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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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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-B. MPP exposure induced decrease in viability and 
migration activity of glioblastoma cells. Besides, MPP treatment increased the amounts of PARP1 and 
NF-B 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 
PARP1 and NF-B 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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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-B) is 
one universal adaptor of cellular response by 
cytokines production [23]. Besides, NF-B 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 

protein degradation [26, 27]. Furthermore, 
PARP can serve as a coactivator of NF-B 
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-B 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 
[31]. 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 [45–47]. 
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, -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). H2O2, 
NaOH, HCl, glycine, Tween-20, bromophenol 
blue, -mercaptoethanol, NP-40, EDTA, 
EGTA, -glycerophosphate was purchased 
from Merck (Darmstadt, Germany). The 
primary antibodies against PARP and NF-B 

were obtained from Abcam (Cambridge, UK). 
Anti--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-l-Ala-d-Glu-l-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 HCl 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 
HCl. 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 



BIOTECHNOLOGIA  ACTA, V. 13, No 2, 2020

68

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 CO2 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 
μg/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 (1104 cells/well) were seeded in 96-
well plates with DMEM, then incubated for 
24 hours at 37 C, 95% humidity and 5% CO2 
conditions. After that, the cells were treated 
with various (25, 50, 100 and 200 μg/ml) MPP 
doses for 48 h. Subsequently, the medium was 
replaced with fresh medium containing 10 μl 
of MTT-labeled reagent for 4h. Then dimethyl 
sulfoxide (DMSO, 100 μl) 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, 1106 cells were plated in 6-cm dishes; 
on the next day, after treatment, the cells 
were trypsinized and subjected to extraction 
by using 300 μl 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 μl pipette tip to create 

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 μg/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-B and -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-B P65 (Abcam, ab88940, 1:2 500), and 
mouse monoclonal anti--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 μg/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 glio bla-
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 μg/ml — 200 μg/ml (Fig. 3). 

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-B 
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]. 

Amino acid content in isolated 
peptidoglycan fragments

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

Amino acid μg/mg material

Ala 12.35

Asp 9.83

Lys 10.07

Glu 9.04

Gly 5.12
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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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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 μg/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 [55]. TIGAR is important apoptosis 
regulator which protects the cells against 
oxidative-induced apoptosis. Furthermore, 

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
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Fig. 4. Effects of the MPP on PARP1 and NF-B expression in control and exposed to various MPP doses 
U373MG cells: 

a — relative PARP1 content; b — relative NF-B content; c — 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

a

c

b
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the switching of glucose utilization pathways 
in glioma could tightly relate to the initiation 
either apoptosis or autophagy [56]. 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 μg/ml induce 
significant upregulation both PARP1 and NF-
B expression in glioblastoma cells. Recently, 
Yamaguchi and coauthors have reported that 
MDP can stimulate NF-B 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 μg/ml 
doses induced both PARP1-dependent 
and NF-B-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 
[58]. 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-B 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 (PGRPs) 
and C-type lectin-like receptors (CTLRs) 
[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-B 
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-B pathway of 
transcriptional regulation that ultimately 
upregulates proinflammatory cytokines 
production including tumor necrosis factor 
alpha (TNF-) [64, 65]. Furthermore, PARP1 
phosphorylation in a course of cellular 
response can promote NF-B 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-B 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, 
PARP1-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 μg/ml) 
dose MPP induces mild increase in NADPH 
level, NF-B 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 

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-B 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-B expression in glioblastoma 
U373MG cells. Obtained results evidence that 
muramyl pentapeptide could initiate a lack of 
migration via metabolic energy expenditure 

as a result of gliotypic reactivity. The future 
studies are actual and extremely required to 
clarify tumoricidal effect of MPP with respect 
to glia-derived tumors.

Acknowledgments
This work was performed in Bingol 

University Cancer Research Lab. The authors 
gratefully acknowledge the Scientific and 
Technological Research Council of Turkey 
(TUBITAK) for financial support (Grant 
Number: 215S192). Special gratitude to 
Andrey Venger for a help in MPP isolation and 
Valeriy Skorokhod for support of experimental 
work. 

