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INTRODUCTION

In recent decades, the possibility of using individual intracellular signalling molecules as 
pharmacological targets has been actively explored. For example, in oncopharmacology, this 
direction is one of the main modern trends in the development of antitumor drugs.[1] Large 
pharmaceutical companies have developed several dozen antiblastic drugs based on intracellular 
signalling molecule inhibitors responsible for the growth and development of transformed cells. 
One of the advantages of these drugs is their selectivity, including not only the tissue affected by 
the pathological process but also in some cases –the type of tumour.[2,3]

A promising direction for solving the problems of regenerative medicine is the concept of 
targeted pharmacological control of intracellular signal transduction in regeneration-competent 
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of the role of these signalling molecules in the regulation of NSC proliferation in the conditions of modelling 
AN was revealed. It has been found that JNK and p53 are not involved in regulating the functions of NCP. The 
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cells.[4-7] This approach involves the use as targets of individual 
signalling molecules of progenitors and microenvironment 
cells of tissues (cells regulators of reparation) to create 
drugs with selective regenerative activity.[8,9] However, the 
development of this concept of pharmacotherapy requires 
a detailed understanding of the peculiarities of intracellular 
signalling in cells of different tissues to determine the optimal 
targets for selective tissue-specific effects.

This is especially relevant when considering the problem 
within the framework of neurological practice for the 
treatment of neurodegenerative diseases.[10,11] Alcoholic 
encephalopathy (AE) is one of the common neurodegenerative 
diseases that are difficult to treat with existing drugs.[9] 

Therefore, it is expedient to develop novel effective approaches 
to its treatment. It is known that dysfunction of the central 
nervous system (CNS) in AE is observed against the 
background of the loss of the ability of the nervous tissue 
to neurogenesis.[8-10] In this regard, it is advisable to develop 
methods for pharmacological stimulation of the processes 
of cellular renewal of the brain through the activation of 
resident progenitor cells.

Promising is the development of approaches to stimulation of 
neurogenesis by activation of the functions of progenitor cells 
of nerve tissue – multipotent neural stem cells (NSCs) and 
neuronal-committed progenitors (NCPs).[6,12] It is known the 
importance of JNK- and p53-pathways (interacting with each 
other [having some ‘crossroads’]), in regulating the processes 
of proliferation and differentiation of progenitors,[13,14] as 
well as in the implementation of the functions of neuroglial 
cells (astrocytes, oligodendrocytes and microglial cells) 
producing a wide range of growth factors.[15] However, there 
is no detailed understanding of their role in the functioning 
of nerve tissue regeneration-competent cells.

The work aimed to identify the role of JNK and p53 in 
realising the growth potential of nervous tissue precursors 
(NSC and NCP) and the production of neurotrophic growth 
factors by neuroglial cells to determine the potential for their 
use as targets of agents for the treatment of AE.

MATERIALS AND METHODS

Chemicals and drugs

MACS, Neuro Medium; anti-PSA-NCAM MicroBeads; anti-
ACSA-2 MicroBead Kit; Anti-O4 MicroBeads; Anti-CD11b 
(Microglia) MicroBeads; autoMACS Rinsing Solution; 
MACS BSA Stock Solution (all manufactured by Miltenyi 
Biotec, Germany); JNK inhibitor «SP600125» (InvivoGen, 
USA); p53 inhibitor «Pifithrin-α, Cyclic» (Santa Cruz 
Biotechnology, Inc. USA); hydroxyurea (Calbiochem, USA) 
and ethanol (Kemerovo Pharmaceutical Factory LLC, Russia) 
were used.

Animals and experimental design

All animal experiments were performed in accordance with 
the U.K. Animals (Scientific Procedures) Act, 1986 and 
the related guidelines of Directive 2010/63/EU for animal 
experiments. The study was approved by the Institute’s Local 
Ethics Committee (protocol GRIPh&RM-2020-010/02). 
Experiments were conducted using C57B1/6  male mice 
(n = 84) at the age of 2–2.5  months, weighing 22–24  g. 
Animals (1st  category – conventional mice) were obtained 
from the Experimental Biological Models Department 
of the Goldberg Research Institute of Pharmacology and 
Regenerative Medicine (Tomsk, Russia) (certificate available). 
The euthanasia of the animals was carried out using a CO2 
chamber.

