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Aim. The study of the effect of endogenous cannabimimetic compound - N-stearoylethanolamine
(NSE) on the hepatitis C virus (HCV) reproduction. Methods. The model of the surrogate
HCYV is a bovine diarrhea virus; cell culture model is cells transfected with cDNA of the hu-
man HCV and molecular docking has been used. Results. /2 vitro studies showed that NSE
effectively inhibited the reproduction of a surrogate HCV in both MDBK cells and trans-
fected Jurkat cells. Molecular docking suggested that NSE can bind to the active centers of
both NS3 serine protease and HCV NS5B-polymerase and has an inhibitory effect on their
activity. Conclusions. The obtained data confirm that using NSE is promising for the develop-
ment of antiviral drug to suppress the HCV activity.
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Introduction

Hepatitis C (HCV) is a viral infection, which
according to WHO affects today more than
170 million people worldwide [1].
Nowadays, new antiviral drugs for hepatitis
C virus (HCV) infection, known as oral direct-
acting antiviral agents (ODAs) are available
on the market. They are more effective, safer
and better-tolerated than existing therapies:

90 % of people are cured [2]. A significant
disadvantage of ODAs is their high cost.
According to the information above, there is
an urgent need to develop and improve addi-
tional and alternative strategies in the hepatitis
C treatment, in particular, targeting the main
metabolic pathways of reproduction/replica-
tion and biological action of the HCV. Recent
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research has established an essential role of
lipids metabolism in the life cycle of HCV.
Therefore, great attention has been paid to the
interaction between HCV and cell lipid me-
tabolism, considering the widespread develop-
ment of steatosis in patients with chronic
hepatitis C complications [3]. However, this
issue remains poorly investigated. It has been
shown that HCV replication was inhibited by
statins and fatty acids [4, 5].

Additionally, it has been shown that HCV's
are secreted by the cell together with low den-
sity lipoproteins [6, 7] and such products can
be metabolically modulated by the addition of
insulin or appropriate fatty acids. Some liver
lipid modulators, originally developed for the
treatment of atherosclerosis, are also poten-
tially capable of preventing the replication of
the hepatitis C virus. Target intervention in the
metabolic pathway of virus reproduction may
be significantly more effective than the direct
action on the virus and, in turn, can prevent
the formation of strains resistant to antiviral
drugs [8, 9]. Despite a high potential of this
approach, the primary studies conducted with
the use of atorvastin and bezafibrat did not
meet the expectations — no significant effect
of these drugs on the titer of the virus was
shown [10, 11].

We early reported that N-stearoylethanola-
mine (NSE), which belongs to the class of
minor lipids named N-acylethanolamines,
showed the antiviral action against the influ-
enza virus (HINI1 strain) [12]. The results
obtained in our in vitro experiments, showed
that the selectivity index of NSE is 100. This
finding allows us to classify NSE as an active
antiviral drug. Additionally, in vitro evaluation
of NSE cytotoxicity (by determining its effect
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on mitotic index of cell proliferation) did not
reveal any significant effect on cell mitosis.
Thus, NSE is a potential non-toxic drug that
does not cause the proliferative and muta-
genic activities in vitro. The aim of this study
was to investigate antiviral activity of the en-
dogenous cannabimimetic compound NSE
towards the hepatitis C virus.

Materials and Methods

1. Reagents

NSE — stearic acid ethanolamide — white
crystalline substance (gross formula C,yH,;NO,),
soluble in non-polar solvents, molecular weight
327.545, density 0.9 £ 0.1 g / cm?, ignition
temperature 247.7 £ 24.0 °C, boiling point
486.0 = 28.0 °C at 760 mm Hg. Art. NSE is part
of the cell membranes.

NSE was synthesized in the Department of
Lipid Biochemistry at Palladin Institute of
Biochemistry as described previously [13].
Briefly, ethanolamine and stearic acid were
co-condensed in argon atmosphere and upon
defined temperature regime and NSE obtained
was purified by re-crystallization in ethanol.
The end product was verified by Agilent
7890A/5977B GC/MS system analysis.

