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ARTICLE INFO ABSTRACT

Keywords: Colistin used to be regarded as the last-resort treatment for the infection caused by multidrug-resistant gram-
Mer-1 negative bacteria. However, the emergence and widespread of mcr-1 seriously reduce the clinical effectiveness of

Escherichia coli colistin, constituting a serious threat to global public health. Due to the difficulties in the development of new

E:ll\f:rr;trol antibiotics, restoring antibiotic susceptibility with adjuvants is undoubtedly a rational option. As naturally
Capsaicin occurring compounds, resveratrol and capsaicin could be extracted from many natural plants, due to various

antimicrobial properties, they have received significant attention. Herein, the synergistic activity of colistin
combined with resveratrol and capsaicin against mcr-1-positive Escherichia coli were investigated by checker-
board method and time-killing assays. The in-depth molecular mechanisms were elucidated by scanning electron
microscopy, fluorescent probe experiments, transcriptome and metabolome analysis. Molecular docking assay
was taken to analyse potential interactions between resveratrol/capsaicin and MCR-1. Finally, the in vivo efficacy
of combined therapy against mcr-1-positive Escherichia coli was assessed. Our results demonstrated that colistin
combined with resveratrol and capsaicin acted synergistic activity against mcr-1-positive Escherichia coli both in
vivo and in vitro. Further mechanistic studies showed that the combined therapy could exacerbate cell membrane
damage, increase membrane permeability, disrupt the homeostasis of PMF, inhibit ATP synthesis, and efflux
pump activity. In addition, the combined therapy could inhibit central carbon metabolism, and reduce tricar-
boxylic acid cycle and oxidative phosphorylation. Moreover, molecular docking assay revealed resveratrol/
capsaicin could bind to MCR-1 stably. Our study indicated that colistin in combination with resveratrol and
capsaicin as a novel therapy could provide a trustworthy foundation to establish the treatment plan for mcr-1-
positive Escherichia coli.

Antibiotic adjuvant

multidrug-resistant Gram-negative bacteria (MDRGNB). However, the
plasmid-mediated transferable colistin resistance gene mcr-1 was first
identified in Escherichia coli isolates from food animals in 2015 (Andrade

1. Introduction

The antibiotic resistance crisis has become a significant challenge for

the global community. Fewer antibiotics are effective in clinical treat-
ment due to the spread of multidrug-resistant bacteria (MDRB) (Li et al.,
2023). In case of the difficulty of developing new antibiotics has
prompted researchers to explore alternative antimicrobial therapies that
diverge from traditional antibiotics (Konwar et al., 2022). Colistin was
previously regarded as the ultimate defense against infections caused by

et al., 2020). The mcr-1 encoded pEtN transferase which could alter the
structure of lipopolysaccharides, particularly lipid A, resulting in
colistin resistance (Sherry and Howden 2018). Inevitably, the emer-
gence of transferable resistance gene accelerates the spread of colistin
resistance. Now mcr-1 has been found globally, triggering a new crisis of
antibiotic resistance. In the case of difficulties in developing new
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antibiotics and the widespread of MDRB, antibiotic adjuvants are
considered to be an effective means to overcome antibiotic resistance
(Liu et al., 2020a, Okdah et al., 2018).

The natural polyphenol resveratrol (trans-3,5,4-trihydroxystilbene)
is a kind of stilbenoid derived from natural plant sources, including
grapes, oranges, peanuts, and mulberries. Resveratrol has shown the
potential for antibacterial, anticancer, antihypertensive, anti-
inflammatory, anti-platelet aggregation and cardioprotective activities
(Lee et al., 2022). Resveratrol has been used in the prevention and
treatment of different diseases, particularly chronic diseases, such as
cancer, neurodegenerative diseases, Alzheimer’s and metabolic dis-
eases. In addition, the resveratrol shows significant antibacterial effects
against Campylobacter, Listeria, Staphylococcus aureus, and Escherichia
coli by inhibiting an electron transport chain (ETC) and FOF1-ATPase,
which could affect the cellular energy supply (Zhang et al., 2021).
Resveratrol has been reported to improve the effectiveness of amino-
glycosides against Staphylococcus aureus by inhibiting the ATP synthesis
process (Nohr-Meldgaard et al., 2018). In summary, previous studies
have shown that resveratrol could inhibit bacterial energy synthesis, and
this ability makes us realize its feasibility as an adjuvant to reverse
colistin resistance.