Using cultural methods, we studied the direct effect of the 
JNK and p53 inhibitors (at a concentration of 10 μM and 5 
μM, respectively) on the realisation of the growth potential 
of neural tissue precursor cells (NSC and NCP) and the 
secretion of neurotrophic growth factors (neurotrophins) by 
glial cells (astrocytes, oligodendrocytes and microglia) in the 
conditions of modelling alcoholic neurodegeneration (AN) 
in vitro and in vivo. The concentrations of the inhibitors 
of signalling molecules were determined according to the 
instructions of the company’s developers of these reagents.

In vitro ethanol-induced neurodegeneration was obtained 
by adding ethanol to the culture medium at a concentration 
(65 mM) (n = 18, each experimental and control group 
n = 6). In vivo modelling of the AN,[6] accompanied by 
the development of AE,[12] was carried out by daily oral 
administration (through probe) of 30% ethanol at a dose of 
3  g/kg/day for 8  weeks to mice (n = 60, each experimental 
and control group n = 22). In addition, a 5% ethyl alcohol 
solution was used instead of free drinking water in the AN 
simulation. Cellular materials for the study were taken 
10 days after the end of the introduction of ethanol in vivo. 
The control group of mice was injected with distilled water 
in an equivalent volume (mice also had free access to clean 
drinking water).

Determination of progenitors functional activity

The progenitors were sampled from the subventricular zone 
(SVZ) of the cerebral hemispheres. The NSC was investigated 
during the cultivation of unfractionated cells. The neuronal-
committed progenitors (NCP and CD56+ cells) were isolated 
from SVZ cells using the immunomagnetic separator 
‘MIniMACS Cell Separator’ (Miltenyi Biotec, Germany). 
CD56+ cells were obtained by positive selection (using 
suitable antibody kits and MS columns).[16] The obtained 
unfractionated and PSA-NCAM+ cells at a concentration of 
105/ml were incubated in MACS Neuro Medium for 5 days 
in a CO2 incubator at 37°C, 5% CO2 and 100% air humidity. 
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After incubation in both cases (during the cultivation 
of unfractionated cells and CD56+ cells), the content of 
colony-forming units (CFU, neurospheres with more than 
100  cells), cluster-forming units (ClFU, neurospheres from 
30 to 100  cells), mitotic activity of CFU and their intensity 
of specialisation were calculated. The proliferative activity of 
the progenitors was assessed by the method of cell suicide 
technic using hydroxyurea (1 µM).[6] The CFU pool in phase 
S of the cell cycle was determined based on the formula: 
N =  [(a-b)/a] × 100%, where a is the average for the group 
the number of CFU from cells not treated with hydroxyurea; 
b – the group average of the number of CFU from cells treated 
by hydroxyurea. The intensity of the processes of progenitor 
specialisation (differentiation index) was determined by 
calculating the ratio of the ClFU to CFU.[6,9]

Study of neurotrophiс growth factors secretion by 
neuroglial cells

Individual fractions of astrocytes (ACSA-2+ cells),[17] 
oligodendrocytes (O4+ cells)[18] and microglial cells 
(CD11b+ cells)[19]) were also obtained from the SVZ 
using immunomagnetic positive selection (using the 
immunomagnetic separator ‘MIniMACS Cell Separator’ and 
suitable antibody kits and MS columns). The isolated cells at a 
concentration of 2 × 106/ml were incubated in MACS Neuro 

Medium for 2 days in a CO2 incubator at 37°C, 5% CO2 and 
100% air humidity to obtain conditioned media from cells. 
To determine their secretory activity (neurotrophic growth 
factor production), the effect of supernatants on the level of 
CFU formation in the test system was studied.[5,6]

Statistical analysis

The results were analysed with one-way ANOVA followed by 
the Mann–Whitney test for independent samples. The data 
are expressed as arithmetic means. The significance level was 
P < 0.05.[20]

RESULTS

Changes in the functions of nervous tissue regeneration-
competent cells under the influence of alcohol

The addition of toxicant (ethanol) to the culture medium did 
not cause a change in the formation of CFU and ClFU from 
both unfractionated and CD56+ cells. However, there was a 
decrease in the mitotic activity of NSC (CFUNSC) and NCP 
(CFUCD56

+) (up to 77.3% and 80.8% of background values, 
respectively) with no change in their specialisation intensity 
[Figures 1a-d and  2a-d].