Different concentrations (10-5-10-10 M) of
NSE water suspension were used in this study.

2. Viruses and cells cultures

Surrogate model of the HCV
BVDV was obtained from Institute of
Veterinary Medicine of The National Academy
of Agrarian Sciences of Ukraine bank and
maintained by passaging in the MDBK cells.
MDBK cells were propagated in DMEM,
supplemented with 10 % heat-inactivated bo-
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vine serum (Sigma-Aldrich, USA) at 37 °C in
humidified atmosphere containing 5 % of CO,,
and passaged by trypsinization with trypsine-
EDTA solution (Sigma-Aldrich, USA) twice
a week.

About 10* MDBK cells per well were
seeded in wells of 96 plates and 24 hours
later infected with a 10-fold dilution series
of BVDV samples. The medium was replaced
after 1 hour of incubation. The infectious
titer BVDV in MDBK cells was 5.0 Ig
TCIDsy/ml.

The antiviral activity of NSE was studied
in the MDBK cell culture, to which NSE in
various concentrations (10-1—10 -6 M) and 100
TCDs, dose of BVDV were added. The cells
were incubated in a thermostat until the spe-
cific cytopathogenic action of the virus, and
then the infectious titer in the culture medium
was determined.

Maximum nontoxic concentration (MNTC)
of NSE. The MDBK cells were cultured in 96-
well plates at the temperature of 37 °C in
humidified 5 % CO, environment for 5 days.
Control cells and cells treated with NSE were
examined daily. Cytopathogenic effects (CPE)
were estimated by cell morphology (rounding
and shrinkage of cells, detachment of degen-
erative cells from the surface).

Minimum inhibitory concentration (MIC)
of NSE. MDBK cells in 96-well plates were
infected with 100 TCDs,/0.1 ml BVDV.
Following 1-h absorption at 37 °C, virus-con-
taining medium was washed out and the main-
taining medium (RPMI-1640 with 2 % of fetal
calf serum) containing NSE within the range
of 10-19—10-¢ M was added. BVDV in control
and NSE-treated cells were then titrated in
MDBK cells by CPE. MIC was evaluated by

the reduction of the infectious titer by at least
2 1g TCDs,,.

Selectivity index (SI) of NSE. Selectivity
index (SI) of NSE as anti-BVDV agent was
calculated as [the] MNTC/MIC ratio.

3. Model of transfected HCV-producing
Jurkat cell line

Jurkat cell line from the established cell line of
human origin was obtained from Institute of
Immunology RAMS (Russian Federation).
These cells grew in suspension at 37 °C in the
RPMI-1640 medium supplemented with 2 %
[of] glutamine and 10 % of heated fetal serum,
the CO, concentration in the incubator was 5 %.
The cell density was about (3—9) x103 cells/ml.

HCV-producing Jurkat cell line culture
model. Jurkat cells were transfected with HCV.
As the HCV source we used non-diluted blood
plasma samples of HCV-infected patients with
different virus load; such plasma contained
HCV RNA. All viral RNA preparations were
isolated using “RIBO-prep” kit (Russian
Federation).

Measurement of [the] HCV content in clin-
ical samples. Quantitative estimation of the
HCV mRNA levels in clinical samples was
carried out using the real-time PCR with hy-
bridization and fluorescent detection. For this
aim, a reagent kit “AmpliSens HCV-Monitor-
FRT” (Russia) and an apparatus “Rotor-Gene
3000/6000” (“Corbett Research”, Australia)
were used. The HCV complementary DNA
(cDNA) was synthesized by the reverse tran-
scription reaction using «Reverta-Ly (RF) kit.
10 pl of RNA samples were added to 10 pl of
prepared reaction mixture (lyophilized plant
preparation, 125 pl of the RT-mix solution and
6 ul of the murine leukemia virus (MMLYv)
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revertase); the transcription was carried out at
37 °C during 30 min, and cDNA was obtained.

