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Preface

Dear Colleagues,

The development of new drugs continues to be an important point for global society. In
recent years, there has been increased interest in the study of polyphenols due to the multiple
pharmacological activities that they have demonstrated. Flavonoids are a class of polyphenols
that have been widely studied; they are characterized as having a 15-carbon skeleton with a
2-phenylbenzopyranone core structure. They are classified as flavones, isoflavones, flavonols,
anthocyanidins, flavanones, flavanols, chalcones, and aurones. Within the various classes, further
differentiation is possible based on the number and nature of substituent groups attached to the
rings; moreover, flavonoids can exist as free aglycones or conjugated glycosidic bonds. Flavonoids
are present in almost all types of nourishment, and recent studies have focused on their biological,
nutritional, pharmacological, and medicinal relevance. These kind of molecules, as well as their
analogues, are of utmost relevance due to their multiple applications. Considering the above, we
invite researchers to publish their findings on the pharmacological applications of flavonoids, as
well as their analogs, while highlighting the importance of using these molecules as a basis for the

development of new drugs.

Fernando Calzada and Miguel Valdes
Guest Editors
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Abstract: Natural compounds with pharmacological activity, flavonoids have been the subject of
an exponential increase in studies in the field of scientific research focused on therapeutic purposes
due to their bioactive properties, such as antioxidant, anti-inflammatory, anti-aging, antibacterial,
antiviral, neuroprotective, radioprotective, and antitumor activities. The biological potential of
flavonoids, added to their bioavailability, cost-effectiveness, and minimal side effects, direct them
as promising cytotoxic anticancer compounds in the optimization of therapies and the search for
new drugs in the treatment of cancer, since some extensively antineoplastic therapeutic approaches
have become less effective due to tumor resistance to drugs commonly used in chemotherapy. In
this review, we emphasize the antitumor properties of tangeretin, a flavonoid found in citrus fruits
that has shown activity against some hallmarks of cancer in several types of cancerous cell lines,
such as antiproliferative, apoptotic, anti-inflammatory, anti-metastatic, anti-angiogenic, antioxidant,
regulatory expression of tumor-suppressor genes, and epigenetic modulation.

Keywords: flavonoids; tangeretin; cancer; anti-cancer; anti-proliferative; anti-metastatic

1. Introduction

Cancer cells possess biological properties that confer the ability to develop and become
malignant. The spread of these cells occurs through a variety of tumor physiological strate-
gies, including the maintenance of proliferative signaling, evasion of growth suppressor
genes, evasion of immune destruction, induction of replicative immortality, activation of
invasion and metastasis, promotion of angiogenesis, resistance to cell death, deregulation of
cellular energy and metabolism, unlocking of phenotypic plasticity, and cellular senescence.
These properties are acquired at different stages of neoplasia in diverse types of cancer.
This ability is triggered by strong genomic instability caused by successive mutations
of regulatory genes, the infiltration of tumor-promoting immune cells, non-mutational
epigenetic reprogramming, and polymorphic microbiomes [1-3]. Elucidating these “hall-
marks” of cancer is the subject of intense experimentation to explore cancer therapies, as
the effective intervention of any of these tumor characteristics can potentially improve and
refine anticancer therapeutic treatments against cancer.

Within the therapeutic approaches to various types of cancers, the resistance to multi-
ple drugs (MDRs) exhibited by tumor cells is considered the main cause of chemotherapy
effectiveness failure. This occurs due to cellular physiological responses triggered by
the tumor, including the evasion of drug-induced apoptosis, activation of detoxification
pathways, reduction in drug uptake, and activation of DNA repair mechanisms [4]. From
this perspective, the use of natural products in clinical trials has been instrumental in
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Polyphenols

suppressing resistance mechanisms, and hence of utmost importance in the search for
new genotoxic therapeutic approaches against tumors. These products have enabled the
development of more effective strategic combinations with fewer side effects for the treat-
ment of various types of cancer, in addition to improving our understanding of cancer
cell defense and resistance mechanisms [5]. The alteration of gene expression patterns
in tumor cells is linked to genetic and epigenetic events. Aberrant epigenetic modifi-
cations through DNA methylation, nucleosome remodeling, histone modifications, and
non-coding microRNAs play a crucial role in tumor initiation and uncontrolled cellular
progression. The understanding and discovery of drugs capable of restoring or inhibiting
these abnormal epigenetic mechanisms represent a significant advance in the means of
cancer control [6-9]. In this context, natural phenolic compounds have gained prominence
in anticancer pharmaceutical studies. These compounds, found in plants and fruits, are
described as potent epigenetic agents that regulate DNA methylation, histone modification,
and microRNAs in cancer therapy. They have shown effectiveness when combined with
chemotherapy drugs or even when used in combination with other natural compounds.
These promising findings have driven research and the development of new therapeutic
strategies for cancer treatment [10,11]. This review article aims to provide an overview of
the main anticancer properties of flavonoids demonstrated in various scientific studies,
considering the prominent characteristics of cancer, with an emphasis on tangeretin.

2. Polyphenols

Polyphenols constitute a diverse group of phytochemicals associated with secondary
metabolism in plants. They have antidiabetic, antiosteoporotic, cardioprotective, neuropro-
tective, antioxidant, anti-inflammatory, antimicrobial, immunomodulatory, and anticancer
properties [12,13]. They protect plants from ultraviolet radiation and microbial infections,
serve as signaling molecules during the pollination process, and modulate plant growth
hormones [14-16]. Based on their structure, polyphenols are classified into non-flavonoids
(curcuminoids, lignans, stilbenes, and tannins) and flavonoids [17] (Figure 1).

Non-flavonoids

o S e e
Q

Stilbenes

Figure 1. Structure and classification of polyphenols. Polyphenols are phytochemical compounds
found in plants, fruits, and natural compounds, divided into non-flavonoids and flavonoids.

Flavonoids (or bioflavonoids) represent an extensive class with over 10,000 described
subtypes of compounds [18-20]. They are the most abundant phenolic compounds in the
human diet, ubiquitously found in fruits, seeds, roots, cereals, teas, and wines [21-24].
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Although some are colorless, their etymology is derived from the Latin word “flavus,”
which means yellow [25]. In addition, flavonoids exist in various derived forms, including
glycosylated, acetylated, methylated, and sulfated aglycones [20,26,27].

3. Structure and Classification of Flavonoids

Structurally, flavonoids have fifteen carbons in their chemical structure (C6-C3-C6),
consisting of two benzene rings (A and B) connected by a heterocyclic pyran ring (C)
(2-phenyl-1,4-benzopyran) [28,29] (Figure 2).

Figure 2. Main molecular structure of flavonoids.

The classification of flavonoids is based on the arrangement of the hydroxyl groups, the
degree of unsaturation, and the oxidation of the heterocyclic C-ring. The main subclasses
include flavones, flavonols, flavanones, flavanonols, flavanols, isoflavones, anthocyanidins,
and chalcones [30-34] (Figure 3). Flavanones and flavanonols show a saturated benzopyran
ring, the difference between them being the presence of a hydroxyl group on carbon
number three of the benzopyran ring in flavanols. Similarly, flavanols also have a saturated
benzopyran ring and hydroxyl groups on carbon number three; however, they differ in the
absence of a carbonyl group on carbon number four of the benzopyran ring. Anthocyanins
are hydroxylated at carbon number three and have two double bonds. Isoflavones have
a double bond between carbon numbers two and three of the benzopyran ring, with the
phenyl group attached to carbon number three. Flavonoids that do not have the benzopyran
ring are called minor flavonoids. This is true for chalcones, characterized by the absence of
the heterocyclic benzopyran ring with oxygen [35-37].
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Figure 3. Subclassification of flavonoids.

4. Antitumor Activity of Flavonoids

These bioactive compounds exhibit many biological properties, including antioxidant,
antiviral, antifungal, antibacterial, anti-inflammatory, antidiabetic, anti-obesity, antimu-
tagenic, cardioprotective, and anticancer activities [38-42]. Concerning their anticancer
activities, the recognized importance of flavonoids has led to efforts and challenges to
elucidate the molecular and cellular mechanisms of antitumor effects [43]. This awareness
has been accompanied by an increasing number of scientific publications comparing the
human health benefits of flavonoids in the field of oncology with those of other medical
specialties, such as endocrinology, cardiology, and neurology [44]. Epidemiological studies
support the chemopreventive benefits of flavonoids when included in the human diet, with
their intake correlated with a lower risk of developing some tumors, such as gastric, breast,
prostate, and colorectal cancers [45,46]. Flavonoids mediate anti-neoplastic mechanisms
by modulating reactive oxygen species (ROS) levels in tumor cells, inhibiting carcinogens,
pro-inflammatory pathways, angiogenesis, autophagy, inducing apoptosis, and inhibiting
tumor proliferation and invasion [47-55] (Figure 4).

Even though the anticancer efficacy of flavonoids is described in the literature, the
pharmacological activity of these compounds may be limited due to their water insolubility.
The low solubility of flavonoids presents a double-edged sword in the therapeutic field.
On one hand, their reduced absorption due to low solubility does not confer toxicity
to the organism. On the other hand, it also becomes a problem as it may reduce their
chemosensitizing effectiveness due to inefficient absorption [55,56].

In order to overcome this disadvantage, nanoparticle-based delivery systems have
been developed aiming to improve the bioavailability and absorption of drugs in cancer
therapy. These drug-carrying nanocarriers, such as polymeric micelles, liposomes, den-
drimers, and carbon nanotubes, have been extensively investigated to ensure the chemother-
apeutic and chemosensitizing effectiveness of drugs targeted to cancer cells [57,58]. In this
context, the production of flavonoid-loaded phytoparticles has added advantages to the
treatment, prevention, and clinical perspectives of cancer. These phytoparticles increase the
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bioavailability of compounds with low solubility, prolong the half-life of drugs, improve
blood absorption, and reduce gastrointestinal degradation. Moreover, this delivery system
allows for lower quantities of flavonoids to be used, thereby decreasing the risk of toxicity
in non-tumor cells [59-62].

J Metastasis
-| EMT
P E-cadherin

{ Angiogenesis
inhibiting
VEGF/bFGF

- Proliferation

Ltet M Apoptosis
Inhibiting { Bal-2
telomerase p53

hTERT
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NT-kB resistance
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oxidative B -| mTOR
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DNA damage

Figure 4. Properties and some anticancer action mechanisms of flavonoids. Parts of
the figure are drawn by using pictures from Servier Medical Art.  Servier Medical
Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https:/ / creativecommons.org/licenses/by/3.0/ accessed on 12 August 2023).

As an example, the effect of an oral nanoparticle delivery system of chitosan contain-
ing an encapsulated epigallocatechin-3-O-gallate (EGCG) flavonoid has been described as
excellent in vitro in human melanoma cells and in vivo in melanoma tumor xenografts. It
promotes cell growth inhibition and the induction of apoptosis in vivo, showing enhanced
effectiveness in vitro when compared to native EGCG treatment [63]. These results stem
from efforts to improve the bioavailability of EGCG based on previous research focus-
ing on melanoma cancer, aiming to optimize the anticancer effects of antiproliferation
and pro-apoptosis physiologically [64]. These findings reaffirm that the encapsulation
(nanochemoprevention) of substances with chemopreventive activity in EGCG nanoparti-
cles can be an efficient alternative in cancer treatment [65].

In the same way, treatment with EGCG nano-emulsion (nano-EGCG) in lung cancer
cells showed the anti-tumor effects between EGCG and nano-EGCG groups. Both treatment
groups blocked tumor cell growth. Importantly, the nano-EGCG treatment inhibited cell
migration and invasion in a dose-dependent manner, achieved through the stimulation of
the adenosine monophosphate-activated protein kinase (AMPK) signaling pathway [66].
This pathway is altered in the metabolic reprogramming of cancer cells and is responsible
for conferring resistance to cancer-fighting drugs, preventing the autophagy of cancer
cells [67,68].

Moderate levels of reactive oxygen species (ROS) resulting from mitochondrial activity
act as redox signaling molecules in growth, differentiation, and cell proliferation pathways.
However, excessive levels of ROS induce DNA mutations, protein and lipid damage, and
stimulate pro-oncogenic signaling pathways, thus contributing to carcinogenesis [69,70].
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Tumor cells have significantly higher ROS levels in the tumor microenvironment compared
to the homeostatic conditions of non-tumor cells. However, excess ROS can be harmful
to cancer cells, leading to cell death. Consequently, tumor cells develop adaptive detox-
ification mechanisms in response to excessive ROS [71,72]. As the elevation of ROS can
trigger apoptosis in cancer cells, therapeutic strategies aimed at modulating ROS levels
in cancer treatment have shown the efficacy of anticancer drugs [73-75]. In this sense,
flavonoids are described to exhibit antioxidant biological activity in non-tumor cells and
pro-oxidant activity by inducing increased oxidative stress in cancer cells, thereby inhibiting
cell proliferation signaling, suppressing pro-inflammatory cytokines, promoting apoptosis,
necrosis, and autophagy activation [28]. The ability to scavenge oxygen reactive species
is related to the presence of a large number of phenolic hydroxyl groups in the molecular
structure of flavonoids, where intense electron exchange facilitates substitution reactions
with free radicals, forming a more stable compound. Therefore, the higher the number of
hydroxyl groups, the greater the oxidant and pro-oxidant capacities of the flavonoid [76,77].
Ovarian cancer cells treated with flavonoids apigenin, luteolin, and myricetin showed an
intracellular increase in ROS levels in a dose-dependent manner compared to untreated
control cells, resulting in the activation of the intrinsic apoptotic pathway, cell cycle arrest,
and anti-invasion [78]. Similarly, it was described that the flavonoid quercetin triggered
cell death in cancer cells by positively regulating ROS levels [79]. The expression of the
transglutaminase 2 (TGM2) gene is generally associated with poor prognosis in pancreatic
cancer and is involved in its initiation, inflammation, and progression, making it a target
marker in studies analyzing drugs with chemosensitizing activity [80-82]. Treatment with
kaempferol suppressed pancreatic cancer growth in vivo and in vitro. It was observed that
treated cells had decreased TGM2 expression, and the increase in ROS induced apoptosis
through the Akt/mTOR signaling pathway [83]. The therapeutic potential of flavonoids in
modulating ROS demonstrates that their pro-oxidant activity can positively contribute to
anticancer research.

In order for excessive cell growth to be achieved, cancer cells reprogram their energy
metabolism. This reprogramming is directly related to the maintenance and aggressiveness
of neoplastic cells [84]. In this sense, glutathione is a ubiquitous endogenous antioxidant
tripeptide (y-Glu-Cys-Gly; GSH) found in eukaryotic cells, being responsible for maintain-
ing cellular redox homeostasis by eliminating reactive oxygen species (ROS), a cellular
metabolic byproduct [85-87]. Glutathione (GSH) metabolism has been investigated in
tumor progression and explored as a targeted therapeutic strategy for cancer [87,88]. The
positive modulation of GSH levels is directly related to the response to cellular detoxifi-
cation mechanisms. This provides advantages to various types of cancers, as it is crucial
for the elimination and detoxification of certain chemotherapeutic agents, thus conferring
therapeutic resistance. Moreover, high GSH levels contribute to tumor development and
increase metastasis events [89]. On the other hand, the reduction (depletion) in GSH lev-
els leads to certain types of cell death, such as apoptosis, necroptosis, ferroptosis, and
autophagy, providing a foundation for studies exploring the suppression of GSH levels
in chemosensitization approaches in cancer therapies, making tumor cells prone to the
cytotoxic and cytoprotective effects of antineoplastic substances [90]. In this direction, it
has been observed that tangeretin is able to reduce oxidative stress in human hepatocellular
carcinoma induced by tert-Butyl Hydroperoxide (t-BHP) by inhibiting GSH depletion in the
cell [91]. Similarly, in cisplatin-induced liver lesions in rats treated with tangeretin, protec-
tive activity against cellular oxidative stress was observed, and an increase in antioxidant
defense was also observed, as evidenced by elevated GSH levels [92]. Hence, this flavonoid
is capable of reducing cellular stress and restoring the antioxidant defense system.

Epigenetic mechanisms are commonly associated with cancer development. In breast
cancer, the expression pattern of certain tumor suppressor genes is related to methy-
lation patterns. DNA methylation plays a critical role in controlling gene activity and
nuclear architecture, being the most extensively studied epigenetic modification in humans.
It is involved in the regulation of various biological processes, such as cell differentia-
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tion, embryogenesis, X-chromosome inactivation, microRNA expression, suppression of
transposable elements, and genomic imprinting [93-95]. Hence, DNA methylation is an
epigenetic mark associated with gene silencing, as it affects chromatin structure and blocks
the access of binding factors, preventing the expression of the genes. This pattern can be
stably maintained throughout life or undergo changes during aging [96]. Hypermethyla-
tion of CpG islands in the promoter region of tumor suppressor genes is an early event
in various types of cancer. Consequently, CpG island hypermethylation in the promoter
region can affect genes involved in cell control, DNA repair, apoptosis, and angiogenesis.
In breast and ovarian cancers, hypermethylation is found in the promoter region of the
BRCAL1 gene, which acts as a tumor suppressor and is responsible for preventing the un-
controlled proliferation of cells [97,98]. Hypomethylation of DNA also triggers neoplastic
transformations when it causes chromosomal instability, thus reactivating or activating
oncogenes [99]. The literature highlights flavonoids as epigenetic modifiers in breast cancer.
Epigallocatechin-3-gallate (EGCG), genistein, daidzein, resveratrol, and quercetin are capa-
ble of restoring the expression pattern of silenced tumor suppressor genes, such as BRCA1
and BRCAZ2, by inhibiting the enzymes called DNA methyltransferases (DNMTs). These
enzymes are responsible for catalyzing the gene silencing process in the promoter region of
the genes [99-101]. The restauration of the original expression patterns of these suppressor
genes by the flavonoids was observed in different breast cancer cells, resulting in decreased
proliferation and cancer cell migration [100]. The knowledge of the antitumor properties
and ability of flavonoid subclasses (anthocyanidin—delphinidin, flavones—apigenin, lute-
olin, tangeretin, isoflavones—genistein, flavanones—hesperetin, silibinin, flavanol—EGCG,
flavonols—quercetin, kaempferol, and fisetin) to modulate epigenetic enzymes, such as
DNA methyltransferases (DNMTs), acetyltransferases (HATs), histone methyltransferases
(HMTs), and histone deacetylases (HDACs), reinforce the incentive for research on thera-
peutic combination approaches involving these natural compounds that alter the epigenetic
marks related to cancer development and progression along with drugs already used for
cancer treatment [102].

The study of the mechanisms of action of apoptotic caspases in cancer has been
explored through the use of antineoplastic drugs as a therapeutic strategy to overcome
resistance and control the proliferation of cancer cells. The modulation of apoptosis under
the action of natural products has demonstrated efficacy in inducing neoplastic cell death,
representing an additional alternative to common chemotherapeutic agents employed in
cancer treatment. It opens up a path for the development of new antineoplastic drugs,
focusing on the apoptotic events executed by caspases [103-107]. The deregulation of the
caspase cascade is implicated in the disruption of programmed cell death and directly
related to the pathophysiology of cancer (evasion of apoptotic programming). The apoptotic
imbalance resulting from negative caspase regulation is considered one of the causes
of the resistance to tumor death found in cancer treatment [108-110]. The apoptotic
proteolytic activation of caspases is executed through intrinsic (mitochondrial) and extrinsic
(cytoplasmic) pathways. The intrinsic pathway is activated as feedback in response to
cellular stress caused by cytotoxic substances, DNA mutations, hypoxia, cytoskeletal
disruption, etc. [111-113]. In lung cancer cells treated with the flavonoid hesperetin, cell
death by apoptosis was induced through the extrinsic pathway by increasing the expression
levels of death domains genes, such as FADD, caspase-8, and FAS. The same study also
mentioned that increased cell death occurred independently of the suppressor protein
p53 and the pro-apoptotic protein Bax [114]. Treatment with malvidin and an analysis
through flow cytometry showed that apoptotic activity was triggered by increased effector
caspase-3 in myeloid and lymphoid leukemia cells in a dose-dependent manner, resulting
in cell death [115]. Another study, also using flow cytometry, as well as Western blot
and real-time PCR, showed the result of cell death by apoptosis in gastric cancer cells,
where silibinin increased the level of caspases-3 and -9, followed by the inhibition of the
transducer of signaling and activator of transcription 3 (STAT3) pathway, which is related
to tumor growth and metastasis [116].
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The molecular protective effect of flavonoids on DNA reduces the damage caused by
carcinogens and promotes cellular genomic stability, allowing the development of strategies
to treat neoplasms [19]. Table 1 presents the developed studies that describe the antitumor
properties of flavonoids in various types of cancers.

Table 1. Subclasses of flavonoids and their compounds with antitumor activity described in cancer

cell lines.
Subclasses Compounds Antitumor Activity Cancer/Cell
- Kidney/
oH 786-0;
O Anti-proliferative ACHN;
e Anti-metastatic [117]
OO Apoptosis | (NF-kB) Colorectal/
oH Anti-metastatic HCT116;
OH Apoptosis | (NF-«B) HT29;
Cyanidin SW620;
[118]
OH
OH
O Breast/
HO. .
) OO o Apoptosis 1\/1}/1[3]3;;&
y 4 (ERK; NF-«B) BT474,
H OH [119]
Anthocyanin Delphinidin
O/CH:,
. O - Leukemia/
OO o Anti-proliferative SUP-B15;
o Apoptosis KG-1;
. [115]
Malvidin
OH [¢]
N O O Anti-proliferative Pri’,‘“:g?/
- Migration f
HO OH OH T ROS DU145,
Chalcones Phloretin [120]
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Table 1. Cont.

Subclasses Compounds Antitumor Activity Cancer/Cell
Thyroid/
TPC-1;
on Apoptosis SW1736;
AN, : 1 (PI3K/AKT) [121]
' ©/ Anti-proliferative Osteosarcoma/
’ bo N Anti-metastatic MG63,
oy -1 (Zebl) U20S;
o = Autophagy [122]
Naringin J (PI3K/AKT/mTOR) Gastric/
AGS;
[123]
OH CH,
O
" N Apoptosis If_‘f;;%/
Flavanones T (FADD/caspase-8) [114]
OH ¢}
Hesperidin
on o Anti-proliferative Lung/
o R O Apoptosis Ab549;
-+ mTOR/PI3K/ Akt [124]
oH Anti-proliferative Glioma/
Apoptosis U87MG;
© -Anti-metastatic CHG-5;
Eriodictyol - PI3K/Akt/NF-«B [125]
HO o ‘
O | Induction apoptosis 11\3;(6:&;:5_,(7/
Autophagy .
HO | (PI3K/AKT) MDA-MB-231;
0 OH 0O [126]
Flavones Baicalein
Colorectal/
CHO0 © .
Anti-proliferative CO[]IS7]205'
- (Cdk2/Cdk4) .
. . . Leukemia/
Anti-proliferative
. HL-60
Apoptosis [128]
1 (MMP) ;
1 Caspases-3, -8, -9 Gastric/
Tangeretin P Y AGS;
[129]
OH
OH
HO o O 1 p53 Colo/
O | Apoptosis HT-29
- DNA metiltransferas [130]
OH o
Luteolin
HO.
Cﬂ ’ Apoptosis .
¢ ? +BAX, CYT ¢ Le;é;ﬂlf’/
| ,SMAC/DIABLO, Jukar t-,
HTRA2/OMI, ‘[11 3?] ’
o CASP-3 and -9

Apegenin
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Table 1. Cont.

Subclasses Compounds Antitumor Activity Cancer/Cell
OH
Ovarian/
Antioxidant C13*
1 (ROS) cisplatin-resistant (C13*)
[132]
7 oo 0 Induction apoptosis Colo/
| i 1 (caspases-3, -8, -9) HT-29
o /@ 4 p o [133]
Flavonols " J
Rutin
OH
fo © O Pancreas/
O | Apoptosis PANC-1;
OH - Akt/mTOR Mia PaCa-2;
OH (o} [83]
Kaempferol
HO. 0.
O | Breast/
Anti-proliferative MCE-7;
LA O Cell cycle arrest ERB1;
oH G2/M MDA-MB-231/ERf31;
Genistein [134]
HO. 0.
O | Lung/
Anti-proliferative A5%4 e
° - - NF-«xB 95D;
Isoflavones Daidzein [135]
HO 0. Lung /
| HCC827;
| O Anti-proliferative gi’;gg’
l . -+ EGFR-Akt A549;
H1299;
Formononetin [136]
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Table 1. Cont.

Subclasses

Compounds Antitumor Activity Cancer/Cell
I
oo e
; 4 PoP MGC803;
Cell cycle arrest [116]
Silibinin G2/M H (STAT3)
@ f@( Oral/
' o~ ‘ S, Anti-proliferative HSC-4;
\(V:EP\ . . Apoptosis YD15;
o 1 (Caspases-5, -8) Ca9.22;
Flavanonols Sylimarin [137]
oH Lung/
C[ Anti-proliferative A549;
W on -1 (EMT) H1975;
1 E-cadherin [138]
OF Cytotoxicity Colorectal/
Cell cycle arrest HCT116;
Taxifolin G2/M HT29;
[139]
Breast/
= MCEF-7;
- HTB-26;
Pancreas/
Anti-metastatic PANC-1;
- (Wnt) AsPC-1
Colorectal/
Catechin (I:{a 23_92';
[140]
OH
OH
6 0n Breast/
Apoptosis MDA-MB-231;
U 1 (DR4/DR5) MCE-7;
: [141]
Flavanol o
Epicatechin
OH
OH Anti-proliferative H1299,
Anti-metastatic Ab49;
Ho O o + AMPK [66]
’ Anti-proliferative Thyroid/
" on Apoptosis TT;
OH Cell cycle arrest S TPC-1;
Epigallocatechin B ARO;
(EGCG) EGFR/RAS/RAF/MEK/ERK [142]

5. Antineoplastic Activity of Tangeretin

The flavonoid tangeretin (5,6,7,84' -pentamethoxyflavone) is found in the peels of
citrus fruits, especially oranges and tangerines. Studies have reported the beneficial bioac-
tivities of this flavonoid, including its anti-asthmatic, antioxidant, anti-teratogenic, anti-
inflammatory, neuroprotective, and anticancer properties [143-146]. Citrus flavonoids



Pharmaceuticals 2023, 16, 1229

have demonstrated their potential anticarcinogenic activity both in in vivo and in vitro
experiments by targeting cancer-related cellular processes, such as carcinogen bioactiva-
tion, cell signaling, cell cycle regulation, inflammation, and angiogenesis [147,148]. Tan-
geretin exhibits pharmacological properties, such as antiproliferative, anti-invasive, and
anti-metastatic, and can induce apoptosis in specific cancers [149-153] (Figure 5). Ex-
perimental molecular analyses have focused on exploring and elucidating the cellular
pathways involved in the metabolic activity of these flavonoids, further supporting their
chemotherapeutic potential [147].

Using a proteomic approach, Yumnam et al. [154] investigated the effect of tangeretin
on a human gastric cancer cell line. They observed that the treatment inhibited the activity
of markers (PKCs, MAPK4, PI4K, PARP14) associated with poor prognosis in various cancers
related to cell migration, proliferation, chemoresistance, the suppression of apoptosis, and
differentiation. Remarkably, this study also sheds light on the importance of the PKC
family as a novel biomarker in gastric cancer, as the overexpression of one of its members,
PKCe, known for its anti-apoptotic functions, was inhibited by tangeretin treatment, which
ultimately induced apoptosis in the gastric cell line. These findings highlight the potential
of the PKC family as a promising marker and therapeutic target for treating gastric cancer
with tangeretin.

Gliomas are responsible for originating the majority of brain tumors, presenting a high
mortality rate, infiltrative growth, and low early detection. Despite intense conventional
therapeutic advancements in gliomas, a cure for these tumors is still considered distant [155].
Increasing clinical data and research demonstrate that natural compounds emerge as
promising agents in therapies aimed at combating GBM [156]. The potential antineoplastic
effect of tangeretin was demonstrated by inducing cell cycle arrest and cell death in GBM.
Tangeretin treatment positively modulated the expression of the PTEN gene and cell cycle
regulating genes, and induced cell cycle arrest in G2/M and apoptosis. This suggests that
tangeretin can be used as a chemopreventive agent in treating GBM. This assay reinforces
the importance of further studies on the antitumor activity of tangeretin in nervous system
tumors [157].

In in vivo experiments conducted on rat mammary carcinogenesis, tangeretin exhib-
ited promising results. After cancer induction by 7,12-dimethylbenz(cc)anthracene, oral
treatment with this flavonoid affected markers associated with uncontrolled cell growth
(PCNA, COX-2, and Ki-67). It effectively arrested the division of tumor cells at the G1/S
phase by positively regulating the p53/p21 genes. Additionally, tangeretin demonstrated
remarkable antimetastatic and antiangiogenic activities by inhibiting matrix metallopro-
teinases (MMPs) MMP-2/MMP-9 and the vascular endothelial growth factor (VEGE),
respectively [158]. Sangavi and Langeswaran, using in silico approaches [159], investigated
the inhibitory effect of natural compounds on liver cancer, targeting cyclooxygenase 2
(COX-2), an enzyme associated with inflammatory and carcinogenic processes (angiogen-
esis, metastasis, and apoptosis resistance). They found that tangeretin exhibited efficacy,
showing a favorable pharmacokinetic profile for absorption, distribution, metabolism,
excretion, and toxicity. These properties are essential for synthesizing new antineoplastic
drugs and confirming the antitumor activity of this compound on the target cyclooxyge-
nase 2 (COX-2) in hepatocellular carcinoma (HCC). The suppression of cyclooxygenase 2
(COX-2) was also observed in the epidermal cells of mice exposed to ultraviolet-B radiation
(UVB). This occurred by blocking mitogen-activated protein kinase (MAPK) signaling and
NEF-kB activation and inhibiting the increase in ROS levels in cells upon UVB exposure,
providing cellular protection against oxidative stress. These results suggest that the anti-
inflammatory and modulatory effects of tangeretin may have a chemopreventive effect on
skin cancer [160].

In macrophage cells, the process of inflammation induced by lipopolysaccharide (LPS)
triggered a substantial increase in pro-inflammatory cytokines (IL-1, IL-6, and TNF-«)
that were activated by the messenger molecule nitric oxide (NO). After incubation with
tangeretin, the activation of anti-inflammatory cytokines (IL-4, IL-13, TNF-§3, and IL-10)
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was observed, along with significant inhibition of inducible nitric oxide synthase (iNOS)
and COX-2 [161]. As LPS is responsible for promoting inflammation and cell migration
in certain types of cancer [162-165], the control of cellular inflammation described by the
action of tangeretin may contribute to cancer treatment.

Antineoplastic agents administered as part of therapies can induce apoptosis in cancer
cells. However, these agents often cause cytotoxicity in noncancerous cells, particularly
immature immune system cells (myelocytes) and leukocytes (lymphocytes). In this context,
the use of tangeretin in human leukemic cells (HL-60) from promyelocytic leukemia inhib-
ited their growth by inducing apoptosis without promoting cytotoxicity or other side effects
in immune system cells [128]. Combining antineoplastic agents (synergistic therapy) has
resulted in more effective therapeutic strategies and the mitigation of side effects associated
with chemotherapeutic agents commonly used for cancer treatment. When tangeretin was
combined with the synthetic 5-fluorouracil (5-FU) and administered in treating certain solid
tumors, significant antitumor activity was observed in colon cancer cells. This co-exposure
decreased the antioxidant levels in tumor cells, resulting in oxidative stress through the
accumulation of reactive oxygen species (ROS), triggering a DNA damage response and
directing the cells toward apoptosis via c-Jun N-terminal kinases (JNKs). Significantly,
tangeretin synergistically intensified the induction of apoptosis by 5-FU. Similarly, the
co-treatment also caused a decrease in mitochondrial activity [166].

Another well-known chemotherapeutic agent commonly used to treat various human
cancers is cisplatin, or cis-diamindichloroplatin (II). Cisplatin proves its effectiveness by
causing DNA damage in tumor cells, leading to apoptosis. However, the side effects, such
as kidney problems, weakened immunity, gastrointestinal problems, bleeding, and hearing
damage, limit its applicability and effectiveness [167,168]. The use of tangeretin in acute
liver injury caused by cisplatin in rats showed a protective effect against these histopatho-
logical deformations, underscoring its effect on one of the severe side effects of cisplatin
treatment. Moreover, tangeretin reduced inflammatory mechanisms by neutralizing tumor
necrosis factor-alpha (TNF-«) and stimulating interleukin-10 (IL-10) [92].

The expression of cell division-retarding tumor suppressor proteins, such as p21, p53,
and p27, was increased in colorectal carcinoma cells when treated with tangeretin, thus pro-
moting the inhibition of cell growth by triggering the blocking of enzymes responsible for
regulating cell cycle progression and cyclin-dependent kinases (CDK2) and (CDK4) [125].
The elevation of tumor suppressor protein levels, followed by the inhibition of CDK, shows
important anticancer effects, preventing neoplastic cells from entering division and ensur-
ing the evasion of the suppression mechanism targeted against carcinogenesis. Considering
the anticancer activities exhibited by citrus flavonoids, a study of the effects of a synthetic
derivative of tangeretin (5,4’-didemethyltangeretin (PMF2)) in human prostate cancer cells
demonstrated the restoration of P21 gene expression through epigenetic mechanisms of
demethylation, followed by the blocking of DNMT 3B and HDACsSs protein expressions,
thereby inhibiting cell proliferation [167].

Given the properties demonstrated for the different tumor characteristics in various
types of cancer, tangeretin presents itself as a promising agent in the development of
anticancer therapeutic strategies.
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Figure 5. Antitumor potential of tangeretin. Anticancer activity of tangeretin under some can-
cer characteristics promotes uncontrolled cell progression and resistance to therapies in different
types of tumors. Sustaining proliferative signaling: [127,152,160,161,167,168]; evading growth sup-
pressors: [127,167]; nonmutational epigenetic reprogramming: [167]; tumor-promoting inflamma-
tion: [161,169]; activating invasion and metastasis: [151,170,171]; inducing or accessing vascula-
ture: [170,172]; genome instability and mutation: [143]; resisting cell death: [128,129,173]; deregulating
cellular metabolism: [92,174]. Parts of the figure are drawn by using pictures from Servier Medical
Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported
License (https:/ /creativecommons.org/licenses/by/3.0/ accessed on 12 August 2023).

6. Conclusions and Future Perspectives

The biological potential, bioavailability, cost-effectiveness, and minimal side effects of
flavonoids position them as promising cytotoxic anticancer compounds in the optimization
of therapies and in the search for new drugs for the treatment of cancer. However, it is
crucial to address the challenges that limit the effectiveness of flavonoids in the field of on-
cology, including pharmacokinetics (low solubility and stability, interaction with intestinal
microflora, and metabolic interaction with receptors), pharmacodynamics, epidemiological
studies (long duration, delays in data collection and categorization, absence of participant
data, and exposure to heterogeneous factors), and isolation/purification of their natural
sources. Among citrus flavonoids, tangeretin exhibited antitumor activities against cell
proliferation. In addition, it also synergistically promoted improvements in reducing the
side effects and yield when combined with some traditional chemotherapy drugs already
implemented in cancer treatments. In order to provide more robust scientific knowledge
about the antineoplastic activity of flavonoids, further studies are needed to examine the
dosage, bioavailability, efficacy, and safety to establish the clinical use of these promising
anticancer therapeutic agents.

Author Contributions: Conceptualization, F.C.F.d.L.; writing—original draft preparation, FC.Ed.L.;
writing—review and editing, FC.Ed.L., WA.S.F, SM.M.C. and E.-H.C.d.O.; visualization, supervision,
W.ASE,SMM.C. and E.H.C.d.O. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by Evandro Chagas Institute (Brazil)/SVSA /MS.

14



Pharmaceuticals 2023, 16, 1229

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Acknowledgments: Authors would like to thank Pro-reitoria de pesquisa e pés-graduacao (PROPESP/
UFPA, Brazil) for financial support (publication fees). (Edital 02/2023-PAPQ).

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

References

1. Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31-46. [CrossRef] [PubMed]

2. Hanahan, D.; Weinberg, R.A. Biological Hallmarks of Cancer. In Holland-Frei Cancer Medicine; John Wiley & Sons, Inc.: Hoboken,
NJ, USA, 2017. [CrossRef]

3. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646—674. [CrossRef] [PubMed]

4. Hussain, S.A.; Sulaiman, A.A.; Balch, C.; Chauhan, H.; Alhadidi, Q.M.; Tiwari, A K. Natural Polyphenols in Cancer Chemoresis-
tance. Nutr. Cancer 2016, 68, 879-891. [CrossRef] [PubMed]

5. Kumar, A; Jaitak, V. Natural Products as Multidrug Resistance Modulators in Cancer. Eur. |. Med. Chem. 2019, 176, 268-291.
[CrossRef] [PubMed]

6. Nirmaladevi, R. Epigenetic Alterations in Cancer. Front. Biosci. 2020, 25, 4847. [CrossRef] [PubMed]

7. Kanwal, R.; Gupta, S. Epigenetic Modifications in Cancer. Clin. Genet. 2012, 81, 303-311. [CrossRef]

8. Sun, L.; Zhang, H.; Gao, P. Metabolic Reprogramming and Epigenetic Modifications on the Path to Cancer. Protein Cell 2022, 13,
877-919. [CrossRef]

9.  Jones, PA,; Baylin, S.B. The Epigenomics of Cancer. Cell 2007, 128, 683—692. [CrossRef]

10.  Arora, I.; Sharma, M.; Tollefsbol, T.O. Combinatorial Epigenetics Impact of Polyphenols and Phytochemicals in Cancer Prevention
and Therapy. Int. . Mol. Sci. 2019, 20, 4567. [CrossRef]

11. Rajendran, P.; Abdelsalam, S.A.; Renu, K.; Veeraraghavan, V.; Ben Ammar, R.; Ahmed, E.A. Polyphenols as Potent Epigenetics
Agents for Cancer. Int. J. Mol. Sci. 2022, 23, 11712. [CrossRef]

12.  Tungmunnithum, D.; Thongboonyou, A.; Pholboon, A.; Yangsabai, A. Flavonoids and Other Phenolic Compounds from Medicinal
Plants for Pharmaceutical and Medical Aspects: An Overview. Medicines 2018, 5, 93. [CrossRef] [PubMed]

13.  Mutha, R.E,; Tatiya, A.U.; Surana, S.J. Flavonoids as Natural Phenolic Compounds and Their Role in Therapeutics: An Overview.
Future J. Pharm. Sci. 2021, 7, 25. [CrossRef] [PubMed]

14. Kawabata, K.; Yoshioka, Y.; Terao, J. Role of Intestinal Microbiota in the Bioavailability and Physiological Functions of Dietary
Polyphenols. Molecules 2019, 24, 370. [CrossRef] [PubMed]

15. Maleki, S.J.; Crespo, J.E; Cabanillas, B. Anti-Inflammatory Effects of Flavonoids. Food Chem. 2019, 299, 125124. [CrossRef]
[PubMed]

16. Sandu, M.; Birsa, L.M.; Bahrin, L.G. Flavonoids-Small Molecules, High Hopes. Acta Chem. lasi 2017, 25, 6-23. [CrossRef]

17. Estrela, ].M.; Mena, S.; Obrador, E.; Benlloch, M.; Castellano, G.; Salvador, R.; Dellinger, R.W. Polyphenolic Phytochemicals in
Cancer Prevention and Therapy: Bioavailability versus Bioefficacy. J. Med. Chem. 2017, 60, 9413-9436. [CrossRef] [PubMed]

18. Afshari, K ; Haddadi, N.; Haj-Mirzaian, A.; Farzaei, M.H.; Rohani, M.M.; Akramian, F.; Naseri, R.; Sureda, A.; Ghanaatian, N.;
Abdolghaffari, A.H. Natural Flavonoids for the Prevention of Colon Cancer: A Comprehensive Review of Preclinical and Clinical
Studies. J. Cell. Physiol. 2019, 234, 21519-21546. [CrossRef]

19. George, V.C.; Dellaire, G.; Rupasinghe, H.P.V. Plant Flavonoids in Cancer Chemoprevention: Role in Genome Stability. J. Nutr.
Biochem. 2017, 45, 1-14. [CrossRef]

20. Ross, J.A.; Kasum, C.M. DIETARY FLAVONOIDS: Bioavailability, Metabolic Effects, and Safety. Annu. Rev. Nutr. 2002, 22, 19-34.
[CrossRef]

21. Kasprzak, M.M.; Erxleben, A.; Ochocki, J. Properties and Applications of Flavonoid Metal Complexes. RSC Adv. 2015, 5,
45853-45877. [CrossRef]

22. Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An Overview. . Nutr. Sci. 2016, 5, E47. [CrossRef] [PubMed]

23. Rahnasto-Rilla, M.; Tyni, J.; Huovinen, M.; Jarho, E.; Kulikowicz, T.; Ravichandran, S.; Bohr, V.A.; Ferrucci, L.; Lahtela-Kakkonen,
M.; Moaddel, R. Natural Polyphenols as Sirtuin 6 Modulators. Sci. Rep. 2018, 8, 4163. [CrossRef] [PubMed]

24. Slamova, K.; Kapesova, ].; Valentova, K. “Sweet Flavonoids”: Glycosidase-Catalyzed Modifications. Int. . Mol. Sci. 2018, 19, 2126.
[CrossRef] [PubMed]

25. Jain, VK,; Vishwavidyalaya, D.A.; Pradesh, M. Flavonoids Impact on Prevention and Treatment of Obesity and Related. Int. |.
Pharm. Sci. Res. 2019, 10, 4420-4429. [CrossRef]

26. Teles, Y.C.E; Souza, M.S.R.; De Souza, M.d.EV. Sulphated Flavonoids: Biosynthesis, Structures, and Biological Activities.
Molecules 2018, 23, 480. [CrossRef] [PubMed]

27.  Veitch, N.C; Grayer, R.J. Flavonoids and Their Glycosides, Including Anthocyanins. Nat. Prod. Rep. 2011, 28, 1626-1695.

[CrossRef] [PubMed]

15



Pharmaceuticals 2023, 16, 1229

28.

29.

30.

31.

32.

33.

34.
35.

36.
37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kopustinskiene, D.M.; Jakstas, V.; Savickas, A.; Bernatoniene, J. Flavonoids as Anticancer Agents. Nutrients 2020, 12, 457.
[CrossRef]

Wang, T--y,; Li, Q.; Bi, K.-s. Bioactive Flavonoids in Medicinal Plants: Structure, Activity and Biological Fate. Asian |. Pharm. Sci. 2018,
13, 12-23. [CrossRef]

Brodowska, K.M. European Journal of Biological Research Natural Flavonoids: Classification, Potential Role, and Application of
Flavonoid Analogues. Eur. J. Biol. Res. 2017, 7, 108-123. [CrossRef]

Khajuria, R.; Singh, S.; Bahl, A. General Introduction and Sources of Flavonoids. In Current Aspects of Flavonoids: Their Role in
Cancer Treatment; Springer: Singapore, 2019; pp. 1-7. [CrossRef]

Liu, H.; Jiang, W.; Xie, M. Flavonoids: Recent Advances as Anticancer Drugs. Recent Pat. Anti-Cancer Drug Discov. 2010, 5,
152-164. [CrossRef]

Raffa, D.; Maggio, B.; Raimondi, M.V,; Plescia, F.; Daidone, G. Recent Discoveries of Anticancer Flavonoids. Eur. |. Med. Chem. 2017,
142, 213-228. [CrossRef] [PubMed]

Symonowicz, M.; Kolanek, M. Flavonoids and Their Properties to Form Chelate Complexes. Biotechnol. Food Sci. 2012, 76, 35-41.
Ahn-Jarvis, ].H.; Parihar, A.; Doseff, A.I. Dietary Flavonoids for Immunoregulation and Cancer: Food Design for Targeting
Disease. Antioxidants 2019, 8, 202. [CrossRef] [PubMed]

Pei, R.; Liu, X.; Bolling, B. Flavonoids and Gut Health. Curr. Opin. Biotechnol. 2020, 61, 153-159. [CrossRef] [PubMed]
Sudhakaran, M.; Sardesai, S.; Doseff, A.I. Flavonoids: New Frontier for Inmuno-Regulation and Breast Cancer Control. Antioxi-
dants 2019, 8, 103. [CrossRef] [PubMed]

Al Aboody, M.S.; Mickymaray, S. Anti-Fungal Efficacy and Mechanisms of Flavonoids. Antibiotics 2020, 9, 45. [CrossRef]
[PubMed]

Bai, L.; Li, X.; He, L.; Zheng, Y,; Lu, H,; Li, J.; Zhong, L.; Tong, R.; Jiang, Z.; Shi, J.; et al. Antidiabetic Potential of Flavonoids from
Traditional Chinese Medicine: A Review. Am. . Chin. Med. 2019, 47, 933-957. [CrossRef] [PubMed]

Pietta, P.G. Flavonoids as Antioxidants. J. Nat. Prod. 2000, 63, 1035-1042. [CrossRef]

Ren, W.; Qiao, Z.; Wang, H.; Zhu, L.; Zhang, L. Flavonoids: Promising Anticancer Agents. Med. Res. Rev. 2003, 23, 519-534.
[CrossRef]

Weston, L.A.; Mathesius, U. Flavonoids: Their Structure, Biosynthesis and Role in the Rhizosphere, Including Allelopathy. J.
Chem. Ecol. 2013, 39, 283-297. [CrossRef]

Sharma, N.; Dobhal, M.; Joshi, Y.; Chahar, M. Flavonoids: A Versatile Source of Anticancer Drugs. Pharmacogn. Rev. 2011, 5, 1-12.
[CrossRef] [PubMed]

Perez-Vizcaino, F; Fraga, C.G. Research Trends in Flavonoids and Health. Arch. Biochem. Biophys. 2018, 646, 107-112. [CrossRef]
[PubMed]

Rodriguez-Garcia, C.; Sanchez-Quesada, C.; Gaforio, ].].; Gaforio, ].J. Dietary Flavonoids as Cancer Chemopreventive Agents: An
Updated Review of Human Studies. Antioxidants 2019, 8, 137. [CrossRef] [PubMed]

Rudzifiska, A.; Juchaniuk, P; Oberda, J.; Wisniewska, J.; Wojdan, W.; Szklener, K.; Mandziuk, S. Phytochemicals in Cancer
Treatment and Cancer Prevention—Review on Epidemiological Data and Clinical Trials. Nutrients 2023, 15, 1896. [CrossRef]
[PubMed]

Anantharaju, P.G.; Gowda, P.C.; Vimalambike, M.G.; Madhunapantula, S.V. An Overview on the Role of Dietary Phenolics for the
Treatment of Cancers. Nutr. |. 2016, 15, 99. [CrossRef] [PubMed]

Mohana, S.; Ganesan, M.; Rajendra Prasad, N.; Ananthakrishnan, D.; Velmurugan, D. Flavonoids Modulate Multidrug Resistance
through Wnt Signaling in P-Glycoprotein Overexpressing Cell Lines. BMC Cancer 2018, 18, 1168. [CrossRef] [PubMed]
Hosseinzadeh, A.; Poursoleiman, F.; Biregani, A.N.; Esmailzadeh, A. Flavonoids Target Different Molecules of Autophagic and
Metastatic Pathways in Cancer Cells. Cancer Cell Int. 2023, 23, 114. [CrossRef]

De Sousa Silva, G.V.; Lopes, ALVEG,; Viali, I.C.,; Lima, L.Z.M.; Bizuti, M.R.; Haag, EB.; Tavares de Resende e Silva, D.
Therapeutic Properties of Flavonoids in Treatment of Cancer through Autophagic Modulation: A Systematic Review. Chin. ].
Integr. Med. 2023, 29, 268-279. [CrossRef]

Parekh, N.; Garg, A.; Choudhary, R.; Gupta, M.; Kaur, G.; Ramniwas, S.; Shahwan, M.; Tuli, H.S.; Sethi, G. The Role of Natural
Flavonoids as Telomerase Inhibitors in Suppressing Cancer Growth. Pharmaceuticals 2023, 16, 605. [CrossRef]

Rahman, N.; Khan, H.; Zia, A.; Khan, A.; Fakhri, S.; Aschner, M.; Gul, K,; Saso, L. Bcl-2 Modulation in P53 Signaling Pathway by
Flavonoids: A Potential Strategy towards the Treatment of Cancer. Int. ]. Mol. Sci. 2021, 22, 11315. [CrossRef]

Kim, M.H. Flavonoids Inhibit VEGF/BFGF-Induced Angiogenesis in Vitro by Inhibiting the Matrix-Degrading Proteases. J. Cell.
Biochem. 2003, 89, 529-538. [CrossRef]| [PubMed]

Marques, S.M.; gupolikové, L.; Mol¢anova, L.; gmejkal, K.; Bednar, D.; Slaninova, I. Screening of Natural Compounds as
P-Glycoprotein Inhibitors against Multidrug Resistance. Biomedicines 2021, 9, 357. [CrossRef] [PubMed]

Li, G; Ding, K,; Qiao, Y.; Zhang, L.; Zheng, L.; Pan, T.; Zhang, L. Flavonoids Regulate Inflammation and Oxidative Stress in
Cancer. Molecules 2020, 25, 5628. [CrossRef] [PubMed]

Zhao, J.; Yang, J.; Xie, Y. Improvement Strategies for the Oral Bioavailability of Poorly Water-Soluble Flavonoids: An Overview.
Int. |. Pharm. 2019, 570, 118642. [CrossRef] [PubMed]

16



Pharmaceuticals 2023, 16, 1229

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

Raj, S.; Khurana, S.; Choudhari, R; Kesari, K.K.; Kamal, M.A.; Garg, N.; Ruokolainen, J.; Das, B.C.; Kumar, D. Specific Targeting
Cancer Cells with Nanoparticles and Drug Delivery in Cancer Therapy. Semin. Cancer Biol. 2021, 69, 166-177. [CrossRef]
[PubMed]

Pérez-Herrero, E.; Fernandez-Medarde, A. Advanced Targeted Therapies in Cancer: Drug Nanocarriers, the Future of Chemother-
apy. Eur. J. Pharm. Biopharm. 2015, 93, 52-79. [CrossRef] [PubMed]

Liskova, A.; Samec, M.; Koklesova, L.; Brockmueller, A.; Zhai, K.; Abdellatif, B.; Siddiqui, M.; Biringer, K.; Kudela, E.; Pec, M;
et al. Flavonoids as an Effective Sensitizer for Anti-Cancer Therapy: Insights into Multi-Faceted Mechanisms and Applicability
towards Individualized Patient Profiles. EPMA |. 2021, 12, 155-176. [CrossRef] [PubMed]

Ferreira, M.; Costa, D.; Sousa, A. Flavonoids-Based Delivery Systems towards Cancer Therapies. Bioengineering 2022, 9, 197.
[CrossRef]

Khan, H.; Ullah, H.; Martorell, M.; Valdes, S.E.; Belwal, T.; Tejada, S.; Sureda, A.; Kamal, M. A. Flavonoids Nanoparticles in Cancer:
Treatment, Prevention and Clinical Prospects. Semin. Cancer Biol. 2019, 69, 200-211. [CrossRef]

Wei, Q.Y.; He, KM.; Chen, J.L.; Xu, YM.; Lau, A.T.Y. Phytofabrication of Nanoparticles as Novel Drugs for Anticancer Applications.
Molecules 2019, 24, 4246. [CrossRef]

Siddiqui, I.A.; Bharali, D.J.; Nihal, M.; Adhami, V.M.; Khan, N.; Chamcheu, J.C.; Khan, M.I; Shabana, S.; Mousa, S.A.; Mukhtar, H.
Excellent Anti-Proliferative and pro-Apoptotic Effects of (—)-Epigallocatechin-3-Gallate Encapsulated in Chitosan Nanoparticles
on Human Melanoma Cell Growth Both in Vitro and in Vivo. Nanomed. Nanotechnol. Biol. Med. 2014, 10, 1619-1626. [CrossRef]
[PubMed]

Nihal, M.; Ahmad, N.; Mukhtar, H.; Wood, G.S. Anti-Proliferative and Proapoptotic Effects of (—)-Epigallocatechin-3-Gallate on
Human Melanoma: Possible Implications for the Chemoprevention of Melanoma. Int. J. Cancer 2005, 114, 513-521. [CrossRef]
[PubMed]

Siddiqui, I.A.; Adhami, V.M.; Bharali, D.J.; Hafeez, B.B.; Asim, M.; Khwaja, S.I.; Ahmad, N.; Cui, H.; Mousa, S.A.; Mukhtar, H.
Introducing Nanochemoprevention as a Novel Approach for Cancer Control: Proof of Principle with Green Tea Polyphenol
Epigallocatechin-3-Gallate. Cancer Res. 2009, 69, 1712-1716. [CrossRef] [PubMed]

Chen, B.; Hsieh, C.; Tsai, S.; Wang, C.-Y.; Wang, C. Anticancer Effects of Epigallocatechin-3-Gallate Nanoemulsion on Lung Cancer
Cells through the Activation of AMP-Activated Protein Kinase Signaling Pathway. Sci. Rep. 2020, 10, 5163. [CrossRef] [PubMed]
Trefts, E.; Shaw, R.J. AMPK: Restoring Metabolic Homeostasis over Space and Time. Mol. Cell 2021, 81, 3677-3690. [CrossRef]
[PubMed]

Thirupathi, A.; Chang, Y.Z. Role of AMPK and Its Molecular Intermediates in Subjugating Cancer Survival Mechanism. Life Sci.
2019, 227, 30-38. [CrossRef] [PubMed]

