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Abstract

The development of effective neuroprotective agents remains one of the most urgent and complex challenges in modern medical and bi-
ological research, given the increasing prevalence of neurodegenerative diseases and the limited efficacy of existing therapeutic options.
In recent years, compounds belonging to the 4H-pyran chemical class have attracted significant attention due to their pronounced antiox-
idant, anti-inflammatory, and cytoprotective properties. These molecules exhibit structural versatility, enabling modulation of multiple
molecular targets involved in neuronal survival, redox homeostasis, and mitochondrial function. This review provides a comprehensive
analysis of the pharmacological activity and molecular mechanisms of action of five 4H-pyran-based compounds—maltol, kojic acid,
chelidonic acid, comenic acid, and meconic acid. Special attention is paid to their effects on signaling pathways that play a central role
in maintaining neuronal integrity and resistance to stress factors. In particular, the review examines how these compounds regulate key
intracellular cascades such as nuclear factor erythroid 2—related factor 2 (Nrf2)/Kelch-like ECH-associated protein 1 (Keap1)/antioxidant
response element (ARE), Nrf2/PTEN-induced putative kinase 1 (PINK1)/Parkin, nuclear factor-kappa B (NF-«kB), and phosphatidyli-
nositol 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR), which are critically involved in controlling
oxidative stress, mitochondrial autophagy, inflammation, and neuronal plasticity. The integrated evaluation of these mechanisms demon-
strates that 4H-pyran-based acids can act as multitarget neuroprotective agents capable of influencing both primary metabolic processes
and secondary signaling responses to neurotoxic stimuli. Their pleiotropic action highlights the promise of these compounds as molecu-
lar scaffolds for the development of novel drugs aimed at preventing or delaying the progression of neurodegenerative disorders such as
Alzheimer’s and Parkinson’s diseases.
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1. Introduction 4H-pyran, maltol, kojic acid, chelidonic acid, comenic acid,
meconic acid, neuroprotector, neurodegeneration, neuron,

Research into the pharmacological activity of known X e
and brain. No restrictions were placed on the search depth.

molecules and the synthesis of new compounds based on

them, plays a key role in addressing various pathologies and
health challenges. Compounds of the 4H-pyran series hold
a special place among the studied substances. Their broad
spectrum of biological activity makes them promising can-
didates for new drug development. Their potential mecha-
nisms include direct interactions with enzymes and key reg-
ulators of cellular metabolism and the stress response.

This work aimed to review the current data on the
pharmacological activity of selected 4H-pyran-based com-
pounds, including maltol, kojic, chelidonic, comenic, and
meconic acids, and their derivatives.

A literature search was conducted in the PubMed
and ScienceDirect databases using the following keywords:

The first part of the review provides a brief description
of the therapeutic potential of these compounds, while the
second part summarizes data on the most common molec-
ular pathways mediating their biological activity. Fig. 1
shows the structural formulas of maltol, kojic, chelidonic,
comenic, and meconic acids.

The activity of 4H-pyrans is due to the pyran ring (O
atom, double bonds), but maximal biological efficacy is
provided by substituents (-OH, C=0, —OR, etc.), which:
direct the molecule to a specific biological target; deter-
mine the type of interaction (covalent/noncovalent); and
regulate pharmacokinetic properties (absorption, distribu-
tion, metabolism). Chelating properties are associated with
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Fig. 1. Structural formulas of common 4H-pyrones. (1) Maltol. (2) Kojic acid. (3) Chelidonic acid. (4) Comenic acid. (5) Meconic

acid.

adjacent —OH and C=0 groups; alkylation and acetylation
reactions are mediated by —OH groups; addition reactions
are associated with the C=0 group; the C=C double bond
can participate in addition reactions (hydrogenation, halo-
genation) and oxidation; the y-pyrone aromatic system par-
ticipates in electrophilic substitution. The ring oxygen atom
can coordinate with metals or become protonated in an
acidic environment, affecting the reactivity of neighboring

groups [1].

2. Maltol

Maltol (3-hydroxy-2-methylpyran-4-one; synonyms:
3-hydroxy-2-methyl-4-pyrone, 3-hydroxy-2-methyl-4H-
pyran-4-one) has a molecular weight of 126.11 g/mol
(2].

The neuroprotective effect of maltol has been studied
in oxidative brain injury induced by kainic acid in mice.
Administration of maltol (100 mg/kg) markedly alleviated
neurobehavioral impairments and neuronal death in the hip-
pocampus, leading to a reduction in animal mortality. In ad-
dition, pretreatment with maltol (100 mg/kg) restored glu-
tathione levels, thiobarbituric acid-reactive substances, and
glutathione peroxidase activity to control values. Based
on these findings, maltol is suggested to be a functional
agent capable of preventing oxidative brain damage in mice
[2]. The results further indicate that projecting activity of
maltol is realized with the participation of the nuclear fac-
tor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1
(HO-1) signaling pathway in the brain by attenuating ox-
idative stress and apoptosis-mediated cell death. It may
represent a promising therapeutic agent for the treatment
and prevention of spinal cord injury, peripheral neuropa-
thy, and functional disorders associated with brain aging.
In a model of diabetic peripheral neuropathy (DPN), maltol
significantly attenuated thermal and mechanical hyperalge-
sia, increased motor nerve conduction velocity (MNCV),
enhanced Na*/K*-ATPase activity, and alleviated oxidative
stress and apoptosis in diabetic rats. In vitro, maltol in-
creased the viability of Schwann cells and inhibited apopto-
sis induced by hydrogen peroxide [3]. In another study on
DPN, maltol improved peripheral nerve function by inhibit-
ing Schwann cell apoptosis and upregulating membrane
metalloendopeptidase [4]. Thus, maltol prevents the de-
velopment of DPN and may serve as a novel alternative
therapeutic approach for its treatment. In addition, mal-

tol was shown to reduce behavioral dysfunction and neuro-
logical deficits induced by d-Gal (a model of brain aging)
through activation of the Nrf2/HO-1 signaling pathway me-
diated by phosphatidylinositol 3-kinase (PI3K)/protein ki-
nase B (Akt) in the mouse brain. As a result, there was
a recovery in the Morris test, as well as levels of choline
acetyltransferase and acetylcholinesterase in the hippocam-
pus. Maltol also inhibited the development of oxidative
stress in the brain by decreasing reactive oxygen species
(ROS) and malondialdehyde (MDA) levels, while increas-
ing catalase and superoxide dismutase (SOD) activity. Fur-
thermore, elevated phosphorylation levels of PI3K, Akt,
Nrf2, and HO-1 were detected [5]. In a spinal cord injury
model, administration of maltol increased the expression
of Nrf2 and downstream antioxidant proteins such as HO-
1 and SOD2, resulting in a significant reduction in apop-
tosis in mice. A decrease in the expression of the pro-
apoptotic protein Bax and an increase in the expression
of the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2)
were also observed in injured mice. Furthermore, maltol
administration enhanced mitophagy through activation of
the Nrf2/PINK1/Parkin signaling pathway in PC12 cells,
thereby promoting the restoration of mitochondrial function
[6]. Maltol has been shown to prevent chromatinolysis in-
duced by oxygen-glucose deprivation in human neuroblas-
toma SH-SYS5Y cells by inhibiting pyruvate depletion [7],
as well as to suppress apoptosis induced by H,O; [8]. The
neuroprotective effect of maltol may be mediated through
the nuclear factor-kappa B (NF-kB) and mitogen-activated
protein kinase (MAPK) signaling pathways. Maltol also
reduces H,O,-induced cytotoxicity in cultured embryonic
rat neuroretinal progenitor cells, accompanied by decreased
deoxyribonucleic acid (DNA) fragmentation. Western blot
analysis revealed that maltol treatment reduces the phos-
phorylation of NF-«kB, extracellular signal-regulated kinase
(ERK), and c-Jun N-terminal kinase (JNK) [9]. Similar re-
sults were obtained in a study on retinal ganglion cells. Mal-
tol attenuated oxidative stress—induced injury in primary
retinal ganglion cells of mice. It not only reduced apoptosis
but also supported neurite outgrowth.

Moreover, maltol treatment decreased the level of the
active phosphorylated form of NF-«kB (p-NF-kB), which in-
creases oxidative stress, restoring it to baseline values [10].
Thus, maltol may potentially serve as a novel neuropro-
tective therapeutic agent for oxidative stress—related ocular
diseases, including glaucoma.
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Maltol also exhibits hepatoprotective properties and
shows potential for application in cases of acute chemically
induced liver injury [11,12,13], as well as cardioprotective
[14,15], chondroprotective [16,17], and nephroprotective
activities [18].

Due to the unique electrochemical properties of metal
ions, their use in modifying the properties of various phar-
macologically active molecules—a modification that is im-
possible without their participation—is widely employed
in drug development. The molecular geometry of metal
complexes, which is unattainable for organic molecules,
along with their ability to undergo ligand exchange and par-
ticipate in unique catalytic reactions, makes this direction
highly promising [19]. To date, metal complexes of 4H-
pyran compounds occupy a place not only in experimen-
tal research but also in medical practice. In particular, iron
maltolate has shown promise in the treatment of iron de-
ficiency anemia (IDA), even in patients with intolerance to
oral iron preparations [20]. Ferric trimaltol (iron(III) trimal-
tolate) has been approved for clinical use in IDA in many
countries, including the USA and European Union mem-
ber states. It has demonstrated efficacy and safety, with a
superior therapeutic index compared to other iron prepara-
tions [21]. Moreover, in patients with inflammatory bowel
disease, it is non-inferior in efficacy to intravenously ad-

ministered preparations [22].
Gallium maltolate consists of a trivalent gallium

cation (Ga*") coordinated with three maltolate ligands. Gal-
lium maltolate exhibits anti-inflammatory [23,24], antipro-
liferative and antitumor effects [25,26,27,28], analgesic
[24], anti-resorptive with respect to bone tissue [29] and
antibacterial [30,31] effect. It possesses high bioavailabil-
ity upon oral administration [32]. The bioavailability of
gallium from oral administration of gallium maltolate in
humans is approximately 25-57%, which is many times
higher than that of gallium chloride (1-2%) [33].
Magnesium maltolate and magnesium ethyl malto-
late are being considered as candidates for the therapy
of hypomagnesemia—a pathology frequently observed in
critically ill patients, in whom it can lead to severe,
life-threatening complications [34]. A recent study has
demonstrated the promise of using maltolate in complex
with palladium for the development of anticancer agents
[35]. Cobalt, copper, and zinc complexes with 1,10-
phenanthroline (phen) and maltolate have demonstrated an-
tiproliferative properties and potential for cancer therapy in
vitro [36]. The antihyperglycemic effect of complexes of
vanadium, molybdenum, and other metals with maltol has

been established [37].
Aluminium maltolate is used as a toxicological agent

in modeling neurodegenerative processes [38], and also
in models investigating aluminum toxicity and protective
agents against its effects [39,40,41,42]. However, in these
studies, maltol is used as a delivery agent for aluminum.
Thus, complexes of various metals with maltol have
demonstrated therapeutic potential across a wide range of
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pathological conditions, from hyperglycemia to anticancer
activity. However, the neuroprotective activity of such
complexes has scarcely been studied. Nevertheless, a case
report [24] describes the successful use of gallium maltolate
in the treatment of refractory postherpetic neuralgia. The
patient applied gallium maltolate topically for five years
without any adverse effects and with a significant improve-
ment in quality of life. The discussion notes that gallium,
being chemically similar to zinc, may inhibit the activity
of matrix metalloproteinases (zinc-containing proteases),
which are involved in the etiology of neuropathic pain.

The presented data indicate that maltol and its deriva-
tives exhibit hepatoprotective, cardioprotective, nephropro-
tective, and neuroprotective effects. These properties are
associated with their antioxidant, anti-inflammatory, and
anti-apoptotic activities. Moreover, in modeling neurode-
generative processes, activation of molecular mechanisms
mediated by Nrf2 and NF-«xB has been observed.

3. Kojic Acid

Kojic acid (5-hydroxy-2-(hydroxymethyl)pyran-4-
one; synonyms: 5-hydroxy-2-(hydroxymethyl)-4H-pyran-
4-one; 5-hydroxy-2-(hydroxymethyl)-4-pyrone) has a
molecular weight of 142.11 g/mol [43].