Research involving Human Participants and/
or Animals

The manuscript does not contain studies 
with human participants or animals.

The authors declare no financial interest or 
conflict interest in respect to this work. This 
manuscript has not published previously and 
isn’t considered to publish by another journal. 
All authors have read and approved the final 
manuscript. 

REFERENCES
1.  Fichera G. A., Fichera M., Milone G. 

Antitumoural activity of a cytotoxic peptide 
of Lactobacillus casei peptidoglycan and 
its interaction with mitochondrial-bound 
hexokinase. Anticancer Drugs. 2016, 27 (7), 
609–619. 

2.  Commane D., Hughes R., Shortt C., Rowland I. 
The potential mechanisms involved in the anti-
carcinogenic action of probiotics. Mutation Re-
search — Fundamental and Molecular Mecha-
nisms of Mutagenesis. 2005, V. 91, P. 276–289. 

3.  Salminen S., Morelli L., Marteau P., Brassart D., 
de Vos W. M., Fondén R., Saxelin M., Collins K., 
Mogensen G., Birkeland S. E., Mattila-
Sandholm T. Demonstration of safety of 
probiotics — A review. Int. J. Food Microbiol. 
1998, 44 (1–2), 93–106. 

4.  Kim J. Y., Woo H. J., Kim Y. S., Lee H. J. 
Screening for antiproliferative effects of 
cellular components from lactic acid bacteria 
against human cancer cell lines. Biotechnol. 
Lett. 2002, 24 (17), 1431–1436. 

5.  Orlando A., Messa C., Linsalata M., Cavallini A., 
Russo F. Effects of Lactobacillus rhamnosus 
GG on proliferation and polyamine metabolism 
in HGC-27 human gastric and DLD-1 
colonic cancer cell lines. Immunopharmacol. 
Immunotoxicol. 2009, 31 (1), 108–116. http://
www.ncbi.nlm.nih.gov/pubmed/19234959

6.  Amrouche T., Boutin Y., Prioult G., Fliss I. 
Effects of bifidobacterial cytoplasm, cell wall 
and exopolysaccharide on mouse lymphocyte 
proliferation and cytokine production. Int. 
Dairy J. 2006, 16 (1), 70–80. 

7.  Gonet-Surówka A. K., Strus M., Heczko P. B. 
P1250 Infiuence of Lactobacilli probiotic 
strains on apoptosis of colon cancer cells lines. 
Int. J. Antimicrob. Agents. 2007, P. 343–344. 

8.  Thirabunyanon M., Boonprasom P., Niamsup P. 
Probiotic potential of lactic acid bacteria 
isolated from fermented dairy milks on 
antiproliferation of colon cancer cells. 
Biotechnol. Lett. 2009, 31 (4), 571–576. 

9.  Tuo Y. F., Zhang L. W., Yi H. X., Zhang Y. C., 
Zhang W. Q., Han X., Du M., Jiao Y. H., 
Wang S. M. Short communication: 
Antiproliferative effect of wild Lactobacillus 
strains isolated from fermented foods on HT-
29 cells. J. Dairy Sci. 2010, 93 (6), 2362–2366. 

10.  Ando K., Mori K., Corradini N., Redini F., 
Heymann D. Mifamurtide for the treatment 
of nonmetastatic osteosarcoma. Expert Opin. 
Pharmacother. 2011, 12 (2), 285–292. 

11.  Wang S., Han X., Zhang L., Zhang Y., Li H., 
Jiao Y. Whole Peptidoglycan Extracts from 
the Lactobacillus paracasei subsp. paracasei 
M5 Strain Exert Anticancer Activity In Vitro. 
Biomed. Res. Int. 2018. 



