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The emergence and spread of themobile colistin-resistance gene,mcr-1, and its variants pose a challenge to
the use of colistin, a last-resort antibiotic used to treat severe infections caused by extensively drug-
resistant (XDR) Gram-negative pathogens. Antibiotic adjuvants are a promising strategy to enhance the
efficacy of colistin against colistin-resistant pathogens; however, few studies have considered the effects
of adjuvants on limiting resistance-gene transmission. We found that chelerythrine (4 mg∙L�1) derived
from Macleaya cordata extract, which is used as an animal feed additive, reduced the minimal inhibitory
concentration (MIC) of colistin against an mcr-1 positive Escherichia coli (E. coli) strain by 16-fold (from
2.000 to 0.125 mg∙L�1), eliminated approximately 104 colony-forming units (CFUs) of an mcr-1-carrying
strain in a murine intestinal infection model, and inhibited the conjugation of an mcr-1-bearing plasmid
in vitro (by > 100-fold) and in a mouse model (by up to 5-fold). A detailed analysis revealed that chelery-
thrine binds to phospholipids on bacterial membranes and increases cytoplasmic membrane fluidity,
thereby impairing respiration, disrupting proton motive force (PMF), generating reactive oxygen species
(ROS), and decreasing intracellular adenosine triphosphate (ATP) levels, which subsequently downregu-
lates mcr-1 and conjugation-associated genes. These dual effects of chelerythrine can expand the use of
antibiotic adjuvants and may provide a new strategy for circumventing mobile colistin resistance.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Antimicrobial agents have prolonged human life, promoted
food production, and positively affected global public health.
Colistin, a non-ribosomal peptide antibiotic, is among the few
last-resort antibiotics for treating carbapenem-resistant Enter-
obacteriaceae; it has been used as a critically important veteri-
nary drug in food-producing animals for over 60 years [1,2].
However, the widespread and extensive use of colistin in health-
care settings and agriculture was found to accelerate the emer-
gence of mobile colistin-resistance gene, mcr-1, in 2016 and its
variants soon after [3,4]. The MCR-1 enzyme decreases the neg-
ative charge of bacterial lipopolysaccharides by adding phospho-
ethanolamine to lipid A, thereby reducing colistin’s affinity for
the bacterium and causing resistance [3,5,6]. Notably, colistin
promotes the horizontal gene transfer of mcr-1 via various plas-
mids [7], thus assisting mcr-1 in further spreading globally
across six continents [4]. The transmission of mcr variants and
the bacterial pathogens that carry them in animals, foods, and
the environment will inevitably and eventually harm humans
[8,9], and the high mcr-1 carriage in the human gut poses a sub-
stantial risk to colistin use in clinical practice [10]. Therefore,
strategies are urgently needed to overcome mcr-1-mediated
colistin-resistant pathogens.
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Antimicrobial chemotherapy remains the main strategy for
combating bacterial infections. However, traditional antimicrobial
development has become increasingly time-consuming and expen-
sive [11,12]. Most antibiotic scaffolds in clinical use today were
discovered in 1950–1980 [13]. More worryingly, an increasing
gap exists between the emergence and spread of novel antimicro-
bial resistance genes and new antimicrobial development, which is
one of the main factors leading to the antimicrobial resistance cri-
sis. Combining antimicrobial agents with synergistic effects is a
potential approach to combat this problem [14,15]. However, com-
bining traditional antimicrobial agents may be ineffective, due to
the wide dissemination of extensively drug-resistant (XDR) patho-
gens that exhibit resistance to most classes of commonly used
antimicrobial agents. Inspired by the concept and success of antibi-
otic adjuvants [16,17], exploring compounds with novel targets is a
promising strategy to enhance the activity of existing antimicrobial
agents.

Natural compounds are considered a major resource for novel
antibiotics or antibiotic adjuvants [18,19]. For example, prenylated
flavonoids and pterostilbene, which respectively target the bacte-
rial membrane and the MCR-1 enzyme, restore colistin activity
againstmcr-1-positive Escherichia coli (E. coli) strains [20,21]. How-
ever, plasmid-mediated mcr-1 can constantly and easily transfer
among bacterial pathogens in patients during antibiotic
chemotherapy, making the therapy more difficult [22]. Thus, ideal
adjuvants should act synergistically with antibiotics against XDR
bacteria and inhibit XDR gene transfer. Screening natural com-
pounds with such dual effects may therefore help combat the
antimicrobial resistance crisis. Herein, we identify and evaluate
chelerythrine (CHE), a dual-effect natural compound and a major
active ingredient of Macleaya cordata extract (Sangrovit), which is
used worldwide in feed additives to promote animal growth.
2. Materials and methods

2.1. Materials and bacterial strains

A natural compound library was purchased from TargetMol (Cat
No. L6000, purity > 95%; USA). The mcr-1 bearing plasmid
IncI2-mcr-1 was extracted from ZJ807 and then transformed into
E. coli BW25113 to form BW25113::IncI2-mcr-1, which was
applied in screening and conjugation assays as the donor bac-
terium, while E.coli J53 with sodium azide resistance was applied
as the recipient bacterium. The lab-preserved wild mcr-1-positive
E. coli strain ZJ807 was applied in antimicrobial susceptibility tests
and mechanism exploration experiments [10].

2.2. Cell-based antimicrobial combination screening

Approximately 2592 natural compounds isolated from plant,
animal, and microbial sources were screened against E. coli
BW25113::IncI2-mcr-1 in combination with 0.5 lg∙mL�1

(1/4� minimum inhibitory concentration (MIC)) colistin. The
screening protocol was performed according to the Clinical & Lab-
oratory Standards Institute (CLSI) guidelines (M45-A2). Further
details are provided in Appendix A.

