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Abstract: Ischemic stroke (IS) is one of the leading causes of mortality worldwide. It is characterized
by the partial or total occlusion of arteries that supply blood to the brain, leading to the death
of brain cells. In recent years, natural bioactive compounds (NBCs) have shown properties that
ameliorate the injury after IS and improve the patient’s outcome, which has proven to be a potential
therapeutic strategy due to their neuroprotective effects. Hence, in the present study, we use both
systems pharmacology and chemoinformatic analyses to identify which NBCs have the most potential
to be used against IS in clinics. Our results identify that flavonoids and terpenoids are the most
studied NBCs, and, mainly, salidrosides, ginkgolides A, B, C, and K, cordycepin, curcumin, baicalin,
resveratrol, fucose, and cannabidiol, target the main pathological processes occurring in IS. However,
the medicinal chemistry properties of such compounds demonstrate that only six fulfill such criteria.
However, only cordycepin and salidroside possess properties as leader molecules, suggesting that
these compounds may be considered in developing novel drugs against IS.

Keywords: natural bioactive compounds; natural products; network pharmacology; neuroprotection;
ischemic stroke; flavonoids; terpenoids

1. Introduction

Ischemic stroke (IS) is one of the leading causes of mortality worldwide [1,2]. It is char-
acterized by the partial or total occlusion of arteries that supply blood to the brain, leading
to the massive death of brain cells [3]. Currently, canonical IS management relies on the
revascularization and prevention of secondary neuronal injury by combining both throm-
bolytic (recombinant tissue plasminogen activator—rtPA) and surgical procedures, also
known as endovascular therapies [4]. However, these therapies have many drawbacks. For
instance, the rtPA administration has a narrow window of time (4.5 h of stroke onset), and a
tiny proportion of individuals develop symptomatic hemorrhage, and it is recognized that
rtPA has neurotoxic effects [5]. On the other hand, despite the newest mechanical devices to
perform surgical procedures (mechanical thrombectomy) that are more effective (restoring
the blood supply in almost 90% of the cases), these only focus on restoring blood supply to
the brain (stopping the ischemia) but do not prevent the damage caused by the reperfu-
sion [6]. In this sense, current research focuses on neuroprotective and neurorestorative
therapies by identifying and developing novel compounds to overcome the current drugs’
drawbacks. In this sense, natural products, a broad term encompassing either primary
or secondary metabolites from plants, marine products, and microorganisms, represent a
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valuable source for developing and obtaining small molecules. In fact, from 1981 to 2019,
about 36.3% of the clinically used drugs approved by the FDA (antimicrobial, antiparasitic,
and anticancer treatments) were natural products or derivatives [7,8]. Particularly in the
field of IS, natural bioactive compounds (NBCs), a subset of natural products that have
biological activity [9-11], are recognized as a rich source of compounds with beneficial
effects against the most common pathological effects induced by such conditions [12].
For instance, many authors report that different NBCs reduce infarct size by targeting
oxidative stress. However, several NBCs also decrease neuroinflammation due to their
immunomodulatory properties (reducing proinflammatory cytokines), inhibiting microglia
activation, preventing excitotoxicity and apoptosis, and improving neuroplasticity and
endothelial stiffness [13-18].

Moreover, network pharmacology has emerged as an exciting field that combines
biology, bioinformatics, and network science to analyze the interaction among bioactive
compounds, drugs, genes, proteins, or other biological molecules, leading to improved
identification of new drug targets, the design of new drugs, and the prediction of their
side effects [19,20]. In this sense, the IS research field has also benefited from network
pharmacology since several studies aim to identify potential drug targets and molecular
mechanisms induced by NBCs against IS [21-23]. Nevertheless, such studies focus only on
a compound or plant extract. Only one published study summarizes the most commonly
used NBCs in traditional Chinese medicine. It identifies the primary molecular targets of
such NBCs [24] but does not perform cheminformatic analysis to rationally suggest which
NBCs are more suitable to be used in therapeutics. Therefore, in the present article, we aim
to identify which NBCs have potential to be used against IS in clinics through both systems
pharmacology and chemoinformatic analyses. First, we perform a systematic review of
the literature published in the last 12 years regarding NBCs used against IS, and then we
retrieve the most relevant data for the network pharmacology analyses; these analyses
lead us to identify the most connected NBCs in the network, and finally, such NBCs were
subjected to chemoinformatic analyses to identify which NBCs are more suitable for success
in the clinics. So, with this study, we provide a guide on trends in research towards the
neuroprotective effects of NBCs.

2. Results
2.1. Twelve Chemical Classes of NBCs Target the Principal Pathological Processes Elicited by IS,
but Only Flavonoids and Terpenoids Are the Most Studied

According to our research in the literature published between 2010 and 2022, there is a
lack of studies that report which NBCs are the most studied against IS, compared to the
vast number of narrative reviews describing the biological activities and molecular mecha-
nisms elicited by such NBCs used against IS. In this context, our results from Figure 1A
demonstrate that, even though twelve chemical classes of NBCs have been tested against
IS, only flavonoids (27 studies) and terpenoids (13 studies) are the most studied chemical
classes of NBCs. In contrast, the remaining NBCs had fewer studies in the period covered
by our search; for instance, polyphenols (10 studies), alkaloids (9 studies), saponin and
iridoid glycosides (8 studies each), glycosides (5 studies), phytocannabinoids (4 studies),
adenosine analogues and N-linked glycans (3 studies each), anthraquinones (2 studies),
and trans-cinnamaldehyde (1 study). Additionally, this result is validated by the results
from Figure 1B, since according to the structural network analysis, flavonoids are the
most connected nodes in the network (49 edges) in comparison with other NBCs such
as terpenoids (23 edges), polyphenols (17 edges), and alkaloids (12 edges), meaning that
flavonoids may interact with more targets associated with IS than other compounds.
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Figure 1. Chemical classes of the NBCs studied against IS. (A) Blue nodes represent the NBCs
(flavonoids, terpenoids, polyphenols, alkaloids, glycosides, saponin, iridoid glycosides, phytocannabi-
noids, adenosine analogues, N-linked glycans, anthraquinones, and trans-cinnamaldehyde). Edges
(black) represent a single pathological target for each node. Number of nodes: 15, number of edges:
166, network diameter: 1. (B) The structural network represents the top five of the most connected
nodes in the network. The most connected nodes in the network are flavonoids and terpenoids. The
most connected nodes are colored red, and the less connected nodes are colored yellow. (C) The
structural network shows the chemical classes (central nodes) considered in this study (saponin
(pink), iridoid glycoside (aqua), phytocannabinoids (red), N-linked glycans (yellow), flavonoids
(orange), alkaloids (light blue), polyphenols (blue), terpenoids (light green), anthraquinone (grey),
adenosine analogues (green), and trans-cinnamaldehyde (brown)). Edges connect these nodes (blue)
to the main pathological processes that underlie IS. Each edge represents an individual NBC derived
from their chemical class. The edges are colored according to the chemical class of each compound.
Number of nodes: 23, number of edges: 163, network diameter: 1.

