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Abstract: With significant human and economic losses, increasing bacterial resistance is a serious
global threat to human life. Due to their high efficacy, broad spectrum, and cost-effectiveness,
beta-lactams are widely used in the clinical management of bacterial infection. The emergence
and wide spread of New Delhi metallo-β-lactamase (NDM-1), which can effectively inactivate β-
lactams, has posed a challenge in the design of effective new antimicrobial treatments. Medicine
repurposing is now an important tool in the development of new alternative medicines. We present a
known glaucoma therapeutic, betaxolol (BET), which with a 50% inhibitory concentration (IC50) of
19.3 ± 0.9 µM significantly inhibits the hydrolytic activity of the NDM-1 enzyme and may represent
a potential NDM-1 enzyme inhibitor. BET combined with meropenem (MEM) showed bactericidal
synergism in vitro. The efficacy of BET was further evaluated against systemic bacterial infections
in BALB/c mice. The results showed that BET+MEM decreased the numbers of leukocytes and
inflammatory factors in peripheral blood, as well as the organ bacterial load and pathological
damage. Molecular docking and kinetic simulations showed that BET can form hydrogen bonds and
hydrophobic interactions directly with key amino acid residues in the NDM-1 active site. Thus, we
demonstrated that BET inhibited NDM-1 by competitively binding to it and that it can be developed
in combination with MEM as a new therapy for the management of infections caused by medicine-
resistant bacteria.

Keywords: betaxolol; repositioning; New Delhi metallo-β-lactamase; inhibitor discovery

1. Introduction

β-lactam antibiotics are some of the most important antibiotics and are widely used
in medical clinics and agricultural farming due to their broad antimicrobial spectrum and
high efficacy [1,2]. The unreasonable use of β-lactam antibiotics leads to survival pressure
on bacteria, producing β-lactamases (BLs) that hydrolyze the nucleus of the β-lactam
ring, making Gram-negative bacteria that are resistant to carbapenems and most other
β-lactam antibiotics. This poses a serious challenge to antimicrobial therapy, and the
resulting antimicrobial medicine resistance (AMR) poses a major threat to public health
worldwide [3,4].

The β-lactamase superfamily contains thousands of enzymes that vary in their genes
and functions. Due to resistance to almost all known β-lactam antibiotics, New Delhi
metallo-β-lactamase-1 (NDM-1) has attracted much attention in clinical and community-
based medicine-resistant bacterial infections. NDM-1, as one of the most hydrolytically
efficient enzymes among the metallo-β-lactamases (MBLs) [5] of subclass B1, can hydrolyze
the β-lactam ring via a nucleophilic attack on the β-lactam carbonyl group using two
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Zn2+-bound hydroxyl groups [6], thereby creating resistance to β-lactams. NDM-1 has
become endemic in more than 70 countries worldwide. Due to the localization of the
gene in the plasmid, it is highly metastatic in a broad spectrum of clinically important
Gram-negative bacteria, including E. coli and Acinetobacter baumannii. NDM-1 often comes
with other resistance genes, making it multi-drug-resistant (MDR) to almost all types of
antibiotics and causing infections with mortality rates of up to 51% [7]. An effective way
to overcome β-lactamase resistance is to combine antibiotics with enzyme inhibitors, but
the active-site compositions and surroundings of BLs show a high degree of variability
across subclasses, making the development of new inhibitors difficult. Currently, the only
inhibitors approved by the FDA for clinical use to inhibit the development of serine β-
lactamases (SBLs) are clavulanic acid, sulbactam, tazobactam, and the recently marketed
avibactam, and vaborbactam, while inhibitors targeting NDM-1 have yet to be consistently
explored [8].

For inhibitor discovery, the current approach is often through time-consuming and
labor-intensive high-throughput screening. However, as protein structures are being
resolved, medicine screening can be performed by targeting the active sites of bis-zinc ions
through the computer-assisted molecular simulation of docking, and particular attention is
paid to the repositioning of FDA-approved medicines during the screening process, which
can help to reduce the time and cost of medicine development.

Through preliminary screening, we obtained betaxolol [9,10], which can inhibit NDM-
1, and it showed inhibitory efficacy against the NDM-1 enzyme in vitro. We tested the
antimicrobial activity of BET+MEM in vitro using a checkerboard assay, temporal bac-
tericidal curves, and an interventional cellular infection assay and further investigated
the in vivo efficacy of BET+MEM in infected mice. The competitive inhibition of NDM-1
active-site activity by BET was determined via molecular docking and kinetic simulation
studies. In conclusion, BET could be repositioned or developed as an inhibitor of NDM-1.

2. Results
2.1. BET Has Enzymatic Inhibitory Activity against NDM-1

The drug BET, which has been approved by the FDA for clinical use in combination
with our engineered NDM-1 enzyme expression system, has been repositioned as an NDM-
1 inhibitor. We assessed the ability of recombinant NDM-1 to hydrolyze the substrate in the
presence of BET using a nitrocefin assay. The inhibition ratio (IR) of BET at a concentration
of 10 µg/mL against NDM-1 could reach 87.5%, and the 50% inhibitory concentration (IC50)
was 19.3 ± 0.9 µM, which is comparable to the inhibitory activity of D-mercaptopurine
(7.9 µM) and showed significant dose dependence (Figure 1).
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2.2. MIC and FICI of BET+MEM against NDM-1 E. coli

BET’s efficacy in inhibiting natural NDM-1 was tested using clinical strains of porcine-
derived E. coli that can produce NDM-1. When testing the minimal inhibitory concentration
(MIC) value for NDM-1 E. coli, the MEM value was interpreted as 64 µg/mL, and the BET
result was well over 1024 µg/mL (Table 1). The inhibitory concentration (FIC) was evalu-
ated using the EUCAST-guided checkerboard method. When BET was co-administered
with MEM, BET (128 µg/mL) reduced the MIC of MEM from 64 µg/mL to 8 µg/mL, and
the inhibitory concentration index (FICI) was 0.25, indicating that the two have a synergistic
antimicrobial effect.

