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Abstract: Flavonoids are secondary metabolites that are non-essential for plant growth or survival,
and they also provide numerous health benefits to humans. They are antioxidants that shield plants
from the ill effects of ultraviolet light, pests, and diseases. They are beneficial to health for several
reasons, including lowering inflammation, boosting cardiovascular health, and lowering cancer risk.
This study looked into the physicochemical features of these substances to determine the potential
pharmacological pathways involved in their protective actions. Potential targets responsible for the
protective effects of quercetin, naringenin, and rutin were identified with SwissADME. The associ-
ated biological processes and protein–protein networks were analyzed by using the GeneMANIA,
Metascape, and STRING servers. All the flavonoids were predicted to be orally bioavailable, with
more than 90% targets as enzymes, including kinases and lyases, and with common targets such as
NOS2, CASP3, CASP9, CAT, BCL2, TNF, and HMOX1. TNF was shown to be a major target in over
250 interactions. To extract the “biological meanings” from the MCODE networks’ constituent parts,
a GO enrichment analysis was performed on each one. The most important transcription factors
in gene regulation were RELA, NFKB1, PPARG, and SP1. Treatment with quercetin, naringenin, or
rutin increased the expression and interaction of the microRNAs’ hsa-miR-34a-5p, hsa-miR-30b-5p,
hsa-let-7a-5p, and hsa-miR-26a-1-3p. The anticancer effects of hsa-miR-34a-5p have been experi-
mentally confirmed. It also plays a critical role in controlling other cancer-related processes such
as cell proliferation, apoptosis, EMT, and metastasis. This study’s findings might lead to a deeper
comprehension of the mechanisms responsible for flavonoids’ protective effects and could present
new avenues for exploration.

Keywords: flavonoids; gene interactions; computational analysis; pathways; miRNAs

1. Introduction

Quercetin, naringenin, and rutin have antioxidant capacities, thus preventing cell
injury by free radicals [1–3]. The anti-inflammatory properties possessed by them can result
in a reduced production of inflammation-causing products [4]. Furthermore, evidence
suggests that they may have anticancer [5] capabilities, specifically targeting cancer cells by
decreasing their viability and triggering their apoptosis. Flavonoids have neuroprotective
properties and may be helpful in neurodegenerative disorders such as Alzheimer’s or
Parkinson’s [6].

Despite these promising findings, much more research into the pharmacological
properties of these flavonoids is necessary. This entails investigations into their drug-like
properties, drug targets (genes or proteins), and mechanisms of action. They can modulate
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the expression or activity of various genes or proteins involved in cellular processes such as
inflammation, oxidative stress, cell cycle regulation, apoptosis, and angiogenesis [7,8]. Some
examples of gene or protein targets for quercetin, naringenin, and rutin are NF-κB, AP-1,
Nrf2, COX-2, iNOS, TNF-α, IL-1β, IL-6, IL-8, MAPKs, PI3K/Akt, JAK/STAT, caspases, Bcl-2
family, p53, cyclins, CDKs12, and VEGF [7–11]. Polyphenols have a complicated and multi-
faceted mode of action. The polyphenols may neutralize free radicals and chelate metal
ions, making them useful antioxidants [12]. They can regulate gene expression and protein
function by interacting with receptors, kinases, or transcription factors, which, in turn, alter
the resulting signaling pathways [13–17]. They can also affect cell cycle progression and
apoptosis by modifying the expression or activity of cyclins, CDKs, caspases, and Bcl-2
family members. The inhibition of angiogenic VEGF expression or activity by polyphenols
is another mechanism by which they work [18,19].

The potential health advantages can be better understood by using computational tools
to study and simulate the biological processes [20]. The use of computational models has
allowed scientists to test hypotheses and create accurate predictions about the biological
effects of flavonoids, such as their possible anticancer, antioxidant, anti-inflammatory,
cardiovascular, and anti-neurotoxicity effects.

The liver is responsible for metabolizing quercetin, naringenin, and rutin, all of which
are absorbed via the small intestine. Transporters such as OATP1A2, OATP2B1, and MRP2
help facilitate the absorption of the studied drugs. UDP-glucuronosyltransferases (UGTs),
sulfotransferases (SULTs), and catechol-O-methyltransferases (COMTs) play important
roles in the extensive metabolism of these substances after absorption [21]. Genes and tran-
scription factors that control lipid metabolism and oxidative stress have been demonstrated
to be activated by rutin in several investigations [13,14]. Specifically, rutin upregulates
PPAR-alpha, a transcription factor that regulates lipid metabolism. Additionally, rutin, like
quercetin, stimulates Nrf2, which is a major factor in controlling oxidative stress [22]. In
other investigations, breast cancer cells were treated with naringenin and then analyzed to
see which genes were differently expressed. These data showed that naringenin increased
the expression of genes that work to suppress cell growth, inflammation, and blood vessel
formation [23]. Studies have revealed that genes and transcription factors are activated
in response to quercetin, naringenin, and rutin, which may account for their protective
effects [15,16].