Transfection procedure using the Turbofect.
The transfection was conducted according to
the standard protocol for 7Turbofect (Thermo
Scientific, Lithuania). The virus detection was
carried out using the PCR on the second pas-
sage (9th day of cultivation) and on the fifth
one (17th day of cultivation). All the cDNA of
hepatitis C patients transfected Jurkat cultures
produced HCV on the 9th and 17th days of
cultivation [14, 15].

4. Docking procedure

The structures of HCV NS3 serine protease
(2A4Q, 4A92) and HCV NS5B polymerase
(3PHE, 2IJN) are retrieved from the open
access digital data resource Protein Data
Bank. Using these structures, we can dock
different compounds (Tabl. 1) into the active
sites of the HCV proteases and polymerases.
This docking is performed after the removal

Table 1. Some characteristics of studied compound|s]

of water molecules, the addition of missing
hydrogens and the removal of reference li-
gands from the protein structure using
AutoDock 1.5.6 software tools (ADT) and
docking protocol type A described in [16].
The same program determined the amino acid
residues involved in binding test ligands to
the active sites of NS3 and NS5 proteins.
Docking simulations are performed using
Autodock Vina 1.1.2 software (ADV) [17].
Both the ligands and proteins are prepared for
docking using ADT. The number of points in
x-, y- and z-box dimensions are set to 80 with
grid spacing of 0.375A°. Center grid box is
set to the center active site of protein. The
ligands (excluding NSE) are taken from the
crystal structures and re-docked using the
same protocol. The structure of NSE was
obtained from ChemSpider database as mol
file and converted to mol2 format by
OpenBabel 2.4.1 software [18]. The lowest
free binding energy (AQG) of the ligand to the

. o Crystal structure used
Afbbr;c;llaturfs Chemical name Inhl?ltoirnfor for docking (ID from
ot compou prote Protein Data Bank)

. NS3/4A -? 2A4Q, 4A92

NSE N-stearoylethanolamine

NS5B -? 3PHE, 21N
(2R)-({N-[(3S)-3-({[(3S,6S)-6-cyclohexyl-5,8-diox0-4,7-

CMP1 diazabicyclo[14.3.1]icosa-1(20),16,18-trien-3-yl]carbonyl } amino)- NS3/4A 2A4Q
2-oxohexanoyl]glycyl}amino)(phenyl)acetic acid
(I’R,2R,2°S,6S,24 AS)-17-fluoro-6-(1-methyl-2-oxopiperi-
dine-3-carboxamido)-19,19-dioxido-5,21,24-trioxo-2’-vi-

CMP2 nyl-1,2,3,5,6,7,8,9, 10,11,12,13,14,20,21,23,24,24a-octadecahyd- NS3/4A 4A92
rospiro[benzo[s]pyrrolo[2,1-g][1,2,5,8,18]thiatetraazacycloicosine-
22,1°-cyclopro-2-carboxylatepan]-2-yl 4-fluoroisoindoline

CMP3 (24r,3r)-3 -{[3,5 -b‘1s(tr1ﬂu0r0methy1) -phenyl]amino}-2-cyano-3- NS5B N
thioxopropanamide
4-chlorobenzyl 6-fluoro-7-(4-methylpiperazin-1-yl)-1-[4-(methyl-

CMP4 sulfonyl)benzyl]-4-ox0-1,4-dihydroquinoline-3-carboxylate NS5B SPHE
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macromolecule was determined using ADV.
Inhibition constant Ki was calculated as
exp(AG/RT), R — the gas constant
1.98720425864083...x1073 kcal- K !-mol™!;
T — room temperature = 298,15 °K.

Data analysis

All experiments were performed in triplicates.
The antiviral activity of the NSE was expressed
as the logl0 reduction of the viral titer by
comparison with untreated controls (inhibition
of infectious titer). The standard deviation in
the reduction of virus titer was about 0.5 log10.
The NSE was considered active only when the
virus yield decreases > 2 log10, at the effective
dose ED50.

Results and Discussion

Considering the fact that human HCV cannot
be obtained enough in its pure form to perform
the experiment, the surrogate bovine diarrhea
virus (BVBD) was used in this study. BVBD
is morphologically close to the human HCV
and does not require special safety procedures
to work with [19]. Therefore, this virus was
used in our screening studies to test active
compound against hepatitis C [13].

