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A novel inhibitor of monooxygenase reversed the
activity of tetracyclines against tet(X3)/tet(X4)-positive
bacteria
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Summary

Background Tigecycline is one of the few last-resort antibiotics for the treatment of carbapenem-resistant Enterobac-
teriaceae infection, the incidence of which has been rapidly increasing. However, the emergence and spread of tigecy-
cline resistance genes tet(X) (including tet(X3) and tet(X4)) has largely compromised the efficient usage of
tetracyclines in the clinical settings.

Methods The synergistic effect was determined by a checkerboard minimum inhibitory concentration (MIC) assay,
a time-killing assay and scanning electron microscopy (SEM) analysis. In-depth mechanisms were defined using an
enzyme inhibition assay, western blotting, RT-PCR analysis, molecular dynamics (MD) simulations, biolayer inter-
ferometry (BLI) assay and metabolomics analysis.

Findings Herein, our work identified a natural compound, plumbagin, as an effective broad-spectrum inhibitor of
Tet(X) (also known as monooxygenase) by simultaneously inhibiting the activity and the production of Tet(X3)/Tet
(X4). Plumbagin in combination with tetracyclines showed a synergistic bactericidal effect against Tet(X3)/Tet(X4)-
producing bacteria. Mechanistic studies revealed that direct engagement of plumbagin with the catalytic pocket of
Tet(X3)/Tet(X4) induced an alternation in its secondary structure to inhibit the activity of these monooxygenases. As
a consequence, monotherapy or combination therapy with plumbagin increases the oxidative stress and metabolism
in bacteria. Moreover, in a mouse systemic infection model of tet(X4)-positive E. coli, the combination of plumbagin
and methacycline exhibited remarkable treatment benefits, as shown by a reduced bacterial load and the alleviation
of pathological injury.

Interpretation Plumbagin, as an inhibitor of Tet(X3)/Tet(X4), represents a promising lead drug, as well as an
adjunct with tetracyclines to treat bacterial infections, especially for extensively drug-resistant bacteria harbouring

Tet(X3)/Tet(X4).
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Introduction

Therapeutic options to address infection caused by
extensively drug-resistant (XDR) pathogenic bacteria in
human clinical therapy and livestock breeding have
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become formidable challenges due to the emergence
and rapid spread of carbapenem-resistant Enterobacter-
iaceae (CRE)." Accordingly, tigecycline has been recog-
nized as the last-resort antibiotic for the clinical
treatment of some bacterial infections, especially for
XDR Gram-negative bacteria. However, following the
widespread use and abuse of antibiotics, obvious resis-
tance to tetracyclines has been reported worldwide with
worrying implications for public and food safety.*?
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Research in context

Evidence before this study

Antibiotic resistance is an increasing threat to public
health and food security. With the occurrence and high
prevalence of the tigecycline-resistance genes tet(X3)
and tet(X4), the clinical efficacy of the last-resort antibi-
otic tigecycline is being challenged. Thus, it is impera-
tive to develop novel antibiotics or anti-infective
strategies to meet this serious clinical threat. Alarmingly,
there have been few reports on alternative antibiotics or
tetracyclines potentiators targeting the activity of Tet
(X3)/Tet(X4).

Added value of this study

To potentiate the therapeutic effect of antibiotics or to
prevent the development of antibiotic resistance, we
focused on exploring the effective antibiotic combina-
tions and tested the activity of several natural com-
pounds with tetracyclines against tet(X3)/tet(X4)-
positive bacteria. Plumbagin, served as a potential anti-
cancer compound, has been extensively researched,
however, its potency in the treatment of pathogenic
bacteria has not been explored and utilized. In this
study, we found that plumbagin, as an inhibitor of Tet
(X3)/Tet(X4), potently potentiated the antibacterial
activity of tetracyclines in vitro or in vivo. In-depth mech-
anism exploration indicated that plumbagin directly
engaged with the catalytic pocket of Tet(X3)/Tet(X4),
thereby altering their conformation and inhibiting the
catalytic activity of Tet(X3)/Tet(X4). Further analysis
revealed that plumbagin interferes with redox pro-
cesses and metabolism needed for the bacterial sur-
vival, which offers an alternative target for fighting
bacterial resistance. The discovery of plumbagin as a
novel and safe tetracyclines adjuvant provides a promis-
ing therapeutic strategy for infections caused by tetra-
cycline-resistant bacteria.

Implications of all the available evidence

The current study found a novel and promising tetracy-
clines adjuvant, plumbagin, to combat the multidrug-
resistant Gram-negative bacteria infections, which is of
highly potential practical value for clinical therapeutics.

A recent study by He et al. reported two plasmid-
mediated and widely existing tigecycline resistance
genes, namely, tet(X3) and tet(X4), which encode the
drug resistance enzymes Tet(X3) and Tet(X4), respec-
tively, that seriously impair the clinical efficacy of tigecy-
clines.* The occurrence of plasmid-carried tigecycline
resistance genes tet(X3) and tet(X4) in no less than 16
bacterial species, including Enterobacteriaceae and A.
baumannii, would foreseeably indicate a major threat to
the effective use of tigecycline as the last line of defence
and severely threaten public health. Therefore, a potent

agent to combat the looming tigecycline resistance is
urgently needed in the clinic, especially for Enterobacter-
iaceae and A. baumannii. As reported in previous
works,’ the antibiotic adjuvant strategy is a potential
and cost-effective approach to boost antibiotic effective-
ness. Thus, the identification of inhibitors by targeting
Tet(X3)/Tet(X4) could effectively address such crisis.

The enzymes Tet(X3)/Tet(X4) have been reported as
NADPH-requiring monooxygenases responsible for the
inactivation of tetracycline antibiotics, and which could
be the result of reductive electron transfer in the bacte-
rial oxidation and reduction process, or hydroxylation
reactions.*° Further, various small-molecule com-
pounds have been identified as effective inhibitors to
intervene in bacterial oxidation and reduction process,
which reduce respiratory chain electron transport and
ATP generation or enhance ROS genera’cion.7’8 Hence,
the identification of Tet(X3)/Tet(X4) inhibitors is a
promising strategy for both the recovery of bacterial sen-
sitivity to tetracycline antibiotics and the inhibition of
bacterial viability.

Here, plumbagin, as a naturally occurring naphtho-
quinone isolated from plants, was identified as a poten-
tial Tet(X3)/Tet(X4) inhibitor that displays synergistic
activity with tetracyclines against tet(X3)/tet(X4)-positive
bacteria. Naphthoquinones have been well character-
ized to possess various pharmacological activities,”
including antiallergic, antiviral, anti-inflammatory, and
antibacterial activity. Importantly, naphthoquinones are
widely used as redox cycling agents owing to their redox
activity in both hosts and pathogens. Although various
pharmacological activities of plumbagin have been
reported, its potential application in the treatment of
drug-resistant pathogens has not been explored. This
work successfully identified plumbagin as a novel tetra-
cycline antibiotics adjuvant, thereby highlighting the
potential for fighting resistant bacterial infection with
natural compounds by reversing the resistance to antibi-
otics via multiple mechanisms of action. Accordingly,
the discovery of plumbagin as a novel and safe tetracy-
cline adjuvant provided a promising therapeutic strategy
for treating tetracycline-resistant pathogen infections.