It has been shown that the combination of quercetin and naringenin synergistically
regulates the expression of genes involved in antioxidant defense, including Nrf2, HO-1,
SOD, CAT, and GPx [24]. Quercetin and rutin were found to prevent the DNA damage
induced by the anticancer drug idarubicin by regulating the expression of genes involved
in reductive bioactivation [25]. Cancer-related genes such as KRAS, MYC, CCND1, CDK6,
BCL2, MCL1, BIRC5, XIAP, ZEB1, ZEB2, SNAIL1, SNAIL2, and VEGFA were shown
to have their expression altered by quercetin and naringenin [26]. The expression of
inflammatory and immunological genes such as NF-B, COX-2, iNOS, TNF, IL-6, and IL-8
was demonstrated to be regulated by quercetin, naringenin, and rutin [27].

In particular, quercetin has been demonstrated to activate p53, a transcription factor
that plays a crucial role in regulating cell cycle progression and death [27]. A similar
pattern of gene and transcription factor activation has been seen for naringenin, which
has been linked to suppressing cell proliferation, angiogenesis, and inflammation. Some
examples of such transcription factors are the tumor suppressor genes p53 and PTEN, and
the inflammatory response regulator NF-κB [28]. There has not yet been a comprehensive
investigation of quercetin, naringenin, and rutin’s positive benefits. Therefore, this study
sets out to investigate if rutin, quercetin, and naringenin may serve as preventative medicine
by influencing the body’s natural target network.

2. Results

The physicochemical properties of quercetin, rutin, and naringenin were evaluated
with SwissADME. According to the analysis, all the studied drugs were predicted to be
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orally bioavailable, with rutin having the least bioavailability. All three flavonoids inhibited
one or other cytochromes, and gastrointestinal absorption was high for quercetin and
naringenin (Table 1).

Table 1. Physicochemical properties for drug-likeness and physicochemical inspections of quercetin,
rutin, and naringenin.

NAME Quercetin Naringenin Rutin

Molecular weight 302.24 272.25 610.52
Num. heavy atoms 22 20 43

Num. aromatic heavy
atoms 16 12 16

Fraction Csp3 0 0.13 0.44
Num. rotatable bonds 1 1 6

Num. H-bond acceptors 7 5 16
Num. H-bond donors 5 3 10

Molar refractivity 78.03 71.57 141.38
TPSA 131.36 86.99 269.43

Consensus Log Po/w 1.23 1.84 −1.29
ESOL Log S −3.16 −3.49 −3.3

ESOL solubility (mg/mL) 0.211 0.0874 0.308
ESOL solubility (mol/l) 0.000698 0.000321 0.000505

ESOL class Soluble Soluble Soluble
GI absorption High High Low
BBB permeant No No No
Pgp substrate No Yes Yes

CYP1A2 inhibitor Yes Yes No
CYP2C19 inhibitor No No No
CYP2C9 inhibitor No No No
CYP2D6 inhibitor Yes No No
CYP3A4 inhibitor Yes Yes No

Log Kp (cm/s) −7.05 −6.17 −10.26
Lipinski violations 0 0 3
Ghose violations 0 0 4
Veber violations 0 0 1
Egan violations 0 0 1

Muegge violations 0 0 4
Bioavailability score 0.55 0.55 0.17

PAINS alerts 1 0 1
Brenk alerts 1 0 1

Lead-likeness violations 0 0 1
Synthetic accessibility 3.23 3.01 6.52

The structures of quercetin, naringenin, and rutin, along with their bioavailability
radar plots for drug likeliness, are shown in Figure 1.

Effective solubility was seen for all three studied drugs, with rutin being the most
soluble of the three. Drug likeliness, as shown in radar plots (Figure 1), was higher for
rutin than quercetin and naringenin. Passive human gastrointestinal absorption was high
for quercetin and naringenin, whereas it was low for rutin, and all three did not cross the
blood–brain barrier. Additionally, the results from the boiled egg graph (Figure 2) suggest
that naringenin and quercetin were P-glycoprotein substrates, while rutin lied outside
the range and was not the substrate for Pgp. Quercetin and naringenin were expected to
be well absorbed by passive gastrointestinal absorption and to not cross the blood–brain
barrier. The presence of a red dot in the egg white for quercetin demonstrates that it is a
Pgp non-substrate, and a blue dot for naringenin demonstrates that it is a Pgp substrate and
can be pumped out. Rutin was found to be out of the range between WLOGP and TPSA.
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Figure 3 shows the targets of the respective flavonoid binding in cells to show their
protective action. It was observed that quercetin binds mainly to kinases (33.3%), whereas
both naringenin and rutin mainly bind to lyases, and the binding was observed to be 20%
for either of them. Altogether, the main targets (up to 90%) of quercetin, naringenin, and
rutin were enzymes, as shown in Figure 3.
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Figure 3. Target classes binding to quercetin, naringenin, and rutin using SwissADME’s target
prediction tool. (A) Quercetin targets; (B) naringenin targets, and (C) rutin targets.

Further, we examined the direct flavonoid binding to functional units of genes, and
our data mining found that quercetin, naringenin, and rutin show protective effects by
regulating diverse genes. The common targets regulated were NOS2, CASP3, CASP9, CAT,
BCL2, TNF, and HMOX1 (http://ctdbase.org/search/, accessed on 10 April 2023). As can
be seen by Figure 4, the top-most interactions were shown by quercetin (approximately
250 interactions with TNF), followed by rutin (approximately 20 interactions), and narin-
genin (approximately 18 interactions with TNF). (D) The GeneMANIA tool was used to
depict the gene interactions of the proteins obtained through the CTD tool. The possible
benefits of protective effects were provided by 47.7% physically interacting genes, with
46% predicted and shared domains, and with an 8.8% co-expression of these genes.

