Q

£ SCIENCE SET

O ee——
OPEN ACCESS PUBLISHERS

ISSN: 3065-4874
Research Article

Journal of Psychiatry and Neurochemistry Research

/4

Sulfur-Containing Natural Products as Promising Cardiotonic and Anti-Ischemic
Agents: Implications for Neuroprotection and Dementia Therapy

Valery M Dembitsky'**& Alexander O Terent’ev?

!Natural Products International, 65 Enterprise, Aliso Viejo, CA, 92656, USA
’N D Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, Leninsky Prospect, 47, Moscow, 119991, Russia

*Corresponding author: Valery M. Dembitsky, Natural Products International, 65 Enterprise, Aliso Viejo, CA, 92656, USA.

Submitted: 08 August 2026  Accepted: 18 August 2026  Published: 25 August 2026

Citation: Dembitsky, V. M., & Terent’ev, A. O. (2026). Sulfur-Containing Natural Products as Promising Cardiotonic and Anti-Ischemic Agents:

Implications for Neuroprotection and Dementia Therapy. J of Psych and Neuroche Res, 4(4), 01-11.

Abstract b
Sulfur-containing (SC) natural hydrocarbons represent a structurally diverse class of metabolites widely distributed
in plant materials, foods, petroleum, crude oils, and fossil fuels. From a total of approximately 600 analyzed com-
pounds, 35 sulfur-containing metabolites were identified and selected for further investigation. In this study, these
35 SC metabolites were evaluated to assess their potential as cardiotonic and anti-ischemic agents using predictive
biological activity modeling. The results revealed that compounds 1—14 exhibit strong cardiotonic activity (Pa up to
0.996), particularly among flexible, mono-sulfur macrocyclic and terpene-like structures. In contrast, compounds
15-35 demonstrated significant anti-ischemic (cerebral) activity (Pa up to 0.935), with simpler monosulfide and
moderately flexible cyclic systems showing the highest potency. Structure—activity relationship (SAR) analysis indi-
cated that sulfur incorporation is a key determinant of biological activity, influencing lipophilicity, redox behavior,
and molecular interactions with biological targets. Flexible monosulfides favor cardiotonic and anti-ischemic ef-
fects, while increased structural rigidity and sulfur multiplicity shift activity toward antiarrhythmic, neuroprotective,
and cerebrovascular functions. Many compounds also exhibited multi-target pharmacological profiles, including
antineoplastic, anti-inflammatory, antidepressant, and neurodegenerative disease-related activities. Mechanistical-
ly, the observed effects may be attributed to membrane interaction, modulation of oxidative stress, ion channel
regulation, and interaction with protein thiol groups, supporting both cardiovascular and central nervous system
(CNS) activity. Notably, several compounds showed predicted relevance to dementia and ischemic neurodegenera-
tion, suggesting their potential as multifunctional therapeutic agents. Overall, this study highlights sulfur-containing
hydrocarbons as promising scaffolds for the development of novel cardiotonic, anti-ischemic, and neuroprotective
drugs, and provides a foundation for future experimental validation and rational drug design.
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Introduction

Cardiovascular and neurodegenerative diseases remain among
the leading causes of morbidity and mortality worldwide, with
ischemic heart disease, cardiac arrhythmias, and dementia rep-
resenting major global health challenges. Despite significant ad-
vances in pharmacotherapy, current treatments are often limited
by suboptimal efficacy, adverse effects, and a lack of multi-target
activity [1-4]. In particular, the close pathophysiological rela-
tionship between cardiovascular dysfunction and neurodegener-
ation—often referred to as the cardio—cerebral axis—has high-
lighted the need for therapeutic agents capable of modulating
both cardiac and neural systems simultaneously [5, 6].
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Natural products continue to serve as a rich source of structur-
ally diverse and biologically active compounds [7, 8]. Among
them, plant-derived metabolites have attracted considerable at-
tention due to their chemical complexity and broad spectrum of
pharmacological activities. Sulfur-containing phytochemicals
represent a particularly important class, widely distributed in
plant families such as Allium (e.g., garlic and onion) and Bras-
sicaceae [9-13]. These compounds include cysteine sulfoxides,
thiosulfinates, polysulfides, glucosinolates, and their derivatives,
many of which exhibit potent antioxidant, anti-inflammatory,
and cardioprotective properties [14-16].
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The biological activity of sulfur-containing compounds is large-
ly attributed to their unique redox chemistry and ability to inter-
act with thiol-dependent proteins and signaling pathways [17,
18]. In particular, these molecules can modulate oxidative stress,
regulate mitochondrial function, and influence ion channels and
enzymatic systems [19]. Moreover, increasing evidence suggests
that certain sulfur-containing compounds may act as donors or
modulators of hydrogen sulfide (H-S), an endogenous gaseous
signaling molecule involved in vasodilation, cytoprotection, and
neuromodulation. These properties position sulfur-containing
natural products as promising candidates for addressing com-
plex, multifactorial diseases [20, 21].

In the context of cardiovascular pharmacology, sulfur-containing
compounds have been associated with diverse activities, includ-
ing cardiotonic, anti-ischemic, antiarrhythmic, and vasoprotec-
tive effects [22, 23]. At the same time, many of these compounds
demonstrate neuroprotective potential, including antioxidant ac-
tivity, inhibition of neuroinflammation, and protection against
ischemic brain injury. Such overlapping activities suggest that
sulfur-containing natural products may exert multi-target effects
relevant to both cardiac and cerebral pathologies [24].

