrachromosomal elements 

called plasmids. They are not limited to Klebsiella 

pneumoniae (Yigitet al., 2001) but are also present to a 

lesser extent in Salmonella spp. and Enterobacter spp. 
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(Bratuet al., 2005). The gene for SME (Serratia mar-

cescens enzyme) is encoded on the chromosome and 

has been identified in several isolates of several Serra-

tia marcescens. They show 70% amino acid identity 

with members of the NMC/IMI family (Naas et al., 

1994).Classification based on amino acid homology 

has resulted in four major classes that correlate well 

with the functional scheme but lack the detail concern-

ing the enzymatic activity of the enzyme Soeunget al. 

(2020) mentioned molecular class A, including β-

lactamases with serine at their active site. In the study 

of (Bush, 2018), it was mentioned how the serine active 

site forms. 

Among the resistance conferred by several car-

bapenemase-producing bacteria, the frequency with 

which the resistance is shown by bacteria producing 

KPC poses the maximum threat (Nordmannet al., 2009; 

Srinivasan and Patel, 2008). Their rates of propagation, 

even on an international level, are fairly widespread 

and have been reported in countries such as the United 

States, Greece, China and Israel (Gupta et al., 2011; 

Nordmannet al., 2009; Bratuet al., 2005a), resulting in 

endemic and epidemic situations. They are a larger 

threat, as their carbapenemase can hydrolyze a very 

broad spectrum of antibiotics, such as fluoroquin-

olones, tetracycline and aminoglycosides (Bratuet al., 

2005b; Endimianiet al., 2009), in combination with other 

mechanisms, such as changes in the transporter and 

enzyme modification. This compounds the problem of 

KPCproducers often comprising up to 57% of some 

outbreaks (Woodford et al., 2004; Bratuet al., 2005a). 

With the limited data available, it remains unknown 

which antibiotic combination can effectively treat infec-

tions caused by KPC-producing bacteria (Hirsch and 

Tam, 2010). 

Class B carbapenemases (metallo-beta-lactamases) 

They are metallo-carbapenemases (zinc), usually re-

sistant to commercial beta-lactam inhibitors but suscep-

tible to EDTA and other metal chelators. The gene for 

the enzyme is present on the chromosome and has 

been identified thus far in Bacillus cereus (Kuwabara 

and Abraham, 1967), Stenotrophomonas maltophila

(Sainoet al., 1982) and Aeromonas spp. (Iaconis and 

Sanders, 1990). Localized imipenemasessuch as GIM 

(German imipenemase), SIM (Seoul imipenemase), 

VIM (Verona integron encoded Metallo beta-lactamase, 

commonly present in Pseudomonas sp.) and IMP 

(active on imipenem, commonly found in Acinetobacter 

sp. and Pseudomonas sp.) are common families of 

metallo-carbapenemase. VIM and IMP have been spot-

ted worldwide inEnterobacteriaceae, while SIM and 

GIM have not spread beyond their place of origin. 

NDM (NewDelhi metallo-beta-lactamase, widely pre-

sent in Enterobacteriaceae, Acinetobacter spp. and 

Vibrio cholerae (Nordmannet al., 2011; Patel, 2012), is 

one of the classes of metallo-beta-lactamases. The 

infection caused by NDM was endemic to India and 

Pakistan. However, tourism has resulted in its spread to 

several countries (Kuset al., 2011). A key concern re-

garding NDM is thatit is not restricted to hospital-

acquired infections but is also spread in the environ-

ment (Wu et al., 2010; Poirelet al., 2011). Such organ-

isms often carry genes responsible for resistance to 

other classes of antibiotics but are susceptible to poly-

myxin and tigecycline (Livermore et al., 2011; Alburet 

al., 2012).These enzymes are currently divided into 

three subclasses based on a combination of structural 

features, zinc affinities for the two binding sites, and 

hydrolysis characteristics.The different active site re-

quirements on different classes were studied by (Sun et 

al., 2018). Subclasses B1 and B3, divided by amino 

acid homology, bind two zinc atoms for optimal hydroly-

sis, while enzymes in subclass B2 are inhibited when a 

second zinc is bound. Subclass B2 also differs in hy-

drolysis spectrum, as it preferentially hydrolyzes car-

bapenems, in contrast to the broad hydrolysis spectrum 

observed for B1 and B3 enzymes (Devkotaet al.,2020) 

Class D carbapenemase (oxacillinases) 

They are OXA (oxacillin hydrolyzing) beta-lactamases 

and have been recognized in Acinetobacter sp. (Afzal-

 Class A Class B Class D 

Alternate name Penicillinase Metallo-beta-lactamase Oxacillinase 

Genes encoded on 
Both chromosomes and 

plasmids 
Mainly plasmids Both chromosomes and plasmids 

Inhibited by 
Clavulanic acid, tazobac-

tam 
EDTA 

In vitro by NaCl, variable inhibi-

tion by clavulanic acid 

Examples KPC, SME, IMI, NMC VIM, GIM, SIM, IMP, NDM-1 
OXA-23, OXA-40, OXA-48, OXA-

50 

Organisms 

P. aeruginosa, S. mar-

cescens, Enterobacter-

ospp., Enterobacteri-

aceae 

Pseudomonas spp., Acineto-

bacter spp., Enterobacteri-

aceae 

P. aeruginosa, Acinetobacter 

baumanii 

Table 1. Characteristics of different classes of carbapenemase 

Source : various Scopus/PUBMED journals and web search 
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Shah and Livermore, 1998), more specifically in A. bau-

mannii. They are also present to some extent in P. ae-

ruginosa and members of Enterobacteriaceae (Naas 

and Nordmann, 1999). They are present on the chro-

mosomes and on the plasmids of several bacterial clas-

ses (Sanschagrinet al., 1995; Poirelet al., 2012). They 

can hydrolyze oxacillin and cloxacillin and inhibit clavu-

lanate and EDTA (Bush et al.,2011). Class D car-

bapenemase hydrolyses carbapenems very weakly. 

This class has seen maximum growth in terms of the 

number of newly developed enzymes (Bush and Fish-

er, 2011). They are the key sources of hospital-

acquired infections coupled with a high rate of mortality. 

Some of the examples include OXA-1, OXA-2, OXA-

24/40, OXA-23, OXA-10, OXA-48, etc. (Antunes and 

Isolate Combination % Synergy % Antagonism Reference 

Acinetobacter baumanii 
Imipenem + 
Ampicillin/sulbactam 

88.2 Nil 
Ozseven et al. 
(2012) 

Acinetobacter baumanii Imipenem + cefepime/sulbactam 70.6 Nil 
Ozseven et al. 
(2012) 

Acinetobacter baumanii 
Meropenem + Ampicillin/
sulbactam 

94.1 Nil 
Ozseven et al. 
(2012) 

Acinetobacter baumanii 
Meropenem + cefepime/
sulbactam 

8.8 Nil 
Ozseven et al. 
(2012) 

Acinetobacter baumanii Meropenem + sulbactam 70 6.7 
Pongpech et al. 
(2012) 

Acinetobacter baumanii Imipenem + Ampicillin/sulbactam 16 Nil Sheng et al. (2011) 

Acinetobacter baumanii Imipenem + sulbactam 87.5 Nil Song et al. (2007) 

Pseudomonas aeruginosa Imipenem + Gentamycin 25 Nil Santos et al. (2013) 

Pseudomonas aeruginosa Imipenem + Tobramycin 75 Nil Santos et al. (2013) 

Pseudomonas aeruginosa Imipenem + Rifampicin 75 Nil Santos et al. (2013) 

Pseudomonas aeruginosa Imipenem + Tobramycin 15 Nil 
Dundar and Otkun, 
(2010) 

Pseudomonas aeruginosa Imipenem + Ciprofloxacin 8 Nil 
Dundar and Otkun, 
(2010) 

Pseudomonas aeruginosa Doripenem + Amikacin 20 Nil He et al. (2012) 

Pseudomonas aeruginosa Doripenem + Colistin 3 Nil He et al. (2012) 

Pseudomonas aeruginosa Doripenem+Levofloxacin 9 Nil He et al.(2012) 

Klebsiella pneumoniae Meropenem + Colistin 38.5 Nil Tascinietal.(2013) 

Klebsiella pneumoniae Imipenem + Colistin 38.5 Nil Tasciniet al. (2013) 

Klebsiella pneumoniae Imipenem + Polymyxin B 100 Nil Elemamet al. (2010) 

Klebsiella pneumoniae Meropenem + Colistin 25 Nil Stein et al. (2015) 

Klebsiella pneumoniae Meropenem + Tigecycline 10 Nil Stein et al. (2012) 

Klebsiella pneumoniae Doripenem + Colistin 100 Nil 
Lee and Burges, 
(2013) 

Klebsiella pneumoniae Doripenem + Polymyxin B 100 Nil 
Lee and Burges, 
(2013) 

Klebsiella pneumoniae Meropenem + Polymyxin B 64 Nil 
Pankey and Ash-
craft, (2009) 

Klebsiella pneumoniae Imipenem + Tigecycline 69.2 Nil Yimet al. (2011) 

Klebsiella pneumoniae Imipenem + Colistin 33.3 23.8 Souli et al. (2009) 

Klebsiella pneumoniae Meropenem + Polymyxin B 100 Nil Diep et al. (2017) 

Klebsiella pneumoniae Meropenem + Polymyxin B 100 Nil 
Kulengowski et al. 
(2017) 

Table 2. Earlier studies of combination therapy with carbapenem 
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Fisher, 2014).As mentioned in penicillinase, class D 

also possesses serine at their active site (Akhter et al., 

2018). However, according to the study of (Willing et 

al., 2020), serine incorporation lowers resistance to 

oxacillin. 