Table 1. MIC and FICI of NDM-1 E. coli for BET+MEM.

Medicine
MIC (µg·mL−1) FICI

Interaction Mode
Applied Separately Applied Combined

MEM 64 8
0.25 Synergistic

BET 1024 128

2.3. Growth Effect of NDM-1 E. coli Treated with BET+MEM

The growth curve of NDM-1 E. coli was not significantly affected by BET alone (in the
concentration range of 0–128 µg/mL). In the concentration range of 0–128 µg/mL, BET had
no significant effect on the growth of the test strains, but BET (128 µg/mL) restored the
inhibitory effect of MEM (8 µg/mL) on the growth of the bacteria, which indicated that
BET (128 µg/mL) was not detrimental to the growth of the NDM-1 E. coli but restored the
performance of MEM (Figure 2).
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Figure 2. BET restores susceptibility of NDM-1 E. coli to MEM. (A) Growth of NDM-1 E. coli had
no effect from BET (0–128 µg/mL). (B) BET restored the susceptibility of NDM-1 E. coli to MEM
compared to MEM application alone. Each experiment was repeated three times independently.

2.4. Potential Toxicity of BET to IECs

To investigate the potential cellular toxicity of BET, we used CCK-8 to determine the
damage of different concentrations of BET co-incubated with IECs for 24 h. As shown in
Figure 3, the cellular activity remained above 95% for 24 h of exposure to BET concentrations
in the range of 0–400 µM, which did not induce necrosis of IECs.
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2.5. Intervention of IECs with BET+MEM in NDM-1 E. coli Infection

To investigate the performance of BET and MEM in NDM-1 E. coli-infected IECs, BET
alone or in combination with MEM was used to intervene in NDM-1 E. coli-infected mouse
intestinal epithelial cells (moi = 100). As illustrated in Figure 4, compared to the model (DM)
group, the BET+MEM group reduced the bacterial adhesion to the cells with 60% inhibition,
and the LDH concentration in the cell culture solution was significantly reduced (p < 0.5),
indicating that the combination of BET and MEM reduced the adhesion of NDM-1-positive
E. coli to the IECs and attenuated the damage of the IECs (Figure 4).
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2.6. BET+MEM Treatment of NDM-1 E. coli-Infected Mice

Using in vitro and cellular studies, we demonstrated that BET reversed the susceptibil-
ity of NDM-1 bacteria to MEM and that BET+MEM could destroy NDM-1 E. coli. In order
to further clarify the potential of BET, we performed an in vivo assay to verify whether BET
could show results in vivo that corresponded to the in vitro assay. BALB/c mice received
intraperitoneal injections of NDM-1 E. coli (1 × 107 CFU) and were treated in different ways.
Only 20% of the mice in the model (DM) and BET groups survived. After treatment with
MEM, the survival rate increased to 40%. After the BET+MEM treatment, 70% of the mice
were still alive after 48 h, which was significantly higher than in the DM group (p < 0.05).
The combination of BET+MEM significantly increased the survival rate of the infected mice
(Figure 5).
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Figure 5. Survival of infected mice was improved by BET combined with MEM. BALB/c mice were
injected intraperitoneally with NDM-1 E. coli (lethal dose, 1 × 107 CFU) and subsequently divided
into four groups: DM group, MEM group (10 mg/kg), BET group (10 mg/kg), and BET+MEM group
(10 mg/kg + 10 mg/kg).

The BET+MEM combination increased the survival of mice infected with a lethal
dose of NDM-1 E. coli, so the effect of the BET+MEM combination on the mouse model of
bacterial inflammation was further explored. Groups were treated after an intraperitoneal
infection with NDM-1 E. coli (1 × 106 CFU). Leukocytes and serum TNF-α, IL-1β, and IFN-
γ were measured in peripheral blood after the euthanasia of the mice 96 h after infection
(Figure 6A–D), and it was found that the indexes of the inflammatory factors were higher
in the DM group, the BET group, and the MEM group than in the MEM+BET group, and
the indexes in the DM group and the BET group were higher than those in the MEM group
(p < 0.05). The bacterial counts in the liver, spleen, and intestine were significantly lower in
the BET+MEM group than in the DM, BET, and MEM groups (Figure 6E).

A histopathological (H&E staining) examination revealed that, as shown in Figure 6F,
compared with the DM group, after MEM alone or BET+MEM treatment, the hepatocytes
in the liver were regularly and densely arranged, with the central vein as the center in a
cord-like arrangement in all directions. Additionally, the boundaries between the white
medulla and red medulla regions of the spleen were more clearly defined, the cell shapes
were rounded or ovoid, and the intestinal enterochromaffin structures were nearly clear
and intact, with only a small number of necrotic cells (black arrows). After BET alone,
similar to the DM group, the liver was infiltrated with a large number of neutrophils,
some nuclei disappeared or lysed, and the hepatocytes were degenerated and necrotic and
the necrotic hepatocytes were fused into sheets. In the spleen, there was blurring of the
boundaries between the white and red medullary areas, irregular cell shape and increased
interstitial space, congestion of and reduction in lymphocytes in the red medullary area,
almost complete disintegration of the intestinal villous structure, necrotic detachment of
epithelial cells, and a significant reduction in the number of cup-shaped cells (red arrows).
Taken together, the above results showed that the combined treatment of BET+MEM could
effectively reduce the inflammatory response of infected mice.

