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Abstract

In today’s global population aging environment cognitive impairment appears to be increasingly prevalent and become one
of the leading causes of disability and mortality in the world. Increasing life expectancy is accompanied by more frequent
occurrence of neurodegenerative and metabolically provoked lesions of the central nervous system. In addition to age-relat-
ed changes, endocrine pathology plays a significant role in the development of cognitive deficiency. This pathology includes
diabetes mellitus, thyroid diseases, metabolic syndrome and adrenal pathology. Key pathogenic mechanisms are oxidative
stress, neurological inflammation, calcium homeostasis disturbances, endothelial dysfunction and mitochondrial disorders.
Sigma-1 receptors (SIR) are of special attention in current studies. They perform the function of intracellular chaperones
and regulate a wide range of neural processes including neuroplasticity, synaptic transmission and cellular homeostasis.
SIR activation is associated with neuroprotective effects, decrease of neurological inflammation and improvement of cogni-
tive functions. Pyrrole derivatives as potential SIR ligands are considered among the promising areas of pharmacotherapy.
They combine antioxidant, anti-inflammatory and neuroprotective properties. Modern SIR agonists including Pridopidine,
Blarcamesine and Dimethyltryptamine in particular, are of special interest. They demonstrate positive results in preclinical
and clinical studies. Therefore, targeting of Sigma-1 receptors is a promising approach to the development of new effective
means for the correction of cognitive impairment, especially in patients with metabolic and endocrine disorders.
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Introduction

Dynamics of a global life expectancy demonstrates
a continuous increase due to innovations in health
care and better well-being of the population. While life
expectancy was under 60 years in the last century, it
reached nearly 70 yearsin 2019, and itis projected torise
to 82 years by 2075 [1]. At the same time, demograph-
ic aging is associated with an increasing prevalence of
age-related disorders including cognitive impairment.
According to the World Health Organization, there

were over 55 million people worldwide living with de-
mentia in 2020. Forecasts suggest that this number will
double every 20 years, reaching 82 million by 2030 and
155 million by 2050 [2].

The role of endocrine and metaholic disorders
in the development of cognitive deficiency

In addition to age, endocrine pathology occurring
due to hormonal imbalance and metabolic changes is
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one of the causes of cognitive impairment, since it af-
fects the cerebral function [3]. Hormones regulate neu-
roplasticity, metabolism in the nerve cells and circula-
tion, therefore any deviation from the norm can result
in deterioration of memory, attention and thinking.
Diabetic encephalopathy, for example, is known to be
characterized by decreased intelligence, low speed of
information processing and memory deterioration.
Both hyperglycemia and hypoglycemia produce a neg-
ative effect on neurons. Type 2 diabetes mellitus sig-
nificantly increases the risk of dementia, particularly
Alzheimer’s disease (often referred to as type 3 diabe-
tes) by several times [4]. Oxidative stress of confirmed
to be a key factor provoking cognitive deficiency in
diabetes [5], obesity [6], which is a significant problem
of public health and becomes especially relevant in the
context of growing global diabetes prevalence and pop-
ulation aging.

Itis important to note that diabetes-associated cog-
nitive dysfunction (DACD) occurs in 13.5% of patients
with diabetes mellitus. Dementia is the second leading
cause of death among DM patients. Du M. et al. (2023)
in their study in a mouse model of T1D (Streptozoto-
cin, 50 mg/kg, intra-abdominal 5 days) established that
an elevated glucose level decreases SIR expression in
the hippocampus astrocytes leading to an excessive
formation of contacts between the endoplasmic retic-
ulum (ER) and mitochondria, activation of ER stress
response (axis PERK-eIF20-ATF4-CHOP), intensified
synthesis of C3 complement component and release of
C3a anaphylatoxin. Interaction of C3a with C3aR re-
ceptors on neurons caused synaptic degradation - de-
creased levels of PSD-95 and synapthophyzin, reduced
dendritic spine density in the hippocampal CAl area
and spatial memory impairment (Y-maze test and Mor-
ris water labyrinth). Administration of SIR PRE-084
agonist (0.25 mg/kg intra-abdominally 3 times a week
during 8 weeks) made all the above parameters normal.
It should be noted that a direct blockade of C3aR recep-
tor with the antagonist SB290157 reproduced a neuro-
protective effect of PRE-084, confirming a causal role
of the astrocytic complement cascade in pathogenesis
of DACD [7].

