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Background and Purpose: Bacteria producing New Delhi metallo-β-lactamase-1

(NDM-1) are an increasing clinical threat. NDM-1 can inactivate almost all β-lactams

and is not sensitive to any existing β-lactamase inhibitors. To identify effective inhibi-

tors of the NDM-1 enzyme and clarify the mechanism of action, a “lead compound”

for developing more potent NDM-1 inhibitors needs to be provided.

Experimental Approach: Natural compounds were tested by enzyme inhibition

screening to find potential inhibitors. MIC assays, growth curve assays, and time-kill

assays were conducted to evaluate the in vitro antibacterial activity of pterostilbene

and the combination of pterostilbene and meropenem. A murine thigh model and a

mouse pneumonia model were used to evaluate the in vivo efficacy of combined

therapy. Molecular modelling and a mutational analysis were used to clarify the

mechanism of action.

Key Results: Pterostilbene significantly inhibited NDM-1 hydrolysis activity in

enzyme inhibition screening assays and effectively restored the effectiveness of

meropenem in vitro with NDM-expressing isolates in antibacterial activity assays. In

addition, the combined therapy effectively reduced the bacterial burden in a murine

thigh model and protected mice from pneumonia caused by Klebsiella pneumoniae.

By means of molecular dynamics simulation, we observed that pterostilbene localized

to the catalytic pocket of NDM-1, hindering substrate binding to NDM-1 and reduc-

ing NDM-1 activity.

Conclusions and Implications: These findings indicated that pterostilbene combined

with meropenem may offer a new safe and potential “lead compound” for the further

development of NDM-1 inhibitors.

1 | INTRODUCTION

β-lactams are the most important and commonly prescribed class of

antibiotics for treating infections caused by Gram-negative bacteria

pathogens. However, the selection pressure caused by frequent use

of β-lactams plays a central role in the emergence and spread of

antibiotic resistance. One of the most prevalent causes of bacterial

resistance to β-lactam antibiotics is the expression of β-lactamase

enzymes. By DNA sequence similarity, β-lactamases can be classified

into four classes (A to D). Classes A, C, and D enzymes, which employ

a nucleophilic serine moiety to hydrolyse β-lactams, are serine-

β-lactamases. Class B enzymes are metallo-β-lactamases (MBLs;

Bush & Jacoby, 2010).

Abbreviations: AMA, aspergillomarasmine A; FICI, fractional inhibitory concentration index;

MBL, metallo-β-lactamase; MIC, minimal inhibitory concentration MD, molecular dynamics;

NDM-1, New Delhi metallo-β-lactamase-1.
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New Delhi metallo-β-lactamase 1 (NDM-1), which is encoded on

a readily transferable plasmid, represents the most critical type of

MBL and was first identified in Klebsiella pneumoniae in 2008

(Yong et al., 2009). The NDM-1 active site includes one or two zinc

ions for nucleophilic attack on the β-lactams (Bush & Jacoby, 2010).

The first site is tightly coordinated by residues His120, His122,

His189, and a bridging water. The second site is coordinated by

Asp124, Cys208, His250, and water molecules (Green, Verma,

Owens, Phillips, & Carr, 2011; King & Strynadka, 2011). Of particular

note is the rapid dissemination of NDM-1 around the world and

that it is readily detected in a number of pathogens, including

members of the order Enterobacterales and the genus Acinetobacter,

and Pseudomonas (Albu et al., 2016). Most of all, NDM-1, which is

resistant to all clinical existing β-lactamase inhibitors, can inactivate

nearly all known β-lactam antibiotics, including the “last resort” antibi-

otics, the carbapenems. Due to the worldwide transmission and high

resistance to β-lactams in clinical use , NDM-1 is a global threat to

public health care. Thus, identification of potent inhibitors to NDM-1

is urgently needed.

Polyphenols are known for their beneficial effects on health and

disease (Casadesus et al., 2004; Joseph, Shukitt-Hale, & Casadesus,

2005). One popular polyphenol is pterostilbene (Figure 1), which was

initially isolated from red sandalwood (Pterocarpus santalinus,

Seshadri, 1972) and has been found in blueberries, grapes, and other

plants. It is a natural dietary antioxidant and is used in the treatment

of diabetes in traditional medicine (Schmidlin et al., 2008). Antioxi-

dant, anticancer, anti-inflammatory, and neuroprotective activities

have already been reported for pterostilbene (Joseph, Fisher, Cheng,

Rimando, & Shukitt-Hale, 2008; Pari & Satheesh, 2006; Rimando &

Suh, 2008). Here, we have found that pterostilbene exhibits inhibition

of NDM-1 in an enzyme assay. Pterostilbene-mediated inhibition of

NDM-1 activity exerted a synergistic effect with meropenem, against

NDM-1 expressing Escherichia coli in both in vitro and in vivo

experiments.