BIOTECHNOLOGIA  ACTA, V. 13, No 2, 2020

76

12.  Fujimura T., Yamasaki K., Hidaka T., 
Ito Y., Aiba S. A synthetic NOD2 agonist, 
muramyl dipeptide (MDP)-Lys (L18) and 
IFN- synergistically induce dendritic cell 
maturation with augmented IL-12 production 
and suppress melanoma growth. J. Dermatol. 
Sci. 2011, 62 (2), 107–115. http://www.ncbi.
nlm.nih.gov/pubmed/21411292

13.  Yanagawa H., Haku T., Takeuchi E., Suzu ki Y., 
Nokihara H., Sone S. Intrapleural therapy 
with MDP-Lys (L18), a synthetic derivative 
of muramyl dipeptide, against malignant 
pleurisy associated with lung cancer. Lung 
Cancer. 2000, 27 (2), 67–73. http://www.
ncbi.nlm.nih.gov/pubmed/10688489

14.  Kohashi O., Kohashi Y., Shigematsu N., 
Ozawa A., Kotani S. Acute and chronic 
polyarthritis induced by an aqueous form 
of 6-O-acyl and N-acyl derivatives of 
N-acetylmuramyl-L-alanyl-D-isoglutamine 
in euthymic rats and athymic nude rats. Lab. 
Invest. 1986, 55 (3), 337–346. http://www.
ncbi.nlm.nih.gov/pubmed/3489128

15.  Kong Y. C., Audibert F., Giraldo A. A., 
Rose N. R., Chedid L. Effects of natural or 
synthetic microbial adjuvants on induction 
of autoimmune thyroiditis. Infect. Immun. 
1985, 49 (1), 40–45. http://www.ncbi.nlm.
nih.gov/pubmed/3839208

16.  McAdam K. P., Foss N. T., Garcia C., 
DeLellis R., Chedid L., Rees R. J., Wolff S. M. 
Amyloidosis and the serum amyloid A protein 
response to muramyl dipeptide analogs and 
different mycobacterial species. Infect. 
Immun. 1983, 39 (3), 1147–1154. http://
www.ncbi.nlm.nih.gov/pubmed/6601620

17.  Zhou C. J., Chen J., Hou J. B., Zheng Y., Yu Y. N., 
He H., Zhang Y. P., Feng X. L., Zheng Q. S. 
The Immunological Functions of Muramyl 
Dipeptide Compound Adjuvant on Humoral, 
Cellular-mediated and Mucosal Immune 
Responses to PEDV Inactivated Vaccine 
in Mice. Protein Pept. Lett. 2018, 25 (10), 
908–913. http://www.ncbi.nlm.nih.gov/
pubmed/30227812

18.  Fichera G. A., Giese G. Non-immunologically-
mediated cytotoxicity of Lactobacillus casei 
and its derivative peptidoglycan against 
tumor cell lines. Cancer Lett. 1994, 85 (1), 
93–103.

 19.  Masjuk D. M., Nedzvetsky V. S. KAV. A 
method of enhancing the natural resistance 
of newborn piglets. Ukraine Patent 118400. 
August 10, 2017. 

20.  Nava Catorce M., Gevorkian G. LPS-induced 
Murine Neuroinflammation Model: Main 
Features and Suitability for Pre-clinical 
Assessment of Nutraceuticals. Curr. 
Neuropharmacol. 2016, 14 (2),155–164. 

21.  Agca C. A., Tykhomyrov A. A., Baydas G., 
Nedzvetsky V. S. Effects of a Propolis Extract 

on the Viability of and Levels of Cytoskeletal 
and Regulatory Proteins in Rat Brain 
Astrocytes: an In Vitro Study. Neurophysiol. 
2017, 49 (4), 261–271. 

22.  Nedzvetsky V. S., Agca C. A., Kyrychenko S. V. 
Neuroprotective Effect of Curcumin 
on LPS-activated Astrocytes Is Related 
to the Prevention of GFAP and NF-B 
Upregulation. Neurophysiol. 2017, 49 (4), 
305–307. 

23.  Morgan M. J., Liu Z. G. Crosstalk of reactive 
oxygen species and NF-B signaling. Cell Res. 
2011, V. 21, P. 103–115. 