The main genes interacting with quercetin are shown in Figure 4A. The genes interact-
ing with naringenin are in Figure 4B, and the genes interacting with rutin in Figure 4C. The
GeneMANIA prediction plug-in presented interaction types among the identified target
genes for all the three drugs, as well as the possible benefits of protective effects by physi-
cally interacting with 47.7% of the other genes, with 46% predicted and shared domains, and
with an 8.8% co-expression with genes (GeneMANIA, http://geneMANIA.org/plug-in/,
accessed on 10 April 2023), as shown in Figure 4D.

Metascape (https://metascape.org/, accessed on 10 April 2023) and the Cytoscape
plug-in ClueGO + CluePedia versions 2.5.8 and 1.5.8 were used to determine the enriched
biological pathways and protein–protein interaction enrichment analyses, respectively. This
was conducted for the analyzed genes with protective effects and disease protection that
concerned the aforementioned common target genes. The most significant pathways associ-
ated with protective effects were those involving amyotrophic lateral sclerosis; responses to
hypoxi; responses to monosaccharides, hormones, nicotine, and metal ions; toxoplasmosis;
male infertility; and cell death (Figure 5A). Cytoscape version 3.9.1 was used to examine
the protein–protein interactions of the seven aforementioned genes. Vertices and arcs are
presented as clusters (Figure 5B).

http://ctdbase.org/search/
http://geneMANIA.org/plug-in/
https://metascape.org/
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A GO enrichment analysis was applied to each MCODE network to extract the “bio-
logical meanings” from the network component, where the top three best p-value terms
(namely, amyotrophic lateral sclerosis, epithelial cell apoptotic process, and response to
hypoxia), were retained. The further flavonoid action through the genes NOS2, CASP3,
CASP9, CAT, BCL2, TNF, and HMOX1, as well as through miRNAs was identified with the
MIENTURNET web tool. The most important transcription factors that regulated these
seven genes were RELA, NFKB1, PPARG, and SP1 (Figure 5C). The biological significance
of the involved miRNAs was determined by constructing a miRNA target interaction
network and conducting functional enrichment analyses. Specific miRNAs were associated
with target genes. We identified the 20 microRNAs (miRNAs) involved in regulating the
above mentioned seven gene targets (Figure 6A). The degree of miRNA interactions was
obtained with a maximum degree in the BCl-2 gene, followed by CASP3, TNF, CASP9,
CAT, and HMOX1 (Figure 6B).
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false discovery rate); and (D) the degree of involvement of each miRNA in protective mechanisms.
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Quercetin, naringenin, and rutin are examples of caspase inhibitors, suggesting that
Bcl-2 regulates these proteins. This inhibition is achieved by significantly increasing the
expression and interaction of specific microRNAs (hsa-miR-34a-5p, hsa-miR-30b-5p, hsa-
let-7a-5p, and hsa-miR-26a-1-3p). Among these microRNAs, hsa-miR-34a-5p demonstrated
the highest number of interactions, followed by hsa-miR-30b-5p, hsa-let-7a-5p, and hsa-
miR-26a-1-3p (Figure 6D). These miRNAs have been identified as tumor suppressors in
several cancer types, and they play a critical role in regulating processes relevant to cancer,
including proliferation, apoptosis, epithelial–mesenchymal transition, metastasis, and the
activity of endothelial nitric oxide synthase.

3. Discussion

Flavonoids are antioxidants, and they have anti-inflammatory, anti-hypoxia, and anti-
apoptotic properties; furthermore, they also reduce metabolic disorders [29–31]. They
can modulate these processes by affecting the activity and expression of enzymes and
genes. Polyphenols are powerful antioxidants that can initiate anti-oxidative stress and
anti-inflammatory pathways [32]. Anti-inflammatory enzymes such as lysozyme and
beta-glucuronidase are inhibited, as is arachidonic acid production. These can inhibit
the production and activation of important mediators of inflammatory reactions, such
as IL-1, TNF-, IL-6, and IL-8. By modulating the expression and activity of transcription
factors such as NF-kB, AP-1, ICAM, VCAM, and E-selectins (which govern the synthesis
of various pro-inflammatory chemicals), flavonoids can further modulate inflammation.
By decreasing the expression and activity of pro-inflammatory enzymes such as inducible
nitric oxide synthase, cyclooxygenase-2 (COX-2), and lipoxygenase (LOX), flavonoids can
limit the generation of inflammatory mediators such as nitric oxide (NO), prostaglandins
(PGs), and leukotrienes (LTs) [33,34].

