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made to target non-lactamase resistance mechanisms in 
Gram-negative bacteria (Norouzalinia et al. 2025).

The screening of natural product libraries has historically 
been a highly successful approach to the development of 
new drugs. Until 1990, approximately 80% of new drugs 
were derived from natural products, with examples includ-
ing the statins, several key anti-cancer drugs and most exist-
ing antibiotics (Li et al. 2009). Plants in particular may have 
utility in this context as they have succesfully countered 
the threat of Gram-negative infection for millennia through 
their production of antibacterial secondary metabolites 
(Mattingly et al. 2020). Recent work has also shown that the 
resistance genes prevalent today evolved millions of years 
ago, within the antibiotic producing organisms and their 
competitors (Perry et al. 2016). This raises the possibility 
that plants may have faced evolutionary pressure to express 
secondary metabolites that block the same resistance mech-
anisms encountered in the clinic today.

We therefore sought to identify compounds with capacity 
to reverse resistance of a multi-drug-resistant Escherichia 
coli (NCTC 13400) to two model antibiotics - tetracycline 
and tobramycin. As it is prudent to prioritise molecules that 

Introduction

Gram-negative bacteria displaying resistance to multiple 
classes of antibiotics are an increasing threat to global 
healthcare systems (Reza et al. 2025). As the discovery of 
new classes of antibiotic has slowed in recent years, inter-
est is growing in the development of molecules that block 
specific mechanisms of resistance, with the aim of restor-
ing sensitivity of resistant microbes to existing antibiotics 
(Elkady et al. 2025). An example of the successful applica-
tion of this approach is the use of clavulanic acid to reverse 
resistance to beta lactam antibiotics (Laws et al. 2019). 
Laboratory studies have also identified promising candi-
dates with potential to target other resistance mechanisms in 
Gram-positive bacteria (Harikumar et al. 2025; Rampacci et 
al. 2023). However, comparatively little progress has been 
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Infections with Gram-negative bacteria that are resistant to multiple antibiotics are increasingly prevalent and challeng-
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mammalian HEK-293 cells revealed no significant toxicity of myricetin, or most of the other tested compounds, at up 
to 100 µM. The results suggest that the screening of plant secondary metabolites has potential for the identification of 
antibiotic resistance reversers with potentially favourable in vitro toxicity profiles.
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are likely to exhibit low toxicity during drug development, 
a natural product library comprising 800 extracts of tradi-
tional herbs or medicines with a history of safe oral use in 
man was chosen for screening. Candidate compounds from 
hit extracts showing antibacterial activity were then taken 
forward for dose response, in vitro toxicity and mechanistic 
studies.

Methods

Bacterial strains

E. coli NCTC 13,400 (Public Health England) was chosen 
for study as it is highly resistant to diverse antibiotic classes 
and is a common cause of urinary tract infections (Wood-
ford et al. 2009). Resistance in this strain is mediated mainly 
by the pEK-499 plasmid, which carries 10 resistance genes. 
The control strain, lacking resistance to any of the tested 
antibiotics, was E. coli DH5α.

Primary screen for plant extracts with capacity to 
reverse antibiotic resistance

Tetracycline and tobramycin were chosen as the model anti-
biotics for study, since they are non-lactam antibiotics of 
different classes, and the pEK-499 plasmid confers resis-
tance to them via two distinct mechanisms: tetA encodes 
an efflux plump for tetracycline, and aac(6’)-Ib encodes 
an aminoglycoside acetyltransferase that inactivates tobra-
mycin (Woodford et al. 2009). The natural product library 
comprised 800 extracts (400 polar and 400 non-polar) of 
traditional herbs or medicines with a history of oral use in 
man, at a concentration of 10 mg/ml in DMSO (Phytotitre 
collection, Caithness Biotechnologies, UK).

For the initial screening assay, E. coli NCTC 13,400 
cells were diluted in luria broth (LB) to ~ 106 CFU/ml, 
and supplemented with 16 µg/ml tetracycline, or 8 µg/ml 
tobramycin (equivalent to one quarter of the MIC of each 
antibiotic for this strain). Suspensions were then treated 
with 200 µg/ml of each extract or 2% DMSO (on 8 wells 
per plate as vehicle controls). Absorbance was measured at 
600 nm using a microplate reader (Tecan) immediately after 
challenge (t = 0) and after 8 h and 21 h incubation at 37 °C. 
Background absorbance values (at t = 0) were subtracted 
from the 8  h and 21  h values to account for interference 
from plant pigments in some extracts. Growth was then nor-
malised to the mean of the vehicle only controls on the same 
plate.

