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Peptidoglycan is a universal component of bacterial walls that exerts various biological activities,
including tumoricidal effect. Anti-cancer effect of various peptidoglycan fractions and their derivates is
different. Muramyl pentapeptide (MPP) is the most complete building block of peptidoglycan. MPP can
stimulate cell reactivity as well as other muropeptides. In the present study, we evaluated inhibitory
MPP effect on viability and migration of glioblastoma cells U373MG. As markers of cell reactivity we
determined the amounts of proteins PARP1 and NF-kB. MPP exposure induced decrease in viability and
migration activity of glioblastoma cells. Besides, MPP treatment increased the amounts of PARP1 and
NF-kB in a dose-dependent manner. Furthermore, NADH level in exposed glioblastoma cells was depleted
as compared to control. Thus, MPP exhibits tumoricidal effect in glioblastoma cells U373MG via deple-
tion NADH content and consequently metabolic energy level. Moreover, upregulation of the amounts of
PARPI1 and NF-«kB in glioblastoma cells could be an important mechanism of the inhibition of cell migra-
tive capability and the progress of the tumor.

The obtained results evidenced that muramyl pentapeptide could initiate lack of migration via meta-
bolic energy expenditure as a result of gliotypic reactivity. Further studies are actual and extremely
required to clarify tumoricidal effect of this muropeptide in glia-derived tumors.
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reactivity.

Many probiotic ingredients are recognized
to be beneficial to human health. Furthermore,
several microbial compounds exert the anti-
tumor activity [1-3]. Lactobacillus species
are the most studied microorganisms among
all probiotics [4]. During last decades,
anticancer effects of cytoplasm fractions,
cell wall components from lactobacilli,
live whole and heat-killed cells have been
confirmed as inhibiting tumor agents [5—9].
Furthermore, peptidoglycan is confirmed
as one of important source of bioactive
compounds which are potent to stimulate
both innate immunity and exhibit anti-cancer
activity in various cell types. Anti-tumor
effects of different peptidoglycan fractions
were reported with respect to various tumor
types including sarcoma, leukemia, melanoma

and lung cancer [10—13]. Other toxic effects
of muramyl peptides include pyrogenicity,
acute polyarthritis [14] and serum amyloid
A protein increase were reported [15, 16].
Recently antiproliferative and proapoptotic
effects of whole peptidoglycan fraction from
Lactobacillus paracasei was demonstrated
in human colon cancer HT-29 cell line [11].
The various cytotoxic effects of certain
peptidoglycan fractions were reported with
respect to human and animals cancer types in
compare to non-transformed cells [1, 11]. The
enzymatic cleaving of bacterial peptidoglycan
generates the biology active fragments
containing N-acetylmuramyl peptides named
muropeptides. Most studies of muropeptides
tumoricidal effect have been focused on both
synthetic and natural derivatives which
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exhibit meaningful level of adjuvant activity
[17]. However, several muropeptides were
confirmed to be effective tool to modulate
cellular response, but not only to enhance
proinflammatory cytokines production
[18]. Despite of progress in the study of the
mechanisms to enhance innate immunity with
peptidoglycan derivates, direct muropeptides
inhibitory effect on cancer cells remains
unknown. Recently there was demonstrated
anti-cancer effect of both whole peptidoglycan
extracts and separated peptidoglycan fractions
from Lactobacillus [1, 11]. However, the
mechanisms of anticancer effect individual
muropeptides isolated from probiotic bacteria
walls are unexplored. Muramyl pentapeptide
(MPP) is one of peptidoglycan cleaved fragment
which confirmed as bioactive muropeptide
with promising immunomodulatory property
[19]. In spite of well-studied biology activity of
muramyl dipeptide (MDP), anticancer activity
of muramyl pentapeptide has no reported in
literature. Previously, MPP isolated from L.
delbrueckii has been confirmed to stimulate
leukocytes in a course of early postnatal
development as well as to enhance innate
immunity [19]. However, cytotoxicity of MPP
with respect to tumor cells has no determined.
Prevailing number of tumoricidal activity of
muropeptides had shown antiproliferative
and cytotoxic effect which associated with
the modulation cytokines and chemokines
production [1, 12, 18]. Elevated cytokines
production can initiate either cell surviving
or cell death in depend on the power and
the duration of stimuli. The inhibition of
the glial cell viability by stimulation with
proinflammatory factors is well known
phenomenon [20—22]. Glial cells, as well as the
other cell types, produce inflammatory factors
as a result of various stimulations. Nuclear
factor kappa B (nuclear factor kappa-light-
chain-enhancer of activated B cells, NF-kB) is
one universal adaptor of cellular response by
cytokines production [23]. Besides, NF-xB is
critic molecular target of muropeptides effects
in respect with the initiation cell reactivity
by translational control including in glial
cells [24]. Other widespread regulator of cell
reactivity is the enzyme poly-(ADP-ribose)-
polymerase (PARP — E.C. 2.4.2.30). PARP
is a member of small family which provides
the regulation of cell function via ADP-
ribosilation of target proteins [25]. Multiple
regulatory roles of PARP in various cell
types were described last years including the
regulation of transcription, the cellular stress
response, mRNA stability, cell division, and

