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Abstract—Potential mechanisms for the realization of the neuroprotective action of nicotinamide during
acute lethal short-term hypoxia were evaluated based on current knowledge about its effect on metabolic pro-
cesses. Attention was drawn to the role of mitochondrial dysfunction and excitotoxicity followed by axonal
degeneration and apoptosis of neurocytes and neuroglia during the development of an inflammatory
response in trauma and cerebral ischemia. A decrease in the level of ATP in the cells during hypoxia affects
the generation of the mitochondrial membrane potential, promotes an increase in membrane permeability,
the release of NAD from mitochondria, the entry of sodium into the cell, and the development of intracellular
edema. Activation of poly (ADP-ribose)-polymerase 1, induced by DNA damage during reoxygenation,
reduces the level of NAD in the cell as a substrate for its reaction and causes dysfunction of the respiratory
mitochondrial complex. High doses of nicotinamide have neuroprotective properties in traumatic brain
injury, ischemia and stroke, as well as in neurodegenerative Alzheimer’s, Parkinson’s and Huntington’s dis-
eases. It is generally accepted that the neuroprotective effect of nicotinamide, firstly, is because, being a substrate
for the synthesis of nicotinamide mononucleotide and NAD+, it can maintain and prevent the NAD+ content
decrease under conditions of acute hypoxia. Secondly, nicotinamide, being a blocker of poly (ADP-ribose)
polymerase 1, can provide the required level of NAD+ in the cell and reduce its use in the reactions with this
polymerase. Thirdly, nicotinamide is a substrate for NAD+ synthesis and maintains the NAD+/NADH com-
plex, which is important for the functioning of the antioxidant system of the mitochondrial respiratory chain
under conditions of acute hypoxia. It is doubtful that these mechanisms are sufficient to implement the action
of nicotinamide for the reason that there was no decrease in the level of NAD in mitochondria during the
death of animals under conditions of short-term lethal hypoxia. A variant of the mechanism of nicotinamide
action through GABA/benzodiazepine receptors, which causes inhibition of the activation of neurocyte glu-
tamate receptors during acute hypoxia, was considered. In hypoxia, there is an excessive hyperactivation of
glutamate receptors and the development of acute cellular hypoxia, which leads to cell death from overexci-
tation (excitotoxicity). Nicotinamide reduces the death of neurocytes from excitotoxicity by acting on benzo-
diazepine receptors. GABA agonists prevent the effect of glutamate during excitotoxicity in this way.
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INTRODUCTION
Nicotinamide and nicotinic acid are B vitamins,

which are important for the functioning of the central
and peripheral nervous system [1]. Nicotinamide at
high doses has neuroprotective properties in traumatic
brain injury, ischemia, and stroke, as well as in neuro-
degenerative Alzheimer’s, Parkinson’s, and Hunting-
ton’s diseases [2]. Nicotinamide and nicotinic acid are
used as vitamin B3 at a dose of 20 mg; for medicinal

purposes the vitamin is used at higher doses (0.5–5.0 g)
[3]. Possible indirect ways of realizing the action of
nicotinamide have been proposed, which reduce the
manifestations of the secondary cascade of effects of
tissue damage to the brain (inflammation, generation
of free radicals, death of neurocytes from excitotoxic-
ity, and others) [4]. However, due to the multi-vector
effect of nicotinamide in the body, there is no com-
plete clarity on the mechanism of its neuroprotective
properties, considering specific pathology scenarios
and pharmacodynamics for various manifestations of
the pharmacological action of the drug. This brief

Abbreviations: ROS, reactive oxygen species; PARP-1, poly (ADP-
ribose) polymerase 1.
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review is devoted to the analysis of potential mecha-
nisms for the implementation of the neuroprotective
properties of nicotinamide in conditions of acute
short-term lethal hypoxia.

PATHOPHYSIOLOGICAL FEATURES
OF ACUTE BRAIN HYPOXIA

The general picture of brain tissue damage due to
acute hypoxia is characterized by mitochondrial dysfunc-
tion, overexcitation of neurocytes (excitotoxicity), gener-
ation of reductive and oxidative stress followed by the
development of an inflammatory response, axonal
degeneration, and cell death [5–7]. A characteristic fea-
ture of the brain is its high energy consumption, which is
ten times higher than the energy consumption of other
tissues. A person loses consciousness within 15–45 s in
the absence of oxygen supply to the brain [5, 8]. For
the same reason, death of the organism may occur in
various diseases due to energetic stoppage of the func-
tioning of the brain.