Broth microdilution and checkerboard assays

For dose-response assays, E. coli NCTC 13,400 cells were 
diluted to ~ 106 CFU/ml in LB without antibiotic, and chal-
lenged with doubling dilutions of plant extract or antibiotic 
from 256 µg/ml to 4 µg/ml, in 96-well plates. Absorbance at 
600 nm was measured immediately after plating, and again 
after 21  h culture. For checkerboard assays, 8 concentra-
tions of extract or compound, and 8 concentrations of tetra-
cycline (including zero) were arranged across 64 wells of a 
96-well microplate in a total volume of 150 µl. Absorbance 
at 600 nm was measured at 0 h and 21 h post incubation. For 
measurement of growth kinetics in the absence of antibiot-
ics, bacteria were plated with 256 µM of each phytochemi-
cal and cultured at 37  °C in a BMG Fluostar microplate 
reader. Absorbance at 600 nm was recorded every hour until 
12 h post plating. Baseline absorbance was subtracted from 
each measurement to account for interference from coloured 
compounds. Antibiotic concentrations are reported in µg/ml 
and test compounds in µM, following standard nomencla-
ture for these agents.

Activity-guided fractionation of extracts

Polar extracts of cloves (Baldwins, UK, origin Indonesia) 
and peony petals (Baldwins, UK, origin Bulgaria), were 
prepared by grinding 10 g material briefly in 100 ml boil-
ing water, allowing to cool over several hours then steep-
ing at 4 °C overnight. The suspension was filtered, freeze 
dried and resuspended at 10  mg/ml in DMSO. 40  µl of 
each extract was then loaded onto a reverse-phase high 
performance liquid chromatography (HPLC) C18 column 
(Phenomenex, UK) using a Perkin Elmer series 200 HPLC 
system. Extracts were then subjected to linear gradient 
HPLC, transitioning from water with 0.1% formic acid (A) 
to acetonitrile with 0.1% formic acid (B), over 1 h. Eluted 
fractions were collected at 3 min intervals then dried in a 
speedvac before resuspension in 40 µl DMSO. 8 µl of each 
resuspended fraction was then added to 142 µl E. coli cul-
ture containing 16  µg/ml (0.25x MIC) tetracycline, and 
cultured overnight in 96-well plates. Absorbance at 600 nm 
was measured after 0 h and 21 h culture.

Well diffusion assays

A 5 mm straw was used to remove plugs from LB agar plates 
with no antibiotic selection, before streaking the plates with 
bacteria at ~ 106 CFU/ml. 25 µl of DMSO or plant extract 
(at 10  mg/ml), with or without 5  µl antibiotic (at 10  mg/
ml), were pipetted into respective wells. Zones of clearance 
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around each well were measured after overnight incubation 
at 37 °C.

Time kill assays

Bacteria were resuspended in phosphate-buffered saline 
(PBS) to an absorbance of 0.5 at 600 nm, then supplemented 
with 2.56% DMSO, 256 µM myricetin, 256 µg/ml tobra-
mycin or 256  µg/ml tetracycline (chosen as positive con-
trols for bactericidal activity). Samples of each culture were 
removed at 0, 4 and 24  h. 100  µl of each sample diluted 
1:10,000 or 1:1,000,000 in PBS were then plated onto LB 
agar plates without antibiotic selection. Colonies were 
counted after overnight incubation at 37 °C.

Cell permeability and efflux assays

For cell permeability assays, bacteria were resuspended in 
PBS as for time kill assays and supplemented with 100 µg/
ml propidium iodide (PI). Baseline fluorescence (excitation 
544 nm, emission − 620 nm) was measured every 20 s for 
4 min using a BMG Fluostar instrument. Wells were then 
treated with 256  µg/ml plant extract, 256 µM myricetin, 
2.56% DMSO or 0.1% sodium dodecyl sulphate (as positive 
control), before recording fluorescence for a further 30 min. 
Efflux assays were performed as described previously (Jenic 
et al. 2020). Briefly, bacterial cells were de-energised in 
PBS containing 1 mM MgCl2 and 10 µM carbonyl cyanide 
m-chlorophenylhydrazone (CCCP), before labeling with 5 
µM Nile red for 3 h. Cells were then washed and treated 
with 2.56% DMSO, 256 µM myricetin or 25.6 µM CCCP 
(as positive control for efflux inhibition). Fluorescence 
(excitation 544 nm, emission − 620 nm) was measured every 
15 s for 2 min, before supplementation with 50 mM glucose 
and measurement for a further 20 min.

In vitro assay for mammalian cell toxicity

HEK-293 cells (ECACC 85120602) were plated at 4 × 104 
cells/well of 96-well plates and cultured overnight before 
challenge with 0 to 100 µM of each candidate natural com-
pound, equivalent content of DMSO as vehicle control, or 
0.1% sodium dodecylsulphate (SDS, a positive control for 
toxicity). After culture for 24 h, medium was gently replaced 
with DMEM / 10% FCS containing 2.5 µM 3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) for 
4 hours. Formazan crystals were dissolved overnight by 
supplementing each well with 5% SDS. Absorbance was 
measured at 600 nm, and cell viability is expressed as a per-
centage of the absorbance of cells cultured in medium alone.

