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Emoxypine and its succinate derivative share a common hydroxypridine structure, which is similar to pyridoxine.
These compounds have been utilized therapeutically and industrially, owing to the wide range of properties
offered. This includes antihypoxic, neuroprotective and cardioprotective effects, along with pharmacokinetic
benefits such as the ability to cross the blood brain barrier (BBB), owing to its relatively small size and low

Mexidol . . s . . R TP
Acute kidney injury molecular weight. It was observed that emoxypine exhibited iron chelating property in vitro, indicating its usage
Cerebroprotection as a promising therapeutic strategy in the management of neurodegenerative conditions such as Alzheimer's

disease (AD), as well as hematologic disorders like thalassemia and hemochromatosis. In addition to this, it has
been observed to exert a potent antioxidant effect, therefore, it may be considered for the amelioration of dis-
orders resulting from free radical injury. Studies on its mechanism of action and implications on cellular and
molecular levels would help to further the understanding of its benefits, as well as prospects for filing patents for
novel applications. The primary focus of this review is to shed light on the broad spectrum of pharmacological
properties offered by emoxypine and its succinate derivative, and to highlight the scope for an increased number
of pre-clinical and clinical trials to assess its safety and efficacy. In addition to this, the highlights of this article
include the recent patents filed and scope for novel applications of these agents.

1. Introduction

Emoxypine succinate is pyridoxine derivative (Manin et al., 2018),
that finds its application most widely as an antioxidant ((Zor'kina et al.,
1998a), followed by modulatory effect on receptors as a membranotropic
agent (Rumyantseva et al., 2012). It has been observed to possess a wide
range of therapeutic potentials, ranging from vascular effects such as
anti-ischemic, cardioprotective and anti-atherogenic properties (Loz-
nikova et al., 2014), to neurological effects like anti-convulsant, neuro-
protective and nootropic effects (Volchegorskii et al., 2019a,b).

Its properties as a vascular agent have been extensively studied,
demonstrating effects as a platelet aggregation inhibitor and retarder of
blood clotting by activation of the prostaglandin-thromboxane system, or
by modulating the activation and shape of the platelets (Loznikova et al.,
2014; Krynytska et al., 2019). Smirnov and Kuzmin are credited as the
originators of the drug, which is widely circulated in Russia under the
brand name Mexidol and is being studied in other regions, on account of
an increased interest in its properties. Owing to its Russian origin,
approval was not obtained for its usage in the United States or Europe.
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However, certain companies intend on engaging in screening of drugs
such as emoxypine in globally accepted animal models for new diseases,
filing new intellectual property rights and then progressing into an off
level phase II trial in the country where approval is being sought
(Smirnov, Kuz'min, and Kuznetsov, 2005).

Carrying out further research on the molecule and its derivatives
would help to further our understanding of the spectrum of pharmaco-
logical actions, pharmacokinetic properties, and adverse effects, as well
as possibilities for development of formulations using novel drug delivery
systems, to overcome the barriers of traditional drug delivery. In addition
to this, the broad range of effects of these agents could prove to be useful
in combined administration with other drugs, mainly to exert a syner-
gistic effect and to enhance the therapeutic potentials of these agents.
This, in turn, may be employed for the management of a number of
conditions, ranging from neurodegenerative, cardiovascular, ophthalmic
and hematological complications (Voronina and Ivanova, 2019).

This review highlights the potential therapeutic properties of Emox-
ypine and the preclinical and clinical studies on the same. Also, the recent
patent applications on the pharmacological properties of Emoxypine
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Table 1
General information on emoxypine succinate.
Structure fo)
OH
Z= HO,
~ CH, OH
H,C N
o
Synonyms Emoxypine succinate, Mexidol, Methylethylpiridinol succinate,
Mexiprim
IUPAC Name Butanedioic acid, 2-ethyl-6-methylpyridin-3-ol
Molecular 255.26
weight
Molecular C12H;7NOs
formula
Elimination half- 2-2.5h
life
Melting point 170-172°C

have been highlighted. The aim of this manuscript is to provide brief
insight on the various pharmacological properties of Emoxypine and its
molecular pathways, to boost the further research on this potential
molecule.

2. Chemistry and SAR of emoxypine succinate

Emoxypine succinate (2-ethyl-6-methyl-3-hydroxypyridine) is a
choline salt of succinic acid, derived from 3-hydroxypyridine and suc-
cinic acid (Table 1). (Voronina, 2012) Owing to its hydrophilic nature,
2-ethyl-6-methyl-1,3-hydroxypyridine has limited transport capacity to
the nervous tissues and brain. Therefore, it is desirable to develop novel
3-hydroxypyridine derivatives, with increased lipophilicity, thereby
increasing permeability across the blood brain barrier (BBB) (Biryukov,
Dmitri Valerievich and POMYTKIN, Igor Anatolievich, n.d.). Experi-
mental data shows that the 2-ethyl-6-methyl-3-hydroxypyridinium
cation in emoxypine, in addition with the succinate ion (both of which
are found in emoxypine succinate) exerts a combination effect. The
succinate portion is responsible for a loss in the MAO-stimulating effect,
while the 3-hydroxypyridine component brings about a marked reduc-
tion in the MAO-inhibiting activity (Volchegorskii et al., 2018). The
presence of these moieties allows these agents to be considered as a
highly promising therapeutic strategy in the management of metabolic
diseases resulting from endothelial dysfunction. In addition to this, the
membranotropic effects exerted by these molecules assist the mainte-
nance of the viscosity of the lipid bilayer, thereby regulating key phar-
macokinetic parameters (Burlakova et al., 1984). The succinate ion in the
structure of emoxypine succinate shows an indirect prooxidant action.
This activity is a result of the generation of hydrogen peroxide, which is
the end-product of the mitochondrial oxidation of succinic acid, and is
known to have a role in inducing free-radical oxidation (Shchulkin,
2018a). In terms of its chemical structure, emoxypine succinate is
simultaneously a 3-hydroxypyridine and a succinic acid derivative
(Volchegorskii et al., 2013).