In conclusion, the combination of BET and MEM showed synergistic antimicrobial
effects in vivo; reduced mortality in NDM-1 E. coli-infected mice; significantly lowered the
level of inflammation in infected mice and the number of bacteria in the target organs; and
attenuated pathological damage in the liver, spleen, and intestine.
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group of Glu152 to form hydrogen bonds, and the secondary amino group formed an 
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The cyclopropane group formed alkyl bonds with His250, Ile35, and Lys211, while the 
ether group interacted with Lys211. 

Figure 6. Effects of different treatment groups in vivo. NDM-1 E. coli (1 × 106 CFU) was injected
intraperitoneally into BALB/c mice. They were divided into the NC group, DM group, BET group
(10 mg/kg), MEM group (10 mg/kg), and BET+MEM group (10 mg/kg + 10 mg/kg). (A) Number of
leukocytes in different groups of mice (n = 10). (B) TNF-α levels in different groups (n = 10). (C) IL-1β
levels in different groups (n = 10). (D) IFN-γ levels in different groups of mice (n = 10). (E) Liver,
spleen, and intestinal bacterial loads in different groups of mice (n = 10). (F) Histopathological changes
in liver, spleen, and intestines of mice in different groups. Significant differences are indicated by
different lower-case letters (p < 0.05).

2.7. Molecular Docking and Kinetic Simulation Analysis

To further explore possible binding patterns of BET to NDM-1 proteins, molecular
docking with NDM-1 proteins using BET was carried out, and docking calculations showed
that BET formed close interactions with NDM-1 active sites, amino groups, and hydroxyl
groups (Figure 7A,B). The hydroxyl group interacted with the backbone amide group of
Glu152 to form hydrogen bonds, and the secondary amino group formed an attractive
charge with the backbone amide group of the Glu152 and Asp223 side chains. The cyclo-
propane group formed alkyl bonds with His250, Ile35, and Lys211, while the ether group
interacted with Lys211.
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2.8. MM/GBSA Combined Free-Energy Calculations and Decompositions

To explore possible binding patterns and observe changes in the conformation of the
complex, BET was attached to NDM-1’s active site, the BET-NDM-1 system was constructed,
and molecular dynamics (MD) simulations were performed for a duration of 150 ns. The
root-mean-square deviation (RMSD) value increased rapidly from 0 to 12 s and stabilized
after 22 ns, the displacement of the main chain atoms in the whole MD simulation stage was
small, and the composite system quickly reached a state of dynamic equilibrium, indicating
that the conformation of the complex system could be stable in the solvent state (Figure 8).
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The free-energy results of the MM/GBSA binding of proteins to small-molecule
compounds in the BET-NDM-1 complex system are shown in Table 2. The free energy of
the total binding (∆Gbind) of the BET-NDM-1 system was -11.32 ± 4.62 kcal/mol, and the
interaction between BET and NDM-1 was strong. Although the electrostatic force (∆Eele)
in the system was large, the overall binding free energy of the system was mainly due to
the ∆Evdw, which was due to the hydrophobic interactions between the molecules, and the
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polar solvent effect (∆GGB) almost completely counteracted the electrostatic attraction force.
When considering the solvent effect, the total electrostatic effect (∆Evdw+∆GGB) contributed
little or even negatively to the interaction between systems.

Table 2. Calculation of the MM/GBSA binding free energy of the system (kcal/mol).

System ∆Evdw ∆Eele ∆GGB ∆GSA ∆Gbind

BET-NDM-1 −12.88 ± 3.63 −107.33 ± 23.04 110.64 ± 14.21 −1.74 ± 0.69 −11.32 ± 4.62

The free-energy binding of each residue pair in the NDM-1 protein to BET was quanti-
tatively calculated using the free-energy decomposition calculation method to study the
total free-energy binding of the complex system of the NDM-1 and BET complex. The free
energy of the binding of MM/GBSA was broken down, and the amino acid residues that
contributed more to the free energy of the binding were labeled (Figure 9).
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In order to understand the interaction of the complex system more intuitively, after
decomposing the MM/GBSA binding free energy, the binding mode of the MD simulation
system was analyzed at 150 ns. After 150 ns of MD simulation, the active hydrolysis center
of NDM-1 was stably bound by BET. The MD simulation results showed that during the
binding and interaction between BET and NDM-1, most of the energy came from the
various interaction forces formed by NDM-1 and that the inhibitor BET hydrolyzed the
central amino acid residues (His122, Asp124, Glu152, His189, and His250). It also formed an
electrostatic force with metal Zn2+ at the active site of the NDM-1 enzyme, stably binding to
the active hydrolysis center of NDM-1, so the activity of the NDM-1 enzyme was reduced.
Thus, the combination of BET and NDM-1 may inhibit the activity of the NDM-1 enzyme
through competitive inhibition.

3. Discussion

β-lactam antibiotics occupy an important position in global antimicrobial medicine by
inhibiting bacterial cell-wall mucopeptide synthetases (penicillin-binding proteins, PBPs),
thus hindering the synthesis of cell-wall mucopeptides, which results in bacterial cell-wall
defects, leading to bacterial bloom, lysis, and death.