Gorrini, C.; Harris, L.S.; Mak, T.W. Modulation of Oxidative Stress as an Anticancer Strategy. Nat. Rev. Drug Discov. 2013, 12,
931-947. [CrossRef]

Huang, M.Z.; Li, ].Y. Physiological Regulation of Reactive Oxygen Species in Organisms Based on Their Physicochemical
Properties. Acta Physiol. 2020, 228, €13351. [CrossRef]

Marengo, B.; Nitti, M.; Furfaro, A.L.; Colla, R.; De Ciucis, C.; Marinari, U.M.; Pronzato, M.A.; Traverso, N.; Domenicotti, C. Redox
Homeostasis and Cellular Antioxidant Systems: Crucial Players in Cancer Growth and Therapy. Oxid. Med. Cell. Longev. 2016,
2016, 6235641. [CrossRef]

Lv, H.; Zhen, C; Liu, J.; Yang, P.; Hu, L. Unraveling the Potential Role of Glutathione in Multiple Forms of Cell Death in Cancer
Therapy. Oxid. Med. Cell. Longev. 2019, 2019, 3150145. [CrossRef]

Zaidieh, T.; Smith, J.R.; Ball, K.E.; An, Q. ROS as a Novel Indicator to Predict Anticancer Drug Efficacy. BMC Cancer 2019, 19, 1224.
[CrossRef] [PubMed]

Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Castoria, G.; Migliaccio, A. ROS in Cancer Therapy: The Bright Side of the
Moon. Exp. Mol. Med. 2020, 52, 192-203. [CrossRef] [PubMed]

Liou, G.-Y.; Storz, P. Reactive Oxygen Species in Cancer. Free Radic. Res. 2010, 44, 479-496. [CrossRef] [PubMed]

Cao, G.; Sofic, E.; Prior, R.L. Antioxidant and Prooxidant Behavior of Flavonoids: Structure-Activity Relationships. Free Radic.
Biol. Med. 1997, 22, 749-760. [CrossRef] [PubMed]

Havsteen, B.H. The Biochemistry and Medical Significance of the Flavonoids. Pharmacol. Ther. 2002, 96, 67-202. [CrossRef]
[PubMed]

Tavsan, Z.; Kayali, H.A. Flavonoids Showed Anticancer Effects on the Ovarian Cancer Cells: Involvement of Reactive Oxygen
Species, Apoptosis, Cell Cycle and Invasion. Biomed. Pharmacother. 2019, 116, 109004. [CrossRef] [PubMed]

Biswas, P.; Dey, D.; Biswas, PK.; Rahaman, T.I; Saha, S.; Parvez, A.; Khan, D.A.; Lily, N.J.; Saha, K.; Sohel, M.; et al. A
Comprehensive Analysis and Anti-Cancer Activities of Quercetin in ROS-Mediated Cancer and Cancer Stem Cells. Int. ]. Mol.
Sci. 2022, 23, 11746. [CrossRef] [PubMed]

Ai, L.; Kim, WJ.; Demircan, B.; Dyer, L.M.; Bray, K.J.; Skehan, R.R.; Massoll, N.A.; Brown, K.D. The Transglutaminase 2 Gene
(TGM2), a Potential Molecular Marker for Chemotherapeutic Drug Sensitivity, Is Epigenetically Silenced in Breast Cancer.
Carcinogenesis 2008, 29, 510-518. [CrossRef]

Eckert, R.L. Transglutaminase 2 Takes Center Stage as a Cancer Cell Survival Factor and Therapy Target. Mol. Carcinog. 2019, 58,
837-853. [CrossRef]

17



Pharmaceuticals 2023, 16, 1229

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.
96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Mehta, K.; Han, A. Tissue Transglutaminase (TG2)-Induced Inflammation in Initiation, Progression, and Pathogenesis of Pancreatic
Cancer. Cancers 2011, 3, 897-912. [CrossRef]

Wang, F; Wang, L.; Qu, C.; Chen, L.; Geng, Y.; Cheng, C.; Yu, S.; Wang, D.; Yang, L.; Meng, Z.; et al. Kaempferol Induces
ROS-Dependent Apoptosis in Pancreatic Cancer Cells via TGM2-Mediated Akt/MTOR Signaling. BMC Cancer 2021, 21, 396.
[CrossRef]

Reyes-Farias, M.; Carrasco-Pozo, C. The Anti-Cancer Effect of Quercetin: Molecular Implications in Cancer Metabolism. Int. ].
Mol. Sci. 2019, 20, 3177. [CrossRef] [PubMed]

Ortega, A.L.; Mena, S.; Estrela, ] M. Glutathione in Cancer Cell Death. Cancers 2011, 3, 1285-1310. [CrossRef] [PubMed]
Pakfetrat, A.; Dalirsani, Z.; Hashemy, S.I.; Ghazi, A.; Mostaan, L.V.; Anvari, K.; Pour, A.M. Evaluation of Serum Levels of Oxidized
and Reduced Glutathione and Total Antioxidant Capacity in Patients with Head and Neck Squamous Cell Carcinoma. . Cancer
Res. Ther. 2018, 14, 428-431. [CrossRef] [PubMed]

Bansal, A.; Simon, M.C. Glutathione Metabolism in Cancer Progression and Treatment Resistance. J. Cell Biol. 2018, 217, 2291-2298.
[CrossRef] [PubMed]

Yoo, D.; Jung, E.; Noh, J.; Hyun, H.; Seon, S.; Hong, S.; Kim, D.; Lee, D. Glutathione-Depleting Pro-Oxidant as a Selective
Anticancer Therapeutic Agent. ACS Omega 2019, 4, 10070-10077. [CrossRef]

Traverso, N.; Ricciarelli, R.; Nitti, M.; Marengo, B.; Furfaro, A.L.; Pronzato, M.A.; Marinari, U.M.; Domenicotti, C. Role of
Glutathione in Cancer Progression and Chemoresistance. Oxid. Med. Cell. Longev. 2013, 2013, 972913. [CrossRef]

Desideri, E.; Ciccarone, F.; Ciriolo, M.R. Targeting Glutathione Metabolism: Partner in Crime in Anticancer Therapy. Nutrients
2019, 11, 1926. [CrossRef]

Liang, F; Fang, Y.; Cao, W.; Zhang, Z.; Pan, S.; Xu, X. Attenuation of ferf-Butyl Hydroperoxide (t-BHP)-Induced Oxidative
Damage in HepG2 Cells by Tangeretin: Relevance of the Nrf2-ARE and MAPK Signaling Pathways. J. Agric. Food Chem. 2018, 66,
6317-6325. [CrossRef]

Omar, H.A.; Mohamed, W.R.; Arab, H.H.; Arafa, E.S.A. Tangeretin Alleviates Cisplatin-Induced Acute Hepatic Injury in Rats:
Targeting MAPKs and Apoptosis. PLoS ONE 2016, 11, e0151649. [CrossRef]

Portela, A.; Esteller, M. Epigenetic Modifications and Human Disease. Nat. Biotechnol. 2010, 28, 1057-1068. [CrossRef]
Hernando-Herraez, I.; Garcia-Perez, R.; Sharp, A.J.; Marques-Bonet, T. DNA Methylation: Insights into Human Evolution. PLoS
Genet. 2015, 11, €1005661. [CrossRef] [PubMed]

Parry, L.; Clarke, A.R. The Roles of the Methyl-CpG Binding Proteins in Cancer. Genes Cancer 2011, 2, 618-630. [CrossRef]
Bergman, Y.; Cedar, H. DNA Methylation Dynamics in Health and Disease. Nat. Struct. Mol. Biol. 2013, 20, 274-281. [CrossRef]
[PubMed]

Ning, B.; Li, W.; Zhao, W.; Wang, R. Targeting Epigenetic Regulations in Cancer. Acta Biochim. Biophys. Sin. 2015, 48, 97-109.
[CrossRef] [PubMed]

Stefansson, O.A.; Moran, S.; Gomez, A.; Sayols, S.; Arribas-Jorba, C.; Sandoval, J.; Hilmarsdottir, H.; Olafsdottir, E.; Tryggvadottir,
L.; Jonasson, ].G.; et al. A DNA Methylation-Based Definition of Biologically Distinct Breast Cancer Subtypes. Mol. Oncol. 2015, 9,
555-568. [CrossRef] [PubMed]

Zakhari, S. Alcohol Metabolism and Epigenetics Changes. Alcohol Res. 2013, 35, 6-16. [PubMed]

Selvakumar, P; Badgeley, A.; Murphy, P.; Anwar, H.; Sharma, U.; Lawrence, K.; Lakshmikuttyamma, A. Flavonoids and Other
Polyphenols Act as Epigenetic Modifiers in Breast Cancer. Nutrients 2020, 12, 761. [CrossRef]

Cadet, J.; McCoy, M.; Jayanthi, S. Epigenetics and Addiction. Clin. Pharmacol. Ther. 2016, 99, 502-511. [CrossRef]

Fatima, N.; Baqri, S.S.R.; Bhattacharya, A.; Koney, N.K.K.; Husain, K.; Abbas, A.; Ansari, R.A. Role of Flavonoids as Epigenetic
Modulators in Cancer Prevention and Therapy. Front. Genet. 2021, 12, 758733. [CrossRef]

Goldar, S.; Khaniani, M.S.; Derakhshan, S.M.; Baradaran, B. Molecular Mechanisms of Apoptosis and Roles in Cancer Develop-
ment and Treatment. Asian Pac. ]. Cancer Prev. 2015, 16, 2129-2144. [CrossRef] [PubMed]

Hassan, M.; Watari, H.; Abualmaaty, A.; Ohba, Y.; Sakuragi, N. Apoptosis and Molecular Targeting Therapy in Cancer. Biomed
Res. Int. 2014, 2014, 150845. [CrossRef] [PubMed]

Carneiro, B.A.; El-Deiry, W.S. Targeting Apoptosis in Cancer Therapy. Nat. Rev. Clin. Oncol. 2020, 17, 395-417. [CrossRef]
[PubMed]

Tewary, P.; Gunatilaka, A.A.L.; Sayers, T.]. Using Natural Products to Promote Caspase-8-Dependent Cancer Cell Death. Cancer
Immunol. Immunother. 2017, 66, 223-231. [CrossRef] [PubMed]

Kong, AN.T.; Yu, R.; Chen, C.; Mandlekar, S.; Primiano, T. Signal Transduction Events Elicited by Natural Products: Role of
MAPK and Caspase Pathways in Homeostatic Response and Induction of Apoptosis. Arch. Pharm. Res. 2000, 23, 1-16. [CrossRef]
Mcllwain, D.R.; Berger, T.; Mak, T.W. Caspase Functions in Cell Death and Disease. Cold Spring Harb. Perspect. Biol. 2015,
7,a026716. [CrossRef] [PubMed]

Ghavami, S.; Hashemi, M.; Ande, S.R.; Yeganeh, B.; Xiao, W.; Eshraghi, M.; Bus, C.J.; Kadkhoda, K.; Wiechec, E.; Halayko, A.].;
et al. Apoptosis and Cancer: Mutations within Caspase Genes. J. Med. Genet. 2009, 46, 497-510. [CrossRef]

Xu, D.C,; Arthurton, L.; Baena-Lopez, L.A. Learning on the Fly: The Interplay between Caspases and Cancer. Biomed Res.
Int. 2018, 2018, 5473180. [CrossRef]

Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A Target for Anticancer Therapy. Int. J. Mol. Sci. 2018, 19, 448. [CrossRef]

18



Pharmaceuticals 2023, 16, 1229

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Warren, C.F.A.; Wong-Brown, M.W.; Bowden, N.A. BCL-2 Family Isoforms in Apoptosis and Cancer. Cell Death Dis. 2019, 10, 177.
[CrossRef]

Lomonosova, E.; Chinnadurai, G. BH3-Only Proteins in Apoptosis and beyond: An Overview. Oncogene 2008, 27, 52-519.
[CrossRef] [PubMed]

Elango, R.; Athinarayanan, J.; Subbarayan, V.P; Lei, D.K.Y.; Alshatwi, A.A. Hesperetin Induces an Apoptosis-Triggered Extrinsic
Pathway and a P53-Independent Pathway in Human Lung Cancer H522 Cells. |. Asian Nat. Prod. Res. 2018, 20, 559-569.
[CrossRef] [PubMed]

Dahlawi, H. Effect of Malvidin on Induction of Apoptosis and Inhibition of Cell Proliferation on Myeloid and Lymphoid
Leukemia. Sch. J. Appl. Med. Sci. 2022, 10, 150-156. [CrossRef]

Wang, Y.X.; Cai, H,; Jiang, G.; Zhou, T.B.; Wu, H. Silibinin Inhibits Proliferation, Induces Apoptosis and Causes Cell Cycle Arrest
in Human Gastric Cancer MGC803 Cells via STAT3 Pathway Inhibition. Asian Pac. |. Cancer Prev. 2014, 15, 6791-6798. [CrossRef]
[PubMed]

Liu, X.; Zhang, D.; Hao, Y.; Liu, Q.; Wu, Y;; Liu, X,; Luo, ].; Zhou, T,; Sun, B.; Luo, X.; et al. Cyanidin Curtails Renal Cell Carcinoma
Tumorigenesis. Cell. Physiol. Biochem. 2018, 46, 2517-2531. [CrossRef] [PubMed]

Lee, D.Y;; Yun, S.M,; Song, M.Y,; Jung, K.; Kim, E.H. Cyanidin Chloride Induces Apoptosis by Inhibiting NF-«B Signaling through
Activation of Nrf2 in Colorectal Cancer Cells. Antioxidants 2020, 9, 285. [CrossRef] [PubMed]

Wu, A.; Zhu, Y,; Han, B.; Peng, J.; Deng, X.; Chen, W.; Du, J.; Ou, Y.; Peng, X.; Yu, X. Delphinidin Induces Cell Cycle Arrest and
Apoptosis in HER-2 Positive Breast Cancer Cell Lines by Regulating the NF-xB and MAPK Signaling Pathways. Oncol. Lett. 2021,
22, 832. [CrossRef] [PubMed]

Kim, U,; Kim, C.-Y;; Lee, ].M.; Oh, H,; Ryu, B.; Kim, J.; Park, J.-H. Phloretin Inhibits the Human Prostate Cancer Cells Through the
Generation of Reactive Oxygen Species. Pathol. Oncol. Res. 2020, 26, 977-984. [CrossRef]

Zhou, J.; Xia, L.; Zhang, Y. Naringin Inhibits Thyroid Cancer Cell Proliferation and Induces Cell Apoptosis through Repressing
PI3K/AKT Pathway. Pathol. Res. Pract. 2019, 215, 152707. [CrossRef]

He, M,; Qiu, C.; Wang, J.; Li, B.; Wang, G.; Ji, X. Naringin Targets Zeb1 to Suppress Osteosarcoma Cell Proliferation and Metastasis.
Aging 2018, 10, 4141-4151. [CrossRef]

Raha, S.; Kim, SM.; Lee, H.].; Yumnam, S.; Saralamma, V.V.G.; Ha, S.E.; Lee, W.S,; Kim, G.S. Naringin Induces Lysosomal
Permeabilization and Autophagy Cell Death in AGS Gastric Cancer Cells. Am. ]. Chin. Med. 2020, 48, 679-702. [CrossRef]
[PubMed]

Zhang, Y.; Zhang, R.; Ni, H. Basic Research Eriodictyol Exerts Potent Anticancer Activity against A549 Human Lung Cancer Cell
Line by Inducing Mitochondrial-Mediated Apoptosis, G2/M Cell Cycle Arrest and Inhibition of m-TOR/PI3K/ Akt Signalling
Pathway. Arch. Med. Sci. 2020, 16, 446—452. [CrossRef]

Li, W;; Du, Q.; Li, X,; Zheng, X.; Lv, F; Xi, X.; Huang, G. Eriodictyol Inhibits Proliferation, Metastasis and Induces Apoptosis of
Glioma Cells via PI3K/Akt/NF-kB Signaling Pathway. Front. Pharmacol. 2020, 11, 114. [CrossRef] [PubMed]

Yan, W.; Ma, X.; Zhao, X.; Zhang, S. Baicalein Induces Apoptosis and Autophagy of Breast Cancer Cells via Inhibiting PI3K/AKT
Pathway In Vivo and Vitro. Drug Des. Dev. Ther. 2018, 12, 3961-3972. [CrossRef] [PubMed]

Pan, M.H.; Chen, WJ].; Lin-Shiau, S.Y.; Ho, C.T.; Lin, ].K. Tangeretin Induces Cell-Cyle G1 Arrest through Inhibiting Cyclin-
Dependent Kinases 2 and 4 Activities as Well as Elevating Cdk Inhibitors P21 and P27 in Human Colorectal Carcinoma Cells.
Carcinogenesis 2002, 23, 1677-1684. [CrossRef] [PubMed]

Hirano, T.; Abe, K.; Gotoh, M. Citrus Flavone Tangeretin Inhibits Leukaemic HL-60 Cell Growth Partially through Induction of
Apoptosis with Less Cytotoxicity on Normal Lymphocytes. Br. J. Cancer 1995, 72, 1380-1388. [CrossRef] [PubMed]

Dong, Y.; Cao, A; Shi, J.; Yin, P; Wang, L.; Ji, G.; Xie, J.; Wu, D. Tangeretin, a Citrus Polymethoxyflavonoid, Induces Apoptosis of
Human Gastric Cancer AGS Cells through Extrinsic and Intrinsic Signaling Pathways. Oncol. Rep. 2014, 31, 1788-1794. [CrossRef]
[PubMed]

Kang, K.A ; Piao, M.J.; Hyun, Y.J.; Zhen, A.X.; Cho, S.J.; Ahn, M.].; Yi, ] M.; Hyun, ].W. Luteolin Promotes Apoptotic Cell Death
via Upregulation of Nrf2 Expression by DNA Demethylase and the Interaction of Nrf2 with P53 in Human Colon Cancer Cells.
Exp. Mol. Med. 2019, 51, 1-14. [CrossRef]

Mahbub, A.A.; Le Maitre, C.L.; Cross, N.A.; Mahy, N.J. The Effect of Apigenin and Chemotherapy Combination Treatments on
Apoptosis-Related Genes and Proteins in Acute Leukaemia Cell Lines. Sci. Rep. 2022, 12, 8858. [CrossRef]

Li, N.; Sun, C.; Zhou, B.; Xing, H.; Ma, D.; Chen, G.; Weng, D. Low Concentration of Quercetin Antagonizes the Cytotoxic Effects
of Anti-Neoplastic Drugs in Ovarian Cancer. PLoS ONE 2014, 9, e100314. [CrossRef]

Nafees, S.; Mehdi, S.H.; Zafaryab, M.; Zeya, B.; Sarwar, T.; Rizvi, M.A. Synergistic Interaction of Rutin and Silibinin on Human
Colon Cancer Cell Line. Arch. Med. Res. 2018, 49, 226-234. [CrossRef] [PubMed]

Jiang, H.; Fan, J.; Cheng, L.; Hu, P;; Liu, R. The Anticancer Activity of Genistein Is Increased in Estrogen Receptor Beta 1-Positive
Breast Cancer Cells. OncoTargets. Ther. 2018, 11, 8153-8163. [CrossRef] [PubMed]

Guo, S.; Wang, Y.; Li, Y;; Li, Y.; Feng, C.; Li, Z. Daidzein-Rich Iso Fl Avones Aglycone Inhibits Lung Cancer Growth through
Inhibition of NF-kB Signaling Pathway. Immunol. Lett. 2020, 222, 67-72. [CrossRef] [PubMed]

Yu, X,; Gao, E; Li, W,; Zhou, L; Liu, W.; Li, M. Formononetin Inhibits Tumor Growth by Suppression of EGFR-Akt-Mcl-1 Axis in
Non-Small Cell Lung Cancer. J. Exp. Clin. Cancer Res. 2020, 39, 62. [CrossRef] [PubMed]

19



Pharmaceuticals 2023, 16, 1229

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Won, D.; Kim, L.; Jang, B.; Yang, I.; Kwon, H.; Jin, B.; Oh, S.H.; Kang, J. In Vitro and in Vivo Anti-Cancer Activity of Silymarin on
Oral Cancer. Tumor Biol. 2018, 40, 1-11. [CrossRef] [PubMed]

Wang, R.; Zhu, X.,; Wang, Q.; Li, X.; Wang, E.; Zhao, Q.; Wang, Q.; Cao, H. The Anti-Tumor Effect of Taxifolin on Lung Cancer via
Suppressing Stemness and Epithelial-Mesenchymal Transition in Vitro and Oncogenesis in Nude Mice. Ann. Transl. Med. 2020,
8, 590. [CrossRef]| [PubMed]

Razak, S.; Afsar, T.; Ullah, A.; Almajwal, A.; Alkholief, M.; Alshamsan, A.; Jahan, S. Taxifolin, a Natural Flavonoid Interacts with
Cell Cycle Regulators Causes Cell Cycle Arrest and Causes Tumor Regression by Activating Wnt/3-Catenin Signaling Pathway.
BMC Cancer 2018, 18, 1043. [CrossRef]

Silva, C.; Correia-Branco, A.; Andrade, N.; Ferreira, A.C.; Soares, M.L.; Sonveaux, P.; Stephenne, J.; Martel, F. Selective Pro-
Apoptotic and Antimigratory Effects of Polyphenol Complex Catechin:Lysine 1:2 in Breast, Pancreatic and Colorectal Cancer Cell
Lines. Eur. J. Pharmacol. 2019, 859, 172533. [CrossRef]

Pereyra-Vergara, F; Olivares-Corichi, .M.; Perez-Ruiz, A.G.; Luna-Arias, ]J.P.; Garcia-Sanchez, J.R. Apoptosis Induced by
(—)-Epicatechin in Human Breast Cancer Cells Is Mediated by Reactive Oxygen Species. Molecules 2020, 25, 1020. [CrossRef]
Wu, D; Liu, Z,; Li, ].; Zhang, Q.; Zhong, P.; Teng, T.; Chen, M.; Xie, Z.; Ji, A.; Li, Y. Epigallocatechin-3-Gallate Inhibits the Growth
and Increases the Apoptosis of Human Thyroid Carcinoma Cells through Suppression of EGFR/RAS/RAF/MEK/ERK Signaling
Pathway. Cancer Cell Int. 2019, 19, 43. [CrossRef]

Lakshmi, A.; Subramanian, S.P. Tangeretin Ameliorates Oxidative Stress in the Renal Tissues of Rats with Experimental Breast
Cancer Induced by 7,12-Dimethylbenz[a]anthracene. Toxicol. Lett. 2014, 229, 333-348. [CrossRef] [PubMed]

Braidy, N.; Behzad, S.; Habtemariam, S.; Ahmed, T.; Daglia, M.; Nabavi, S.M.; Sobarzo-Sanchez, E.; Nabavi, S.F. Neuroprotective
Effects of Citrus Fruit-Derived Flavonoids, Nobiletin and Tangeretin in Alzheimer’s and Parkinson’s Disease. CNS Neurol. Disord.
Drug Targets 2017, 16, 387-397. [CrossRef] [PubMed]

Chong, S.Y.; Wu, M.Y,; Lo, Y.C. Tangeretin Sensitizes SGS1-Deficient Cells by Inducing DNA Damage. . Agric. Food Chem. 2013,
61, 6376—6382. [CrossRef] [PubMed]

Arafa, E.S.A; Shurrab, N.T.; Buabeid, M. A. Therapeutic Implications of a Polymethoxylated Flavone, Tangeretin, in the Manage-
ment of Cancer via Modulation of Different Molecular Pathways. Adv. Pharmacol. Pharm. Sci. 2021, 2021, 4709818. [CrossRef]
[PubMed]

Koolaji, N.; Shammugasamy, B.; Schindeler, A.; Dong, Q.; Dehghani, F; Valtchev, P. Citrus Peel Flavonoids as Potential Cancer
Prevention Agents. Curr. Dev. Nutr. 2020, 4, nzaa025. [CrossRef] [PubMed]

Ortuno, A.; Benavente-Garcia, O.; Castillo, J.; Alcaraz, M.; Vicente, V.; Del Rio, J. Beneficial Action of Citrus Flavonoids on
Multiple Cancer-Related Biological Pathways. Curr. Cancer Drug Targets 2007, 7, 795-809. [CrossRef] [PubMed]

Kandaswami, C.; Perkins, E.; Soloniuk, D.S.; Drzewiecki, G.; Middleton, E. Antitproliferative Effects of Citrus Flavonoids on a
Human Squamous Cell Carcinoma in Vitro. Cancer Lett. 1991, 56, 147-152. [CrossRef]

Lin, J.J.; Huang, C.C.; Su, Y.L.; Luo, H.L.; Lee, N.L.; Sung, M.T.; Wu, Y.J. Proteomics Analysis of Tangeretin-Induced Apoptosis
through Mitochondrial Dysfunction in Bladder Cancer Cells. Int. ]. Mol. Sci. 2019, 20, 1017. [CrossRef]

Rooprai, HK,; Christidou, M.; Murray, S.A.; Davies, D.; Selway, R.; Gullan, R.W.; Pilkington, G.J. Inhibition of Invasion by
Polyphenols from Citrus Fruit and Berries in Human Malignant Glioma Cells In Vitro. Anticancer Res. 2021, 41, 619-633.
[CrossRef]

Surichan, S.; Arroo, R.R.; Tsatsakis, A.M.; Androutsopoulos, V.P. Tangeretin Inhibits the Proliferation of Human Breast Cancer
Cells via CYP1A1/CYP1B1 Enzyme Induction and CYP1A1/CYP1B1-Mediated Metabolism to the Product 4’ Hydroxy Tangeretin.
Toxicol. Vitr. 2018, 50, 274-284. [CrossRef]

Weng, C.J.; Yen, G.C. Flavonoids, a Ubiquitous Dietary Phenolic Subclass, Exert Extensive In Vitro Anti-Invasive and in Vivo
Anti-Metastatic Activities. Cancer Metastasis Rev. 2012, 31, 323-351. [CrossRef] [PubMed]

Yumnam, S.; Raha, S.; Kim, S.; Venkatarame Gowda Saralamma, V.; Lee, H.; Ha, S.; Heo, J.; Lee, S.; Kim, E.; Lee, W.; et al.
Identification of a Novel Biomarker in Tangeretin-induced Cell Death in AGS Human Gastric Cancer Cells. Oncol. Rep. 2018, 40,
3249-3260. [CrossRef] [PubMed]

Rajesh, Y,; Pal, I; Banik, P.; Chakraborty, S.; Borkar, S.A.; Dey, G.; Mukherjee, A.; Mandal, M. Insights into Molecular Therapy of
Glioma: Current Challenges and next Generation Blueprint. Acta Pharmacol. Sin. 2017, 38, 591-613. [CrossRef] [PubMed]
Erices, ].1; Torres, A.; Niechi, I.; Bernales, I.; Quezada, C. Current Natural Therapies in the Treatment against Glioblastoma.
Phyther. Res. 2018, 32, 2191-2201. [CrossRef] [PubMed]

Ma, L.L.; Wang, D.; Yu, X.D.; Zhou, Y.L. Tangeretin Induces Cell Cycle Arrest and Apoptosis through Upregulation of PTEN
Expression in Glioma Cells. Biomed. Pharmacother. 2016, 81, 491-496. [CrossRef] [PubMed]

Arivazhagan, L.; Sorimuthu Pillai, S. Tangeretin, a citrus pentamethoxyflavone, exerts cytostatic effect via p53/p21 up-regulation
and suppresses metastasis in 7,12-dimethylbenz(«)anthracene-induced rat mammary carcinoma. J. Nutr. Biochem. 2014, 24,
1140-1153. [CrossRef] [PubMed]

Sangavi, P.; Langeswaran, K. Anti-Tumorigenic Efficacy of Tangeretin in Liver Cancer—An in-Silico Approach. Curr. Comput.-
Aided. Drug Des. 2020, 17, 337-343. [CrossRef]

Yoon, ].H.; Lim, T.G.; Lee, KM.; Jeon, A.].; Kim, S.Y.; Lee, K.W. Tangeretin Reduces Ultraviolet B (UVB)-Induced Cyclooxygenase-2
Expression in Mouse Epidermal Cells by Blocking Mitogen-Activated Protein Kinase (MAPK) Activation and Reactive Oxygen
Species (ROS) Generation. J. Agric. Food Chem. 2011, 59, 222-228. [CrossRef]

20



Pharmaceuticals 2023, 16, 1229

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Chen, Q.; Gu, Y;; Tan, C.; Sundararajan, B.; Li, Z.; Wang, D.; Zhou, Z. Comparative Effects of Five Polymethoxyflavones Purified
from Citrus Tangerina on Inflammation and Cancer. Front. Nutr. 2022, 9, 963662. [CrossRef]

Zhu, G.; Lin, C.; Cheng, Z.; Wang, Q.; Hoffman, RM.; Singh, S.R.; Huang, Y.; Zheng, W.; Yang, S.; Ye, ]. TRAF6-Mediated
Inflammatory Cytokines Secretion in LPS-Induced Colorectal Cancer Cells Is Regulated by MiR-140. Cancer Genom. Proteom. 2020,
17,23-33. [CrossRef]

Jain, S.; Dash, P.; Minz, A.P; Satpathi, S.; Samal, A.G.; Behera, PK.; Satpathi, P.S.; Senapati, S. Lipopolysaccharide (LPS) Enhances
Prostate Cancer Metastasis Potentially through NF-«B Activation and Recurrent Dexamethasone Administration Fails to Suppress
It In Vivo. Prostate 2019, 79, 168-182. [CrossRef] [PubMed]

Li, J.; Yin, J.; Shen, W.; Gao, R; Liu, Y.; Chen, Y,; Li, X; Liu, C.; Xiang, R.; Luo, N. TLR4 Promotes Breast Cancer Metastasis via
Akt/GSK3p /p-Catenin Pathway upon LPS Stimulation. Anat. Rec. 2017, 300, 1219-1229. [CrossRef] [PubMed]

Liu, J.; Xu, D.; Wang, Q.; Zheng, D.; Jiang, X.; Xu, L. LPS Induced miR-181a Promotes Pancreatic Cancer Cell Migration via
Targeting PTEN and MAP2K4. Dig. Dis. Sci. 2014, 59, 1452-1460. [CrossRef] [PubMed]

Dey, D.K,; Chang, S.N.; Vadlamudi, Y.; Park, ].G.; Kang, S.C. Synergistic Therapy with Tangeretin and 5-Fluorouracil Accelerates
the ROS/JNK Mediated Apoptotic Pathway in Human Colorectal Cancer Cell. Food Chem. Toxicol. 2020, 143, 111529. [CrossRef]
[PubMed]

Wei, G.J.; Chao, Y.H.; Tung, Y.C.; Wu, T.Y,; Su, Z.Y. A Tangeretin Derivative Inhibits the Growth of Human Prostate Cancer LNCaP
Cells by Epigenetically Restoring P21 Gene Expression and Inhibiting Cancer Stem-like Cell Proliferation. AAPS . 2019, 21, 86.
[CrossRef] [PubMed]

Miller, E.G.; Peacock, ]J.J.; Bourland, T.C.; Taylor, S.E.; Wright, ].M.; Patil, B.S.; Miller, E.G. Inhibition of Oral Carcinogenesis by
Citrus Flavonoids. Nutr. Cancer 2007, 60, 69-74. [CrossRef] [PubMed]

Chen, K.-H.; Weng, M.-S; Lin, J.-K. Tangeretin Suppresses IL-13-Induced Cyclooxygenase (COX)-2 Expression through Inhibition
of P38 MAPK, JNK, and AKT Activation in Human Lung Carcinoma Cells. Biochem. Pharmacol. 2007, 73, 215-227. [CrossRef]
Zhu, W.B,; Xiao, N.; Liu, X.J. Dietary Flavonoid Tangeretin Induces Reprogramming of Epithelial to Mesenchymal Transition in
Prostate Cancer Cells by Targeting the PI3K/Akt/MTOR Signaling Pathway. Oncol. Lett. 2018, 15, 433-440. [CrossRef]

He, Z.; Li, B.; Rankin, G.O.; Rojanasakul, Y.; Chen, Y.C. Selecting Bioactive Phenolic Compounds as Potential Agents to Inhibit
Proliferation and VEGF Expression in Human Ovarian Cancer Cells. Oncol. Lett. 2015, 9, 1444-1450. [CrossRef]

Jaboin, J; Iii, W.A.V,; Banik, N.L.; Giglio, P. A Novel Component from Citrus, Ginger, and Mushroom Family Exhibits Antitumor
Activity on Human Meningioma Cells through Suppressing the Wnt/3-Catenin Signaling Pathway. Tumor Biol. 2022, 36,
7027-7034. [CrossRef]

Li, YR.; Li, S.;; Ho, C.T,; Chang, Y.H.; Tan, K.T.; Chung, TW.; Wang, B.Y.; Chen, YK.; Lin, C.C. Tangeretin Derivative, 5-Acetyloxy-
6,7,8,4'-Tetramethoxyflavone Induces G2/M Arrest, Apoptosis and Autophagy in Human Non-Small Cell Lung Cancer Cells In
Vitro and In Vivo. Cancer Biol. Ther. 2016, 17, 48—-64. [CrossRef]

Periyasamy, K.; Baskaran, K.; Ilakkia, A.; Vanitha, K.; Selvaraj, S.; Sakthisekaran, D. Antitumor Efficacy of Tangeretin by Targeting
the Oxidative Stress Mediated on 7,12-Dimethylbenz(a) Anthracene-Induced Proliferative Breast Cancer in Sprague-Dawley Rats.
Cancer Chemother. Pharmacol. 2015, 75, 263-272. [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.

21



pharmaceuticals

Review

Research Progress of Flavonoids Regulating Endothelial Function

Hao Li and Qi Zhang *

check for
updates

Citation: Li, H.; Zhang, Q. Research
Progress of Flavonoids Regulating
Endothelial Function. Pharmaceuticals
2023, 16, 1201. https://doi.org/
10.3390/ph16091201

Academic Editors: Fernando Calzada,
Miguel Valdes and Chung-Yi Chen

Received: 17 July 2023
Revised: 9 August 2023
Accepted: 20 August 2023
Published: 23 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

The Basic Medical College, Shaanxi University of Chinese Medicine, Xianyang 712046, China;
221010011697@sntcm.edu.cn
* Correspondence: zhangqgi@sntcm.edu.cn

Abstract: The endothelium, as the guardian of vascular homeostasis, is closely related to the occur-
rence and development of cardiovascular diseases (CVDs). As an early marker of the development of
a series of vascular diseases, endothelial dysfunction is often accompanied by oxidative stress and
inflammatory response. Natural flavonoids in fruits, vegetables, and Chinese herbal medicines have
been shown to induce and regulate endothelial cells and exert anti-inflammatory, anti-oxidative stress,
and anti-aging effects in a large number of in vitro models and in vivo experiments so as to achieve
the prevention and improvement of cardiovascular disease. Focusing on endothelial mediation, this
paper introduces the signaling pathways involved in the improvement of endothelial dysfunction
by common dietary and flavonoids in traditional Chinese medicine and describes them based on
their metabolism in the human body and their relationship with the intestinal flora. The aim of this
paper is to demonstrate the broad pharmacological activity and target development potential of
flavonoids as food supplements and drug components in regulating endothelial function and thus in
the prevention and treatment of cardiovascular diseases. This paper also introduces the application
of some new nanoparticle carriers in order to improve their bioavailability in the human body and
play a broader role in vascular protection.

Keywords: flavonoids; endothelial dysfunction; oxidative stress; NO; bioavailability

1. Introduction

Cardiovascular disease (CVD), which includes coronary artery disease, stroke, hyper-
tension, heart failure, rheumatic etiology/congenital heart disease, and peripheral vascular
disease, is the leading cause of death worldwide, causing about 17.3 million deaths per year
and showing a sustained growth trend [1]. Endothelial dysfunction in the vascular system
interacts with the pathogenesis of CVDs and often becomes the initial stage of vascular
disease [2].The disruption of the endothelium-dependent vasodilator-contractor balance
directly or indirectly affects most CVDs, such as hypertension, coronary artery disease,
chronic heart failure, peripheral artery disease, and diabetes mellitus [3].The arterial wall is
composed of three layers from the outside to the inside, namely the adventitia, media, and
intima. Vascular endothelial cells (VECs) are a layer of flat squamous cells that continuously
cover the surface of the vascular lumen and form the intima layer together with connective
tissue [4] (Figure 1). The endothelium is often in a metabolically active state. As the hub of
the cell network, it is not only an important barrier between the blood and the vessel wall
but also secretes a variety of vasoactive factors according to the local environment to affect
the balance between vasodilation and contraction responses. Endothelium-dependent
vasodilators mainly involve NO, endothelium-derived hyperpolarizing factor (EDFF), and
prostacyclin (PGI2), while endothelium-dependent vasoconstrictor responses are mainly
associated with endothelin-1 (ET-1), angiotensin II (Ang II), reactive oxygen species (ROS),
and thromboxane A2 (TXA2) [5]. Of these, NO is a key active substance to maintain
vascular homeostasis. The decrease of NO bioavailability, including the decrease of NO pro-
duction and/or the increase of NO degradation by superoxide anion, marks the beginning
of endothelial dysfunction. Oxidative stress induced by CVD-related events often inhibits
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the bioavailability of NO and induces chronic vascular inflammation, which aggravates
endothelial damage.

Tunica media

Tunica intima Tunica adventitia

Endothelial cells

Figure 1. The arterial vessel wall is composed of three layers from outer to inner, namely the
adventitia, media, and intima.

For a long time, people have gradually realized that diet plays an important role in
the etiology of many chronic diseases, causing differences in the incidence and mortality
of chronic diseases among populations in different countries and regions of the world.
Therefore, it is crucial to prevent CVD by adjusting the diet. Based on this, the traditional
Mediterranean diet (MedDiet), rich in vegetables, fruits, nuts, beans, etc., has been identified
as one of the healthiest CVD-preventing diets [6]. One of its main active ingredients,
polyphenols, is a secondary metabolite of plants and a major source of antioxidants in
the diet. According to the molecular skeleton structure, it can be divided into flavonoids
and non-flavonoids such as phenolic acids, stilbenes, phenolic alcohols, lignans, etc. [7].
Thus far, more than 8000 polyphenols have been known, of which more than 5000 are
flavonoids [8]. Within each category, there is considerable heterogeneity in the number
and position of substituents such as hydroxyl(OH), methoxy(OCH3) and sugar groups,
which determine the physicochemical properties and biological activity of polyphenols.
For example, the position and degree of hydroxylation significantly affect their antioxidant
properties [9]. Numerous epidemiological studies have shown that moderate intake of
dietary polyphenolic compounds may contribute to the prevention of atherosclerosis (AS),
arterial hypertension, and coronary heart disease (CHD) [9]. Previous studies have shown
that intake of foods with high dietary flavonoid content is negatively correlated with
cardiovascular disease mortality, and its pharmacological activity may be related to food
type, intake dose, and in vivo bioavailability [10]. In addition, as natural products widely
found in nature, flavonoids are also extremely abundant in Chinese herbs and have been
proven to achieve the function of preventing and controlling CVD through multi-targeting
and multi-pathway effects [11,12].

Currently, traditional antihypertensive drugs and nitric oxide substitutes are com-
monly used to improve cardiovascular diseases. Considering the inevitable side effects and
drug tolerance, new anti-inflammatory agents and antioxidants based on phytochemicals
have attracted increasing scientific interest [13]. Among many natural active molecules,
flavonoids have received special attention due to their wide range of biological activities.
However, the detailed mechanism of protecting endothelial cells (ECs) is still unknown.
This review focuses on the literature in recent years and preliminarily summarizes the
performance and potential mechanism of flavonoids and polyphenols in improving en-
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dothelial dysfunction and cardiovascular health and discusses their bioavailability after
metabolism in the human body.

1.1. Endothelial Function and Vascular Homeostasis

Known as the gatekeeper of vascular biology due to their location at the critical inter-
face between circulating blood and the cellular environment, the ECs’ surface is covered
with a polysaccharide calyx, formed by negatively charged glycoproteins, proteoglycans,
and glycosaminoglycans, which can inhibit platelet and leukocyte adhesion and promote
vascular barrier permeability. It can also mediate shear-stress-induced NO release and exert
vascular protection [14]. NO is produced by the oxidation of L-arginine by endothelial
nitric oxide synthase (eNOS) with the help of the cofactor tetrahydrobiopterin (BH4) [15]. It
then diffuses into subcutaneous vascular smooth muscle cells and triggers cyclic guanosine
monophosphate (cGMP)-dependent vasodilation through activation of guanylate cyclase
(SGC) [16]. Cyclooxygenase (COX)-derived PGI2 stimulates the prostacyclin receptor
and activates adenylate cyclase (AC) in smooth muscle cells and then activates the cyclic
adenosine monophosphate/protein kinase A (cAMP/PKA) signaling pathway to reduce
Ca2+-mediated vascular tone (Figure 2). Several vasoconstrictor molecules produced by
the endothelium, such as ET-1, Ang-II, and TxA2, tend to be released to regulate platelet
activity, coagulation cascade reactions, and the fibrinolytic system under physiological
conditions. Under physiological conditions, ECs constitute a non-adhesive surface that
prevents platelet activation and coagulation cascade reactions. After vascular injury, en-
dothelial activation is involved in all subsequent major hemostatic events and restricts
clot formation to specific areas where hemostasis is required as well as restoration of vas-
cular integrity [17]. There are also mechanosensors/mechanosensitive complexes on the
surface of ECs that sense shear stresses generated by blood flow and convert them into bio-
chemical signals that regulate vascular tone and homeostasis in vivo and intervene in NO
production to achieve vascular homeostasis through a variety of mechanisms [18]. ECs also
have metabolic activity, maintaining their proliferation and vasodilation functions through
amino acid (AA) metabolism. Endothelial glutaminase can catalyze the metabolism of
glutamine to o-ketoglutarate, induce endothelial senescence, and inhibit endothelial cell
proliferation through pharmacological effects [19]. The functions of healthy endothelium,
such as dynamic maintenance of vascular tension, anti-oxidation, anti-thrombosis, anti-
inflammation, and participation in vascular metabolism, are of great significance to the
homeostasis of cardiovascular system and have great reference value for the preclinical
testing of new drugs (Figure 3).

Healthy artery

Endothelial cells L L.
l-arginine is oxidized
by eNOS
CO\X - - /‘
: ”
relea\s&e /
PGI !
e rel¢ase
activate), EDHF /
cAMP/PKA I
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Figure 2. Endothelial-derived vasoactive factors regulate vascular tone in healthy arterial vessels.
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Figure 3. Regulation of vascular homeostasis by healthy endothelium.

1.2. Endothelial Dysfunction
1.2.1. Oxidative Stress and eNOS Uncoupling

A healthy endothelium enables the regulation and maintenance of vascular homeosta-
sis, and any disturbance to this delicate and valuable balance can lead to the development
of endothelial dysfunction. As mentioned earlier, NO is an endothelium-derived relaxing
factor that, in addition to regulating vasodilatation, affects vascular homeostasis through
a variety of pathways, such as inhibition of smooth muscle cell proliferation, platelet
aggregation, adhesion of platelets and monocytes to endothelial cells, LDL oxidation,
expression of adhesion molecules, and endothelin production. However, increased oxida-
tive stress or reduced antioxidant enzyme activity, for example, can lead to reduced NO
bioavailability [20,21].

Oxidative stress may be caused by the excessive production or accumulation of free-
radical-reactive substances such as reactive oxygen species (ROS), reactive nitrogen species
(RNS), and reactive sulfur species (RSS) [22]. Among them, ROS includes molecules such
as HyO,, superoxide anion (O,°~) and hydroxyl radical (¢OH), which are key molecules
in maintaining the redox state of cells and physiological signaling [23]. Oxidative stress
is usually defined as a pathological state caused by the imbalance between prooxidants
and antioxidants. The pro-oxidants that have been found include NADPH oxidase (NOX),
xanthine oxidase (XO), mitochondrial respiratory chain enzymes, and dysfunctional eNOS.
The antioxidant enzyme system includes superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), heme oxygenase (HO), thioredoxin reductase (Trx), and
paraoxonase (PONs) [15]. There is evidence that oxidative stress induced by a large amount
of ROS in the vascular wall will aggravate endothelial dysfunction, and CVD-related events
such as diabetes, hypertension, dyslipidemia, smoking, or obesity are often important
inducing factors [24].

Under oxidative stress conditions, eNOS removes an electron from NADPH and
donates it to O, to generate O,°~ rather than NO, and this process is known as eNOS
uncoupling [25]. BH4 has an important auxiliary role for efficient electron transfer in the
eNOS-catalyzed cycle. In the process of oxidative stress, O,*~ reacts with NO to pro-
duce peroxynitrite (ONOO-), which can rapidly oxidize BH4 to BH2. The decrease in the
BH4/BH2 ratio leads to the fact that electrons cannot be transferred to the N-terminal
oxygenase domain of other eNOS monomers, thus exacerbating eNOS uncoupling [26].
Studies have shown that NOX-derived H,O, in endothelial cells down-regulates the ex-
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pression of DHFR in response to angiotensin II, which also leads to the lack of BH4 and
the decoupling of eNOS [27]. In addition, oxidative stress has been shown to promote the
synthesis of asymmetric dimethyl-l-arginine (ADMA), which competes with the eNOS
substrate l-arginine [28], thereby inhibiting eNOS synthesis of NO. Oxidative stress can
also promote the S-glutathionylation of eNOS to reversibly reduce the production of NO
and increase the production of 02~ [29].

The substrates and cofactors in the process of NO synthesis by eNOS are affected by
oxidative stress, and the products of eNOS uncoupling promote the production of ROS,
resulting in a vicious circle that drastically reduces NO bioavailability, severely disrupts the
endothelial environmental homeostasis, and leads to a cascade of cardiovascular diseases.

1.2.2. Inflammation

Inflammation has been reported to play an important role in all stages of the AS
process, with vascular inflammation being the process that leads to alterations in the
vascular wall and subsequently to endothelial dysfunction [30]. Chronic inflammation
may be caused by a variety of stimuli, such as oxidative stress, pro-inflammatory cy-
tokines, hypercholesterolemia, hypertension, and shear stress [31]. When damaged, ECs
are activated and produce inflammatory factors such as interleukin-8 (IL-8), chemokines,
colony-stimulating factors, interferons, monocyte chemotactic protein-1 (MCP-1), intercellu-
lar adhesion molecule-1 (ICAM-1), p-selectin, e-selectin, and vascular adhesion molecule-1
(VCAM-1). These substances attract monocytes and neutrophils, which attach to activated
ECs and penetrate the arterial wall, thereby triggering inflammation [32].

O?~ and other ROS generated by oxidative stress stimulate nuclear factor kappa
B (NF-kB), which in turn activates various pro-inflammatory cytokines such as tumor
necrosis factor-o (TNF-«) and IL-1. TNF-a and IL-1f3 can stimulate endothelial cells to
secrete other pro-inflammatory cytokines (IL-6), which in turn stimulate hepatocytes to
produce and release a variety of acute phase reactants, including fibrinogen and C-reactive
protein, regulating chronic inflammation and acute-phase response [33]. The circulating
inflammatory markers C-reactive protein and IL-6 are able to up-regulate the production of
tissue factor (TF) and vascular hemophilic factor (vWEF), while inhibition of the expression
of thrombomodulin, NO, and PGI2 allows for a shift in the endothelial milieu from an
antithrombotic to a prothrombotic state [17]. Endothelial dysfunction can also be induced
directly via oxidative low-density lipoprotein (LDL) receptor-1 [34]. At the same time,
TNF-« in turn activates NF-kB to increase the expression of cell adhesion molecules [35].
In addition, TNF-& was found to up-regulate NOX activity in endothelial cells and increase
O? levels in the vessel wall [36]. Such a positive feedback accelerates monocyte adhesion
to the endothelium, leading to chronic inflammation of the vessel wall. Other factors
such as oxidized low-density lipoprotein (ox-LDL) can stimulate the secretion of adhesion
molecules by ECs and trigger the formation of vascular lesions. Ang II, a key effector
of RAS, activates NF-«kB, which up-regulates the expression of inflammatory cytokines
and adhesion molecules exerting inflammatory effects and promoting the development
of AS plaques [37]. It also activates their vascular G-protein-coupled receptors, leading to
NOX activation and increased ROS production [38]. Lipopolysaccharide (LPS) can activate
immune cells (such as macrophages) to secrete inflammation-mediated cytokines to catalyze
inflammation. It can also activate ERK1/2, JNK, and p38 MAP kinases (MAPKSs), which
ultimately regulate the activity of transcription factor NF-kB and regulate the expression of
inflammatory mediators such as inducible nitric oxide synthase (iNOS), cyclooxygenase-2
(COX-2), INF-«, IL-1, IL-1f3, and IL-6 [39,40]. Vascular inflammation is one of the major
disruptors of the vascular homeostatic environment and endothelial normal physiology,
and the NF- B and MAPK pathways are closely related to the secretion of pro-inflammatory
cytokines, which deserves to be further explored in the exploration of anti-inflammatory
therapeutic strategies in the future.

In addition to the typical endothelial dysfunction-causing factors described above,
disruption of vascular homeostatic balance by other pathways is of equal interest, for
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example, the endothelial-to-mesenchymal transition (EndoMT) by TGF-3 signaling, in
which ECs lose endothelial features but acquire mesenchymal-like morphology and gene
expression patterns [41]. In addition, in the development of AS, endothelial-dependent
permeability and vasodilation are often inhibited by VECs death, especially the regulatory
death of endothelial cells, such as ferroptosis and autophagy [42]. As one of the initial
inducing factors of AS, ferroptosis promotes the collapse of cell membrane and mitochon-
drial membrane, resulting in endothelial injury and death. It can also induce intravascular
plaque formation, and the resulting vascular remodeling is a key factor in the stability of
plaque in advanced AS [43]. Excessive autophagy caused by severe oxidative stress or
inflammatory stimulation causes autophagy-dependent cell death and destroys plaque
stability [44]. Autophagy of endothelial cells causes VCAM-1, ICAM-1, and other levels
to shift down, while the infiltration of macrophages and foam cells increases, which also
promotes arterial thrombosis [45] (Figure 4).
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Figure 4. Endothelial dysfunction (including oxidative stress, eNOS uncoupling, inflammation, and
other factors).

In fact, there are often synergistic or promoting effects between many factors that
cause endothelial dysfunction, which have a superposition effect on disrupting vascular
homeostasis and accelerating the occurrence and development of CVDs. Through the
in-depth study of the mechanism of endothelial function/disorder, we can accelerate the
discovery of new therapeutic drugs and implement effective targeted therapy.

2. Flavonoids
2.1. Sources, Classification, and Chemical Properties of Flavonoids

Flavonoids are the most abundant and widely studied natural phenolic compounds,
which are commonly found in fruits, vegetables, wine, tea, and Chinese herbal medicine [46].
Flavonoids have a basic C6-C3-C6 15-carbon skeleton consisting of two aromatic rings and
a pyran ring. They are classified into six subclasses based on their carbon structure and
oxidation level, namely flavones, flavonols, flavanones, flavan-3-ols (flavanols), isoflavones,
and anthocyanins [47] (Figures 5 and 6). Dietary flavonoids in nature exist in the form
of glycosides such as glucosides, galactosides, arabinosides, rhamnosides, and rutino-
sides [48]. All dietary flavonoids except flavanols exist in glycosylated forms [49], and
deglycosylation is a key step in the absorption and metabolism of flavonoid glycosides [50].
In nature, flavonoids usually do not exist alone. Oral intake of dietary flavonoids can also
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interact with other compounds, such as carbohydrates, fats, proteins, acids, etc., and their
physiological activity may also change [51]. When flavonoids derived from Chinese herbal
medicines are administered orally, their effectiveness as therapeutic drugs is seriously
reduced due to their poor solubility, low permeability, and poor stability. For example, the
2,3-position double bonds of flavonoids and flavonols easily form a planar structure, result-
ing in tight molecular arrangement, so it is difficult for solvent molecules to penetrate their
molecular structure [52]. Despite this, flavonoids have been shown to exert a wide range of
pharmacological activities and involve multiple signaling pathways to achieve antioxidant,
anti-inflammatory, anti-hyperlipidemic, and cardioprotective effects [53] (Table 1).

Table 1. Endothelial-protective mechanisms of flavonoids in vivo and in vitro. 1 for up-regulation,

and | for suppression.