ANTIBIOTIC SYNERGY WITH CARBAPENEM 

The concept of “antibiotic synergy” arises when a com-

bination of antibiotics is used to cure a particular infec-

tion instigated by drug-resistant bacteria in cases 

where monotherapy may not be advantageous. While 

using a combination, if the effect of the antibiotic combi-

nation is more than the effects of separate antibiotics, 

the antibiotics are said to act in synergy. Such a pair 

may provide better improvement and reduce mortality. 

While using carbapenem for combination therapy, ei-

ther one or both candidates can be considered car-

bapenems. Combinations of other antibiotics with car-

bapenem have been found to be most effective for pa-

tients in the high-risk mortality class (septic shock pa-

tients). In contrast, the combinations without car-

bapenem exhibited worse results (Daikoset al., 2014). 

Several studies have focused on the effect of combina-

tion therapy to cure infections. Carbapenems-

aminoglycosides combinations have had encouraging 

results against carbapenem-resistant Enterobacteri-

aceae (CRE) (Hirsch et al., 2013; Le et al., 2011). 

Combinations of colistin with meropenem showed syn-

ergism against MDR Klebsiella pneumoniae isolates 

(Ontonget al., 2021). Another independent study identi-

fied the combination of doripenem with amikacin to be 

highly effective against KPC-producing Klebsiella pneu-

moniae. The results were promising for both in vitro 

and in vivo infection models (Hirsch et al., 2013).To 

treat the infections caused by the PDR (pandrug-

resistant) Acinetobacter baumannii, a combination of 

imipenem-colestimethate and imipenem-tigecycline has 

been found to be synergistic (Spoiralaet al., 2010). 

MDR Klebsiella pneumoniae infections were treated 

with several combinations, such as colistin with amino-

glycoside, fluoroquinolones, carbapenem, tetracycline, 

cephalosporins, piperacillin and fosfomycin (Ontonget 

al., 2021).Zusmanet al. (2013) analysed the in vitro 

synergy between polymyxin and carbapenem combina-

tions. This combination was successful against 77% of 

Acinetobacter baumannii isolates with only 1% antago-

nism, notably when meropenem or doripenem was 

used. 

Combinations of two carbapenems are a salvage treat-

ment option to combat XDR (extensively drugresistant) 

and PDRCRE. In a few studies, ertapenem and dor-

ipenem combinations have been used, where 

ertapenem inhibits KPCs while doripenem kills the 

pathogen(Bulik and Nicolau, 2011). Other carbapenem 

combinations effective against KPC producers are 

imipenem/ertapenem, imipenem/doripenem, mero-

penem/doripenem and ertapenem/doripenem, whereas 

the meropenem/ertapenem combination showed no 

synergy(Poirelet al., 2016; De Pascale et al., 2017). 

Some data show that DCC (double carbapenem combi-

nation) exhibits synergistic activity against MDR 

(multidrug-resistant) and XDR K.pneumoniae producing 

OXA-48 (Galaniet al., 2018). However, the results are 

limited to in vitro conditions, and clinical evidence is 

awaited. Recent studies have also shown that re-

sistance development against combination therapies is 

delayed compared to that against monotherapies (Tan 

et al., 2007). Table 2 depicts some of the studies where 

carbapenems were used for treating infections. 

All these reports suggest one thing in common: DCCs 

proved to be of maximum efficacy, with imipenem 

showing maximum efficiency. However, the results can-

not be directly taken into account relevant to clinical 

practice, as the correlation among the results obtained 

in vitro and in vivo depends on several factors, such as 

the pharmacokinetic and pharmacodynamic properties 

of the drug in the patient and bacterial load and antibi-

otic load at the infection site (Zusmanet al., 2013). 

Methods for testing synergy 

The need for testing antibiotic synergy has gained ex-

cessive admiration in the last decade owing to the 

growing incidence of infectious organisms that are 

highly drug-resistant. In vitro drug combination studies 

can, to an extent, provide evidence about their in vivo 

performance, which is where synergy testing plays a 

key role. Synergy testing requires sophisticated tech-

niques to measure the cumulative efficacy of the antibi-

otic combinations. The most common methods used in 

vitro to determine the synergy are the checkerboard 

method, MCBT (Multiple combination bactericidal test), 

time-kill assays and E-test (gradient diffusion test). 

These methods may determine if the antibiotics used in 

combination are antagonistic to each other (Doern, 

2014). Papoutsakietal.(2020) used the three E-test, 

chequerboard, and TKA to evaluate the invitro methods 

for testing tigecycline combinations against car-

bapenemase-producing Klebsiella pneumoniae iso-

lates. 

Checkerboard method 

This method is relatively easy and can determine the 

activity of a combination of two antibiotics in clinically 

relevant concentrations. The combinations at different 

concentrations can be tested in a broth with a 2 ml vol-

ume or a micro broth with a 100 μl volume (Odds, 

2003). The effect of different classes of antibiotics can 

also be determined in serial dilutions. The results of this 

method are expressed in terms of FIC and fractional 

inhibitory concentration. The FIC values are calculated 

from the MIC values of the individual components of 
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the combination and the MIC of the combination as a 

whole. For a combination to be synergistic, the MIC of 

the combination should be at least 4-fold less than the 

MIC of the individual components. This meansthat the 

FIC value should be less than 0.5 for the combination 

to act synergistically. FIC values in the range of 0.5-1.0 

are considered to be additive; values 1-4 indicate little 

interaction between the drugs, while FIC values greater 

than 4 imply that the antibiotics in the combination are 

antagonistic (Saiman, 2007). This method has certain 

limitations. For example, it can test a combination of 

only two antibiotics, not more than that. The efficacy of 

the combination can be tested only for a fixed period, 

and it requires several reagents and resources to check 

several different combinations (Doern, 2014). 

Using the broth volatilization checkerboard technique, 

(Netopilovaet al., 2021) researchers evaluated in vitro 

antibacterial interactions against diverse S. aureus 

strains in both liquid and vapourphases.The synergistic 

effect of conventional antibiotics and lipopeptides of the 

pelgipeptin family was evaluated by the Checkerboard 

method in the study of (Costa et al., 2019).The results 

indicate that the combination of pelgipeptin B and C or 

chloramphenicol has a synergic effect against a multi-

drug-resistant bacterial strain. 

Multiple-combination bactericidal test  

The MCBT is a useful technique to help clinicians de-

cide on appropriate non antagonistic combination anti-

biotic therapy for patients (Smith et al., 2020) 

The multiple-combination bactericidal test overcomes 

one of the major disadvantages of the checkerboard 

test. It can simultaneously test two, three or even four 

antibiotics and determine the antimicrobial concentra-

tion required to achieve 99.9% killing. The concentra-

tion of the antibiotics to be used in the test depends on 

the concentration present in the serum of the patients. 

It allows only a fixed concentration of antibiotics to be 

tested. However, several combinations can be easily 

tested as the assay is performed in a 96-well microtiter 

plate. Each well can have the required antibiotic combi-

nation atappropriate concentrations. The plates are 

inoculated with the bacterial agents to be tested, incu-

bated and observed for turbidity twice, at 24 h as well 

as 48 h. Samples from the wells with no turbidity are 

subcultured and examined for 99.9% killing (Aaron et 

al., 2000). The utility of this method is limited, as the 

results are measured only at specific time intervals 

(Taylor et al., 1983). 

(Tapalsky 2018) Evaluated the sensitivity of combina-

tions of antimicrobial drugs (AMPs) of nosocomial iso-

lates of Klebsiella pneumoniae, Pseudomonas aeru-

ginosa and Acinetobacter baumannii-

producingcarbapenemase by using MCBT. 

in the study of Lim and Fitzgerald (2018). Treating re-

sistant Pseudomonas aeruginosa lung disease in 

young children with cystic fibrosis.It was mentioned that 

MCBT is able to systematically test P. aeruginosa iso-

lates against various combinations of antibiotics to 

identify the optimal sensitivity pattern. The results can 

be generated within 72 hours of culture, whichfurther 

enhances the treatment efficacy in the management of 

P. aeruginosa infections in individuals with CF. 

Time-kill assays 

The time-kill assay (TKA) determines the reduction in 

bacterial counts with time followed by exposure to a 

specific drug combination compared to the antibiotics 

used singly (Laishramet al., 2017). Similar to the MCBT 

test, the time-kill assay also determines the concentra-

tion of the antibiotics that is sufficient to achieve 99.9% 

bacterial killing. Therefore, it is considered a derivative 

of MCBT. However, in contrast to MCBT, where growth 

is checked at 24 and 48 hours, the time-kill assays em-

ploy different time points to better understand bacterial 

killing. This enables the detection of the rate of bacteri-

al killing, which is crucial to predicting the infected pa-

tient's performance (Nordenet al., 1979). There is a 

standard protocol for the time-kill assays that are per-

formed in beakers of at least 10 mL volume. The antibi-

otic combination was mixed with a specific load of inoc-

ulum and incubated for 48 hours. In the meantime, 0.5 

mL samples are withdrawn at a specific time interval to 

determine the viable count of bacteria in the sample. 