Recent advances in computational tools, such as Prediction of
Activity Spectra for Substances (PASS), enable the rapid screen-
ing of natural compounds for potential biological activities [25-
27]. In this study, PASS analysis revealed a high probability of
cardiotonic, anti-ischemic, antiarrhythmic, and cerebral activ-
ities for a series of sulfur-containing natural compounds, par-
ticularly sulfur-modified terpenoids. Notably, the presence of
sulfur functionalities, including episulfide, thiol, and polysulfide
groups, appears to play a key role in determining biological ac-

tivity.

In this review, we provide a comprehensive overview of sul-
fur-containing plant metabolites, with particular emphasis on
their chemical diversity, biological activities, and therapeutic po-
tential. Special attention is given to their predicted cardiotonic,
anti-ischemic, antiarrhythmic, and neuroprotective properties,
as well as their possible mechanisms of action involving redox
regulation, ion-channel modulation, mitochondrial protection,
and H.S-related signaling pathways. By integrating phytochem-
ical knowledge with computational predictions, this work aims
to highlight sulfur-containing natural products as promising
multi-target agents for the treatment of cardiovascular diseases
and dementia-related disorders.

Sulfur-Containing Plant Metabolites

Sulfur-containing metabolites represent a structurally diverse
and biologically significant class of natural products widely dis-
tributed across the plant kingdom [28, 29]. These compounds are
particularly abundant in species belonging to the genera Allium
(e.g., garlic and onion) and the family Brassicaceae, although
sulfur incorporation has also been reported in more specialized
classes such as terpenoids and alkaloids. The presence of sulfur
imparts unique chemical reactivity, enabling these molecules
to participate in redox processes, interact with thiol-containing
proteins, and modulate key biological pathways [30, 31].

Plants of the Allium genus, particularly Allium sativum and Al-
lium cepa, are among the richest sources of sulfur-containing
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secondary metabolites. The primary compounds in these plants
are cysteine sulfoxides, such as alliin and isoalliin, which serve
as stable precursors [32-34].

Upon tissue disruption, the enzyme alliinase catalyzes the con-
version of these precursors into highly reactive thiosulfinates,
most notably allicin. Allicin is chemically unstable and rapid-
ly decomposes into a variety of secondary sulfur compounds,
including ajoene and a series of diallyl sulfides such as diallyl
disulfide and diallyl trisulfide.

These compounds exhibit a wide range of biological activities,
including antioxidant, anti-inflammatory, antimicrobial, and
cardioprotective effects. Mechanistically, their activity is largely
attributed to their ability to react with thiol groups in proteins,
modulate enzyme activity, and regulate cellular redox balance
[35, 36]. In addition, water-soluble derivatives such as S-allyl
cysteine are more stable and contribute significantly to the long-
term biological effects observed in aged garlic preparations [35-
37].

Another major class of sulfur-containing plant metabolites is
represented by glucosinolates, which are predominantly found
in members of the Brassicaceae family, including broccoli, cab-
bage, and mustard. Structurally, glucosinolates are thiogluco-
sides that remain biologically inactive until hydrolyzed by the
enzyme myrosinase [38-40].

Upon enzymatic cleavage, glucosinolates such as Sinigrin are
converted into biologically active products, including isothiocy-
anates, nitriles, and thiocyanates. Among these, Sulforaphane is
one of the most extensively studied compounds due to its potent
antioxidant and cytoprotective properties.

Isothiocyanates exert their biological effects primarily through
activation of the Nrf2 signaling pathway, leading to upregulation
of endogenous antioxidant defenses and detoxification enzymes
[25, 41, 42]. These mechanisms are particularly relevant in the
context of oxidative stress-related diseases, including cardiovas-
cular disorders and neurodegeneration [41].

In contrast to the well-characterized Allium and glucosino-
late-derived compounds, sulfur-containing terpenoids represent
a less common but chemically intriguing class of natural prod-
ucts. These compounds are typically derived from sesquiterpene
scaffolds such as humulene, caryophyllene, and germacrene, and
are characterized by the incorporation of sulfur in the form of
episulfide (epithio) bridges, thiol groups, or thioethers [42-46].

Epithio derivatives, in particular, contain strained three-mem-
bered sulfur rings that confer increased electrophilicity and reac-
tivity. This structural feature enables interactions with nucleop-
hilic sites in biological macromolecules, potentially influencing
enzyme activity and signaling pathways [47-49]. Although these
compounds are relatively rare in nature, recent computational
analyses have suggested that they may possess significant bio-
logical potential, including cardiotonic, anti-ischemic, and neu-
roactive properties.

The unique combination of a lipophilic terpene backbone and re-
active sulfur functionality may facilitate membrane permeabil-
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ity and target engagement, making sulfur-containing terpenoids
promising candidates for further pharmacological investigation.

Beyond the major classes described above, sulfur is also present
in a variety of other plant-derived compounds, including certain
alkaloids, peptides, and phenolic derivatives. These compounds
often contain thiol, sulfide, or sulfonyl groups and contribute
to the overall chemical diversity of plant sulfur metabolomes
[2,4,32,34,40,41]. Although less extensively studied, such mole-
cules may also exhibit relevant biological activities, particularly
in redox regulation and cellular signaling.