However, recent studies with large amounts of resistance-monitoring data have shown
that the massive expression of MBLs by Enterobacteriaceae bacteria and their delivery in
bacteria has become a global public health problem [11,12]. In particular, E. coli containing
the BL enzyme have become a thorny problem in the clinical treatment of E. coli infections
due to its stable and effective hydrolysis of almost all β-lactam antibiotics, coupled with
the uncontrollable nature of clinical dosing. To date, inhibitors of BLs more specific to SBLs,
such as tazobactam, clavulanate [13], and sulbactam [14], are FDA-approved and have
been a significant improvement compared to penicillin and cephalosporin antibiotics in
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terms of antibacterial activity alone. However, although there are no approved NDM-1
inhibitors, some NDM-1 inhibitors reported in recent articles, such as vidofludimus [15],
baicalin [16], isoliquiritin [17], etc., have certain inhibitory activity. In light of the difficulties
in developing new antibiotics and the urgency of medicine resistance, the development of
innovative alternative treatment strategies for NDM-1 has become critical.

It is generally accepted that NDM-1 is one of the main reasons for bacterial resistance
to β-lactams. BET exhibited good inhibition of NDM-1 (IR of 87.5%, IC50 of 19.3 ± 0.9 µM)
and can be developed as a potential NDM-1 inhibitor. BET, as a selective β-adrenergic
receptor antagonist, was once the first-line treatment for open-angle glaucoma [18,19]. It
can also be used to treat high blood pressure [20–22].

The results of the checkerboard test showed that NDM-1 E. coli was resistant to MEM
(64 µg/mL). The addition of BET reversed this phenomenon and restored MEM resistance,
and they synergistically killed NDM-1 E. coli. Based on this, our laboratory is trying to use
NDM-1 inhibitors in clinical practice and develop BET as a new NDM-1 inhibitor.

Thus, using growth curves, time–kill curves, and an IEC model of E. coli infection, we
evaluated the antimicrobial activity of BET+MEM in vitro. The results showed that the
combination of BET (128 µg/mL) and MEM (8 µg/mL) exhibited a significant synergistic
bactericidal effect at 0–5 h, which may have been due to the addition of BET and MEM
in the early stage of bacterial proliferation (an important period for cell-membrane and
cell-wall formation), and the slight rebound of the growth curves in the later stage may
have been the result of the depletion of BET (compared to the MEM group). At the same
time, the combination reduced the adhesion of bacteria to the cells and their ability to
infect them.

However, due to the different internal physiological environments of animals, there
may be differences in their abilities to absorb and metabolize different drugs, so in vitro
synergism does not accurately reflect in vivo synergism. Therefore, model animals, BALB/c
mice, were injected intraperitoneally with NDM-1 E. coli, and it was further evaluated
whether BET could restore the susceptibility of NDM-1 E. coli to MEM in vivo. Since NDM-
1 E. coli carries a variety of virulence factors, such as bacterial toxins and adhesins, after
successfully infecting the mice at a dose of 1 × 107 CFU, the mortality rate at 120 h was
80%. We determined that BET (10 mg/kg) + MEM (10 mg/kg) was effective in reducing
mortality, the peripheral blood leukocyte count, inflammatory factor levels, the organ
bacterial load, and histopathological damage in infected mice through mouse survival and
treatment experiments. These results suggest that BET restores MEM sensitivity in vivo.

In previous reports, BET has been used as a selective β-1 blocker for the treatment
of glaucoma and hypertensive eye disease by inhibiting calcium influx and in young
hypertensive patients with moderate hypertension or without serious complications.

We also demonstrated that 400 µg/mL BET showed no signs of toxicity to IECs, which
was consistent with the previously reported safe dose of 40 mg/kg. In practice, BET is
usually administered via ocular perfusion or orally. Long-term toxicity tests have demon-
strated that BET (48 mg/kg in rats and 60 mg/kg in mice) is not teratogenic, mutagenic,
or carcinogenic.

Although most of the current reports on NDM-1 inhibitors are in the discovery or
preclinical development stages, more than 500 compounds with good activity are available
for further development. For example, captopril, a well-known drug for the treatment of
hypertension, chelates the metal zinc ions of NDM-1. D-captopril (IC50 of 7.9 µM) and
L-captopril (202.0 µM) have been repositioned as potential NDM-1 inhibitors. Magnolia
powder, a natural compound isolated from the bark of Magnolia officinalis, is a natural
product with a similar mechanism. It exhibits a highly selective inhibition of NDM-1 and
restores the antibacterial activity of MEM against E. coli.

MD is now a routine technique for studying the dynamic motions of biological macro-
molecules at the atomic resolution level, providing an immediate, cross-affinity, and intu-
itively interactive visual understanding of complex dynamic trajectories, and in 2013, the
Nobel Prize in Chemistry was awarded to Martin Karplus in recognition of the relevance
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and importance of MD from the perspective of developing multiscale models of complex
chemical systems. This study also explored the binding mechanism of BET to NDM-1 using
molecular docking and simulated kinetics.

4. Materials and Methods
4.1. Strains, Cells, and Culture Conditions

Porcine-derived E. coli was isolated and identified as a strain capable of producing
NDM-1 by our laboratory [23]. E. coli BL21(DE3)-pET-32a(+)-blaNDM-1 was constructed
and preserved by our laboratory [15], and E. coli ATCC25922, as a quality control strain,
was purchased from the Chinese Centre of Medical Strain Preservation and Management
(Beijing, China). These strains were cultured in Luria–Bertani medium (LB) and shaken
overnight at 37 ◦C. Intestinal epithelial cells (IECs, purchased from the Shanghai Institute of
Cell Biology, Chinese Academy of Sciences, Shanghai, China) were cultured in RPMI-1640
complete medium containing 10% FBS and 1% penicillin/streptomycin at 37 ◦C, 5% CO2,
and 70–80% humidity.

4.2. Chemicals

Betaxolol (BET, purity ≥ 98%) and meropenem (MEM, purity ≥ 98%) were purchased
from Target Mol (Boston, MA, USA) and dissolved in dimethyl sulfoxide to make a stock
solution that was stored at −80 ◦C.

