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STRESS-AFFECTED Akt/mTOR PATHWAY UPREGULATED BY LONG-TERM
CREATINE INTRAPERITONEAL ADMINISTRATION

Shengelia M., Burjanadze G., Koshoridze M., Kuchukashvili Z., Koshoridze N.

Ivane Javakhishvili Thilisi State University, Department of Biology, Faculty of Exact and Natural Sciences, Georgia

Oxidative stress is known to be characterized by significant
alterations in metabolic processes, namely changes in the hor-
monal status, decreased energy metabolism and antioxidant
status, as well as quantitative changes in enzyme activity and
signalling molecules, which, in turn, affect transcription and
translation processes [20,24]. Several compounds can pre-
vent these processes. Among them is the Creatine (Cr; o-N-
methylguanidinoacetic acid), which can be found in almost all
mammals. It is primarily concentrated in muscle and brain. It
participates in the Cr/CK/PCr system, is actively involved in en-
ergy metabolism, and its deficiency is associated with a decline
in many physical and cognitive functions [2,9,13]. It is believed
that the primary mechanism of action of Creatine (Cr) is its
participation in the energy storage processes. Besides, various
experiments also confirmed its neuromodulatory and neuropro-
tective properties [4,17]. Cr synthesized in nerve cells functions
as a signalling molecule. In particular, it can activate some sig-
nalling pathways and, in this way, regulate energy metabolism,
influencing growth, proliferation and viability of the cell [1,14].
In the brain, Creatine is most concentrated in the regions as-
sociated with learning processes and memory (such as Hippo-
campus, Pyramidal neurons of the cortex, Purkinje cells of the
cerebellum). It is assumed that these areas are also marked with
high ATP metabolism [21].

Cr is not only established to be synthesized by neurons, but
it is also suggested to be delivered peripherally through the
blood-brain barrier [2,4]. Exogenous Cr showed its neuropro-
tective properties in the number of neurological diseases such as
Parkinson’s disease, Huntington’s disease, Amyotrophic lateral
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sclerosis (ALS), head injuries [3]. Quantitative changes in Cr
have also been shown in various psychiatric disorders, such as
depression [1,5].

Recent data have further revealed the antioxidant properties
of Cr [14,29]. Observations have shown that lipid peroxidation
processes are down-regulated as antioxidant enzymes are acti-
vated in muscle and central nervous system (CNS), during Cr
supplementation [14]. Such alterations might be caused by sev-
eral stressors, such as long-term violation of natural circadian
rhythm [26]. This kind of stress is usually accompanied by a
change in antioxidant and energy metabolism - resulting in ATP
deficiency, the brain’s energy potential and functional deteriora-
tion, cell viability reduction, stimulation of pro-apoptotic pro-
cesses, and variation in ion content [32].

Considering the above mentioned, the purpose of our investi-
gation was to study complications in energy metabolism in the
hippocampus under stress caused by long-term disturbance of
circadian rhythm and the preventive action of Cr administered
exogenously.

Material and method. Experiments were conducted on 200—
250 gr male Wistar rats. The animals were divided into three
main groups before the experiment:

(1) G1 — control group — was kept in a common cage under
natural conditions (dark/light ratio =10/14);

(2) G2 — stressed group — individuals were maintained in in-
dividual cages in the darkness (dark/light ratio = 23.5/0.5) for
30 days;

(3) G3 — Cr-treated stressed - individuals were maintained in
individual cages in the dark (dark/light ratio = 23.5/0.5) for 30
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days and were injected Cr during this period (see section: Cr
Supplementation).

During the experiments, all the rats were given water and a
standard laboratory chow ad libitum. The experiment was re-
peated for four independent series.

The experiments were conducted in full accordance with the
legal and statutory acts applicable in Georgia and the interna-
tional agreements ratified by the country, such as the Law of
Georgia on Health Care and European Convention for the Pro-
tection of Vertebrate Animals Used for Experimental and Other
Scientific Purposes.

Cr supplementation. Cr was purchased from Sigma-Aldrich
(St. Louis, MO, USA) and diluted in 5% dimethyl sulfoxide
(DMSO). During 30 days, G3 animals were intraperitoneally
(i.p.) injected 140 mg/kg/day. The rest of the experimental ani-
mals were supplemented with 5% dimethyl sulfoxide, depend-
ing on the animal weight (1 ml/100 gr). The Cr dose to be in-
jected was chosen based on the data supplied by various authors
based on their research [14,29].