Statistical analyses

Hits were defined as the top seven extracts ranked by aver-
age enhancement of both tobramycin and tetracycline at the 
8  h and 21  h timepoints. One-way ANOVA with Tukey’s 
post-hoc test was used for dose-response analyses, and for 
other experiments where more than two groups were com-
pared. Statistical significance was defined as p < 0.05.

Results

Results of primary screen for extracts with 
antibiotic-anhancing properties

None of the tested extracts fully prevented growth of E. coli 
NCTC 13,400 in the presence of 0.25x MIC tetracycline 
or tobramycin at the 8–21 h timepoints. However, several 
extracts partially inhibited growth, particularly at the 8  h 
timepoint (Fig. 1). A correlation was seen between inhibition 
of growth in both the tetracycline and tobramycin experi-
ments across all extracts (r = 0.595, P < 0.001), suggesting 
potential for existence of non-specific resistance reversal or 
sensitising mechanisms. Interestingly, this was in spite of 
a much weaker correlation existing between the inhibitory 
effects of extracts on growth of E. coli NCTC 13,400 in the 
presence of antibiotics, and the effects of the same extracts 
on a non-resistant control strain (E. coli DH5α) grown in the 
absence of antibiotics (r = 0.114, P = 0.022), suggesting that 
the extracts may be inhibiting growth in the 13,400 strain 
partly via resistance reversal mechanisms.

Several extracts stood out in terms of their potential to 
enhance the inhibtory properties of both tetracycline and 
tobramycin. When ranking extracts by average inhibition 
of growth across both antibiotics and timepoints (% inhibi-
tion shown in parentheses), the top hits were: Bayberry bark 
(32%), Rosemary (32%), Peony flower (31%), Rose bud 
(30%), Rose petal (30%), Witchazel bark (26%) and Willow 
bark (26%). Clove extract (19%) was also taken forward 
for further study since both polar and non-polar extracts of 
the same plant appeared among the runner-up hits, in spite 
of no correlation existing between inhibitory activities of 
polar and non-polar extracts more broadly across the whole 
library (r = 0.032, p = 0.530).

Replication of hit extracts by dose-response assays

The top seven hits were taken forward to test if their effects 
on MIC of tetracycline and tobramycin could be repli-
cated in dose-response assays. Most of the tested extracts 
reduced the maximum OD reached by the cultures at 21 h 
compared to vehicle control (Fig. 2). Rose bud, rose petal 
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and peony extracts alone, but neither extract significantly 
increased the zone of clearance around the tetracycline or 
tobramycin wells (Table 2). However, checkerboard assays 
confirmed dose-dependent effects for both extracts on rever-
sal of resistance to tetracycline in the more sensitive broth 
microdilution assay (Fig. 3).

Fractionation and polarity assessment of active 
compounds

We hypothesised that the hit extracts may contain com-
pounds with potential for further development as antibiotic 
enhancers. Fractionation of clove extract by HPLC revealed 

and peony flower extracts significantly lowered the MIC of 
tetracycline from 64 µg/ml (with DMSO vehicle control) to 
32 µg/ml (P = 0.036), and clove extract lowered the MIC of 
tetracycline to 16 µg/ml (P < 0.001, Table 1). The MIC of 
tobramycin was also significantly lowered from 32 µg/ml to 
16 µg/ml by extracts of rosemary and clove (P = 0.032). The 
IC50 of tetracycline was significantly lowered by bayberry, 
peony and clove extracts, and that of tobramycin by rose-
mary, bayberry, peony and clove extracts (Table 1). As the 
most consistent enhancers were clove and peony extracts, 
particularly with respect to tetracycline, these combina-
tions were taken forward for further analysis. Well diffusion 
assays showed very modest zones of inhibition for clove 

Fig. 2  Dose response of top hits from primary screen for antibiotic 
potentiation. E. coli NCTC 13,400 was cultured with tetracycline (a) 
or tobramycin (b) from 4 µg/ml to 256 µg/ml, together with a fixed 
concentration of DMSO (2%) or indicated plant extract (200 µg/ml) 

for 21 h. Background corrected absorbance at 600 nm was normalised 
to untreated cultures. Means ± SD of 3 independent experiments are 
shown

 

Fig. 1  Primary screen of 800 extracts of traditional medicines for 
potential to enhance antibiotic function in a multi-drug resistant E. 
coli. E. coli NCTC 13,400 cells were cultured in 0.25x MIC tetracy-
cline (a) or 0.25x MIC tobramycin (b), with 200  µg/ml of each of 

800 plant extracts (individual dots), or 2% DMSO as vehicle control. 
Growth at 8  h is shown as background corrected absorbance nor-
malised to DMSO control
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glycosides, such as kaempferol, myricetin, rutin and luteolin 
(Čutović et al. 2022).

