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Abstract: The β-lactam antibiotic resistance caused by NDM-1 has become a major crisis of global public health. We have previously 

screened out (–)-epicatechin gallate (ECG) as a potent NDM-1 inhibitor. We further discussed its inhibitory effect and action 

mode in the present study. According to our results, ECG reversibly inactivated NDM-1 in a non-competitive mode, with an IC50 

value of 4.48 μM. ECG effectively recovered the activity of several β-lactam antibiotics against resistant strain harboring 

blaNDM-1. Especially, the effects on carbapenems were worth mentioning. The zinc supplement assay indicated a zinc-related 

mechanism of ECG. Different from traditional chelating agents, it showed low toxicity both in vivo and in vitro. In a word, our 

findings provided a promising NDM-1 inhibitor, ECG, which was able to assist carbapenems against NDM-1-producing strain.                                
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1. Introduction  

Bacterial resistance mainly attributed to the widespread 

use and the abuse of antibiotics represents a global 

health threat[1]. Lack of available drugs, resistant 

pathogens limit the choice of clinical treatment[2]. As 

estimated, there are over 700 thousand people who died 

of bacterial resistance annually worldwide, despite 

tremendous efforts, this number continues to grow[1]. 

Once considered as the last line of defense against 

Gram-negative bacteria infection, carbapenem antibiotics 

suffer resistance as well[3]. In the priority pathogen list 

published by the World Health Organization (WHO) in 

2017, three carbapenem-resistant Gram-negative bacteria 

have been pointed out in “critical” category[4]. 

 

 

 

 

 

 

The production of carbapenemases is a vital mechanism 

of carbapenem resistance[5]. Carbapenemases are distributed 

in Ambler classes A, B, and D, and among them, classes 

A and D belong to serine β-lactamases (SBLs), while 

class B belongs to metal β-lactamases (MBLs)[5]. In 

the past few years, the approval and combination 

application of β-lactam and SBL inhibitors have 

effectively alleviated the antibiotic resistance induced by 

SBLs[6]. Contrarily, the resolution of β-lactam resistance 

caused by MBLs is urgent[6]. 

Distinguished by the structure of the mental center, 

MBLs are divided into three subclasses: B1, B2, and 

B3[7]. B1 class is the most clinically important, of which 

NDM-1 gets lots of attention for its strong hydrolysis 

ability[7]. NDM-1 was first reported in 2008, characterized by 

an αβ/βα sandwich fold and a binuclear zinc center[7,8]. 

Rapidly propagating among bacteria, NDM-1 can hydrolyze 

all β-lactam antibiotics except for monobactams[8]. 

Since it was discovered, scholars from all over the world 

have devoted themselves to searching for effective  
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inhibitors of NDM-1, and a series of active substances 

that exert an inhibitory effect on NDM-1 by targeting 

zinc ions and/or amino acid residues in catalytic 

pockets have been obtained. Regrettably, apart from 

boron-based inhibitor taniborbactam in phase 3 clinical 

studies (with cefepime), there is no clinically available 

NDM-1 inhibitor[9]. 

The natural product is thought to be a big reservoir 

for medicinal compounds. (–)-Epicatechin gallate (ECG), 

the third major catechin extracted from green tea, 

possesses a series of pharmacological functions, such as 

anti-oxidation, anticancer, anti-inflammatory, anti-apoptosis, 

anti-obesity, and neuroprotection[10–15]. We have previously 

constructed a high-throughput screening model for NDM-1 

and found ECG as a potent NDM-1 inhibitor[16]. To 

the best of our knowledge, it has not been reported on 

inhibition of β-lactamases before. Therefore, in this 

article, we aimed to reveal the inhibitory efficacy and 

the probable action mechanism of ECG on NDM-1 to 

acquire a novel inhibitor of NDM-1. 

2. Method  

2.1. Materials  

ECG was purchased from J&K Scientific Company. 

Piperacillin was obtained from Shanghai Macklin 

Biochemical Co., Ltd. Other antibiotics (cefoperazone, 

cephalothin, meropenem, and biapenem) were provided 

by the National Institutes for Food and Drug Control. 