2.3. Fractional inhibitory concentration (FIC) index determination

FIC indices were measured via checkerboard assay according to
the CLSI guidelines (M45-A2). Each compound was serially diluted
2-fold in cation-adjusted Mueller-Hinton broth (CAMHB) to create
an 8 � 8 matrix with a final volume of 100 lL. Overnight-grown
mcr-positive or -negative strains were diluted 1:100 into fresh
Mueller-Hinton broth (MHB) and incubated at 37 �C for 4–6 h.
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The log phase culture was adjusted to match a 0.5 McFarland tur-
bidity standard, followed by 1:100 dilution in CAMHB. Then,
100 lL of diluted bacterial suspension was added to each well of
the 8 � 8 matrix and incubated at 37 �C for 18 h. The optical den-
sity at 600 nm (OD600) was measured using an Infinite M200
Microplate reader (Tecan, Switzerland). At least two replications
were done for each combination, and the means were used for cal-
culations. The FIC calculation was performed according to the fol-
lowing formula:

FIC index ¼ MICab=MICa þMICba=MICb ¼ FICa þ FICb

where MICa/b is the MIC of compound A/B alone, MICab is the MIC of
compound A in combination with compound B, MICba is the MIC of
compound B in combination with compound A, and FICa/b is the FIC
of compound A/B. Synergy is defined as an FIC index of �0.5.

2.4. Adenosine triphosphate (ATP) determination

The intracellular ATP level of E. coli ZJ807 was determined using
an Enhanced ATP Assay Kit (Cat No. S0027; Beyotime, China). ZJ807
grown overnight was diluted 1:100 in fresh Luria-Bertani (LB)
broth and incubated at 37 �C for 4–6 h. Then, the culture was col-
lected via centrifuging (4000 r∙min�1) and resuspended in
0.1 mol∙L�1 of phosphate-buffered saline (PBS; pH 7.4) to obtain
an OD600 of 0.5. After treatment with varying concentrations (0,
1�, 2�, or 4� MIC) of CHE for 30 min, the bacterial cultures were
collected via centrifuge (12 000 r∙min�1, 5 min, 4 �C). The precipi-
tates were lysed by lysozyme resolved in Tris-ethylene diamine
tetraacetic acid (EDTA-TE) buffer (1 mg∙mL�1) and recentrifuged,
and the supernatants were used to determine the intracellular
ATP level. Detecting solution was added to a 96-well plate and
incubated for 5 min at room temperature. Then, the supernatants
were added to the well and mixed quickly, and the luminescence
was measured with an Infinite M200 microplate reader. In conju-
gation assays with different CHE concentrations (2, 4, or
8 lg∙mL�1), the intracellular ATP levels of the donor and recipient
bacteria were determined using the above method.

2.5. Iodonitrotetrazolium chloride (INT) reduction assay

The overnight-grown E. coli strain ZJ807 was diluted 1:100 in
fresh LB broth and incubated at 37 �C for 4–6 h to reach the expo-
nential phase. After being washed and resuspended in PBS (pH 7.4,
0.1 mol∙L�1) to reach an OD600 of 0.3, the cell suspension was kept
on ice. In glass tubes, CHE (0, 1/2�,1�, or 2� MIC) was added in
buffer with 1 mmol∙L�1 iodonitrotetrazolium chloride (INT) and
cell suspension. The tubes were mixed vigorously and incubated
at 30 �C. The absorbance at 490 nm was read at 10 min intervals.

2.6. Proton motive force (PMF) measurement assay

The PMF is composed of the pH gradient (DpH) and the mem-
brane potential (DW). The effects of CHE on the DW of E. coli
ZJ807 were determined using the membrane potential-sensitive
cyanine dye, DiSC3(5) (Cat No. D131315; Aladdin, China). The
DpH changes of ZJ807 after treatment with CHE (0, 1/2�, 1�, or
4� MIC) were determined using another pH-sensitive fluorescence
probe, BCECF-AM (Cat No. S1006; Beyotime, details provided in
Appendix A).

2.7. Membrane fluidity assay

The membrane fluidity of E. coli ZJ807 was determined by
means of Laurdan generalized polarization (GP), as previously
described [23], with some modifications. First, the spheroplasts
of ZJ807 were prepared as previously described [24]. In brief,
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overnight cultures of ZJ807 were washed twice, resuspended in
CAMHB, and then added at a final inoculum of 108 colony-
forming units (CFUs)∙mL�1 to 9 mL of CAMHB. After incubation
for 2 h, the strain was washed twice by centrifuging (4 �C,
20 min, 3273g). Next, it was resuspended, first in 10 mL of Tris buf-
fer (0.03 mol∙L�1, pH 8.0), and then in Tris buffer containing 20%
sucrose (pH 8.0, 0.03 mol∙L�1). Subsequently, 1 mL of lysozyme
(10 mg∙mL�1) and 250 lL of EDTA (10 mg∙mL�1) were added to
remove the cell wall and outer membrane, respectively. The sus-
pension was incubated for 1 h at 30 �C. Then, 500 lL of trypsin
(10 mg∙mL�1) was added, and the suspension was further incu-
bated for 15 min at 30 �C. The spheroplasts were harvested via cen-
trifugation 4 �C, 20 min, 2000g. The spheroplasts of ZJ807 were
then stained with Laurdan, with a final concentration of
10 lmol∙L�1, for 10 min at room temperature in the dark, under
agitation. Subsequently, the cells were treated with 1/2�, 1�, or
2� MIC concentrations of CHE or benzyl alcohol (10 mmol∙L�1)
for 35 min. Finally, Laurdan fluorescence was measured at 435
and 490 nm following excitation at 350 nm. The Laurdan GP was
calculated using the following formula:

GP ¼ I435� I490ð Þ= I435þ I490ð Þ
where I435 and I490 denotes the fluorescence intensity of the
Laurdan fluorescent probe at a wavelength of 435 and 490 nm,
respectively. All experiments were performed with at least three
biological replicates.