A series of candidate compounds reported to be present 
in similarly prepared fractions of clove and peony extracts 
(Akbar et al. 2012; Čutović et al. 2022; Tashtoush et al. 
2016) were then tested for their effects on the MIC and IC50 
of tetracycline and tobramycin in E. coli NCTC 13,400. 
None of the compounds had a significant effect on sensi-
tivity to tobramycin (Table 3). However, myricetin signifi-
cantly lowered the MIC and IC50 of tetracycline (Table 3). A 
checkerboard assay using a higher maximum concentration 
of myricetin (512 µM) gave a minimum fractional inhibi-
tory concentration index (FICI) value of 0.75, suggesting 
existence of an additive interaction. This appears to be a 
class-specific effect as myricetin had no effect on the MIC 
or IC50 of ampicillin or chloramphenicol (data not shown).

Potential mechanisms of anti-bacterial activity of 
myricetin

Myricetin significantly slowed the rate of growth of E. coli 
NCTC 13,400 over 12 h when cultured in the absence of 

early elution of one or more highly polar constituents with 
inhibitory activity against E. coli NCTC 13,400 grown in the 
presence of 0.25x MIC tetracycline (Fig. 4A). Peony flower 
extract separated in the same way potentiated tetracycline 
in the mid-polarity fractions (Fig.  4B). Previous reports 
suggest that the dominant compounds in the early eluting 
fraction from cloves separated in this manner are phenolic 
acids, particularly gallic acid (Akbar et al. 2012; Tashtoush 
et al. 2016), and compounds eluting in the mid polarity frac-
tions of peony flower comprise mainly flavonoids and their 

Table 1  Replication of hit extracts for sensitisation to tetracycline and tobramycin
Tetracycline Tobramycin
MIC
(µg/ml) a

p vs. DMSO IC50
(µg/ml)

p vs. DMSO MIC
(µg/ml)

p vs. DMSO IC
(µg/ml)

p vs. DMSO

DMSO 64 - 16 - 32 - 7 -
Rose buds 32 0.036 15 1.000 32 1.000 10 0.695
Rose petals 32 0.036 8 0.385 32 1.000 8 1.000
Willow 51 0.940 15 1.000 32 1.000 8 0.987
Rosemary 40 0.317 12 0.977 16 0.032 < 4 0.035
Witchazel 51 0.940 14 0.999 32 1.000 6 1.000
Bayberry 64 1.000 < 4 < 0.001 32 1.000 < 4 < 0.001
Peony 32 0.036 < 4 < 0.001 32 1.000 < 4 < 0.001
Clove 16 0.001 < 4 < 0.001 16 0.032 < 4 < 0.001
a Mean MIC of 3 independent experiments is shown

Table 2  Well diffusion assays of clove extract, peony extract, and 
myricetin
Treatment a Clove Peony Myricetin
C/E alone 6.7 ± 2.1 6.0 ± 1.7 7.0 ± 1.0
Tet + DMSO 12.3 ± 2.1 11.7 ± 2.9 12.7 ± 1.2
Tet + C/E 12.3 ± 1.2 13.3 ± 3.5 13.7 ± 1.5
Tob + DMSO 23.7 ± 1.5 22.0 ± 2.0 25.0 ± 2.6
Tob + C/E 28.3 ± 2.5 24.0 ± 5.0 29.0 ± 2.0
a Mean diameter of inhibition in mm from 3 independent experiments 
is shown, well diameter was 5 mm. Abbreviations: C/E - Respective 
compound or extract, Tet - Tetracycline, Tob - Tobramycin

Fig. 3  Checkerboard assays for potentiation of tetracycline by clove 
and peony extracts. E. coli NCTC 13,400 was cultured with 8 different 
concentrations of tetracycline (0 µg/ml to 256 µg/ml) and 8 different 

concentrations (0% to 2%) of DMSO (a), clove extract (b) or peony 
extract (c). Means of 3 independent experiments are shown
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Mammalian cell toxicity

MTT assays using the human HEK-293 cell-line were used 
to gain preliminary insight into the in vitro toxicity of the 
test compounds. While most of the compounds (including 
myricetin) did not significantly lower the viability of HEK-
293 cells by 24  h as measured by this assay, there were 
significant reductions in viability in response to 100 µM 
luteolin and rutin (Fig. 6).

antibiotic (P < 0.01, Fig.  5A). Significant growth inhibi-
tion was also seen, albeit to a lesser extent, with kaemp-
ferol, luteolin and rutin (P < 0.05). Time kill assays revealed 
that myricetin did not lower the number of viable CFU/
ml within 24  h (Fig.  5B), and it also did not alter bacte-
rial membrane permeability, as shown by PI uptake assays 
(Fig. 5C). Finally, efflux assays suggest that myricetin is not 
an inhibitor of efflux pumps that utilise Nile red as a sub-
strate (Fig. 5D).