Kojic acid is produced by various fungal species
through aerobic fermentation and is mainly synthesized by
fungi of the genera Aspergillus and Penicillium [44]. Its ef-
ficacy has been demonstrated in neuroprotection, as well as
in hepato- and chondroprotection. Kojic acid significantly
upregulates anabolic factor expression while suppressing
catabolic and inflammatory factor expression in vitro in
chondrocytes. Moreover, kojic acid markedly inhibited
the activated NF-xB and PI3K/AKT/mammalian target of
rapamycin (mTOR) signaling pathways and restored im-
paired autophagy [45]. Activation of the NF-«xB pathway by
kojic acid was also observed in human hepatoma (HepG2)
cells after 24-hour exposure. In addition, kojic acid was
shown to activate the MAPK signaling pathway and sup-
press inflammation [46].

The neuroprotective properties of kojic acid have been
investigated in a mouse model of Alzheimer’s disease (AD).
Injection of amyloid-p (AB;-42) (5 uL/5 min per mouse) in
adult wild-type mice induced AD-like pathological changes
in the hippocampus, characterized by increased oxidative
stress and neuroinflammation, as well as impairments in
memory and cognitive functions. Oral administration of ko-
jic acid (50 mg/kg/day for 3 weeks) reversed AD pathology
by downregulating the expression of AP and B-site amy-
loid precursor protein cleaving enzyme 1 (BACE-1). Ko-
jic acid reduced oxidative stress by enhancing the expres-
sion of nuclear factor erythroid 2-related factor 2 (Nrf2)
and heme oxygenase-1 (HO-1). Furthermore, kojic acid re-
duced lipid peroxidation (LP) and the generation of reac-
tive oxygen species (ROS) in the brains of mice that were
co-administered kojic acid with Ap.
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Administration of kojic acid also suppressed neu-
roinflammation by inhibiting Toll-like receptor 4 (TLR4),
phosphorylated nuclear factor-kB, tumor necrosis factor-o
(TNF-a), and interleukin-1p (TLR4, p-NF-kB, TNF-a and
IL-1B). Furthermore, kojic acid enhanced synaptic mark-
ers (SNAP-23, SYN, and PSD-95) and improved memory
performance in mice with AD-like pathology. In vitro, ko-
jic acid treatment reduced AP expression, oxidative stress,
and neuroinflammation in HT-22 mouse hippocampal cells
[47].

Kojic acid can suppress neuroinflammation and ox-
idative stress in the cerebral cortex and hippocampus of
mice by regulating the TLR4/NF-kB signaling pathway.
Its administration prevented an increase in the expression
of TLR4, phosphorylated NF-«xB (p-NF-kB) and phos-
phorylated c-Jun N-terminal kinase (p-JNK) proteins in
the mouse brain after intraperitoneal administration of
lipopolysaccharides (LPS). Conversely, kojic acid treat-
ment elevated the levels of nuclear factor erythroid 2-
related factor 2 (Nrf2) and heme oxygenase-1 (HO-1),
which were reduced by LPS exposure. Furthermore, it
inhibited LPS-induced production of TNF-o and IL-1f in
the mouse brain [48]. The kojic acid dimer (KAD) has
demonstrated good safety in various cell types and exhib-
ited important protective effects in SH-SYSY cells. At
concentrations below 50 uM, KAD outperformed vitamin
C in free radical scavenging assays and prevented H,O,-
induced ROS generation. KAD may enhance superoxide
dismutase (SOD) activity, which could underlie its antiox-
idant mechanism. In addition, KAD moderately inhib-
ited AP aggregation in the solution and selectively chelated
Cu?*, Zn**, Fe**, Fe*", and A" ions, which are asso-
ciated with the progression of Alzheimer’s disease. Due
to its favorable effects on oxidative stress, neuroprotec-
tion, AP aggregation inhibition, and metal ion accumula-
tion, KAD shows strong potential as a multitarget thera-
peutic agent for Alzheimer’s disease [49]. Intensive neu-
roinflammation is known to contribute to the development
of neurodegenerative disorders such as Alzheimer’s disease
and Parkinson’s disease [50,51]. A significant part of the
protective activity of kojic acid and its derivatives is at-
tributed to their anti-inflammatory effects. It has been es-
tablished that kojic acid stimulates monocyte differentia-
tion into macrophages and can act as an immunomodulator
by increasing IL-6 levels [52]. It enhances several leuko-
cytes functions and scavenges ROS that are excessively re-
leased from cells or generated in host tissues [53]. The kojic
acid derivative (5-hydroxy-4-oxo-4H-pyran-2-yl)methyl 6-
hydroxynaphthalene-2-carboxylate inhibits the production
of inflammatory mediators in macrophages [54].

While kojic acid is widely used in various industries,
such as pharmaceuticals, cosmetics, agriculture, and the
food and chemical sectors, recent research has revealed its
promising potential for application in neuroprotection [55].

4. Chelidonic Acid

Chelidonic acid (4-oxo-2,6-pyrandicarboxylic acid)
has a molecular weight of 184.10 g/mol [56].

Chelidonic acid (ChA) is found in the rhizomes of
Chelidonium majus L. [57]. Experimental studies on
rats have demonstrated a positive effect of ChA on age-
related neurodegenerative disorders and memory-related
processes. In the brains of rats treated with ChA, improve-
ments were observed in the overall antioxidant status as
well as in the level of brain-derived neurotrophic factor
(BDNF), which enhances neurogenesis in the nervous sys-
tem and promotes synaptic functioning and cell survival
[58].

Administration of ChA produced anti-inflammatory
and antidepressant effects in mice. Treatment with ChA
significantly reduced immobility time in the forced swim-
ming test without altering locomotor activity in the open
field test. ChA also increased the number of Nissl bodies
in the hippocampus. ChA administration activated the ex-
pression of neurotrophic factors and the phosphorylation of
extracellular signal-regulated protein kinase (ERK) in the
hippocampus. Furthermore, ChA markedly increased hip-
pocampal mRNA expression of estrogen receptor B. Lev-
els of hippocampal IL-18, IL-6, and tumor necrosis factor-o
(TNF-a) were effectively reduced following ChA adminis-
tration. In addition, ChA significantly elevated serotonin,
dopamine, and norepinephrine levels, as well as BDNF.
These results suggest that ChA may serve as a novel ther-
apeutic strategy for regulating inflammation-associated de-
pression [59].

Chelidonic acid has also shown the ability to inhibit
glutamate decarboxylase from rat brain. It has been found
to compete with glutamate and inhibit glutamate-dependent
apoenzyme formation [60]. Derivatives of ChA have been
reported to inhibit BACE1 (B-site APP-cleaving enzyme
1), which is involved in the formation of amyloid precur-
sor protein (APP). Although the membrane permeability of
these compounds is similar to that of peptide compounds
such as KMI, they are expected to be more bioavailable due
to their enhanced enzymatic stability in vivo [61].

In a paclitaxel-induced neuropathy model, ChA nor-
malized mechanical allodynia, hyperalgesia, and thermal
hyperalgesia. Improvement in nerve conduction veloc-
ity and a reduction in oxidative stress were also ob-
served. Levels of inflammatory markers (TNF-a, IL-6,
and IL-1P), as well as nitric oxide and C-reactive pro-
tein, were significantly reduced. Histopathological exam-
ination revealed reduced neuronal damage, demyelination,
and leukocyte infiltration. Moreover, levels of Nrf2 and
pAMPK protein expression in the sciatic nerve were in-
creased, whereas hypoxia-inducible factor 1-a (HIF-1a) ex-
pression was markedly decreased. Thus, ChA alleviates
paclitaxel-induced neuropathic pain [62].

ChA also exhibits immunomodulatory [63,64],
senolytic and senomorphic activities [65]; is used in anti-
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cancer therapy [66]; possesses cardioprotective properties
and osteogenic activity [67,68]. Like other 4H-pyrans,
ChA is of interest as a ligand in metal—organic compounds
for the delivery of essential elements to target organs [69].

5. Comenic Acid

Comenic  Acid  (5-hydroxy-4-oxo-2H-pyran-2-
carboxylic acid; synonyms: 5-hydroxy-4-oxo-4H-pyran-
2-carboxylic acid, 2-carboxy-5-hydroxy-4-pyrone) has a
molecular weight of 156.09 g/mol [70].

For comenic acid, sedative effects [71] and analgesic
effects [72] have been established. For potassium come-
nate, sedative effects have also been established [73].

Studies of the neuroprotective activity of comenic acid
(CA) and its derivatives with alkali and alkaline earth met-
als (lithium, sodium, potassium, calcium, and magnesium
comenates) have revealed the protective effects of these
compounds under excitotoxic and oxidative stress in vitro,
as well as under stress exposure in vivo. Comenic acid
and all investigated comenates exhibit neuroprotective ef-
fects against glutamate-induced neurotoxicity in primary
cultures of rat cerebellar neurons. The protective effect of
the comenates significantly exceeds that of comenic acid,
both in terms of the effective concentration range and the
proportion of surviving neurons [74,75].

Comenic acid and its salts also demonstrated neu-
rotrophic activity. They stimulated neurite outgrowth in
spinal ganglia in vitro under both normal conditions and
oxidative stress. The effectiveness of the comenates was
higher and was observed over a broader concentration range
[76,77]. CA and the comenates prevent the development
of oxidative stress in brain tissue under experimental stress
exposure: parameters of free radical oxidation, lipid perox-
idation, and the activity of the glutathione antioxidant sys-
tem (GSH, glutathione reductase, glutathione peroxidase),
catalase, and superoxide dismutase remain at physiologi-
cal levels. The antioxidant and stress-protective effects of
the comenates are achieved at lower doses: for lithium and
sodium comenates 1-2 mg/kg [74,77]; potassium come-
nate 2-8 mg/kg [78,79]; magnesium comenate 2—4 mg/kg
[75]; whereas for comenic acid 4-8 mg/kg (at 2 mg/kg,
complete normalization of oxidative processes was not ob-
served) [79]. Calcium comenate is effective at doses of 1-4
mg/kg, but does not fully restore lipid peroxidation or su-
peroxide dismutase activity at 4 mg/kg. Overall, the avail-
able data indicate that Comenic acid derivatives (lithium,
sodium, potassium, calcium, and magnesium comenates)
exert more pronounced neuroprotective effects in both cell
cultures and animal models of stress and hypoxia.

These effects share both common mechanisms inher-
ent to Comenic acid and specific mechanisms related to its
derivatives. The presence of a hydroxyl group at position
5 and the pyran ring structure enables the Comenic acid
residue to neutralize free radicals and suppress oxidative
stress [80,81,82].
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The neuroprotective activity of Comenic acid and its
derivatives in neuronal cultures results from their antiox-
idant action under conditions of glutamate receptor over-
stimulation and stimulation of neurite growth in spinal gan-
glia under both normal and oxidative stress conditions.
These findings are consistent with in vivo experiments
demonstrating that Comenic acid and its derivatives prevent
oxidative stress in the brain.

For lithium comenate, additional mechanisms are
associated with the biological effects of lithium itself.
Lithium plays a well-established role in maintaining cog-
nitive function, and lithium deficiency has been linked to
an increased risk of Alzheimer’s disecase [83,84,85,86]. By
triggering multiple signaling cascades, lithium can enhance
the cellular antioxidant defense [87]. Thus, the direct an-
tioxidant action of lithium comenate may be complemented
by the activation of intrinsic protective systems in cells and
the organism as a whole. The pharmacological effects of
lithium are mediated by the methylation of nuclear-binding
proteins such as B-catenin, which is enhanced by the inhi-
bition of glycogen synthase kinase-33 (GSK-3p) or inos-
itol monophosphatase by lithium. Li* selectively inhibits
GSK-3p and is not a general inhibitor of other protein ki-
nases [88,89]. Moreover, Li* reduces GSK-3p transcription
in various brain regions [90]. Increased GSK-3f activity is
known to be one of the signaling pathways mediating ox-
idative neuronal damage [91,92]. GSK-3f negatively reg-
ulates the expression of nuclear factor erythroid 2-related
factor 2 (Nrf2). Nrf2 initiates a crucial endogenous antiox-
idant signaling pathway that is involved in regulating the
expression of antioxidant genes [93]. The transcription fac-
tor B-catenin is a substrate of GSK-3f and a component of
the Wnt pathway. Its cytoplasmic levels are negatively reg-
ulated by constitutively active GSK-3f. Inhibition of GSK-
3 increases cytoplasmic f-catenin accumulation, facilitat-
ing its nuclear translocation and triggering the expression of
genes encoding protective proteins such as BDNF, VEGF,
Bcl-2, and HSP-70 [94]. Therefore, GSK-3f inhibition by
lithium may be one of the mechanisms mediating the neu-
roprotective action of lithium comenate in both cell cultures
and in vivo.

