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Abstract: The search for new and better antimicrobial therapy is a continuous effort. Quercetin is a
polyphenol with promising antimicrobial properties. However, the understanding of its antimicrobial
mechanism is limited. In this study, we investigated the biochemical mechanistic action of quercetin
as an antibacterial compound. Isolates of Bacillus subtilis, Pseudomonas aeruginosa, Escherichia coli,
Klebsiella pneumonia, and Staphylococcus aureus were initially exposed to quercetin for antibacterial
evaluation. Subsequently, S. aureus (Gram-positive) and E. coli (Gram-negative) cells were exposed to
quercetin with or without ascorbic acid, and cells were harvested for selected biochemical assays.
These assays included redox homeostasis (lipid peroxidation, total thiol, total antioxidant capacity),
nitric oxide, and kynurenine concentration as well as DNA fragmentation. The results revealed
that quercetin caused lipid peroxidation in the bacterial isolates. Lipid peroxidation may indicate
ensuing oxidative stress resulting from quercetin treatment. Furthermore, tryptophan degradation
to kynurenine was activated by quercetin in S. aureus but not in E. coli, suggesting that local
L-tryptophan concentration might become limiting for bacterial growth. These findings, considered
together, may indicate that quercetin restricts bacterial growth by promoting oxidative cellular stress,
as well as by reducing the local L-tryptophan availability by activating the kynurenine pathway,
thus contributing to our understanding of the molecular mechanism of the antimicrobial action
of quercetin.

Keywords: antimicrobials; microbial infection; medicinal biochemistry; polyphenols; natural products

Biology 2020, 9, 219; doi:10.3390/biology9080219 www.mdpi.com/journal/biology


http://www.mdpi.com/journal/biology
http://www.mdpi.com
https://orcid.org/0000-0001-9342-8505
https://orcid.org/0000-0002-4256-1549
https://orcid.org/0000-0001-8541-7304
https://orcid.org/0000-0003-3721-8065
https://orcid.org/0000-0001-7626-836X
https://orcid.org/0000-0002-7817-425X
http://dx.doi.org/10.3390/biology9080219
http://www.mdpi.com/journal/biology
https://www.mdpi.com/2079-7737/9/8/219?type=check_update&version=2

Biology 2020, 9, 219 20f9

1. Introduction

The rising antibiotic resistance, and consequently, the scarcity of new antimicrobials is a growing
public health concern [1,2]. This challenge underscores the search for new classes of antimicrobials
from natural products [3]. Plant-derived phytochemical compounds such as polyphenols have been
attracting attention as potential antimicrobial substances, and the use of polyphenolic compounds may
prove beneficial in increasing the susceptibility of resistant pathogens to existing antibiotics [4—6].

Polyphenols are ubiquitous secondary metabolites widely distributed in plants. Polyphenols are
involved in health-promoting activities, including the prevention of certain cancers, diabetes mellitus,
neurodegenerative diseases, cardiovascular disease, and osteoporosis [4]. These activities have been
attributed initially to the free radical scavenging, antioxidant, and metal-chelating properties of these
compounds. Polyphenolic compounds may also increase the susceptibility of resistant pathogens to
existing antibiotics [5,6]. The potent antioxidant activity of polyphenols even results in the growth
inhibition of pathogenic microorganisms [7]. Tea polyphenols are also known to have an excellent
antimicrobial effect against organisms such as Staphylococcus aureus, C. sakazakii, Serratia marcescens,
and Salmonella enteritidis [8].

Quercetin is a polyphenol or flavonoid abundantly found in many ethnic plants, especially tea
and onion. Quercetin (4H-1-benzopyran-4-one, 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-flavon),
also known as a glycoside, is found in different parts of plants including fruits, leaves, and flowers,
and it is the most abundant type of dietary and bioactive flavonoid [9]. Quercetin is also present in some
medicinal plants, including Hypericum perforatum, Ginkgo biloba, and Sambucus Canadensis, and is reported
to exhibit diverse therapeutic effects. Quercetin, like other polyphenols, has many pharmacological
activities. These activities include antioxidant, antimicrobial, cardiovascular, hepatoprotective,
neurological, antiviral, anti-inflammatory, anti-cancer, and anti-obesity properties [8-11]. Quercetin also
inhibits the growth of various bacterial isolates including Escherichia coli and Staphylococcus aureus with
a minimum inhibitory concentration (MIC) range between 20400 mg/mL [12]. Likewise, some studies
reported on the antimicrobial activities of quercetin in combination with other agents resulting in
remarkable synergistic interactions against many pathogens [8,13-15]. Furthermore, the bacteriostatic
ability of quercetin makes it an attractive choice for antibacterial drug research. Although quercetin
has prospects as an alternative antimicrobial, the understanding of the mechanism of the antimicrobial
action remains limited.