24.  Owens R., Grabert K., Davies C. L., Alfieri A., 
Antel J. P., Healy L. M., McColl B. W. 
Divergent neuroinflammatory regulation of 
microglial TREM expression and involvement 
of NF-B. Front Cell Neurosci. 2017, V. 2, 
P. 11. 

25.  Gibson B. A., Kraus W. L. New insights into 
the molecular and cellular functions of 
poly(ADP-ribose) and PARPs. Nat. Rev. Mol. 
Cell Biol. 2012, V. 13, P. 411–424. 

26.  Bock F. J., Todorova T. T., Chang P. 
RNA Regulation by Poly(ADP-Ribose) 
Polymerases. Mol. Cell. 2015, P. 959–969. 

27.  Bock F. J., Chang P. New directions in 
poly(ADP-ribose) polymerase biology. FEBS 
J. 2016, 283 (22), 4017–4031. 

28.  Kauppinen T. M., Gan L., Swanson R. A. 
Poly(ADP-ribose) polymerase-1-induced 
NAD+ depletion promotes nuclear factor-B 
transcriptional activity by preventing p65 
de-acetylation. Biochim. Biophys. Acta. 2013, 
1833 (8), 1985–1991. 

29.  Szabó C., Cuzzocrea S., Zingarelli B., 
O’Connor M., Salzman A. L. Endothelial 
dysfunction in a rat model of endotoxic 
shock: Importance of the activation of poly 
(ADP-ribose) synthetase by peroxynitrite. J. 
Clin. Invest. 1997, 100 (3), 723–735. 

30.  Chiarugi A., Moskowitz M. A. Poly(ADP-
ribose) polymerase-1 activity promotes 
NF-B-driven transcription and microglial 
activation: Implication for neurodegenerative 
disorders. J. Neurochem. 2003, 85 (2), 
306–317. 

31.  El-Jamal N., Bahr G. M., Echtay K. S. Effect 
of muramyl peptides on mitochondrial 
respiration. Clin. Exp. Immunol. 2009, 
155 (1), 72–78. 

32.  Tang K. S., Suh S. W., Alano C. C., Shao Z., 
Hunt W. T., Swanson R. A., Anderson C. M. 
Astrocytic poly(ADP-ribose) polymerase-1 
activation leads to bioenergetic depletion 
and inhibition of glutamate uptake capacity. 
Glia. 2010, 58 (4), 446–457. 

33.  Vavricka S. R., Musch M. W., Chang J. E., 
Nakagawa Y., Phanvijhitsiri K., Waypa T. S., 
Merlın D., Schneewınd O., Chang E. B. 



Experimental  articles

77

hPepT1 transports muramyl dipeptide, 
activating NF-B and stimulating IL-8 
secretion in human colonic Caco2/bbe cells. 
Gastroenterol. 2004, 127 (5), 1401–1409. 

34.  Ribes S., Adam N., Schütze S., Regen T., 
Redlich S., Janova H., Borisch A., Ha-
nisch U. K., Nau R. The nucleotide-binding 
oligomerization domain-containing-2 ligand 
muramyl dipeptide enhances phagocytosis 
and intracellular killing of Escherichia 
coli K1 by Toll-like receptor agonists in 
microglial cells. J. Neuroimmunol. 2012, 14, 
252 (1–2),16–23. 

35.  Ma G.-G., Shi B., Zhang X.-P., Qiu Y., Tu G.-W., 
Luo Z. The pathways and mechanisms of 
muramyl dipeptide transcellular transport 
mediated by PepT1 in enterogenous infection. 
Ann. Transl. Med. 2019, 7 (18), 50. 

36.  Trajkovič V., Samardžič T., Stošič-Grujičič S., 
Ramič Z., Stojkovič M. M. Muramyl dipeptide 
potentiates cytokine-induced activation 
of inducible nitric oxide synthase in rat 
astrocytes. Brain Res. 2000, 10, 883 (1), 
157–163. 