Chemical and Biological Significance of Sulfur in Plant Me-
tabolites

The incorporation of sulfur into plant metabolites significant-
ly influences their physicochemical and biological properties.
Sulfur atoms can exist in multiple oxidation states, allowing for
dynamic participation in redox reactions. Moreover, sulfur-con-
taining functional groups are capable of forming reversible or
irreversible interactions with protein thiols, thereby modulating
enzyme function and signal transduction pathways.

Importantly, many sulfur-containing compounds are implicated
in the modulation of oxidative stress, inflammation, and mito-
chondrial function—processes that are central to both cardiovas-
cular and neurodegenerative diseases. Additionally, some sulfur
compounds may act as precursors or modulators of endogenous
hydrogen sulfide (H-S), a gaseous signaling molecule involved
in vascular homeostasis and neuroprotection.

Interestingly, several sulfur-containing compounds identified in
this study were predicted not only as cardiotonic and anti-isch-
emic agents but also as cerebral activity modulators [50, 51].
This overlap suggests a potential multi-target pharmacological
profile, linking cardiovascular and neuroprotective effects [2-
4]. Given that ischemic processes share common pathological
mechanisms in both cardiac and neural tissues, including oxi-
dative stress, mitochondrial dysfunction, calcium dysregulation,
and inflammation, these compounds may exert protective effects
through unified pathways [52-54]. In particular, sulfur-contain-
ing moieties are known to participate in redox regulation and
may mimic or modulate hydrogen sulfide (H2S) signaling, a key
mediator of both vascular and neuronal homeostasis. These find-
ings highlight the potential of sulfur-containing natural products
as promising candidates for integrated cardio-cerebral therapeu-
tic strategies.

The concurrent prediction of cardiotonic, anti-ischemic, and ce-
rebral activities suggests that sulfur-containing natural products
may act as multi-target modulators of the cardio—cerebral axis,
potentially offering therapeutic benefits in both cardiovascular
diseases and neurodegenerative disorders associated with isch-
emia.

Biological Activity of Sulfur-Containing Metabolites: PASS-
Based Analysis

Sulfur-containing natural products represent a vast and chemi-
cally diverse group of metabolites with significant biological po-
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tential. According to data compiled in ChemNetBase, more than
4,000 natural metabolites containing a single sulfur atom have
been identified, along with over 700 compounds containing two
sulfur atoms and more than 200 polysulfides comprising three
or more sulfur atoms. This remarkable diversity highlights the
widespread occurrence of sulfur in natural products and under-
scores its importance in modulating biological activity [55-58].

The presence of sulfur in organic molecules confers unique
physicochemical properties, including enhanced nucleophilicity,
redox activity, and the ability to form reversible and irreversible
interactions with biomolecular targets, particularly thiol-con-
taining proteins. These characteristics are often associated with
a broad spectrum of pharmacological effects, including antiox-
idant, anti-inflammatory, antimicrobial, cardioprotective, and
neuroprotective activities [59].

Despite the growing interest in sulfur-containing metabolites,
systematic evaluation of their biological activity remains lim-
ited due to the structural diversity and experimental complexity
associated with these compounds. In this context, computational
approaches provide a valuable tool for the rapid screening and
prioritization of bioactive candidates.

PASS-Based Prediction of Biological Activity

In the present study, we employed the Prediction of Activity
Spectra for Substances (PASS) software to evaluate the potential
biological activities of sulfur-containing metabolites. PASS is a
widely used computational tool that predicts the probability of
a compound exhibiting a specific biological activity based on
structure—activity relationships derived from large training data-
sets.

A dataset comprising more than 600 sulfur-containing metab-
olites was assembled, including both: (i) Naturally occurring
plant-derived compounds, and (ii) Sulfur-containing metabolites
isolated from sedimentary rocks.

This combined dataset enabled the exploration of both classi-
cal phytochemicals and less conventional sulfur-containing
structures that may arise from natural transformation processes.
For each compound, PASS provides two key parameters: (i) Pa
(probability “to be active™), and (ii) Pi (probability “to be inac-
tive”). Compounds with Pa > 0.7 are generally considered likely
to exhibit the predicted activity, while values exceeding 0.9 indi-
cate a high probability of biological relevance.

Sulfur-Containing Metabolites as Potential Cardiotonic Agents
Sulfur-containing (SC) natural hydrocarbons represent a struc-
turally diverse class of metabolites characterized by the incor-
poration of sulfur atoms into hydrocarbon frameworks. The set
of compounds analyzed here (1-14, Figure 1, and activity see in
Table 1) demonstrates a broad range of molecular architectures,
including macrocyclic, acyclic, bicyclic, and polycyclic sys-
tems, with sulfur present as thioether, thiol, or polysulfide func-
tionalities. This structural diversity is directly reflected in their
predicted biological activities, particularly their pronounced car-
diotonic potential.
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Figurel: Sulfur-containing metabolites isolated from plant materials, foods, petroleum, crude oils, or fossil fuels that exhibit
cardiotonic activity.

These compounds display diverse structural frameworks, in-
cluding macrocyclic, bicyclic, and polycyclic systems with
sulfur incorporated as thioether or polysulfide functionalities.
The presence and position of sulfur atoms play a critical role in
modulating cardiotonic activity, influencing molecular flexibil-
ity, lipophilicity, and interaction with cardiac targets. Structural
variation among these metabolites suggests a tunable relation-
ship between sulfur content and cardiovascular pharmacological
effects.

