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Abstract

Antimicrobial resistance has emerged as a major global concern for public health in the last two decades, which
tends to compromise the existing drug regimens in treating common or severe infections. According to WHO,
three million laboratory-confirmed bacterial infections have been reported from 70 countries in 2019, caused
by pathogens of concern. The drug-resistant bacterial strains are characterized as multidrug-resistant (MDR),
extensively drug-resistant (XDR), and pan drug-resistant (PDR) based on the different patterns of resistance.
It is believed that novel strategies are essentially required to counter and eliminate drug resistance in a cost-
effective manner to benefit the world population. Natural compounds and certain dietary agents show potential
antimicrobial properties and these have been used since ancient times to treat human infections. In this study,
we have investigated the synergistic effects of dietary flavonoids rutin and quercetin with antibiotics gentami-
cin (an aminoglycoside) and ceftriaxone (a third-generation cephalosporin) against the drug-resistant superbugs;
clinical isolates including Escherichia coli (MDR), Proteus mirabilis (XDR), and Klebsiella pneumoniae (PDR).
Conventional MIC assay and checkerboard test were used as standard protocols. Our results show that rutin and
quercetin restore the antimicrobial activity of the antibiotics against MDR and XDR strains, while no such effect
was observed in the case of the PDR strain. Quercetin, which is a aglycone of flavonoid rutin, demonstrates higher
synergistic effects with ceftriaxone compared to rutin. Since rutin and quercetin are essentially present in human
diets as constituents of fruits and vegetables, their use as nutraceuticals in adjuvant therapies in combination with
antibiotics against drug resistance is a promising therapeutic strategy against superbug infections.
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Introduction an antibiotic. AMR, including antibacterial resistance,

has emerged as a major global concern for public health
Antimicrobial resistance (AMR) develops when the in the last two decades, which tends to compromise the
microorganisms begin to display least or no susceptibil- existing drug regimens in treating common or severe
ity towards a previously effective antimicrobial drug or infections (Oldenkamp et al., 2021). A recent report of
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WHO'’s fourth Global Antimicrobial Resistance and Use
Surveillance System has shown 3 million laboratory-
confirmed bacterial infections reported from 70 countries
in 2019, caused by pathogens of concern (GLASS, 2021).
In particular, the data demonstrate discouraging trends
for low- and middle-income countries where antibacterial
resistance is steadily increasing, which adds to the exist-
ing burden of poor public healthcare in these countries.
In United States alone, which has a robust healthcare
system, at least 2.8 million antibiotic-resistant infections
are reported each year, with more than 35,000 people
dying due to ineffective treatment (CDC, 2019). The drug-
resistant bacterial strains are characterized as multidrug-
resistant (MDR), extensively drug-resistant (XDR), and
pan drug-resistant (PDR) based on the different patterns
of resistance. An acquired nonsusceptibility to at least
one antimicrobial in three or more antimicrobial classes
defines MDR; a nonsusceptibility to at least one agent in
all except one or two antimicrobial classes defines XDR;
and a nonsusceptibility to all agents in all antimicrobial
classes defines PDR (Magiorakos et al., 2012).

Multidrug-resistant Escherichia coli strains have been
reported to be significantly associated with a high inci-
dence of morbidity and mortality (de Been et al., 2014).
Proteus mirabilis displays an extensive drug-resistant
phenotype with intrinsic resistance to antibiotics due to
the presence of Salmonella genomic island (Qin et al.,
2015). Klebsiella pneumoniae is an example of PDR
bacterial strain which shows resistance to all available
classes of antibiotics and results in high mortality among
patients with bloodstream infections (Papadimitriou-
Olivgeris et al., 2021).

