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The article is devoted to the study of the effects of isoliquiritigenin in generalized bacterial infections.

The aim is to study antibacterial and immunotropic mechanisms and effects of isoliquiritigenin in generalized staphylococcal
infections in a mouse model.

Materials and methods. To assess the survival rate of Balb/C mice, a generalized infection model caused by Staphylococcus
aureus J49 ATCC 25923 with Kaplan-Meier curves was used. The degree of bacteremia during the development of infection was
determined by the method of sector crops. The minimum inhibitory concentration of isoliquiritigenin against Staphylococcus
aureus J49 ATCC 25923 was determined by serial dilutions methods. To study an antibiofilm activity, the MTT test and atomic
force microscopy were used. Immunotropic effects were studied by assessing peptone-induced migration of phagocytes into
the abdominal cavity, proliferation of mitogen-activated lymphocytes in the MTT test and their cytokine secretion using the
MILLIPLEX MAP kit on a Magpix multiplex analyzer.

Results. It has been established that a preliminary intraperitoneal administration of isoliquiritigenin (30 mg/kg) increases
the survival rate of Balb/C mice in case of generalized staphylococcal infections. Isoliquiritigenin has antibacterial (MOC
= 64 pg/ml) and antibiofilm (4—32 pg/ml) activities against S. aureus J49 ATCC 25923, does not inhibit the migration of
phagocytes in the abdominal cavity, dose-dependently inhibits the proliferation and secretion of cytokines by mitogen-
activated T-lymphocytes and modulates the production of cytokines (IL-2, IL-12p70, IFNg, TNFa, IL-6, IL-22, IL-23, IL-17A,
IL-17F, IL-17E/IL-25, GM-CSF, MIP — 3a/CCL20, IL-10) by the cells of inguinal lymph nodes and splenocytes in the early stages
of generalized staphylococcal infections.

Conclusion. A preliminary administration of isoliquiritigenin increases the survival rate of mice with generalized staphylococcal
infections, which may be associated with both antimicrobial (antistaphylococcal, antibiofilm) and immunotropic mechanisms.
The obtained data on the pharmacodynamics of isoliquiritigenin deserve attention from the point of view of the prospects of
the new drugs creation that reduce mortality in staphylococcal sepsis.
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Abbreviations: MHB — Mueller-Hinton Broth; DMSO — dimethyl sulfoxide; ISL — isoliquiritigenin; SI — stimulation index; CFU
— colony forming unit; ConA — concanavalin A; MIC — minimal inhibitory concentration; PBS — phosphate buffered saline;
GM-CSF — colony stimulating factor 2 (granulocyte-macrophage); IFNg — interferon-gamma; IL — interleukin; MIP-3a/CCL20
— Macrophage Inflammatory Protein-3/Chemokine (C-C motif) ligand 20; MTT — 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide; OD — optical density; S. aureus — Staphylococcus aureus; SD — standard deviation; Th — T-helper cell;
TNFa — tumor necrosis factor alpha.
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CTaTbA NocBALLeHa U3yyeHuto 3GpdeKToB U30IMKBUPUTUIEHMHA NPY FeHePaNN30BaHHOM GaKkTepmanbHON MHbEKLUN.

Llenb: n3yyeHme aHTMBaKTEPUAbHbBIX U UMMYHOTPOMHbIX MEXaHM3MOB U 3GPEKTOB N30UKBUPUTUTEHWMHA NPU FTEHEPANN30-
BaHHOW CTadUNOKOKKOBOW MHDEKLMU B MbILUMHON MOLENN.

Marepuanbl  meTogbl. 11 OLEHKM BbIXKMBAEMOCTM Mbllei anHuK Balb/C ncnonb3osanm mogesb reHepasim3o0BaHHOM UH-
deKummn, BbizBaHHOM Staphylococcus aureus J49 ATCC 25923 c nocTpoeHmem Kpmebix KannaH-Meiepa. CteneHb 6akTepune-
MUM NPU Pa3BUTUU UHOEKLUW ONpPenensiiv MeTOAOM CEKTOPHbIX NOCEBOB. MUHUMANbHYIO NOAABAAIOLLYH KOHLLEHTPALMIO
M30/IMKBUPUTUTEHMHA B OTHOoWweHun Staphylococcus aureus J49 ATCC 25923 onpenensinn MetogomM CEPUNHBIX Ppa3BeaeHUN.
[na nccnegoBaHUA aHTMOMONNEHOYHOM aKTUBHOCTM MUCNoAb3oBann MTT-TeCT M aTOMHO-CM/IOBYO MUKPOCKONUID. Mmmy-
HOTPOMHble 3GPEKTbI M3yyann, OLeHUBasA NENTOH-UHAYLIMPOBAHHYIO MUFPaLLMIO GaroLMToB B HPIOLIHYO MONOCTb, Nponnde-
paLuio MUTOreH-aKTUBUPOBAHHbIX IMMbOLUTOB B MTT-TECTE U CEKPELMI0O MU LLUTOKMHOB C NOMOLLblo Habopa MILLIPLEX
MAP Ha MynbTUNIEKCHOM aHanu3atope Magpix.

