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Today, antimicrobial resistance is the number one problem worldwide. According to the latest data, it has found that Acinetobacter baumani,
Pseudomonas aeruginosa, Klebsiela pneumonia and Enterobacter cloacae are predominant among all isolated resistant pathogens. So,
the search of a new antibacterial drug that can deal with antimicrobial resistance is task number one.

Aim. The study aimed to investigate theoretical and practical relationship of structure and antibacterial activity of quercetin and rutin
against test Gram-negative strains: Escherichia coli, Pseudomonas aeruginosa, Proteus vulgaris, and clinical resistant strains such as
Pseudomonas aeruginosa, Acinetobacter baumannii, Klebsiella pneumoniae, Enterobacter cloacae.

Materials and methods. The research subjects were quercetin and rutin. The theoretical research was carried out using AutoDockTools 1.5.6;
antibacterial effects were evaluated by the well method. Clinical strain of P. aeruginosa, A. baumani, K. pneumonia, E. cloacea were taken
from tracheal aspirate and bronchoalveolar lavage.

Results. Theoretical studies showed that none of the investigated antimicrobial drugs inhibit all “targets” mechanism of antibacterial ac-
tion. Rutin revealed high selectivity to DNA-gyrase, dihydrofolate reductase (DHFR), deacetylase, AHS Rhl, Diguanylate cyclase, unlike
quercetin which revealed low selectivity. Experimental research demonstrated that against P. aeruginosa rutin and quercetin inhibited
growth — 17.0 £ 0.4 mm and 18.0 £ 0.4 mm, against P. vulgaris — 14.0 + 0.5 mm and 16.0 + 0.5 mm, against E. coli— 16.0 + 0.5 mm and
20.0 £ 0.4 mm, respectively. Resistant strain of P. aeruginosa, E. cloacea, A. baumani, K. pneumonia were sensitive to the action of rutin
—23.0£0.3mm, 25.0 £ 0.2 mm, 24.0 + 0.3 mm, 23.0 + 0.3 mm, respectively, while to the action of quercetin resistant strain were low
sensitive —12.0 + 0.6 mm, 14.0 £ 0.5 mm, 12.0 £ 0.6 mm, 12.0 £ 0.6 mm, respectively.

Conclusions. Theoretical studies of “standard” antimicrobial drugs used in infectious disease treatment protocols are not highly selective inhi-
bitors of “target” antibacterial mechanisms of gram-negative bacteria, unlike rutin, which turned out to be a highly selective inhibitor. According
to the results of the theoretical study, it was found that the potential antibacterial activity of rutin exceeds the effect of quercetin by two times.
This pattern is fully confirmed by in vitro studies, where the antibacterial effect of rutin against resistant strains was also two times higher.
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3B’A30k 6ya0BM 11 aHTUOAKTEpianbHOI aKTUBHOCTI KBEPLIETUHY Ta PYTUHY NPOTU TECTOBUX i KNiHIYHO PE3NCTEHTHUX
rpamHeraTUBHUX LWTaMiB OakTepin

O. t0. Macnos, M. A. Komicapetko, C. B. MoHomapetko, |. [. AHgpeesa, T. 1. Oconoguetko, C. B. KonicHuk

Pe3ncTeHTHICTb [0 aHTMBIOTMKIB € OAHIEl 3 NPOBIAHUX NPOBreM y BCbOMY CBITi. 32 OCTaHHIMM AaHUMW, CEPEA YCIX BUAINEHNX pe3unc-
TEHTHUX NaToreHis nepesaxatotb Acinetobacter baumannii, Pseudomonas aeruginosa, Klebsiella pneumoniae Ta Enterobacter cloacae.
BiaTak, nowwyk HoBux aHTMGaKTepianbHUX Npenaparis, 30aTHUX NOAONATU PE3UCTEHTHICTb 10 aHTUGIOTHKIB, € NEpLIOYEProBUM 3aBAAHHSIM.

MeTta po60TyH — BUBYEHHSI TEOPETUYHMX i NPAKTUYHMX acnekTiB 3B’s13Ky MiXk CTPYKTYPOO Ta aHT1OaKTepianbHOK akTUBHICTIO KBEPLIETUHY i
PYTVHY LLOAO TECTOBMX rpaMHeraTvBHuX WwramiB Escherichia coli, Pseudomonas aeruginosa, Proteus vulgaris, a Takox KniHiYHUX pe3unc-
TeHTHUX LWTamiB Pseudomonas aeruginosa, Acinetobacter baumannii, Klebsiella pneumoniae, Enterobacter cloacae.