Methods

Bacteria and reagents

The bacterial strains used in this study included tet(X3)/
tet(X4)-positive E. coli, tet(X4)-positive K. pneumoniae
and tet(X3)-positive A. baumannii, as described in Sup-
plementary Table 1.* The tested Tet(X)-positive isolates
of chicken or human origin are listed in Supplementary
Table 2. Unless otherwise noted, all of the strains were
grown in LB broth (BIOFOUNT). The plumbagin (dis-
solved in dimethyl sulfoxide) was obtained from Desite
Biotechnology Co., Ltd. Antibiotics were purchased
from the China Institute of Veterinary Drug Control,
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CSNpharm, Inc., MedChem Express, Inc. and Dalian
Meilun Biotechnology Co., Ltd. The Hydrogen Peroxide
Assay Kit (So038), Reactive Oxygen Species (ROS)
Assay Kit (So033S), Total Superoxide Dismutase (SOD)
Assay Kit (Soro1S), ATP Assay Kit (Soo26) and BCA
Protein Assay Kit (Poo12S) were obtained from Beyo-
time Biotechnology Co., Ltd., China. The coenzyme I
NAD(H) Content Assay Kit (BCo310) were purchased
from Solarbio (Beijing).

Cell lines and cell culture

Human embryonic kidney cells (HEK-293) (RRID:
CVCL_oo045) and lung carcinoma cells (A549) (RRID:
CVCL_oo023) were cultured in DMEM high glucose
medium supplemented with 10% heat-inactivated fetal
bovine serum (Biological Industries, BI), penicillin (100
units/mL), and streptomycin (100 ug/mL). Peritoneal
macrophages were isolated and harvested as described
in a previous report,”” and cultured in RPMI-1640
medium containing 10% heat-inactivated fetal bovine
serum. Cells were cultured at 37 °C in a humidified
incubator with 5% CO, atmosphere. Cell lines in cur-
rent study were obtained from the American Type Cul-
ture Collection (ATCC), authenticated by Short tandem
repeat (STR) profiling and were not contaminated by
bacteria and mycoplasma.

Construction, expression and purification of Tet(X3)/
Tet(X4) and their mutants

The tet(X3) and tet(X4) genes were obtained from A.
baumannii 34AB and E. coli 47EC, respectively, and
cloned into the expression vector pGEX-4T-1 followed
by digestion with the endonucleases BamHI and Xhol.
The expression vectors for the Tet(X3)/Tet(X4) mutants
were constructed using a QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA, USA) based
on the E. coli BL21(DE3)-pGEX-4T-1-Tet(X3)/Tet(X4)
construct and the gene-specific primers were listed in
Supplementary Table 3. The purification of Tet(X3)/Tet
(X4) and their mutants were performed using the pro-
karyotic expression system.

Enzyme inhibition assays

The absorbance at 400 nm was determined to examine
the activity of Tet(X3)/Tet(X4) as previously
described,®” and which require NADPH, Mg** and O,
for activity. The purified proteins of Tet(X3)/Tet(X4)
were incubated with NADPH in the presence of Mg**
and O,, and different concentrations of potential lead
candidates for 20 min at 37°C. Then, each sample was
mixed with an equal volume of tetracycline and the
enzyme activity of Tet(X3)/Tet(X4) was monitored by
the changes of the absorbance at OD 40 nm for 1 h at 37°
C. Ultimately, the inhibitory percentage of compounds
on the catalytic activity of Tet(X3)/Tet(X4) was
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determined by comparing the changes in absorbance
values of each samples with the untreated control,
which was expressed as Inhibition (%) = 1 — (AOD,q,
samples/AOD4oo untreated control) X 100%, AOD400 means
the changes in absorbance values at 400 nm for 1 h.

Antimicrobial susceptibility testing

MICs of candidate natural compounds and antibiotics
for the tested strains were determined by the standard
broth microdilution method based on the Clinical and
Laboratory Standards Institute (CLSI) guideline.'* Con-
cisely, candidate natural compounds or antibiotics were
diluted using 2-fold serial dilutions in a sterile 96-well
microtiter plate with LB broth, and then 100 uL of the
bacterial suspensions (1 x 10® CFUs/mL) were added to
each well. After 16—24 h of coincubation at 37 °C, the
lowest concentrations of the compounds with no visible
bacterial growth were monitored as the MICs of natural
compounds or antibiotics. The checkerboard microdilu-
tion method was further applied to evaluate the syner-
gies between natural compounds and tetracyclines
against Tet(X)-positive strains or Tet(X)-negative strains.
Briefly, the synergies between antibiotics and com-
pounds were determined by checkerboard assays with a
2-fold serial dilution of compounds (8 x 12 matrix)
mixed with a bacterial suspension (5 x 10> CFUs/mL).
The MIC values of each combination were monitored as
described above, and then the fractional inhibitory con-
centration index (FICI) was calculated according to the
following formula®: FIC index = (MIC of compounds in
combination/MIC of compound alone) + (MIC of anti-
biotics in combination/MIC of antibiotics alone). The
synergy effect was defined as an FIC index of < o.5.

Growth curves

For the growth curve assay, the tested strains were cul-
tured in LB broth to obtain a starting ODgo0 nm = 0.3
Then, plumbagin (from 4 pg/mL to 32 ug/mlL) was
added to the bacterial culture medium and coincubated
at 37°C with shaking at 200 rpm. The absorbance of
each sample at 6oo nm was monitored by a UV spectro-
photometer every 30 min.

Time-killing assays

The potential bactericidal effect of plumbagin in combi-
nation with tetracyclines was evaluated via time-killing
assays. Plumbagin, tetracyclines or both in combination
were cultured with the bacterial suspensions (5 x 10°
CFUs/mL) in 200 uL of LB broth. At the indicated time
points, cocultured supernatants from different treat-
ments were serially diluted 1o-fold and then spotted
onto LB agar. To assess the bactericidal activity, the
number of bacterial colonies was counted and calcu-
lated. Additionally, various contractions of bacterial sus-
pensions (from 1 x 10° CFUs/mLto 1 X 108 CFUs/mlL)
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were used for determination of bactericidal effect by
spot assay with the indicated treatment.