Pe3ynbratbl. YCTaHOBNEHO, YTO NpeaBapuTeNbHOE BHYTPMOPIOWNMHHOE BBEAEHWNE U30IMKBMPUTUreHUHa (30 Mr/Kr) yBennyu-
BaeT BbIXMBaemMoCTb Mbiliei Balb/C npu reHepannsoBaHHOM cTadMNOKOKKOBOM MHOEKLMN. N30ANKBUPUTUTEHUH 0badaeT
aHTubakTepuanbHoi (MIMK = 64 MKr/ma) v aHTUBMONAEHOYHOM (4—32 MKr/MA) aKTUBHOCTbIO B OTHOWEHWUM S. aureus J49
ATCC 25923, He NHrnMbupyeT mmrpaumio ¢paroLmMToB BPIOLLHYI0 NOMOCTb, 40303aBUCMMO NOAABAAET NPoAndepaLmto 1 cekpe-
LMIO LIUTOKMHOB MUTOFEH-aKTUBUPOBAHHbIMU T-TMMbOLUTaMKU U MOAYAUPYET BbIPabOTKY LMTOKMHOB (IL-2, IL-12p70, IFNg,
TNFa, IL-6, IL-22, IL-23, IL-17A, IL-17F, IL-17E/IL- 25, GM-CSF, MIP-3a/CCL20, IL-10) KneTkamu naxoBbix 1MMPaTUUECKUX Y3/10B
1 CNIEHOLUTOB Ha PaHHWX CTagMAX reHepann30BaHHON CTadUNOKOKKOBOM MHBEKLNN.

3akntoueHue. MpeaBaputenbHoe BBeAeHNE N30IMKBUPUTUTEHUHA MOBbIWAET BbIXKMBAEMOCTb MblLel Npu reHepaan3oBaH-
HOW CTadpUNOKOKKOBOM MHDEKLLMM, YTO MOXKET BbITb CBA3AHO KaK C aHTUMMUKPOBHbIMM (aHTUCTaUIOKOKKOBbIM, aHTMBUONe-
HOYHbIM AENCTBUEM), TAaK U UMMYHOTPOMHbIMW MeXaHU3MaMu. MoayYeHHble AaHHble 0 GapMaKogMHAMUKe U30UKBUPUTU-
reHWHa 3aC/1y»KMBaT BHUMaHUSA C TOYKM 3PEHUA NEPCNEKTUBbI CO34aHNA HOBbIX IEKAPCTBEHHbIX NPENAPaTOB, CHUMKAOLLNX
/IeTanbHOCTb NPY CTadUIOKOKKOBOM Cercuce.

KntoueBble cnoBa: aHTUMUKPOBHAA aKTUBHOCTb, BUONAEHKM, U3ONUKBUPUTUTEHUH, UMMYHUTET, MbILLK, S. aureus
CokpaweHusa: BMX — 6ynboH Mionnepa-XuHtoHa; AMCO — aumetuncynbdokena; WIT — nsonnksmuputuredmH; UC — nH-
nekc ctumynaumm; KOE — konoHneobpasytowme eanHuubl; KoHA — KoHKaHaBanuH A; MIMK — MyMHMManbHas nogasnsatoLwas
KoHLeHTpauma; Cb — dochatHo-conesBoi bydep; GM-CSF — rpaHyioumMTapHO-MaKkpodaranbHblii KONOHUECTUMYANPYHOLLUIA
dakrop; IFNg — uHtepdepoH-ramma; IL — nHtepneikmH; MIP-3a/CCL20 — makpodaranbHbili 6e10K BocnaneHus-3a/XeMoKu-
HoBbI nurang, (CC) 20; MTT — 3-(4,5-anmetTuntuason-2-un)-2,5-gudeHunn-retpazonnym bpomma; OD — onTuyeckas naot-
HoCTb; S. aureus — Staphylococcus aureus; SD — cTaHgapTHOe oTKNoHeHWe; Th — T-xennepbl; TNFa — dakTop HeBpo3a onyxonu

anbda.

INTRODUCTION

Staphylococcus aureus (S. aureus) is a pathogen that
causes severe generalized infections in humans. Among
the infections caused by gram-positive bacteria, S. au-
reus infection is characterized by high mortality due to
the development of sepsis and septic shock [1]. A sep-
tic process is known to be accompanied by a “cytokine
storm” leading to a multiple organ failure. At the same
time, an early prescription of antibacterial drugs is not
always effective due to the development of the uncon-
trolled systemic inflammation, as well as the resistance
of S. aureus to antibiotics [2]. Currently, low doses of
corticosteroids which have undesirable immunosup-
pressive effects, are recommended to reduce mortality
in septic shock in this situation [3]. Thus, many aspects
of the treatment of sepsis remain controversial and re-
quire an in-depth fundamental study.

In case of massive generalization of infections, the
reaction of the immune system is known to take on the
features of systemic inflammation with a multiple organ
failure, the main pathogenetic factor of which is the pro-
duction of pro-inflammatory cytokines that trigger the
generation of free radicals [4]. S. aureus can produce a
toxic shock syndrome toxin [5], which acts as a superan-
tigen able of inducing cytokine release at low concentra-
tions, triggering the development of a “cytokine storm”.

Recent studies have shown that licorice root flavo-
noids increase the secretion of IL-17 by activated T cells
in vitro [6], and also lead to a switch of the immune re-
sponse with differentiation of IL-17-producing cells in a
contact sensitivity model [7]. Moreover, in the model of
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generalized staphylococcal infections, a preliminary ad-
ministration of the sum of licorice flavonoids increased
the survival rate of the laboratory animals [8].