2 | METHODS

2.1 | Protein purification and enzyme inhibition
assays

Protein expression and enzyme inhibition assays were performed

according to Liao et al. (2016) and Liu et al. (2018), respectively.

Assays were read at an absorbance of 492 nm in a 96-well plate at

room temperature by a microplate reader (Tecan Austria GmbH,

Grödig, Austria). Plasmids containing the Trp93Ala or Asp124Ala

were introduced into pET28a-NDM-1 for the expression of these

two mutants of NDM-1. All constructed strains were verified by

sequencing.

2.2 | Bacterial strains and growth conditions

The NDM-positive isolates originated from our previous study

(Wang et al., 2017). LB broth or LB agar was used for the growth of

all the bacteria. In growth curve assays, the indicated concentrations

of pterostilbene were added to E. coli ZC-YN3 or K. pneumoniae

QD-KP2 (two NDM-1 carbapenemase isolates) for co-culture

with constant shaking (180 rpm) at 37�C. The growth curves were

measured by spectrophotometers (UNICO UV-2600, USA) every

30 min at 600 nm.

2.3 | Antibacterial activity assays

The MIC values for E. coli and K. pneumoniae isolates in the presence

of pterostilbene, meropenem, and combinations of pterostilbene with

meropenem were determined following the guidelines of the Clinical

and Laboratory Standards Institute by the broth microdilution method

(CLSI, Wayne, PA, USA, 2016). The fractional inhibitory concentration

index (FICI) values were calculated to evaluate the combination effect.

FICI was calculated as follows: FICI = FICPt + FICMep, where FICPt isF IGURE 1 Chemical structure of pterostilbene

What is already known

• New Delhi metallo-β-lactamase (NDM) carbapenemases

are key resistance enzymes that inactivate almost all

β-lactams.

• Inhibitors for this enzyme are urgently needed.

What this study adds

• Pterostilbene, located in the catalytic pocket of NDM-1,

inhibits NDM-1 activity.

• Combined therapy with pterostilbene and meropenem

inhibits the virulence of resistant bacteria producing

NDM-1.

What is the clinical significance

• Pterostilbene may be a potential “lead compound” for

NDM-1 inhibitor.

• This study offers novel treatments against NDM-

1-producing bacteria by combining pterostilbene with

meropenem.
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the MIC of pterostilbene in the combination/MIC of pterostilbene

alone and FICMep is the MIC of meropenem in the combination/MIC

of meropenem alone. An FICI ≤ 0.5 was used to define synergy (Odds,

2003). The test results were from five independent experiments. In

addition, time-killing assays were conducted according to Wei's

method (Kang et al., 2017) to examine the potent synergistic effect of

the combination of pterostilbene with meropenem against E. coli ZC-

YN3, K. pneumoniae QD-KP2 (NDM-1), E. coli ZC-YN5 (NDM-5), and

E. coli E2 (NDM-9).

2.4 | Animal studies

All animal care and experimental procedures were in accordance with

the guidelines of the Jilin University Institutional Animal Care Com-

mittee. Animal studies are reported in compliance with the ARRIVE

guidelines (Kilkenny et al., 2010) and with the recommendations made

by the British Journal of Pharmacology. Female BALB/c mice (6- to

8-week-old, approximately 20 g, IMSR Cat# JAX:000651, RRID:

IMSR_JAX:000651) and C57BL/6 mice (6- to 8-week-old, approxi-

mately 18 g, IMSR Cat# JAX:000664, RRID:IMSR_JAX:000664) were

obtained from the Jilin University Experimental Animal Centre.