Model Components Dose Function Signal Passage Ref.
Hypoxia-induced 10-100 umol /L Aortic ring relaxation; HIF-20-Arg-NO axis |
pulmonary hypertension ~ Luteolin 78 (;la S / Mean pulmonary and [54]
in rats y arterial hypertension |; PI3K-AKT-eNOS-NO 1
H,0,-induced injury Luteolin 2.5-20 uM, sﬁg;‘sfoi’;dig“;; AMPK/PKC %; 155,561
of HUVECs pretreatment 2 h . s1mp . P38 MAPK/NF-«B | ’
mitochondrial function
TNF-a-induced
adhesion of human Luteolin 0.5-20 uM, (MCP-1, ICAM-1, IKBx/NF-kB | [57]
EA.hy 926 ECs pretreatment 1 h VCAM-1) |
. Modified diet
TNF—cx—mduFed Luteolin containing Anti-inflammatory IKBo/NF-kB | [57]
C57BL/6 mice 93.93% luteolin
Luteolin- 20 ul, Anti-oxidative stress; JAK/STAT3;
HUVECs 7-0-Glucoside treatmenrfc;r 48h Anti-inflammatory; Nox4/ROS-NF-«BJ; [58]
Anti-proliferation MAPK |
. .. Activation of the
 anglinducec Baicalin 6.25-50 UM Antoxidative Sess;  ACE2/Ang- (17)/Mas axis;  [59]
injury o S nti-apoptosis PI3K/ AKT/eNOS 1
Norbascine-induced Anti-oxidative stress; Akt/ERK1 /2./ GS.K?’ B/
I hvpertensi Baicalei 10 mg/kg/day, M 1 B-catenin |; [60]
pulmonary hypertension aicalein ean pulmonary .
. 28 days . . ET-1/ETAR |;
in rats arterial hypertension | ROS |
50,100 Inhibited platelet
LPS-induced rats Baicalin mg/kg/day, hy.p.eractlvatlon; Furin/TGFf1/Smad3/TSP-1 61]
3 da Anti-inflammatory; 1
ys TSP1 |
TNF-a-induced .. Anti-platelet adhesion;
injury of HUVECs Baicalin / TSP1, ICAM-1 | AKT/Ca2+/ROS | [61]
Anti-inflammatory;
TNF-a-induced . ) anti-apoptosis Activator protein 1 (AP-1) |
injury of HUVECs Quercetin 10uM; 30 ug/mb g electin, VCAM-1, NF-kB | [62-64]
ICAM-1, IL-6, IL-8 |
DF-induced
inflammation of Quercetin 5uM Anti-inflammatory NRP2 _VEGEC complex [65]
HUVECs
Quercetin-lycopene
H,0,-induced injury combination Anti-oxidative stress;
of HUVECs (molar ratio §uM, 12h Anti-inflammatory SIRT1-Nox4-ROS | [66]
5:1)
High-fat diet 4me/da
(HFD)-fed Quercetin §/4ay, Anti-oxidative stress NOX |; HO-11 [67]
8 weeks
ApoE_/ ~ mice
Anti-oxidative stress;
H/R(;;n}t;lg;/({eg érs‘] ury Quercetin 0.1-1 umol/L, 8 h Enhance cell viability; Keap1/Nrf2 1 [68]

Anti-apoptosis;
ICAM-1, VCAM-1 |
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Table 1. Cont.

Model Components Dose Function Signal Passage Ref
Angll-infused Anti-oxidative stress; NOX |;
hypertensive mice EGCG 50 mg/kg/day Systolic blood pressure | BH4-eNOS-NO 1 [69]
Homocysteine- RTI . .
induced injury EGCG Pretreatment 2 h Ang—ogldatlve stress; SIII:El /AMPK {; [70]
of HUVECs nti-apoptosis t/eNOS 1
H,0O,-induced injury 1-10 pmol/L, Anti-oxidative stress;
of HUVECs EGCG pretreatment 24 h Induced autophagy PI3K-AKT-mTOR | (71]
TNF-a-induced
injury of human
coronary artery EGCG / Anti-inflammatory NF-«B | [72]
endothelial cells
(HCAECs)
ox-LDLr-induced 50,100 uM Anti-inflammatory;
injury of HUVECs Naringin o tr/ea tment ’2 h Anti-apoptosis; Hippo-YAP | [73]
y P Anti-EndMT
Homocysteine- 200 UM Anti-oxidative stress;
induced injury Naringenin ’ Reduced eNOS AMPKe/Sirtl 1 [74]
treatment for 24 h .
of HUVECs uncoupling
High glucose (HG)-
or free fatty acids
(FFA)—indyuced Naringenin 0-100 uM Anti-apoptosis PISKN/Akt 'and JNKI 1 [75]
. rf2 1, HO-1 1
apoptosis in
HUVECs
Promoted NO TRPV1-CaMKII/p38
HUVECs Hesperidin 1uM,2h production and MAPK/MasR 1; [76,77]
expression of MasR TRPV1-CaMKII/eNOS/NO 1
Ox-LDL-induced
senescence Genistein LeM, Induced autophagy; SIRT1/LKB1/AMPK 1 (78]
of HUVECs pretreatment 30 min Anti-aging
H;0,-induced Anti-apoptosis;
senescence Genistein 40,80 pg/mL, 24 h An tir-) pin ’ TXNIP/NLRP3 | [79]
of HUVECs agihe
LPS-induced chronic
vascular Genistein 10meg/kg/day, Anti-inflammator miR-21/NF-kB p65 | [80]
inflammatory 20 weeks y p
response in mice
Vasc(‘tlelﬁz E}\r;]cal(c):tsl;ehal Genistein pre trelzg trplt'll\e/zlé t2h Anti-inflammatory miR-21/NF-kB p65 | [80]
High glucose P .
(HG)-induced injury an‘i;‘i)‘zbf;iyns ) t5 “tg/ mI;'z n If*gt"o’gdat“’gjtrt‘?ss' PI3K/ Akt 1: PKCC | [81]
of HUVECS Y pretreatmen nduced vasodilation
Anti-oxidative stress;
Aged SD rats I\i‘)‘(g’:gy 300 mg/kg Rel?:lrtltcle?:lg:;lo’és SIRT1 1; [82]
uncoupling
PA-tr
40 ’crantsfii,fceciid1 esiz)/rtic Anthocyanin fgé 100, /20% Anti tosi 38 MAPK 83
rat endothelial cells  from red radish g 4ghm ’ NH-apoptosts P + (83]
(SVAREC)
Inhibited cell
HUVECs Crocetin 10, 20, 40 uM migration and VEGFR2/SRC/FAK | [84]
angiogenesis
Inhibited cell
HUVECs Crocin 100, 200, 400 uM migration and VEGFR2/MEK/ERK | [84]
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Table 1. Cont.

Model Components Dose Function Signal Passage Ref.

Prevented ZO-1

LPS-stimulated brain

microvascular Hydroxysafflor / degradation and HIF-100/NOX2 | [85]
. Yellow A protected the
endothelial cells . .
blood-brain barrier
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¢ Yellow A 105,104 M expanded bloo Ca2+/PKA/eNOS 1
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Isoflavones
a
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Flavanones
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Figure 5. Flavonoids in dietary and herbal medicines.

2.2. Bioavailability of Flavonoids

As mentioned earlier, although epidemiological studies have demonstrated the ability
of long-term, high intake of flavonoid-rich foods to reduce the incidence of CVD events,
their bioavailability in the human body is actually very low due to differences in com-
position, subclasses, glycosylation, molecular weight, and esterification [87]. After oral
ingestion, dietary flavonoids are first metabolized through the detoxification pathways of
exogenous substances and drugs; however, the ability of saliva and gastric acid to modify
the structure of the compounds in a primary way is limited and minor [50]. Due to the rela-
tively small area of the gastric mucosa, it also limits its absorption capacity. Several types
of flavonoids known to be absorbed by the human body through the stomach are quercetin,
genistein, and daidzein [88]. The small intestine is a key part of drug absorption and
metabolism. Flavonoid aglycones are hydrophobic and have a small molecular structure.
They can be directly absorbed by villous epithelial cells on the small intestine wall through
passive diffusion [89]. The absorption rate of flavonoids is different due to the influence of
structure and pH. Studies have shown that acidic media are more conducive to the passage
of flavonoids through the Caco-2 cell model [90]. There are two main pathways known
for the absorption of flavonoid glycosides in the small intestine. One is that flavonoid
glycosides can be hydrolyzed to glycosides by lactase-phlorizin hydrolase (LPH) at the
edge of the mammalian small intestine [91]. The other pathway is that flavonoid glycosides
hydrolyzed to glycosides by broad-spectrum f3-glycosidases (e.g., cytosolic 3-glucosidase
(CBQ)) are able to exert deglycosylation to convert sugar-bound polyphenols to glycosidic
ketones, which are then transported via the sodium-glucose co-transporter type 1 (SGLT1)
to intestinal epithelial cells, where the phase Il enzyme produces the corresponding affixed
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metabolites, which finally enter the circulatory system as glycosides or couplers. [92,93].
Three types of phase Il enzymes that have been reported to be present in intestinal epithelial
cells are uridine-5'-diphosphate-glucuronosyltransferase (UGT), sulfotransferase (SULT),
and catechol-O-methyltransferase (COMT). In humans, both UGT and SULT are thought to
contribute to monoglucuronide and sulfate production [94,95].
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d
e.g. EGCG "o ; c e.g. Quercetin
= ° "~o o .
. I T I
", s e e e e
1 I i T I
E/ SN e e S
gt T ]
o S — P |\\ ==
T T
\T/// = Lo
e e.g. Naringin L) f

g e.g. Crocetin

o

Figure 6. Molecular structure of typical flavonoids in dietary and herbal medicines.

The liver is another important site for the phase II metabolism of flavonoids, where
there are two main forms of metabolism: oxidation and conjugation reactions. Oxidation re-
action mainly relies on cytochrome P450 enzymes in the liver to metabolize flavonoids [96].
The binding reaction mainly refers to the action of various catalysis enzymes, prompting the
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phase I metabolites containing some polar functional groups (such as hydroxyl) and some
endogenous substances coupled or combined to produce a variety of binding products [97].
The conjugates are further metabolized by sulphation and methylation, after which they
either enter the blood circulation or return to the digestive tract via the hepatic-intestinal
circulation [98]. Although this enterohepatic circulation contributes to higher plasma levels
and half-lives of flavonoids, the total intake of dietary polyphenols in the small intestine
is only approximately 10% [99], with the remaining metabolites being transported to the
large intestine.

The gut microbiota is able to deconstruct the original compounds into more readily
absorbed flavonoid metabolites through several intertwined steps of ester and glycoside
hydrolysis, demethylation, dehydroxylation, and decarboxylation. Metabolites produced
in the large intestine are reabsorbed for further phase Il metabolism at the local and/or liver
levels and eventually excreted in large quantities into the urine [100]. Indeed, polyphenols,
including flavonoids, are able to exert a prebiotic effect on the intestinal flora, and proan-
thocyanidins in particular have an inhibitory effect on the progression of lifestyle-related
diseases such as diabetes by altering the pattern of the intestinal microbiota [101] (Figure 7).

1.After oral intake of dietary flavonoids,
the enzymes in saliva carry out_pr.mial_‘):n_etib_oh_sn_l; 1.0ral Cavity

4.The conjugate is further metabolized by
sulfation and methylation, — - —>
and then enters the blood circulation
or returns to the digestive tract
through the hepatoenteric circulation.

3.1Flavonoid glycosides are hydrolyzed to aglycones

; V 4.Liver
> 2.The area of gastric mucosa is relatively small,
and the ability of gastric acid to modify metabolic
— compounds is pool .

2.St0mqgk

3.2After hydrolysis by CBG, it is converted into
glycosidone, which is then transported to intestinal

by LPH . epithelial cells through SGLT1.

S.Intestinal flora undergo hydrolysis, demethylation, hy\‘ roxylation and decarboxylation reactions with esters and

glycosides, which are then reabsorbed or metabolised out of the body.
Figure 7. Metabolic pathways of flavonoids in the human body.

The ability of dietary flavonoids to actually exert vasoprotective effects after in vivo
metabolism is limited, and further exploration of the dependency relationship with gut
flora may be a new idea to improve their bioavailability.

3. Protective Effects of Flavonoids on Endothelial Cells
3.1. Flavones (Luteolin and Baicalin)

Flavones are widely distributed in the plant kingdom, including in parsley, celery,
red peppers, and various herbs. In contrast to other subunits, they have a double bond
between C2 and C3 in the flavonoid backbone, are not substituted at the C3 position, and
are oxidized at the C4 position [102]. We next discuss two well-studied flavones: luteolin
and baicalin.

Luteolins are widely found in a variety of food and medicinal plants, including arti-
choke (Cynara cardunculus), which is one of the world’s best-known “medicinal” plants,
with a long history of medicinal therapeutic use [103]. In terms of vascular relaxation,
studies have shown that luteolin can directly act on vascular ECs in a dose-dependent
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manner (10-100 pmol/L), leading to rapid activation of eNOS and production of NO,
resulting in relaxation of vascular tension in rat aortic rings and playing the same mech-
anism in primary human aortic endothelial cells (HAEC) [54]. By down-regulating the
HIF-2x-Arg-NO axis and promoting the PI3K-AKT-eNOS-NO signaling pathway, luteolin
regulates the NO content in the lungs of hypoxic pulmonary hypertension (HPH) rats and
the supernatant of pulmonary artery endothelial cells (PAECs), thereby improving hypoxia-
induced pulmonary hypertension [54]. In HyO;-induced injury of human umbilical vein
endothelial cells (HUVECsS), luteolin (2.5-20 mM) was able to regulate the AMPK/PKC
pathway [55] and inhibit the ROS-mediated activation of the P38 MAPK/NF-kB signaling
pathway [56], respectively, thereby exerting anti-oxidative stress properties. Literature
studies in recent years have shown that luteolins also possess significant anti-inflammatory
properties. In vitro experiments have shown that physiologically achievable concentra-
tions (0.5uM-2 uM) of luteolin can effectively inhibit TNF-x-induced expression of MCP-1,
ICAM-1, and VCAM-1; block monocyte adhesion to ECs; and ameliorate vascular en-
dothelial inflammation through inhibition of the IKBa/NF-kB signaling pathway [57]. For
microvascular ECs, it increases cAMP levels and inhibits ERK phosphorylation, thereby
inhibiting lymphocyte function-associated antigen-1 (LFA-1) expression in neutrophils and
exerting an anti-inflammatory effect by attenuating adhesion to the endothelium [104].
Luteolin-7-O-glucoside (LUT-7G), a glycosylated form of luteolin, has been shown to
exert anti-inflammatory, antioxidant, and antiproliferative properties by targeting the
JAK/STAT3 pathway to inhibit STAT3 and down-regulating the expression of IL-13, a
target gene involved in inflammation and ROS production in ECs [58]. Other studies have
also shown that luteolin inhibit the Gas6/Axl (growth-arrest-specific protein 6/tyrosine
protein kinase receptor) pathway to resist angiogenesis [105] and may also activate the large
conductance calcium-regulated potassium channel (mitoBKCa) to exert cardioprotective
effects [106].

Baicalin is the most abundant flavonoid in the Chinese herb Scutellaria baicalensis, and
baicalin is metabolized to baicalein by 3-glucuronidase in the intestines, a metabolic process
that is a key stage in the absorption of baicalin [107]. In terms of ameliorating vasodilatory
dysfunction, baicalein (6.25-50 pmol/L) was able to activate the angiotensin-converting en-
zyme ACE2/Ang-(1-7)/Mas axis to reduce Angll levels, causing concentration-dependent
vasodilation in Ang IlI-pretreated endothelium-intact aortic rings [59]. Notably, the va-
sodilatory function of baicalein may act directly on vascular smooth muscle through
different Ca2+ channels as well as activated KATP channels rather than endothelium-
dependently [108]. In terms of anti-oxidative stress, several studies have shown that
baicalein attenuates NOX activity, down-regulates ROS levels, and up-regulates eNOS
expression to increase NO production, which is often associated with activation of the
PIBK/AKT/eNOS pathway [108-110]. Malondialdehyde (MDA), superoxide dismutase
(SOD), and glutathione peroxidase (GSH-Px) are important indicators for assessing oxida-
tion, and ROS in vivo can be catalytically inactivated and scavenged by SOD and GSH-
Px [111]. Baicalein has been found to be effective in reducing MDA levels and increasing
SOD and GSH-Px activities in rat lung tissues [112]. The endothelin-1/endothelin A receptor
(ET-1/ETAR) cascade has been suggested to be an important source of ROS, and the antioxi-
dant activity of baicalein may be at least partly due to its inhibition of the ET-1/ET product,
namely ROS formation [60]. Inflammatory coagulation dysfunction is based on inflamma-
tory responses and platelet overactivation in endothelial dysfunction. Recent studies have
shown that baicalein was able to inhibit both the Furin/TGFf1/Smad3/thrombospondin-1
(TSP-1) pathway in ECs and the AKT/Ca2+/ROS pathway in platelets to ameliorate inflam-
matory coagulopathy [61]. It exerts anti-inflammatory effects by significantly inhibiting
the expression of NF-«kB, TNF-, IL-6, and IL-1§3 [113,114]. In vitro experiments, baicalin
was found to enhance AMPK-TFEB activity activating autophagy. Meanwhile, it was also
able to increase the expression of the anti-apoptotic protein B-cell lymphoma 2 (Bcl2) and
down-regulate the expression of the pro-apoptotic proteins BCL2-Associated X (Bax) and
C-caspase3 to exert endothelial protective effects [115]. The protective effect of baicalin
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on the endothelium may also be reflected in the regulation of InRNA NEAT1 as well as
miRNA-205-5p [116]. In addition to medical experiments, baicalein has been applied to sur-
face engineering of vascular scaffolds, and scaffolds with appropriate fixation densities of
approximately 2.03 j1g/cm? successfully supported the growth of ECs and also modulated
oxidative stress, inflammation, and hyperlipidemia in the pathological microenvironment,
thereby inhibiting endothelial dysfunction [117].

Taken together, both luteolin and baicalin, which belong to the same family of
flavonoids, exhibited pharmacological effects in terms of anti-inflammatory, antioxidant,
and improvement of exogenously induced vasodilatory dysfunction.

3.2. Flavonols (Quercetin)

Among flavonoids, flavonols (together with flavanols) are by far the most abundant
and widely distributed in nature, the typical flavonol being quercetin. Quercetin rapidly
binds to glucuronic acid and/or sulphate during first-pass metabolism (entero-hepatic) so
that the important metabolites of quercetin in human plasma are quercetin-3-glucuronide,
quercetin-3-sulphate, and isorhamnetin-3-glucuronide. Quercitin’s bioavailability depends
on the properties of the attached sugars and the food matrix composition (ethanol, fat,
and emulsifiers), which may affect its solubility [118]. Interestingly, the bioavailability
of quercetin glucoside from onions or processed onions is much higher than that of pure
quercetin glycosides in capsules or tablets [119]. In in vitro assays involving HUVECs,
quercetin exerted a wide range of anti-inflammatory properties. These include inhibition
of the NFkB signaling pathway and down-regulation of the gene expression of inflam-
matory cytokines (e.g., IL-1f3, IL-6, IL-8, and TNF-«) [62,63]. It is also able to inhibit the
expression of E-selectin, MCP-1, VCAM-1, and ICAM-1 to prevent monocyte adhesion
to endothelial cells [64]. It is important to note that in the large intestine, the catabolic
metabolite of quercetin by the microbiota, 3-(3-hydroxyphenyl)propionic acid, exerts an
anti-inflammatory effect through inhibition of TNFa-induced adhesion of monocytes to
HAEC and inhibition of the up-regulation of E-selectin but is not involved in the regulation
of ICAM-1/VCAM-1 [120]. However, in a novel in vitro multicellular model mimicking
the intestinal-endothelial-monocyte /macrophage axis, quercetin intervention was able to
reduce soluble vascular cell adhesion molecule-1 (sVCAM-1) levels, thereby improving the
pro-inflammatory cellular environment [62]. In addition, it protects endothelial function
from inflammation induced by local perturbation of blood flow, such as disturbed flow (DF),
through inhibition of the NRP2-VEGFC (neuropilin 2-vascular endothelial growth factor C)
complex [65]. Recent studies have shown that quercetin-lycopene combination (molar
ratio 5:1) prevents oxidative stress in HUVEC cells by inhibiting the SIRT1-Nox4-ROS axis,
reducing ROS production [66]. Its antioxidant effect is also manifested in enhancing the ex-
pression and activity of the antioxidant enzyme heme oxygenase-1 (HO-1), which has been
confirmed in vivo/in vitro experiments [67]. In a human brain microvascular endothelial
cells (HBMECs) injury model established by hypoxia/reoxygenation (H/R), quercetin
(0.5-1umol/L) can up-regulate the levels of Kelch-like ECH-associated protein 1 (Keap1)
and nuclear factor erythroid-2 related factor 2 (Nrf2) to enhance antioxidant capacity [68].
The improvement of quercetin on diabetes-induced endothelial dysfunction is reflected in
many aspects, including inhibition of endoplasmic reticulum stress-mediated oxidative
stress [68,121,122], differential regulation of glucose uptake/metabolism in endothelial
cells [123], and activation of autophagy [124]. The mechanisms of quercetin in alleviating
endothelial senescence [125] and inhibiting EndoMT have been continuously excavated
in recent years, the latter being mainly reflected in the inhibitory effects on mediators of
EndoMT, such as TGF-3, Caveolin-1, NF«B, and ET-1 [126].

3.3. Flavanols (EGCG)

Flavanols are commonly found in fruits, green tea, red wine, chocolate, and other
foods. The most common type of flavanols in nature is flavan-3-ols, which have a monomer
form (catechin) and polymer form (proanthocyanidins) and other derivative compounds

34



Pharmaceuticals 2023, 16, 1201

(such as theaflavins and thearubigins) [127]. Among green tea polyphenols, epigallocat-
echin gallate (EGCG) is considered to be the most abundant and active compound and
has a wide range of therapeutic properties in cardiovascular and metabolic diseases, in-
cluding anti-atherosclerosis, anti-diabetes, anti-inflammation, and antioxidants [128]. In an
Ang II-induced hypertensive mouse model, EGCG (50 mg/kg/day) attenuates oxidative
stress by down-regulating NOX expression and inhibits eNOS uncoupling to increase
NO utilization, thereby exerting antihypertensive effects [69]. In vitro, EGCG can pre-
vent homocysteine-induced oxidative stress and endothelial cell apoptosis by enhancing
SIRT1/AMPK and Akt/eNOS signaling pathways [70]. Activated AMPK may also down-
regulate the PI3K-AKT-mTOR pathway to induce autophagy, thereby achieving a protective
effect on the endothelium [71]. Inhibition of inflammation by EGCG is mainly achieved by
down-regulation of multiple components of the TNF-x-induced NF-kB signaling pathway,
achieving inhibition of inflammatory gene transcription and protein expression [72]. In
addition, the inhibitory effect of EGCG on EndMT has been confirmed, providing more
possibilities for the prevention and treatment of cardiovascular diseases in the future [129].
The multi-type nanoparticle carriers developed for EGCG have been tested in simulated
gastric and intestinal fluid environments to enhance their stability in acid-base and en-
zymatic hydrolysis environments, which is conducive to improving bioavailability in the
human body [130,131].

3.4. Flavanones (Hesperidin and Naringin)

Flavanones, including hesperidin (hesperetin) and naringin (naringenin), are polyphe-
nolic compounds highly and almost exclusively found in citrus. The protective effects
of flavanones on the endothelium are mainly in terms of anti-inflammatory, antioxidant,
and vasorelaxant properties, which are clinically important for vascular diseases such as
hypertension and atherosclerosis [132]. Studies have shown that naringin (50, 100 uM)
attenuated oxygenated low-density lipoprotein-induced inflammatory injury in HUVECs
by down-regulating IL-1f3, IL-6, and IL-18 levels. Meanwhile, VE-calmodulin, a specific
dermatocyte marker for EndMT, was significantly attenuated, and serial evidence suggests
that this may act by inhibiting the Hippo-YAP pathway [73]. Li et al. [74] confirmed that
naringenin could activate AMPKo/Sirtl signaling pathway, restore mitochondrial Ca2+
balance, reduce eNOS uncoupling, and increase NO bioavailability to improve damaged
ECs by new transcriptomics technology. Its up-regulation of heat-shock protein 70 in
endothelial cells has potential implications for the amelioration of endothelial damage in
diabetes and related diseases [133]. Naringenin attenuates high-glucose-induced apoptosis
in HUVECs, which may play a role in increasing HO-1 expression in HUVECs through
up-regulation of PI3K/ Akt or JNK pathways [75]. The vasodilatory effect of naringenin
mainly involves the inhibition of multiple Ca2+ channels, whereas hesperidin stimulates a
transient receptor potential vanilloid 1 (TRPV1)-mediated cascade reaction that activates
the expression of both the CaMKII/p38 MAPK/MasR and the CaMKII/eNOS/NO sig-
naling axes in HUVEC to promote NO production and vasorelaxant Mas receptor (MasR)
expression [76,77]. Multiple nanodelivery systems increase the oral availability and target-
ing of compounds. For example, naringin/indocyanine green-loaded lipid nano-emulsions
can effectively target VCAM-1 in the vascular endothelium to exert anti-inflammatory
effects [134].

3.5. Isoflavones (Genistein and Daidzein)

The main plant source of dietary isoflavones is the soybean, with genistein (GE) and
daidzein (DE) being the most abundant soy isoflavones, the latter being metabolized to
estragole by intestinal flora [135]. Preliminary in vitro experiments have shown that Ge and
De are able to be taken up by ECs and metabolized by phase Il enzymes to methoxylated
and glucuronide- and sulphate-conjugated compounds. However, the metabolite estragole
was only taken up by ECs and not metabolized [136]. In an animal experiment, GE (40,
80 mg/kg) was used to treat two-kidney-one-clip (2k1c) hypertensive rats, which showed
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that GE inhibited ACE activity; attenuated Ang II, MDA, and SOD levels; and alleviated
nephrogenic vasculopathy mediated by the RAS system [137]. In in vitro experiments,
GE (1uM) can enhance the autophagy flux mediated by SIRT1/LKB1/AMPK pathway to
prevent oxLDL-induced HUVECs senescence [78]. In another H,O,-mediated HUVECs
senescence, GE (40, 80 ng/mL) exerted its anti-aging effect by inhibiting the TXNIP/NLRP3
(thioredoxin-interacting protein) axis [79]. In addition, GE was found to inhibit chronic
vascular inflammatory responses in mice, which may be related to the inhibition of VEC
inflammatory injury through the miR-21/NF-«B p65 pathway [138]. In previous studies,
DE and estragole were found to have anti-oxidative stress effects, both involving inhibition
of NF-«B proteins, with the latter further inhibiting endoplasmic reticulum stress, thereby
attenuating atherosclerosis in ApoE-deficient mice [80,138,139].

3.6. Anthocyanins

Anthocyanins, as a natural pigment, are water-soluble and often abundant in fruits
and vegetables such as blueberries, grapes, dragon fruit, purple sweet potatoes, and purple
kale and are extremely important secondary metabolites in plants [140]. Anthocyanins are
metabolized by the enterohepatic metabolism, where they are degraded to glucuronic acid
and methylated and sulphated metabolites, i.e., phase Il metabolites, and thereafter peak
in plasma (<5 pM) in 1-3 h [141]. Unabsorbed anthocyanins are extensively metabolized
to phenolic acids in the colon by the intestinal flora. Phenolic acids after methylation,
such as vanillic acid (VA) or ferulic acid (FA), can be detected in plasma within 1 h after
intake at peak concentration (2-15 uM) [142]. Various anthocyanins (usually in glycoside
form) have been shown to increase cell viability by reducing ROS and NOX4 expression
through a PI3K/Akt calcium-independent pathway in ECs. It has also been shown to
promote catabolism of the protein kinase C zeta (PKC() pathway, increase eNOS and NO
biomass levels, and reduce xanthine oxidase-1 (XO-1) and LDL levels to exert vasodilatory
effects [81]. In a related study in aged rats, anthocyanins were found to modulate ROS
formation and down-regulate SIRT1 to reduce eNOS uncoupling and prevent endothelial
senescence by enhancing NO bioavailability [82]. It should be noted that the anthocyanin
cornflower-3-glucoside (C3G), after 4 h of co-cultivation with epithelial cells, resulted
in a loss of up to 96% due to an increase in the content of its metabolite protocatechuic
acid (PCA) [82]. In addition, the C3G metabolite, i.e., PCA, with vanillic acid (VA) only
caused a decrease in superoxide production and did not up-regulate eNOS levels, so it
can be predicted that phenolic metabolites only increase the bioavailability of NO without
increasing its production [143]. In terms of anti-inflammation, individual anthocyanins and
their phenolic metabolites were able to attenuate monocyte adhesion to TNF-x-activated
ECs at physiological concentrations (0.1-2 uM); however, this is not mediated by adhesion
molecules such as VCAM-1 [144]. In addition, the mixture of various anthocyanins and
metabolites (0.1 uM) can regulate the expression of EC permeability-related miRNAs,
thereby reducing monocyte adhesion and transendothelial cell migration [145]. Studies
have shown that anthocyanins can up-regulate antioxidant defenses such as HO-1 and
SOD (in a concentration-dependent manner) through direct activation of the Nrf2 signaling
pathway, which may prevent oxidative damage [146]. Transcriptomic and further analyses
demonstrated that carrot-derived anthocyanins also inhibit palmitate-induced endothelial
cell apoptosis via the p38 MAPK pathway [83]. In recent studies, genetic manipulation
techniques have been applied to increase the anthocyanin content of plant-derived diets,
mainly by up-regulating the expression of genes in metabolic pathways, which may also
help to counteract the reduced bioavailability in vivo [147].

3.7. Chinese Herbal Medicine Flavonoids (Crocetin and Crocin)

For thousands of years, the wide application of Chinese herbal medicine, especially
the compound decoction of multiple herbs, has played a great role in the prevention
and treatment of cardiovascular diseases. With the development of medical information
technology, flavonoids derived from Chinese herbal medicine have attracted more and
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more attention from researchers due to their significant clinical efficacy and relatively low
drug toxicity.

Crocetin and its glycoside crocin are two important carotenoids isolated from the dried
stigma of saffron. In the HUVEC model, crocetin (10, 20, and 40 uM) and crocetin (100,
200, and 400 pM) inhibited cell migration and angiogenesis and inhibited phosphorylation
of vascular endothelial growth factor receptor 2 (VEGFR2) and its downstream pathway
molecules (e.g., p-SRC, p-FAK, p-MEK, and p-ERK) [84]. Among them, molecular docking
studies showed that crocetin showed stronger ability to bind to VEGFR2. In addition, a
pharmacokinetic study showed that crocin is hydrolyzed into crocetin through the gas-
trointestinal tract and then absorbed and detected in plasma [148]. Occlusive zone-1 (ZO-1)
is a scaffold protein in cerebrovascular endothelium, which is related to the function of
blood-brain barrier. Loss of ZO-1 and disruption of the permeability of the blood-brain
barrier (BBB) are easily observed in cerebral ischemia cases associated with oxidative stress
and inflammatory response [149]. Hydroxy saffron yellow A (HYSA) is the main active
ingredient of safflower. Studies have shown that HSYA protects ZO-1 from proteasome
degradation by inhibiting the HIF-10c/NOX2 signaling cascade, thereby protecting cere-
brovascular integrity and reducing brain damage [85]. In a study on the dilation activity
of mesenteric artery rings (MAs) in rats, HYSA reversed the contraction of MAs induced
by phenylephrine (PE, 1 uM) and U 46,619 (10 uM) in a dose-dependent manner. This
function is related to the TRPV4-coupled Ca2+/PKA /eNOS signaling pathway, which
achieves vasodilation by increasing Ca2+ influx [86]. In addition, flavonoids from other
traditional Chinese medicines (TCM), such as ginkgolide B, have been found to stimu-
late SOD activity and increase SOD1 expression in diabetic aortas, thereby activating the
Akt/eNOS signaling pathway and causing endothelium-dependent relaxation [150]. Since
the application of herbs in TCM is often in the form of compounded soups and often in
certain ratios, future pharmacological studies on flavonoid compounds in Chinese herbs
may try to combine them in anticipation of obtaining higher efficacy and developing a
wider range of drug targets.

4. Conclusions and Perspectives

The endothelium can secrete a variety of vasoactive factors, and it is not only the
guardian of the cardiovascular environment but also the victim of cardiovascular disease.
Traditional endothelial dysfunction involves inflammatory responses, oxidative stress,
and its induction of platelet aggregation, autophagy, and apoptosis. Iron death [151], d-
flow [152], and its associated EndMT [153] are considered as some of the key drivers of
vascular inflammation and AS, which have been on the rise in recent years. As described in
the text, natural flavonoid compounds or their metabolic components have been shown to
target the endothelium through multiple pathways to exert regulatory effects and thereby
ameliorate cardiovascular-related diseases. It is worth noting that TCM often applies
herbs in disease treatment by combining multiple types of herbs in different dosages
and preparing them according to specific methods, which may be informative for the
exploration of enhanced pharmacological activities of flavonoids. In addition, improving
the bioavailability of dietary flavonoids in vivo should still be a hotspot for future research,
especially the further metabolism of intestinal flora and the further development of modern
technological tools such as nanoparticles and vascular scaffold surface engineering.
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Abstract: Bone graft techniques are used to compensate for bone loss in areas with deficient regenera-
tion. However, matrix metalloproteases (MMPs) can limit bone formation by degrading extracellular
matrices, which are required for bone regrowth. Noteworthily, rutin is a natural flavonoid compound
that inhibits the genetic expression of various MMPs. Therefore, rutin may serve as an inexpensive
and stable alternative to the growth factors used to accelerate dental bone graft healing. This study
aimed to evaluate the potential of mixing rutin gel with allograft bone to accelerate the healing of
bone defects in an in vivo rabbit model. Bone defects were surgically induced in New Zealand rabbits
(n = 3 per group) and subsequently treated with bone grafts along with rutin or control gel. Overall,
treatment with rutin significantly prevented the expression of several MMPs and increased type III
collagen in the gingiva around the surgical site. Additionally, rutin-treated animals showed enhanced
bone formation with higher bone marrow content in the jawbone defect area compared with the
control group. Taken together, these findings demonstrate that rutin gel, when added to bone grafts,
quickly enhances bone formation and may serve as a suitable alternative to expensive growth factors
for the same purpose.

Keywords: rutin; matrix metalloprotease (MMP); extracellular matrix (ECM); bone graft; collagen;
natural product; flavonoid; in vivo; rabbit

1. Introduction

In periodontics, bone graft materials are used to encourage bone formation at defective
sites, a process that increases the potential and predictability of bone regeneration. After
the bone graft is placed at the planned site, bone formation is affected by the particle size
of the bone graft, its physical and chemical properties, and the grafting procedure used [1].
Moreover, various types of growth factors can be added to the bone graft to trigger healing
processes, resulting in accelerated bone formation and enhanced healing, which occurs
through the induction of chemotaxis, as well as osteoblast proliferation and differentiation.
Indeed, multiple studies showed that growth factors used in bone graft procedures have
positive effects on bone formation [2—4].

Bone healing is a complex process in which diverse cell types, signaling pathways,
and extracellular matrix (ECM) components interact [5]. In particular, matrix metallo-
proteases (MMPs) are a family of zinc-dependent endopeptidases that are responsible
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for the breakdown of the organic matrix [6]. MMPs control various biological activities,
including cell migration, angiogenesis, wound healing, and tissue remodeling, by cleaving
ECM proteins [7]; thus, they are associated with bone healing [8]. Moreover, extracellular
matrices, such as type I collagen, are responsible for bone elasticity and toughness. In
turn, type III collagen is a reconstituted collagen that plays a critical role in tissue damage
repair, being highly expressed during injured tissue remodeling, promoting angiogenesis,
and maintaining capillary function [9]. As vascularization can help accelerate the bone
graft-mediated healing process [10], the MMP and ECM levels need to be reduced and
enhanced, respectively, to support and increase the bone graft success rate.

Various methods have been investigated for controlling MMP activity and expression,
including the application of small-molecule inhibitors, gene therapy, and alteration of
native MMP inhibitors [11]. Noteworthily, some bioactive molecules present in natural
products can inhibit the MMP downstream pathways; thus, these molecules can represent
valuable therapeutic tools for pathological conditions, including inflammatory processes
and autoimmune diseases (such as osteoarthritis, periodontitis, and fibrotic disorders) [12].
Several studies have shown that rutin (Figure 1), a polyphenolic flavonoid found in fruits
and vegetables, has several pharmacological benefits which are similar to other flavonoid
compounds for treating different diseases, such as osteoporosis, cancer, diabetes, hyper-
tension, viral infections, bacterial infections, and depression. Furthermore, rutin exerts
powerful anti-inflammatory effects, decreases MMP expression, inhibits osteoclast for-
mation, and promotes the proliferation and differentiation of osteoblasts. Unlike other
flavonoids, rutin is non-toxic and non-oxidizable [13-16]. Hence, the safety, stability, and
cost-effectiveness of rutin make it a suitable replacement for currently used growth factors.

0]

HO

HO OH

Figure 1. Chemical structure of rutin.

Rutin is poorly soluble in aqueous solvents, which hinders its application in clinical
settings due to reduced bioavailability. Therefore, we used the proniosomal gel to improve
rutin solubility and bioavailability. In addition, using gel will aid in extending rutin’s phar-
macological effects due to the controlled release properties of gel formulations. A further
advantage of using proniosomal gel is that it can penetrate physiological barriers [17]. Thus,
adding rutin gel to the defect area may inhibit the release of MMPs from the surrounding
tissue into the defect area containing the bone graft.

The present study aims to provide an easy, simple, and rapid pathway to achieve
desired results through bone grafting in vivo using rutin as a replacement for growth factors.
Our study findings are expected to pave the way for the methodological development of
practical dentistry, which will ultimately reduce the economic burden of the treatments and
improve patient outcomes.

2. Results

The pilot study revealed that at the end of the sixth week, the bone healing process
was still incomplete, whereas the healing process and new bone formation were almost
completed 12 weeks after just tooth extraction (without intervention).
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2.1. Gene Expression

Briefly, six New Zealand rabbits (n = 3) were randomly divided into two groups
following unilateral lower first premolar tooth extraction: the control group received
vehicle gel (without rutin) and the treated group received rutin gel, which was mixed with
bone graft to fill the bone defect. As described in Section 4, the animals were euthanized
after six weeks of treatment, and specimens were collected for analysis of gene expression
and histomorphometry.

Application of the rutin gel at the grafted bone site resulted in reduced expression
of MMP1 (12.69 £ 10.73 vs. 100 % 20.44; Figure 2a), MMP3 (22.94 & 11.78 vs. 100 =+ 29.23;
Figure 2b), MMP9 (40.27 £ 23.02 vs. 100 £ 19.75; Figure 2c), and MMP13 (17.26 + 14.13
vs. 100 % 33.85; Figure 2d) in the gingiva of the animals as compared with the control
group. Indeed, rutin treatment significantly decreased the levels of MMP1, MMP3, MMP9,
and MMP13 by 87%, 77%, 60%, and 83%, respectively, as compared with those in the
control group. In contrast, COL3A1 levels were significantly increased in the gingiva upon
rutin treatment as compared with the non-treated control group (2230.09 £ 714.31 vs.
100 £ 20.67; Figure 2e).
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Figure 2. Effect of rutin gel treatment on MMP and COL3A1 expression in the gingiva. The expres-
sion levels of MMP1 (a), MMP3 (b), MMP9 (c), MMP13 (d), and COL3A1 (e) were determined by
quantitative real-time polymerase chain reaction. Data are presented as mean + standard deviation
of three independent experiments. * p < 0.05 compared with control (Ctrl).
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2.2. Histomorphometry

A detailed analysis of the histological features of the bone deficit site revealed that the
apical width, bone formation area, and bone marrow region were significantly increased in
animals treated with rutin gel (Table 1). The remaining histological parameters analyzed
showed a trend of improved outcome upon rutin treatment (p > 0.05). In the control
and rutin treatment groups, there was no significant difference in connective regions (%).
Noteworthily, the amount of connective tissue was reduced at the bone deficit site in
rutin-treated animals as compared with the control group, but this difference was not
statistically significant.

Table 1. Characterization of the histological parameters of the grafted bone site.

Histological Parameters Control Group Rutin-Treated Group
Coronal width (mm) 1.7+ 0.2 1.2+0.3
Middle width (mm) 0.8 +£0.32 1.3 £0.05
Apical width (mm) 45+04 63+04*%

Bone formation area diameter (mm) 28+ 05 45+04*

Mineralized bone region (%) 26.6 + 6.4 342+ 45
Bone marrow region (%) 11+£39 323+121*

Connective tissue region (%) 469 +£10.9 33.0+£87

Data are presented as mean =+ standard deviation (1 = 3 per group). * p < 0.05 compared with the control group as
determined by Student’s t-test.

Histological analysis of sliced tissue samples of the grafted bone area was performed
to determine the amount of newly formed bone (Figure 3a) and bone marrow (Figure 3b)
in the two experimental groups. In line with the above-described results, newly formed
bone was significantly less in the control group than in the rutin-treated group, whereas
the bone marrow levels were significantly higher upon rutin treatment (Figure 3a,b).
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Figure 3. Effect of rutin gel treatment on bone formation and bone marrow at the grafted bone area.
The area of newly formed bone (a) and percentage of bone marrow (b) were determined in the sliced
bone sample of the grafted bone area using histological analysis techniques. Data are presented as
mean =+ standard deviation of three independent experiments. * p < 0.05 compared with control (Ctrl).

Further histological analyses showed improved bone formation and distribution and
higher levels of collagen fibers as well as improved angiogenesis upon rutin treatment
(Figure 4b,d,f) as compared with the control group (Figure 4a,c,e).
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Figure 4. Effect of rutin gel treatment on bone formation, angiogenesis, bone marrow, and collagen
fibers at the grafted bone site. Hematoxylin-eosin and Masson’s trichrome staining of jawbone
samples from control (a,c,e) and rutin-treated (b,d,f) animals, respectively. In (a,b) samples, the letter
S refers to the area of study where bone formation and bone marrow were measured in the lower
first premolar tooth socket; additionally, the blue arrow shows the lower second premolar tooth
(magnification 40 %, scale bar is 2 mm). In (c,d) samples, the area of bone formation is indicated by the
letter W and the area of angiogenesis is indicated by the letter G at the place of blood cell collection
(magnification 100 %, scale bar is 100 um). In (e,f) samples, collagen area is indicated by blue color
staining (magnification 400 %, scale bar is 20 um).
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3. Discussion

This study showed that treatment with rutin can significantly reduce the levels of
MMP1, MMP3, MMP9, and MMP13 at bone formation sites, which agrees with previ-
ous reports. Consequently, rutin could significantly improve the desired functional out-
comes [18-20]. A previous study reported that both MMP-1 and MMP-13 are expressed in
osteoarthritic cartilage; thus, the collagenolytic activity observed in osteoarthritic cartilage
is likely due to the combined activity of these two enzymes [21]. Moreover, it is believed
that MMP-9 and MMP-13 play critical roles in periodontal and alveolar bone homeostasis
in both health and disease conditions. In particular, MMP-9 and MMP-13 are present
in inflamed areas around necrotic bones and within the epithelium [22]. According to
several studies, MMP-3 is involved in the production of inflammatory cytokines and in
osteoporosis and regulates bone destruction; therefore, MMP-3 may be responsible for
delayed fracture healing [23].

In the present study, the rutin-treated group showed a significant increase in COL3A1
expression, which agrees with the results of a previous study [20]. Type III collagen plays
a crucial role in granulation tissue formation during tissue regeneration and repairs the
damage. Additionally, it maintains the structural support required for blood vessel growth,
thereby contributing to angiogenesis [24]. Moreover, type III collagen can bind to cytokines,
chemokines, and growth factor receptors on the cell surface, thereby stimulating cellular
activity during wound healing. Given its proprieties, type III collagen has been used to
promote cell growth and differentiation during constructive remodeling. In general, this
ECM component enhances the communication and interaction between cells and accelerates
bone defect repair by interacting with various growth factors [9].

Histological findings showed that rutin treatment can enhance bone formation in the
buccal region, which is most likely due to an interaction between the anti-inflammatory and
osteogenic properties of rutin. This finding is consistent with previously published studies
which showed that rutin administration to a rat model of osteoporosis in mandibular alve-
olar bone significantly increases bone formation [25]. Additional research also showed that
rutin facilitates osteoblast differentiation and bone formation [26]. This was attributed to the
upregulation of osteogenic markers and the downregulation of inflammatory cytokines [27].
Hence, rutin may be an effective treatment for bone disorders.

Herein, our histomorphometry results revealed a significant increase in the bone
marrow area upon rutin treatment. In accordance with our findings, a previous in vivo
study confirmed that rutin can promote the differentiation of marrow mesenchymal stem
cells into osteoblasts [28]. During osteogenesis stages, osteoblasts deposit collagen rapidly
without mineralizing it. Afterward, the mineralization rate increases to equal the collagen
synthesis rate. As collagen synthesis decreases, mineralization continues until the produced
collagen is fully mineralized [29]. Notably, the bone marrow was reported to play an
important role in bone formation by producing osteoblasts and periosteum elements,
which facilitate the connection with the surrounding tissues [30,31]. The present findings
suggested that MMPs could play a role in the integration of the grafted bone with the host
bone. Therefore, rutin’s potential to promote bone healing could be mediated by increasing
type III collagen and decreasing MMP levels, which are known to impair tissue repair and
degrade extracellular matrix components (Figure 5). Therefore, rutin can work as a suitable
adjuvant agent for bone grafts to be added at the bone defect site to accelerate the grafted
bone success.

Further evaluation of rutin as an adjuvant agent for bone grafts is still required to
optimize the bone regeneration process. In particular, future studies should explore the
most appropriate rutin dosage to use in the clinical setting and the precise molecular
mechanisms underlying its therapeutic effects. The study was limited by the fact that it was
conducted on healthy laboratory animals, which differed from humans in health status,
diet, and environment. Therefore, clinical translation of these laboratory findings requires
extensive preclinical research.
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Figure 5. Proposed therapeutic mechanism of rutin for the acceleration and high success rates of
bone grafts.

4. Materials and Methods
4.1. Preparation of the Rutin Gel

The rutin gel was prepared as previously described, but with some modifications [17].
Rutin and vehicle (without rutin) gels were prepared using the required components,
which were safe and approved by the Food and Drug Administration. Briefly, ethanol
(1 mL; Sigma-Aldrich, St. Louis, MO, USA) was used to solubilize the rutin powder
(2.5 mg; APExBio, Houston, TX, USA), lipophilic surfactant “Span 60” (600 mg), soy lecithin
(300 mg), and cholesterol (100 mg) (all from SRL, Mumbeai, India). The mixture was warmed
for approximately 5 min in a water bath at 70 °C with agitation. Pre-warmed distilled
water (0.33 mL) was then added to the mixture and kept at the same temperature for
approximately 3 min. After the solution was cooled to room temperature, the gel was
stored in the dark until further use. A vehicle gel without rutin (used for the control group)
was prepared by following all steps except for the addition of rutin. As part of the surgical
procedure, 900 mg of bone graft was mixed with 100 mg of vehicle or rutin gel. The rutin
dose used in this study was selected based on the safety margin previously reported [32,33].

4.2. In Vivo Experiments

In this study, six male New Zealand rabbits aged 10 months weighing between 2.75 and
3.5 kg were randomly divided into two groups: the control group received the vehicle gel,
and the treated group received the rutin gel, which was combined with a demineralized
freeze-dried bone allograft (DFDBA) and pericardium membrane (both from Zimmer
Biomet, Palm Beach Gardens, FL, USA). A sterile standard diet and free access to water
were provided to all animals under pathogen-free conditions.

4.3. Surgical Procedure

For general anesthesia, 40 mcg/kg dexmedetomidine HCI (used as sedative agent;
APExBio) was combined with continuous isoflurane (Baxter, Deerfield, IL, USA) inhalation.
Lidocaine hydrochloride (9 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) was used to
induce local anesthesia. The experimental defects were created using an extraoral approach
through skin incisions. The first premolar to first molar teeth were incised, and a sulcular
incision was made from the distal side of the lower second premolar to the mesial side of
the first premolar. A vertical incision was made on the mesial side of the first premolar to
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achieve primary closure. Once the alveolar bone was exposed by raising the flap, lower
anterior pediatric forceps were used to extract (atraumatic extraction) the mandibular first
premolar PM-1 (unilaterally) from the lower teeth. Subsequently, the granulation tissue in
the socket was completely cured. Randomly selected defects were assigned to the control
and rutin groups. The defects were filled with 80 mg DFDBA with or without rutin gel
and then covered with a pericardium collagen membrane. Interrupted sutures (resorbable
polyglycolic acid, Unimed, Riyadh, Saudi Arabia) were used to close the flaps.

Following surgery, all animals were provided with special food pellets. As part of
their post-surgery care, the rabbits were intramuscularly administered analgesics (1 mg/kg
ketoprofen; Vemedim Animal Health, Can Tho, Vietnam) and antibiotics (4 mg/kg en-
rofloxacin; Avico, Amman, Jordan) every 24 h for 5 days. Two weeks after surgery, the
extraoral sutures were removed and the intraoral sutures were reabsorbed (Figure 6).

Figure 6. Cont.
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)

Figure 6. Surgical procedure. Hair was shaved after anesthesia (a); an external approach involves

an incision in the skin exposing the surgical area (b); the alveolar bone was exposed around the
first premolar (c); the extraction was performed with a lower anterior forceps (d); extracted lower
first premolar (e); the lower first premolar was measured 15 mm long using the University of North
Carolina-15 probe (f); first premolar socket (g); transplanted bone graft in the tooth socket and
covered with a pericardium membrane (h); the surgical site was sutured with a resorbable type of
polyglycolic acid sutures (i); the surgical site was sutured with extraoral sutures (j); an antiseptic and
an antibiotic were applied to the skin after surgery (k); surgery site after 6 weeks (1).

4.4. Sample Collection

The experiment was terminated after 6 weeks based on the findings of our pilot study.
In this pilot study, we examined bone formation without intervention (just tooth extraction)
at different time points. At the end of the sixth week, we found that the bone healing
process was still incomplete, whereas the healing process and new bone formation were
almost completed 12 weeks after extraction. Therefore, we chose 6 weeks as a relevant time
point for comparison as we were interested in studying whether adding rutin to the bone
graft accelerates bone formation or not.

The animals were euthanized with carbon dioxide after 6 weeks. Then, the jawbones
were extracted from sacrificed rabbits (Figure 7a,b). Bone specimens were obtained using
surgical bone saw discs from the mesial aspect of the lower first molar to the mesial aspect
of the lower first premolar (Figure 7c). The bone samples were fixed in 10% formalin for
examination. In addition, soft tissue specimens around the surgical site were also collected
from the area adjacent to the grafted bone and stored at —80 °C. The groups were blindly
assigned to independent examiners to prevent bias.

Figure 7. Preparation of the bone defect area for the sectioning procedure. Side view of extracted
jawbone from a sacrificed rabbit with marked region of interest (a). Top view of extracted jawbone
with marked region of interest (b). The area of interest was cut from the jawbone for histomorphome-
tric analysis conducted in the marked red region. Green, blue, and black lines within the study area
indicate coronal, middle, and apical widths, respectively (c).
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4.5. RNA Extraction and cDNA Synthesis

Total RNA was extracted from tissue samples using Invitrogen TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions, and
was quantified by measuring the absorbance at 260 nm using a Jenway Genova Nano
Micro-Volume Life Science Spectrophotometer (Antylia Scientific, Vernon Hills, IL, USA).
To determine the purity of the RNA, absorbance ratios of 260/280 nm (>1.8) were used.
The respective cDNA was synthesized using High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Waltham, MA, USA), in accordance with the manufacturer’s
instructions. Briefly, 1.5 pg of total RNA obtained from each sample was mixed with
2 uL 10x of reverse transcriptase buffer, 0.8 uL of 25x dNTP mix, 2 uL of 10X reverse
transcriptase random primers (100 mM of each), 1 puL of MultiScribe reverse transcriptase,
and 4.2 uL of nuclease-free water. The final reaction mixture was maintained at 25 °C for
10 min, then heated to 37 °C for 120 min, heated again to 85 °C for 5 min, and then cooled
down to 4 °C.

4.6. Quantification of mRNA Expression

The quantitative expression of specific nRNAs was assessed by real-time polymerase
chain reaction (PCR). Briefly, 1.4 uL of cDNA was added to 25 pL. PCR reaction mixture,
which also contained 0.25 pL of forward and reverse primers (100 nM final concentration
of each primer), 10.6 uL nuclease-free water, and 12.5 uL SYBR Green Universal Master
Mix (Applied Biosystems, Waltham, MA, USA). The primers used in the study (Table 2)
were synthesized by Metabion (Planegg, Germany) and based on previously published
studies [34-37]. The samples were analyzed in 96-well optical reaction plates using an ABI
Prism 7500 System (Applied Biosystems, Waltham, MA, USA).

Table 2. Sequences of the primers used for real-time polymerase chain reaction analysis.

Gene Forward Primer (5'-3') Reverse Primer (5'-3')
MMP1 CCTGATGTGGCTCAGTTCGT GTCCACATCTGCCCTTGACA
MMP3 TGGACCTGGAAATGTTTTGG ATCAAAGTGGGCATCTCCAT
MMP9 ACGGCCGACTATGACACC TTGCCGTCCTGGGTGTAG
MMP13 CCTCTTCTTCTCCGGAAACC GGTAGTCTTGGTCCATGGTATGA
COL3A1 GCAGGGACTCCAGGTCTTAGAGG CGTGTTCACCTCTCTCTCCCAGGG
GAPDH CACAGTTTCCATCCCAGACC TGGTTTCATGACAAGGTAGGG

As previously described [38], real-time PCR data were analyzed as relative gene
expression using the 2742t method. The target gene levels were normalized to those
of GAPDH for comparing the fold change between the treated and untreated groups
based on the following equation: fold change = 2-MACYH where ACt = Cttarget — CtcapDH
and A(ACt) = ACtenred — ACtuntreated-

4.7. Histomorphometry

The measuring of histomorphometric parameters was described, specified, and ac-
complished according to the work of Okada et al. (2019) [39]. Approximately 3-5 mm
thick bone samples were used from each group and immediately fixed in 10% formalin. A
solution of 10% formalin and 12.5% EDTA was used for 6 weeks to decalcify the samples.
Each sample was then submitted within a well-labeled cassette into an automatic tissue
processing machine (ASP300s; Leica Biosystems, Wetzlar, Germany). Each sample was
embedded in paraffin wax, and microtomy in the sagittal direction was performed using
a rotary microtome (SHUR/Cut 4500; TBS, Durham, NC, USA) [40]. Two slides were
produced from each block: one for hematoxylin—eosin staining for general purposes and
the other for Masson’s trichrome staining as a special staining method for connective tissue
fibers [41,42]. Both stains were obtained from Nanjing Sen Beijing Jia Biological Technology
Co. (Nanjing, China). To determine the most central part of the bone defect (extraction
location) for histomorphometry analysis, digital periapical radiography using a hand-held
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X-ray generator (Genoray America, Inc., Orange, CA, USA) was performed as shown in
Figure 8. Five randomly selected microscopic fields were analyzed for each sample at
400 x magnification.