4.3. Nitrocefin Assay and IC50 Assay

As the β-lactam ring of nitrocefin (NIT) was opened by the hydrolysis of the NDM-1
enzyme, the substrate changed from yellow to red, which was used to determine the
inhibitory effect of BET on the hydrolytic activity of NDM-1. The NDM-1 enzyme was
prepared and purified using E. coli BL21(DE3)-pET-32a(+)-blaNDM-1 as described in a
previous article [15]. After incubating the NDM-1 enzyme with different concentrations
of BET (0–128 µg/mL) in HEPES buffer (containing 50 µM ZnSO4, pH = 7.5) at 37 ◦C for
5 min, 100 µL of NIT was added as a substrate. After 10 min of incubation, the hydrolysis
level of NIT was determined at OD492 nm. The IC50 value was defined as the concentration
of the inhibitor that would inhibit 50% of the enzyme [24].

4.4. In Vitro Bacteriostatic Activity Determination

The EUCAST guid recommended the broth microdilution method, which was used
to determine the MIC values of BET, MEM, and BET+MEM against NDM-1 E. coli. The
fractional inhibitory concentration (FIC) was assessed using the EUCAST-guided tessellated
grid assay. An FIC of ≤0.5 was defined as synergistic [25].

4.5. Bacterial Growth and Sterilization Curves

Purified NDM-1 E. coli was inoculated into 200 mL of an LB broth medium at 1:1000
and cultured until OD600 nm = 0.3. The bacterial solution was added to media containing
0, 8, 16, 32, 64, and 128 µg/mL BET and incubated for 6 h at 37 ◦C and 200 rpm with
oscillation, and the OD600 nm was detected and recorded every 1 h. The growth curve was
plotted to determine the influence of BET on the growth of NDM-1 E. coli.

The synergistic antibacterial power of BET+MEM on NDM-1 E. coli was evaluated as
described by Meher Rizvi [26].

4.6. CCK-8 Assay

The CCK-8 assay was used for the determination of the potential toxicity of BET to
mammalian cells. IECs (1 × 104 cells/well) were inoculated into 96-well plates and cultured
overnight (37 ◦C, 5% CO2, 70–80% humidity) to 80% fusion [27]. The cells were grown in
an antibiotic-free RPMI-1640 medium containing 1% FBS, and the BET concentration in
the wells was adjusted. After 24 h, a CCK-8 solution was added and incubated for 1 h at
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37 ◦C in the dark. A Multiskan SkyHigh Full Wavelength Enzyme Labeller (Thermo Fisher
Scientific Inc., Waltham, MA 02451, USA) was used to measure the absorbance at OD450 nm.

4.7. LDH Assay and Bacterial Count

An LDH assay was used to assess whether BET reversed the susceptibility of MEM to
NDM-1 E. coli infection in IECs. IECs were cultured in 96-well plates until fusion. Then,
the medium was discarded and washed with PBS. Next, 100 µL of RPMI-1640 medium
containing 1 × 105 CFU of NDM-1 E. coli was added. After incubation for 2 h at 37 ◦C and
5% CO2, one part was added to an LDH detection reagent (Beyotime Biotech. Inc., Shanghai,
China) and incubated for 30 min at 37 ◦C in the dark to compare the absorbance at 490 nm
with the untreated group. The other portion was washed with sterile 1 × pbs (pH 7.0) and
serially diluted and counted after overnight incubation at 37 ◦C on antibiotic-containing
plates to assess the effect of BET+MEM on NDM-1 E. coli-infected IECs [28].

4.8. Animal Research

Female BALB/c mice weighing 18.0–22.0 g (Animal License No.: SCXK(Liao)2020-
0001) were purchased from Liaoning Changsheng Laboratory Animal Co. The mice were
kept in an SPF animal house (25 ± 2 ◦C, 50% relative humidity, 12:12 h light–dark cycle)
for 1 week to adapt to the experimental environment. All experiments were reviewed and
approved by the Animal Protection and Utilisation Committee of Northeast Agricultural
University (APUC number: NEAUEC20230399). All experimental methods, animal care,
and in vivo experiments in this study were conducted in strict accordance with the animal
ethical procedures of the People’s Republic of China.

NDM-1 E. coli (lethal dose, 1 × 107 CFU) was administered to BALB/c mice, and the
survival rate of BET combined with MEM was investigated in NDM-1 E. coli-infected mice.
Except for the blank control group (NC), the mice were randomly divided into 4 groups
after bacterial infection, i.e., the infection model group (DM), the BET treatment group
(BET), the MEM treatment group (MEM), and the BET combined with MEM treatment
group (BET+MEM), with 10 mice in each group. The medicines were administered 2 h
after infection and once every 12 h for a total of 6 times. After 24, 48, 72, 96, and 120 h, the
number of surviving mice was calculated [29–31].

To evaluate the protective effect of BET+MEM against NDM-1 E. coli infection, mice
were injected intraperitoneally with NDM-1 E. coli (1 × 106 CFU). The grouping and
dosing methods were the same as those used in the survival assay. Whole blood was
collected after 96 h to determine the leukocyte content, and serum was used to determine
the levels of the inflammatory factors TNF-α, IL-1β, and IFN-γ in serum were detected
by ELISA kits (Beijing Chenglin Biotechnology Co., Ltd., Beijing, China). After aseptic
separation of the liver, spleen, and intestine, a certain weight of the organs was weighed
and homogenized with an automatic sample quick grinder at 12,000 r/m for 2 min, serially
diluted, and spread on LB agar plates (containing MEM) to count the number of bacteria
after overnight incubation at 37 ◦C. And the other part was fixed in 10% formalin and
stained with hematoxylin and eosin H&E for histopathological examination.