It is believed that novel strategies are essentially required
to counter and eliminate drug resistance in a cost-
effective manner to benefit the world population, par-
ticularly the undeveloped and developing nations which
are facing an imminent threat according to the current
statistics. Natural compounds and certain dietary agents
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Antimicrobial synergistic effects

show potential antimicrobial properties and these have
been used since ancient times to treat human infections
(Gonelimali et al., 2018; Udeh et al., 2020; Xu et al,
2017). Flavonoids rutin (quercetin-3-O-rutinose) and its
aglycone (quercetin) display important pharmacological
properties including anti-inflammatory, anti-carcino-
genic, and neuroprotective activities (Batiha et al., 2020;
Yong et al., 2020). The chemical structures of the two
phytochemicals, rutin and quercetin, are similar, with a
rutino-side being absent in quercetin at C3 (Yang et al.,
2019). Numerous studies have shown that the use of cer-
tain flavonoids diminishes the resistance to antibiotics
and demonstrates susceptibility in a synergistic manner,
which offers a consequential therapeutic strategy against
drug-resistant bacteria (Miklasiniska-Majdanik et al.,
2018). The presence of glycosidic structures in flavonoids
is known to alter their biological activities, as aglycones
are likely to have more potent biological activities com-
pared to glycosides (Williamson et al., 1996; Xiao, 2017).
Furthermore, flavonoid showed low cytotoxicity, high-
lighting its higher safety index (Nizer et al., 2020). Since
these flavonoids are dietary and are essential constituents
of human diets, their utilization in repurposing pharma-
cological strategies have an advantage of no or least asso-
ciated adverse effects.

In the current study, we examine the synergistic effects
of dietary flavonoids rutin and quercetin with antibiot-
ics gentamicin (an aminoglycoside) and ceftriaxone (a
third-generation cephalosporin) (Figures 1 and 2) against
the drug-resistant superbugs; clinical isolates including
E. coli (MDR), P. mirabilis (XDR) and K. pneumoniae
(PDR).

Materials and methods
This study is an analytical cross-sectional study con-

ducted in the Prince Fahd Research Chair, University
of Tabuk. As the study used an in vitro protocol that
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Figure 1. Schematic representation of the research theme.
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Figure 2. Chemical structures of flavonoids, rutin (A) and quercetin (B), and antibiotics, gentamicin (C) and ceftriaxone (D).

involved clinical isolates without patient’s data, there was
no need for patient’s consent or ethical approval.

Bacterial isolates

Three clinical bacterial isolates that showed different anti-
biotic resistance patterns were identified in Prince Fahd
Research Chair for biological studies, University of Tabuk
(Alnour et al., 2021) and used in this study to demonstrate
the antimicrobial effect of flavonoids, rutin and quercetin,
in combination with antibiotics gentamicin and ceftriax-
one. The drug-resistant isolates were E. coli, P. mirabilis,
and K. pneumoniae, which showed MDR, XDR, and PDR,
respectively. These isolates did not respond to the standard
MIC level of gentamicin and ceftriaxone. The standard
MIC level of gentamicin and ceftriaxone is 16 pg/mL and
64 pg/mL, respectively (Terbtothakun et al., 2021).

Preparation of stock solutions

Rutin and quercetin (Sigma) were dissolved in 10%
dimethyl sulfoxide (DMSO) to prepare a stock solution
of 1 mg/mL. Nitro-blue tetrazolium (NBT) (Sigma) was
prepared to reach the final concentration of 50 pg/mL

whereas gentamicin and ceftriaxone (Sigma) stock solu-
tions were prepared to reach the concentrations of 16 to
64 and 64 to 512 pg/mL, respectively.