The modelling AN by feeding ethyl alcohol to mice through 
the probe was accompanied by the development of similar 

Figure 1: Number of CFUNSС (a), ClFUNSC (b); NSC proliferative activity (c) and their differentiation index (d). Here and in Figures 2 and 
3: Cell culture without alcohol (intact); with alcohol (in vitro); and mice after prolonged administration of ethanol per os (in vivo). White 
bars – without inhibitors of signalling molecule (white bars); gray bars – with the JNK inhibitor; black bars – with the p53 inhibitor; * – 
the significance of differences with intact at P < 0.05 and # – the significance of differences with the group without inhibitors of signalling 
molecule at P < 0.05.
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changes in the functioning of the precursors. However, in 
this case, a decrease in CFUCD56

+ and NSC specialisation 
(differentiation/maturation) intensity was observed.

In vitro ethanol addition was not accompanied by a change in 
neurotrophin secretion by astrocytes and oligodendrocytes 
[Figures  3a and 3b]. However, there was a decrease in the 
value of this parameter in the supernatants from microglial 
cells (up to 81.8% of the background value – a similar 
indicator in cultures without alcohol) [Figure 3c].

Other patterns of change in the secretion of humoral 
regulators’ have been reported in cells of mice subjected to 
chronic alcohol intoxication in vivo. There was an increase 
in the production of growth factors by astrocytes and 
oligodendrocytes (up to 121.7% and 153.7%, respectively) 
against the background of a significant drop in the level of 

formation of CFU under the influence of the supernatants 
from microglial cells (up to 75.8% of the control).

Abstracts and some oligodendrocyte populations (NG-2, 
OPC and others) are known to secrete many neurotrophic 
factors (NGF, BDNF, NT3, NT4, etc.) and do not produce 
inhibitors of nervous tissue progenitor functions.[21,22] While, 
microglia secrete cytokines that have both stimulating effects 
on NSC (LIF and CNTF) and inhibit the realisation of their 
growth potential (IL-1, IL-6, IL-15 and NF-α).[23,24] Therefore, 
it is obvious that the detected changes on the part of microglia 
largely reflect the production of precursor inhibitors – pro-
inflammatory cytokines.[25]

These findings correspond to previously obtained data on 
the violation of proliferative capacities of nervous tissue 
precursors under the influence of alcohol.[6,12] In this regard, 

Figure 2: Number of CFUCD56+ (a), ClFUCD56+ (b); NCP proliferative activity (c) and their differentiation index (d).
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Figure 3: Effect of conditioned media of ACSA-2+ cells (a), O4+ cells (b) and CD11b+ (c) on the level of neurosphere formation in the test 
system.

cba



Zyuz`kov, et al. Potential of using JNK and p53

Indian Journal of Physiology and Pharmacology • Volume 66 • Issue 4 • October-December 2022  |  236 Indian Journal of Physiology and Pharmacology • Volume 66 • Issue 4 • October-December 2022  |  237

progenitors determined in the neuronal direction of cells 
should be considered the most vulnerable when exposed to 
alcohol in the body. At the same time, the obtained results 
indicate the development of compensatory responses from 
macroglia aimed at stimulation of neurogenesis in conditions 
of the impaired proliferation of NSC under the influence 
of ethanol,[12,23] while the effect of microglia in AN is not 
unequivocal. The intensity of the inflammatory response 
in nervous tissue in alcohol abuse largely determines the 
degree of progression of the pathological process.[26,27]

Effect of JNK and p53 inhibitors on the functioning of 
nervous tissue progenitors under conditions of their 
optimal vital activity

The addition of signalling molecule inhibitors to the culture 
of unfractionated SVZ cells was accompanied by a decrease 
in their clonogenicity. The number of CFUNSC was 54.6% and 
58.5% of the background value under the blockade of JNK 
and p53, respectively [Figure  1a]. The state of the ClFUNSC 
(which are precursors with a lower self-renewal capacity 
and proliferating potential)[6,12] was characterised by less 
unambiguous changes. Violation of JNK phosphorylation led 
to an increase in the amount of ClFUNSC in the culture (up to 
166.7% of the background) and inactivation of p53 did not 
affect the value of this parameter [Figure 1b]. In both cases, 
however, there was a significant increase in the intensity of 
progenitor specialisation processes. The differentiation index 
was 327.5% and 185.5% of controls with the JNK and p53 
inhibitors, respectively [Figure 1d].