Isoliquiritigenin (ISL) is one of the main flavonoids
of licorice roots, which has various types of pharmaco-
logical activity: antitumor [9], antimicrobial [6], as well
as anti-inflammatory and immunomodulatory [9-11].
These properties make it relevant for studying licorice
roots as an agent in generalized infectious and inflam-
matory processes. In this study, an attempt was made
to experimentally substantiate the use of chalcone
isoliquiritigenin (ISL) in generalized infections (in the
mice), caused by S. aureus.

THE AIM of this work was to study antibacterial and
immune mechanisms of ISL in sepsis in mice, caused
by an intraperitoneal administration of S. aureus J49
ATCC25923 strain.

MATERIALS AND METHODS

Bacterial strain and conditions for its cultivation

S. aureus J49 ATCC25923 strain, obtained from the
Federal State Budgetary Institution “Scientific Center
for Expertise of Medicinal Products” of the Ministry of
Health of Russia (Moscow, Russia), was grown in Muel-
ler-Hinton broth (MHB, Medica plus LLS, Russia) at 37 °C
in glass vials with aeration. For experimental purposes,
a medium log phase bacterial culture was used, which
had been cultured in 96-well flat-bottomed plates.
(Corning Costar, USA). The calculation of colony forming
units (CFUs) was carried out by measuring the optical
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density (OD) of the bacterial suspension at 630 nm us-
ing a microplate photometer (ImmunoChem 2100, USA)
based on the following ratio: 1 optical unit OD630 =
8.5x108 CFUs/ml.

Isolation of mice’s mononuclear cells

and their cultivation conditions

The isolation of mononuclear cells from inguinal
lymph nodes or mice’s spleen, was performed by gentle
homogenization in RPMI-1640 (Thermo Fisher Scientific,
USA) with osmotic lysis of erythrocytesina0.15 M ammo-
nium chloride solution. The isolated lymphoid cells were
cultured at 37 °C, 100% humidity, and 5% CO, in RPMI-
1640 supplemented with 10% inactivated fetal calf serum
(Thermo Fisher Scientific, USA), penicillin (100 U/ml),
streptomycin (100 pg/ml ) (“a complete medium”) in
96-well round-bottom cell culture plates (Corning Co-
star, USA). Concanavalin A (ConA, PanEco LLC, Russia) at
the final concentration of 15 ug/ml was used to activate
T cells.

Test agent

ISL (98% purity, Xi’An Yiyang Bio-Tech Co., China) was
dissolved in dimethyl sulfoxide (DMSO, Panreac, Spain). In
the experiments in vitro, ISL was tested in the concentra-
tion range so that the final concentration of DMSO in the
test samples did not exceed 1%. In the control samples,
the corresponding volumes of DMSO were added instead
of ISL. In the experiments on the animals, ISL was injected
intraperitoneally three times with an interval of 4 h in a
single dose of 10 mg/kg in 0.5 ml of phosphate-buffered
saline at pH 7.4 (PBS, PanEco LLC, Russia).

Experimental animals

Balb/C mice (males, 20-22 g, 6-8 weeks old) were
obtained from the Research and Production Enterprise
“Nursery for Laboratory Animals” of the Institute of Bi-
ology, the Russian Academy of Sciences (Pushchino, Rus-
sia). The animals were cared for and handled in accor-
dance with the ARRIVE principles [12]. The animals were
kept with a free access to water and food. For the exper-
iments, the mice were randomly assigned to groups of
8 animals. Withdrawal from the experiment was carried
out by decapitation or cervical dislocation.

When performing the experiments, the provisions
of the Helsinki Declaration (Brazil, 2013) were observed,
the protocol of these experiments was approved by the
ethical committee of Chuvash State University n. a. I.N.
Ulyanov” (Protocol No 20-04 dated 17 April, 2020).

Determination of antimicrobial activity

The antimicrobial activity was determined by the
dilutions method in Mueller-Hinton broth in 96-well
flat-bottomed plates [13]. The serial two-fold dilutions of
ISL (with the final concentration range of 0.1-128 ug/ml)
were added to the bacterial suspension of S. aureus
(5x10° CFUs/ml) and incubated at 37 °C for 24 hours.
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The minimum inhibitory concentration (MIC) of ISL was
considered the lowest concentration with no visible bac-
terial growth after the incubation time.

Assessment of the dynamics of bacterial growth

To assess a bacterial growth, the method described
by Wang [14], was used with minor modifications. ISL
was added to the bacterial suspension (5x10° CFUs/ml)
so that the final concentrations of ISL in the samples
were 1/8 MPK, 1/4 MPK, 1/2 MPK, MPK. To assess bacte-
rial growth in the samples, OD was measured after 4, 8,
12, 24 hours at 630 nm using a microplate photometer.

MTT test for bacterial biofilm formation

To study the formation of bacterial biofilms, the
method described by Grela [15] was used. Bacteria
(5x10° CFUs/ml) were inoculated into 96-well flat-bot-
tomed cell culture plates and cultured for 24 hours. 2
hours before the end of the cultivation, then the bac-
terial suspension was removed, the wells were washed
three times with PBS and a 1% solution of 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-dislenyltetrazolium bromide (MTT,
eBioscience, USA) was added into PBS and incubated for
2 hours at 37 °C. After that, to dissolve the formazan par-
ticles, the MTT solution was replaced with DMSO and in-
cubated for 15 min at 20 °C, then the OD was measured
at 492 nm using a microplate photometer.

