
ISSN 1819-7124, Neurochemical Journal, 2022, Vol. 16, No. 3, pp. 283–294. © Pleiades Publishing, Ltd., 2022.
Russian Text © The Author(s), 2022, published in Neirokhimiya, 2022, Vol. 16, No. 3, pp. 265–278.

REVIEW
ARTICLES
The Role of Polyamines in the Mechanisms of Cognitive Impairment
M. G. Makletsovaa, 1, G. T. Rikhirevab, E. Yu. Kirichenkoa, I. Yu. Trinitatskyc,

M. Yu. Vakulenkoa, and A. M. Ermakova

a Don State Technical University, Rostov-on-Don, Russia
b Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, Moscow, Russia

c Rostov Regional Clinical Hospital, Rostov-on-Don, Russia
Received December 9, 2021; revised April 25, 2022; accepted April 28, 2022

Abstract—As the population ages, age-related cognitive impairments are becoming an increasingly pressing
problem. Currently, the role of polyamines (putrescine, spermidine, and spermine) in the pathogenesis of
cognitive impairments of various origin is actively discussed. It was shown that the content of polyamines in
the brain tissue decreases with age. Exogenous administration of polyamines makes it possible to avoid cog-
nitive impairment and/or influence the pathogenetic processes associated with disease progression. There are
3 known ways that polyamines can enter the human body: food, synthesis by intestinal bacteria, and biosyn-
thesis in the body. Currently, one of the most promising approaches to the prevention of cognitive impair-
ment is the use of foods with a high content of polyamines, as well as the use of various probiotics that affect
intestinal bacteria that synthesize polyamines. Since 2018, in a number of European countries projects have
been launched aimed at evaluation of the impact of a diet high in polyamines on cognitive processes. The
review, based on analysis of modern scientific literature and the authors' own data, presents material on the
effect of polyamines on cognitive processes and the role of polyamines in the regulation of neurotransmitter
processes, and discusses the role of polyamines in cognitive disorders in mental and neurological diseases.
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The purpose of this mini-review is to summarize
information on some aspects of polyamine metabo-
lism in neurological and psychiatric diseases and to
evaluate the possibilities of using polyamines to cor-
rect cognitive impairment.

GENERAL CHARACTERISTICS 
OF POLYAMINES

Polyamines are a large group of organic polyca-
tions. Since the primary and secondary amino groups
of polyamines are bound to H+, at physiological pH
values, polyamines interact electrostatically with neg-
atively charged molecules such as DNA, RNA, pro-
teins, and phospholipids [1]. In living organisms,
polyamines are present in both free (protonated) and
bound forms. The interaction of polyamines with
nucleic acids and acidic macromolecules is more sta-
ble than with inorganic cations (Mg2+ and Ca2+),
which is determined by the presence of two or more
positively charged groups in polyamine molecules [2].

Polyamines are involved in various important bio-
chemical processes, such as the synthesis, function-

ing, and maintenance of the stability of nucleic acids
(DNA and RNA) and proteins [2]. They play key roles
in cellular signaling, DNA binding, transcription,
RNA splicing, cytoskeleton functioning, and eukary-
otic translation using translation initiation factor 5A
(eIF5A) [3–7].

Endogenous polyamines such as putrescine, sper-
mine, and spermidine are organic polycations that are
synthesized from L-ornithine during decarboxylation
(Fig. 1).

The large group of polyamines includes acetyl
derivatives of spermidine and spermine, as well as
cadaverine and agmatine, the formation of which is
associated with the decarboxylation of lysine and argi-
nine. This article discusses the exchange and role of
spermidine and spermine polyamines, the formation of
which occurs with the participation of the enzyme orni-
thine decarboxylase (ODC) (Fig. 2), and for which the
ability to increase lifespan was shown [8–14].

SPERMIDINE AND SPERMINE INCREASE 
THE LIFESPAN OF ANIMALS

For polyamines, especially spermidine, an increase
in lifespan has been shown in a number of organisms
and cell systems, including yeast (S. cerevisiae), Dro-
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Fig. 1. The structure of polyamines and some of their acetyl derivatives.
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Fig. 2. Scheme of synthesis and breakdown of polyamines (after [14]). List of abbreviations: ODC, ornithine decarboxylase;
SpdSy, spermidine synthase; SpmSy, spermine synthase; SSAT, spermidine/spermine N1-acetyltransferase; APAO, acetylpoly-
amine oxidase; SMO, spermine oxidase. 
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sophila, nematodes, and human and mouse immune
cells [9–14]. It was found that the mechanism of lifes-
pan increase by spermidine is associated with direct
inhibition of histone acetyltransferase (HAT) activity
and autophagy induction [11]. The effects of spermi-
dine on HAT activity lead to a global scenario for his-
tones, which suppresses transcription due to histone
hypoacetylation of many genes [13]. Autophagy activa-
tion by spermidine includes inhibition of Atg gene
expression, regulation of elF5A and TFEB transcrip-
tion, and inhibition of EP300, which directly pro-
N

motes Atg gene acetylation and indirectly stimulates
tubulin deacetylation [13]. Obviously, the study of the
metabolism of polyamines is an urgent problem in
connection with the effects described above.