Live/Dead bacteria staining

Overnight bacterial cultures of E. coli DH5a+pAM4o01-
tet(X3) /tet(X4) were diluted in LB broth and then incu-
bated with plumbagin (32 pg/mlL), tetracycline (32 ug/
mlL) or their combination for 8 h at 37°C. Then, the bac-
teria were collected, centrifuged, resuspended in PBS to
obtain an ODgoo nm Of 0.5 and stained using the LIVE/
DEAD BacLight Bacterial Viability Kit (Invitrogen)
under the guidance of the manufacturer’s instructions.
Green fluorescently labeled bacteria were live, and red
fluorescently labeled bacteria were dead.

Scanning electron microscope (SEM) analysis
Overnight E. coli DHsa+pAMg4o1-tet(X3)/tet(X4) treated
with plumbagin (32 pg/mL), tetracycline (32 ug/mL) or
their combination were washed, centrifuged and resus-
pended in PBS to obtain an ODgo6 nm of 0.5. The sam-
ples preincubated with polylysine were washed with
fresh PBS and fixed in glutaraldehyde overnight at 4°C.
Then, scanning electron microscopy (SEM) was per-
formed to observe the morphological changes of the
bacteria.

Safety evaluation

The cell viability of A549 cells, HEK-293 cells, and peri-
toneal macrophages co-incubated with plumbagin for 5
h was determined using a cytotoxicity detection kit
(LDH; Roche). Then, the absorbance of cell culture
supernatant at 492 nm was detected, and the corre-
sponding cytotoxicity was calculated.

In addition, rabbit red blood cells (RBCs) were
treated with different concentrations of plumbagin for 1
h. The haemolytic activity of plumbagin was evaluated
by measuring the absorbance values of the supernatant
at ODg;6 nm-

Western blot assays

After treatment with various concentrations of plumba-
gin (o, 8, 32 ug/ml) for 4 h or 8 h, equal amounts of
bacterial cultures were centrifuged, collected, mixed
with 5 x loading buffer, and then boiled at 100°C for
10 min. Each sample was separated by SDS-PAGE and
transferred onto a polyvinylidene difluoride (PVDF)
membrane. Then, the membrane was blocked with 5%
skim milk for 2 h at room temperature and further incu-
bated with primary antibodies against Tet(X3)/Tet(X4)
(prepared and stored in our laboratory) and HRP-conju-
gated goat anti-mouse secondary antibodies (1:3000;
RRID: AB_2722565; Cat No. SAoooor-1, Proteintech).
Finally, the membrane was visualized with an enhanced
chemiluminescence substrate.

Determination of DNA and protein expression
Overnight cultures of E. coli DH5o+pAM4o01-tet(X3) /tet
(X4) were incubated with plumbagin (o, 8, 32 ug/mL)
for 6 h and then centrifuged and resuspended to obtain
an ODgoo nm Of 0.8. PCR amplification was performed
in a thermal cycler (Bio-Rad, Troo™). PCR products
were separated by electrophoresis on a 1.5% agarose gel
and visualized.

E. coli BL21(DE3)-pGEX-4T-1-Tet(X3)/Tet(X4) was
cultured until the ODgoo nm = 0.6. Isopropyl-g-D-thio-
galactopyranoside (IPTG, 1 mM) and different concen-
trations of plumbagin (o, 8, 32 ug/mlL) were added to
the bacterial culture medium and cocultured for 4 h at
37°C with shaking at 200 rpm. Then, the ODgo0 nm Of
the bacterial suspension was standardized to 0.8 and
collected and boiled with or without 5 x loading buffer
at 100°C for 10 min for SDS-PAGE. The proteins from
each sample were stained with Coomassie brilliant
blue.

Molecular dynamics (MD) simulations

The PDB code for the initial 3D structure of Tet(X3)/Tet
(X4) was 4AGN, and the standard docking procedures
of plumbagin and Tet(X3)/Tet(X4) were performed
using AutoDock Vina.'® All of the simulations and anal-
yses of the trajectories were performed with Gromacs
5.1 software” using the Amberggsb force field and
TIP3P water model. After the simulation, the binding
free energy between the protein and the ligand was ana-
lysed using the molecular mechanics Poisson-Boltz-
mann surface area (MM-PBSA) method, as described in
previous reports.® Analysis of the trajectories were per-
formed by using the VMD, PyMOL, and Gromacs analy-
sis tools.

Fluorescence quenching analysis

The binding constants (K,) for plumbagin with the
binding sites on WT-Tet(X3), M215A-Tet(X3), L222A-
Tet(X3), F224A-Tet(X3), or WT-Tet(X4), L219A-Tet(Xy4),
1234A-Tet(X4), F221A-Tet(X4) were determined using a
fluorescence-quenching method, at the excitation wave-
length of 280 nm and emission wavelength of 345 nm,
following previously described methods.™

Biolayer interferometry (BLI)

Tet(X3)/Tet(X4) (GST-tagged proteins) were respectively
captured on the surface of anti-GST antibody coated BLI
sensors, followed by determination of detectable bind-
ing with different concentrations of plumbagin. The
BLI assay was conducted on an Octet K2 (FortéBio)
instrument and performed following a test cycle, which
was pre-wetted in PBS for goo s, and coupled GST-
tagged Tet(X3)/Tet(X4) before adding to the indicated
concentrations of compounds and the protein alone
coupled to anti-GST antibody coated BLI sensors were
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used as a reference control, respectively. And the BLI
results were analysed using FortéBio Data Analysis 11.0
software.””*!

Circular dichroism (CD) spectra analysis

The circular dichroism (CD) spectra of Tet(X3)/Tet(X4)
with or without plumbagin were analyzed by a CD spec-
trophotometer (MOS-500; Bio-Logic) with the scanning
wavelengths ranged from 190 to 250 nm as described
in our previous study.”” And the BeStSel web server
was used to analyze the secondary structure of the
protein.*

Metabolomics analysis

Overnight cultures of E. coli DHsa+pAM4o1-tet(X4)
were diluted 1/100 into fresh LB broth and coincubated
with or without plumbagin (32 ug/mL) at 37°C for 8 h.
Then, after washing with fresh PBS, the bacteria were
centrifuged at 12,000 rpm for 10 min at 4°C and resus-
pended in sterile PBS. Metabolomics detection could be
performed through following process. First of all,
metabolite features were detected and screened. In addi-
tion, internal standard normalization method was
employed for the data analysis. The resulted three-
dimensional data including the peak number, sample
name and normalized peak area were fed into R pack-
age metaX for principal component analysis (PCA) and
orthogonal partial least square-discriminate analysis
(OPLS-DA). Additionally, the enrichment analysis of
the metabolic pathways between the two groups were
analysed by KEGG (Kyoto Encyclopedia of Genes and
Genomes, http://www.kegg.jp) and MetaboAnalyst
(http://www.metaboanalyst.ca/).