Model of Systemic S. aureus Infection in Mice

S. aureus suspension was injected in PBS intraper-
itoneally: 5x10® CFUs/mouse, 1.5x10° CFUs/mouse.
The infecting day was considered zero. The survival was
assessed every 6 hr on the first day, then every day for
24 days. The experimental animals were injected with
ISL before infecting (the total dose was 30 mg/kg, intra-
peritoneally, three times every 4 hours). The control an-
imals were administrated with 5% DMSO.

The mice infected with a sublethal dose of S. aureus
(5x10® CFUs/mouse) were withdrawn from the experi-
ment every day for 7 days, to collect blood from large
vessels (determination of bacteremia) and determine
the excretions of the spleen and inguinal lymph nodes.

Determination of bacteremia

Bacteremia was determined by methods of sec-
tor inoculations meTogoM CEKTOPHbIX NoceBoB on Petri
dishes [16] with blood agar. The cups were incubated at
37 °C for 24 hours, then CFUs per 1 ml were calculated.

Peptone-induced phagocyte migration

The migration of phagocytes into the abdominal
cavity was assessed according to the method proposed
by Miyazaki [17], with minor changes. For this, group 1
of the negative control was injected three times with
sterile PBS (0.5 ml, intraperitoneally); group 2 was in-
jected with a sterile solution of peptone in PBS (3% —3
ml, intraperitoneally); group 3 was injected three times
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with DMSO (5% — 0.5 ml, intraperitoneally), then with a
sterile solution of peptone in PBS (3% — 3 ml, intraperito-
neally). The mice of group 4 were injected with ISL three
times, then with a sterile peptone solution in PBS (3% —
3 ml, intraperitoneally). After 24 hours and 72 hours, the
animals withdrawn from the experiment, were injected
intraperitoneally sequentially with 20 ml of PBS. After
the palpation of the abdomen, the resulting washings
were taken into plastic tubes and centrifuged. The num-
ber of cells was counted by a light microscopy using a
Goryaev camera. The stimulation index (SI) was calculat-
ed using the following formula: Sl = A/B, where A is the
number of cells in the groups receiving peptone, B is the
number of cells in the negative control group.

Determination of cytokines

On days 4 and 5 after infecting, the cells of the
spleen and inguinal lymph nodes (5x10° cells/ml) of in-
fected (5x108 CFUs/mouse) or intact mice were cultured
for 24 or 48 hours at 37 °Cin 100% humidity and 5% CO,
in “a complete medium” with the addition of ConA. The
supernatants had been collected and stored at — 70 °C
till the analysis with a reagent kit for the determination
of Mouse Th17 cytokines — MILLIPLEX MAP, Mouse Th17
MAGNETIC BEAD PANEL KIT 96-Well Plate Assay (USA);
then they were analyzed using a multiplex analyzer
(Magpix, USA) to determine the concentration of cyto-
kines IL-2, IL-12p70, interferon gamma (IFNg), a necrosis
factor of alpha tumor (TNFa), IL-6, IL-22, IL-23, IL-17A,
IL-17F, IL- 17E/IL-25, a granulocyte macrophage colony
stimulating factor (GM-CSF), macrophage inflammatory
protein-3 (MIP-3a/CCL20), IL-10.

Statistical analysis

All the experiments have been performed in at least
three series. The data obtained during them, were statis-
tically processed using the GraphPadPrism 8.4.0 software.
To assess the dynamics of the mice’s deaths, Kaplan-Mei-
er curves were constructed. The results obtained, com-
plied with the law of normal distribution, were processed
by the methods of variation statistics, and were presented
as the arithmetic mean (M) + standard error of the mean
(SEM). The significance of differences between the groups
in the experiments was determined by the Student’s test.
The differences were considered significant at p<0.05,
where p is the level of significance.

RESULTS

Effect of ISL on the survival of Balb/C mice

infected with S. aureus J49 ATCC 25923

Infecting with 5x10® CFUs/mouse did not lead
to deaths in the control group, although the animals
showed such symptoms as a decreased activity and ap-
petite, tousled coats, diarrhea. The survival rate of the
healthy animals, which had been injected three times
intraperitoneally with 5% DMSO, was 100%.

Intraperitoneal injection of 1.5x10° CFUs/mouse
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caused the deaths of 100% of the animals in the control
group within 48-72 hours. A preliminary administration
of ISL significantly reduced the mortality: 62.5+12.5% of
mice died after 2 days, 12.5+6.3% of mice survived by
day 24 (Fig. 1).

Autopsy made it possible to establish that 48-72 af-
ter infecting the mice treated with ISL, there was a less
pronounced injection of mesenteric vessels and intes-
tinal distention. In the ISL group, 14 days later, a pro-
nounced adhesive process was observed, and 24 days
later, retroperitoneal abscesses with dense capsules and
adhesions were notified.

Antimicrobial activity of ISL

To determine the MIC against S. aureus J49 ATCC
25923, ISL was tested in the concentration range of
0.1 — 128 pg/ml. After 24 hours, the samples with ISL
at the concentrations of 128 pug/ml and 64 ug/ml were
completely transparent, like the negative control (sterile
MHB). The bacterial suspension with ISL at the concen-
tration of 32 ug/ml was opalescent. In the rest of the
samples with ISL (0.1-16 pg/ml), an intensive bacterial
growth was observed, as in the positive control (bacte-
rial suspension without ISL). Thus, the MIC of ISL against
S. aureus J49 ATCC 25923 was 64 ug/ml.