It is thus essential to elucidate the molecular mechanisms of this therapeutic action of quercetin to
better understand its health effects, which is the aim of this study:.

2. Materials and Methods

2.1. Biochemical Reagents

The reagents used in this study were analytical grade reagents used as supplied except
otherwise stated.

2.2. Microbial Culture

Stock cultures of selected Gram-positive and negative bacterial isolates were generated as reported
elsewhere [16,17]. The purity of the strains was determined by streaking on nutrient agar plates
that were incubated at 37 °C for 24 h. Only plates that showed pure colonies were sub-cultured and
used for further studies. For the isolation of the pure clones, 0.5 mL of overnight cultures of the
respective bacteria were inoculated in 100 mL of nutrient broth (HiMedia, Mumbeai, India) before
dispensing onto agar slants. The bacterial isolates included Bacillus subtilis, Pseudomonas aeruginosa,
Escherichia coli, Klebsiella pneumonia, and Staphylococcus aureus. The agar slants were stored at4 °C =2 °C
for further studies.
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Quercetin’s Antibacterial Evaluation and Determination of the Minimum Inhibitory
Concentration (MIC)

The agar diffusion method, as previously described [16,17], was used. In this assay, nutrient
agar was prepared into 100 mL capacity conical flask with 50 mL nutrient medium, as outlined by
the manufacturer. The agar was sterilized for 15 min at 121 °C and allowed to cool to about 40 °C.
After cooling at room temperature, 1 mL of a broth culture of each test organism was inoculated into
separate flasks containing sterile media and mixed thoroughly. About 20 mL of the inoculated media
were then dispensed into Petri dishes and allowed to solidify. Subsequently, holes were bored on the
solidified agar using a sterile cork-borer, and the holes were filled with ascorbic acid, rutin or quercetin
(Sigma, St. Louis, Missouri, USA) at 1000 pg/mL in dimethyl sulfoxide (DMSO) before incubating at
37 °C overnight. Amoxicillin antibiotics served as a reference drug as well as for assay validation.
DMSO alone was used as the control. The zone of clearance was measured using a metric ruler as
previously described [16,17].

The minimum inhibitory concentration (MIC) was determined by the broth dilution method
described elsewhere [16]. Briefly, different bacterial strains initially grown on medium for 18 to 24 h
at 37 °C were incubated with varying concentrations of quercetin (0-1000 pg/mL) for 24 h at 37 °C.
At termination of the incubation, the tubes were checked for turbidity (optical density 600 nm) as
evidence of growth. The lowest concentration of quercetin at which no bacterial growth occurred
was taken as the MIC. All experiment setups were done in duplicate. The organisms tested were
Bacillus subtilis, Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumonia, and Staphylococcus aureus.

2.3. Treatments of Cells for Biochemical Assays

In this study, S. aureus (Gram-positive) and E. coli (Gram-negative) were chosen for further
biochemical experiments: 1 mL of overnight liquid cultures of each bacterial strain was inoculated
into 100 mL of sterile media containing the respective treatments. The treatment protocols are
presented below.

2.3.1. Quercetin Treatment Only

The bacterial strains were treated at 1x MIC, 2x MIC, and 3x MIC. For S. aureus, quercetin
at 700 pg/mL, 1400 pg/mL, and 2100 ug/mL was used, while the E. coli treatment was 300 pg/mL,
600 pug/mL, and 900 pg/mL.

2.3.2. Quercetin and Ascorbic Acid Treatment

Simultaneous treatment with quercetin (as described above) and ascorbic acid (1000 ng/mL) was
performed. To determine whether oxidative stress was part of the mechanistic action of quercetin,
an antioxidant (ascorbic acid), was added. Initially, we established that this antioxidant compound at
1000 pg/mL showed no inhibition of bacterial growth.