Martepianu i metoan. OB’ekTU JOCNIMKEHHS — KBEPLETWH i pyTUH. MonekynsipHuiA [oKiHr BukoHanu 3a gonomoroto AutoDockTools 1.5.6,
a aHTbakTepianbHi BNAaCTMBOCTI OLiHIOBanu MeToaoM nyHok. KninivHui wram P. aeruginosa, A. baumannii, K. pneumoniae, E. cloacae
B3ATO 3 acnipaTy Tpaxei Ta OBpoHX0anbBEONSPHOTO NaBaxy.
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OpueiHaribHi 0oCidxeHHs!

PesynkraTtu. TeopeTuyHi foCnimKeHHs fanu 3Mory BCTAHOBMTM, LLO XXOAEH 3i CTaHAapTHUX aHTUMIKPOGHMX NpenapatiB He NpUrHivye BCi
«MiLLeHi» aHTubakTepianbHoi Aii. PyTuH mMaB BUCOKy cenekTuBHicTb Ao OHK-ripasu, gurigpodonatpeaykrasu, geauetunasu, AHS Rhl
Ta AuryaHinaTumknasu, Ha BioMiHy Bif KBEPLIETWHY, KA MaB HU3bKY CENEKTUBHICTb. EKCnepuMeHTanbHi JOCNimKeHHS noka3anu: pyTuH
i KBepUeTUH npurHivyeanu pict P. aeruginosa — 17,0 £ 0,4 mm 1a 18,0 + 0,4 mm, P. vulgaris — 14,0 £ 0,5 mm 12 16,0 + 0,5 mm, E. coli —
16,0 £ 0,5 mm Ta 20,0 + 0,4 mm BignosigHo. PeancTeHTHi Wwramu P. aeruginosa, E. cloacae, A. baumannii, K. pneumoniae 1ytnusi fo
PYTUHY, LLO NOKa3aB 30HM NpurHiveHHs 23,0 £ 0,3 mm, 25,0 £ 0,2 mm, 24,0 + 0,3 mm, 23,0 + 0,3 mm BignosigHo. KBepLUeTH MaB 3Ha4HO
MEHLLY aKTUBHICTb NPOTW pe3ncTeHTHux wramis: 12,0 £ 0,3 mm, 14,0 £ 0,5 mm, 12,0 £ 0,3 mm, 12,0 £ 0,3 MM BignoBsigHo.

BucHoBku. TeopeTnyHi AOCNIMKEHHS «CTaHAAPTHUX» aHTUMIKPOOHMX Npenapartis, ki BUKOPVUCTOBYOTb Y MPOTOKOMNAaXx NikyBaHHS iHek-
LiNHMX 3aXBOPOBaHb, Aianu 3mMory 3poGUTI BUCHOBOK, LLIO BOHW HE € BUCOKOCENEKTUBHUMY iHribiTopaMu aHTUbaKTepianbHUX MexaHiamis
rpaMHeraTMBHUX BakTepiit. Ha BigmiHy Bif HUX, PYTUH XapakTepu3yBaBCs BUCOKOK CENEKTUBHICTIO. 3a pesyrnbTaTamMmu TEOPETUHHOIO AOCTTi-
[DKEHHS, MOTeHLiNHa aHTMbakTepianbHa akTUBHICTb PYTUHY BABIYI NEPEBULLYE aKTVUBHICTb KBEpLETVHY. Lis 3aKoHOMIpHICTb NiaTBepaxeHa

nig vac in vitro gocnipxeHb, Ae aHTMbakTepianbHWiA ehekT PYTUHY NPOTU PE3UCTEHTHUX LUTAMIB TAKOX yABIYi BULLMWA.

KntoyoBi crioBa: pyTuH, KBEPLETUH, MyNbTUPE3NCTEHTHICTb, FPAMHEraTuBHi WTaMy, MONEKYNAPHWNA LOKIHT.

AKTyanbHi nuTaHHA hapmaLeBTMYHOI | MeanYHOI Hayku Ta npakTuku. 2025. T. 18, Ne 2(48). C. 138-147

Antimicrobial resistance is one of the greatest hazard in 21st
century. The most sensitive to this threat are less economically
developed countries. Based on statistical studies, infections
caused by antimicrobial resistance led to a staggering 4.95
million deaths worldwide in 2019. This mortality rate from
antibiotic-resistant bacteria significantly surpasses the an-
nual global deaths from tuberculosis (1.5 million), malaria
(643,000), and HIV/AIDS (864,000) [1]. The World Health
Organization (WHO) has a prognosis that without any
intervention in this problem the global deaths of antibiotic
resistance could reach 10 million annually by 2050 [2]. The
WHO was marked six main multidrug resistant pathogens
that could be a great threat for health care: Escherichia coli,
Staphylococcus aureus, Klebsiella pneumoniae, and Entero-
bacter faecalis (ESKAPE) [3].