As Fig. 2 shows, ISL dose-dependently suppressed
the growth of the studied strain of S. aureus at the con-
centrations of MIC — MIC/8. In the first 4 hours of the ob-
servations, the optical density of the samples did not dif-
fer significantly, while after 8 h the differences in OD630
between the positive control and the samples with
ISL increased. By the end of the incubation (24 hours),
0D630 for ISL in MIC was 0.1+0.0 (p<0.05), MIC/2 was
0.3+0.1 (p<0.05), MIC/4 was 0.4+0.1 (p<0.05), MIC/8
was 0.5%0.3 (p<0.05).

Effect of ISL on biofilm formation

of S. aureus J49 ATCC 25923

Using the MTT test, it was found out that ISL
dose-dependently reduces the ability of S. aureus J49
ATCC 25923 to adhere to plastic (Fig. 3). The removal of
the bacterial suspension with repeated washings of the
wells of the culture plate after 24 hours of incubation
showed that the optical density of washings from the
plastic surface in the control samples was significant-
ly higher than in the wells with ISL: 0.8+0.1 vs. 0.4+0.0
(MIC, p<0.05), 0.8+0.1 vs. 0.5+0.1 (MIC/2, p<0.05),
0.840.1 vs. 0.5%0.2 (MIC/4, p<0.05), 0.840.1 vs. 0.5+0.1
(MIC/8, p<0.05). The OD492 value in the wells with ISL
MIC/16 also tended to decrease: 0.7+0.1 (p>0.05).

Using the atomic force microscopy, it was found
out that the number of bacteria in the field of view in
the samples with MIC ISL (8.0+2.0 bacteria in the field
of view, 300%, p<0.05), MIC/2 (30.0+7, O bacteria in
the field of view, 300%, p<0.05) was fewer than in the
control samples with massive bacterial conglomerates
(83.0+13.0 bacteria in the field of view, 300x) (Fig. 3).
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Effect of ISL on peptone-induced phagocyte

migration in mice

The migration of phagocytes into the abdominal
cavity was assessed by calculating the stimulation index
(SI) — the number of cells stimulated by intraperitone-
al injection of peptone relative to PBS. The Sl in mice
treated with ISL, and the control animals stimulated with
peptone, did not differ from each other significantly. Af-
ter 24 hours, the Sl in the control group was 2.4+0.1 vs.
2.040.1 of the group administrated with ISL; after 72, the
S| values were characterized by values 1.6+0.1 (control
group) compared with 1.8+0.1 (the group administrated
with ISL).

Dynamics of splenocytes and cells of inguinal
lymph nodes in generalized staphylococcal
infection in Balb/C mice

The number of the cells was counted every day af-
ter the intraperitoneal infection with a sublethal con-
centration of bacteria (5x108 CFUs/mouse) for 2 weeks.
The dynamics of the number of the cells is shown in
Fig. 5. On the 1% day after infecting, the number of the
cells in the inguinal lymph nodes in the mice treated
with ISL (0.4+0.2x10° cells/mouse) and control mice
(0.940.4 x 10° cells/mouse), decreased compared with
intact mice (2.3%1.1x10° cells/mouse), and only af-
ter the 3™ day it gradually increased in both groups,
reaching maximum values on the 7" day (9.3+0.5x10°
cells/mouse) or on the 10% day 10 (10.6+0.5x10°
cells/mouse, the ISL group). After reaching a peak on
days 9-10 of the development of the infection, the
number of lymph node cells gradually decreased,
reaching their normal values (in intact animals) in both
groups by the 16th day.

In the first days after infecting, the number of sple-
nocytes in both groups was comparable and fewer than
in the uninfected mice (363.0£125.4 x 106 cells/mouse),
up to the 6th day. From 3 to 9 days, the number of sple-
nocytes gradually increased in both groups. The number
of splenocytes in the mice treated with ISL reached a
maximum by day 10 (3328.0+166.4 x 10° cells/mouse).
The control group had similar dynamics with a maximum
on day 10, but with a lower peak value (1488.0+74.4x10°
cells/mouse).

Effect of ISL on proliferation of splenocytes

and their cytokine secretion in vitro

According to the results of the MTT test with the
use of the T-cell mitogen ConA, it was found out that ISL
at the concentrations of 4—64 pg/ml dose-dependently
suppresses the proliferation of activated lymphocytes.
Thus, ISL at the concentrations of 16—64 ug/ml almost
completely suppressed the cell proliferation. In the pres-
ence of 8 ug/ml of ISL, the cell viability decreased more
than twice (50.0+7.5%, p<0.05) in comparison with the
control and had a tendency to decrease upon the expo-
sure to ISL at the concentration of 4 ug/ml (88.0+22.0%).
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In the samples with ISL, even at the concentration
of 4 ug/ml (Table 1), after 24-48 hours of incubation, the
level of almost all the studied cytokines was lower than
in the control samples.

Effect of ISL on bacteremia

To detect bacteremia, the blood of the infected mice
(5x108 CFUs/mouse) was inoculated on the blood agar. A
significant bacterial growth was observed one day later
after infecting the control mice (10° CFUs/ml) compared
with the mice treated with ISL (no growth was observed).
On days 4-5 of the infection in the group administrated
with ISL, there was no marked bacterial growth in the
blood samples (<10 CFUs/ml). In the other samples of
the control and experimental groups, no growth was ob-
served, either.