4.9. Molecular Docking and MD Simulation

In order to clarify the binding interactions between NDM-1 and BET, molecular
docking analysis was performed using Discovery Studio 2016 (BIOVIA Corp, San Diego,
CA, USA). The crystal structure of NDM-1 bound to hydrolyzed methicillin (ID: 4EY2,
resolution: 1.17 Å, http://www.rcsb.org, assessed on 7 February 2022) was selected as
the receptor. The chemical structure of BET was obtained from the PubChem website
(https://pubchem.ncbi.nlm.nih.gov, assessed on 7 February 2022) and as the chemical
structure of the ligand compounds for an intuitive molecular docking analysis [32,33].

Simulated kinetic analysis was performed using AMBER 20 (University of California,
San Francisco, CA, USA), and the optimal complex for molecular docking, BET-NDM-1,
was selected as the starting conformation for the MD study. In the CHARM36 force field,

http://www.rcsb.org
https://pubchem.ncbi.nlm.nih.gov
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the system was added in the vicinity of TIP3P water molecules, and the BET-NDM-1 com-
plex was determined to extend outward by 12 Å as the spatial extent of the complexes in
the simulation, with the addition of Na+ and K+ ions to make up for the lack of charge
in the force field, and was optimized for energy minimization using the sander program.
After a 30 ns warm-up, 120 ns MD simulations were performed on a stable system at a
constant temperature and pressure of 300 K and 1 atmosphere, retaining the conforma-
tional trajectory of the system every 2 ps. MM/GBSA free-energy analyses, MD trajectory
information calculations, and kinetic interaction analyses were performed for BET and
NDM-1 amino acids.

5. Conclusions

In conclusion, BET was repositioned as an anti-NDM-1 inhibitor. BET showed direct
interactions with key active-site amino acids in NDM-1 to restore the susceptibility of
NDM-1 E. coli to MEM by suppressing its hydrolytic activity against β-lactam antibiotics.
In vivo, the combined application of BET and MEM (10 mg/kg + 10 mg/kg) significantly
increased the survival of NDM-1 E. coli-infected mice. Significant changes in peripheral
blood leukocyte counts, inflammatory factor levels, and bacterial loads in organs, as well
as the histopathology in the mice, indicated that BET restored the susceptibility of NDM-1
E. coli to MEM and attenuated inflammatory responses in vivo. The combination of BET and
MEM provides a new therapeutic strategy against β-lactam-resistant bacterial infections.
This finding will help to utilize existing approved drugs by screening for new targets and
repositioning them as inhibitors of NDM-1 or even MBL, providing research ideas for the
treatment of infections with “superbug” pathogens.

Author Contributions: J.S.: Conceptualization, Formal analysis, Methodology, Data curation, Soft-
ware and Writing—original draft preparation. S.R.: Visualization, Investigation and Formal analysis.
Y.Y.: Software, Investigation and Validation. X.L.: Methodology, Validation, Investigation and
Writing—review and editing. X.Z.: Conceptualization, Project administration, Resources, Super-
vision and Funding acquisition. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China
(No. 32273060).

Institutional Review Board Statement: The animal study protocol was approved by the Northeast
Agricultural University Institutional Animal Care and Use Committee and followed the laboratory
animal management regulations (SPF) of Heilongjiang Province, China.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Neu, H.C. beta-Lactam antibiotics: Structural relationships affecting in vitro activity and pharmacologic properties. Rev. Infect.

Dis. 1986, 8 (Suppl. S3), S237–S259. [CrossRef]
2. Palzkill, T. Metallo-β-lactamase structure and function. Ann. N. Y. Acad. Sci. 2013, 1277, 91–104. [CrossRef]
3. Van Boeckel, T.P.; Gandra, S.; Ashok, A.; Caudron, Q.; Grenfell, B.T.; Levin, S.A.; Laxminarayan, R. Global antibiotic consumption

2000 to 2010: An analysis of national pharmaceutical sales data. Lancet Infect Dis. 2014, 14, 742–750. [CrossRef]
4. Holmes, A.H.; Moore, L.S.; Sundsfjord, A.; Steinbakk, M.; Regmi, S.; Karkey, A.; Guerin, P.J.; Piddock, L.J. Understanding the

mechanisms and drivers of antimicrobial resistance. Lancet 2016, 387, 176–187. [CrossRef]
5. Ambler, R.P. The structure of beta-lactamases. Philos. Trans. R. Soc. Lond. B Biol. Sci. 1980, 289, 321–331. [CrossRef]
6. King, D.T.; Worrall, L.J.; Gruninger, R.; Strynadka, N.C. New Delhi metallo-β-lactamase: Structural insights into β-lactam

recognition and inhibition. J. Am. Chem. Soc. 2012, 134, 11362–11365. [CrossRef]
7. Zavascki, A.P.; Barth, A.L.; Gonçalves, A.L.; Moro, A.L.; Fernandes, J.F.; Martins, A.F.; Ramos, F.; Goldani, L.Z. The influence of

metallo-beta-lactamase production on mortality in nosocomial Pseudomonas aeruginosa infections. J. Antimicrob. Chemother.
2006, 58, 387–392. [CrossRef]

https://doi.org/10.1093/clinids/8.Supplement_3.S237
https://doi.org/10.1111/j.1749-6632.2012.06796.x
https://doi.org/10.1016/S1473-3099(14)70780-7
https://doi.org/10.1016/S0140-6736(15)00473-0
https://doi.org/10.1098/rstb.1980.0049
https://doi.org/10.1021/ja303579d
https://doi.org/10.1093/jac/dkl239