Structural Diversity of Sulfur-Containing Metabolites

The metabolites can be broadly classified into four structural
categories: Macrocyclic and medium-ring systems (1-6, Figure
1)). These compounds exhibit relatively flexible frameworks

with sulfur incorporated either within the ring or as a substitu-
ent. Such flexibility likely facilitates conformational adaptabil-
ity, enhancing interactions with biological targets. Acyclic thi-
ol-containing compound (7): This structure is distinct due to the
presence of a free thiol (-SH) group, which introduces unique
redox properties and differentiates its biological profile from the
other metabolites.

Rigid bicyclic systems (8—10): These compounds possess more
constrained, terpene-like skeletons that may promote selective
binding to specific biological targets. Polycyclic sulfur-rich cage
structures (11-14): These metabolites contain multiple sulfur
atoms within compact, rigid frameworks, suggesting enhanced
electronic and steric effects associated with sulfur multiplicity.

Table 1: Natural SC Hydrocarbons as Potential Cardiotonic Drugs

Discovered Activity (Pa)* Additional Predicted Activities (Pa)*
1 Cardiotonic (0,996) Antineoplastic (0,972); Apoptosis agonist (0,821); Renin release stimulant (0,717)
2 Cardiotonic (0,996) Antineoplastic (0,969); Renin release stimulant (0,725)
3 Cardiotonic (0,996) Antineoplastic (0,965); Dopamine D4 antagonist (0,744), Renin release stimulant (0,733)
4 Cardiotonic (0,996) Antineoplastic (0,960); Dopamine D4 antagonist (0,804); Renin release stimulant (0,699)
5 Cardiotonic (0,995) Antineoplastic (0,963)
6 Cardiotonic (0,996) Antineoplastic (0,986); Apoptosis agonist (0,843)
7 Cardiotonic (0,970) Chemoprotective (0,815); Lipid metabolism regulator (0,758)
8 Cardiotonic (0,969) Antineoplastic (0,959); Dementia treatment (0,622)
9 Cardiotonic (0,969) Antineoplastic (0,959); Dementia treatment (0,622)
10 Cardiotonic (0,932) Antiasthmatic (0,968); Antiarrhythmic (0,944); Antiallergic (0,953)
11 Cardiotonic (0,897) Antiarrhythmic (0,896); Atherosclerosis treatment (0,736)
12 Cardiotonic (0,873) Antiarrhythmic (0,840)
13 Cardiotonic (0,835) Antiarrhythmic (0,829)
14 Cardiotonic (0,826) Antiarrhythmic (0,791); Cardiovascular analeptic (0,735)

* Only activities with Pa > 0.6 are shown

Predicted Cardiotonic Activity

All investigated compounds exhibit significant predicted cardio-
tonic activity, with probability of activity (Pa) values ranging
from 0.826 to 0.996, indicating a strong likelihood of pharmaco-
logical relevance. Notably, compounds 1-6 display the highest
predicted cardiotonic activity (Pa = 0.996), suggesting that flex-
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ible macrocyclic scaffolds with single sulfur incorporation are
optimal for this effect.

A gradual decrease in cardiotonic activity is observed as struc-
tural rigidity increases and as the number of sulfur atoms rises
(compounds 11-14). This trend indicates that both molecular
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flexibility and controlled sulfur incorporation are key determi-
nants of cardiotonic potency.

Structure—Activity Relationships (SAR)

Clear structure—activity relationships can be derived from the

dataset: Effect of molecular flexibility: (i) Flexible macrocyclic

compounds (1-6) exhibit superior cardiotonic activity, likely
due to their ability to adopt conformations that favor interaction
with cardiac targets.

e Influence of sulfur functionality:

e Thioethers are predominant in highly cardiotonic com-
pounds.

e The thiol group in compound 7 introduces alternative activ-
ities, such as chemoprotective and lipid-regulating effects,
likely due to its redox capability.

e Polysulfur systems (11-13) correlate with reduced cardio-
tonic activity but enhanced antiarrhythmic properties.

*  Role of structural rigidity: Increased rigidity (8—14) shifts
activity from general cardiotonic effects toward more spe-
cialized pharmacological roles, including antiarrhythmic
and central nervous system-related activities.

e Sulfur multiplicity: An increase in the number of sulfur at-
oms appears to favor electrophysiological effects, particu-
larly antiarrhythmic activity, possibly through interactions
with cardiac ion channels.

Additional Predicted Biological Activities

In addition to cardiotonic effects, several compounds exhibit no-
table secondary activities: (i) Antineoplastic activity: Observed
prominently in compounds 1-6 and 8-9, suggesting potential
dual roles in cancer therapy; (ii) Antiarrhythmic activity: Par-
ticularly strong in compounds 10-14, indicating a shift toward
cardiac rthythm regulation in sulfur-rich and rigid structures; (iii)
Renin release stimulation: Found in compounds 1-4, implicat-
ing possible modulation of the renin—angiotensin—aldosterone
system (RAAS), which is crucial in cardiovascular homeostasis;
(iv) Neuroprotective and CNS-related effects: Compounds 8 and
9 show predicted activity in dementia treatment, highlighting the
potential for central nervous system interactions; (iv) Metabolic
and protective effects: Compound 7 demonstrates chemoprotec-
tive and lipid metabolism regulatory activity, consistent with the
known reactivity of thiol groups.