NAD+/NADH level detection

Overnight cultures of E. coli DH5a+pAM4o1-tet(X4)
were treated with plumbagin, tetracycline or the combi-
nations at 37°C for 5 h, and bacterial cultures were col-
lected, centrifuged and resuspended. The NAD
+/NADH ratio regulated by the TCA cycle in E. coli
DHsa+pAMgo1-tet(X4) was determined by using a
coenzyme I NAD(H) Content Assay Kit, following the
manufacturer’s instructions.

Detection of ROS, H,0, and SOD activity

The levels of ROS in E. coli DH5a+pAM4o1-tet(X4)
treated with plumbagin, tetracycline or the combina-
tions were measured with 2/,7'- dichlorofluorescein
diacetate (DCFH-DA, 10 uM) following the man-
ufacturer’s instructions. After incubation and washing
with sterile PBS buffer three times, the fluorescence
intensity was detected by a spectrofluorimeter at
488 nm and 525 nm. Furthermore, the H,0, and SOD
activities in E. coli DHsa+pAM4o1-tet(X4) treated with

www.thelancet.com Vol 78 Month April, 2022

plumbagin, tetracycline or in combination were mea-
sured with the Hydrogen Peroxide Assay Kit and the
Total Superoxide Dismutase Assay Kit, respectively.

Intracellular ATP determination

Overnight cultures of E. coli DHja+pAM4o1-tet(X4)
were co-incubated with the indicated concentrations of
plumbagin or tetracycline at 37°C for 5 h, and bacterial
cultures were collected, centrifuged and resuspended.
Then, following the manufacturer’s protocol, the intra-
cellular ATP levels were determined and calculated
based on the standard curve.

Inner membrane (IM) permeability determination

The bacteria were probed with 10 nM Propidium Iodide
(PI), with the indicated concentrations of drugs, and the
fluorescence intensity was measured at the excitation
wavelength of 535 nm and emission wavelength of
615 nm.

Reverse transcriptase PCR (RT-PCR) analysis

RT-PCR assays were used to examine the influence of
plumbagin on the transcription of tet(X3)/tet(X4). In
brief, overnight cultures of E. coli DH5a+pAM4o01-tet
(X3)/tet(X4) were diluted 1100 in LB broth and incu-
bated with the indicated concentrations of plumbagin at
37°C for 8 h. Then, total RNA was extracted and pre-
pared as previously described.”* The RNA was reverse-
transcribed to cDNA using NovoScript® Plus All-in-one
1st Strand ¢cDNA Synthesis SuperMix (Eo47; Novopro-
tein, China) according to the manufacturer’s instruc-
tions. The levels of tet(X3), tet(X4), WrbA and ydhR in
each sample were determined by quantitative real-time
polymerase chain reaction (qRT-PCR) with Novo-
Script?SYBR qPCR SuperMix Plus (Eo96; Novopro-
tein, China) and the gene-specific primers were listed in
Supplementary Table 4. Finally, the gene transcription
levels were determined using the 274" method. In
addition, the E. coli 16S ribosomal RNA gene was used
as an internal control to quantify the transcription levels
of the samples.

Mice infection assays

Female BALB/c mice (6-8 weeks old) were obtained
from Liaoning Changsheng Technology Industrial Co.,
Ltd. The mice were acclimated for 5 days in a specific
pathogen-free (SPF) facility and used for experiments
with enough food and water in a comfortable environ-
ment (24 £ 2°C, 55 £ 10% humidity).

In light of the in vivo pharmacokinetic profile and in
vivo efficacy of plumbagin or methacycline in previous
reports,” ** we developed the following combination
therapy regimen including dosing interval and dosage.
The mice were intraperitoneally infected with 100 L of
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E. coli DHsa+pAM4or1-tet(X4) bacterial suspension
(1 x 10° CFUs/ml) and assigned randomly to four
groups (solvent control, methacycline alone, plumbagin
alone, and methacycline + plumbagin). And mice were
respectively treated with a single dose of methacycline
(10 mg/kg), or plumbagin (5 mg/kg) via oral administra-
tion, a combination of methacycline and plumbagin or
control solvent every 12 h. The sample size for each
group, as indicated in the following figure legend, has
high reliability and statistical significance of data man-
agement.

All the mice were euthanized at 48 h post infec-
tion, and the targeted organs (livers, spleens and kid-
neys) were collected and homogenized for calculation
of the bacterial load via serial 1o0-fold dilution and
plated onto LB agar plate medium at 37°C overnight.
Then, the livers and spleens were fixed with 10%
formaldehyde for the histological assessment and
TNF-¢, IL-6 and IFN-y in the livers were assayed
using ELISA kits (BioLegend) following the man-
ufacturer’s instructions.

Toxicity in vivo

Plumbagin was resuspended with 0.5% CMC (Carboxy-
methylcellulose sodium) and sonicated. Female BALB/c
mice were fasting 2 h and divided randomly into three
groups (n = 6 for each group). For the subacute toxicity
test, plumbagin (o, 5, 25 mg/kg body weight per groups)
was administered orally intermittently every 12 h within
48 hours, as described in mice infection assays. And
general behavior of mice in each group was observed
continuously for up to 7 days for any sign of toxicity,
such as changes in body weight. After 7 days, mice were
euthanized and the pathological changes of the different
organs (livers, spleens and kidneys) were collected and
observed.

Statistical analyses

Statistical analysis was performed using GraphPad
Prism 8.0 and SPSS software. All data are presented as
the mean =+ SD, and for comparison of two groups, sig-
nificance was determined using Student’s t-test. All P
values less than o.05 were considered statistically signif-
icant and were indicated in the figure legends. ¥,
P<o.05; **, P<o.0I.

Ethics

All animal experiments were approved by the Animal
Welfare and Research Ethics Commiittee at Jilin Univer-
sity (approval no. ALKT202012006) and were con-
ducted following the guidelines of this committee. All
the participants signed written informed consents.

Role of the funding source

The funders had no role in the study design, data collec-
tion, analysis, interpretation, or in the writing of the
paper. The authors had full access to all the data in the
study and accept responsibility to submit for publica-
tion.

Results

Plumbagin restored the antibacterial activity of
tetracyclines by inhibiting the activity of Tet(X3)/Tet
(X4) in vitro

To explore the potential antibacterial synerists against
Tet(X3)/Tet(X4)-positive bacteria, we therefore tested
the Tet(X) enzyme inhibitory activity of over 200 native
compounds including flavones, pentacyclic triterpe-
noids, quinonoids and terpenoids, etc. Then checker-
board microdilution analysis were further performed
for confirming the synergistic effects with tetracycline
against Tet(X3)/Tet(X4)-positive E. coli. Ultimately,
plumbagin was identified as an effective broad-spec-
trum inhibitor of Tet(X) with the antibacterial synergis-
tic activity plus tetracyclines.