Other phenomena were observed in the study of the role 
of JNK and p53 in the functioning of neuronal-committed 
progenitors. The blockade of signal transduction through 
JNK and p53 did not change the values of the studied 
indicators in the culture of CD56+ cells [Figure 2].

Thus, JNK- and p53-pathways play an important role in the 
regulation of the NSC-only cell cycle. They are responsible 
for maintaining multipotency and self-renewal of cells – 
maintaining a ‘deep reserve’ of CNS regeneration.[5,28]

Effect of JNK and p53 inhibitors on the secretion of 
growth factors by neuroglial cells under conditions of 
their optimal vital activity

The study of the involvement of JNK and p53 in the 
production of growth factors by different fractions of 
glial cells revealed ambiguous changes. The JNK and p53 
inhibitors caused a significant decrease in neurotrophin 
secretion by ACSA-2+ cells (astrocytes) [Figure 3a], reaching 
54.3% and 76.1% of the background, respectively.

The stimulating effect of CD11b+ cells (microglial cells) on 
the realisation of the growth potential of progenitors during 
the blockade of JNK and p53, in contrast, increased (to 

116.7% and 122.7% of the baseline, respectively) [Figure 3c]. 
However, inhibitors of signalling molecules did not cause 
changes in the functioning of O4+ cells (oligodendrocytes) in 
any of the cases [Figure 3b].

Effect of JNK and p53 inhibitors on nervous tissue 
progenitor function in AN

The study of the effect of alcohol on the participation of 
JNK- and p53-pathways in the functioning of various types 
of nervous tissue progenitors has revealed several important 
phenomena. First, the addition of JNK and p53 inhibitors to 
ethanol culture media resulted in a significant increase in the 
ability of unfractionated SVZ cells to neurosphere formation 
and proliferative activity of NSC [Figures  1a   and   c]. 
Furthermore, the JNK blockade accelerated the NSC 
specialisation process to 123.6% of the control (ethanol 
medium without signalling molecule inhibitors) [Figure 1d]. 
There were no changes in CNP function during the 
inactivation of JNK and p53 in vitro [Figure 2].

Similar patterns were revealed in the cultivation of nervous 
tissue cells in alcoholised mice. The inactivation of JNK 
and p53 resulted in an increase in CFUNSC content and 
their proliferative activity in the culture of unfractionated 
SVZ cells [Figures  1a and c]. Besides, the JNK inhibitor 
also caused an increase in the NSC specialisation index 
[Figure  1d]. However, there were no changes in the 
regulation of NCP functions. The blockage of these 
signalling molecules in NCP of mice, which had long been 
treated with ethanol, did not affect the realisation of their 
growth potential [Figure 2].

The results indicate an inversion of the role of JNK and p53 
in the regulation of NSC proliferation in AN.

Figure  4: Effect of JNK or p53 inhibitors on the regeneration-
competent cells of the nervous tissue in AN. Gray arrows are a 
stimulating influence; white arrows are an inhibitory effect.
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Effect of JNK and p53 inhibitors on the secretion of 
growth factors by neuroglial cells in AN

Changes in the functioning of different types of neuroglia 
cells depending on their living conditions under JNK and 
p53 blockade were ambiguous. The inactivation of JNK 
and p53 of astrocytes in the presence of ethanol in vitro 
was accompanied by a drop in neurotrophins secretion 
(up to 45.1% and 78.4% of the control values, respectively). 
However, in mice that were long-term injected with ethyl 
alcohol, blockade of JNK and p53 in ACSA-2+ cells did not 
affect the secretion of humoral factors [Figure 1a].