Int. J. Mol. Sci. 2023, 24, 13399 13 of 14

8. Yang, Y.; Yan, Y.H.; Schofield, C.J.; McNally, A.; Zong, Z.; Li, G.B. Metallo-β-lactamase-mediated antimicrobial resistance and
progress in inhibitor discovery. Trends Microbiol. 2023, 31, 735–748. [CrossRef]

9. Warrington, S.J.; Turner, P.; Kilborn, J.R.; Bianchetti, G.; Morselli, P.L. Blood concentrations and pharmacodynamic effects of
betaxolol (SL 75212) a new beta-adrenoceptor antagonist after oral and intravenous administration. Br. J. Clin. Pharmacol. 1980,
10, 449–452. [CrossRef]

10. Beresford, R.; Heel, R.C. Betaxolol. A review of its pharmacodynamic and pharmacokinetic properties, and therapeutic efficacy in
hypertension. Drugs 1986, 31, 6–28. [CrossRef]

11. Tooke, C.L.; Hinchliffe, P.; Bragginton, E.C.; Colenso, C.K.; Hirvonen, V.H.A.; Takebayashi, Y.; Spencer, J. β-Lactamases and
β-Lactamase Inhibitors in the 21st Century. J. Mol. Biol. 2019, 431, 3472–3500. [CrossRef]

12. Suay-García, B.; Pérez-Gracia, M.T. Present and Future of Carbapenem-resistant Enterobacteriaceae (CRE) Infections. Antibiotics
2019, 8, 122. [CrossRef]

13. Emeraud, C.; Escaut, L.; Boucly, A.; Fortineau, N.; Bonnin, R.A.; Naas, T.; Dortet, L. Aztreonam plus Clavulanate, Tazobactam, or
Avibactam for Treatment of Infections Caused by Metallo-β-Lactamase-Producing Gram-Negative Bacteria. Antimicrob. Agents
Chemother. 2019, 63, e00010-19. [CrossRef]

14. Akova, M. Sulbactam-containing beta-lactamase inhibitor combinations. Clin. Microbiol. Infect. 2008, 14 (Suppl. S1), 185–188.
[CrossRef]

15. Li, X.; Zhao, D.; Zhao, X.; Cheng, P.; Li, F.; Sun, J.; Li, Y.; Bai, J.; Zhang, X. The activity and mechanism of vidofludimus as a potent
enzyme inhibitor against NDM-1-positive E. coli. Eur. J. Med. Chem. 2023, 250, 115225. [CrossRef]

16. Shi, C.; Bao, J.; Sun, Y.; Kang, X.; Lao, X.; Zheng, H. Discovery of Baicalin as NDM-1 inhibitor: Virtual screening, biological
evaluation and molecular simulation. Bioorg. Chem. 2019, 88, 102953. [CrossRef]

17. Wang, Y.; Sun, X.; Kong, F.; Xia, L.; Deng, X.; Wang, D.; Wang, J. Specific NDM-1 Inhibitor of Isoliquiritin Enhances the
Activity of Meropenem against NDM-1-positive Enterobacteriaceae in vitro. Int. J. Environ. Res. Public. Health 2020, 17, 2162.
[CrossRef]

18. Steigerwalt, R.D., Jr.; Laurora, G.; Belcaro, G.V.; Cesarone, M.R.; De Sanctis, M.T.; Incandela, L.; Minicucci, R. Ocular and
retrobulbar blood flow in ocular hypertensives treated with topical timolol, betaxolol and carteolol. J. Ocul. Pharmacol. Ther. 2001,
17, 537–544. [CrossRef]

19. Arend, O.; Harris, A.; Arend, S.; Remky, A.; Martin, B.J. The acute effect of topical beta-adrenoreceptor blocking agents on retinal
and optic nerve head circulation. Acta Ophthalmol. Scand. 1998, 76, 43–49. [CrossRef]

20. Setoguchi, M.; Ohya, Y.; Abe, I.; Fujishima, M. Inhibitory action of betaxolol, a beta 1-selective adrenoceptor antagonist, on
voltage-dependent calcium channels in guinea-pig artery and vein. Br. J. Pharmacol. 1995, 115, 198–202. [CrossRef]

21. Bessho, H.; Suzuki, J.; Tobe, A. Vascular effects of betaxolol, a cardioselective beta-adrenoceptor antagonist, in isolated rat arteries.
Jpn. J. Pharmacol. 1991, 55, 351–358. [CrossRef]

22. Al-Wadei, M.J.; Bakheit, A.H.; Abdel-Aziz, A.A.; Wani, T.A. Betaxolol: A comprehensive profile. Profiles Drug Subst. Excip. Relat.
Methodol. 2021, 46, 91–136. [CrossRef]

23. Cheng, P.; Li, F.; Liu, R.; Yang, Y.; Xiao, T.; Ishfaq, M.; Xu, G.; Zhang, X. Prevalence and molecular epidemiology
characteristics of carbapenem-resistant Escherichia coli in Heilongjiang Province, China. Infect. Drug Resist. 2019, 12,
2505–2518. [CrossRef]

24. Shannon, K.; Phillips, I. Beta-Lactamase detection by three simple methods: Intralactam, nitrocefin and acidimetric. J. Antimicrob.
Chemother. 1980, 6, 617–621. [CrossRef]

25. European Committee for Antimicrobial Susceptibility Testing (EUCAST) of the European Society of Clinical Microbiology and
Infectious Dieases (ESCMID). EUCAST Definitive Document E.Def 1.2, May 2000: Terminology relating to methods for the
determination of susceptibility of bacteria to antimicrobial agents. Clin. Microbiol. Infect 2000, 6, 503–508. [CrossRef]