Figure 8. Periapical radiograph showing the most central area of the bone defect (rectangle shape)
that was used for histomorphometry analysis of the lower first premolar tooth socket, in which
randomly selected microscopic fields were analyzed.

Each bone sample came with a tooth, and the sample was oriented such that the tooth
was posterior to the study area, apical width was measured in lower position of the study
area, middle width was measured in the central position of the study area, coronal width
was measured in the higher position of the study area, and bone formation area was the
place where bone growth was observed within the study area.

4.8. Statistical Analysis

The collected data were analyzed using GraphPad Prism software version 9.4.0 (Graph-
Pad Software, Boston, MA, USA). A total of six samples divided into two groups (1 = 3 for
each group) were analyzed. Unpaired f-tests were used to determine significant differences
between the groups. p < 0.05 was deemed statistically significant.

5. Conclusions

Rutin gel and bone grafts can be locally applied to bone defects without the need for
specialized instruments. This mixture, which contains biocompatible, readily available,
inexpensive, and safe substances, supports rapid bone production and promotes good
bone health. Hence, rutin gel and bone grafts can be used together to treat a wide range
of dental and bone-related conditions. These findings provide new foundations for the
periodontics and medical fields as they describe an easy, simple, and cost-effective approach
for achieving the desired results in bone grafting procedures. In future studies, bending,
axial compression, and torsion tests could be used to assess bone mechanical strength
following rutin treatment with a bone graft mixture.
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Abstract: The antihyperglycemic activity of ethanolic extract from Annona cherimola Miller (EEAch)
and its products were evaluated using in vivo and in silico assays. An «-glucosidase inhibition was
evaluated with oral sucrose tolerance tests (OSTT) and molecular docking studies using acarbose as
the control. SGLT1 inhibition was evaluated with an oral glucose tolerance test (OGTT) and molecular
docking studies using canagliflozin as the control. Among all products tested, EEAc, the aqueous
residual fraction (AcRFr), rutin, and myricetin reduced the hyperglycemia in DM2 mice. During the
carbohydrate tolerance tests, all the treatments reduced the postprandial peak such as the control
drugs. In the molecular docking studies, rutin showed more affinity in inhibiting «-glucosidase
enzymes and myricetin in inhibiting the SGLT1 cotransporter, showing AG values of —6.03 and
—3.32 kcal/mol !, respectively, in a-glucosidase enzymes. In the case of the SGLT1 cotransporter,
molecular docking showed AG values of 22.82 and —7.89 in rutin and myricetin, respectively. This
research sorts in vivo and in silico pharmacological studies regarding the use of A. cherimola leaves as
a source for the development of new potential antidiabetic agents for T2D control, such as flavonoids
rutin and myricetin.

Keywords: Annona cherimola Miller; antihyperglycemic activity; flavonoids; in vivo assays; in
silico assays

1. Introduction

Diabetes Mellitus (DM) type 2 is characterized by polydipsia, polyphagia, polyuria,
and weight loss and accounts for 90 to 95% of all diabetes cases [1]. According to the
International Federation of Diabetes, there are over 537 million people worldwide living
whit in 2021 [2]. Further, the WHO estimates that DM caused 1.6 million deaths in 2016;
therefore, it is considered one of the main causes of deaths globally [3].

In addition to lack of insulin secretion or resistance in skeletal muscle tissue, this
chronic disease has a polygenic origin that includes another factor called ominous octet [4],
which leads to an increase in blood glucose levels that is the main characteristic and cause
of micro- and macrovascular consequences [5].

Generally, for the therapeutic management of diabetes, drugs with varying chemical
structures are used to normalize blood glucose levels through different mechanisms of
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action [6]. These treatments are administered orally or in the parenteral way for life, which
often represents a high financial cost. Moreover, the appearance of adverse effects or
hypersensitivity reactions are situations that make it necessary to suspend the treatment
or change it constantly [7]. These reasons make the development of new agents with
antidiabetic properties important. One of the main targets for the search for new antidia-
betic drugs is the inhibition of intestinal glucosidases. Iminosugars synthesized and sugar
derivates are potential antidiabetic drugs, showing a favorable impact in glycosidase inhi-
bition, improving their activity through inhibitor synthesis and design of conformational
preorganization [8,9]. On the other hand, medicinal plants are an excellent alternative to
finding complementary treatments to achieve improved control of hyperglycemia [10].

More than 400 plant species have been registered for the control of diabetes [11];
however, only a few of these have received scientific and chemical evaluations to prove
their effectiveness [12]. Compounds in medicinal plants have antidiabetic potential
through several mechanisms [13], including the inhibition of glucose uptake in the gut,
stimulation of insulin secretion from the pancreas, and many others that can influence
its therapeutic potential.

In this sense, in the Annonaceae family, some genera are characterized by the eco-
nomic interest of their fruits; such is the case of the genus Annona spp., which consists of
many species, of which about 20 are cultivated for said interest [14]. Moreover, several
species include compounds that have already been studied for their antidiabetic prop-
erties [15]. Among the most cultivated is Annona cherimola Miller (A. cherimola). It is a
perennial tree of edible fruit whose leaves are present almost all year [16]. However, it
is known that environmental conditions such as temperature and humidity can modify
the growth of its leaves and modify the concentration of the bioactive compounds [17].
A cherimola constitutes part of the natural flora in Central America and South America,
where it is known as “anona” or “cherimoya” and is widely cultivated and used as a
traditional medicinal remedy by local populations to treat various illnesses, including
gastrointestinal disorders, worms, and diarrhea [18]. Research has recently intensified
mainly due to the discovery of the great potential of the natural products they contain [19].
Further, it is the only species within this genus to which special attention has been paid
due to its medicinal and nutritional values, which have been exploited in Europe, where it
has been preserved and consumed for the aroma and delicate flavor of its fruits. Hence,
its acceptance from the commercial point of view as an exotic fruit is widely disseminated
internationally, with a marked interest in its expansion [20]. Its marketing generally goes
from the local scale to the international level, and as the cherimoya begins to be better
known, it is the object of greater attention by researchers, growers, and consumers from
many countries [21]. For this reason, it is necessary to stimulate scientific research related
to the biological activity of some of its components, medicinal properties, and its various
potentialities in human nutrition. In addition, this species is significant in the conservation
and restoration of ecosystems.

Recent studies have provided information that the leaves of this species have an-
tidepressant [22], pro-apoptotic [23], and antilipidemic activities [24]. Further, previous
investigations showed that extract from the leaves of this species has an antidiabetic effect
when it is administered orally in acute and subchronic treatment alone [25] or even in
combination with the main antidiabetic drugs [26], with a wide frame of security with an
LDs over 3000 mg/kg without toxic effects in healthy organs [27].

It is known that the leaves of this species contain many kinds of compounds [28] that
exert antihyperglycemic activities responsible for their medicinal potential [29], where
flavonoids are highlighted due to their wide-ranging properties [30].

Although the antidiabetics [31] and other effects related to the antioxidant mecha-
nisms [32] of the rutin constituent present in a greater quantity in the leaves of this species
have already been studied [33], there are no studies that evaluate other components present
in lower concentrations in the leaves of Annona cherimola.
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Thus, the present study aims to assess the effect of the minor components obtained
from the leaves of Annona cherimola in a diabetic model to show its antihyperglycemic
potential that may contribute to validating its use in the treatment of diabetics.

2. Results

2.1. In Vivo Assays

2.1.1. Acute Evaluation of the Antidiabetic Effect of Ethanolic Extract from Annona
cherimola and Its Polyphenols

Initially, the acute antihyperglycemic effect of the treatments was measured using a
single dose; this was selected to determine the probable activity of the treatments in the
short term (2 and 4 h) over the hyperglycemic values.

The ethanolic extract obtained from the leaves from Annona cherimola Miller (EEAch)
was determined. It exhibited a significative reduction of hyperglycemia at 2 and 4 h after
the administration of 300 mg/kg of EEAch; this effect was significative in comparison with
the initial values and comparison with the alloxan-induced type 2 diabetic mice (AIT2D)
control (Table 1).

Table 1. Blood glucose levels of normoglycemic mice (NM) and alloxan-induced type 2 diabetic mice
(AIT2D) at 0, 2, and 4 h, on the acute antihyperglycemic test.

Glycemia (mg/dL)
Treatment
Oh 2h 4h

NM Control 1543 + 0.4 1513 £ 1.2 146.6 + 2.1

AIT2D Control 214.0 £ 5.7 2185+ 3.7 2215+ 3.9
AIT2D + EEAch 205.0 + 4.0 143.7 + 2.4 *A 134.0 + 5.1 »A4
AIT2D + AcRFr 204.0 +£2.8 163.7 + 3.6 *A 174.7 + 0.8 +AA
AIT2D + DCMFr 207.0 £ 5.1 181.0 + 0.8 *A 189.0 £ 0.4 »AA
AIT2D + Astragalin 203.3 + 4.8 190.7 +1.34 200.0 £ 2.6 28
AIT2D + Chlorogenic acid 171.0 £ 12.5 193.0 £ 644 211.0 £3.444
AIT2D + Hyperin 203.0 + 1.4 152.7 £55%4 184.0 & 5.3 #AA
AIT2D + Isoquercitrin 206.3 + 5.1 169.0 + 3.2 *A 197.7 + 3.6 A4
AIT2D + Myricetin 19734+ 2.5 161.0 + 6.2 *A 155.0 + 3.1 A4
AIT2D + Narcissin 204.7 £ 4.0 186.0 £ 4.14 167.3 & 6.3 #A4
AIT2D + Nicotiflorin 206.7 4 0.3 176.7 + 2.1 *A 179.7 + 2.4 +AA
AIT2D + Rutin 2143 + 4.0 170.6 + 8.3 *A 162.3 + 3.6 #AA
AIT2D + Acarbose 205.0 £+ 1.6 190.0 + 2.0 *A 181.3 + 3.0 #A4

EEAch, AcRFr, and DCMFr were administered at 300 mg/kg; astragalin, chlorogenic acid, hyperin, isoquercitrin,
myricetin, narcissin, nicotiflorin rutin, and acarbose were administered at 50 mg/kg. Data are expressed as means
+ SEM, n = 6; * p < 0.05 vs. initial values; A p < 0.05 vs. SIT2D control for 2 h; AA p < 0.05 vs. SIT2D control for 4 h
SEM: standard error of the mean; NM: normoglycemic mice; AIT2D: alloxan-induced type 2 diabetes mice; EEAch:
ethanolic extract of Annona cherimola Miller; AcRFr: aqueous residual fraction; DCMFr: dichloromethane fraction.

After the fractionation of the extract, we obtained the dichloromethane fraction
(DCMFr) and an aqueous residual fraction (AcRFr); both fractions were evaluated to
determine their antihyperglycemic effect. When those products were administered, a sig-
nificant reduction of hyperglycemia was observed at 2 and 4 h in both treatments (Table 1).
Being more effective, the AcRFr reduces the hyperglycemic values near normoglycemic
mice values.

The purification of AcRFr was carried out using preparative thin-layer chromatog-
raphy, and this led to the isolation of eight compounds with polyphenolic characteristics,
astragalin, chlorogenic acid, hyperin, isoquercitrin, myricetin, narcissin, nicotiflorin, and
rutin (see Supplementary Materials). Following the scheme of work, all compounds were
evaluated in the AIT2D model to determine which of them reduces hyperglycemia; the
effect was compared with the oral antidiabetic drug (OAD) acarbose.

All compounds and acarbose were administered at the dose of 50 mg/kg. We observed
that after administration, hyperin, myricetin, nicotiflorin, and rutin significantly reduced
the hyperglycemic values at 2 and 4 h, and similar activity was observed in the group
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treated with acarbose. The effect over hyperglycemic values observed was significant
in comparison with the initial values, and in comparison, with the AIT2D control at the
respective times of measurement. In the case of isoquercitrin, it significantly reduces hyper-
glycemic values only at 2 h of the treatment and narcissin at 4 h; both effects were significant
in comparison with AIT2D control. On the other hand, astragalin and chlorogenic acid did
not generate a significant reduction in hyperglycemia (Table 1).

The results obtained allowed us to determine that myricetin and rutin were the
compounds with the major antidiabetic effect; therefore, both compounds were selected to
be evaluated in a subchronic assay as well as EEAc and AcRFr.

2.1.2. Subchronical Evaluation of the Antidiabetic Effect of Ethanolic Extract from Annona
cherimola, AcRFr, Myricetin, and Rutin

The products with the best acute antihyperglycemic activity from A. cherimola were
evaluated in a subchronic assay.

We observed that animals treated with EEAch showed a significant reduction of hyper-
glycemic values from week one, reaching normoglycemic values in week two; however, in
weeks three and four, the glycemic values began to increase again. During the experiment,
the hyperglycemia reduction was significant in comparison with the initial values and the
AIT2D control (Figure 1A).
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Figure 1. Cont.
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Figure 1. Effect over glycemic values of subchronic administration of the treatments in AIT2D mice.
Groups treated with EEAch 300 mg/kg (A), AcRFr 300 mg/kg (B), rutin 50 mg/kg (C), myricetin
50 mg/kg (D), and acarbose 50 mg/kg (E). Results are expressed as the mean & SEM, n =6, * p < 0.05
vs. initial values; A p < 0.05 vs. AIT2D control at same week of treatment. NM: normoglycemic mice;
AIT2D: alloxan-induced type 2 diabetes mice; EEAch: ethanolic extract of Annona cherimola Miller;
AcRFr: aqueous residual fraction.

The group treated with AcRFr showed a significant reduction of hyperglycemia from
week one, this reduction was constant during the experiment, and the antidiabetic effect
was significant in comparison with the initial values and the AIT2D control (Figure 1B);
however, in this case, the normoglycemic values was never reached.

In the case of rutin, this treatment shows a significant reduction of hyperglycemia
from week two in comparison with the AIT2D control, and reaching normoglycemic values
from week three, this effect was observed until the end of the assay (Figure 1C).

For the other flavonoid, the group treated with myricetin showed an effect similar to
the group treated with rutin, i.e., a good reduction of hyperglycemic values from week
one. This reduction was significant in comparison with the initial values as well as with the
AIT2D control. Moreover, this group reached normoglycemic values from week two, and
this activity was observed until the end of the assay (Figure 1D).

Finally, the group treated with acarbose showed a significant reduction from week
one; this effect was similar to the observed in the groups treated with the flavonoids rutin
and myricetin (Figure 1E).

The results showed us that rutin and myricetin were compounds with good antihyper-
glycemic activity in acute and subchronic assays; the next step of our study was to deter-
mine their potential inhibitory activity over a-glucosidase enzyme and SGLI-1 cotransporter,
two important proteins involved in the carbohydrates metabolism. These determinations
were made with in vivo oral glucose and sucrose tolerance test and in silico assays.

2.1.3. Oral Glucose and Sucrose Tolerance Test (OGTT and OSTT) of Ethanolic Extract from
Annona cherimola, AcRFr, Myricetin, and Rutin

In the oral sucrose tolerance test (OSTT) assay, after the administration of EEAch,
AcRFr, rutin, and myricetin, a significative reduction of the postprandial peak was observed.
All the treatments were significant in comparison with the group treated with sucrose at 2
and 4 h (Figure 2A).
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Figure 2. Effect of isolated products from A. cherimola on the oral sucrose (OSTT), and glucose
tolerance test (OGTT). (A) OSTT assay, groups treated with vehicle, sucrose (3 g/kg), EEAch, AcRFr
(300 mg/kg), rutin, myricetin, and acarbose (50 mg/kg). (B) OGTT assay, groups treated with vehicle,
glucose (1.5 g/kg), EEAch, AcRFr (300 mg/kg), rutin, myricetin, and acarbose (50 mg/kg). Data
are expressed as means £+ SEM, n = 6; * p < 0.05 vs. initial values; 1 p < 0.05 vs. sucrose group
2 h; PP p <0.05 vs. sucrose group 4 h; « p < 0.05 vs. vehicle 0 h; A p < 0.05 vs. glucose group 2 h;
AA p <0.05 vs. glucose group 2 h.

Further, we observed that the group treated with rutin showed lower glycemic levels
in comparison with myricetin and acarbose at 2 h of the assay.

When the oral glucose tolerance test (OGTT) was carried out, the postprandial glu-
cose peak was inhibited in all the treatments administered. The reduction observed was
significant in comparison with the group treated with glucose at 2 and 4 h. Moreover,
it is important to mention that in this assay, the group treated with myricetin showed
lower glycemic levels than the other treatments, inclusive of the control acarbose group
(Figure 2B).

Both results suggest that rutin may have more selectivity to prevent glucose uptake
from complex carbohydrate hydrolysis and myricetin from simple carbohydrates.

2.2. In Silico Assays
2.2.1. Molecular Docking Studies of Rutin, Myricetin, and Acarbose on a-Glucosidase Enzyme

To determine the possible interaction of rutin and myricetin, a molecular docking
study using as a target the x-glucosidase enzyme was carried out. This enzyme is involved
in the hydrolysis of complex carbohydrates such as sucrose. As a control, we used acarbose,
an inhibitor of the «-glucosidase enzyme and co-crystalized ligand of the protein 2QM]J.

The molecular docking analysis showed that rutin has the best affinity to the «-
glucosidase enzyme with AG values of —6.03 kcal-mol~!; it showed ten polar interactions
with aminoacidic residues of the enzyme. In the case of myricetin, its affinity values were
—3.32 kcal-mol~!, with ten polar interactions. Both ligands also have four and three nonpo-
lar interactions, respectively. For acarbose, it showed affinity values of —4.39 kcal-mol !,
with sixteen polar and two nonpolar interactions (Table 2).

The analysis of the 3D model of binding suggests that the three ligands have the same
binding pocket, and their position is similar (Figure 3). It is important to highlight that
rutin showed the best affinity to the enzyme than the pharmacological control acarbose.
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Table 2. Binding energy and interactions of ligands rutin, myricetin, and acarbose on o-
glucosidase enzyme.

a-Glucosidase

Ligand AG

(kcal-mol-1) H-BR NPI RMSD

Asp203, Asp327, Trp441, Met444, Ser448, Phe450,
Arg526, Trp539 Asp542, His600

Asp203, Thr204, Thr205, Trp406, Met444, Ser448,
Asn449, Phe450, Arg526, Asp542

Arg202, Thr204, Tyr299, Asp327, 11e328, 1le364,
Acarbose —4.39 Trp441, Asp443, Phe450, Asp474, Lys480, Arg526, Trp406, Met444 1.93
Trp539, Asp542, Pheb575, His600

Rutin —6.03 Tyr299, Trp406, Asp443, Phe575, -

Myricetin —3.32 Tyr299, Lys480, Phe575 -

TRP-406
-
y ~
\~,
TRP-406 B'
|
ASP-327
-
y
<«
€

TRP-406

N

Figure 3. Results of molecular docking on a-glucosidase enzyme. (A) Interaction of acarbose and its
binding site position; (B) Interaction of rutin and its binding site position; (C) Interaction of myricetin
and its binding site position.
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2.2.2. Molecular Docking Studies of Rutin, Myricetin and Canagliflozin on SGLT1 Cotransporter

The other molecular docking study was carried out using the SGLT1 cotransporter,
a protein important involved in the monosaccharide’s absorption on the enterocyte; as a
control ligand, canagliflozin was used.

The analysis of results from molecular docking showed that rutin has binding free
energy (AG) values of 22.82 kcal-mol~!, with nineteen polar interactions and two non-
polar interactions with the amino acid residues from SGLT1 cotransporter. On the other
hand, myricetin showed AG values of —7.89 kcal-mol~!, with nine polar interactions
and four nonpolar interactions. In the case of the pharmacological control canagliflozin,
it showed the best AG values of —10.08 kcal-mol ™!, with sixteen polar and six nonpolar
interactions (Table 3). The analysis of the 3D of the binding site suggests that the three
ligands have the same binding position (Figure 4); however, the AG values shown for rutin
suggest that this binding position is highly unlikely to take place.

Figure 4. Results of molecular docking on SGLT1 cotransporter. (A) Interaction of canagliflozin
and its binding site position; (B) Interaction of rutin and its binding site position; (C) Interaction of
myricetin and its binding site position.

65



Pharmaceuticals 2023, 16, 724

Table 3. Binding energy and interactions of ligands rutin, myricetin and acarbose on SGLT1 cotransporter.

Sodium-Glucose Cotransporter (SGLT1)

Ligand AG
(kcal-mol-1) H-BR NPI RMSD
Ser77, Asn78, His83, Phel01, Glu102, Ala105,
. Lys157, Gly282, Met283, Leu286, Thr287,
Rutin 22.82 Trp289, Tyr290, Lys321, Ser393, 11e397, GInd57, Aspl16l, lled56
Thr460, Leu527
Myricetin _789 Asn78, His83, Phe101, Glu102, Met283, Alal05, Lys157, Trp291, )
yriee ' Thr287, Tyr290, GIn457, Thr 460 Tle456
Thr56, Ser77, His83, Phe101, Glu102, Asp161
. . B ’ 4 4 ! . * Asn78, Lys157, Tyr290,
Canagliflozin 10.08 Met283, Thr287, Trp289, Trp291, Ser393, Val296, 116397, Tle456 1.37

Ser396, Phe453, GIn457, Thr460

3. Discussion

Diabetes mellitus (DM) is a chronic progressive metabolic disorder of carbohydrates,
lipids, and proteins. The prevalence of DM continues to increase worldwide, being a
constant public health problem [1-3]. There are many treatments for DM, and all of
them are classified according to their mechanism of action into seven principal groups:
insulin sensitizers (thiazolidinediones and biguanides), secretagogues (meglitinides and
sulfonylureas), dipeptidyl peptidase-4 (DPP-4) inhibitors, incretin mimetics, glucagon-like
peptide-1 (GLP-1) inhibitors, «-glucosidase inhibitors and sodium-glucose cotransporter
(SGLT) inhibitors [34,35]. All of them are focused on reducing and controlling hyper-
glycemia; however, in the long term, some of them can lose their pharmacological activity.
Moreover, in all cases, they are accompanied by undesirable side effects for the patient.
Insulin sensitizer may cause adverse gastrointestinal effects such as nausea, vomiting, and
abdominal discomfort. Secretagogues mostly generate hypoglycemia, DPP-4 inhibitors
principally generate gastrointestinal discomfort, incretin mimetics generate hypoglycemia
and nausea, GLP-1 inhibitors cause intestinal discomfort, vomiting, and in some cases
diarrhea, with respect to a-glucosidase inhibitors, the principal side effect is flatulence
generation and abdominal distension, and finally, the SGLT inhibitors can cause urinary
tract infections, genital infections and a possible risk of bladder cancer [35,36]. Due to
the wide variety of side effects that all treatments of DM can generate, it is necessary to
continue searching for new alternatives [4-6].

The present study aimed to determine the potential antidiabetic activity of an ethanolic
extract obtained from the leaves of Annona cherimola Miller (A. cherimola), one species of
the Annonaceae family, isolate the minor components from the extract and determine their
acute and subchronic activity, as well as to suggest the possible antidiabetic mechanism of
action. This study was carried out using activity-guided fractionation as a strategy.

First, the acute activity of the ethanolic extract from Annona cherimola Miller (EEAch)
was carried out using female mice with alloxan-induced diabetes type 2 (AIT2D); the
results showed that EEAch reduces the hyperglycemic values at 300 mg/kg dose, this was
according to other studies that have been made to A. cherimola, where several authors have
been determined their potential antidiabetic activity in different animal models [28-31]. To
continue the study, the EEAch was fractionated. As a result, the aqueous residual fraction
(AcRFr) and dichloromethane fraction (DCMFr) were obtained.

The aqueous fractions and the dichloromethane fraction were evaluated in the same
model, observing that they have an antihyperglycemic effect; however, this effect does
not reach the levels of glycemia values of the healthy control group. From both fractions,
as observed in Table 1, the fraction that shows a better antihyperglycemic effect is AcRFr,
confirming that this fraction contains the compounds responsible for the activity observed
with the extract [29]. The next step of the investigation was to isolate the compounds,
identify them, and evaluate their activity on the AIT2D model. In other studies, there have
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been isolated the flavonoid rutin, and this was responsible in part for the antihyperglycemic
activity of A. cherimola; however, in the EEAch and AcRFr, there are more compounds that
need to be studied to search for more alternatives for the treatment of DM.

The purification of AcRFr led us to the isolation of eight compounds with polyphenolic
characteristics. They were identified as seven flavonoids (narcissin, hyperin, nicotiflorin,
astragalin, isoquercitrin, rutin, and myricetin) and chlorogenic acid. All the compounds
evaluated in the AIT2D model, hyperin, myricetin, nicotiflorin, rutin, isoquercitrin, and
narcissin showed a reduction of the hyperglycemic values. Only astragalin and chlorogenic
acid did not present antihyperglycemic activity. The activity of the compounds was
compared with acarbose, an oral antidiabetic drug (OAD), being more effective in some of
the compounds evaluated compared to acarbose (Table 1). The antihyperglycemic activity
reported in our study is according to the described by other authors, which indicates
that polyphenols are good candidates for the treatment of DM and its complications. The
activity of polyphenols as antidiabetic agents varies according to their composition and
their substituents [24,37-39].

Myricetin and rutin were selected as the compounds with the best antihyperglycemic
activity due to showing the best reduction of hyperglycemic values; therefore, the study
was continued with these compounds.

Once demonstrated the acute antidiabetic activity of the compounds was, only those
with the best antihyperglycemic activity (EEAch, AcRFr, myricetin, and rutin) were evalu-
ated in a subchronic assay using the AIT2D model. After the subchronic evaluation of the
products obtained from A. cherimola, we observed that EEAch and AcRFr help to reduce
hyperglycemic values after 2 weeks of treatment and avoid the exponential increase in
hyperglycemic values characteristic of the AIT2D model that normally evolves in DM1 and
the hyperglycemic values constantly increase as we can see in Figure 1. This activity is
according to that observed in previous studies with A. cherimola [30]; this activity is also
too observed in other species of the family Annonaceae [40].

The groups treated with myricetin and rutin showed a better regulation of hyper-
glycemic values due to both treatments reaching normoglycemic values from the second
week until the end of the treatment. Those activities were similar to those observed in the
group treated with acarbose. Our results suggest that myricetin and rutin have a similar
activity of acarbose; in this sense, we continue the investigation, and it was proposed to
evaluate the possible mechanism of action of both compounds. We propose firstly the
evaluation of an x-glucosidase inhibitor due to their having reported activity for rutin [29];
however, myricetin did not have been reported with this activity. Additionally, we propose
both compounds be evaluated as an SGLT1 cotransporter. These mechanisms of action
were selected due to one alternative to reduce hyperglycemic values that did not generate
hypoglycemia is the reduction of postprandial peaks of glucose. In this sense, x-glucosidase
enzyme and SGLT1 cotransporters were two proteins involved in the metabolism of com-
plex carbohydrates and absorption of simple carbohydrates, respectively [41,42].

In order to determine the potential c-glucosidase and SGLT1 inhibition, two in vivo
experiments (OSTT and OGTT) were carried out according to previous investigations [40].
In OSTT, we observed that all treatments reduce the postprandial peak after sucrose load
(Figure 2). Further, we observed that the group treated with AcRFr reduced their glycemic
values below their initial values and the vehicle control. We hypothesize that in the AcRFr,
there are many compounds, and some of them can have activity over other mechanisms of
action that, added to the x-glucosidase inhibition, have a synergic activity and generate the
hypoglycemia observed. In the case of rutin, we observed that the activity of this compound
is better than the pharmacological control acarbose; this is according to the described in the
literature, which indicates that rutin is a flavonoid that avoids the postprandial peak after a
sucrose load in rat and mice models [22,25].

When the OGTT test was carried out, we observed a similar activity to the OSTT,
i.e., all treatments significantly reduced the glucose postprandial peak. Moreover, we
observed that in this case, all the compounds obtained from A. cherimola showed to
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have more activity than the pharmacological control acarbose. In the case of rutin and
myricetin, we observed that it seems that myricetin has more activity in OGTT than rutin
due to it perhaps having more selective activity directed to SGLT1 cotransporter that
is involved in the glucose absorption [43]. Once demonstrated the in vivo activity over
the carbohydrates metabolism, we decided to carry out in silico studies to determine
computationally the results obtained in OSTT and OGTT and to support what we
observed with the in vivo assays.

Finally, to corroborate the results obtained in OGTT and OSTT, molecular docking
studies were carried out to determine the possible binding sites of rutin and myricetin in
a-glucosidase enzyme and SGLT1 cotransporter.

Regarding a-glucosidase enzyme, rutin showed a AG value of —6.03 kcal-mol~1,
myricetin a AG value of —3.32 kcal-mol~! and acarbose a AG value of —4.39 kcal-mol~!
(Table 2). Our result agrees with other in silico studies that indicate a better binding AG
value for rutin in comparison with acarbose, an «-glucosidase inhibitor [25]. Moreover,
rutin shares with acarbose ten (Tyr 299, Asp 327, Trp 406, Trp 441, Asp 443, Met 444,
Arg526, Trp 539, Asp 542, His 600) of the eleven (Tyr 299, Asp 327, Ile 328, Trp 406, Trp 441,
Asp 443, Met 444, Arg526, Trp 539, Asp 542, His 600) aminoacidic residues important in
the binding site of x-glucosidase enzyme (Table 2) [44,45]. In the case of myricetin, this
molecule only shares five (Tyr299, Trp406, Met444, Arg526, Asp542) aminoacidic residues
with acarbose. The 3D binding visualization (Figure 3) showed that the three ligands are
posed in the same binding pocket over the surface of x-glucosidase enzyme; however the
only difference between rutin and myricetin binding is that rutin showed a major number
of polar interactions, these interactions were carried out mainly by the di-glycoside in rutin.

Regarding molecular docking using the SGLT1 cotransporter, we observed an im-
portant result. Rutin showed a AG value of 22.82 kcal-mol !, myricetin AG values of
—7.89 kcal-mol~" and canagliflozin AG values of —10.08 kcal-mol~!. Myricetin shares
seven aminoacidic residues (Asn78, His83, Glu102, Thr287, Tyr290, Trp291, GIn457) with
canagliflozin, an inhibitor of SGLT1, is important to mention that these aminoacidic residues
are important for the inactivation of SGLT1 due to there is where glucose binds to be trans-
ported over the SGLT1 [37,46]. In the case of rutin, it shares only three aminoacidic residues
(Phe 101, Tyr 290, GIn457) with acarbose. However, we observed that the AG value of this
ligand was 22.82 kcal-mol~!; this value indicates that it is unlikely that rutin takes place on
this binding position, due to positive AG values means that there is a need for a lot of energy
to generate that binding position. Our analysis suggests that there is a steric hindrance
with rutin that does not let the molecule interact with the binding pocket in SGLT1. In
this case, we suggest that it is probably due to the rutin molecule having di-gycoside; this
perhaps generates this steric hindrance, and that is why this union position is unlikely.

We suggest this analysis since in carbohydrates metabolism, once hydrolyzed, the
disaccharides to monosaccharides can be transported from the small intestine to the blood-
stream via a complex mechanism mediated by SGLT1/SLC5A1 cotransporters and glucose
transport facilitating systems (GLUTs) [40], in this sense, di-glycosides cannot be trans-
ported by SGLT either GLUT-2.

The complete analysis of our investigation provides new information on the minor
compounds present in the aqueous residual fraction from A. cherimola, their antihyper-
glycemic activity, the possible mechanism of action of two of the most active compounds
isolated from the aqueous residual fraction (rutin and myricetin), that according to the
results showed, it can be mediated by the inhibition of a-glucosidase enzyme and SGLI-1
cotransporter. Moreover, this research could lay the foundations for the development of
new therapies for the treatment of DM based on compounds of a flavonoid nature.

4. Materials and Methods
4.1. Chemicals, Reagents, and Drugs

Alloxan monohydrate (PN: A7413-25¢g), Acarbose (PN: PHR1253-500MG), gliben-
clamide (PN: PHR1287-1G), metformin (PN: PHR1084-500MG), glucose (anhydrous, PN:
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D9434-1Kg), sucrose (>99.5% GC, PN: S9378-1Kg) were purchased from Sigma-Aldrich®
(Sigma®, Saint Louis, MO, USA), Ethanol anhydrous (Catalogue code: 15568604), ethyl ac-
etate (CC:10382681), methanol (CC:10284580), and dichloromethane (CC:15594055) solvents
were purchased from ].T. BakerTM (Thermo Fisher Scientific, Waltham, MA, USA), TLC
glass plates L x W 20 cm X 20 cm, silica gel 60 F254, 2 mm (CC: Z292974) were purchased
from Merck® (Merck®, Darmstadt, Germany).

4.2. Plant Material

Annona cherimola Miller leaves were collected by Dr. Fernando Calzada in December
2019 at San Jose, Tlahuac, Mexico (19°16'32.6" N 99°00'07.1” W). A sample was authen-
ticated by the botanist MSc Abigail Aguilar Contreras of the Medicinal Plant Herbarium
(IMSSM) in the Mexican Institute of Social Security (IMSS) and stored for further reference
under the number: 15,795. Leaves were washed twice with distilled water and left to dry
in the dark for seven days long at room temperature, then were grounded with an electric
grinder (model M-22-RW, Fundacion Torrey, Apodaca, Nuevo Ledn, México).

4.3. Extraction, Isolation, and Identification of Minor Components from Annona cherimola

The grounded leaves from A. cherimola (2.9 kg) were macerated at room temperature
in ethanol (10 L x 2 times). The resulting extract was filtrated through grade 1 filter
paper and concentrated at 40 °C under reduced pressure with a rotary evaporator (Btichi
Labortechnik AG, Flawil, Switzerland). At the end of the extraction procedure, 131 g of a
dark green sticky precipitate was obtained and stored at 4 °C to be used after. The yield of
the extraction per gram of vegetable powder was evaluated by the difference in the weight
of the container before and after pouring the extract, obtaining 4.51% after extraction.

The extract was fractioned, and a portion of EEAch (40 g) was suspended in 10%
EtOH-water (100 mL) and successively portioned with dichloromethane (100 mL x 3) to
obtain 25 g DCMFr. The aqueous residual layer was collected to obtain 15.1 g of aqueous
residual fraction (AcRFr). The activity was associated with AcRFr, then a portion (300 mg)
was purified by preparative thin layer chromatography (silica gel 60F-254 Merck), using
EtOAc:MeOH: water (10:1.6:1.3) mixture to obtain astragalin (12.73 mg), chlorogenic acid
(3.41 mg), hyperin (36.61 mg), isoquercitrin (20.1 mg), myricetin (14.38 mg), narcissin
(37.19 mg), nicotiflorin (34.14 mg), and rutin (73.54 mg), the compounds were identified by
NMR 'H and !3C (see Supplementary Materials); further, the compounds were compared
with standards. The process was repeated as needed.

4.4. In Vivo Assays
4.4.1. Animals

In order to evaluate the biological activity, female BALB/c mice of 20 + 5 g body
weight (bw) (aged 8-10 weeks) were obtained from the Animal Facility from the Animal
House of the National Medical Center “Siglo XXI” from Instituto Mexicano del Seguro
Social (IMSS), housed under standard laboratory conditions at a temperature of 22 4 2 °C,
50% of humidity with a 12 h light/dark cycle and fed with a standard diet 5001 (Lab
Diet ®, Saint Louis, MO, USA) also purified water ad libitum. This study was approved
by the Specialty Hospital Ethical Committee of the National Medical Center “Siglo XXI”
from IMSS, with the registered numbers: R-2020-3601-038 and R-2019-3601-004. All the
experimental animal models used in this study were performed following the Mexican
Official Regulations on animal care and experimental management [47].

4.4.2. Induction of Experimental Type 2 Diabetes

The experimental diabetes mellitus was induced through the administration of Al-
loxan at 74 mg/kg intraperitoneally (IP) in mice previously fasted for 24 h. Alloxan was
dissolved in injectable water at room temperature, and 0.5 mL of this solution was admin-
istrated twice in each animal. After the induction, all animals were allowed to drink a
10% sucrose aqueous solution to stabilize the induced hyperglycemia. Then, 24 h after, the
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development of SIT2D was determined by measuring postprandial blood glucose levels
using a conventional glucometer (ACC CHECK® Performa Blood Glucose Systems, Roche®,
DC, Basel, Switzerland).

Additionally, to confirm the AIT2D model, the 3-cell function was evaluated with the
administration of 5 mg/kg glibenclamide orally and measuring the decrease in glucose
values 2 and 4 h after administration; according to the results, there can be confirmed
the existence of functional 3-cell [40]; therefore, the generated model was classified as an
experimental type 2 diabetes mellitus model.

4.4.3. Grouping

For the evaluations of the antidiabetic effect of the ethanolic extract, BALB/c mice were
randomly divided into groups of 6 each as follows: ethanolic extract of A. cherimola (EEAch)
at the dose of 300 mg/kg, aqueous fraction (AcRFr) at 300 mg/kg, and dichloromethane
fraction (DCMFr). In the case of the compounds isolated from the EEAch, the dose used
was 50 mg/kg in all cases. Moreover, the oral antidiabetic drug (OAD) metformin acarbose
(Aca) at 50 mg/kg bw was used as the positive control. Further, normoglycemic and AIT2D
control groups were carried out. In all cases, the treatments were dissolved in 2% Tween
80 in water as vehicle and were given orally through a gavage; the volume was calculated
according to international guidelines [48] as 2 mL/100 g body weight.

4.4.4. Acute Evaluation of the Antidiabetic Effect of Ethanolic Extract from Annona
cherimola, Fractions, and Isolated Compounds

Animals with blood glucose levels between 190-220 mg/dL were used for this study.
The treatments described above were administered orally; once the treatments were admin-
istered, the blood samples were collected from the tail vein at the beginning (0 h), 2and 4 h
after administration using a conventional glucometer described previously.

4.4.5. Subchronic Evaluation of the Antidiabetic Effect of Ethanolic Extract from Annona
cherimola, Fractions, and Isolated Compounds

Experimental-induced diabetes type 2 animals in the same conditions previously
described were used for the subchronic evaluation. In this case, the animals were adminis-
tered with the treatments as described above once daily for 4 weeks. Blood glucose levels
were measured weekly, as previously described.

4.4.6. Oral Glucose and Sucrose Tolerance Test (OGTT and OSTT) of Ethanolic Extract from
Annona cherimola, Fractions, and Isolated Compounds

The oral sucrose tolerance test (OSTT) was conducted according to published proto-
cols [36]. Diabetic fasted female mice were randomly divided into eight groups of 6 animals
each as follows: control group treated only with water as vehicle, EEAc (300 mg/kg), AcRFr
(300 mg/kg), DCMFr (300 mg/kg), myricetin (50 mg/kg), rutin (50 mg/kg), and acarbose
(50 mg/kg) as pharmacological control. In order to perform the test, the time 0 was set
before treatments; then, treatments were given orally, and 30 min after the administration,
a sucrose load (3 g/kg) was administered to the mice. Measures of the blood glucose level
from the tail vein were performed at 2 and 4 h after administration of the carbohydrate by
applying the glucose oxidase method using a standard glucometer (Accu-Chek® Performa
Glucometer, Boehringer Mannheim, Germany) [49]. The oral glucose tolerance test (OGTT)
was performed under the same conditions as the OSTT assay, but in this case, a glucose load
(1.5 g/kg) was given to the groups, and the blood glucose measurements were recorded
following the same method for the OGTT.

4.5. In Silico Studies

The chemical structure of ligands rutin (CID: 5280805), myricetin (CID: 5281672),
canagliflozin (CID: 24812758), and acarbose (CID: 41774) were retrieved from the chemical
library PubChem (https:/ /pubchem.ncbi.nlm.nih.gov/) (accessed on 12 December 2022),
these were optimized and submitted to energetic and geometrical minimization using
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Avogadro software [50]. The x-glucosidase enzyme (crystal structure of the N-terminal of
Human Maltase-Glucoamylase, RCSB, PDB ID: 2QM]) and SGLT-1 cotransporter (crystal
structure of human sodium/glucose cotransporter, Uniprot ID: P13866) were used as a
target of the study. These were retrieved from the Protein Data Bank (http://www.rcsb.
org/) (accessed on 12 December 2022) and the Uniprot database (https://www.uniprot.
org/) (accessed on 12 December 2022). Total molecules of water and ions not needed for
catalytic activity were stripped to preserve the entire protein. All polar hydrogen atoms
were added and ionized in a basic environment (pH = 7.4), and Gasteiger charges were
assigned; the computed output topologies from the previous steps were used as input files
to docking simulations.

The molecular docking experiments were carried out using Autodock 4.2 software [51];
the search parameters were as follows: a grid-base procedure was employed to generate
the affinity maps delimiting a grid box of 126 x 126 x 126 A% in each space coordinate,
with a grid points spacing of 0.375 A, the Lamarckian genetic algorithm was employed as
scoring function with a randomized initial population of 100 individuals and a maximum
number of energy evaluations of 1 x 107 cycles, the analysis of the interactions in the
enzyme/inhibitor complex was visualized with PyMOL software (The PyMOL Molecular
Graphics System, Ver 2.0, Schrédinger, LLC, DeLano Scientific, San Carlos, CA, USA).

The validation of the molecular docking was carried out by re-docking the co-crystallized
ligand in the proteins (x-glucosidase and SGLI-1). The lowest energy pose of the co-
crystallized ligand was superimposed, and it was observed whether it maintained the same
bind position. The RMSD was calculated, and a reliable range within 2 A is reported.

4.6. Statistical Analysis

All the results are expressed as mean values standard error of the mean (SEM). All sta-
tistical analyses were performed using GraphPad Prism version 8.2.1 (GraphPad Software
Inc., San Diego, CA, USA). The statistical evaluation was conducted through an analysis
of variance (ANOVA) followed by a Tukey test for multiple comparisons considering the
p-value < 0.05 was a statistically significant difference.

5. Conclusions

The acute and subchronic in vivo evaluations showed that in the current AIT2D model,
EEAch, AcRFr, DCMFr, rutin, and myricetin reduced the hyperglycemic values. The oral
glucose and sucrose tolerance test and the molecular docking suggest that the antidiabetic
activity of the products obtained from A. cherimola is mediated in part by «-glucosidase
enzyme inhibition and SGLT1 cotransporter inhibition.

This research supports the phytochemical and pharmacological bases of A. cherimola
and its use as a source for the development of new potential antidiabetic agents for T2D
control based on flavonoid molecules.
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Abstract: Cyclophosphamide (CP) is a cytotoxic, cell cycle, non-specific, and antiproliferative drug.
This study aimed to address the toxic effects of CP on male fertility and the possible ameliorative
role of hesperidin (HSP). Thirty-two adult albino rats were randomly divided into four groups,
namely, the negative control, HSP, CP-treated, and CP+HSP-treated groups. The CP-treated rats
showed a significant reduction in the levels of serum LH, FSH, testosterone, prolactin, testicular
glutathione peroxidase (GPx), and total antioxidant capacity (TAC) with an elevation in levels of
malondialdehyde (MDA), and p53, and iNOS immune expression, compared to the control group. A
significant downregulation in hypothalamic KISS-1, KISS-1r, and GnRH, hypophyseal GnRHr, and
testicular mRNA expression of steroidogenesis enzymes, PGC-1«, PPAR-1, IL10, and GLP-1, as well
as a significant upregulation in testicular mRNA of P53 and IL13 mRNA expression, were detected
in the CP-treated group in comparison to that in the control group. The administration of HSP in
CP-treated rats significantly improved the levels of serum LH, FSH, testosterone, prolactin, testicular
GPx, and TAC, with a reduction in levels of MDA, and p53, and iNOS immune expression compared
to the CP-treated group. A significant upregulation in hypophyseal GnRHr, and testicular mRNA
expression of CYP19A1 enzymes, PPAR-1, IL10, and GLP-1, as well as a significant downregulation
in testicular mRNA of P53 and IL13 mRNA expression, were detected in the CP+HSP-treated group
in comparison to that in the CP-treated group. In conclusion, HSP could be a potential auxiliary agent
for protection from the development of male infertility.

Keywords: cyclophosphamide; hesperidin; apoptosis; P53; iNOS; oxidative stress

1. Introduction

The incidence of cancer has increased significantly throughout the world in recent
years [1]. Formerly, surgery used to be the sole option for treating patients with solid
tumors, which had a high fatality rate. Chemotherapy has improved such patient survival
rates over the past 40 years [2]. Various chemotherapeutic agents, including cyclophos-
phamide (CP), are widely used as a part of their treatment regimen [3]. Unfortunately,
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it is non-selective for diseased cells [4,5]. CP has two active metabolites, namely, phos-
phoramide mustard and acrolein. While phosphoramide mustard has been associated
with the antineoplastic and immunosuppressive actions of CP, acrolein is responsible for
the toxic side effects of CP that include apoptosis and necrosis in normal tissue [6]. CP
administration has been linked to significant side effects, such as hemorrhagic cystitis,
gonadotoxicity, nephrotoxicity, and cardiotoxicity, limiting its therapeutic use. Moreover,
female patients who are treated with CP are susceptible to early menopause. The risk
of irreversible infertility increases significantly in both male and female patients when
exposed to a cumulative medical dose [7,8]. CP has been reported to impact male fertility
both centrally and peripherally via downregulating the hypothalamic—pituitary-gonadal
(HPG) axis through affecting the hypothalamic Kiss1 mRNA expression and gonadotropin
secretion, testicular steroidogenesis, testosterone synthesis, and eventually spermatogene-
sis [9,10]. Furthermore, Cp has been linked to direct testicular oxidative stress and DNA
damage leading to testicular degeneration [11,12].

Flavonoids, found in many medicinal plants, fruit, and vegetables, can be useful in
treating a variety of diseases. Flavonoids possess various pharmacological properties,
including vasodilation, anti-allergic, immunostimulant, and antiviral effects [13,14]. They
are reported to be effective as an antioxidant, anticarcinogen, antiproliferative, and in com-
bating multidrug resistance, as well as in preventing chemotherapy-associated injury [15].
Hesperidin (HSP) is a bioflavonoid that is found mainly in citrus fruit such as oranges
and lemons, as well as plant-derived liquids such as tea and olive oil. It has a wide range
of pharmacological effects, including antioxidant, anti-inflammatory, anticarcinogenic,
antiviral, antibacterial, antifungal, antiulcer, analgesic, and anticancer properties [16]. The
main objective of the current work was to examine the potential therapeutic effect of HSP
in preventing the progression of male infertility in rats treated with CP and its effects on
the various molecular processes involved in male reproduction.

2. Results
2.1. Effect on the Final Body, Testicular Weights and Serum Hormone Levels

The final body and testicular weights of the CP-treated group were significantly lower
(p < 0.05) compared to the control group in Figure 1A,B. The CP+HSP-treated group showed
a significant increase in final body and testicular weights compared to the CP-treated group
in Figure 1A,B.

The serum levels of testosterone, FSH, LH, and prolactin showed a significant decrease
in the CP-treated group in comparison to the control group (p < 0.05) in Figure 1C-F. The
serum levels of testosterone, FSH, LH, and prolactin in the CP+HSP-treated group showed
a significant increase compared to the CP-treated group, shown in Figure 1C-F.

2.2. Effect on Testicular Lipid Peroxidation and Oxidative Stress Markers

CP-induced oxidative stress was indicated, with a significant decrease in GPx and TAC
levels in the CP-treated group in comparison to that in the control group (p < 0.05), shown
in Figure 2B,C. A significant increase in the MDA level, the lipid peroxidation marker, in
the CP-treated group in comparison to that in the control group (p < 0.05) is also shown
in Figure 2A. The CP+HSP-treated rats showed a significant decrease in testicular MDA
levels, as well as a significant increase in testicular GPx and TAC levels, in comparison to
those in the CP-treated group, shown in Figure 2A-C.
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Figure 1. Effect on the final body, testicular weights and serum hormones (A-F). (A) Body weight (g),
and (B) weight (g), (C) serum testosterone level (pg/mL), (D) serum FSH (mIU/mL) level, (E) serum
LH (mIU/mL) level, and (F). serum prolactin (ng/mL) level. Data are expressed as means + SEM.
N = 8. *, **, ** indicate significant difference (p < 0.05).
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Figure 2. Effect of hesperidin administration in cyclophosphamide-induced testicular impairment in
male rats on testicular lipid peroxidation and oxidative stress markers (A—C). (A) Testicular MDA
level (nmol/mg. tissue), (B) testicular GPx level (U/mg. tissue), and (C) testicular TAC level (ng/mg.
tissue). Data are expressed as means & SEM. N = 8. **, *** indicate significant difference (p < 0.05).

2.3. Effect on Testicular Histopathology and Morphology

The control and the HSP groups showed normal morphology. The majority of semi-
niferous tubules were rounded in shape with a regular contour and few interstitial spaces
containing clusters of interstitial cells. The lumina of most tubules revealed aggregated
sperm bundles in Figure 3A,B. A complete series of spermatogenic cells were seen (sper-
matogonia, primary spermatocytes, secondary spermatocytes and spermatids). The semi-
niferous tubules were covered by a single layer of myoid cells with flattened nuclei. The
interstitial spaces were narrow and contained normal Leydig cells and blood vessels, as
shown in Figure 3E,F.

Sections from CP-treated groups revealed degenerative testicular changes, including
loss of their normal architecture, compared with the control group. Distorted seminiferous
tubules with exfoliation of germ cells within their lumina and irregular outlines and
germinal epithelium with some atrophic part. The spermatogenic cells appeared with
darkly stained pyknotic nuclei and multinucleated giant cells were also seen. The interstitial
tissues were wide and edematous. Numerous vacuolations were also seen, as shown in
Figure 3C,G.
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Figure 3. Effect of hesperidin administration in cyclophosphamide-induced testicular impairment
in male rats on testicular histopathological and morphometric analysis (A-M). (A) Seminiferous
tubules (ST) lined with stratified germinal epithelium (G). Aggregation of sperm is seen in their
lumina (X). Narrow interstitial spaces (I), H&E X100. (B) Seminiferous tubules are closely packed
(ST) and lined by stratified germinal epithelium (G). Clumps of sperm are seen in their lumina (X).
A narrow interstitium is seen in between the tubules and contains clusters of cells (I), H&E X100.
(C) Distorted seminiferous tubule (ST*) with irregular outlines and atrophied layers of germinal
epithelium (G) with exfoliation of some germ cells towards the lumen (f). The interstitial tissues are
wide and edematous (I), H&E X100. (D) Well-organized seminiferous tubules (ST) with a normal
regular outline of germinal epithelium (G) and aggregation of sperm in their lumina (X). Other
tubules appear affected with detached germinal epithelium and empty lumen (ST*). Relatively
narrow interstitial spaces (I) between tubules and congested blood vessels (Bv*) are seen, H&E X 100.
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(E) The higher magnification of the figure (A) shows seminiferous tubules lined with; spermatogonia
(thick arrow), primary spermatocytes (Ps), secondary spermatocytes (Sp), spermatids (S), and sperms
(X) are seen. Sertoli cells (curved arrow) are resting on the basement membrane. The seminiferous
tubule is ensheathed by a single layer of flattened myoid cells (long thin arrow). The interstitial space
(I) shows blood vessels (Bv) and Leydig cells (zigzag arrow), H&E X400. (F) The higher magnification
of the figure (B) shows seminiferous tubule (ST) with different spermatogenic cells that include
spermatogonia (thick arrow), primary spermatocytes (Ps), secondary spermatocytes (Sp), spermatids
(S) and sperms (X). Sertoli cells (curved arrow) are seen on a regular basement membrane. The tubules
are ensheathed by a single layer of flat myoid cells (long thin arrow). Clusters of Leydig cells (zigzag
arrow) are seen in the narrow interstitial spaces (I), H&E X400. (G) The higher magnification of the
figure (C) shows degenerated seminiferous tubule (ST*) with disorganization of germinal epithelium
(G) and the presence of atrophic parts (*). Darkly stained nuclei (red short arrow) and multinucleated
giant cells (green circle) are also observed. The interstitial space (I) showing inflammatory cells
infiltration (white arrow) and vacuolated acidophilic hyaline material (V), H&E X400. (H) The higher
magnification of the figure (D) shows one seminiferous tubule (ST*) lined by disorganized germinal
epithelium (G) with atrophic parts in between (*). The other tubules appear nearly normal (ST) and
retain their stratified germinal epithelium; spermatogonia (thick arrow), primary spermatocytes (Ps),
secondary spermatocytes (Sp), spermatids (S) and sperms (X). Sertoli cells (curved arrow) are seen
between spermatogenic cells. The tubule is ensheathed by a single layer of flattened myoid cells (long
thin arrow). The interstitium contains clusters of Leydig cells (zigzag arrow) and some vacuolations
are noticed (V). (I) Johnson’s testicular score. (J) The thickness of the capsule. (K) The thickness
of the germinal epithelium. (L) The thickness of the interstitial space. (M) Number of Leydig cells.
Scale bar = 50 um, X400. Data are expressed as means & SEM. *, *** indicate significant difference
(p < 0.05).

Sections from CP+HSP-treated groups showed a marked improvement in the histo-
logical structure of testicular tissue in comparison to the CP-treated group. The majority
of the seminiferous tubules almost regained their normal architecture, had nearly regular
outlines, and were lined by stratified germinal epithelium. A few seminiferous tubules
were lined by disorganized germinal epithelium separated from the underlying basement
membrane. The lumina of most of them showed aggregations of sperms, while others were
empty. Normal blood vessels and clusters of Leydig cells were also noticed in the relatively
narrow interstitium with some vacuolations still observed, as shown in Figure 3D,H.