Effect of ISL on cytokine production by cells

of inguinal lymph nodes in generalized

staphylococcal infections in Balb/C mice

The secretion of cytokines by the cells of the ingui-
nal lymph nodes was determined on the 4th and 5th
days after infecting (5 x 108 CFUs/mouse), by incubating
the cells for 24—48 hours in vitro. As Fig. 5 and 6 show,
the production of many cytokines detected on the 4
day of the infection was higher compared to the 5" day
after infecting.

By 48 h of the incubation, the levels of IL-2, IFNg,
IL-6, GM-CSF and, in particular, IL-17A, had been char-
acterized by rather high values in the infected control
mice. The intraperitoneal administration of ISL prior to
the infection in the mice, significantly reduced the pro-
duction of such cytokines as IL-2 (5524.31669.8 pg/ml vs.
1265.0+94.8 pg/ml, p<0.05), IFNg (3936.3+567.8 pg/ml
vs. 587.6120.9 pg/ml, p<0.05), IL-6 (4861.3+361.8 pg/ml
vs.412.3+11,8pg/ml, p<0.05), GM-CSF (553.3+64.6 pg/ml
vs. 80.3+%6.3 pg/ml, p<0.05), and IL-17A (6804.0+
754.9 pg/ml vs. 1129.0+31.1 pg/ml, p<0.05).

Effect of ISL on cytokines produced

by splenocytes during staphylococcal infection

in Balb/C mice

The secretion of cytokines by splenocytes
was determined on days 4 and 5 after infecting
(5%10% CFUs/mouse) by incubating the cells for 24-48
in vitro. The administration of ISL to mice led to a
gradual increase in the secretion of cytokines from
4 to 5 days after infecting. As Fig. 7 and 8 show,
on the 4™ day after infecting, the GM-CSF values
(586.7495.5 pg/ml vs. 306.5+11.4 pg/ml, p<0.05)
were significantly higher in the mice treated with ISL
than in the control group.

On the 5% day after infecting, in the group adminis-
trated with ISL, the secretion level of a lot of the stud-
ied cytokines (at the time of the incubation for 24 hours
and/or 48 hours) was significantly higher than in the
control mice (Table 2):
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DISCUSSION the infection (on days 2—-3), which could indicate the de-

The investigation is devoted to the study of the ef-
fects of the chalcone flavonoid ISL in the model of gen-
eralized staphylococcal infections. The aim of the paper
was to study antibacterial and immunotropic mecha-
nisms of ISL.

Despite the fact that mice’s models of S. aureus in-
fection weakly correlate with staphylococcal infection
in humans [18], they are widely used in experimental
medicine and pharmacology. It is known that very high
inoculums are required to reproduce S. aureus infection
in animals.

Thus, in the present work, generalized infections
were reproduced in Balb/C mice by intraperitoneal
injection of S. aureus J49 ATCC 25923 suspension in
the quantity of 5x108-1.5x10° CFUs/mouse. The gen-
eralization of the infection (sepsis) was confirmed
by the presence of bacteremia, abscesses in internal
organs even in the case of a bacterial load of 5x108
CFUs/mouse, which practically did not cause death
of mice.

Mass mortality of the experimental animals was ob-
served only at infecting 1.5 x 10° CFUs/mouse or more.
Moreover, most of the mice died in the early stages of

velopment of a septic shock [19].

It was found out that the administration of ISL 1
hour before the bacterial infection significantly in-
creased the survival rate of mice. In this case, the protec-
tive effect of ISL in staphylococcal sepsis could be real-
ized by restraining the symptoms of a toxic shock, which
are largely the result of the overproduction of cytokines
(IL-2, INF-y and TNF-a) [20] by T-lymphocytes activated
by a superantigen [21].

In the culture of ConA-activated splenocytes, ISL
dose-dependently inhibited the production of cyto-
kines even at the concentrations which did not cause
a decrease in proliferation. Thus, in the presence of
ISL (4 pg/ml), the secretion of the entire spectrum of
cytokines under study (IL-2, IL-12p70, IFNg, TNFa, IL-
6, IL-22, IL-23, IL-17A, IL-17F, IL-17E/IL-25, GM-CSF,
MIP-3a/CCL20, IL-10) was below the control values.
When ISL was added to the lymphoid cell culture at
the concentrations of 16-64 ug/ml, most cytokines
(IL-2, 1L-12p70, IFNg, TNFa, IL-23, IL-17A, IL-17F, IL-
17E/IL-25, GM-CSF, MIP-3a/CCL20) were not detec-
ted.