Once we had results from the first network, we built another network with NBCs and
the pathological processes they target (Figure 1C). According to the results, the main targets
of the NBCs against IS are infarct size, microglia activation, oxidative stress, neuroinflam-
mation, neurotransmission, glutamate excitotoxicity, blood-brain barrier (BBB) integrity,
autophagy, mitochondrial dysfunction, and apoptosis. Nevertheless, since the chemical
classes of these NBCs include more than hundreds of compounds, we aim to identify which
natural compounds target each process mentioned above.

2.2. Network of NBCs and the Most Common Pathological Pathways Associated with IS

As seen in the structural network from Figure 2A, there are 34 NBCs (astragaloside,
Panax notoginseng saponin-TSPN, and ginsenoside Rg1, picroside II, catalpol, and genipo-
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side, cannabidiol, fucose, baicalin, scutellarin, vitexin, apigenin, icariin, quercetin, calycosin,
xanthohumol, carthamin yellow, and dihydromyricetin, berberine, ligustrazine, dauriso-
line, tetrahydropalmatine, neferine, curcumin, resveratrol, asiaticoside and salidroside,
andrographolide, ginkgolides (A, B, C, K), borneol, and daidzein, emodin, cordycepin,
and cinnamaldehyde) which target the most common pathological pathways associated
with IS. According to the structural network from Figure 2B, the most connected nodes are
ginkgolides (A, B, C, and K), curcumin, baicalin, fucose, cannabidiol, resveratrol, cordy-
cepin, icariin, and salidroside. Additionally, we built another network showing the most
connected NBCs and the molecular targets of such compounds (Figure 2C). As a result,
the networks show that each NBC has its own molecular targets but also shares other
molecular targets such as IL1-3, Bax, Bcl-2, SOD, TNF-«, Caspase-3, IL-8, IL-6, NF-«B,
BDNEF, GFAP, and Iba-1, suggesting that the development of novel drugs against IS may be
directed towards these targets. Moreover, this network shows that the selected NBCs seem
to decrease the expression or protein content of the molecular target since the number of
green edges is higher than the number of red edges colored red.
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Figure 2. Nine NBCs are required to target the most common pathological processes that underlie
IS. (A) The network shows the pathological processes that each NBC targets in IS. Number of
nodes: 45; number of edges: 163; and network diameter: 1. (B) The structural network represents
the top 15 of the most connected nodes in the network. Nine NBCs (ginkgolides (A, B, C, K)
(terpenoid), curcumin (polyphenol), baicalin (flavonoid), fucose (N-linked glycans), cannabidiol
(phytocannabinoids), resveratrol (polyphenol), cordycepin (adenosine analogue), icariin (flavonoid),
and salidroside (glycoside) target the main pathological processes that underlie IS (infarct size,
neuroinflammation, apoptosis, oxidative stress, neuroplasticity, and microglial activation). The most
connected nodes are colored red, and the less connected nodes are colored yellow. (C) The network
shows the molecular targets of the pathological pathways in IS (blue nodes) connected to the most
connected compounds (yellow nodes). The edges represent the effect of the NBCs on each target;
green lines represent decreased expression; and red lines represent increased expression. Each edge
represents an independent report. In the network’s center are the targets shared among the NBCs.
Number of nodes: 64; number of edges: 141; and network diameter: 3.
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2.3. Chemoinformatic Analysis of the NBCs

Once we identify the most connected NBCs that target the main pathological pro-
cesses in IS, we perform a chemoinformatic analysis to identify which compounds are
more suitable to become therapeutic agents against IS. According to our results (Table 1),
cordycepin, curcumin, fucose, ginkgolide A, ginkgolide B, resveratrol, and salidroside meet
Lipinski’s rules. However, once we analyze the pharmacokinetic simulated properties,
our results suggest that ginkgolides B, C, and K are not suitable for therapeutics since
the gastrointestinal absorption is lower in contrast to other NBCs such as cannabidiol,
cordycepin, curcumin, fucose, ginkgolide A, resveratrol, and salidroside. In addition, the
medicinal chemistry properties suggest that ginkgolides A, B, C, and K are unsuitable for
chemical synthesis.

Interestingly, only cordycepin and salidroside (Figure 3) possess remarkable pharma-
cokinetic properties and meet the lead-likeness criteria, suggesting they could be considered
hits and leaders in developing novel drugs against IS.

OH
H
Oln-u
0

N
Ty ~
N A N/ | /’J

N yO

Cordycepin Salidroside

Figure 3. The chemical structure of both NBCs met the lead-likeness criteria.
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Table 1. Molecular descriptors of the most connected natural compounds against IS.

Baicalin  Cannabidiol Cordycepin Curcumin Fucose Ginkgolide A Ginkgolide B Ginkgolide C  Ginkgolide K Icariin Resveratrol Salidroside
Log P 1.051 6.158 —2.195 1.945 —0.994 1.176 0.146 —1.095 0.914 1.092 2.048 —1.071
Log$S —2.724 —4.493 —2.724 —3.622 —0.256 —2.526 —2.127 —1.728 —2.277 —4.133 —2.864 —1.016
. . TPSA 183.21 40.46 116.03 93.06 90.15 128.59 148.82 169.05 128.59 234.29 60.69 119.61
Physmochemlcal MW 446.08 314.46 251.1 368.38 164.16 408.4 4244 440.13 406.38 676.24 228.24 300.3
Properties nRB 4 6 2 8 0 1 1 1 1 9 2 5
HBD 6 2 3 2 4 2 3 4 2 8 3 5
HBA 11 2 8 6 5 9 10 11 9 15 3 7
GI absorption Low High High High High High Low Low Low Low High High
BBB permeable No Yes No No No No No No No No Yes No
P-gp substrate Yes No No No Yes Yes Yes Yes Yes Yes No No
CYP1A2 inhibitor No No No No No No No No No No Yes No
C\;P%CH No Yes No No No No No No No No No No
Ph kinetic ngiDZIE);
armaco
Properties inhibitor No Yes No Yes No No No No No No Yes No
gﬁ%‘%ﬁ No Yes No No No No No No No No No No
.CYP?’.A4 No Yes No Yes No No No No No No Yes No
1r1h1b1t0r.
Log Kp (Skin -8.23 ~3.59 —8.27 —6.28 —8.79 —8.37 —9.16 —9.95 —9.95 —9.25 —5.47 —8.88
permeation)
Lipinski violations 2 1 0 0 0 0 0 1 1 3 0 0
Ghose violations 0 1 1 0 2 0 1 1 1 3 0 1
Veber violations 1 0 0 0 0 0 1 1 1 1 0 0
Medicinal Bioayailability 0.11 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.17 0.55 0.55
Chemistry core
: Lead-likeness
Properties P 1 1 0 2 1 1 1 1 1 2 1 0
Vlolatlor}s
Synthetic 5.09 4.05 3.67 2.97 405 6.28 6.38 6.48 6.48 7.24 2.02 426
accessibility
Mutagenic none none none none none none none none none high high none
Tumorigenic none none none none none none none none none none none none
Toxicoinformatic Irritant none none none none none none none none none none none none
Properties Reproductive . .
none none none none none none none none none high high none