POLYAMINE METABOLISM
IN NORMAL MAMMALS

Synthesis. Putrescine is synthesized from ornithine
(Fig. 2) [14]. The rate-limiting factor for biosynthesis
of polyamines is the ODC enzyme [15]. Spermidine
EUROCHEMICAL JOURNAL  Vol. 16  No. 3  2022
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synthase (SpdSy) transfers the NH2 (CH2)3 fragment
from S-adenosylmethionine to the amino group of
putrescine, which leads to the formation of spermi-
dine. Spermine is formed by the transfer of this frag-
ment to spermidine with the participation of the
enzyme spermine synthase (SPMSy). Spermine and
spermidine are converted back to putrescine as a result
of catabolism involving the enzymes polyamine oxi-
dase, spermine oxidase (SMO), acetylpolyamine oxi-
dase (APAO), and, in turn, SMO carries out the oxi-
dative conversion of spermine to spermidine [16, 17].

Breakdown. The breakdown of polyamines may be
associated with their conversion to lower molecular
weight polyamines via two successive enzymatic reac-
tions. First, spermine or spermidine is acetylated by
the enzyme spermidine/spermine N1-acetyltransfer-
ase 1 (SSAT), which is a key regulatory enzyme that
determines the degradation of polyamines [18]. The
second is oxidative cleavage between C3 and N4 in
acetylated spermine and spermidine to form lower
molecular weight polyamines and 3-aminopropanal.
It is important to note that both the synthesis of poly-
amines and their decomposition are carried out with
the transfer of the triatomic (CH2)3 fragment.

Oxidation also leads to the degradation of polyam-
ines.

Polyamine oxidation products are the lower
molecular weight polyamines, Н2О2, 3-aminopro-
panal (3-AP), and 3-acetylaminopropanal [2, 18].
These aldehydes are unstable and spontaneously con-
vert to acrolein after deamination. Acrolein, an unsat-
urated aldehyde, readily reacts with protein lysine res-
idues to form protein-conjugated acrolein (PCAcro-
lein) [17]. Acrolein, a highly toxic unsaturated
aldehyde, when interacting with proteins, lipids, and
nucleic acids, has a systemic damaging effect, which
leads to cell death. It has been shown that in experi-
mental photo-induced stroke, the content of acrolein
in the necrosis zone increases by 28 times, which is
associated with the activation of the breakdown of
polyamines. Acrolein is a much more toxic compound
than H2O2 [17].

Regulation of polyamine metabolism. The activities
of the enzymes, ODC and SSAT, for the biosynthesis
and degradation of polyamines are regulated by
changes in polyamine concentration, as well as by var-
ious compounds: growth factors, hormones, etc. [1, 2,
15–17]. At high concentrations of spermidine and
spermine in cells, the activities of polyamine synthesis
enzymes (ODC and SAMDC) are inhibited, while the
activity of degradation enzymes (SSAT) is increased.
Conversely, when cellular polyamine content is
decreased, ODC and SAMDC are upregulated and
SSAT is downregulated. The regulation of the synthe-
sis and degradation of polyamines occurs at the level of
transcription and translation of the biosynthesis of
these enzymes [16]. With an increase in the content of
polyamines inside the cell, ODC activity is inhibited
NEUROCHEMICAL JOURNAL  Vol. 16  No. 3  2022
by the induction of a protein, antizyme (AZI), which
forms a complex with the ODC monomer, leading to
inactivation of its enzymatic activity (Fig. 3) [19].

The degradation of this complex occurs in the 26S
proteasomes. In addition, antizymes are able to inhibit
the absorption of polyamines or stimulate their secre-
tion. The existence of 3 forms of AZI antizymes has
been shown: AZI 1, AZI 2, and AZI 3 [21]. A more
complex regulation of ODC activity is provided by
antizyme inhibitor (AZIN) proteins, which are able to
interact with AZI with a higher affinity than with
ODC. Currently, two forms have been identified:
AZIN 1 and AZIN 2 [21].

Transport of polyamines into the cell is carried out
by OCT transporters (organic cation transporter) [21].

Thus, normally, the homeostasis of polyamines in
the body is maintained by complex feedback mecha-
nisms at the level of biosynthesis, breakdown, intake,
and removal from the cell. At the same time, an
equally important issue in the regulation of polyamine
metabolism is assessment of their entrance from the
intestine. There are three ways that polyamines enter
the human body: food, synthesis by intestinal bacteria,
and biosynthesis in the body. Many works are devoted
to the study of the content of polyamines in food prod-
ucts and the assessment of the effect of probiotics on the
content of polyamines in the human body [22–24].