2.4. Harvesting Cells for Biochemical Analysis

All treated cells were incubated at 37 °C for 24 h and harvested by centrifugation [16-18].
The pellet was rinsed three times with physiological saline, re-suspended, homogenized, and used for
biochemical studies.

Biochemical Analyses

Where appropriate, biochemical assays were performed by a spectrophotometric method using a
UV/Vis spectrophotometer (Jenway, Staffordshire, United Kingdom). The test for kynurenine followed
an established protocol [19]. Methods to determine the nitric oxide level (nitrite/nitrate concentration)
and the total antioxidant capacity (TAC) are described elsewhere [20]. A modification of the method
described by Gornall et al. [21] was used to assess the total protein level. In the protein assay, the biuret
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reagent contained potassium iodide to avoid Cu?* ion precipitation. The tests for total thiol and
lipid peroxidation (malondialdehyde-MDA) were described previously [22]. DNA fragmentation was
assessed by the diphenylamine (DPA) protocol [23].

2.5. Statistical Analysis

The data were analyzed by one-way analysis of variance (ANOVA) on GraphPad Prism 6
(San Diego, CA, USA), and the results are presented as the mean of independent experiments replicated
twice with the corresponding SEM (standard error of the mean). Tukey’s post-hoc test was used to
compare mean values among groups, and statistical significance was considered at p < 0.05.

3. Results

3.1. Antibacterial Determination

Treatment with quercetin affected the growth of all five organisms as estimated by the zone of
clearance when compared to the reference drug (i.e., Amoxicillin (Table 1)). The quercetin MIC was
determined to be 300 and 700 ug/mL against E. coli and S. aureus, respectively.

Table 1. Inhibition zone following treatment of isolates with quercetin.

Microbial Isolates Quercetin Amoxicillin
(mm + Standard Deviation) (mm + Standard Deviation)
S. aureus 12+ 0.9 195+ 05
E. coli 14+ 05 255+35
P. aeruginosa 21515 335+£15
K. pneumonia 25+1.0 -
B. subtilis 20+1.0 16 +£1.0

3.2. Biochemical Assays

Quercetin with or without ascorbic acid led to an increase (p < 0.05) in the total protein concentration
of the microorganisms compared with the control. Although the protein content increased with
increasing MIC concentration of quercetin only in groups against E. coli, the combination of quercetin and
ascorbic acid treatment resulted in the highest protein level in both bacterial lysates. However, increasing
the concentration of quercetin beyond the MIC in conjunction with ascorbic acid resulted in a lower
protein level in E. coli with an opposite effect seen in S. aureus (Figure 1). The effect of quercetin on
the total thiol levels of both bacterial strains showed an increase relative to the control. There was
also noticeable potentiation between quercetin and ascorbic acid on the levels of total thiol, p < 0.01 in
both organisms, with contrasting effects seen with the quercetin-only treatment in E coli (Figure 2).
Quercetin and ascorbic acid also reduced the level of nitric oxide in both microbes (Figure 3). The assay
for lipid peroxidation showed that the MDA level increased in both microorganisms following treatment
with quercetin p < 0.05 (Figure 4). The TAC increased in the organisms in response to the quercetin
treatment only as well as a combination with ascorbic acid p < 0.05 (Figure 5); this result supports the
antioxidant properties of quercetin and ascorbic acid. Also, treatment with quercetin and ascorbic
acid caused mild DNA damage and was more pronounced in S. aureus treated with a combination of
quercetin and ascorbic acid (Figure 6). Furthermore, when compared with the control, kynurenine
levels were increased in S. aureus but decreased in E. coli (Figure 7).
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Figure 1. Protein concentration in bacterial isolates following treatment with quercetin (QUER) alone
or combined with ascorbic acid (AA). Results are presented as an average of duplicate biological
experiments (n = 2) with the corresponding standard error of the mean (SEM). Compared with the