effects
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3. Discussion

IS represents a global health problem since it is the second cause of mortality and
disability worldwide. Hence, current research in the field seeks novel protocols that
improve IS diagnosis and treatment to overcome adverse outcomes [25,26]. As a result of
this concern, several approaches have been developed; one of them relies on identifying
natural products that target the main pathological processes underlying IS [27,28]. However,
despite the significant number of original articles or reviews that seek to highlight the
relevance of considering the use of natural products against IS, they limit themselves to
adding more evidence of the effectiveness of the natural compounds or summarizing the
results from other studies without suggesting the next step in the development of novel
drugs or their application in clinical practice. Hence, to fill the gaps in the knowledge
mentioned above, in the present study, we aim to identify which NBCs are the most studied
against IS and then suggest which of them have the potential to formulate and design more
effective pharmacological treatments against the pathological processes elicited by IS.

Accordingly, we perform a network pharmacology analysis based on a systematic
review, demonstrating that flavonoids are the most studied compounds against IS; this
result may be because flavonoids are enriched in many herbal products and, concomitantly,
since their chemical structure (the hydroxy groups) influences their bioavailability and
pharmacological activity [29]. For instance, flavonoids are associated with several beneficial
biological properties such as anti-inflammatory, anticancer, anti-aging, cardio-protective,
neuroprotective, immunomodulatory, antidiabetic, antibacterial, antiparasitic, and antivi-
ral [30-32]. On the other hand, the same network identifies terpenoids as the second most
studied NBCs against IS. Terpenoids, a class of terpenes with different functional groups
and oxidized methyl groups, are the second most widespread NBCs that show antiviral,
antibacterial, antimalarial, anti-inflammatory, anticancer, and hypoglycemic activities, and
such compounds are found in plants, fungi, and some animals [33-35]. Additionally, these
results also suggest that studying a plant or marine product rich in flavonoids or terpenoids
is more likely to have neuroprotective effects against IS. Nevertheless, it is essential to note
that clinical trials in humans are necessary to confirm their effects in real-world scenarios.
Further studies may be conducted to develop a library of compounds derived or inspired
by flavonoids and terpenoids to treat IS efficiently.

Since the chemical classes of NBCs include more than hundreds of compounds, we
performed another network pharmacology analysis to identify which NBCs target each
pathological process. Such a network identified nine compounds (ginkgolides (A, B, C, K),
curcumin, baicalin, fucose, cannabidiol, resveratrol, cordycepin, icariin, and salidroside)
as the most connected nodes in the network since they target six out of eleven of the most
common pathological processes induced by IS (infarct size, neuroinflammation, apoptosis,
oxidative stress, neuroplasticity, and microglia activation). Interestingly, many of these
compounds are found in herbal medicines. For instance, ginkgolides (A, B, C, and K), a
group of terpene trilactones, are isolated from the Ginkgo biloba tree and have shown a
beneficial role in health and wellbeing since it is well described that ginkgo extract induces
antiparasitic, antifungal, antibacterial, and antiviral activities [36]. Interestingly, it has been
reported that the bioavailability of ginkgolides is low; however, the preparation method of
ginkgol extracts influences the bioavailability [37].

On the other hand, curcumin (1,7-bis-(4-hydroxy-3-methoxyphenyl)-hepta-1,6-diene-
3,5-dione) isolated from Curcuma longa belongs to the polyphenol group [38—40]. It has
been reported that curcumin has enormous therapeutic potential since it exhibits anti-
inflammatory, antioxidant, antiviral, proapoptotic, chemo-preventive, chemotherapeutic,
antinociceptive, antiproliferative, antiparasitic, and antimalarial effects [41]. However,
poor absorption, rapid metabolism, and systemic elimination, leading to poor bioavail-
ability, are curcumin’s main limitations in reaching therapeutics [42]. Moreover, baicalin
(5,6-dihydroxy-7-O-glucuronide flavone) is the main active compound of the medicinal
plants Scutellaria baicalensis and Oroxylum indicum [43]; such NBC is a flavonoid that has
antibacterial, antiviral, anticancer, anticonvulsant, antioxidant, hepatoprotective, and neu-
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roprotective effects in experimental models; however, its use is limited in clinical trials due
to poor bioavailability [44,45]. Conversely, fucose is a monosaccharide that induces biologi-
cal activities such as anticancer, anti-allergic, anti-coagulant, and anti-aging. Nevertheless,
despite the great potential that fucose represents for the food, cosmetics, and pharmaceuti-
cal industries, its main limitation is the complexity and high cost of performing its chemical
synthesis [46,47]. Likewise, cannabidiol represents the most abundant and therapeutically
relevant component in Cannabis sativa, Cannabis indica, and Cannabis ruderalis. According
to the literature, cannabidiol induces neuroprotective, antiepileptic, anxiolytic, antipsy-
chotic, and anti-inflammatory effects. However, this NBC has bioavailability and solubility
issues, and current studies have focused on developing a novel series of CBD analogues
to overcome such drawbacks [48,49]. Similarly, resveratrol (3,5,4’-Trihydroxystilbene) is
a polyphenol with a stilbene structure isolated from Veratrum grandiflorum. Resveratrol
has antioxidant, anti-inflammatory, cardioprotective, antimicrobial, and anti-tumorigenic
properties [50]. However, resveratrol also shows poor solubility in water, leading to
low oral bioavailability; also, resveratrol has a shorter half-life when administered in-
travenously [51,52]. Finally, icariin is an isoprenoid flavonoid that represents the active
compound of Epimedii herba [53,54]; this NBC induces anti-inflammatory, antioxidant, an-
tidepressant, and aphrodisiac effects [55,56]; however, a Phase I trial demonstrated that
icariin has low bioavailability of the oral formulation [57]. So, this growing body of evi-
dence suggests that the main limitation of the NBCs we identified by our network analysis
is their low bioavailability and the complexity and high cost of performing their chemical
synthesis. Our chemoinformatic analysis strengthens such results, as discussed in the
following paragraphs.