Table 3  Effects of candidate natural compounds on sensitisation to tetracycline and tobramycin
Tetracycline Tobramycin
MIC
(µg/ml)

p vs. DMSO IC50
(µg/ml)

p vs. DMSO MIC
(µg/ml)

p vs. DMSO IC50
(µg/ml)

p vs. DMSO

DMSO a 64.0 - 24.2 - 32.0 - < 4 -
Caffeic acid 64.0 1.000 21.2 0.731 26.7 0.972 4.5 0.998
Chlorogenic acid 64.0 1.000 21.3 0.762 32.0 1.000 4.7 0.981
Gallic acid 53.3 0.940 20.5 0.498 26.7 0.972 < 4 1.000
Kaempferol 85.3 0.940 25.1 1.000 32.0 1.000 < 4 1.000
Luteolin 64.0 1.000 22.7 0.990 32.0 1.000 5.9 0.798
Myricetin 32.0 0.036 14.3 0.001 21.3 0.487 5.6 0.752
Quercetin 64.0 1.000 21.7 0.877 32.0 1.000 < 4 1.000
Rutin 42.7 0.317 21.2 0.731 24.0 0.872 4.6 0.974
a Natural compounds present at 256 µM, DMSO control at 2.56%

Fig. 4  HPLC and activity-guided separation of clove and peony 
extracts. Clove (a) and peony (b) extracts were separated by reverse-
phase HPLC using a linear gradient from water with 0.1% formic 
acid to acetonitrile with 0.1% formic acid, over 1 h. Eluted fractions 
(1–19) were collected at 3 min intervals and added to E. coli cultures 

with 16  µg/ml (0.25x MIC) tetracycline and cultured at 37  °C for 
21 h. Upper chart indicates UV absorbance of column eluate. Lower 
chart indicates bacterial growth as measured by background-corrected 
absorbance at 600 nm. Means ± SD of 3 experiments are shown
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Discussion

The discovery of resistance reversing agents with low tox-
icity and the ability to target non-lactam antibiotics has 
been challenging to date, particularly in the context of 
treating Gram-negative bacterial infections (Elkady et al. 
2025; Norouzalinia et al. 2025). A natural extract screen-
ing approach was chosen to address these difficulties for 
several reasons. First, we hypothesise that plants are likely 
to have evolved secondary metabolites as counter-measures 
against these bacterial defences. Second, the screening of 
natural product collections typically yields a higher hit rate 
in phenotypic assays than synthetic compound collections 
of equivalent size (some estimate up to 300x higher, Li 
et al. 2009). Third, a natural extract library offers a much 
greater chemical diversity than a similarly sized pure com-
pound collection (Wilson et al. 2020). Finally, by screen-
ing a collection comprising mainly of traditional herbs and 

Fig. 6  Effects of candidate compounds on mammalian cell viability. 
HEK-293 cells were cultured overnight with 0 to 100 µM of each can-
didate natural compound, or equivalent content of DMSO as vehicle 
control. Cell viability was then assessed by MTT assay, with values 
normalised to cells cultured in the absence of compound or DMSO. 
Means ± SD of 3 independent experiments are shown. * p < 0.05, ** 
p < 0.01 vs. control condition (0 µM) by ANOVA with Tukey’s post-
hoc test

 

Fig. 5  Potential mechanisms of antibacterial activity of myricetin. (a) 
Bacteria were cultured without antibiotic and with 256 µM of indi-
cated phytochemicals. Absorbance at 600  nm was measured hourly 
to 12  h. (b) Time kill assay of bacteria grown with 2.56% DMSO, 
256 µM myricetin, 256 µg/ml tobramycin or 256 µg/ml tetracycline 
(the latter two as positive controls for cell killing). (c) Bacteria were 
cultured in 100 µg/ml PI with 256 µg/ml plant extract, 256 µM myric-

etin, 2.56% DMSO or 0.1% SDS. Increases in fluorescence indicate 
increase in bacterial cell permeability. (d) Efflux of the dye Nile red 
post-injection of glucose (arrow) was measured in the presence of 
2.56% DMSO, 256 µM myricetin or 25.6 µM CCCP. Reduction in rate 
of decline of fluorescence indicates reduced efflux activity. Means of 
at least 3 experiments are shown
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Myricetin is abundant in many fruits and vegetables, 
particularly cranberries and spinach, and dietary intake of 
the molecule is estimated to be as much as 2.2 mg per day 
in European adults (Taheri et al. 2020). To our knowledge 
there have been no clinical trials of myricetin alone. How-
ever, one study using a combination pill containing multiple 
nutraceuticals, delivered 150  mg myricetin per day to 42 
subjects and found no signs of toxicity over a 4 week study 
period (Abidov et al. 2006). These observations, together 
with the in vitro MTT assay data shown in the present study, 
suggest that myricetin is likely to be of low toxicity.