2.8. Antimicrobial activity of mixtures of CHE and lipids

To evaluate the effect of different lipids on the antimicrobial
activity of CHE, CHE (1000 lg∙mL�1) was mixed with 25 mmol
equivalents of lipopolysaccharide (LPS), phos-
phatidylethanolamine (PE), phosphatidylglycerol (PG), or cardi-
olipin (CL). The mixtures were incubated at 37 �C for 30 min and
then added to blank diffusion discs. Once dried, the discs were
placed on a Mueller-Hinton agar (MHA) plate containing E. coli
25922. After overnight culture at 37 �C, the inhibition zones of
the mixtures were measured.

2.9. Transcription level of mcr-1 via reverse transcription-polymerase
chain reaction (RT-PCR)

The total RNA was extracted using the EASYspin Plus kit (Cat
No. RN0801; Aidlab, China). 1 lg of RNA was reverse transcripted
using the PrimeScript RT reagent kit (Cat No. RR047A; Takara,
Japan). The messenger RNA (mRNA) levels of mcr-1 relative to
the control genes (16S ribosomal RNA49) were determined by
means of quantitative RT-PCR (qRT-PCR) with a SYBR Premix Ex
Taq qPCR kit (Cat No. RR820A; Takara). RT-PCR was performed
using an ABI QuantStudio 7 detection system (Applied Biosystems,
USA). The fold changes in the gene expression were determined
using the 2�DDCt method.

2.10. MCR-1 expression assay

Overnight-grown E. coli strain BL21(DE3)::pET28a-mcr-1 with a
6� His tag at the N terminus from the previous study was diluted
1:100 with fresh LB broth and cultured at 37 �C for 4 h. Next, the
cells were treated with different final concentrations of CHE (0,
16, 32, or 64 lg∙mL�1) and 0.4 mmol∙L�1 isopropyl-b-D-
thiogalacto-pyranoside (IPTG) and cultured for another 4 h. After
being collected via centrifuging, the cells were boiled with the
6� loading buffer, and 10 lg of each sample was subjected to
sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene difluoride membrane,
which was further sealed and coated with antibodies (His-tag rab-
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bit mAb, Cat No. 12698; Cell Signaling Technology, USA; mouse
monoclonal [GA1R] to GAPDH, Cat No. ab125247; Abcam, UK;
HRP-labeled goat anti-rabbit IgG(H+L), Cat No. A0208; Beyotime;
HRP-labeled goat anti-mouse IgG(H+L), Cat No. A0216; Beyotime).
The blots were then observed using a Western blotting visualizer
(Tanon-5200; Bio-Tanon, UK).

2.11. Conjugation inhibition assay

The donor (E. coli BW25113-carrying IncI2 plasmid) with resis-
tance genes of colistin (mcr-1) and the recipient bacteria (E. coli
J53) were cultured in brain–heart infusion (BHI) broth with the
corresponding antibiotics overnight at 37 �C and 200 r∙min�1 for
16 h. The overnight cultures were diluted ten times into 2 mL of
BHI drug-free broth at 37 �C for 4 h. Then, the OD600 of the donor
and recipient bacteria was adjusted to be consistent (�108–109-
CFUs∙mL�1). Next, the donor and recipient bacteria were mixed
in a 1:1 ratio and centrifuged at 4000 r∙min�1 for 5 min, and the
precipitate was collected and suspended in 2 mL of BHI broth with
different concentrations of compounds for 16 h, with a drug-free
BHI broth group as a control. After incubation at 37 �C for 16 h
without shaking, 100 lL of each of the mixtures was spread onto
BHI agar plates containing sodium azide and colistin at a suitable
concentration for 24 h. The numbers of transconjugants and recip-
ients were then respectively counted. The conjugative transfer fre-
quency was calculated by dividing the number of transconjugants
detected by the total number of recipients. All conjugation exper-
iments were conducted with at least three biological replicates.
Meanwhile, donor and recipient bacteria were plated on double
resistant plates to exclude spontaneous mutation.

2.12. Mouse gut infection model

To disrupt colonization resistance and enable infection with
E. coli ZJ807, all mice (n = 28) were intragastrically administered
ampicillin (1.0 mg∙mL�1), vancomycin (0.5 mg∙mL�1), clindamycin
(0.5 mg∙mL�1), and metronidazole (1.0 mg∙mL�1) every 24 h for
72 h. Antibiotic-treated mice were given 24 h to recover, prior to
infection with ZJ807. A total of 6 � 107 CFUs of ZJ807 was delivered
via oral gavage, and mice were randomly assigned to seven treat-
ment groups, each group containing four mice. After 4 h of ZJ807
challenge, mice were orally gavaged with PBS, colistin (2 and
4 mg∙kg�1) or CHE (64 and 128 mg∙kg�1) alone, or a combination
of colistin with CHE ((2 + 64) mg∙kg�1 and (4 + 128) mg∙kg�1).
To monitor ZJ807 loads in the gut, fecal samples were collected,
weighed, homogenized, serially diluted, and quantified using China
Blue agar (CBA, Cat No. CM903; Landbridge, China) plates supple-
mented with 2 lg∙mL�1 colistin.