In addition, flavonoids can exert an effect on the expression, as well as on the ac-
tivity of apoptotic proteins such as BCL-2, BAX, and cleaved caspase-3 (CASP3), which
ultimately leads to the induction of apoptosis in cancer cells. Polyphenols are found in
a variety of plant-based foods and beverages [33,35]. They can influence the process of
PI3K/AKT/mTOR signaling, which is necessary for the survival of cells, the proliferation
of cells, the metabolism of cells, and angiogenesis. They can also raise the level of the
phosphorylation of AKT and mTOR, which results in an increase in cell survival and a
suppression of apoptosis [35]. They alter both glucose and lipid metabolism [36], which
is likely due to their capacity to control the expression and activity of enzymes such as
AMPK, SIRT1, PGC-1, and PPAR.

However, despite the extensive range of protective effects exhibited by flavonoids,
further research is necessary to gain a comprehensive understanding of the underlying
molecular mechanisms. To determine which genes, transcription factors, and microRNAs
(miRNAs) contribute to quercetin, naringenin, and rutin’s protective properties, compu-
tational analysis was used in this work. The studied drugs of quercetin, naringenin, and
rutin showed promise for oral bioavailability, and enzymes including kinases and lyases
were shown to be their principal targets of activity. The genes NOS2, CASP3, CASP9,
CAT, BCL2, TNF, and HMOX1 were shown to be targets in a large number of different
studies. The identification of these genes implicated in flavonoid activity will assist in the
elucidation of protective pathways, paving the way for novel treatment approaches to a
wide range of illnesses [37]. Previous studies have also reported that the neuroprotective
effect involves the induction of Bcl-2 and Bcl-x expression through the activation of TNF
(tumor necrosis factor) [28]. Caspase-9 (CASP9) and CASP3 were additional important
factors in the protective effect. CASP9 is essential for the homeostasis of cells because
it facilitates the cleavage of many of the critical factors involved in apoptosis. This is
because apoptosis is vital for maintaining the homeostasis of the cell. CASP9 is essential
for eliminating cells by executing apoptotic death early in the development stage. It is
also indispensable for inhibiting proliferative diseases through the continuous removal
of irreparable cells in the lifecycle and activation of CASP3 [38]. CASP9 is necessary for
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the constant elimination of damaged cells throughout a lifetime, which is necessary to
limit the progression of proliferative disorders. Similarly, it has been discovered that the
regulation of inducible nitric oxide synthase and CAT expression plays an important role
in inflammation management, infection control, and immunological modulation.

The pharmacological regulation of these enzymes involved in the generation of
mononuclear phagocytes is likely a useful therapeutic strategy [39]. Furthermore, catalase
helps buffer free NO when potentially toxic concentrations of NO are approached [40].

The protective effects of flavonoids include amyotrophic lateral sclerosis, the hypoxic
response, the monosaccharide response, hormone regulation, nicotine and metal ion toxicity,
toxoplasmosis, male infertility, and cell death. They have a protective effect on the motor
neurons against oxidative stress and inflammation, which are significant contributors to the
initiation and progression of amyotrophic lateral sclerosis [41]. Quercetin, naringenin, and
rutin have shown promise for enhancing oxygen delivery to tissues, reducing oxidative
stress, and stimulating mitochondrial function; hence, providing potential therapeutic
benefits for hypoxia-related diseases [42,43]. They have been discovered to alter the
response to monosaccharides, suggesting that they may be useful in the prevention and
treatment of diabetes and other metabolic disorders by regulating glucose metabolism,
increasing insulin sensitivity, and lowering inflammation [44,45].

Moreover, they affect hormone control and hormone receptor function, as well as
suppress hormone-related cancer risk [46,47]. They reduce the cell and tissue damage
caused by nicotine and metal ions because of their protective qualities [48,49]. Accord-
ing to studies, flavonoids limit the development of Toxoplasma gondii, the parasite that
causes toxoplasmosis, and boost the immunological response to infection [50]. In addition,
flavonoids have shown promise in enhancing sperm quality, decreasing DNA damage, and
encouraging cell survival, hence providing potential advantages for male infertility [51,52].

Quercetin, naringenin, and rutin significantly increase the expression and interaction
of the tumor suppressor microRNA hsa-miR-34a-5p, which is linked to various cancers.
Cell proliferation, apoptosis, epithelial–mesenchymal transition (EMT), and metastasis
are only some of the cancer-related activities that this microRNA controls [53,54]. The
miR-153 gene, identified as a significant factor, has demonstrated tumor suppressive effects
across various cancer types. It works by controlling the expression of several genes that
play crucial roles in the body. Notably, miR-153 is believed to modulate the activity of
oncogenes, including KRAS, MYC, CCND1, and CDK6. It also affects the proteins involved
in preventing cell death, called anti-apoptotic proteins, such as BCL2, MCL1, BIRC5,
and XIAP. Furthermore, miR-153, which is involved in EMT and metastasis, regulates
transcription factors such as ZEB1, ZEB2, SNAIL1, and SNAIL2. In addition, miR-153
regulates the production of VEGFA (growth factor) [31]. By regulating these genes, miR-
153 efficiently slows cancer cell growth, causes apoptosis, suppresses EMT, and impedes
metastasis. Due to its properties, miR-153 might be used as a therapeutic agent and
biomarker in cancer diagnosis and therapy.