All mice were housed in a specific pathogen-free (SPF) facility

under a 12-hr light/12-hr dark cycle at a constant temperature of

23 ± 2�C and humidity (55%). The mice had free access to standard

food and water and were acclimated to the laboratory for 1 week

prior to the start of the experiments. In animal studies, all infections,

treatments, and data collection were blinded. All infections were per-

formed by one experimenter. Subcutaneous injections were per-

formed by a different experimenter. Tissue or survival data collections

were performed by two different experimenters excluding the experi-

menters doing infections and injections. The statistical analysis was

performed by two different experimenters excluding all the four

experimenters mentioned above. At the end of the experiments, the

animals were humanely killed.

To evaluate the in vivo antibacterial effect of pterostilbene plus

meropenem, BALB/c mice were divided randomly into four groups

(solvent control, meropenem alone, pterostilbene alone, and

pterostilbene + meropenem), infected with E. coli ZC-YN3 and treated

with pterostilbene, meropenem, or a combination of both. Fifty micro-

litres of bacterial suspension (5 × 106 CFU of E. coli ZC-YN3) were

injected intramuscularly into the posterior thigh muscle. The infected

BALB/c mice were treated with meropenem (s.c., 10 mg�kg−1),
pterostilbene (s.c., 80 mg�kg−1), a combination of both antibiotic and

inhibitor, or solvent as control after infection. All groups of mice were

treated with three doses at 8-hr intervals. After 72 hr, mice were

killed, and infected thighs were harvested and homogenized. Organ

homogenates were diluted and plated for bacteria enumeration.

A mouse pneumonia model caused by K. pneumoniae QD-KP2

(NDM-1) was used to evaluate the protective effect of

pterostilbene combined with meropenem against lethal infection.

The C57BL/6 mice were divided randomly into four groups

(solvent control, meropenem alone, pterostilbene alone, and

pterostilbene + meropenem) and infected intranasally with a dose of

1 × 109 CFU of the NDM-1-producing K. pneumoniae QD-KP2 isolate

for survival experiments. The infected mice were treated as described

for E. coli ZC-YN3 infection. Mice were monitored until Day 5 post-

infection to calculate the survival rate.

2.5 | Molecular modelling

In this work, the initial X-ray crystal structure of NDM-1 was obtained

from the Protein Data Bank (PDB) with PDB code: 4EXS. AutoDock

4 (AutoDock, RRID:SCR_012746) was used to docking the protein

with pterostilbene as the initial structure of pterostilbene/NDM-1

complex during molecular dynamic (MD) simulation (Hu, Barbault,

Maurel, Delamar, & Zhang, 2010; Morris et al., 2009). Further, the

molecular dynamic simulation of the pterostilbene/NDM-1 complex

systems was performed, and the detailed processes of computational

biology method were described in the previous report (Dong et al.,

2013; Niu et al., 2013).

2.6 | Binding affinity determination of
pterostilbene with proteins

According to Bandyopadhyay et al and Jurasekova et al

(Bandyopadhyay, Valder, Huynh, Ren, & Allison, 2002; Jurasekova,

Marconi, Sanchez-Cortes, & Torreggiani, 2009), the binding constants

(KA) of pterostilbene with NDM-1 and two mutants of NDM-1 were

measured using the fluorescence-quenching method.

2.7 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology. Data are presented as the mean ± SD from five

independent experiments and were analysed using SPSS 19.0 (SPSS,

RRID:SCR_002865). The survival curves were estimated by the

Kaplan–Meier method, and the generalized Wilcoxon test was used to

compare the differences between these survival curves. The data

from bacterial enumeration assays were analysed via a one-way

ANOVA with the Neuman–Keuls post hoc test for multiple compari-

sons among the groups. Other significant differences were analysed

by one-way ANOVA followed by a Dunnett t-test . P < .05 was con-

sidered statistically significant.

2.8 | Materials

Pterostilbene (≥97% pure) was obtained from Sigma-Aldrich (St. Louis,

MO, USA) and dissolved in DMSO (Sigma). Meropenem (≥87% pure)

was purchased from the National Institutes for Food and Drug Con-

trol (Beijing, China) and was prepared in sterile water. The primers
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used in site-directed mutagenesis were Trp93Ala-F: 50-

GTCGATACCGCCGCGACCGATGACC-30; Trp93Ala-R: 50-

GGTCATCGGTCGCGGCGGTATCGAC-30; Asp124Ala-F: 50-

CTCACGCGCATCAGGCGAAGATGGGCGGTATG-30; Asp124Ala-R:

50-CATACCGCCCATCTTCGCCTGATGCGCGTGAG-30.