EDTA was supplied by Sangon Biotech (Shanghai) 

Co., Ltd. ZnCl2 was purchased from J&K Scientific 

Company. 

Engineered expression strain BL21 (DE3)/pET30a

(+)-NDM-1 harboring blaNDM-1 gene was provided 

by Professor Xuefu You of the Institute of Medicinal 

Biotechnology, Chinese Academy of medical sciences. 

The Vero cell line and HepG2 cell line were presented 

by Professor Yuhuan Li and Qiyang He, respectively. 

2.2. IC50 assay  

NDM-1 was incubated with a gradient concentration 

of ECG in 10 mM HEPES (pH 7.5) at 37 ºC for 15 min. 

After that, meropenem was added to the enzymatic 

assay system with a final concentration of 50 μM. The 

absorbance of meropenem at 300 nm was determined 

at 37 ºC. The IC50 value was analyzed using GraphPad 

Prism 5. 

2.3. Inhibition mode assays  

Reversibility assay was carried out by incubation of 

gradient NDM-1 with different concentrations of ECG. 

Subsequently, the hydrolysis of 50 μM meropenem 

was recorded under each combination. The V-[E] 

plot was drawn with the concentration of NDM-1 as 

the X-axis and the initial rate as the Y-axis. 

The inhibition mode was detected by Lineweaver-Burk 

plot. Briefly, after incubation of NDM-1 with a gradient 

concentration of ECG at 37 ºC for 15 min, gradient 

meropenem was added to initiate the reaction. The 

curve was drawn with the reverse of substrate‟s 

concentration as the X-axis and the reverse of the 

initial rate as the Y-axis. 

2.4. Fluorescence quenching experiment  

The fluorescence quenching experiment was carried 

out in a 200-μL system in 96-well black plate. The 

concentration of NDM-1 was approximately 647 μg/mL, 

the ECG was respectively added at 0, 3.125, 6.25, 12.5, 

25 and 50 μg/mL. Then the fluorescence spectrum of 

NDM-1 was measured with the excitation wavelength 

of 270 nm, and the emission wavelength ranging from 

290 to 500 nm. 
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2.5. Surface plasmon resonance experiment  

The surface plasmon resonance experiment was 

performed using Reichert 2SPR. Briefly, the dextran 

chip surface was activated by the mixture of EDC 

and NHS. Then the NDM-1 injected was bound to 

the dextran surface based on the amine coupling 

method. When the fixed amount of NDM-1 reached the 

appropriate level, the chip was subsequently blocked by 

ethanolamine. We injected gradient ECG dissolved in 

PBST containing 1.25% DMSO through the NDM-1 

surface, and PBST (1.25% DMSO) was used as blank 

control and set every three samples. The spectrum was 

monitored and shown in real-time, and the binding 

constant was analyzed by Trace Drawer software. 

2.6. In vitro susceptibility tests  

In vitro susceptibility test was determined in a 200-μL 

system in 96-well plate with about 2 × 105 CFU/mL 

inoculation of BL21 (DE3)/pET30a(+)-NDM-1. The 

antibiotics selected were diluted by the two-fold dilution 

method, from 1024 to 0.5 μg/mL for piperacillin, from 

256 to 0.125 μg/mL for cefoperazone and cephalothin, 

and from 64 to 0.03125 μg/mL for meropenem and 

biapenem. Briefly, 32 μg/mL ECG was then added to 

each antibiotic to observe combined effects. The plates 

were sealed with sealing film and covered with tin foil. 

After cultured at 37 ºC for about 20 h, the plates were 

observed and recorded. 

Microdilution checkerboard analysis was carried 

out as described above, with the difference that the 

checkerboards were set up with 11 concentrations 

(0.625 to 64 μg/mL) of each antibiotic and four 

concentrations (16 to 128 μg/mL) of ECG. 