66

protein degradation [26, 27]. Furthermore,
PARP can serve as a coactivator of NF-xB
and modulate its transcriptional activity as a
result of cell stimulation [28]. Thus, unique
muropeptide stimulus to reactivate the cells
can induce functional cooperation of PARP and
NF-«B in course of cell response. In addition,
cellular response which accompanied by
extensive activation of both NF-xB and PARP
can initiate cell death via dysregulation in
cytokines production and extended metabolic
energy expenses [29, 30]. The cytokines
involved in fundamental pathways regulation
including differentiation and proliferation
in both normal and cancer cells. There was
reported that several muramyl peptides can
decrease mitochondrial bioenergetics ratio
[81]. Thus, tumor-associated abnormality
in energy metabolism could be a prospective
target to inhibit cancer progress including
invasion. Moreover, non-malignant cells
possesses more power mechanisms to adapt
to various stimuli in compare to cancer
cells [32]. Therefore, muropeptide could
initiate in cancer cells metabolic abnormality
which abrogate energetic expenditure in
proliferation and migration. MDP and its
derivates remain the most studied as anti-
cancer agents among all muropeptides.
However, several reports have showed that
the structure of mupopeptides is critic to
exhibit mitochondria-targeted toxicity and to
induce inefficiency in ATP synthesis. Besides,
anti-cancer impact of any muropeptides
on the energy metabolism in brain tumors
remains undisclosed. Muropeptide-initiated
reactivity was determined in various cell
types including macrophages, lymphocytes,
dendrite monocytes, epithelial and glial cells
[9, 10, 33—36]. Despite of number study the
biology activity of muropeptides in various
mesenchymal end epithelial cells, there are
no any reports on the impact of muropeptides
or its derivates on glial-derived cancer
suppression.

Recently there was demonstrated that
peptidoglycan and its derivates can affect
critic metabolic pathways in both glial cells and
neurons [37, 38]. Astrocytes are responsible
for vital processes in a brain. However, they
serve a source of the most widespread and
mortal tumor type known as glioma. Glioma
is a prevailing brain cancer type of astrocyte-
derived tumors [39]. Glioblastoma is most
aggressive grade of the gliomas among brain
tumors [40]. Glioblastoma cells have a high rate
of migration and extremely potent to invasion
[41]. Unique structure of muropeptides
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allows to affect the most cell types via specific
extracellular and intracellular receptors [42—
44]. The transport of muropeptides into the
cells mediated with peptide transporter PepT1
which expressed in many cell types including
glial cells [37]. Tens mutations recognized
in glioma cells which responsible for high
metabolic rate and resistance to apoptosis
[41]. Therefore, muropeptide exposure could
initiate in glioma cells abnormal cellular
response that can suppress aggressive
tumor phenotype. Cancer cells exposure to
muropeptide could initiate signaling pathways
which responsible for defence-directed cell
reactivity similarly to adaptive response in
normal non-malignated cells. But similar
initiation in tumor cells could induce abnormal
dysregulation in cellular response machinery
and switch to programmed cell death as it
was demonstrated in several reports [45—-4T7].
Taking into account that muropeptides were
confirmed as anticancer agent with respect
to various tumor types, we can presume
cytotoxic effect of muramyl pentapeptide
in glioma cells. Nevertheless, the impact of
MPP on glioma cell reactivity has never been
addressed. In this study, the in vitro effects of
muramyl pentapeptide on PARP and migration
capability were examined.

The objectives of presented study were
to elucidate the role of PARP1 and NF-«B in
anticancer effect of muramyl pentapeptide
from Lactobacillus delbrueckii strain in glioma
U373MG cells. In addition, we examined the
migration capability U373MG cells exposed to
various doses of muramyl pentapeptide.

Materials and Methods

Chemicals and Antibodies

Acrylamide, N,N’-Methylenebis (acryl-
amide), TEMED, p-mercaptoetanol, Sodium
dodecyl sulfate (SDS), Tris base, Bovine serum
albumin (BSA), Phenylmethylsulfonyl fluoride
(PMSF), Benzamidine, Leupeptine, DL-
Dithiothreitol (DTT), Ponceau S, P-cumaric
acid, Luminol, Methanol, Glycerol, Dimethyl
sulphoxide (DMSO), was obtained from
Sigma Aldrich (St. Louis, USA). Dulbecco’s
Modified Eagle Medium (DMEM), Penicillin/
Streptomycin, Fetal Bovine Serum (FBS),
Trypsin-EDTA and DPBS were obtained from
Gibco Life Technologies (Paisley, UK). H,0,,
NaOH, HCI, glycine, Tween-20, bromophenol
blue, B-mercaptoethanol, NP-40, EDTA,
EGTA, B-glycerophosphate was purchased
from Merck (Darmstadt, Germany). The
primary antibodies against PARP and NF-«B

were obtained from Abcam (Cambridge, UK).
Anti-B-actin antibodies were obtained from
Santa Cruz Biotechnology (Dallas, USA). Anti-
mouse and anti-rabbit secondary antibodies
conjugated with HRP were obtained from
Advansta (CA, USA).