Lithium also enhances the activation of the transcrip-
tion factor cyclic AMP response element-binding protein
(CREB) [95]. Regulation of CREB activity is crucial for
cellular viability, stress resistance, and numerous physio-
logical functions [96]. CREB controls many central ner-
vous system processes, including neurogenesis, neuronal
survival, activation, and long-term memory [97]. There-
fore, CREB activation by lithium may also mediate the neu-
roprotective and neurotrophic effects of lithium comenate.

The neuroprotective activity of comenic acid, as well
as calcium and magnesium comenates, is associated with
modulation of the transducer function of Na*/K*-ATPase.
This enzyme modulates cell growth and plays an impor-
tant role as a neuronal oxidative stress resistance factor [98].
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Calcium and magnesium comenates represent chelate com-
plexes of Comenic acid with Ca?* and Mg?" ions, respec-
tively. As noted above, these complexes activate a specific
molecular mechanism of membrane signaling that includes
the a3-isoform of Na"/K*-ATPase as a signal transducer
[99,100].

Active Na"/K*-ATPase prevents the accumulation of
reactive oxygen species in neurons, thereby enhancing their
resistance to oxidative stress [101]. The ability to regulate
Na"/K*-ATPase transduction function may therefore con-
tribute to the stimulation of neurite growth in spinal ganglia
under normal and oxidative stress conditions, as well as to

the overall protective effect during stress exposure.
Another mechanism for the neuroprotective action of

magnesium comenate may involve the magnesium block-
ade of N-methyl-D-aspartate (NMDA) receptors. It is well-
established that Mg?" acts as a voltage-dependent blocker
of glutamate NMDA receptors [101]. Through the block-
ade of NMDA receptors, magnesium sulfate attenuates glu-
tamatergic signaling, thereby altering calcium influx and re-
ducing excitotoxicity [102,103]. This mechanism may also

operate in the case of magnesium comenate.
Comenic acid and its mono- and disodium salts ex-

hibit antistress activity. They prevent alterations in long-
term potentiation amplitude in the hippocampus, changes in
free radical oxidation rates, and disturbances in glutathione
metabolism [104].

Thus, the neuroprotective activity of Comenic acid
and its comenates results from both common mechanisms
inherent to the comenic acid structure and specific biologi-
cal effects of the metals forming the comenate complexes.

6. Meconic Acid

Meconic acid (3-hydroxy-4-oxo0-2,6-
pyrandicarboxylic acid; synonyms: poppy acid, oxy-
chelidonic acid) has a molecular weight of 200.10 g/mol
[105].

Since the early 20th century, meconic acid has been
used as an analytical marker for the detection of opium al-
kaloids in biological fluids [106,107]. However, studies de-
voted to the pharmacological activity of meconic acid are
considerably fewer than those concerning other 4H-pyran
derivatives discussed above.

From the perspective of neuroprotective activity,
meconic acid is the least studied compound among the
4H-pyrans under consideration. Similar to comenic acid,
meconic acid activates a subpopulation of opioid receptors
that are negatively coupled to tetrodotoxin (TTX)-resistant
(slow) sodium channels [108]. Meconic acid also exhibits
antioxidant activity and protects cultured neurons against
glutamate-induced excitotoxicity [108].

Regarding other pharmacological effects, it has been
established that the monoethyl ester of meconic acid acts as
an inhibitor of the active site of the ribonucleic acid (RNA)-
dependent RNA polymerase NS5B of the hepatitis C virus
[109].

According to a recent study, metabolites derived from
algae (Ulva lactuca, Sargassum cinereum, and Turbinaria
decurrens) show potential in inhibiting lung cancer progres-
sion, and meconic acid has been identified as a key factor
in promoting cell survival [110].

7. General Mechanisms of Pharmacological
Activity

Table 1 (Ref. [3,4,5,6,7,8,9,10,47,48,58,59,62,71,72,
73,75,78,79,104,107,108,111,112,113,114,115,116,117])
summarizes the available data shedding light on the
mechanisms of neuroprotective action of maltol, kojic
acid, chelidonic acid, comenic acid, and meconic acid.

As can be seen from the table, the amount of avail-
able material for each of the five compounds varies con-
siderably. Thus, nine publications examining the neuro-
protective properties of maltol were identified, fourteen for
comenic acid, two for kojic acid, three for chelidonic acid,
and two for meconic acid. For maltol, suppression of oxida-
tive stress and apoptosis has been demonstrated in vitro in
various cellular models, as well as a reduction of oxidative
stress in vivo in kainic acid-induced brain damage, experi-
mental diabetic peripheral neuropathy, d-galactose-induced
brain aging, and spinal cord injury. A decrease in apopto-
sis markers has also been noted in DPN and Spinal Cord
Injury models. Also, a decrease in NF-kB phosphorylation
was observed in vitro in retinal cell cultures (both primary
murine cells and established cell lines) as well as in human
neuroblastoma cells. This effect is attributed to the antiox-
idant activity of maltol, which suppresses the development
of oxidative stress. As a result, the need for NF-«xB activa-
tion is reduced. Conversely, in models of spinal cord injury
and D-galactose—induced brain aging, activation of Nrf2—
an important factor in cellular protection against oxidative
damage—was observed..

For kojic acid, antioxidant and anti-inflammatory ef-
fects have been shown in a mouse model of Alzheimer’s
disease, as well as in LPS-induced neuroinflammation. For
chelidonic acid, antioxidant and antiamnestic effects have
been established in a rat model of experimental brain ag-
ing, along with anti-inflammatory and antidepressant ef-
fects, and an analgesic effect in paclitaxel-induced neuropa-
thy.

For comenic acid, antioxidant effects have been es-
tablished in experimental stress and hypoxia in rats, as well
as a neuroprotective effect against glutamate excitotoxic-
ity, and a neurotrophic effect in cultured chick embryo gan-
glia under oxidative stress. Neuroprotective action has also
been shown in prenatal lead intoxication. Its sedative and
analgesic effects, as well as an anxiolytic effect in a rat
model of morphine withdrawal syndrome, have also been
demonstrated. Regarding meconic acid, a neuroprotective
effect against glutamate excitotoxicity in vitro has been es-
tablished.
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Table 1. Mechanisms of neuroprotective action of maltol, kojic acid, chelidonic acid, comenic acid, and meconic acid.

Effect Mechanism (as hypothe- In vitro/in vivo, Exposure/Disease model Efficacy indicator, effective doses/concentrations of the neuropro- Main direction of potential
sized by authors) dose/concentration of tective agent application
the neuroprotective agent
Maltol
Neuroprotection under Antioxidant activity in vivo (mice) [111] Kainic acid-induced ox- Preservation of GSH level, glutathione peroxidase activity, thiobar- Pathologies associated with

oxidative brain damage

50 or 100 mg/kg orally, ad-
ministered for 5 consecu-
tive days in advance

idative brain damage

bituric acid-reactive substances; reduction of neurobehavioral dis-
orders and hippocampal neuron death; reduction of animal mortal-

ity.

oxidative and excitotoxic
brain damage (ischemia,
strokes, chronic neurode-

Eftective dose: 100 mg/kg. generation)
in vivo (rat) [3] DPN in streptozotocin- Reduction of thermal and mechanical hyperalgesia; increase in
50, 100, and 200 mg/kg induced diabetic rats MNCYV; reduction of peripheral nerve damage (stimulation of
orally for 12 weeks Na'*/K*-ATPase activity); reduction of oxidative stress (total antiox-
o . idant capacity, MDA, GSH, SOD) and apoptosis (caspase-3 activ-
o Antioxidant activ- . .
Neuroprotection in dia- | . . ity, expressions of BAX, caspase-3, BAG4, Bcl-XL).
. . ity, stimulation of . .
betic peripheral neuropa- . Effective doses: 50-200 mg/kg, with a dose-dependent effect. DPN
Na*/K*-ATPase activity,
thy (DPN) inhibition of apoptosis in vitro (RSC96 cells) [3]  OS (H,0,) Reduction of oxidative stress (cell viability) and apoptosis (stimu-
0.1 and 0.5 mM lation of Bcl-XL expression, reduction of BAX and caspase-3 ex-
pression).
Effective concentrations: 0.1 and 0.5 mM, with a dose-dependent
effect.
in vivo (rat) [4] DPN in streptozotocin- Reduction of thermal and mechanical hyperalgesia; reduction of
25 and 100 mg/kg orally induced diabetic rats peripheral nerve damage (stimulation of Na*/K*-ATPase activity);
for 12 weeks dose-dependent increase in total antioxidant capacity, GSH and
SOD levels, and decrease in serum MDA level; reduction of expres-
sion of glucose-regulated protein 78 (GRP78), C/EBP homologous
protein (CHOP).
Effective doses: 25 and 100 mg/kg, with a dose-dependent effect.
PERK/elF20/CHOP
Neuroprotection in DPN  Pathway and MME in vitro (rat Schwann cells model using high con- Increased viability upon incubation with HG and PA; increased ex- DPN
Upregulation (RSC96)) [4] centration of glucose pression of nerve growth factor and neuritin-1; suppression of apop-

1,5, 10, 20, 40, and 80 pM

(HG) and palmitic acid
(PA)

tosis induced by HG/PA; attenuation of expression of ER stress-
related proteins; MME Upregulation; reduction of DPN markers
and apoptosis-related proteins; decreased expression of PERK and
elF2a; in the presence of PERK activator CCT020312, PERK ex-
pression remained unchanged, levels of phospho-PERK, CHOP,
GRP78 increased.

Effective concentrations: 5-20 uM, with a dose-dependent effect.
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Table 1. Continued.

Effect Mechanism (as hypothe- In vitro/in vivo, Exposure/Disease model Efficacy indicator, effective doses/concentrations of the neuropro- Main direction of potential
sized by authors) dose/concentration of tective agent application
the neuroprotective agent
Slows d-galactose- Activation of  the invivo (mice) [5] Brain aging model (d- Restoration of parameters in the Morris water maze; restoration of Neuroprotection in brain

induced brain aging

process

Nrf2/HO-1
pathway mediated by
PI3K/Akt

signaling

50 and 100 mg/kg orally
for 4 weeks

Gal)

choline acetyltransferase and acetylcholinesterase levels in the hip-
pocampus; reduction of ROS and MDA levels and increase in cata-
lase and SOD levels; increase in phosphorylation levels of PI3K,
Akt, Nrf2, and HO-1.

Effective doses: 50 and 100 mg/kg, with a dose-dependent effect.

aging, chronic neurodegen-
eration

Neuroprotection under
oxidative stress in cell

culture

NF-kB and mitogen-
activated protein kinase

signaling pathways

in vitro (R28 cells) [9] 0OS (H,0,) Reduction of apoptosis, DNA fragmentation; reduction of NF-kB,
0.1,0.5, 1.0 and 1.5 mM ERK, and JNK phosphorylation.
Effective concentrations: 0.5, 1.0, and 1.5 mM, with a dose-
dependent effect.
in vitro (Human Neurob- OS (H,0,) Reduction of apoptosis, DNA fragmentation, and [Ca®"]i concen-
lastoma Cells (SH-SY5Y)) tration, NF-«xB activation; maintenance of mitochondrial function.
[8]
No access to the full data.
in vitro (primary mouse OS (H,0,) Reduction of apoptosis; maintenance of neurite outgrowth; reduc-

retinal  ganglion  cells
(RGCs)) [10]
0.001, 0.01, 0.5, 1 and 2

mM

tion of NF-«kB phosphorylation.
Effective concentrations: 0.001,0.01, 0.5, 1 and 2 mM, with a dose-
dependent effect.