Another phenomenology was observed in the study of the 
functioning of oligodendrocytes. The blockade of signal 
transduction through JNK and p53 in oligodendrocytes 
when exposed to ethanol in vitro, in contrast, led to increased 
production of neurotrophins (especially when using a 
JNK inhibitor) [Figure  3b]. While inactivation of JNK in 
oligodendrocytes of alcoholised animals caused a decrease 
in the secretion of neurotrophins (up to 84.1% of similar 
parameters in the control). The p53 inhibitor, in this case, did 
not affect the production of growth factors by oligodendrocytes.

Unlike macroglial cells, the microglial cell’s response was in 
all cases the same. The inactivation of signalling molecules 
by exposure to alcohol (both in vitro and in vivo) resulted 
in increased secretion of growth factors by CD11b+ cells. 
A particularly pronounced increase in this indicator was with 
the use of the JNK inhibitor (up to 150.0% and 156.2% of the 
control values, respectively) [Figure 3c].

DISCUSSION

The findings confirm the evidence that there are significant 
peculiarities in the role of JNK and p53 in the regulation of 
the cell cycle of different types of regeneration-competent 
cells.[8,13,14,28] It was found that JNK-  and p53-pathways are 
responsible for the plasticity of the CNS – for maintaining the 
self-renewal, rapid proliferation and multiple differentiation 
potential of NSC. At the same time, it was found that these 
signalling molecules do not take a significant part in the 
functioning of the NCP (the most mobile part of tissue-
specific regeneration).[6,9]

However, it is known that balanced neurogenesis can 
occur through the implementation of the functions of an 
exclusively multipotent NSCS (without the participation of 
NCP).[5,29] Therefore, the important role of JNK and p53 in 
the progression of the NSC cell cycle indicates the potential 
for their use as pharmacological targets [Figure 4].

At the same time, it has been found that AN leads to the 
inversion of the role of JNK and p53 in the regulation of 
the proliferation of NSC. The blockage of these signalling 
molecules in conditions of ethanol intoxication can 

significantly increase the degree of realisation of the growth 
potential of NSC and, thus, stimulate neurogenesis. However, 
it should be borne in mind that such therapy can lead to 
the transformation of the intracellular signalling pattern 
characteristic of AN into a ‘starting’ (normal) state in the 
formed de novo precursors.[6,9,12] That is, to cause a ‘reverse’ 
inversion of the role of JNK and p53 in the regulation of NSC 
functions. In such conditions, the JNK and p53 inhibitors 
will, on the contrary, inhibit the implementation of the 
functions of these ‘intact’ progenitor cells.

Therefore, it is likely that JNK and p53 inhibitors in AN 
can have a therapeutic effect when used only during the 
manifestation of disease signs (and their withdrawal is 
necessary when clinical signs of recovery appear).

The detected increase in the secretion of neurotrophic 
growth factors by oligodendrocytes and microglia, when 
JNK and p53 are blocked in them under the conditions of 
alcohol exposure, also suggests the possibility of accelerating 
CNS repair as a result of inactivation of these signalling 
molecules. However, it should be taken into account that 
JNK and p53 inhibitors have an ambiguous effect on the 
functioning of astrocytes in the modelling of ethanol-induced 
neurodegeneration in vitro and in vivo. Further, research 
should determine how much this factor can be neglected.

Besides, the anti-mutagenic properties of the p53 protein (p53 
– ‘guardian of the genome’)[30] are known. This determines the 
need to study in detail the potential carcinogenic hazard of 
using its activity modifiers as drugs. Moreover, it should be 
borne in mind that p53 can also be targeted through JNK.[13] 
However, it is only one of the directions of signal transduction 
through JNK,[31,32] which, in some cases, is not implemented. 
In addition, even the antiplastic properties of JNK inhibitors 
are known.[4] Therefore, the potential for drug (carcinogenic) 
safety of JNK activity/expression inhibitors is higher.

CONCLUSION

Our results reveal the feasibility of further study of the 
possibility of creating novel effective drugs for the therapy of 
AE based on JNK or p53 inhibitors. The most promising is 
the development of pharmacotherapeutic approaches using 
JNK activity/expression inhibitors.
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