Similar to Tet(X), Tet(X3)/Tet(X4) are tetracycline-
inactivating monooxygenase with the activity of catalys-
ing the oxygenation of tetracyclines to induce a change
in the optical absorption value at 400 nm.®" Thus, this
change in absorption values were determined to identify
inhibition of Tet(X3)/Tet(X4) for inhibitor screening. As
shown in Figure 1b,c, the catalytic activities of Tet(X3)/
Tet(X4) were observably inhibited by plumbagin
(Figure 1a) in a concentration dependent manner,
respectively. In addition, using the checkerboard
method, a synergistic effect between plumbagin and
tigecycline or tetracycline occurred for E. coli DHsu
+pAMyor-tet(X3) (FICLepracydine = ©0-33, FlIClyjgecy.
dine = 0.50) (Figure 1d,e) and E. coli DH5a+pAM4o1-tet
(X4) (FICItetracycline = O~287 FICItigecycline = 046)
(Figure 1f,g), whereas no synergies were observed for
E. coli DHsa+pAMgor without Tet(X3)/Tet(X4)
(FICI > 1.0) (Figure 1h,i). Consistent with these results,
plumbagin in combination with other tetracyclines,
including methacycline, doxycycline, eravacycline and
omadacycline, also exhibited a significant synergistic
effect (Supplementary Fig. 1a,b). Thus, plumbagin treat-
ment effectively restores the sensitivity of tetracyclines
against Tet(X3)/Tet(X4)-producing bacteria by targeting
Tet(X3)/Tet(X4).

The clinical isolates K. pneumonige Ki2016 and E.
coli J53 received the plasmid p47EC encoding Tet(X4)
and became resistant to tetracyclines as described previ-
ously* (Figure 2a,b). As expected, plumbagin signifi-
cantly enhanced the antibacterial effect of tetracycline
and methacycline against K. pneumoniae K12016p47EC
and E. coli J53p47EC in a dose-dependent manner
(Figure 2a,b). In addition, plumbagin showed synergies
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Figure 1. Plumbagin restored the antibacterial activity of tetracyclines. (a) Chemical structure of plumbagin. The catalytic activities
of Tet(X3) (b) and Tet(X4) (c) with the indicated concentrations of plumbagin were detected using enzyme inhibition assays by mea-
suring the absorbance at 400 nm. Checkerboard broth microdilution assays were performed to evaluate the synergistic activity
between tigecycline/tetracycline and plumbagin against E. coli DH5a+pAMA401-tet(X3) (d and e), E. coli DH5a+pAM401-tet(X4)
(f and g), or negative-E. coli DH5a+pAM401 (h and i). Data are representative of three independent experiments.

with multiple tetracycline antibiotics, including tetracy-
cline, methacycline and tigecycline, against the clinical
isolates E. coli 47EC and A. baumannii 34AB carrying
Tet(X3)/Tet(X4) (Supplementary Fig. 2). Notably, such
synergies were also observed in tet(X4)-positive E. coli
and tet(X6)-positive Proteus cibarius isolates of chicken
origin, and tet(X5)-positive A. baumannii from human
(Supplementary Table 2). In addition, plumbagin, in
combination with the nontetracycline antibiotics genta-
mycin, erythromycin, clindamycin or polymyxin E, had
synergistic or additive effects on E. coli DH5a+pAM401-
tet(X3) (Figure 2c) and E. coli DHsa+pAM4o1-tet(X4)
(Figure 2d) but not ciprofloxacin, ceftriaxone or penicil-
lin (Figure 2¢,d), suggesting that plumbagin is an antici-
pated and broad-spectrum synergist. E. coli DHsa
+pAMgo1-tet(X4) was further used to determine
whether plumbagin combined with tetracycline had an
efficient bactericidal effect in vitro. As shown in
Figure 3a, plumbagin, at concentrations no greater than
64 pg/mL, had no visible influence on the growth of E.
coli DHsa+pAMgor-tet(X4). However, plumbagin in
combination with tetracycline could completely kill all
tested bacteria in 24 h compared with both
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monotherapies without bactericidal effects (Figure 3b,c).
Moreover, plumbagin at the concentrations required for
the synergies exhibited no significant antibacterial
effect against the other three tet(X3)/tet(X4)-positive
stains (Supplementary Fig. 3a—c). Remarkably, the
combination of plumbagin and different tetracycline
antibiotics (such as tetracycline, methacycline and tige-
cycline) exhibited efficient bactericidal effects against
tet(X4)-positive E. coli and tet(X3)-positive A. bauman-
nii, as shown by the potent elimination of bacteria by
24 h post inoculation for the tested strains (Supple-
mentary Fig. 3d—h).

In agreement with these results, most bacteria lived
with a normal cell morphology in the samples with
monotherapy or without treatment (Figure 3d,e); how-
ever, the combination therapy led to visible shrinkage of
the cell wall and increased cell permeability and death
of E. coli DHsa+pAM4o1-tet(X4), as evidenced by notice-
ably more red-dyed bacteria (dead bacteria) by the LIVE/
DEAD BaclLight Bacterial Viability Kit (Figure 3d) and
visibly destroyed bacteria under SEM (Figure 3e). Like-
wise, the notable increase of dead bacteria and the cell
membrane breakage, obvious vesicular and irregular
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Figure 2. The antibacterial activity of tetracyclines and other antibiotics combined with plumbagin against tet(X3)/tet(X4)-positive
strains. Microdilution checkerboard analysis showed that plumbagin restored the susceptibility of tet(X4)-carrying E. coli J53p47EC
and K. pneumoniae K12016p47EC to tetracycline (a) and methacycline (b), in comparison to the tet(X4)-negative strains E. coli J53
and K. pneumoniae K12016. (c and d) FIC indices of the combination of plumbagin (32 ;g/mL) and antibiotics of different types
against tet(X3)/tet(X4)-positive strains. Synergy was defined as an FIC index of < 0.5.

processes on the surface of E. coli DHsa+pAM4o1-tet
(X3) were also observed by the combination treatment
(Supplementary Fig. 4a,b). Taken together, our results
established that plumbagin, at concentrations that did
not affect the bacterial viability, could effectively restore
the bactericidal effect of tetracyclines by inhibiting the
activity of Tet(X3)/Tet(X4) in vitro.

Furthermore, we evaluated the safety of plumbagin
on As49 cells, HEK-293 cells, peritoneal macrophages
and red blood cells (RBCs). Plumbagin, a naturally-
derived phytochemical, showed no cytotoxicity to A549
cells, HEK-293 cells, or peritoneal macrophages at low
concentrations of no more than 16 ug/mL, however,
which presented a slight cytotoxicity at high concentra-
tions at 5 h (IC;>32 ug/ml) (Supplementary Fig.
5a—c). And haemolysis activity examinations indicated
that plumbagin had no poisonous effect on RBCs at the
concentrations required for the synergism with tetracy-
clines (Supplementary Fig. 5d). These findings

illustrated that plumbagin is a relatively safe compound
to restore tetracyclines activity.