Since several drugs failed in clinical trials due to their pharmacokinetic properties,
we performed a chemoinformatic analysis of the medicinal chemistry properties of the
nine NBCs described above so we may identify which NBC may have more potential
to be used to alleviate the most common pathological processes in IS. Such analysis
shows that only cordycepin, curcumin, fucose, ginkgolide A, ginkgolide B, resveratrol,
and salidroside fulfill Lipinski’s rule of five. However, only cordycepin and salidroside
fulfill lead-likeness rules since neither contains any toxicoinformatics properties. Inter-
estingly, neither of the NBCs are flavonoids, suggesting that despite flavonoids being the
more studied NBC against IS, salidroside (phenolic glycoside) and cordycepin (adenosine
analogue) may be easier to incorporate as therapeutic drugs against IS. Moreover, these
results suggest that both NBCs could be considered in developing novel strategies to
develop drugs against IS or to search for natural products with a high content of these
compounds. In this sense, cordycepin is an alkaloid and the primary bioactive molecule de-
rived from Cordyceps, a well-known fungus used in Chinese traditional medicine for the last
300 years to treat fatigue, sickness, kidney disease, and low sex drive [58]. Various IS-related
activities have been described for this NBC, such as anti-inflammatory, inhibition of platelet
aggregation, and immunomodulatory effects [58,59]. On the other hand, salidroside is
the main bioactive component in Rhodiola species; it is a phenylpropanoid glycoside that
has also been associated with IS-related pathways, such as suppressing oxidative stress,
inflammation, and enhancing cell survival [60].

Finally, pure compounds alone may be helpful; however, a cocktail of NBCs could
represent a viable alternative in searching for IS treatments with a novel increase in phy-
tomedicine. In this context, it is pretty interesting that there is a renewed interest in
developing this type of product due to the success of NeuroAID [61], recently approved in
China, Singapur, South Korea, Indonesia, and Vietnam to be used on IS and composed of
nine herbal components. Thus, expectations are great for these types of products.

4. Materials and Methods
4.1. Data Collection

Following the PRISMA statement [62], we systematically reviewed the literature published
between January 2010 and January 2022 (Figure 4). MESH terms, including ‘cerebral ischemia’,
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‘natural medicine’, ‘stroke’, “neuroprotection mechanism’, ‘natural products’, ‘therapeutic applications’, and
‘natural extracts’, were submitted to the Pubmed database (https:/ /pubmed.ncbi.nlm.nih.gov/,
accessed on 30 March to 30 April 2023). Two independent reviewers curated the selected
articles according to the following criteria:

Identification of studies via PubMed database
6
"5 Records identified from PubMed: Egzzrndi;;moved e
:3:3 Dexalzsis [71) " Duplicate records removed.
§ n=4)
3
A
)
—— Records excluded according to
= ' —| our criteria.
(n=111) (n=11)
\4
; Reports not refrieved (other
Reports sought for retrieval.
o n 2100) "9 o —| language different from English)..
1= (n=5)
£
0
g
: '
0
Reports assessed for eligibility.
(n=95)
—/
5
s Studies included in review.
g | (h=9)
c

Figure 4. PRISMA flow diagram of the article selection for the systematic review of NBCs against
IS. According to our selection criteria for this study, we selected 95 articles, from which we re-
trieved the following information: chemical class, chemical compound name, experimental model
(in vivo or in vitro), molecular target, treatment (doses), biological activity, and reference (Table
S1-Supplementary Materials). (http://prisma-statement.org/prismastatement/FlowDiagram.aspx,
accessed on 1 January 2022) [62].

Inclusion criteria: Studies published between January 2010 and January 2022 (12 years
of research window), original research articles, studies focused on neuroprotection induced
by NBCs in IS models, and studies performed on in vitro or in vivo models using NBCs
against IS.
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Exclusion criteria: Studies that have not met the inclusion criteria, studies published in
languages excluding English, articles that were narrative reviews, intervention studies, let-
ters to editors or non-original articles, preprints or studies with incomplete datasets, studies
without available data, studies without controls, studies focused on neuroprotection for
neurodegenerative diseases (e.g., Huntington’s disease, Alzheimer’s disease, Parkinson’s
disease, among others), and articles not available in the PubMed database.

We retrieved all the relevant information from each selected study, as depicted in
Table S1 in the Supplementary Materials.

4.2. Network Pharmacology Analysis

Pharmacological networks were built using Cytoscape (v 3.9.1) [63,64]. Networks were
built with the data retrieved from the selected articles (Table S1 from the Supplementary
Materials). Additionally, we identify the most connected nodes in the networks using the
Cytohubba plugin available on the Cytoscape webpage [65].

4.3. Cheminformatic Analyses

Molecular descriptors (1-3D) were calculated for each NBC using three software and
web tools: DruLiTo v.1.0 (Nagar, India) is open-source software that can calculate different
molecular properties and screen molecules based on pharmacological property rules such
as the Lipinski rule, MDDR rule, Veber rule, Ghose filter, BBB rule, CMC-50 rule, and quan-
titative estimation of pharmacological properties (QED) [66]; DataWarrior v.5.5.0 (Allschwil,
Switzerland) [67], an open-source program for visualization and data analysis with chemical
intelligence following the methodology of [67]; SwissADME (http://www.swissadme.ch/,
Lausanne, Switzerland), a website that allows calculating physicochemical descriptors as
well as predicting ADME parameters, pharmacokinetic properties, pharmacological nature,
and medical chemical compatibility of single or multiple small molecules to support drug
discovery. Such analysis was based on Lipinski’s rules: molecular weight (MW) equal to
or less than 500 Da, octanol-water partition coefficient equal to or less than 5 (cLogP), the
total number of hydrogen acceptors equal to or less than 10 (HBA), and the total number of
hydrogen donors equal to or less than 5 (HBD) [68-70] and pharmacokinetics [71].

5. Conclusions

In the present article, we resume most of the studies performed on natural products
and IS through 12 years of research to guide trends in research towards the neuroprotective
effects of NBCs against IS. In this sense, we found that flavonoids are the most studied NBCs
tested against IS to date (2023). We also identify that of the nine NBCs that target the most
common pathological process in IS, only cordycepin (adenosine analogue) and salidroside
(phenolic glycoside) may be considered leaders to be used in developing chemical libraries
and novel molecules against such a pathology. Finally, our study highlights the importance
of searching for plant extracts that contain these compounds, which could represent the
source for phytomedicine development.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ph16101376/s1. Table S1: Database of natural products against IS.