Nowadays the main strategy to avoid antimicrobial resist-
ance is based on restriction of antibiotics application with
a wide spectrum of action in treatment of influenza, sore
throat, second one, decrease application of antibiotics in plant
agriculture, and in food-producing animals [4]. As animals’
bacteria resistance can be transferred to humans through the
consumption of food [5]. The other way to inhibit antibio-
tic resistance spreading is to use a new substance or their
combinations as antimicrobial agents to inhibit the growth
of resistance bacteria. In our view, the most perspective sub-
stances could be derivatives of flavonols such as quercetin
and its glycosides (rutin, hyperoside).

Quercetin is a 3,3"4',5,7-pentahydroxyflvanone that be-
longs to a flavonol. The name has been applied since 1857,
and is derived from quercetum (Oak forest) [6]. Quercetin
is an aglycone, it has a yellow color, crystal structure and
entirely insoluble in water, but quite well soluble in alcohol,
for pharmacy solubility of quercetin in water is a challenge
number one [7]. Whereas, rutin is a quercetin glucoside that
is formed by attaching a glycosylic group (glucose and rham-
nose) as a replacement for OH group at third position. The
glycosylic group at third position can change the solubility
adsorption and pharmacological effects [8] (Fig. 1).

Quercetin is the most widespread flavonoid, it was iso-
lated from onions, grapes, tomatoes, and so on. Moreover,
quercetin and rutin are highly dominated in medicinal herbs
as Ginkgo biloba, Hypericum perforatum, Sophora japonica,

Fagopyrum esculentum [9]. Quercetin and rutin possesses a
variety of pharmacological activity such as anti-inflamma-
tory, antiallergic, antiviral, hypolipidemic, antiplatelet, and
antihypertension effects [10,11,12,13].

Aim

The study aimed to investigate theoretical and practical re-
lationship of structure and antibacterial activity of quercetin
and rutin against test Gram-negative strains: Escherichia coli,
Pseudomonas aeruginosa, Proteus vulgaris, and clinical re-
sistant strains such as Pseudomonas aeruginosa, Acinetobac-
ter baumannii, Klebsiella pneumoniae, Enterobacter cloacae.

Materials and methods

Compounds: rutin (>98.0 %, Sigma Aldrich), quercetin
(>98.0 %, Sigma Aldrich); gentamycin (>98.0 %, Sigma
Aldrich); chloramphenicol (>98.0 %, Sigma Aldrich).

Preparation solution of quercetin. A 0.0755 g (exact mass)
of quercetin was gradually dissolved in 20 mL of aqueous
solution of dimethyl sulfoxide (5 % out of total volume) with
constant stirring on magnetic stirrer, after that solution was
transferring in a measuring flask with volume 25.0 mL, and
solution was made up to the mark with the same solvent.

Preparation solution of rutin. A 0.150 g (exact mass) of
quercetin was gradually dissolved in 20 mL of aqueous
solution of dimethyl sulfoxide (5 % out of total volume)
with constant stirring on magnetic stirrer, after that solu-
tion was transferring in a measuring flask with volume
25.0 mL, and solution was made up to the mark with the
same solvent.

Pseudomonas aeruginosa 18, Acinetobacter bauman-
nii 150, Klebsiella pneumoniae 18, Enterobacter cloacea 17
were provided by the State Institution “I. Mechnikov Institute
of Microbiology and Immunology National Academy of
Medical Sciences of Ukraine”. All strains are stored and ac-
cepted by the Head of Museum of strains — O. G. Peretyatko.

Test strains of P. aeruginosa ATCC 27853, E. coli ATCC
25922, P. vulgaris NTCS 4636 were chosen for research.

The method of diffusion of the drug into agar was carried
out using the method of “wells” [14,15]. Table 1 shows in-
terpretation criteria for microbial sensitivity.
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A molecular docking study was conducted using the tool
known as AutoDockTools 1.5.6 [16].

The structures of DNA-gyrase (PDB ID: 1K1J), DHFR
(PDB ID: 1RX3), deacetylase (PDB ID: 3UHM), acyl-ho-
moserine lactone synthase (AHS) Lasl (PDB ID: 1ROSY),
acyl-homoserine lactone synthase (AHS) RhI (PDB ID:
1KZF), and diguanylate cyclase (PDB ID: 3BRE) were
obtained from the PDB database [17]. The resolution of
1K1J was 2.30 A, 1IRX3 -2.20 A, 3UHM - 2.20 A, IRO5 —
2.30 A, 1IKZF — 2.20 A, and 3BRE — 2.40 A. For docking
experiments, protein structures are selected if their resolu-
tion is above 2 A. Therefore, all the mentioned proteins are
suitable for the experiment. The ligand structures of rutin
(CID_5280805), quercetin (CID_5280343), gentamycin
(CID_3467), and chloramphenicol (CID 5959) were re-
trieved from the PubChem database [18]. The binding site of
the docked proteins was determined utilizing the Computed
Atlas for Surface Topography of Proteins (CASTp) [19].