The apoptosis regulator Bcl-2 is in concert among the target genes of quercetin, narin-
genin, and rutin, as revealed by the STRING and PPI enrichment analysis of Bcl-2, which
has been demonstrated to inhibit apoptosis in several different cell types, including those
dependent on extracellular stimuli such as lymphohematopoietic and central nervous
system cells. It accomplishes this by controlling the permeability of the mitochondrial
membrane, which leads to cell death. Bcl-2 also interacts with caspases in a feedback loop.
It inhibits caspase activity via attaching to the apoptosis-activating factor or by blocking
the release of mitochondrial cytochrome c. (APAF-1). Apoptosis is carried out through
a caspase activation cascade. CASP9 activates, leading to the cleavage and activation
of CASP3, upon binding to Apaf-1. DNA damage induces apoptosis by this pathway,
which leads to the proteolytic cleavage of poly (ADP-ribose) polymerase (PARP) and the
formation of the apoptosome. CASP3, CASP9, tumor necrosis factor (TNF), and Bcl-2 were
shown to be major contributory genes in connection with flavonoid action, amyotrophic
lateral sclerosis (ALS), the epithelial cell apoptotic process, and hypoxia (Figure 7).
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4. Methods
4.1. Pharmacokinetics and Physicochemical Characteristics

The pharmacokinetic and physicochemical properties of quercetin, naringenin, and
rutin were predicted using SwissADME. SwissADME was able to provide predictions
about the pharmacokinetic factors such as solubility and lipophilicity, as well as absorption,
distribution, metabolism, and excretion (ADME). SwissADME (http://www.swissadme.
ch/, accessed on 10 April 2023) employs many algorithms and models through which to
provide predictions about toxicity and drug-likeness. The algorithms used to generate the
bioavailability radar chart are based on machine learning and statistical methods, and they
are trained via large datasets of molecules with known properties. ADME properties were
either positively or negatively detected in the BOILED-Egg model; these included passive
human gastrointestinal absorption (HIA), blood–brain barrier (BBB) permeation, and the
substrate or non-substrate of the permeability glycoprotein (P-gp) [55–57]. Additionally,
the Swiss target prediction tool was utilized to anticipate the direct and indirect target
genes and proteins.

4.2. Gene Association Network Analysis

By focusing on the SwissADME-obtained common target genes for the three flavonoid
drugs, we analyzed the interaction network with the associated genes. We used the Gen-
eMANIA (https://genemania.org/, accessed on 10 April 2023) program to examine the
collection of genes that mediated the impact of these flavonoids with respect to physical
interaction, genetic interaction, co-expression, co-localization, shared protein domains, and
anticipated relationships. GeneMANIA is a web-based tool used for predicting functional
relationships among genes. It is a powerful gene network analysis platform that integrates
diverse functional genomics datasets to generate hypotheses about gene function, includ-
ing gene co-expression, genetic interactions, protein–protein interactions, pathways, and
functional annotations. The gene set obtained was further refined by the Comparative
Toxicogenomics Database (CTD) (http://ctdbase.org/search/, accessed on 10 April 2023).
CTD showed that, in total, there were seven genes (NOS2, CASP3, CASP9, CAT, BCL2, TNF,
and HMOX1) that mostly interacted with the three flavonoids. The same genes were found
in the target gene list obtained from SwissADME. Further, each flavonoid was analyzed
for its relationship with disease protection by choosing animal disease as an option and
by filtering for all. The associated genes were analyzed for involvement in the biological
processes [58].

http://www.swissadme.ch/
http://www.swissadme.ch/
https://genemania.org/
http://ctdbase.org/search/
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4.3. Enrichment Analysis

To better comprehend the pathways and diseases on which these polyphenols have
a protective effect, an enrichment analysis of the gene list was performed using Metas-
cape. This allowed us to identify biological pathways and protein–protein interaction
enrichments. Metascape automatically converted the EggNOG and Homologene databases
into Human Entrez Gene IDs for NOS2, CASP3, CASP9, CAT, BCL2, TNF, and HMOX1.
Accumulative hypergeometric distribution values were used to calculate the p-values,
the Benjamini–Hochberg process was used to generate q-values, and enrichment factors
were computed and used as filters to obtain datasets. Metascape provides a platform for
developers to create plugins and extensions to extend the functionality of the software.
This has led to a rich ecosystem of plugins that can perform various network analysis
tasks, such as community detection, pathway enrichment analysis, and network clustering.
Protein–protein interaction (PPI) enrichment was investigated with STRING (version 11.5,
https://string-db.org/, accessed on 10 April 2023) and Metascape (https://metascape.org/,
accessed on 10 April 2023). Only physical interactions were evaluated in STRING (physical
score > 0.132). Settings of a node density cutoff = 0:1, node score cutoff = 0:2, degree
cutoff = 2, maximal depth = 100, and K-core = 2 were used to analyze the PPI network, with
loops and fluff eliminated. In networks that had between 3 and 500 proteins, the molecular
complex detection (MCODE) approach was employed to find the strongly related network
components [59].

