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Since discovering β-lactam antibiotics in the 1930s, a massive 
decline in mortality rates has transpired. These antibiotics still 
serve as the critical first-line treatment against common bacterial 
infections; however, resistance to β-lactam antibiotics, especially 
among the ESKAPE pathogens, threatens global public health while 
every year costing upwards of $4 billion due to community and 
hospital-acquired infections and causing about 23,000 deaths [1].

One of the major drivers of this resistance is the expression of 
β-lactamase enzymes that cleave β-lactam rings, rendering β-lactam 
antibiotics inactive. While numerous variations of β-lactamases 
exist, they are effectively classified into four classes: serine (Class  
A, C, and D) and metallo (class B) β-lactamase (MBL). The primary 
difference between these classes is that serine β-lactamases utilize  

 
a catalytic serine residue, whereas metallo-β-lactamases utilize  
metal-activated water as a nucleophile for β-lactam hydrolysis 
(Figure 1) [2].

The only viable approach for overcoming β-lactam drug 
resistance while utilizing the existing antibiotic arsenal is through 
the use of combination therapies in which β-lactamase inhibitors 
are administered together with β-lactam antibiotics. Today, 
three classes of FDA-approved serine β-lactamase inhibitors 
exist: β-lactams (sulbactam, tazobactam and clavulanate), 
1,6-diazabicyclo octanes (avibactam, zidebactam, relebactam, 
nacubactam), and boron-based (vaborbactam) scaffolds. Still, and 
critically, none of these available inhibitors demonstrate broad-
spectrum activity against MBLs or even targeted activity against the 
New Delhi metallo-β-lactamase 1 (NDM-1), which has emerged as a 
major threat in recent years [3].
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Abstract 
Among the various mechanisms that bacteria use to develop antibiotic resistance, the multiple expression of β-lactamases has become 

pandemic, threatening public health and increasing patient mortality rates. Although combination therapy—in which a β-lactamase inhibitor is 
administered together with a β-lactam antibiotic—has proven effective against serine β-lactamases, inhibitors are not yet available for metallo-β-
lactamases. Herein, we describe the potential for quercetin, a plant-derived flavinol, to be utilized in combination therapy as a metallo-β-lactamase 
inhibitor. Previous studies have demonstrated the numerous biological effects that this natural compound may exhibit; however, its anti-bacterial 
and inhibitor activity is only now coming under investigation. We therefore seek to provide an overview of the literature describing the current 
progress in our understanding of quercetin as a metal-chelator and a β-lactamase inhibitor and thus bring greater attention to this non-toxic and 
abundant natural product.
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To inhibit MBLs, two strategies that target the active site 
have been devised: zinc sequestration and direct binding to the 
zinc in the active site (i.e. competitive inhibition). Two examples 
that highlight the advantages and subsequent issues of Zn 
sequestration are N,N,N’N’-ethylenediaminetetraacetic acid (EDTA) 
and aspergillomarasmine A (AMA). EDTA is a well-known metal-
chelator with Zn binding constants upwards of 10^16 [4], indicating 
a far stronger interaction than that of Zn with MBLs [5-7]. When 
imipenemase (IMP) or Verona imipenemase (VIM) producing P. 
aeruginosa was treated with EDTA, up to 16-fold reductions in 
the minimum inhibitory concentration (MIC) of imipenem were 
observed. Similarily, AMA, a naturally occruing chelator, was also 
demonstrated to significantly inhibit NDM-1 in vitro and in vivo 
[8, 9]. However, the same strength of these chelators is also a 
strong detractor as their ability to chelate Zn is non-specific (i.e. 
these chelators can target other metallo-enzymes), and several 
reports have detailed the evolution of new NDM-1-based proteins 
exhibiting higher Zn affinities and greater antibiotic resistance as 
being promoted by Zn-limited conditions [3, 9-11] Additionally, 
AMA does not exhibit broad activity against all MBLs (e.g. IMP).