Identification of the mechanism of the interaction
between plumbagin and Tet(X3)/Tet(X4)

Biolayer interferometry (BLI), a convictive technique for
measuring interactions between plumbagin and Tet
(X3)/Tet(X4) in real time, was performed and demon-
strated that a detectable affinity of Tet(X3)/Tet(X4)
(Figure 4a,b) by plumbagin was observed, with an affin-
ity constant Kp of 2.0 x 10 ™* M or 1.6 x 102 M, respec-
tively. To examine the effect of plumbagin on the
catalytic activity of Tet(X4) against the tetracyclines, tet-
racycline alone or the combination was severally cap-
tured on BLI sensors and the binding forces in different
treatment groups were compared. As shown in Supple-
mentary Fig. 6a, a clearly negative signal was observed
on the interactions of tetracycline with Tet(X4) which
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Figure 3. Plumbagin in combination with tetracyclines effectively killed bacteria by damaging their surface structures without
affecting bacterial growth. (a) Growth curves for E. coli DH5a+pAMA401-tet(X4) cultured with various concentrations of plumbagin
(0—64 pg/mL). (b) Time-killing assays of resistant E. coli DH5a+pAM401-tet(X4) by a combination of tetracycline and plumbagin. (c)
LB agar plate images of the spot assays to analyse the effect of plumbagin in combination with tetracycline on the inhibition of E.
coli DH5a+pAM401-tet(X4). The spotted cultures were continuously diluted and cultured for 24 h. Fluorescence labeling analysis
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treated with 32 ug/mL tetracycline; Combination, bacteria treated with 32 g/mL plumbagin and 32 pg/mL tetracycline. The experi-
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indicated a detectable degradation or denaturation of
ligand. Notably, incubation with different concentra-
tions of plumbagin reversed the observed change in this
interaction (Supplementary Fig. Gb).

Moreover, CD spectroscopy analysis revealed that
plumbagin treatment induced visible alterations in the
secondary structures of both Tet(X3) and Tet(X4), as
shown by reduced a-helix1, a-helix2 and turn conforma-
tions and increased anti-2 conformations (Figure 4¢,d).
These findings suggested plumbagin bound to Tet(X3)/
Tet(X4), accompanied by the alternation of second
structure.

To further examine these findings, molecular dock-
ing and molecular modeling were used to explore the
binding model between plumbagin and Tet(X3)/Tet
(X4). After 100 ns of simulation under equilibrium
(Figure sa,b), the binding 3D modes of Tet(X3)/Tet(X4)
with plumbagin were obtained (Figure 5¢,d). As shown
in Figure 5c,d, plumbagin could bind to the catalytic
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pocket of Tet(X3)/Tet(X4) via hydrophobic interactions.
Consistent with the similar three-dimensional struc-
tures, especially for the catalytic pocket shared by Tet
(X), an extremely similar binding mode and sites were
observed in the merger of 3D structures of Tet(X3)/
plumbagin and Tet(X4)/plumbagin (Figure se), labeled
in green and blue color respectively, suggesting that
plumbagin-mediated inhibition of Tet(X3)/Tet(X4) by
the similar mechanism of action. To verify the above
theoretical results, the total binding free energy for the
Tet(X3)/Tet(X4)-plumbagin complex and their detailed
energy contributions were calculated by the MM-PBSA
approach. The energy decomposition analysis indicated
that the side chains of Tet(X3) (PHEs6, ILE19r,
MET2r15, LEU222, PHE224, TYR234, ILE237, SER238
and PHE319) (Figure 5f) and Tet(X4) (ILE188, MET212,
LEU219, LEU220, PHE221, ILE234, PRO315, PHE316
and GLU369) (Figure 5g) formed strong interactions
with plumbagin (Agm of < -0.5 kcal/mol), with van
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der Waals forces contributing the highest proportion to
such an interaction, especially for resides PHE224 and
PHE319 of Tet(X3) and LEU219 and PHE221 of Tet(X4)
(Figure sf,g).

Additionally, to further illustrate the detailed action
of plumbagin on Tet(X3)/Tet(X4), mutation experi-
ments and fluorescence quenching were further per-
formed. As shown in Figure sh,i, the binding constants
(Ka) of all of the mutants were significantly lower than
that of WT-Tet(X3)/Tet(X4) based on fluorescence spec-
troscopy quenching analysis. Furthermore, no synergis-
tic effects were observed for the combination of
tetracycline with plumbagin at concentrations of 32 ug/
mlL or lower against bacteria harbouring the mutant Tet
(X3) (Figure 5j) and Tet(X4) (Figure sk). Additionally,
the bacteria carrying the mutants were more sensitive to
tetracycline than those with the WT-Tet(X) (Figure 5j,k).
These observations indicated that the residues MET215,
LEU222 and PHE224 in Tet(X3) and LEU219, ILE234
and PHE221 in Tet(X4) are required for the modifica-
tion of tetracyclines and the engagement of plumbagin
with Tet(X3)/Tet(X4).

Taken together, our results established that direct
engagement of plumbagin with the Tet(X3)/Tet(X4)

catalytic pocket altered the conformation and then
inhibited the catalytic activity of Tet(X3)/Tet(X4).

Plumbagin inhibited the expression of
monooxygenases

Tet(X3)/Tet(X4), also known as monooxygenases,
evolved tetracycline resistance enzymes in most Gram-
negative bacteria, as described in our previous report.*
As shown in Figure 6a, the DNA synthesis levels of tet
(X3) and tet(X4) were visibly decreased following plum-
bagin treatment. And the production of Tet(X3)/Tet(X4)
in E. coli BL21-pGEX-4T-1-Tet(X3)/Tet(X4) induced by
IPTG was dose-dependently inhibited after the addition
of plumbagin (Figure Ob,c). Consistent with these
results, western blot analysis further revealed that plum-
bagin-mediated inhibition of Tet(X4) production was
observed in tet(X4)-positive E. coli J53p47EC but not E.
coli J53 without tet(X4) (Figure 6d). Meanwhile, plumba-
gin treatment resulted in a visible inhibition of Tet(X3)/
Tet(X4) production in the gene engineering strains (E.
coli DHsa+pAMgo1-tet(X3) and E. coli DH5o+pAM4o01-
tet(X4)) and clinically isolated strains (tet(X3)-producing
strain A. baumannii 34AB and tet(X4)-producing strain
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cantly decreased compared with the bacteria carrying WT-Tet(X).

E. coli 47EC) (Figure Ge). Collectively, plumbagin addi-
tion showed different behaviors in different classes of
bacteria, which may attribute to the different synergistic
effects. Such a decrease was further detected in the RT-
PCR analysis for the gene transcription of tet(X3) and tet
(X4), the tetracycline-inactivating monooxygenase
(Figure 6f). Moreover, to investigate whether plumba-
gin affects the transcription of other oxidoreductases,
the gene transcription of WrbA (an FMN-dependent
NAD(P)H: quinone oxidoreductase that has been impli-
cated in oxidative defense)*® and ydhR (a monooxyge-
nase in bacteria)’*® were both observably inhibited by
plumbagin treatment Supplementary Fig. 7a,b). Thus,
our results indicated that plumbagin represents an
effective Tet(X3)/Tet(X4) inhibitor that simultaneously
neutralizes Tet(X3)/Tet(X4) activity and inhibits Tet
(X3)/Tet(X4) expression.