Author Contributions: N.A.R.-S.: Conceptualization, Investigation, Writing—Original Draft, Writing
Review and Editing; Supervision and Project administration. E.A.Z.-A.: Conceptualization, Investiga-
tion, Data Curation, Methodology, Validation; Formal analysis, Software, Writing—Original Draft
and Editing and Visualization. J.C.G.-V.: Validation; Formal analysis, Writing—Review and Editing
and Visualization. J.A.S.-d.-1.-C.: Software, Formal Analysis, Writing-Original Draft, Writing-Review
and Editing. E.A.E.-P.: Investigation, Data Curation, Formal Analysis and Writing-Original Draft. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Consejo Nacional de Humanidades, Ciencias y Tec-
nologias, México; Project 319706. The publication of this paper was conducted by the Instituto
Nacional de Geriatria, México, and financially supported by the Consejo Nacional de Humanidades,


http://www.swissadme.ch/
https://www.mdpi.com/article/10.3390/ph16101376/s1
https://www.mdpi.com/article/10.3390/ph16101376/s1

Pharmaceuticals 2023, 16, 1376 11 of 13

Ciencias y Tecnologias, México; Project 319706. E.A.Z.-A. received a scholarship from the Consejo Na-
cional de Humanidades Ciencias y Tecnologias (CONAHCYT), México project 319706, “;Se pueden
revertir el envejecimiento con farmacos?”

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Acknowledgments: This study was part of a registered project at the Instituto Nacional de Geriatria
DI-PI-002-2020 (NARS). The publication of this paper was supported by the Instituto Nacional de
Geriatria, México.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  CDC Stroke Facts. Available online: https://www.cdc.gov/stroke/facts.htm (accessed on 17 August 2023).

2. Saini, V.; Guada, L.; Yavagal, D.R. Global Epidemiology of Stroke and Access to Acute Ischemic Stroke Interventions. Neurology
2021, 97, S6-S16. [CrossRef]

3. Campbell, B.C.V,; De Silva, D.A.; Macleod, M.R.; Coutts, S.B.; Schwamm, L.H.; Davis, S.M.; Donnan, G.A. Ischaemic Stroke. Nat.
Rev. Dis. Primers 2019, 5, 70. [CrossRef]

4. Herpich, F,; Rincon, F. Management of Acute Ischemic Stroke. Crit. Care Med. 2020, 48, 1654-1663. [CrossRef]

5. O’Carroll, C.B.; Aguilar, M.I. Management of Postthrombolysis Hemorrhagic and Orolingual Angioedema Complications.
Neurohospitalist 2015, 5, 133-141. [CrossRef]

6. Hurd, M.D.; Goel, L; Sakai, Y.; Teramura, Y. Current Status of Ischemic Stroke Treatment: From Thrombolysis to Potential
Regenerative Medicine. Regen. Ther. 2021, 18, 408-417. [CrossRef]

7.  Rivero-Segura, N.A.; Gomez-Verjan, J.C. In Silico Screening of Natural Products Isolated from Mexican Herbal Medicines against
COVID-19. Biomolecules 2021, 11, 216. [CrossRef]

8.  Calixto, ].B. The Role of Natural Products in Modern Drug Discovery. An. Acad. Bras. Cienc. 2019, 91 (Suppl. S3), €20190105.
[CrossRef]

9. Natural Bioactive Compounds: Technological Advancements; Sinha, R.P.; Hader, h.c.D.-P. (Eds.) Academic Press: San Diego, CA, USA,
2020; ISBN 9780128206553.

10. Sytar, O.; Smetanska, I. Special Issue “Bioactive Compounds from Natural Sources (2020, 2021)”. Molecules 2022, 27, 1929.
[CrossRef]

11.  Mohd Sairazi, N.S.; Sirajudeen, K.N.S. Natural Products and Their Bioactive Compounds: Neuroprotective Potentials against
Neurodegenerative Diseases. Evid. Based Complement. Alternat. Med. 2020, 2020, 6565396. [CrossRef]

12.  George, PM.; Steinberg, G.K. Novel Stroke Therapeutics: Unraveling Stroke Pathophysiology and Its Impact on Clinical
Treatments. Neuron 2015, 87, 297-309. [CrossRef]

13. Putteeraj, M.; Lim, W.L,; Teoh, S.L.; Yahaya, M.E. Flavonoids and Its Neuroprotective Effects on Brain Ischemia and Neurodegen-
erative Diseases. Curr. Drug Targets 2018, 19, 1710-1720. [CrossRef] [PubMed]

14. Xie, Q,;Li, H;; Lu, D;; Yuan, J.; Ma, R,; Li, J.; Ren, M,; Li, Y,; Chen, H.; Wang, J.; et al. Neuroprotective Effect for Cerebral Ischemia
by Natural Products: A Review. Front. Pharmacol. 2021, 12, 607412. [CrossRef] [PubMed]

15.  She, Y,; Shao, L.; Zhang, Y.; Hao, Y.; Cai, Y.; Cheng, Z.; Deng, C.; Liu, X. Neuroprotective Effect of Glycosides in Buyang Huanwu
Decoction on Pyroptosis Following Cerebral Ischemia-Reperfusion Injury in Rats. J. Ethnopharmacol. 2019, 242, 112051. [CrossRef]
[PubMed]

16. Lin, B. Polyphenols and Neuroprotection against Ischemia and Neurodegeneration. Mini Rev. Med. Chem. 2011, 11, 1222-1238.

17.  Zhang, Q.; Zhao, Y.-H. Therapeutic Angiogenesis after Ischemic Stroke: Chinese Medicines, Bone Marrow Stromal Cells (BMSCs)
and Their Combinational Treatment. Am. J. Chin. Med. 2014, 42, 61-77. [CrossRef] [PubMed]

18. Ismailoglu, U.B.; Saracoglu, I.; Harput, U.S.; Sahin-Erdemli, I. Effects of Phenylpropanoid and Iridoid Glycosides on Free
Radical-Induced Impairment of Endothelium-Dependent Relaxation in Rat Aortic Rings. J. Ethnopharmacol. 2002, 79, 193-197.
[CrossRef]

19. Noor, F; Tahir Ul Qamar, M.; Ashfaq, U.A.; Albutti, A.; Alwashmi, A.S.S.; Aljasir, M.A. Network Pharmacology Approach for
Medicinal Plants: Review and Assessment. Pharmaceuticals 2022, 15, 572. [CrossRef]

20. Hopkins, A.L. Network Pharmacology: The next Paradigm in Drug Discovery. Nat. Chem. Biol. 2008, 4, 682—690. [CrossRef]

21. Liu, F; Li, L,; Chen, J.; Wu, Y.; Cao, Y.; Zhong, P. A Network Pharmacology to Explore the Mechanism of in the Treatment of
Ischemic Stroke. Biomed Res. Int. 2021, 2021, 6611018.