Evaluation of Johnsen’s scores in histopathological sections indicated that there was
a significant decrease in spermatogenesis quality in the CP-treated group compared to
that in the control group (p < 0.001). When compared with the CP-treated group, the
CP+HSP-treated group showed a significant rise, but was still significantly different to
the control group in Figure 3. Evaluation of the mean thickness of the capsule showed
a significant increase in the CP-treated group in comparison to that of the control group
(p < 0.001). The CP+HSP-treated group showed a significant decline when compared with
the CP-treated group, but was still significantly different from that in the control group,
as shown in Figure 3]. The CP-treated group’s mean thickness of the germinal epithe-
lium was significantly decreased when compared to that of the control group (p < 0.001).
The CP+HSP-treated group showed a significant increase in the thickness of germinal
epithelium when compared with the CP-treated group, as shown in Figure 3K. The mean
thickness of the interstitial space in the CP-treated group showed a significant increase in
comparison to the control group (p < 0.001). When compared to the CP-treated group, the
CP+HSP-treated group showed a significant decline in Figure 3L. The number of Leydig
cells was significantly decreased in the CP-treated group compared to that in the control
group (p < 0.001). However, the CP+HSP-treated group showed a significant increase in
comparison to the CP-treated group, as shown in Figure 3M.
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2.4. Effect on Testicular Immunohistochemistry of iNOS and P53

Examination of the iNOS immunohistochemical stained section of the control and
HSP-treated group revealed mild expression of iNOS immune reactivity in the cytoplasm
of the germ cells of seminiferous tubules, shown in Figure 4A,B,E,F. The CP-treated group
expressed a significant increase in iNOS immune reactivity in the cytoplasm of the germ
cells and the interstitial cells, shown in Figure 4C,G, whereas administration of HSP led
to a marked decrease in iNOS immunoreactivity in the cytoplasm of the germ cells of
seminiferous tubules and the interstitial cells in Figure 4D,H. The mean area % of iNOS
expression in the testes sections (X400) of the four experimental groups, was considerably
higher in the CP-treated group in comparison to the control and CP+HSP-treated group,
shown in Figure 4M.

In the seminiferous tubules of the control group and HSP-treated group, the P53
immunopositive reaction was primarily found in the nucleus of apoptotic cells, and is
hardly noticeable in Figure 41,]. Nevertheless, the seminiferous tubules of the CP-treated
group had a large number of P53 immunopositive cells, shown in Figure 4K; however, the
seminiferous tubules of the CP+HSP-treated group contained fewer P53 immunopositive
cells, shown in Figure 4L. Regarding the average area % of P53 expression and the number
of P53 immunopositive cells per tubule in the testes sections (X400) of the four experimental
groups, the CP-treated group showed a significant increase compared to the control and
CP+HSP-treated groups, shown in Figure 4N,O. The CP+HSP-treated group showed a
significant decrease in comparison to the CP-treated group, shown in Figure 4N,O.

2.5. Effect on mRNA Expression of Hypothalamic KISS-1, KISS-1r, GnRH, Hypophyseal GnRHr
and Testicular Steroidogenic Enzymes

A significant downregulation in hypothalamic KISS-1, KISS-1r, and GnRH and hy-
pophyseal GnRHr mRNA expression in the CP-treated group in comparison to that in the
control group were noticed. Treatment with HSP significantly upregulated hypothalamic
KISS-1 and GnRH and hypophyseal GnRHr, but not KISS-1r, in comparison to that in the
CP-treated group, as shown in Figure 5A-D. In comparison to the control group, a signif-
icant downregulation in the testicular mRNA expression of StAR, CYP11A1, CYP17A1,
HSD17B3, and CYP19A1 in the CP-treated group was noticed. In comparison to the
CP-treated group, the CP+HSP-treated group showed considerable upregulation in the
testicular StAR, CYP11A1, CYP17A1, HSD17B3, and CYP19A1, as shown in Figure 5E-I.

2.6. Effect on Testicular mRNA Expression of GLP-1, PGC-1, and PPAR-«

A significant decrease in testicular GLP-1, PGC-1, and PPAR-a was shown in the CP-
treated group compared to the control group in Figure 6A—C. HSP administration showed
a significant increase in testicular GLP-1, PGC-1, and PPAR-x when compared to that in
the CP-treated group, shown in Figure 6A-C.

2.7. Effect on Testicular Apoptotic and Inflammatory Marker

A significant upregulation in testicular P53 and IL1B mRNA expression and downreg-
ulation in testicular IL10 mRNA expression were detected in the CP-treated group when
compared to that of the control group, as shown in Figure 7A-C. The CP+HSP-treated group
showed significant downregulation of testicular P53 and IL1B and upregulation in testicular
IL10 mRNA expression when compared to CP-treated group, shown in Figure 7A-C.
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Figure 4. Effect of hesperidin administration in cyclophosphamide-induced testicular impairment in
male rats on testicular immunohistochemical staining of iNOs and P53, as indicated by a positive im-
mune reaction (arrowheads and arrows) in the cytoplasm and nuclei of the Leydig cells and germ cells
of different studied groups (A-0O). (A) Testicular immunohistochemical stained sections of iNOs in
control-treated groups. Scale bar = 200 um, X100. (B) Testicular immunohistochemical stained sections
of iNOs in HSP-treated group. Scale bar = 200 um, X100. (C) Testicular immunohistochemical stained
sections of iNOs in CP-treated group. Scale bar = 200 pum, X100. (D) Testicular immunohistochemical
stained sections of iNOs in CP+HSP-treated group. Scale bar = 200 um, X100. (E) Testicular immuno-
histochemical stained sections of iNOs in control-treated groups. Scale bar = 50 um, X400. (F) Testic-
ular immunohistochemical stained sections of iNOs in HSP-treated group. Scale bar = 50 pm, X400.
(G) Testicular immunohistochemical stained sections of iNOs in CP-treated group. Scale bar = 50 um,
X400. (H) Testicular immunohistochemical stained sections of iNOs in CP+HSP-treated group. Scale
bar = 50 um, X400. (I) Testicular immunohistochemical stained sections of P53 in control-treated
groups. Scale bar = 50 pm, X400. (J) Testicular immunohistochemical stained sections of P53 in
HSP-treated group. Scale bar = 50 um, X400. (K) Testicular immunohistochemical stained sections
of P53 in CP-treated group. Scale bar = 50 um, X400. (L) Testicular immunohistochemical stained
sections of P53 in CP+HSP-treated group. Scale bar = 50 pm, X400. (M) Immunostaining intensity
of testicular iNOs (% area). (N) Immunostaining intensity of testicular P53 (% area). (O) Number
of apoptotic cells per crossed tubule. Data are expressed as means + SEM. *** indicate significant
difference (p < 0.05).

82



Pharmaceuticals 2023, 16, 301

A.

Relative expression of hypothalamic

Relative expression of hypophyseal

GnRHr mRNA/Gapdh (% control)

Relative expression of testicular
CYP17A1 mRNA/Gapdh (% control)

Kiss-1 mRNA/Gapdh (% control)

-
o
1

-
o
1

e
2]
1

* %

e
o
I

1.5

%k %k %k

%k % %k
—

2.0

1.5

*

e

Il

0]
-

*

*
O
-

*

=3 Control
B3 Hes

= Cyclo

= CyclotHes

o
-

-
o
1
-
o
1

el
2]
1

e
o
1

GnRH mRNA/Gapdh (% control)

Relative expression of hypothalamic
e
o
1

Kiss-r1 mRNA/Gapdh (% control)
Relative expression of hypothalamic

0.0-

* %
* ok E. . F -
2.0 S 1.5+
3 E = g — =3 Control
2 g * g § =3 Hes
| — A
g 0\3 1.5 38 < = Cyclo
— - = 104
S = e T B Cyclo+Hes
E2 £s
'56 1.0 EQ
§% g <
&= 8z
¥ % % 0.5-
® = 0.54 i B
- F
X g3
s = £ =
z;00 m& 0.0
- o U=
H' e I' *kkk kK
L 2 204 % =
S e S 1.5
5 &8 =] * kK =3 Control
S 3 - s 5
B & 2 3 =3 Hes
o - 1.54 ae\o
- < =3 Cyclo
=1~ s.-=1°_,
s & o= I = Cyclot+Hes
s 3 s &
Z < 1.0 0
g F § =
8 Z = 7z
= X &
v = 5 0.5+
© = 05 s E
.28 > -
Ec g8
o = T —
Z 0.0- > 0.0-
= g%

Figure 5. Effect of hesperidin administration in cyclophosphamide-induced testicular impairment in
male rats on mRNA expression of hypothalamic KISS-1, KISS-1r, GnRH, hypophyseal GnRHr and
testicular steroidogenic enzymes (A-I). (A) Hypothalamic KISS-1/Gapdh (% control), (B) mRNA
expression of hypothalamic KISS-1r/Gapdh (% control), (C) mRNA expression of hypothalamic
GnRH/Gapdh (% control), (D) mRNA expression of hypophyseal GnRHr/Gapdh (% control),
(E) Testicular Star/Gapdh (% control), (F) Testicular Cypllal/Gapdh (% control), (G) Testicu-
lar Cyp17A1/Gapdh (% control), (H) Testicular HSD17B3/Gapdh (% control), and (I) Testicular
Cyp19A1/Gapdh (% control). Data are expressed as means £ SEM. *, **, *** indicate significant
difference (p < 0.05).
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Figure 6. Effect of hesperidin administration in cyclophosphamide-induced testicular impairment
in male rats on mRNA expression of testicular GLP-1, PGC-1, and PPAR-a (A-C). (A) Testicular
PGC-1/Gapdh (% control), (B) mRNA expression of testicular PPAR-a/Gapdh (% control), and
(C) mRNA expression of testicular GLP-1/Gapdh (% control). Data are expressed as means & SEM.
*, a0, xx xt indicate significant difference (p < 0.05).
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Figure 7. Effect of hesperidin administration in cyclophosphamide-induced testicular impairment in
male rats on mRNA expression of testicular P53, IL1B, and IL10 (A-C). (A) Testicular P53/Gapdh
(% control), (B) mRNA expression of testicular IL1B/Gapdh (% control), and (C) mRNA expression
of testicular IL10/Gapdh (% control). Data are expressed as means = SEM. *, **, *** *** indicate
significant difference (p < 0.05).
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3. Discussion

Cancer is a leading cause of death worldwide [17]. As a result, researchers have
been looking for different therapeutic strategies to improve the quality of life for patients.
CP is a regularly used form of chemotherapy particularly in multiple myeloma, sarcoma,
lymphoma, neuroblastoma, leukemia, and prostate and breast cancer [18]. CP has been
shown to affect rapidly proliferating tissues such as gonads by interfering with their cell
growth and differentiation [19]. CP treatment combined with several protective supple-
ments, including polyphenols, vitamins, and minerals, has been suggested [20] to overcome
such damaging impacts. HSP, owing to its antioxidant/anti-inflammatory effects, could be
beneficial [21,22].
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In the present work, the final body weight of rats receiving CP treatment was signifi-
cantly decreased when compared with the control group, as previously reported [23]. A
single intraperitoneal injection of a lesser dose of 120 mg/kg/b.wt [24] or 50 mg/kg/day
for three days [25] also was reported to decrease body weight in rats. This decline could
be caused by metabolic alterations causing appetite loss and decreased food intake. Yet,
no weight change was noticed after administering CP in a single intraperitoneal dose of
200 mg/kg/b.wt. in rats [26]. HSP administration at a dose of 200 mg/kg/b.wt has been
linked to improving the body weight in the aluminum phosphatide-treated group [27,28].
In the present study, the CP-treated group’s testicular weight significantly decreased when
compared with the control group [29]. Administration of CP in a dose of 15 mg/kg once
a week for 35 days has been linked to reduced testicular size in mice [30]. Other reports
administering single CP at a dose of 100 mg/kg showed no difference in the weight of
testis between groups [31,32]. HSP in a dose of 25-50 mg/kg for 60 days, revealed that
HSP co-administration normalizes testicular weight [33]. Collectively, this could suggest a
potential effect for the administration route, dose, treatment duration, and sensitivity of the
animals in body and testicular weight changes.

The hypothalamic—pituitary—gonadal (HPG) axis controlling gonadal function in males
starts by hypothalamic secretion of GnRH to stimulate the pituitary generation of FSH and
LH. Additionally, FSH and LH play a role in regulating Leydig cell function to produce
testosterone in males [8]. CP markedly reduced the serum levels of testosterone, FSH,
LH, and prolactin [11], even at a single dose of 100 mg/kg [34]. The results of this study
indicated that CP affected spermatogenesis by interfering with cellular processes as well as
the pituitary—testicular axis. HSP significantly enhanced the serum testosterone, FSH, LH,
and prolactin levels following bisphenol A administration [35,36]. Also, the administration
of other flavonoids, including quercetin [11] or morin [37,38], or rutin [38], improved serum
levels of testosterone, FSH, LH, and prolactin. This could be attributed to the protective
roles of flavonoids in terms of anti-inflammatory and antioxidant ability.

CP disrupts the antioxidant defense mechanisms by producing large amounts of ROS
in conjunction with its harmful metabolite, acrolein, which is known to increase oxidative
stress, causing a marked reduction in GPx and TAC levels and a marked elevation in
MDA levels [39,40]. Oxidative stress is a major contributor to male infertility [41] via
modifications in microvascular blood flow leading to elevated rates of germ cell death.
HSP co-administration reduced the level of the lipid peroxidation marker, MDA, and also
strengthened the body’s natural antioxidant defense system by boosting the activity of
antioxidant enzymes such as SOD and GPx [27,42—44]. Oxidative stress, lipid peroxidation,
and inflammation usually manifest histological and functional abnormalities in testicular
tissue [45,46]. CP intraperitoneal administration at a dose of 5 mg/kg daily for four weeks,
showed intraepithelial vacuoles as an indication of seminiferous tubules atrophy, as well as
spacing and separation of germ cells, which may be caused by sloughing and exfoliation of
the germ cells due to the primary impact on the cell-to-cell junction in between Sertoli cells
and germ cells [47,48].

Other reports of single CP administration at a dose of 200 mg/kg showed marked
testicular damage, including interstitial bleeding, and separation of spermatogenic cells
with the presence of vacuoles, and explained how CP could cause oxidative stress, lipid
peroxidation, and apoptosis [49]. CP intraperitoneal administration at a dose of 60 mg/kg
per week for eight weeks revealed that the seminiferous tubules exhibited morphological
changes, including interstitial edema, vacuolization, multinucleated giant cell development,
desquamation, degeneration, and disorganization. In addition, reactive oxygen species and
oxidative stress have been linked to the pathogenesis of CP toxicity [50].

The CP-treated group revealed a significant increase in iNOS, only formed during
inflammation, ischemia, and apoptosis [51], immune reactivity in the cytoplasm of the cells
of the seminiferous tubules [52]. Exposure to cisplatin, aluminum chloride, methotrexate,
and silica nanoparticles reported an increase in testicular iNOS expression [53-56]. Anti-
cancer drugs, including cyclophosphamide, methotrexate, tamoxifen, doxorubicin, and
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5-fluorouracil administration, have been associated with the induction of oxidative stress
and inflammation [57]. Such results, confirmed by another flavonoid (quercetin), [54] found
that coadministration of quercetin to the aluminum chloride-treated group decreased the
iNOS expression in testis tissue. HSP caused a marked decrease in the CP-induced expres-
sion of iNOS in the liver [58] and renal tissue [59]. Coadministration of another antioxidant
as melatonin decreased the expression of iNOS in testicular tissue in the cisplatin-treated
group [60].

Increased testicular apoptosis, as indicated by increased P53 expression, results in
spermatogenic arrest and a reduction in spermatogonia, spermatocytes, and spermatid
numbers [61]. The CP-treated group revealed a marked increase in P53 immune reactivity
in the nucleus of the cells of the seminiferous tubules and revealed an increased num-
ber of apoptotic cells in the CP-treated group [62]. Exposure to potassium dichromate,
D-gal/NaNO;, bleomycin, etoposide, and cisplatin resulted in an increase in testicular
P53 expression [63-65]. Treatment with hesperidin might protect mice’s testis against
apoptosis [66]. HSP administration at a dose of 50 mg/kg daily via gavage for 14 days,
reported mitigated testicular alterations brought on by cisplatin [67]. Additionally, HSP
treatment reduced the testicular seminiferous tubules deterioration process and lowered
ischemia/reperfusion-induced reproductive damage [68]. HSP caused a marked decrease
in the expression of P53 in the corneal tissue [69], liver [22], and colon [70]. Regarding
other flavonoids, co-administration of quercetin to the cisplatin-treated group decreased
the expression of P53 in testicular tissue [71].

The mean testicular Johnsen’s score in the CP-treated group decreased significantly
in comparison with the control group [52]. The thickness of germinal epithelium had
significantly decreased and the lumina were large and empty [72]. They linked these
findings to the inhibition of B-spermatogonia mitosis, which denotes an extension of the G1
phase of the cell cycle growth. Additionally, it has been demonstrated that this epithelial
thinning results in a deficiency in sperm production. A significant decline in epithelial
height and increase in the interstitial space in the cisplatin-treated group [73] could be
attributed to oxidative stress that was responsible for all cisplatin-induced damage in
the testis. The thickness of the capsule of the testis was significantly increased in the
iprodione-treated group [35]. The number of Leydig cells decreased significantly in the
CP-treated group [74,75]. In the present study, there was a significant improvement in
testicular Johnsen'’s score in the CP+HSP-treated group when compared to the CP-treated
group. This result was consistent with previous reports indicating that diabetic rats treated
with HSP showed considerable improvement in the mean testicular biopsy score [76].

In the present study, the number of Leydig cells in the CP+HSP-treated group increased
significantly when compared to the CP-treated group [77]. HSP treatment with cisplatin
causes considerable improvement in the thickness of germinal epithelium [67]. Quercetin
co-treatment showed a significant reduction in the interstitial space in the arsenic-treated
group [78]. Melatonin co-treatment showed a significant reduction in the thickness of
tunica albuginea in the taxol-treated group [79].

In this study, there was significant downregulation of hypothalamic KISS, KISSr,
GnRH, and hypophyseal GnRHr in the CP-treated group when compared with the control
group. Oxidative stress induced by extensive exercise has been reported to downregulate
the expression of KISS, KISSr, GnRH, and GnRHr [80]. A significant upregulation in gene
expression of hypothalamic KISS, GnRH, and hypophyseal GnRHr in the CP+HSP-treated
group if compared with the CP-treated group was noticed. This could be attributed to the
flavonoid’s ability to prevent tissue damage, prevent the inactivation of steroidogenesis, and
increase gonadotropin release [81,82]. CP treatment significantly decreases steroidogenic
genes that include StAR, CYP11A1, CYP17A1, HSD17B, and CYP1719A1 compared with
other groups [11,83]. Cisplatin has been reported to induce similar impacts [84,85]. HSP
administration enhances testicular functions through the upregulation of steroidogenesis-
related genes [86]. Additionally, isorhamnetin, a bioflavonoid treatment, significantly
improved testosterone production through the upregulation of steroidogenic genes and
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antioxidant ability [87]. On the other hand, studies have also suggested that flavonoids
may interact with estrogen receptors (ERs) to modulate the activity of the endocrine
system [88,89]. This interaction has been linked to a variety of health outcomes, including
testicular dysfunction in rats [88]. The interaction between flavonoids and ERs is complex
and depends on the type of flavonoid, duration of administration and its concentration.
Such interaction should be in focus in future research.

GLP-1 is essential for maintaining male fertility, since it controls spermatogenesis
and steroidogenesis directly. It is released by Leydig cells and works on Sertoli, germinal
epithelial, and Leydig cells (all of which have GLP-1 receptors). This procedure increases
the metabolism of Sertoli cells and raises sperm cell quality [90]. PPAR-« and PGC-1¢,
stimulate fatty acid oxidation and impact the testicular energy balance [91]. Testicular
torsion, similar to CP administration, caused significant downregulation of testicular GLP-1,
PPAR-«, and PGC-1x and affect the metabolism of testicular cells and worsens oxidative
stress by raising reactive oxygen species and reactive nitrogen species, which promote
apoptosis and inflammation inside testis [92]. A significant upregulation of testicular
GLP-1, PPAR-«, and PGC-1« in the CP+HSP-treated group was noticed, indicating a
positive effect on testicular metabolism. CP-treated rats showed a significant upregulation
of testicular apoptotic P53 [83] and pro-inflammatory IL1{3 and downregulation of anti-
inflammatory IL10. Cisplatin caused a significant elevation in pro-inflammatory IL13
and significant downregulation of the anti-inflammatory IL10 gene respectively [84,93].
HSP’s antioxidant properties cleared the ROS, preventing the pro-inflammatory genes from
activating, and protecting testicular tissue from inflammation [94]. CP and HSP-combined
treatment downregulated the testicular apoptotic P53 gene and pro-inflammatory IL1§3 and
significant upregulated the anti-inflammatory IL10 gene when compared with CP-treated
group. Co-treatment with bilobetin, a natural bioflavonoid, significantly reduced testicular
P53 expression and significantly increased testicular IL10 expression in the cisplatin-treated
group [95].

4. Materials and Methods
4.1. Chemicals

Cyclophosphamide in the form of powder acquired from Baxter oncology GmbH in
Germany. CP was injected at a dose of 150 mg/kg/B.wt. Hesperidin (>80% purity powder
CAS NO 520-26-3) was produced by Sigma-Aldrich Company St. Louis, MO, USA, and
acquired from Sigma-Egypt. Hesperidin was orally administrated by gavage at a dose of
200 mg/kg/B.wt.

4.2. Experimental Animals

Thirty-two adult healthy male Sprague Dawley rats (12-14 weeks) weighing 210 £ 10 g
were obtained from Zagazig scientific and medical research center (ZSMRC). The animals
were then kept at a constant 23 & 2 °C and operated on a 12-h light/12-h dark cycle.
Throughout the study, the animals were kept on a regular diet and ad libitum water
supply. All rats received humane care and the experimental methods were approved
by the Institutional Animal Care and Use Committee of Zagazig University (No. ZU-
IACUC/3/F/172/2019).

4.3. Experimental Design and Sample Collection

The rats were randomly assigned into four main groups (n = 8), namely, the control
group that received normal saline for eight days, the HSP-treated group that received
HSP 200 mg/kg/d orally for eight days [27,96], the CP-treated group that received CP
150 mg/kg single intraperitoneal injection on the 1st day of the experiment [87], and
CP+HSP-treated group that received CP 150 mg/kg single intraperitoneal injection on
the 1st day of the experiment and HSP 200 mg/kg/d orally for eight days. Rats were
euthanized 48 h after the last HSP dose. The body weights were determined and venous
blood samples were taken from their retro-orbital plexus using a capillary glass tube,
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blood was left to clot at room temperature, then centrifuged at 3000 rpm for 10 min to
separate the serum. The samples were then kept at —20 °C to be used subsequently for
hormonal assay estimation. Then, the rats were anesthetized by intraperitoneal injection of
thiopental (75 mg/kg BW) and subjected to cervical dislocation, the abdomen was then
opened to collect both testes outside the body, weighted and then divided into three parts;
the first part was collected on 10% neutral buffered formalin for histopathological and
immunohistochemical examination, the second part (30 mg) was removed directly on liquid
nitrogen and then kept at —80 °C to be used for total RNA extraction and the third part
(1 g) was homogenized to be used for different biochemical tests. After being dissected, the
hypothalamus and pituitary gland were stored in liquid nitrogen and kept there at —80 °C
until total RNA extraction as previously described [97].

4.4. Hormonal and Biochemical Analysis

The levels of serum of FSH, LH, total testosterone, and prolactin were determined by
using a commercially available rat enzyme-linked immunosorbent assay (ELISA) (Catalog
No. CSB-E12654r) for LH as well as (Catalog No. CSB-E06869r) for FSH and (Catalog
No. MBS5282195) for testosterone and (Catalog No. CSB-E06881r) for prolactin [98,99]. The
levels of malondialdehyde (MDA), glutathione peroxidase enzyme activity (GPx), and
total antioxidant capacity (TAC) were assessed using (Catalog No. (ELA-E0597r) for MDA,
(Catalog No. ELA-E0295r) for GPx, (Catalog No. STA-360) for TAC.

4.5. Real-Time Quantitative RT-PCR (qRT-PCR) Analysis

Briefly, total RNA was extracted using Trizol (Invitrogen; Thermo Fisher Scientific,
Waltham, MA, USA), and for evaluating the RNA quality, the A260/A280 ratio was an-
alyzed using the NanoDrop VR ND-1000 Spectrophotometer (NanoDrop Technologies;
Wilmington, DE, USA). For cDNA synthesis, a High-Capacity cDNA Reverse Transcription
Kit cDNA Kit (Applied Biosystems™, USA) was used, followed by the preparation of the
primers according to their manufacturer instructions, Sangon Biotech (Beijing, China), as
provided in Table 1.

Table 1. Forward and reverse primers sequence of targeted genes.

Gene Forward Primer Sequence (5 to 3) Reverse Primer Sequence (5’ to 3') Product Size  Accession No.
GLP1 CACCTCCTCTCAGCTCAGTC CGTTCTCCTCCGTGTCTTGA 128 NM_012707.2
Pparo GTCCTCTGGTTGTCCCCTTG GTCAGTTCACAGGGAAGGCA 176 NM_013196.2
PGClax TTCAGGAGCTGGATGGCTTG GGGCAGCACACTCTATGTCA 70 NM_031347.1
Gapdh GCATCTTCTTGTGCAGTGCC GGTAACCAGGCGTCCGATAC 91 NM_017008.4
Kiss-1 TGCTGCTTCTCCTCTGTGTGG ATTAACGAGTTCCTGGGGTCC 110 NM_181692.1
Kiss-1r CTTTCCTTCTGTGCTGCGTA CCTGCTGGATGTAGTTGACG 102 NM_023992.1
GnRH1 AGGAGCTCTGGAACGTCTGAT AGCGTCAATGTCACACTCGG 100 NM_012767.2
GnRHr TCAGGACCCACGCAAACTAC CTGGCTCTGACACCCTGTTT 182 NM_031038.3
StAr CCCAAATGTCAAGGAAATCA AGGCATCTCCCCAAAGTG 187 NM_031558.3
CYP11A1 AAGTATCCGTGATGTGGG TCATACAGTGTCGCCTTTTCT 127 NM_017286.3
CYP17A1 TGGCTTTCCTGGTGCACAATC TGAAAGTTGGTGTTCGGCTGAAG 90 NM_012753.2
HSD17B3 AGTGTGTGAGGTTCTCCCGGTACCT TACAACATTGAGTCCATGTCTGGCCAG 161 NM_054007.1
CYP19A1 GCTGAGAGACGTGGAGACCTG CTCTGTCACCAACAACAGTGTGG 178 NM_017085.2
IL10 GTAGAAGTGATGCCCCAGGC AGAAATCGATGACAGCGTCG 116 NM_012854.2
IL1B CACCTCTCAAGCAGAGCACAGA ACGGGTTCCATGGTGAAGTC 81 NM_031512.2
P53 GTTCGTGTTTGTGCCTGTCC TGCTCTCTTTGCACTCCCTG 108 NM_030989.3

88



Pharmaceuticals 2023, 16, 301

Real-time RT-PCR was performed in Mx3005P real-time PCR system (Agilent Strata-
gene, USA) using TOPrealTM qPCR 2X PreMIX (SYBR Green with low ROX) (Cat. # P725
or P750) (Enzynomics, Korea) following the manufacturer’s instructions. The PCR cycling
conditions included initial denaturation at 95 °C for 12 min followed by 40 cycles of denatu-
ration at 95 °C for 20 s, annealing at 60 °C for 30 s, and extension at 72 °C for 30 s. A melting
curve analysis was performed following PCR amplification. The expression level of the
target genes was normalized using the mRNA expression of a known housekeeping gene,
Gapdh. Results are expressed as fold-changes compared to the control group following the
2-AACt method [100].

4.6. Histopathological and Immunohistochemical Examination

All the testicular specimens from all groups were installed in Bouin solution for 4 to
5 h till converted to a hard consistency then kept for paraffin block preparation. For the
light microscopic analysis, tissue sections of 5 pm thickness were stained with H and E stain
to examine the structural light microscopic alterations [101]. For immunohistochemical
staining, a rabbit monoclonal antibody of IgG type was designed for specific localization
of inducible nitric oxide synthase (iNOS) marker for oxidative stress and P53 (apoptosis
marker) in paraffin sections. The kits were delivered from DAKO life trade Egypt (Catalog
No. A0312 for iNOS and Catalog No. A5761 for P53). Following the manufacturer’s
recommendations, sections were inspected and photographed by light microscope LEICA
DMS500 in the Anatomy Department, Faculty of Medicine, Zagazig University

The Johnsen scoring system was used to assess the histological alterations in testicular
tissue. Each tubule received a Johnsen’s score between 1 (extremely poor) and 10 (excellent)
following Johnsen’s criteria [102]. Image ] analysis software (Fiji image j; 1.51 n, NIH,
USA) was used for measuring the thickness of the capsule, the thickness of the germinal
epithelium, the thickness of the interstitial space, and the count of Leydig cells in sections
stained with H&E per 100 high powers fields for the thickness of capsule and 400 high
powers fields for the thickness of the germinal epithelium, the thickness of the interstitial
space and count of Leydig cells [103]. After immunostaining, the number of apoptotic cells
(in P53 stained sections) was counted and analysis of the mean area % of P53 (in P53 stained
sections) or iNOS (in iNOS stained sections) was performed in nearly 150 seminiferous
tubules from 8 animals/group, and the findings were statistically analyzed [104].

4.7. Statistical Analysis

Continuous variables were represented by the mean + standard error mean (SEM).
All data were normally distributed and were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s honest significant difference test in homogenous data
for multiple group comparison. p values less than 0.05 (p < 0.05) was statistically sig-
nificant using the statistical software package SPSS for Windows (Version 20; SPSS Inc.,
Chicago, IL, USA).

5. Conclusions

Our study concludes that hesperidin’s antioxidant, anti-inflammatory, and anti-apoptotic
activities could modulate testicular disturbances induced by cyclophosphamide. The
findings of our study raise the prospect of hesperidin, a bioflavonoid, as a therapeutic
intervention for delaying testicular dysfunction. Such findings could be an important
entry point for preserving fertility while using antineoplastic drugs such as cyclophos-
phamide against a wide spectrum of malignancies. Although the therapeutic applications
of bioflavonoids, including hesperidin, should be promising, any future clinical application
should be preceded by rigorous clinical studies.
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Abstract: Zinc oxide and curcumin, on their own and in combination, have the potential as alter-
natives to conventional anticancer drugs. In this work, zinc oxide nanoparticles (ZnO NPs) were
prepared by an eco-friendly method using pure curcumin, and their physicochemical properties were
characterised. ATR-FTIR spectra confirmed the role of curcumin in synthesising zinc oxide curcumin
nanoparticles (Green-ZnO-NPs). These nanoparticles exhibited a hexagonal wurtzite structure with
a size and zeta potential of 27.61 £ 5.18 nm and —16.90 £ 0.26 mV, respectively. Green-ZnO-NPs
showed good activity towards studied bacterial strains, including Escherichia coli, Staphylococcus aureus
and methicillin-resistant Staphylococcus aureus. The minimum inhibitory concentration of Green-ZnO-
NPs was consistently larger than that of chemically synthesised ZnO NPs (Std-ZnO-NPs) or mere
curcumin, advocating an additive effect between the zinc oxide and curcumin. Green-ZnO-NPs
demonstrated an efficient inhibitory effect towards MCF-7 cells with ICs; (20.53 £ 5.12 pg/mL) that
was significantly lower compared to that of Std-ZnO-NPs (27.08 £ 0.91 pug/mL) after 48 h of treatment.
When Green-ZnO-NPs were tested against Artemia larvae, a minimised cytotoxic effect was observed,
with LCsg being almost three times lower compared to that of Std-ZnO-NPs (11.96 + 1.89 ug/mL and
34.60 £ 9.45 ug/mL, respectively). This demonstrates that Green-ZnO-NPs can be a potent, additively
enhanced combination delivery/therapeutic agent with the potential for anticancer therapy.

Keywords: zinc oxide nanoparticles; antimicrobial; curcumin; green synthesis; drug discovery from
natural products

1. Introduction

The rapid emergence and growth of nanobiotechnology has created a varied range of
new applications for the biomedical and pharmaceutical industries [1-4]. Currently, metal
oxide nanoparticles are becoming more popular owing to their useful physicochemical
and biological characteristics [5]. Specifically, zinc oxide nanoparticles (ZnO NPs) are
commonly used due to their broad range of applications in many fields. ZnO NPs possess
potential biological applications, including antioxidant, antimicrobial and anticancer [6,7].
Their preparation process is simple, and they are considered biocompatible and safe
materials [8]. Therefore, they are ideal for biomedical applications such as nanomedicine
carriers, nanodiagnostics, biomolecular detection and luminescence materials [9]. Several
physical and chemical synthesis methods have been used to synthesise ZnO NPs, including
sol-gel [10], microwave-assisted [11], and thermal decomposition [12] methods; however,
these techniques could produce toxic materials. The green production approach of ZnO
NPs, which predominantly uses phytocompounds, is currently gaining popularity since it
is a safer, low-cost, and environmentally friendly process.

In recent decades, functional foods and nutraceuticals have been widely investigated
for the prevention and treatment of various diseases. Natural products play an essential role

Pharmaceuticals 2023, 16, 269. https:/ /doi.org/10.3390/ph16020269 95

https:/ /www.mdpi.com/journal /pharmaceuticals



Pharmaceuticals 2023, 16, 269

in the pharmaceutical sector as medications and supplements due to their multimechanistic
biological activity, safety, and long-term availability. Plants are the most abundant source
of bioactive natural compounds as well as a variety of macro- and micronutrients [13,14].

Curcuma longa (turmeric), a member of the ginger family (Zingiberaceae), is a short-
stemmed perennial plant that grows naturally all over the Indian subcontinent and South
East Asia [15]. It has been used for thousands of years as a remedy in traditional Indian and
folk medicine for the cure of a large variety of illnesses, such as inflammation, infectious
diseases, and gastric, hepatic, and blood disorders [16]. Curcumin (diferuloylmethane) is
the main polyphenol isolated from the rhizomes of Curcuma longa [13]. It has a wide range
of pharmacological effects, such as antioxidant, antibacterial, anticarcinogenic, and antipro-
liferative activities [17,18]. Curcumin can regulate the expression and the activity of various
biological processes, which may explain its potential use in cancer chemotherapy [14,19].
It has the ability for the green synthesis of metal nanoparticles due to the presence of
polyphenol acting as a reducing agent [20]. However, the application of curcumin has
been limited in the production of ZnO NPs due to low water solubility and sensitivity
to heat, light, and alkaline. Various methods have been reported for the green synthesis
of ZnO NPs from curcumin using hydroxides or chemical mediators [21-25]. However,
several disadvantages including time consumption [25], the toxicity of the chemicals used
as a mediator [23,25,26], and the large size of ZnO NPs [21] are the major limitations of
these methods.

Therefore, this study reported the synthesis of zinc oxide nanoparticles (Green-ZnO-
NPs) which can be considered green, eco-friendly and safe for producing nanoparticles
as an anticancer agent. Zinc acetate was used as the zinc precursor, while pure curcumin
was used as the reducing agent. The prepared nanoparticles were characterised for their
physicochemical properties, as well as their antioxidant activity. The antibacterial activity
of Green-ZnO-NPs, as well as their anticancer activity against MCF-7 cells, were evaluated
and compared to chemically synthesised zinc oxide nanoparticles (Std-ZnO-NPs) and mere
curcumin. The impact of Green-ZnO-NPs on the ecotoxicity against brine shrimp larvae
was also examined.

2. Results and Discussion
2.1. Synthesis of Green-ZnO-NPs

Green-ZnO-NPs were prepared by a green method using curcumin as a reductant and
stabiliser. The change in the reaction mixture’s colour and the resulting orangish-white
precipitate were used as indicators of the formation of the nanoparticles [27], as illustrated
in Figure 1. Curcumin (diferuloylmethane) is a polyphenolic compound derived from the
spices turmeric, consisting of bis-«, 3-unsaturated 3-diketone which exists in equilibrium
with its enol tautomer [28]. Results of the NMR studies have confirmed that curcumin exists
in solution in the form of the keto—enol tautomer [29]. The majority of the reductants have
phenolic group or a 3-diketone group in their structure [30]. Hence, the highest reducing
ability of curcumin can be obtained when the phenolic hydroxyl group is sterically hindered
by the introduction of two methyl groups at the ortho position of the benzene ring [31].
Therefore, the presence of two structural elements, namely, the 3-diketone structure and
the hydroxyl group at the ortho position in the aromatic ring, are the governing factors for
the reducing potential of curcumin [31].
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The possible mechanism for the formation of ZnO NPs is by the reaction of zinc acetate
(precursor) with the polyphenols (from curcumin) to form an intermediate compound (zinc
hydroxide). This compound is then transformed into zinc oxide mediated by the heat
produced in the drying step, according to the following reactions:

Zn(CH3CO»); (aq) + 2R-OH (aq) — Zn(OH); (s) + 2R-CH3CO;, (aq)

Zn(OH); (s) + heat — ZnO (s) + H,O (v)

20 mL of Zinc
acetate (0.5 mM) ZnO NPs Paste

Formation of
ZnO NPs

20 mL of curcumin
(0.2 mm)

Figure 1. Synthesis scheme of Green-ZnO-NPs.

2.2. Characterisation of Green-ZnO-NPs
2.2.1. Ultraviolet—Visible (UV-Vis)

The optical properties of Green-ZnO-NPs, Std-ZnO-NPs and curcumin were recorded
from 300 to 700 nm using a UV-Vis spectrophotometer (Figure 2). Green-ZnO-NPs and
5td-ZnO-NPs displayed an absorption peak at 366 nm and 376 nm, respectively. The
peak at 366 nm has confirmed the successful synthesis of the nanoparticles with the aid
of curcumin. It is claimed that ZnO NPs had a characteristic absorption peak at a range
of 330-460 nm [32]. This peak is related to the intrinsic band-gap absorption of zinc oxide
driven by UV-induced electron transitions (O2p — Zn3d) [33]. Curcumin exhibited a wide
band with a maximum absorbance peak at 425 nm, which could be correlated to the low
energy m—7t* excitation of the curcumin [34]. The synthesis of ZnO NPs using curcumin
may be elucidated by the capability to bioaccumulate metal ions, besides the ability to
stabilise the process [35].

2.2.2. Attenuated Total Reflectance-Fourier-Transform Infrared (ATR-FTIR) Analysis

FTIR analysis was conducted to examine the role of curcumin molecules in reducing
and stabilising Green-ZnO-NPs. Std-ZnO-NPs showed the characteristic Zn—O bond at
475 cm~! (Figure 3) [36], while no peaks were observed at 1600 cm !, which represents
the surface bending vibration of H-OH. The peak that appeared at 3500 cm ! represents
the stretching vibration of O-H, confirming the absence of hydroxyl groups on ZnO NPs
surfaces, indicating that ZnO was formed rather than Zn(OH),. Other peaks with a low
intensity at 1250, 1340, and 1750 cm~! could be correlated to the adsorbed carbonate
moieties [37,38].
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Figure 2. UV-Vis absorption spectra of the aqueous suspension of Green-ZnO-NPs (100 pug/mL),
the aqueous suspension of Std-ZnO-NPs (100 pg/mL), and the ethanolic solution of curcumin
(10 pg/mL).

The band at 475 cm ™! in the Std-ZnO-NPs spectrum was shifted to 479 cm~! and
was less pronounced in the spectrum of Green-ZnO-NPs, proving the alternation of the
Zn-0O bond as it could interact with curcumin, and it is attributed to the vibration of
hexagonal ZnO. The frequency region of curcumin phenolic vibrations was reported at
3595 cm~!; however, it was shifted to 3492 cm 1, which could be due to the intra- and
intermolecular H-bonding in curcumin [39]. This band was not present in the spectrum of
the Green-ZnO-NPs, demonstrating the absence of interaction between phenolic hydroxyls
and ZnO.

The 3-diketone group is one of the most prominent functional groups in curcumin
molecules, with a high affinity for chelating metal ions [40,41]. Curcumin spectra showed
a peak in the carbonyl region (1800-1650 cm 1), revealing that curcumin mainly exists in
keto form. In the spectrum of Green-ZnO-NPs, the peak at 1739 cm ™! is associated with
the asymmetric vibration of carbonyl in the keto form, while the symmetric mode was
not observed. On the other hand, the band of enolic vibration (OH) appeared weak at
2979 cm~!, demonstrating the presence of both keto/enol forms in curcumin molecules.
Accordingly, the 3-diketone moiety most probably interacts (weakly or strongly) with zinc
atoms at the bulk ZnO surface. The broadness and intensity of the enol peak are dependent
on intramolecular hydrogen bond strength. As hydrogen bond strength rises, the intensity
of the enol band decreases and its broadness increases [42]. The hydroxy and methoxy
groups on the curcumin phenyl rings (electron-donor) are anticipated to cause a stronger
hydrogen bonding. As a result, any reduction of the electronegativity of these groups via
conjugating or bonding with other moieties could decrease the hydrogen bonding strength;
consequently, this would allow the enol band to appear more clearly. Thus, the absence of
a clearly defined enolic vibration band (OH) suggests that there was a weak complexation
between zinc and curcumin at the methoxy group of phenolic rings. In the spectrum of
curcumin, the peak at 1630 cm~! has mixed C=0 and C=C vibrations. In Green-ZnO-
NPs, this band shifted to 1602 cm ™1, which indicates strong coordination of the carbonyl
moiety [43]. In the spectrum of curcumin, the band at 1510 cm ! represents highly mixed
CC=0, C=0 and CC=C vibrations [39], while the peaks in the region of 1430-1460 cm ™" are
attributed to the methyl vibration. Most peaks in the range of 1450-1300 cm ! are mixed.
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Curcumin chelates with zinc via the carbonyl moity and a weak interaction between the
curcumin phenyl ring (methoxy groups) and zinc moieties occurs.

Std-znO-NPs O FN 475

1750 1340 1250 /

1510

Lofeume 1450-1300
= 492 2979
® 1739 1
1630
1430-1460

Green-ZnO-NPs

479

1739 1802 /

4000 3500 3000 2500 2000 1500 1000 500400
Wavenumber (cm-)

Figure 3. FTIR spectra of Std-ZnO-NPs (up), curcumin (middle), and Green-ZnO-NPs (down). The
circles in Std-ZnO-NPs show that there were no peaks at 3500 cm ! and 1600 cm ™1, confirming the
absence of hydroxyl groups on ZnO NPs surfaces.

2.2.3. X-ray Powder Diffraction (XRD)

The crystallinity of Green-ZnO-NPs, Std-ZnO-NPs and curcumin was investigated by
XRD. The experimental pattern of Green-ZnO-NPs (Figure 4) was consistent with the typical
hexagonal zincite ZnO structure diffraction. All ZnO diffraction peaks were found in Green-
ZnO-NPs at 31.85°, 34,50°, 36.20°, 47.50°, 56.45°, 62.71°, 67.73°, and 68.87°, corresponding
to 110, 002, 101, 102, 110, 103, 200 and 112 lattice planes, respectively. These reported peaks
comply with those obtained from the hexagonal phase of Std-ZnO-NPs with a wurtzite
structure. All of the diffraction peaks are well correlated with the hexagonal phase of ZnO
described in JCPDS card No. 36-1451 (space group P63mc). The diffraction peaks were
sharp, highly intense and narrow, indicating the high crystallinity of Green-ZnO-NPs. No
typical peaks of impurities or other phases of the zinc oxide were found, indicating the
purity of the compound. The XRD pattern of curcumin exhibits peaks at the 2-theta range
20-30°, but these were not observed in Green-ZnO-NPs except for a peak at 30°.

2.2.4. Surface Morphology Analysis

Figure 5A,B show the typical hexagonal shape for Std-ZnO-NPs with an average
size of 49.39 + 22.54 nm. The morphology of Green-ZnO-NPs was predominantly grain-
shaped or half-grain-shaped, while some were spherical (Figure 5C) with an average size
of 68.12 £ 26.13 nm (Figure 5D). Using zinc acetate as a precursor, the ZnO nanoparticles
developed slowly, forming small spherical structures that accumulate like bullets. The
shape, size and size distribution of Green-ZnO-NPs and Std-ZnO-NPs were determined by
using transmission electron microscopy (TEM) (Figure 6). Std-ZnO-NPs appeared mostly
hexagonal in shape (Figure 6A), and the particle size was 20.72 £ 9.33 nm (Figure 6B). Green-
ZnO-NPs mainly showed a grain shape with an average particle size of 27.61 £ 5.18 nm
(Figure 6C,D). TEM indicates that both ZnO NPs showed aggregates.
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Figure 4. X-ray powder diffraction patterns of curcumin (up), Green-ZnO-NPs (middle) and Std-
ZnO-NPs (down).

The difference in particle sizes obtained by scanning electron microscopy (SEM) and
TEM can be explained by the sample supplied for these analyses. For the SEM samples
analysis, the powder of nanoparticles is placed onto an SEM stub, and it is later coated by
platinum or conductors for nonconductive samples, while for the TEM samples analysis,
the nanoparticles are dispersed in a solvent and then homogenised using a sonicator before
the sample is placed onto a grid and the solution is allowed to air-dry to obtain a thinly
sliced sample. Hence, TEM image analysis showed a smaller size of particles as the sample
was homogenised, whereas the SEM images usually displayed agglomerated particles with
larger sizes.

Several reports have been conducted to synthesise curcumin-conjugated zinc oxide
nanoparticles with different methods and the particles were formed in various shapes
and sizes. For instance, researchers have synthesised ZnO NPs complexed with curcumin
to improve the potency and reduce the cytotoxicity, and the formed nanoparticles were
spherical in shape [44]. Curcumin-doped ZnO nanospheres were effectively synthesised
using zinc nitrate hexahydrate, with a size of 100-200 nm [45]. The size and shape of
zinc oxide nanoparticles in these studies were dependent on many factors, such as the
concentration and ratio of the reactants and pH.
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Figure 5. (A) Scanning electron microscopy images of Std-ZnO-NPs and (B) their corresponding
histogram of particle size distribution (1 = 100). (C) Scanning electron microscopy images of Green-
ZnO-NPs and (D) their corresponding histogram of particle size distribution (n = 100).
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Figure 6. (A) Transmission electron microscopy images of Std-ZnO-NPs and (B) their corresponding
histogram of particle size distribution (n = 100). (C) Transmission electron microscopy images of
Green-ZnO-NPs and (D) their corresponding histogram of particle size distribution (n = 100).
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2.2.5. Particle Size and Zeta Potential

The dynamic light scattering method was utilised to observe the zeta potential, median
hydrodynamic size and the size distribution of Green-ZnO-NPs and Std-ZnO-NPs. Green-
ZnO-NPs had a hydrodynamic size of 171.67 &+ 45.83 nm, compared to 909 + 65.18 nm for
the Std-ZnO-NPs (Table 1). It is possible that the large size is related to particle aggregation.
The size variations can also be attributed to the availability of curcumin molecules on the
surface of the nanoparticles. Curcumin may improve the colloidal stability of Green-ZnO-
NPs; however, the particles were colloidally unstable, as evidenced by zeta values [46].
Further, the zeta potential value of Std-ZnO-NPs has been recorded at +2.76 + 0.20 mV,
as the wurtzite structure of ZnO NPs possessed a positive charge [47]. The zeta potential
value for Green-ZnO-NPs was —16.90 £ 0.26 mV which is attributed to the presence of
negatively charged hydroxyl groups of curcumin on the surface of zinc oxide nanoparticles
(curcumin zeta potential —3.82 & 0.31). The polydispersity index (PDI) of Std-ZnO-NPs was
lower than the value of Green-ZnO-NPs, at 0.412 & 0.039 and 0.698 + 0.271, respectively.
The broad particle size distribution is mostly due to particle size aggregation, which is
mainly related to the electrostatic attraction of zinc oxide nanoparticles [48]. It was reported
that the biosynthesised zinc oxide nanoparticles from Curcuma longa rhizomes exhibited
a spherical shape with a diameter of 25 nm [49]. Another study synthesised zinc oxide
nanoparticles using casein as a capping agent and conjugated curcumin on their surfaces
with a diameter of 12.8 nm and a zeta potential of —23.9 mV, and the particles remained
stable in the solution [50].

Table 1. Median hydrodynamic size, zeta potential and polydispersity index values of Green-ZnO-
NPs, Std-ZnO-NPs and curcumin. Tukey post hoc multiple comparison tests show a significant
difference (p < 0.05) between samples with different superscript letters (mean + SD; n = 3).

Particle Size (nm)

Zeta Potential (mV) PDI
DLS SEM TEM
Std-ZnO-NPs +2.76 £0.20°2 0.412 +0.0392 909 4+ 65.18 2 4898 +£24.512 49.39 22544
Green-ZnO-NPs —16.90 + 0.26 0.698 £ 0.2712 171.67 + 45.83 P 68.12 +26.13 2 27.61 +5.182
Curcumin —3.82+0.31°¢ - - - -

2.3. Antioxidant Activity

The antiradical activity of Green-ZnO-NPs, Std-ZnO-NPs, and curcumin was deter-
mined using 2,2-diphenyl-1-picrylhydrazy (DPPH) radical savaging activity (Figure 7A).
Curcumin and butylated hydroxyanisole (BHA) exhibited a concentration-dependent scan-
ning activity, which was augmented significantly with an increase in their concentrations.
Nevertheless, BHA generally exhibited a significantly higher activity than curcumin and
the ICsg value of curcumin (33.97 & 3.20 pg/mL) was significantly higher than the value
of BHA (20.04 &+ 2.01 pg/mL). Curcumin was significantly more effective as a radical
scavenger compared to both zinc oxide nanoparticles at all concentrations. Both zinc oxide
nanoparticles (Green-ZnO-NPs and Std-ZnO-NPs) showed no ICs values at the studied
concentration range (>250 pug/mL). The reaction of DPPH involves transferring a hydrogen
atom to the odd electron of the radical, causing a change in the colour of the sample [51,52].
FTIR analysis demonstrated that Green-ZnO-NPs and Std-ZnO-NPs were not rich in hy-
drogen (Figure 3), explaining their low radical scavenging activity. Moreover, their low
scavenging activity could probably be due to the lower specific surface area and large
particle size. It has been reported that the scavenging activity of nanocomposite containing
gold nanoparticles is insignificant due to their lower specific surface area [53]. According
to Stan et al. [54], the scavenging activity of zinc oxide nanoparticles is size-dependent,
where the smallest size displayed the highest antiradical activity [54]. Zinc oxide nanopar-
ticles using Curcuma longa rhizomes exhibited good antiradical activity, almost 70% at
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200 pg/mL [49]. The antioxidant activity of curcumin-ZnO NPs demonstrates moderate
activity by scavenging 70% at 2 mg/mL [45].

The 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) test measures the
antioxidant ability to scavenge ABTS and produce ABTS®**. Radical scavenger acts as a rep-
resentative for hydrogen donation [55]. Both BHA and curcumin showed a concentration-
dependent ABTS inhibition effect (Figure 7B). BHA has shown considerably more efficacy
in scavenging ABTS than curcumin at all studied concentrations, whereas ABTS inhibi-
tion is considerably increased at higher concentrations. Increasing the concentration from
3.9 to 250 ng/mL increased the scavenging activity of BHA and curcumin by 5.38- and
12.45-fold, respectively. Curcumin displayed an ICsj of 66.93 = 3.64 ug/mL, which was
significantly higher compared to that of BHA (20.04 £ 1.70 ug/mL). Both zinc oxide
nanoparticles showed an ICsy > 250 pg/mL, and hence their antioxidant activity was
significantly lower than that of curcumin.
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Figure 7. (A) DPPH and (B) ABTS antiradical activity of Green-ZnO-NPs, Std-ZnO-NPs and curcumin.
Tukey post hoc multiple comparison tests show a significant difference (p < 0.05) between samples
with different letters (mean + SD; n = 3).
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2.4. Antimicrobial Activity

The antibacterial properties of Green-ZnO-NPs, Std-ZnO-NPs, and curcumin against
two Gram-negative [Escherichia coli (E. coli) and Klebsiella pneumonia (K. pneumonia)] and two
Gram-positive [Staphylococcus aureus (S. aureus) and methicillin-resistant S. aureus (MRSA)]
bacterial strains were measured as the diameter of zone of inhibition (ZOI), minimum
inhibitory concentration (MIC), and minimum bactericidal concentration (MBC), using
gentamicin as a positive control (Table 2). The ZOI varied based on the type of bacteria
and the treatment (Figure 8). Gram-positive bacteria were more susceptible to Green-
ZnO-NPs treatment than Gram-negative bacteria. The ZOI by Green-ZnO-NPs against
S. aureus was 10.60 = 0.10 mm, while no ZOI was observed against Gram-negative bacterial
strains. Green-ZnO-NPs showed a greater ZOI compared to Std-ZnO-NPs against S. aureus
(10.40 £ 0.15 mm), and their effect against E. coli, K. pneumonia and MRSA was significantly
lower than that of gentamicin.

MIC is the lowest concentration that can reduce the growth of a microorganism after
overnight incubation, whereas MBC is the lowest concentration that can prevent an organ-
ism from developing following a subculture of antibiotic-free media. MIC data showed
that Green-ZnO-NPs exhibited bacteriostatic activity towards E. coli, S. aureus and MRSA
at a concentration of 500 ug/mL; however, none of these concentrations demonstrated
bactericidal activity (Table 2). Moreover, no MIC of Green-ZnO-NPs was observed against
K. pneumonia. In addition, neither Std-ZnO-NPs nor curcumin showed antibacterial efficacy
(MIC, MBC) against Gram-positive and Gram-negative bacteria.