As a result of these limitations, more attention has been given 
to the research and development of inhibitors that interact directly 
with the zinc in the active site without its sequestration. These 
promise, through the greater selectivity of enzymatic active sites, 
to be far safer and possibly more effective. Currently, two such 

inhibitors are in phase 1 and phase 3 clinical trials: QPX7728 and 
taniborbactam, respectively [12-14]. These are both based on 
boronic acids and have demonstrated broad spectrum MBL and 
serine β-lactamase inhibition. Still, these inhibitors are not equally 
active against all MBL classes, their mechanisms remain unclear 
and, although highly promising, they have not yet been approved 
[11].

Quercetin: An All-Natural Inhibitor
The current lack of approved candidates has prompted 

researchers to also examine various natural products as possible 
inhibitors. Typically, potential candidates must be able to (i) act 
as metal chelators, (ii) exhibit limited-to-no antimicrobial efficacy 
alone, and (iii) prevent the degradation of β-lactam antibiotics to 
restore their primary activity. In the search for naturally occurring 
compounds that can meet these requirements, numerous groups 
have reported on quercetin, a naturally occurring flavinol, as a 
potential candidate (Figure 2).

Quercetin, itself, is a yellow, plant-derived flavinol that is 
insoluble in water but soluble in alcohols and lipids (Figure 2). It has 
received sporadic attention among several studies suggesting that 
it may exhibit various beneficial biological properties, including 
anti-inflammatory, anti-cancer, anti-viral, etc. although its efficacy 
in these aspects is still debated. Now, however, it has received 
renewed attention as it has been demonstrated to successfully 

Figure 1: Classification of β-lactamase proteins and their structural comparison.
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satisfy the three criteria for MBL inhibition (metal chelation, high 
MIC, preventing β-lactam cleavage) and has been shown to bind to 
the active site of NDM-1 [15].

The first of these criteria, metal-chelation, is achieved by the 
presence of various donor atoms on adjacent carbons (Figure 2). 
Although two possible binding sites exist (catechol, Figure 2a; ketol, 

Figure 2b), a Zn-quercetin complex was recently synthesized and 
demonstrates that quercetin acts as a bidentate ligand via the ketol 
functionality (Figure 2a) [16]. Importantly, quercetin binds Zn far 
weaker than other chelators and other metalloenzymes (Kd ~ 10-
4), supporting the notion that it will be effective without disrupting 
other enzymes [17].

Second, quercetin has been shown to exhibit only a very weak 
growth inhibitory effect on bacteria when administered alone with 
minimum inhibitory concentrations (MIC) typically above 128 μg/
mL and, in some cases, above 500 μg/mL [18,19]. This suggests that 
quercetin by itself cannot expect a significant antibiotic effect, but 
it can be used appropriately for targeting resistance caused by MBL 
expression using combination therapy with existing antibiotics.

Reports on the third criterion, inhibition of the enzymatic 
cleavage of β-lactams, have thus far been scarce although the 
concept of metallo-enzyme inhibition by quercetin and other 
flavonoids has been discussed since the 1990’s [20,21]. One of the 
initial focused studies on the ability of quercetin to act as an MBL 
inhibitor was published nearly a decade later by West et al. in which 

quercetin, and a related flavinol—galangin, was demonstrated to 
inhibit the MBL (L1) expressed by Stenotrophomonas maltophilia 
[22]. Although promising, the authors were unable to demonstrate 
the inhibition of meropenem inactivation in bacterial studies.

It was not until just recently, in 2020, that Morellet et al. solved 
for the first time a flavinol-MBL (NDM-1) structure through the 
use of solution nuclear magnetic resonance (NMR) spectroscopy 
(Figure 3, Table 1) [15]. The authors solved the structures for 
several protein-drug conjugates containing quercetin, myricetin, 
and morin (three analogous flavinols), not only demonstrating that 
flavinols could indeed act as competitive NDM-1 inhibitors, but also 
indirectly validating the earlier, theoretical placement of galangin 
in the L1 active site (Figure 3).

Figure 2: Structure of quercetin with two possible metal-binding sites (a & b).

Figure 3: HADDOCK model of NDM-1/quercetin complexes (PDB ID:6TTA).
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Table 1: Recently reported protein-ligand complex model of quercetin and quercetin analogs with metallo beta-lactamase enzyme.