Pathologies associated with

oxidative brain damage

Neuroprotection in
spinal cord injury

Activation of mitophagy
and suppression of ox-
idative stress via the
Nrf2/PINK1/Parkin
pathway

in vivo (mice) [6]
100 mg/kg orally for 2
weeks

Contusive Spinal Cord
Injury

Activation of Nrf2 expression; Nrf2 translocation from the cytosol
to the nucleus; blocking of OS signal and apoptosis-mediated neu-
ronal death.

Effective dose: 100 mg/kg.

in vitro (PC12 cells) [6]
0.1,0.5,1,2,5mM

0S (H,0,)

Enhancement of PINK 1/Parkin-mediated mitophagy.
Effective concentrations: 1, 2 and 5 mM, with a dose-dependent
effect.

Pathologies associated with
oxidative brain damage;
neuroprotection in spinal

cord injury

Neuroprotection in oxy-
gen glucose deprivation

in cell culture

Prevention of chromati-
nolysis by inhibiting

pyruvate depletion

in vitro (SH-SYSY cells)
[7]
0.5, 1,2 and 4 mM

oxygen and glucose de-
privation (OGD)

Inhibition of ROS accumulation; maintenance of cystine/glutamate
antiporter level, catalase activity, xanthine oxidase, ATP, pyruvate,
p-mTOR/mTOR ratio.

Effective concentrations: 0.5 and 1 mM, with a dose-dependent ef-
fect.

Pathologies associated with
oxidative and excitotoxic
brain damage (ischemia,

strokes)
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Table 1. Continued.

Effect Mechanism (as hypothe- In vitro/in vivo, Exposure/Disease model Efficacy indicator, effective doses/concentrations of the neuropro- Main direction of potential
sized by authors) dose/concentration of tective agent application
the neuroprotective agent
Kojic acid
Antioxidant and anti- Antioxidant and anti- in vivo (mice) [47] AB-Induced Mouse downregulating the expression of Ap and BACE-1; enhancing the Chronic neurodegeneration

inflammatory action

inflammatory action

50 mg/kg orally for 3
weeks

Model of Alzheimer’s
Disease

expression Nrf2 and HO-1; reduced lipid peroxidation (LP) and the
generation of ROS; reduced level of TLR4, p-NF-xB, TNF-a and
IL-1B.

Effective dose: 50 mg/kg.

(Alzheimer’s disease)

Antioxidant and anti-

inflammatory action

TLR4/NF-xB
pathway

signaling

in vivo (mice) [48]
50 mg/kg orally for 3
weeks

LPS-induced
flammation

neuroin-

prevented an increase in the expression of TLR4, p-NF-«kB and p-
JNK; increases the level of Nrf2 and HO-1 expression; reduces
the level of ROS and MDA, heal short-term memory loss; in-
creased numbers of postsynaptic density protein 95 (PSD-95) and
synaptosomal-associated protein 23 (SNAP-23) in the cerebral cor-
tex and hippocampus.

Effective dose: 50 mg/kg.

Pathologies associated with
oxidative brain damage,
neuroinflammation, vascu-

lar pathologies

Chelidonic acid
Antioxidant and anti- Antioxidant action in vivo (rat) [58] experimental aging (D- Reduction of MDA level; increase in GSH level, total antioxidant Neuroprotection in brain
amnestic action 2 mg/kg orally for 8 weeks galactose) status (TAS) and BDNF; normalized short- and long-term and spa- aging, chronic neurodegen-
tial memory function. eration
Effective dose: 2 mg/kg.
Anti-inflammatory and anti-inflammatory action in vivo (mice) [59] “Forced swim” and increase in the number of Nissl bodies in the hippocampus; reduced Depression
antidepressant action 0.02, 0.2 and 2 mg/kg “open field” tests levels of hippocampal IL-1p, IL-6, TNF-a; increased the levels of
orally for 2 weeks serotonin, dopamine, norepinephrine; increased the BDNF expres-
sion, levels of pERK, levels of hippocampal ER-f.
Effective doses: 0.2 mg/kg for serotonin; 2 mg/kg for dopamine and
noradrenaline.
Analgesic action (atten- Reduction of oxidative in vivo (rat) [62] paclitaxel-induced neu- Reduced level of TNF-a, IL-6, and IL-1f, nitric oxide and C- Peripheral neuropathy

uation of neuropathic

pain)

stress

10, 20, and 40 mg/kg orally

for 3 weeks

ropathy

reactive protein; increased level of Nrf2, pAMPK expression; re-
duced HIF-lo expression; improved nerve conduction velocity;
normalization of mechanical allodynia, hyperalgesia, and thermal
hyperalgesia.

Effective doses: no information available.

Comenic acid

Neuroprotective activity

Antioxidant action

in vitro (primary culture of

cerebellar neurons) [75]
0.01, 0.1 and 1 mM

glutamate excitotoxicity

increased neuronal survival.
Effective concentrations: 0.01, 0.1 and 1 mM, with a dose-

dependent effect.

Pathologies associated with
excitotoxic brain damage

(ischemia, strokes)
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Table 1. Continued.

Effect

Mechanism (as hypothe-
sized by authors)

vivo,
of
the neuroprotective agent

In vitro/in

dose/concentration

Exposure/Disease model

Efficacy indicator, effective doses/concentrations of the neuropro-

tective agent

Main direction of potential
application

Stress-protective action

Antioxidant action

in vivo (rat) [78]
2, 4 and 8 mg/kg orally for
3 days during stress

immobilization-cold
stress

Preservation in FRO and MDA levels.
Effective doses: 2, 4, and 8 mg/kg, with a dose-dependent effect.

Antioxidant action

in vivo (rat) [104]
1 mg/kg orally for 4 days
during stress.

immobilization-cold
stress;  surviving hip-

pocampal slices

prevention of impairment of long-term potentiation parameters in
the CA1 area of hippocampus under stress.
Effective dose: 1 mg/kg.

Pathologies associated with

oxidative brain damage

Protective action under Antioxidant action in vivo (rat) [79] Normobaric Hypoxia preservation of FRO, MDA, and catalase activity.
hypoxia 4 mg/kg orally, admin- with Hypercapnia Effective dose: 4 mg/kg.
istered for 3 consecutive
days in advance
Neuroprotective action Antioxidant action in vivo (rat) and in vitro Prenatal intoxication Preservation of FRO level, MDA, GSH level, glutathione peroxi- Brain protection in lead in-

in prenatal lead intoxica-

tion

(primary culture of cere-
bellar neurons) [112,113]

1 mg/kg throughout preg-
nancy (21 days) and for 7
days postpartum

with lead acetate; gluta-

mate excitotoxicity

dase, glutathione reductase activity if lead was administered prena-
tally in combination with comenic acid; Reduced survival of pri-
mary cerebellar neurons upon glutamate exposure in vitro under
lead intoxication in vivo; Increased neuronal survival if lead was
administered prenatally in combination with comenic acid.

Effective dose: 1 mg/kg.

toxication

Neurotrophic action un-
der OS and in norm

Antioxidant action under
0OS, in norm—not stud-
ied

in vitro (chick embryo
spinal ganglia) [114]
0.0001, 0.001, 0.01 and
0.1 mM

0S (H,0,)

Prevention of neurite outgrowth disruption after H,O, exposure.
Stimulation of neurite outgrowth under normal conditions.
Effective concentration: 10 uM under OS; 0.0001 mM under normal

conditions.

Pathologies associated with
oxidative brain damage;
pathologies requiring ac-
of

tivation regenerative

processes

Neurotrophic action

Not discussed

in vitro (chick embryo dor-
sal root ganglia) [115]
10 nM

blood plasma from

SMA-2 patients

eliminated the neuritic inhibitory effect of blood plasma from SMA-
2 patients.
Effective concentration: 10 nM.

Spinal muscular atrophy
type 2

Neurotrophic action un-

der normal conditions

Activation of the Na,K-
ATPase/Src~ complex,
then PKC, then ERK1/2

in vitro (chick embryo dor-
sal root ganglia) [73]
10 nM

PKA, PKC, p38 MAPK,
and ERK1/2 inhibitors

PKC inhibitor and ERK1/2 inhibitor block the stimulating effect of
comenic acid on neurite outgrowth.
Effective concentration: 10 nM.

Pathologies requiring acti-
vation of regenerative pro-

cesses

o)

2,

(i

4
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Table 1. Continued.

Effect Mechanism (as hypothe- In vitro/in vivo, Exposure/Disease model Efficacy indicator, effective doses/concentrations of the neuroprotec- Main direction of potential
sized by authors) dose/concentration of  the tive agent application
neuroprotective agent
Decreasing voltage sen- opioid-like in vitro (rat dissociated sen- voltage sensitivity decreasing voltage sensitivity of Nay 1.8 channels regardless of PKC
sitivity of Nay1.8 chan- receptors/Na,K- sory neurons) patch-clamp of Nay1.8 channels, inhibitor.
nels ATPase/Src/Nay 1.8 “whole-cell recording” [72]  tetrodotoxin, PKC in- Effective concentration: 100 nM.
channels 100 nM hibitor
Decreased effective activates a subpopulation in vitro (rat dorsal root Slow sodium currents, decreased effective charge transfer in the activation gating system of Analgesia

charge transfer in the
activation gating system
of TTX-resistant (slow)

sodium channels

of opioid receptors that
are negatively coupled
to TTX-resistant (slow)

sodium channels

ganglion cells) patch-clamp
“whole-cell recording” [107]
1 mM

tetrodotoxin

TTX-resistant (slow) sodium channels in a dose-dependent manner;
nonspecific antagonist of opioid receptors naltrexone totally blocked
the effects.

Effective concentration: 1 mM.

Sedative action

Mechanism not investi-

in vivo (rat) [71]

“Open field” test

Reduced motor activity.

Mild forms of nervous ten-

gated 1, 10, 50 and 100 mg/kg Effective doses: 50 and 100 mg/kg. sion and stress.
Decreased respon- inhibitory effect me- in vitro (rat) [116] surviving hippocampal reversible decrease in the peak amplitude of focal response (pop- Pathologies associated with
siveness of field CAl diated by GABAs- 0.1,0.01,0.001 mM slices spike); an imbalance between ex-
hippocampal pyramidal receptors noncompetitive GABA 4 -antagonist picrotoxin prevented the effects citatory and inhibitory pro-
neurons of comenic acid. cesses in the central ner-
Effective concentration: 0.1 mM. vous system
Anxiolytic effect Interaction with opioid in vivo (rat) [117] Morphine  withdrawal Normalization and stabilization of fear and anxiety levels in the “open  Treatment of morphine de-
receptors 50 mg/kg intraperitoneally syndrome field” and “elevated plus maze” tests. pendence

for 18 days

Effective dose: 50 mg/kg.

Meconic acid

Neuroprotective activity

Antioxidant action

in vitro (primary culture of
cerebellar neurons) [108]
0.001, 0.01, 0.1 and 1 mM

glutamate excitotoxicity

increased neuronal survival.
Effective concentrations: 0.001, 0.01, 0.1, and 1 mM, with a dose-
dependent effect.

Pathologies associated with
excitotoxic brain damage
(ischemia, strokes)

Decreased effective
charge transfer in the
activation gating system
of TTX-resistant (slow)

sodium channels

activates a subpopulation
of opioid receptors that
are negatively coupled
to TTX-resistant (slow)

sodium channels

in vitro (rat dorsal root
ganglion cells) patch-clamp
“whole-cell recording” [107]
1 mM

Slow sodium currents,
tetrodotoxin

decreased effective charge transfer in the activation gating system of
TTX-resistant (slow) sodium channels in a dose-dependent manner;
nonspecific antagonist of opioid receptors naltrexone totally blocked
the effects.

Effective concentrations: 1 mM.