MPP (MPP: MurNAc-1-Ala-d-Glu-1-Lys-
d-Ala-d-Ala) was isolated and purified from
Lactobacillus delbrueckii subsp. Bulgaricus
accordingly protocol of Central laboratory
of ENZIM Group Biotechnology company
(“Enzim” Ltd, Ukraine). Briefly, isolation of
soluble peptidoglycan fragments carried out
with limited enzymatic lysis. L. delbrueckii
subsp. Bulgaricus cells were grown in the
exponential phase in MRS broth at 32 °C. The
cells were separated from culture medium
by centrifugation at 5,000 g for 20 min at
room temperature. The obtained pellet was
resuspended in sterile PBS and washed by
centrifugation at 5,000g for 10 min. The
washing procedure was repeated three times
to remove any trace of the medium. After
washing, the last pellet was resuspended in PBS
containing D-glucose and lysozyme. Lysozyme’s
lyses was performed with circle agitation
at 32 °C for 30 min. Soluble peptidoglycan
fragments were then separated with
centrifugation at 10,000 g for 30 min at 4 °C.
Obtained pellet was resuspended and heated
at 60 °C for 15 min. Extracted peptidoglycan
solution was concentrated at 4 °C by flash
evaporation. Concentrated peptidoglycan
solution was divided for the fractions with
column chromatography in Sephadex G-25. The
fraction with the range of molecular weight
800—1 500 Da was collected and concentrated to
1/7 of the obtained volume and lyophilized.

Amino acid composition analysis of
muropeptide fraction

Amino acid composition of aforementioned
muropeptide fraction was analyzed with using
acid hydrolysis of chromatography purified
fraction. Briefly, the sample muropeptide
fraction with concentration 1mg/ml was mixed
with equal volume 6M HCI in glass container
and sealed. The hydrolysis was performed in
nitrogen atmosphere at 110 °C for 24 h. The
resulting product was mixed for neutralization
with 6 M NaOH and then diluted with 0.02 M
HCI. Amino acid composition was measured
with using amino acid analyzer Hitachi L.-8800
(Hitachi Corp., Japan).

Cell culture

U373MG (RRID: CVCL 2219), human
glioblastoma cells were purchased from the
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American Type Culture Collection (ATCC,
USA). Glioblastoma cells was cultured and
maintained according to the recommendations
made by the ATCC. Cell line were maintained
in DMEM, containing 10% fetal bovine
serum (FBS) 1% penicillin/ streptomycin
and 1% L-glutamine at 37 °C CO, humidified
incubator. All treatments were performed
when cell growth entrances in the logarithmic
phase. The glioma U-373MG cells were seeded
and cultured in DMEM for 2—3 days to mount
to 70% confluence. Then the glioma cells
were exposed to MPP in 25, 50, 100 and 200
ng/ml concentrations for 48 h. The cells were
collected by scratching without trypsinization
and lysed with RIPA buffer containing
protease and phosphatase inhibitors cocktail.

Cell viability (MTT assay)

The effect of MPP on the viability
of U373MG cells was determined by
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay
(Bahuguna et al., 2017). Briefly, U373MG
cells (1x10* cells/well) were seeded in 96-
well plates with DMEM, then incubated for
24 hours at 37 °C, 95% humidity and 5% CO,
conditions. After that, the cells were treated
with various (25, 50, 100 and 200 ng/ml) MPP
doses for 48 h. Subsequently, the medium was
replaced with fresh medium containing 10 ul
of MTT-labeled reagent for 4h. Then dimethyl
sulfoxide (DMSO, 100 pul) was added into wells
and incubated overnight. The values of optical
density were measured at 570 nm using an
ELISA plate reader (SpectraMax 384 Plus,
Molecular Devices, USA).

NADPH determination

The cellular NADPH was assessed using
NADPH estimation kit (ab65349, Abcam, UK).
Briefly, 1x10° cells were plated in 6-cm dishes;
on the next day, after treatment, the cells
were trypsinized and subjected to extraction
by using 300 pl of the Extraction Buffer. The
NADPH level were measured according to the
manufacturers’ protocols and the NADPH
levels were calculated as (OD vehicle — OD
treatment), where ODs were measured using
a SpectraMax plus 384 microplate reader at
(460 nm).

Cellular migration scratch-assay

Glioblastoma U373MG cells were seeded
in 24-well tissue culture plates with medium
containing FBS for 16 h to achieve monolayer
formation. A mechanical scratch was made
with the help of a 200 ul pipette tip to create
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the constant-dimension strips, and the plates
were then washed with PBS. The cells treated
with serum-free DMEM/ medium containing
different concentrations 25, 50, 100 and
200 pg/ml of the MPP. The wound areas were
photographed immediately after treatment and
at time intervals of 24, 48 and 84 hours after
with using an invert microscope (Olympus
CKX41, Jupon). The percentage of every gap
distance was recorded.