37.  Chauhan V. S., Sterka D. G., Furr S. R., 
Marriott I. NOD2 plays an important role in 
the inflammatory responses of microglia and 
astrocytes to bacterial CNS pathogens. Glia. 
2009, 57 (4), 414–423. 

38.  Masuzzo A., Manière G., Viallat-Lieutaud A., 
Avazeri É., Zugasti O., Grosjean Y., Léopold C., 
Royet J. Peptidoglycan-dependent NF-
kB activation in a small subset of brain 
octopaminergic neurons controls female 
oviposition. Elife. 2019, V. 1, P. 8. 

39.  Furnari F. B., Fenton T., Bachoo R. M., Muka-
sa A., Stommel J. M., Stegh A., Hahn W. C., 
Ligon K. L., Louis D. N., Brennan C., Chin L., 
DePinho R. A., Cavenee W. K. Malignant 
astrocytic glioma: Genetics, biology, and 
paths to treatment. Genes and Development. 
2007, V. 21, P. 2683–2710. 

40.  Pointer K. B., Clark P. A., Zorniak M., 
Alrfaei B. M., Kuo J. S. Glioblastoma cancer 
stem cells: Biomarker and therapeutic 
advances. Neurochem. Inter. 2014, V. 71, 
P. 1–7. 

41.  Agnihotri S., Burrell K. E., Wolf A., Jalali S., 
Hawkins C., Rutka J. T., Zadeh G. 
Glioblastoma, a brief review of history, 
molecular genetics, animal models and 
novel therapeutic strategies. Archivum 
Immunologiae et Therapiae Experimentalis. 
2013, V. 61, P. 25–41. 

42.  Wolf A. J., Reyes C. N., Liang W., Becker C., 
Shimada K., Wheeler M. L., Cho H. C., 
Popescu N. I., Coggeshall K. M., Arditi M., 
Underhill D. M. Hexokinase Is an Innate 
Immune Receptor for the Detection of 
Bacterial Peptidoglycan. Cell. 2016, V. 28, 
P. 624–36. 

43.  Heim V. J., Stafford C. A., Nachbur U. NOD 
Signaling and Cell Death. Frontiers in Cell 
and Developmental Biology. 2019, V. 7, 
P. 423–444. 

44.  Irazoki O., Hernandez S. B., Cava F. 
Peptidoglycan muropeptides: Release, 
perception, and functions as signaling 
molecules. Frontiers in Microbiology. 2019, 
500 p.

45.  Wolf A., Agnihotri S., Munoz D., Guha A. 
Developmental profile and regulation of 
the glycolytic enzyme hexokinase 2 in 
normal brain and glioblastoma multiforme. 
Neurobiol. Dis. 2011, 44 (1), 84–91. 

46.  Wolf A., Agnihotri S., Micallef J., Mukherjee J., 
Sabha N., Cairns R., Hawkins C., Guha A. 
Hexokinase 2 is a key mediator of aerobic 
glycolysis and promotes tumor growth in 
human glioblastoma multiforme. J. Exp. 
Med. 2011, 14, 208 (2), 313–326. 

47.  Fehr A. R., Singh S. A., Kerr C. M., Mukai S., 
Higashi H., Aikawa M. The impact of PARPs 
and ADP-ribosylation on inflammation 
and host-pathogen interactions. Genes and 
Development. 2020, V. 34, P. 341–359. 

48.  Billot-Klein D., Legrand R., Schoot B., Van 
Heijenoort J., Gutmann L. Peptidoglycan 
structure of Lactobacillus casei, a species 
highly resistant to glycopeptide antibiotics. 
J. Bacteriol. 1997, V. 179, P. 6208–6212. 

49.  Bahr G. M., Chedid L. Immunological 
activities of muramyl peptides. Fed Proc. 
1986, 45 (11), 2541–2544.

50.  Heinzelmann M., Polk H. C., Chernobelsky A., 
Stites T. P., Gordon L. E. Endotoxin and 
muramyl dipeptide modulate surface 
receptor expression on human mononuclear 
cells. Immunopharmacol. 2000, 20, 48 (2), 
117–128. 