Literary sources admit [8] that thyroid diseases
(hypo- and hyperthyroidism) result in general inhi-
bition, short-term memory impairment, depressive
states, and reduced concentration or difficulty focus-
ing due to nervous system overstimulation. Metabolic
syndrome considerably increases the risk of develop-
ment of mild cognitive impairment (MCI) [9]. Adrenal
pathology, for example Cushing’s syndrome, causes
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hippocampal atrophy, which directly correlates with
memory and cognitive impairment [10].

Considering the above, it can be stated that cogni-
tive impairment is a leading cause of disability and the
second leading cause of mortality in the world, and
they are the main factors promoting social burden [11].

Since current approaches to the treatment of am-
nestic disorders in the majority of cases are not suffi-
ciently effective, there isa need to find new compounds
able to better decrease the signs of depression and im-
prove cognitive functions. One of the promising tar-
gets to develop such drugs is Sigma-1 receptors [12]. An
interesting target demonstrating promising results
concerning treatment of many neurological and neu-
rodegenerative disorders is pyrrole derivatives for the
development of Sigma-1 (o1) receptor ligands acting as
agonists or modulators.

Therefore, the objective of our study was to car-
ry our literary search for new compounds with pro-
nounced antioxidant and anti-inflammatory proper-
ties able to effectively decrease lesions of the nervous
tissue and restore impaired function of neurons, which
will promote correction of cognitive impairment.

Pyrrole derivatives as promising compounds

Our attention was focused on pyrrole derivatives.
Literary sources indicate that pyrrole isa nitrogen-con-
taining heterocyclic 5-membered ring, characterized
by a wide range of application in the pharmaceutical
area. Various pharmacological studies indicate anti-in-
flammatory and anti-nociceptive activity of different
pyrrole derivatives [13, 14]. Certain of these compounds
demonstrated selective inhibition of cyclooxygenase-2
(COG-2) and significant suppressive effect on prosta-
glandin production [15]. Thus, considerableeffortswere
directed to synthesis of pyrrole compounds as COG-2
inhibitors for the treatment of inflammatory diseases.
The studies on their application in neurodegenerative
states such as Parkinson’s disease are still ongoing [16].

Pyrrole derivatives are a promising class of com-
pounds for the development of the ligands of Sigma-1
(o1) receptors acting as agonists or modulators.

Sigma-receptors as a therapeutic target

¥ - receptors are classified into two subtypes
known as Sigma-1 receptor (SIR) and Sigma-2 receptor
(S2R). Sigma-1 receptors are multifunctional proteins
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located in the membranes of the endoplasmic reticu-
lum. They play an important role in the intracellular
signalization, interacting with various receptors, ion
channels, lipids and kinases. Disorders of their func-
tion or the level of their expression may promote the
development of various pathologies including depres-
sion and memory impairment in particular. Therefore,
the effect on Sigma-1receptorsis considered as a poten-
tially effective approach to the treatment of diseases of
the central nervous system [12].

SIR is a multifunctional protein with a mass of
25kDa that is ligand-regulated and acts as a chaperone
on endoplasmic reticulum membranes and regulates
inter-organelle signalization. SIRs play an important
biological role in cognitive processes providing regu-
lation of Ca?-signaling, neuroplasticity control, mod-
ulation of the neuromediator systems (glutamatergic
and dopaminergic in particular), and possess anti-ap-
optoticaction as well. Their activation promotes better
learning and memory, decreases neurological inflam-
mation and increases neuron survival, which is stipu-
lated by their ability to act as multi-target regulators
through their interaction with NMDA-receptors, ion
channels and GPCR-receptors [17]. S2R is a transmem-
brane protein of the endoplasmic reticulum with bind-
ing site. Its molecular identity is defined as TMEM97. It
is a biological marker of rapidly dividing cells. There-
fore, our attention was attracted to the first type, since
SIR agonists possess various SIR-mediated signaling
functions that in general can be characterized as neu-
roprotective ones [18].

SIR is a ligand-regulated protein widely expressed
in many organs including the nervous system. It plays
an important role in the modulation of neuronal phys-
iology and synaptic plasticity [19]. Many SIR agonists
possess neuroprotective action, and SIR loss acceler-
ates neurodegenerative phenotypes [20]. Neuropro-
tection due to SIR activation is achieved through the
variety of signaling functions that promote cellular
homeostasis and synaptic stability [21].

