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Abstract

Background. Medicinal plant extracts exhibiting pro- and antioxidant properties may affect antibiotic-induced
killing of biofilm-producing bacteria in both synergistic and antagonistic modes. Better understanding of these
alternations is required to adjust antibiotic therapy and herbal medicine in order to exclude unwanted losses of
antibiotic efficiency.

Aim: to study modulation modes of streptomycin killing rate against mature biofilms of Escherichia coli in the
presence of different doses of commonly used medicinal plant extracts.

Materials and methods. Pharmacodynamic parameter killing rate and mass biofilm formation were determined
in the presence of streptomycin and medicinal plant extracts.

Results. Synergism was found between 100 mg/ml streptomycin and low doses (0.83 mg of dry herb/ml) of green, black
tea, Arctostaphylos uva-ursi, Betula pendula and Laminaria japonica against killing mature biofilms. Alternatively, high
doses (6.64 mg of dry herb/ml) of green, black tea and Vaccinium vitis-ideae demonstrated antagonism, decreasing
killing rate and enhancing biofilm formation. Presumably, high doses of the extracts were sufficient to enhance biofilm
formation blocking penetration of streptomycin through enlarged biofilm matrix and diminishing the killing rate.
Conclusions. Widely consumed as soft beverages or for prophylactic purposes green, black tea and V. vitis-ideae could
promote strong antagonistic effects with streptomycin. These extracts can stimulate biofilm production, making
benefit for commensal microbiota, but have clinical relevance due to a significant reduction in the lethal efficiency
of streptomycin in biofilms of pathogenic strains. This highlights the need of careful antibiotic prescription scheme
adjustment when choosing appropriate combinations of plant extracts and antibiotics to achieve a synergistic effect.
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Pesome

0O60cHOB8aHUe. IKcmpakmuwl JeKapCME8eHHbIX pacmeHull, obaadarujue npo- U AHMUOKCUOAHMHbIM delicmauem,
Mo2ym okasbleams dgolicmeeHHoe Modyaupyroujee 8AusHue Ha 6akmepuyudHbsle 3¢ PHekmbl aHMuU6UOMUKOS.
Lleav uccaedosanus: usyvums modyaupyrowue sgpexkmol 600HbIX IKCMPAKMOE N1eKAPCMBEHHBIX paAcmeHull Ha
cKopocmb 6akmepuyudHozo aghgpekma cmpenmomuyuHa npu deticmeuu Ha 3pesvle 6uonieHku Escherichia coli.
Memodsl. H3mepsiau ckopocms 6akmepuyudHozo 3gpghekma u 8a08o0e 6UONAEHKO06PA308aAHUE 8 hpuCymcmauu
PA3AUYHbLIX 003 SIKCMPAKMOB8 U CMPEnmoMUYUHa.

Pesyabmamul. Buisienen cunepausm mesxcdy 100 mke/ma cmpenmomuyuHa u Huzkumu dosamu (0,83 me
cyx020 gewecmsa/ma) 3enéHozo, yépHozo yas, Arctostaphylos uva-ursi, Betula pendula u Laminaria japonica.
B mo sice spemsi, svicokue do3swl (6,64 M2 cyxozo sewecmea/Mma) 3enAéHo20, 4épHozo vas u Vaccinium vitis-ideae
oKaswleau aHmazoHucmuyeckue agekmol, nodasasas ckopocmsb 6akmepuyudHozo adekma u cmumyaupys
6uons1éHkoobpasosatue. B nocaedHem cayuae, 8eposimHo, nodae/151/10Cb NPOHUKHOBEHUE CMPenMoMUuyuHd 8 MamMpuKc
6UONNEHKU, UMO U cnOCO6CMB08aJ/10 CHUNCEHUI ckopocmu 6akmepuyudHoz2o adexkma.

3akaioyenue. lllupoko npumeHsieMble 4e/A08€KOM 8 NuUWy 3eAéHblll, YépHbull yaili u V. vitis-ideae cHudcanu
6akmepuyudHblil agphekm cmpenmomMuyuHa. Imu IKCMpaKkmbvbl Maxk1Hce CMUMYAUPO8AIU 6UONAEHKO0OPA308aHUE, YMO
MOJKem N0A0HUMENbHO CKA3bI8AMbCS HA HCU3HEdesimesbHoOCMU HOpMAIbHOU MUKPOE.10pbl Ye108eKa, 00HAKO MOxHcem
npugecmu K Cmumyaupo8aHuto moiepaHmHocmu 601e3HemeopHbIX MUKp0608. BbisigieHHble cumyayuu nodasaeHust
ckopocmu 6akmepuyudHozo sekma 8 npucymcmeuu UChblmyemblx IKCMPAKMOo8 yKasvblearom Ha HE06X00uMocme
KOpPeKmuposKU cxeM JIeHeHUsl, BKAIUAUUX COBMECMHbLL npueM aHmubuomukos u pumonpenapamos. [losyuerHoie
daHHble npedcmaes/s1om npakmuveckutl uHmepec u Hyxcdaromcesi 8 oanbHeliueM usyeHuul.