2.13. In vivo conjugation assay in mice

Mice were pretreated with four antibiotics, including ampicillin
(1.0 mg∙mL�1), vancomycin (0.5 mg∙mL�1), clindamycin
(0.5 mg∙mL�1), and metronidazole (1.0 mg∙mL�1), for three days
to remove colonization resistance. Then, six mice were each trea-
ted orogastrically with approximately 108 CFUs of E. coli J53 and,
24 h later, with about 108 CFUs of ZJ807. After the intragastric
administration of donor and recipient bacteria, 10 mg∙kg�1 CHE
and PBS as the control were gavaged into the intestinal tract of
the mice every day. Feces were collected daily in 1 mL of PBS with
glass beads for vortex mixing. Bacteria populations were measured
via selective plating on China Blue media (selection for donor and
transconjugants was done with colistin (2 lg∙mL�1); that for recip-
ients and transconjugants was done with NaN3 (150 lg∙mL�1); and
that for transconjugants was done with colistin and NaN3), and the
final conjugative transfer frequency was calculated by dividing the
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number of transconjugants detected by the total number of
recipients.

2.14. Statistical analyses

GraphPad Prism 9 was used for data processing. All data were
presented as the mean ± standard deviation (s.d.) For the in vitro
studies, a one-way analysis of variance (ANOVA) with Dunnett’s
multiple comparisons was used to calculate P values. For the
in vivo studies, n represents the number of animals per group,
and the statistical significance was determined by means of a
Mann–Whitney U test. Differences with P < 0.05 were considered
significant.
Fig. 1. Screening of colistin adjuvants and the synergistic effect between CHE and col
screening data for the growth inhibition of BW25113::IncI2-mcr-1 by 1/4� MIC of colisti
is the mean of two biological replicates. Green are growth inhibitory molecules; gray are
colistin against E. coli ZJ807. Synergy is defined as a FIC index � 0.5. (d) Time-killing curve
colistin. (e) Experimental design for the mouse intestinal infection model and treatment. (
value in part (f) was determined using a two-sided, Mann–Whitney U test. ****P < 0.000
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3. Results

3.1. CHE is a potent colistin adjuvant both in vitro and in vivo

To identify natural compounds that can potentiate colistin
activity, we isolated and screened 2592 natural compounds from
plants, animals, and microbial sources by combining them with
1/4� MIC of colistin. We then assessed their ability to inhibit the
growth of the mcr-1-positive E. coli strain BW25113::IncI2-mcr-1
(Fig. 1(a)). Using 90% growth inhibition as the cutoff, we identified
120 molecules—mainly flavonoids and alkaloids (Fig. S1(a) in
Appendix A)—that were synergistic with colistin and showed bac-
terial growth-inhibiting activity (Fig. 1(b)). Because flavonoids
istin in vitro and in vivo. (a) Scheme for screening colistin adjuvants. (b) Primary
n plus 50 lmol∙L�1 of 2592 molecules within the natural compounds library. Shown
non-growth inhibitory molecules. (c) Growth inhibition checkerboards of CHE with
s of ZJ807 for treatment with CHE or colistin alone, and the combination of CHE and
f) Bacterial load of ZJ807 in the feces of infected mice with different treatment. The P
1.



H. Song, X. Wang, M. Zhang et al. Engineering 32 (2024) 163–173
have previously been shown to enhance colistin efficacy against
Gram-negative pathogens [20], we focused on alkaloids and found
that CHE exhibited a synergistic effect with colistin against the
mcr-1-carrying E. coli strain ZJ807 (FIC index = 0.25), mcr-8-
positive Klebsiella pneumoniae (K.pneumoniae) KP91 (FIC index �
0.25), andmcr-9-positive Salmonella Typhimurium (S. Typhimurium)
ST5 (FIC index � 0.125), indicating that CHE is a non-specific inhi-
bitor of MCR-1 (Fig. 1(c); Figs. S1(b) and (c) in Appendix A). In addi-
tion, the combination of CHE and colistin showed a synergistic
effect on the mcr-negative E. coli strain BW25113 (FIC index = 0.5;
Fig. S1(d) in the Appendix A), implying that the potentiating effect
of CHE on colistin was partly due to mcr. Furthermore, the combi-
nation of CHE and colistin yielded a nearly 4-log10 reduction in the
CFUs of ZJ807 after 24 h, whereas neither CHE nor colistin alone
exhibited an obvious killing effect (Fig. 1(d)). To evaluate this syn-
ergistic effect in vivo, we intragastrically administered ZJ807
(1.0 � 107 CFUs) to a mouse intestinal infection model (Fig. 1(e)).
This combination significantly cleared ZJ807 from the mouse
model fecal samples (100 CFUs, under the test line), whereas the
ZJ807 loads in the mice treated with either CHE or colistin alone
resembled those of the control group (1.0 � 106 to 1.0 � 107 CFUs;
Fig. 1(f) in Appendix A).
Fig. 2. Antimicrobial mechanism of CHE. (a) Decreased levels of intracellular ATP in E. co
with CHE. (d) Cellular respiratory level of ZJ807 treated with CHE. (e) Increase in ratios of
after challenged with different concentrations of CHE. (g) Changes in plasma membrane fl
as the positive control. (h) Exogenous addition of PG and CL abolishes the antibacterial
lg∙mL�1) and 25mmol∙L�1 of PE, LPS, PG, and CL against E. coli 25922 for overnight incub
PG/CL bilayers (100 ns). a.u.: arbitrary units; r.l.u.: relative light unit. P value was detect
0.01, ***P < 0.001, ****P < 0.0001.
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3.2. CHE exerted antibacterial effects by interfering with bacterial
energy metabolism