Table 1 - Effect of ISL on cytokine secretion by splenocytes in vitro

A, pg/ml B, pg/ml
IL-2 <4.0 2020.0+115.7
IL-12p70 <7.9 23.842.6
IFNg <45 6253.0£157
TNFa * 25.0%0.2 213.2+16.1
IL-6 * 27.61.4 2249.0+132.0
IL-22* 13.240.4 1276.0+71.2
IL-23 <123.7 223.3x1.4
IL-17A <20.4 724.5+76.9
IL-17F <6.2. 968.4+107.4
IL-17E /IL-25 <377.5 527.6+25.4
GM-CSF <225 310.8+32.6
MIP-3A / CCI20 <356 355.8+3.1
IL-10 * 32.8+0.1 424.3+24.3

Note: A —the level of cytokines in the samples incubated with ISL (4 pg/ml); B — the level of cytokines in control samples. * — p <0.05

Table 2 — Effect of ISL on cytokines produced by splenocytes during staphylococcal infection in Balb/C mice,

on the 5% day of incubation

A, pg/ml B, pg/ml
IL-2* 3818.0+265.9 2158.5+140.7
IL-12p70* 100.642.6 31.8+4.6
IFNg* 7191.040.0 2356.0+179.6
L-22% 1028.5+33.2 604.4+45 .4
IL-23* 374.0+17.8 186.3+0.0
IL-17A* 3094.5+95.5 756.9+20.3
L-17F* 1223.5479.9 865.45+39.4
MIP-3a/CCL20* 428.8+16.7 302.040.8
IL-10% 664.0+23.7 56.0+2.7

Note: A —the group administrated with ISL (preliminary intraperitoneal injection, 10 mg/kg, three times); B — control group. * — p<0.05
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Other researchers have also shown the effective-
ness of ISL in the sepsis caused by other mechanisms.
Thus, in the model of the sepsis caused by ligation and
puncture of the cecum, ISL reduced the concentration
of proinflammatory cytokines in the blood serum, the
activity of NO-synthase, cyclooxygenase-2 [22], and also
had antioxidant and anti-inflammatory effects [23].

In the early stages of the infection, the inflam-
matory response is mediated by the involvement
of factors of innate, but not adaptive immunity. It

Tom 8, Beinyck 3, 2020

is innate immune responses that are most signifi-
cant for preventing generalization and limiting the
purulent-inflammatory processes. According to the
authors’ opinions, it is positive that there is no sup-
pressive effect of ISL on the migration of phago-
cytes to the focus of the pathogen introduction. In
the present study, ISL did not reduce the number of
cells after 24 h (chemotaxis of neutrophils) and 72 h
(chemotaxis of macrophages) in response to the in-
troduction of the inducer of migration, peptone. At
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the same time, a visual assessment during autopsy
of mice receiving ISL showed that, in comparison
with the control group, a more pronounced adhesive
process was observed with the formation of abscess-
es with dense capsules.

Based on the findings, as well as taking into account
a rather short half-life of ISL [24], the authors can con-
sider such substances being potentially of interest as an
alternative to corticosteroids, preventing lethality in sys-
temic inflammation.

In addition, ISL, in comparison with corticosteroids,
has a direct antistaphylococcal effect. Under the condi-
tions of the carried out experiment, the MIC of ISL against
S. aureus J49 ATCC 25923 was 64 ug/ml, which was com-
parable with the data of some authors who had studied
the effect of ISL on other bacteria of the Staphylococcus
genus [6]. Despite the fact that the antistaphylococcal
activity was not high, ISL dose-dependently inhibited
the suspension growth of S. aureus J49 ATCC 25923
at the concentrations less than the MIC (8-32 pg/ml).

190

It suggests that the antibacterial activity of ISL also
played a role in increasing the survival of animals.
Staphylococcus bacteria are able to form biofilms on
various surfaces. This ability of S. aureus was found out in
both collection strains [25] and clinical isolates of MSSA
and MRSA [26]. Using an atomic force microscopy and the
MTT test, S. aureus J49 ATCC 25923 strain was found out
to be able to form biofilms on the plastic surface, and the
addition of ISL at the concentrations lower than the MIC,
inhibits the formation of bacterial biofilms. The antibio-
film effect of ISL was dose-dependent (4—32 pg/ml) and
correlated with the severity of inhibition of the suspen-
sion growth of bacteria, which may indirectly indicate that
this effect was a consequence of a direct antibacterial ef-
fect of ISL. The antibiofilm activity of ISL has been demon-
strated by other researchers against S. xylosus [7]; howev-
er, the mechanisms of the ISL effect on the biofilms of the
Staphylococcus genus bacteria have not been thoroughly
studied, although there is information about other flavo-
noids that affect the quorum sensing system of S. aureus.

Volume VIlI, Issue 3, 2020
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Figure 8 — Effect of preliminary ISL administration on cytokine levels (group Th-17), produced by splenocytes
of Balb/C mice infected with S. aureus J49 ATCC 25923 (5x10® CFUs/mouse, intraperitoneally) (*p<0.05)
Note: (A) — preliminary ISL administration (30 mg/kg). (B) Control group (* p<0.05)

In recent years, some publications have appeared
about S. aureus actively avoiding immune surveillance,
“turning off” various mechanisms of the adaptive im-
mune response in the host organism [27]; it allows bac-
teria to persist even in the process of the development
of an antigen-specific response.

To study the effect of ISL on the immune response,
a mouse model of generalized infections was used, and
no death of the animals was observed in the inocula-
tion (5x10® CFUs/mouse). The dynamics of the number
of cells of the inguinal lymph nodes and spleen, as well

Tom 8, Beinyck 3, 2020

as their production of cytokines after infecting, was as-
sessed.

Attention was drawn to the fact that in the first days
after infecting the animals, the number of cells in the
regional lymph nodes and spleen was significantly fewer
than in the intact animals. Apparently, a massive bac-
terial invasion led to the development of a nonspecific
response — a stress response, as a result of which the
increased secretion of corticosteroids in the first days of
the septic process, could be the cause of the lympho-
cytic effect [28]. Only after 3 days of infecting, there
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was a gradual increase in the number of lymphocytes
in the regional lymph nodes, reaching maximum values
on day 7 (in the control group) and on day 10 (in the
group administrated with ISL). To study the secretion of
cytokines, regional lymph nodes and spleen from mice
were removed on the 4" and 5% days after infecting (the
period of increasing “cellularity”).