Capsaicin (8-methyl-N-vanillyl-6-non-enamide) is an alkaloid
extracted from the plants of capsicum genus, which is known for its
neuroleptic analgesic, anti-tumor and antioxidant properties in phar-
macological research. Furthermore, it has been found to modulate blood
lipids and decrease obesity in mouse models. Owing to its multiple
pharmacological properties, capsaicin is widely used in clinical treat-
ments. It has been proven the efflux pump inhibitor CCCP combined
with colistin could reverse colistin resistantce in A. baumannii,
P. aeruginosa, K. pneumoniae and S. maltophiliau (Ni et al., 2016). Thus,
the combination of CCCP and colistin is considered to be an effective
means of restoring colistin susceptibility, but it cannot be used in clinical
practice due to its toxicity (Periferakis et al., 2023). In contrast to
chemically derived efflux pump inhibitors, natural sources are less toxic.
Capsaicin was proven to inhibit the activities of various efflux pumps
and yield synergistic antimicrobial effects when combined with various
antibiotics. Previous studies have shown that capsaicin in combination
with ciprofloxacin inhibited the NORA efflux pump of Staphylococcus
aureus (Kalia et al., 2012). In addition, capsaicin also exerted a signifi-
cant efflux pump inhibitory effect in Mycobacterium smegmatis (Prasch
et al.,, 2019). Therefore, we chose a plant-derived pump inhibitor
capsaicin as an adjuvant for safety reasons to restore colistin
susceptibility.

With the emergence and prevalence of mcr-1, the growing colistin
resistance of Escherichia coli has become a serious problem, which seri-
ously reduces the clinical effectiveness of colistin for infectious diseases
caused by MDRB, threating global human and public health safety.
Therefore, it is urgent to find new strategies to overcome MCR-mediated
colistin resistance in Escherichia coli. Combination of antibiotics and
adjuvants represents a promising means to counter the worsening
antibiotic resistance crisis. Study on adjuvants has received more
attention, nowadays numerous kinds of compounds have been reported.
Among these, antimicrobial substances derived from natural plants are
considered to be promising. This study focused on the efficacy of
resveratrol combined with capsaicin as novel antibiotic adjuvant. The
antimicrobial susceptibility testing, checkerboard method, time-killing
assays, and animal experiment were performed to determine the in
vitro and in vivo activity of resveratrol combined with capsaicin. The
further study of biochemical index, transcriptomic analysis, metab-
olome analysis, and molecular docking was performed to identify the
molecular mechanism. The findings of this study revealed the potential
of resveratrol combined with capsaicin as a new colistin adjuvant, which
may become a viable therapeutic alternative for combating mcr-1-posi-
tive Escherichia coli infections.
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2. Materials and methods
2.1. Bacteria and chemicals

The specific information of strains used in this study could be found
in Table S1. All mcr-1-positive Escherichia coli were confirmed by PCR
analysis of 16S rRNA and mcr-1. Colistin (99 %, purity), resveratrol (99
%, purity), capsaicin (98 %, purity) and other chemical reagents were
purchased from Mackin (Shanghai, China), Aladdin (Shanghai, China)
or Solarbio Technology (Beijing, China).

2.2. Antimicrobial susceptibility testing

The minimum inhibitory concentrations (MICs) of colistin, resvera-
trol and capsaicin against mcr-1-positive Escherichia coli isolates were
determined by the micro-dilution method, according to the CLSI 2023
guideline (Rai et al., 2023). The Escherichia coli ATCC 25922 was used as
a quality control strain. All tests were performed in triplicate for all
strains.

2.3. Checkerboard assays

Synergistic activity of colistin and resveratrol, capsaicin was evalu-
ated by checkerboard assays according to the previous study (Yi et al.,
2022). The specific details of experiment could be found in supple-
mentary materials S1.

2.4. Time-killing curves

To further explore the synergistic antimicrobial activity of colistin
and antibiotic adjuvants, clinical strain mcr-1-positive Escherichia coli
(HP-144) was selected to construct time-killing curves. The specific
details of experiment could be found in supplementary materials S2.
Compared with the colistin group, synergy was determined if an over 2
log10 reduction of CFU/mL was observed in the drug combination
group.

2.5. The determination of biochemical index

The pretreatment of biochemical index assays were conducted as the
following protocols. Escherichia coli (HP-144) was incubated to expo-
nential grow phase. Then, bacterial suspensions were centrifuged and
re-suspended in buffer with an ODggg of 0.5. The fluorescent dye was
added according to the instructions of different kits. After 30 min in-
cubation at 37 °C, then the mixed cultures were treated with different
groups of drugs. After being incubated at 37 °C for 1 h, 200 uL cultures
were added to the 96-well plate and the microplate reader was used to
evaluate biochemical indexes. The specific excitation wavelength and
emission wavelength used in this study were listed in supplementary
materials.

2.5.1. Outer membrane permeability assay

The outer membrane was detected by using 1-N-phenylnaphthyl-
amine (NPN) (10 pM) as the indicator. The specific details of experi-
ment could be found in supplementary materials S3.

2.5.2. Cell membrane permeability assay

The cell membrane permeability was detected by using Propidium
Iodide (PI) (15 pM)as the indicator. The specific details of experiment
could be found in supplementary materials S4.