51.  Traub S., von Aulock S., Hartung T., 
Hermann C. Invited review: MDP and other 
muropeptides — direct and synergistic 
effects on the immune system. J. Endotoxin. 
Res. 2006, 12 (2), 69–85. 

52.  Typas A., Banzhaf M., Gross C. A., Vollmer W. 
From the regulation of peptidoglycan 
synthesis to bacterial growth and 
morphology. Nat. Rev. Microbiol. 2012, 
V. 10, P. 123–136. 

53.  Egan A. J. F., Cleverley R. M., Peters K., 
Lewis R. J., Vollmer W. Regulation of 
bacterial cell wall growth. FEBS J. 2017, 
V. 284, P. 851–867.

54.  Goldman W. E., Klapper D. G., Baseman J. B. 
Detection, isolation, and analysis of a 
released Bordetella pertussis product toxic to 
cultured tracheal cells. Infect. Immun. 1982, 
36 (2), 782–794. 

55.  Bensaad K., Tsuruta A., Selak M. A., 
Vidal M. N. C., Nakano K., Bartrons R., 
Gottlieb E., Vousden K. H.TIGAR, a p53-



BIOTECHNOLOGIA  ACTA, V. 13, No 2, 2020

78

Inducible Regulator of Glycolysis and 
Apoptosis. Cell. 2006, 14, 126 (1),107–120. 

56.  Bensaad K., Cheung E. C., Vousden K. H. 
Modulation of intracellular ROS levels by 
TIGAR controls autophagy. EMBO J. 2009, 
28 (19), 3015–3026. 

57.  Yamaguchi N., Suzuki Y., Mahbub M. H., 
Takahashi H., Hase R., Ishimaru Y., 
Sunagawa H., Watanabe R., Eishi Y., 
TanabeT. The different roles of innate 
immune receptors in inflammation and 
carcinogenesis between races. Environmental 
Health and Preventive Medicine. 2017, V. 22. 

58.  Nagao S., Tanaka A., Yamamoto Y., Koga T., 
Onoue K., Shiba T., Kusumoto K., Kotani S. 
Inhibition of macrophage migration by 
muramyl peptides. Infect. Immun. 1979, 
24 (2), 308–312. 

59.  Ogawa T., Kotani S., Fukuda K., Tsukamoto Y., 
Mori M., Kusumoto S., Shiba T. Stimulation 
of migration of human monocytes by bacterial 
cell walls and muramyl peptides. Infect. 
Immun. 1982, 38 (3), 817–824. http://www.
ncbi.nlm.nih.gov/pubmed/7152675

60.  Sharma P., Karian J., Sharma S., Liu S., 
Mongan P. D. Pyruvate ameliorates post 
ischemic injury of rat astrocytes and 
protects them against PARP mediated 
cell death. Brain Res. 2003, 28, 992 (1), 
104–113. http://www.ncbi.nlm.nih.gov/
pubmed/14604778

61.  Phulwani N. K., Kielian T. Poly (ADP-ribose) 
polymerases (PARPs) 1-3 regulate astrocyte 
activation. J. Neurochem. 2008, 106 (2), 
578–590. 

62.  Kumar S., Ingle H., Prasad D. V. R., Kumar H. 
Recognition of bacterial infection by innate 
immune sensors. Critical Rev. Microbiol. 
2013, V. 39, P. 229–246. 

63.  Royet J., Dziarski R. Peptidoglycan 
recognition proteins: Pleiotropic sensors and 
effectors of antimicrobial defences. Nat. Rev. 
Microbiol. 2007, V. 5, P. 264–277. 