control, x at p < 0.05 and y at p < 0.0001 are significant, while {3 is significant at p < 0.01 relative to
QUER 1x MIC.
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Figure 2. Concentration of total thiol in bacterial isolates following exposure to quercetin (QUER) alone
or when combined with ascorbic acid (AA). Results are presented as an average of duplicate biological
experiments (n = 2) with the corresponding standard error of the mean (SEM). Compared with the
control or QUER 1x MIC, « at p < 0.05 is significant, and f3 is significant at p < 0.01.
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Figure 3. Concentration of nitric oxide in bacterial isolates following exposure to quercetin (QUER)
alone or when combined with ascorbic acid (AA). Results are presented as an average of duplicate
biological experiments (n = 2) with the corresponding error of the mean (SEM). Relative to the control
or QUER 1x MIC, « at p < 0.05 is significant,  at p < 0.01 and vy at p < 0.0001.
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Figure 4. Malondialdehyde concentration in bacterial isolates following exposure to quercetin (QUER)
alone or when combined with ascorbic acid (AA). Results are presented as an average of duplicate
biological experiments (n = 2) with the corresponding standard error of the mean (SEM). Compared
with control or QUER 3x MIC, 3 at p < 0.01 is significant and y at p < 0.0001 compared with QUER 1x
MIC or QUER 3x MIC.
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Figure 5. The total antioxidant capacity (TAC) of bacterial isolates following exposure to quercetin
(QUER) alone or when combined with ascorbic acid (AA). Results are presented as an average of
duplicate biological experiments (n = 2) with the corresponding standard error of the mean (SEM).
Relative to the control, « at p < 0.05 is significant.
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Figure 6. DNA fragmentation in bacterial isolates following exposure to quercetin (QUER) alone or
when combined with ascorbic acid (AA). Results are presented as an average of duplicate biological
experiments (n = 2) with the corresponding standard error of the mean (SEM). Relative to the control
or QUER 1x MIC, « at p < 0.05 is significant, as is § at p < 0.01 when compared with the control or
QUER 3x MIC.
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Figure 7. Kynurenine concentration in bacterial isolates following exposure to quercetin (QUER) alone
or when combined with ascorbic acid (AA). Results are presented as an average of duplicate biological
experiments (n = 2) with the corresponding standard error of the mean (SEM). Compared with the
control or QUER 1x MIC, « at p < 0.05 is significant, as is y at p < 0.0001 relative to the control.

4. Discussion

Quercetin is reported to inhibit Gram-positive and Gram-negative bacterial proliferation by
inactivating extracellular proteins [20]. However, studies on the mechanism of action of quercetin
as an antimicrobial are limited. In our study, we investigated the biochemical and antimicrobial
effects of quercetin on S. aureus (Gram positive) and E. coli (Gram negative). Similar to previous
reports [24], quercetin had an antibacterial effect on the growth of the microorganisms, which was
more pronounced in E. coli. This observation contrasts other studies in which S. aureus was more
susceptive to quercetin than E. coli [25]. We presume that the thin peptidoglycan layer and the ability
of quercetin to initiate the peroxidation of the outer lipid membrane increase the sensitivity of E. coli
to quercetin compared with S. aureus. Perhaps, similar to other flavonoids, quercetin may initiate
bacteriostatic properties by compromising the bacterial cell membrane integrity, thereby lysing the
cell [25]. This point is supported further by the high levels of MDA noticed in this study, indicating
oxidative stress when compared with the control samples. The high protein levels of treated cells
compared with the control may indicate an adaptive mechanism of the bacterial cells in response to
stress likely imposed by quercetin exposure. Similarly, quercetin, because of its antioxidant property,
might have raised the levels of total thiol and thus increased TAC, while reducing NO levels compared
to the control. Quercetin (3,5,7,3,4’-pentahydroxyflavone) has three major structural groups that aid
its antioxidant property. The functional groups including the 4-oxo group in conjugation with the
2,3-alkene, B ring o-dihydroxyl groups, and the 3- and 5-hydroxyl groups could donate electrons to the
rings, which in turn increases the resonance forms, which is separate from the antioxidant property of
the benzene structure [26]. Therefore, the increase in the total thiol concentration and TAC could be
due to the antioxidant nature of not only quercetin but also ascorbic acid.