3. Mechanism of action of emoxypine and its succinate
derivative

Emoxypine succinate finds a wide application in the treatment of a
variety of pathological conditions owing to its anti-inflammatory activity
(Gubskil et al., 1999) and the ability to counteract stress-induced hypoxic
conditions (Zor'kina et al., 1998a).

Experimental studies show the antinecrotic effects of Mexidol in skin
ischemia. Administration of mexidol on an animal model of male albino
rats (25 mg/kg, 3 days) showed a decrease in activity of the enzyme
aspartate transaminase and creatine phosphokinase. Coupled with a
decrease in cytolysis, the action of mexidol arrested the progression of
skin necrosis. The target site for action of mexidol was observed to be the
NADH-ubiquinone system (Galenko-Yaroshevskii et al., 2005).
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Emoxypine succinate regulates the antioxidant defense system by
increasing the activity of the enzyme catalase as well as glutathione
peroxidase, resulting in the neutralization of hydrogen peroxide radicals.
It shows a direct interaction with the lipophilic as well as water-soluble
radicals present in the phospholipid membranes, and this activity may
be employed in the protection of ischemic skin from secondary damage
and the exertion of a dermatoprotective effect (Galenko-Yaroshevskii
et al., 2005).

In addition to the anti-ischemic activity in the integumentary system,
derivatives of emoxypine exert a wide range of pharmacological actions
such as management of hypoxia (Luk’yanova et al., 1993), reduction of
ATP loss in case of ischemia of the brain or myocardium and maintenance
of oxidative phosphorylation (Luk'yanova et al., 1990; Ludmila D.
Lukyanova and Kirova, 2015).

Administration of mexidol also decreased plasma ALT and AST levels
significantly in the animal models being studied (Bushmina et al., 2018).
Succinate containing derivatives of 3-hydroxypyridine, such as emox-
ypine succinate, are considered to be energotropic substances (L. D.
Lukyanova et al., 2009). The succinate component offers an energy-rich
substrate, undergoing oxidation by the enzyme succinate dehydrogenase
(SDH), present in the mitochondrial enzyme complex II (MEC II). In
hypoxic or ischemic conditions, this oxidative process counteracts the
reduction of mitochondrial enzyme complex I (MEC I), thereby main-
taining the synthesis of ATP. In terms of mechanism of action, succinate
derivatives are responsible for enhancing the flow of electrons between
MEC I and MEC II, as well as directly interacting with the respiratory
chain to raise the sensitivity of the process to malonate (Demchenko
et al., 2008).

In an experiment conducted by Motin et al., on an animal model using
outbred albino rats, emoxypine succinate was found to stimulate the
respiratory activity of the brain samples, at a concentration of 5 mM
succinate. The central beneficial action of mexidol may be mediated by
ion channels containing glutamate- and GABA-ergic components, pre-
dominantly via suppression of ion currents via the NMDA receptor
complex (Motin et al., 2012).

Mexidol exerts its membrane protective action by decreasing the
viscosity of cell membranes. It aids the enhancement of ligand-receptor
interactions by inducing allosteric changes in receptor conformation
(Rumyantseva et al., 2012). Mexidol has been shown to increase binding
interaction at GABA-benzodiazepine receptor complex (Iasnetsov et al.,
2012). As an anxiolytic agent, Mexidol exerts a GABA-modulating action
and may be used in the treatment of acute strokes, in conjunction with
traditional anxiolytics (Androfagina et al., 2015). Also, mexidol was
found to be the most efficient in mitigating PTZ-induced seizures.
Therefore, mexidol exhibits neuroprotective action by inhibiting the
generation reactive oxygen species (ROS) and Nitric oxide (NO) forma-
tion (Bashkatova et al., 2003). The anti-aggregant action is precipitated
by the ability to prevent thrombosis in the microcirculatory bed, and also
by activating GABAergic vasodilation mechanisms (Mirzoian et al.,
2014). Emoxypine exerts a protective action by inhibiting generation of
free radicals and blocking markers of inflammation such as cytosine.
When used in therapeutic concentrations, it suppressed the aggregation
of platelets (Loznikova et al., 2014).

Emoxypine has been reported to have retinoprotective properties,
owing to the suppression of the enzyme phosphodiesterase, which affects
the levels of ADP and ATP due to variations in the amounts of cyclic
nucleotides (Voronina, 2012). In the experimental animal models used
(chick embryos and rabbits), emoxypine was seen to have an inhibitory
effect on angiogenesis, even at low concentrations (Sologub et al., 1992).
This makes it wuseful in the treatment and management of
hemophthalmia.