4.4. miRNA Target Interactions

A microRNA-enrichment-turned network (MIENTURNET; Rome, Italy; http://userver.
bio.uniroma1.it/apps/mienturnet/, accessed on 10 April 2023) was used to generate and
analyze the miRNA-target interaction networks. Data from the genes NOS2, CASP3,
CASP9, CAT, BCL2, TNF, and HMOX1 were predicted using MIENTURNET for this study.
To create miRNA networks, we turned to MiRTarBase. Functional enrichment analysis was
performed by scouring the Wikipathways and Disease Ontology databases with the help of
the MIENTURNET web tool. Through using a 0.05 cutoff and the Benjamini–Hochberg
method to adjust p-values, we analyzed functional annotations that were significantly
enriched over the entire gene list in the input list [60].

5. Conclusions

The major findings of this study are that quercetin, rutin, and naringenin exhibit oral
bioavailability and primarily target enzymes such as kinases and lyases. Many genes,
including NOS2, CASP3, CASP9, CAT, BCL2, TNF, and HMOX1, are targeted by quercetin,
naringenin, and rutin. The physicochemical parameters and pharmacokinetics of quercetin,
rutin, and naringenin were evaluated to support their potential as therapeutic agents. Path-
ways associated with their protective effects, encompassing conditions such as amyotrophic
lateral sclerosis, hypoxia response, monosaccharide response, hormonal regulation, nico-
tine and metal ion toxicity, toxoplasmosis, male infertility, and cell death, were identified.
Twenty microRNAs (miRNAs) and four transcription factors were identified in our study
as regulators of the gene targets, which may help explain the protective effects of these
polyphenols. However, further research is needed, including prospective studies and
clinical trials, before these flavonoids may be used to treat the conditions we identified.
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polyphenolic antioxidants quercetin and naringenin dictate the distinctive redox-related chemical and biological behaviour of
their mixtures. Sci. Rep. 2021, 11, 12282. [CrossRef] [PubMed]

25. Celik, H.; Arinç, E. Evaluation of the protective effects of quercetin, rutin, naringenin, resveratrol and trolox against idarubicin-
induced DNA damage. J. Pharm. Pharm. Sci. 2010, 13, 231–241. [CrossRef] [PubMed]

26. Cione, E.; La Torre, C.; Cannataro, R.; Caroleo, M.C.; Plastina, P.; Gallelli, L. Quercetin, Epigallocatechin Gallate, Curcumin, and
Resveratrol: From Dietary Sources to Human MicroRNA Modulation. Molecules 2019, 25, 63. [CrossRef]

27. Spagnuolo, C.; Moccia, S.; Russo, G.L. Anti-inflammatory effects of flavonoids in neurodegenerative disorders. Eur. J. Med. Chem.
2017, 153, 105–115. [CrossRef]

28. Sun, B.; Ross, S.M.; Trask, O.J.; Carmichael, P.L.; Dent, M.; White, A.; Andersen, M.E.; Clewell, R.A. Assessing dose-dependent
differences in DNA-damage, p53 response and genotoxicity for quercetin and curcumin. Toxicol. In Vitro 2013, 27, 1877–1887.
[CrossRef]

29. Licursi, V.; Conte, F.; Fiscon, G.; Paci, P. MIENTURNET: An interactive web tool for microRNA-target enrichment and net-work-
based analysis. BMC Bioinform. 2019, 20, 545. [CrossRef]

30. Spencer, J.P.; Vafeiadou, K.; Rendeiro, C. Flavonoids and cognition: The molecular mechanisms underlying their behavioural
effects. Arch. Biochem. Biophys. 2008, 476, 133–143. [CrossRef]

31. Chang, S.C.; Cassidy, A.; Willett, W.C.; Rimm, E.R.; O’Reilly, E.J.; Okereke, O.I. Dietary flavonoid intake and risk of incident
depression in midlife and older women. Am. J. Clin. Nutr. 2020, 112, 343–353. [CrossRef]

32. Shen, N.; Wang, T.; Gan, Q.; Liu, S.; Wang, L.; Jin, B. Plant flavonoids: Classification, distribution, biosynthesis, and antioxidant
activity. Food Chem. 2022, 383, 132531. [CrossRef]

33. Al-Khayri, J.M.; Sahana, G.R.; Nagella, P.; Joseph, B.V.; Alessa, F.M.; Al-Mssallem, M.Q. Flavonoids as Potential Anti-Inflammatory
Molecules: A Review. Molecules 2022, 27, 2901. [CrossRef] [PubMed]

34. Maleki, S.J.; Crespo, J.F.; Cabanillas, B. Anti-inflammatory effects of flavonoids. Food Chem. 2019, 299, 125124. [CrossRef]
35. Wang, C.; Chen, H.; Jiang, H.-H.; Mao, B.-B.; Yu, H. Total Flavonoids of Chuju Decrease Oxidative Stress and Cell Apoptosis in

Ischemic Stroke Rats: Network and Experimental Analyses. Front. Neurosci. 2021, 15, 772401. [CrossRef]
36. Zhang, H.-W.; Hu, J.-J.; Fu, R.-Q.; Liu, X.; Zhang, Y.-H.; Li, J.; Liu, L.; Li, Y.-N.; Deng, Q.; Luo, Q.-S.; et al. Flavonoids inhibit cell

proliferation and induce apoptosis and autophagy through downregulation of PI3Kγ mediated PI3K/AKT/mTOR/p70S6K/ULK
signaling pathway in human breast cancer cells. Sci. Rep. 2018, 8, 1–13. [CrossRef]