Plumbagin interfered with redox processes and
metabolism in bacteria

The inhibition of monooxygenases, such as Tet(X3) and
Tet(X4), by plumbagin prompted us to further examine
whether plumbagin treatment could interfere with
redox processes and metabolism in bacteria carrying
Tet(X3)/Tet(X4). As expected, the results of the metabo-
nomics analysis, including principal component analy-
sis, volcano plot of the univariate analysis, hierarchical
cluster analysis of differential metabolites and metabolic
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pathway analysis, under negative ion mode (NEG) in E.
coli DHsa+pAM4go1-tet(X4), revealed that 167 metabo-
lites and 88 metabolites were downregulated and upre-
gulated following plumbagin treatment, respectively
(Figure 7a—c). KEGG enrichment analysis further
showed that the differentially expressed genes (DEGs)
were involved in streptomycin biosynthesis, arginine
biosynthesis and bacterial metabolism-related pathways,
especially for the tricarboxylic acid (TCA) cycle
(Figure 7d,e). Further, intracellular metabolites analysis
indicated that the abundance of citrate, cis-aconitate
and a-ketoglutarate in the TCA cycle were increased sig-
nificantly upon plumbagin treatment (Figure 7f).

We therefore tested whether plumbagin alone, or in
combination with tetracycline could accelerate the TCA
cycle, and the NAD+/NADH ratio regulated by the TCA
cycle in E. coli DH5o+pAM4o01-tet(X4) was determined.
Plumbagin (32 ug/ml) treatment significantly
decreased the NAD+/NADH ratio, suggesting an
enhancement of the activities of TCA cycle rate
(Figure 8a,b). The acceleration of TCA cycle promoted
the generation and accumulation of reactive oxygen spe-
cies (ROS), which can aggravate membrane damage
and mediate oxidative damage involved in the bacteria.
In this regard, the level of ROS in the energy metabo-
lism pathway could be notably upregulated by the addi-
tion of plumbagin (Figure 8c,d). For determination of
the ROS mediated by plumbagin redox-cycling, pyruvate
as a potent H,O, scavenger was exogenously added.

1
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Dose-dependent inhibition of the transcription of the genes tet(X3)/tet(X4)-encoding monooxygenases by plumbagin was deter-
mined by RT-PCR analysis. *p < 0.05, **p < 0.01 (Student’s t test). All data are representative of three independent experiments and
are presented as the mean =+ SD.

And pyruvate addition significantly reduced the ROS
generation (Supplementary Fig. 8a), and inhibited the
upregulation of ROS by plumbagin (Supplementary
Fig. 8b). Furthermore, with co-incubation with pyru-
vate, the synergistic effects between plumbagin and
tigecycline or tetracycline against E. coli DHso
+pAM4o1-tet(X4) were greatly weakened (Supplemen-
tary Fig. 8c,d), which demonstrated the pivotal role of
ROS generation by plumbagin or combination treat-
ment in restoring the susceptibility of Tet(X)-positive
bacteria to tetracyclines. Moreover, the monotherapy
with plumbagin or combination therapy with plumba-
gin and tetracycline resulted in a significantly increased

levels of H,O, (Supplementary Fig. ga) and an observ-
ably decreased of SOD activity (Supplementary Fig. gb)
in bacteria, which indicated that plumbagin, or com-
bined with tetracycline, led to oxidative stress damage to
the targeted bacteria. Consistent with a redox imbal-
ance, the notable increase in ROS production often
accompanied by a corresponding a reduction in intracel-
lular ATP levels, as shown in Figure 8ef, plumbagin
treatment prominently inhibited the intracellular ATP
generation. Meanwhile, we applied a fluorescent probe
propidium iodide (PI) to further evaluate the effect of
plumbagin on bacterial inner membrane (IM) and
membrane permeability. Consistent with these
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Figure 7. Metabolomic analysis (NEG mode) of E. coli DH5a+pAMA401-tet(X4) treated with plumbagin. Principal component analysis
(PCA) (a) and volcano plots (b) were used to identify differential metabolites between the plumbagin-treatment group and the con-
trol group. Significantly upregulated and downregulated metabolites are shown in red and green, respectively. Non-significantly dif-
ferent metabolites are shown in grey. (c) Cluster analysis in NEG mode was carried out based on the heatmap, and the x- and y-axes
represent the different experimental groups and the different metabolites, respectively. (d and e) KEGG (Kyoto Encyclopedia of
Genes and Genomes) enrichment analysis of metabolic pathways. The most significantly enriched pathways are shown. (f) Analysis
of the abundance of metabolites in TCA cycle. The decreasing and increasing abundances of metabolites were highlighted in green
and red arrows, respectively. Data are presented as the means of six biological replicates.

findings, a significant increase of fluorescence was
observed when co-incubated with plumbagin (Supple-
mentary Fig. 9c,d).

Collectively, these results suggested that inhibition
of Tet(X3)/Tet(X4) by plumbagin interferes with mono-
oxygenase activity and alters the metabolism of bacteria,
with an attendant increase in the IM permeability,
which contributes to the synergistic effect of plumbagin
with the above antibiotics and provides a new perspec-
tive to combat resistant bacterial infection.

Plumbagin in combination with tetracyclines
synergistically protected mice from systemic infection
For the toxicity test, compared with the control group,
gross pathological inspection of various organs and
body weight in mice receiving the indicated dose levels
of plumbagin showed no significant changes (Supple-
mentary Fig. 10a,b). And no death was observed up to
7 days for the mice received five times the effective dose
plumbagin (25 mg/kg body weight) (Supplementary
Table 5), further suggesting that plumbagin, at 5 mg/kg
body weight, displayed no toxicity to mice.

www.thelancet.com Vol 78 Month April, 2022

The synergy of plumbagin combined with methacy-
cline was further illustrated by experimental therapeu-
tics in the context of a mouse model of systemic
infection in vivo. As shown in Figure ga—c, the combi-
nation therapy significantly reduced the bacterial load
in the livers, spleens and kidneys compared with the
non-treatment mice and infected mice treated with
methacycline or plumbagin. Notably, in comparison
with the infected mice without treatment, monotherapy
with plumbagin also decreased the bacterial load in dif-
ferent organs, even lower than those in mice which
received monotherapy with methacycline, suggesting
that plumbagin possesses the potent anti-infection activ-
ity. Additionally, infection with E. coli successfully
induced a remarkable inflammatory response in mice.
Neither methacycline nor plumbagin treatment notably
reduced inflammation. However, the combination treat-
ment of plumbagin and methacycline significantly
decreased the levels of the typical inflammatory-related
factors IL-6 (Figure 9d), IFN-y (Figure 9e) and TNF-«
(Figure of) in the livers. In line with these in vivo
results, the infected mice that received a combination of
plumbagin and methacycline showed alleviated histo-
pathological injury to both the liver and spleen
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(Supplementary Fig. 1oc). Taken together, our results
indicated that plumbagin combined with methacy-
cline may represent a novel therapeutic strategy
against infection by drug-resistant bacteria carrying
Tet(X3)/Tet(X4).