The values of time and kill are used to make a graph. 

Suppose there is more than a 2 log10 decrease in the 

growth of bacteria obtained with the antibiotic combina-

tion and with the most active antibiotic of the combina-

tion. In that case, the combination is said to exhibit syn-

ergistic behavior (NCCLS, 1999). Any difference less 

than this is noted as indifference. The limitation of the 

test is that the graph is not easy to interpret, as differ-

ent bacteria grow at different rates, with the first 12 h 

being the most critical ones for such studies. 

The results of TKA can also be depicted as the area 

under the killing curve (AUC). The log values of bacte-

ria can be plotted on the Y-axis with the time on the X-

axis, and the AUC can be calculated for the combina-

tion and an individual component. If both AUC values 

were statistically significant at P < 0.05, the compo-

nents acted synergistically. Even though the results 

have high precision coupled to less experimental varia-

tion, they are not extensively used (Laishram et al., 

2017). A key reason for this is the fact that researchers 

often prefer to use the drug at concentrations similar to 

those present in the serum. However, this is not relia-

ble, as the drug concentration at the site of infection or 

in other organs may vary, and therefore, the results 

cannot be extrapolated. Another key point is that the 

drug concentration remains constant in vitro, whereas 

the concentration keeps changing within the body. Fac-
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tors such as the properties of the drug, dose and mode 

of administration, inoculum size, etc. severely affect the 

results of TKA (Tripodiet al., 2007). It can be used as a 

reference assay to determine the bactericidal effect but 

is often time-consuming andlabour-intensive and can 

detect only limited concentrations (Laishramet al., 

2017). 

Jahan et al.(2021) used an Etest minimum inhibitory 

concentration (MIC): MIC technique and a time-kill as-

say to investigate the combination of fosfomycin and 

meropenem against 20 MBL-producing P. aeruginosa. 

The Etest technique and the time-kill assay yielded 

similar results in accordance with the isolates. 

(Alrashidiet al., 2021) conducted a Time-Kill Assay 

Study on the Synergistic Bactericidal Activity of Pome-

granate Rind Extract and Zn(II) against methicillin-

resistant Staphylococcus aureus (MRSA), Staphylococ-

cus epidermidis, Escherichia coli, and Pseudomonas 

aeruginosa, as Pomegranate Rind Extract and Zn(II) 

possess antimicrobial activity. 

E-test 

The E-test formerly known as the Epsilometer test is a 

method of assessing antimicrobial sensitivity by insert-

ing an antimicrobial-impregnated strip onto an agar 

plate. If a bacterium or fungus is sensitive, it will not 

grow near an antibiotic or antifungal concentration. The 

results can be used to determine a minimum inhibitory 

concentration (MIC) for some microbial and antimicrobi-

al combinations. 

The test is also known as the gradient diffusion test. 

The test relies on antibiotic diffusion from a strip im-

pregnated with the antibiotic in a continuous concentra-

tion gradient. An agar medium with the lawn growth of 

the test bacterium was used to perform the test. E-test 

strips with the specific antibiotic were placed on agar 

and allowed to incubate overnight. The antibiotic will 

slowly diffuse from the strip to kill the bacteria, leading 

to the formation of an elliptical zone as the antibiotic will 

diffuse from all sides. The point at which this clear zone 

touches the strip is the minimal inhibitory concentration 

(MIC). TheE-test can be modified in two ways to deter-

mine synergy (Doern, 2014). 

The first method employs two E-test strips with different 

antibiotics. They were placed in agar plates with lawn 

bacterial growth perpendicular to each other. The strips 

intersect each other at the MIC of the individual antibi-

otic. The FIC value determines whether they are in syn-

ergy (Saiman 2007; White et al., 1996). In the second 

method, a single E-test strip with the antibiotic is placed 

on the lawn bacterial growth on the agar plate for 60 

min. The strip is then replaced with a second strip im-

pregnated with a different antibiotic. Control strips are 

also placed on the same plate without interfering with 

the test results (Lewis et al., 2002). Table 3 lists some 

of the studies that used these testing methods to deter-

mine synergy against Acinetobacter baumannii, Pseu-

domonas aeruginosa and Klebsiella pneumoniae. 

In (Ranuet al., 2019), antibiotic combinations such as 

colistin + meropenem, imipenem + tigecycline, poly-

Organism Antibiotic combination 
Synergy testing method 

employed 
References 

Acinetobacter baumanii Imipenem + Polymyxin B Checkerboard and time-kill Yoon et al., 2004 

Acinetobacter baumanii Imipenem + Polymyxin B E test Wareham and Bean, 2006 

Acinetobacter baumanii Meropenem + Colistin Checkerboard Biancofioreet al., 2007 

Acinetobacter baumanii Meropenem + Polymyxin B E test and time-kill Pankey and Ashcraft, 2009 

Pseudomonas aeruginosa Imipenem + Polymyxin B Time-kill Landman et al., 2005 

Pseudomonas aeruginosa Imipenem + Polymyxin B Checkerboard breakpoint Tatedaet al., 2006 

Pseudomonas aeruginosa Meropenem + Colistin Time-kill Pankuchet al., 2008 

Pseudomonas aeruginosa Imipenem + Colistin Time-kill Bergen et al., 2011 

Klebsiella pneumoniae Imipenem + Polymyxin B Time-kill Bratuet al., 2005a 

Klebsiella pneumoniae Imipenem + Colistin Time-kill Souliet al., 2009 

Klebsiella pneumoniae Imipenem + Colistin Time-kill Elemamet al., 2010 

Klebsiella pneumoniae Doripenem + Polymyxin B Time-kill Urban et al., 2010 

Klebsiella pneumoniae 
Doripenem + Colistin/

Polymyxin B 
Time-kill Lee and Burgess, 2013 

Table 3. Synergy methods used for different combination therapies 
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myxin B + azithromycin, and doripenem + sulbactam 

were utilized for MDR Acinetobacter infections and 

evaluated invitro by Epsilometric test and Broth Micro 

dilution, with time kill assay confirmation. (Ramadan et 

al., 2018) characterized different carbapenemase 

genes carried by carbapenem-resistant (CR) A. bau-

mannii and P. aeruginosa isolates and evaluated the in 

vitro effect of some colistin-based combinations by the 

E-test method. Papoutsakietal.(2020) explored whether 

easier methods based on the Etest technique might 

offer a suitable alternative. There is a poor correlation 

between the synergy testing methods of tigecycline 

combinations, which may be associated with their dif-

ferent endpoints. 

Comparison of methods for testing synergy 

There is no gold standard method for studying synergy. 

However, several tests can be used to compare the 

results to develop a method better suited for the pur-

pose. As each of the tests uses different results, i.e., 

inhibition or killing, the overall results are often discord-

ant. The time-kill method has been shown to exhibit 

better synergy rates than the checkerboard method 

(Souliet al., 2008). The results of the checker-board 

test and E-test are expressed in terms of MIC 

(minimum inhibitory concentration) values. This holds 

relevance in clinical diagnosis and studies. However, 

the time-kill methods focus on the extent of the killing of 

the infectious bacteria in a certain amount of time, 

which gives an idea about the nature of the infection. 

The results may vary with the type of bacteria, the bac-

terial load, the time frame of the infectious sample dur-

ing the entire course of infection, and so on (Zusmanet 

al., 2013). All these parameters are key to arriving at a 

single method to determine the synergy in conditions 

that are in vitro as well as in vivo. 

For the gold standard method for testing drug-resistant 

variants of Escherichia coli, Enterobacter cloacae, 

Staphylococcus aureus, and Pseudomonas aerugino-

sa, TKA has been the gold standard method compared 

to the checkerboard and E-test assays. TKA methods 

showed an agreement value of 44-88% compared to 

the values 63-75% for the other methods (White et al., 

1996). As there is not much difference between the 

values for all three methods, the E-test method, which 

is the simplest, can be used as a replacement for the 

checkerboard and TKA methods. A different study com-

pared checkerboard and TKA for Pseudomonas aeru-

ginosa.The results showed synergy for various antimi-

crobial concentrations using the TKA method, while the 

checkerboard method showed no difference 

(Cappellety and Rybak, 1996). For the determination of 

synergy for Acinetobacter baumannii, Klebsiella pneu-

moniae and Pseudomonas aeruginosa, the TKA meth-

od was the best, followed by the checkerboard test, 

while the E-test detected the least synergism 

(Laishramet al., 2017). Despite this, there have been 

instances where more than 90% correlation have been 

found between the results obtained using checkerboard 

test and E-test (Balkeet al., 2006). 