2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org/,

the common portal for data from the IUPHAR/BPS Guide to PHAR-

MACOLOGY (Harding et al., 2018), and are permanently archived in

the Concise Guide to PHARMACOLOGY 2017/18.

3 | RESULTS

3.1 | Pterostilbene restores susceptibility of E. coli
ZC-YN3 to meropenem

Using an enzyme inhibition assay, we successfully identified a potent

inhibitor, pterostilbene. The data showed that pterostilbene exerted a

significant dose-dependent inhibition of the enzyme activity

(IC50 = 15.37 μg�ml−1, Figure 2). We further tested the antibacterial

activity of pterostilbene alone and the combination of pterostilbene

with meropenem against E. coli and K. pneumoniae possessing NDM-

type alleles through the MIC assay. The results of the growth curves

indicated that pterostilbene had little effect on E. coli ZC-YN3 and

K. pneumoniae QD-KP2 growth (Figure 3a,b) but presented synergistic

effects with meropenem against NDM-positive isolates (Table 1). The

effects strengthened with the increase in the concentration of

pterostilbene (from 32 to 64 μg�ml−1). These results indicated that

pterostilbene treatment rescued the antibacterial activity of

meropenem against NDM-producing isolates in vitro in a dose-

dependent manner. In addition, the synergistic activity of this combi-

nation was further tested by time-killing experiments. Figure 4 shows

that meropenem with pterostilbene can rapidly reduce viable counts

under the lowest detectable limit after 3-hr incubation, and the bacte-

riostatic effect lasted for 9 hr (7 hr against E.coli E2 in Figure 4d). In

the absence of pterostilbene, obvious regrowth was observed after

3 hr. The results revealed that pterostilbene possesses potential as an

NDM-1 inhibitor and was effective in restoring the antibacterial activ-

ity of meropenem.

F IGURE 2 Effect of pterostilbene in the activity of New Delhi
metallo-β-lactamase-1 (NDM-1). Pterostilbene was added to PBS
containing 10-mM ZnCl2 (pH 7.4) in a 96-well plate to reach the final
concentrations of 4, 8, 16, and 32 μg�ml−1 and incubated with the
purified NDM-1 for 10 min. Then 25-μM nitrocefin (dissolved in
sterile water) was added for another incubation at 37�C for 30 min.
The absorbance of each sample was read at 492 nm by a microplate
reader at room temperature, and residual activity was calculated. The
samples without inhibitors (shown as 0 μg�ml−1 pterostilbene) or

NDM-1 served as positive controls or negative controls, respectively.
Residual activity = (A − A0) /(A100 − A0) × 100%, where A represents
the absorbance of samples at 492 nm and A0 and A100 represent 0%
and 100% activity as determined in the negative controls and positive
controls, respectively. All data are mean ± SD, n = 5. * P < .05,
significantly different from the positive control group; one-way
ANOVA followed by a Dunnett t test. Pt, pterostilbene

F IGURE 3 Growth curves for (a) Escherichia coli ZC-YN3 and
(b) Klebsiella pneumoniae QD-KP2 cultured with pterostilbene. E. coli
ZC-YN3 or K. pneumoniae QD-KP2 were cultured with various
concentrations of pterostilbene (0, 16, 32, 64, or 128 μg�ml−1) with
constant shaking (180 rpm) at 37�C. OD600 nm was measured to
determine the influence of pterostilbene on the growth of bacteria
every 30 min. All data are mean of five independent experiments
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3.2 | Pterostilbene combined with meropenem
provides protection in vivo

A murine thigh model was used to evaluate the efficacy of

pterostilbene plus meropenem in vivo. The results showed that a sig-

nificant decrease in the bacterial burden in the thigh was observed for

mice treated with three doses of the combination therapy compared

with mice treated with either agent separately (Figure 5a).