Minimum inhibitory concentration broth microdilution
assay

Conventional MIC assay was performed using the NBT
microplate dilution method. In brief, a two-fold serial
dilution to the target flavonoid and antimicrobial agents
was prepared; overnight broth cultures were adjusted to
Mcfarland standard, 100 pL of standardized culture was
added to each well in 96-well plate to obtain final bacterial
suspension of 10°CFU/mL, 50 uL of NBT was then added
in all wells; antibiotics, gentamicin and ceftriaxone, and
flavonoids, quercetin and rutin, were added to the wells to
reach the required concentrations for each of these individ-
ually and in combination. The combination was as follows:
rutin-gentamicin, rutin-ceftriaxone, quercetin-gentamicin,
and quercetin-ceftriaxone. Positive control (resistance
strain), negative control (well free of bacteria) were
included. The plate was incubated at 37°C for 18-24 h,
reduction of NBT (colorless) to formazan (blue) indicated
the bacterial growth (resistance). The experiments were
done in triplicate for three independent repeats.
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Checkerboard test

Checkerboard assay, as described by Siriwong et al.,
2016 was performed to determine the synergistic activ-
ity of rutin and quercetin with gentamicin and ceftriax-
one against MDR E. coli, XDR P. mirabilis, and PDR K
pneumonia. In brief, 50 pL of 10° CFU/mL bacterial sus-
pension was treated with varying concentrations in com-
bination: rutin with gentamicin, rutin with ceftriaxone,
quercetin with gentamicin, and quercetin with ceftriax-
one. Growth positive control was included containing
bacterial suspension in Muller and Hinton broth and 10%
DMSO, while growth negative control contains reaction
mixture without addition of bacterial suspension. 50 L
of 50 ug/mL NBT was added to each well and the micro-
titer plate was incubated at 37°C for 18 h. The interaction
between the two agents was calculated by the fractional
inhibitory concentration (FIC) index of the combination
as the following (Terbtothakun et al., 2021):

FIC = MIC of component A in combination/MIC of com-
ponent A alone + MIC of component B in combination/
MIC of component B alone

Results were reported as synergism when the combina-
tion index is 0.5 or less.

Antimicrobial synergistic effects

Results

In order to study the interaction of flavonoids (rutin and
quercetin) with antibiotics on resistant clinical isolates,
combinations of the candidate compounds with gentami-
cin or ceftriaxone were evaluated by MIC and checker-
board assay.

The NBT microdilution results showed that the three
isolates, E. coli (MDR), P. mirabilis (XDR), and K. pneu-
moniae (PDR), did not show any response when tested
against the individual agents; rutin (MIC 1,000 pg/mL),
quercetin (MIC 2,000 pug/mL), ceftriaxone (MIC 64 ug/
mL), and gentamicin (MIC 16pg/mL) (Figure 3). It was
found that the minimum inhibitory response for genta-
micin was observed at 64 pg/mL while for ceftriaxone it
was 512 pg/mL, which were significantly higher than the
standard MIC for gentamicin and ceftriaxone (Figure 3).

Interestingly, growth inhibition of MDR and XDR isolates
was observed when the quercetin at a concentration of
700 pg/mL was added to 64 pg/mL and 128 pg/mL of gen-
tamicin, respectively. However, the combination of rutin
(serially diluted up to 1,000 ug/mL) with gentamicin (16
pg/mL) did not affect the resistance patterns of XDR and
PDR isolates and inhibited the growth of MDR isolate only.
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Figure 3. Minimum inhibitory concentrations of flavonoids and antimicrobials against the antibiotic-resistant clinical isolates,

MDR, XDR, and PDR.
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The results of the checkerboard assay showed a promis-
ing synergism effect between quercetin and ceftriaxone
against both MDR isolate and XDR isolate; this syner-
gism occurred at a concentration ranging between 100
and 800 pg/mL and 40 and 180 pg/mL for quercetin and
ceftriaxone, respectively. The synergism is observed to
increase with increasing the concentration of the antibi-
otic and reducing the concentration of quercetin (Figure
4a). This combination does not show effects against PDR
Klebsiella pneumonia. While the combination between
the quercetin and gentamicin displayed a weak effect
against the MDR isolate and significant synergism against
the XDR isolate, the synergism effect occurred at a con-
centration ranging between 200 and 700 pg/mL and 15
and 40pg/mL for quercetin and gentamicin, respectively.
Similarly, no effect against PDR Klebsiella pneumonia
was observed (Figure 4b). Surprisingly, this synergism
occurred within the standard MIC level of gentamicin
and ceftriaxone.