The key points to be considered are that there is no 

one gold standard method for determining synergy. No 

two methods for testing synergy can produce compara-

ble methods because of the different parameters. At 

the same time, one cannot neglect the fact that one of 

the synergy methods may correlate well with patient 

outcomes. With the limited data available, one can say 

that the TKA method could be a gold standard, as it 

provides dynamic details of how the bacteria are killed 

as a function of time.Checkerboard method, MCBT or E

-test does not provide this information. However, the 

limited studies that have focused on the clinical rele-

vance of synergy testing have not considered TKA. 

This means that the in vitro data about antibiotic syner-

gy cannot be linked to the treatment options. 

Clinical significance of combination therapy and 

synergy testing 

Carbapenem-resistant (CR) Gram-negative bacteria 

(GNB) embody one of the prime health risks (Paul et 

al., 2014). Treating the infections caused by them has 

resulted in a higher rate of mortality and a very low re-

covery rate.The use of combination therapy has been a 

boon in such cases, as they show a significant de-

crease in mortality and improved recovery rate. This 

increased efficacy of the antibiotic combination is be-

cause of the synergistic interaction between the antibi-

otics. Combination therapies are vital, as they maxim-

ize the rate of bacterial killing and the extent of bacteri-

al killing, as the different components of the combina-

tion will affect multiple bacterial pathways and kill them. 

They also prevent bacterial regrowth and reduce the 

development of resistance by the bacteria (Zavasckiet 

al., 2013). 

The key success of the combination therapy is to quan-

tify how beneficial the antibiotic combination is com-

pared to when administered individually. Synergy test-

ing methods have enabled testing of several antibiotic 

combinations with different drug concentrations in dif-

ferent groups of drug-resistant bacteria to determine 

which combination affects the bacteria the most. Such 

tests provide information about which drugs can be 

paired together and at what concentrations. It can also 

determine which drugs cannot be paired together. The 

results of the methods determine the MIC of the individ-

ual drug as well as the drugcombination as a whole to 

determine the mechanism behind the resistance. The in 

vitro results obtained as a result of synergy testing can 

be used to predict the in vivo performance with more 

confidence and the patient outcome and recovery 

(Laishramet al., 2017). As the studies are performed in 

drug concentrations mimicking the drug concentrations 
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in the serum during the natural infection, the results 

can give a fair idea of how the in vitro drug combina-

tion studies are effective in treating a similar infection 

in vivo. 

The goal of (Li et al., 2020) research was to determine 

how effective colistin was against CRAB clinical iso-

lates when used alone and in combination with either 

meropenem or levofloxacin. Colistin's synergistic activ-

ity against CRAB isolates was proven. CRAB isolates 

should be treated with a mixture of colistin and mero-

penem. For carbapenem-resistant Gram-negative ba-

cilli (CR-GNB) infections, the superiority of combination 

treatment is still debated. Antibiotic regimen activity 

against CR-GNB may be predicted using in vitro mod-

els. Pharmacokinetic/pharmacodynamic (PK/PD) and 

time–kill (TK) studies assessing the in vitro effective-

ness of antibiotic combinations against CR-GNB were 

included in a comprehensive review and meta-analysis 

of (Scudeller et al., 2021). 

Conclusion 

The handling of infections induced by drug-resistant 

Gram-negative bacteria is one of the major challenges 

faced by clinicians today. This is coupled with an in-

creasing development of resistance against antibiotics, 

especially for carbapenems, the last-line antibiotics 

used to combat infections. In such cases where no 

single agent can be effective, combination therapy, 

where two or more antibiotics can be used, can pro-

vide better treatment efficacy and reduced mortality. 

Before exploring this, it is of utmost importance to de-

termine if the antibiotics used in combination can pro-

duce a superior effect compared to when they are 

used alone. This synergism between the combination's 

individual components can be tested using several 

methods. 

Among the methods of synergy testing that are used, 

no one test works under all conditions. Furthermore, 

the results obtained using different methods are not 

correlated enough to deduce the best one. This often 

results in a poor estimation of the treatment efficacy as 

well as the patient outcomes. There is a great variation 

in the results because of several factors, such as the 

type of organism tested and the type, concentration 

and combination of the antibiotics, which results in very 

little to no correlation between the results obtained 

using different methods. A significant drawback is that 

these methods are all labor intensive and timeconsum-

ing, with the expertise needed to interpret the data, 

except for the E-test method. Extensive research and 

standardizationare required to develop a test that suits 

the majority of the purposes and, most importantly, 

allows us to compare and correlate the in vitro findings 

to the in vivo patient treatment efficacy and the clinical 

outcome. Therefore, an appropriate and reliable study 

of the synergistic effects of several drug combinations 

will drastically improve the therapeutic possibilities 

available for the treatment of infections caused by drug

-resistant bacteria. 

ACKNOWLEDGEMENTS 

Thank you to the Department of Science and Technol-

ogy, Government of India for providing funding tous as 

part of the Women Scientist Scheme No. SR/WOS-A/

LS-643/2016(G),Manipal Academy of Higher Educa-

tion,PalamurBiosciencesPvt.andSVSMedicalCollegefor

cooperation.We Thank Dr. Murali for providing his 

comments on the draft version of the manuscript 

Conflict of interest 
The authors declare that they have no conflict of  
interest. 

REFERENCES 

1. Aaron, S. D., Ferris, W., Henry, D. A., Speert, D. P. & 

MacDonald, N. E. (2000). Multiple combination bactericid-

al antibiotic testing for patients with cystic fibrosis infected 

with Burkholderiacepacia. American Journal of Respirato-

ry and Critical Care Medicine, 161(4), 1206-1212. 

2. Akhter, S., Lund, B. A., Ismael, A., Langer, M., Isaksson, 

J., Christopeit, T. & Bayer, A. (2018). A focused fragment 

library targeting the antibiotic resistance enzyme-

Oxacillinase-48: Synthesis, structural evaluation and in-

hibitor design. European Journal of Medicinal Chemis-

try, 145, 634-648. 

3. Albur, M., Noel, A., Bowker, K., &MacGowan, A. (2012). 

Bactericidal activity of multiple combinations of tigecycline 

and colistin against NDM-1-producing Enterobacteri-

aceae. Antimicrobial Agents and Chemotherapy, 56(6), 

3441-3443. 

4. Alrashidi, Amal, Mohammed Jafar, Niamh Higgins, Ciara 

Mulligan, Carmine Varricchio, Ryan Moseley, VildanCe-

liksoy, David MJ Houston & Charles M. Heard. (2021). A 

time-kill assay study on the synergistic bactericidal activi-

ty of pomegranate rind extract and Zn (II) against Methi-

cillin-resistant Staphylococcus aureus (MRSA), Staphylo-

coccus epidermidis, Escherichia coli, and Pseudomonas 

aeruginosa. Biomolecules, 11(12), 1889. 

5. Antunes, N. T. & Fisher, J. F. (2014). Acquired class D β-

lactamases. Antibiotics, 3(3), 398-434. 

6. Balke, B  Hogardt, M., Schmoldt, S., Hoy, L., Weissbrodt, 

H. & Häussler, S. (2006). Evaluation of the E test for the 

assessment of synergy of antibiotic combinations against 

multiresistant Pseudomonas aeruginosa isolates from 

cystic fibrosis patients. European Journal of Clinical Mi-

crobiology and Infectious Diseases, 25(1), 25-30. 

7. Bassetti, M., Nicolini, L., Esposito, S., Righi, E. & Viscoli, 

C. (2009). Current status of newer carbapenems. Current 

Medicinal Chemistry, 16(5), 564-575. 

8. Bergen, Phillip J., Brian T. Tsuji, Jurgen B. Bulitta, Alan 

Forrest, Jovan Jacob, Hanna E. Sidjabat, David L. Pater-

son, Roger L. Nation & Jian Li. (2011). Synergistic killing 

of multidrug-resistant Pseudomonas aeruginosa at multi-



 

158 

Vamsi, K. S. et al. / J. Appl. & Nat. Sci. 14(1), 148 - 162 (2022) 

ple inocula by colistin combined with doripenem in an in 

vitro pharmacokinetic/pharmacodynamic mod-

el. Antimicrobial Agents and Chemotherapy, 55(12), 5685

-5695. 

9. Biancofiore, G., C. Tascini, M. Bisa, G. Gemignani, M. L. 

Bindi, A. Leonildi, G. Giannotti & F. Menichetti. (2007). 

Colistin, meropenem and rifampin in a combination thera-

py for multi-drug-resistant Acinetobacter baumannii multi-

focal infection. A case report. Minerva anestesiologica, 73

(3), 181-186. 

10. Bradley, J. S., Garau, J., Lode, H., Rolston, K. V. I., Wil-

son, S. E. & Quinn, J. P. (1999). Carbapenems in clinical 

practice: a guide to their use in serious infec-

tion. International Journal of Antimicrobial Agents, 11(2), 

93-100. 

11. Bratu, S., Landman, D., Alam, M., Tolentino, E., & Quale, 

J. (2005). Detection of KPC carbapenem-hydrolyzing 

enzymes in Enterobacter spp. from Brooklyn, New 

York. Antimicrobial Agents and Chemotherapy, 49(2), 

776-778. 