A mouse pneumonia model caused by K. pneumoniae QD-KP2

(NDM-1) was used to evaluate the protective effect of pterostilbene

combined with meropenem against lethal infection in vivo. As shown

in Figure 5b, mice that received a combination therapy were signifi-

cantly protected from K. pneumoniae QD-KP2 pneumonia, compared

with the control group. Three doses of the combination therapy led to

52% survival at 5 days after infection, while pterostilbene or

meropenem alone were unable to improve the survival rate, compared

TABLE 1 MIC and FICI variations of meropenem and meropenem plus pterostilbene against NDM-carrying isolates

Strain

MIC (μg�ml−1)

FICI

MIC (μg�ml−1)

FICIMep Pt Mep (+32 μg�ml−1 Pt) Mep (+64 μg�ml−1 Pt)

Escherichia coli ATCC-25922 0.032 >512 0.032 1.06 0.032 1.13

E. coli ZC-YN3 (NDM-1) 16 >512 4 0.31 2 0.25

E. coli ZC-YN5 (NDM-5) 32 >512 8 0.31 4 0.25

E. coli ZC-YN7 (NDM-9) 32 >512 8 0.31 4 0.25

Klebsiella pneumoniae QD-KP2 (NDM-1) 16 >512 4 0.31 2 0.25

E. coli D3 (NDM-1) 16 >512 4 0.31 2 0.25

E. coli E1 (NDM-1) 16 >512 4 0.31 2 0.25

E. coli 2Z49 (NDM-5) 16 >512 8 0.56 4 0.38

E. coli 2Z69 (NDM-5) 128 >512 64 0.56 32 0.38

E. coli E4 (NDM-5) 64 >512 32 0.56 16 0.38

E. coli E2 (NDM-9) 64 >512 16 0.31 8 0.25

Abbreviations: FICI, fractional inhibitory concentration index; Mep, meropenem; NDM, New Delhi metallo-β-lactamase; Pt, pterostilbene.

Note. All data are mean ± SD, n = 5.

F IGURE 4 Time-kill curves of
compounds against NDM-positive
isolates. Mid-logarithmic-phase
bacteria were diluted to
1 × 105 CFU�ml−1 in LB medium
and incubated in meropenem with
or without 32 μg�ml−1

pterostilbene for 0, 1, 3, 5, 7, 9,
and 11 hr. Samples were plated
onto agar plates for bacterial
counts. After overnight culture,
surviving colonies were counted.
All data are mean ± SD, n = 5. Mep,
meropenem; Pt, pterostilbene
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with control group. These findings suggested that pterostilbene in

combination with meropenem was effective in vivo.

3.3 | Molecular dynamics simulation for NDM-
1-pterostilbene

To explore the potential binding mode of pterostilbene with NDM-1

in the active site, molecular dynamics (MD) simulation based on

molecular docking was performed in this study. The binding mode of

pterostilbene with NDM-1 is shown in Figure 6. The hydrogen

bonding and hydrophobic interactions were clearly observed for

the binding of pterostilbene to NDM-1. During the time course of the

MD simulation, pterostilbene could localize to the catalytic pocket of

NDM-1 (residue 110 to 200). In detail, the side chain of Trp93 and

Asp124 in NDM-1 can form a strong interaction with pterostilbene.

To explore the energy contributions from the residues of the binding

sites in the NDM-1-pterostilbene complex, the binding free energy

decomposition was calculated. As shown in Figure 7, five residues,

Trp93, Gln123, Asp124, Glu152, and His250, made a strong total

binding energy contribution (ΔEtotal ≤ −1.0 kcal�mol−1), suggesting

that these five residues are key residues for pterostilbene binding.

F IGURE 5 The effect of
combined therapy in vivo. (a) Bacterial
load in the thigh. BALB/c mice were
infected with Escherichia coli ZC-YN3
and treated with pterostilbene,
meropenem, or a combination of
both. All groups of mice were treated
with three doses at 8-hr intervals.
After 72 hr, mice were killed, and

infected thighs were harvested and
homogenized. Organ homogenates
were diluted and plated for bacteria
enumeration. All data are mean ± SD
(five samples each group and run in
quintuplicate). * P < .05, significantly
different from control group; #
P < .05, significantly different from Pt
group, † P < .05, significantly different
from Mep group; one-way ANOVA
with the Neuman–Keuls post hoc test
for multiple comparisons. (b) Kaplan–
Meier survival analysis in a mouse
pneumonia model. C57BL/6 mice
were intranasally infected with NDM-
1-positive Klebsiella pneumoniae QD-
KP2 to induce bacterial pneumonia
and treated with pterostilbene,
meropenem, a combination of both, or
solvent (DMSO) on the same schedule
after infection. All groups of mice
were treated with three doses at 8-hr
intervals. Mice were monitored until
Day 5 post-infection to evaluate the
survival rate. All data are mean ± SD
(five samples each group and run in
quintuplicate). Significant differences
were analysed by the. * P < .05,
significantly different as indicated;
generalized Wilcoxon test. Mep,
meropenem; Pt, pterostilbene