PDB ID Metallo β-lactamase Ligand Organism Method Ref

6TTA NDM-1 quercetin Klebsiella pneumoniae solution NMR [15]

6TTC NDM-1 myricetin Klebsiella pneumoniae solution NMR [15]

6TTC NDM-1 morin Klebsiella pneumoniae solution NMR [15]

Notably, the use of NMR to solve these structures further 
demonstrates the potential of quercetin to be an effective and 
potent inhibitor with NMR. Proteins studied by NMR have the 
advantage that they can be investigated in a solution state, more 
closely mimicking the biological environment. This is in contrast to 
X-ray crystal structures, which are determined from protein crystals 
that have packed in the solid state and are thus less dynamic than 
proteins in solution (Table 1).

The authors further demonstrated that quercetin and its 
analogs, once bound to the NDM-1 active site, could effectively 
block the hydrolysis of imipenem. Their work joins others in 
demonstrating the capability of quercetin to act as an effect 

β-lactamase inhibitor.

Although this recent article, as well as the earlier article by West 
et al., demonstrated successful enzyme inhibition by quercetin, 
neither extended these studies to bacterial cell-based analysis. At 
the same time, various studies have investigated the potential for 
quercetin to act synergistically with multiple classes of antibiotics 
in bacteria, but these have not focused on selecting systems that 
could clearly test the ability of quercetin to block MBL inhibition. 
Instead, they utilized non-resistant strains or non-β-lactam 
antibiotics [23-29]. As a result, the list of studies that have more 
faithfully investigated the ability of quercetin to act synergistically 
with β-lactam antibiotics is currently short (Table 2).

Table 2: Previously reported results on combination therapies utilizing beta-lactam antibiotics and quercetin.

Antibiotic Quercetin (μg/mL)1 MIC(μg/mL) Organism FICI Ref

Ceftriaxone

0 8 P. aeruginosa2 - [19]

125 1 0.375 [19]

0 8-10 P. aeruginosa3 - [19]

125 2-2.5 0.375 [19]

Amoxicillin
0 16 S. epidermidis4 - [27]

64 4 0.5 [27]

Ceftazidime
0 0.5 S. pyogenes5 - [28]

4 0.12 0.27 [28]

Meropenem

0 1024 E. Coli - [29]

16 256 0.4 [29]

0 1024 K. pneumoniae - [29]

16 128 0.34 [29]
1amount added; 2PA01; 3YU-V10,11,15,28; 4DMST 5038,5023,5868,4248; 5DMST 30653-5

While these studies have successfully demonstrated the ability 
of quercetin to sensitize MBL producing bacteria towards β-lactam 
antibiotics, only Eumkeb et al. directly mentioned quercetin as a 
potential MBL inhibitor, but without reference to any specific MBL. 
This lack of control over MBL type further represents one of the 
key gaps in our current understanding for two reasons. First, a 
quercetin/MBL model only exists, thus far, for NDM-1; the extent 
and strength with which quercetin will interact with other MBLs 
(e.g. VIM, IMP, etc.) is not yet clear. Second, there have not yet been 
any studies describing the ability of quercetin to inhibit NDM-1 in 
bacterial culture models specifically. It is, as a result, unclear how 
effective quercetin is at inhibiting MBLs in actual cultures and 
whether its previously observed synergism may be from another, 
less obvious target or mechanism. These questions will need to be 
answered unambiguously in order to gauge the actual usefulness 
of quercetin as an inhibitor correctly. Despite many advances in 
studies targeting MBL-based drug resistance over the last decade, 

it is still a challenging area with few combinational therapies. The 
in-depth study of quercetin as an MBL targeting inhibitor seems to 
be a promising lead for expanding the field of novel combinational 
therapies.

Conclusion
The newly discovered structure of quercetin bound to NDM-

1 has provided critical information supporting the concept of 
quercetin as a novel, natural, abundant, and potentially effective 
MBL inhibitor, which acts by directly binding to the NDM-1 active 
site. While exciting, there are still numerous open questions 
remaining, such as how quercetin is effective in bacteria, which 
β-lactamases can quercetin interact with and inhibit, and can 
bacteria induce another type of resistance to evade quercetin in 
vitro? The answers to these questions will ultimately determine 
whether the concept of quercetin as an MBL inhibitor can realize 
its current potential.
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