12. Bratu, S., Landman, D., Haag, R., Recco, R., Eramo, A., 

Alam, M. & Quale, J. (2005). Rapid spread of car-

bapenem-resistant Klebsiella pneumoniae in New York 

City: a new threat to our antibiotic armamentari-

um. Archives of Internal Medicine, 165(12), 1430-1435. 

13. Bratu, Simona, Mohamad Mooty, SatyenNichani, David 

Landman, Carl Gullans, Barbara Pettinato, Usha Karu-

mudi, Pooja Tolaney & John Quale (2005). Emergence of 

KPC-possessing Klebsiella pneumoniae in Brooklyn, New 

York: epidemiology and recommendations for detec-

tion. Antimicrobial Agents and Chemotherapy, 49(7), 

3018-3020. 

14. Briceland, L. L., Nightingale, C. H., Quintiliani, R., 

Cooper, B. W. & Smith, K. S. (1988). Antibiotic streamlin-

ing from combination therapy to monotherapy utilizing an 

interdisciplinary approach. Archives of Internal Medi-

cine, 148(9), 2019-2022. 

15. Bulik, C. C., &Nicolau, D. P. (2011). Double-carbapenem 

therapy for carbapenemase-producing Klebsiella pneu-

moniae. Antimicrobial Agents and Chemotherapy, 55(6), 

3002-3004. 

16. Bush, K. & Fisher, J. F. (2011). Epidemiological expan-

sion, structural studies, and clinical challenges of new β-

lactamases from gram-negative bacteria. Annual review 

of Microbiology, 65, 455-478. 

17. Bush, K. (2018). Past and present perspectives on β-

lactamases. Antimicrobial Agents and Chemotherapy, 62

(10), e01076-18. 

18. Cappelletty, D. M. &Rybak, M. J. (1996). Comparison of 

methodologies for synergism testing of drug combinations 

against resistant strains of Pseudomonas aerugino-

sa. Antimicrobial Agents and Chemotherapy, 40(3), 677-

683. 

19. Cha, R. (2008). In Vitro Activity of Cefepime, Imipenem, 

Tigecycline, and Gentamicin, Alone and in Combination, 

Against Extended-Spectrum β-Lactamase-Producing 

Klebsiella pneumoniae and Escherichia 

coli. Pharmacotherapy: The Journal of Human Pharma-

cology and Drug Therapy, 28(3), 295-300. 

20. Costa, R. A., Ortega, D. B., Fulgêncio, D. L., Costa, F. S., 

Araújo, T. F. & Barreto, C. C. (2019). Checkerboard test-

ing method indicates synergic effect of pelgipeptins 

against multidrug resistant Klebsiella pneumoni-

ae. Biotechnology Research and Innovation, 3(1), 187-

191. 

21. Daikos, G.L., Tsaousi, S., Tzouvelekis, L.S., Anyfantis, I., 

Psichogiou, M., Argyropoulou, A., Stefanou, I., Sypsa, V., 

Miriagou, V., Nepka, M. & Georgiadou, S., (2014). Car-

bapenemase-producing Klebsiella pneumoniae blood-

stream infections: lowering mortality by antibiotic combina-

tion schemes and the role of carbapenems. Antimicrobial 

Agents and Chemotherapy, 58(4), 2322-2328. 

22. De Pascale, G., Martucci, G., Montini, L., Panarello, G., 

Cutuli, S.L., Di Carlo, D., Di Gravio, V., Di Stefano, R., 

Capitanio, G., Vallecoccia, M.S. & Polidori, P. (2017). 

Double carbapenem as a rescue strategy for the treat-

ment of severe carbapenemase-producing Klebsiella 

pneumoniae infections: a two-center, matched case–

control study. Critical Care, 21(1), 1-10. 

23. Devkota, S. P., Paudel, A., Bhatta, D. R. & Gurung, K. 

(2020). Carbapenemase among clinical bacterial isolates 

in Nepal. J Nepal Health Res Counc, 18, 159-165. 

24. Diep, J. K., Jacobs, D. M., Sharma, R., Covelli, J., Bow-

ers, D. R., Russo, T. A. & Rao, G. G. (2017). Polymyxin B 

in combination with rifampin and meropenem against poly-

myxin B-resistant KPC-producing Klebsiella pneumoni-

ae. Antimicrobial Agents and Chemotherapy, 61(2), 

e02121-16. 

25. Doern, C. D. (2014). When does 2 plus 2 equal 5? A re-

view of antimicrobial synergy testing. Journal of Clinical 

Microbiology, 52(12), 4124-4128. 

26. Dundar, D. & Otkun, M. (2010). In-vitro efficacy of syner-

gistic antibiotic combinations in multidrug resistant Pseu-

domonas aeruginosa strains. Yonsei Medical Journal, 51

(1), 111-116. 

27. Elemam, A., Rahimian, J. & Doymaz, M. (2010). In vitro 

evaluation of antibiotic synergy for polymyxin B-resistant 

carbapenemase-producing Klebsiella pneumoni-

ae. Journal of Clinical Microbiology, 48(10), 3558-3562. 

28. Endimiani, A., Hujer, A.M., Perez, F., Bethel, C.R., Hujer, 

K.M., Kroeger, J., Oethinger, M., Paterson, D.L., Adams, 

M.D., Jacobs, M.R. & Diekema, D.J. (2009). Characteriza-

tion of bla KPC-containing Klebsiella pneumoniae isolates 

detected in different institutions in the Eastern 

USA. Journal of Antimicrobial Chemotherapy, 63(3), 427-

437. 

29. Forsberg, K. J., Reyes, A., Wang, B., Selleck, E. M., Som-

mer, M. O. & Dantas, G. (2012). The shared antibiotic 

resistome of soil bacteria and human patho-

gens. Science, 337(6098), 1107-1111. 

30. Galani, I., Nafplioti, K., Chatzikonstantinou, M. & Souli, M. 

(2018). In vitro evaluation of double-carbapenem combi-

nations against OXA-48-producing Klebsiella pneumoniae 

isolates using time–kill studies. Journal of Medical Micro-

biology, 67(5), 662-668. 

31. Garcia, M. M. (2013). Carbapenemases: A real 

threat. APUA Newsl, 31, 4-6. 

32. Giamarellou, H. & Poulakou, G. (2009). Multidrug-

resistant gram-negative infections. Drugs, 69(14), 1879-

1901. 

33. Giannella, M., Trecarichi, E.M., Giacobbe, D.R., De Rosa, 

F.G., Bassetti, M., Bartoloni, A., Bartoletti, M., Losito, 



 

159 

Vamsi, K. S. et al. / J. Appl. & Nat. Sci. 14(1), 148 - 162 (2022) 

A.R., Del Bono, V., Corcione, S. &  Tedeschi, S. (2018). 

Effect of combination therapy containing a high-dose 

carbapenem on mortality in patients with carbapenem-

resistant Klebsiella pneumoniae bloodstream infec-

tion. International Journal of Antimicrobial Agents, 51(2), 

244-248. 

34. Gupta, N., Limbago, B. M., Patel, J. B. & Kallen, A. J. 

(2011). Carbapenem-resistant Enterobacteriaceae: epi-

demiology and prevention. Clinical Infectious Diseas-

es, 53(1), 60-67. 

35. Hashizume, T., Ishino, F., Nakagawa, J. I., Tamaki, S. & 

Matsuhashi, M. (1984). Studies on the mechanism of 

action of imipenem (N-formimidoylthienamycin) in vitro: 

binding to the penicillin-binding proteins (PBPs) in Esche-

richia coli and Pseudomonas aeruginosa, and inhibition of 

enzyme activities due to the PBPs in E. coli. The Journal 

of Antibiotics, 37(4), 394-400. 

36. He, W., Kaniga, K., Lynch, A. S., Flamm, R. K. & Davies, 

T. A. (2012). In vitro Etest synergy of doripenem with 

amikacin, colistin, and levofloxacin against Pseudomonas 

aeruginosa with defined carbapenem resistance mecha-

nisms as determined by the E test method. Diagnostic 

Microbiology and Infectious Disease, 74(4), 417-419. 

37. Hirsch, E. B., Guo, B., Chang, K. T., Cao, H., Ledesma, 

K. R., Singh, M. & Tam, V. H. (2013). Assessment of 

antimicrobial combinations for Klebsiella pneumoniae 

carbapenemase–producing K. pneumoniae. The Journal 

of Infectious Diseases, 207(5), 786-793. 

38. Hirsch, E. B. & Tam, V. H. (2010). Detection and treat-

ment options for Klebsiella pneumoniae carbapenemases 

(KPCs): an emerging cause of multidrug-resistant infec-

tion. Journal of Antimicrobial Chemotherapy, 65(6), 1119-

1125. 

39. Hutchings, M. I., Truman, A. W. & Wilkinson, B. (2019). 

Antibiotics: past, present and future. Current Opinion in 

Microbiology, 51, 72-80. 

40. Iaconis, J. P., & Sanders, C. C. (1990). Purification and 

characterization of inducible beta-lactamases in Aer-

omonas spp. Antimicrobial Agents and Chemotherapy, 34

(1), 44-51. 