POLYAMINE HOMEOSTASIS DISTURBANCES

Disturbances in polyamine metabolism may result
in severe neurological diseases, for example, muta-
tions in spermine synthase and subsequent changes in
the level of spermine and spermidine are a cause of
Snyder–Robinson syndrome [25]. Similarly, mutation
in the ODC1 gene leads to severe consequences such
as macrosomia, macrocephaly, developmental delay,
alopecia, spasticity, hypotension, cutaneous vascular
malformations, impaired visual perception, and sen-
sorineural hearing loss [26]. Studies by Jain et al., 2018
showed that the inhibition of polyamine breakdown is
associated with spermine-mediated damage to the air-
way epithelium and provokes the development of
asthma [27]. In model experiments on mice with
SMOX inactivation and with combined inactivation of
SMOX and SSAT1, an increase in the level of spermine
and a decrease in the level of spermidine in the brain
and cerebellum of Smox-KO and Smox/Sat1-dKO were
found compared with intact animals [28]. Experiments
with Smox/Sat1-dKO mice have shown that prolonged
deficiency of polyamine catabolism causes TGM2 90
activation and increased expression of α-synuclein,
polyamination and protein aggregation, followed by
activation of a chain of events that lead to cerebellar
injury and ataxia in Smox/Sat1- dKO mice [28].
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Fig. 3. Scheme of regulation of polyamine biosynthesis (after [19]). Abbreviations: ODC, ornithine decarboxylase; AZI, anti-
zyme, AZIN, antizyme inhibitor. 
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FEATURES OF POLYAMINE METABOLISM
IN NERVOUS TISSUE

Putrescine, spermine, and spermidine are present
in all brain structures [29, 30]. The ODC enzymatic
system is localized in the nuclei of neurons, in den-
drites, axons, and nerve terminals. High activity of
spermine and spermidine synthases was found in neu-
rons [31–33].

In the brain, all the enzymes for the breakdown of
polyamines are present, SSAT, diamino oxidase, and
polyamine oxidase. MAO is also involved in the deg-
radation process of polyamines [30]. It is important to
note that the modification of the molecular structure
of MAO caused by oxidative stress leads to a change in
the substrate specificity and activation of MAO with
respect to polyamines [30]. There are several other
metabolic pathways for the conversion of polyamines
within the CNS. Putrescine was shown to be involved
in GABA biosynthesis and further conversion into a
histidine-containing dipeptide, homocarnosine [34].
The content of polyamines in glia is significantly
higher than in neurons [31, 33]. The fact that polyam-
ines are synthesized in neurons but accumulates in glia
allowed Skachkov et al. [31] to develop a hypothesis
about the role of polyamines as gliotransmitters that
regulate neuronal function. Endothelium and capil-
laries are involved in the transport of polyamines to
brain cells [31].
N

The process of uptake/release of polyamines
occurs with the participation of organic cation trans-
porter 1 (OCT 1), through glial gap junctions and con-
nexin-43 hemichannels (Cx43 HCs), and through
polyamine-permeable receptors and channels [33].

Polyamines and gap junctions of the brain. In the
CNS, in addition to participating in the implementa-
tion of basic regulatory functions, such as the regula-
tion of protein, RNA, and DNA biosynthesis, etc.,
polyamines perform a number of specific functions:
they modulate various aspects of the metabolism, syn-
thesis, and breakdown of various neurotransmitters, as
well as their interaction with receptors [30, 35]. Due to
the ability of polyamines to interact with membranes,
they can modulate the activities of membrane-bound
enzymes, in particular Na,K-ATPase [36].