Assessment of the CK activity. Creatine Kinase catalyzes the
incorporation of phosphate into Creatine to form Creatine phos-
phate. The amount of free phosphate existing due to ATP hy-
drolysis in the mitochondria was evaluated in the Phosphovana-
dium-molybdate complex and analyzed by spectrophotometer.
The reaction medium contained 100 pl of the suspension sample
and 0.5 ml solution of Creatine (1.9 mM) prepared in special
buffer (2.5mM glycine + 2mM Na,CO, + 0.2 mM MgSO,, pH
9.7). The resulting mixture was suspended for 5 min at 37°C;
then 0.5 ml of ATP (0.07 mM) was added and further incubated
at 37°C for 60 min. The reaction was stopped with the addition
of a 14% solution of Trichloroacetic acid. The resulted solution
was then centrifuged for 10 min at 3000 g. Finally, 0.5 ml of
supernatant was mixed with 0.5 ml of an Ammonium Vanadate
and Ammonium Molybdate mixture (1:1). The amount of phos-
phate was assessed by spectrophotometry at A=400 nm [32].

Electrophoresis of proteins in polyacrylamide gel. The pro-
tein fractions were analyzed by SDS-PAGE. The same volume
of buffer for electrophoresis (20% glycerol, 10% 2-mercapto-
ethanol, 6% SDS, 0,02-0,04% bromophenol blue 250 mM Tris-
HCl1 pH 6.7) was added to each sample and boiled for 7 minutes.
Electrophoresis was applied to 7.5-12% of the acrylamide/bi-
sacrylamide gel until the complete separation of proteins.

Immunoblotting. For immunoblotting experiments 50 pg
of protein was denatured at 90°C for 5Smin, separated by SDS-
PAGE on 15% gels and transferred to nitrocellulose membranes.
After blocking with 5% bovine serum albumin (BSA) and 0.05%
Tween 20 in Tris—HCI buffered saline; the membranes were incu-
bated with primary antibodies in the blocking solution. Immuno-
labeled bands were visualized using enhanced chemiluminescence
(Amersham Biosciences) and analyzed by densitometric scanning.
The intensities of the bands were within the linear range of the
amount of protein loaded. The concentration of protein in the study
samples was applied by Lowry protein assay.

All statistical analyses were conducted using SPSS software
(version 23, SPSS, Chicago, IL). One-way ANOVA was used
to assess group differences in all physiological and biochemi-
cal values. Tukey HSD or Games-Howell post hoc test was per-
formed to assess the differences between groups. The values are
expressed as mean+=SEM. P values less than 0.05 were consid-
ered as statistically significant.

Results and discussion. Changes in the activities of CK in the
hippocampus cells under stress conditions caused by disruption
of the circadian rhythm
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Fig. 1 shows that both CK of the hippocampus is quite sensi-
tive to chronic stress. Especially mtCK, whose activity is re-
duced by about = 50% under chronic stress (G2), compared to
the control group (G1). However, it was also found that exog-
enous Creatine injections, increased their activity.
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Fig. 1. Alterations of the CK activity in mitochondrial and
cytoplasm fractions of the hippocampus in conditions of chronic
stress. The results are expressed as mean £+ SD.

notes: Control (G1), Stressed (G2), and Cr-treated stressed
(G3) animals. The data are mean = SEM of three individual
series
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Fig. 2. Influence of exogenous Cr on the kinetic parameters
(V.. K,) of Creatine Kinase among
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(G3) animals.
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The results indicate that under the long-term violation of natu-
ral circadian rhythm, the rate CK decreased.

Changes in kinetic parameters of Creatine Kinase (CK) dur-
ing the prolonged disruption of circadian rhythm. In further ex-
periments, it was interesting to find out the reason that caused
the energy metabolism enzyme activities changed under disrup-
tion of circadian rhythm and the basis of Cr action on these pro-
cesses. This issue was investigated on the example of changes
in kinetic parameters (V_, K ) of CK. The data obtained are
shown in Fig. 2.

The obtained data showed that the enzyme’s Vmax was re-
duced during the experimental conditions, and K_ was in-
creased. These data made us think that the leading cause of the
CK activity changes was reducing its amount, which is likely
to be caused by a decrease in the synthetic reactions’ intensity.
However, Cr’s administration increased V__, that could be due
to the enzyme’s quantitative rise.

Impact of exogenous Creatine on PI3K / Akt / mTOR signalling
pathway. The purpose of the further experiment was to study the
intracellular signalling pathways that determine the hippocampus’s
energy metabolism under the prolonged disruption of circadian
rhythm and detect Cr’s preventive effects on its progression. In this
regard, an essential part of the PI3K/Akt/mTOR signalling path-
way, that represents one of the major regulators for energy metabo-
lism and anabolic processes, were analyzed.