F IGURE 6 The 3D structure of New Delhi metallo-β-lactamase-1
with pterostilbene. The starting structure of the pterostilbene/New
Delhi metallo-β-lactamase-1 complex for molecular dynamic
simulation was obtained by a standard docking procedure for a rigid
protein and a flexible pterostilbene performed with AutoDock 4
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During complex formation, van der Waals interactions accounted for

most of the decomposed energy interaction on residues Trp93,

Gln123, and Glu152, while the electrostatic contribution appeared to

have a strong contribution on residues Asp124 and His250 for this

formation (Figure 7). The interactions between pterostilbene and the

residues of the binding sites in NDM-1 are shown in Figure 8.

The Molecular Mechanics Generalized Born Surface Area (MM-

GBSA) method was employed to further validate the theoretical

results described above (Table 2). Based on the calculation results, the

binding free energy, ΔGbind, of the interaction between pterostilbene

and wild-type (WT) NDM-1 was greater than that of the Trp93Ala

and Asp124Ala mutants, indicating that the strongest binding exists in

WT–NDM-1 with pterostilbene. In agreement with these results, the

KA of WT–NDM-1 was greater than that of Trp93Ala and Asp124Ala

(Table 2). As shown in Figure 9, the sensitivities of Trp93Ala or

Asp124Ala for pterostilbene was less than the WT NDM-1. Thus, the

results from MD simulation for NDM-1-pterostilbene complex are

reliable. Taken together, our data indicated that the binding of

pterostilbene to the activity region (residues of Trp93 and Asp124)

inhibits the biological activity fo NDM-1 9.

F IGURE 7 The decomposition of the binding energy on a per-
residue basis in the binding sites of the New Delhi metallo-
β-lactamase-1–pterostilbene complex (black histograms: the van der

Waals; red histograms: the electrostatic; blue histograms: the
solvation; cyan histograms: the total binding energy)

F IGURE 8 The interactions between
pterostilbene and the residues of the binding sites
in New Delhi metallo-β-lactamase-1. Interaction
between pterostilbene and the residues of the
binding sites in New Delhi metallo-β-lactamase-1
are shown using a two-dimensional diagram by
Ligplus

TABLE 2 The binding free energy (kcal�mol−1) of WT–
pterostilbene, Trp93Ala–pterostilbene, and Asp124Ala–pterostilbene
systems based on computational method and the values of the
binding constants (KA) based on the fluorescence spectroscopy
quenching

WT–NDM-1 Trp93Ala Asp124Ala

The binding

free energy

(kcal�mol−1)

−8.58 ± 2.08 −6.92 ± 1.19 −7.12 ± 1.61

KA

(1 × 104) L�mol−1
5.16 ± 1.67 4.76 ± 1.14 3.52 ± 1.26

Abbreviations: NDM-1, New Delhi metallo-β-lactamase-1; WT, wild type.

Note. All data are mean ± SD, n = 5.
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4 | DISCUSSION

The spread of antibiotic resistance caused by MBLs is identified as a

global health care threat (Nordmann, Poirel, Walsh, & Livermore,

2011). Currently, the current options to treat NDM infections are

tigecycline and colistin, which are stable towards NDM-type

β-lactamases. However, their use is not recommended due to their

toxicity (Dixit, Madduri, & Sharma, 2014; Ordooei Javan, Shokouhi, &

Sahraei, 2015). Designing inhibitors that specifically target antibiotic

resistance genes is a workable strategy to combat antibiotic resis-

tance. Previous studies with inhibitors targeted to Ser-β-lactamases

have shown that antibiotic and inhibitor combinations are highly suc-

cessful in the clinic (Shlaes, 2013). In view of the pivotal role of

NDM in carbapenem-resistant Gram-negative pathogens, NDM-1 is

the main target for development of inhibitors. NDM-1-targeting

inhibitors can disrupt the ability of carbapenemases to cleave the

β-lactam ring, restoring the antibacterial activity of carbapenem

against NDM-1-positive pathogens. Given the emergence and spread

of MBLs and the lack of effective antibiotics targeting these resis-

tance genes, developing inhibitors for MBLs is an urgent medical

need. Although several compounds have been reported to inhibit

NDM-1 and had good in vitro and in vivo activity, most of them are

based on the ability to chelate zinc ions (Rotondo & Wright, 2017).

