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ANTIHERPETIC ACTION OF CERIUM SALTS /N VITRO

Compounds based on cerium are highly promising objects in biotechnology regarding their high biological activities such as
antiviral, antibacterial, antifungal, neuro- and radioprotective action, and antioxidant activity. On their basis it is possible to develop
compositions capable of activating the systems of cellular and humoral immune defense and use them for the prevention and therapy
of viral diseases, which makes it achievable to use them for the development of potential antiherpetic agents. Despite the success of
their application in biotechnological fields, the mechanism of their action on biological objects requires detailed research.

The work aimed to verify in vitro anti-HSV-1/2 activity of trivalent and tetravalent cerium salts (1 mM-0.01 nM) according to the
preventive and therapeutic regimen. Methods: virological, cytological, statistical. The therapeutic regime was noneffective. In the
preventive regime, salt (NH,),Ce(NO;)q in vitro forms antiviral resistance in the range of investigated concentrations, while the salt
CeCl;-7H,0 forms a non-linear, sinusoidal-like concentration-dependent anti-HSV-1/2 response of cells. Cerium salts (lll and IV)
can cause the formation of a state of antiviral resistance in the model system MA-104 — HSV-1/2 during their previous 24 h of contact
with test cells. Cerium salt (IV) provides 50 % inhibition of the cytopathic action of HSV-1/2 at a concentration of 1 uM. It is assumed
that the shown antiviral activity of cerium salts may be due to their effect on the interferon system and the formation of antiviral
resistance in cells.

Keywords: herpes simplex virus (HSV-1/2), Ce** and Ce* salts, antiviral activity in vitro, preventive and treatment regimen.

Introduction. Cerium is the most common rare earth
element in the lanthanide series and is found in the earth's
crust. It can exist in both trivalent and tetravalent states [1].
Today, compounds based on cerium are highly promising
objects in biotechnology regarding their high biological ac-
tivities such as antiviral, antibacterial, antifungal, neuro- and
radioprotective action, and antioxidant activity, and these
compounds can also increase the lifespan of micro- and
macroorganisms [2-4]. On their basis it is possible to de-
velop nanocomposites capable of activating the systems of
cellular and humoral immune defense, operate as
drug/gene delivery systems, and antidiabetic drugs, and
use them for the prevention and therapy of viral diseases,
which makes it achievable to use them for the development
of potential antiherpetic agents [1, 5].

However, there are only limited reviews describing syn-
thetic methodologies and biomedical applications of cerium
salts and they do not offer complete information on their bio-
logical applications [1].

Cerium can show stability in the tetravalent state, while
other lanthanides are stable only in the trivalent state [6].
The activity of tetravalent cerium is higher than trivalent [2, 7].
Cerium has several unique properties associated with the
stable state of Ce**: redox activity, small ionic radius, and
high charge density [2].

It should be noted that water-soluble salts of cerium Ce3*
in biological fluids are easily hydrolyzed to form a hydroxy
compound. At pH 7-8, Ce3* ions are rapidly oxidized by dis-
solved oxygen with the formation of Ce** ions, which are
even more prone to hydrolysis, so that they immediately
form insoluble Ce** hydroxide and the latter dehydrates to
cerium. In other words, almost all cerium that enters the or-
ganism in the form of water-soluble salts is converted into
insoluble cerium dioxide and cerium dioxide forms individual
or aggregated nanoparticles in the presence of biopolymers
(proteins, polysaccharides, and others) that perform stabiliz-
ing functions. That is, the biological activity of cerium com-
pounds is largely due to CeO2 nanoparticles [8].

Cerium oxide or nano cerium can switch the oxidation
state between + 3 and +4 depending on the environment. It
can exist as CeO2 and Ce203 and exhibits catalytic activity
due to the redox behavior of cerium [1].