In the beginning, it was analyzed the qualitative changes of
protein mTOR and its active, phosphorylated form in the hippo-
campus of G2 and G3 animals. It was observed that the amount
of mTOR is significantly decreased in the hippocampal cells of
G2 animals compared with that of the control group (G1). In
contrast, in G3 individuals, this indicator’s reliable increment
was observed (Fig. 3A). Similar changes were also observed in
the case of phosphorylated mTOR (Fig. 3B).
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Fig. 3. Quantitative changes of mTOR (A) and phosphory-
lated mTOR (B) in the hippocampus cells under long-term dis-
ruption of natural circadian rhythm

notes: Control (Gl), Stressed (G2), and Cr-treated stressed
(G3) animals. Data are presented as means = SEM (N=35)

In parallel with mTOR, another component of this signal-
ling pathway was analyzed: the enzyme Akt (Protein kinase B;
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PKB). As Figure 4A and 4B shows, compared with the control
group, there is no reduction for the enzyme in the hippocampus
cells of the G2 group, although the quantity of phosphorylated
Akt is low. On the other hand, exogenous supply of Cr increases
the number of phosphorylated Akt, similar to mTOR during the
disruption of the circadian rhythm.
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Fig. 4. Quantitative changes of Akt (4) and phosphorylated
Akt (B) in the hippocampus under long-term disruption of natu-
ral circadian rhythm and case of i.p. supplementation of Cre-
atine

notes: Control (G1), Stressed (G2), and Cr-treated stressed
(G3) animals. Data are presented as means = SEM (N=5)

Our previous experiments observed that daily injection of 140
mg/kg Creatine into rats for 30 days upregulated antioxidant en-
zymes activity. It is assumed that exogenous Cr promoted syn-
thesis of the enzymes. It was also shown that Cr supplementa-
tion improved ATP level in the cells [18]. So, the research goal
was to determine the mechanism by which Cr supplementation
positively affects the hippocampus’s energy metabolism under
the long-term disturbance of the circadian rhythm.

It is well known that as a result of prolonged stress-induced
oxidative processes, heightened ROS levels primarily affect mi-
tochondrial enzymes due to their specific structural features. The
variation in the enzyme activity is caused by their structural and
quantitative changes [7]. Considering this, investigating the na-
ture of differences in enzyme activity during the Cr’s intraperi-
toneal administration was valuable. It was studied using the ex-
ample of alterations in kinetic parameters (V__, K ) of Creatine
Kinase. Figure 2 shows that oxidative stress reduces the V
of the reaction and changes K , which indicates a quantitative
reduction in enzyme and structural changes. It seems that the
exogenous administration of Cr increases the activity of the en-
zyme at the expense of V|, the reason likely being an increase
in the amount of Creatine Kinase to be influenced by Creatine
[12]. Similar results were seen in other studies. It is hypoth-
esized that the Cr effect is caused by heightening energy effi-
ciency of the cell and intensity of anabolic processes, expressed
by a higher number of specific proteins, including enzymes [24].
However, there is also a different opinion, which says that the
reason for this change is that Cr is tending to bind and neutral-



GEORGIAN MEDICAL NEWS
No 4 (313) 2021

ize reactive radicals, and on the other hand, its direct action on
certain enzymes [18]. The data indicate that increased intensity
of synthetic reactions should cause an increase Creatine Kinase
activity during exogenous administration of Cr.

The idea is strengthened by the results from observation on
PI3K/Akt/mTOR pathway under the long-term disturbances
of natural circadian rhythm and the impact of exogenous Cr
supplementation. This process represents one of the major
cellular signalling pathways regulating metabolism, apopto-
sis, and proliferation. Our attention was drawn to the target
protein of rifampicin, mMTOR, which has serine-threonine ki-
nase activity. This protein is considered to be the primary
regulator of energy metabolism and synthetic reactions [28].
mTOR is found in two protein complexes - mTORC1 and
mTORC2 [15]. mTORCI is mainly associated with lyso-
somes and is the primary regulator of protein synthesis, while
mTORC?2 is the activator of Akt, i.e. protein kinase B. Our
data showed a reduction in total and activated mTOR in the
hippocampus under stress conditions (Fig. 3). It should be
noted that mTOR activity is essential for the mitochondrial
respiratory chain [16].

mTOR activity in the cell is known to be regulated by both
negative and positive signals. The negative regulator of mTOR
is complex TSC1/2 (tuberous sclerosis complex 3) activated by
various factors, including an increased number of ROS in the
cell [31]. We established augmentation of the hippocampus’s
oxidation process under disrupted circadian rhythm and, there-
fore, a quantitative increase in active radicals [25]. Those men-
tioned above may be related to the reduction of the active mTOR
concentration.