Mechanistic Considerations

The biological activities of these sulfur-containing metabolites
can be attributed to several key properties of sulfur: (i) Redox
activity: Particularly relevant for thiol-containing compounds,
enabling antioxidant or protective effects; (ii) Protein interaction
capability: Sulfur atoms can interact with cysteine residues in
proteins, potentially modulating enzyme and receptor function,
(iii) Lipophilicity modulation: Sulfur incorporation enhanc-
es membrane permeability, facilitating access to intracellular
targets, and (iv) Ion channel interaction: Sulfur-rich and rigid
structures may influence cardiac ion channels, explaining the
observed antiarrhythmic activity.

Overall, the analyzed sulfur-containing metabolites demonstrate
that cardiotonic activity is strongly influenced by molecular
flexibility, sulfur functionality, and structural topology. Flexible,
mono-sulfur macrocycles exhibit the highest cardiotonic po-
tential, while increased rigidity and sulfur content shift activity
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toward antiarrhythmic and specialized cardiovascular effects.
These findings highlight the potential of sulfur-containing natu-
ral hydrocarbons as promising scaffolds for the development of
novel cardiotonic and cardiovascular therapeutics [60, 61].

Sulfur-Containing Metabolites as Potential Anti-Ischemic
Agents

The second subset of sulfur-containing (SC) natural hydrocar-
bons (15-35) demonstrates significant predicted anti-ischemic
(cerebral) activity, with probability of activity (Pa) values rang-
ing from 0.637 to 0.935. This indicates a strong potential for
these metabolites to play protective roles in conditions associat-
ed with reduced cerebral blood flow, such as stroke and neuro-
degenerative disorders. The structural diversity observed in this
group provides important insights into the relationship between
sulfur incorporation and neurovascular pharmacology.

General Activity Profile

All compounds in this series exhibit anti-ischemic cerebral ac-
tivity, with the highest values observed for: (i) Compound 15
(Pa = 0.935); (ii) Compound 17 (Pa = 0.931); (iii) Compound
16 (Pa=0.927).

These compounds are structurally simple aliphatic or small
cyclic sulfides, suggesting that basic sulfur incorporation into
hydrocarbon frameworks is sufficient to confer strong anti-isch-
emic potential. A gradual decline in activity is observed across
the series toward more complex and sulfur-rich systems (e.g.,
compounds 32-35), indicating that increased structural com-
plexity does not necessarily enhance anti-ischemic potency.

Sulfur-containing (SC) natural hydrocarbons (15-35) demon-
strate substantial potential as anti-ischemic agents, particularly
in the context of cerebral ischemia, with predicted probability of
activity (Pa) values ranging from 0.637 to 0.935. These findings
suggest that sulfur incorporation into hydrocarbon frameworks
plays a significant role in mediating protective effects against
ischemic injury, especially within the central nervous system.

Activity Overview and Key Compounds

Among the evaluated metabolites, compounds 15, 16, and 17
exhibit the highest predicted anti-ischemic activity (Pa=0.927-
0.935), indicating that relatively simple monosulfide structures
are highly effective in this context. These compounds are char-
acterized by: (i) Low structural complexity; (ii) Moderate lipo-
philicity, and (iii) Minimal steric hindrance.

Such features are advantageous for rapid diffusion and efficient
penetration across the blood-brain barrier (BBB), a critical re-
quirement for agents targeting cerebral ischemia.

As structural complexity increases (compounds 18-25), an-
ti-ischemic activity remains high but begins to decline slight-
ly, suggesting that moderate cyclic architectures retain effica-
cy while introducing additional pharmacological functions. In
contrast, more complex and sulfur-rich systems (29-35) show
further reductions in Pa values, though they often gain comple-
mentary biological activities.

The dataset reveals several important SAR trends governing
anti-ischemic activity: Monosulfide dominance: Compounds
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containing a single sulfur atom demonstrate the highest an-
ti-ischemic potency, likely due to optimal balance between lipo-
philicity and reactivity. Effect of molecular size and complexity:
Smaller and less rigid molecules show improved activity, where-
as: (1) Increased ring size; (ii) Higher steric bulk; (iii) Greater
structural rigidity tend to reduce direct anti-ischemic potency.
Polysulfur systems: Although compounds with multiple sulfur

atoms (e.g., 29-33) exhibit slightly lower anti-ischemic activity,
they introduce: (i) Enhanced redox capability; (ii) Broader neu-
roprotective and cerebrovascular effects; (iii) Long-chain hy-
drocarbons: Compounds such as 27, 34, and 35 show moderate
activity, suggesting that membrane affinity and lipid interactions
may contribute indirectly to ischemic protection.

T A
I o~ bo o
we T C

Figure 2: Structures of natural sulfur-containing hydrocarbons predicted as potential anti-ischemic agents.