Gentamicin Std-ZnO-NPs Green-ZnO-NPs Curcumin

S. aureus

E. coli

K. Pneumoniae

Figure 8. Zone of inhibitions of Gentamicin, Std-ZnO-NPs, Green-ZnO-NPs and curcumin against
Gram-positive and Gram-negative bacteria.

The difference in the antibacterial activity between Green-ZnO-NPs and Std-ZnO-NPs
could be due to the size of the nanoparticles. The activity of ZnO NPs is dependent on size
and concentration. The concentration of ZnO NPs directly correlates with their antibacterial
activity [56,57]. The higher concentration and smaller particle size are accountable for
the higher antimicrobial activity of ZnO NPs [56,58]. Smaller ZnO NPs have a higher
antibacterial efficacy owing to the large interfacial area that allows them to easily enter
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bacterial membranes. The MIC results revealed that the reduced size of the Green-ZnO-NPs
displayed increased antibacterial propensity due to the large surface area to volume ratio,
and subsequently, a high surface reactivity in comparison to Std-ZnO-NPs. Moreover, TEM
analysis (Figure 6B,D) revealed more variability in the nanoparticle size distribution for
5td-ZnO-NPs compared to Green-ZnO-NPs, which increases the probability of the Std-ZnO-
NPs to congeal and form bigger particles, potentially reducing their antibacterial activity.

Moreover, this study found that S. aureus is more sensitive to ZnO NPs compared to
E. coli, which is in accordance with a previous report by Reddy et al. [59]. Padmavathy and
Vijayaraghavan [60] demonstrated that a higher degree of negatively charged free radicals
caused cell damage and death in S. aureus. For Gram-negative bacteria strains, ZnO NPs
must penetrate through the outer membrane alongside the peptidoglycan layer, while
Gram-positive bacteria possess an outer membrane and a thick (30 um) peptidoglycan
layer [61]. Hence, Green-ZnO-NPs may function well as an antibacterial agent to combat
both Gram-positive and Gram-negative bacteria.

Table 2. Zone of inhibitions, minimum inhibitory concentration, and minimum bactericidal concen-
tration of Std-ZnO-NPs, Green-ZnO-NPs, and curcumin against Gram-positive and Gram-negative
bacteria. Tukey post hoc multiple comparison tests show a significant difference (p < 0.05) between
samples with different letters (mean + SD; n = 3).

Microorganism Gentamicin Std-ZnO-NPs Green-ZnO-NPs Curcumin
ZOI (mm)

E. coli 22.87+0.302 - - -

K. pneumonia 11.63 +0.10° - - -
MRSA 11.20 £ 0.06 © - - -

S. aureus 15.7 +0.04 4 1040 £0.15°¢ 10.60 £ 0.10 ¢ -

MIC (jig/mL)

E. coli 1.95 - 500 -

K. pneumonia 15.63 - - -
MRSA 7.81 - 500 -

S. aureus 0.98 - 500 -

MBC (ug/mL)

E. coli 7.81 - - -

K. pneumonia 31.25 - - -
MRSA 31.25 - - -

S. aureus 1.95 - - -

Indicates no activity

The main mechanism of the antimicrobial activity of ZnO NPs remains controversial.
The proposed mechanisms are described as follows: direct interaction between ZnO NPs
and the bacteria cell walls, consequently the destruction of the integrity of bacterial cell
membrane [56,62,63], followed by liberation of Zn%* [64-66], and generation of ROS [67-69].
In this context, the antibacterial mechanism of ZnO NPs could be hypothesised to be the
production of ROS such as hydroxyl radicals, hydrogen peroxide (HO,), singlet oxygen,
and zinc ions (Zn?*) released on the ZnO surface, which causes significant damage to the
bacteria [57,70,71]. Bacterial growth is believed to be effectively inhibited by the production
of HyO, from the surface of ZnO [57]. According to certain reports, UV and visible light
can activate ZnO, which results in the formation of electron-hole pairs (e~ /h*). These
holes break the H,O molecule into OH™ and H* from the suspension of ZnO. Moreover,
HT react with the dissolved oxygen molecules to generate superoxide radical anions (O, ™),
which are then converted into hydrogen peroxide anions (HO, ™) radicals. These hydroxyl
radicals will collide with electrons to form HO, ~, and will then react with H to form H,O,
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molecules. Consequently, produced HyO, molecules can enter the cell membrane and
kill the bacterium [72,73]. Lattice defects play a significant part in limiting the e~ /h* pair
recombination process, which reduces the likelihood of ROS generation [74]. Biogenic ZnO
made from aqueous extracts includes several defects that could serve as trapping centres
and prevent photoinduced e~ /h* pair recombination [75] resulting in biogenic ZnO NPs
having greater antibacterial activity compared to that of chemical ZnO NPs.

Moreover, several reports have demonstrated that the antibacterial property of zinc
oxide nanoparticles is highly influenced by particle morphology [76-78]. It was revealed
that the activity of nanoparticles is reliant on their shapes in terms of their active facets.
Different synthesis techniques are involved in various active facets of the nanoparticle. ZnO
nanorods have both (111) and (100) facets, while ZnO nanospheres only contain (100) facets.
It is stated that higher antibacterial activity is exhibited by high-atom-density facets along
with (111) facets [79]. Moreover, it has been stated that the enhanced internalisation of ZnO
NPs nanostructures by the polar facets has contributed to the development of antibacterial
effects and that a greater proportion of polar surfaces have a greater number of oxygen
vacancies. ZnO morphologies having highly exposed (0001) Zn-terminated polar facets
could provide higher antibacterial action [80].

2.5. Anticancer Activity

The anticancer effect of Green-ZnO-NPs was assessed against MCF-7 breast cancer
cells by MTT assay for 24 and 48 h and was compared to Std-ZnO-NPs and curcumin
(Figure 9). The results demonstrated a significant decline in MCF-7 cell viability upon
increasing Green-ZnO-NPs concentration (3.125-200 pg/mL) for both treatment periods.
However, Std-ZnO-NPs exhibited potential inhibiting activity against MCEF-7 cells, which
was higher than that of Green-ZnO-NPs at a concentration > 12.5 ug/mL for both treatment
periods. Std-ZnO-NPs showed a lower IC5y than Green-ZnO-NPs after 24 h of treatment
(14.08 = 0.91 pg/mL and 23.54 & 0.04 ug/mL, respectively). However, extending the treat-
ment time to 48 h enhanced the anticancer activity of Green-ZnO-NPs, while reducing the
activity of Std-ZnO-NPs and Green-ZnO-NPs displayed ICsg values of 27.08 & 0.91 pug/mL
and 20.53 £ 5.12 ug/mL, respectively. This could be attributed to cell duplication, as the
cells might double when the dose is decreased, allowing them to recover from a toxic
shock and continue to proliferate. As Green-ZnO-NPs were substantially smaller than
5td-ZnO-NPs, an improved anticancer effect was observed, supporting the claim of the
particle size effect. Moreover, Green-ZnO-NPs exhibited a synergistic anticancer effect of
curcumin and ZnO NPs.

Curcumin exhibited no anticancer activity before 24 h of treatment as the viability of
curcumin-treated cells was >95% at all concentrations tested (3.125-200 ug/mL), whereas
mild anticancer activity was obvious after prolongation of the treatment time to 48 h.
Various studies have demonstrated that curcumin induces apoptosis in cancerous cells
by inhibiting several intracellular transcription factors and secondary messengers [81-83].
Nevertheless, the reason for the low cytotoxicity could be related to the low solubility
of curcumin. A low cytotoxicity of free curcumin against MCF-7 cell lines was observed
by Chen et al., which is probably due to the low bioavailability caused by poor water
solubility [84].

In addition, zinc oxide nanostructures could be used to attack tumour cells, providing
a potential target for the development of an antitumour agent [85]. The toxic response
to biological systems of zinc oxide nanoparticles is due to their catalytic activity and
band gap [86,87]. Previous reports suggest that cytotoxicity depends on the size, shape
and capping agent used to synthesise zinc oxide nanoparticles [88]. Although the actual
mechanism of the cytotoxicity of zinc oxide nanoparticles is still unknown, various theories
have been proposed. The intracellular release of Zn*, along with ROS generation, is the
key mechanism driving zinc oxide nanoparticle cytotoxicity [8,89].
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Figure 9. Anticancer activity of Std-ZnO-NPs, Green-ZnO-NPs and curcumin against MCF-7 human
breast cancer cells after (A) 24 h and (B) 48 h of exposure. Tukey post hoc multiple comparison tests
show a significant difference (p < 0.05) between samples with different letters (mean + SD; n = 3).

2.6. Artemia Larvae Lethality Bioassay

Zero mortality was observed in the negative control, demonstrating that the depriva-
tion of food had no lethal effect on Artemia larvae even after 24 h. The potassium dichromate
showed a time-dependent effect, with no mortality observed after 4 h of exposure, while
it showed a dose-dependent effect at 8 and 24 h (Figure 10). Although there was a sub-
stantial variation in mortality as the concentration increased (6.25 ng/mL-100 pg/mL),
100% mortality was reported using a concentration of 100 g/mL. However, approximately
30% of mortalities were observed at a concentration of 6.25 pug/mL after 8 h of exposure.
The lethal effects were more apparent after extending the treatment time to 24 h. The
mortality rate of larvae treated with 0.78 pg/mL was 69.05 £ 17.98%, while it increased to
100 £ 0.00% at 100 ug/mL, indicating that the LCsy concentration of potassium dichromate
was 0.38 = 0.27 pug/mL.

The mortalities of the larvae treated with Std-ZnO-NPs were raised by increasing the
concentration of nanoparticles and increasing the incubation time (p < 0.05). The mortality
rate between larvae treated with several concentrations of Std-ZnO-NPs did not change
significantly after 4 and 8 h of exposure. The average mortality rate after 24 h of exposure
to Std-ZnO-NPs ranged from 45.83 £ 9.79% (7.8 ug/mL) to 94.44 £ 9.62% (1000 pg/mL).
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The LCsq of Std-ZnO-NPs after 24 h of exposure was 11.96 & 1.89 ug/mL. The mortality
rate of larvae treated with Green-ZnO-NPs was lower than that of Std-ZnO-NPs. The lethal
effects at 7.8 ng/mL were 0.00 £ 0.00%, 5.53 £ 4.79% and 46.44 £ 25.32% at 4, 8 and 24 h
of exposure, respectively, and at 1000 pug/mL rose to 3.27 + 5.66%, 13.33 £ 15.28% and
65.61 £+ 1.72% at 4, 8, and 24 h of exposure, respectively. The LCs of ZnO-Cur-NPs at 24 h of
exposure was 34.60 & 9.45 ug/mL. At doses larger than 62.5 pug/mL, Green-ZnO-NPs had
less fatal effects than Std-ZnO-NPs of identical concentrations (p > 0.05), even though the ef-
fects were not significantly different at 24 h exposure time at concentrations < 62.5 ug/mL
(p < 0.05). Curcumin’s lethal effects followed the same temporal patterns as Std-ZnO-NPs,
where the LCs) of curcumin at 24 h of exposure was 7.30 & 2.57 pg/mL. The mortalities
of the curcumin treatment group recorded within 4 and 8 h were higher than those of
5td-ZnO-NPs and Green-ZnO-NPs at the same concentration.

Although zinc is a versatile trace element for physical organisms, excessive quantities
have been linked to cellular harm. Various studies on protozoa [90] and microalgae [91]
have been undertaken on the harmful effects of ZnO NPs, where the toxicity is related
to the release of Zn?* into the solution from the nanomaterials. On the contrary, studies
on the effect of ZnO NPs on various organisms, such as Danio rerio embryos [92], Daphnia
magna [93], and Tigriopus japonicus [94], showed that the presence of zinc ions could not
account for their toxicity.
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Figure 10. Mortality rates of Artemia larvae treated with potassium dichromate (positive control),
Std-ZnO-NPs, Green-ZnO-NPs and curcumin at various concentrations after 4 (--), 8 (=), and
24 h ().

Furthermore, the Artemia larvae were imaged under the microscope after treatment
with Green-ZnO-NPs, Std-ZnO-NPs and curcumin. Both Green-ZnO-NPs and Std-ZnO-
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NPs aggregated inside the gut of Artemia larvae, as clearly observed in Figure 11 (red arrow).
Artemia larvae have a nonselective filter-feeding behaviour, and it consumes particles
smaller than 50 pm. The aggregation level is influenced not only by the concentration of
the nanoparticles but also by the quantity consumed by each individual larva at different
concentrations. The control group’s guts were empty (the larvae did not exhibit any sign of
aggregation, and the mouth and gut were transparent); however, the treatment group’s
guts were completely loaded with nanoparticles, specifically Green-ZnO-NPs (Figure 11).
The images also show that the ingested nanoparticles were removed by Artemia larvae.
Moreover, no significant difference in the size of treated larvae compared to the untreated

ones was observed (p > 0.005).

Negative control Positive control

'\ ] o
Green-ZnQO -NPs
43 ‘d ..'.;A:\ ;‘f"z __-:..4 as @ :

.
e ot
fetunY s Ve

Figure 11. Morphology of treated (at their respective LCsp) and untreated Artemia larvae. The red

arrows indicate the swallowed treatment by Artemia larvae.
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3. Materials and Methods
3.1. Materials

Zinc acetate dihydrate, foetal bovine serum (FBS) and Dulbecco’s modified eagle
medium (DMEM) was purchased from Nacalai Tesque (Kyoto, Japan). Commercial zinc
oxide nanoparticles (referred to as Std-ZnO-NPs in this study) with particle size < 100 nm,
dimethyl sulfoxide (DMSO), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2"-azino-bis(3-ethy-
Ibenzothiazoline-6-sulfonic acid (ABTS) and 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenylte-
trazolium bromide (MTT) were received from Sigma Aldrich (Saint Louis, MO, USA).
Curcumin (>97.0%) was received from Tokyo Chemical Industry (Tokyo, Japan). Bac-
terial culture media were purchased from Merck (Darmstadt, Germany). Gentamycin
sulfate was received from Biobasic (Markham, ON, Canada). Escherichia coli [E. coli (ATCC
25922)], Staphylococcus aureus [S. aureus (ATCC 25923)], Klebsiella pneumonia [k. pneumonia
(BAA-1705)] and methicillin-resistant S. aureus [MRSA (ATCC 33591)] were obtained from
American type culture collection (ATCC).

3.2. Synthesis of Green-ZnO-NPs

Green-ZnO-NPs were synthesised following a method adopted from previous stud-
ies [95] with slight changes. Initially, a stock solution of curcumin was prepared using
ethanol at 10 mM, and then it was diluted to 0.2 mM with ultrapure water. Zinc acetate
was prepared as a stock solution (0.5 mM) using 20 mL of ultrapure water, and 20 mL of
curcumin solution (0.2 mM) was added, followed by the mixing of these two solutions at
room temperature (200 rpm, 2 h). Next, Green-ZnO-NPs were collected by centrifugation
(3000x g, 3 min) and washed thrice with ultrapure water to eliminate the unreacted cur-
cumin on the surface of zinc oxide, then dried at 70 °C for 24 h. Figure 1 illustrates the
synthesis scheme of zinc oxide nanoparticles using pure curcumin.

3.3. Characterisation of Green-ZnO-NPs
3.3.1. UV-Vis

A 100 pg/mL aqueous suspension of Green-ZnO-NPs and Std-ZnO-NPs was prepared
and homogenised in a sonicator for 5 min. Curcumin solution was prepared using absolute
ethanol (10 pg/mL). The suspensions of Green-ZnO-NPs and Std-ZnO-NPs, as well as
curcumin solution, were examined by UV-Vis spectrophotometer (Shimadzu, Japan) over
the range from 300 to 700 nm.

3.3.2. ATR-FTIR Analysis

To evaluate the surface functionalisation, FTIR spectra of Green-ZnO-NPs, Std-ZnO-
NPs, and curcumin were recorded using a Perkin Elmer FTIR spectrophotometer (Norwalk,
CT, USA) at a wavelength of 4000 to 400 cm 1 [96].

3.3.3. XRD

The crystalline structure of Green-ZnO-NPs, Std-ZnO-NPs, and curcumin was charac-
terised by an X-ray diffractometer using 40 kV /40 mA current with Co-K« radiation. The
samples were scanned in the 20° to 90° 2-theta range.

3.3.4. Surface Morphology Analysis

The primary size and morphology of Green-ZnO-NPs and Std-ZnO-NPs were evalu-
ated using Libra 120 TEM (Zeiss, Oberkochen, Germany). Green-ZnO-NPs and Std-ZnO-
NPs were dispersed at a concentration of 100 pug/mL in ultrapure water and homogenised
in a sonicator for 5 min. A volume of 10 pL of Green-ZnO-NPs suspension was loaded onto
a carbon-coated copper grid. The grid was dried for 10 min before it was examined using
TEM. The histogram of particle size distribution was generated from three microscopy
images by measuring the diameter of 100 nanoparticles using ImageJ software. Moreover,
SEM (Hitachi-Regulus, Tokyo, Japan) was conducted to identify the surface morphology of
Green-ZnO-NPs and it was compared to Std-ZnO-NPs. The SEM samples were prepared
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by placing the nanoparticles above the SEM carbon-coated stub, followed by removing
the excessive nanoparticles with an air dust blower. The samples proceeded for imaging
without coating.

3.3.5. Particle Size and Zeta Potential

Green-ZnO-NPs and Std-ZnO-NPs had their hydrodynamic particle size, size distri-
bution, and zeta potential recorded by a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Malvern, UK). The analysis was performed for a duration of 10 s, 12-15 times, at 25 °C. An
aqueous suspension of Green-ZnO-NPs and Std-ZnO-NPs was prepared at a concentration
of 100 ug/mL and was homogenised in the sonicator for 5 min. Curcumin solution was
prepared using absolute ethanol at a stock concentration of 10 mg/mL, then it was diluted
with ultrapure water to 10 ug/mlL, and its zeta potential was recorded.

3.4. Antioxidant Activity

DPPH radical scavenging activity of the aqueous suspension of Green-ZnO-NPs was
tested and compared with Std-ZnO-NPs and curcumin, following a previous report with
minor modifications [97]. In brief, 150 uL of 100 uM DPPH (in methanol) was mixed
with 50 uL of each concentration (3.906, 7.813, 31.625, 62.5, 125, 250, and 500 pg/mL) of
5td-ZnO-NPs, Green-ZnO-NPs and curcumin (dissolved primarily in absolute ethanol at
10 mg/mL concentration then diluted in ultrapure water), and then incubated for 30 min.
A plate reader was used to record the optical density at 517 nm. The percentage of DPPH
inhibition was calculated by subtracting the sample absorbance from the absorbance of the
control by dividing the control absorbance multiplied by 100. BHA and ultrapure water
were utilised as positive and negative controls, respectively.

Moreover, ABTS radical scavenging activities of Green-ZnO-NPs, Std-ZnO-NPs and
curcumin were determined based on a previous report with minor changes [97]. Briefly,
the ABTS working solution was made by mixing a volume of ABTS solution (7 mM) with a
volume of potassium persulfate (2.45 mM). The prepared solution was stored for 16 h at
room temperature. The ABTS working solution was diluted with ethanol until reaching
an absorbance of 0.7 at 734 nm. A volume of 50 uL. for each concentration (3.906, 7.813,
31.625, 62.5, 125, 250, and 500 pg/mL) of Green-ZnO-NPs, Std-ZnO-NPs and curcumin was
mixed with 150 uL of ABTS working solution, followed by 6 min of incubation. Then, the
optical density was recorded at 734 nm. The ABTS inhibition percentage was determined
by subtracting sample absorbance from the absorbance of control by dividing the control
absorbance multiplied by 100. BHA and ultrapure water were utilised as positive and
negative controls, respectively.

3.5. Antibacterial Activity

The antibacterial properties of Green-ZnO-NPs, Std-ZnO-NPs and curcumin were tested
against two Gram-negative bacterial strains (E. coli, K. pneumonia) and two Gram-positive
bacterial strains (S. aureus and MRSA) using disc diffusion and broth microdilution assays.

3.5.1. Preparation of Inoculum

A lawn culture prepared from each bacterial strain was prepared by subculturing a
fresh 100 pL of bacterial solution (having 10> CFU/mL, complying with McFarland 0.5) on
MHA, which was incubated overnight at 37 °C.

3.5.2. Disc Diffusion Method

The experiment was performed as described in a previous report by Chiu et al. [98].
The zones of inhibition of Green-ZnO-NPs were tested against the mentioned bacteria and
compared with that of S5td-ZnO-NPs and curcumin. Each bacterial strain was swabbed on
the MHA plates. A volume of 30 uL of Green-ZnO-NPs and Std-ZnO-NPs suspensions
(1 mg/mL), as well as curcumin solution, was applied to sterile discs with a diameter of
9 mm. Next, the discs were placed on swabbed plates. A clear zone of inhibition was
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measured after incubation and expressed in millimetres. Gentamicin solution (1 mg/mL)
and ultrapure water were utilised as positive and negative controls, respectively.

3.5.3. Broth Microdilution Assay

The experiment was performed as mentioned by Chiu et al. [98]. To assess the mini-
mum inhibitory concentration (MIC), 180 pL of bacterial inoculum suspension was mixed
with 20 uL of the Green-ZnO-NPs, Std-ZnO-NPs and curcumin at various concentrations
(3.906, 7.813, 31.625, 62.5, 125, 250, 500, and 1000 pg/mL) in a 96-well plate, followed by
24 h of incubation at 37 °C. Gentamicin solution (1 mg/mL) and ultrapure water were
utilised as positive and negative controls, respectively. Afterwards, 50 uL of MTT solution
(500 png/mL) was introduced to each well, followed by 30 min of incubation. The existence
of a purple colour indicated the presence of viable bacteria. To determine the minimum
bactericidal concentration (MBC), 10 uL of the wells that did not have a purple colour were
streaked on MHA plates, followed by incubation at 37 °C for 24 h.

3.6. Anticancer Activity

MCE-7 cells were maintained in a complete culture medium (DMEM supplemented
with 10% FBS) in a 5% CO, incubator at 37 °C. The anticancer effect of Green-ZnO-NPs was
assessed against MCF-7 cells according to a previous method [99] with minor changes and
was compared to Std-ZnO-NPs and curcumin. Briefly, 1 x 10% cells/well were seeded in a
96-well plate, grown overnight, and then treated with various concentrations (3.125, 6.25,
12.5, 25, 50, 100, and 200 pg/mL) of Green-ZnO-NPs, Std-ZnO-NPs and curcumin. After
24 or 48 h treatment exposure, the media were replenished with 10 uL of MTT (500 ng/mL)
reagent and 90 uL of a fresh medium and kept in the incubator for a further 4 h. The
medium was replaced with 100 pL. of DMSO in each well of the plate, and the optical
densities were measured at 570 nm. The percent of cell viability was calculated by dividing
the absorbance from the treated cell over the absorbance from the untreated cell after blank
subtraction and multiplying by 100. The ICsj after treatment were calculated for both
time periods.

3.7. Artemia Larvae Lethality Bioassay

The hydration of brine shrimp (Artemia franciscana) eggs was first undertaken in
ultrapure water overnight at 4 °C, followed by the collection and washing of the sinking
cysts. Deionised water was used to make 3% w/v saltwater (without iodine), which was
then filtered through 30 um Millipore cellulose filters. Approximately 2 g of previously
cleansed cysts were added to 1 L of salt water and a steady fluorescent bulb (1500 lux
daylight) at 30 £ 1 °C [100]. Artemia larvae hatched under these conditions in less than
24 h.

The toxic effect of Green-ZnO-NPs, 5td-ZnO-NPs, and curcumin on larvae mortality
was investigated as described by Ates et al. [100]. The experiment was carried out on a
12-well plate and lasted 4, 8, and 24 h. A volume of 1 mL of saltwater with the addition of
the required concentration of Green-ZnO-NPs, 5td-ZnO-NPs, and curcumin (7.813, 31.625,
62.5, 125, 250, 500, and 1000 png/mL) with around 15 larvae (<24 h old) were transferred
to each well. The Artemia larvae were incubated with the treatment for 24 h, and then
the mortality rate and half maximum lethal concentration (LCs) values were determined.
Potassium dichromate at a concentration range of 0.781, 3.163, 6.250, 12.5, 25, 50, and
100 pg/mL was utilised as a positive control. The morphological variations in the treated
and untreated brine shrimp larvae were observed using an inverted optical microscope at
the treatment LCsq value (Kenis, 10 x).

3.8. Statistical Analysis

All data in this research were collected from three independent biological replicates
and presented as mean = standard deviation (SD). Prism pad software was used to compute
the ICsp and LCjy) values. Significant differences between the means were analysed by
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one-way analysis of variance (ANOVA) in Minitab software, followed by Tukey post hoc
multiple comparison tests. P less than 0.05 indicates significance.

4. Conclusions

In this research, the biosynthesis of ZnO NPs using curcumin was described, and their
physicochemical properties were characterised. ATR-FTIR spectra have confirmed the role
of curcumin in the formation of Green-ZnO-NPs. Moreover, Green-ZnO-NPs demonstrated
a strong crystallinity property due to the hexagonal wurtzite structure. The produced
NPs were grain-shaped in SEM and TEM microscopy images, with some of them having
a spherical shape. They possessed a mean size of 27.62 £ 5.18 nm and a zeta potential
of —16.90 £ 0.26 mV, respectively. Furthermore, the Green-ZnO-NPs showed a poor
antioxidant effect using ABTS and DPPH tests. Even though Green-ZnO-NPs possessed
weak antimicrobial activity, they exhibited high effectiveness in inhibiting MCF-7 breast
cancer cells. MTT results suggest that Green-ZnO-NPs were more potent anticancer agents
than chemically synthesised Std-ZnO-NPs and less toxic to Artemia larvae. Thus, it is
envisaged that Green-ZnO-NPs could be a promising agent for anticancer applications.
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Abstract: Ethanolic extract obtained from Annona cherimola Miller (EEAc) and the flavonoid rutin
(Rut) were evaluated in this study to determine their antihyperglycemic content, % HbAlc reduction,
and antihyperlipidemic activities. Both treatments were evaluated separately and in combination
with the oral antidiabetic drugs (OADs) acarbose (Aca), metformin (Met), glibenclamide (Gli), and
canagliflozin (Cana) in acute and subchronic assays. The evaluation of the acute assay showed that
EEAc and Rut administered separately significantly reduce hyperglycemia in a manner similar to
OADs and help to reduce % HbAlc and hyperlipidemia in the subchronic assay. The combination
of EEAc + Met showed the best activity by reducing the hyperglycemia content, % HbAlc, Chol,
HDL-c, and LDL-c. Rutin in combination with OADs used in all treatments significantly reduced the
hyperglycemia content that is reflected in the reduction in % HbAlc. In relation to the lipid profiles,
all combinate treatments helped to avoid an increase in the measured parameters. The results show
the importance of evaluating the activity of herbal remedies in combination with drugs to determine
their activities and possible side effects. Moreover, the combination of rutin with antidiabetic drugs
presented considerable activity, and this is the first step for the development of novel DM treatments.

Keywords: Annona cherimolla Miller; diabetes mellitus; flavonoids; rutin; oral antidiabetic drugs

1. Introduction

Diabetes Mellitus (DM) is a chronic disease characterized by high blood glucose levels
as a consequence of resistance or lack of insulin secretion from the pancreas [1]. This disease
affected 463 million people worldwide in 2019 [2]. DM caused 1.6 million deaths in 2016
and is considered as one of the main causes of deaths globally [3]. DM type 2 accounts for
90 to 95% of all diabetes cases and its specific etiology remains unknown [4].

The pathophysiology of DM type 2 consists of a heterogeneous field where progression
can considerably vary. The changes occurring in the metabolism of carbohydrates and
proteins are a consequence of several disturbances defined as ominous octets [5]. The
excess quantity of glucose in the blood stream causes micro- and macrovascular damage as
aresult of the increase in free radicals [6] that react with tissue proteins via a non-enzymatic
oxidation process in the hemoglobin and explains the synthesis of many advanced glycation
end-products (AGEs) as glycated hemoglobin (HbAlc) [7]. HbAlc values reflect the average
values of fasting blood glucose levels [8] and are used as parameters to continuously
monitor patients with this disease [9,10]. Moreover, hyperglycemia is related to the changes
occurring in the lipid metabolism process characterized by hypertriglyceridemia, high
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levels of cholesterol, and the alteration between low-density (LDLs) and high-density
(HDLs) lipoproteins [11] that are associated with an increase in mortality rates.

The management of DM is a standing problem that requires a continued search of the
possible alternatives. Numerous attempts have been made to address this situation and, at
present, there several oral antidiabetic drugs exist [12], which are classified according to
their mechanism of action into secretagogues, such as glibenclamide, which joins the cell
receptor SUR1 and causes insulin release. Sensitizers, such as metformin, which improve
the consumption rate of glucose, and antihyperglycemics, such as acarbose or canagliflozin,
which can avoid the absorption of glucose or stimulation of urinary glucose excretion, thus
reducing high blood glucose levels, have also been considered in the literature. However,
the goal of glycemic control has not yet been achieved in the research due to the limitations
induced by their use for a long period of time [13,14]. In this sense, the search for more
effective treatments is urgent [15]. Medicinal plants are the main ingredients that have been
used in traditional medicine [16]; in this sense, medicinal plants can be used to complement
treatments to achieve improved glycemia control. Annona genera include several species
that have presented antidiabetic properties [17,18]. Annona cherimola Miller (A. cherimola) is
a fruit tree that belongs to the annonaceae family [19] and is a perennial species showing
the presence of its leaves almost all year round, and it is widely cultivated and distributed
in subtropical areas around the world [20], mostly for its fruit known as “annona” or
“cherimoya” [20,21]. Local populations also use its leaves as a remedy to treat several
illnesses, such as gastrointestinal disorders, worms, and diarrhea [22]. Studies have proved
that the leaves of this species have antidepressant [23] and pro-apoptotic [24] activities. In
respect to the toxicity of Annona cherimola, it has been evaluated according to the OCDE
procedure in a mouse model, and the results presented a median lethal dose (LDsp) higher
than 3000 mg/kg; these results suggest that it is safe to use [25].

All the compounds present in the leaves of Annona cherimola have recently been listed
in the literature [26]. Flavonoids are highlighted due to their wide-ranging properties [27].
Moreover, previous studies indicated the presence of antihyperglycemic components in
polar fractions [28], such as the flavonoid rutin, one of the principal secondary metabolites
responsible for the antihyperglycemic activity of A. cherimola. Rutin is present in higher
quantities compared to other flavonoids in leaf extracts and exerts antioxidant effects and
lowers glucose diffusion properties [29]. This effect can be enhanced by its structure that
provides it with o-glucosidase inhibitory activity [30], as well as other activities [31], whose
mechanisms are already known in the field [32] and contribute to the antihyperlipidemic
activity [33] of this species. Although the antihyperglycemic effect of ethanolic extract
obtained from A. cherimola and rutin administrated alone has already been studied, there are
no acute or subchronic studies that evaluate their combination with oral antidiabetic agents.
Thus, the aim of the present study is to assess the effect of A. cherimola ethanolic extract and
the flavonoid rutin administered alone and in combination with oral antidiabetic drugs on
hyperglycemic states in acute and subchronic studies in animals and its effects on other
parameters, such as HbAlc and lipid profiles.

2. Results
2.1. Acute Antihyperglycemic Effects of Ethanolic Extract from Annona cherimola, Rutin, and Oral
Antidiabetic Drugs on SIT2D Mice Model

First, the acute effect of ethanolic extract obtained from Annona cherimola Miller (EEAC),
rutin, and oral antidiabetic drugs (OADs) were measured in SIT2D mice following the
administration of treatments separately. We observed that the groups treated with EEAc or
glibenclamide showed a significant decrease in blood glucose levels at 2 h of treatment, the
group treated with the flavonoid rutin presented a significant decrease at 4 h of treatment,
and the group treated with canagliflozin showed a significant decrease at 2 and 4 h of
treatment (Table 1).
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Table 1. Blood glucose levels of normoglycemic mice (NM) and streptozocin induced type 2 diabetic
mice (SIT2D) at 0, 2, and 4 h, on the acute antihyperglycemic test.

Glycemia (mg/dL)
Treatment
0h 2h 4h
NM Control 119 +£5.2 132 + 3.8 135 + 4.1
SIT2D Control 385.7 + 28.4 404.3 + 15.3 404.7 +£ 9.6
EEAc 368.3 + 16 230 + 15.9 =¥ 342 + 33V
Rut 358 +£7.9 323 + 6.6 %WV 266.3 + 14.4 »W¥
Aca 365.7 + 15 302.6 +21.9 W 283.7 +10.3 *
Met 368 + 14.3 388 + 15.9 * 363.6 + 12.6
Gli 373.7 +11.4 267.5 + 30.3 *W¥ 353 + 3.4 V¥
Cana 4123422 242 + 285 =W 257.3 + 46.3 =WV
EEAcC + Aca 350.7 4+ 14.9 212.9 + 36.7 *W¥ 219.4 + 35.9 »WW
EEAc + Met 353 +9.3 178.3 + 12.7 *¥ 156 + 6 * %W
EEAc + Glib 339.3 + 14.2 145.7 4+ 24.3 +¥ 202 + 42.3 =W
EEAc + Cana 348 + 6.5 140 + 485 *W 135.3 + 51 # VW
Rut + Aca 340 + 13.4 311.2 + 194 250.7 + 28.9 * VW
Rut + Met 326 + 84 366.7 + 38.3 327.7 + 34.7 WV
Rut + Glib 316.3 £ 5.2 317.7 £ 9.1 272.4 + 9.8 *WW
Rut + Cana 337 +£17.3 103.7 + 9.4 +W 117.7 + 2.5 =W

Data are expressed as means = SEM, n = 6; * p < 0.05 vs. initial values; v p < 0.05 vs. SIT2D control for
2 h; v p <0.05 vs. SIT2D control for 4 h SEM: standard error of the mean; NM: normoglycemic mice; SITD2:
streptozocin-induced diabetes 2 mice; EEAc: ethanolic extract of Annona cherimola Miller; Rut: flavonoid rutin;
Aca: acarbose; Met: metformin; Gli: glibenclamide; Cana: canalgiflozin.

When the OADs were combined with the EEAc, all treatments presented better ef-
fects on the hyperglycemia rather than separately; all combinations with EEAc showed a
significant decrease at 2 and 4 h of treatment (Table 1).

On the other hand, when the OADs were combined with rutin, the combination of
rutin + acarbosa and rutin + glibenclamide showed a significant decrease at 4 h of treatment;
in the case of the treatment of rutin + canagliflozin, a significant decrease was presented at
2 and 4 h of treatment (Table 1).

2.2. Subchronic Effects of Ethanolic Extract from Annona cherimola, Rutin, and Oral Antidiabetic
Drugs on SIT2D Mice Model

Once we demonstrated the acute activity over hyperglycemia of the treatments alone
or in combination, we decided to perform a chronic evaluation for 8 weeks.

Following the chronic administration of the treatments, we observed that the group
treated with EEAc showed a significant reduction in hyperglycemic values at weeks 1 and
2; however, the animals returned to their previous hyperglycemic values in week 3 and
these values were maintained, similar to the SIT2D control, for the rest of the treatment
(Figure 1A). The group treated with rutin showed a significant reduction in hyperglycemic
values at weeks 3 to 7 (Figure 1B). In the case of the OADs, the group treated with acarbose
presented a significant reduction in hyperglycemic values in weeks 3 and 5 to 7; however,
during week 8 of the treatment, the glycemic values increased, reaching SIT2D control
values (Figure 1C). The group treated with metformin presented a significant reduction in its
hyperglycemic values in week 1 only; during the rest of the weeks, glycemic values similar
to the SIT2D control were presented (Figure 1D). The group treated with glibenclamide did
not present significant activity exceeding the hyperglycemic values (Figure 1E). The group
treated with canagliflozin presented a significant reduction in hyperglycemic values from
the first week until the end of the treatment (Figure 1F).
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Figure 1. Effect over glycemic values of separate administration of the treatments in SIT2D mice
compared with SIT2D and normoglycemic control groups. Groups treated with EEAc 300 mg/kg
(1A), rutin 50 mg/kg (1B), acarbose 50 mg/kg (1C), metformin 850 mg/kg (1D), glibenclamide
5 mg/kg (1E), and canagliflozin 50 mg/kg (1F). Results are expressed as the mean + SEM, n = 6,
* p < 0.05 vs. SIT2D control at same week of treatment.

When the OADs were chronically administered in combination with the EEAc, we
observed that EEAc + acarbose reduced hyperglycemia from the first week; however, in
week 4, we observed the death of all the treated animals (Figure 2A) and the mean value of
the blood glucose levels for the dead animals was 43.5 & 13.8 mg/dL. The group treated
with EEAc + metformin presented a significant reduction in its hyperglycemic values
from the first week and this was maintained until the end of the treatment, close to the
normoglycemic values (Figure 2B). The group treated with EEAc + glibenclamide did not
present a reduction in its blood glucose levels (Figure 2C); finally, the group treated with
EEAc + canagliflozin presented a significant reduction in its hyperglycemic values from the
first week; however, at week 4, we observed the death of all the animals treated with this
combination (Figure 2D)—the mean value of the blood glucose levels for the dead animals
was 100.5 + 15.1 mg/dL.
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Figure 2. Effect over glycemic values of combined administration of the oral antidiabetic drugs with
EEAc in SIT2D mice compared with SIT2D and normoglycemic control groups. Groups treated with
EEAc 300 mg/kg + acarbose 50 mg/kg (2A), EEAc 300 mg/kg + metformin 850 mg/kg (2B), EEAc
300 mg/kg + glibenclamide 5 mg/kg (2C), EEAc 300 mg/kg + canagliflozin 50 mg/kg (2D). Results
are expressed as the mean & SEM, n = 6, * p < 0.05 vs. SIT2D control at same week of treatment.

When the OADs were chronically administered in combination with rutin, we ob-
served that the group treated with rutin + acarbose presented a significant reduction in
its hyperglycemic values during the first week of treatment and during the fourth week
until the end of the treatment (Figure 3A). The group treated with rutin + metformin
presented a significant reduction in its hyperglycemic values from the third until the sev-
enth week; the glycemic values began to increase until achieving hyperglycemic values
similar to the SIT2D control (Figure 3B). The group treated with rutin + glibenclamide
showed a significant decrease in its blood glucose levels in the third until the seventh week
(Figure 3C). In the case of the group treated with rutin + canagliflozin, this treatment
generated a significant reduction in the hyperglycemic values from the first week until the
end of the treatment, attaining values almost similar to the normoglycemic values obtained
during the fourth week of treatment (Figure 3D).

2.3. Effects over Glycated Hemoglobin Levels after Chronical Administration of Ethanolic Extract
from Annona cherimola, Rutin, and Oral Antidiabetic Drugs on SIT2D Mice Model

The subchronic administration of the individual treatments generated a significant
decrease in the percentage of glycated hemoglobin (% HbA1c) at weeks four and eight in
the groups treated with rutin, acarbose, and canaglifozin, in comparison with the SIT2D
group (Figure 4A), when the OADs were administered in combination with EEAc. The
combination of EEAc + acarbose and EEAc + canagliflozin caused the death of the animals
in week four, due to the fact that % HbAlc could not be measured in both groups. The
administration of the combination of EEAc + glibenclamide did not generate a significant
reduction in % HbA1lc (Figure 4B).
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Figure 3. Effect over glycemic values of combined administration of the oral antidiabetic drugs
with rutin in SIT2D mice compared with SIT2D and normoglycemic control groups. Groups treated
with rutin 50 mg/kg + acarbose 50 mg/kg (3A), rutin 50 mg/kg + metformin 850 mg/kg (3B), rutin
50 mg/kg + glibenclamide 5 mg/kg (3C), rutin 50 mg/kg + canagliflozin 50 mg/kg (3D). Results are
expressed as the mean + SEM, n = 6, * p < 0.05 vs. SIT2D control at same week of treatment.

In the case of the combination of OADs with rutin, we observed a significant reduction
in % HbAlc following the administration of rutin + acarbose in weeks four and eight. In
the case of rutin + canalgiflozin, a significant reduction in the % of HbAlc was observed at
weeks four and eight, achieving normoglycemic % HbA1lc values in week eight. It is impor-
tant to mention that the groups treated with rutin in combination with OADs did not kill the
animals when compared to the mortality rates resulting from the combinations of EEAc + Aca
and EEAc + Cana. On the other hand, for the groups treated with rutin + metformin and
rutin + glibenclamide, we did not observe a significant reduction in % HbAlc (Figure 4C)
during the administration of the treatments.

2.4. Effects over Lipid Profile Levels after Chronical Administration of Ethanolic Extract from
Amnnona cherimola, Rutin, and Oral Antidiabetic Drugs on SIT2D Mice Model

At the end of the treatment, lipid profiles were measured for all the study groups.
We observed that the SIT2D control group significantly increased the values of Chol, Tri,
and LDL-c in comparison with the NM control. In the case of HDL-c, these values were
significantly reduced in comparison with the NM control and the atherogenic index plasma
(AIP); this index was significantly increased in comparison with the NM control index.
In the case of the treatments, we observed that the groups treated with EEAc, rutin, and
canagliflozin presented lower values with significant differences, in comparison with the
SIT2D control group, these values being similar to the NM control group. The group treated
with acarbose presented a significant increase in Tri values in comparison with the SIT2D
and NM control groups; the remaining parameters were similar to the NM control group.
In the case of the groups treated with metformin and glibenclamide, they did not show
a difference in comparison to the SIT2D group; moreover, the AIP calculated showed a
significant increase in comparison with the AIP of the NM control group (Table 2).
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Figure 4. Effect over % glycated hemoglobin (% HbAlc), values after administration of the treat-
ments separately and in combination. Groups administrated with treatments separately (4A), groups
administrated with the combination of oral antidiabetic drugs and EEAc (4B), groups adminis-
trated with the combination of oral antidiabetic drugs and rutin (4C). Results are expressed as the
mean + SEM, n = 6, * p < 0.05 vs. Normoglycemic mice at same week of treatment; ® p < 0.05 vs.
SIT2D control in week 4; (O p < 0.05 vs. SIT2D in week 8.
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Table 2. Lipid profile values of groups treated with EEAc, rutin and oral antidiabetic drugs separately.

Parameter
Treatment
Chol (mg/dL) Tri (mg/dL) HDL-c (mg/dL) LDL-c (mg/dL) ATP
NM Control 924+1¢ 889 +02¢ 629 + 0.7 ¢ 79.4 +1.1 1.46 4 0.02
SIT2D Control 163.7 £7.1* 127 £ 55* 299 +1* 157.7 £ 69 * 5.4+ 0.04*
EEAc 113+ 88¢ 65.9 + 4.6 ¢ 111 + 9.5 *¢ 90.7 £ 6.9 ¢ 1.02 4+ 0.008 * ¢
Rut 125 + 3.3 ¢ 118 +8 ¢ 919 +6.4+¢ 107.4 £ 2 ¢ 1.3 +0.06 ¢
Aca 80.7 £2.1¢ 201.7 +23.4 *¢ 789 + 6.4 +¢ 649 +1.6¢ 1.04 +0.07 ¢
Met 171 +£9* 203.7 +18.1 ¢ 779 4+ 7.3 %% 1554 +7.6* 2.2+ 0.09**
Gli 160 + 4 * 87+75¢ 86 4 6.2 +¢ 142.6 +£5.2% 1.8 4 0.1 ¢
Cana 989+ 3¢ 843+26¢ 649 +39 ¢ 859 +22¢ 1.54+0.04 ¢
* p <0.05 vs. NM Control; ¢ p < 0.05 vs. SIT2D Control.
The subchronic administration of OADs in combination with EEAc resulted in the
death of the animals treated with EEAc + Aca and EEAc + Cana; thus, the lipid profile
could not be measured. In the case of EEAc + Met, the parameters Chol, HDL-c, and LDL-c
were maintained in a manner similar to the NM control group; however, the Tri values
significantly increased in comparison to the NM and SIT2D controls. The group treated
with EEAc + Gli presented similar behavior to the SIT2D control with a significant increase
in the AIP in comparison to the NM control (Table 3). Finally, the combination of OADs
with rutin showed that Rut + Aca, Rut + Gli, and Rut + Cana maintained the values of
Chol, Tri, LDL-c, and AIP in a manner similar to the NM control and showed a significant
increase in the HDL-c value in comparison to the NM control. The group treated with
Rut + Met presented activity similar to the SIT2D control with a significant increase in the
AIP value (Table 4).
Table 3. Lipid profile values of groups treated with oral antidiabetic drugs in combination with EEAc.
Parameter
Treatment
Chol (mg/dL) Tri (mg/dL) HDL-c (mg/dL) LDL-c (mg/dL) AIP
NM Control 9241¢ 88.9+0.2¢ 629 +0.7 ¢ 794 +1.1 1.46 + 0.02
SIT2D Control 163.7 £7.1* 127 £ 55* 299 +1* 157.7 £ 69 * 54+ 0.04*
EEAc + Met 77 +24¢ 240 + 26.8 *¢ 786+ 4.6 622+15¢ 0.99 + 0.02 **
EEAc + Gli 208 &+ 13.2 ¢ 102 4 5.9 **¢ 389 +9.8* 184 4+ 11.2 %4 1.7 £ 0.03 **
* p <0.05 vs. NM Control; ¢ p < 0.05 vs. SIT2D Control.
Table 4. Lipid profile values of groups treated with oral antidiabetic drugs in combination with rutin.
Parameter
Treatment
Chol (mg/dL) Tri (mg/dL) HDL-c (mg/dL) LDL-c (mg/dL) AIP
NM Control 92+1¢ 889 +02¢ 629 +£0.7 ¢ 794+ 1.1 1.46 + 0.02
SIT2D Control 163.7 £ 7.1* 127 +55* 299 +1* 157.7 £ 6.9 * 544+ 0.04*
Rut + Aca 889 +1.1¢ 819 +38¢ 79.5 £ 3.8 +¢ 734+06¢ 114004 ¢
Rut + Met 163 +73* 69.9+2.1¢ 39.9 £33 155+ 6.6 * 41+01%*
Rut + Gli 114 +23¢ 919+53¢ 729 £ 4.1 ¢ 993+15¢ 1.5+ 0.05 ¢
Rut + Cana 110+ 1.7 ¢ 107 £39 ¢ 949 + 6.7 *¢ 90.9+03*¢ 1.14+0.06 ¢

* p <0.05 vs. NM Control; ¢ p < 0.05 vs. SIT2D Control.

3. Discussion

Diabetes mellitus (DM) is one of the most prevalent chronic diseases worldwide; thus,
its management requires new alternatives that will help to control the hyperglycemia
levels of patients with DM [1,3]. To date, a wide variety of drugs are used to control
hyperglycemia; nevertheless, prolonged use can result in adverse effects [12]. One of
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the principal approaches towards the use of oral antidiabetic drugs (OADs) is to reduce
hyperglycemia values; in this sense, the correct management of hyperglycemia can be
reflected in the adequate good control of the percentage of glycated hemoglobin (% HbA1lc);
however, not all OADs have good control of this parameter. In the long term, the increase
in % HbAlc is related to an elevated cardiovascular risk [4], such as diabetic nephropathy
and glaucoma, among the other DM complications [34-36]. Furthermore, some of the
most common diseases that accompany patients with DM are dyslipidemias; if they are
not adequately controlled, they can generate vascular complications as well as acute
myocardial infarctions that can cause the death of the patient [37]. In patients with DM, it
has been demonstrated in the research that the administration of sulfonylureas as well as
thiazolidinediones may help to reduce the values of hyperlipidemia [38]. In addition to %
HbAlc, several treatments performed on patients with DM2 help to reduce dyslipidemias;
however, in the long term, all of them did not adequately control this problem. As a
result, it is important to search for new treatments that can help to reduce and control the
complications implicated by DM.

The aim of this study was to determine the effects of hyperglycemia, % HbAlc,
and hyperlipidemic values following the chronic administration of ethanolic extract ob-
tained from the leaves of A. cherimola and the flavonoid rutin, a compound isolated from
A. cherimola that has been demonstrated to be one of the metabolites present in the plant that
is responsible, in part, for their antihyperglycemic activity [28], as well as OADs commonly
used in therapy. All the treatments were first administered alone and the combination of
antidiabetic drugs with the extract and antidiabetic drugs with rutin was used to evaluate
their activity.

First, all the treatments were evaluated separately. It is important to mention that the
doses evaluated in the study were selected according to the posology of every OAD; in
the case of EEAc and rutin, both doses were selected as reported in previous studies [25].
The reduction in the hyperglycemia observed was consistent with the results reported
by other authors [26-28]. In the case of the OADs, the values obtained following the
administration of acarbose were similar to those obtained for the evaluation of rutin;
this can be explained by the fact that both molecules share a similar action mechanism
to reduce the hyperglycemia mediated by the inhibition of x—glucosidase enzymes [28].
Moreover, rutin is a glucoside conformed by quercetin linked to rutinoside disaccharide;
this disaccharide is structurally similar to acarbose, and it has been described as helping
the interaction with the a-glucosidase enzyme inhibiting it [25,28]. In the case of metformin
and glibenclamide, they presented poor activity over the hyperglycemia values. Perhaps,
in the case of metformin, a daily administration is needed to achieve good control of
hyperglycemia; in the case of glibenclamide, this can be explained due to the destruction
of (3 cells following the administration of streptozocin to induce the SIT2D model [39,40].
Perhaps, there are not enough 3 cells to generate an adequate acute secretion of insulin to
reduce the hyperglycemic values. In all cases, the combination of EEAc with antidiabetic
drugs reduces hyperglycemia in the treated animals; it is possible that the pharmacological
effect of each antidiabetic drug was favored as a synergism with some of the metabolites
present in the EEAc. Several products have been isolated from A. cherimola, such as
flavonoids, alkaloids, acetogenins, sterols, and sesquiterpenes, among others [17]; it is
possible that the combination of antidiabetic drugs with one or more of the products
present in the extract helps to reduce hyperglycemia in the treated animals.

Flavonoids have been widely reported in the literature as molecules presenting an-
tihyperglycemic activity in vivo and in vitro [41-43]. Considering the abovementioned
issues and that a bio-guided phytochemical study conducted by our research group led
to the isolation of rutin as one of the products with antidiabetic effects present in A. che-
rimola [26,28], we decided to evaluate the activity of this flavonoid in combination with
antidiabetic drugs. The combination of rutin with acarbose and canagliflozin was the
treatment with the greatest reduction in the hyperglycemic values. We suggested that this
was due to the combination of the mechanism of action. Rutin and acarbose have been
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commonly described as o-glucosidase inhibitors [28,44]; it is possible that the combination
of these two compounds in the doses administered were enough to generate a greater
reduction in the x-glucosidase enzyme. On the other hand, canagliflozin is a sodium
glucose co-transporter-2 (SGLT2) inhibitor [45]; we suggested that the combination of rutin
with a SGLT2 inhibitor, such as canagliflozin, may help to completely reduce the postpran-
dial peak of glucose following food intake due to the combination of both mechanisms of
action [46]. The reduction in the complex carbohydrates’ hydrolysis combined with the
inhibition of glucose absorption may result in the significant reduction in hyperglycemia.
The combination of rutin with glibenclamide and metformin did not generate a significant
reduction in the hyperglycemic values in acute evaluation; however, we attributed this
result to the necessary long-time administration of the treatments to achieve a reduction
in the hyperglycemic values. Considering our results, the subchronic evaluations of all
treatments previously described were performed with the aim to observe the effect of the
hyperglycemic values on the long-time administration as well as the effect on the % HbAlc
and hyperlipidemic values.

The subchronic evaluation of the separate treatments showed that the subchronic
administration of EEAc, rutin, acarbose, and canagliflozin significantly reduced hyper-
glycemia in the treated animals; in the case of EEAc, the effect was maintained from
weeks 1 to 4, and this was consistent with the activity demonstrated in previous subchronic
studies [28]. However, after the fourth week, antihyperglycemic activity was lost; this may
have been due to the dose of 300 mg/kg not being adequate to achieve normoglycemic
values in a subchronic evaluation; thus, we propose the consideration of future exper-
iments with the evaluation of EEAc at higher doses to observe the acute and chronic
antihyperglycemic activities. The significant reduction in hyperglycemia following the
administration of rutin is similar to that observed in the group treated with acarbose; this
result is consistent with the result obtained in the acute evaluation of both treatments,
and we attribute this result to the similar mechanism of action that has been described for
rutin, an «-glucosidase inhibitor [28]. In the case of the group treated with canagliflozin, it
achieved considerable control of the hyperglycemic values; we attribute this result to the
mechanism of action of this drug, an SGLT2 inhibitor, and it has also been reported in the
literature that monotherapy performed with canagliflozin lowers blood glucose levels inde-
pendently from insulin and, with SGLT2 inhibition, reduces the renal glucose absorption
of glucose and increases the excretion of glucose in the urine [45]. The previously noted
effects on hyperglycemia were reflected in % HbA1c; in the case of EEAc, the inadequate
diminution of hyperglycemic values at weeks 4 and 8 significantly increased % HbAlcin a
manner similar to the SITD2 control. On the other hand, in the groups treated with rutin,
acarbose, and canagliflozin, the reduction in the hyperglycemia values was reflected in the
significant reduction in % HbAlc. We propose that the effective reduction in high blood
glucose levels is related to the decrease in % HbAlc due to the fact that a high concentration
of glucose in the bloodstream does not exist; thus, the reduction in glucose to form Schiff
bases and Amadori products to produce advanced glycation end-products (AGEs) cannot
be performed [47,48]. In respect to the lipid profile, EEAc, rutin, acarbose, and canagliflozin
showed a significant reduction in Chol, Tri, and LDL-c with an increase in HDL-c values; in
the cases of EEAc and rutin, our results are similar to those reported in the previous stud-
ies [26,49]. Studies of A. cherimola reported that subchronic treatment performed with an
infusion from this plant helped to reduce cholesterol and triglycerides in diabetic mice and
led an increase in HDL values, this activity being attributed to phenolic compounds [25]. In
respect to rutin, it has been demonstrated in the literature that flavonoids can also reduce
hepatic peroxidation and lead to a decrease in the synthesis of cholesterol. This is partly
mediated by the regulation of fatty acid and cholesterol metabolism, affecting the gene
expression of regulatory enzymes [25,50]. In respect to the atherogenic index plasma (AIP),
the values calculated for the animals treated with EEAc, rutin, acarbose, and canagliflozin
were similar to the NM control; we associated our results with these treatments possibly
reducing the chance of increased cardiovascular risk, vascular damage, and mortality risk,
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which are some of the most common complications associated with secondary diabetes [4];
however, there is a need to conduct further experiments to confirm our hypothesis.