2.7. Zinc supplement assay  

The testing system and method were the same as 

above, and the final concentration was 16 μg/mL 

for both meropenem and ECG. We added an equimolar 

amount of ZnCl2 to the system to see whether the 

role of ECG was changed. Additionally, we did the 

same with EDTA as a positive control. After cultured 

at 37 ºC for about 30 h, the plates were observed 

and recorded. 

2.8. Toxicity assessment  

The Vero cells and HepG2 cells were seeded into 

a 96-well plate with the inoculation of 2 × 104 and 

5 × 104 /mL, respectively, followed by incubation at 37 ºC 

for 24 h. The ECG was diluted and added to the cell 

with the final concentration ranging from 3.125 to 

200 μg/mL. After incubation for 48 h, the cell viability 

was detected by CCK8. 

The acute toxicity study was performed on healthy 

mice (SPF) weighing 16–18 g. There were six mice 

(three males and three females) in the experimental 

group. The mice were orally administered with 

500 mg/kg ECG and continuously observed for 1 week, 

and the survival and abnormal signs were recorded 

every day. 

3. Results 

3.1. ECG inhibits NDM-1 activity  

The structure of ECG was shown in Figure 1A, 

and the chemical formula was C22H18O10. The further 

biological assay revealed that ECG inhibited NDM-1 

in a dose-dependent manner, with an IC50 value of 

4.48 μM when meropenem was the substrate (Fig. 1B). 

To elucidate the types of inhibition, the V-[E] plot and 

Lineweaver-Burk plot were utilized. As the results 

suggested, ECG inhibited NDM-1 via a reversible and 

noncompetitive mechanism (Fig. 1C–D). 
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3.2. The interaction between ECG and NDM-1 

To explore whether there was an interaction between 

ECG and NDM-1, the fluorescence quenching experiment 

and surface plasmon resonance experiment were 

performed. According to the fluorescence quenching 

experiment (Fig. 2A), the addition of ECG caused a 

dose-dependent drop in fluorescence emission intensity.  

The result revealed that ECG indeed interacted with 

NDM-1, changing the microenvironment of aromatic 

amide acids inside NDM-1, and consequently altering 

the emission spectra. Consistent with this deduction, 

the SPR experiment also proved the medium strength 

interaction between ECG and NDM-1, with a KD value 

of 8.02e–5 M (Fig. 2B). 

Wang, Q. et al. / J. Chin. Pharm. Sci. 2021, 30 (9), 716–724 

Figure 1. ECG inhibits NDM-1 in a dose-dependent manner. (A) The chemical structure of ECG; (B) Determination of the IC50 value of ECG 

against NDM-1; (C) Reversibility assay; (D) Lineweaver-Burk plot to examine the inhibition model of ECG against NDM-1.  

Figure 2. ECG interacts with NDM-1 of medium strength. (A) The fluorescence emission spectrum of NDM-1 with ECG; (B) SPR spectrum 

after adding ECG with gradient concentration.  
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3.3. ECG restores β-lactam antibiotic efficacy against 

NDM-1-producing strain 

As shown in Table 1, the strain harboring blaNDM-1 

gene was highly resistant to the tested antibiotics, including 

penicillins (piperacillin), cephalosporins (cefoperazone 

and cephalothin), and carbapenems (meropenem and 

biapenem). To test the synergistic effects of ECG on 

β-lactam antibiotics, ECG was added to different 

antibiotics respectively at 32 μg/mL, in likewise, 

EDTA was added as a positive control. According to 

the results, the addition of 32 μg/mL ECG reduced the 

minimal inhibitory concentration (MIC) of piperacillin, 

cefoperazone, meropenem, and biapenem to 2-fold, 

4-fold, 4-fold, and 4-fold, respectively. 

Given that the synergism of ECG to carbapenems 

was remarkable, we further detected the antibacterial 

activity of carbapenems in the combination of gradient 

concentration of ECG. As expected, ECG dose-dependently 

lowered the MIC of meropenem and biapenem. Meanwhile, 

ECG alone didn‟t exhibit antibacterial activity within 

the range of 16–128 μg/mL (Fig. 3). When treated with 

128 μg/mL ECG, the MIC of meropenem and biapenem 

against NDM-1-producing strain was reduced to 

0.5 and 0.25 μg/mL, respectively.   