Also, nano cerium and cerium ions have oxidoreductase-
like and phosphatase-like properties and catalase and pe-
roxidase activity [2, 9]. The beneficial biological effects of
nano cerium and cerium ions are largely identical and are
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observed at low concentrations. Cerium ions can cause di-
rect oxidation (especially in acidic environments), which also
depends on ligands. At high concentrations, cerium ions in-
activate enzymes and inhibit biologically active molecules.
At appropriate (low) concentrations, cerium ions may in-
crease the activity of some enzymes. Many lanthanides
have a similar effect on living things, although due to the
properties of the tetravalent cerium ion in oxide/hydroxide
compounds, it is most suitable for biomedical use [2].

Materials and methods. Cerium salts. The following
compounds were investigated: CeCls-7H20 (Sigma, USA)
and (NH4)2Ce(NOs)s (Sigma, USA), in which cerium has a
valence of +3 and +4 respectively. Solutions of CeCls-7H20
and (NH4)2Ce(NOs)s were used with an initial concentration
of 0.1 M and 1 M in accordance. Cerium salts were dis-
solved in sterile water to obtain a concentration of 10 mM.

Cell Culture. The cell culture used in the research is
African green monkey kidney cell culture MA-104 obtained
in collaboration with GlaxoSmithKline Biologicals S.A. (Bel-
gium). Cells were grown in monolayer culture in glass and
plastic culture vials with a bottom area of 25 and 75 cm2and
96-well plates in DMEM medium with 10 % fetal bovine se-
rum (Sigma, USA) and incubated at 37 °C, 5 % COz2. Cells
were established at 2:10° cells/mL and subcultures when
confluence reached 100 % every 2 to 3 days.

Virus. Used to determine the antiviral activity of cerium
salts was herpes simplex virus (HSV-1/2) isolate "GMM"
from the virus collection of D.K. Zabolotny Institute of Micro-
biology and Virology of the NASU. Adsorption of HSV-1/2 on
the cell occurs within 60 minutes. The appearance of the cy-
topathic effect of the virus was observed with an optical mi-
croscope 18-20 hours after the infection of cell cultures. The
virus is characterized by high cytotoxicity, which is mani-
fested by a characteristic cytopathic effect on cell culture af-
ter 24-72 h of cultivation. The CPE of the herpes virus de-
velops in the form of enlarged, refractive, round cells. CPE
begins focally, but spreads rapidly, affecting other parts of
the monolayer [10].

The dose of the virus used in the research is equal to
TCIDso. TCIDso is the dose of the virus that destroys 50 % of
the cell monolayer. The TCIDso was calculated by determin-
ing the titer of the virus by tenfold titration in a 96-well plate
on the appropriate cell line. The logarithm of the virus titer
was calculated by a modified method of Reed—Muench [11].
The antiviral efficacy of the investigated compounds was
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evaluated by determining the median effective dose EDsp —
the investigated compound that protects 50 % of the cell
monolayer. This indicator was determined relative to the cell
control which is intact cells of the appropriate cell culture on
which the study was performed. To determine the antiviral
activity of cerium salts preventive and therapeutic regimens
were used. According to the preventive regimen, cerium salt
samples were added to the MA-104 cell culture 24 h before
the infection of HSV-1/2. The antiviral effect of the re-
searched compounds was determined in the tenfold concen-
tration range from 100 uM to 0.01 nM. According to the
treatment regimen, salt samples were added to MA-104
cells 60 min after infection with HSV-1/2. In this regimen, the
antiviral effect of cerium salts was determined in the tenfold
concentration range an order of magnitude higher than in the
preventive regimen from 1.0 mM to 0.1 nM. Used HSV-1/2
with the multiplicity of infection 1x10% TCDsp in 100 ul of me-
dium DMEM (Sigma, USA). Crystal violet staining was used
to determine the total number of adherent viable cells [12].

Crystal Violet Assay Procedure. The assay is based on
determining cell adhesion by staining attached cells with
crystal violet, which binds to proteins and DNA. Dead cells
lose the ability to attach, which leads to a decrease in the
amount of dye in cell culture. The optical density of the
bound dye is measured using a spectrophotometer [13].
Summary of the methodology: The culture medium was re-
moved from 96-well cells in which cells were cultured. To
each well was added 50 pl of 0.5 % solution of Crystal violet
(Sigma-Aldrich, USA) in 30 % ethanol and incubated plates
at room temperature for 10 min. After 10 min, the unbound
dye was removed by rinsing the wells four times with tap
water. The plates were inverted on filter paper to remove
excess water and then air-dried for 1-2 hours [14]. Then, the
absorbance values at 540 nm were recorded using a plate
reader. And all samples were analyzed in four replicates.