When the OADs were administered in combination with EEAc, we observed that the
groups treated with acarbose and canagliflozin showed a reduction in hyperglycemia from
the first week of treatment; however, all the animals died in week four. We discarded the
possibility that the mortality observed after four weeks of treatment were possibly due to
the toxicity generated for the administration of the extract since there are experiments that
demonstrate the toxicity of the ethanolic extract obtained from the leaves of A. cherimola,
categorized as number 5 in the safe or not label >2000 mg/kg [25]. According to our
observations, we suggest that the death of the animals was due to the possible hypoglycemic
activity after the repeated administration of both combinations; this could have been due
to the quantity of drugs or EEAc administered in combination to the animals. We propose
further experiments in the future to determine the correct doses to reduce hypoglycemia
and to obtain normoglycemic values, avoiding the possible mortality rate increase as a
result of the treatments. The group treated with the combination of EEAc + glibenclamide
did not generate a significant reduction in hyperglycemic values; this could have been
due to the principal effect of STZ to generate experimental diabetes mellitus in the 3
cells” destruction [46]. In this sense, the molecular mechanism of glibenclamides is insulin
secretion following the {3 cells’ stimulation [51]. In consideration of the abovementioned
factors, if no {3 cells are present, the secretion of insulin and, consequently, the reduction in
hyperglycemia cannot be achieved. In the case of the combination of EEAc + metformin, we
observed a progressive reduction in the hyperglycemic values reaching the normoglycemic
control group values; in comparison with the separate administration of metformin, the
control of hyperglycemia was enhanced. We propose that the effect observed was due
to EEAc generating a reduction in complex disaccharides mediated by the inhibition of
the a-glucosidase enzyme, and this effect was attached to the hepatic uptake of glucose
and the inhibition of gluconeogenesis generated by the action of metformin [44], which
helped to reduce hyperglycemia in the animals treated with this combination. In respect
to % HbAlc, the decrease in the hyperglycemic values was consistent with the HbAlc
quantity; this was probably due to the correct utilization of the glucose that did not allow
the production of AGEs [47]. In respect to the lipid profile, the parameters obtained
after the administration of EEAc + glibenclamide indicate that this combination helps
to delay the chronic incrementation of the parameters measured in comparison with
the SIT2D control; however, considering the previous results, this combination is not a
candidate for future investigations in our research group. In the case of the combination of
EEAc + metformin, we observed a reduction in Chol and LDL-c with an increase in the
LDL-c values; when the AIP was calculated, we observed a significant reduction in this
value. Metformin has been described in the literature as a first-line treatment for DM type 2,
being a primary pharmacological effect to control disturbed glucose metabolism; however,
the completed mechanism of action of this drug is controversial due to metformin also
influencing lipid / cholesterol pathways [52]. Several studies have reported the effects of
metformin on atherosclerotic vascular disease in people with type 2 diabetes [52]; our results
agree with the previous results presented for metformin, and in combination with EEAc
in the doses administered, it is possible to achieve a correct reduction in hyperglycemia,
% HbAlc, and lipid profile values, and considering the calculated AIP, the possibility of
developing cardiovascular risks, vascular damage, among other mortal complications [4],
can be reduced.

Finally, following the administration of OADs in combination with rutin, we observed
in all the treatments a significant reduction in the hyperglycemic values during treatment.
We propose that the combination of rutin with control drugs helped us achieve a significant
reduction in hyperglycemia, as rutin was the only compound that was combined with
the control drug, and there were also only two mechanisms of action that were involved
in the reduction in hyperglycemia [25,28,43] in comparison with the combination with
EEAc, which contained a higher number of compounds [21,23] that could produce other
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types of interactions to reduce the hyperglycemic values [14,16]. Additionally, it is im-
portant to mention that in this case, the subchronic combination of rutin with acarbose
and canagliflozin did not generate the death of animals. This can be due to the possibility
that in the EEAc there are more compounds [21,23] that can generate hypoglycemia, and
their combination with control drugs at the doses administered in this study generated a
mortal hypoglycemic effect. In respect to % HbA1c, the adequate control of hyperglycemia
mediated after the subchronic administrations of rutin + acarbose, rutin + metformin, and
rutin + canagliflozin were reflected in the reduction in % HbAlc. Our principal theory is
that the subchronic administration of these combinations helps to reduce the concentra-
tion of glucose in the bloodstream and this reduction may help to avoid the generation
of AGEs [53]. In respect to the lipid profile, the combinations of rutin + acarbosa and
rutin + canagliflozin were the treatments with the greatest reductions in the parameters
measured. We observed a significant reduction in Chol, Tri, and LDL-c with a signifi-
cant increase in HDL-c values. Consequently, the AIPs calculated for these treatments
were significantly lower than the SIT2D control; our results suggest that these combina-
tions may help to significantly reduce the possibility of producing alterations of lipid
metabolism, hypertriglyceridemia, high levels of cholesterol, and alterations between
low-density lipoproteins (LDLs) and high-density lipoproteins (HDLs) [4], which are as-
sociated with an increase in mortality rates and other DM secondary complications, such
as cardiovascular risk, vascular damage, diabetic nephropathy, and glaucoma, among
others [34-36]. It is important to mention that the combination of rutin + canagliflozin
was the only treatment that obtained normoglycemic values during all the treatments with
the reduction in %HbA1lc in all the treatments and with an important reduction in the
lipid parameters measured. We propose that this combination helps to present one of the
principal approaches in the management of DM, that is, the reduction in postprandial
hyperglycemia in patients mediated by the prevention of hydrolysis («-glucosidase) and
the absorption of carbohydrates (SGLT-2) after food intake. The effective control of blood
glucose levels being a key step in the prevention or reversion of diabetic complications,
such as dyslipidemias, and other DM mortality complications, helps to improve the quality
of life in diabetic patients [54].

According to the manuscript, the treatments used in this investigation showed good
activity for the control of hyperglycemia, the combination of the extract obtained from
the leaves of A. cherimola Miller, and the flavonoid rutin in combination with antidiabetic
drugs showed an important improvement in the control of high blood glucose levels that
is reflected in % HbA1c and the control of the lipid profile; however, further studies are
necessary on the treatments with the best activity in order to determine their possible
toxicity, and to reproduce our results in other experimental models to confirm the activity
presented on this study.

4. Materials and Methods
4.1. Chemicals, Reagents and Drugs

Streptozocin (>75% o-anomer basis, PN: S0130-5G), nicotinamide (>99.5%, PN: 47865-
U), sucrose (>99.5% GC, PN: S9378-1Kg), acarbose (PN: PHR1253-500MG), canagliflozin
(95%, PN: 721174-1G), glibenclamide (PN: PHR1287-1G), metformin (PN: PHR1084-500MG)
were purchased from Sigma-Aldrich® (Sigma®, Saint Louis, MO, USA). Buffer solution
(citric acid /sodium hydroxide/hydrogen chloride, pH 4.00, CC: 109445) was purchased
from Merck® (Merck®, Darmstadt, Germany).

4.2. Plant Material

Annona cherimola Miller leaves were collected by Dr. Fernando Calzada in December
2019 at San Jose, Tlahuac, Mexico (19°16'32.6" N 99°00'07.1” W). The plant material was
authenticated by Santiago Xolalpa of the Herbarium IMSSM of Mexican Institute of Social
Security (IMSS) where the voucher specimen is conserved under reference number: 15,795.
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4.3. Ethanolic Extract Preparation

The air-dried and finely powdered leaves (2.9 kg) were extracted by maceration at
room temperature with EtOH (2 times x 10 L). After filtration, the extract was combined
and evaporated in vacuum to yield 131 g (yield 4.5%) of green residue. The chemical
characterization of rutin and other compounds was made (see Supplementary Material).

4.4. Animals

For the biological tests, male BALB/c strain mice 8 to 10 weeks of age (20 & 5 g) were
obtained from the Animal Facility of the Centro Médico Nacional “Siglo XXI” of the Insti-
tuto Mexicano del Seguro Social (IMSS). The mice were maintained at room temperature
(22 £ 2 °C) in a natural 12-h light-dark cycle and fed with laboratory rodent diet 5001
(Lab Diet ® Saint Louis, MO, USA) and water ad libitum. All research with experimental
animals was conducted in accordance with the Mexican Official Norm NOM-062-ZOO-
1999 [54] for Animal Experimentation and Care. All research was performed with the
approval of the Hospital Ethics Committee of Specialties of the National Medical Center
“Siglo XXI” of the IMSS (registration: R-2015-3601-211 and R-2019-3601-004).

4.5. Induction of Experimental Type 2 Diabetes

The experimental diabetes mellitus was induced according to the streptozocin-induced
type 2 (SIT2D) model described by Valdes et al. [39]. Mice fasted for 16 h before receiving
treatment (day 0). Streptozocin (STZ) was dissolved in a cold pH 4 buffer solution, then
it was administered at 100 mg/kg intraperitoneally (IP) on days 1 and 3. Nicotinamide
(NA) was dissolved in a cold saline solution and administered at 240 mg/kg IP 30 min
after STZ treatment only on day 1. At the end of the treatment on day 3, a 10% sucrose
solution was used ad libitum over two days. On day 5, the sucrose solution was withdrawn
and substituted with water ad libitum. Then, 24 h later, the development of SIT2D was
determined by measuring postprandial blood glucose levels using a conventional glucome-
ter (ACCU-CHECK® Performa Blood Glucose Systems, Roche®, DC, Basel, Switzerland).
Additionally, to confirm the SIT2D model, 3-cell function was evaluated with the adminis-
tration of 5 mg/kg glibenclamide orally and measuring the decrease in glucose values 2
and 4 h after administration; according to the results, there can be confirmed the existence
of functional 3-cell [39,40], therefore, the generated model was classified as an experimental
type 2 diabetes mellitus model.

4.6. Grouping

For acute and subchronic evaluations, mice were randomly divided into 14 groups
(n =6 each) as follows: ethanolic extract of A. cherimola (EEAc) at a dose of 300 mg/kg, rutin
(Rut) 50 mg/kg, oral antidiabetic drugs metformin (Met) 850 mg/kg, glibenclamide (Gli)
5 mg/kg, acarbose (Aca) 50 mg/kg, and canagliflozin (Cana) 50 mg/kg. The combinations
with EEAc were: EEAc + Met 300/850 mg/kg, EEAc + Cana (300/50 mg/kg), EEAc + Gli
(300/5 mg/kg), and EEAc + Aca (300/50 mg/kg). The combinations with rutin were
Rut + Aca (50/50 mg/kg), Rut + Cana (50/50 mg/kg), Rut + Met (50/850 mg/kg), and
Rut+ Gli (50/5 mg/kg). All samples were dissolved in 2% Tween 80 in water as a vehicle.
The normoglycemic and SIT2D control groups were treated with the vehicle (2% Tween 80
in water); all treatments were administered orally with a gavage at a volume of 0.5 mL for
each animal [38].

4.6.1. Acute Evaluation of Ethanolic Extract from Annona cherimola, Rutin, and Oral
Antidiabetic Drugs on SIT2D Mice Model

Animals with blood glucose levels between 250-380 mg/dL were used for this study.
The treatments described above were administered orally, once administered the treatments,
the blood samples were collected from the tail vein at the beginning (0 h), 2 and 4 h after
administration using a conventional glucometer (ACCU-CHECK® Performa Blood Glucose
System:s, Roche®, DC, Basel, Switzerland) [46].
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4.6.2. Subchronic Evaluation of Ethanolic Extract from Annona cherimola, Rutin, and Oral
Antidiabetic Drugs on SIT2D Mice Model

Animals from the acute test continued to be used for the subchronic evaluation, all
the treatments were administered daily for 8 weeks, doses are described above. Blood
glucose levels were measured weekly as previously described. Additionally, lipid profile
and glycated hemoglobin (HbA1lc) measurement were carried out every 2 weeks.

4.6.3. % HbAlc Measurement

For the measurement of glycated hemoglobin (HbAlc), blood sample were collected
from the tail vein of the animals treated and were analyzed using the system auto-
mated boronate affinity assay for the determination of the percentage of Hemoglobin
Alc (HbA1c%) in whole blood, Clover HbAlc reader, Infopia® (Anyang, Korea).

4.6.4. Lipid Profile Measurement

After eight weeks of treatment, a lipid profile was created for the study groups; to
perform the measurements, blood samples were obtained from the tail vein of the animals
and analyzed using VERI-Q® monitoring equipment. The parameters measured were
cholesterol (Chol), triglycerides (TRIGs), high-density lipoprotein cholesterol (HDL-c),
low-density lipoprotein cholesterol (LDL-c), and atherogenic index of plasma (AIP).

For the atherogenic index calculation the next formula was used:

Chol

Atherogenic index of plasma (AIP) = HDL<

4.7. Statistical Analysis

All the results are expressed as mean values + standard error of the mean (SEM).
All statistical analyses were performed using GraphPad Prism version 8.02 (GraphPad
Software Inc., San Diego, CA, USA). The statistical evaluation was conducted through
an analysis of variance followed by a Tukey test for multiple comparisons. p < 0.05 was
considered a statistically significant difference.

5. Conclusions

The complete analysis of the results performed showed the adequate management of
hyperglycemia, % HbAlc, and lipid profile following the administration of ethanolic extract
obtained from the leaves of A. cherimola and the flavonoid rutin. Additionally, for the first
time, we presented the activity of ethanolic extract in combination with oral antidiabetic
drugs. Our results demonstrate the importance of evaluating the activity of herbal remedies
in combination with common oral drugs, as in some cases, these combinations can generate
side effects in the patients. Finally, it was shown that the administration of rutin at doses
of 50 mg/kg in combination with oral antidiabetic drugs helps to reduce hyperglycemia,
% HbAlc, and lipid profiles, being considered as a first step to develop new treatments
focusing on the control of DM and its complications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph16010112/s1, HPLC-DAD analysis at 254 nm of the ethanol
extract of the leaves of Annona cherimola Miller, rutin, nicotiflorin, and narcissin; Ultraviolet spectra
obtained from HPLC-DAD: rutin, nicotinflorin, and narcissin; 1H-NMR of rutin, nicotiflorin, and
narcissin; IBC-NMR of rutin, nicotiflorin, and narcissin.
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Abstract: Isoorientin (ISO) is a flavonoid compound containing a luteolin structure, which can induce
autophagy in some tumor cells. This study investigated the impact of ISO in gastric cancer AGS
cells, and performed an experimental analysis on the main signaling pathways and transduction
pathways it regulates. CCK-8 assay results showed that ISO reduced the survival rate of gastric
cancer AGS cells, but the toxicity to normal cells was minimal. Hoechst 33342/PI double staining
assay results showed that ISO induced apoptosis in gastric cancer AGS cells. Further analysis by
flow cytometry and Western blot showed that ISO induced apoptosis via a mitochondria-dependent
pathway. In addition, the level of reactive oxygen species (ROS) in gastric cancer AGS cells also
increased with the extension of the ISO treatment time. However, cell apoptosis was inhibited by
preconditioning cells with N-acetylcysteine (NAC). Moreover, ISO arrested the cell cycle at the
G2/M phase by increasing intracellular ROS levels. Cell migration assay results showed that ISO
inhibited cell migration by inhibiting the expression of p—AKT, p—GSK-3f3, and f—catenin and was
also related to the accumulation of ROS. These results suggest that ISO-induced cell apoptosis by
ROS-mediated MAPK/STAT3/NF-«B signaling pathways inhibited cell migration by regulating the
AKT/GSK-3f3 / B—catenin signaling pathway in gastric cancer AGS cells.

Keywords: isoorientin; gastric cancer; cell apoptosis; cell cycle; cell migration; reactive oxygen species

1. Introduction

Globally, gastric cancer ranks third in terms of prevalence and death rates after lung
cancer [1,2]. In China, gastric cancer is more common in people over 50 years of age [3,4]. In
the present day, gastric cancer can be treated primarily through surgery and chemotherapy.
Chemotherapy drugs, as the primary means of treatment after surgery, have an inhibitory
effect on cancer cells, but they often destroy healthy normal cells, leading to the disorder of
immune metabolism in the human body, with great side effects on the body [5,6]. There
is, therefore, a need for a drug that is highly efficient and has a low risk of side effects.
There are a number of natural products that have potential therapeutic effects on cancer
cells while causing few side effects on other cells, so they have been subjected to intense
research [7-9].

Isoorientin (ISO) is a flavonoid compound widely found in Polygonum orientale L.,
Patrinia, Phyllostachys edulis leaf, passionflower, and other plants [10-12]. ISO possesses a
range of pharmacological actions, including anti-inflammatory, antiviral, and antibacterial
activity, as well as weakening the development of liver fibrosis [13-16]. In addition,
studies have shown that ISO has superior anticancer activity against breast cancer cells,
hepatoblastoma, and other tumor cells [17-20]. The anticancer mechanism of ISO on
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stomach cancer cells, however, is unknown. In this study, ISO was examined for its effects
on the apoptosis, proliferation, and migration of stomach cancer cells.

Apoptosis induction is currently one of the main ways to treat cancer cells. A high
level of reactive oxygen species (ROS) promotes mitochondrial membrane potential reversal
by activating mitogen-activated protein kinase (MAPK), leading to cytochrome c release
and caspase-3 activation, ultimately resulting in apoptosis [21,22]. In addition, ROS can
also regulate the STAT3 and NF—«B signaling pathways and cooperate with the MAPK
signaling pathway to promote cell apoptosis [23].

By contrast, inhibiting tumor cell growth and metastasis play a critical role in cancer
treatment. Glycogen synthase kinase 33 (GSK-3) is the main intracellular serine/threonine
kinase and has a bidirectional regulatory effect on the growth and development of tumor
cells. When it is inhibited as a cancer—promoting factor, it promotes 3—catenin entry into
the nucleus, thereby activating the —catenin signaling pathway and inhibiting the spread
of tumor cells [24].

The effect of ISO on the apoptosis and migration of gastric cancer AGS cells was
explored in this study, and its probable mechanism was found.

2. Results
2.1. Isoorientin Reduces the Viabilities of Gastric Cancer Cells

As shown in Figure 1A,B, ISO reduced the viability of twelve typical gastric cancer
cell lines in a dose-dependent manner with a toxic effect higher than 5-FU, and ISO had
a lower cytotoxic effect on normal cells. The ICsy values of each cell treated for this drug
are summarized (Table 1). As shown in Figure 1C,D, ISO produced similar results in a
time-dependent manner at a specific dose. Among the above gastric cancer cells, with an
ICs¢ value of 36.54 M, AGS cells had the highest sensitivity to ISO.
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Figure 1. The cytotoxic effect of ISO. The CCK-8 assay was used to determine if cells had survived
after being exposed to various doses or time of 5-FU or ISO. (A) Survival rate of gastric cancer cells.
(B) Survival rate of normal cells. (C) Survival rate of gastric cancer cells. (D) Survival rate of normal

cells. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. 5-FU.
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Table 1. ICs5 values of ISO and 5-FU in gastric cancer cells.

Cell Line 5-FU (uM) ISO (uM)
AGS 56.27 £ 2.04 36.54 = 1.93
KATO-3 81.11 £1.28 60.28 =1.21
MKN-28 98.12 £+ 1.87 61.31 £2.42
MKN-45 89.67 £ 2.26 49.77 £2.18
NCI-N87 99.37 +1.98 68.16 £ 2.38
SNU-5 80.97 £ 2.01 62.21 £1.73
SNU-216 86.35 + 2.84 59.57 £ 1.66
SNU-484 78.38 £ 1.76 65.59 £ 2.44
SNU-668 90.63 £ 1.57 71.74 £ 2.75
YCC-1 91.37 £1.03 78.62 £1.24
YCC-6 82.47 £1.63 66.83 £ 2.68
YCC-16 80.16 £2.72 56.72 £ 2.62

2.2. Isoorientin Induces AGS Cell Apoptosis

As shown in Figure 2A,B, the edge of the AGS cells shrank after treatment with ISO.
At 24 h, fluorescence intensity reached its maximum, which was higher than that of the
5-FU treatment group over the same period. Figure 2C illustrates the findings of flow
cytometry, which demonstrated that the apoptosis of AGS cells treated with ISO increased
over time and reached 35.76% of apoptotic cells at 24 h. As shown in Figure 2D, the AGS
cells” mitochondrial membrane potential fluctuation trend was inversely associated with
the length of time they underwent ISO treatment. As seen in Figure 2E, ISO markedly
lowered the protein expression level of Bcl-2 while dramatically increasing the protein
expression levels of Bad, cyto—c, cle-caspase-3, and cle-PARP. The mitochondrial apoptotic
pathway was involved in ISO-induced AGS cell apoptosis, according to our findings.
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Figure 2. Apoptotic effects of ISO in AGS cells. A total of 36.54 uM ISO was applied to AGS cells
from 0 to 24 h. (A) AGS cells after Hoechst and PI staining were observed by fluorescence microscope
(original magnification, x200). (B) AGS cells after Annexin V and PI staining were observed by
fluorescence microscope (original magnification, x400). (C) Apoptosis rate of AGS cells. (D) Flow
cytometry was used to calculate the mitochondrial membrane potential. (E) Expression levels of
apoptosis—related proteins in AGS cells treated with ISO. The x—tubulin was used as an internal
reference protein. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. 0 h.

2.3. Isoorientin Regulates MAPK/STAT3/NF—«B Signaling Pathways

As seen in Figure 3A, ISO considerably decreased the expression levels of p—ERK, p-
STAT3, and NF-«B while significantly upregulating the expression levels of p—JNK, p-p38,
and IkBe in a time-dependent way. Then, we tested several nuclear proteins and found
that ISO significantly reduced the levels of STAT3, NF-«B, and p-IkBx (Figure 3B). As seen
in Figure 3C-E, compared with the ISO alone treatment groups, FR180204, SP600125, and
SB203580 inhibited the expression of p—ERK, p-JNK, and p—p38 in AGS cells, respectively.
Meanwhile, pretreatment with ERK inhibitors enhanced the decrease in p-STAT3 and Bcl-2
protein expression levels and inhibited the increase in cle-caspase—3 protein expression,
while the level of p-STAT3 after pretreatment with the JNK inhibitor or p38 inhibitor
was higher than that of ISO treatment alone. The above results indicate that the MAPK-
dominated ISO-induced AGS cell apoptosis is an upstream signaling pathway.
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Figure 3. Regulation of ISO on the MAPK/STAT3/NF-«B signaling pathway in AGS cells. A total of
36.54 uM ISO was applied to AGS cells from 0 to 24 h. (A) MAPK/STAT3/NF-«B signaling pathway
related protein expression level. (B) Nuclear protein expression level. (C) Expression levels of p-ERK,
p-STAT3, Bcl-2, and cle—caspase-3 proteins in AGS cells treated with ISO (36.54 uM) and/or an ERK
inhibitor (10 uM). (D) Expression levels of p—-JNK, p—STAT3, Bcl-2, and cle—caspase-3 proteins in
AGS cells treated with ISO (36.54 uM) and/or a JNK inhibitor (10 uM). (E) Expression levels of p—p38,
p-STAT3, Bcl-2 and cle—caspase-3 proteins in AGS cells treated with ISO (36.54 uM) and/or a p38
inhibitor (10 uM). Lamin B1 and a—tubulin were used as an internal reference protein. * p < 0.05,
**p <0.01 and *** p < 0.001 vs. 0 h or ISO + MAPK inhibition.

2.4. Isoorientin Regulates the MAPK/STAT3/NF—xB Signaling Pathways That Are Mediated
by ROS

As shown in Figure 4A, in a time-dependent way, ISO dramatically increased the
accumulation of ROS in AGS cells, reaching 83.42% after 24 h of treatment. However,
ISO reduced ROS accumulation in normal gastric GES-1 cells (Figure 4B). As shown in
Figure 4C, ISO-induced AGS cell apoptosis was inhibited by NAC treatment. As shown
in Figure 4D,E, the expression levels of p—JNK, p—p38, IkBex, cle-caspase-3, and cle-PARP
regulated by ISO was decreased by NAC treatment. ISO-regulated expression levels of
p—-ERK, p—STAT3, NF—«kB, nuclear protein STAT3, NF-kB, and p-IkBx were increased by
NAC treatment. These results suggest that ISO induces AGS cell apoptosis by promoting
ROS accumulation.
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Figure 4. The promoting effects of ISO on ROS levels in AGS cells. A total of 36.54 pM ISO was
applied to cells from 0 to 24 h. (A) AGS cell levels of ROS. (B) GES-1 cell levels of ROS. (C) Apoptosis
rate of AGS cells treated with ISO (36.54 uM) and/or NAC (10 mM). (D) Expression levels of
related signaling pathway proteins in AGS cells treated with ISO (36.54 uM) and/or NAC (10 mM).
(E) Expression levels of nuclear proteins in AGS cells treated with ISO (36.54 uM) and/or NAC
(10 mM). Lamin B1 and a—tubulin were used as an internal reference protein. * p < 0.05, ** p < 0.01
and *** p < 0.001 vs. 0 h or NAC +ISO.

2.5. Isoorientin Arrested the AGS Cell Cycle at the G2/M Phase

As seen in Figure 5A,B, following ISO treatment, fewer cells were in the G0/G1 phase
(down from 64.64% to 47.69%), but more cells were in the G2/M phase. ISO decreased
expression levels of p—AKT, CDK1/2, and Cyclin B, and increased expression levels of p21
and p27. As seen in Figure 5C,D, when NAC was added before ISO treatment, the number

140



Pharmaceuticals 2022, 15, 1541

of G0/G1 cells increased from 61.76% to 70.12%, and ISO-induced expression of the above
proteins was similarly reversed. The above results indicate that ISO could arrest the AGS
cell cycle in the G2/M phase by up-regulating ROS.
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Figure 5. The arresting effects of ISO on the cell cycle in AGS cells. A total of 36.54 uM ISO was
applied to AGS cells from 0 to 24 h. (A) Percentage of cell cycle number of AGS cells. (B) Expression
of proteins involved in the G2/M cell cycle. (C) Percentage of cell cycle number of AGS cells treated
with ISO (36.54 pM) and/or NAC (10 mM). (D) Expression of proteins involved in the G2/M cell
cycle of AGS cells treated with ISO (36.54 uM) and/or NAC (10 mM), and «—tubulin was used as an
internal reference protein. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. 0 h or NAC + ISO.

2.6. Isoorientin Inhibited AGS Cell Migration via the AKT/GSK-3p/B—catenin
Signaling Pathways

As seen in Figure 6A,B, ISO reduced the AGS cell migration area and the number of
AGS cells, demonstrating that ISO had the ability to inhibit the migration of AGS cells. As
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seen in Figure 6C,D, we further detected migration-related proteins and found that the
expression levels of p—AKT, p—GSK-3§, Twist, ZEB1, N—cadherin, and —catenin were
all decreased, while the expression levels of E-cadherin were increased. These protein
expression levels were reversed after NAC pretreatment. The above results indicate that ISO
inhibited AGS cell migration via the ROS-mediated AKT/GSK-33 /3—catenin signaling
pathways.
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Figure 6. The inhibiting effects of ISO on migration in AGS cells. A total of 36.54 uM ISO was applied
to AGS cells from 0 to 24 h. (A) Migration changes in AGS cells were observed by fluorescence
microscope (original magnification, x200). (B) The number of AGS cell migration was observed by
fluorescence microscope (original magnification x400). (C) Migration related protein expression
level. (D) Expression of migration related proteins of AGS cells treated with ISO (36.54 M) and/or
NAC (10 mM), and a—tubulin was used as an internal reference protein. * p < 0.05, ** p < 0.01 and
***p <0.001 vs. 0 h or NAC + ISO.
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3. Discussion

Numerous studies have revealed that Chinese herbal medicines can replace certain
chemicals due to their mild effects and low toxicity. In terms of inhibiting tumor growth
and inducing tumor cell apoptosis, higher concentrations of traditional Chinese medicine
extracts have been shown to have good biological activities [25-27]. Isoorientin (ISO), a
flavonoid compound, has been demonstrated to decrease growth and induce apoptosis
in some tumor cells. In the preliminary experiment of this study, it was found that under
the same conditions, the killing effect of 5-FU on most of the gastric cancer cells from
12 different sources was better than that of other chemotherapy drugs. So, we selected 5-FU
as the positive control in our subsequent research on ISO. In this study, ISO was used to
treat 12 kinds of gastric cancer cells, and the analysis showed that ISO had excellent killing
effects on these gastric cancer cells, and the effect was better than 5-FU. While inhibiting
the growth of tumor cells, ISO was significantly less harmful to normal cells than 5-FU in
the control group (Figure 1).

In this study, the CCK-8 assay results show that the effect of ISO on AGS cells was
the most significant among these gastric cancer cells. AGS cells came from human gastric
adenocarcinoma epithelial cell lines. Some studies have shown that gastric cancer cells
from different sources have different biomarkers, different cell metabolites, and different
drug sensitivity. In addition, the occurrence of gastric cancer is not only related to genetic
susceptibility but also related to genetic mutations. Both KRAS and CTNNBI1 genes were
mutated in AGS cells. KRAS regulates downstream effectors of the MAPK pathway
through phosphorylation. CTNNB1 can encode 3—catenin and play a role in regulating
cell migration [28]. In this study, we found that ISO can induce the apoptosis of AGS cells
through the MAPK pathway and inhibit the migration of AGS cells by regulating 3—catenin.
We speculate that the origin of AGS cells and the mutated genes may be the reason why
AGS cells are most affected by ISO. AGS cells were finally selected in this study to prove
the anticancer effect of ISO.

In the process of apoptosis, Bcl-2 family proteins dominate the changes in mito-
chondrial membrane permeability [19,29]. This study has shown that ISO can reduce the
expression of Bcl-2 and increase the expression of Bax by blocking the PI3K/Akt path-
way, thus inducing the apoptosis of HepG2 cells [30]. Similarly, this study found that
ISO up-regulated the expression of pro—apoptotic protein Bad and down-regulated the
expression of anti-apoptotic protein Bcl-2, resulting in a decrease in the mitochondrial
membrane potential and ultimately leading to AGS cell apoptosis (Figure 2). We found that
when the ISO treatment time of cells was more than 24 h or close to 48 h, the cells basically
lost their original form and were not enough for research. Therefore, when exploring
the anti—-tumor effects of ISO on AGS cells, 24 h of ISO treatment was selected as the last
time point. In addition, in order to confirm the molecular mechanism of ISO-induced
AGS cell apoptosis. Through the analysis of signal pathways, this study found that in the
ISO-induced apoptosis of AGS cells, the ISO-regulated MAPK signaling pathway and
STATS3 signaling pathway, together with the NF-«kB signaling pathway, play an anti-cancer
role (Figure 3).

Flavonoids are often used as antioxidants because of their ability to scavenge oxygen—
free radicals [31]. However, it has been shown that their antioxidant effects depend on
the cells being treated [32]. This study has shown that the ISO treatment of HepG2 cells
significantly increased intracellular ROS levels, which were 33.58% higher than normal
liver cells HL-7702 [33]. In tumor and normal cell lines of the same organ, different
concentrations of one flavonoid are commonly observed to induce oxidative stress and
have antioxidant effects. However, our aim was to explore the effects of ISO on ROS in
different cell types. Therefore, we analyzed the regulatory effects of ISO on ROS levels in
gastric cancer cells and normal cells under the same ISO treatment concentration. This
study found that with the same ISO treatment concentration, decreased ROS accumulation
in normal gastric GES-1 cells as ISO treatment time increased, but ROS accumulation in
AGS cells continued to increase. This study also found that ISO induced AGS cell apoptosis
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by the up-regulation of ROS, activated p38 and JNK signaling pathways, and inhibited
ERK, STAT3, and NF-«B signaling pathways (Figure 4).

When a cell becomes cancerous, the host loses control of the cell cycle. Therefore, the
principle of cell cycle regulation can be used in tumor treatment to block the cycling of
cancer cells, thereby preventing the metastasis and spread of cancer cells and, at the same
time, inducing tumor cell apoptosis [34]. RT-PCR analysis showed that ISO significantly
reduced gene transcription and Cyclin D, Cyclin E, and CDK 2 expression levels in HepG2
cells [19]. This study analyzed the cycle of AGS cells after ISO treatment by flow cytometry.
It was found that ISO led to the G2/M cycle arrest of AGS cells through the accumulation
of ROS (Figure 5).

The development of cancer is usually accompanied by rapid spread and invasion.
Studies have shown that after the ISO treatment of pancreatic cancer cells, the expression
levels of VEGF, MMP2, and MMP9 decreased, but the expression level of E-cadherin
increased [35]. However, this study discovered that ISO inhibits AGS cell migration via
modulating the AKT/GSK-3[3 / 3—catenin signaling pathway and through regulating ROS
generation (Figure 6).

In summary, through the ROS-mediated MAPK/STAT3/NF-«B and AKT signaling
pathways, ISO triggered apoptosis and cell cycle arrest in AGS cells. ISO, on the other
hand, reduced cell migration via ROS—mediated GSK-3f signaling pathways (Figure 7).
Furthermore, ISO has the advantage of being less toxic to normal cells. Therefore, this
study speculates that ISO could be a promising medication for the treatment of AGS.
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Figure 7. Schematic diagram of the signaling pathway of ISO in AGS cells to exert anti-cancer effects.

4. Materials and Methods
4.1. Cell Culture

Human gastric cancer cells and human normal lung cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Sage Biotechnology Co.,

Ltd. (Shanghai, China) provided the human normal gastric cells, liver cells, and renal cells.
10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin in RPMI 1640 culture medium
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(Gibco, Waltham, MA, USA) was used to culture a variety of cells, including gastric cancer
cells (AGS, KATO-3, MKN-28, MKN—-45, SNU-5, SNU-216, SNU-484, SNU-668), normal
liver cells (L-02), and normal lung cells (IMR-90). Other gastric cancer cells, normal gastric
cells (GES-1), and normal kidney cells (293T) were cultured in DMEM (Gibco) with the
same contents. In sterile cell culture, all cells were cultured at 37 °C and 5% CO, in a SanYo
incubator (Osaka, Japan).

4.2. Cell Viability Analyses

Four types of normal cells and twelve types of gastric cancer cells were seeded into
96-well plates (1 x 10* cells/well) and cultured overnight. They were treated with ISO
and 5-FU (MedChem Express, Princeton, NJ, USA) at different concentrations for 24 h.
The viability of the cells was determined using the Cell Counting Kit-8 (Solarbio, Beijing,
China). Each cell was treated with 10 pL of a CCK-8 reagent for 3 h. Then, the results of the
Microplate readers (BioTek Instruments Inc., Winooski, VT, USA) were used to calculate
the half maximal inhibitory concentration (ICsy) value of the above-mentioned cells. Cell
viability was determined by treating the cells with ISO and 5-FU ICs values (0, 3, 6, 12, 24,
and 36 h).

4.3. Cell Apoptosis Analysis

AGS cells were plated in 6-well dishes (1 x 10° cells/well) and cultured overnight.
The cells were treated with 36.54 uM ISO and 36.54 uM 5-FU (the ICgy value of AGS cells)
for 0, 3, 6, 12, and 24 h. Cell apoptosis was analyzed using the Apoptosis and Necrosis
Assay Kit (Beyotime, Shanghai, China). A total of 200 uL of cell staining buffer, 3 uL of
Hoechst, and 2 pL of PI were added. Cells were observed using the cell imaging system
(Thermo Fisher Scientific, Shanghai, China). In addition, 100 pL of an Annexin V-binding
buffer, 4 uL of Annexin V-FITC, and 3 puL PI were added to ISO-treated AGS cells, and
flow cytometry (Beckman Coulter, Brea, CA, USA), and the cell imaging system was used.

4.4. Mitochondrial Membrane Potential Analysis

AGS cells were seeded in 3.5 cm Petri dishes (1 x 10° cells/dish) and cultured
overnight. For 0, 3, 6, 12, and 24 h, the cells were exposed to 36.54 uM ISO. The JC-1
Assay Kit was used to assess the mitochondrial membrane potential of AGS cells (Solarbio).
After centrifugation, AGS cells were collected and incubated with 1 mL JC-1 at 37 °C for
30 min. Then, AGS cells were suspended in a 1 mL binding solution two times and were
detected by flow cytometry.

4.5. Extraction of Nucleoproteins

AGS cells were seeded into 3.5 cm Petri dishes and treated with 36.54 uM ISO for 0, 3,
6, 12, and 24 h. Samples were prepared with a Nuclear Protein Extraction Kit (Solarbio).
Centrifugation was performed at 500 g for 2 min to separate the supernatant from the
precipitation and was preserved for later use. A total of 100 mL of plasma protein extract
was added to the precipitate and incubated with ice. After oscillation, they were centrifuged
at 14,000 g at 4°C for 15 min, and 80 puL of nuclear protein extract was added to the
precipitation. The supernatant was centrifuged again under the same conditions to prepare
the sample.

4.6. Western Blot Analysis

AGS cells were seeded into 6 cm Petri dishes (6 x 10° cells/dish) and treated with
36.54 uM ISO for O, 3, 6, 12, and 24 h. A 30 min centrifugation at 12,000 rpm and 4 °C
was followed by mixing the supernatants with a 5x buffer and boiling them for five
minutes. The OD value was measured at 595 nm with a spectrophotometer, and the protein
concentrations were normalized. Proteins (20 puL per sample) were separated by 8-12%
SDS-PAGE gel electrophoresis and were transferred to a nitrocellulose filtration membrane
(NC membrane) and incubated with 5% skim milk for 2 h. The primary antibody was
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incubated overnight at 4 °C on the NC membrane. Santa Cruz Biotechnology (Dallas,
TX, USA) provided all the primary antibodies. The primary antibodies used were Bad
(1:1500; cat. no. sc—493), Bcl-2 (1:1500; cat. no. sc-7382), cyto—c (1:2000; cat. no. sc-13156),
cle—caspase-3 (1:1500; cat. no. sc-373730), cle-PARP (1:1500; cat. no. sc-8007), a—tubulin
(1:2500; cat. no. sc—47778), p—ERK (1:1500; cat. no. sc-7383), ERK (1:1000; cat. no. sc-154),
p-JNK (1:1500; cat. no. sc-6254), JNK (1:1500; cat. no. sc-7345), p—p38 (1:1500; cat. no.
sc—7973), p38 (1:1500; cat. no. sc-7149), p-STAT3 (1:1500; cat. no. sc-8059), STAT3 (1:1500;
cat. no. sc=8019), NF—«B (1:1500; cat. no. sc=8008), IkBox (1:1500; cat. no. sc-1643), p-IkBo
(1:1500; cat. no. sc-8404), Lamin B1 (1:2500; cat. no. sc-374015), p—AKT (1:1000; cat. no.
sc—7985-R), AKT (1:1000; cat. no. sc-8312), CDK1/2 (1:1500; cat. no. sc-53219), Cyclin
B (1:1500; cat. no. sc-245), p21 (1:1500; cat. no. sc-397), p27 (1:1500; cat. no. sc-528),
p-GSK-3f3 (1:1000; cat. no. sc-373800), GSK-3f3 (1:1500; cat. no. sc-377213), Twist (1:1500;
cat. no. sc-81417), ZEB1 (1:1000; cat. no. sc-515797), E—cadherin (1:1000; cat. no. sc—
8426), N—cadherin (1:1000; cat. no. sc-59987), and 3—catenin (1:1000; cat. no. sc-7963).
Secondary antibodies (ZSGB-bio, Beijing, China) labeled with horseradish peroxidase
were then added, and the NC blots were incubated at room temperature for 2 h before
being combined with the enhanced chemiluminescence (ECL) substrate (Thermo Fisher
Scientific). An Amersham Imager 600 (GE Healthcare, Beijing, China) was used to detect
changes in protein expression. Protein relative densities were calculated using the Image |
program. The endogenous controls were a-tubulin and Lamin B1. In addition, the protein
content was determined by pretreatment with ERK inhibitors (FR180204, 10 uM), JNK
inhibitors (SP600125, 10 uM), p38 inhibitors (SB203580, 10 uM) (MCE, Middlesex, NJ, USA),
or reactive oxygen scavengers NAC (10 mM) (Beyotime) for 30 min prior to ISO treatment.

4.7. Measurement of ROS Generation

AGS cells and GES-1 cells were seeded in 3.5 cm Petri dishes and treated with 36.54 uM
ISO for 0, 3, 6, 12, and 24 h, respectively. ROS levels in the AGS and GES-1 cells were
measured using the ROS Assay Kit (Beyotime). The AGS cells were spun at 8000 rpm for
5 min before being treated with 10 uM of DCFH-DA fluorescent probe for 30 min. ROS
accumulation in AGS and GES-1 cells was measured using flow cytometry. N-acetyl-L—
cysteine (NAC, Beyotime) was given to AGS cells for 30 min before ISO treatment to assess
the ROS accumulation in AGS cells.

4.8. Cell Cycle Analysis

AGS cells were plated in 3.5 cm dishes and treated with 36.54 uM ISO for 0, 3, 6, 12,
and 24 h. The DNA Content Detection Kit (Solarbio) was used to examine the cell cycle.
The AGS cells were collected and fixed in 70% alcohol overnight. The cell samples were
incubated with 100 uL. RNase for 30 min at 37 °C to eliminate RNA and were then stained
with 400 uL of PI for 30 min at 4 °C and were detected by flow cytometry.

4.9. Cell Migration Analyses

AGS cells were plated in 6-well dishes and used a 10 uL pipette tip to perform a
vertical swipe when the cells were confluent. After careful washing with PBS, 36.54 uM
ISO was used to treat the AGS cells, and the cell migration at each moment was observed
using an Auto Cell Imaging System (MSHOT, Guangzhou, China). Image ] was used to
calculate the migratory areas of the cells. In addition, AGS cells were plated in the upper
chamber of the 6-well Transwell plate. A total of 36.54 uM ISO was used to treat the AGS
cells; 0.1% crystal violet staining solution was added and washed with PBS. The number of
cell migrations was observed and counted under a microscope.

4.10. Statistical Analysis

Three separate experiments were run, and the results are presented as the mean + SD.
GraphPad Prism 5.0 was used to determine the ICs5q of ISO. Tukey’s post hoc test was
performed using SPSS version 21.0, and multiple comparisons across the groups were
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conducted using a one-way analysis of variance. Statistically significant differences are
shown by the symbols * p < 0.05, ** p < 0.01, and ** p < 0.001.
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Abstract: Antimicrobial resistance (AMR) poses a serious threat to human health, and new antimi-
crobial agents are desperately needed. Plant flavonoids are increasingly being paid attention to for
their antibacterial activities, for the enhancing of the antibacterial activity of antimicrobials, and
for the reversing of AMR. To obtain more scientific and reliable equations, another two regression
equations, between the minimum inhibitory concentration (MIC) (y) and the lipophilicity parameter
ACD/LogP or LogDy 49 (x), were established once again, based on the reported data. Using statistical
methods, the best one of the four regression equations, including the two previously reported, with
regard to the antimicrobial quantitative relationship of plant flavonoids to Gram-positive bacteria,
isy = —0.1285 x + 0.7944 x° + 51.785 x* — 947.64 x> + 6638.7 x> — 21,273 x + 26,087; here, x is the
LogP value. From this equation, the MICs of most plant flavonoids to Gram-positive bacteria can
be calculated, and the minimum MIC was predicted as approximately 0.9644 uM and was probably
from 0.24 to 0.96 pM. This more reliable equation further proved that the lipophilicity is a key factor
of plant flavonoids against Gram-positive bacteria; this was further confirmed by the more intuitive
evidence subsequently provided. Based on the antibacterial mechanism proposed in our previous
work, these also confirmed the antibacterial mechanism: the cell membrane is the major site of plant
flavonoids acting on the Gram-positive bacteria, and this involves the damage of the phospholipid
bilayers. The above will greatly accelerate the discovery and application of plant flavonoids with
remarkable antibacterial activity and the thorough research on their antimicrobial mechanism.

Keywords: flavonoid; lipophilicity; MIC; relationship; bacteria; cell membrane

1. Introduction

Antimicrobial resistance (AMR) has become a serious threat to the public health;
meanwhile, the COVID-19 pandemic has further accelerated this global problem [1]. So,
new antimicrobial agents are desperately needed [2,3]. After antibiotics have been used
for the treatment of bacterial infection, most of them will also bring about some adverse
reactions and eventually be resistant in the clinic [4]. However, some plant metabolites with
moderate antimicrobial activities [5], being nontoxic to the human body, can enhance the an-
tibacterial activity of some antibiotics, and even reverse the AMR [6,7]. Among them, plant
flavonoids have received close attention [8-12]. Some of their structure—activity relation-
ships against bacteria were summarized in various degrees [7,8,13,14], together with some
sporadic ones [15,16]. In addition, the quantitative structure—activity relationship (QSAR)
analyses for 30 prenylated (iso)flavonoids against Listeria monocytogenes and Escherichia coli
were performed, respectively, with an accuracy of 71-88% [17]. However, a universal and
systematic conclusion remains unclear due to the extensive structural diversity of plant
flavonoids, and some of the conclusions are even contradictory [7,8,13,14].

In our previous work [18], two regression equations were established for calculating
the antibacterial activities of plant flavonoids towards Gram-positive bacteria, based on
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the data pairs, consisting of the physicochemical parameter ACD/LogP or LogDy 49 and
the minimum inhibitory concentration (MIC, an indicator of antibacterial activity), of 66
reported flavonoids [19-24]. Subsequently, these two equations were further verified by the
data pairs of another 68 reported flavonoids [6,25-30] and presented the accuracy of 85.3%.
Combined with the literature analyses, it concluded that the lipophilicity is a key factor for
flavonoids against Gram-positive bacteria and that the cell membrane is the major action
site [18].
To obtain more scientific and reliable regression equations for the prediction of the
MIC values of plant flavonoids, those data, as a greater sample, were reanalyzed, and two
regression equations were reestablished. Using statistical methods, a regression equation
with a larger correlation coefficient (r) of 0.9703 eventually proved to be the best one for fitting
the correlation between the antibacterial activity (MIC) and the lipophilicity (LogP). This
equation has shown to be more accurate and more reliable and can be practically considered
as the quantitative relationship of plant flavonoids against Gram-positive bacteria. Moreover,
the regression curves between the logiy (MIC) (y) and the LogP (or LogDy49) value (x)
provide more intuitive evidence for the correlations between the antibacterial activity and
the lipophilicity and for the antibacterial mechanism of the plant flavonoids acting on the
cell membrane. The above are diagrammatically presented in Figure 1.

5000 - y=*D,1285}["' + 0.7944x°> + 51.785x — 947 64x° + 6,638.7x2— 21,273x + 26,087
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Figure 1. Diagrammatic presentation for the lipophilicity, the antibacterial activities, and the mecha-
nisms of plant flavonoids. MIC, minimum inhibitory concentration; LTA, Lipoteichoic acid.
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2. Results
2.1. Structure, Antibacterial Activity, and Physicochemical Parameters

The one hundred and thirty-four flavonoids published in the previous work [18], from
twelve papers [19-30], were reorganized, and 92 compounds were screened out, accord-
ing to the procedure in the methods section, for subsequent regression analyses. These
flavonoids involve eleven subclasses, which mainly include flavones, dihydroflavones,
flavonols, dihydroflavonols, isoflavones, dihydroisoflavones, dihydroisoflavane, and chal-
cones. The serial numbers of these compounds remain unchanged and correspond to those
in the previous work [18]. Their physicochemical parameters (ACD/LogP and LogDy 4¢)
and antimicrobial activities (MICs) are listed in Table 1. If possible, the average MIC or
MICyg of a certain flavonoid to different pathogenic bacteria was considered as its MIC. In
other cases, the MIC of a certain flavonoid to pathogenic bacteria was processed according
to the rules in the methods section.

Table 1. Plant flavonoids together with their structure types, physicochemical parameters, and
antimicrobial activities, used for the regression analyses [18].

Compounds ? St;;;t;re LogP? LogDy4? MIC (M) ¢  LogipMIO) €
2 Dihydroflavones  5.09 4.92 11.3 1.0531
3 Dihydroflavones  7.02 6.8 8.85 0.9469
4 Dihydroflavones  5.29 5.09 14.7 1.1673
6 Dihydroflavones  7.02 6.81 23.7 1.3747
7 Dihydroflavones  4.18 4.09 259 1.4133
8 Dihydroflavones  4.18 3.98 259 1.4133
9 Dihydroflavonols ~ 5.74 5.5 22.7 1.3560

10 Dihydroflavones  6.52 6.33 5.9 0.7709
11 Dihydroflavones  6.30 6.08 57 0.7559
12 Dihydroflavones  7.05 6.83 5.5 0.7404
13 Dihydroflavones  7.27 7.09 5.7 0.7559
16 Dihydroflavones ~ 7.24 7.06 9.15 0.9614
17 Dihydroflavones  4.56 4.37 10.5 1.0212
20 Dihydroflavones  5.56 5.34 52.8 1.7226
21 Dihydroflavones  6.54 6.32 9.15 0.9614
22 Dihydroflavones  6.61 6.39 11.35 1.0550
23 Dihydroflavones  5.18 4.96 85.05 1.9297
24 Dihydroflavonols ~ 6.25 597 8.05 0.9058
25 Dihydroflavones  7.02 6.81 13.65 1.1351
26 Dihydroflavones ~ 7.32 7.12 10.6 1.0253
27 Dihydroflavones  6.72 6.51 20.4 1.3096
28 Dihydroflavones  3.27 3.04 233.7 2.3687
29 Dihydroflavones  4.60 4.38 84.4 1.9263
30 Dihydroflavones  4.27 4.05 84.1 1.9248
31 Dihydroflavones  4.67 4.46 186.4 2.2704
32 Dihydroflavones  6.10 5.76 107.3 2.0306
33 Dihydroflavones  5.63 529 113.6 2.0554
34 Flavonols 4.52 3.84 140.2 2.1467
35 Flavonols 4.52 3.93 140.2 2.1467
36 Flavonols 6.20 5.53 73 1.8633
37 Dihydroflavones  6.72 6.51 9.5 0.9777
38 Dihydroflavones  7.32 712 14.75 1.1688
39 Dihydroflavones  8.75 8.54 24.45 1.3883
40 Dihydroflavones  7.32 7.13 24.6 1.3909
41 Dihydroflavones  5.94 5.75 90.8 1.9581
42 Dihydroflavones  7.97 7.78 19 1.2788
43 Dihydroflavones  6.74 6.50 37.9 1.5786
44 Dihydroflavones  8.84 8.64 12.25 1.0881
45 Dihydroflavonols ~ 3.79 3.67 251.75 2.4010
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Table 1. Cont.