Western blotting

Glioblastoma U373MG control and exposed
to MPP cells were harvested by scratching
without trypsinization. Subsequently, cells
were lysed in the lysis buffer containing a
proteinase and phosphatase inhibitor cocktail,
and proteins were extracted and then the
protein concentration was determined using
the Bradford protein assay. The content of
PARP, NF-kB and B-actin was detected with
immunoblotting method. Briefly, the equal
amount of protein samples was separated
in gradient 5-20% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-
PAGE) and electroblotted onto a polyvinylidene
difluoride membrane (PVDF) (Millipore, USA).
The immunoblot membranes were incubated
with blocking solution (5% skim milk) at room
temperature for 1 h, followed by incubation
overnight with corresponding antibody, anti-
PARP1 (Abcam, ab194586, 1:2 500), anti-
NF-«kB P65 (Abcam, ab88940, 1:2 500), and
mouse monoclonal anti-f-actin (Santa Cruz,
sc-47778, 1:3 000) at 4 °C. The membrane
was washed with TBS-T and incubated with a
1:5 000 dilution of HRP-conjugated secondary
antibody for 1 h at room temperature. After
washing, the blots were visualized by an
enhanced chemiluminescence method using
X-ray films and quantitated by densitometry
using Image J software (USA).

Statistical analysis

All experiments were performed in
triplicate and standard deviation values were
calculated. Statistical analysis was performed
by t-test and One-Way ANOVA test using
GraphPad Prism 8.0 (GraphPad Software, San
Diego, CA, USA).

Results and Discussion

The results of amino acid composition
in peptidoglycan fragments isolated
with Sephadex-25 chromatography have
shown the present Ala, Asp, Lys and Glu
in equimolar ratios into MPP fraction in
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respect with pentapeptide structure. Gly is
amino acid residue which forms the cross-
links between individual pentapeptides in
intact peptidoglycan of bacterial walls. Gly
is confirmed as a component co-isolated with
muropeptides (Table) [1, 48].

Cytotoxic effect of MPP was characterized
in vitro with cell viability and migration
scratch-assay. The results of cell viability
measuring in control and treated with MPP
glioblastoma U373MG cells showed dose-
dependent cytotoxic effect (Fig. 1).

The results on the impact of MPP onto
U373MG cells migration test in a course of
scratch-assay have shown dose-dependent
effect in a range concentration from 25 to
200 pg/ml. (Fig. 2). U373MG cells were
exposed to muramyl pentapeptide in medium
without FBS as well as untreated control
group to avoid the effect of growth factors
on migration activity. The final time of cell
migration into gap was determined as full
closed gap in untreated control cells. In present
study this time was found equal 84 hours.

The metabolic energy deficit in gliobla-
stoma cells initiated by the exposure to MPP
was determined via measuring of NADPH
content. The results of NADPH content
measured in control and treated with MPP
glioblastoma cells have showed the suppression
of NADH production in exposed to MPP cells.
Clear inhibitory dose-dependent effect was
determined in a range MPP concentration
25 ng/ml — 200 ng/ml (Fig. 3).

Amino acid content in isolated
peptidoglycan fragments

Amino acid ng/mg material
Ala 12.35
Asp 9.83
Lys 10.07
Glu 9.04
Gly 5.12

The PARP1 expression in control and
exposed to MPP glioblastoma U373MG cells
was upregulated except the lowest dose
exposure (Fig. 4, a). The results of NF-xB
expression in control and exposed to MPP
glioblastoma U373MG cells have showed
an increase in almost all treated cell groups
(Fig. 4, b).

Despite of well-studied adjuvant effect
of various muropeptides, the muropeptide-
induced reactivity in nonimmune cells
remains uncovered. Muropeptides exhibit
the stimulating effect in immune cells
through leukocytes reactivity including
differentiation, proliferation and cytokine
production [49-51]. However, muropeptides
exhibit not only immunostimulation effect.
Several findings evidence multiple effects of
muropeptides including anti-inflammatory
and cytotoxic activity. For instance, the
damaging of intestinal epithelial cells reported
in the study of MDP infusion in rat small
intestine [35].

Fig. 1. Effects of MPP exposure on U373MG cells viability
Data are expressed as the Mean = S. E. M.; n = 3;
* — P < 0.05 significance of differences compared with control group
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Fig. 2. The results of migration scratch-assay in control and exposed to various MPP doses U373MG cells
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Fig. 3. Effects of the MPP on NADPH level in control and exposed to various MPP doses U373MG cells
Data are expressed as the Mean = S. E. M.; n = 3;
#*% — P <0.01 significance of differences compared with control group

Peptidoglycan structure is strong
evolutionary conserved and is recognized
by eukaryotic cells as a danger signaling
[44]. Unique structure of peptidoglycan
is constructed with N-acetylmuramic acid
and N-acetylyglucosamine disaccharide
chains which crosslinked to each other by
short amino acid chains. Enzymatic lyses of
bacterial wall generates several biology active
compounds containing N-acetylmuramyl
peptides which called muropeptides. MDP is
most studied and smallest biologically potent
product of bacterial walls hydrolysis. MDP
as a rule consists two amino acid residues
D-Ala and D-isoGln (or D-Glu). On other hand,
muramyl pentapeptide is the main structural
subunit of peptidoglycan which is synthesized
in cytoplasm as disaccharide-pentapeptide
building block [52]. However, the isolation
MPP requires more complex procedure in
compare to muramyl dipeptide purification
because MPP fraction could contaminated
with three- and four-muropeptides [1, 53].
Isolated in our study MPP agreed with respect
to amino acid content to those peptidoglycan
fractions reported other authors [1, 48,
54]. In present study the cell viability test
and migration scratch-assay were applied
to determine cytotoxic effect of MPP on
astrocyte-derived human glioblastoma cells.
The exposure to 25—-200 ng/ml MPP induced
in glioblastoma cells dose-dependent decrease
in cell viability (Fig. 1).