Statistical Analysis. Experimental data were processed
by conventional methods of variation statistics. The obtained
experimental data in the comparison groups are presented
in the form of median and statistical error. All comparisons
were considered with a significant level of P<0.05. The re-
sults presented graphically were obtained using Microsoft
Office Excel 2010 (Microsoft Corporation, USA).

Results and discussion. The addition of Ce3* and Ce**
salts to cells that were previously infected with HSV-1/2
(treatment regimen) did not protect against the development
of the cytodestructive change. Only adding Ce** salt to the
cells in the maximum investigated concentration — 1 mM —
showed more than 50 % survival of infected cells (P<0.01).
However, if an order of magnitude lower concentration of
Ce** salt was added to the medium, the number of viable
cells in the experimental wells did not differ from the control
infected ones (Fig. 1, A).

That is, it can be argued that in the treatment regimen of
cerium salts lll and IV valence in vitro certain limited antiher-
petic activity is shown only for Ce** salt in the maximum
studied concentration of 1 mM. The percentage of living
cells relative to the control intact cells was 70.4 % [54.4—
90.7 %] (P<0.01). The absence of antiviral effect manifesta-
tions of the Ce®* salt under the studied conditions is likely to
be associated with its chemical properties, which are differ-
ent from the Ce** salt.

Study results of the antiviral resistance state for-
mation in MA-104 cells after 24 h of contact with various
concentrations of Ce®* and Ce** salts (preventive regi-
men) are shown in Fig. 1, B.
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The presence of Ce** salt in the cell culture medium for
24 h before infection with HSV-1/2 ensured the formation of
an antiviral resistance state in the entire range of studied
concentrations with a maximum of ~ 50 % protection of cells
from the viral cytopathic action at a concentration of 1 yM
(high concentrations did not provide better protection, which
is probably due to their certain toxic effects). More than 30 %
protection was found under the condition of the Ce** salt pre-
sent in the cell culture medium at concentrations of 0.1-
0.01 uM and ~25 % protection was provided by the pres-
ence of Ce** salt at 0.1-1.0 nM concentrations (P<0.01).
Even a 10 pM concentration of Ce** salt provided signifi-
cantly higher (P<0.05) than in infected control cells re-
sistance to the cytopathic effect development under condi-
tions of HSV-1/2 infection.

The nature of the effect of 24 h of Ce3* salt contact on
the state of resistance of HSV-1/2 infected cells is am-
biguous. A nonlinear, oscillating response was observed
when the concentration of the Ce®* salt changed by one
order of magnitude. This phenomenon could be attributed
to methodological errors, but since in the experiment the
change in the reaction is traced four times, in addition, it is
reproduced in repeated experiments, the question arises
as to the mechanism of such a reaction of cells. Most likely,
the fact we discovered is due to the ability of CeCls-7H20
salt at different concentrations to interact differently with
the components of the nutrient medium, changing their
characteristics, which after 24 hours of contact with cells
can affect their metabolism and reactivity.

That is, if the effect of Ce** salt on cells is concentration-
dependent and linear, then Ce®* salt affects the state of cells
indirectly: we observe a series of sharp changes (jumps) in
the appearance and loss of activity associated with a 10-fold
change in its concentration. Interestingly, the maximum
manifestation of antiviral resistance in cells is shown when
nanomolar concentrations of Ce®* salt (0.1 nM and 10 nM,
P<0.01) are introduced into the culture medium.