Analgesia

GSH, reduced glutathione; MNCV, motor nerve conduction velocity; MDA, malondialdehyde; SOD, superoxide dismutase; BAX, Bcl-2-associated X protein; BAG4, BAG cochaperone 4; Bel-XL, B-cell lymphoma-
extra large; OS, oxidative stress; PERK, protein kinase RNA-like ER kinase; elF2a, eukaryotic translation initiation factor 2 subunit o; MME, Membrane metallo-endopeptidase; Nrf2, nuclear factor erythroid 2—related
factor 2; HO-1, heme oxygenase-1; PI3K, phosphatidylinositol 3-kinase; Akt, protein kinase B; NF-«xB, nuclear factor-kappa B; DNA, deoxyribonucleic acid; ERK, extracellular signal-regulated kinase; JNK, c-Jun
N-terminal kinase; PINK 1, PTEN-induced kinase 1; ROS, reactive oxygen species; ATP, adenosine triphosphate; mTOR, mammalian Target of Rapamycin; AP, amyloid beta peptide; BACE-1, B-site amyloid precursor
protein cleaving enzyme 1; TLR4, Toll-like receptor 4; p-NF-kB, phosphorylated NF-kB; TNF-o, tumor necrosis factor alpha; IL, interleukin; p-JNK, phosphorylated c-Jun N-terminal kinase; BDNF, brain-derived
neurotrophic factor; ER-B, estrogen receptor B; pAMPK, phosphorylated adenosine monophosphate-activated protein kinase; HIF-10, Hypoxia-inducible factor 1-a; FRO, free radical oxidation; SMA-2, spinal muscular

atrophy type 2; PKC, protein kinase C; PKA, protein kinase A; TTX, tetrodotoxin; GABA, gamma-aminobutyric acid.
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The mechanism underlying the sedative effect of
comenic acid in the animal model has not been investigated.
However, data obtained from surviving hippocampal slices
suggest that its sedative action is related to an interaction
with gamma-aminobutyric acid (GABA) receptors. Fur-
thermore, for comenic and meconic acids, a reduction in
the conductance of slow sodium channels has been shown,
which is likely the mechanism of their analgesic action.

The available data on the mechanisms mediating the
observed effects of these compounds will be discussed be-
low.

7.1 Antioxidant Activity

As discussed above, the hydroxyl group at position 3
and the pyran ring are responsible for the antioxidant ac-
tivity of the examined 4H-pyrans [80,81,82,118,119]. It is
well known that the activation of oxidative processes ac-
companies virtually every external impact on the organism,
as it represents part of the nonspecific adaptive response to
any external stimulus, referred to as the general adaptation
syndrome or stress [118]. Excessive activation of oxidation
in the presence of insufficient antioxidant protection leads
to the development of oxidative stress. This condition can
accompany a wide range of pathologies, including neurode-
generation and neurological disorders [120,121], carcino-
genesis [122,123,124], skin pathologies [125], and many
others. Moreover, hyperproduction of ROS and reactive ni-
trogen species (RNS), oxidative stress, and impairment of
antioxidant defense are among the key factors involved in
the aging process [126,127]. Consequently, compounds ex-
hibiting antioxidant activity are considered promising can-
didates for the therapy and prevention of these and other
related pathologies [128,129]. Thus, the antioxidant ac-
tivity demonstrated for maltol [130], komenic [78], kojic
[118], chelidonic [58], and meconic acids represents an
important property underlying their biological effects and
pharmacological activity [108]. For instance, regulation of
the inflammatory response maltol upon administration of
lipopolysaccharide to mice is partly achieved through the
suppression of ROS overproduction [131].

7.2 Nrf2/Keap1/ARE Pathway

The transcription factor Nrf2 regulates the expres-
sion of hundreds of genes involved in cellular defense
against oxidative stress. In mammals, the nuclear fac-
tor erythroid 2-related factor 2 (Nrf2)-Kelch-like ECH-
associated protein 1 (Keapl) system constitutes a ma-
jor cellular defense mechanism that maintains homeosta-
sis by counteracting oxidative stress [132,133,134]. The
Nrf2/Keap1l/antioxidant response element (ARE) pathway
is therefore widely studied in the search for natural com-
pounds capable of providing protection under pathological
conditions [135].

The functional activity of Nrf2 is determined by its ex-
pression level and distribution between the cytoplasm and

12

the nucleus (Fig. 2). Both parameters are controlled by the
multifunctional regulator Keapl, which serves as a recep-
tor for electrophilic compounds and as a substrate adaptor
for the E3 ubiquitin ligase complex. Under physiological
resting conditions, Nrf2 is sequestered in the cytoplasm by
the Cullin-3-containing E3 ubiquitin ligase complex (Cul3—
E3 ligase), which functions in association with RING-box
protein 1 (RBX1). Through the mediation of Keapl, it
is ubiquitinated and undergoes proteasomal degradation
[132,136].

Exposure to various stressors is accompanied by hy-
perproduction of ROS—universal signaling molecules that
trigger adaptive cellular responses [126,137]. Oxidative
stress causes damage to macromolecules (lipids, proteins,
and nucleic acids). Cysteine residues containing sulthydryl
(SH) groups, which play a critical role in regulating enzyme
activity, are highly sensitive to pro-oxidant action. Accu-
mulation of ROS in the cytoplasm modifies cysteine —SH
groups within Keap1, disrupting its ability to retain Nrf2.

Furthermore, phosphorylation of Nrf2 by PKC, which
is itself activated by oxidative stress [138], inhibits the in-
teraction between Keapl and Nrf2. Consequently, Keap1-
dependent proteasomal degradation of Nrf2 is inhibited,
leading to the release of Nrf2 into the cytoplasm. Along
with continuous de novo synthesis, this results in cytoplas-
mic accumulation of Nrf2 and translocation into the nucleus
[139].

Upon binding to small Maf proteins (sMaf), Nrf2 acti-
vates the antioxidant response element (ARE) and enhances
transcription of genes. These Nrf2-regulated genes provide
defense against oxidative damage and include glutathione
peroxidase 2 (GPx2), glutathione S-transferases, peroxire-
doxin 1 (Prdx1), thioredoxin 1 (Txnl), sulfiredoxin (Srx1),
glutamate-cysteine ligase, heme oxygenase 1 (HO-1), and
NAD(P)H quinone dehydrogenase 1, among others [140].

Thus, the cellular response to an external stress stimu-
lus involving the Nrf2/Keap1/ARE pathway can be divided
into five consecutive stages (Fig. 3). At the first stage, there
is an increased formation and intracellular accumulation of
ROS. Hence, ROS disrupt the function of Keap1, leading to
the accumulation of Nrf2 in the cytoplasm and its transloca-
tion into the nucleus. After binding to sMaf proteins, Nrf2
induces the expression of enzymes responsible for the an-
tioxidant defense of the cell. Finally, the activity of these
antioxidant enzymes results in a decrease in ROS levels,
which eventually leads to a reduction in the concentration
of free Nrf2.

As described above, the protective effects of mal-
tol, which involve the Nrf2/Keapl/ARE pathway, have
been demonstrated across various models, including:
nanoplastic-induced toxicity [11], diabetic peripheral neu-
ropathy [3], brain aging [5], and spinal cord injury [6].
Both the neuroprotective and antitumor effects of cheli-
donic acid are accompanied by increased Nrf2 expression
[62,66]. Similarly, the senolytic and senomorphic activities
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Fig. 2. Mechanism of Nrf2/Kelch-like ECH-associated protein 1 (Keap1)/ARE pathway activation under ROS overproduction.
Under normal physiological conditions, Nrf2 is sequestered in the cytoplasm by the Cullin-3-containing E3 ubiquitin ligase complex

(Cul3-E3 ligase), which operates in association with RING-box protein 1 (RBX1) and mediates ubiquitination through Keapl. Upon

exposure to stress: (1) excessive production of ROS leads to the modification of cysteine (Cys)-SH groups within Keapl; (2) this

modification, together with phosphorylation of Nrf2, promotes dissociation of Nrf2 from Keap1; (3) combined with continuous de novo

synthesis, this results in cytoplasmic accumulation of Nrf2 and its subsequent translocation into the nucleus; (4) after binding to small

Maf proteins (sMaf), Nrf2 activates the antioxidant response element (ARE) and enhances transcription of Nrf2-regulated genes; (5) after

which it is degraded in the proteasome.

of chelidonic acid are associated with Nrf2 activation [65].
The neuroprotective effect of kojic acid has also been linked
to Nrf2 induction [47,48]. For comenic and meconic acids,
no studies have been found confirming their activation of
the Nrf2 factor.

Direct interactions between 4H-pyrans and compo-
nents of the Nrf2/Keap1/ARE pathway have not been con-
firmed. It is likely that their influence on Nrf2 is medi-
ated by the reduction of ROS generation—that is, through
their intrinsic antioxidant activity. Thus, their effect on the
Nrf2/Keap1/ARE pathway is implemented at the first stage
through a direct antioxidant action.

Regarding maltol, it has also been demonstrated to
increase catalase activity (the fifth stage of the response)
via direct interaction with the enzyme [141]. This effect
may also contribute to ROS deactivation and modulation of
the Nrf2/Keap1/ARE cascade. Nevertheless, a decrease in

&% IMR Press

ROS levels would be expected to subsequently reduce the
activity of the Nrf2/Keapl/ARE cascade. However, treat-
ment with maltol, kojic, and chelidonic acid was observed
to activate it. It is hypothesized that these compounds en-
hance the activity of the Nrf2/Keap1/ARE cascade by in-
fluencing multiple protein kinases involved in its nuclear
translocation and stability [142,143]. Details on their po-
tential interactions with proteins and enzymes are provided
later. Further investigation is needed to elucidate the mech-
anisms by which 4H-pyrans modulate the Nrf2/Keap1/ARE
cascade.

7.3 NF-kB Pathway

NF-kB represents a family of transcription factors that
play crucial roles in numerous physiological and patholog-
ical processes. The NF-kB signaling cascade can be acti-
vated by various intracellular pathways triggered by inflam-
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Fig. 3. Stages of the cellular stress response involving the Nrf2/Keapl/ARE pathway.

matory cytokines, lipid oxidation products, lipopolysaccha-
rides, hypoxia, reactive oxygen species (ROS), and certain
microorganisms [ 144].

The canonical NF-«kB pathway is rapidly activated in
response to a wide range of stress factors, leading to the
expression of numerous proinflammatory mediators and
molecules [145]. This, in turn, results in the development
of inflammatory responses and the differentiation of im-
mune cells. However, excessive activation of NF-kB con-
tributes to chronic inflammation, oncogenesis, and autoim-
mune diseases [146].

The canonical activation pathway primarily depends
on IkB, a specific inhibitor of NF-«xB. In the resting state,
NF-kB is bound to IxB and resides in the cytoplasm as an
inactive complex. Upon stimulation, the IxB kinase com-
plex is activated, leading to the degradation of IkB and
the release of the NF-kB dimer. The liberated dimer then

14

translocates into the nucleus and binds to specific DNA
sequences. There, it regulates the transcription of target
genes, resulting in the synthesis and release of inflamma-
tory cytokines [147]. The noncanonical NF-«kB pathway in-
volves the p100/RelB transcription factor complex, which
is activated only through specific members of the TNF re-
ceptor superfamily and induces a more specialized immune
response.

The data presented above demonstrate that maltol, ko-
jic, and chelidonic acids affect the NF-xB signaling path-
way. Maltol suppressed NF-kB expression following ex-
posure to CCl4 in the liver of mice [12] and under nephro-
toxic effects on mice cisplatin [18]. Maltol reduced phos-
phorylation of NF-kB, IKKa/B, and IkBa in the liver during
acetaminophen-induced toxicity [13]. A decrease in NF-kB
phosphorylation in hydrogen peroxide-treated retinal neu-
ral cells [146] and macrophages [148], as well as the anti-
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inflammatory effects of maltol in models of osteoarthritis
in mice and postmenopausal osteoporosis were mediated by
the NF-kB pathway [148,149,150].

Kojic acid has been shown potential for inhibi-
tion of NF-kB activity in human keratinocytes, a mech-
anism potentially underlying its anti-melanogenic effects
[151,152,153]. Suppression of NF-kB pathway activity and
reduction of inflammation were observed upon administra-
tion of kojic acid in chondrocytes [45].