Besides the impact on mTOR activity, energy resources are
also influenced by oxidative processes, such as the ATP level in
the cell [33] that decreases under stress [10].

Data suggests that mTOR is activated by Akt (protein kinase
B), which is an enzyme with serine-threonine kinase activity
(Protein kinase B), which, in its turn, is activated by Phosphoino-
sitole-3-Kinase (PI3K), followed by a change of PI3K/Akt/
mTOR pathway. Remarkably, this signalling pathway’s activ-
ity is changed by different extracellular signals, including stress
factors [11,22]. Our data confirm that, in prolonged stress, when
oxidative phosphorylation and energy metabolism decrease, the
amount of phosphorylated Akt decreases (Fig. 4A, B).

Our findings show that the intraperitoneal administration of
Cr into experimental animals improves the reduced energy po-
tential and has a neuroprotective effect. The presented data show
that with exogenous administration of Creatine (G3), the num-
ber of total and activated Akt molecules increases compared to
those in G2 individuals (Fig. 4A, B).

Thus, the experiments’ data show that the prolonged disrup-
tion of the natural circadian rhythm causes an impediment in
the PI3K/Akt/mTOR signalling pathway. It is reflected in the
process of protein synthesis and the quantitative reduction of
creatine kinase. Consequently, it can be assumed that Creatine
performs its positive role in hippocampal cells’ energy metabo-
lism via its modulatory effects on the PI3K/Akt/mTOR signal-
ling pathway. This opinion certainly requires additional studies
to strengthen the assumption of Cr’s modulating effect in the
central nervous system’s functioning.
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SUMMARY

STRESS-AFFECTED Akt/mTOR PATHWAY UPREGULATED
BY LONG-TERM CREATINE INTRAPERITONEAL ADMINISTRATION

Shengelia M., Burjanadze G., Koshoridze M., Kuchukashvili Z., Koshoridze N.

Ivane Javakhishvili Thilisi State University, Department of Biology, Faculty of Exact and Natural Sciences, Georgia

Disruption of natural circadian rhythm leads to the develop-
ment of chronic stress. It provokes cellular metabolism changes,
including a reduction in energy production and downregulation of
anabolic reaction. Considering the importance of those processes, it
is crucial discovering the substances that can prevent those stress-
induced alterations. Our attention was drawn to Creatine.

The experiments showed that Creatine’s intraperitoneal in-
jections during a prolonged disruption of circadian rhythm
help activate mitochondrial creatine kinase. Since the central
regulatory substance in energy metabolism is the signalling

molecule mTOR, we studied its quantitative changes under
long-term disruption of circadian rhythm and exogenous
creatine administration. The results revealed that Creatine’s
exogenous supplementation increases phosphorylated mTOR
and its activator — Akt.

Consequently, it can be assumed that Creatine performs its
positive role in hippocampal cells’ energy metabolism via its
modulatory effects on the PI3K/Akt/mTOR signalling pathway.

Keywords: circadian rhythm, oxidative stress, creatine, cre-
atine kinase, PI3K/Akt/mTOR signalling pathway.

PE3IOME

BJIMSTHUE 3K30TEHHOI'O KPEATUHA HA AKT/MTOR CATHAJIBHBIN MY Th
B YCJIOBUSAX JJIMTEJIBHOI'O CTPECCA

Ienreaus M. /., Bypaxananze ['M., Komopuaze M.U., Kyuykamsuiau 3.T., Komopuaze H.H.

Tounucckuti 2ocyoapemeennviil yHueepcumem um. M. Jicasaxuweunu,
Gakyremem ecmecmeosHanus U MOYHLIX HAYK, Oenapmamenm ouonozuu, I pysus

Hapymenne ecTecTBEHHOTO IUPKaIHOTO PUTMa IPUBOAUT K H3-
MEHEHMSIM KJIIETOYHOTO METa0O0NN3Ma U PA3BUTUIO XPOHUYECKOTO
cTpecca, YTo MOJPa3yMeBaeT CHIDKEHHE YHEPTeTHUECKOTO CTaTyca
KJIETOK, @ TAK)K€ MHTEHCUBHOCTH aHAOONMMYECKHX PEaKIHil.