A predominant causative factor for ophthalmic degenerative diseases
like Cataract and Glaucoma is the expression of lipid perox-
idation.(Babizhayev et al., 2009) Emoxypine exerts an antioxidant ac-
tion, as well as causes a reduction of pupillary diameter and intraocular
pressure. This may be attributed to the action on the cholinoreceptive
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Mechanism of action of Emoxypine and its succinate derivative
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Fig. 1. An overview of the mechanism of action of Emoxypine and its succinate derivative.

Table 2
Pre-clinical studies of emoxypine and its succinate derivative.

Drug Animal Specifications Dose Study duration Study design Results Reference

administered

Emoxypine 150 adult mongrel rats 6.25,12.5and  Open field test and forced The duration of behavioural 24% decrease in immobility Volchegorskii
of both genders, 25 mg/kg swim test (25 min and 30 despair was assessed on the while swimming, 53% et al. (2019)
weighing 180-240 g min after drug basis of the duration of decrease in orientational

administration). immobility of the animals. activity of rats.

Mexidol 310 adult mongrel rats 12.5, 25, 50 17 days Alloxan monohydrate induced 1. Anxiolytic properties Volchegorskii
of both genders, mg/kg) model of Diabetes mellitus 2. Non-selective increase in et al. (2019)
weighing 180-220 g movement into open arms

of the Elevated Plus Maze
3. Mild tranquilising action
Mexidol Rat liver 196 Mm Experiments were Enzyme substrate reaction test  Anti-depressant and (Volchegorskii
solution Mezxidol performed in five repeat on the rat liver homogenate thymoanaleptic activity. etal., 2018, 3)
solution, series.
diluted 25-
fold

Mexidol Non-linear albino rats 100 mg/kgi.p. - Acute Kidney Injury model for 1. Significant improvement in ~ Shchudrova et al.
(aged 4-6 months), rat and mice the kidney injury. (2018)
albino mice (aged 2-3 2. Increased the chances of
months) Survival

Emoxypine Isolated rat hearts 10 mg/kg, i.v. Studied over 15 min Intra-coronary administration 1. Increase in collateral Gatsura and

of Emoxypine coronary blood flow Smirnov (1993)
without altering the
systemic arterial blood
pressure.
2. Decrease in perfusate
outflow in rat hearts,
indicating the coronary
dilating action of

emoxypine.

characterized by an excessive iron build-up in the body (Imam et al.,
2017). Fig. 1. Nlustrates an overview of the mechanism of action of
Emoxypine and its succinate derivative.

structures of the sphincter muscles, or via alteration of the lipid mem-
branes(Yanovskaya, Shtol'ko, and Burlakova, 1993).

Emoxypine and its succinate derivative have shown promising effects
in the management of several neurodegenerative diseases (such as Alz-
heimer's, Parkinson's, and Multiple sclerosis), and the proposed mecha-
nism of action was the inhibition of prooxidants in the mitochondria
(Litvinenko et al., 2019). Additionally, the phosphorylated and unphos-
phorylated derivatives of Mexidol were seen to exert iron-chelating
properties. This property may be used in the management of neurode-
generative disease conditions, as well as hematological disorders

4. Pharmacological actions of emoxypine and its succinate
derivative

Emoxypine and its succinate derivative offer a wide range of phar-
macological actions, which have been established based on results ob-
tained from experimental studies. These agents have been employed in
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Table 3
Clinical studies of Emoxypine succinate (Mexidol)-.
Drug administered Subjects Study duration Study design Results Reference
Mexidol (500 mg/day, 318 patients with chronic Intravenous administration of Multicentre, 1. Good safety profile for the (Finberg, 2014)
intravenously) followed by brain ischemia Mexidol for 2 weeks, followed  randomised, usage of Mexidol

Mexidol forte (250 mg/3 by oral administration of placebo-controlled 2. Significant improvement of
times a day) Mexidol Forte for 60 days trial symptoms in comparison to the
placebo group
3. Improvement in the evaluation

Mexidol (500 mg/day),
administered intravenously

150 patients in acute and
early stages of hemispheric

10 days of intravenous
administration, followed by 8

Randomised,
double-blind, multi-

tests administered, such as CGI
scale, Beck anxiety scale and
Tinetti scale.

1.Established efficacy in long-
term therapy

Stakhovskaya
et al. (2020)

followed by Mexidol forte ischemic stroke weeks of oral supplementation  centre, placebo 2. Reduction in depressive
(125 mg/3 times a day) controlled trial symptoms
3. Improved cognitive
functioning and mobility
4. Prospects for usage in patients
with diabetes mellitus in
addition to ischemic stroke.

Mexidol (500 mg, 50 patients with carotid IS Intravenous administration of Controlled clinical 1. Improved memory Strelnikova et al.
intravenously) followed by Mexidol for 14 days, followed  trial 2. Positive results for evaluating (2020)
administration of Mexidol by dosage of Mexidol forte for parameters such as NIHSS
forte (250 mg, thrice a day) 60 days score and MOCA test

3. Improved cognitive
functioning

4. Arrested progression of spatial
impairment.

Mexidol (500 mg/day, 60 patients with chronic Intravenous administration of Clinical trial 1. Enhanced cognitive Chukanova and
intravenously) for 2 weeks, cerebral ischemia Mexidol for 14 days, followed functioning Chukanova
followed by oral by dosage of Mexidol forte for 2. Improved motor and (2019)
administration of Mexidol 60 days emotional functioning
forte (250 mg/3 times a day) 3. Good patient adherence.