The figure presents a series of mono-, di-, and polysulfur-con-
taining compounds, including thioethers, disulfides, polysul-
fides, episulfides (e.g., 8,9-epithio-B-humulene, 21), and sul-
fur-containing polycyclic and steroid-like derivatives (e.g., 31).
Sulfur atoms are highlighted in red. PASS analysis predicted an-
ti-ischemic activity for these compounds with significant proba-
bility values, suggesting their potential role in protecting tissues
under conditions of reduced blood supply. The structural diversi-
ty observed indicates that anti-ischemic potential is not confined

to a single scaffold but is a general feature associated with sul-
fur incorporation. Mechanistically, these effects may be related
to redox modulation, interaction with reactive oxygen species,
and possible involvement in hydrogen sulfide (H:S)-mediated
signaling pathways, leading to improved vascular function and
cellular protection. These findings highlight sulfur-containing
natural products as promising candidates for further investiga-
tion in cardiovascular and ischemia-related disorders.

Table 2: Natural SC Hydrocarbons as Potential Anti-Ishemic Agents

No. Discovered Activity (Pa)* Additional Predicted Activities (Pa)*
15 | Antiischemic, cerebral (0,935) Neurodegenerative diseases treatment (0,772); Cerebrovascular disorder treatment
(0,759)
16 | Antiischemic, cerebral (0,927) Inflammatory Bowel disease treatment (0,762)
17 | Antiischemic, cerebral (0,931) Neurodegenerative diseases treatment (0,747); Cerebrovascular disorder treatment
(0,736); Antiparkinsonian (0,636); Neuroprotector (0,629); Alzheimer's disease treat-
ment (0,588)
18 | Antiischemic, cerebral (0,907) Inflammatory Bowel disease treatment (0,743)
19 | Antiischemic, cerebral (0,862) Inflammatory Bowel disease treatment (0,822); neurodegenerative diseases treatment
(0,686); Cerebrovascular disordes treatment (0,597); Alzheimer's disease treatment
(0,564)
20 | Antiischemic, cerebral (0,856) Antidepressant (0,857); Mood disorders treatment (0,845)
21 | Antiischemic, cerebral (0,853) Antineoplastic (0,931); Apoptosis agonist (0,868)
22 | Antiischemic, cerebral (0,833) Alzheimer's disease treatment (0,545)
23 | Antiischemic, cerebral (0,817) Antineoplastic (myeloid leukemia) (0,771)
24 | Antiischemic, cerebral (0,762) Antidepressant (0,957); Mood disorders treatment (0,955); Psychotropic (0,878)
25 | Antiischemic, cerebral (0,756) Leukopoiesis stimulant (0,712)
26 | Antiischemic, cerebral (0,741) Antiprotozoal (Plasmodium) (0,754); Anti-Helicobacter pylori (0,724)
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27 | Antiischemic, cerebral (0,739)

Acute neurologic disorders treatment (0,683)

28 | Antiischemic, cerebral (0,719)

Antiviral (Arbovirus) (0,703)

29 | Antiischemic, cerebral (0,713)

30 | Antiischemic, cerebral (0,713)

31 | Antiischemic, cerebral (0,708)

Cerebrovascular disorder treatment (0,813); neurodegenerative diseases treatment
(0,762) Alzheimer's disease treatment (0,643)

32 | Antiischemic, cerebral (0,691)

Cerebrovascular disorder treatment (0,772); Chemoprotective (0,747)

33 | Antiischemic, cerebral (0,691)

34 | Antiischemic, cerebral (0,643)

Antineoplastic (sarcoma) (0,696)

35 | Antiischemic, cerebral (0,637)

Alzheimer's disease treatment (0,568)

* Only activities with Pa > 0.6 are shown

Associated Neuroprotective and Systemic Activities

A notable characteristic of these metabolites is their multi-func-

tional pharmacological profile, which supports their role in isch-

emic conditions:

*  Neurodegenerative disease treatment: Observed in com-
pounds 15, 17, 19, 31, and 32 Cerebrovascular disorder
treatment: Particularly in 15, 17, 31, and 32, indicating rel-
evance to stroke and vascular dementia

e Alzheimer’s disease-related activity: Found in com-
pounds 17, 19, 22, 31, and 35

e Antidepressant and psychotropic effects: Compounds 20
and 24 show strong activity, suggesting modulation of CNS
signaling pathways affected during ischemic injury

* Anti-inflammatory and systemic effects: Activities such
as treatment of inflammatory bowel disease (16, 18, 19) and
antiviral or antimicrobial effects (26, 28) indicate broader
physiological relevance

These overlapping activities reinforce the concept that anti-isch-

emic efficacy is closely linked with neuroprotection, anti-inflam-

matory action, and metabolic regulation.

Mechanistic Basis of Anti-Ischemic Effects

The anti-ischemic potential of SC hydrocarbons can be attribut-

ed to several interconnected mechanisms:

*  Enhancement of cerebral blood flow: Sulfur-containing
compounds may influence vascular tone and endothelial
function, improving oxygen and nutrient delivery to isch-
emic tissues.

* Reduction of oxidative stress: Sulfur atoms, particularly
in thiol and polysulfur forms, can participate in redox reac-
tions that neutralize reactive oxygen species (ROS) gener-
ated during ischemia.

* Anti-inflammatory action: Modulation of inflammatory
pathways may reduce secondary neuronal damage follow-
ing ischemic events.

e Neurotransmitter regulation: Predicted psychotropic and
antidepressant activities suggest interactions with dopami-
nergic, serotonergic, or GABAergic systems, which are dis-
rupted during ischemia.