Obtained in our study results accord with
reported by Wang and coauthors cytotoxic
effect on different tumor cell lines exposure
to whole peptidoglycan extract [11]. It
deserves to be mentioned that most effective
fraction of peptidoglycan extract was found
in a range molecular weight 600-1000 Da
that is close to molecular mass of MPP
fraction applied in our study. Furthermore,
Fichera and coauthors have cleaved bacterial
walls with penicillin G treatment that could
resulted in the generation various number
of amino acid residue in the muropeptide
chains [1]. As it was mentioned in Materials
and methods we have used lysozyme to cleave
peptidoglycan of Lactobacillus that generates
predominantly muramyl pentapeptide
fragments [1, 48, 54]. Presented in our study
tumoricidal effect of MPP evidences the
direct cytotoxic effect of this muropeptide
type in glia-derived tumor cells.

Glioblastoma is characterized by extensive
metabolic rate and extremely high capability
to the proliferation and metastases [39, 41].
Glial-derived cancer have multiple mutations
including p53 protein which responsible for
the limiting of cancer progression. On other
hand, p53 controls TP53-induced glycolysis
regulatory phosphatase (TIGAR) functioning
which regulate the pathways of glucose
utilization [65]. TIGAR is important apoptosis
regulator which protects the cells against
oxidative-induced apoptosis. Furthermore,
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Fig. 4. Effects of the MPP on PARP1 and NF-kB expression in control and exposed to various MPP doses
U373MG cells:
a — relative PARP1 content; b — relative NF-kB content; ¢ — western blot results
Data are expressed as the Mean = S. E. M.; n = 3;
* — P<0.05, ** — P <0.01; *** — P <0.001 significance of differences compared with control group
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the switching of glucose utilization pathways
in glioma could tightly relate to the initiation
either apoptosis or autophagy [566]. Thus, the
initiation of metabolic energy depletion can
limit cancer growth. Taking into account that
gliomas prevailingly generate metabolic energy
via glycolysis, the inducing an abnormality
in energy expenses could be a prospective
target to suppress tumor progress. Obtained
migration test results have showed dose-
dependent effect of MPP in glioblastoma cells
exposed to various MPP doses. Accordingly,
literature present data is first report in respect
with muropeptide inhibition of glioblastoma
cells motility. Glioblastoma U373MG cells are
one of most potent to invasion brain tumor
that accompanied by high metastasis rate [39].

Observed in our study results have
showed that MPP in a dose 200 ng/ml induce
significant upregulation both PARP1 and NF-
kB expression in glioblastoma cells. Recently,
Yamaguchi and coauthors have reported that
MDP can stimulate NF-kB expression [57].
In addition, muropeptides as a initiators of
innate immune response exert multiple effects
on cytokine production, cell survival and
programmed cell death [44]. According to our
results, MPP exposure in range 25-200 ng/ml
doses induced both PARP1-dependent
and NF-kB-dependent cellular response
in glioblastoma U373MG cells. Moreover,
observed glioblastoma cells reactivity had
accompanied by the suppression of migration
capability and NADH content depletion.
Unfortunately, experimental data on the
impact of muropeptides onto cell migration
extremely limited and contradictory. There
were reported inhibitory impact of bacterial
wall compounds on macrophage migration
[68]. Contrary, the study of cell walls isolated
from different bacterial species has showed the
definite increase in monocyte migration [59].
To the best of our knowledge, the results on
the inhibitory effect of MPP on glioblastoma
migration capability are presented for the first
time.

NADH depletion in MPP exposed
glioblastoma cells is tightly relates to PARP
activation. Activated PARP decreases NADH
content in course of the poly-ADP-ribosylation,
protein targets ADP-ribosylation and DNA
remodeling [32]. Long term or extensive PARP
involving in cellular response can lead to cell
damage. For instance, PARP activation is able
to trigger astroglia to cell death that reported
in reactive astrocytes located in post ischemic
injury areas [60]. The activation astrocytes
with bacterial walls exposure reported in

Phulwani and Kielian study agreed with
our results [61]. However, the distinct role
PARP in both normal and malignant cells is
unknown. PARP can serve as a coactivator of
NF-xB and provoke cellular reactivity [28].
The abundant PARP expression is under
strict control in normal glial cells. In glial-
derived tumors multiple mutations mediate a
lack of native mechanisms to limit metabolic
energy consumption. Thus, MPP-induced
glioblastoma reactivity could be effective
cause to trigger metabolic energy expenses
from proliferative activity to cell death.