In human corneal endothelial cells, kojic acid counter-
acted aging processes. Kojic acid enhances the proliferation
of human corneal epithelial cells [154]. In human HepG2
cells, at kojic acid concentrations of 4.22 mM and 8.02 mM,
an increase in p-Nrf2 and suppression of inflammation were
observed. At a concentration of 12.67 mM, a decrease in p-
Nrf2 was noted [46]. Thus, in different cellular models, NF-
kB activity can either increase or decrease following kojic
acid administration. On the other hand, a reduction in in-
flammation was observed in both cases. This bidirectional
effect of kojic acid can likely be explained by differences in
the treatments and cell types. Kojic acid also stimulates the
differentiation of monocytes into macrophages [52]. An in-
hibitory effect on NF-kB has also been noted for its deriva-
tives [55]. Chelidonic acid inhibited NF-kB in mast cell-
mediated reactions [155,156].

In the brain (both cerebral cortex and hippocampus) of
mice exposed to LPS, kojic acid reduced markers of oxida-
tive stress, TNF-a, and IL-1PB. A decrease in the expression
of the phosphorylated form of NF-kB was also observed.
These results suggest that kojic acid may suppress LPS-
induced neuroinflammation and oxidative stress by regulat-
ing the NF-kB signaling pathway [48]. In the AB-Induced
Mouse Model of Alzheimer’s Disease, kojic acid reduced
p-NF-kB, markers of inflammation, and oxidative stress.
Moreover, kojic acid enhanced synaptic markers and im-
proved memory functions [47]. Thus, the cytoprotective
and immunomodulatory pharmacological effects of maltol,
kojic acid, and chelidonic acid are also mediated through
the NF-kB signaling cascade. Currently, no studies have
been identified that confirm the involvement of this path-
way in the pharmacological effects of comenic and meconic
acids. Nevertheless, given their structural similarity and
fundamental antioxidant activity, a role for the NF-kB cas-
cade in their action cannot be ruled out, due to the close
interconnections between all the regulatory cascades under
consideration.

7.4 PI3K/Akt/mTOR Pathway

The PI3K/Akt/mTOR pathway is a highly conserved
central signaling cascade found in all eukaryotic cells. It
functions to promote cell survival, growth, and prolifera-
tion in response to extracellular signals [157]. This cascade
can be activated by various molecules, including insulin,
glucose, and numerous growth factors and cytokines. Typ-
ically, these molecules activate receptor tyrosine kinases
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(RTKSs) and G protein-coupled receptors (GPCRs), which
in turn recruit and activate PI3K to generate phospholipid
second messengers. These lipid signals then trigger the ac-
tivation of downstream kinases, including Akt and mam-
malian target of rapamycin complex 1 (mTORC1) [158].

The anti-apoptotic effects of many pharmacologically
active molecules are mediated through PI3K/Akt activa-
tion [159,160]. Activation of the PI3K/Akt/mTOR path-
way has been observed upon maltol exposure in cardiomy-
ocytes. In cultured H9C2 cells, maltol increased the ex-
pression level of PI3K/Akt upon exposure to cisplatin. In-
hibition of PI3K/Akt with LY294002 and HY-10249A re-
duced the efficacy of maltol [15]. Additionally, maltol
restored the cisplatin-induced decrease in PI3K/Akt and
mTOR levels by increasing AMPK expression in cisplatin-
treated HEK293 cells [18]. In the brain of d-Gal-treated
mice, maltol minimized oxidative stress by increasing the
phosphorylation levels of PI3K, Akt, Nrf2, and HO-1. That
is, maltol activated the Nrf2/HO-1 signaling pathway via
PI3K/Akt [5]. A similar pattern was observed in the liver
of mice during acetaminophen-induced intoxication. The
addition of maltol increased the level of phosphorylated
NF-kB, IKKo/B, IkBa, PI3K, and Akt phosphorylation in
a dose-dependent manner [13].

A concomitant decrease in various apoptotic markers
was reported.

According to molecular docking studies, the maltol
molecule interacts with PI3K through alkyl, hydrogen, T-
shaped Pi-Pi, and pi-alkyl interactions [161]. It is presumed
that activation of the PI3K/Akt pathway by maltol in hepa-
tocytes and chelidonic acid in fibroblasts is mediated via
AMPK activation. Through this mechanism, maltol and
chelidonic acid may also inhibit the activity of p53, a regu-
lator of the anti-apoptotic protein Bel-2 [18,65]. Consider-
ing that p53 is involved in cellular stress response and inter-
acts with other regulatory pathways, the ability to suppress
its positive regulation underscores the therapeutic potential
of maltol and chelidonic acid.

More than 150 proteins have been identified as partic-
ipants in the PI3K/Akt/mTOR cascade. This pathway per-
forms numerous functions in both normal and pathological
processes, which complicates the verification of its specific
effects [158]. It is suggested that the protective action of
kojic acid in osteoarthritis is mediated by inhibition of the
PI3K/Akt/mTOR pathway, thereby maintaining a normal
level of autophagy [45].

7.5 Nrf2/PINK1/Parkin Pathway

Mitochondria are key cellular organelles responsible
for the synthesis of ATP (adenosine-5'-triphosphate) dur-
ing oxidative phosphorylation. They regulate energy home-
ostasis, cellular signaling, and apoptosis. In neurons, the
high demand for ATP is driven by the need for: the forma-
tion of synaptic vesicles; ensuring axonal transport; main-
taining ion gradients; preserving the mitochondrial mem-
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brane potential [162]. Due to these features, the nervous
system is particularly vulnerable to mitochondrial dysfunc-
tion [163]. The state of mitochondria significantly influ-
ences neuronal activity, as well as brain development and
neuroplasticity, through metabolic processes, calcium level
regulation, apoptosis, autophagy, and mitochondrial dy-
namics. Furthermore, mitochondria play an important role
in cell differentiation, neurite outgrowth, changes in den-
dritic structure, and the process of neurotransmitter release
and reuptake [164].

Characteristic manifestations of mitochondrial dys-
function observed during aging include: a decrease in
adenosine triphosphate (ATP) synthesis, leading to reduced
cellular energy supply; the occurrence of mutations in mi-
tochondrial DNA (mtDNA), which disrupts normal mi-
tochondrial function; increased formation of ROS in mi-
tochondria, contributing to the development of oxidative
stress; a decline in the activity of antioxidant enzymes,
which normally protect cells from damage caused by free
radicals; excessive release of pro-apoptotic factors, increas-
ing the likelihood of triggering the programmed cell death
(apoptosis) pathway; oxidative damage to various cellular
components, including: lipids (disruption of cell membrane
integrity), nucleic acids (damage to RNA, DNA, mtDNA),
and proteins (denaturation and loss of functional properties)
[165,166,167]. Collectively, these changes lead to impaired
cellular and tissue function, which is one of the key factors
in organismal aging.

It is known that the activation of free radical processes
is part of the body’s nonspecific response to any external in-
fluence, termed the general adaptation syndrome or stress
[88]. As noted above, a wide spectrum of nervous sys-
tem pathologies, ranging from stress of various origins to
chronic neurodegeneration, are accompanied by increased
ROS production. Cellular antioxidants and free radical-
scavenging enzymes eliminate the bulk of the ROS gen-
erated. Nevertheless, a small fraction of ROS evades this
detoxification system and can damage mitochondrial DNA
(mtDNA), proteins, and lipids. Accumulating mutational
changes intensify over time, provoking specific defects in
respiratory chain complexes and hyperproduction of ROS.
This ultimately triggers mitochondrial dysfunction. Most
often, its cause is a combination of abnormalities disrupt-
ing the expression of genes and proteins associated with mi-
tophagy and mitochondrial dynamics in neurodegenerative
pathologies [164].

Neurodegeneration is characterized by disruption of
mitochondrial structure, alterations in cristae size, and a de-
cline in both the quality and quantity of mitochondria, lead-
ing to an ATP deficit. Impairments in the functional activity
of mitochondria may serve as a key regulator of the aging
process [166].

Autophagy is a natural cellular process for the utiliza-
tion and recycling of a cell’s internal components. Dur-
ing autophagy, the cell identifies damaged or unnecessary
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structures (proteins, protein complexes, organelles); iso-
lates them within a special membranous structure called an
autophagosome; fuses the autophagosome with a lysosome;
degrades the contents via the lysosome into basic “building
blocks”; and reuses the resulting molecules for the synthe-
sis of new structures and for energy production [168].

Mitophagy is the process of selective removal of dam-
aged or aged mitochondria through autophagic mecha-
nisms. Itis essential for maintaining mitochondrial function
and intracellular homeostasis [131,132]. It is a prerequi-
site for the formation of new, healthy mitochondria through
biogenesis [169]. Induction of mitophagy is considered a
promising therapeutic target for neuroprotection in aging
and age-related diseases [164]. The Nrf2/PINK1/Parkin
regulatory cascade ensures the functioning of autophagy
and mitophagy processes, leading to the degradation of
damaged mitochondria and proteins.

It is suggested that the protective activity of maltol in
spinal cord injury may be associated with activation of the
Nrf2/PINK 1/Parkin pathway, which supports mitophagy
[6]. Another study, that investigated the protective effect
of maltol on nanoplastics-induced liver injury/investigating
the protective effect of maltol on liver damage induced by
nanoplastics, reported that maltol maintained the expres-
sion of LC3I1I/1, a key autophagy marker, as well as the p62
protein, while also activating the Nrf2/HO-1 pathway [11].

The p62 protein is primarily localized between ad-
jacent mitochondria and, in PINKI1/Parkin-induced mi-
tophagy, facilitates the accumulation of damaged mito-
chondria. The absence or inhibition of this protein prevents
the elimination of dysfunctional mitochondria [132]. In ad-
dition to antioxidant defense, activation of the Nrf2 signal-
ing pathway regulates mitochondrial membrane potential,
antioxidant protection, biogenesis, and structural integrity
[170,171].

Currently, PINK1/Parkin is recognized as the classi-
cal mitochondrial autophagy pathway: in dysfunctional mi-
tochondria, the membrane potential decreases, PINK1 ac-
cumulates in the outer mitochondrial membrane, and pro-
motes activation and translocation of Parkin [6]. Experi-
mental studies have demonstrated the involvement of Nrf2
in mitophagy via upregulation of PINKI and p62 gene ex-
pression [172,173]. The light chain 3 II (LC3-II) protein
promotes autophagosome membrane elongation, leading to
sequestration of damaged material (proteins or organelles)
[174].

Thus, current data suggest that maltol sup-
ports impaired mitophagy through activation of the
Nrf2/PINK1/Parkin pathway and by maintaining LC3II/I
expression induced by the transcription factor FOXO3
[175]. The latter is activated by ROS overproduction and
may represent a link to the ROS/FOXO3 signaling pathway
(Fig. 4) [176].

Furthermore, maltol has been shown to enhance
AMPK expression in a mouse model of cisplatin-induced
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Apoptosis
*

Autophagy

Fig. 4. Potential pathways of maltol action on apoptosis via ROS inhibition and maintenance of ubiquitin-dependent autophagy
through Nrf2 and AMPK. A decrease in the membrane potential of a damaged mitochondrion leads to its depolarization. As a result, (1)
PINK 1 accumulates on the outer mitochondrial membrane (under normal conditions, it is continuously translocated to the inner membrane
and subsequently degraded); (2) This triggers a mechanism involving phosphorylation of Parkin (Par) and its substrate ubiquitin (Ub);
(3) subsequently, with the involvement of the linker protein p62, which can specifically bind ubiquitinated cargo to autophagosomes,
an interaction with microtubule-associated protein 1 light chain 3 II (LC3-II) occurs; (4) this is followed by the sequestration of the
material targeted for removal (proteins, organelles) within the autophagosomal membrane. It is hypothesized that maltol may: (a) through
activation of Nrf2, influence the formation of p62 and PINK1, thereby stimulating mitophagy; (b) through activation of AMPK, enhance
FOXO3 expression, with FOXO3 binding to the Atg3 gene promoter and increasing the amount of Atg3 protein in the cell, where Atg3
is involved in the formation of LC3-II for autophagosome membrane formation; (c) by virtue of its antioxidant activity, inhibit apoptotic

processes. FOXO03, forkhead box O3.

nephrotoxicity [18]. AMPK activation in turn can increase
FOXO3 expression [177]. Therefore, this represents an-
other potential mechanism by which maltol may support
disrupted mito- and autophagy.