Mexidol (500 mg/day, 56 patients with chronic Intravenous administration of Clinical trial 1. Enhanced cognitive and motor ~ Kutashov and
intravenously) for 2 weeks, cerebral ischemia, due to Mexidol for 14 days, followed functioning Ulyanova (2019)
followed by oral hypertensive and by dosage of Mexidol forte for 2. Reduction in symptoms
administration of Mexidol atherosclerotic 60 days 3. Marked improvement of
forte (250 mg/3 times aday)  complications emotional functioning.

Mexidol (5 ml, intravenously) 90 patients with autonomic 10 days Clinical trial 1. Exertion of a cerebroprotective =~ Dyakonova and
and Mexidol + Vinpocetine dysfunction activity Makerova (2018)
(5 ml of each, intravenously), 2. Improved circulation
diluted in 200 ml saline 3. Observation of a

vegetostabilising effect

4. Combinatorial therapy aided
the exertion of a synergistic
effect.

Mexidol (125mg/3 times a 87 patients with chronic 3 weeks Randomised, 1. Reduced symptoms of asthenia ~ (PovarninaYu.
day), p.o. cerebral ischemia (CCI) controlled trial 2. Improvement of cognitive et al., 2017)

functioning
3. Improved autonomic
functioning.

Mexidol (100 mg) and Mexidol ~ 94 patients with primary 14-21 days Randomised, 1. Enhanced velocity of blood (Edmondson,
(300 mg)+ Picamilon (150 open angle glaucoma controlled trial flow to the retinal artery 2014)
mg) 2. Improvement of visual acuity

and other visual indices
3. Exertion of a synergistic effect
by combinatorial therapy.

Mexidol (375 mg/day) 70 patients with panic 2 weeks Randomised, 1. Reduced frequency of episodes ~ Kursakov and

disorder controlled trial of anxiety and insomnia Remizevich
2. Improved autonomic (2013)
functioning
3. Enhancement of the overall
quality of life of subjects.
Mexidol (300 mg/day, 103 patients with open 2 weeks Single-blind, placebo 1. Improvement of visual field (Volchegorskil
intravenously) angle glaucoma controlled, and acuity etal, 2012)
randomised trial 2. Increased retinal
photosensitivity
3. Improved blood flow to the

retina.

Legend: CGI scale- Clinical global impression scale, 7-point scale used in pharmaceutical trials to determine the efficacy of treatment in psychiatric patients and to
indicate improvement; Beck anxiety scale- 4-point scale used to assess the degree of physical and cognitive anxiety over the course of treatment, and the scores may be
used to grade the severity of anxiety; Tinetti scale- 3-point scale used to assess mobility, by evaluating parameters such as gait, step continuity and walking time; NIHSS
Score- National Institutes of health stroke scale, indicating the severity of a stroke based on sensory evaluation; MOCA test- Montreal Cognitive Assessment, used to
assess cognitive functioning based on parameters such as attention span, memory and concentration.
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the management of neurological conditions, owing to their potent anti-
oxidant properties and advantages over conventionally used agents. In
addition to this, they have been observed to exert protective effects on
the renal and cardiovascular systems, as well as in the amelioration of
disease conditions resulting from oxidative stress.

4.1. Neurological actions

Oxidative stress has been linked with neurodegenerative disorders
like Alzheimer's, Parkinson's and multiple sclerosis (Barnham et al.,
2004). Terpene phenols, such as emoxypine, exert antioxidant properties
and are hence neuroprotective (Shchulkin, 2018b). Emoxypine and its
derivatives have shown promising results in pre-clinical and clinical
trials, conducted to assess their efficacy in the management of a variety of
neurological conditions, as outlined in Tables 2 and 3.

The antidepressant action of Emoxypine has been widely studied in
animal models. In an experimental setup designed by Volchegorskii et al.,
the effect of the drug in the alleviation of immobility was examined. The
onset of immobility was studied by subjecting the rats to forced swim-
ming, and it was noticed that a single dose of 3-hydroxypyridine de-
rivatives was responsible for a significant reduction in the immobility. In
addition to this, emoxypine was responsible for a marked decrease in the
period of behavioral distress. From the experimental evidence, it was
concluded that emoxypine exerts a potent anti-depressant effect in the
animal model studied. In place of emoxypine, using emoxypine succinate
showed an even greater decrease in the immobility and behavioral
distress period. On conducting an open-field test, it was observed that the
succinate derivative exerted a lower sedative effect as compared to
traditional anti-depressants (Volchegorskii et al., 2019a,b). In a
pre-clinical study undertaken by Zamoshchina et al. to evaluate the ef-
fects of Mexidol on lactate levels in a rat model subjected to darkness and
light, it was observed that the drug increased the activity and perfor-
mance of the animals in environments such as forced swimming and
monitoring of the physical activity of the rats under conditions of light
exposure and deprivation. Mexidol prevented a sharp rise in the lactate
levels following physical activity. The results obtained from a forced
swimming test indicated an improvement in the physical performance
and cognitive functioning of the test animals (Zamoshchina et al., 2018).

As for the mechanisms of action proposed for the thymoanaleptic
effects of 3-hydroxypyridine derivatives, it was observed that these de-
rivatives were able to stimulate the release of serotonin, followed by
suppressing its uptake by synaptosomes present in the rat brain. This
demonstrates a shared mechanism of action with tradition anti-
depressants as they both act as selective serotonin uptake inhibitors
(SSRIs) (Volchegorskii et al., 2016). Other possible mechanisms of action
may be the insulin-potentiating activity of drugs such as emoxypine
succinate (permitting usage for the management of depression that may
occur alongside Diabetes Mellitus), its anti-glucocorticoid activity and
antagonism for NMDA receptors, hence preventing excessive stimulation
(Volchegorskil et al., 2014).