Other recent screens of natural product collections sup-
port their utility for antimicrobial discovery. For example, 
a recent screen of 419 pure natural compounds found sev-
eral that reverse resistance to colistin and tobramycin in 
Gram-negative bacteria (Mattingly et al. 2020). Likewise, a 
larger screen of > 300,000 fractions of natural extracts found 
a ~ 1% hit rate with respect to direct antimicrobial activity in 
non-resistant Staphylococcus aureus and E. coli (Martínez-
Fructuoso et al. 2023).

Overall, the present study further highlights the poten-
tial utility of natural extract screening for the discovery of 
compounds with potential to enhance the effectiveness of 
existing antibiotics. Myricetin could serve as a useful scaf-
fold for the development of tetracycline resistance reversing 
molecules with potentially favourable safety profiles. 
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medicines with a history of oral use in man, the aim was 
to begin with molecules that are likely to exhibit favour-
able toxicity profiles, to help facillitate future steps towards 
translation.

It should be acknowledged that screening an extract col-
lection presents some limitations in comparison to pure 
compound screens. In particular, plant pigments and related 
compounds commonly present in extracts can interfere 
with absorbance- and fluorescence-based assays (so-called 
‘Pan-Assay Interference compounds’, PAINs) (Wilson et 
al. 2020). These effects were countered in the present study 
by using background subtraction of all absorbance mea-
surements, and by seeking confirmation of bioactivity in 
dose-response and checkerboard assays. The identification 
of active compounds from hit extracts also requires activity-
guided separation and structural studies, particularly if the 
hit plant is not well studied. Fortunately, the chemical com-
position of polar extracts of both clove and peony have been 
reported previously (Akbar et al. 2012; Čutović et al. 2022; 
Tashtoush et al. 2016), facillitating prompt progression to 
exploration of candidate bioactive constituents.

As none of the tested compounds enhanced the activ-
ity of tobramycin, the agents responsible for this activity 
in clove and peony extracts remain to be discovered. How-
ever, myricetin significantly potentiated the activity of tet-
racycline in E. coli NCTC 13,400. Some previous studies 
have reported other anti-microbial properties of this mol-
ecule. For example, myricetin showed synergistic interac-
tions with numerous antibiotics against Helicobacter pylori 
(Krzyżek et al. 2021), Pseudomonas aeruginosa (Zeng et 
al. 2025) and Klebsiella pneumoniae (Lin et al. 2005). It 
was also reported to be synergistic with levofloxacin, but 
not other antibiotics, when screening a range of non-resis-
tant Gram-positive and Gram-negative bacteria (Hanci et al. 
2023). However, the present study appears to be the first 
to report myricetin’s ability to reverse resistance to tetracy-
cline in a highly resistant E. coli.

The mechanisms of myricetin’s anti-microbial proper-
ties are little studied. One study used an in silico modelling 
approach to suggest that myricetin may bind to the FimX 
protein, a receptor for c-di-GMP that promotes biofilm for-
mation in P. aeruginosa (Zeng et al. 2025). We found that 
myricetin significantly suppressed growth of E. coli NCTC 
13,400, even in the absence of antibiotic, but it does not 
kill cells directly, nor alter cellular permeability or inhibit 
efflux pumps that utilise Nile Red as a substrate. Together, 
these observations suggest that myricetin displays growth 
inhibition rather than direct bactericidal activity. However, 
further work will be necessary to establish the mechanism 
by which myricetin increases the sensitivity of this strain to 
tetracycline.

1 3

366



International Microbiology (2026) 29:359–367

Morgan GM, McConachie GD, Veeder N, Duncan LR, Grkovic 
T, O’Keefe BR (2023) Screen for new antimicrobial natural prod-
ucts from the NCI program for natural product discovery prefrac-
tionated extract library. ACS Infect Dis 9:1245–1256. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​i​n​f​e​c​d​i​s​.​2​c​0​0​6​7​6

Mattingly AE, Cox KE, Smith R, Melander RJ, Ernst RK, Melander C 
(2020) Screening an established natural product library identifies 
secondary metabolites that potentiate conventional antibiotics. 
ACS Infect Dis 6:2629–2640. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​i​n​f​e​c​d​i​
s​.​0​c​0​0​2​5​9

Norouzalinia F, Asadpour L, Mokhtary M (2025) Anti-microbial, 
anti-biofilm, and efflux pump inhibitory effects of ellagic acid-
bonded magnetic nanoparticles against Escherichia coli isolates. 
Int Microbiol 28:563–573. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​1​2​3​-​0​2​4​-​0​
0​5​6​0​-​4

Perry J, Waglechner N, Wright G (2016) The prehistory of antibiotic 
resistance. Cold Spring Harb Perspect Med 6:a025197. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​1​0​1​​/​c​s​​h​p​e​r​s​p​e​c​t​.​a​0​2​5​1​9​7