41. Jahan, S., Davis, H., Ashcraft, D. S. & Pankey, G. A. 

(2021). Evaluation of the in vitro interaction of fosfomycin 

and meropenem against metallo-β-lactamase–producing 

Pseudomonas aeruginosa using Etest and time-kill as-

say. Journal of Investigative Medicine, 69(2), 371-376. 

42. Katz, L, & Baltz, R. H. (2016). Natural product discovery: 

past, present, and future. Journal of Industrial Microbiolo-

gy and Biotechnology, 43(2-3), 155-176. 

43. Kulengowski, B., Rutter, W. C., Campion, J. J., Lee, G. 

C., Feola, D. J. & Burgess, D. S. (2018). Effect of increas-

ing meropenem MIC on the killing activity of meropenem 

in combination with amikacin or polymyxin B against MBL

-and KPC-producing Enterobacter cloacae. Diagnostic 

Microbiology and Infectious Disease, 92(3), 262-266. 

44. Kus, J. V., Tadros, M., Simor, A., Low, D. E., McGeer, A. 

J., Willey, B. M. & Poutanen, S. M. (2011). New Delhi 

metallo-β-lactamase-1: local acquisition in Ontario, Cana-

da, and challenges in detection. CMAJ, 183(11), 1257-

1261. 

45. Kuwabara, S. & Abraham, E. P. (1967). Some properties 

of two extracellular beta-lactamases from Bacillus cereus 

569/H. Biochemical Journal, 103(3), 27C. 

46. Laishram, S., Pragasam, A. K., Bakthavatchalam, Y. D. & 

Veeraraghavan, B. (2017). An update on technical, inter-

pretative and clinical relevance of antimicrobial synergy 

testing methodologies. Indian Journal of Medical Microbi-

ology, 35(4), 445-468. 

47. Landman, D., Bratu, S., Alam, M. & Quale, J. (2005). 

Citywide emergence of Pseudomonas aeruginosa strains 

with reduced susceptibility to polymyxin B. Journal of Anti-

microbial Chemotherapy, 55(6), 954-957. 

48. Le, J., McKee, B., Srisupha-Olarn, W. & Burgess, D. S. 

(2011). In vitro activity of carbapenems alone and in com-

bination with amikacin against KPC-producing Klebsiella 

pneumoniae. Journal of Clinical Medicine Research, 3(3), 

106. 

49. Lee, G. C. & Burgess, D. S. (2013). Polymyxins and dor-

ipenem combination against KPC-producing Klebsiella 

pneumoniae. Journal of Clinical Medicine Research, 5(2), 

97. 

50. Lee, J., Patel, G., Huprikar, S., Calfee, D. P., & Jenkins, 

S. G. (2009). Decreased susceptibility to polymyxin B 

during treatment for carbapenem-resistant Klebsiella 

pneumoniae infection. Journal of Clinical Microbiology, 47

(5), 1611-1612. 

51. Letourneau, A., & Calderwood, S. B. (2020). Combination 

beta-lactamase inhibitors, carbapenems, and monobac-

tams. UpToDate, Waltham, MA. 

52. Levy, S. B. & Marshall, B. (2004). Antibacterial resistance 

worldwide: causes, challenges and responses. Nature 

Medicine, 10(12), S122-S129. 

53. Lewis, R. E., Diekema, D. J., Messer, S. A., Pfaller, M. A.  

& Klepser, M. E. (2002). Comparison of Etest, chequer-

board dilution and time–kill studies for the detection of 

synergy or antagonism between antifungal agents tested 

against Candida species. Journal of Antimicrobial Chemo-

therapy, 49(2), 345-351. 

54. Li, Jiaying, Yanjun Fu, Jisheng Zhang, Yongxin Zhao, 

Xuecai Fan, Lan Yu, Yong Wang & Xiaoli Zhang  Chun-

jiang, Li. (2020). The efficacy of colistin monotherapy ver-

sus combination therapy with other antimicrobials against 

carbapenem-resistant Acinetobacter baumannii ST2 iso-

lates. Journal of Chemotherapy, 32(7), 359-367. 

55. Li, X., Song, Y., Wang, L., Kang, G., Wang, P., Yin, H. & 

Huang, H. (2021). A potential combination therapy of ber-

berine hydrochloride with antibiotics against multidrug-

resistant Acinetobacter baumannii. Frontiers in Cellular 

and Infection Microbiology, 11, 250. 

56. Lim, S. Z. & Fitzgerald, D. A. (2018). Treating resistant 

Pseudomonas aeruginosa lung disease in young children 

with cystic fibrosis. Paediatric Respiratory Reviews, 27, 33

-36. 

57. Livermore, D. M., Warner, M., Mushtaq, S., Doumith, M., 

Zhang, J., & Woodford, N. (2011). What remains against 

carbapenem-resistant Enterobacteriaceae? Evaluation of 

chloramphenicol, ciprofloxacin, colistin, fosfomycin, mino-

cycline, nitrofurantoin, temocillin and tigecy-

cline. International Journal of Antimicrobial Agents, 37(5), 

415-419. 

58. Musa, D. N. B. (2018). The Outcomes of Carbapenem 

Resistant Enterobacteriaceae (CRE) UnfectedPatients 

and their Association with Antibiotic Therapy (Doctoral 

Dissertation, Universiti Sains Malaysia). 

59. Naas, T., Vandel, L., Sougakoff, W., Livermore, D. M. & 



 

160 

Vamsi, K. S. et al. / J. Appl. & Nat. Sci. 14(1), 148 - 162 (2022) 

Nordmann, P. (1994). Cloning and sequence analysis of 

the gene for a carbapenem-hydrolyzing class A beta-

lactamase, Sme-1, from Serratia marcescens 

S6. Antimicrobial Agents and Chemotherapy, 38(6), 1262-

1270. 

60. Nakayama, R., Inoue-Tsuda, M., Matsui, H., Ito, T. & 

Hanaki, H. (2021). Classification of the metallo β-

lactamase subtype produced by the carbapenem-resistant 

Pseudomonas aeruginosa isolates in Japan. Journal of 

Infection and Chemotherapy. 

61. National Committee for Clinical Laboratory Standards, & 

Barry, A. L. (1999). Methods for determining bactericidal 

activity of antimicrobial agents: approved guideline (Vol. 

19, No. 18). Wayne, PA: National Committee for Clinical 

Laboratory Standards. 

62. Netopilova, M., Houdkova, M., Urbanova, K., Rondevaldo-

va, J. & Kokoska, L. (2021). Validation of qualitative broth 

volatilization checkerboard method for testing of essential 

oils: Dual-column GC–FID/MS analysis and in vitro combi-

natory antimicrobial effect of Origanum vulgare and Thy-

mus vulgaris against Staphylococcus aureus in liquid and 

vapor phases. Plants, 10(2), 393. 

63. Norden, C. W., Wentzel, H. & Keleti, E. (1979). Compari-

son of techniques for measurement of in vitro antibiotic 

synergism. Journal of Infectious Diseases, 140(4), 629-

633. 

64. Nordmann, P., Cuzon, G. & Naas, T. (2009). The real 

threat of Klebsiella pneumoniae carbapenemase-

producing bacteria. The Lancet Infectious Diseases, 9(4), 

228-236. 

65. Nordmann, P., Mariotte, S., Naas, T., Labia, R. & Nicolas, 

M. H. (1993). Biochemical properties of a carbapenem-

hydrolyzing beta-lactamase from Enterobacter cloacae 

and cloning of the gene into Escherichia coli. Antimicrobial 

Agents and Chemotherapy, 37(5), 939-946. 

66. Nordmann, P., Poirel, L., Walsh, T. R. & Livermore, D. M. 

(2011). The emerging NDM carbapenemases. Trends in 

Microbiology, 19(12), 588-595. 

67. Odds, F. C. (2003). Synergy, antagonism, and what the 

chequerboard puts between them. Journal of Antimicrobial 

Chemotherapy, 52(1), 1-1. 

68. Ontong, J. C., Ozioma, N. F., Voravuthikunchai, S. P. & 

Chusri, S. (2021). Synergistic antibacterial effects of col-

istin in combination with aminoglycoside, carbapenems, 

cephalosporins, fluoroquinolones, tetracyclines, fosfomy-

cin, and piperacillin on multidrug resistant Klebsiella pneu-

moniae isolates. Plos one, 16(1), e0244673. 

69. Ardoan, B. C. (2012). In vitro synergistic activity of car-

bapenems in combination with other antimicrobial agents 

against multidrug-resistant Acinetobacter bau-

mannii. African Journal of Microbiology Research, 6(12), 

2985-2992. 

70. Pankey, G. A. & Ashcraft, D. S. (2009). The detection of 

synergy between meropenem and polymyxin B against 

meropenem-resistant Acinetobacter baumannii using 

Etest® and time-kill assay. Diagnostic Microbiology and 

Infectious Disease, 63(2), 228-232. 

71. Pankuch, G. A., Lin, G., Seifert, H. & Appelbaum, P. C. 

(2008). Activity of meropenem with and without ciprofloxa-

cin and colistin against Pseudomonas aeruginosa and 

Acinetobacter baumannii. Antimicrobial Agents and 

Chemotherapy, 52(1), 333-336. 