When lymphocytes are activated, first IL-2 is pro-
duced, and then other cytokines necessary for the dif-
ferentiation of various Th-subpopulations. The function-
al state of Th-subpopulations is usually judged by the
production of a characteristic spectrum of cytokines by
immunocompetent cells: IFNg is a Th1l marker, IL-4 is a
Th2 marker, and IL-17A is the main Th17 cytokine.

From the point of view of modern concepts, Th17
cells are involved in antistaphylococcal immunity, en-
hancing the effector function of neutrophils [29] and,
thus, acting as the most important protective popula-
tion. However, taking into consideration the plasticity of
Th-subpopulations in a dynamically changing microenvi-
ronment in vivo, cytokines of Th17-dependent effectors
such as GM-CSF, MIP-3a/CCL20, are also evaluated.

The study of supernatants of the cells of the inguinal
lymph nodes of the infected control mice, revealed the
predominance of such cytokines as IL-12p70, IFNg, IL-6,
IL-22, IL-23, IL-17A. IL-17F, IL-17E/IL-25. This could indi-
cate the differentiation of activated CD4*-cells into Th1l
and Th17. The differentiation hypothesis is also support-
ed by an increase in serum concentrations of GM-CSF,
as well as the antibacterial chemokine MIP-3a/CCL20.
The soluble components of S. aureus contribute to the
induction of Foxp3+Treg, and in addition to an increase
in the secretion of proinflammatory cytokines in the
control group, an increase in the secretion of IL-10 was
noted. It was probably produced by T-regulatory cells
that suppress excessive inflammation by suppressing
Th1 and Th17. In the group of mice treated with ISL, the
suppression of the secretion of both pro-inflammatory
(IL-2, IFNg, IL-6, IL-17A, GM-CSF) cytokines and IL-10 by
cells of the inguinal lymph nodes was revealed, the con-
centration of which was less than the control values by
more than twice.

In the present experiment, ISL, like many other flavo-
noids [30], exhibited immunosuppressive properties. In
the culture of mononuclear cells activated by the T-cell
mitogen KonA, ISL dose-dependently inhibited prolifer-
ation: in the concentration of 8 ug/ml, the proliferation
was suppressed by about twice, while in the concentra-
tions above 16 pg/ml, the proliferative response was
almost completely absent, and it reduced the cytokine
production not only in vitro, but also by inguinal lymph
node cells in the infected mice. Thus, despite the pres-
ence of antibacterial mechanisms, ISL could potentially

192

provoke the generalization of the infection. However,
when blood was inoculated on the first day of infecting,
bacteremia in the group of the control mice was signifi-
cantly higher and reached 10° CFUs/ml, while against
the background of the introduction of ISL on a dense
medium, single colonies grew, indicating bacteremia
<10® CFUs/ml, on the following days, for a week, as shown
by the blood culture, bacteremia was not detected in all
animals in both groups at low levels (<10° CFUs/ml).

Considering that the spleen plays an important role
in curbing the hematogenous spread of infection [31],
the production of cytokines by splenocytes was investi-
gated 4-5 days after infecting, where unexpected results
were obtained. In the spleens of the both groups, the
maximum “cellularity” was observed on the 10* day of
infecting, but in the group administrated with ISL, their
number was twice higher than the control values. Sple-
nocytes of mice, which were injected with ISL before
infecting, significantly increased the production of cy-
tokines that activate the immune response in the Th-1
type (IL12p70, TNFa, IFNg) and Th-17 (IL22, IL23, IL6,
IL17). It has been suggested that the expansion of a large
number of T-cells after the stimulation with a superanti-
gen, can deplete IL-2, thereby limiting the development
of a protective T-cell response [32]. It is possible that the
inhibition of the cytokines secretion (in particular, IL-2)
and the lower bacterial load against the background of
the ISL administration promoted a more effective partic-
ipation of splenocytes in the immune response.

Against the background of the ISL administration,
attention is drawn to a more effective Th-17 response
with an increase in cytokines of innate immunity effec-
tors (GM-CSF, MIP-3a/CCL20). It has been found that
chemokines such as MIP-3a/CCL20, have a pronounced
antibacterial activity against both gram-positive and
gram-negative bacteria [33]. It is assumed that pro-in-
flammatory Th17 cells of the first wave actively secrete
IL-17 in the target tissues; it induces the secretion of the
antibacterial peptide MIP-3a/CCL20 by a variety of cells.
It is likely that the insufficient activity of MIP-3a/CCL20
can lead to a decrease in the T-cell-mediated control of
bacterial pathogen eradication.

CONCLUSION

Thus, in the course of the study, it was revealed that
the preliminary administration of ISL increases the sur-
vival rate of the mice in the generalized infection caused
by S. aureus J49 ATCC 25923. This protective effect of
ISL is based on both antimicrobial (moderate direct an-
tistaphylococcal with MIC = 64 pg/ml, antibiofilm in the
concentrations below MIC), and immunomodulatory de-
fense mechanisms. All these factors deserve attention in
order to create new drugs that reduce mortality in sep-
sis.
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