Furthermore, we observed that the action of quercetin might not preclude the modulation of
tryptophan metabolism from producing kynurenine in S. aureus but not in E. coli. The reason for
different kynurenine levels caused by quercetin is unclear. Additionally, it is not clear how quercetin
activated the kynurenine pathway, but this may be connected to the capacity of quercetin to cause
oxidative stress. Future studies are warranted to provide a clearer picture. The oxidative modulation of
L-tryptophan to produce kynurenine (a degradation product of L-tryptophan) is, however, associated
with oxidative stress [27-29]. Therefore, it is conceivable that quercetin caused oxidative stress which
led to the kynurenine pathway activation. The kynurenine pathway activation implies that quercetin
could reduce the availability of L-tryptophan and thus restrict bacterial growth.
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5. Conclusions

Quercetin, a polyphenol and the most abundant flavonol, suppressed the growth of E. coli more
than it did that of S. aureus. Owing to the high antioxidant property of quercetin, the increase in TAC
and total thiol level was not unexpected. However, our data support the capacity of quercetin to cause
kynurenine pathway activation in S. aureus, thereby limiting the local availability of L-tryptophan.
Reduced local L-tryptophan concentration might likely deprive bacteria of the required growth
nutrients, thus affecting survival. In S. aureus and E. coli, quercetin also caused lipid peroxidation but
not DNA damage. Considered together, the kynurenine pathway activation and possibly the promotion
of oxidative stress might be the means through which quercetin restricts bacterial or microbial growth.

Author Contributions: Conceptualization, O.S.A. and O.B.A.; Methodology, O.S.A., C.E., O.B.A,, D.A.O., D.R.
and A.O.; Formal Analysis, O.S.A., C.E,, O.B.A, HEH,, D.A.O,, D.R,, A.O,, L.O.E. and G.E.-5.B.; Investigation,
OS.A, CE., OB.A., D.A.O, D.R. and I.O.E.; Resources, O.S.A., C.E.,, O.B.A,, HFH,, S.A.-R. and G.E.-S.B;
Writing—Original draft, O.S.A., C.E., O.B.A., D.A.O., D.R. and A.O.; Writing—Review & editing, O.S.A., O.B.A.,
HFH, S A-R,D.A.O, DR, AO, LO.E. and G.E.-5.B.; Supervision, O.S.A. and O.B.A.; Funding acquisition,
0O.5.A, HEH,, S.A-R. and G.E.-5.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We acknowledge the laboratory staff of the Department of Biochemistry, Landmark University,
Omu-Aran, Nigeria. Also, appreciation goes to Ton Duc Thang University, Ho Chi Minh City, Vietnam. The authors
also appreciate the researchers’” supporting project number RSP-2020/200 from King Saud University, Riyadh,
Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Aslam, B.; Wang, W.; Arshad, M.I.; Khurshid, M.; Muzammil, S.; Rasool, M.H.; Baloch, Z. Antibiotic resistance:
A rundown of a global crisis. Infect. Drug Res. 2018, 11, 1645-1658. [CrossRef]

2. Frieri, M.; Kumar, K.; Boutin, A. Antibiotic resistance. |. Infect. Public Health 2017, 10, 369-378. [CrossRef]

3. Angiolella, L.; Sacchetti, G.; Efferth, T. Antimicrobial and Antioxidant Activities of Natural Compounds.
Evid.-Based Complement. Altern. Med. 2018, 2018, 1-3. [CrossRef] [PubMed]

4. Altemimi, A.; Lakhssassi, N.; Baharlouei, A.; Watson, D.G.; Lightfoot, D.A. Phytochemicals: Extraction,
isolation, and identification of bioactive compounds from plant extracts. Plants 2017, 6, 42. [CrossRef]
[PubMed]

5. Buhian, WP.C,; Rubio, R.O.; Valle, D.L.; Martin-Puzon, J.J. Bioactive metabolite profiles and antimicrobial
activity of ethanolic extracts from Muntingia calabura L. leaves and stems. Asian Pac. J. Trop. Biomed. 2016,
6, 682-685. [CrossRef]

6.  Khameneh, B.; Iranshahy, M.; Soheili, V.; Fazly Bazzaz, B.S. Review on plant antimicrobials: A mechanistic
viewpoint. Antimicrob. Res. Infect. Control 2019, 8, 118. [CrossRef] [PubMed]

7. Gupta, S.; Cox, S.; Rajauria, G.; Jaiswal, A.K.; Abu-Ghannam, N. Growth inhibition of common food spoilage
and pathogenic microorganisms in the presence of brown seaweed extracts. Food Bioprocess Technol. 2012,
5,1907-1916. [CrossRef]

8. Li, Y; Yao, J; Han, C.; Yang, J.; Chaudhry, M.T,; Wang, S.; Yin, Y.; Liu, H. Quercetin, inflammation and
immunity. Nutrients 2016, 8, 167. [CrossRef]