The usage of emoxypine succinate has been proposed as an alterna-
tive approach for the treatment of anxious-depressive disorders (ADD)
that may occur alongside diabetes mellitus (DM). Traditional approaches
employed for the treatment of ADD have certain drawbacks, such as the
decrease in thymoanaleptic activities of some selective serotonin reup-
take inhibitors and varying effects of conventionally used antidepressants
on carbohydrate metabolism. In addition to this, they may exert certain
undesirable side effects, such as suppression of neurological and cogni-
tive functioning due to their central myorelaxant action (Volchegorskii
et al., 2019a,b). Studies have shown the insulin potentiating activities of
3-hydroxypyridine derivatives, alongside their antihypoxic actions,
neuroprotective effects(Volchegorskil et al., 2014) and the ability to in-
crease tolerance to glucose loading (Volchegorskii et al., 2019a,b). In a
recent clinical trial conducted to assess the effects of Mexidol in the
management of DM in conjunction with neurological complications, it
was observed that the drug significantly improved cognitive functioning,
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sleep patterns and led to an overall stabilization of biochemical param-
eters. According to research findings, Mexidol (75 days of therapy) can be
used as an adjunctive medication for patients with diabetes.(Pugacheva,
2022).

In a study conducted by Deviatkina et al., pretreatment with emox-
ypine succinate before induction of conditions of immobilization stress
showed positive effects in the regulation of glycolysis. Based on the
monitoring of glucose levels in the brain and peripheral organs, it was
observed that the administration of the drug facilitated the favoring of
pyruvate, which is a more preferred substrate for the oxidation proc-
ess(Deviatkina et al., 2004). In another study undertaken by Volche-
gorskii et al., derivatives of 3-hydroxypyridine, such as emoxypine and its
succinate derivative, showed promising in vitro results, chiefly an
improved glucose tolerance owing to the exertion of an antioxidant ef-
fect. The data obtained from this study indicates the potentials of these
compounds in the management of conditions arising from an impaired
glucose tolerance and sensitivity to insulin(Volchegorskii et al., 2011).

Monoamine oxidase (MAO) is a flavin-containing enzyme, with two
known forms (MAO-A and MAO-B) (Youdim, 1971). MAO-A is chiefly
responsible for the deamination of neurotransmitters such as serotonin
and adrenaline, while MAO-B is responsible for the metabolism of
monoamines (Finberg, 2014). Hydrogen peroxide, generated as a
by-product of the reactions of MAO, results in the onset of oxidative stress
on excessive production (Edmondson, 2014). This causes free-radical
damage to lipids, proteins and nucleic acids (Leibovitz and Siegel,
1980). Emoxypine and its derivatives have been shown to exert potent
MAO inhibiting activity in vitro, indicating its usage as a selective in-
hibitor of MAO. This points to the possibility of employing these com-
pounds as a treatment strategy in the management of a variety of diseases
resulting from oxidative stress induction, as previously discussed (Tor-
shinYu. et al., 2017).

Alzheimer's disease (AD) is a progressive neurological disorder,
characterized by the prevalence of amyloid beta plaques and neurofi-
brillary (TAU) tangles in the cerebral cortex, resulting in the loss of
neuronal connections. It occurs most commonly in individuals over 65
years of age (Matthews et al., 2019), and results in a gradual decline in
cognitive and mental functioning in affected individuals. Recent ad-
vancements in research have found the deposition of amyloid plaques to
be linked to excessive accumulation of iron (Smith et al., 1997).
Notwithstanding the crucial role played by elemental iron in the regu-
lation of homeostatic physiological processes like oxygen transportation,
iron consumption beyond a threshold accelerates neurodegeneration via
activation of inflammatory pathways (Tang et al., 2018). Emoxypine
succinate, a potent antioxidant and iron chelator, has been proposed as a
novel line of treatment for AD (Imam et al., 2017). Relevant data from
in-vitro studies has supported its usage as an iron chelator. This char-
acteristic enables the iron ion scavenging activity, thereby arresting the
generation of superoxide radicals (Riabchenko et al., 2010).

Clinical studies have reported that the chronological administration
of Mexidol (intravenous or intramuscular followed by oral drug delivery)
is effective in the treatment of neurological disorders including neuro-
degenerative diseases, diabetic polyneuropathy, infectious neuropathies,
endovascular surgery and spinal dystrophy. (Gromova et al., 2018).

In addition to this, the usage of Mexidol has also been proposed for
the management of neurological disorders linked with addiction. It has
been proposed as a treatment strategy for addiction linked with the abuse
of alcohol and narcotic drugs, and further research must be undertaken to
highlight its applications in the management of neurological and cogni-
tive deficits associated with addictive disorders (Shamrey et al., 2020).