64.  Yang Y., Yin C., Pandey A., Abbott D., 
Sassetti C., Kelliher M. A. NOD2 pathway 
activation by MDP or Mycobacterium 
tuberculosis infection involves the stable 
polyubiquitination of Rip2. J. Biol. Chem. 
2007, 282, 36223–36229. https://doi.
org/10.1074/jbc.M703079200

65.  Hasegawa M., Fujimoto Y., Lucas P. C., 
Nakano H., Fukase K., Núñez G., 
Inohara N. A critical role of RICK/RIP2 
polyubiquitination in Nod-induced NF-B 

activation. EMBO J. 2008, 27 (2), 373–383. 
https://doi.org/10.1038/sj.emboj.7601962

66.  Kameoka M., Ota K., Tetsuka T., Tanaka Y., 
Itaya A., Okamoto T., Yoshihara K. Evidence 
for regulation of NF-kappaB by poly(ADP-
ribose) polymerase. Biochem. J. 2000, 
346 (3), 641–649. 

67.  Hassa P. O., Hottiger M. O. The functional 
role of poly(ADP-ribose)polymerase 1 as 
novel coactivator of NF-B in inflammatory 
disorders. Cell. Molec. Life Sci. 2002, V. 59, 
P. 1534–1553. 

68.  Szabó C., Cuzzocrea S., Zingarelli B., 
O’Connor M., Salzman A. L. Endothelial 
dysfunction in a rat model of endotoxic 
shock: Importance of the activation of poly 
(ADP-ribose) synthetase by peroxynitrite. J. 
Clin. Invest. 1997, 100 (3), 723–735. http://
www.ncbi.nlm.nih.gov/pubmed/9239421

69.  Saenz L., Lozano J. J., Valdor R., Baroja-Ma-
zo A., Ramirez P., Parrilla P., Aparicio P., 
Sumoy L., Yélamos J.Transcriptional 
regulation by Poly(ADP-ribose) polymerase-1 
during T cell activation. BMC Genomics. 
2008, 16 (9), 171. 

70.  Nasta F., Laudisi F., Sambucci M., Rosado M. M., 
Pioli C. Increased Foxp3 + Regulatory T 
Cells in Poly(ADP-Ribose) Polymerase-1 
Deficiency. J. Immunol. 2010, 1 (184), 
3470–3477. 

71.  Loeuillet C., Martinon F., Perez C., Munoz M., 
Thome M., Meylan P. R. Mycobacterium 
tuberculosis Subverts Innate Immunity to 
Evade Specific Effectors. J. Immunol. 2006, 
177 (9), 6245–6255. http://www.ncbi.nlm.
nih.gov/pubmed/17056554

72.  Deng W., Xie J. NOD2 Signaling and Role 
in Pathogenic Mycobacterium Recognition, 
Infection and Immunity. Cell. Physiol. 
Biochem. 2012, 30 (4), 953–963. Available 
from: https://www.karger.com/Article/
FullText/341472

73.  Cavallari J. F., Barra N. G., Foley K. P., Lee A., 
Duggan B. M., Henriksbo B. D., Anhê F. F., 
Ashkar A. A., Schertzer J. D. Postbiotics for 
NOD2 require nonhematopoietic RIPK2 
to improve blood glucose and metabolic 
inflammation in mice. Am. J. Physiol. Metab. 
2020, 1, 318 (4), 579–585. 

74.  McCarthy J. V., Ni J., Dixit V. M. RIP2 is 
a novel NF-B-activating and cell death-
inducing kinase. J. Biol. Chem. 1998, 
273 (27), 16968–16975. 