37. Xu, Y.; Wang, C.; Klabnik, J.; O’Donnell, J.M. Novel therapeutic targets in depression and anxiety: Antioxidants as a candidate
treatment. Curr. Neuropharmacol. 2014, 12, 108–119. [CrossRef] [PubMed]

38. Murray, T.V.A.; McMahon, J.; Howley, B.A.; Stanley, A.; Ritter, T.; Mohr, A.; Zwacka, R.; Fearnhead, H. A non-apoptotic role for
caspase-9 in muscle differentiation. J. Cell Sci. 2008, 121, 3786–3793. [CrossRef] [PubMed]

39. Weinberg, J.B. Nitric Oxide Production and Nitric Oxide Synthase Type 2 Expression by Human Mononuclear Phagocytes: A
Review. Mol. Med. 1998, 4, 557–591. [CrossRef]

40. Su, S.; Panmanee, W.; Wilson, J.J.; Mahtani, H.K.; Li, Q.; VanderWielen, B.D.; Makris, T.; Rogers, M.; McDaniel, C.; Lipscomb, J.;
et al. Catalase (KatA) Plays a Role in Protection against Anaerobic Nitric Oxide in Pseudomonas aeruginosa. PLoS ONE 2014,
9, e91813. [CrossRef]

41. de Oliveira, L.M.G.; Carreira, R.B.; de Oliveira, J.V.R.; Nascimento, R.P.D.; Souza, C.d.S.; Trias, E.; da Silva, V.D.A.; Costa, S.L.
Impact of Plant-Derived Compounds on Amyotrophic Lateral Sclerosis. Neurotox. Res. 2023, 41, 288–309. [CrossRef] [PubMed]

42. Fernando, W.; Vasantha Rupasinghe, H.P.; Hoskin, D.W. Regulation of hypoxia-inducible factor-1α and vascular endothelial
growth factor signaling by plant flavonoids. Mini Rev. Med. Chem. 2015, 15, 479–489. [CrossRef] [PubMed]

43. Yang, P.; Tao, R.; He, C.; Liu, S.; Wang, Y.; Zhang, X. The Risk Factors of the Alcohol Use Disorders—Through Review of Its
Comorbidities. Front. Neurosci. 2018, 12, 303. [CrossRef] [PubMed]

44. Song, Y.; Manson, J.E.; Buring, J.E.; Sesso, H.D.; Liu, S. Associations of Dietary Flavonoids with Risk of Type 2 Diabetes, and
Markers of Insulin Resistance and Systemic Inflammation in Women: A Prospective Study and Cross-Sectional Analysis. J. Am.
Coll. Nutr. 2005, 24, 376–384. [CrossRef] [PubMed]

45. Martín, M.; Ramos, S. Dietary Flavonoids and Insulin Signaling in Diabetes and Obesity. Cells 2021, 10, 1474. [CrossRef]
46. Sinyani, A.; Idowu, K.; Shunmugam, L.; Kumalo, H.M.; Khan, R. A molecular dynamics perspective into estrogen receptor

inhibition by selective flavonoids as alternative therapeutic options. J. Biomol. Struct. Dyn. 2022, 41, 4093–4105. [CrossRef]

https://doi.org/10.3390/life13020526
https://doi.org/10.1111/nyas.13384
https://www.ncbi.nlm.nih.gov/pubmed/28632894
https://doi.org/10.3390/nu7095385
https://www.ncbi.nlm.nih.gov/pubmed/26402699
https://doi.org/10.3390/biomedicines10071686
https://doi.org/10.1038/s41598-021-89314-0
https://www.ncbi.nlm.nih.gov/pubmed/34112813
https://doi.org/10.18433/J3S01G
https://www.ncbi.nlm.nih.gov/pubmed/20816008
https://doi.org/10.3390/molecules25010063
https://doi.org/10.1016/j.ejmech.2017.09.001
https://doi.org/10.1016/j.tiv.2013.05.015
https://doi.org/10.1186/s12859-019-3105-x
https://doi.org/10.1016/j.abb.2009.10.003
https://doi.org/10.3945/ajcn.115.124545
https://doi.org/10.1016/j.foodchem.2022.132531
https://doi.org/10.3390/molecules27092901
https://www.ncbi.nlm.nih.gov/pubmed/35566252
https://doi.org/10.1016/j.foodchem.2019.125124
https://doi.org/10.3389/fnins.2021.772401
https://doi.org/10.1038/s41598-018-29308-7
https://doi.org/10.2174/1570159X11666131120231448
https://www.ncbi.nlm.nih.gov/pubmed/24669206
https://doi.org/10.1242/jcs.024547
https://www.ncbi.nlm.nih.gov/pubmed/18957517
https://doi.org/10.1007/BF03401758
https://doi.org/10.1371/journal.pone.0091813
https://doi.org/10.1007/s12640-022-00632-1
https://www.ncbi.nlm.nih.gov/pubmed/36800114
https://doi.org/10.2174/1389557515666150414152933
https://www.ncbi.nlm.nih.gov/pubmed/25873069
https://doi.org/10.3389/fnins.2018.00303
https://www.ncbi.nlm.nih.gov/pubmed/29867316
https://doi.org/10.1080/07315724.2005.10719488
https://www.ncbi.nlm.nih.gov/pubmed/16192263
https://doi.org/10.3390/cells10061474
https://doi.org/10.1080/07391102.2022.2062786