3.4. ECG inactivates NDM-1 via a zinc-related 

mechanism 

Considering that interaction with zinc ion inside 

the active pocket of NDM-1 was thought to be the 

dominant and effective strategy in inhibitor research 

and development, we attempted to explore whether 

ECG worked in this way as well. As shown in Figure 4,  

Wang, Q. et al. / J. Chin. Pharm. Sci. 2021, 30 (9), 716–724 

Antibiotics 
E. coli BL21(DE3)/pET30a(+) 

MIC (μg/mL) 

E. coli BL21(DE3)/pET30a(+)-blaNDM-1 

MIC (μg/mL) 

0 
ECG 

32 μg/mL 

EDTA 

 32 μg/mL 

Piperacillin < 0.5 128 64 < 0.5 

Cefoperazone < 0.125 128 32 < 0.125 

Cephalothin    1 256 256    1 

Meropenem < 0.03125 64 16 < 0.03125 

Biapenem < 0.03125 2 0.5    0.0625 

Table 1. MICs of different β-lactams in combination with ECG against NDM-1-producing strain.  

Figure 3. Microdilution checkerboard analysis of ECG and meropenem (A); and biapenem (B).  
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the addition of ECG restored the activity of meropenem, 

resulting in growth suppression. However, the effect of 

ECG was reversed by supplement of exogenous zinc 

ion, suggesting that ECG inactivated NDM-1 probably 

via a zinc-related mechanism. 

3.5. ECG shows relatively good safety both in vitro 

and in vivo 

The potential toxicity of ECG was measured using 

Vero cell line and HepG2 human cell line. ECG showed 

low toxicity to both cell lines, with an IC50 value of 

106.3 ≧M for Vero cells, and an IC50 value of 

80.76 ≧M for HepG2 cells. Additionally, an acute 

toxicity study in mice treated with 500 mg/kg oral dose 

of ECG didn‟t show apparent abnormality. All these 

results indicated a relatively good safety of ECG. 

4. Discussion 

Since the NDM-1 was first described in New Delhi, 

blaNDM-1 spread rapidly through plasmids and mobile 

genetic elements in various regions and countries of 

the world, including China[17]. According to statistics, 

the number of reported NDM-1 inhibitors is more than 

500 up to now[8]. Based on mechanism, they can be 

roughly divided into three types: (i) interacting with 

zinc ion: these inhibitors usually produce an inhibitory 

effect via chelating or coordinating with zinc ion 

within the active pocket of NDM-1; (ii) interacting 

with critical amide acid residues: these inhibitors interact 

with critical amide acids, blocking the biological 

function of them or occupying active pocket in space; 

(iii) interacting with zinc ion and critical amide acids at 

the same time: seen as the most promising inhibitors, 

these inhibitors work on both zinc ion and amide acids, 

forming a stable effect[8].  

We have previously constructed a high-throughput 

screening model for NDM-1. From 52 100 compounds, 

ECG is screened out as a potent inhibitor for NDM-1. 

The biological activity and action mode were partially 

elucidated in this article. As described above, ECG 

reversibly inactivated NDM-1, with an IC50 value of 

4.48 μM. The interaction between ECG and NDM-1 was 

revealed by the fluorescence quenching experiment. The 

fluorescence of NDM-1 was mainly attributed to aromatic 

amide acids. ECG probably bound to the aromatic amide 

acids of NDM-1, changing the nonpolar environment 

towards the polar environment, subsequently quenching 

the fluorescence. Besides, the surface plasmon resonance 

experiment further confirmed this interaction. 