VYunTeiBas BBINIECKa3aHHOE, KpailHE BaXKHO OOHAPYXUTH
BEIECTBA, KOTOPbIE MOTYT NPEAOTBPATUTH 3TH IPOLECCHI BO
BpeMsI XPOHHUYECKOTO CTpecca. DKCIEPUMEHTHI MTOKA3ald, ITO
BHYTPHOPIOIINHHBIE HHBEKINN KPeaTHHa BO BPeMs [UTUTENBHO-
r0 HapyIIeHHs NUPKaJHOTO PHUTMA CHOCOOCTBYIOT AKTHUBALIUH
MHTOXOH/IPHAIbHON KpeaTHHKHHA3bI B rummnokamme. [Tockoms-
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Ky LEHTPAJIBHBIM PErYISTOPHBIM BEIIECTBOM B SHEPIeTHYECKOM
MeTtaboM3Me sBIsieTCs CUrHaIbHas Mojekyina mTOR, Hamu n3-
YYEHBI €€ KOJIMYECTBCHHbIE H3MEHEHHUS TIPU JUTUTEIBHOM Hapy-
LICHUH [MPKaJHOTO PUTMA M BIUSHUU 9K30T€HHOTO KpeaTHHa
Ha 3TOT IIpoLecC.

Pe3synbTrarhl OKa3ajy, 4To BBEACHHE 100ABKH KPEaTHHA YBEIIH-
ymuBaeT KommuectBo (ocdopmmpoBanHoro mTOR, a Takke ero
aktuBaropa - Akt B opranu3me. ABTOpPBI MPEIIONATAIOT, YTO Kpe-
aTHH BBINOJHACT MOJIOKHUTENIBHYIO POJIb, Oaroapsi CBOUM MOJLY-
mmpyromumM BosaeicTeusiM Ha PI3K/Akt/mTOR curnanbHii myTh.
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FEATURES OF GRANULATION TISSUE MORPHOLOGY AROUND
THE NET ALLOTRANSPLANT WHEN APPLYING POSTOPERATIVE RADIATION THERAPY

Morar I., Ivashchuk A., Bodyaka V., Domanchuk T., Antoniv A.

Higher State Educational Institution of Ukraine Bukovinian State Medical University, Chernivtsi, Ukraine

Patients with oncological diseases of the abdominal organs
are known to constitute the highest risk group for the postopera-
tive eventration [1]. In order to prevent the development of the
postoperative eventration, the majority of surgeons strengthens
the anterior abdominal wall with mesh allografts, but the rate
of regeneration and the risk of purulent-septic complications’
development from the side of the postoperative wound in pa-
tients with cancer has certain features stipulated by the presence
of tumorous intoxication, phenomenon of the secondary im-
munodeficiency cachexia, anemia, etc. [2-4]. The use of com-
plex treatment, which includes postoperative radiation therapy,
significantly slows down reparative processes in the irradiation
area, that also increases the risk of eventration.

The study of the postoperative teleirradiation therapy influ-
ences on the morphology of granulation tissue around reticular
allograft will allow to determine more optimally the expediency
and safety of this type of treatment in strengthening the anterior
abdominal wall in patients with abdominal cancer.

The objective of the article to study the peculiarities of the
granulation tissue morphology around the elements of the re-
ticular allograft of the muscular-aponeurotic layer of the ante-
rior abdominal wall when using postoperative distant gamma
therapy in the experiment.

Material and methods. The experiment was performed on
168 mature nonlinear rats of middle age of both sexes, weigh-
ing not less than 180 g, which were implanted with prolene
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(Prolene) reticular allograft of ETHICON company into the tis-
sues of the muscular-aponeurotic layer of the anterior abdominal
wall, according to the method proposed by us (Pat.106161 dated
25.04.2016) [5].

All experimental animals were divided into two groups —
the group of comparison (72 rats) and the main one (96 rats).
Animals of the main group, from the 13th to the 19th day af-
ter implantation of a reticular allograft, received distant gamma
therapy on the organs of the abdominal cavity with gamma-ther-
apeutic device AGAT - P1U isotope Co60, 1.25 MeV, by a single
irradiating dose of 2 g, total irradiation dose - 14 g.

Taking of biological material was carried out on the 20th,
30th, 40th and 50th day after surgery, by excision of the mus-
cular-aponeurotic layer of the anterior abdominal wall together
with a reticular allograft, under general intravenous anesthesia
(solution chloral hydrate 200-250 mg/kg).

The surgical procedures were performed in the vivarium of
the Higher State Educational Establishment of Ukraine “Bukov-
inian State Medical University”, in accordance with the national
requirements of the “General Ethical Principles of Experiments
on Animals” (Ukraine, 2011), which are in line with the Coun-
cil of Europe Convention about protection of the vertebrate
animals used for research and other scientific purposes (dated
18.03.1986).

For light optical examination, at histological investigation
bioptates of the muscular-skeletal aponeurotic layer of the ante-
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