2.5.3. Intracellular ATP

Intracellular ATP was detected using the Enhanced ATP Assay Kit
(Beyotime, Shanghai, China) according to the instruction, the specific
step could be found in supplementary materials S5.
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2.5.4. ROS level

ROS was detected by using a Reactive Oxygen Species Assay Kit
(Beyotime, Shanghai, China) according to the manufacturer’s instruc-
tion, the specific step could be found in supplementary materials S6.

2.5.5. SOD engzymatic activity

The total Superoxide Dismutase Assay Kit with WST-8 (Beyotime,
Shanghai, China) was applied to measure the superoxide dismutase
(SOD) activity in bacteria cells.

2.5.6. Efflux pump activity assay
The efflux pump activity was measured by fluorescent probe
Ethidium bromide (EB).

2.5.7. Ay assay

3,3-dipropylthiadicarbocyanine iodide (DiSC3(5), 0.5 pM) was used
to determine the membrane potential (Ay). The specific details of
experiment could be found in supplementary materials S7.

2.5.8. ApH assay

Fluorescence probe BCECF-AM was used to determine intracellular
pH. The specific details of experiment could be found in supplementary
materials S8.

2.6. Scanning electron microscopy (SEM)

Escherichia coli HP-144 was grown to the exponential phase, then
bacteria were washed, and suspended in LB with ODgq( of 0.5. Bacterial
suspension incubated with drugs for 24 h at 37 °C. Cultures were fixed
with 2.5 % glutaraldehyde at 4 °C for 12 h. The bacteria were dehy-
drated with gradient ethanol (30 %, 50 %, 70 %, 90 %, and 100 %) and
precipitates were suspended with acetone at 4 °C and dried at the critical
point as previous described (Koh et al., 2022), followed by the obser-
vation under the SEM.

2.7. Transcriptomic analysis

The Escherichia coli HP-144 in early-exponential phase was treated
with colistin (2 pg/mL) alone or in combination with resveratrol (128
pg/mL) and capsaicin (256 pg/mL) for 4 h. Total RNA was extracted by
TRIzol Reagent (Invitrogen) according to instructions. The tran-
scriptomic sequencing was performed as previous described, the specific
details could be found in supplementary materials S9.

2.8. Metabolome analysis

Escherichia coli HP-144 was grown to the exponential phase, then the
bacterial cultures were incubated with colistin (2 pg/mL) alone or in a
combination of resveratrol (128 pg/mL) and capsaicin (256 pg/mL) for
4 h. A mass spectrometry (MS)-based metabolomics was performed, the
specific details could be found in supplementary materials S10.

2.9. Mouse peritonitis-sepsis infection model

Four-week-old ICR female mice (approximately 20 g) were randomly
divided into seven groups (n = 12): Control, CAP (2 mg/kg), RES (50
mg/kg), COL (10 mg/kg), COL+RES (10 mg/kg + 50 mg/kg), COL+CAP
(10 mg/kg + 2 mg/kg), COL+RES+CAP (10 mg/kg + 50 mg/kg + 2 mg/
kg). ICR female mice were treated with 5.0 x 10® CFUs HP-144 via
intraperitoneal injection. Mice were treated with different groups of
drugs 2 h after injection. After 48 h of infection, mice were euthanized
and the spleen, liver, and kidney were isolated, weighed, homogenized,
and serially diluted in PBS. Samples were ten-fold serially diluted and
incubated on LB agar plates at 37 °C for 18 h. Bacterial colonies were
counted and the primary CFUs/mL were calculated. Moreover, part of
the tissues (spleen, liver, and kidney) were subjected to histological
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2.10. Molecular docking

To predict the possible interaction between resveratrol, capsaicin,
and MCR-1, molecular docking was performed as previously describled
(Lee et al., 2022), the specific details could be found in supplementary
materials S11.

2.11. Statistical analyses

Statistical analysis was performed using GraphPad Prism 8 8. All
datas were presented as mean + SD. Statistical assessments were per-
formed using unpaired 2-tailed t-tests, one-way ANOVA among multiple
groups. Significance levels are indicated with asterisks: *P<0.05,
**P<0.01, ***P<0.001.

3. Results

3.1. Synergistic activity of colistin in combination with resveratrol and
capsaicin against mcr-1-positive Escherichia coli

Resveratrol or capsaicin was tested against mcr-1-positive Escherichia
coli. As shown in Table 1, the MIC values of 1024 or 2048 pg/mL for
resveratrol or capsaicin; sub-inhibitory concentration showed that
capsaicin or resveratrol alone had no significant antibacterial activity
against mcr-1-positive Escherichia coli. Resveratrol at a subinhibitory
concentration (1/4 MIC, 1/8 MIC, 1/16 MIC) combined with colistin
enhanced the activity of colistin, and the MIC fold change of colistin
ranges from 4 to 512. Capsaicin at sub-inhibitory concentration (1/4
MIC, 1/8 MIC, 1/16 MIC) combined with colistin enhanced the activity
of colistin, and the MIC fold change of colistin ranges from 64 to 2048.