The results of the infectious titer of BVDV
for MDBK cells with or without NSE addition
are presented in Table 2.

Table 2. The infectious titer of BYDYV in MDBK cells

Preparation concentration of NSE, M | Virus titer, Ig TCID50/ml
1-10¢ 4.0
1-107 4.0
1-10-8 3.0
1-10° 3.0
1-10-10 5.0
0 5.0

It is shown that NSE at concentrations of
10-—10-7 M inhibits BVDV reproduction by
10 times, herewith NSE at concentration of
10410 M — by 100 times. NSE in concen-
tration 10-19M did not affect the BVDV repro-
duction.

As was shown the results of morphological
test the minimum of toxic concentration of
NSE was 104 M and maximum nontoxic con-
centration of NSE was 10-°M.

Maximum nontoxic concentration (MNTC),
minimum inhibitory concentration (MIC) and
selectivity index (SI) for NSE in MDBK cells
was shown in Table 3.

Table 3. Maximum nontoxic concentration (MNTC),
minimum inhibitory concentration (MIC)
and selectivity index (SI) for NSE in MDBK cells

Indication Values
MNTC 10°M
MIC 10°M
SI 10000

The results of selectivity index (Table 3)
estimation indicate that NSE has high antiviral
potential to BVDV (or HCV).

Because BVDV is morphologically close to
human HCV we have supposed that the in-
hibitory NSE action could be extrapolated on
HCV.

To obtain the HCV-producing cell cultures,
HCV RNA was isolated from infected patients.
Subsequently, cDNA, obtained on the HCV
RNA matrix, was used for the transfection of
Jurkat cells and further PCR analysis (Table 4).

Therefore, as a result of transfection proce-
dures with Turbofect, we obtained a cell cul-
ture transfected with cDNA of HCV that shows
a stable reproduction of the HCV.
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Table 4. Transfection results of Jurkat suspension
cell cultures for stable production of HCV

HCV load (genomic equivalent

Passage number after for different patients)

transfection

1 2 3 4 5
2nd passage 2530 | 1321 | 1027 | 835 | 950
5nd pagsage 5253 1 4094 | 3153 | 4010 | 5094

The results of studying the NSE effect on the

reproduction of HCV in transfected Jurkat cells
line on the 5t day of cultivation presented in
table 5 show that NSE at concentrations from
10 M to 102 M effectively inhibits the repro-
duction of HCV. NSE at concentration 10-1'M
did not affect the HCV reproduction.

Table 5. Human HCV RNA content in Jurkat cell
line with or without NSE

RNA content of human HCV in Jurkat line
NSE, M (genomic equivalent )
2nd passage 5t passage
1-10¢ 0 0
1-107 0 0
1-108 0 0
1109 0 0
1-10°10 252 370
0 240 383

Molecular docking is an effective tool to
study the mechanisms of biologic processes,
compare the effectiveness of various drugs,
and predict the molecular and physicochemical
properties of molecules. Molecular docking is
an important method for studying protein-li-
gand interactions and facilitating the creation
of potent drugs. A dock is a computing tool
that places a small molecule (ligand) at the
binding site of its macromolecular target (re-
ceptor) and evaluates its binding affinity. In
molecular docking based on protein structures,
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thousands of possible positions of association
of a ligand with its receptor are tested and
evaluated using the energy counting function.
The position with the lowest energy index is
predicted to be “the best match”, that is, the
binding mode [20]. In accordance with these
considerations, we used molecular docking to
study the binding mode of HCV-NS3 protease
and HCV-NSS5B polymerase known inhibitors
and NSE (see Table 1) to various viral proteins.

It is known that the major amino acid resi-
dues of NS3 protease, likely involved in the
interaction ligands, are GIn41, Ser42, Phe43,
His57, Argl09, Vall32, Leul35, Lysl136,
Gly137, Ser138, Ser139, Phel54, Argl55,
Alal56, Alal57 and Cys159 [21]. The HCV-
NS5B polymerase active site region constitutes
[the] residues Ser96, Ala97, Ile160, Phel62,
Argl68, Gly557, Asp559 [22].