26. Rizvi, M.; Ahmed, J.; Khan, F.; Shukla, I.; Malik, A. Assessment of combination therapy by time kill curve analysis and
chequerboard assay for treatment of multi-drug resistant Pseudomonas aeruginosa isolates. J. Glob. Antimicrob. Resist. 2013, 1,
103–108. [CrossRef]

27. Xu, T.; Ma, Q.; Li, Y.; Yu, Q.; Pan, P.; Zheng, Y.; Li, Z.; Xiong, X.; Hou, T.; Yu, B.; et al. A small molecule inhibitor of the UBE2F-CRL5
axis induces apoptosis and radiosensitization in lung cancer. Signal Transduct. Target. Ther. 2022, 7, 354. [CrossRef]

28. Kumar, P.; Nagarajan, A.; Uchil, P.D. Analysis of Cell Viability by the Lactate Dehydrogenase Assay. Cold Spring Harb. Protoc.
2018, 2018, 465–468. [CrossRef]

29. Zhao, B.; Zhang, X.; Yu, T.; Liu, Y.; Zhang, X.; Yao, Y.; Feng, X.; Liu, H.; Yu, D.; Ma, L.; et al. Discovery of thiosemicarbazone
derivatives as effective New Delhi metallo-β-lactamase-1 (NDM-1) inhibitors against NDM-1 producing clinical isolates. Acta
Pharm. Sin. B 2021, 11, 203–221. [CrossRef]

30. Yarlagadda, V.; Sarkar, P.; Samaddar, S.; Manjunath, G.B.; Mitra, S.D.; Paramanandham, K.; Shome, B.R.; Haldar, J. Vancomycin
Analogue Restores Meropenem Activity against NDM-1 Gram-Negative Pathogens. ACS Infect. Dis. 2018, 4, 1093–1101.
[CrossRef]

31. Ma, B.; Fang, C.; Lu, L.; Wang, M.; Xue, X.; Zhou, Y.; Li, M.; Hu, Y.; Luo, X.; Hou, Z. The antimicrobial peptide thanatin disrupts
the bacterial outer membrane and inactivates the NDM-1 metallo-β-lactamase. Nat. Commun. 2019, 10, 3517. [CrossRef]

https://doi.org/10.1016/j.tim.2023.01.013
https://doi.org/10.1111/j.1365-2125.1980.tb01787.x
https://doi.org/10.2165/00003495-198631010-00002
https://doi.org/10.1016/j.jmb.2019.04.002
https://doi.org/10.3390/antibiotics8030122
https://doi.org/10.1128/AAC.00010-19
https://doi.org/10.1111/j.1469-0691.2007.01847.x
https://doi.org/10.1016/j.ejmech.2023.115225
https://doi.org/10.1016/j.bioorg.2019.102953
https://doi.org/10.3390/ijerph17062162
https://doi.org/10.1089/10807680152729220
https://doi.org/10.1034/j.1600-0420.1998.760108.x
https://doi.org/10.1111/j.1476-5381.1995.tb16339.x
https://doi.org/10.1016/S0021-5198(19)39936-6
https://doi.org/10.1016/bs.podrm.2020.07.002
https://doi.org/10.2147/IDR.S208122
https://doi.org/10.1093/jac/6.5.617
https://doi.org/10.1046/j.1469-0691.2000.00149.x
https://doi.org/10.1016/j.jgar.2013.04.001
https://doi.org/10.1038/s41392-022-01182-w
https://doi.org/10.1101/pdb.prot095497
https://doi.org/10.1016/j.apsb.2020.07.005
https://doi.org/10.1021/acsinfecdis.8b00011
https://doi.org/10.1038/s41467-019-11503-3


Int. J. Mol. Sci. 2023, 24, 13399 14 of 14

32. Kar, B.; Kundu, C.N.; Pati, S.; Bhattacharya, D. Discovery of phyto-compounds as novel inhibitors against NDM-1 and
VIM-1 protein through virtual screening and molecular modelling. J. Biomol. Struct. Dyn. 2023, 41, 1267–1280. [CrossRef]
[PubMed]

33. Jackson, A.C.; Pinter, T.B.J.; Talley, D.C.; Baker-Agha, A.; Patel, D.; Smith, P.J.; Franz, K.J. Benzimidazole and Benzoxazole Zinc
Chelators as Inhibitors of Metallo-β-Lactamase NDM-1. ChemMedChem 2021, 16, 654–661. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/07391102.2021.2019125
https://www.ncbi.nlm.nih.gov/pubmed/34961397
https://doi.org/10.1002/cmdc.202000607

	Introduction 
	Results 
	BET Has Enzymatic Inhibitory Activity against NDM-1 
	MIC and FICI of BET+MEM against NDM-1 E. coli 
	Growth Effect of NDM-1 E. coli Treated with BET+MEM 
	Potential Toxicity of BET to IECs 
	Intervention of IECs with BET+MEM in NDM-1 E. coli Infection 
	BET+MEM Treatment of NDM-1 E. coli-Infected Mice 
	Molecular Docking and Kinetic Simulation Analysis 
	MM/GBSA Combined Free-Energy Calculations and Decompositions 

	Discussion 
	Materials and Methods 
	Strains, Cells, and Culture Conditions 
	Chemicals 
	Nitrocefin Assay and IC50 Assay 
	In Vitro Bacteriostatic Activity Determination 
	Bacterial Growth and Sterilization Curves 
	CCK-8 Assay 
	LDH Assay and Bacterial Count 
	Animal Research 
	Molecular Docking and MD Simulation 

	Conclusions 
	References