The synergistic activity of colistin in combination with antibiotic
adjuvants was evaluated by checkboard assays. As shown in Table 2, the
FICI values for resveratrol combined with colistin were from 0.09375 to
0.5. The FICI values for capsaicin combined with colistin were from
0.078125 to 0.15625. This demonstrated that resveratrol and capsaicin
had synergistic effects on mcr-1-positive Escherichia coli when combined
with colistin. To further assess the reversal ability of resveratrol and
capsaicin in combination with colistin. Antibacterial tests were carried
out with 1/16 MIC RES+1/4MIC CAP, 1/16 MIC RES+1/8 MIC CAP,
and 1/16 MIC RES+1/4 MIC CAP. The MICs of colistin decreased to <
0.00003 pg/mL, and the colistin MIC fold change > 65536. The com-
bination therapy completely reversed the colistin resistance of all mcr-1-
positive Escherichia coil.

3.2. Time-kill results for the colistin in combination with resveratrol and
capsaicin against mcr-1-positive Escherichia coli

Subsequently, the time-kill experiment was carried out on the
selected clinical mcr-1-positive Escherichia coli HP-144 isolated from
fecal sample during the exponential growth phase with drugs. As shown
in Fig. 1, resveratrol, capsaicin, and colistin alone did not kill expo-
nentially growing mcr-1-positive Escherichia coli HP-144. Colistin in
combination with resveratrol and capsaicin completely killed the bac-
teria throughout 12-24 h. At 24 h, compared with the colistin alone the
bacterial concentration reduced by 11.519 log;o CFU/mL. These results
illustrated that the combination of colistin, resveratrol and capsaicin
exhibited synergistically to mcr-1-positive Escherichia coli.

3.3. Morphological changes of mcr-1-positive Escherichia coli after
treatment of colistin in combination with resveratrol and capsaicin

Colistin in combination with resveratrol and capsaicin exhibited
significant synergistic antibacterial effect. Therefore, we speculate that
the combination of colistin, resveratrol and capsaicin treatment could
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Table 1
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Susceptibility of colistin alone and in combination with resveratrol/capsaicin against 8 isolates of mcr-1-positive Escherichia coli by microdilution assay.

Strains RES Microdilution assay(mg/L) CAP Microdilution assay(mg/L) RES and CAP Microdilution assay(mg/L)
MIC of MIC of MIC of 1/16 MIC fold MIC of MIC of 1/4 MIC fold MIC of 1/16 RES+1/4 MIC fold
COL RES RES+COL change CAP CAP+COL change CAP+COL change
HP-18 4 1024 0.5 8 1024 0.015625 256 <0.00003 >131072
HZ-46 2 1024 0.125 16 1024 0.03125 64 <0.00003 >65536
HZ- 4 2048 0.25 16 1024 0.002 2048 <0.00003 >131072
158
HP-63 2 2048 0.125 16 2048 0.008 256 <0.00003 >65536
HP- 4 2048 1 4 2048 0.03125 128 <0.00003 >131072
144
HP- 4 2048 1 4 1024 0.03125 128 <0.00003 >131072
175
226 2 2048 0.5 4 1024 0.002 1024 <0.00003 >65536
HP- 4 1024 1 4 1024 0.004 1024 <0.00003 >131072
418
Table 2
FICI of colistin in combination with resveratrol or capsaicin against clinical strains of mcr-1-positive Escherichia coli.
Strains COL+RES COL+CAP
MIC (COL/RES) FICI Interaction MIC (COL/CAP) FICI Interaction
HP-18 1/256 0.5 synergy 0.5/32 0.15625 synergy
HZ-46 0.125/128 0.1875 synergy 0.25/32 0.15625 synergy
HZ-158 0.125/64 0.09375 synergy 0.5/32 0.15625 synergy
HP-63 1/64 0.53125 additive 0.25/32 0.15625 synergy
HP-144 0.25/256 0.1875 synergy 0.25/32 0.078125 synergy
HP-175 0.25/64 0.09375 synergy 0.5/32 0.15625 synergy
226 0.25/64 0.09375 synergy 0.25/32 0.15625 synergy
HP-418 0.5/32 0.15625 synergy 0.5/64 0.15625 synergy

Note: MIC (COL/RES) is the MIC of colistin in combination with resveratrol. MIC (COL/CAP) is the MIC of colistin in combination with capsaicin. Synergy is defined as

an FIC index of <0.5.

HP-144

Control
COL

1/4 MIC CAP

Log; (CFU/mL

0 3 6 9
Time/h

Ftoed

1/16 MIC RES

1/4 MIC CAP+COL

1/16 MIC RES+COL

t ¢

1/4 MIC CAP+1/16 MIC RES+COL

12 15 18 21 24

Fig. 1. Time-kill curves of the Escherichia coli HP-144 in the presence of resveratrol (128 pg/mL), capsaicin (256 ug/mL) or colistin (2 ug/mL) alone or in com-

bination for 24 h.

promote the destruction of the OM. In order to confirm our hypothesis,
SEM was utilized to observe the morphological alterations of mcr-1-
positive Escherichia coli HP-144 after different treatment. As shown in
Fig. 2A, the membrane damage and morphological shrinkage caused by
combined therapy were more severe compared with mono-treatment.
These findings suggested that the colistin combined with resveratrol
and capsaicin combination might enhance ability to damage membrane
structures.