22. Yang, T.; Chen, X.; Mei, Z.; Liu, X,; Feng, Z.; Liao, J.; Deng, Y.; Ge, ]. An Integrated Analysis of Network Pharmacology and

Experimental Validation to Reveal the Mechanism of Chinese Medicine Formula Naotaifang in Treating Cerebral Ischemia-
Reperfusion Injury. Drug Des. Devel. Ther. 2021, 15, 3783-3808. [CrossRef]


https://www.cdc.gov/stroke/facts.htm
https://doi.org/10.1212/WNL.0000000000012781
https://doi.org/10.1038/s41572-019-0118-8
https://doi.org/10.1097/CCM.0000000000004597
https://doi.org/10.1177/1941874415587680
https://doi.org/10.1016/j.reth.2021.09.009
https://doi.org/10.3390/biom11020216
https://doi.org/10.1590/0001-3765201920190105
https://doi.org/10.3390/molecules27061929
https://doi.org/10.1155/2020/6565396
https://doi.org/10.1016/j.neuron.2015.05.041
https://doi.org/10.2174/1389450119666180326125252
https://www.ncbi.nlm.nih.gov/pubmed/29577854
https://doi.org/10.3389/fphar.2021.607412
https://www.ncbi.nlm.nih.gov/pubmed/33967750
https://doi.org/10.1016/j.jep.2019.112051
https://www.ncbi.nlm.nih.gov/pubmed/31279072
https://doi.org/10.1142/S0192415X14500049
https://www.ncbi.nlm.nih.gov/pubmed/24467535
https://doi.org/10.1016/S0378-8741(01)00377-4
https://doi.org/10.3390/ph15050572
https://doi.org/10.1038/nchembio.118
https://doi.org/10.2147/DDDT.S328837

Pharmaceuticals 2023, 16, 1376 12 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.
33.
34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Zhang, W.; Zhang, L.; Wang, W.J.; Ma, S.; Wang, M.; Yao, M,; Li, R,; Li, WW.; Zhao, X.; Hu, D.; et al. Network Pharmacology and
Experimental Verification to Explore the Mechanism of Sanhua Decoction in the Treatment of Ischaemic Stroke. Pharm. Biol. 2022,
60, 119-130. [CrossRef]

Zhu, T.; Wang, L.; Wang, L.-P.; Wan, Q. Therapeutic Targets of Neuroprotection and Neurorestoration in Ischemic Stroke:
Applications for Natural Compounds from Medicinal Herbs. Biomed. Pharmacother. 2022, 148, 112719. [CrossRef] [PubMed]
Lanas, F,; Seron, P. Facing the Stroke Burden Worldwide. Lancet Glob Health 2021, 9, €235-€236. [CrossRef] [PubMed]

Feigin, V.L.; Norrving, B.; Mensah, G.A. Global Burden of Stroke. Circ. Res. 2017, 120, 439—-448. [CrossRef] [PubMed]

Fang, C.; Xu, H,; Yuan, L.; Zhu, Z.; Wang, X.; Liu, Y,; Zhang, A.; Shao, A.; Lou, M. Natural Compounds for SIRT1-Mediated
Oxidative Stress and Neuroinflammation in Stroke: A Potential Therapeutic Target in the Future. Oxid. Med. Cell. Longev. 2022,
2022,1949718. [CrossRef]

Li, X.-H.; Yin, E-T.; Zhou, X.-H.; Zhang, A.-H.; Sun, H.; Yan, G.-L.; Wang, X.-J. The Signaling Pathways and Targets of Natural
Compounds from Traditional Chinese Medicine in Treating Ischemic Stroke. Molecules 2022, 27, 3099. [CrossRef]

Camara, ].S.; Albuquerque, B.R.; Aguiar, J.; Corréa, R.C.G.; Gongalves, J.L.; Granato, D.; Pereira, ].A.M.; Barros, L.; Ferreira,
L.C.ER. Food Bioactive Compounds and Emerging Techniques for Their Extraction: Polyphenols as a Case Study. Foods 2021,
10, 37. [CrossRef]

Juca, M.M.; Cysne Filho, EM.S.; de Almeida, J.C.; Mesquita, D.d.S.; Barriga, ].R.d.M.; Dias, K.C.E.; Barbosa, T.M.; Vasconcelos,
L.C.; Leal, LK.A.M.; Ribeiro, J.E.; et al. Flavonoids: Biological Activities and Therapeutic Potential. Nat. Prod. Res. 2020, 34,
692-705. [CrossRef]

Di Ferdinando, M.; Brunetti, C.; Fini, A.; Tattini, M. Flavonoids as Antioxidants in Plants Under Abiotic Stresses. In Abiotic Stress
Responses in Plants; Springer: New York, NY, USA, 2012; pp. 159-179. ISBN 9781461406334

Maleki, S.J.; Crespo, J.F.; Cabanillas, B. Anti-Inflammatory Effects of Flavonoids. Food Chem. 2019, 299, 125124. [CrossRef]
Perveen, S.; Al-Taweel, A. Terpenes and Terpenoids; BoD—Books on Demand: Norderstedt, Germany, 2018; ISBN 9781789847765.
Yang, W.; Chen, X,; Li, Y.; Guo, S.; Wang, Z.; Yu, X. Advances in Pharmacological Activities of Terpenoids. Nat. Prod. Commun.
2020, 15, 1934578X2090355. [CrossRef]

Martin-Smith, M.; Khatoon, T. Biological Activity of The Terpenoids and Their Derivatives. Fortschr. Arzneimittelforsch. 1963, 5,
279-346. [PubMed]

Boonkaew, T.; Camper, N.D. Biological Activities of Ginkgo Extracts. Phytomedicine 2005, 12, 318-323. [CrossRef] [PubMed]

Li, C.L.; Wong, Y.Y. The Bioavailability of Ginkgolides in Ginkgo Biloba Extracts. Planta Med. 1997, 63, 563-565. [CrossRef]
[PubMed]

Den Hartogh, D.J.; Gabriel, A.; Tsiani, E. Antidiabetic Properties of Curcumin II: Evidence from In Vivo Studies. Nutrients 2019,
12, 58. [CrossRef]

Hosseini, A.; Hosseinzadeh, H. Antidotal or Protective Effects of Curcuma Longa (turmeric) and Its Active Ingredient, Curcumin,
against Natural and Chemical Toxicities: A Review. Biomed. Pharmacother. 2018, 99, 411-421. [CrossRef]

Vaiserman, A.M.; Lushchak, O.V.; Zayachkivska, A.; Koliada, A. Curcumin. In Anti-Aging Pharmacology; Elsevier: Amsterdam,
The Netherlands, 2023; pp. 153-176. ISBN 9780128236796.