In recent years, many studies have described nu-
merous SIR functions, which help maintain an ade-
quate cellular homeostasis. SIR was first described as
an opioid receptor [11]. Later it was termed as a calci-
um-sensitive ligand-regulated endoplasmic reticulum
chaperone [19]. In scientific literature, the endoplasmic
reticulum (ER) is known as the most functional cell or-
ganelle [22]. Therefore, it is not surprising that SIR is
associated with a number of mechanisms (for example,
response to stress, Ca? homeostasis, lipid metabolism,
autophagy etc.). To understand SIR biological func-
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tions better, it is necessary to clarify ER structure, its
organization and functions. As a continuous intercon-
nected membrane network, the ER exhibits two major
domainsincluding nuclear envelope and peripheral ER.
The nuclear envelope consists of two flat membrane
biological layers of the ER, which after laying create
internal and external nuclear membranes [23]. Accord-
ing to the morphological findings of the peripheral ER
were visualized by means of electronic microscopy and
classified into rough ER (RER) and smooth ER (SER).
On the one hand, RER is characterized by the pres-
ence of ribosomes bound with ER membrane, and now
called ER plates. On the other hand, SER does not con-
tain ribosomes on its membrane and now is called ER
tubules [22, 24]. Both plates and tubules originate from
the external membrane [25]. Despite the relationship,
the external membrane, plates and tubules are associ-
ated with different functions and are spatially separat-
ed, which explains various biological functions of SIR.

Nowadays, SIR is known as a unique protein not
related to any traditional class of opioid receptors, con-
sidering its ability to bind a multitude of ligands, and
is thus officially classified as a non-opioid intracellular
receptor [26]. Although it isimportant to know that SIR
does not completely respond to generally accepted defi-
nition as a “receptor”, considering the lack of a direct
activation of signaling pathways after ligand binding.
This receptor is expressed in many organs and systems,
but it demonstrates the highest protein expression in
the liver, placenta and brain (especially in the cerebel-
lum, hippocampus, basal ganglia and cerebral cortex).
It is important to note that brain transcriptomic data
are indicative of higher SIR expression in glial cells
than in neurons [11].

Pharmacological modulation of
Sigma-1 receptors

SIR agonists act as “enhancers” of neuronal sur-
vival through several mechanisms. One of them is re-
ducing brain edema, which is confirmed by preclinical
studies with PRE-084 drug. In the case, when the drug
was administered immediately after injury, significant
decrease of edema and neurological deficiency were
indicated [27, 28]. Another mechanism is control over
neurological inflammation. Thus, SIR modulators are
able to decrease chronic hyperactivity of the microglia,
which after an injury instead of help begins to destroy
healthy tissues [29]. At the same time, modulators of
these receptors are indicated to possess mitochondrial
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protection by means of maintenance of cell energy bal-
ance and blockade of excessive calcium release, which
is the main cause of neuronal death after traumatic
brain injury [30].

Preclinical findings concerning neuroprotective
potential of PRE-084 in diabetes mellitus are of special
attention. Du M. et al. (2023) in their study in a mouse
model of T1D, C57BL/6 (Streptozotocin, STZ) demon-
strated that PRE-084 administration (0.25 mg/kg into
the abdomen, three times a week during 8 weeks) made
disturbed astrocytic ER mitochondria contact normal,
inhibited PERK-branch activation of ER-stress (de-
crease of BIP, p-eIF2a, ATF4, CHOP) and reduced release
of C3a complement component by astrocytes. This pre-
vented synaptic degradation in the hippocampal CAl,
increased the levels of PSD-95 and synapthophyzin,
and restored spatial memory according to the results of
Y-maze test and Morris water labyrinth. These results
are indicative of an astrocytic axis ER-stress » C3/C3a
complement - synaptic loss as a crucial pathogenic
mechanism of cognitive dysfunction in type 1 diabetes
mellitus [7].