9. Mondal, P; Bose, A. Spectroscopic overview of quercetin and its Cu(Il) complex interaction with serum
albumins. Biolmpacts Tabriz Univ. Med. Sci. 2019, 9, 115-121. [CrossRef]

10. Russo, G.L. Ins and outs of dietary phytochemicals in cancer chemoprevention. Biochem. Pharmacol. 2007,
74, 533-544. [CrossRef]

11. Tang, J.; Diao, P,; Shu, X,; Li, L.; Xiong, L. Quercetin and Quercitrin Attenuates the Inflammatory Response
and Oxidative Stress in LPS-Induced RAW264.7 Cells: In Vitro Assessment and a Theoretical Model.
BioMed. Res. Int. 2019, 2019, 1-8. [CrossRef] [PubMed]

12. Boots, A.W.; Drent, M.; de Boer, V.C.J.; Bast, A.; Haenen, G.R.M.M. Quercetin reduces markers of oxidative
stress and inflammation in sarcoidosis. Clin. Nutr. 2011, 3, 506-512. [CrossRef] [PubMed]


http://dx.doi.org/10.2147/IDR.S173867
http://dx.doi.org/10.1016/j.jiph.2016.08.007
http://dx.doi.org/10.1155/2018/1945179
http://www.ncbi.nlm.nih.gov/pubmed/29977311
http://dx.doi.org/10.3390/plants6040042
http://www.ncbi.nlm.nih.gov/pubmed/28937585
http://dx.doi.org/10.1016/j.apjtb.2016.06.006
http://dx.doi.org/10.1186/s13756-019-0559-6
http://www.ncbi.nlm.nih.gov/pubmed/31346459
http://dx.doi.org/10.1007/s11947-010-0502-6
http://dx.doi.org/10.3390/nu8030167
http://dx.doi.org/10.15171/bi.2019.15
http://dx.doi.org/10.1016/j.bcp.2007.02.014
http://dx.doi.org/10.1155/2019/7039802
http://www.ncbi.nlm.nih.gov/pubmed/31781635
http://dx.doi.org/10.1016/j.clnu.2011.01.010
http://www.ncbi.nlm.nih.gov/pubmed/21324570

Biology 2020, 9, 219 90f9

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Bustos, P.S.; Deza-Ponzio, R.; Paez, P.L.; Albesa, I; Cabrera, ].L.; Virgolini, M.B.; Ortega, M.G. Protective effect
of quercetin in gentamicin-induced oxidative stress in vitro and in vivo in blood cells. Effect on gentamicin
antimicrobial activity. Environ. Toxicol. Pharmacol. 2016, 48, 253-264. [CrossRef] [PubMed]

Corina, D.; Bojin, F.; Ambrus, R.; Muntean, D.; Soica, C.; Paunescu, V.; Cristea, M.; Pinzaru, I.; Dehelean, C.
Physico-chemical and biological evaluation of flavonols: Fisetin, quercetin and kaempferol alone and
incorporated in beta cyclodextrins. AntiCancer Agents Med. Chem. 2017, 17, 615-626. [CrossRef]

Xue, Y.; Du, M.; Zhu, M.-]. Quercetin prevents Escherichia coli O157:H7 adhesion to epithelial cells via
suppressing focal adhesions. Front. Microbiol. 2018, 9, 3278. [CrossRef]

Adeyemi, O.S.; Obeme-Imom, ].I.; Akpor, B.O.; Rotimi, D.; Batiha, G.E.; Owolabi, A. Altered redox status,
DNA damage and modulation of L-tryptophan metabolism contribute to antimicrobial action of curcumin.
Heliyon 2020, 6, e03495. [CrossRef]

Adeyemi, O.S.; Shittu, E.O.; Akpor, B.O.; Rotimi, D.; Batiha, G.E. Silver nanoparticles restrict microbial
growth by promoting oxidative stress and DNA damage. EXCLI J. 2020, 19, 492-500.