4.2. Protective action on the renal system

Acute kidney injury (AKI) manifests itself as an independent cause of
mortality (Rewa and Bagshaw, 2014), and may also be seen as a
co-morbidity in several diseases (Pereira et al., 2012). In a study con-
ducted by Shchudrova et al. to study the renoprotective effects of
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Mexidol in conjunction with organospecific peptides, an animal model of
non-linear white rats was used. AKI was induced by several methods, and
it was observed that a therapy of Mexidol and peptides showed a survival
rate of 100% in case of rhabdomyosis-induced ischemia-perfusion AKI in
the experimental group. This line of therapy also showed promising re-
sults in ethylene glycol-induced AKI over a short time duration. Among
the compounds studied, it was observed that a combination of endo-
thelial lipase blocking (EDL) peptides and mexidol had the highest suc-
cess rate in preventing the death of the animals (Shchudrova et al., 2018).

The main mechanisms of pathogenesis of AKI include damage of
proximal tubular cells, oxidative stress, apoptosis, and ischemia, to name
a few. A combination therapy of organospecific peptides and Mexidol
helps exert a cytoprotective effect, thereby countering these pathogenic
mechanisms. A few possible explanations for the exertion of this activity
include increased kidney resistance, inhibition of progression of the
disease and protection of nephrons(Shchudrova et al., 2018).

4.3. Effects on the cardiovascular system

With reference to the cardioprotective effects exerted, the efficacy of
3-hydroxypyridine derivatives was studied in rat models in a trial con-
ducted by Gatsura et al. Emoxypine was seen to increase collateral cor-
onary blood flow without significantly altering the systemic arterial
blood pressure(Gatsura and Smirnov 1993). It was seen to have a greater
dilatory effect in comparison with other derivatives studied (Loznikova
et al., 2014). In a separate study conducted by Konorev et al., emoxypine
was seen to produce anti-anginal effects by initiating repair processes in
the myocardial infarct zone (Konorev et al., 1990).

In a preclinical research conducted to assess the application of mex-
idol in the management of cardiotoxicity in case of acute pancreatitis
using a model of adult mongrel dogs, it was observed that the drug
boosted the antioxidant defense system, reduced lipid accumulation in
the heart tissues and prevented the occurrence of cardiotoxicity (Polo-
zova, 2018). Also, a preclinical study conducted by Konoplja et al. to
monitor the effects of alcohol administration post occurrence of
pancreatitis, thereby affecting the structure and functionality of eryth-
rocytes. Mexidol administration helped in the stabilization of the eryth-
rocytes and limited the damage to the cardiovascular system (Konoplja
et al., 2017).

4.4. Antioxidant and anti-hypoxic properties

Emoxypine succinate has been observed to control the expression of
free radicals, alongside in vitro inhibition of prooxidative enzymes. In
addition to a potent antioxidant effect, the presence of the succinic acid
moiety supports enzymatic functioning in conditions of cell hypoxia, and
increases the affinity of the molecule to receptors such as GPR91 as
demonstrated in a trial conducted by Schulkin et al. (Shchulkin, 2018c).
In order to further evaluate the antihypoxic effects of emoxypine succi-
nate, a clinical trial conducted by Kulai and Kovalchuk assessed the ef-
fects of its concurrent administration with hyperbaric oxygen. Results
showed a positive effect in the control of the acute phase of hypoxia,
along with minimization of neurological implications of oxygen starva-
tion (Kulai et al., 2018). The antioxidant effects of emoxypine succinate
have also been employed in the designing of oral formulations and
toothpastes, and its usage as the active ingredient has been observed to
exert antioxidant effects in the oral cavity (Udyanskaya et al., 2020).

In a clinical trial conducted by Abramenko et al. to evaluate the ef-
ficacy of varying strengths of the compound administered by different
routes (500 mg-intravenous/intramuscular injections and 250 mg-coated
tablet doses), a marked improvement in cognitive and motor functioning
of patients suffering from chronic cerebral ischemia was observed. In
addition to this, a good patient compliance to the drug therapy was also
observed (Abramenko and V, 2020). In a similar study, administration of
similar dosing of emoxypine succinate over two months was associated
with an improvement in indices used to evaluate ischaemic stoke, such as
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the Rankin scale and Bartel Index (Loskutnikov et al., 2020). A
pre-clinical study carried out by Kolesnikova et al. to evaluate the role of
oxidative stress in reduced glucose uptake showed the protective effects
of Mexidol in the management of oxidative stress, and regular therapy of
this antioxidant was associated with improved glucose transportation
(Kolesnikova et al., 2017).

In a separate study conducted by Lukyanova et al., emoxypine suc-
cinate was observed to exert an anti-ischemic action in the rat brain and
ischemic myocardium by increasing the coupling of oxidative phos-
phorylation and mitochondrial respiration. This resulted in an increased
synthesis of succinic acid, resulting in the activation of the succinate
oxidase pathway in the event of hypoxic conditions. This shows the
promising effects of the drug in the management of metabolic disorders
linked with the onset of hypoxic conditions (L. D. Lukyanova et al.,
2009). Intraperitoneal administration of Mexidol (100 mg/kg) for a week
exerted an anti-ischemic effect in a rat model of ischemic stroke induced
by transient occlusion of the middle cerebral artery. Thus, indicating the
usage of this drug in the management of hypoxic conditions and cogni-
tive deficits arising from neurological conditions (PovarninaYu. et al.,
2017).