HccnedosaHue 8binoHeHO 8 paMKax 20cydapcmeeHHo20 3adanust N2 eocpecucmpayuu memol 01201353246, a makaice
npu noddepicke epanmamu IIpezudenma MK-3376.2018.4 u [Ipozpammut YpO PAH AAAA-A18-118041890005-1.

* (7aTbfl NOATOTOBNEHA Ha 0CHOBAHWUM J0KNaZa, NPeACTaBNeHHoro Ha Beepoccuitckoit HayuHoi KOHGepeHLuN ¢ MexayHapoAHbIM yuacTinem «MexaHu3mbl afanTaLui MIKPOOPraHU3MOB K panuuHbIM
YCNOBUAM Cpefbl 06uTaHua» (4-7 uiona 2019 r., UpkyTk).
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Kniouesble cno8a: 6uonaéHku, cmpenmomuyuH, ckopocms 6akmepuyudHozo sgekma, 1ekapcmeeHHble pacmeHus
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Streptomycin is a broad-spectrum aminoglycoside anti-
biotic, which was found effective in pneumonias, abscesses,
peritonitis and other infections, caused by the gram-negative
bacteria frequently present in the urinary tract [1]. Broad
categories of people, including infants, pregnant women,
elderly patients with catheters, diabetes and immunocom-
promised patients, as well are at a high risk of development
of urinary tract infections [2]. The most common causes of
urinary tract infections (UTls) are associated with biofilm-pro-
ducing bacteria such as Escherichia coli.

While green and black tea are common diet constituents,
medicinal plant extracts of Arctostaphylos uva-ursi and Vac-
cinum sp. are commonly used in prophylaxis of UTls, Betula
pendula leaf extracts are used as diuretic, Laminaria japonica
is known as a strong bactericidal, anti-inflammatory and
immunomodulating agent [3]. Beneficial properties of these
plant extracts are often explained by their pro- and antioxidant
effect [4, 5]. The idea of involvement of reactive oxygen species
into non-specific killing mechanisms by a number of antibi-
otics has also been discussed [6, 7]. Therefore, modulation of
antibiotic action in the presence of redox-active compounds
requires comprehensive research.Taking into accounta global
rise in antibiotic resistant bacteria, such investigations might
be helpful in creating powerful antimicrobials and herbal ad-
juvants increasing efficiency of antibiotic therapy. Strong an-
timicrobials of plant origin are being frequently characterized
[8, 9]. At the same time, a decrease in antibacterial action of
aminoglycosides in Escherichia coliin the presence of antiox-
idants has been reported [10], highlighting the complexity of
interaction modes of antibiotics and plant substances withina
bacterial cell.In this work, we examined how streptomycin kill-
ing rate against mature biofilms of E. coli might be modulated
in the presence of commonly used medicinal plant extracts.
As an advantage of the study, we investigated effects of both
low and high doses of the plant extracts.

MATERIALS AND METHODS OF RESEARCH

Reagents including antibiotic streptomycin, thiamine,
casamino acids, agar, Luria-Bertani broth were from Sig-
ma-Aldrich Chemical Co (St Lous, MO, USA). Other reagents
were of analytical grade (Reachim, Russia).

Water extracts of medicinal herbs Arctostaphylos
uva-ursi, Vaccinium vitis-idaea, Betula pendula, Laminaria
japonica were prepared from commercial pharmaceutical
preparations (OAO Krasnogorskleksredstva and ZAO Ivan-
Chai, Russia) and commercial samples of green and black
tea (Greenfield “Golden Ceylon’, Greenfield tea Ltd., London,
W1U 2HQ, UK). Dry herbs (1 g) were boiled in 30 ml of distilled
water in a water-bath during 30 min, cooled and sequentially
filtrated through paper and membrane (0.45 um pore size)
filters. This initial extract was concentrated by 8 times using a
rotary evaporator IKA RV 10 basic (Germany). The final doses
applied in the cultural medium were 0.83 mg of dry herb/
ml (initial extract) and 6.6 mg of dry herb/ml (concentrated
extract). These doses were chosen as those as the minimal
creating a visible effect and the maximal which did not result
in precipitation during the incubation period. Fresh extracts
were used in all experiments.