The combination between rutin and ceftriaxone dis-
played a significant effect against the MDR isolate and

an insignificant effect against the XDR isolate (Figure
5a); the synergism effect was reported at concentrations
of 100 and 180 pg/mL for rutin and ceftriaxone, respec-
tively; other concentrations exhibited a weak effect. The
combination between rutin and gentamicin showed only
a weak effect on the MDR isolate and does not affect both
XDR and PDR isolates (Figure 5b).

Discussion

The development of new antibiotic agents is costly,
time-consuming, and needs various stages of toxico-
logical assessments to ensure safety. A combination of
existing antimicrobial agents and dietary flavonoids
that display pharmacological properties has become an
effective therapeutic strategy against numerous kinds of
infections caused by MDR bacteria (Terbtothakun ez al.,
2021).

The present study aimed to determine the antimicro-
bial potential of two flavonoids (rutin and quercetin) in
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Figure 4. (A) Checkerboard test showed the combined effect of quercetin (Q) and ceftriaxone (C). (B) Checkerboard test

showed the combined effect of quercetin (Q) and gentamicin (G). Grey shade indicates microbial growth (resistant isolate);

white shade indicates growth inhibition.

*Checkerboard result: Synergism is considered when the FMIC is equal to or less than 0.5.
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Figure 5. Figure 5. (A) Checkerboard test showed the combined effect of rutin (R) and ceftriaxone (C). (B) Checkerboard test
showed the combined effect of rutin (R) and gentamicin (G). Grey shade indicates microbial growth (resistant isolate); white

shade indicates growth inhibition.

*Checkerboard result: Synergism is considered when the FMIC is equal to or less than 0.5.

combination with gentamicin and ceftriaxone against
superbug bacterial isolates which showed a different
pattern of resistance (MDR, XDR, and PDR). These iso-
lates were selected to trace the antimicrobial efficiency
of flavonoids with the standard drugs, as these have been
reported as highly resistant and difficult to be treated,
and the emergence of such superbugs poses a consistent
threat to human lives world over (Adegoke et al., 2017;
Alnour et al., 2021). The selected antimicrobial agents
to be combined with flavonoids were gentamicin (ami-
noglycosides), which is an important class of antibiot-
ics that are commonly used for the treatment of severe
infections (Terbtothakun et al., 2021), and ceftriaxone,
which is a beta-lactam antibiotic and a third-generation
cephalosporin, that is marked by relatively high stability
towards the beta-lactamases of gram-negative bacilli and
is shown to be effective against a broad range of organ-
isms (Maina et al., 2012).

Our results showed that gentamicin, ceftriaxone, and
flavonoids alone failed to inhibit the growth of MDR E.
coli, XDR P. mirabilis, and PDR K. pneumoniae. A similar

result was obtained by Arima et al., 2002 and Nizer et
al., 2020 who conducted a study to evaluate the antibac-
terial activity of rutin isolated from Tontelea micrantha
leaves and concluded that rutin is not a promising anti-
microbial agent. Contradictory to these findings, several
other reports showed antimicrobial effects of flavonoids
against several bacterial isolates. As such, Araruna et al.,
2012 conducted a similar study that evaluated the anti-
biotic modifying activity of pilocarpine and rutin, and
they demonstrated the inhibitory effects of rutin against
E. coli. A comparable result for rutin was reported by
Pimentel et al., 2013 against P. mirabilis, P. aeruginosa,
and Klebsiella species. Moreover, Wang et al., 2018,
demonstrated the bacteriostatic effect of quercetin and
further reported an inhibitory effect on the growth of P
aeruginosa, S. aureus, S. Typhimurium, and E. coli. These
variations could be attributed to the pattern of resistance
shown by isolates under the study and the time of the
study. In our study, we utilized E. coli (MDR), P. mirabilis
(XDR), and K. pneumoniae (PDR) clinical isolates, which
were bacterial strains of the enterobacteriaceae family,
that are known to be naturally competent and can uptake
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naked DNA from the environment in appropriate condi-
tions (Patil et al., 2019).