Results

Theoretical assessment of antibacterial activity of quercetin
and rutin was provided by method of molecular docking
of the crucial enzymes of gram-negative bacteria such as
DNA-gyrase, DHFR, Deacetylase, AHS Lasl, AHS RhI and
Diguanylate cyclase. For comparison analysis it was taken
following antimicrobial drugs: gentamycin, ciprofloxacin,
levofloxacin, ceftriaxone, chloramphenicol, clarithromycin,
azithromycin and metronidazole, ornidazole. It was applied
following classification of selectivity to active site of enzyme
[20]: IC50 < 0.001 mM (high selective); 0.05 > I1C50 > 0.01
(medium selective); IC50 > 0.05 mM (low selective).

Active center of DNA-gyrase was consisted by amino
acids: Arg75, Lys102, Argl35, Asp80. Trp387, Lys109,
Asp72, Thr166. Table 2 shows that clarithromycin, azith-
romycin, rutin and levofloxacin had high selectivity, in the
case of ciprofloxacin, chloramphenicol — medium selectivity,
whereas ornidazole, quercetin, ceftriaxone, metronidazole
and gentamycin — low selectivity. Comparing the level of
affinity of rutin and quercetin it was observed that binding
energy with active center of DNA-gyrase of rutin was in two
times higher than quercetin.

The next crucial enzyme that was assessed by molecular
docking was DHFR. The active center of enzyme was con-
taining of NADP, Tyr110, Asp30, Ile8, Phe34, Ile104, Arg55,
Arg60. Table 3 shows that clarithromycin, azithromycin,
rutin and levofloxacin had high selectivity, in the case of
ciprofloxacin, chloramphenicol, gentamycin, ceftriaxone,

Table 1. Microbial sensitivity

1A

1B

Fig. 1. Chemical structure of quercetin (A) and rutin (B).

quercetin — medium selectivity, whereas ornidazole, metro-
nidazole — low selectivity. Comparing the level of affinity
of rutin and quercetin it was observed that binding energy
with active center of DHFR of rutin was in two times higher
than quercetin.

The active center of deacetylase was represented by the
following amino acid: Thr190, Lys238, Gly92. Phel91,
Leul8, Ala206. According to the obtained results of the
study it was established that clarithromycin, azithromycin,
rutin and levofloxacin had high selectivity, in the case of
ciprofloxacin, gentamycin, chloramphenicol, ceftriaxone
—medium selectivity, whereas quercetin, ornidazole, metro-
nidazole — low selectivity. Comparing the level of affinity of
rutin and quercetin it was observed that binding energy with
active center of DHFR of rutin was in two times higher than
quercetin (Table 4).

Sensitivity Retardation zone, mm

High sensitivity >25
Sensitive 15-25
Low sensitivity 10-15
Not sensitivity <10
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Table 2. Affinity of quercetin, rutin and antimicrobials drug with the DNA-gyrase

AGbind, kcal/mol* Ki, mmol* Selectivity
Clarithromycin -11.59 0.00000001087 High selective
Azithromycin -10.29 0.00000061435 High selective
Rutin -10.45 0.00002184 High selective
Levofloxacin -8.69 0.00042853 High selective
Ciprofloxacin -8.06 0.00123 Medium selective
Chloramphenicol -6.38 0.02114 Medium selective
Ornidazole 5.0 0.19214 Low selective
Quercetin -5.00 0.21618 Low selective
Ceftriaxone -4.61 0.41631 Low selective
Metronidazole -4.54 0.46734 Low selective
Gentamycin -4.08 1.03 Low selective

*: free-binding energy; #: inhibition constant, IC50, mmol.

Table 3. Affinity of quercetin, rutin and antimicrobials drug standards with the DHFR

Ligand o ]
T N " R

Clarithromycin -16.78 0.000000000504 High selective

Azithromycin -14.50 0.00000002336 High selective

Rutin -10.72 0.00001379 High selective

Levofloxacin -8.98 0.00026376 High selective

Ciprofloxacin -8.44 0.00064808 Medium selective

Chloramphenicol -7.97 0.00143 Medium selective

Gentamycin -6.78 0.01073 Medium selective

Ceftriaxone -6.36 0.02164 Medium selective

Quercetin -6.32 0.02329 Medium selective

Ornidazole -4.95 0.23625 Low selective

Metronidazole -4.28 0.72416 Low selective

*: free-binding energy; #: inhibition constant, IC50, mmol.