Simultaneously, Shi L. et al. (2025) in their model
of T2D on rats Sprague-Dawley (combination STZ with
high fat diet, HFD+STZ) demonstrated that PRE-084
activates the signal cascade ERK/CREB - BDNF in-
crease » PSD-95 increase in the hippocampal CAl
neurons. The specificity of this mechanism is con-
firmed by dual pharmacological blockade. SIR agonist
BD1047 eliminated PRE-084 effect on a receptor level,
and a TrkB receptor agonist - ANA-12 on the level of
BDNF-dependent transduction. Therapy with PRE-084
significantly improved performance of Morris water
labyrinth test and decreased brain atrophy (according
to CT visualization) and death of the hippocampal neu-
rons (according to histological analysis). The results
obtained are indicative of the fact that the neurotroph-
ic axis SIR/ERK/CREB/BDNF is the second, independ-
ent of the astrocytic one, therapeutic mechanism in
DACD. It can be of a certain therapeutic value in type 2
diabetes mellitus [31].

Thus, two independent studies consistently
demonstrate the neuroprotective potential of the SIR
agonist PRE-084 in both major types of diabetes melli-
tus - through complementary molecular mechanisms.
This strengthens the evidence base for the concept of
SIR targeting as a promising approach to correct cog-
nitive impairment in metabolic endocrine pathologies.

Another highly selective Sigma-1 receptor agonist
currentlyundergoingclinical trialsasa potential means
of treatment for Huntington’s disease and amyotrophic
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lateral sclerosis (ALS) is Pridopidine. Certain scientific
studies presented the evidence that it helps to restore
the structure of the mitochondria-associated mem-
brane of the endoplasmic reticulum, make calcium
balance and autophagy normal, decreases endoplasmic
reticulum stress, improves mitochondrial function
and reduces the level of oxidative lesion. Moreover, it
intensifies axonal transport, stimulates the secretion
of brain-derived neurotrophic factor (BDNF), and im-
proves synaptic plasticity and dendritic spine densi-
ty. In preclinical models, Pridopidine exhibits a pro-
nounced neuroprotective effect. Itis characterized by a
biphasic dose-response effect, typical for SIR agonists.
Due toits effect on basic mechanisms of cellular surviv-
al, Pridopidine is considered as a promising means able
to modify the course of a disease in various lesions of
the nervous system [32].

The scientific literature sources reviewed indicate
that most specific compounds are in the stage of their
active development or testing for related conditions,
which provides a basis for their administration in the
treatment of brain lesions accompanied by cognitive
impairment. For example, Blarcamesine has complet-
ed Phase IIb/III trials for Alzheimer’s and Rett’s dis-
eases with positive results obtained in restoring cel-
lular homeostasis. According to Anavex Life Sciences,
Blarcamesine is known to demonstrate the ability to
stop microglial inflammation, which is critical for re-
covery, especially after head injury [33].

Dimethyltryptamine (DMT/AP-188) is a sigma re-
ceptor agonist stimulating neuroplasticity through the
increase of BDNF level [34].

Summarizing the above, it can be stated that fur-
ther development of pharmacological approaches
directed to SIR modulation, may contribute to the
creation of effective strategies for the treatment of cog-
nitive impairment caused by endocrine and metabolic
disorders.

Conclusions

Cognitive impairment is a global medical and so-
cial issue, with its prevalence increasing due to pop-
ulation aging and the growing incidence of metabolic
and endocrine diseases. Sigma-1 receptors (SIRs) are
key regulators of cellular homeostasis and neuronal
function, and their activation exerts pronounced neu-
roprotective effects, making them promising thera-
peutic targets. Pyrrole derivatives represent a prom-
ising class of compounds for the development of new
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pharmacological agents due to their antioxidant, an-
ti-inflammatory, and potentially Sigma-1 receptor-me-
diated effects. Modern Sigma-1 receptor agonists, in-
cluding pridopidine, blarcamesine, and others, have
demonstrated promising results in preclinical and
clinical studies, supporting the rationale for further re-
search in this area. In particular, preclinical studies of
PRE-084 in models of type 1 and type 2 diabetes mellitus
have demonstrated two complementary mechanisms
of SIR-mediated neuroprotection: inhibition of astro-
cytic ER stress and the C3/C3a complement cascade,
as well as activation of the neuronal ERK/CREB/BDNF
signaling axis. Both mechanisms converge on the res-
toration of synaptic PSD-95 protein and improvement
of spatial memory in the hippocampus, further sup-
porting the potential of SIR-targeted approaches for
the correction of cognitive impairment associated with
diabetes.
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