*  Membrane stabilization: Lipophilic SC compounds may
integrate into neuronal membranes, enhancing their resis-
tance to ischemia-induced damage.

Therapeutic Implications

The findings suggest that sulfur-containing hydrocarbons repre-
sent a promising class of multi-target anti-ischemic agents with
potential applications in: (i) Stroke prevention and treatment;
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(i1) Cerebral ischemia and reperfusion injury; (iii) Vascular de-
mentia and cognitive impairment, and (iv) Neurodegenerative
diseases with vascular components.

Importantly, the combination of anti-ischemic, neuroprotective,
and CNS-modulating activities positions these compounds as
candidates for integrated therapeutic strategies, addressing both
the primary ischemic insult and its downstream neurological
consequences.

Sulfur-containing natural hydrocarbons (15-35) exhibit signif-
icant anti-ischemic potential, with activity strongly influenced
by molecular simplicity, sulfur content, and structural flexibility.
Monosulfide compounds provide the highest direct anti-isch-
emic effects, while more complex and polysulfur structures
contribute to broader neuroprotective and cerebrovascular func-
tions. These results highlight the importance of sulfur as a key
pharmacophoric element and support the continued exploration
of SC metabolites as novel therapeutic agents for ischemic and
neurovascular disorders.

Relevance to Dementia and Ischemic Neurodegeneration
The analysis of sulfur-containing (SC) metabolites (1-35) re-
veals a significant and consistent association with neuroprotec-
tive, anti-ischemic, and anti-neurodegenerative activities, high-
lighting their potential relevance in the prevention and treatment
of dementia and ischemic brain injury. Many of the compounds,
particularly within the anti-ischemic subset (15-35), exhibit
predicted activities related to Alzheimer’s disease, neurodegen-
erative disorders, cerebrovascular dysfunction, and neuropro-
tection, indicating a strong overlap between vascular and neuro-
degenerative therapeutic targets.

Akey feature of these metabolites is their lipophilic hydrocarbon
framework, which likely facilitates penetration of the blood—
brain barrier (BBB). This property is essential for compounds
targeting central nervous system (CNS) disorders, including
dementia. Compounds such as 17, 19, 31, and 32 demonstrate
predicted activity in neurodegenerative disease treatment and
cerebrovascular disorders, while others (e.g., 20 and 24) show
antidepressant and psychotropic effects, suggesting broader
modulation of neuronal signaling pathways. Since depression
and mood disorders are often comorbid with early-stage demen-
tia, such multifunctional profiles are particularly valuable.

The strong anti-ischemic (cerebral) activity observed across
compounds 15-35 further supports their relevance in ischemic
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neurodegeneration, a major contributing factor in vascular de-
mentia and stroke-related cognitive decline. Ischemic injury is
characterized by reduced cerebral blood flow, oxidative stress,
excitotoxicity, and inflammation, all of which contribute to neu-
ronal damage and long-term cognitive impairment. SC metab-
olites may counteract these processes through several comple-
mentary mechanisms:

* Improvement of cerebral perfusion: Sulfur-containing
compounds may influence vascular tone and endothelial
function, thereby enhancing blood flow to ischemic regions.

* Redox modulation and antioxidant effects: Particularly
in thiol and polysulfur-containing compounds, the ability
to participate in redox reactions may help reduce reactive
oxygen species (ROS) and protect neurons from oxidative
damage.

e Anti-inflammatory activity: Several compounds show
predicted activity in inflammatory conditions, suggesting a
role in mitigating neuroinflammation, a key driver of both
ischemic injury and neurodegeneration.

*  Neurotransmitter system modulation: The presence of
antidepressant, psychotropic, and antiparkinsonian activi-
ties indicates potential interaction with dopaminergic, se-
rotonergic, and other neurotransmitter pathways, which are
disrupted in dementia.

* Protection against protein aggregation and cellular
stress: Sulfur atoms may interact with protein thiol groups,
potentially influencing protein folding, aggregation, and
enzyme function, processes implicated in diseases such as
Alzheimer’s.

Importantly, the data suggest that simpler monosulfide com-
pounds exhibit stronger anti-ischemic activity, while more com-
plex and polysulfur-containing structures contribute to broader
neuroprotective and cerebrovascular effects [62-64]. This indi-
cates that different structural subclasses of SC metabolites may
be optimized for distinct stages or mechanisms of neurodegen-
eration, from acute ischemic protection to chronic neurodegen-
erative disease modulation.

In summary, sulfur-containing natural hydrocarbons represent a
promising class of compounds with dual relevance to vascular
and neurodegenerative aspects of dementia. Their combined an-
ti-ischemic, neuroprotective, anti-inflammatory, and CNS-mod-
ulating properties support their potential as multi-target thera-
peutic agents for complex disorders involving both

Prediction of Activity Spectra for Substances (PASS) Analysis
The biological activity profiles of the selected sulfur-containing
metabolites (1-35) were evaluated using the Prediction of Ac-
tivity Spectra for Substances (PASS) software. PASS is a wide-
ly used computational tool that predicts the probable biological
activities of chemical compounds based on their structural fea-
tures, providing two key parameters: the probability of activity
(Pa) and the probability of inactivity (Pi). In this study, activities
with Pa > Pi and particularly Pa > 0.7 were considered signifi-
cant and pharmacologically relevant [62-65].