The next crucial enzyme that was evaluated by molec-
ular docking was AHS Lasl. The active center of enzyme
consisted of amino acids: Thr190, Lys238, Gly92. Phel91,
Leul8, Ala206. Table 5 shows that chloramphenicol had high
selectivity, in the case of quercetin, ceftriaxone — medium
selectivity, whereas ornidazole, metronidazole, levofloxacin,
ciprofloxacin — low selectivity. While gentamycin, rutin,
azithromycin and clarithromycin were inactive. Comparing
the level of affinity of rutin and quercetin it was observed
that only quercetin was active against this enzyme while its
glycoside was not binding.

The active center of AHS Rhl was represented by following
amino acids: Glu254, Asp48, Tyr54, Met42. Leu63, Leu56.
Table 6 shows that clarithromycin, rutin, azithromycin had
high selectivity, ciprofloxacin, levofloxacin, quercetin,

chloramphenicol — medium selectivity, while ornidazole,
metronidazole, ceftriaxone — low selectivity as well as gen-
tamycin had inactive. Comparing affinity of quercetin and
rutin to active center it was observed that rutin in two times
higher active than its aglycone form.

The next crucial enzyme that was evaluated by molecular
docking was diguanylate cyclase. The active center of enzyme
consisted of amino acids such as Glu254, Glu253, Glu252,
Lys327, Arg331, Thr262, Argl198, Argl94. Tauble 7 demon-
strates that clarithromycin, chloramphenicol, ciprofloxacin
had medium selectivity, levofloxacin, ceftriaxone, metronida-
zole, rutin, quercetin, ornidazole, gentamycin, azithromycine
— low selectivity. Comparing affinity of quercetin and rutin
to active center it was observed that rutin and quercetin had
approximately the same value of binding energy.
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Table 4. Affinity of molecular docking of the quercetin, rutin and antimicrobials drug standards with the deacetylase

AGbind, kcal/mol* Ki, mmol* Selectivity
Azithromycin -14.04 0.000000051 High selective
Clarithromycin -13.98 0.000000057 High selective
Rutin -10.47 0.000021 High selective
Levofloxacin -8.34 0.00077565 High selective
Ciprofloxacin -7.51 0.00313 Medium selective
Gentamycin -7.45 0.00346 Medium selective
Chloramphenicol -7.19 0.00536 Medium selective
Ceftriaxone -6.09 0.03444 Medium selective
Quercetin -5.81 0.05541 Low selective
Ornidazole -5.32 0.12638 Low selective
Metronidazole -5.20 0.15555 Low selective

*: free-binding energy; #: inhibition constant, IC50, mmol.

Table 5. Affinity of quercetin, rutin and antimicrobials drug standards with the AHS Lasl|

Ligand
e S R

Chloramphenicol -10.76 0.00001304 High selective

Quercetin -6.70 0.01223 Medium selective

Ceftriaxone -6.56 0.01561 Medium selective

Ornidazole -5.83 0.05331 Low selective

Metronidazole -5.38 0.113 Low selective

Levofloxacin 4.1 0.97221 Low selective

Ciprofloxacin -2.41 16.98 Low selective

Gentamycin - - Inactive

Rutin - - Inactive

Azithromycin - - Inactive

Clarithromycin - - Inactive

*: free-binding energy; #: inhibition constant, IC50, mmol.

The next step of our research was to sum up the obtained
data mentioned before. All antimicrobial drugs and rutin,
quercetin were divided into two categories. To the first cat-
egory belong compounds that had high selectivity, whereas
to the second one belong compounds that had medium and
low selectivity.

Table 8 demonstrates that there was not present any of
antimicrobial drugs or biological active compounds that
inhibited highly selective all six mechanisms. Results show
that clarithromycin and azithromycin inhibited four out of six
enzymes of the “first line of defense” and biofilm formation,
except AHS Lasl and diguanylate cyclase. Levofloxacin
inhibited only enzymes of “first line of defense”, whereas
targets of biofilm formation were not sensitive to action of
levofloxacin. Comparing the selectivity of quercetin and

rutin it was found that quercetin cannot effectively inhibit
any of target enzyme, whereas rutin inhibited five out of six
enzymes, except diguanylate cyclase.

Rutin, quercetin and antimicrobial drugs were used to eval-
uate bacterial activity against test gram-negative strains such
as E. coli, P. vulgaris and P. aeruginosa (Table 9). Against
E. coli quercetin was more active (20.0 = 0.4 mm) than its
glycoside form (16.0 + 0.5 mm). The highest value of retar-
dation zone had ciprofloxacin (29.0 + 0.2 mm), levofloxacin
(31.0 £ 0.2 mm), ceftriaxone (27.0 £ 0.2 mm), gentamycin
(27.0 £ 0.3 mm).