72. Papoutsaki, V., Galani, I., Papadimitriou, E., Karantani, I., 

Karaiskos, I. & Giamarellou, H. (2020). Evaluation of in 

vitro methods for testing tigecycline combinations against 

carbapenemase-producing Klebsiella pneumoniae iso-

lates. Journal of Global Antimicrobial Resistance, 20, 98-

104. 

73. Patel, S. (2012). NDM-1: The newest super-

bug?. Nursing, 2020, 42(4), 67-68. 

74. Paul, Mical, Yehuda Carmeli, Emanuele Durante-

Mangoni, Johan W. Mouton, Evelina Tacconelli, Ursula 

Theuretzbacher, Cristina Mussini & Leonard Leibo-

vici. (2014). Combination therapy for carbapenem-

resistant Gram-negative bacteria. Journal of Antimicrobial 

Chemotherapy, 69(9), 2305-2309. 

75. Peri, A. M., Doi, Y., Potoski, B. A., Harris, P. N., Pater-

son, D. L. & Righi, E. (2019). Antimicrobial treatment 

challenges in the era of carbapenem re-

sistance. Diagnostic Microbiology and Infectious Dis-

ease, 94(4), 413-425. 

76. Pfaller, M. A., Huband, M. D., Streit, J. M., Flamm, R. K. 

& Sader, H. S. (2018). Surveillance of tigecycline activity 

tested against clinical isolates from a global (North Ameri-

ca, Europe, Latin America and Asia-Pacific) collection 

(2016). International Journal of Antimicrobial Agents, 51

(6), 848-853. 

77. Poirel, L., Fortineau, N. & Nordmann, P. (2011). Interna-

tional transfer of NDM-1-producing Klebsiella pneumoni-

ae from Iraq to France. Antimicrobial Agents and Chemo-

therapy, 55(4), 1821-1822. 

78. Poirel, L., Kieffer, N. & Nordmann, P. (2016). In vitro eval-

uation of dual carbapenem combinations against car-

bapenemase-producing Enterobacteriaceae. Journal of 

Antimicrobial Chemotherapy, 71(1), 156-161. 

79. Poirel, L., Potron, A. & Nordmann, P. (2012). OXA-48-like 

carbapenemases: the phantom menace. Journal of Anti-

microbial Chemotherapy, 67(7), 1597-1606. 

80. Pongpech, P., Amornnopparattanakul, S., Panapakdee, 

S., Fungwithaya, S., Nannha, P., Dhiraputra, C. & 

Leelarasamee, A. (2011). Antibacterial activity of car-

bapenem-based combinations againts multidrug-resistant 

Acinetobacter baumannii. Journal of the Medical Associa-

tion of Thailand, 93(2), 161. 

81. Ramadan, R. A., Gebriel, M. G., Kadry, H. M. & Mosal-

lem, A. (2018). Carbapenem-resistant Acinetobacter bau-

mannii and Pseudomonas aeruginosa: characterization of 

carbapenemase genes and E-test evaluation of colistin-

based combinations. Infection and Drug Resistance, 11, 

1261. 

82. Ranu, S. O. N. İ., Gupta, V., Datta, P., Gombar, S. & 

Chander, J. (2019). Comparative Evaluation of In-vitro 

Synergy Testing Methods in Carbapenem-Resistant Aci-

netobacter Species. Journal of Microbiology and Infec-

tious Diseases, 9(01), 23-33. 

83. Rasmussen, B. A., Bush, K., Keeney, D., Yang, Y., Hare, 

R., O'Gara, C. & Medeiros, A. A. (1996). Characterization 

of IMI-1 beta-lactamase, a class A carbapenem-

hydrolyzing enzyme from Enterobacter cloa-

cae. Antimicrobial agents and chemotherapy, 40(9), 2080

-2086. 

84. Ratner, P. H., Hampel, F., Van Bavel, J., Amar, N. J., 

Daftary, P., Wheeler, W. & Sacks, H. (2008). Combina-

tion therapy with azelastine hydrochloride nasal spray 



 

161 

Vamsi, K. S. et al. / J. Appl. & Nat. Sci. 14(1), 148 - 162 (2022) 

and fluticasone propionate nasal spray in the treatment of 

patients with seasonal allergic rhinitis. Annals of Allergy, 

Asthma & Immunology, 100(1), 74-81. 

85. Rossolini, G. M., Arena, F., Pecile, P. & Pollini, S. (2014). 

Update on the antibiotic resistance crisis. Current Opinion 

in Pharmacology, 18, 56-60. 

86. Saiman, L. (2007). Clinical utility of synergy testing for 

multidrug-resistant Pseudomonas aeruginosa isolated 

from patients with cystic fibrosis: ‘the motion 

for’. Paediatric Respiratory Reviews, 8(3), 249-255. 

87. Saino, Y., Kobayashi, F., Inoue, M. & Mitsuhashi, S. 

(1982). Purification and properties of inducible penicillin 

beta-lactamase isolated from Pseudomonas maltophil-

ia. Antimicrobial Agents and Chemotherapy, 22(4), 564-

570. 

88. Sands, M., McCarter, Y. & Sanchez, W. (2007). Synergy 

testing of multidrug resistant Acinetobacter baumanii 

against tigecycline and polymyxin using an E-test method-

ology. European Journal of Clinical Microbiology & Infec-

tious Diseases, 26(7), 521-522. 

89. Sanschagrin, F., Couture, F. & Levesque, R. C. (1995). 

Primary structure of OXA-3 and phylogeny of oxacillin-

hydrolyzing class D beta-lactamases. Antimicrobial 

Agents and Chemotherapy, 39(4), 887-893. 

90. Figueredo, A. C. F., de Freitas, N. L., Dalmolin, T. V. & 

Brandão, F. (2021). Pseudomonas aeruginosa: panorama 

do perfil de resistênciaaoscarbapenêmicos no Bra-

sil. Brazilian Journal of Development, 7(1), 9661-9672. 

91. Schmid, A., Wolfensberger, A., Nemeth, J., Schreiber, P. 

W., Sax, H. & Kuster, S. P. (2019). Monotherapy versus 

combination therapy for multidrug-resistant Gram-negative 

infections: Systematic Review and Meta-

Analysis. Scientific Reports, 9(1), 1-11. 

92. Scudeller, L., Righi, E., Chiamenti, M., Bragantini, D., 

Menchinelli, G., Cattaneo, P., Giske, C.G., Lodise, T., 

Sanguinetti, M., Piddock, L.J. & Franceschi, F., (2021). 

Systematic review and meta-analysis of in vitro efficacy of 

antibiotic combination therapy against carbapenem-

resistant Gram-negative bacilli. International Journal of 

Antimicrobial Agents, 57(5), 106344. 

93. Sheng, W. H., Wang, J. T., Li, S. Y., Lin, Y. C., Cheng, A., 

Chen, Y. C. & Chang, S. C. (2011). Comparative in vitro 

antimicrobial susceptibilities and synergistic activities of 

antimicrobial combinations against carbapenem-resistant 

Acinetobacter species: Acinetobacter baumannii versus 

Acinetobacter genospecies 3 and 13TU. Diagnostic Micro-

biology and Infectious Disease, 70(3), 380-386. 

94. Smith, S., Ratjen, F., Remmington, T. & Waters, V. 

(2020). Combination antimicrobial susceptibility testing for 

acute exacerbations in chronic infection of Pseudomonas 

aeruginosa in cystic fibrosis. Cochrane Database of Sys-

tematic Reviews, (5). 

95. Soeung, V., Lu, S., Hu, L., Judge, A., Sankaran, B., Pra-

sad, B. V. & Palzkill, T. (2020). A drug-resistant β-

lactamase variant changes the conformation of its active-

site proton shuttle to alter substrate specificity and inhibi-

tor potency. Journal of Biological Chemistry, 295(52), 

18239-18255. 

96. Song, J. Y., Kee, S. Y., Hwang, I. S., Seo, Y. B., Jeong, H. 

W., Kim, W. J. & Cheong, H. J. (2007). In vitro activities of 

carbapenem/sulbactam combination, colistin, colistin/

rifampicin combination and tigecycline against car-

bapenem-resistant Acinetobacter baumannii. Journal of 

Antimicrobial Chemotherapy, 60(2), 317-322. 

97. Souli, M., Galani, I. & Giamarellou, H. (2008). Emer-

gence of extensively drug-resistant and pandrug-

resistant Gram-negative bacilli in Eu-

rope. Eurosurveillance, 13(47), 19045. 

98. Souli, M., Rekatsina, P. D., Chryssouli, Z., Galani, I., 

Giamarellou, H. & Kanellakopoulou, K. (2009). Does the 

activity of the combination of imipenem and colistin in 

vitro exceed the problem of resistance in metallo-β-

lactamase-producing Klebsiella pneumoniae iso-

lates?. Antimicrobial Agents and Chemotherapy, 53(5), 

2133-2135. 

99. Sopirala, M. M., Mangino, J. E., Gebreyes, W. A., Biller, 

B., Bannerman, T., Balada-Llasat, J. M. & Pancholi, P. 