It should be noted there is a relationship between
polyamines and intercellular gap junctions of the brain
in normal conditions and in the development of neu-
ropathologies. Gap junctions (GJ) are a system of
densely packed channels penetrating the bilipid layers
of the membranes of two contacting cells. Each chan-
nel consists of two docked half-channels called con-
nexons, with the subunit of each connexon being the
protein connexin. In a normal adult brain, GJs pro-
mote the formation of glial syncytia, three-dimen-
sional glial scaffolds that perform a number of import-
ant functions, such as controlling the concentrations
EUROCHEMICAL JOURNAL  Vol. 16  No. 3  2022
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of extracellular ions and neurotransmitters, as well as
the implementation of metabolic processes [37]. To
maintain these functions in syncytium, a necessary
condition is the opening of the GJ, which is associated
with the presence of polyamines [38]. At the same
time, in the adult brain, accumulation of polyamines
(spermine, spermidine, putrescine, and agmatine) is a
distinctive feature of astrocytes but not neurons [39–
41, 31]. The unique ability of connexin 43 (Cx43) to
maintain the GJ in the syncytium in the open state was
shown by comparing Cx43 and Cx40 and demonstrat-
ing the phenomenon of polyamine blockade of the
amino acid sequence (binding site) at the N-terminus
of Cx40 [17–21]. Such specific binding sites for the
spermine polyamine were not found in Cx43 [42].
Moreover, in further studies, it was noted that Cx43 is
sensitive to polyamines, which open GJ channels,
and, most importantly for cell physiology, polyamines
eliminate the blockade of these channels by hydrogen
[44] and calcium [45] cations. Elimination of the cat-
ionic block by polyamines is a critical factor for the
functioning of the GJ in glia, since it is the acidifica-
tion of the cytoplasm and the subsequent release of
calcium (the so-called calcium waves in astrocytes)
that is a distinctive property of astrocytic syncytium
but not neuronal ensembles. By providing the propa-
gation of potassium and calcium waves in the glial syn-
cytium, GJs and hemichannels are directly able to
control the activity of both individual neurons and
neural networks. At the same time, depolarization of
such syncytium with an increase in the concentration
of potassium ions during epilepsy, neurotrauma, or
ischemia [46] leads to the loss of the ability of astro-
cytes to eliminate excess potassium from the intercel-
lular space, which leads to inactivation of neuronal
activity and neuropathologies.

THE ROLE OF POLYAMINES
IN THE FUNCTIONAL ACTIVITY 

OF THE BRAIN
Gating control. Polyamines are classically regarded

as ion channel gating regulators. Spermine regulates
ion transport by participating in the rectification of
potassium channels. For the first time, A. Lopatin
et al. revealed the mechanism of the so-called anoma-
lous rectification, an ability of spermine to rectify cur-
rents of potassium ion channels of the KirX.X. family
which is potential dependent [47–49].

It is now established that polyamines provide recti-
fication of potassium channels, AMPA receptors and
nACh receptors [35, 50]. The mechanism of channel
rectification by polyamines is simple: membrane
depolarization causes spontaneous attraction of cyto-
solic polyamines into the channel pore, thereby block-
ing the f low of positively charged ions into the cell
through the receptor pores [50]. Thus, intracellular
polyamines control the overexcitation of these recep-
tors. This property of cytoplasmic polyamines is due to
NEUROCHEMICAL JOURNAL  Vol. 16  No. 3  2022
the fact that they have a low molecular weight and at
physiological pH values they are positively charged.

Regulation of nACh receptor synthesis by polyam-
ines. Spermine was shown not only to gate nACh
receptors but also to modulate the activity of the ACh
metabolism enzyme, acetylcholinesterase. Another
level of regulation of acetylcholine metabolism by poly-
amines was recently discovered by Dhara et al. [51]. It
was demonstrated that polyamines control the assem-
bly of neuronal nicotinic α4β2 and α7 acetylcholine
receptors [41]. This ability is unique because polyam-
ines do not modulate the assembly of any other ion
channels. It is noteworthy that a decrease in the level of
polyamine increases the levels of α4β2 and α7Ach [51]
in the brain. The authors showed a clear correlation
between acetylcholine-induced action potentials and
SSAT activity. α4β2- and α7Ach-receptors are the
most common acetylcholine receptors.

Regulation of NMDA receptors by polyamines.
Numerous studies have shown multiple effects of
extracellular polyamines on glutamate receptors of the
NMDA, AMPA, and kainate subtypes [35, 50, 52, 53].
Polyamines have a biphasic effect on glutamate recep-
tors: they either block AMPA and NMDA receptor
channels at high doses or activate kainate and NMDA
receptors at low concentrations [22].

In a series of works, Williams et al. (1984–1989)
showed that the NMDA receptor complex, like con-
nexins, has a polyamine recognition site [54–58, 37].
NMDA receptors are the predominant molecular sys-
tem for controlling synaptic plasticity and memory
function at the cellular level, and polyamines seem to
effectively modulate them. The effects of polyamines
on NMDA receptors were first discovered by analyz-
ing their binding to spermine and spermidine but not
to diamine putrescine. The ability of spermine and
spermidine to specifically interact with the polyam-
ine-binding allosteric site of glutamate receptors was
shown [35].