The first main sign of the manifestation of acute
tissue hypoxia is a sharp decrease in the level of ATP in
the cells; this is followed by decrease in the activity of
K/Na-ATPase in the next few minutes and violation of
the membrane ion gradients with excessive entry into
the cell of sodium and exit from it of potassium and glu-
tamate ions. An increase in membrane permeability
affects the generation of the mitochondrial membrane
potential, promotes the exit of NAD+ and potassium ions
from mitochondria, and, as a result, leads to excessive
intake of calcium ions into the cell and mitochondria.
These processes are accompanied by an acceleration of
the electron f low, an increase in free radical activity,
and the development of cytotoxic edema [5, 9, 10].

The lack of oxygen leads to difficulties in recycling
of the NADH/NAD+ pair in the Krebs cycle, without
which ATP generation is impossible. The level of
reduced NADH and other reducing equivalents in
mitochondria increases with the development of
reductive stress. Adaptive processes that support elec-
tron transport through complex II of the respiratory
chain via the ketoglutarate dehydrogenase complex
with the participation of succinyl-CoA can provide
oxidative phosphorylation under moderate hypoxia
[11–13]. A decrease in the oxidation of sulfides
involved in electron transport in the respiratory chain
leads to their accumulation. An excess of sulfides
during the prolongation of the hypoxic state promotes
the activation of the production of NO and reactive
oxygen species (ROS), which, together with sulfides,
cause the uncoupling of oxidative phosphorylation
and suppression of cellular respiration [14]. Oxidative
stress during reoxygenation reduces the level of
reduced glutathione, the main antioxidant in the cell,
and suppresses the antioxidant system of mitochon-
dria, followed by hyperoxidation of NAD+ and
a decrease in its content in the tissue [15].
The resulting peroxide products cause, among
other things, DNA damage. Degradation of DNA in
cells leads to the activation of its repair through poly
ADP-ribosylation, which entails a decrease in the level
of NAD+ in the cell as a substrate for this reaction and,
as a result, an increase in the content of nicotinamide
as a breakdown product of NAD+. Accumulation of
nicotinamide in the cell by the feedback mechanism
can hinder the course of the reaction [8, 16–19].
Another mechanism of activation of poly (ADP-ribose)-
polymerase 1 (PARP-1) is carried out in the body
through the inositol (1,4,5)-triphosphate/calcium path-
way of alpha1-adrenoagonists, primarily under the
action of endogenous norepinephrine [20]. Thus, the
manifestation of stress during acute cerebral hypoxia
provokes the processes of poly ADP-ribosylation.

NADH and NADPH are key regulators of redox
reactions and the state of the antioxidant system of tis-
sues. Therefore, a decrease in the level of NAD+ in
mitochondria leads to an imbalance in the antioxidant
system, followed by an increase in ROS production and
membrane depolarization, which leads to apoptosis or
cell necrosis. A decrease in the content of NAD+ in the
cytosol affects the activity of the sirtuin family, which is
important for the prevention of excitotoxicity [21].

PARP-1, in addition to its important role in DNA
repair, is a cofactor in the activation of the nuclear fac-
tor NF-kB and the family of pro-inflammatory cyto-
kines associated with it; that is, it enhances inflamma-
tory processes in cerebral ischemia and promotes
degenerative processes in cerebral stroke [22]. Activa-
tion of PARP-1 in response to DNA damage leads to
the suppression of mitochondrial function, and a
decrease in the content of glutathione and ATP with
increased oxidative stress. PARP activity in the body is
limited by poly (ADP-ribose)-glycohydrolase involved
in its metabolism, suppression of which intensifies
apoptosis in damaged cells [20].

As an urgent adaptive response to a decrease in the
ATP level in the cell and an increase in ROS during
hypoxia [23], preceding the involvement of HIF-1α, a
nuclear factor that triggers the genomic regulation of
this process [24], activation of 5'-AMP-activated pro-
tein kinase occurs, which suppresses anabolism,
reducing the need for ATP, and enhances catabolism
in the cell by stimulating beta-oxidation of fatty acids
through increased mitochondrial respiration and bio-
genesis; thereby, it supplies the necessary ATP to the
cell [25]. At the same time, 5'-AMP-activated protein
kinase activates the PGC-1α-induced antioxidant
response to the growth of ROS during hypoxia
through sirtuin-1 by increasing the NAD+/NADH
ratio in the cell [26, 27]. Sirtuin-1 converts NAD to
nicotinamide, which by a feedback mechanism sup-
presses the activity of sirtuins and enhances NAD syn-
thesis [28].
BIOPHYSICS  Vol. 67  No. 4  2022