Interestingly, our results showed promising antibacte-
rial activity of flavonoids when they were combined with
gentamicin and ceftriaxone; the synergistic effects of
gentamicin and ceftriaxone against the MDR isolate and
the XDR isolate were observed in the presence of rutin
or quercetin. The resistance pattern against gentamicin
and ceftriaxone was converted to a susceptible pattern
even at a low concentration of 15 pg/mL and 40 pug/mL
for gentamicin and ceftriaxone, respectively. Numerous
studies have evaluated the antimicrobial activities of fla-
vonoids against various clinical isolates, but only a few
reports showed inhibitory effects of rutin and querce-
tin against MDR and none describe their effect against
XDR or PDR. It is believed that the restoring of the anti-
microbial activities of the antibiotics in the presence of
the flavonoids might be due to the ability of flavonoids to
enhance the antibiotic drug efficacy (Vipin et al., 2020)
or due to the simultaneous activities of the agents on
two different cellular targets (Banik and Shamsuzzaman,
2021). Thus, the combination of quercetin or rutin with
ceftriaxone or gentamicin generates multiple effects
against the bacteria and displays strong growth inhibi-
tory effects. However, rutin has been reported to pos-
sess an efficient mechanism against bacterial growth by
inhibiting DNA gyrase and topoisomerase (Alajmi et al.,
2018), and the combination of these molecules with a cell
wall inhibitor, such as ceftriaxone, or protein synthesis
inhibitor, such as gentamicin, can interfere with pep-
tidoglycan synthesis (Fair and Tor 2014). The flavonoid
quercetin acts as a cell wall and cell membrane inhibitor
(Wang et al., 2018; Yang et al., 2020). Recently, Vipin et
al., 2020 examined the effectiveness of several antibiot-
ics, including ceftriaxone and gentamicin, in combina-
tion with quercetin, and reported synergistic activity of
quercetin against drug-resistant Pseudomonas aerugi-
nosa and stated that the ability of quercetin to empower
the aminoglycoside activity was due to the quorum sens-
ing inhibitory properties of flavonoids. In a related study,
Terbtothakun et al., 2021 reported synergistic effects of
aminoglycosides when combined with meropenem and
stated that the penetration of aminoglycosides into the
cytosol of bacteria is improved by other antimicrobial
agents, which could also explain the synergism with fla-
vonoids as reported in our study. The study showed that
the addition of aminoglycosides as adjunctive therapy to
meropenem can regain meropenem activity against car-
bapenem-resistant Enterobacteriaceae isolates harboring
blaNDM (Terbtothakun et al., 2021).

The combination of flavonoids and antibiotics in our
study had no effect on the PDR isolates; this may be due
to the cumulative effects of multi-resistance mechanisms

which are expressed by PAR isolates, such as overexpres-
sion of the efflux pump and porin with the -lactamases,
that lead to a high level of resistance.

Conclusion

Our findings showed a potential synergistic pattern of
rutin and quercetin in combination with gentamicin and
ceftriaxone. This finding suggests that rutin and querce-
tin can shift the resistance mechanisms of antimicrobial
agents into susceptible ones, thereby restoring the drug
efficacy. Since rutin and quercetin are essentially pres-
ent in human diets as constituents of fruits and vegeta-
bles, their use as nutraceuticals in adjuvant therapies in
combination with antibiotics against drug resistance is
a promising repurposing therapeutic strategy against
superbug infections.
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