(2010). Synergy testing by Etest, microdilution checker-

board, and time-kill methods for pan-drug-resistant Aci-

netobacter baumannii. Antimicrobial Agents and Chemo-

therapy, 54(11), 4678-4683. 

100.Srinivasan, A., & Patel, J. B. (2008). Klebsiella pneu-

moniae carbapenemase–producing organisms: an ounce 

of prevention really is worth a pound of cure. Infection 

Control & Hospital Epidemiology, 29(12), 1107-1109. 

101.Stein, C., Makarewicz, O., Bohnert, J. A., Pfeifer, Y., 

Kesselmeier, M., Hagel, S. & Pletz, M. W. (2015). Three 

dimensional checkerboard synergy analysis of colistin, 

meropenem, tigecycline against multidrug-resistant clini-

cal Klebsiella pneumonia isolates. PloS one, 10(6), 

e0126479. 

102.Sun, Qingyang, Yan Yang, Wenjun Wei, Di Lin, Jian 

Chen, Xianming Zeng, Jun Cheng & Changgui Sun. 

(2018). Evaluation on the preliminary classification of 

carbapenemase in gram-negative rods by the inhibitor 

enhanced carbapenem inactivation method. Chinese 

Journal of Clinical Laboratory Science, 14-18. 

103.Zeng, Z., Li, Y., Pan, Y., Lan, X., Song, F., Sun, J., 

Zhou, K., Liu, X., Ren, X., Wang, F. & Hu, J.(2018). Can-

cer-derived exosomal miR-25-3p promotes pre-

metastatic niche formation by inducing vascular permea-

bility and angiogenesis. Nature communications, 9(1), 1-

14. 

104.Tan, C. H., Li, J. & Nation, R. L. (2007). Activity of col-

istin against heteroresistant Acinetobacter baumannii 

and emergence of resistance in an in vitro pharmacoki-

netic/pharmacodynamic model. Antimicrobial Agents and 

Chemotherapy, 51(9), 3413-3415. 

105.Tapalsky, D. V. (2018). Susceptibility to combinations of 

antibiotics of carbapenemase-producing nosocomial 

strains of gram-negative bacteria isolated in Belarus. 

Clinical Microbiology and Antimicrobial Chemotherapy, 

20(3). 

106.Tascini, Carlo, Enrico Tagliaferri, Tommaso Giani, Ales-

sandro Leonildi, Sarah Flammini, Beatrice Casini, Rus-

sell Lewis, Simone Ferranti, Gian Maria Rossolini & Fran-

cesco Menichetti. (2013). Synergistic activity of colistin 

plus rifampin against colistin-resistant KPC-producing 

Klebsiella pneumoniae. Antimicrobial agents and chemo-

therapy, 57(8), 3990-3993. 

107.Tateda, K., Ishii, Y., Matsumoto, T. & Yamaguchi, K. 

(2006). ‘Break-point Checkerboard Plate ’for screening of 

appropriate antibiotic combinations against multidrug-

resistant Pseudomonas aeruginosa. Scandinavian Jour-



 

162 

Vamsi, K. S. et al. / J. Appl. & Nat. Sci. 14(1), 148 - 162 (2022) 

nal of Infectious Diseases, 38(4), 268-272. 

108.Taylor, P. C., Schoenknecht, F. D., Sherris, J. C. & Lin-

ner, E. C. (1983). Determination of minimum bactericidal 

concentrations of oxacillin for Staphylococcus aureus: 

influence and significance of technical fac-

tors. Antimicrobial Agents and Chemotherapy, 23(1), 

142-150. 

109.Thakuria, B. & Lahon, K. (2013). The beta lactam antibi-

otics as an empirical therapy in a developing country: an 

update on their current status and recommendations to 

counter the resistance against them. Journal of Clinical 

and Diagnostic Research: JCDR, 7(6), 1207. 

110.Tripodi, M. F., Durante-Mangoni, E., Fortunato, R., Utili, 

R. & Zarrilli, R. (2007). Comparative activities of colistin, 

rifampicin, imipenem and sulbactam/ampicillin alone or 

in combination against epidemic multidrug-resistant Aci-

netobacter baumannii isolates producing OXA-58 car-

bapenemases. International Journal of Antimicrobial 

Agents, 30(6), 537-540. 

111.Urban, C., Mariano, N. & Rahal, J. J. (2010). In vitro 

double and triple bactericidal activities of doripenem, 

polymyxin B, and rifampin against multidrug-resistant 

Acinetobacter baumannii, Pseudomonas aeruginosa, 

Klebsiella pneumoniae, and Escherichia 

coli. Antimicrobial Agents and Chemotherapy, 54(6), 

2732-2734. 

112.Ventola, C. L. (2015). The antibiotic resistance crisis: 

part 1: causes and threats. Pharmacy and Therapeu-

tics, 40(4), 277. 

113.Wareham, D. W. & Bean, D. C. (2006). In-vitro activity 

of polymyxin B in combination with imipenem, rifampicin 

and azithromycin versus multidrug resistant strains of 

Acinetobacter baumannii producing OXA-23 car-

bapenemases. Annals of Clinical Microbiology and Anti-

microbials, 5(1), 1-5. 

114.White, R. L., Burgess, D. S., Manduru, M. & Bosso, J. A. 

(1996). Comparison of three different in vitro methods of 

detecting synergy: time-kill, checkerboard, and E 

test. Antimicrobial Agents and Chemotherapy, 40(8), 

1914-1918. 

115.Willing, S., Dyer, E., Schneewind, O. & Missiakas, D. 

(2020). FmhA and FmhC of Staphylococcus aureus in-

corporate serine residues into peptidoglycan cross-

bridges. Journal of Biological Chemistry, 295(39), 13664

-13676. 

116.Woodford, N., Tierno Jr, P.M., Young, K., Tysall, L., 

Palepou, M.F.I., Ward, E., Painter, R.E., Suber, D.F., 

Shungu, D., Silver, L.L. & Inglima, K., (2004). Outbreak 

of Klebsiella pneumoniae producing a new carbapenem-

hydrolyzing class A β-lactamase, KPC-3, in a New York 

medical center. Antimicrobial Agents and Chemothera-

py, 48(12), 4793-4799. 

117.Wu, H. S., Chen, T. L., Chen, I. C. J., Huang, M. S., 

Wang, F. D., Fung, C. P. & Lee, S. D. (2010). First identifi-

cation of a patient colonized with Klebsiella pneumoniae 

carrying blaNDM-1 in Taiwan. Journal of the Chinese 

Medical Association, 73(11), 596-598. 

118.Xipell, M., Bodro, M., Marco, F., Martínez, J. A. & So-

riano, A. (2017). Successful treatment of three severe 

MDR or XDR Pseudomonas aeruginosa infections with 

ceftolozane/tazobactam. Future Microbiology, 12(14), 

1323-1326. 

119.Yigit, Hesna, Anne Marie Queenan, Gregory J. Anderson, 

Antonio Domenech-Sanchez, James W. Biddle, Christine 

D. Steward, Sebastian Alberti, Karen Bush & Fred C. Ten-

over. (2001). Novel carbapenem-hydrolyzing β-lactamase, 

KPC-1, from a carbapenem-resistant strain of Klebsiella 

pneumoniae. Antimicrobial Agents and Chemotherapy, 45

(4), 1151-1161. 

120.Yim, Haejun, Heungjeong Woo, Wonkeun Song, Min-

Jeong Park, Hyun Soo Kim, Kyu Man Lee, Jun Hur & Man

-Seung Park (2011). Time-kill synergy tests of tigecycline 

combined with imipenem, amikacin, and ciprofloxacin 

against clinical isolates of multidrug-resistant Klebsiella 

pneumoniae and Escherichia coli. Annals of Clinical & 

Laboratory Science, 41(1), 39-43. 

121.Yoon, J., Urban, C., Terzian, C., Mariano, N., & Rahal, J. 

J. (2004). In vitro double and triple synergistic activities of 

polymyxin B, imipenem, and rifampin against multidrug-

resistant Acinetobacter baumannii. Antimicrobial Agents 

and Chemotherapy, 48(3), 753-757. 

122.Zavascki, A. P., Bulitta, J. B. & Landersdorfer, C. B. 

(2013). Combination therapy for carbapenem-resistant 

Gram-negative bacteria. Expert Review of Anti-infective 

Therapy, 11(12), 1333-1353. 

123.Zhanel, G.G., Lawrence, C.K., Adam, H., Schweizer, F., 

Zelenitsky, S., Zhanel, M., Lagacé-Wiens, P.R., Walkty, 

A., Denisuik, A., Golden, A. & Gin, A.S. (2018). Imipenem- 

relebactam and meropenem–vaborbactam: two novel 

carbapenem-β-lactamase inhibitor combina-

tions. Drugs, 78(1), 65-98. 

124.Zusman, Oren, Tomer Avni, Leonard Leibovici, Amos 

Adler, Lena Friberg, Theodouli Stergiopoulou, Yehuda 

Carmeli & Mical Paul. (2013). Systematic review and meta

-analysis of in vitro synergy of polymyxins and car-

bapenems. Antimicrobial Agents and Chemotherapy, 57

(10), 5104-5111. 

 