Cell migration is energy consuming
process. The results of migration test evidence
that MPP exposure in dose-dependent manner
suppress glioblastoma migration. Therefore,
dose-dependent upregulation of PARP
expression could be one of key mechanism
in this MPP inhibitory effect. On other side,
observed in our study anti-migration effect
of MPP exposure could be mediated complex
cell response initiated with both extra- and
intra-cellular receptors of muropeptides.
Mammalian cells can recognize peptidoglycan
and its derivates with specific pathogen
recognition receptors [62]. First group of
them is extracellular receptors including
peptidoglycan recognition proteins (PGRPSs)
and C-type lectin-like receptors (CTLRSs)
[63]. Furthermore, muropeptides as cleaved
peptidoglycan fragments possess stimulate
intracellular receptors including NOD2 and
hexokinase [42, 43]. Absorbed muropeptides
are recognized by intracellular molecule NOD2
in various cell types. Pathogen recognition
receptor NOD2 plays important role not only
in innate immune systems it can modulate
adaptive cellular response through the
production of chemokines and toxic peptides
[43, 44].

Despite of well-studied effect of
muropeptides on NOD family receptors, the
precise mechanism underlying how NOD
receptors regulate cellular response in non-
immune cells is not yet fully understood.
Moreover, the structure of muropeptides
is critic to initiate specific cell response.
For instance, Nagao and coauthors have
reported that various muropeptides can
induce macrophage migration with different
efficacy dependent on the amino acid residues
content [58]. There are limited data on
the NOD-dependent stimulation of NF-xB
transcriptional activity and involving other
factors which responsible for cell reactivity
in non-immune cells [37]. The stimulation
of NOD2 with muropeptides initiates RIP2
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kinase polyubiquitination and activates
cellular reactivity via NF-xB pathway of
transcriptional regulation that ultimately
upregulates proinflammatory cytokines
production including tumor necrosis factor
alpha (TNF-a) [64, 65]. Furthermore, PARP1
phosphorylation in a course of cellular
response can promote NF-kB activity through
its poly-ADP-ribosylation [66, 67]. Taking
into account, that long term PARP activation
can induce cellular energetic disturbances, the
initiation of PARP-dependent cell response
may lead to cell dysfunction or death through
NF-kB involving [68]. In this context, observed
in our study upregulation of both PARP and
NF-«B could serve an important source of
the exponential growth in glial cell reactivity
induced with MPP exposure [30].

Extensive glial cell reactivity accordingly
requires metabolic energy expenses.
Tumoricidal effect of PARP1 activation
can be developed through multiple features
of this enzyme which require ATP for
both ribosylation of proteins and PAR
synthesis. Especially, PARP1 can modulate
the differentiation of several cell types in a
course of cellular response [69, 70]. Thus,
PARPI1-induced events of differentiation in
glioblastoma cells which exhibit phenotype
of non-differentiated astrocytes could
limit glioma aggressiveness and potency
in proliferation and invasion. The various
isotypes of muropeptides can stimulate
NOD2 with different affinity as well as
induce variable cellular response. Besides,
NOD2 agonists are recognized to induce the
resistance to apoptosis that could promote
the surviving of infected with bacteria
macrophages via suppression of FasL-induced
apoptosis [71, 72]. However, the stimulatory
mechanisms of muropeptides including MPP
remains unknown.

It deserves to be mentioned that
glioblastoma treatment with low (25 pg/ml)
dose MPP induces mild increase in NADPH
level, NF-kB and PARP expression. Observed
changes could characterize cellular response
directed to cell surviving and involving both
NF-«B and PARP in programmed cell death
regulation. Thus, obtained results support
hypothesis that low doses of muropeptides can
exert cytoprotective effect via anti-apoptotic
pathways [12, 16].

The study of the functional interaction
between the regulation of programmed
cell death and immune signaling pathway
brings unexpectable results on the applying
regulatory mechanisms to inhibit tumor