Four types of effects of spermine on NMDA recep-
tors in the brain were identified, which differ depend-
ing on the membrane potential, pH, and the concentra-
tion of the agonist and co-agonist. The first type is stim-
ulation of the f low of Ca ions in the presence of
“replacing” concentrations of glycine, the so-called
glycine-dependent stimulation [56, 59]. Spermine
increases the affinity of NMDA receptors for glycine,
regardless of whether these receptors contain GluN2A
or GluN2B subunits. Moreover, this effect of sper-
mine was not sensitive to changes in extracellular pH.
The second type of NMDA receptor response to sper-
mine is the stimulation of cation f lux, which is
observed in the presence of saturated concentrations
of glutamate and glycine, the so-called glycine-inde-
pendent stimulation [55, 60]. Moni et al. identified the
binding site responsible for spermine-induced, gly-
cine-independent stimulation of the GluN2B-con-
taining subunit in NMDA receptors [61]. It was shown
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that polyamines activate NMDA receptors by shielding
negative charges in the amino acid sequence in the pro-
teins of the GluN1 and GluN2B subunits [61]. The third
type of response is as follows: spermine can decrease
the sensitivity of glutamate receptors to glutamate, which
is associated with a decrease in affinity of the receptor.
This effect is observed only in receptors containing
GluN1 and GluN2B subunits, and probably involves
the spermine binding site responsible for glycine-
independent stimulation [61]. Finally, the fourth type
of response; spermine can also bind to ion channel
pores and induce voltage-dependent blocking of the
channel at the site associated with the extracellular
binding site for Mg2+ [62]. Moreover, the efficiency of
spermine is two orders of magnitude higher than that
of Mg2+ [31]. Selective inhibitors of the binding of
polyamines to the NR2B NMDA receptor subunits—
arcaine, ifenprodil, and traxoprodil—have been syn-
thesized, and their administration to experimental
animals causes impairment of the process of memori-
zation and reproduction of a conditioned reflex [64].
After administration of spermine or spermidine into
the hippocampus, a significant increase in learning
ability is observed. Thus, a direct link was established
between the polyamine binding site with the NR2B
subunits of NMDA receptors and impaired memory
processes [35, 50, 65].

In a model of focal cerebral ischemia in rats, it was
found that in memory and learning disorders caused
by ischemia, glycine facilitated the formation of but
did not affect the retention of an acquired skill, while
spermine contributed to the development of a condi-
tioned reflex, which was reproduced throughout the
entire observation period [30].

Obviously, polyamines are positive modulators of
NMDA receptors and are able to compensate for the
dysfunction of glutamate and cholinergic transmission,
thereby eliminating memory and learning disorders.

Neurotoxicity of polyamines. It was previously
shown that excessive levels of polyamines are neuro-
toxic [50] and that direct intracerebral infusion of
spermine can provoke an impairment of the innate
immune response. The addition of polyamines can
have a toxic effect on cultured neurons. Upon incuba-
tion of a pure neuronal culture with 50 μM spermine,
cell death is observed, while in the integral structure of
brain sections consisting of neurons and glia (astro-
cytes), this concentration of spermine did not cause
cell death [31].

The neurotoxicity of polyamines may be associated
with the development of oxidative stress, which is
caused by the induction, first, of H2O2 and, second, of
unsaturated aldehydes such as 3-AP and acrolein [16,
17, 30]. The addition of spermine and spermidine to a
cell culture containing blood serum inhibits the prolif-
eration of any cell types due to the formation of the
polyamine oxidation products, H2O2 and acrolein [16].
In neuronal cell culture, complete inhibition of cell
N

growth is achieved upon incubation with 10 μM acro-
lein, 100 μM H2O2, and 20 μM OH [16]. Acrolein is a
more toxic agent for brain tissue than ROS. The admin-
istration of aldehyde dehydrogenase, an enzyme that
eliminates acrolein, into a neuronal culture containing
toxic doses of spermine prevented cell death [23].
Using a model of ischemia caused by glucose-oxygen
deprivation in neuroblastoma culture, M. Nakamura
et al. found that it is Ca2+ that induces the toxicity of
polyamines, while in the neuron there is a decrease in
the content of polyamines and an increase in the for-
mation of their decay products (PCAcrolein) [21].
One of the main pathways for Ca2+ entry into neurons
is AMPA and NMDA receptor channels. Animal
experiments have shown that the administration of
N1, N4, N8 tribenzylspermidine, an NMDA receptor
channel blocker, leads to a decrease in the content of
Ca2+ and PCAcrolein in neurons, which is associated
with a decrease in the size of the brain infarction
focus [21]. It is established that glial polyamines are
able to protect neurons from death by regulating these
neuronal receptor channels [31].

Polyamines as neuroprotectors. The neuroprotec-
tive effect of polyamines was shown in animal models
of neurodegenerative diseases. These diseases
include Huntington’s disease caused by mutations—
an increased number of CAG trinucleotide repeats
that encode the amino acid glutamine. Expansion of
CAG repeats leads to an increase in the length of the
polyglutamine region in the huntingtin (Htt) protein.
The clinical picture of Huntington’s disease is char-
acterized by motor, mental, and cognitive disorders
associated with glutamate receptors [68]. A dose-
dependent neuroprotective effect of spermidine was
found when modelling Huntington’s disease with
intrastriatal administration of quinolic acid [69]. The
authors found that a low dose of spermidine
increased the activity of NMDA receptors in the stri-
atum, while a high dose decreased the activity of
NMDA receptors in this model [68].