The strain of E. coliBW25113 was obtained from Keio col-
lection [11]. Bacteria were grown overnight at 37 °C without
shaking in minimal M9 medium supplemented with glucose
(4 9/1),0.2 % casamino acids and 10 pg/ml thiamine [12]. After
centrifugation at 6000 g for 4 min, the cells were resuspended
in fresh M9 to initial optical density at 600 nm (OD, ) of 0.1.
This culture was transferred to 96-well polystyrene microtitre
plates (200 ul per well) and incubated statically at 37 °C for
22 h to obtain biofilms.

Mature biofilms were washed twice with 0.9% NaCl.
Then 200 pl of fresh M9 (4 g/l glucose) medium supple-
mented with 0.2% casamino acids, 10 ug/ml thiamine and
5 ul of extract were added in each well. The plates were
incubated at 37 °C with shaking (340 rpm) in Shaker Ther-
mostat Sky Line (ELMI, USA) for 1 hour, after that antibiotic
streptomycin 10 ug ml~" and 100 pg ml~" (corresponding
to T minimum inhibitory concentration (MIC) and 10 MIC,
respectively) was added and incubation continued further
for 2 hours.

In order to determine colony-forming ability (CFU/ml) in
biofilms, medium was removed, the biofilms were washed
with sterile saline and sonicated by two pulses (37 kHz,
30 W) for 1 min each with pause time of 1 min in a water
bath sonicator (Ultrasonic cleaning unit Elmasonic S10 H,
Elma, Germany). Then, OD,, was measured using xMark™
spectrophotometer (Bio-Rad, USA) and 10-ml drops of serial
dilutions were plated on LB-agar. Colonies were counted in
24 h after incubation at 37 °C.

The rate of antibiotic-induced bacterial killing (¢) was
calculated based on the decline of the density of viable
bacteria over a defined period, using the equation ¢ =[In(N,/
N,)1/t, where N, is the cell density (CFU/ml) at time t; N, is the
initial cell density before antibiotic addition, and tis the time
in hours (2 hours in the current study) [13].

Mass biofilm formation was monitored using the mod-
ified microplate biofilm assay from the methods previously
described [14, 15]. Wells of 96-well polysterene microtiter
plates containing mature biofilms resuspended in the
fresh medium with/without the extracts were prepared
as described above. Control wells contained bacteria-free
medium and the extracts only. At time zero and every hour
of cultivation OD,, of each well was measured, broth was
removed and wells were rinsed twice with 200 ul of sterile
saline. The wells were air-dried and 150 pl per well of 0.1%
crystal violet solution was added for 30 min.Then, the colou-
rant was discarded and the wells were rinsed five times with
distilled water. The plates were air-dried for 1 h. To quantify
biofilms, 200 pl of 96% ethanol was pipetted into each well.
After 5 min, 125 ul of the solution was transferred to a sep-
arate plate where the OD,,  were measured using xMark™
spectrophotometer.

The total biofilm formation (BF) or, the mass of biofilms,
was calculated using the formulae: BF = AB - CW, where AB is
the OD,, of stained biofilms and CW is the OD,,, of stained
control wells.

Each result is indicated as the mean value of at least
five independent experiments + the standard error of the
mean (SEM). Significant difference was analyzed by Student’s
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t-test. A P-value of 0.05 was used as the cut-off for statistical
significance. Results were analyzed by means of Statistica 6
(ver.6,2001; StatSoft Inc.).

RESULTS AND DISCUSSION

Under our conditions, streptomycin killing rate against
mature biofilms of E. coliBW25113 grew up in a dose-depen-
dent mannerand was equalto-0.17 and -2.39 h~'for 10 and
100 mg/ml streptomycin, respectively. In the presence of the
tested medicinal plant extracts, we observed modulation of
the killing rates. More remarkable effects were found with
100 mg/ml streptomycin (Fig. 1). Interestingly, different
doses of the extracts could cause opposite effects: 0.83 mg/
ml extracts of green tea, black tea, A. uva-ursi, B. pendula and

=O- no extract
-+- green tea ,
-4 - black tea . 4
—A- A. uva-ursi 4
-@- V. vitis-ideae ’
-l B. pendula ‘
=¥- L. japonica R

'
N
T

Killing rate, h™!