To understand the synergistic effect of CHE and colistin, we first
explored the antimicrobial mechanism of CHE. ZJ807 cells treated
with CHE exhibited a dose-dependent reduction in both intracellu-
lar and extracellular ATP levels (Fig. 2(a); Fig. S2(a) in the Appendix
A), suggesting that the ATP decrease was not due to membrane
damage. To further confirm this suggestion, we used the fluores-
cence probe propidium iodide to determine the membrane perme-
ability and observed that CHE bound itself to propidium iodide and
quenched the fluorescence (Fig. S2(b) in the Appendix A). In the
supernatants of bacterial cultures after treatment with different
CHE doses, we found no significant activity changes in b-
galactosidase, which is cryptic outside of bacteria unless there is
damage to the membrane permeability; this confirmed that the
bactericidal effect of CHE was not due to damage to membrane
permeability (Fig. S2(c) in the Appendix A). Since the generation
of ATP is mainly driven by the PMF, which comprises DpH and
DW, we found that DpH was dose-dependently dissipated in
CHE-treated ZJ807 (Fig. 2(b)), while the DW was significantly
increased in ZJ807 after CHE treatment, to attempt to maintain a
li ZJ807 after treatment with CHE. Changes in (b) DpH and (c) DW of ZJ807 treated
NADH to NAD+ from treatment with different dosages of CHE. (f) ROS levels of ZJ807
uidity of ZJ807 after treatment with CHE; 10 mmol∙L�1 benzyl alcohol (BZ) was used
activity of CHE against E. coli 25922. Inhibition zones of the mixtures of CHE (1000
ation at 37 �C. (i) Molecular dynamics simulations of CHE binding to 75%:25%:5% PE/
ed using one-way ANOVA and corrected using the Dunnett method. *P < 0.05, **P <
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steadier PMF as the DpH decreased (Fig. 2(c)). Furthermore, CHE
and kanamycinworked synergistically in ZJ807 (FIC index = 0.3125),
and the intracellular accumulation of kanamycin depended on DW.
However, CHE and doxycycline were not synergistic (FIC index = 3),
as the intracellular transport of doxycycline relied on the DpH
(Fig. S2(d) in Appendix A), confirming the PMF disruption in
ZJ807 after CHE treatment.

Given that DpH is generated by the electron transport chain
(ETC), we measured the activity of the ETC in ZJ807 by testing its
ability to reduce int (an activity indicator of the ETC), which can
be reduced to a red insoluble formazan by components of the
prokaryotic respiratory chain [25]. CHE (16–64 lg∙mL�1)
decreased the reduction of INT to red insoluble formazan by
approximately 50% compared with the untreated controls (Fig. 2
(d)), which suggested an impaired electron transport process in
the ETC and was consistent with the disrupted PMF. Moreover,
the NADH/NAD+ ratio in CHE-treated cells increased by up to 3-
fold (P = 0.0087, Fig. 2(e)), further confirming that CHE depleted
the bacterial ATP by decreasing ETC activity [26]. Similar to a pre-
vious report [27], high NADH/NAD+ ratios were accompanied by
CHE dose-dependent reactive oxygen species (ROS) generation
(Fig. 2(f)). Notably, the ROS scavenger N-acetylcysteine (NAC)
(6 mmol∙L�1) partially recovered bacterial intracellular ATP levels
(Fig. S2(e) in Appendix A), indicating that ROS is one factor in
ATP depletion. Moreover, another ROS scavenger, thiourea, partly
impaired the killing ability of CHE (Fig. S2(f) in Appendix A), indi-
cating that ROS are involved in the antimicrobial mechanisms of
CHE. Therefore, CHE decreased the cellular respiration, disrupted
Fig. 3. Synergistic mechanism of CHE to potentiate colistin. (a) Activity of efflux pumps o
the positive control. (b) Decrease in the relative transcription level of mcr-1 in ZJ807 tre
BL21(DE3)::pET28a-mcr-1 treated with CHE. GAPDH is the loading control. (d) Chan
(e) Accumulations of colistin in ZJ807 treated with CHE. P value was detected using
***P < 0.001, ****P < 0.0001.
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the PMF, and generated ROS, thereby depleting intercellular ATP.
However, the mechanism of CHE-mediated impaired cellular respi-
ration required further investigation.