Parkinson’s disease is an age-related neurodegen-
erative disease, the pathological features of which are
motor and cognitive impairment associated with the
loss of dopaminergic neurons in the substantia nigra,
abnormal accumulation of iron in this structure, and
the presence of intracellular aggregates of misfolded
proteins, consisting mainly of alpha-synuclein fibrils
and some other proteins [70]. The neuroprotective
effect of spermidine was shown when modeling Par-
kinson’s disease by the administration of rotenone,
which is associated with the antioxidant properties of
polyamines [70].

Neurodegenerative diseases, despite the difference
in trigger events, are characterized by common mech-
anisms leading to the death of brain cells. Excessive
formation of ROS, deficiency of the endogenous anti-
oxidant system, and excitotoxicity are viewed as such
mechanisms. Polyamines, as “traps” for free radicals,
EUROCHEMICAL JOURNAL  Vol. 16  No. 3  2022
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can significantly reduce the level of ROS [71, 72] and
excitotoxicity [35, 50].

DISTURBANCE OF POLYAMINE 
METABOLISM IN NEUROLOGICAL DISEASES

There is experimental evidence of the involvement
of polyamines in the pathogenesis of many of the
known neurological diseases in which memory and
behavioral disorders are observed. Cognitive impair-
ments, the occurrence of which is associated with
impaired metabolism of polyamines, are characteristic
of patients with Alzheimer’s disease, Parkinson’s dis-
ease, Huntington’s disease, an acute inflammatory
process in the nervous system, acute and chronic cere-
brovascular diseases and traumatic brain injury [31,
32, 35, 50, 66]. It is especially important to study the
role of polyamines in the molecular mechanisms of
the pathogenesis of Alzheimer’s disease. It has been
shown that Alzheimer’s disease is characterized by the
accumulation of tau protein, which forms neurofibril-
lary tangles, and neurotoxic amyloid beta peptide,
which is responsible for the formation of senile
plaques [34]. At the same time, patients with Alzhei-
mer’s disease exhibit high ODC activity, an increase in
its gene expression, and an increase in the content of
spermidine and spermine in the brain, which the
authors attribute to the role of polyamines in cognitive
deficit and synaptic loss [50]. Modeling Alzheimer’s
disease (by administration of amyloid beta-peptide) in
animal experiments has shown that administration of
the polyamine synthesis inhibitor DFMO (difluoro-
methylornithine) or blocking the site of spermine
binding to NMDA receptors with arcaine restores
impaired memory in mice.

Parkinson’s disease is another neurodegenerative
disease in which disorders in polyamine metabolism
associated with genetic mutations were found [73, 74].
Deficiency of ATP13A2 (PARK9) leads to pro-
nounced changes in the export of polyamines [74]. In
Parkinson’s disease, the expression of the SSAT
enzyme changes, which leads to an increase in the
content of acetyl derivatives of polyamines and disrup-
tion of their metabolism [73]. The mechanisms of poly-
amine involvement in cognitive decline in patients with
Parkinson’s disease are associated with modulation of
NMDA receptors, as well as with α-synuclein aggrega-
tion [75]. We have studied the content of spermidine in
the erythrocytes of patients suffering from Parkinson’s
disease, which correlated with MMSE. Thus, in the
blood of patients with stages 1–2 of the disease
(MMSE = 25–27 points), the content of spermidine
increased significantly compared to donor blood,
whereas in the blood of patients at the later stages (3–4)
(MMSE = 12) with marked cognitive impairment,
spermidine content was lower compared with the con-
trol [75].
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POLYAMINES AND MENTAL ILLNESS

There is now evidence for the involvement of
polyamines in the pathogenesis of many mental ill-
nesses [76]. Changes in the expression and activity of
polyamine degradation enzymes, and in the content of
individual polyamines (putrescine, spermidine, and
spermine) were shown in schizophrenia, depression,
anxiety syndromes, etc. [77–79]. A special place in the
neurochemistry of mental illness is occupied by works
devoted to the study of the role of polyamines in the
pathogenesis of depressive states with subsequent sui-
cidal outcome [79]. In autopsy samples of 22 brain
regions of persons who died as a result of suicide, sig-
nificant differences were found in comparison with
the control in the expression of genes responsible for
the metabolism of polyamines: ODC, AZI 1, and AZI 2,
spermine oxidase, spermine synthetase, and the alde-
hyde dehydrogenase family (enzymes that remove prod-
ucts of polyamine breakdown—toxic aldehydes) [79].
Moreover, as found in several independent studies, the
decrease in the expression of the SSAT enzyme is
especially pronounced in autopsy samples of the cere-
bral cortex in people who died by suicide [80]. A
decrease in SSAT expression in the brain of patients
who died by suicide leads to a significant increase in
the content of spermidine and putrescine in brain
structures compared to their content in the brain of
mentally healthy individuals.