74

growth. There was demonstrated that
both NOD2 and RIPK2 are involved in the
regulation of cell death and inflammation
through the caspase-1-dependent pathway
[43]. Thus, one of important consequence
of MPP effect in glioma could be depletion
of apoptosis resistance. MPP stimulation
can initiate extensive energy consumption
directly on the first step of pathogen
receptors initiation. There was reported that
NOD2 active form requires ATP bindings
in equimolar concentration. Besides, only
active NOD2 form can bind muropeptide with
following dimerization. The dimerization of
NOD2 initiates the polymerization of receptor-
interacting serine/threonine-protein kinase
2 (RIPK2). RIPK2 is a member of the RIP
kinase family and central adaptor kinase in the
NOD pathway [43]. RIP kinases are involved
in regulation cell death and pathogenesis of
chronic diseases [73]. Furthermore, RIPK2 is
critic indispensable to activate both NF-xB and
MAPK pathways in a course of NOD-mediated
cellular response. RIPK2 can bind the tumor
necrosis receptor (TNFR) that can switch NF-«B
function from surviving to cell death [74].
Despite of unknown role of NOD2 in
glial cells reactivity, there is an evidence of
glial response to muropeptides signaling.
Ribes and coauthors demonstrated that
MDP can cause a release of NO and stimulate
bacterial phagocytosis in microglial cells
[34]. However, in microglia there no observed
upregulation of pro-inflammatory cytokines
accompanied by this glial response induced
with muropeptide. Chauhan and coauthors
demonstrated that muropeptides could elevate
cytokine production in astrocytes and initiate
astrogliosis [37]. Taking into account that
extensive astrogliosis can induce irreversible
damages and consequently cell death, we can
expect the metabolic abnormality in glia-
derived tumors as a result of MPP-induced
gliosis. Aforementioned data evidence the
biology activity of muropeptides with respect
to potent effect on the regulation both energy
metabolism and glial cells reactivity.
Numerous studies of tumoricidal
effects probiotics, bacterial walls fractions,
peptidoglycan fragments confirmed that the
effect of muropeptides on cellular response of
various cell types tightly relate to its anticancer
activity. On other hand, muropeptides could
affect vital processes in tumor cells directly
through complex mechanism of cellular
response regulation. Taking into account
that there is a principal difference in energy
metabolism between non-malignant and tumor
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cells, we can presume reciprocal cellular
response to muramyl pentapeptide in glial-
derived tumor cells compared to normal glia
response. In any event, further comparative
study of MPP effect on normal glial cells
and glioblastoma cells is required to clarify
this hypothesis. The results of present study
agreed with those presented of Kim and
coauthors that bacterial peptidoglycans
exhibit significant antiproliferative activity
[4]. Moreover, our results accord with the
data reported by Fichera and Gunter that
peptidoglycan from L. casei decrease various
tumor cell types viability [18]. Therefore,
observed in our study NADH depletion and the
suppression of migration could be a result of
extensive cellular response to MPP signaling
in glioblastoma cells.

Conclusion

Muramyl pentapeptide exposure induces
disturbances in NADH content, inhibits
migrative capability and upregulate PARP1
and NF-kB expression in glioblastoma
U373MG cells. Obtained results evidence that
muramyl pentapeptide could initiate a lack of
migration via metabolic energy expenditure
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OPARIIA NEIITUOOTJIIKAHY,
SBATAYEHA MYPAMMJI ITEHTA -
IEIITUAOM 3 Lactobacillus bulgaricus,
IIPUTHIYYE MITPAIIINHY
SOATHICTH RJITHUH I''IIOBJIACTOMUA
U373MG I ITIIIBUIIY € PIBHI
PARP1 TA NF-xB
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ITenTumorsikan € yHiBepcaJbHUM KOMIIOHEH-
TOM GaKTepiaJlbHUX CTiHOK, IO BUABJAE Pi3HY
6ioJIOTiuHYy aKTUBHICTh, BKJIIOYAIOUN AHTUIIYX-
auaHNHN edert. IIpoTunyxauannil epeKT pisHUX
dpakiiii menTUAOrIiKaHIB Ta MOT0 MOXiTHUX €
BapiabeJIbHUM 3aJIe’KHO BiJf IXHBOI CTPYKTYpPH.
Mypawmina nenranentusn (MPP) € naii6inpir mos-
HOI0 CKJIAZOBOI0 YaCTHHOIO MENTHUAOTJIiKaHY.
MPP moxxe cTUMYyJIIOBATU KJIITMHHY peaKTUB-
HiCTBH TAK camMo, AK i iHmIi myponentuau. ¥ Imii
poboTi Mu ominoBaau iHridiTopHY miro MPP ma
JKUTTE3NAaTHICTh Ta Mirpamiio KJIiTHH riiobJa-
cromu U373MG. Ak mapKepu KJITHHHOI peak-
MifHOI 3JaTHOCTI BU3HAUYAJIY KiJIBKiCTh IpOTEiHiB
PARP1 ta NF-xB. Bruiue MPP, ingykoBaumit y
KJiTHHAaX IJ1i001aCcTOMU, 3BHIKYE JKUTTE3NATHICTD
KJIITUH Ta Mirpaiifiny akTuBHicTh. Kpim Toro, misa
MPP cupuunnse nmigsuiiensa Kinbrocti PARP1 i
NF-xB y nososane:xuuii criocio. Pisens HAJI®H B
CTUMYJILOBAHUX KJITUHAX IriobsacToMu OyB 3HU-
JKeHUU MMOPiBHAHO 3 KOHTpoJieM. TaKuM YuHOM,
MPP BusBiisi€e NPOTUNYXJNHHY Ail0 B KJIiTHHAX
raiobsacromu U373MG uepes BUCHAMKEHHS BMic-
ry HAIIH i, ax Hacaimok, piBHA MeTabosiuHOI
eueprii. Kpim Toro, perynasamia kinbkocti PARP1
ta NF-kB B KiiTuHax raiobiacroMmu Moxke 0yTu
Ba)KJIMBUM MeXaHi3MOM INPUTHiUeHHA Mirpamii-
HOI 3JaTHOCTI KJIIiTUH i1 mporpecii myxXJamHu.