Discussion

The occurrence and spread of plasmid-carried tigecy-
cline resistance genes tet(X3) and tet(X4) severely com-
promise the efficiency of tetracyclines as the last resort
for bacterial infection.* According to our previous
work,*"** the identification of an effective inhibitor of
Tet(X3)/Tet(X4) or other Tet(X) variants from natural
compounds is a promising strategy to tackle this urgent
challenge. Herein, we successfully identified plumbagin
as an effective agent that directly inhibited the catalytic
activity of Tet(X3)/Tet(X4) against tetracycline via an
enzyme inhibition assay. As a consequence, the anti-
bacterial activity of tetracycline was significantly
restored from resistance (MIC > 64 pug/mlL) to sen-
sitivity (MIC < 8 ug/mlL) by plumbagin treatment

with a synergistic effect. Notably, plumbagin resulted
in a 32-fold reduction in the MIC of tetracycline
(MIC > 128 pg/mlL) for all tested bacteria in this
study compared with tigecycline (MIC > 8 pg/mlL)
with a 4-fold reduction (FIC < o.5), suggesting that
plumbagin has a better synergistic effect against the
higher tetracycline-resistant bacteria. Additionally,
the structures of Tet(X) variants such as Tet(X3), Tet
(X4), Tet(X5) and Tet(X6) share high homology;
therefore, the synergistic effect of plumbagin and tet-
racyclines was also observed in the vast majority of
Tet(X)-positive clinical isolates (Supplementary Table
2), which indicated that plumbagin is a broad-spec-
trum inhibitor of Tet(X). Interestingly, plumbagin
treatment also restored the antibacterial activity of
other antibiotics against Tet(X3)/Tet(X4)-positive bac-
teria, such as gentamycin, erythromycin, clindamycin
and polymyxin. These results further suggested that
the inhibition of oxidoreductases, such as monooxy-
genases Tet(X3)/Tet(X4), WrbA and ydhR by plumba-
gin potentiates its effect as an effective sensitizing
agent for various antibiotics.

www.thelancet.com Vol 78 Month April, 2022
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Figure 9. Combined therapy of plumbagin with tetracyclines had

a significant synergistic effect against tet(X4)-positive E. coli in a

mouse systemic infection model. Mice were infected with E. coli DH5a+pAM401-tet(X4) and then treated with plumbagin, methacy-
cline or plumbagin in combination with methacycline. The infected mice treated with control solvent served as controls. The bacte-
rial burden in the livers (a), spleens (b), and kidneys (c) was calculated by plating (n=7 per group). The production of the
inflammatory mediators interleukin IL-6 (d), IFN-y (e) and tumour necrosis factor (TNF)-« (f) in the liver was detected using enzyme-
linked immunosorbent assays (ELISA). All data are presented as the mean + SD. *p < 0.05, **p < 0.01 (Student’s t test).

The mechanism research results revealed that a sim-
ilar engagement of plumbagin with Tet(X3) and Tet(X4)
by directly binding to the catalytic pocket, led to a signif-
icant alteration of the secondary structure and subse-
quent an inhibition of Tet(X3)/Tet(X4) activity.
Meanwhile, plumbagin effectively inhibited the expres-
sion of flavin-dependent monooxygenases, including
Tet(X3) and Tet(X4), at the transcriptional level. Due to
the ubiquitous effect of monooxygenases on cell metab-
olism, plumbagin treatment significantly intervened
with the metabolites of targeted bacteria, suggesting
that plumbagin, as an agent, possesses a potential anti-
bacterial activity. Although no ideal therapeutic perfor-
mance was observed for plumbagin monotherapy, this
treatment also exhibited an anti-infection effect against
Tet(X4)-positive bacteria in a mouse model of systemic
infection. Additionally, recent reports found that plum-
bagin treatment showed an antibacterial effect against
methicillin-resistant ~ Staphylococcus aureus (MRSA),
with an MIC range of 4—8 ug/mL.** Therefore, plum-
bagin could be further developed as an agent to treat

www.thelancet.com Vol 78 Month April, 2022

drug-resistant pathogen infections, especially for
MRSA, by structural modification and optimization.

The potential toxicity of plumbagin in vivo should be
of great concern for better therapeutic efficacy and
future drugs development.>® In this work, in consider-
ation of virulence and specificity of the pathogens,
Escherichia coli DHsa+pAMgor-tet(X4) was used to
establish the systemic infection model. Encouragingly,
reduction of bacterial load with the treatment of plum-
bagin alone (5 mg/kg) or in combination with methacy-
cline was observed, in the absence of significant toxicity
in the subacute toxicity testing. Consistent with previ-
ous reports, plumbagin at the maximal tolerated oral
dose of 100 mg/kg body weight exhibited no acute toxic-
ity. And for the subacute toxicity testing, no death of
mice were observed following daily oral doses of
25 mg/kg body weight plumbagin for 14 days’*
Although this dose successfully avoided toxicity in mice,
a higher dose may be required for acute systemic infec-
tion. In contrast, 5 mg/kg or higher concentrations of
plumbagin treatment did not achieve an ideal
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Figure 10. Scheme summarizing the synergistic mechanisms of plumbagin and tetracyclines. Plumbagin restored the susceptibility

of Tet(X3)/Tet(X4)-positive bacteria to tetracyclines via different

performance without significantly decreasing the sur-

vival rate of the infected mice due to the toxicity of

plumbagin. Overall, further research is needed to
explore the use of plumbagin for the treatment of local-
ized infections such as mastitis in cows or develop a
novel dosage form to improve its efficiency and depress
the toxicity for further clinical application.*

In summary, our findings first indicated that plum-
bagin restores the susceptibility of Tet(X)-positive bacte-
ria to tetracyclines by the disturbance of membrane
integrity and direct engagement with the catalytic
pocket of Tet(X3)/Tet(X4), thereby inhibiting the activity
and the production of Tet(X3)/Tet(X4). Meanwhile,
plumbagin addition perturbed the redox processes and
metabolism, and promoted the oxidative damage
(Figure 10). Our results provide a promising therapeutic
strategy with a novel natural compound plumbagin,
with unique pharmacological effects, for the treatment
of tigecycline-resistant bacteria infection by targeting

Tet(X3)/Tet(X4).
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