We found that quercetin inhibited the growth of P. vul-
garis stronger (16.0 + 0.3 mm) than rutin (14.0 = 0.5 mm).
Comparing with antimicrobial drugs it was established
that the P. vulgaris was the most sensitive to action of gen-

142

Current issues in pharmacy and medicine: science and practice. Volume 18. No. 2, May — August 2025

ISSN 2306-8094



OpueiHaribHi 00CiOKeHHs

Table 6. Affinity of quercetin, rutin and antimicrobials drug standards with the AHS Rhl

AGbind, kcal/mol* Ki, mmol* Selectivity

Clarithromycin -18.54 0.0000000000253 High selective
Rutin -10.90 0.00001053 High selective
Azithromycin -10.16 0.00003572 High selective
Ciprofloxacin -7.84 0.00178 Medium selective
Levofloxacin -6.62 0.01408 Medium selective
Quercetin -6.20 0.02877 Medium selective
Chloramphenicol -5.88 0.04912 Medium selective
Ornidazole -5.20 0.15405 Low selective
Metronidazole -5.11 0.18023 Low selective
Ceftriaxone -4.48 0.51643 Low selective
Gentamycin - - Inactive

*: free-binding energy; #: inhibition constant, IC50, mmol.

Table 7. Results of molecular docking of the quercetin, rutin and antimicrobials drug standards with the diguanylate cyclase structure

Ligand Diguanylate cyclase

Clarithromycin -8.03 0.00131 Medium selective
Chloramphenicol -6.59 0.01488 Medium selective
Ciprofloxacin -6.31 0.02356 Medium selective
Levofloxacin -5.32 0.12516 Low selective
Ceftriaxone -5.19 0.15567 Low selective
Metronidazole -4.94 0.23835 Low selective
Rutin -4.88 0.2660 Low selective
Quercetin -4.73 0.3420 Low selective
Ornidazole -4.72 0.34569 Low selective
Gentamycin -4.49 0.51373 Low selective
Azithromycin -2.79 8.97 Low selective

a: free-binding energy; b: inhibition constant, IC50, mmol.

tamycin (26.0 = 0.3 mm), levofloxacin (30.0 £ 0.2 mm),
whereas the lowest one to metronidazole and ornidazole
(growth).

Against P. aeruginosa the zone of retardation of quercetin
and rutin were 18.0 + 0.4 mm and 17.0 + 0.4 mm. The high
sensitivity had ciprofloxacin (30.0 £ 0.2 mm), ceftriaxone
(30.0 £ 0.2 mm), levofloxacin (29.0 £ 0.2 mm) and genta-
mycin (26.0 £ 0.3 mm), while the low sensitive were clar-
ithromycin (14.0 £ 0.3 mm), metronidazole and ornidazole
(12.0 £ 0.3 mm).

We evaluated antibacterial activity of rutin, quercetin
and some of antimicrobial drugs against resistant strains
of P. aeruginosa, E. cloacae, A. baumannii and K. pneu-
moniae. Resistant strain of P. aeruginosa was sensitive
to rutin (23.0 £ 0.3 mm) and low sensitive to quercetin

(12.0 £ 0.6 mm) and chloramphenicol (12.5 £ 0.3 mm).
Against E. cloacae rutin had the strongest inhibition effect
as well as antimicrobial drugs such as chloramphenicol
(19.5 £ 0.5 mm), levofloxacin (23.5 £ 0.5 mm), ceftriaxone
(23.0+0.2 mm), and gentamycin (22.0 + 0.2 mm) had medi-
um antibacterial activity. In the case of A. baumannii, resistant
strain was only sensitive to the action of rutin (24.0 + 0.3 mm)
and quercetin (12.0 + 0.3 mm). Against K. pneumoniae rutin
had the highest value of retardation zone, while quercetin
had lower inhibition property (12.0 + 0.3 mm), in the case
of antimicrobial drugs levofloxacin (20.5 £ 0.5 mm), cef-
triaxone (19.5 + 0.5 mm), gentamycin (17.5 = 0.5 mm),
metronidazole and ornidazole (16.0 = 0.2 mm) as well as
ciprofloxacin (15.5 £ 0.5 mm) had the medium inhibition
property (Table 10).
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Table 8. Schematic classification of antimicrobial drug standards alongside quercetin and rutin into two categories

Compound DNA- Deace- | AHS Lasl Digua- No. of inhibition No. of inhibition
gyrase tylase nylate enzymes of “First enzymes of
cyclase | line of protection” | “Biofilm”

Antibacterial | Clarithromycin v v v # v # 3 1

dru

star?dards Chloramphenicol’ # # # v # # 0 1
Ciprofloxacin # v # # # # 1 0
Levofloxacin v v v # # # 3 0
Ceftriaxone # # # # # # 0 0
Metronidazole # # # # # # 0 0
Ornidazole # # # # # # 0 0
Gentamycin? # # # # # # 0 0
Azithromycin v v v # v # 3 1

Biological Quercetin® # # # # # # 0 0

active

compounds | Rutin® v v v v v # 3 2

v': high level of selectivity; #: lower and medium of selectivity.