Rampacci E, Felicetti T, Cernicchi G, Stefanetti V, Sabatini S, Pas-
samonti F (2023) Inhibition of Staphylococcus pseudintermedius 
efflux pumps by using Staphylococcus aureus NorA efflux pump 
inhibitors. Antibiot (Basel) 12:806. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​a​n​​t​i​b​
i​o​t​i​c​s​1​2​0​5​0​8​0​6

Reza N, Dubey V, Sharland M, Hope W (2025) Antimicrobial use and 
resistance. BMJ 391:e082681. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​b​m​​j​-​2​0​2​
4​-​0​8​2​6​8​1

Taheri Y, Suleria HAR, Martins N, Sytar O, Beyatli A, Yeskaliyeva B, 
Seitimova G, Salehi B, Semwal P, Painuli S, Kumar A, Azzini E, 
Martorell M, Setzer WN, Maroyi A, Sharifi-Rad J (2020) Myric-
etin bioactive effects: moving from preclinical evidence to poten-
tial clinical applications. BMC Complement Med Ther 20:241. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​2​9​0​6​-​0​2​0​-​0​3​0​3​3​-​z

Tashtoush SH, Ereifej KI, Feng H, Rababah TM, Al-U’datt MH, Gam-
moh S, Al-Rabadi GJ (2016) Temperature and acidified solvent 
effect on total anthocyanins and RP-HPLC phenolic acids deter-
mination in selected spices. Food Nutr Sci 7:63012. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​4​​2​3​6​​/​f​n​​s​.​2​0​1​6​.​7​1​0​0​3

Wilson BAP, Thornburg CC, Henrich CJ, Grkovic T, O’Keefe BR 
(2020) Creating and screening natural product libraries. Nat Prod 
Rep 37:893–918. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​9​​/​C​9​​N​P​0​0​0​6​8​B

Woodford N, Carattoli A, Karisik E, Underwood A, Ellington MJ, 
Livermore DM (2009) Complete nucleotide sequences of plas-
mids pEK204, pEK499, and pEK516, encoding CTX-M enzymes 
in three major Escherichia coli lineages from the United King-
dom, all belonging to the international O25:H4-ST131 clone. 
Antimicrob Agents Chemother 53:4472–4482. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​1​2​8​​/​a​a​​c​.​0​0​6​8​8​-​0​9

Zeng D, Jiao F, Yang Y, Dou S, Yu J, Yu X, Zhou Y, Xue J, Li X, Duan 
H, Zhang Y, Guo J, Yang W (2025) Myricetin potentiates anti-
biotics against resistant Pseudomonas aeruginosa by disrupting 
biofilm formation and inhibiting motility through FimX-mediated 
c-di-GMP signaling interference. Biology (Basel) 14:859. ​h​t​t​p​s​:​​​/​​/​
d​o​​i​.​o​​r​​g​​/​​1​0​​.​3​3​​​9​0​/​​b​i​o​l​o​g​y​1​4​0​7​0​8​5​9

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Abidov M, Ramazanov A, Del Jimenez M, Chkhikvishvili I (2006) 
Effect of Blueberin on fasting glucose, C-reactive protein and 
plasma aminotransferases, in female volunteers with diabetes 
type 2: double-blind, placebo controlled clinical study. Georgian 
Med News 141:66–72

Akbar J, Iqbal S, Batool F, Karim A, Chan KW (2012) Predicting reten-
tion times of naturally occurring phenolic compounds in reversed-
phase liquid chromatography: a Quantitative Structure-Retention 
Relationship (QSRR) approach. Int J Mol Sci 13:15387–15400. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​1​3​1​1​1​5​3​8​7

Čutović N, Marković T, Kostić M, Gašić U, Prijić Ž, Ren X, Lukić M, 
Bugarski B (2022) Chemical profile and skin-beneficial activities 
of the petal extracts of Paeonia tenuifolia L. from Serbia. Pharma-
ceuticals (Basel) 15:1537. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​p​h​​1​5​1​2​1​5​3​7

Elkady H, Salman IN, Khalifa MM (2025) Small-molecule strategies 
to combat antibiotic resistance: mechanisms, modifications, and 
contemporary approaches. RSC Adv 15:24450–24474. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​3​9​​/​d​5​​r​a​0​4​0​4​7​g

Hanci H, Igan H (2023) Antimicrobial synergistic effects of apigenin, 
(-)-epigallocatechin-3-gallate, myricetin and luteolin in combina-
tion with some antibiotics. Ann Agric Environ Med 30:61–64. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​6​4​4​​4​/​a​​a​e​m​/​1​6​1​2​2​0