From Fig. 1 and Table 6 it may be sug-
gested that NSE can bind to the active centres
of both the NS3 serine protease and hepatitis
C virus NS5B-polymerase and has an inhibi-
tory effect on their activity.

Nonstructural protein 5B (NS5B), the RNA-
dependent RNA polymerase of Hepatitis C
Virus (HCV), plays a key role in viral ampli-
fication and is an attractive and most explored
target for discovery of new therapeutic agents
against Hepatitis C.

Docking of NS3 and NS5B with NSE
showed that NSE has a rather high binding
affinity (inhibitory constant Ki =~ 10-°M) for
the active sites of NS3 and NS5B. Based on
this result, it can be assumed that NSE is able
to inhibit the hepatitis C virus replication.

Thus, it can be assumed that the observed
effect of inhibiting the reproduction of the
hepatitis C virus in Jurcat cells (Tabl. 5) is due
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Fig. 1. Sample of docking diagram showing the binding with active site of HCV serine protease NS3/4A (4A92) of
NSE (a, ¢), CMP2 (b) and binding with active site of HCV RNA-depended RNA polymerase NS5B (21JN) of NSE

(c, f) and CMP3 (d).

to the binding of NSE to the active center of
the viral proteins (NS3 and NS5B) responsible
for the replication of the virus.

Conclusions

The present study has shown the strong anti-
viral activity of NSE against the human hepa-

titis C virus, which allows suggesting NSE as
a novel active compound for the treatment of
human hepatitis C.

Compliance with ethical standards

This research was fully financed by National
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Table 6. The lowest free binding energy of the studied ligand and its interaction with amino acid residues
for active site

HCV Protein Estimate[d]
Com- minimal free . Common amino acids residues interacting across
target Databank R Ki, M
. pound binding energy, compounds
proteins ID
kcal/mol
GLNS, GLN9, THR10, ARG11, CYS16, ILE35,
NSE -6.4 2,03-10°5 | VAL36, SER37, THR38, ARG62, THR63, ILE64,
2A4Q ILE64, ALA65*, TRPS5, ARG109
GLN41, THR42, HISS57, LYS136, GLY137
- -10-7 s H H] > 5
CMPI 82 97410 SER138, SER139*%, ALA156*, ALA157
NS3/4A ASP81, ARG123, ARG155, ALA156, ASP168,
serine NSE -5.8 5,6-10° THR433, THR435, ARG481, MET485, PHE486,
protease VALS24, CYS525, GLN526
4A92 GLN41, PHE43, HIS57, HIS57, GLY 58, ASP79,
GLN80, ASP81, ASP81, VAL132, PHE134,
CMP2 -17.0 3,45-10-13 | LEU135, LYS136, GLY137, SER138, SER139,
PHE154, ARG155, ALA156, ALA157, VAL158,
MET485, VALS524, GLN526, ASP527, HIS528
NSE 5.0 2.16-10 CYS14, HIS95, SER96, ALA97, LYS141, ILE160,
NS5B SN PHE162, SER282, THR287, SER556, GLY557
RNA- OMP3 T8 Lor10e | TLE160, PHE162, ARG168, GLN446, GLYSST,
gepfn' ‘ : GLY558, ASP559, ILES60
(S8l
RNA NSE 538 5610 ALA97,LYS141, ARG158, ILE160, PHE162,
| ' ’ SER282, ASN291, SER556, GLYS557
- SPHE PRO93, HIS95, ALA97, ILE160, PHE162
merase ~ 10-7 s 5 s 5 >
CMP4 90 2,5310 GLN440, GLY557, ASP559

Notes: 1. * — hydrogen bounds.