3.3. CHE targeted the bacterial inner membrane and increased its
fluidity

Changes in plasma membrane fluidity can impair cellular respi-
ration, largely due to the delocalization of respiratory chain com-
plexes [23,28]. Application of the fluorescence polarization probe
Laurdan [29] revealed that the membrane fluidity of CHE-treated
E. coli ZJ807 was significantly increased (Fig. 2(g)). We therefore
hypothesized that CHE might interact with phospholipids in the
plasma membrane to increase membrane fluidity. As expected,
the exogenous addition of bacterial phospholipids (PG and CL)
dose-dependently diminished CHE activity (Fig. 2(h)). We per-
formed molecular dynamics simulations to further explore the
interaction mechanisms of CHE and phospholipids [23,30]. CHE
was initially recruited to the membrane surface by binding the
methylenedioxy group to the hydrophilic lipid heads. After approx-
imately 10 ns of sustained attachment, CHE began to penetrate the
membrane interior perpendicularly or obliquely to the cell mem-
brane surface, maximizing the interactions between the nonpolar
benzene rings and hydrophobic lipid tails. After 45 ns, CHE was
completely embedded in the outer leaflet of the lipid bilayer
(Fig. 2(i)). These simulations demonstrated that the methylene-
dioxy groups and hydrophobicity of the CHE core rings play impor-
tant roles in membrane attachment and penetration.
f ZJ807 treated with different concentrations of CHE; 10 lg∙mL�1 of CCCP served as
ated with CHE. (c) Decrease in the relative translation level of mcr-1 in E. coli strain
ges in the ratios of modified to unmodified lipid A of ZJ807 treated with CHE.
one-way ANOVA and corrected using the Dunnett method. *P < 0.05, **P < 0.01,
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3.4. CHE potentiated colistin efficacy by limiting the function of efflux
pumps and mcr-1

Since the bacterial efflux pumps and mcr-1 and its variants are
colistin resistance factors [3,31,32], and because CHE significantly
disrupted the PMF and reduced intracellular ATP levels, we
hypothesized that CHE might potentiate the efficacy of colistin
by weakening the function of the efflux pumps and mcr-1. We
found that the efflux activity was dose-dependently impaired by
CHE (Fig. 3(a)). With 128 lg∙mL�1 of CHE, the intracellular ethid-
ium bromide (EB) fluorescence was 2-fold higher than that of the
control group (P < 0.0001). Furthermore, mcr-1 transcription levels
in CHE-treated ZJ807 were up to 4-fold lower (P = 0.003; Fig. 3(b)),
and MCR-1 expression levels in CHE-treated E. coli BL21(DE3)::
pET28a-mcr-1 were dose-dependently decreased by up to 10-fold
(P < 0.0001; Fig. 3(c)). Moreover, applying CHE decreased the ratio
of modified/unmodified lipid A in ZJ807 by > 50% (P = 0.0008; Fig. 3
(d)). In addition, CHE treatment increased the intercellular concen-
trations of colistin in ZJ807 by > 15-fold (P < 0.0001; Fig. 3(e)), indi-
cating that CHE restored colistin activity against mcr-1-positive
strains by reducing lipid A modification and increasing intercellu-
lar drug concentrations by diminishing the intracellular ATP levels.
3.5. CHE inhibited conjugation of the IncI2 plasmid carrying mcr-1
in vitro and in vivo

As decreasing intracellular ATP levels can undermine the conju-
gation process, we explored whether CHE affects mcr-1 conjuga-
tion. CHE at 2, 4, and 8 lg∙mL�1 had no significant bactericidal
effects on the growth curves of either the donor or recipient
(Fig. 4(a)); thus, we monitored the conjugation frequency rates of
Fig. 4. Effects of CHE on the conjugative transfer of plasmid IncI2 in vitro and in vivo. (a
(b) Fold change in the conjugative transfer frequency in vitro. (c) Scheme of the experim
in vivo (n = 6). P value was detected using one-way ANOVA and corrected using the Dunne
a two-sided, Mann–Whitney U test.
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the mcr-1-bearing IncI2 plasmid under 0, 2, 4, or 8 lg∙mL�1 of
CHE. Compared with the natural spontaneous conjugation fre-
quency (1.99 � 10–1), CHE significantly and dose-dependently
decreased the conjugation frequencies of IncI2 (8.46 � 10–2 to
1.55 � 10–3), with a > 125-fold decrease at 8 lg∙mL�1 of CHE
(P = 0.0002; Fig. 4(b)). We further used mice to verify the in vivo
effect of CHE on mcr-1 conjugation (Fig. 4(c)). The conjugation effi-
ciency of the IncI2 mcr-1-carrying plasmid in the mouse intestines
was similar to that in vitro (10–3 to 10–1), and the average transfer
frequency in the CHE-treated group (1.87 � 10–3) on day 1 was five
times lower than that in the control group (1.02 � 10–2; P = 0.002;
Fig. 4(d)). Although the decrease in both recipient bacteria and
transconjugants in the mouse intestines on subsequent days may
have led to a gradually increased transfer frequency, the inhibition
of the conjugative transfer frequency in the CHE-treated group as a
whole was approximately twice as effective as that in the control
group (Fig. 4(d)).
3.6. CHE limited the energy source for conjugative transfer and
suppressed the expression of conjugation-related genes

Conjugative transfer among bacteria is an energy-consuming
process, involving DNA replication and type IV secretion system
(T4SS) assembly [33]. Although high CHE concentrations (32–
128 lg∙mL�1) can decrease bacterial ATP levels, it remains unclear
whether low concentrations (2–8 lg∙mL�1) decrease bacterial ATP
levels and subsequently inhibit conjugation rates. Compared with
those of the control group, 2–8 lg∙mL�1 CHE significantly
decreased the intracellular ATP contents of the donor (73%–88%)
and recipient (52%–76%) bacteria (P < 0.05; Fig. 5(a)). Moreover,
the transcriptome data showed an approximately 2-fold
) Growth curve of donor and recipient bacteria under different CHE concentrations.
ental protocols for conjugative transfer in vivo. (d) Conjugative transfer frequency
tt method. **P < 0.01, ***P < 0.001. Another P value in part (d) was determined using