Harikumar K, Singh U, Ramaraj SK, Rekha LA, Nayak A, Ghosh P, 
Prasad R, Philip A, Sahu S, Nelson-Sathi S (2025) Inhibitory 
potential of pentagalloyl glucose against efflux pumps in Staphy-
lococcus aureus. RSC Adv 15:29377–29388. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​3​9​​/​d​5​​r​a​0​3​9​5​8​d

Jenic D, Waller H, Collins H, Erridge C (2020) Reversal of tetracy-
cline resistance by cepharanthine, cinchonidine, ellagic acid and 
propyl gallate in a multi–drug resistant Escherichia coli. Nat Prod 
Bioprospect 11:345–355. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​6​5​9​-​0​2​0​-​0​0​
2​8​0​-​y

Krzyżek P, Migdał P, Paluch E, Karwańska M, Wieliczko A, Gościniak 
G (2021) Myricetin as an antivirulence compound interfering 
with a morphological transformation into coccoid forms and 
potentiating activity of antibiotics against Helicobacter pylori. Int 
J Mol Sci 22:2695. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​2​0​5​2​6​9​5

Laws M, Shaaban A, Rahman KM (2019) Antibiotic resistance break-
ers: current approaches and future directions. FEMS Microbiol 
Rev 43:490–516. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​f​e​​m​s​r​e​/​f​u​z​0​1​4

Li JW, Vederas JC (2009) Drug discovery and natural products: end of 
an era or an endless frontier? Science 325:161–165. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​1​2​6​​/​s​c​​i​e​n​c​e​.​1​1​6​8​2​4​3

Lin RD, Chin YP, Lee MH (2005) Antimicrobial activity of antibiotics 
in combination with natural flavonoids against clinical extended-
spectrum beta-lactamase (ESBL)-producing Klebsiella pneu-
moniae. Phytother Res 19:612–617. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​p​t​​r​.​
1​6​9​5

Martínez-Fructuoso L, Arends SJR, Freire VF, Evans JR, DeVries 
S, Peyser BD, Akee RK, Thornburg CC, Kumar R, Ensel S, 

1 3

367

https://doi.org/10.1021/acsinfecdis.2c00676
https://doi.org/10.1021/acsinfecdis.2c00676
https://doi.org/10.1021/acsinfecdis.0c00259
https://doi.org/10.1021/acsinfecdis.0c00259
https://doi.org/10.1007/s10123-024-00560-4
https://doi.org/10.1007/s10123-024-00560-4
https://doi.org/10.1101/cshperspect.a025197
https://doi.org/10.1101/cshperspect.a025197
https://doi.org/10.3390/antibiotics12050806
https://doi.org/10.3390/antibiotics12050806
https://doi.org/10.1136/bmj-2024-082681
https://doi.org/10.1136/bmj-2024-082681
https://doi.org/10.1186/s12906-020-03033-z
https://doi.org/10.1186/s12906-020-03033-z
https://doi.org/10.4236/fns.2016.71003
https://doi.org/10.4236/fns.2016.71003
https://doi.org/10.1039/C9NP00068B
https://doi.org/10.1128/aac.00688-09
https://doi.org/10.1128/aac.00688-09
https://doi.org/10.3390/biology14070859
https://doi.org/10.3390/biology14070859
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms131115387
https://doi.org/10.3390/ijms131115387
https://doi.org/10.3390/ph15121537
https://doi.org/10.1039/d5ra04047g
https://doi.org/10.1039/d5ra04047g
https://doi.org/10.26444/aaem/161220
https://doi.org/10.26444/aaem/161220
https://doi.org/10.1039/d5ra03958d
https://doi.org/10.1039/d5ra03958d
https://doi.org/10.1007/s13659-020-00280-y
https://doi.org/10.1007/s13659-020-00280-y
https://doi.org/10.3390/ijms22052695
https://doi.org/10.1093/femsre/fuz014
https://doi.org/10.1126/science.1168243
https://doi.org/10.1126/science.1168243
https://doi.org/10.1002/ptr.1695
https://doi.org/10.1002/ptr.1695

	﻿Reversal of tetracycline resistance by clove and peony extracts in a multi-drug resistant ﻿Escherichia coli﻿
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Bacterial strains
	﻿Primary screen for plant extracts with capacity to reverse antibiotic resistance
	﻿Broth microdilution and checkerboard assays

	﻿Activity-guided fractionation of extracts
	﻿Well diffusion assays
	﻿Time kill assays
	﻿Cell permeability and efflux assays
	﻿﻿In vitro﻿ assay for mammalian cell toxicity
	﻿Statistical analyses

	﻿Results
	﻿Results of primary screen for extracts with antibiotic-anhancing properties
	﻿Replication of hit extracts by dose-response assays
	﻿Fractionation and polarity assessment of active compounds
	﻿Potential mechanisms of anti-bacterial activity of myricetin
	﻿Mammalian cell toxicity

	﻿Discussion
	﻿References