2. Underlined bold amino acid residues are in the active center of the HCV target protein.
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N-cTeapoisieTraHo1aMiH — HOBMI iHTi0iTOP
penpoaykuii Bipycy remarutry C

H. M. I'yna, A. A. Yymaxk, A. I'. bepaumes,

I'. B. Kocsixora, T. M. Topinsko, O. @. Merens,
B. C. Acmonkoga, 1O. 1. ITopea, C. JI. Pubaixo,
C. T. Osamon, 1. b. Crapocuina, O. M. Jleps6in

Mera. [locmimkeHHs IPOTHBIPYCHOI aKTUBHOCTI €HIO-
reHHoro kaHabimMimeruka N-creapoineranonaminy (NSE)
BiiHOCHO penponykuii Bipycy remaruty C (BI'C). Meronu.
Mogens cyporarHoro BI'C — Bipyc Orrdadoi miapei, kimi-
THHHA MOJeab — KynbTypa Jurkat, mo TpaHcdikoBaHa
k/IHK BI'C nmromuHN, METOI MOJEKYIISIPHOTO JTOKIHTY.
Pe3ynbsraTu. Y nocnigax in vitro BcraHoBieHO, o NSE
e(peKTHBHO NPUTHIYYBaB PEMpOyKIito cyporarHoro BI'C
B iitnHax MDBK Ta B TpancdiroBanux k/IHK BI'C
monuHu KiaitnHax Jurkat. [IpoBeneHnit MOJEKYISIpHII
JIOKIHT CBiTUHTh, 0 NSE Moke 3B's13yBaTucs 3 akTHBHUM
neHTpoM sik NS3 cepuHOBOI mporeasu, Tak i NS5B-
norimepasu BI'C i B Takwmii crroci0 iHTiOyBaTH iX aKTHB-
HicTh. BucHOBKM. OTpHMaHi 1aHi CBiIYaTh PO MEPCIICK-
TUBHICTH BuKOpHcTaHHS NSE 17151 po3poOku mpoTHBipyc-
HOTO JIIKapChKOTO 3ac00y, 10 NpUrHidye akTuBHICTE BI'C
JIFOIMHHU.

KamwuyoBi cuioBa: N-creapoineraHonamii, aHTUBI-
pYCHa aKkTUBHICTb, Bipyc renaruty C, MOJNEKYJISPHHMA
JIOKIHT
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N-cTeapoM/I3TAHOJIAMUH — HOBBIIi MHTUOUTOP
penpoaykuuu Bupyca renatura C

H. M. I'ynas, A. A. Uymak, A. I. bepapies,

I. B. KocsikoBa, T. M. Topuasko, E. ®. Merenp,
B. C. Acmonkoga, 1O. U. Tlopga, C. JI. Peibanko,
C. T. Oamon, 1. b. Crapocuia, O. H. Jlepsoun

Ieasn. MccnenoBanue BIUSHUS SHIOTCHHOIO KAHAOUMU-
Mmetuka N-creaporTanonamuta (NSE) Ha penpoykiuio
Bupyca reraruta C (BI'C). Metoasl. Monens cypporar-
Horo BI'C — Bupyca Obdbell quapeu, KIeTOYHAst MO-
nenp — knetku Jurkat, Tpanchunmporannsie K IHK BI'C
yenoBeka u Metoq fokunra (M/]). Pesyabrarsl. B ombirax
in vitro ycranosneHo, uto NSE s¢ddekruBHO momasmsit
penpoaykuuto cypporarHoro BI'C B knerkax MDBK u B
TpaHchumpoBaHHbIX KieTkax Jurkat. M/] mokasano, 4ro
NSE MOXeT CBA3BIBATECSI C aKTUBHBIMU IIeHTpaMu NS3
cepuHOBOH npoteassl 1 NSS5B-nomumepassl BI'C u nona-
BIISITH MIX aKTUBHOCTH. BriBonbl. IlomyuenHsle naHHbIE
CBHUJIETEIICTBYIOT O MEPCHEKTUBHOCTH HCIIOIb30BaHUS
NSE a5t pa3paboTky NpOTHBOBUPYCHOTO JIEKAPCTBEHHO-
TO CpencTBa Ui noaasneHus akrusHocty BI'C.

Knw4depbie c¢J10Ba: N-cTeapoHI3TaHOIAMUH, aHTHU-
BUPYCHAas akKTUBHOCTb, BUpYC renarura C, MOJEKyJISIpHBIHA
JIOKHUHT
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