ANALYSIS OF THE EFFECT OF EXOGENOUS NICOTINAMIDE 639
POTENTIAL MECHANISMS 
OF THE NEUROPROTECTOR 
AND THERAPEUTIC EFFECT 

OF EXOGENOUS NICOTINAMIDE
IN ACUTE BRAIN HYPOXIA

The neuroprotective effect of nicotinamide was
discovered on a model of cerebral stroke at the turn of
the late 1990s and early 2000s in a number of laborato-
ries around the world, independently of each other
[29–36]. M.R. Choane et al. [37–40] identified and
studied the temporal parameters of the therapeutic effect
of nicotinamide in stroke, including with repeated use.
Nicotinamide mononucleotide had a similar neuropro-
tective and therapeutic effect [41–43].

The mechanism of the neuroprotective action of
nicotinamide is still not clear. It is generally accepted
that its neuroprotective effect is, firstly, due to the fact
that, being a substrate for the synthesis of nicotin-
amide mononucleotide and NAD+, nicotinamide can
regulate the NAD+ level in the cell, maintaining and
preventing its decrease in hypoxic conditions. Sec-
ondly, nicotinamide, is a PARP-1 blocker and can
thus also provide the necessary level of NAD+ in the
cell and reduce its use in reactions with PARP.
Thirdly, nicotinamide is a substrate for NAD+ synthe-
sis and is important for the functioning of the respira-
tory mitochondrial chain under conditions of acute
hypoxia [43]. Nicotinamide can suppress the genera-
tion of ROS involving NAD+ by activation of the anti-
oxidant system through nuclear erythroid factor 2,
which is responsible for the expression of antioxidant
genes. Nuclear erythroid factor 2 limits oxidative stress
by superoxide detoxification in a feedback mecha-
nism. At the same time, this factor regulates the inten-
sity of the inflammatory process by the blockade of the
NF-kB pathway and the production of pro-inflam-
matory cytokines. It has been established that NAD+

increases the level of glutathione in cells through acti-
vation of the regulator of the antioxidant system,
nuclear erythroid factor 2 [44]. This is also achieved by
stimulating sirtuins, primarily sirtuin-1, which prevents
mitochondrial depolarization and fragmentation, as well
as subsequent caspase activation. Suppression of apopto-
sis by nicotinamide can also be achieved through the
mTOR pathway. Nicotinamide reduces mitochondrial
stress through the activation of 5'-AMP-activated protein
kinase and stimulates mitochondrial biogenesis in the
same way [43, 44]. Nicotinamide supports the function-
ing of mitochondria through these mechanisms by stim-
ulating the antioxidant system of cells and reducing the
generation of ROS [43, 45–47]. In this case, the effect of
nicotinamide on the antioxidant system is also carried
out through NAD+.

Nevertheless, there are a number of facts that require
clarification with the established logic of substantiating
the mechanism of action of nicotinamide. Firstly, nico-
tinamide is able to increase the content of NAD+ in the
cytosol of the cell, but not in the mitochondria. Sec-
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ondly, during short-term acute hypoxia, the level of
NAD does not decrease in the cell, and only during
subsequent reoxygenation with PARP-1 activation,
which is necessary for the repair of damaged DNA,
does it inevitable decrease occurs, when exogenous
nicotinamide can realize its action of blocking PARP-
1 or the synthesis of NAD+ [8]. Therefore, it is not
clear by what mechanism nicotinamide can reduce ani-
mal mortality during exposure to short-term acute
hypoxia, when there is a manifestation of reductive stress
and the preservation of the level of NAD in the cell, and
the pathophysiological changes noted above during reox-
ygenation, which could be influenced by nicotinamide,
do not yet have time to fully manifest themselves through
the support of the NAD function [48].