Emoxypine has also demonstrated certain benefits in the management
of hypoxia, showing positive results in case of administration to hypoxia-
sensitive rats. An increase in survival time was observed as a result of
dosage, in a study conducted by Gatsura et al. (Gatsura and Smirnov
1993). With reference to high-stress conditions in animal models (such as
sudden exposure to new environments, bright lights, or introduction of
animals to open spaces), doses of emoxypine succinate between 50 and
100 mg/kg of body weight showed promising results in eliminating
fear-like symptoms in the test animals(Zor'kina et al., 1998b). As opposed
to traditional anxiolytic medications, it possesses the advantage of not
causing sedation or myorelaxation(Voronina et al., 2007). These results
present the possibility of its usage for humans to produce similar effects
in stress conditions.

In an in-silico research setup to assess the antioxidant potentials of
Mexidol, it was observed that the drug initiated the chelation of copper
ions, leading to the formation of Cu (II) complexes that were relatively
more difficult to reduce than the element in its free form. Mexidol was
observed to be mediated by suppressing the rate of reduction by ascorbic
acid and oxygen, that function as the two main agents responsible for its
reduction within biological systems. This supports its usage as an anti-
oxidant agent, owing to its ability to scavenge hydroperoxyl radicals,
thereby reducing oxidative stress (Hoa et al., 2022).

5. Contraindications and ADRs

Various clinical studies have been conducted to monitor the safety
and efficacy levels of Mexidol (at a dosage of 500 mg, intravenously, for
14 days) and Mexidol Forte (250 mg, orally, 3 times a day for two
months). Results from these trials have shown good patient adherence,
observation of the desired clinical efficacy on completion of the dosage
regime, and a low possibility of adverse drug reactions (ADRs) (Shche-
pankevich et al., 2021). In addition to this, a safety profile of concurrent
intravenous and oral administration of Mexidol (in doses of 500 mg and
750 mg respectively) in the management of ischemic conditions has also
been established. The results from the study indicate promising clinical
efficacy and a well-established safety assurance of the combinatorial
therapy (Kataeva et al., 2020). Stakhovskaya et al. studied the effects of
Mexidol administration emphasizing more on the possibility of side ef-
fects. It was observed that there was no statistically significant difference
(no adverse events reported) between the treated and the placebo control
group, indicating low possibilities for the occurrence of side-effects
(Stakhovskaya et al., 2020). However, as newer potentials of the mole-
cule continue to emerge, there is a need to conduct a greater number of
clinical trials, to monitor the long-term effects of drug administration, as
well as studies conducted in conjunction with other agents to report
contraindications, if any.
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Table 4
Recent Patents of Emoxypine and its succinate derivative-.

Sr. Application Patent number Title Therapeutic application Dosage Inventors References

No year

1. 2019 RU2721289C1 Method for modelling Neuroprotective property, 50 mg/kg, Nesterov (Nesterov Arkadij
haemorrhagic stroke in reduced mortality. administered i.p. 1 Arkadij Vitalevich,
rats h before surgery. Vitalevich et al. Kolesnichenko Pavel

Dmitrievich, and
Pokrovskij Mikhail
Vladimirovich 2020)

2. 2019 RU2706692C1 New sulfur derivatives of Protective antioxidant effect, 50 mg/kg in a Borovikov Borovikov Vitalij
2-ethyl-6-methyl- preventing developing of HepG2 liver cell Vitalij Eduardovich (2019)
hydroxypyridine hepatotoxicity in case of culture. Eduardovich

oxidative stress.

3. 2019 RU2714193C1 Method of treating Anti-inflammatory, anti- 50 mg Bratko Vladimir  (Bratko Vladimir
inflammatory or oedema, Tissue regeneration Ivanovich et al. Ivanovich, Arbeneva
dystrophic eye diseases Natalya Sergeevna, and

Kulakov Andrej
Valerevich 2020)

4. 2019 WO02020191502A1 Use of emoxypine and Anti-hypoxic effects, 160 mg/kg Williams Mark (Williams Mark)
derivatives thereof for Treatment or prophylaxis for
treating kidney disorders kidney disorders and
and inflammatory bowel inflammatory bowel disease
disease

5. 2019 RU2705040C1 Method for preventing the ~ Improvement in Emoxipine 1%, i.m. Makogon (Makogon Svetlana
progression of primary hydrodynamic indices of the Svetlana Ivanovna, Makogon
open-angle glaucoma eye, improvement in state of Ivanovna et al. Aleksandr Sergeevich,

visual fields, decrease in and Momot Andrej
Becker coefficient. Pavlovich 2019)

6. 2018 RU2684783C1 Antioxidants composition Anti-inflammatory, 5% solution of Mischenko (Mishchenko Natalya
suitable for oral antioxidant Mexidol, Natalya Petrovna, Fedoreev
administration in therapy administered i.v.- Petrovna et al. Sergej Aleksandrovich,
of inflammatory process in twice a day and Vasileva Elena
lungs Andreevna 2019)

7. 2018 RU2686462C1 Antioxidant anti- Decrease in serum C-reactive Compositions with Kireev ivan (Kireev Ivan
inflammatory preparation protein and erythrocyte varying percentages  valentinovich Valentinovich, Orobets
for animals sedimentation rate, decrease of emoxypine et al. Vladimir

in WBC count. antioxidant succinate- 10 to Aleksandrovich, and
action 25% Denisenko Tatyana
Sergeevna 2019)

8. 2018 RU2709614C1 Method of treating Nootropic action, reduction of 2 ml of 5% Mexidol =~ Lure Arman Lure Arman

encephalopathy neurological deficits and Zhenisovich Zhenisovich (2019)
improvement of cortico-
subcortical connections.