The absence of the effect of antiviral protection in the
presence of Ce?* salt in the culture medium at intermediate
concentrations of 1 nM and 0.01 nM (P>0.05) indicates a
high sensitivity of the object to exposure to Ce3* ions or prod-
ucts of their reaction with environmental components. The
obtained results are very interesting from the point of view
of the analysis of the mechanisms of antiviral state formation
in cells in the presence of microelements in their microenvi-
ronment and rare earth elements in particular. In addition,
the detected fluctuation concentration dependence of the
formation of antiviral resistance leads to a certain parallel
regarding the similarity of the detected phenomenon to the
self-oscillation reaction created by B. Belousov and stud-
ied in detail by A. Jabotinsky, where the main component
that provided the self-oscillating process was the Ce3* ion
[15]. The facts obtained and the parallels drawn out require
a deep and thorough study.

Thus, under in vitro conditions, the use of lll and IV va-
lence cerium salts according to the treatment regimen does
not provide antiherpetic effects. While the presence of Ce**
salts in the culture medium causes the formation of an anti-
viral resistance state: the effect linearly depends on the salt
concentration. The CeCls-7H20 salt effect was found to fluc-
tuate (disappear and appear) depending on the change in
the concentration of ions in the culture medium. Table 1
shows a certain range of effective concentrations of
CeCls3-7H20 and (NH4)2Ce(NOs3)s salts.
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Fig. 1. Antiherpetic action of Ce**and Ce** salts. Notes:
A - treatment regimen, B — preventive regimen; * - P < 0.05; ** — P < 0.01, n=4,

results presented as the median and the interval between the first and third quartiles [Q1-Q3]

Table 1. Indicators of effective antiherpetic concentrations of cerium salts according to the preventive regimen in vitro

Effective concentration, nM EC1o ECys ECso ECss ECq
CeCl3-7H,0 0.05 0.08 - - -
(NH4)2Ce(NO3)s 0.01 0.10 1000 - -

Note: "-" anti-virus protection is insufficient, and effective concentration has not been determined.

Since the experiment was conducted with a high multiplicity
of infections, it can be assumed that with a lower multiplicity of
infections, the effective concentrations will be lower.

We have shown that cerium salts are capable of
providing the formation of a state of antiviral resistance
against HSV-1/2, provided that they are present for 24 h in
the culture medium. The treatment regimen in the same
salt concentrations as the preventive regime (100 uM-
0.01 nM) does no antiviral effectiveness. Salt
(NHa4)2Ce(NOs)s in vitro provides the formation of an effec-
tive state of antiviral resistance, while the salt CeClz-7H20
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forms a non-linear, sinusoidal-like concentration-depen-
dent anti-HSV-1/2 response of cells.

It was studied in vitro the antiviral effect of CeCls-7H20
and (NH4)2Ce(NOs)s salts at various concentrations in
MA-104 cell culture at a high multiplicity of HSV-1/2 infec-
tion. It has been found that cerium salts are capable of
providing antiherpetic activity.

These results correlate with the previously obtained data
[16] on the antiviral activity of cerium salts against vesicular
stomatitis virus in vitro. The detected effects correlated with
the shown activation of the interferon system under the
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condition of their 24h contact with L929 cell culture, which
can actively produce interferon. A preventive regimen of the
studied salt application can affect the activation of the inter-
feron system in MA-104 cells and, in some way, form a state
of antiviral resistance, as shown in our work. It should be
noted that herpes infection can interfere with the interferon
system [17, 18], which may cause the ineffectiveness of
salts in the treatment regimen.

Conclusions. Antiherpetic activity of trivalent and tetra-
valent cerium salts (CeCls-7H20 and (NH4)2Ce(NOz)s) was
studied in vitro in the range of ten-fold concentrations from
1 mM to 0.01 nM.

1. It was shown that in the therapeutic regimen, the use
of CeCls-7H20 and (NH4)2Ce(NOs)s salts in the range of
studied concentrations does not protect MA-104 cells from
the development of the cytopathic effect of HSV-1/2.

2. According to the preventive regimen in vitro (samples
were added to the MA-104 cell culture 24h before the infec-
tion of HSV-1/2) (NH4)2Ce(NOs3)s provides the formation of
an effective state of antiviral resistance, while the salt
CeCl3-7H20 forms a non-linear, sinusoidal-like concentra-
tion-dependent anti-HSV-1/2 response of cells.