Kunnumakkara, A.B.; Bordoloi, D.; Padmavathi, G.; Monisha, J.; Roy, N.K.; Prasad, S.; Aggarwal, B.B. Curcumin, the Golden
Nutraceutical: Multitargeting for Multiple Chronic Diseases. Br. J. Pharmacol. 2017, 174, 1325-1348. [CrossRef]

Urosevié¢, M.; Nikoli¢, L.; Gaji¢, I; Nikoli¢, V.; Dini¢, A.; Miljkovi¢, V. Curcumin: Biological Activities and Modern Pharmaceutical
Forms. Antibiotics 2022, 11, 135. [CrossRef]

Ezzat, S.M.; Salama, M.M.; Salem, M. A. Bioactive Lead Compounds and Molecular Targets for the Treatment of Heart Diseases.
In Phytochemicals as Lead Compounds for New Drug Discovery; Elsevier: Amsterdam, The Netherlands, 2020; pp. 67-94. ISBN
9780128178904.

Huang, T.; Liu, Y.; Zhang, C. Pharmacokinetics and Bioavailability Enhancement of Baicalin: A Review. Eur. J. Drug Metab.
Pharmacokinet. 2019, 44, 159-168. [CrossRef]

Hu, Z.; Guan, Y.; Hu, W,; Xu, Z.; Ishfaq, M. An Overview of Pharmacological Activities of Baicalin and Its Aglycone Baicalein:
New Insights into Molecular Mechanisms and Signaling Pathways. Iran. J. Basic Med. Sci. 2022, 25, 14-26.

Xiao, M.; Ren, X,; Yu, Y.; Gao, W.; Zhu, C.; Sun, H.; Kong, Q.; Fu, X.; Mou, H. Fucose-Containing Bacterial Exopolysaccharides:
Sources, Biological Activities, and Food Applications. Food Chem. X 2022, 13, 100233. [CrossRef]

Hong, S.-B.; Choi, J.-H.; Chang, Y.K,; Mun, S. Production of High-Purity Fucose from the Seaweed of Undaria Pinnatifida through
Acid-Hydrolysis and Simulated-Moving Bed Purification. Sep. Purif. Technol. 2019, 213, 133-141. [CrossRef]

Morales, P; Reggio, PH.; Jagerovic, N. An Overview on Medicinal Chemistry of Synthetic and Natural Derivatives of Cannabidiol.
Front. Pharmacol. 2017, 8, 422. [CrossRef] [PubMed]

Kinney, W.A.; McDonnell, M.E.; Zhong, HM.; Liu, C,; Yang, L.; Ling, W.; Qian, T,; Chen, Y.; Cai, Z.; Petkanas, D.; et al. Discovery
of KLS-13019, a Cannabidiol-Derived Neuroprotective Agent, with Improved Potency, Safety, and Permeability. ACS Med. Chem.
Lett. 2016, 7, 424-428. [CrossRef] [PubMed]

Meng, Q.; Li, J.; Wang, C.; Shan, A. Biological Function of Resveratrol and Its Application in Animal Production: A Review. J.
Anim. Sci. Biotechnol. 2023, 14, 25. [CrossRef] [PubMed]

Das, S,; Lin, H.-S.; Ho, P.C.; Ng, K.-Y. The Impact of Aqueous Solubility and Dose on the Pharmacokinetic Profiles of Resveratrol.
Pharm. Res. 2008, 25, 2593-2600. [CrossRef]


https://doi.org/10.1080/13880209.2021.2019281
https://doi.org/10.1016/j.biopha.2022.112719
https://www.ncbi.nlm.nih.gov/pubmed/35168073
https://doi.org/10.1016/S2214-109X(20)30520-9
https://www.ncbi.nlm.nih.gov/pubmed/33422188
https://doi.org/10.1161/CIRCRESAHA.116.308413
https://www.ncbi.nlm.nih.gov/pubmed/28154096
https://doi.org/10.1155/2022/1949718
https://doi.org/10.3390/molecules27103099
https://doi.org/10.3390/foods10010037
https://doi.org/10.1080/14786419.2018.1493588
https://doi.org/10.1016/j.foodchem.2019.125124
https://doi.org/10.1177/1934578X20903555
https://www.ncbi.nlm.nih.gov/pubmed/14287132
https://doi.org/10.1016/j.phymed.2003.06.008
https://www.ncbi.nlm.nih.gov/pubmed/15898710
https://doi.org/10.1055/s-2006-957768
https://www.ncbi.nlm.nih.gov/pubmed/9434615
https://doi.org/10.3390/nu12010058
https://doi.org/10.1016/j.biopha.2018.01.072
https://doi.org/10.1111/bph.13621
https://doi.org/10.3390/antibiotics11020135
https://doi.org/10.1007/s13318-018-0509-3
https://doi.org/10.1016/j.fochx.2022.100233
https://doi.org/10.1016/j.seppur.2018.12.020
https://doi.org/10.3389/fphar.2017.00422
https://www.ncbi.nlm.nih.gov/pubmed/28701957
https://doi.org/10.1021/acsmedchemlett.6b00009
https://www.ncbi.nlm.nih.gov/pubmed/27096053
https://doi.org/10.1186/s40104-022-00822-z
https://www.ncbi.nlm.nih.gov/pubmed/36765425
https://doi.org/10.1007/s11095-008-9677-1

Pharmaceuticals 2023, 16, 1376 13 of 13

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

Wang, L.-X.; Heredia, A.; Song, H.; Zhang, Z.; Yu, B.; Davis, C.; Redfield, R. Resveratrol Glucuronides as the Metabolites of
Resveratrol in Humans: Characterization, Synthesis, and Anti-HIV Activity. J. Pharm. Sci. 2004, 93, 2448-2457. [CrossRef]

He, C.; Wang, Z.; Shi, J. Pharmacological Effects of Icariin. Adv. Pharmacol. 2020, 87, 179-203.