For instance, aspergillomarasmine A (AMA) is a natural product that

can effectively rescue meropenem activity both in vitro and in vivo.

However, as a strong metal ion chelator, AMA displayed toxicity in

mice (LD50 = 159.8 mg�kg−1, i.v.). In a similar manner based on metal

chelation, captopril and many other thiol-containing derivatives have

been reported as inhibitors of NDM-1 (Guo et al., 2011; King,

Worrall, Gruninger, & Strynadka, 2012). However, the adverse

effects associated with captopril and its derivatives may limit their

clinical applications (Kitamura, Aihara, Osawa, Naito, & Ikezawa,

1990). To date, no NDM-1 inhibitors have been tested in human

clinical trials due to practical and technical limitations (Ning

et al., 2018).

In this study, we identified pterostilbene, a well-known phyto-

chemical, as an effective agent in inhibiting NDM-1 activity.

Pterostilbene possessed little antibacterial activity but induced a

strong dose-dependent inhibition against NDM-1 in vitro. Notably, in

the presence of 64 μg�ml−1 pterostilbene, the reduction in the MIC of

the isolates resistant to meropenem (E. coli ZC-YN3, K. pneumoniae

QD-KP2, E. coli D3, and E. coli E1) reached the susceptibility category

in vitro (MIC for susceptibility of meropenem are ≤2 μg�ml−1

according to EUCAST) and the intermediate category

(MIC = 2 μg�ml−1 according to CLSI). Furthermore, in vivo evidence

was obtained in a murine thigh infection model caused by a clinical

NDM-1-producing isolate of E. coli and a mouse lethal infection model

caused by K. pneumoniae QD-KP2 (NDM-1), with pterostilbene dis-

rupting the activity of MBL and restoring the antibiotic activity of

meropenem. These findings suggested that pterostilbene in combina-

tion with meropenem was effective in vivo and that pterostilbene

may have the potential to extend the utility of meropenem.

To explore the mechanism of the interaction between

pterostilbene and NDM-1, the MD simulation for the NDM-1–

pterostilbene complex system was carried out. We found that

pterostilbene could localize to the catalytic pocket of NDM-1, which

is very close to the binding site of the substrate. Due to the binding of

pterostilbene with NDM-1, the binding of substrate with NDM-1 was

blocked, resulting in the loss of biological activity of NDM-1.

Pterostilbene, which is reported to have excellent bioavailability (80%

to 95%), a good cellular uptake, and a long half-life (105 min; Cichocki

et al., 2008; Moon, McCormack, McDonald, & McFadden, 2013),

exhibits promise in treating local and systemic infections. Additionally,

Riche et al. reported that 100–250 mg daily of pterostilbene in adults

with hyperlipidaemia did not produce significant adverse drug events

(Riche et al., 2013). In another study conducted by Hougee et al.,

treatment with 450 mg daily of Pterocarpus marsupium extract in

healthy volunteers did not produce signs of toxicity (Hougee et al.,

2005). Therefore, pterostilbene may have low toxicity for administra-

tion to humans.

In conclusion, pterostilbene restores the activity of meropenem

by inhibiting NDM-1 activity. Pterostilbene in combination with

meropenem or other known carbapenems could be useful clinically to

address the challenge of MBL-positive pathogens. These data indicate

that pterostilbene, a natural compound in blueberries, combined with

meropenem is a promising and a potent therapeutic strategy for the

treatment of MBL-mediated infections. Hence, pterostilbene may

become a safe and potential “lead compound” for the development of

more powerful NDM-1 inhibitors.
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F IGURE 9 Effects of pterostilbene in the activity of wild type
(WT)–New Delhi metallo-β-lactamase-1 (NDM-1) and its mutants.
Pterostilbene was added to assay buffer in a 96-well plate to reach
the final concentrations of 4, 8, 16, and 32 μg�ml−1 and pre-incubated
with the purified WT–NDM-1 enzyme and its mutants Trp93Ala and
Asp124Ala for 10 min. Then 25-μM nitrocefin was added for another
incubation at 37�C for 30 min. The absorbance of each sample was
read at 492 nm by a microplate reader at room temperature, and
residual activity was calculated as described in Figure 2. All data are
mean ± SD, n = 5. * P < .05, significantly different from the positive
control group; one-way ANOVA followed by a Dunnett t test
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