Fig. 5. Mechanism of inhibiting conjugative transfer by CHE. (a) Relative intracellular ATP levels in donor and recipient bacteria. (b) Fold change in the expression of core
genes related to ATP synthesis in donor bacteria. (c) Fold change in the expression of core conjugative-associated genes in IncI2 plasmid. (d) Fold change in the expression of
core genes related to adhesive-pilus generation in donor bacteria. (e) Fold change in ROS production in donor and recipient bacteria. (f) Fold change in the expression of core
genes related to ROS production and SOS response in donor bacteria. (g) Fold change in the expression of core genes related to the cell membrane in donor bacteria. P value
was detected using one-way ANOVA and corrected using the Dunnett method. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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downregulation of ATP-synthesis-related genes in both the donor
and recipient bacteria (Fig. 5(b); Tables S1 and S2, and Fig. S3(a)
in the Appendix A). As decreased energy sources can inhibit conju-
gation efficiency [34], CHE-associated ATP depletion may con-
tribute to decreasing the conjugative transfer of mcr-1-carrying
IncI2 plasmid. Moreover, the transcription levels of genes related
to DNA transfer and replication (nikB and traC), mating-pair forma-
tion (virB1–virB11), and the IncI-type plasmid unique IV pilus (pilV)
involved in conjugation were downregulated from 1.5 to 7.3 times
in both the donors and recipients in the presence of 2–8 lg∙mL�1

CHE (Fig. 5(c); Table S3 in the Appendix A). Also, adhesion-
relevant operons were significantly downregulated in the donor
bacteria (e.g., fim-like yielded a 2.2-fold decrease in fimH; Fig.
5(d); Table S4 in the Appendix A). These operons are involved in
the critical step of direct cell-to-cell contact in plasmid DNA trans-
fer [35]. These results suggested that CHE inhibits plasmid conju-
gation by suppressing the expression of both pili-formation
genes and conjugative transfer-related regulation genes.
3.7. CHE did not affect SOS response or membrane permeability

The oxidative stress-induced SOS response and membrane per-
meability damage promote conjugation [35,36]. ROS production
was dose-dependently increased in the donor and recipient strains
by 1.3- to 4.2-fold at 2, 4, and 8 lg∙mL�1 CHE (Fig. 5(e)). However,
neither the ROS- nor the SOS-related genes were significantly chan-
ged in the donor (Fig. 5(f); Table S5 in the Appendix A) or recipient
strains (Fig. S3(b) and Table S6 in the Appendix A). An explanation
for this finding could be that the CHE-related ATP decrease (Fig.
5(a)) may reduce the energy for the transcriptional expression
of genes involved in ROS detoxification and SOS response [34].
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Furthermore, membrane permeability was unchanged under CHE
exposure (Fig. S2(c)). Compared with those in the control group,
the transcriptome results showed no significant changes in the
expression levels of inner or outer membrane-related genes in the
donor (Fig. 5(g); Table S7 in the Appendix A) or recipient bacteria
(Fig. S3(c)) and Table S8 in the Appendix A). Thus, the inhibitory
effect of CHE on plasmid conjugative transfer was unaffected by
the expression of ROS- or SOS-related genes, cell membrane-
related genes, or cell membrane permeability. Therefore, we con-
cluded that CHE at low concentrations limited the energy for conju-
gation and diminished the conjugation-related and pilus-related
gene expressions, independent of the SOS response and the cell
membrane permeability damage.
4. Discussion

The global emergence and fast spread of mcr-1 and its high col-
onization levels in human and animal guts pose increasing threats
to public health [4]. In this work, we proposed a new concept for
controlling mcr-1-positive strains by using the dual effects of
plant-derived CHE both in vitro and in vivo. CHE works synergisti-
cally with colistin against mcr-1-positive E. coli and inhibits the
transfer of mcr-1-bearing plasmids. In addition to its anti-
inflammatory [37], antitumor [38,39], and antiviral [40] bioactivi-
ties, CHE impairs cellular respiration, disrupts PMF, and decreases
ATP levels by increasing plasma membrane fluidity, thereby limit-
ing the function of efflux pumps and downregulatingmcr-1 and the
genes involved in conjugation bioprocesses (Fig. 6). This forms the
basis of CHE’s dual effects: It reverses the colistin-resistant pheno-
type of mcr-1-positive strains and inhibits the conjugation of mcr-
1-bearing plasmids. The dual effects of CHE are important, because



Fig. 6. Mechanisms of the dual effects of CHE in potentiating colistin efficacy and inhibiting the conjugative transfer of mcr-1-carrying IncI2 plasmids. (a) Without CHE, the
LPS is modified by MCR-1, and colistin is expelled by efflux pumps, where it is difficult for colistin to disrupt the membrane structure. (b) CHE is able to penetrate into the
phospholipid bilayers of the plasma membrane and increase the fluidity of the membrane, which inhibits the cellular respiration, disrupts the PMF, and generates ROS,
leading to intracellular ATP depletion. (c) Since ATP is critically important, the function ofmcr-1 is limited and the ratio of modified lipid A declines; the function of the efflux
pumps is also impaired, which reverses the colistin resistant phenotype. (d) The ATP level is decreased by CHE and the genes involved in the conjugation bioprocess are
downregulated, leading to a lower conjugation rate. OM: outer membrane; IM: inner membrane.
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they extend the lifespan of colistin as a critically important antimi-
crobial agent in both human and veterinary medicine, and may
extend applications of colistin to eliminate mcr-1-positive bacteria
in human and animal guts.