Thus, apparently, genetically determined disorders
in the metabolism of polyamines is one of the patho-
genetic mechanisms of mental disorders.

POLYAMINES AND AGE-RELATED CHANGES

With age, the content of polyamines in the brain
decreases [81], which, according to some authors,
plays a leading role in age-related changes in cognitive
functions [81, 82]. It is established that the adminis-
tration of spermine and/or spermidine has a signifi-
cant positive effect on cognitive and behavioral
responses in old animals [83]. It is important to note
that administration of spermidine or spermine has a
regulatory effect on autophagy proteins [84]. Spermi-
dine and spermine maintain the energy metabolism of
neurons [84–86]. In addition, the results of the analy-
sis of such indices as Bcl-2, Bax, Caspase-3, NLRP3,
IL-18, and IL-1β showed that spermidine and sper-
mine prevent apoptosis and inflammation [86]. In
2013 Gupta V.K. et al. in experiments on aging f lies
found that spermidine dietary supplements attenuate
age-related memory impairment through autophagy
mechanisms [86]. In 2016, Eisenberg T. et al. reported
that oral administration of spermidine to mice
reduced myocardial hypertrophy and systemic blood
pressure, enhanced cardiac autophagy, and improved
the mechanoelastic properties of cardiomyocytes [86].

Given the relevance of the problem, we should
dwell on the data on the possibility of using spermi-
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dine as an anti-aging compound in counteracting
COVID-19 infection [85]. The available literature
reflects the growing concern about the impact of coro-
navirus infection not only on the physical but also on
the mental health of a person. The most important
features of mental disorders seen with COVID-19 are
symptoms of depression and anxiety, as well as cogni-
tive impairment. Attention is drawn to the crosstalk
between signs of aging and systems that are affected by
coronavirus infection, as well as a higher mortality rate
in older patients. One of the signs of age-related
changes is the constant shortening of telomeres, which
are protective structures at the ends of chromosomes.
Shortening of telomeres contributes to the reduction
of tissues to regeneration, loss of tissue homeostasis,
and diseases. When determining the length of telo-
meres in peripheral blood lymphocytes of patients
with COVID-19, it was found that shorter telomeres
are associated with greater disease severity [85]. The
property of spermidine to maintain telomeres, and
lengthen them when added to the diet, can apparently
determine both the antiaging effects of spermidine and
its contribution to the antiviral effect [12]. Some
authors believe that impaired autophagy, a character-
istic feature of aging, may lead to the severity of
COVID-19 [85]. Spermidine is an autophagy inducer.
However, the mechanisms of interaction between
autophagy and COVID-19 remain unclear.

In general, the study of the antiviral effects of anti-
aging compounds, in particular polyamines, is of great
importance for resolving issues of therapeutic strategy.

THE INFLUENCE OF INTRODUCING 
POLYAMINES TO THE DIET ON COGNITIVE 

PROCESSES IN ELDERLY PATIENTS. 
CLINICAL TRIALS

The basis for clinical trials was the effect of sper-
midine on autophagy. Spermidine has the ability to
trigger an important process of beta-amyloid plaque
dissolution by autophagy [50, 86]. A clear correlation
was established between blood spermidine levels and
cognitive performance in Alzheimer’s patients with
dementia [87]. Dietary intake of spermidine cor-
relates with cognitive performance in humans [88].
Studies have been conducted in mice that confirmed
the safety and good tolerance of polyamines derived
from wheat germ [86]. These data allowed the use of
spermidine in clinical trials. It was found that poly-
amine levels of 13.5 μg/kg body weight per day for
spermidine or 3.1 μg/kg body weight per day for sper-
mine are the “no side effect” dose.

In 2018, Wirth M. et al. published the results of one
of the first pilot clinical trials evaluating the ability of
polyamines to improve cognitive function in elderly
patients, in which it was shown that the intake of sper-
midine 1200 mg per day for 3 months improves cogni-
tive function compared with the control group [88].
Pekar T. et al. reported in 2020 that a spermidine-
N

enriched diet may prevent memory loss with aging. A
clear correlation was established between spermidine
concentration and improvement in cognitive perfor-
mance in patients with mild to moderate dementia.
Simultaneous dietary administration of 200 μg putres-
cine, 900 μg spermidine, and 500 μg spermine (total
1600 μg) per day for 12 months in elderly people had
the most effective positive effect on cognitive pro-
cesses [89, 90].

Currently, a number of studies discuss the results of
examinations of patients with Alzheimer’s disease who
received a diet with polyamines [91, 92].