Dong, Z.; Cmarik, J.L. Harvesting cells under anchorage-independent cell transformation conditions for
biochemical analyses. Sci. STKE: Signal Transduct. Knowl. Environ. 2002, 130, pl7. [CrossRef]

Adeyemi, O.S.; Uloko, R.A.; Awakan, O.].; Adeyanju, A.A.; Otohinoyi, D.A. The oral administration
of silver nanoparticles activates the kynurenine pathway in rat brain independently of oxidative stress.
Chem.-Biol. Interact. 2019, 302, 22-27. [CrossRef]

Sulaiman, FA.; Akanji, M.A.; Oloyede, H.O.B.; Sulaiman, A.A.; Olatunde, A.; Joel, E.B.; Adeyemi, O.S.
Oral exposure to silver/gold nanoparticles: Status of rat lipid profile, serum metabolites and tissue morphology.
J. Med. Sci. 2015, 15, 71-79. [CrossRef]

Gornall, A.G.; Bardawill, C.J.; David, M.M. Determination of serum proteins by means of the biuret reaction.
J. Biol. Chem. 1949, 177, 751-766. [PubMed]

Adeyemi, O.S.; Faniyan, T.O. Antioxidant status of rats administered silver nanoparticles orally. J. Taibah
Univ. Med. Sci. 2014, 9, 182-186. [CrossRef]

Gercel-Taylor, C. Diphenylamine assay of DNA fragmentation for chemosensitivity testing. Methods Mol. Med.
2005, 111, 79-82. [CrossRef] [PubMed]

Yi, S. Antibacterial activity of quercetin on oral infectious pathogens. Afr. ]. Microbiol. Res. 2011, 5, 5358-5361.
[CrossRef]

Wang, S.; Yao, J.; Zhou, B.; Yang, J.; Chaudry, M.T.; Wang, M.; Yin, W. Bacteriostatic effect of quercetin as
an antibiotic alternative In Vivo and its antibacterial mechanism In Vitro. J. Food Protect. 2018, 81, 68-78.
[CrossRef]

Chen, W,; Sun, S.; Cao, W,; Liang, Y.; Song, J. Antioxidant property of quercetin-Cr(III) complex: The role of
Cr(II0) ion. J. Mol. Struct. 2009, 918, 194-197. [CrossRef]

Adeyemi, O.S.; Murata, Y.; Sugi, T.; Han, Y.; Kato, K. Modulation of host HIF-1« activity and the tryptophan
pathway contributes to the anti-Toxoplasma gondii potential of nanoparticles. Biochem. Biophys. Rep. 2017,
11, 84-92. [CrossRef]

Karu, N.; McKercher, C.; Nichols, D.S.; Davies, N.; Shellie, R.A.; Hilder, E.E; Jose, M.D. Tryptophan metabolism,
its relation to inflammation and stress markers and association with psychological and cognitive functioning:
Tasmanian Chronic Kidney Disease pilot study. BMC Nephrol. 2016, 17, 171. [CrossRef]

Schwarcz, R. The kynurenine pathway of tryptophan degradation as a drug target. Curr. Opin. Pharmacol.
2004, 4, 12-17. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.etap.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/27846408
http://dx.doi.org/10.2174/1871520616666160621105306
http://dx.doi.org/10.3389/fmicb.2018.03278
http://dx.doi.org/10.1016/j.heliyon.2020.e03495
http://dx.doi.org/10.1126/stke.2002.130.pl7
http://dx.doi.org/10.1016/j.cbi.2019.01.034
http://dx.doi.org/10.3923/jms.2015.71.79
http://www.ncbi.nlm.nih.gov/pubmed/18110453
http://dx.doi.org/10.1016/j.jtumed.2014.03.002
http://dx.doi.org/10.1385/1-59259-889-7:079
http://www.ncbi.nlm.nih.gov/pubmed/15911973
http://dx.doi.org/10.5897/ajmr11.849
http://dx.doi.org/10.4315/0362-028X.JFP-17-214
http://dx.doi.org/10.1016/j.molstruc.2008.08.008
http://dx.doi.org/10.1016/j.bbrep.2017.07.004
http://dx.doi.org/10.1186/s12882-016-0387-3
http://dx.doi.org/10.1016/j.coph.2003.10.006
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Biochemical Reagents 
	Microbial Culture 
	Treatments of Cells for Biochemical Assays 
	Quercetin Treatment Only 
	Quercetin and Ascorbic Acid Treatment 

	Harvesting Cells for Biochemical Analysis 
	Statistical Analysis 

	Results 
	Antibacterial Determination 
	Biochemical Assays 

	Discussion 
	Conclusions 
	References