Experimental  articles

79

ФРАКЦІЯ ПЕПТИДОГЛІКАНУ, 
ЗБАГАЧЕНА МУРАМИЛ ПЕНТА-

ПЕПТИДОМ З Lactobacillus bulgaricus, 
ПРИГНІЧУЄ МІГРАЦІЙНУ 

ЗДАТНІСТЬ КЛІТИН ГЛІОБЛАСТОМИ 
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Пептидоглікан є універсальним компонен-
том бактеріальних стінок, що виявляє різну 
біологічну активність, включаючи антипух-
линний ефект. Протипухлинний ефект різних 
фракцій пептидогліканів та його похідних є 
варіабельним залежно від їхньої структури. 
Мураміл пентапептид (MPP) є найбільш пов-
ною складовою частиною пептидоглікану. 
MPP може стимулювати клітинну реактив-
ність так само, як й інші муропептиди. У цій 
роботі ми оцінювали інгібіторну дію MPP на 
життєздатність та міграцію клітин гліобла-
стоми U373MG. Як маркери клітинної реак-
ційної здатності визначали кількість протеїнів 
PARP1 та NF-B. Вплив MPP, індукований у 
клітинах гліобластоми, знижує життєздатність 
клітин та міграційну активність. Крім того, дія 
MPP спричиняє підвищення кількості PARP1 і 
NF-B у дозозалежний спосіб. Рівень НАДФН в 
стимульованих клітинах гліобластоми був зни-
жений порівняно з контролем. Таким чином, 
MPP виявляє протипухлинну дію в клітинах 
гліобластоми U373MG через виснаження вміс-
ту НАДН і, як наслідок, рівня метаболічної 
енергії. Крім того, регуляція кількості PARP1 
та NF-B в клітинах гліобластоми може бути 
важливим механізмом пригнічення міграцій-
ної здатності клітин і прогресії пухлини. 

Отримані результати вказують на те, що 
мураміл пентапептид може ініціювати зни-
ження міграції шляхом підвищення витрат 
метаболічної енергії в результаті гліальної ре-
активації. Подальші дослідження є актуальни-
ми і вкрай необхідними для уточнення проти-
пухлинної дії цього муропептиду в гліальних 
пухлинах.

Ключові слова: пептидоглікан, мураміл пента-
пептид, PARP1, NF-B, гліобластома U373MG, 
реакційна здатність клітин.

ФРАКЦИЯ ПЕПТИДОГЛИКАНА, 
ОБОГА ЩЕН НАЯ МУРАМИЛ ПЕНТА-

ПЕПТИДОМ ИЗ Lactobacillus bulgaricus, 
ИНГИБИРУЕТ МИГРАЦИОННУЮ 

СПО С ОБНОСТЬ КЛЕТОК 
ГЛИОБЛАСТОМЫ U373MG И 

УВЕЛИЧИВАЕТ УРОВНИ PARP1 И NF-В
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Пептидогликан является универсальным 
компонентом бактериальных стенок и проявляет 
разную биологическую активность, включая ан-
тиканцерогенное действие. Противораковое дей-
ствие различных фракций пептидогликана и его 
производных вариабельно в зависимости от их 
структуры. Мурамил пентапептид (MPP) явля-
ется наиболее полной составной частью пептидо-
гликана. MPP может стимулировать клеточную 
реактивность, также как и другие муропептиды. 
В настоящей работе мы оценивали ингибирую-
щее действие MPP на жизнеспособность и мигра-
цию клеток глиобластомы U373MG. Экспрессию 
PARP1 и NF-B определяли в качестве маркера 
клеточной реактивности.

Воздействие MPP индуцировало в клетках 
глиобластомы снижение жизнеспособности 
клеток и миграционную активность. Кроме 
того, воздействие MPP дозозависимо увели-
чивало PRAP1 и NF-B экспрессию. Уровень 
NADH в стимулированных клетках глиобла-
стомы был снижен по сравнению с контролем. 
Таким образом, МПП проявляет противо-
опухолевое действие в клетках глиобластомы 
U373MG путем истощения содержания NADH 
и, следовательно, уровня метаболической энер-
гии. Кроме того, усиление экспрессии PARP1 
и NF-B в глиобластоме может быть важным 
механизмом в ингибировании развития опухо-
левого фенотипа в клетках глиобластомы. 

Полученные результаты указывают на то, 
что мурамил пентапептид может инициировать 
снижение миграции путем увеличения затрат 
метаболической энергии в результате глиальной 
реактивации. Дальнейшие исследования акту-
альны и крайне необходимы для понимания ан-
тиканцерогенного действия этого муропептида 
на опухоли глиального происхождения. 

Ключевые слова: пептидогликан, мурамилпен та-
пептид, PARP1, NF-B, глиобластома 
U373MG, клеточная реактивность.