INFLUENCE OF STRESS ON POLYAMINE 
METABOLISM IN THE BRAIN

Polyamines are actively involved in the molecular
mechanisms of a nonspecific stress response, the so-
called polyamine stress response (PSR) [93, 94].
Under a stressful effect on the body as a whole (burn,
injury, etc.), ODC is activated in the brain, followed
by a significant increase in the content of polyamines
on the first day, which triggers the activation of the
“early” response genes—c-fos, c-jus, c-myc [95, 96].
We found that in the brain of animals that underwent
burn stress, the content of spermine and spermidine
decreased on days 5–7 after burn stress compared with
the control. The introduction of an adaptogen (DSIP)
after stress had a modulatory effect on the metabolism
of polyamines in the brain on days 5–7 after the burn:
the content of spermidine increased on the 5th day,
the intensity of incorporation of the radioactive label
from [C14]-ornithine into polyamines increased 3 times
for spermine (p ≤ 0.01) on the 7th day after stress com-
pared with the control (Fig. 4).

This stress caused memory and learning disorders.
The administration of adaptogen (DSIP) and the sub-
sequent increase in polyamine biosynthesis caused by
it facilitated the formation of new skills and also had a
positive effect on the retention of the acquired skill
before stress [95].

POLYAMINE STRESS RESPONSE
AND TAU PATHOLOGIES

Metabolic features of PSR were found in the ner-
vous tissue, which depend on the nature of the stress
effect [79]. With psycho-emotional stress, as well as
ischemia/hypoxia of the brain, there is a more intense
activation of enzymes for the breakdown of polyam-
ines, which exceeds the rate of their synthesis. At the
same time, there is a dramatic increase in ODC activ-
ity and the content of putrescine with a simultaneous
decrease in the content of spermidine and spermine.
In model experiments with animals, it was found that
the response of the polyamine system to stress factors
differs depending on the duration of stress and deter-
mines the character of polyamine metabolism in the
brain. Data from Sandusky-Beltran et al. in 2019,
EUROCHEMICAL JOURNAL  Vol. 16  No. 3  2022
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Fig. 4. Effect of DSIP administration on the intensity of incorporation of the radioactive label from [C14]-ornithine into spermi-
dine (a) and spermine (b) in the brain of rats after burns. 
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indicate that an increase in the level of polyamines
caused by short-term stress exposure is beneficial for
the nervous system [97]. At the same time, spermidine
and spermine are able to reduce the content of micro-
tubule-associated tau protein by activating autophagy.
However, long-term chronic stress exposure leads to
maladaptive dysregulation of polyamine metabolism
and has a negative impact.

Sandusky-Beltran et al. in 2021 reported a unique
association between polyamine metabolism, behavioral
disorders, and tau protein fate [98]. As is known, tau
pathologies are characterized by the presence of various
cognitive and affective behavioral disorders [99]. It was
found that in Alzheimer’s disease there is a dysregula-
tion of transcripts of genes associated with the metabo-
lism of polyamines in the brain, while the level of the
antizyme ODC inhibitor AZIN 2 considerably grows,
which significantly increases the content of acetyl
derivatives of polyamines, enhances the accumulation
of tau protein, and contributes to cognitive and affective
behavioral disorders [98]. Maintaining homeostasis in
polyamine metabolism is a potential way to treat Alz-
heimer’s disease and tau pathologies [100].

Thus, PSR can cause both positive and negative
effects in the CNS, depending on the duration and
nature of the stressor. The administration of adapto-
gens had a modulatory effect on the content of poly-
amines, which positively influenced the processes of
NEUROCHEMICAL JOURNAL  Vol. 16  No. 3  2022
memorization and learning. It is important to note
that PSR is currently viewed as a provocative factor in
the triggering mechanisms of neurological and mental
diseases.

CONCLUSIONS

Currently, disturbances in the metabolism of poly-
amines and in their intracellular distribution are con-
sidered pathogenetic mechanisms for the develop-
ment of many diseases that are accompanied by cogni-
tive disorders. Spermidine and spermine are able to
significantly improve the process of learning and
memorization and increase performance due to the
modulation of neurotransmitter processes (nAch, the
polyamine site of NMDA receptors) and the activa-
tion of autophagy in the CNS. The fact that the func-
tional activity of these receptors is associated with the
control of synaptic signaling and plasticity mecha-
nisms, as well as with the formation of memory and
memorization mechanisms, allows us to view polyam-
ines as positive modulators of cognitive processes. In
this regard, polyamines represent a promising direc-
tion for the development of therapy for cognitive
impairment. The successful practical application of
polyamine therapy is directly related to the develop-
ment of our understanding of the functional signifi-
cance of polyamines in the pathogenesis of cognitive
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impairment, as well as a thorough analysis of possible
contraindications to its use.
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