Overview of PASS Predictions

The PASS analysis revealed that all investigated sulfur-contain-
ing metabolites possess notable predicted biological activities,
with a strong emphasis on cardiovascular and neuroprotective
functions. The predicted Pa values ranged from moderate to very
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high (=0.63-0.996), indicating a high likelihood that these com-
pounds may exhibit the corresponding activities experimentally.
Two major activity clusters were identified: (i) Cardiotonic ac-
tivity (compounds 1-14): These compounds demonstrated very
high Pa values (up to 0.996), suggesting strong potential for
enhancing cardiac contractility; (ii) Anti-ischemic (cerebral)
activity (compounds 15-35): These compounds showed signif-
icant Pa values (up to 0.935), indicating potential for protecting
against cerebral ischemia and related conditions.

Reliability and Interpretation of Pa Values

The PASS predictions allow classification of compounds based

on confidence levels:

e Pa>0.9: High probability of activity; compounds are high-
ly likely to demonstrate the predicted effect experimentally
(e.g., compounds 1-6 for cardiotonic activity; 15—17 for an-
ti-ischemic activity).

* 0.7 <Pa < 0.9: Moderate to high probability; compounds
are likely to be active but may require optimization.

* 0.5 < Pa < 0.7: Moderate probability; activity is possible
but less certain, often associated with secondary or support-
ing effects.

The majority of compounds analyzed fall within the high-confi-

dence categories, reinforcing the robustness of the predictions.

Multi-Target Activity Profiles

In addition to their primary cardiotonic and anti-ischemic activ-
ities, PASS analysis predicted a wide range of secondary phar-
macological effects, including:

e Antiarrhythmic activity

*  Antineoplastic activity

*  Neuroprotective and anti-neurodegenerative effects

*  Antidepressant and psychotropic activities

e Anti-inflammatory and immunomodulatory effects

* Antiviral, antibacterial, and antiprotozoal activities

This broad spectrum highlights the polypharmacological nature
of sulfur-containing metabolites, suggesting their potential to in-
teract with multiple biological targets simultaneously.

Structure—Activity Insights from PASS

The PASS predictions support the structure—activity relation-

ships observed in this study:

*  Flexible monosulfide compounds show the highest proba-
bilities for cardiotonic and anti-ischemic activities

e Polysulfur and rigid structures are associated with antiar-
rhythmic and neuroprotective effects

e Thiol-containing compounds demonstrate chemoprotective
and metabolic activities

*  Complex cyclic and hybrid structures exhibit multi-target
biological profiles

These correlations confirm that PASS is consistent with chemi-

cal intuition regarding the role of sulfur in modulating biological

activity [65-67].

Significance of PASS in Drug Discovery

The use of PASS analysis provides several advantages in the ear-

ly stages of drug discovery:

*  Enables rapid screening of large numbers of compounds

e Identifies promising lead candidates for further investiga-
tion

e Predicts multi-target activity, which is valuable for complex
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diseases

*  Reduces time and cost associated with experimental testing
In this study, PASS served as a powerful tool to prioritize sul-
fur-containing metabolites with high therapeutic potential in car-
diovascular and neurodegenerative disorders. The PASS-based
evaluation confirms that sulfur-containing natural hydrocarbons
possess significant and diverse biological activities, with strong
predicted effects in cardiotonic and anti-ischemic domains. The
high Pa values and multi-target profiles support their potential as
lead compounds for further pharmacological and experimental
studies, emphasizing the importance of sulfur as a key structural
element in bioactive natural products.

Conclusion

This study demonstrates that sulfur-containing (SC) natural hy-
drocarbons constitute a structurally diverse and pharmacolog-
ically versatile class of metabolites with significant potential
in cardiovascular and neurovascular therapeutics. Through the
analysis of compounds 1-35, clear structure—activity relation-
ships (SAR) have been established, highlighting the critical
roles of sulfur incorporation, molecular flexibility, and structural
topology in determining biological activity.

Flexible,mono-sulfur-containingcompounds—particularly mac-
rocyclic and simple aliphatic sulfides—exhibit the highest car-
diotonic and anti-ischemic activities, respectively, indicating
that controlled sulfur placement and optimal lipophilicity are
key determinants of efficacy. In contrast, increased structural
rigidity and sulfur multiplicity shift biological activity toward
antiarrhythmic, neuroprotective, and cerebrovascular effects,
reflecting a tunable pharmacological profile across the com-
pound series. Importantly, many of these metabolites display
multi-target activity, including antineoplastic, anti-inflammato-
ry, antidepressant, and neuroprotective effects. This multifunc-
tionality is especially relevant for complex disorders such as
stroke, dementia, and ischemic neurodegeneration, where over-
lapping pathological mechanisms require integrated therapeutic
approaches. The ability of these compounds to potentially pene-
trate the blood-brain barrier, modulate redox balance, influence
ion channels, and interact with key biological targets further en-
hances their therapeutic promise.

Overall, the findings underscore sulfur as a key pharmacophor-
ic element in natural hydrocarbon frameworks and support the
continued exploration of SC metabolites as lead compounds for
the development of novel cardiotonic, anti-ischemic, and neuro-
protective agents. Future studies should focus on experimental
validation, mechanism elucidation, and structural optimization
to translate these promising in silico predictions into clinically
relevant applications.
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