OTrpumaHi pe3yJbTaTu BKa3yOTh Ha Te, IO
MypaMiJ IeHTaIlelITUa MOKe iHiIlifoBaTu 3HU-
JKeHHA Mirparii InissxoMm HigBUINEeHHS BUTPAT
MeTaboIiuHOI eHeprii B pe3ysbTaTi IiIiajabHOL pe-
akTuBanii. [logaasIrri qocaigKeHHA € aKTyaJIbHU-
MU i BKpail HeoOXiZHUMU IJIA YTOUHEHHSA IPOTHU-
MYyXJUHHOI Aii M[FOr0 MYPOTENTUAY B IIiaJbHUX
TyXJUHAX.

Kntouwoei crosa: menTupoTIiKaH, MypaMij eHTa-
neatun, PARP1, NF-«B, raio6iracroma U373MG,
peakiiifina 3gJaTHICTb KJIITHUH.

OPARTIUA IEIITUAOTJINKAHA,
OBOTAIIEHHAA MYPAMMJI ITEHTA-
IIEIITHAOM U3 Lactobacillus bulgaricus,
NHI'iBUPYET MUTPAITMOHHYIO
CIIOCOBHOCTbD KJIETOR
I/ INOBJIACTOMBI U373MG 1
YBEJINMYUBAET YPOBHHU PARP1 I NF-«B
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IlenTumorivkaH SABIAETCS YHUBEPCAJIbHBIM
KOMIIOHEHTOM 0aKTePUATIbHBIX CTEHOK U IIPOSBIIAET
PasHyI0 OMOJIOrMYECKYI0 AKTUBHOCTD, BKJIFOUAs aH-
TUKaHIIepOoreHHoe JeiicTeue. [IpoTuBoOpaKoBoe Jeii-
CTBUE PA3INYHBIX (YPAKIUH eI TUAOTINKAHA U €r0
IIPOU3BOIHBIX BapuabeJbHO B 3aBUCUMOCTH OT UX
cTpyKTypbl. Mypamuia nenranentusn (MPP) aBisa-
ercs HanboJiee IIOJTHOM COCTABHOM YaCThIO IIEIITHI0-
riukaHa. MPP Mo:keT cTuMy/IMpOBaTh KJIETOUHYIO
PeaKTHUBHOCTD, TAKsKe KaK U APYTUe MYPOIIeITUIbI.
B macTosieit pabore MbI OIleHUBAJIN NHTUOUPYIO-
miee aericrBue MPP Ha :Xu3HecnocoOHOCTb 1 MUT'PA-
U0 KJaeTok riuobdaacTombl U373MG. SKcirpeccuio
PARPI1 u NF-kB onpezensaiyz B KauecTBe MapKepa
KJIETOUHOII PeaKTUBHOCTH.

Bosgeticrsue MPP unaymupoBajo B KJIeTKax
ramo0JIaCTOMBI CHHKEHUE KU3HECIIOCOOHOCTH
KJETOK M MHUTPAIMOHHYI aKTUBHOCTH. Kpome
Toro, BosaeiictBue MPP mososaBucumo yBeJsu-
yuBajo PRAP1 u NF-kB skcrnpeccuio. YpoBeHb
NADH B cTuMyIupoBaHHBIX KJeTKax rjmobJa-
CTOMBI OBILJI CHUIKEH 10 CDABHEHUIO C KOHTPOJIEM.
Taxum ob6pasom, MIIII mposaBisieT IPOTUBO-
OMyXO0JIeBO€e NeHCTBUE B KJIETKAX IIM00JaCTOMBI
U373MG nyrem ucroiieHus cogep:xanua NADH
", CJIEJOBATEJILHO, YPOBHSA MeTab0JIMUeCcKOi sHep-
ruu. Kpome Toro, ycuienue skcupeccuu PARP1
u NF-xB B riimo6siacToMe MOKeT ObITH BasKHBIM
MEeXaHU3MOM B MHTMOMPOBAHUY PA3BUTUS OIYXO0-
JIeBOTO (DEHOTHUIA B KJIETKAX ININ00JIaCTOMEI.

ITonyuenuble pesyabTaThl YKA3LIBAIOT HA TO,
YTO MyPaMuJI EHTAIEIITAL MOYKEeT NHUIIUUPOBATD
CHIKEHNEe MUTPAIUY IIyTEeM YBEeJIUUYeHUs 3aTpar
MeTaboIMUeCKOl SHEPTUH B Pe3yJbTaTe IJINAJIbHON
peaxkTuBanuu. [lajsbHelinme uccjaeqOBaHUSI aKTy-
aJILHBI ¥ KpaiiHe HeoOXOAUMBI JJIsI IIOHMMAaHUS aH-
TUKAHIEPOreHHOr'0 AeHCTBUSA dTOr0 MYPOIEITHIA
HAa OITyXOJIY TJINAJIbHOI'O IIPOUCX 0K ICHU.

Kntoueswle cnosa: IIeNITUuAOTVIMKAaH, MypaMUWJIIIeHTAa-

nentuy, PARP1, NF-«xB, rauo6aacTtoma
U373MG, KjeTouHaA PEAKTUBHOCTD.
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