3.4. Colistin in combination with resveratrol and capsaicin disrupts the
bacterial membrane

To visually show the effect of the combined therapy on cell mem-
brane permeability, the OM and IM permeability were measured by NPN
and PI, respectively. After the colistin in combination with resveratrol
and capsaicin treatment, the fluorescence intensity of NPN increased
significantly (Fig. 2B), indicating that the combination observably
improved the permeability of the OM which was consistent with the
electron microscopy results. In addition, there was no significant change
in the permeability of the IM, indicating the integrity of the IM structure
was maintained (Fig. 2C). Collectively, the findings demonstrated that
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Fig. 2. Effects of combined therapy on bacterial membrane. A, Morphological changes of Escherichia coli HP-144 treated with colistin (2 pg/mL), resveratrol (128 pg/
mL), capsaicin (256 pg/mL) alone or their combination. Scar bar, 2.00 um. Destroyed outer membrane was marked by red arrows. The experiment is grouped as
follows: (a) Control, (b) CAP, (c) RES, (d) COL, (e) CAP+COL, (f) RES+COL, (g) RES+CAP-+COL. B, Outer membrane permeability was evaluated by measuring the
fluorescence intensity of NPN. C, Inner membrane permeability was evaluated by measuring the fluorescence intensity of PI.

capsaicin and resveratrol improved colistin’s capacity to damage the
OM.

3.5. Colistin in combination with resveratrol and capsaicin dissipates the
proton motive force

PMF (proton motive force), comprises two components: electric po-
tential (AW) and transmembrane proton gradient (ApH). Due to the two
components compensating for each other, the PMF remains stable in the
absence of excessive external disturbances. Specifically, to equilibrate
the homeostasis of PMF, the ApH could increase when the AY dissipated
and vice versa. In fact, the increase of fluorescence intensity of DiSC3(5)
suggests the dissipation of AY, while a decrease otherwise implies the
disruption of ApH. The results showed that the fluorescence intensity of
DiSC3(5) was reduced after treatment (Fig. 3A), which suggested that
the drug effect may have affected the change in ApH. Therefore, the
fluorescence intensity of the fluorescent probe BCECF AM were
measured, and we found that the group with the addition of resveratrol
had a significant decrease in intracellular pH (Fig. 3B), decreasing ApH.
Resveratrol was shown to be responsible for the dissipation of ApH. The
disturbance of PMF by colistin in combination with resveratrol and
capsaicin mainly caused the changes of intracellular pH, which dis-
rupted PMF and might affect the related ATP synthesis.

3.6. Colistin in combination with resveratrol and capsaicin inhibits
intracellular ATP synthesis of mcr-1-positive Escherichia coli

PMF, as an energy pathway on the cell membrane, can regulate ATP
synthesis. For this reason, we further examined the changes of intra-
cellular ATP. As expected, ATP was reduced after drug treatment, while
the intracellular ATP level was markedly reduced in mcr-1-positive
Escherichia coli HP-144 treated with the combination (Fig. 3C). Thus, we

speculated that the inhibition of ATP production affects the life-related
processes of bacteria, which may be related with the enhanced antimi-
crobial ability of colistin.

3.7. Colistin in combination with resveratrol and capsaicin inhibits efflux
pumps activity

In general, the efflux pump plays a vital factor in antimicrobial
resistance. As an inhibitor of efflux pump, capsaicin can inhibit the
efflux pump activity and ensure the retention of the drug in the cell. In
this experiment, it was envisaged that capsaicin could inhibit the efflux
pump and increase the intracellular concentration of resveratrol,
thereby strengthening the antimicrobial effect of colistin. To prove our
assumptions, we measured the activity of the efflux pump, the increase
in fluorescence indicates the accumulation of Etbr in the cell, and we
found that capsaicin supplementation could increase intracellular
accumulation of Etbr (Fig. 3D), indicating that the efflux pump activity
was inhibited. These findings demonstrated that colistin in combination
with resveratrol and capsaicin could effectively inhibit the efflux pumps
activity in mcr-1-positive Escherichia coli.