Kojic acid demonstrated the ability to induce the ex-
pression of LC3-II/I and beclin-1, as well as Atg3, other
key positive regulators of autophagy, thereby restoring im-
paired autophagic function [45]. Moreover, 3-MA, a spe-
cific autophagy inhibitor, significantly suppressed the anti-
inflammatory and chondroprotective effects of kojic acid
in a mouse model of osteoarthritis. Thus, the chondropro-
tective activity of kojic acid is at least partly mediated by
normalization of autophagy.

It should be noted that the mechanisms of mitophagy
impairment are quite diverse and can vary significantly de-
pending on the specific organ and pathology. The develop-
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ment of effective strategies aimed at correcting mitophagy
defects requires a detailed study and identification of the
causes of its dysfunction [169]. For maltol, the stimulation
of participants and regulators of the Nrf2/PINK1/Parkin
cascade has been demonstrated in spinal cord injury in
mice [6], a mouse model of cisplatin-induced nephrotoxi-
city [18], and in nanoplastics-induced liver injury in mice
[11]. Thus, it appears that the protective activity of mal-
tol may be realized through the maintenance of auto- and
mitophagy in various pathologies, including pathologies of
the nervous system.

Chelidonic acid has been shown to activate AMPK as
well [65]. Although its effect on autophagy has not been
demonstrated, this possibility cannot be excluded in view
of its ability to modulate AMPK activity.
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7.6 Interconnection of Regulatory Cascades and
Pharmacological Activity of 4H-Pyrans

The Nrf2/Keapl/ARE, Nrf2/PINK1/Parkin, NF-kB,
and PI3K/Akt/mTOR pathways regulate the physiological
homeostasis of the cellular redox state, stress responses, and
inflammation. The molecular mechanisms underlying this
regulation are still being elucidated. It is currently believed
that Nrf2 plays a crucial role in counteracting the inflamma-
tory response mediated by NF-kB in various experimental
models [136]. Activation of Nrf2 in response to injury, in-
toxication, inflammation, and other stress factors occurs via
ROS overproduction and primarily leads to the activation of

the cellular antioxidant defense system.
NF-kB induction occurs through inflammatory cy-

tokines, lipid oxidation products, and lipopolysaccharides,
suggesting that the signaling cascades of Nrf2 and NF-
kB function as a balanced regulatory mechanism, mutually

modulating each other’s activity [144].
All the discussed signaling and regulatory cascades

are closely interconnected and interregulated. In particu-
lar, it has been established that the mutual influence of NF-
kB and Nrf2 is a complex crosstalk mechanism. These sig-
naling cascades ensure a balance between the inflammatory
response and the antioxidant response. The mutual regula-
tion of these cascades occurs at different levels. ROS acti-
vate both pathways, but Nrf2 reduces the activity of NF-xB
by mitigating oxidative stress, while NF-kB can influence
Nrf2 expression. As mentioned above, activated Nrf2 trig-
gers the synthesis of numerous antioxidant enzymes (GPx2,
GST, Prdx1, Txnl, Srx1, HO-1, NQO), which leads to a
decrease in ROS levels and suppression of ROS-dependent
NF-«xB activation. Nrf2 also modulates the activity of NF-
kB through IxB kinase (IKK). IKK consists of three sub-
units: IKKa (catalytic); IKKp (catalytic, the primary kinase
in the canonical pathway); and IKKy (regulatory subunit,
also known as NEMO—NF-«B Essential Modulator). In
cells, the Keap1 protein constantly suppresses Nrf2, acting
as a sensor of intracellular homeostasis. Upon Nrf2 acti-
vation, the Nrf2-Keap1 complex dissociates, increasing the
concentration of free Keap1 in the cytoplasm. Keapl inter-
acts with IKKp, blocking the phosphorylation of the NF-xB
inhibitory complex and preventing the nuclear transloca-
tion of p65, thereby suppressing signaling through NF-xB
[178,179]. Furthermore, Keap1 is capable of directly bind-
ing to the p65 subunit of NF-kB [180]. Another point of
intersection between the Nrf2 and NF-xB regulatory cas-
cades is the CREB-binding protein (CBP). CBP is a tran-
scriptional co-activator capable of binding to both Nrf2 and
the p65 subunit of NF-kB [181]. Thus, Nrf2 can regulate
NF-kB signaling by competing with it for CBP protein.
The PI3K/Akt signaling cascade also interacts with
the NF-kB pathway. PI3K/Akt-mediated phosphorylation
and activation of the RelA/p65 subunit of NF-kB has been
demonstrated [181]. This pathway was engaged by maltol
in the brain of d-Gal-treated mice [5] and in the liver of mice
following paracetamol exposure [13] (see above).
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Thus, regulatory cascades exist in a state of continuous
dynamic interaction and mutual regulation, not only under
normal conditions but also in pathologies. As is known,
neurodegenerative processes, both acute and chronic, are
associated not only with oxidative stress but also with the
activation of inflammatory processes [182,183]. Under
conditions of severe ischemia, when significant and irre-
versible brain damage occurs, NF-kB contributes to neu-
ronal death. This happens through the activation of inflam-
matory pathways that lead to damage to cellular structures.
At the same time, NF-kB may be involved in the mech-
anism of preconditioning during transient (short-term) or
sublethal (non-lethal) ischemia. It is hypothesized that in
these cases, NF-xB is partially activated but does not reach
full activation. Thus, depending on the degree and duration
of the ischemic insult, NF-xB can either promote the de-
velopment of neuronal death or participate in mechanisms
of brain protection [184]. Inhibition of NF-«B is a current
strategy to counteract neuroinflammation and neurodegen-
eration in the brains of individuals with Alzheimer’s disease
[185].

In this context, maltol has been shown to suppress the
NF-«B pathway through the activation of Nrf2 in a mouse
model of experimental osteoarthritis [151]. In cell cultures
of R28 cells [9], Human Neuroblastoma Cells (SH-SY5Y)
[8], and Primary mouse RGCs [10], the neuroprotective ef-
fect of maltol was accompanied by the prevention of NF-
«B activation. Similarly, the neuroprotective effect of kojic
acid in LPS-induced neuroinflammation was also accompa-
nied by the prevention of NF-«xB activation [48].

The tumor suppressor p53 regulates apoptosis, cell cy-
cle arrest, senescence, autophagy, DNA repair, and angio-
genesis, while NF-kB enhances resistance to programmed
cell death and is considered a major regulator of cancer de-
velopment and maintenance. NF-kB modulates p53 activ-
ity, and p53, in turn, influences NF-kB [186].

The cascades regulated by Nrf2 intersect with the p53
pathway in oncopathologies, and Nrf2 may contribute to
cancer cell resistance to chemotherapy [187]. It has been
demonstrated that the studied 4H-pyran compounds (mal-
tol, chelidonic, and kojic acids) alter the expression and lev-
els of apoptosis regulators such as Bax, caspase-3, and the
anti-apoptotic factor Bel-2 [6,13,15,18,65,188]. These ef-
fects are often accompanied by simultaneous modulation of
components of the aforementioned regulatory cascades, in-
cluding MAPK [9,46,48].

Such cross-regulation among Nrf2, NF-kB, PI3K,
MAPK, and other signaling factors highlights the remark-
able variability of cellular response mechanisms and path-
ways through which biologically active compounds exert
cytoprotective effects, particularly their antitumor activi-
ties. Therefore, the pharmacological mechanisms of these
compounds may be more specific and not limited to those
discussed in the present work. Specifically, this pertains
to the neuroprotective effect of maltol in DPN. The au-

&% IMR Press


https://www.imrpress.com

thors showed that maltol attenuated the phosphorylation of
protein kinase RNA-like ER kinase (PERK) andeukaryotic
translation initiation factor 2 subunit a (¢IF2a) in rats, sug-
gesting that maltol inhibits ER stress-induced apoptosis by
reducing the expression of PERK and elF2a. This hypoth-
esis was confirmed in experiments on RSC96 cells, where
the levels of phospho-elF2a, elF2a, phospho-PERK, and
PERK were determined in RSC96 cells in the presence of
the PERK activator CCT020312 [4]. This also applies to
the anti-inflammatory effects of maltol in acetaminophen-
induced hepatotoxicity in mice [13], osteoarthritis (a study
on mice and human chondrocytes) [149], and interverte-
bral disc degeneration (a study on mice and culture of rat
NPC lines) [161], as well as to kojic acid in an osteoarthri-
tis model in mice and mouse chondrocytes [45]. The same
principle extends to maltol and comenic acid metal com-
plexes, in which part of the protective activity is likely at-
tributed to the intrinsic biological activity of the metal ion.

7.7 Direct Interaction With Participants of Regulatory
Cascades

As mentioned previously, no direct molecular inter-
actions have been identified to date between the 4H-pyran
compounds in question and the immediate components of
the Nrf2/Keapl/ARE, NF-kB, and PI3K/Akt/mTOR cas-
cades. Although, as reported above, maltol can potentially
activate PI3K [162]. Nevertheless, evidence exists for their
interaction with other proteins and enzymes.

It was shown that incubation of hepatocytes with mal-
tol increased catalase activity by 11% [141]. The observed
protective effects of maltol under oxidative stress condi-
tions are attributed to the increased catalase activity, which
accelerates H, O, decomposition, reducing its concentration
and preventing cellular damage. It has been established
that maltol forms a complex with catalase, causing con-
formational changes in the enzyme molecule—loosening
of its structural framework, an increase in o-helices, and a
slight reduction in B-sheets. Maltol binds to catalase mainly
through hydrogen bonds with amino acid residues ARG111,
ARGT71, and SER113. The binding sites are located near
the heme ring of the enzyme’s active center; however, mal-
tol does not interact with residues directly responsible for
enzymatic activity [141].

It is plausible that the physiological activity of maltol
is also mediated by interactions with other proteins and en-
zymes. For instance, previous studies have shown that mal-
tol binds to bovine serum albumin (BSA) primarily through
hydrophobic interactions. A single class of binding sites for
maltol has been identified within BSA, with the compound
located in subdomain IIA (site I). Similar to its interaction
with catalase, maltol binding to BSA induces changes in the
secondary structure of the protein [189].

Thus, the confirmed interaction of maltol with cata-
lase, resulting in altered enzymatic activity [141], its bind-
ing to BSA [189], and the potential interaction of chelidonic
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acid with proteins p21, p16, and p53 involved in aging-
related signaling and maintenance of cellular homeostasis
collectively support the possibility of broader protein inter-
actions [65]. These findings justify further research into the
molecular mechanisms underlying the biological activity of
4H-pyran compounds.

7.8 Interaction With Opioid-Like Receptors and GABA
Receptors

As mentioned earlier, the molecules of comenic
and meconic acids are capable of binding to opioid-
like receptors, which underlies their analgesic activ-
ity [72,99,100,107]. In addition, the analgesic drug
Anoceptin®, based on comenic acid, has successfully com-
pleted Phase I clinical trials [190]. The mechanism of anal-
gesic action has been established and described in the lit-
erature. It involves interaction with the opioid-like recep-
tor, leading to modulation of the Na,K-ATPase/Src com-
plex. As a result, two signaling cascades are activated.

Signal transduction along the neuronal membrane to
the Nay 1.8 channel reduces its potential sensitivity, thereby
producing an analgesic effect. The second cascade in-
volves transmission of the signal first to PKC and sub-
sequently to ERK1/2, which in turn promotes the activa-
tion of trophic processes. ERKI1/2 affects transcription
factors, coactivators, and corepressors of gene expression
through direct interactions [191]. Moreover, ERK1/2 acts
upstream of Nrf2 and regulates Nrf2-dependent gene ex-
pression, thereby contributing to the protection of cells from
oxidative damage [192].

Such activity has been demonstrated for comenic
acid and its metal complexes, as well as for meconic
acid. To date, it has also been shown that the activity of
the Nay1.8 channel is modulated by 5-methoxy-gamma-
pyrone-2-carboxylic acid. Further studies in this area are
expected to facilitate the development of new, effective,
and safe analgesic agents [99].