* % X%

0,83 6,64
Dose of the extract, mg/ml

Fig. 1. Killing rate by 100 mg/ml streptomycin in the presence of dif-
ferent doses of the extracts (* indicates statistically significant
difference from the sample treated with antibiotic alone).
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Fig. 2. Mass biofilm formation (OD,, )
antibiotic addition is indicated by the arrow).

L. japonica increased killing rate of the antibiotic by about
25 %. Alternatively, 6.64 mg/ml extracts of green and black
tea, B. pendula and L. japonica decreased the killing rate of
streptomycin by about 20 %. High doses of V. vitis-ideae
reduced the killing rate by 3.5 times. In case of 10 mg/ml
streptomycin, the extract of V. vitis-ideae demonstrated a
dose-dependent protection against killing by antibiotic
(data not shown). Generally, synergistic effect between
100 mg/ml streptomycin and low doses of the extracts
turned into antagonistic mode when doses of the extracts
were increased.

The observed effects might be explained by pro-oxi-
dant activity of green and black tea, A. uva-ursi and V. vi-
tis-ideae, which also contributed to protection of planktonic
cultures against ciprofloxacin and ampicillin but increased
killing by kanamycin [16]. Nature of antibiotics is essential
when their action is combined with the plant extracts. Spe-
cifickilling mechanism by streptomycin involves inhibition
of protein synthesis. Thus, it is more likely to affect rapidly
growing bacterial cultures. As for the biofilms, antibiotic
penetration through biofilm matrix might be the limiting
factor. Thus, to understand the underlying mechanisms of
modulation of streptomycin killing rate in the presence of
the extracts we investigated changes in the mass biofilm
formation during the incubation period. As it was men-
tioned in “Materials and methods” section, in the model
of our experiment mature biofilms were firstly pretreated
with the extracts for 1 h before antibiotic was added. After
the first hour, we observed dose-dependent stimulating
effects on mass biofilm formation by all the extracts ex-
cluding B. pendula (Fig. 2 A, B). This coincided with our
earlier report about stimulating effects of these extract on
biofilm formation in planktonic cultures [5]. Here, maximal
stimulation was seen with 6.64 mg/ml A. uva-ursi and V. vi-
tis-ideae extracts, which enhanced mass biofilm formation
up to 5.5 times compared to the untreated biofilms. Strong
pro-oxidant activity of the tested extracts could stimulate
biofilm production via induction of stress response path-

ODgyq

Time, h
b

in the presence of low (a) and high (b) doses of the extracts and 100 mg/ml streptomycin (moment of
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ways [4; 5, 16]. At the same time, mature biofilms that were
not treated with the extracts exhibited a slight eradication
mode after 1 h of incubation and then the mass biofilm
parameter did not change remarkably (data not shown).
Treatment with 100 mg/ml streptomycin in the absence
of the extracts enhanced eradication by about 50 %. After
addition of streptomycin to the biofilms pretreated with
the extracts a dose-dependent stimulation of mass biofilm
formation was still observed after 2 h of incubation in case
of A. uva-ursi, V. vitis-ideae, green and black tea compared
to the sample treated only with antibiotic. Simultaneously,
L. japonica extract decreased biofilm formation by 2 times
(Fig.2 A, B).

Collectively, after treatment with 100 mg/ml strepto-
mycin high doses of the extracts of green, black tea and
V. vitis-ideae demonstrated antagonistic mode, decreasing
antibiotickilling rate and enhancing biofilm formation. At the
same time synergism was found between streptomycin and
low doses of the extracts of green tea, black tea, A. uva-ursi,
B. pendula and L. japonica against killing mature biofilms.
Apparently, high doses of the extracts were sufficient to
enhance biofilm formation and consequently to block pen-
etration of streptomycin through enlarged biofilm matrix
and thus the killing rate was diminished.

CONCLUSION

Our findings revealed opposite modulation patterns
of the streptomycin killing rate in the presence of low
and high doses of the medicinal plant extracts. Notably,
only low doses provoked synergism enhancing killing of
mature biofilms by streptomycin. Higher doses of green,
black tea and V. vitis-ideae, which are widely consumed
as soft beverages or in UTIs prophylaxis aroused strong
antagonistic effects decreasing killing by streptomycin. We
showed that these extracts could stimulate biofilm produc-
tion, which may be useful for commensal microbiota, but
have clinical relevance due to a significant reduction in the
lethal efficiency of streptomycin in biofilms of pathogenic
strains. This highlights the need of carefulness and antibiotic
prescription scheme adjustment in choosing appropriate
combinations of plant extracts and antibiotics to achieve a
synergistic effect. Further research is required to elucidate
the complicated interaction patterns of antibiotics and
medicinal plant extracts.
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