3.8. Changes in intracellular oxidation levels after the different treatments

Reactive oxygen species are widely considered to be an essential part
of antimicrobial activity. However, controversy remains as to whether
reactive oxygen species are the decisive factor for sterilization. It has
been reported that bacterial death is not associated with the production
of reactive oxygen species. Resveratrol and capsaicin act as exogenous
reducing agents that can remove oxidizing substances. Based on the
results, we found that the adding resveratrol and capsaicin could reduce
the level of ROS. Subsequently, in order to detect the changes in intra-
cellular antioxidant levels, we then measured the main intracellular
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Fig. 3. Effects of combined therapy on bacterial energy metabolism and efflux pump activity in Escherichia coli HP-144. A, Intracellular AY, B, Intracellular pH

changes, C, Intracellular ATP levels, D, The activity of efflux pump.

oxidoreductase SOD enzyme, and the activity of SOD enzyme markedly
decreased in the mcr-1-positive Escherichia coli treated with combination
of colistin, resveratrol and capsaicin (Fig. 4AB). The results showed that
due to the addition of exogenous reducing agents, which were sufficient
to remove reactive oxygen species, excessive production of endogenous
oxidoreductase was not required. Combined with the results of in vitro
synergistic activity, it was suggested that the reason for excellent anti-
bacterial effect of resveratrol and capsaicin combined with colistin may
not be related to oxidative stress. It may be related to the inhibition of
cellular respiration as well as the destruction of cell membranes, but the
exact reason remains to be explored.
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3.9. Molecular docking

The results of the molecular docking of the MCR-1 protein with
bioactive groups of resveratrol and capsaicin are displayed in Fig. 5. The
binding free energy between MCR-1 and resveratrol was —5.45 kcal/
mol. Resveratrol has the ability to bind to MCR-1 both hydrophobically
and through hydrogen bonding. According to the binding model of
resveratrol to MCR-1, resveratrol formed strong contacts through
hydrogen bonding with VAL413, GLU423, and GLU418 (Fig. SABC).
Moreover, capsaicin could also bind to MCR-1, the binding free energy
between MCR-1 and capsaicin was —3.91 kcal/mol, with hydrogen
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Fig. 4. Oxidative stress of Escherichia coli HP-144 after different treatments. A, ROS levels, B, SOD activity.
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bonds THR283, ASN482, and TYR287 serving as the primary means of
attachment (Fig. 5DEF). In summary, the molecular docking data
demonstrated that resveratrol and capsaicin have good bonding stability
with the MCR-1 protein.

3.10. Colistin in combination with resveratrol and capsaicin down-
regulates TCA cycle and oxidative phosphorylation, inhibited efflux pump,
reduced nucleotide metabolism

In order to further investigate the molecular mechanisms of resver-
atrol and capsaicin enhancing bactericidal activity of colistin against
mcr-1-positive Escherichia coli, we performed transcriptomic and
metabonomic analysis of HP-144 isolate after exposure to colistin or
colistin combined with resveratrol and capsaicin. The comparison of
treatment with the combination and that with colistin alone revealed
1791 differentially expressed genes (DEGs), including 1080 up-
regulated genes, and 711 down-regulated genes. KEGG enrichment
analysis demonstrated that DEGs are mainly involved in pathways such
as TCA cycle, oxidative phosphorylation, and carbon metabolism
(Fig. 6). Notably, up-regulated genes involved in oxidation-reduction
process, TCA cycle, oxidative phosphorylation and efflux pump system.
Similarly, metabolite enrichment analysis demonstrated that differential
metabolites mainly including pathways such as nucleotide metabolism,
purine metabolism, pyrimidine metabolism, TCA cycle, oxidative
phosphorylation, these pathways are closely related to biological life-
sustaining processes (Fig. 7). The results showed that the combined
therapy mainly inhibited TCA cycle, oxidative phosphorylation, nucle-
otide metabolism, and efflux pump. The inhibition of the TCA cycle, and
oxidative phosphorylation reduced electron transfer and ATP synthesis,
and the inhibition of efflux pumps reduced the efflux of drugs, the in-
hibition of nucleotide metabolism, likewise affecting subsequent intra-
cellular translation and transcription. Redox-related genes indicate a
reduced ability of cells to cope with oxidative damage. In summary, we
concluded that combined therapy rendered the bacteria imminent

death, inhibiting both energy metabolism and essential functions.

3.11. Resveratrol and capsaicin restores colistin activity against mcr-1-
positive Escherichia coli HP-144 in vivo

As colistin, resveratrol, and capsaicin showed excellent synergistic
antibacterial capacity on mcr-1-positive Escherichia coli in vitro, we
speculated that colistin’s therapeutic effectiveness would be regained in
vivo by reversing MCR-mediated colistin resistance. The efficacy of
colistin combined with resveratrol and capsaicin was examined in a
mouse model of intraperitoneal infection infected with mcr-1-positive
Escherichia coli. Organ histological analysis of mice showed that the
pathological changes caused by bacterial infection in the three-drug
group were obviously alleviated relative to the other groups (Fig. 8A).
The results showed that the bacterial loads of the liver, spleen, and
kidney significantly reduced in the combination of resveratrol, capsaicin
and colistin treatment group relative to other groups (Fig. 8B). These
results verified that capsaicin and resveratrol significantly restore
colistin function in vivo.