Table 9. Antibacterial effect of quercetin and rutin against test strains of E. coli, P. vulgaris and P. aeruginosa

Concentration, mM

Diameter of the growth retardation zone, mm * SD

Rutin 0.003 16.0+£0.5 14.0+£0.5 17.0£04
Quercetin 0.003 20.0+0.4 16.0+0.5 18.0+04
Clarithromycin 0.003 220+0.3 140403 14.0+0.3
Azithromycin 0.003 25.0x0.3 21.0+04 21.0x0.3
Chloramphenicol 0.003 16.0+0.3 15.0+0.3 16.0+0.3
Ciprofloxacin 0.003 29.0+0.2 29.0+03 30.0+0.2
Levofloxacin 0.003 31.0+0.2 30.0+0.2 29.0x0.2
Ceftriaxone 0.003 270£0.2 240+0.3 30.0£0.2
Metronidazole 0.003 15.0+0.5 Growth 120+0.6
Ornidazole 0.003 15.0+0.5 Growth 12.0+ 0.6
Gentamycin 0.003 270+03 26.0+03 26.0+0.3
Aqueous solution with 5 % of dimethyl sulfoxide - Growth Growth Growth

SD: standard deviation, n = 3.

Discussion

The high antimicrobial resistance of bacteria is caused
by widespread application of antibiotics in the treatment
diseases with non-bacteria origin as well as uncontrolled
application of antibiotics in agriculture, above all, in live-
stock breeding [21].

The multidrug resistant bacteria are also called superbac-
teria. According to WHO the suberbacteria are represented
by A. baumannii, K. pneumoniae, P. aeruginosa and E. cloa-
cae [22]. According to temporary aspects to inhibit the growth
of any resistant bacteria, antibacterial drug has to inhibit six
main mechanisms: above all, “the first line of defense”, there
are DNA-gyrase, DHFR and inhibition of membrane forma-

tion, the second group of enzymes is responsible for biofilm
formation: acyl-homoserine-lactone synthetize Lasl and Rhl,
cyclic di-guanylate monophosphate (c-di-GMP) [23].

DNA gyrase is an enzyme responsible for the temporary
division of bacterial DNA into two strands, subsequently
the replication stage begins. The next important enzyme is
DHFR; this enzyme is responsible for the formation of folic
acid, which is necessary for the existence of bacteria [23].
A key protective mechanism in bacteria is their membrane,
and gram-negative strains are no exception. The membrane
of these bacteria contains a unique lipopolysaccharide that
triggers an immune response and fever. The enzyme UDP-3-
O-(R-3-hydroxymyristoyl)-N-acetylglucosamine deacetylase
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Table 10. Antibacterial effect of quercetin and rutin against resistance strains of P. aeruginosa, E. cloacae, A. baumannii and K. pneumonia

5
Rutin 0.003 23003 25002 24003 230+0.3
Quercetin 0.003 12.0+0.3 14.0+0.5 120+0.3 12.0+0.3
Clarithromycin 0.003 Growth Growth Growth Growth
Azithromycin 0.003 Growth Growth Growth Growth
Chloramphenicol 0.003 125105 195105 Growth Growth
Ciprofloxacin 0.003 Growth Growth Growth 155+0.5
Levofloxacin 0.003 Growth 23.5+0.5 Growth 20505
Ceftriaxone 0.003 Growth 23.0+£0.2 Growth 19.5+0.5
Metronidazole 0.003 Growth Growth Growth 16.0+0.2
Ornidazole 0.003 Growth Growth Growth 16.0+0.2
Gentamycin 0.003 Growth 220+0.2 Growth 175+05
Aqueous solution with 5 % of dimethyl sulfoxide - Growth Growth Growth Growth

SD: standard deviation, n = 3.

plays a crucial role in the biosynthesis of this lipopolysaccha-
ride. Notably, this enzyme is exclusive to bacteria, as it lacks
homologs in both humans and other mammals.