The mechanism of the [effect/results] observed in the
study [117]. The mechanism of the anxiolytic effect of
comenic acid in morphine withdrawal syndrome observed
in the study has not been investigated. It is known that dur-
ing withdrawal syndrome, inhibition of GABA release oc-
curs [193]. At the same time, there is data on the interac-
tion of comenic acid with GABA receptors [116]. Thus,
it is logical to expect that the anxiolytic effect of comenic
acid is related not only to its interaction with opioid recep-
tors but also with GABA receptors. Testing this hypothesis
requires further investigation.

For chelidonic and kojic acids, however, no evidence
of interaction with the opioid-like receptor has been found.
Minor structural differences between these molecules ap-
pear to significantly affect receptor affinity. According to
the authors, the inability of chelidonic and kojic acids to
bind to the receptor is determined by their inability to inter-
act with certain inorganic cations. This may result from the

19


https://www.imrpress.com

absence of specific functional groups: the hydroxyl group
in chelidonic acid (preventing Ca chelation) and the car-
boxyl group in kojic acid (preventing salt formation at phys-
iological pH) [24].

Nevertheless, a recent study demonstrated that che-
lidonic acid significantly improved conduction velocity in
motor and sensory nerves and attenuated neuropathic pain
[62], indicating that this issue requires further investigation.

The analgesic activity of gallium maltolate, mentioned
earlier, is most likely associated with its anti-inflammatory
properties [194]. No data have yet been reported regarding
analgesic activity or interaction of maltol with opioid-like
receptors.

8. Limitations of Current Data and Future
Perspectives

8.1 Blood-Brain Barrier

When developing drugs with neuroprotective activity,
it is necessary to consider the difficulty of delivering the
therapeutic agent to the brain, due to the presence of the
blood-brain barrier (BBB). The primary task of the BBB is
to protect the brain: it regulates the transport of substances,
thereby maintaining a stable environment without which
the normal functioning of the nervous system is impossi-
ble. On the other hand, the BBB can prevent the penetra-
tion of drugs into the brain, hindering the manifestation of
their neuroprotective activity [195]. Due to the structure of
the BBB, only small lipophilic molecules are able to pen-
etrate it [196]. However, most lipophilic drugs capable of
penetrating the BBB are prone to efflux from the cell due to
the function of the BBB [197]. No pharmacokinetic stud-
ies have been found that determine the ability of the com-
pounds under consideration to cross the blood-brain barrier
and distribute within the brain. No publications have been
found that address the distribution of these compounds in
the body, their metabolism, or their elimination rate. The
relatively small molecular sizes of these compounds sug-
gest the possibility of BBB penetration. Indirect evidence
for the ability to cross the BBB can be inferred from the
sedative effect of comenic acid [71]. Nevertheless, this is-
sue requires further investigation.

An inability to cross the BBB would necessitate the
development of a method to deliver these compounds to
the brain. In particular, nanoscale drug delivery systems
are showing promising clinical results: they facilitate drug
transport into the brain and optimize their pharmacokinetic
profiles. However, further research is required to translate
these approaches into clinical practice in humans [197,198].
Intranasal administration offers a non-invasive and patient-
friendly method to bypass the BBB and reach the CNS. The
advantages of intranasal administration include rapid ab-
sorption, immediate onset of action, absence of first-pass
hepatic metabolism, and high patient comfort [199]. In arti-
cle [200] successful delivery of neurotrophic factors carried
by extracellular vesicles was achieved via intranasal admin-
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istration for the treatment of ischemic stroke in mice. In the
study [201] successful delivery of nanoparticles for targeted
therapy of ischemic stroke was achieved via the nasal route.
Progress in the field of drug delivery to the brain is reviewed
in reviews [198,199,202] and others.

8.2 Limitations of the Models

The use of rodents (rats and mice) is the “gold stan-
dard” in preclinical research; however, there is a signifi-
cant gap between successful results in animals and failures
in human clinical trials.

The main limitations of these models in the context of
neuroprotection include: biological and anatomical differ-
ences, methodological discrepancies, genetic homogeneity,
and others. Biological and anatomical differences stem
from the fact that the ratio of white to gray matter dif-
fers between rodents and humans. In humans, white mat-
ter (myelinated fibers) constitutes about 50% of the brain,
whereas in rodents it is only about 10%. Many neuropro-
tective agents protect neurons (gray matter) but are inef-
fective at protecting axons, which is critical for humans.
The rodent brain lacks convolutions (it is lissencephalic),
while the human brain is gyrencephalic. This affects pres-
sure distribution during injury and the characteristics of
blood supply. Furthermore, the response of microglia
and astrocytes to damage proceeds differently in mice.
Neuroinflammation—a key target of neuroprotection—has
different timescales and mediators across species.

Methodological discrepancies arise because most
studies are conducted on young, healthy animals. How-
ever, neurodegeneration is primarily a problem of the ag-
ing brain. The aging brain possesses different regenerative
mechanisms and levels of oxidative stress. Additionally,
rodents and humans differ, for example, in the growth of
the infarct zone [203]. The issue of genetic homogeneity is
related to the fact that the use of inbred strains allows for
reproducible results but does not account for the genetic di-
versity of the human population. Even the influence of the
circadian rhythm on neuroprotection must be considered in
translational research on stroke and central nervous system
diseases [204].

Overcoming these limitations requires testing neuro-
protectants in multiple animal species. Gyrencephalic pri-
mates or cats are desirable as a second species following
rodent tests; however, cost, availability, and ethical ac-
ceptability may pose challenges. It is necessary to include
groups of aged animals and animals with conditions like hy-
pertension. The minimum effective dose and the maximum
tolerated dose must be determined. It is also essential to
verify that the drug reaches the target organ within these
dose ranges. Both histological and behavioral outcomes
should be assessed, with behavioral evaluations conducted
over the long term. Key physiological parameters must be
monitored regularly. Finally, positive results obtained in
one laboratory need to be replicated in at least one indepen-
dent laboratory before proceeding to clinical trials [205].
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As discussed above (Table 1), the neuroprotective ac-
tivity of the compounds under consideration has been inves-
tigated in vitro in various cellular models, as well as in vivo
in rodents. However, for each neurodegeneration model,
there is only one, or at most two, studies in animal models.
The neuroprotective effect of maltol in experimental DPN
has been studied in two works. For comenic acid, there are
several studies examining its antioxidant effect under gen-
eral stress exposure and hypoxia, but no studies exist on its
selective effect on the brain. Only two studies have been
performed on aging models (maltol and chelidonic acid)
and one on an Alzheimer’s disease model (kojic acid). The
sedative effect of comenic acid has been investigated in a
single model. For meconic acid, no animal studies were
found—only in vitro work confirming a mechanism similar
to that of comenic acid.

Thus, the currently available data on the neuroprotec-
tive properties of the compounds under consideration are,
overall, at an early stage of preclinical research. To bet-
ter understand their therapeutic potential, further studies are
necessary, not only in rodents but also in other models more
closely related to humans. Furthermore, the existing data do
not allow for an assessment of the range of effective con-
centrations, nor the doses at which these are achieved. The
importance of this point can be illustrated by study [47],
in which HepG2 cells showed an increase in p-Nrf2 at ko-
jic acid concentrations of 4.22 mM and 8.02 mM, whereas a
decrease in p-Nrf2 was observed at a concentration of 12.67
mM.

8.3 Mechanisms of Neuroprotective Activity

The antioxidant effect of these compounds is well-
documented in experiments with cell cultures and in ani-
mal models. The mechanism of direct antioxidant activity
is generally understood. However, considering the estab-
lished ability of maltol to activate catalase, it is logical to
continue research in this direction. The possibility of influ-
encing the activity of other antioxidant enzymes by maltol
and other compounds could be explored.

It remains unclear how the activation of the
Nrf2/Keap1/ARE cascade, the transcription factors NF-«xB,
the PI3K/Akt/mTOR cascade, and the Nrf2/PINK 1/Parkin
cascade occurs. Direct interaction has not been established
for the compounds under consideration. The mechanism of
the anxiolytic effect of comenic acid requires elucidation.
Currently, the triggering of a particular molecular cascade
has been documented, but it is not clear what serves as the
trigger for this activation. It should be noted that molecular
cascades have functional peculiarities in different cell
types. Therefore, results obtained for one cell type may not
be reproducible in others. The importance of addressing
this issue is illustrated, for example, by the bidirectional
effect of kojic acid. In chondrocytes [45] and melanocytes
[151], its application was observed to suppress NF-xB
activation, whereas in hepatoma cells, activation of NF-xB
was noted [46]. Considering the involvement of the dis-
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cussed molecular cascades in a wide range of pathologies,
selecting the pathology optimal for therapeutic efficacy
seems important.

Pb?* ions reduce the activity of PKC and NF-xB in
vitro [206]. NF-«B and Nrf2 are involved in the response
to stress [207,208]. Therefore, it is logical to investigate
the involvement of these pathways in the stress-protective
activity of comenic acid and its neuroprotective effect in
lead intoxication.

Addressing these questions should appropriately be-
gin with Structure—Activity Relationship (SAR) analysis
and molecular docking to identify the most probable molec-
ular interactions and binding sites. For example, for maltol,
an interaction with PI3K is suggested based on docking re-
sults[161]. Subsequent in vitro and in vivo experiments will
need to confirm or refute these findings. The development
of modern high-throughput technologies, which enable the
quantitative analysis of thousands of proteins and metabo-
lites in biological fluids, offers the prospect of progress in
solving this task [209]. Furthermore, live-cell imaging with
fluorescent labels [210], single-cell and spatial transcrip-
tomics analysis should help resolve the issue of differences
in the response of different cell types [211,212].

9. Conclusions

4H-pyran derivatives exhibit a broad spectrum of
pharmacological activity. They have demonstrated hep-
atoprotective, nephroprotective, cardioprotective, chon-
droprotective, and neuroprotective effects, as well as the
ability to inhibit tumor cell growth. Due to the structural
similarity of these compounds, many of their biological ef-
fects are analogous. Recently, the greatest research inter-
est has been directed toward the protective effects of mal-
tol, comenic acid, and chelidonic acid in pathologies of
the nervous system. These compounds have been tested
and have shown good results in oxidative brain damage,
DPN, brain aging models, and paclitaxel-induced neuropa-
thy, as well as in more numerous cell culture studies. On
the other hand, the greatest progress towards clinical ap-
plication has been noted for comenic acid. It has been re-
ported that the analgesic drug Anoceptin®, based on this
compound, has completed the first phase of clinical tri-
als. The anti-inflammatory and wound-healing properties
of comenic acid are utilized in medicine in the prepara-
tions “Baliz-2” and “Baliz” suppositories. For the other
compounds considered, no reports of clinical trials regard-
ing neuroprotective activity were found. Meconic acid cur-
rently remains the least studied; only in vitro studies have
been conducted for it.

All the 4H-pyran compounds examined possess sig-
nificant potential for the development of new, effec-
tive, and specific pharmaceutical agents, including those
with neuroprotective activity. However, despite the doc-
umented involvement of the Nrf2/Keapl/ARE, NF-«B,
PI3K/Akt/mTOR, and Nrf2/PINK1/Parkin cascades in the
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observed neuroprotective effects of maltol, chelidonic acid,
and kojic acid, the specific molecular interactions respon-
sible for engaging these pathways have not been identified.
Although for comenic acid, the mechanisms of its analgesic
and neurite-stimulating actions have been elucidated.

Furthermore, the pharmacokinetics of these com-
pounds regarding their ability to cross the blood-brain bar-
rier has not been investigated. The issues of optimal thera-
peutic concentrations and the most effective doses also need
to be addressed.

To date, studies have been conducted on rodents. To
confirm the obtained data, research on other models closer
to humans, particularly primates, should be undertaken.
This will provide a better understanding of the therapeutic
potential of each compound for specific pathologies.

SAR analysis, molecular docking, live-cell imaging
with fluorescent labels, single-cell and spatial transcrip-
tomics analysis, as well as other modern techniques, should
help resolve these questions.
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