9. 2017 RU2677190C1 Method for treating Restoration of normal tear 1% solution of Ponomareva (Ponomareva Ekaterina
pathology of total tear production, prevention of dry Emoxypine Ekaterina Yurevna, Rudneva
secretion in patients with eye syndrome. administered 3 Yurevna et al. Larisa Fedorovna, and
rheumatoid arthritis times a day Ponomareva Mariya

Nikolaevna, 2019)

10. 2017 RU2661861C1 Method for treatment of Anti-inflammatory, 5% solution of Zharkova Inna (Zharkova Inna
chronic mechanical antioxidant, inhibition of lipid =~ Mexidol applied to Vasilevna et al. Vasilevna, Kabirova
trauma of the oral mucosa peroxidation the area of injury Milyausha Fauzievna,
in patients suffering with (for 5 days, twice and Gerasimova Larisa
insulin-dependent diabetes daily for 2 min) Pavlovna 2018)
mellitus

11. 2017 RU2662324C1 Agent with pancreas and Reduced mortality in the 100 mg/kg/day Yasnetsov (Yasnetsov Vladimir
hepatoprotective activity animal model, Vladimir Viktorovich, Tsublova
for parenteral hepatoprotective effect Viktorovich Elena Gennadevna, and
administration etal. Yasnetsov Viktor

Vladimirovich 2018)

12. 2017 RU2670609C1 Intranasal pharmaceutical Neuroprotective action, 0.2 mg/kg Borovikov Borovikov Vitalij
composition of 2-ethyl-6- increase in efficacy Vitalij Eduardovich and
methyl-3-oxypiridine accompanied by reduction in Eduardovich Pomytkin Igor

the therapeutic dose. et al. Anatolevich (2018)

13. 2013 WO02013137778A1  Solid dosage form having Neuroprotective, 31g of Mexidol Chelyaeva (Chelyaeva Anastasia
neuroprotector, antiamnestic, antioxidant, administered i.p. for ~ Anastasia Gennadevna)
antiamnesic, antioxidant, antihypoxic and antiischemic seven days. Gennadevna

antihypoxic, and
antiischaemic activity

activity. May be used to treat
acute cerebrovascular
accidents, neurotic disorders,
and withdrawal effects.

Legend: i.p.- Intraperitoneally, i.v.- Intravenous, i.m.- Intramuscular.
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6. Recent patents on emoxypine and its succinate derivative

Numerous significant studies on the broad spectrum of pharmaco-
logical properties offered by emoxypine and its derivatives have carried
out by researchers in Russia. Over time, studies have been conducted in
other nations as well, to evaluate the therapeutic activities, efficacy, and
safety profiling of these compounds. As a result, these compounds have
been granted patents for inventions based on a variety of actions,
including antiamnestic, antioxidant, antihypoxic, antiischemic, antide-
pressant, anti-anxiety, and cerebroprotective properties. Table 4 sum-
marizes a comprehensive list of current patents on emoxypine and its
succinate salts from the year 2013-2019, their applications, inventors,
and patent holders.

7. Challenges and future perspectives

Emoxypine, along with its various salt forms (with dicarboxylic acids
such as succinic, maleic, malonic and adipic acids) offers a wide range of
pharmacological and therapeutic benefits (Manin et al., 2018). Of these,
the most widely used derivative, emoxypine succinate (Mexidol), has
been extensively studied to assess its applications in the management of
retinopathies, cardioprotective and neuroprotective effects, as well as
anti-depressant and anxiolytic properties. Emoxypine was also observed
to show limited effects as an anti-hypoxic, making it useful in the man-
agement of ischemic conditions and oxidative stress (Sinitskii et al.,
2021). Several pre-clinical and clinical studies have indicated its poten-
tials as a novel agent for the alleviation and management of a wide
spectrum of disease conditions.

A primary challenge with regards to the usage of emoxypine and its
derivatives is the limited nature of studies conducted to establish the
efficacy and safety of these compounds. This is mainly due to the sparse
nature of studies conducted outside its country of origin, resulting in
fewer experimental trials being undertaken in other countries. In the
recent years, several patents have been filed for its usage in human and
veterinary medicine. This drug finds its widest application in Russia and
is included in the essential medicines list for the management of various
conditions, primarily neurological. In terms of global approval, Algernon
Pharmaceuticals, a clinical stage pharmaceutical development company,
is seeking approval for emoxypine usage in Canada. While it is used in
certain countries as a nootropic supplement owing to its antioxidant
properties, it has not been approved for medical purposes (Algernon
Pharmaceuticals 2019). Moving forward, an increased number of studies
in accordance with regulatory guidelines would further the under-
standing of the properties of these molecules, as well as approaches that
may be adopted to improve the delivery and safety profile of these
agents.

Owing to its relatively small size and membrane modulating prop-
erties, emoxypine is gaining popularity as a primarily orally delivered
drug molecule (Shchulkin, 2018a).This drug is most commonly admin-
istered in the form of tablets or injections (i.e., intravenous, or intra-
muscular administration). As the molecule is explored further, designing
of nano formulations for improved bioavailability and drug delivery
could be considered, to overcome drawbacks such as its nature and sol-
ubility profile. In addition to this, carrying out a greater number of
studies would help in furthering the understanding of the interactions of
emoxypine and its derivatives with other compounds, which would be
beneficial in the understanding of drug-drug interactions, any possible
adverse effects, and the possibilities of concurrent administration of these
agents with other compounds (of synthetic as well as natural origin).
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