Molecules 2023, 28, 4904 14 of 14

47. Xiao, Z.-P.; Peng, Z.-Y.; Peng, M.-J.; Yan, W.-B.; Ouyang, Y.-Z.; Zhu, H.-L. Flavonoids Health Benefits and Their Molecular
Mechanism. Mini-Rev. Med. Chem. 2011, 11, 169–177. [CrossRef]

48. Tsao, R. Chemistry and Biochemistry of Dietary Polyphenols. Nutrients 2010, 2, 1231–1246. [CrossRef]
49. Gao, J.; Chen, F.; Hua, M.; Guo, J.; Nong, Y.; Tang, Q.; Zhong, F.; Qin, L. Knockdown of lncRNA MIR31HG inhibits cell

proliferation in human HaCaT keratinocytes. Biol. Res. 2018, 51, 30. [CrossRef]
50. Shinjyo, N.; Nakayama, H.; Li, L.; Ishimaru, K.; Hikosaka, K.; Suzuki, N.; Yoshida, H.; Norose, K. Hypericum perforatum extract

and hyperforin inhibit the growth of neurotropic parasite Toxoplasma gondii and infection-induced inflammatory responses of
glial cells in vitro. J. Ethnopharmacol. 2020, 267, 113525. [CrossRef]

51. Alsohaimi, I.H.; Khan, M.R.; Ali, H.M.; Azam, M. Emergence of mutagenic/carcinogenic heterocyclic amines in traditional Saudi
chicken dishes prepared from local restaurants. Food Chem. Toxicol. 2019, 132, 110677. [CrossRef] [PubMed]

52. Mejía-Pedroza, R.; Espinal-Enríquez, J.; Hernández-Lemus, E. Pathway-Based Drug Repositioning for Breast Cancer Molecular
Subtypes. Front. Pharmacol. 2018, 9, 905. [CrossRef] [PubMed]

53. Gao, J.; Li, N.; Dong, Y.; Li, S.; Xu, L.; Li, X.; Li, Y.; Li, Z.; Ng, S.S.; Sung, J.J.; et al. miR-34a-5p suppresses colorectal cancer
metastasis and predicts recurrence in patients with stage II/III colorectal cancer. Oncogene 2014, 34, 4142–4152. [CrossRef]
[PubMed]

54. Ding, N.; Wu, H.; Tao, T.; Peng, E. NEAT1 regulates cell proliferation and apoptosis of ovarian cancer by miR-34a-5p/BCL2.
OncoTargets Ther. 2017, 10, 4905–4915. [CrossRef]

55. Erdogan, S.; Doganlar, O.; Doganlar, Z.B.; Turkekul, K. Naringin sensitizes human prostate cancer cells to paclitaxel therapy.
Prostate Int. 2017, 6, 126–135. [CrossRef] [PubMed]

56. Jia, C.-Y.; Li, J.-Y.; Hao, G.-F.; Yang, G.-F. A drug-likeness toolbox facilitates ADMET study in drug discovery. Drug Discov. Today
2019, 25, 248–258. [CrossRef]

57. Daina, A.; Zoete, V. Application of the Swiss Drug Design Online Resources in Virtual Screening. Int. J. Mol. Sci. 2019, 20, 4612.
[CrossRef]

58. Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 1997, 23, 3–25. [CrossRef]

59. Banerjee, P.; Eckert, A.O.; Schrey, A.K.; Preissner, R. ProTox-II: A webserver for the prediction of toxicity of chemicals. Nucleic
Acids Res. 2018, 46, W257–W263. [CrossRef]

60. Zhou, Y.; Zhou, B.; Pache, L.; Chang, M.; Khodabakhshi, A.H.; Tanaseichuk, O.; Benner, C.; Chanda, S.K. Metascape provides a
biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun. 2019, 10, 1523. [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/10.2174/138955711794519546
https://doi.org/10.3390/nu2121231
https://doi.org/10.1186/s40659-018-0181-8
https://doi.org/10.1016/j.jep.2020.113525
https://doi.org/10.1016/j.fct.2019.110677
https://www.ncbi.nlm.nih.gov/pubmed/31310796
https://doi.org/10.3389/fphar.2018.00905
https://www.ncbi.nlm.nih.gov/pubmed/30158869
https://doi.org/10.1038/onc.2014.348
https://www.ncbi.nlm.nih.gov/pubmed/25362853
https://doi.org/10.2147/OTT.S142446
https://doi.org/10.1016/j.prnil.2017.11.001
https://www.ncbi.nlm.nih.gov/pubmed/30505814
https://doi.org/10.1016/j.drudis.2019.10.014
https://doi.org/10.3390/ijms20184612
https://doi.org/10.1016/S0169-409X(96)00423-1
https://doi.org/10.1093/nar/gky318
https://doi.org/10.1038/s41467-019-09234-6

	Introduction 
	Results 
	Discussion 
	Methods 
	Pharmacokinetics and Physicochemical Characteristics 
	Gene Association Network Analysis 
	Enrichment Analysis 
	miRNA Target Interactions 

	Conclusions 
	References