Liu, F-Y;; Ding, D.-N.; Wang, Y.-R;; Liu, S.-X.; Peng, C.; Shen, F.; Zhu, X.-Y;; Li, C.; Tang, L.-P.; Han, F.-]. Icariin as a Potential
Anticancer Agent: A Review of Its Biological Effects on Various Cancers. Front. Pharmacol. 2023, 14, 1216363. [CrossRef]

Wang, S.; Ma, ].; Zeng, Y,; Zhou, G.; Wang, Y.; Zhou, W.; Sun, X.; Wu, M. Icariin, an Up-and-Coming Bioactive Compound Against
Neurological Diseases: Network Pharmacology-Based Study and Literature Review. Drug Des. Devel. Ther. 2021, 15, 3619-3641.
[CrossRef]

Szabé, R.; Racz, C.P.; Dulf, EV. Bioavailability Improvement Strategies for Icariin and Its Derivates: A Review. Int. ]. Mol. Sci.
2022, 23, 7519. [CrossRef]

Brown, E.S.; Bice, C.; Putnam, W.C.; Leff, R.; Kulikova, A.; Nakamura, A ; Ivleva, E.I.; Van Enkevort, E.; Holmes, T.; Miingi, N.
Human Safety and Pharmacokinetics Study of Orally Administered Icariin: Randomized, Double-Blind, Placebo-Controlled Trial.
Nat. Prod. Commun. 2019, 14, 1934578X1985678. [CrossRef]

Ashraf, S.A; Elkhalifa, A.E.O.; Siddiqui, A.].; Patel, M.; Awadelkareem, A.M.; Snoussi, M.; Ashraf, M.S.; Adnan, M.; Hadji,
S. Cordycepin for Health and Wellbeing: A Potent Bioactive Metabolite of an Entomopathogenic Medicinal Fungus and Its
Nutraceutical and Therapeutic Potential. Molecules 2020, 25, 2735. [CrossRef]

Wang, D.; Zhang, Y; Lu, J.; Wang, Y.; Wang, J.; Meng, Q.; Lee, R.J.; Wang, D.; Teng, L. Cordycepin, a Natural Antineoplastic Agent,
Induces Apoptosis of Breast Cancer Cells via Caspase-Dependent Pathways. Nat. Prod. Commun. 2016, 11, 63—68. [CrossRef]
[PubMed]

Han, J.; Luo, L.; Wang, Y.; Wu, S.; Kasim, V. Therapeutic Potential and Molecular Mechanisms of Salidroside in Ischemic Diseases.
Front. Pharmacol. 2022, 13,974775. [CrossRef] [PubMed]

Venketasubramanian, N.; Kumar, R.; Soertidewi, L.; Abu Bakar, A.; Laik, C.; Gan, R. The NeuroAiD Safe Treatment (NeST)
Registry: A Protocol. BMJ Open 2015, 5, €009866. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BM]J 2021, 372, n71.
[CrossRef]

Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, ].T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498-2504. [CrossRef]
Barrera-Vazquez, O.S.; Gomez-Verjan, ].C.; Ramirez-Aldana, R.; Torre, P.G.-D.; Rivero-Segura, N.A. Structural and Pharmaco-
logical Network Analysis of miRNAs Involved in Acute Ischemic Stroke: A Systematic Review. Int. J. Mol. Sci. 2022, 23, 4663.
[CrossRef]

Chin, C.-H.; Chen, S.-H.; Wu, H.-H.; Ho, C.-W.; Ko, M.-T,; Lin, C.-Y. cytoHubba: Identifying Hub Objects and Sub-Networks from
Complex Interactome. BMC Syst. Biol. 2014, 8 (Suppl. S4), S11. [CrossRef]

Kumar, T.D.A. Elementary Pharmacoinformatics; Pharmamed Press: London, UK, 2015; ISBN 9789385433665.

Sander, T.; Freyss, J.; von Korff, M.; Rufener, C. DataWarrior: An Open-Source Program for Chemistry Aware Data Visualization
and Analysis. |. Chem. Inf. Model. 2015, 55, 460—473. [CrossRef]

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A Free Web Tool to Evaluate Pharmacokinetics, Drug-Likeness and Medicinal
Chemistry Friendliness of Small Molecules. Sci. Rep. 2017, 7, 42717. [CrossRef] [PubMed]

Lipinski, C.A. Lead- and Drug-like Compounds: The Rule-of-Five Revolution. Drug Discov. Today Technol. 2004, 1, 337-341.
[CrossRef] [PubMed]

Castillo-Arellano, J.I.; Gomez-Verjan, ].C.; Rojano-Vilchis, N.A.; Mendoza-Cruz, M.; Jiménez-Estrada, M.; Lopez-Valdés, H.E,;
Martinez-Coria, H.; Gutiérrez-Juarez, R.; Gonzalez-Espinosa, C.; Reyes-Chilpa, R.; et al. Chemoinformatic Analysis of Selected
Cacalolides from (A. Gray) H. Rob. & Brettell and (Kunth) Cass. and Their Effects on FceRI-Dependent Degranulation in Mast
Cells. Molecules 2018, 23, 3367. [CrossRef] [PubMed]

Bertram-Ralph, E.; Amare, M. Factors Affecting Drug Absorption and Distribution. Anaesth. Intensive Care Med. 2023, 24, 221-227.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/jps.20156
https://doi.org/10.3389/fphar.2023.1216363
https://doi.org/10.2147/DDDT.S310686
https://doi.org/10.3390/ijms23147519
https://doi.org/10.1177/1934578X19856789
https://doi.org/10.3390/molecules25122735
https://doi.org/10.1177/1934578X1601100119
https://www.ncbi.nlm.nih.gov/pubmed/26996021
https://doi.org/10.3389/fphar.2022.974775
https://www.ncbi.nlm.nih.gov/pubmed/36060000
https://doi.org/10.1136/bmjopen-2015-009866
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1101/gr.1239303
https://doi.org/10.3390/ijms23094663
https://doi.org/10.1186/1752-0509-8-S4-S11
https://doi.org/10.1021/ci500588j
https://doi.org/10.1038/srep42717
https://www.ncbi.nlm.nih.gov/pubmed/28256516
https://doi.org/10.1016/j.ddtec.2004.11.007
https://www.ncbi.nlm.nih.gov/pubmed/24981612
https://doi.org/10.3390/molecules23123367
https://www.ncbi.nlm.nih.gov/pubmed/30572603
https://doi.org/10.1016/j.mpaic.2022.12.023

	Introduction 
	Results 
	Twelve Chemical Classes of NBCs Target the Principal Pathological Processes Elicited by IS, but Only Flavonoids and Terpenoids Are the Most Studied 
	Network of NBCs and the Most Common Pathological Pathways Associated with IS 
	Chemoinformatic Analysis of the NBCs 

	Discussion 
	Materials and Methods 
	Data Collection 
	Network Pharmacology Analysis 
	Cheminformatic Analyses 

	Conclusions 
	References