We can consider another possibility of the direct
action of nicotinamide through GABA/benzodiaze-
pine receptors, the stimulation of which leads to the
suppression of hyperactivation of neurocyte glutamate
receptors observed during acute hypoxia with a
decrease in excitotoxicity and cell death. This phe-
nomenon, specific for nervous tissue, is caused by
excessive release of the neurotransmitter glutamate
from neurocytes and neuroglia under hypoxic condi-
tions, followed by hyperactivation of glutamate recep-
tors, which enhances the entry of calcium ions into
neurocytes with an excessive increase in all calcium-
related processes in the cell, including the cascade of
degenerative enzymes and cellular anoxia, leading to
the death of neurocytes through the development of
apoptosis or necrosis [49, 50]. The functioning of the
inhibitory GABAergic system is violated during acute
hypoxia, which impairs the excitation/inhibition bal-
ance in the brain and provokes excitotoxicity [51, 52].
The death of animals during acute hypoxia is accom-
panied by the manifestation of tonic-clonic seizures,
which are associated with hyperactivation of CA3
pyramidal neurons in the hippocampus [52, 53]. Nic-
otinamide inhibits the overexcitation of neurons, act-
ing through benzodiazepine receptors, which leads to
a decrease in cell death from excitotoxicity [54–56].
GABA agonists realize part of their neuroprotective
properties in this way by preventing excessive activation
of glutamate receptors and the development of excitotox-
icity [57]. Nicotinamide prevents the decrease in the
NAD content in the cell in the second phase of the
development of the consequences of acute hypoxia.

CONCLUSIONS
Potential mechanisms for the realization of the

neuroprotective action of nicotinamide during acute
lethal short-term hypoxia were evaluated on the basis
of modern knowledge about its effect on metabolic
processes. The pathophysiological regularities of the
development of acute hypoxia of the brain were con-
sidered. Attention was drawn to the role of oxidative
stress, mitochondrial dysfunction, and excitotoxicity,
followed by axonal degeneration and apoptosis of neu-
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rocytes and neuroglia in the pathogenesis of an
inflammatory response in trauma or cerebral isch-
emia. The main symptom of tissue hypoxia is a
decrease in the level of ATP in the cells, which affects
the generation of the mitochondrial membrane poten-
tial, and promotes membrane permeability, release of
NAD+ from mitochondria, sodium entry into the cell,
and the development of intracellular edema. Processes
associated with the development of stress and activa-
tion of poly ADP-ribosylation during tissue reoxygen-
ation are of particular importance in the pathophysi-
ology of acute cerebral hypoxia. PARP-1 causes dys-
function of the respiratory mitochondrial complex by
reducing the level of NAD in the cell; it is a cofactor in
the activation of the NF-kB nuclear factor and
enhances inflammatory processes in cerebral ischemia
and promotes degenerative processes in stroke. Nico-
tinamide at high doses has neuroprotective properties
in traumatic brain injury, ischemia and stroke, as well
as in neurodegenerative Alzheimer’s, Parkinson’s and
Huntington’s diseases. The first pioneering studies on
the discovery of the neuroprotective properties of nic-
otinamide was noted. It is generally accepted that the
neuroprotective effect of nicotinamide, firstly, is due
to the fact that, being a substrate for the synthesis of
nicotinamide mononucleotide and NAD+, it can reg-
ulate the NAD+ level in the cell; thus, it maintains the
NAD+ level and prevents its decrease under hypoxic
conditions. Secondly, nicotinamide, being a PARP-1
blocker, can also provide the necessary level of NAD+

in the cell by reducing its use in the reactions with
PARP. Thirdly, nicotinamide is a substrate for the syn-
thesis of NAD+ and is important for the functioning of
the antioxidant system in the mitochondrial respira-
tory chain under conditions of acute hypoxia. All
noted potential mechanisms of the neuroprotective
action of nicotinamide are associated with the func-
tioning of NAD, the level of which does not decrease
during the development of reductive stress under con-
ditions of short-term lethal hypoxia. This calls into
question the role of the mechanisms noted above in
the effect of nicotinamide. A variant of the mechanism
of the effect of nicotinamide through GABA/benzodi-
azepine receptors, which causes blocking of the activa-
tion of glutamate receptors of neurocytes during acute
hypoxia by stabilizing the plasma membrane poten-
tial, which leads to a decrease in the death of neuro-
cytes from excitotoxicity, was considered. This phe-
nomenon is due to excessive release of glutamate
during hypoxia and hyperactivation under its influ-
ence of tissue respiration of neurocytes with the devel-
opment of acute cellular hypoxia, which leads to cell
death. This occurs when the efficiency of the inhibi-
tory GABAergic system of the brain is decreased,
which is noted during ischemia of various origins. The
death of animals occurs during the development of
tonic-clonic seizures provoked by hyperactivity of
pyramidal neurocytes of the hippocampus, where
GABAergic receptors are located, when excitotoxicity
occurs during acute hypoxia. GABA agonists prevent
excessive activation of glutamate receptors and the
development of excitotoxicity; thus, they realize their
neuroprotective properties. Nicotinamide prevents the
decrease in the NAD content in the cell in the second
phase of the development of the consequences of acute
hypoxia.
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