Not only ECG exhibits an inhibitory effect at 

the enzyme level, but also it is able to restore the 

antibacterial efficacy of β-lactam antibiotics against 

NDM-1-producing bacteria. When co-treated with 

32 μg/mL ECG, the MIC of piperacillin, cefoperazone, 

meropenem, and biapenem against engineered NDM-1 

harboring strain was decreased to 2-fold, 4-fold, 4-fold, 

and 4-fold, respectively. Carbapenems have been  
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Figure 4. Supplement of exogenous zinc ion reverses the inhibitory 

effect of ECG on NDM-1.  
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regarded as the most potent antibiotics against severe 

bacterial infection, including ESBL-produing infection[18,19]. 

Undoubtedly, carbapenem resistance poses threat to 

human health. In our present research, the synergism of 

ECG to meropenem and biapenem was noteworthy. When 

gradient ECG was added from 0 to 128 μg/mL, the 

MIC of meropenem ranged from 64 to 0.5 μg/mL, and 

the MIC of biapenem ranged from 2 to 0.25 μg/mL, 

correspondingly. This result suggested the possibility 

of ECG as an adjuvant of carbapenems. 

Zinc ions on the active pocket are essential for the 

hydrolytic activity of NDM-1, while Zn1 coordinates 

with O atom of carbonyl, Zn2 coordinates N atom of 

lactam[20]. Among reported NDM-1 inhibitors, those 

which work by interacting zinc ions play a remarkable 

effect, such as Aspergillomarasmine A, a natural 

product originated from fungi, irreversibly inhibiting 

NDM-1 via removing the zinc ion[21]. However, 

zinc-dependent enzymes not only exist in bacteria, 

but also play a significant role in maintaining the 

normal physiological function of humans [22–24]. 

The selectivity and safety remain tough challenges 

to this zinc-targeted strategy. As shown above, the 

supplement of exogenous zinc ion almost entirely 

reversed the synergism of ECG on meropenem, 

suggesting that ECG probably worked on zinc ion 

facilitating NDM-1 inhibition. Notably, ECG exhibited 

low toxicity both in vitro and in vivo, and 500 mg/kg 

oral dose appeared to be non-lethal, which guaranteed 

a good safety profile of ECG. 

Collectively, we preliminarily studied the activity 

and action mechanism of ECG as a novel NDM-1 

inhibitor in the present study. According to our 

results, ECG reversibly and noncompetitively 

inactivated NDM-1 via a zinc-related mechanism, 

recovering several β-lactam antibiotics against resistant 

NDM-1-producing strain. The specific action sites 

and β-lactamase inhibition spectrum of it deserved 

further attention. 
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一种新型NDM-1抑制剂: (–)-表儿茶素没食子酸酯  

王倩, 刘琛楠, 韩江雪, 刘思含, 肖春玲, 关艳, 李兴华,  

王颖, 王潇, 蒙建州, 甘茂罗, 刘忆霜* 

中国医学科学院 北京协和医学院 医药生物技术研究所, 国家新药(微生物)筛选实验室, 北京 100050       

摘要: NDM-1导致的β-内酰胺类抗生素耐药问题已成为威胁全球公共卫生的重大危机。我们前期经筛选发现(–)-表儿

茶素没食子酸酯是一种有效的NDM-1抑制剂, 本文进一步探讨了其抑制活性和作用方式。结果显示, (–)-表儿茶素没食子

酸酯以一种可逆的、非竞争性的模式抑制NDM-1的活性, IC50值为4.48 μM。(–)-表儿茶素没食子酸酯能有效恢复多种

β-内酰胺类抗生素对NDM-1菌的抑菌活性, 特别是对于碳青霉烯类抗生素有较显著的作用。锌离子回补实验结果提示, 

(–)-表儿茶素没食子酸酯发挥作用可能与对锌离子的影响有关, 然而不同于传统螯合剂, 它在体内外均展现出较低的毒性。

综上所述, 我们的结果显示(–)-表儿茶素没食子酸酯能够协助碳青霉烯类抗生素抑制NDM-1产生菌, 是一种具有潜力的

NDM-1抑制剂。                         

关键词: NDM-1; (–)-表儿茶素没食子酸酯; 抑制剂; 抗生素耐药  
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