3. It has been suggested that the shown antiviral activity
of cerium salts according to the preventive regimen may be
due to their effect on the interferon system and the formation
of antiviral resistance in cells.
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IHcTUTYT Mmikpo6ionorii i Bipyconorii iM. 1. K. 3a6onotHoro HAH Ykpainu, KuiB, YkpaiHa

AHTUIEPMETUYHA OISl CONEN LEPIIO IN VITRO

Cnonyku Ha ocHoei yepito € 0GHUMU 3 sUCOKONepcrekmueHux 06 'ekmie y 6iomexHosnogii, wo noe'a3aHo 3 iXHLOI 8UCOKO 6i0102i4HOIO aKmu-
eHicmio: aHmueipycHoro, aHmubakmepianbHol, aHmugyHaanbHo, Helipo- ma padionpomekmopHoto dieto, aHmuoKcudaHMHO akmueHicmio. Ha
ix ocHO8i MO)XHa po3po61smu KomMno3uyil, wo 30amHi akmueyeamu cucmeMu K/1iMUHHO20 ma 2yMopaJsibHo20 iMyHHO20 3axucmy, i 3acmocoeyeamu
ons npoghinakmuku i mepanii gipycHux 3axeoprogaHb, W0 dae MoXugicmb ix eUKOpPUCMaHHSI Onsi PO3Po6IIeHHs1 MTOMeHYilIHUX aHmuzaeprnemu4yHux
3acobis. Hesgaxkaroyu Ha ycrnixu eukopucmaHHsi 8 6iomexHos02i4HUX cghepax, MexaHi3m ixHboi dii Ha 6iono2iyHi 06'ckmu nompebye demasnbHO20
docnidweHHss. Mema po6omu nonsizana e nepeeipyi e ymoeax in vitro anmuzepnemuyHoi akmueHocmi coneli Ce** and Ce** y dianazoHi KoHyeHmpa-
yit 1 MM-0.01 HM 3a npogbinakmu4HoIo i NiKyeasbHOI cxeMamMu 3acmocyeaHHs. Y docnidkeHHi 6ynu eukopucmati eipycosnoziyHi, yumosoziyHi ma
cmamucmu4Hi Memoodu. Pesynbmamu po6omu: 3acmocyeaHHs1 cosell 3a JliKyeaslbHOK CXeMOK € HeegheKmueHUM. BHeceHHs1 00 knimuH e08HO20
po3yuHy coni (NH4)2Ce(NOs)s 3a npoghinakmuyHoto cxeMoro cynpoeodiyeasockb hopMyeaHHAIM CmaHy aHMuUegipycHOi pe3ucmeHmHocmi e ycbomy
Odiana3oHi docnidxysaHux koHUeHmpauitli, modi sik 3acmocyeaHHs coni CeClz-7H20 — HeniHiliHUM, KOHUeHmMpayiliHo-noe 's3aHuUM CuHycoidomnodi6-
HUM ¢hopMYy8aHHSIM y K/limuH pe3ucmeHmHocmi o yumonamu4Hoi it HSV-1/2.

BucHoeku: y ModesnbHil cucmemi MA-104 — HSV-1/2 coni Ce®* ma Ce** 30amHi euknukamu ¢gpopmyeaHHsi cmaHy aHmueipycHoi peaucmeHmHocmi
3a ixHbo20 nonepedHL020 24-200UHHO20 KOHMakmy i3 knimuHamu. Cinb Ce** 3a6esneyye 50 % npuzHideHHs1 yumonamu4Hoi 8iif HSV-1/2 y koHyeH-
mpauyii 1 uM. lMpunyckaemMo, W0 NokasaHa aHMueipycHa akmueHicmb cosieli yepito Moxxe 6ymu 3ymoesieHa IXHiM enueoM Ha cucmemy iHmepge-
POHY ma hopMye8aHHSIM y KNlimuHax cmaHy aHmueipycHol peaucmeHmHocmi.

Knrouoei crioea: eipyc npocmozo 2epnecy (HSV-1/2), coni Ce** ma Ce**, anmueipycHa akmueHicms in vitro, npoginakmuyHa ma nikyeanbHa cxemu.
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