4. Discussion

The misuse of antibiotics has exacerbated the problem of bacterial
resistance, which poses a risk to public and human health. Colistin used
to be considered as the last-resort line against MDRGNB. However, the
widely use of colistin in the clinic has aggravated colistin resistance,
which result in limited and ineffective treatments to infectious diseases
caused by MDRGNB. And the emergence of plasmid-mediated mobile
colistin resistance (mcr) has deepened the need for new effective treat-
ments. Compared to the difficulties in the development of new antibi-
otics, combination therapy is regarded as an effective antimicrobial
means of restoring antibiotic susceptibility. For example, natural fla-
vonoids enhance colistin sensitivity by disrupting the bacteria’s iron
homeostasis (Zhong et al., 2023). Stilbene acid can restore the
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Fig. 8. Resveratrol and capsaicin restore colistin activity in mice infection models. A, Organ histological analysis of mice; B, Bacterial loads were determined in liver;
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sensitivity of polymyxin B by blocking the active site of the MCR-1
protein (Macesic et al., 2017). All of these studies have shown the
feasibility of adjuvants in reversing antibiotic resistance.
Anti-inflammatory, antiviral, and antioxidant properties of resvera-
trol are well-known (Bo et al., 2013, Lima Imperador et al., 2022).
Capsaicin is used for topical pain relief, as a cardioprotective measure
(Fattori et al., 2016), and in recent years as a efflux pump inhibitor,
which has been thought to possess the potential to restore antibiotic
resistance. In this study, we demonstrated that the combination of
resveratrol and capsaicin could potentiate antibacterial activity of
colistin against mcr-1-positive Escherichia coli in vitro and in vivo. The
results shows that resveratrol or capsaicin exhibited a potentiation on
colistin MIC (4 to 2048-fold change) against mcr-1-positive Escherichia
coli, while the combination of resveratrol and capsaicin showed the
highest enhancement effect (colistin MIC fold change > 65536-fold) on
colistin. Time-kill curve assay also showed that resveratrol and capsaicin
significantly increased colistin’s antibacterial activity. Moreover, in the
mouse peritonitis-sepsis infection model, colistin in combination with
resveratrol and capsaicin effectively reduced the bacterial load of the
liver, spleen, and kidney. Pathological changes caused by bacterial
infection in the combination therapy were significantly alleviated
compared with the colistin group. All of our findings showed that the
combination of resveratrol and capsaicin increased the potency of
colistin against mcr-1-positive Escherichia coli in vitro and in vivo study.
GNB have an intricate barrier called the envelope. Bacterial mem-
branes could regulate the entry and departure of foreign chemicals,
which are an important part of their early defenses (Bolla et al., 2011).
In other words, the membrane permeability can affect the intracellular
concentration of the drug molecule (Schuerholz et al., 2012). In this
study, the combination of colistin, resveratrol and capsaicin signifi-
cantly enhanced the permeability of the OM. Additionally, we observed
HP-144 after treated with different drug groups by SEM, combination

therapy has resulted in more severe membrane damage and morpho-
logical shrinkage compared with the colistin treated alone group. This
indicated colistin in combination with resveratrol and capsaicin could
effectively destroy the outer membrane permeability, induce membrane
cleavage, and lead to bacterial death.

Efflux pumps are the main mechanism that results in antibiotic
resistance. The RND efflux pump AcrAB-TolC is considered to be a vital
efflux pump related to antibiotic resistance in Escherichia coli. Efflux
pump inhibitors (EPI). The AcrAB-TolC can be rendered inactive by
small molecule inhibitors that specifically target one protein within the
AcrB homotrime (Alenazy 2022). In this study, we found that the
addition of capsaicin contributed to the accumulation of EtBr in the cell.
In addition, the combination of resveratrol and capsaicin reduced the
expression of genes associated with the multidrug efflux pump. Efflux
pump-related regulatory genes (soxS, acrB, tolC, macB) were down-
regulated (Duval and Lister 2013). The findings above indicated that
the combination of resveratrol and capsaicin could drastically inhibit
the efflux pumps activity of mcr-1-positive Escherichia coli.

Whether the production of ROS is a necessary condition for antibiotic
sterilization is still debated in current research. Keren et al found that
antibiotics could still exert an antibacterial effect by adding a ROS
quencher, thiourea, indicating that the removal of reactive oxygen
species did not affect the antibacterial effect (Keren et al., 2013). In
addition, Liu et al conducted experiments under anaerobic conditions
and found that antibiotics maintain effective action despite the lack of
reactive oxygen species production (Liu and Imlay 2013). Resveratrol is
a natural nonflavonoid with antioxidative functions and can scavenge
ROS (Leonard et al., 2003). Similarly, studies have shown that capsaicin
has an antioxidative effect and can scavenge various radical(Kogure
et al., 2002). In this study, we found a significant reduction in the
fluorescence intensity of DCFH-DA with the addition of resveratrol or
capsaicin, which indicated that reactive oxygen species were removed.
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Moreover, colistin in combination with resveratrol and capsaicin
reduced the expression of the gene for repairing oxidative damage (nfo),
the gene for reducing oxidizing substances (sodA), the gene for synthe-
sizing reducing substances (acnA, zwf). Combined with the in vitro re-
sults, the removal of reactive oxygen species does not affect the
antibacterial effect. The reason for the excellent antibacterial effect due
to other mechanisms, such as inhibition of cellular respiration, and
inactivation of efflux pumps.