However, the problem of resistant bacteria is their abi-
lity to form biofilm. The biofilm is a structure of bacteria
colony that prevent penetration antimicrobial drugs into
the bacteria. The main mechanism of formation biofilm
is the activation of a quorum system. The quorum system
is a type of cellular signaling that relies on the production
and perception of chemical signaling molecules called
autodoctors. The signal molecules in resistant bacteria are
acyl-homoserine-lactone synthetize Lasl and Rhl. More-
over, the formation of biofilm requires a stage of cell adhe-
sion of resistant bacteria to the surface, a protein c-di-GMP
is responsible for this stage of formation biofilm. c-di-GMP
is coordinated the transition of the bacterial lifestyle from
motile to immobile [22].

Results of research showed that none of the antimicrobial
drugs highly selective inhibit all “targets” mechanisms. How-
ever, rutin showed high value of selectivity of DNA-gyrase,
DHFR, deacytelase (formation membrane), AHS Lasl, and
AHS Rhl, whereas quercetin was not highly selective against
all six “targets” mechanisms. We can make a conclusion that
glucoside of quercetin has higher antibacterial potential than
its aglycone. In our view, it can be related with the presence of
glucose and rhamnose at third position that radically change
an antibacterial potential of quercetin.

In the research of A. Ragunathan et al. [24] antibacterial the-
oretical potential of rutin and quercetin by molecular docking
was studied. Comparing with our results binding energy of
quercetin in our research was lower 10.8 % of DNA-gyrase,
and DHFR, respectively. Whereas, binding energy of rutin in
our research was higher 50,30 % of DNA-gyrase and DHFR.
Ragunathan A. et al. [24] showed that binding energy of
quercetin and rutin were approximately at the same level. In

our opinion such difference can be related with the different
model of enzymes, or as well as with the fact, that another
active center was chosen.

To evaluate the antibacterial activity, we prepared solutions
of rutin, quercetin, and antimicrobial drugs in one molar con-
centration. Why did we give the concentration in moles, and
not, for example, as usual, in percent or mg/mL? According to
the textbook “Analytical Chemistry” [25], mole is the amount
of a substance containing the same number of structural units
(atoms, molecules) as atoms contained in 12 g of carbon-12,
thus 1 mole contains 6.022 x 10 particles (Avogadro’s num-
ber). Therefore, when we compare substances in one molar
dose, the number of particles in all studied solutions of the
substance will be the same, and then we can freely take and
compare their antibacterial action. In the case when we take
in one concentration in percent, or mg/mL, the number of par-
ticles of substances will be different everywhere, since each
substance has a different molecular weight. Thus, comparison
of their antibacterial effects is impossible.

Comparing theoretical studies with practical results, we
can state a certain pattern of the connection and structure of
the action of rutin and quercetin. According to the results of
molecular docking, it was shown that the binding energy of
rutin in 5 of 6 mechanisms exceeded the binding energy of
quercetin by two times. Experimental results of the antibac-
terial activity of rutin and quercetin against resistant strains
showed the same pattern, that rutin has an antibacterial effect
two times higher than quercetin. However, we cannot estab-
lish such a pattern in the case of gram-negative test strains.
The results showed that the action of rutin and quercetin are
almost the same. In our opinion, this may be due to the fact
that the test strains lack a number of proteins or enzymes
that would be highly sensitive to the action of rutin, unlike
resistant strains, for example, proteins or enzymes responsible
for the formation of biofilm.
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We can also note that no antibiotic inhibited all resistant
strains of bacteria. This fact indicates the need for mandatory
studies of combinations of antimicrobial drugs and rutin,
quercetin or extracts (which contain a high concentration
of rutin and quercetin). An antimicrobial drug is not able to
inhibit all 6 key enzymes, but only with the addition of, for
example, rutin, they will have the ability to actively suppress
the growth of resistant strains. Because all “target” targets
of bacteria responsible for the vital activity of bacteria will
be suppressed.

Conclusions

1. Theoretical studies of “standard” antimicrobial drugs
used in infectious disease treatment protocols are not highly
selective inhibitors of “target” antibacterial mechanisms of
gram-negative bacteria, unlike rutin, which turned out to be a
highly selective inhibitor of the following enzymes: DNA-gy-
rase, DHFR, deacetylase, AHS Rhl, Diguanylate cyclase.

2. Theoretical research demonstrated the potential anti-
bacterial activity of rutin that exceeds effect of quercetin by
two times. This pattern is fully confirmed by in vitro studies,
where the antibacterial effect of rutin against resistant strains
was also 2 times higher.

3. It was shown that none of the “classic” antimicrobial
drugs inhibited all resistant gram-negative strains. Based on
the results obtained, we came to the conclusion that the next
necessary stage of our research is to study a combination of
antimicrobial drugs and rutin, quercetin or herbal extracts
that contain a high content of these individual compounds.
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