Commercially available CHE is one of the major active compo-
nents extracted from Macleaya cordata—which was first recorded
in The Compendium of Materia Medica, published in the 16th cen-
tury—and has a long history of use in treating pertussis and
chronic bronchitis [41]. In recent years, the restricted use of
antimicrobial agents as growth promoters [2] has led to wide-
spread use of Macleaya cordata extracts (Sangrovit) as feed addi-
tives in domestic livestock breeding to promote livestock growth
in China, the United States, and Europe [42–44]. The amounts of
Sangrovit in foreign markets have increased year by year since
2017 (up to 2.41 tons per year), including in the markets of north
and south America, Europe, Japan, the Middle East, and Africa [45].
From 2017 to 2022, the cumulative sales of Sangrovit in China
exceeded 400 tons, which is equivalent to over 20 million tons
of compound feed. The extensive use of CHE for its dual effects
in worldwide livestock systems may enhance the efficacy of col-
istin in veterinary medicine for treating intestinal infections
caused by mcr-1-carrying pathogens. This increasing usage may
also confer selective pressure on the gut bacteria that mediate
CHE resistance and reverse conjugation blocking, which may even-
tually decrease the effectiveness of colistin as a veterinary medi-
cine. Although CHE shows a more effective killing ability against
cancer cells, high CHE doses may cause tissue-specific damage to
normal cells [46,47], limiting its use for treating systemic infec-
tions. However, the low absorption and bioavailability of CHE via
oral administration [48] imply that CHE may be a candidate for
treating intestinal infections and eliminating XDR strains from
the gut, as demonstrated herein. Notably, the estimated CHE dose
(0.05 mg∙kg�1) that is commercially applied as an animal growth
promoter is approximately 200 times lower than the dose we used
to block in vivo conjugation (10 mg∙kg�1), indicating that addi-
tional in vivo investigations, such as structural modifications or
appropriate dosage form designs, are needed in order for CHE to
be used in humans and animals for the gut decolonization of mcr
variant genes and their host bacteria.
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The cell membrane is critical for bacterial survival and growth;
therefore, it is a promising target for developing antimicrobial
agents and adjuvants [20,49,50]. Membrane disruptors, such as
colistin and SLAP-S25, function as both antimicrobial agents and
adjuvants [15,49]. The ability to alter membrane fluidity is another
key factor in antimicrobial activity [51–53]. Homeostasis of bacte-
rial cytoplasmic membrane fluidity is vital to numerous cell func-
tions, especially energy generation [54]. Here, we confirm that CHE
interacts with PG and CL, thus rapidly and significantly increasing
the cytoplasmic membrane fluidity and leading to physiological
dysfunction in the bacteria, such as oxidative stress and energy
depletion. As ATP plays vital roles in biosynthesis, metabolism reg-
ulation, and cellular maintenance [55,56], reducing intracellular
ATP levels affects the bacterial resistant phenotype by limiting
the expression of antimicrobial-resistance proteins such as MCR-
1. Therefore, CHE may be more effective than MCR-1-specific inhi-
bitors [21,57], because it extends the efficacy of colistin against all
mcr-variant-carrying pathogens. Furthermore, reduced intracellu-
lar ATP levels limit the transcription of plasmid-conjugative genes
and decrease the conjugation frequency, because this type of hor-
izontal transfer of resistance genes is an energy-driven biological
process. To date, some nonantibiotic pharmaceuticals, such as the
nonsteroidal anti-inflammatory drug ibuprofen and the lipid-
lowering drug gemfibrozil, have been shown to promote the hori-
zontal gene transfer of XDR-carrying plasmids [58], while the dis-
covery of conjugation inhibitors is rare and specific. For example,
some unsaturated fatty acids can inhibit conjugation by binding
to the plasmid-encoded T4SS component TraE [59]. While it is
indispensable for bacterial energy metabolism, ATP has rarely been
identified as a potential target for inhibiting conjugation. CHE can
decrease bacterial ATP without increasing membrane permeability
or significantly changing the expressions of SOS-response-related
genes, the increase of which has been associated with promoting
conjugation. For example, colistin has been shown to facilitate
the transfer of antimicrobial resistance genes by increasing mem-
brane permeability [7]. Our data indicate that increasing the bacte-
rial plasma membrane fluidity to limit ATP generation but
maintain membrane permeability is a promising strategy to com-
bat antimicrobial resistance.
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CHE has previously been shown to decrease intracellular ATP
levels by inducing membrane damage [60]. However, we identified
no obvious membrane destruction. These contradictory conclu-
sions might be attributed to different time measures of the mem-
brane status. We measured all physiological changes in the
bacteria within 2 h of CHE treatment, when most cells were dam-
aged but still survived. Conversely, Qian et al. [60] observed the
bacteria 8 h after CHE treatment, which might have been too long
to observe morphological or physiological changes that would
show the primary antimicrobial mechanisms of CHE. In addition,
we observed oxidative stress after 30 min of CHE treatment, sug-
gesting that more time is needed for CHE to cause membrane dam-
age [61]. Thus, we concluded that the antimicrobial mechanisms of
CHE include targeting phospholipids, increasing membrane fluid-
ity, and impairing bacterial respiration, followed by energy deple-
tion and oxidative stress. Further studies are needed to fill the gaps
in our understanding of the relationship between CHE’s increasing
membrane fluidity and decreasing bacterial respiratory rates.

5. Conclusions

Herein, we identified the dual effects of feed additive-derived
CHE in enhancing colistin’s ability to combatmcr-1-positive patho-
gens and inhibit the horizontal gene transfer ofmcr-1-bearing plas-
mids by impairing energy generation and the conjugative transfer
apparatus. Our results may provide guidance for determining addi-
tional antimicrobial-resistance-combating effects of known
antimicrobial compounds and be a reference for future antimicro-
bial and adjuvant development.
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