Bacterial cell membranes have an energy channel called proton
motility force (PMF), hypothesised to control ATP production, trans-
duction of signal and synthesis of other macromolecules (Liu et al.,
2020b). PMF has been recognized as a novel antimicrobial target due to
its regulatory function of numerous critical physiological processes
(Yang et al., 2023). It was reported that ML-7 could enhance tigecycline
antimicrobial activity by destroying the homeostasis of PMF through
rasing ApH, resulting in the inhibition of intracellular energy supply, the
functions of efflux pump and the production of ROS (Sun et al., 2022).
Resveratrol can inhibit the electron transport chain (ETC) and FOF1-
ATPase, thereby reducing the generation of cellular energy which is
necessary for the transmission of pathogens, and we hypothesize that
resveratrol can disrupt proton motility force, and help restore colistin
sensitivity. As we expected, combined therapy disrupted the homeo-
stasis of PMF via increasing ApH, resulting in reduction of intracellular
ATP levels.

Central carbon energy metabolism-PMF is found to be a novel
resistance metabolism regulatory mechanism, which reveal that the flow
of central carbon metabolites affect the electron transport chain as well
as PMF (Meylan et al., 2017, Su et al., 2015, Ye et al., 2018, Yong et al.,
2021). Moreover, the repression of macromolecular production such as
transcription or translation leads to a decrease in bacterial metabolism.
Inhibition of central metabolism might decrease energy consumption,
reduce energy expenditure and decelerate the speed of ATP production
and cellular respiration (Lobritz et al., 2015). In this study, compared
with those treated with colistin alone, genes encoding tricarboxylic acid
cycle and oxidative phosphorylation metabolites were significantly
repressed by the resveratrol-capsaicin-colistin combination. In addition,
metabolomic data also suggested that colistin in combination with
resveratrol and capsaicin inhibited tricarboxylic acid cycle pathway
metabolites (Fumaric acid, cis-Aconitic acid, Citric acid, alpha-
Ketoglutaric acid) and oxidative phosphorylation pathway metabolites
(ATP, ADP, NADH). This suggested that the combination therapy leaded
to a decrease in tricarboxylic acid metabolites, which in turn inhibited
the respiratory chain and affected the PMF. As well as, the decrease in
nucleotide metabolites pathway (AMP, UMP, GMP) indicates that the
transcription or translation of bacteria is inhibited, which leads to a
decrease in energy requirements. These results demonstrated that
colistin in combination with resveratrol and capsaicin could affect
central carbon energy metabolism, inhibit the central metabolism of
bacteria, disrupt the homeostasis of PMF, inhibit the energy supply of
bacteria, and reduced respiratory efficiency, leading to the bacteria in a
condition of impending death.

It has been reported that some natural compound could bind to the
MCR-1 active centre, thereby affecting substrate binding and leading to
the loss of MCR-1 biological activity. 1-Phenyl-2-(phenylamino) Etha-
none derivatives can inhibit protein activity by occupying the cavity of
the MCR-1 protein (Lan et al., 2019). Osthole can inactivate biological
activity of MCR-1 through binding with MCR-1 and blocking the binding
of other substrates with MCR-1 (Zhou et al., 2019). Utilizing a molecular
dynamics simulation, the process of the interaction of resveratrol and
capsaicin with MCR-1 was examined. The results suggested that
resveratrol could bind to the active pocket of MCR-1 (VAL413, GLU423,
and GLU418), and capsaicin could bind to the active pocket of MCR-1
(THR283, ASN482, TYR287). These results confirmed that resveratrol
and capsaicin could bind to MCR-1 and thereby impair MCR-1's capacity
to bind its substrate, decreasing MCR-1's biological activity, indicated
the mechanisms of reversing colistin resistance from another
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perspective.

5. Conclusions

In summary, our study showed that the combination of resveratrol
and capsaicin exhibited excellent synergistic activity of colistin against
mcr-1-positive Escherichia coli both in vitro and in vivo. Further study
demonstrated that the combined therapy could exacerbate cell mem-
brane damage, increase membrane permeability, inhibit efflux pump
activity, affect central carbon energy metabolism, disrupt the homeo-
stasis of PMF, inhibit cellular respiration, and reduce ATP synthesis. Our
findings indicated that the combination of resveratrol and capsaicin
might be a potential colistin adjuvant, which could provide a new
regimen for the treatment of mcr-1-positive Escherichia coli.
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