Compounds ? St;;}c)tel;re LogP ® LogD74? MIC(uM)¢  Logo(MIC) €
46 Dihydroflavonols  3.79 3.53 167.8 2.2248
47 Dihydroflavonols ~ 3.92 3.59 421 1.6243
48 Dihydroflavonols ~ 4.67 4.35 61 1.7853
49 Dihydroflavonols ~ 4.11 3.67 84.5 1.9269
52 Dihydroflavonols ~ 4.51 4.27 87.8 1.9435
53 Dihydroflavonols ~ 2.42 211 1734.6 3.2392
54 Dihydroflavonols ~ 4.64 4.34 88.3 1.9460
55 Dihydroflavones  6.52 6.33 11.05 1.0434
56 Dihydroflavones  8.76 8.70 9 0.9542
57 Dihydroflavones  4.72 4.51 24.25 1.3847
58 Dihydroflavones  6.52 6.33 14.7 1.1673
59 Dihydroflavones  5.89 5.67 17.75 1.2492
60 Dihydroflavones  5.89 5.68 21.3 1.3284
61 Dihydroflavones  6.60 6.35 22.05 1.3434
62 Dihydroflavones  5.81 5.62 28.4 1.4533
63 Dihydroflavones  5.81 5.62 28.4 1.4533
64 Dihydroflavones  4.56 4.37 35.1 1.5453
66 Dihydroflavones  3.19 2.96 734.6 2.8661
67 Flavones 4.20 3.77 184.7 2.2665
70 Flavonols 3.10 2.32 670.5 0.7597
72 Isoflavones 7.33 6.89 5.75 2.9485
73 Flavonols 2.83 2.16 888.1 1.5653
75 Dihydroflavonols ~ 8.63 8.17 36.75 0.7284
76 Flavones 6.59 6.40 5.35 0.8325
77 Dihydroflavones  6.60 6.42 6.8 1.4518
81 Chalcones 4.95 4.82 28.3 1.1508
82 Chalcones 4.95 4.82 14.15 1.5502
86 Isoflavones 5.67 5.07 35.5 2.5715
87 Isoflavones 3.15 291 372.8 2.1166
88 Isoflavones 5.38 5.12 130.8 1.7239
89 Flavonols 4.15 3.48 52.95 1.0434
91 Dihydroisoflavane 6.32 6.32 11.05 1.4031
92 Dihydroisoflavane 4.41 4.4 25.3 1.4609
93 Dihydroisoflavane 4.18 418 289 1.7649
94 Other type 6.64 6.63 58.2 3.2186
97 Flavonols 2.62 1.95 1654.3 2.5505
113 Chalcones 3.23 3.10 355.2 2.6985
114 Chalcones 3.40 3.26 499.5 2.1318
115 Isoflavones 5.03 4.48 135.45 2.1649
116 Isoflavones 4.63 4.07 146.2 2.2399
118 Isoflavones 5.69 5.4 45.41 1.2940
119 Isoflavones 7.33 7.16 19.68 1.8510
120 Isoflavones 5.24 4.69 70.95 2.2398
121 Isoflavones 4.70 4.27 173.7 1.5786
122 Isoflavones 7.13 6.89 379 2.1149
123 Dihydroisoflavones 4.56 427 130.3 21318
124 Dihydroisoflavones 5.47 5.21 135.45 1.9557
125 Dihydroisoflavones 5.47 5.21 90.3 2.0964
126 Dihydroisoflavones 4.83 4.67 124.85 1.2765
127 Dihydroisoflavones 6.69 6.5 18.9 1.6375
128 Other type 5.99 5.98 434 2.5224
130 Other type 5.61 5.59 65.15 1.6721
133 Other type 4.10 4.10 47 0.7597

2: The chemical structures of flavonoids shown in previous work [18]. b: The LogP and LogDy 49 values were
calculated using software ACD/Labs 6.0. ¢: MIC, minimum inhibitory concentration; here, a processed MIC of a
certain flavonoid to various Gram-positives, including Staphylococcus aureus, S. epidermidis, or /and Bacillus subtilis,
etc., was presented; log1o(MIC) means log;o of MIC.
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2.2. Regression Equation between the MICs and the Physicochemical Parameters

The regression analyses for the MICs (y) to Gram-positive bacteria and the physico-
chemical parameters LogP or LogDy7 .49 (x) of these flavonoids were achieved. Two regres-
sion curves are shown on Figure 2; their regression equations were established and are
shown in Figure 2 and in Table 2, together with their correlation coefficients (r).

S00.0 1 -6 12851 + 0.7944x5 + 51.785x1- 947,64 + 6,638.747=21,273x + 26,087 500.0 1 4= 012337x0-9.1200x5 + 146.54x4~1,240.3x" + 5,837.4x*~14,534x + 15,094
450.0 A v r=0.9703 450.0 - \ r=0.9462
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Figure 2. Polynomial regression analyses for the physicochemical parameter LogP or LogDy 49 (x)
and the MIC (y) to Gram-positive bacteria, mainly including Staphylococcus aureus, S. epidermidis,
or/and Bacillus subtilis of 92 plant flavonoids.
Table 2. Regression equations for the correlation between the physicochemical parameter (x) and the
antimicrobial activity (i) to Gram-positive bacteria of plant flavonoids 2.
Equation Sample b . . ¢
Number Numbers (1) Parameters ° (x) Regression Equation (r €)
1) 92 LogP y=—0.1285x° + 0.7944 x> + 51.785 x* — 947.64 x> + 6638.7 x> — 21,273 x + 26,087 (0.9703)
) 92 LogD7.49 y=0.2337 0 — 9.1209 x° + 146.54 x* — 1240.3 x> + 5837.4 x> — 14,534 x + 15,094 (0.9462)
3) 664 LogP y=—1.6745 x5 + 56.143 x* — 741.93 x3 + 4831.8 x2 — 15,531 x + 19,805 (0.9349)
@) 66 LogD7.40 y=—1.1474 x5 + 38.802 x* — 515.39 x> + 3361.9 x2—10,789 x + 13,706 (0.9309)

2: The antimicrobial activity (y) was the average MIC (or MICgp) of a certain flavonoid to Gram-positive bacteria,
mainly including Staphylococcus aureus, S. epidermidis, and Bacillus subtilis. ®: The physicochemical parameter
(x) was calculated using software ACD/Labs 6.0. ©: r, correlation coefficient; the significant level x was set as

0.01, and the critical values of (995 (90) and rg 995(64) were equal to 0.27 and 0.32, respectively. d: The regression
equations were established in previous work [18].

From Figure 2, the characteristics of these two regression curves were similar to those
established from the 66 flavonoids [18]. However, they presented larger r values (Table 2)
and thereby indicated more significant correlations between the physicochemical parameter
LogP or LogDy7 40 and the MIC of the plant flavonoids to Gram-positive bacteria, especially
for that between the parameter LogP and the MIC, which presented the largest r value of
0.9703 (Table 2). Thereby, these two equations have a greater potency in proving that the

antibacterial activities of plant flavonoids to Gram-positive bacteria are close related to
their lipophilicities.

2.3. Antimicrobial Quantitative Relationship

Including the two regression equations reported [18], four regression equations were
established for fitting the correlation between the antimicrobial activity (MIC) and the
physicochemical parameter (LogP or Log Dy 4p). To compare the goodness of fit, two
statistical parameters, the coefficient of determination (R?), and the residual standard
deviation (s) were calculated, respectively, for these four equations and presented in Table 3.
Generally, the closer the R? is to 1, the higher the goodness of fit and the closer the calculated
value is, on the whole, to the actual one. The smaller s is, the smaller the mean deviation
between the calculated value and the actual one. From Table 3, the largest value of the R?
(0.9413) and the smallest value of s (68.1127) indicated that Equation (1) (Table 2) is the
most reliable and the best one for fitting the quantitative relationship between the LogP and
the MIC of the plant flavonoids to Gram-positive bacteria. Considering that the accuracy
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predicted from Equation (4) is approximately 85.3% [18], the above sufficiently indicated
that that which is from Equation (1) has greater accuracy and is more than 85.3%, as it has
a larger R? value and a far lower s value than Equation (4). Therefrom, the MICs (y) of
most plant flavonoids to Gram-positive bacteria can be more accurately calculated from
this equation by substituting their LogP values (x) (calculated by ACD/Labs 6.0).

Table 3. The goodness of fit of the regression equations 2.

. Coefficient of Residual Standard .
Equation Number Determination (R?) Deviation (s) Goodness of Fit
(1) 0.9413 68.1127 The best one
) 0.8949 91.1187 The better one
3) 0.8740 89.5452 —
4) 0.8666 92.1391 —

3; Equations (3) and (4) were reported in previous work [18], and therefrom, the R? and s values were calculated
from the 66 data pairs.

2.4. Regression Equation between the Log19(MIC) and the Physicochemical Parameter

Based on the regression equations previously established and the literature analyses,
the antibacterial mechanism of the plant flavonoids acting on the cell membranes of Gram-
positive bacteria was proposed [18]. To more intuitively observe the correlation between the
antibacterial activity and the lipophilic parameters, the regression analyses for the common
logarithm (logip) of the MIC (y) to Gram-positive bacteria and the LogP or LogD7 49 (x)
of these plant flavonoids were further performed. Their regression curves and regression
equations, with the r values of 0.8040 and 0.8212, are shown, respectively, in Figure 3.

5.0 1 y = 0.0677x2 —1.05809x + 6.33 50 - T —
45 - o r=0.8040 45 - " r=os212
40 A \v-;__. ) 4.0 4 N
35 4 "'.\\; L. 35
030 - “:.s.-..';_.": &30 -
=25 Tty Ty S 25 1
520 1 s atee Al : 5 20 - .
815 - 15 -
1.0 - 1.0 -
05 05 A
0.0 ; . . . . : ; . 0.0 ; . . . . : . ’
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
LogP LogD;, 4

Figure 3. Regression analyses for the physicochemical parameter LogP or LogDy 4 (x) and the
log1o(MIC) (y) to Gram-positive bacteria of ninety-two plant flavonoids.

Both r values are greater than 0.27, which is the critical value when « is set at 0.01 and
the sample number is ninety-two. This indicates that there is a very significant correlation
between the log1o(MIC) and the LogP or LogD74¢. Along with the increase of the LogP or
LogDy7 40 value in an approximate range from 2.0 to 8.0, the log;o(MIC) value decreases,
i.e., the antibacterial activity increases. These, more intuitively, demonstrated that the
antibacterial activities of plant flavonoids to the Gram-positive bacteria are directly related
to their lipophilicities.

3. Discussion

Flavonoids are an important class of secondary metabolites widely distributed in
various parts of the plant, and so far, approximately 10,000 compounds have been discov-
ered. These compounds have various bioactivities, such as antioxidation, antibiosis, an
estrogen-like effect, and the prevention and treatment of cardiovascular diseases [6,31,32].
After some of them were discovered to have the potency to enhance the antibacterial effect
of some antibiotics and/or even reverse the AMR [6,7], their antibacterial activities have

154



Pharmaceuticals 2022, 15, 1190

been increasingly receiving close attention [8-12]. However, the antimicrobial activities of
most flavonoids remain unknown after being discovered. Here, two equations between
the lipophilicity (LogP or LogDy 49) and the antimicrobial activity (MIC) were established
and verified by r-test according to the statistical analyses. Comparing the goodness-of-fit
of four equations, including the two reported ones [18], Equation (1) is the best one for
calculating the MICs of plant flavonoids to Gram-positive bacteria, and the predicted
accuracy is at least 85.3%. This equation can be widely used for many works related to the
antimicrobial research of plant flavonoids: (1) the antimicrobial MICs of a larger amount of
plant flavonoids already reported can be calculated and predicted, and therefrom, the plant
flavonoids with the remarkable antimicrobial activity could be quickly screened from the
flavonoids databases if one wanted; (2) based on the correlations between the lipophilicity
and the antimicrobial activity and between the chemical structure and the lipophilicity, the
antimicrobial activity can be quickly narrowed into a range after a compound is identified;
(3) furthermore, the MIC values of the plant flavonoids to Gram-positive bacteria can be
quickly predicted after they are isolated and identified, which would help to quickly target
the desired one and simplify the MIC test; (4) as a good reference and guide, it will help
to modify and optimize the chemical structure of plant flavonoids for potent antimicro-
bial agents; and (5) it can also provide a good reference for the structural modification
and optimization of the plant flavonoids and reduce trial and error. All these will save a
large amount of workload and human and material resources for the discovery of potent
antimicrobial agents.

Based on the previous report [18], here the correlation between the ACD/LogP or
LogDy7 49 values and the MICs to Gram-positive bacteria of the plant flavonoids was further
proved by a larger sample (n = 92), and both r values of the two regression equations
were, respectively, 0.9703 and 0.9462, larger than those previously published. Thereby,
these more powerfully proved that there is a direct correlation between the lipophilic-
ity and the antibacterial activity of plant flavonoids. The statistical analyses, including
the calculation and comparison of R? and s (Table 3), concluded that equation (1), as
y = —0.1285 x® + 0.7944 x> + 51.785 x* — 947.64 x> + 6638.7 x> — 21,273 x + 26,087, is the
most scientific and reliable and is the best one. Specifically, the predicted value is more
accurate and closer to the actual one, and/or the acceptable probability of the predicted
MIC value is higher, at more than 85.3%, according to the same rule stating that the pre-
dicted MICs ranging from 1/4x to 4x the determined ones were acceptable [18]. More
importantly, this equation was established from the data of eleven flavonoid subclasses,
including seven main ones, while the equations previously reported were from those of
three flavonoid subclasses. Thereby, the above together indicated that Equation (1) is more
widely applicable and can be considered as the antimicrobial quantitative relationship of
plant flavonoids to Gram-positive bacteria. Simultaneously, it can present an accuracy of
approximate 94% (Table 3) according to the statistic principle, which is higher than the
accuracy of 71-88% predicted from the QSAR of prenylated (iso)flavonoids against test
bacterial isolates [17]. Moreover, Equation (1) can be at least used for the MIC calculation
of eleven flavonoid subclasses against most Gram-positive bacteria, while the QSAR can
only be used for that of prenylated (iso)flavonoids against two bacterial isolates.

In addition, here the correlations between the ACD/LogP or LogDy 49 values and
the MICs to Gram-positive bacteria of plant flavonoids were further proved by a lager
sample (n = 92), and both r values (0.9703 and 0.9462) of the two regression equations were
larger than those previously published. Thereby, both of the two equations were better and
more scientific in proving that there is a direct correlation between the lipophilicity and the
antibacterial activity of plant flavonoids. The statistical evaluation procedure, including
the calculation and comparison of R? and s (Table 3), concluded that Equation (1), as
y=—0.1285 x° + 0.7944 x> + 51.785 x* — 947.64 x> + 6638.7 x> — 21,273 x + 26,087, between
the LogP value (x) and the MICs (y), is the most reliable and the best one. More importantly,
this equation was established on the data of eleven subclasses of flavonoids, including
seven main subclasses, while those previously published were generated from the data
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of three subclasses of flavonoids. Thereby, the above together indicated that Equation
(1) is more scientific, reliable, and universal and can be considered as the antimicrobial
quantitative relationship of plant flavonoids to Gram-positive bacteria.

As many factors involving the methods and details of the MIC test may have an
influence on the experimental MIC value, the antibacterial activities of a compound to
different pathogens are usually varied [18]. Therefore, the tested MICs would fluctuate
within a reasonable range, especially from 1/2x to 2x the actual values [18], since the
MICs were generally tested by the double dilution method. Simultaneously, the LogP value
calculated by soft ACD/Labs 6.0 generally presents as a range. Thereby, the determined
MICs would probably range from 1/2x to 2x the predicted one or more probably from
1/4x to 4x the predicted one. Based on these, the MIC (more accurately, MICq) for a
certain compound of flavonoids to Gram-positive bacteria can be calculated by substituting
its ACD/LogP value (x) into Equation (1). Furthermore, the minimum MIC of plant
flavonoids to Gram-positive bacteria can be predicted as approximately 0.9644 pM, and
at this time, the LogP value is equal to about 7.055. Considering that the experimental
MICs would fluctuate, the minimum MIC tested would more probably range from 0.24 to
0.96 uM.

The MICs of most plant flavonoids to Gram-positive bacteria can be correctly calculated
from this equation, even if those flavonoid subclasses were not included when Equation (1)
was established. For example, the MIC of a-mangostin, a xanthone from mangosteen, against
Gram-positive bacteria was calculated as 8.16 uM (3.35 pg/mL), and so, it is deduced that the
MICs tested would fall into the range from 0.84 to 13.4 ug/mL. This is, by and large, consistent
with the determined MIC value of 1 or 0.5 pg/mL (0.5 pg/mL for MICq) [33] and is also
approved by the antibacterial tests repeated by two students at different times on S. aureus
ATCC 25923 in our laboratory (0.5, 1 or 2 ug/mL for the MICs). Of course, a few of the plant
flavonoids, such as baicalein, a rare 5,6,7-trihydroxyl flavonoid from Scutellaria baicalensis,
probably present incorrect predictions [34]. However, the structural modification of baicalein
for increasing the lipophilicity of molecules will increase the antibacterial activity [35]. This
indicated that the correlation between the antibacterial activity and the lipophilicity is also
suitable for baicalein, an ortho-trihydroxyl flavonoid.

As there were few data pairs in the LogP value range from 7.4 to 8.9 (Figure 2), the
reliability of the calculation is possibly lower at this moment. It was already confirmed
that the lipophilicity is a key factor of plant flavonoids against Gram-positive bacteria [18],
while the influence of the dissociative state of plant flavonoids on their lipophilicities would
gradually increase, along with the increase in the lipophilicity of plant flavonoids. Thereby,
the LogD7 49, as the LogP at pH 7.40, is better to reflect the actual state of a compound
in the medium of MIC determination, especially when the LogP value is large enough.
Considering this, the parameter LogDy 49 should be more scientific and reliable than the
LogP for fitting the correlation between the lipophilicity and the MIC, when the LogP value
is more than 7.4. This was also supported by the change tendency of the two regression
curves and the data pairs of the LogP values from 7.4 to 8.9 (Figure 2), as it is less possible for
the regression curve to appear to drop twice according to the antimicrobial mechanism of
plant flavonoids, especially when there is already a concave curve with a similar goodness
of fit between the LogD7 49 and the MIC. Thereby, it should be more accurate to calculate
the MIC values from the logDy 49 values using Equation (2), when the LogP values range
from 7.4 to 8.9. It is probable that when the LogP values of the plant flavonoids are more
than 8.9, this equation can be still used for the crude calculation for their MIC values against
the Gram-positive pathogenic bacteria.

Similar to previous analyses [18], according to a similar procedure, the more reliable
regression equations for a certain subclass of flavonoids, with a larger r value, can also
established for the more accurate calculations for the MICs and for the structural modifica-
tion and optimization of the plant flavonoids. It is worth noting that this equation is not
necessarily suitable for the antibacterial calculation of all structural derivatives from plant
flavonoids, especially those introducing heteroatoms, such as nitrogen and halogen.
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In addition, there are some differences among the LogP or LogDy 49 values calculated
by various software. As the LogP or LogDy 4 values in the equations were calculated
by software ACD/Labs 6.0, both the lipophilic parameters must be calculated by the soft-
ware ACD/Labs 6.0 (or updated edition) when the equations are applied. As previously
reported [18], the correlations between the MIC and the LogP were not so significant and
reliable if the LogP was calculated by ChemBioDraw Ultra 12.0 (CambridgeSoft Corporation,
USA). Although the calculations of the lipophilic parameters are relatively mature, it is worth
noting that some factors were still not considered, such as the stereochemistries of the chiral
centers. Fortunately, plant flavonoids have few chiral centers, except for their pyran or
furan rings, if they have even them, on which the chiral centers generally present identical
stereochemistries. Thereby, the influence from some factors not considered will be reduced.

To better apply the antimicrobial quantitative relationship in practice, the main rela-
tionships between the lipophilicity (LogP) and the structure of the plant flavonoids, together
with their consistency with some of the structure-activity relationships of the reported plant
flavonoids [7,8,13-17], are presented in Table 4, in which some novel structure—activity
relationships are also proposed. As everyone knows, the lipophilicity is influenced by
many factors, such as the molecular structure and the pH environment, and the former also
includes various substituent groups and their positions, etc. Some main factors contributed
to the lipophilicity of the plant flavonoids, including the structural skeleton ring C, the
hydroxyl groups, and the isopentenyl chains, and are presented in Table 4. Among them,
the introduction of isopentenyl groups into rings A or B is the most important one, and
it can remarkably enhance the LogP value and lead to the increase in the antimicrobial
activity. Usually, this would mask the influences from other factors. However, the LogP
value would sharply reduce when the hydroxylation occurred for the double bond of the
isopentenyl groups, and thereby, it is deduced that the antimicrobial activity would remark-
ably reduce. These are completely consistent with the experimental MICs reported [8,18]
and can be considered as novel structure-activity relationships of plant flavonoids against
Gram-positive bacteria (Table 4). It is likely that the above are responsible for the confused,
unsystematic, and even contradictory structure—activity relationships (SARs) of the plant
flavonoids [7,8,13-15], especially for the effect of hydroxyls at the structural skeletons and
their methylations on the antibacterial activities of the plant flavonoids. Moreover, the
numbers and subclasses of plant flavonoids used for the establishments of most reported
SARs are different and limited, which might be another reason for the confused and even
contradictory SARs. Conversely, this further confirmed that the correlation between the
lipophilicity and the antimicrobial activity of plant flavonoids, being established from
92 flavonoids including eleven subclasses, is scientific and reliable.

It is worth noting that the lipophilicity reflects the comprehensive characteristics of
the whole molecular structure, while the traditional structure-activity relationships usually
describe the contribution of a certain group and its position in the molecular structure
to the antibacterial activity. As plant flavonoids include many structural subclasses, it
is very difficult to conclude the universal structure—activity relationships, and different
subclasses generally present different structure-activity relationships. Thereby, the simple
summary of the structure—activity relationship of plant flavonoids against pathogenic
bacteria easily leads to confused or inappropriate conclusions and even some contradictory
results. This was also confirmed by the structure-activity relationships summarized from
different laboratories [7,8,13,14]. As concluded above, the lipophilicity is the key factor
responsible for the antimicrobial activity of plant flavonoids, including various subclasses,
and therefrom, a universal quantitative relationship can be established. Thereby, these
differences from different laboratories would be likely eliminated, especially that stating
that the predicted MICs ranging from 1/4x to 4x the determined ones were acceptable [18].
Furthermore, the more accurate MIC values can be predicted from the calculated ones, with
the help of some of the structure-activity relationships reported in [7,8,13,14] and proposed
in Table 4.
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Table 4. The relationship between the structure and the lipophilicity (LogP) and some novel structure—

activity relationships of plant flavonoids.

Structural Segment

Contribution for the Lipophilicity Parameter LogP Value

The Antimicrobial Structure—Activity Relationship of
Plant Flavonoids

Structural skeleton
(Ring C)

(1) The LogP value for Chalcones > dihydrochalcones,
flavonols > flavones, dihydroisoflavones, dihydroflavones
> isoflavones, dihydroflavonols.

(2) When ring C is open, the LogP values remarkably
increase, such as chalcones and dihydrochalcones.

Opverall consistency with that reported [7,8,13,14].

Hydroxyl group

(1) The hydroxyl group substituting on ring A rather than
ring B has greater contribution for the LogP value

of flavonoids.

(2) Generally, the contribution of hydroxyl groups
substituting on ring A for the LogP value of flavonoids as:
for flavones: 7-OH > 5-OH > 5,7-di-OH;

for flavonols: 5-OH ~ 7-OH > 5,7-di-OH;

for chalcone, dihydrochalcones, dihydroisoflavones,
dihydroflavones, isoflavones and dihydroflavonols: 5-OH >
5,7-di-OH > 7-OH.

(3) Generally, the contribution of hydroxyl groups
substituting on ring B for the LogP value of flavonoids as:

(1) Uncertain.

(2) and (3) Overall, the contributions of hydroxyl groups for
antimicrobial activity were consistent with that reported
[7,8,13,14], while the contributed sequence was not
presented. A new SAR was proposed as follows: The
hydroxyls will increase the antimicrobial activity, while the
molecules must have enough lipophilicity. Otherwise, the
increase in hydroxyl would reduce the antimicrobial
activity. Namely, the molecular lipophilicity would likely
mask the influences on antimicrobial activity from

2’-OH > 4’-OH (= 2’,4’-di-OH) > 3’,4’-di-OH (~ the hydroxyls.

34’ 5'-tri-OH) > 2’4", 5'-tri-OH > 2’,4’,6’-tri-OH.

(4) Antimicrobial activity increases or not depending on the
position of methylated hydroxyls and the structural

subclass [7,13,14].

(4) The LogP values will be increased a little or remain
unchanged when the hydroxyl groups are methylated.

(1) Antimicrobial activity will remarkably increase, which
is consistent with that reported [7,8,13,14]. However, a new
SAR was proposed as follows: (1) the substituted positions
of isopentenyl chains into the skeleton likely present no
obvious influence on the antimicrobial activity; (2) the
number increase of isopentenyl units on structural skeleton
would increase the antimicrobial activity. However, too
many isopentenyl units (usually, above 4) would lead to
the slight decrease in antimicrobial activity. Both the above
SARs were mainly summarized from the data of previous
reports [18].

(1) The introductions of isopentenyl groups into the
skeleton would remarkably increase the LogP values, while
their substituted positions present no obvious influence on
the LogP values. In addition, the number increase of
isopentenyl units on structural skeleton will remarkably
increase the LogP values. However, the dissociations of
hydroxyls on structural skeleton will decrease along with
the increase of isopentenyl units.

Isopentenyl chains

(2) The introductions of the hydroxyl group into the
isopentenyl side chain would sharply reduce the
LogP values.

(2) Antimicrobial activity would sharply reduce, which was
first summarized from the data of previous reports [18].

As a previous work suggested [18], the cell-membrane is the major site of plant
flavonoids acting on Gram-positive bacteria and likely involves the disruption or damage
of the phospholipid bilayers. This was further supported by recent reports [15,17,33]. Here,
more reliable regression equations further proved that the lipophilicity is a key factor
responsible for the antibacterial activity of plant flavonoids to Gram-positive bacteria.
Combined with previous work [18], the regression analyses for the correlation between
the log1o(MIC) and the LogP or LogDy7 49 more intuitively confirmed the antibacterial
mechanism of plant flavonoids acting on the cell membrane of Gram-positive bacteria. As
previously pointed out [18], many other antibacterial mechanisms were mentioned in recent
reviews [6,8,10], while most experiments were performed for the influence on the in vitro
determination of enzyme activities [36,37], the molecular docking of plant flavonoids with
various synthases [36,38], and the proteomic change without the intracellular verification
and the consideration of whether the chicken or the egg came first [39]. In addition, the
authors concluded that some mechanisms other than DNA gyrase inhibition may play a
role in the antibacterial activity of flavonoids [29]. Therefore, together with many previous
works [15,17,18,33], it is undoubted that the cell membrane is the main region of plant
flavonoids acting on Gram-positive bacteria and likely involves the disruption or damage
of phospholipid bilayers or some others. Therefrom, the prior direction for clarifying the
mechanism of flavonoids against Gram-positive bacteria is ascertained.

Recently, many antimicrobial mechanisms and SARs of plant flavonoids against Gram-
negative bacteria have been reported [17,40,41]. As this research focused on the antimicrobial
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quantitative relationships and mechanisms of the plant flavonoids against Gram-positive
bacteria, those of the plant flavonoids against Gram-negative bacteria were not discussed here.
In addition, it can be deduced that there are likely to be different antimicrobial mechanisms
for plant flavonoids against Gram-positive and Gram-negative bacteria.

Furthermore, as plant flavonoids belong to phenols, our laboratory tried to explore
whether similar equations could be established for phenols and found that there are also
similar correlations between their lipophilicities and their inhibitory activities towards
Gram-positive bacteria. However, there is no extensive applicability for phenols as their
structural diversity is too great. For some specific structural types of phenols, which one
is the larger or the largest compound against Gram-positive bacteria can also be roughly
deduced from their lipophilicities, such as abietane diterpenoids [42,43]. In addition,
the anti-MRSA activities of trimethylhydroquinone and vitamin K3 were successfully
predicted and verified by our laboratory [44], referring to the initial assumptions of the
above conclusions.

Based on the above, the antibacterial activity and mechanism of plant flavonoids
against Gram-positive bacteria were diagrammatically presented in Figure 1, and some
errors in Figure 9 of the published paper were incidentally corrected [8].

4. Materials and Methods
4.1. Data and Processing

Based on all the data on the plant flavonoids in the previous work [18], the data
processing was reperformed. As no clear MIC value was presented for the many flavonoids
used for the verification of the two regression equations in that paper [18], such as the
MIC of compound 84 expressed as more than one hundred (>100 uM), these data were
processed according to the following rules: (1) discard all the ambiguous data which the
MICs expressed as more than a certain value; (2) for the MICs expressed as more than
or equal to a certain value, the boundary value is considered as the MIC, such as the
MIC for compound 69 as 636.4 uM; (3) for the MICs expressed as more than a range,
the latter is considered as the MIC because it is a clear MIC value, such as the MIC for
compound 73 as 888.1 uM; and (4) for the MIC expressed as a range, the average of
the two boundary values is considered as the MIC because these two boundary values
are the MICs of a certain flavonoid to different pathogenic strains, such as the MIC for
compound 71 as 520.3 uM. Finally, based on the variation tendency of MIC, along with
the lipophilicity parameters of LogP or LogD previously reported, and in view of the
probable fluctuation at the determination of the MICs, the probable outliers were discarded
using a scatter diagram. All the rest of the data were used as the data of this article for
the subsequent analyses. The physicochemical parameter LogP or LogD7 .49 (the logio of
oil/water distribution coefficient at pH 7.40) was calculated using the software ACD/Labs
6.0 (Advanced Chemistry Development, Inc., Toronto, ON, Canada).

4.2. Regression Analyses

For establishing the antimicrobial quantitative relationship of plant flavonoids to
Gram-positive bacteria, the regression analysis between the MICs (y) and the physico-
chemical parameter LogP or LogDy 4 (x) was performed using Microsoft Excel software
(Microsoft Corporation, USA), and the r value was also calculated. To discover more
powerful evidence for supporting the antibacterial mechanism of plant flavonoids acting
on the cell membrane of Gram-positive bacteria, the MIC was further transformed to the
log10(MIC), and subsequently, the regression analysis between the log;o(MIC) (y) and the
physicochemical parameter LogP or LogDy 40 (x) was further achieved.

4.3. Statistical Analyses

To ensure that one is the most reliable, further statistical analyses were performed for
all the regression equations, including those reported in the previous paper [18]. In the
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process, two statistical parameters, the coefficient of determination (RZ), and the residual
standard deviation (s) were calculated, respectively, according to Equations (5) and (6).

~\2
R2:1_Z(yl_yl) 5
(i —7)° ©
i)
5= n—2 ©

where y; is the MIC of a certain flavonoid i. Correspondingly, ; is the predicted MIC of
flavonoid i,  is the average MIC of all flavonoids in Table 1, and # (1 = 92) is the number of
all flavonoids.

When comparing the goodness of fit of these regression curves, the closer the R? is
to 1, the higher the goodness of fit and the closer the predicted value is to the actual one,
on the whole. The smaller s is, the smaller the mean deviation between the predicted
value and the actual one. Generally, a consistent result will be presented from these two
statistical parameters.

5. Conclusions

In conclusion, the MICs (y) of most plant flavonoids to Gram-positive bacteria can
be calculated by substituting their physicochemical parameter ACD/LogP (x) into the
equation y = —0.1285 x° + 0.7944 x° + 51.785 x* — 947.64 x> + 6638.7 x> — 21,273 x + 26,087.
More reliable equations than before further proved that the lipophilicity is a key factor of
plant flavonoids against Gram-positive bacteria, and more intuitive evidence powerfully
confirmed the antibacterial mechanism, which is that the cell membrane is the major site
of plant flavonoids acting on the Gram-positive bacteria and likely involves the damage
of phospholipid bilayers. The above will greatly accelerate the discovery and application
of plant flavonoids with remarkable antibacterial activity and accelerate the screening for
the leading antibacterial compounds from the reported plant flavonoids. In addition, it
can also provide a good reference for the structural modification and optimization of plant
flavonoids if no heteroatom is introduced into their structures and can reduce trial and error.
Simultaneously, all of the above provide good references for exploring the antibacterial
activity and mechanisms of plant flavonoids against Gram-negative bacteria.
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Abstract: The COVID-19 outbreak seems to be the most dangerous challenge of the third millennium
due to its highly contagious nature. Amongst natural molecules for COVID-19 treatment, the
flavonoid molecule quercetin (QR) is currently considered one of the most promising. QR is an active
agent against SARS and MERS due to its antimicrobial, antiviral, anti-inflammatory, antioxidant,
and some other beneficial effects. QR may hold therapeutic potential against SARS-CoV-2 due to its
inhibitory effects on several stages of the viral life cycle. In fact, QR inhibits viral entry, absorption,
and penetration in the SARS-CoV virus, which might be at least partly explained by the ability of
OR and its derivatives to inhibit 3-chymotrypsin-like protease (3CLpro) and papain-like protease
(PLpro). QR is a potent immunomodulatory molecule due to its direct modulatory effects on several
immune cells, cytokines, and other immune molecules. QR-based nanopreparations possess enhanced
bioavailability and solubility in water. In this review, we discuss the prospects for the application of
QR as a preventive and treatment agent for COVID-19. Given the multifactorial beneficial action of
QR, it can be considered a very valid drug as a preventative, mitigating, and therapeutic agent of
COVID-19 infection, especially in synergism with zinc, vitamins C, D, and E, and other polyphenols.

Keywords: quercetin; coronavirus; COVID-19; infection; SARS-CoV-2; nanopreparations; prevention;
treatment

1. Introduction

Coronaviruses are positive-sense RNA viruses belonging to the family Coronaviridae
and fall under the Nidovirales order. Since the beginning of the 21st century, coronaviruses
have caused some of the most lethal outbreaks across the globe. For example, the SARS
outbreak of 2002-2003 and Middle East respiratory syndrome coronavirus (MERS-CoV) out-
breaks were caused by coronaviruses with a lethality rate of 10% and 37%, respectively [1].
A new member of the coronavirus family, SARS-CoV-2, is responsible for COVID-19, a
highly contagious disorder that affects the respiratory system and leads to death in severe
cases. Although the death rate of COVID-19 is much lower (~3.4%) than those of SARS and
MERS, the highly contagious global outbreak has made COVID-19 one of the most lethal
infections. The disease was first reported in Wuhan, China, in December 2019 and spread
rapidly worldwide within months. COVID-19 has been declared a global pandemic by
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the WHO, and the number of coronavirus cases and the number of deaths continue to rise
inexorably with a series of contagion waves [2—4]. Individuals infected with SARS-CoV-2
show pneumonia-like symptoms and develop a dry cough, intense fever, lung damage
and inflammation, and breathing difficulty. In severe cases, lung damage is extensive
and irreversible, leading to death. SARS-CoV-2 is a member of the (3-coronavirus family
and shares 79.5% sequence homology with the SARS-CoV virus (responsible for the SARS
outbreak). SARS-CoV-2 also shares 96% sequence homology with bat SARS coronavirus,
indicating that the novel coronavirus may have originated in bats. Once SARS-CoV-2 enters
the body, the spike proteins of the virus interact with angiotensin-converting enzyme 2
(ACE2) receptors of the human alveolar epithelial cells. This interaction facilitates the entry
of the virus into the host cells [5]. Studies have shown that SARS-CoV-2 is more lethal in
patients with previous chronic disorders, such as diabetes, cardiovascular disorders, and
lung diseases [5]. The current median incubation period of SARS-CoV-2 is 5.2 days (range:
0-24 days), and the median time between the symptoms and death is 14 days [5]. Despite
the severity of the disease, no cure for COVID-19 is available. Some coronavirus proteins
are essential to viral entry and replication; among them, the most attractive targets for
drug development are papain-like protease (PLpro), 3C-like protease (3CLpro), and spike
protein (S) [6].

Several scientific groups across the globe have started exploring various natural
molecules for COVID-19 treatment. One such small molecule is quercetin (QR), a flavonoid
molecule found in many natural products, such as vegetables, fruits, herbs, and bee prod-
ucts. QR, an antiviral agent, has been found effective in both SARS and MERS treatments.
The present review is an attempt to understand various biological, pharmacological, and
immunomodulatory properties of QR, which may be beneficial in the prevention and treat-
ment of COVID-19. In addition, will be discussed the synergic effect of QR in combination
with micronutrients, vitamins, trace elements, or other polyphenols.

2. Quercetin Sources and Properties

The increasing interest in recent years in naturally occurring plant phytochemicals
for the healing of various diseases is because they are generally less expensive and have
fewer side effects than synthetic drugs. QR and several other natural polyphenols act as
antioxidants, scavengers of ROS and other free radicals, and induce phase II detoxification
enzymes [7,8]. QR is a hydrophobic citron-yellow crystal and plant-derived substance that
has been subject to experimental validation to evaluate its characteristics and biological
properties [9]. QR is one of the most ubiquitous flavonoid molecules. The characteristic
feature of QR is the presence of five hydroxyl groups at positions 3, 5, 7, 3/, and 4’ with the
electron-donating activity (Figure 1).

OH O

OH

Figure 1. The structural formula of quercetin.

QR possesses several biological effects, including antioxidant, anti-inflammatory,
antiviral, anticarcinogenic, cardioprotective, psychostimulant, and neuroprotective proper-
ties [9].
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Its ability to inhibit free radicals, the cause of oxidative stress, can decrease the risk of
metabolic disorders, cardiovascular diseases, and certain types of cancer [8,10].

Some common food ingredients rich in QR are apples, berries, grapes, citrus fruits,
tea, many seeds, nuts, honey, propolis, and medicinal plants [11-14]. High QR content was
evaluated in some commonly eaten vegetables in Japan. During the acquisition period
in the summer of 2013, it was found that the content of QR was 30.6 mg/100 g in red
leaf lettuce (Lactuca sativa L. var. crispa), 23.6 mg/100 g in asparagus (Asparagus officinalis
L.), 12.0 mg/100 g in romaine lettuce (Lactuca sativa L. var. longifolia), 11.0 mg/100 g
in onion (Allium cepa L.), and 9.9 mg/100 g in green pepper (Capsicum annuum L.), and
2.1 mg/100 mL of QR in green tea infusion [15]. QR was the most abundant phenolic
compound in acacia honey samples, ranging from 123.5 to 240.2 ug/100 g of honey [16].

This flavonol is widely distributed in plants, primarily as water-soluble QR glyco-
sides [12]. The QR and derivatives are stable in the stomach of the human body under the
gastric acid influence; glucosides are hydrolyzed in the small intestine by brush border
enzymes, such as lactase phlorizin hydrolase, beta-glucosidase enzyme to the aglycone
form, and then absorbed [17,18]. Thus, before absorption into the enterocyte, sugars must
be removed from the molecule [18].

3. Antioxidant, Anti-Inflammatory, and Antitumor Activities of Quercetin

Various research groups have reported the pharmacological properties of QR, such as
antioxidant, anti-inflammatory, and antitumor properties. Due to these properties, QR is
recommended for managing various disorders where oxidative stress, inflammation, and
abnormal cell proliferation are major underlying causes. Zhang et al. observed that QR
has a higher reduction potential than curcumin, comparable to the standard antioxidant
Trolox. Moreover, QR reduced lipopolysaccharide (LPS)-induced production of reactive
oxygen species and nitric oxide levels. The data indicated that QR is a powerful antioxidant
and anti-inflammatory agent [14,19]. QR also increased the oxidative stress-fighting ability
of the cells by stimulating the synthesis and expression of antioxidant enzymes, such as
catalase, glutathione peroxidase, and superoxide dismutase. These enzymes” QR-induced
expression protects the tissues from oxidative damage and injury [20]. Oxidative stress
and inflammation are interlinked in the way that the presence of one of these phenom-
ena induces the appearance of the other, and both are commonly observed in several
chronic disorders, such as obesity, type 2 diabetes mellitus (T2DM), and cardiovascular
disorders (CVDs) [21]. This indicates that reducing oxidative stress/inflammation pro-
foundly alleviates the symptoms of chronic diseases, and consequently, QR can be used as
a powerful therapeutic strategy to treat these chronic disorders [21]. QR inhibits inflam-
mation by reducing the expression of the cyclooxygenase (COX) and lipoxygenase (LOX)
enzymes. The inhibition of these enzymes by QR reduces the synthesis of leukotrienes
and prostaglandins, critical mediators of inflammation in the body [22,23]. Another key
marker of inflammation in the body is C-reactive protein (CRP), and elevated levels of CRP
have been implicated in several disorders, such as obesity, T2DM, and CVDs. QR inhibits
the levels of several proinflammatory molecules, such as nitric oxide, COX, and CRP in
hepatocyte cell lines [24].

Moreover, in [25], a dose of 80 mg significantly reduced chronic inflammation and
helped in cases of adjuvant-induced arthritis. QR is also a potent anticancer agent by pro-
moting apoptosis in cancer cells (CT-26, LNCaP, MOLT-4, and Raji cell lines) and reducing
the volume of tumors [26]. QR inhibits cancer cell proliferation, reduces neovascular-
ization of tumors, induces apoptosis, and prevents tumor metastasis [27]. QR (100 uM)
causes cell growth inhibition and halts the proliferation of human T leukemic lymphoblasts
(Jurkat) [28].

Considering its potent antioxidant properties, QR is actively investigated as a promis-
ing substance for the prevention and treatment of CVDs [29]. QR contributes to a decreased
incidence of stroke due to radioprotective characteristics mediated by its impact on pro-
teasomal proteolysis, as demonstrated in an experimental model of cholesterol-induced
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atherosclerosis in rabbits. One-month administration of QR decreased atherosclerotic lesion
areas in the aorta [29]. In the same animal model, the QR derivative corvitin suppressed
lipid peroxidation [30]. QR exhibited an antioxidant effect and a positive impact on en-
dothelial function in patients with acute coronary syndrome with ST-segment elevation [31].
Treatment with QR-containing medicines positively affected hemodynamics and decreased
about threefold the cardiac fibrosis area [32]. The anti-ischemic activity of intravenous QR
in patients with ST-segment elevation myocardial infarction has been demonstrated [33].

4. Quercetin in Immunomodulation

QR is a potent immunomodulatory molecule due to its direct modulatory effects on
several immune cells, cytokines, and other immune molecules. For instance, QR treat-
ment reduces the expression of major histocompatibility complex (MHC) class II and other
molecules that stimulate dendritic cells (DCs). DCs isolated from mouse bone marrow dis-
play reduced activation when administered with LPS. QR also decreases the LPS-induced
migration of DCs. The reduction of DC activation reduces the antigen-specific activation of
T-cells in the body [34,35]. The action of QR on immunity and inflammation is carried out
by acting primarily on leukocytes and targeting different intracellular signaling kinases
and phosphatases, enzymes, and membrane proteins [36].

Flavonoids exhibit numerous biological effects. In addition to antioxidant, anti-
inflammatory, and antiviral properties, hepatoprotective and antiallergic properties have
also been demonstrated [37]. The “cytokine storm”, an increased release of tumor necrosis
factor (TNF), interferon-gamma (IFN-y), interleukins, and other cytokines, is one of the
main characteristics of severe viral infections, including SARS and COVID-19 disease [1].
Flavonoids are considered promising anti-inflammatory therapeutic agents due to several
studies on their in vitro inhibitory activity towards various inflammatory mediators, in-
cluding cytokines [36]. QR shows potent immunomodulatory properties by inhibiting the
expression of several proinflammatory cytokines and signaling pathways. Rogerio et al.
demonstrated that treatment with QR-loaded microemulsion (QR-ME) (3 or 10 mg/kg)
during a 22-day study reduced airway inflammation by decreasing the expression of IL-5
and IL-4. QR-ME also reduced the activation of the NF-«B inflammatory pathway and the
expression levels of P-selectins [38]. OR (20 mg/kg/day, intraperitoneally) decreased hyper-
oxic lung injury in neonatal mice by reducing inflammation and enhancing alveolarization
with an impaired degree of neutrophil and macrophage infiltration [39]. Another study by
Stemberg et al. showed that QR modulates the activity of peripheral blood mononuclear
cells (PBMCs) isolated from multiple sclerosis patients. QR treatment significantly reduced
the PBMC proliferation dose-dependently and consequently reduced the expression levels
of TNF-« and IL-1f3. The modulating effect was more pronounced when QR was given in
combination with IFN-f [40]. QR treatment also modulates the activity of cytokines, such
as IL-4 and IL-5 secreted by Th2 cells.

Moreover, a reduction in specific immunoglobulin E (sIgE) levels was observed, lead-
ing to a reduced anaphylactic reaction. These immunomodulatory properties of QR are
useful in alleviating asthma symptoms [41]. QR treatment in immunized mice increased
B-cell proliferation under ex vivo conditions and enhanced the numbers of IgM-producing
lymphocytes [42]. The immunomodulatory properties of QR were also evident in inflam-
matory responses induced by the influenza A virus. In such cases, QR treatment increased
the secretion of IL-27 and reduced TNF-« expression [43]. A study by Zhang et al. demon-
strated that QR possesses antifatigue properties, which is attributed to reduced TNFo
expression and increased the expression of IL-10 in a strenuous exercise mice model [44].
The intake of QR is also beneficial in treating food allergy induced by peanuts by reducing
the expression of immunoglobulin E responses [45]. QR also modulates the immune system
by decreasing the expression of IL-4, inhibiting the activity of eosinophils, improving
Th1/Th2 balance, and reducing the levels of leukotrienes and prostaglandins [45].
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5. Antimicrobial Activity of Quercetin

OR has been studied for its antimicrobial actions, and several studies have shown
that QR inhibits the growth of several bacterial strains. For example, Jaisinghani et al.
reported that QR inhibits the growth of several bacterial strains, such as Staphylococ-
cus aureus, Proteus vulgaris, Shigella flexneri, Escherichia coli, and Pseudomonas aeruginosa.
However, the inhibitory concentration of QR varied, which was 20 pg/mL for S. aureus
and P. aeruginosa. Other bacterial strains were inhibited at a higher concentration of
QR: P. vulgaris (300 u/mL), E. coli (400 pug/mL), S. flexneri (500 pg/mL), and Lactobacillus
casei (500 pg/mL) [46]. In another observation, Wang et al. demonstrated its bacteriostatic
action in E. coli, S. aureus, P. aeruginosa, and Salmonella enterica Typhimurium species. QR
was more effective in inhibiting the growth of Gram-positive bacterial species than Gram-
negative bacteria. At the molecular level, QR inhibits the growth of E. coli and S. aureus by
damaging the cell wall and cell membrane. This increased cell wall/membrane damage is
reflected in the increased activity of extracellular enzymes, such as alkaline phosphatase
and (3-galactosidase [47]. QR also demonstrated antibacterial action against periodontal
pathogens, such as Actinobacillus actinomycetemcomitans (Aa) and Porphyromonas gingivalis
(Pg). A study by Geoghegan et al. showed that QR inhibits the growth of Aa and Pg in
a dose-dependent manner and hence shows promise in preventing bone loss. However,
Aa showed growth inhibition only up to 12 h, followed by which the antibacterial action
of QR decreased. However, Pg showed growth inhibition after 24 h of treatment [48]. In
an interesting observation, Siriwong et al. showed the antibacterial action of QR against
the multidrug-resistant strain of Staphylococcus epidermidis. The strain used in the study
was amoxicillin-resistant S. epidermidis (ARSE). It was observed that a combination of QR
and amoxicillin showed synergistic effects on bacterial growth inhibition. The combination
promoted cell membrane permeability, induced damage to the cytoplasmic membrane,
reduced the bacterial cells’ fatty acid content, and inhibited peptidoglycan synthesis. QR
also inhibited the activity of 3-lactamase, the principal enzyme involved in the degradation
of 3-lactam antibiotics [49]. Hirai et al. reported that QR showed antibacterial action against
methicillin-resistant S. aureus. Moreover, QR showed synergistic activity against MRSA
when combined with other antibiotics, such as erythromycin, vancomycin, ampicillin,
oxacillin, and gentamicin. QR also induced the aggregation of S. aureus cells and affected
the colony-spreading ability of S. aureus [50].

6. Antiviral Properties of Quercetin

Targeting viral proteins responsible for viral entry into the host cells can be an impor-
tant target for inhibiting viral infections. QR has shown antiviral properties by inhibiting
the entry of viruses into the host cells. For example, QR inhibited the initial stages of
virus infection in several strains of influenza virus, such as A /Puerto Rico/8/34 (HIN1),
A/FM-1/47/1 (HIN1), and A/ Aichi/2/68 (H3N2). It was observed that QR interacts with
hemagglutinin (HA2 subunit), a glycoprotein responsible for the entry of the virus, and
prevents viral entry [51]. Another way to inhibit or slow down virus infection is to target
various stages of the virus life cycle, such as the assembly and release of mature virus parti-
cles from the cells. It was shown that QR reduced the copy numbers of NP and M2 proteins,
which code for influenza viral nucleoproteins and channel proteins, respectively [43,52].
QR also prevented virus-induced cellular apoptosis and reduced virus progeny yields.

Moreover, QR was also effective in inhibiting postattachment stages of viral infec-
tion [53]. In a mouse model of chronic obstructive pulmonary disease caused by rhinovirus,
OR inhibited viral replication and reduced lung inflammation. QR also decreased the
mRNA levels of types I and II interferons and IL-13 while increasing the expression of
IL-10. The authors concluded that QR could be used to improve lung performance and
reduce various symptoms of respiratory distress. Since COVID-19 patients also show
severe lung inflammation and breathing difficulty, QR can be a potential agent to reduce
health complications [54]. QR also stimulates the antiviral signaling of mitochondria,
improving the body’s disease-fighting ability [54]. QR prevented Ebola infections when
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injected into mice 30 min before infection, inhibiting the early stages of the Ebola virus in-
fection [55]. A natural QR derivative, quercetin-3-3-O-D-glucoside, reduced Zika infections
in nonprimates [56].

7. Quercetin as a Preventive and Therapeutic Agent for COVID-19

QR is an active agent against the SARS virus, and SARS-CoV-2 shares a close resem-
blance to it. QR could hold therapeutic potential against SARS-CoV-2 due to its inhibitory
effects on several stages of the viral life cycle [57-63]. In particular, QR can alter, in hu-
man cells, the expression of 30% of genes encoding protein targets of SARS-CoV-2, thus
potentially interfering with the activities of 85% of these proteins [62]. Potential drug
targets in the virus are PLpro, 3CLpro, RNA-dependent RNA polymerase (RdRp), and
viral spike glycoproteins. In contrast, drug targets presented on the host are angiotensin-
converting enzyme (ACE2), angiotensin AT2 receptor, and transmembrane protease serine
2 (TMPRSS2) [64].

The inhibition of the interaction between the glycoprotein spike of SARS-CoV-2 and
ACE2 is a potential antiviral therapeutic approach. QR is a potent inhibitor of recombinant
hACE?2 at physiologically relevant concentrations in vitro, with an ICsg of 4.48 pM [65].
Small molecules that bind with the surface spike proteins of SARS could prevent the SARS
virus’s entry into the host cells. Yi et al. demonstrated that QR showed antiviral activity
against HIV-luc/SARS (ECsp: 83.4 uM) by inhibiting its entry. Moreover, QR displayed
very low cytotoxicity against normal cells, thus making it a potential small molecule
for treating the SARS virus [66]. QR inhibits viral replication by inhibiting the activity
of the SARS virus. The 3-chymotrypsin-like protease (3CLpro), required for SARS-CoV
replication, has been proposed as a potential drug target for SARS. Past studies by Chen
et al. demonstrated inhibitory activities of QR derivatives on 3CLpro of SARS-CoV [67].
Nguyen et al. demonstrated that QR inhibits 3CLpro, expressed in Pichia pastoris, with an
ICsp value of 73 uM [68]. It is relevant to note that 3CLpro, also called the main protease
(Mpro), is a potential drug target for COVID-19, and Zhang et al. recently crystallized
3CLpro of SARS-CoV-2 with an a-ketoamide inhibitor [69]. A recent molecular docking
study by Khaerunnisa et al. showed that QR binds with 3CLpro of SARS-CoV-2 with a
binding energy of —8.58 kcal/mol [70]. In another recent molecular docking study, the
QR derivatives quercetin 3-3-D-glucoside and quercetin 3-D-galactoside showed some
potential against SARS-CoV-2 [71]. S1 and S2 of 3CLpro of MERS-CoV sites play an
important role in the interaction with flavonoids. Some QR derivatives with hydrophobic
nature and attached carbohydrate moieties could be potential drug targets for 3CLpro
inhibition. Jo et al. used a flavonoid library to find inhibitory compounds against 3CLpro
of MERS-CoV, a coronavirus with a very high mortality rate (~35%). It was observed that
the QR derivative quercetin-3-3-d-glucoside blocked the activity of 3CLpro. The binding
between the QR derivative and the enzyme was confirmed using the tryptophan-based
fluorescence method [72]. Another molecular docking study indicated that QR might be an
inhibitor of the Mpro protein (6flu7) of SARS-CoV-2. The binding affinity of ligands by QR
was —7.1 Kcal/mol [73].

The inhibitory potency of quercetin against the RNA-dependent RNA polymerase
(RdRp), responsible for viral genome replication, was evaluated by De Vivo et al. The ICsg
value in the biochemical enzymatic assay was 6.9 £ 1.0 uM [74]. Thus, also RdRp could be
pharmacologically targeted for SARS-CoV-2 replication inhibition.

8. Quercetin—Micronutrients Potential Synergies in the Treatment of COVID-19

Several polyphenols, flavonoids, vitamins, and minerals/trace elements are beneficial
in fighting viral disorders due to their multiple physiological and biological effects [75]. For
example, vitamins are known to boost immunity, enhance the immune response against
the virus, and improve the biological activity of phytoconstituents (including flavonoids).
Similarly, flavonoids reduce oxidative stress, inflammation, and the disease-fighting ability
of the system [76]. Thus, it is expected that a combination of QR, a flavonoid, and other
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polyphenols and vitamins shows a synergistic effect and helps the speedy clearance of
the virus. The combination of QR and other polyphenols is a strategy to control the
viral infection by attacking several targets simultaneously [77]. This combination also
helps reduce the doses of flavonoids and polyphenols, thus diminishing the development
of viruses resistant to drugs/natural compounds [77]. For example, a recent study by
Aslam et al. demonstrated that a combination of various herbal extracts rich in flavonoids
and polyphenols showed synergism and displayed improved antioxidant capacity and free
radical scavenging potential [78].

Moreover, a combination of plants has been reported to treat viral infections causing
respiratory tract, throat, skin, and nasal cavity [79]. Taken together, using QR in combina-
tion with other polyphenols and vitamins can be a better therapeutic choice than using
them individually [75,80]. Using a specific and well-designed combination of polyphenols
has the advantage of a high safety profile without causing significant side effects [81].

9. Quercetin in Combination with Other Polyphenols

Since SARS-CoV-2 is a novel coronavirus, no study reports a synergistic effect of
QR with other polyphenols. However, the synergistic antiviral properties of QR are
well documented in previous studies on other viruses. For example, QR synergistically
affected herpes simplex virus type 1. In this study, a combination of QR (0.4 mM) and
apigenin (0.4 mM) showed synergistic behavior in clearing the virus in the cell culture. It is
important to highlight that synergistic action is observed only when both molecules act on
different targets to inhibit virus growth. This leads to the inhibition of multiple molecular
pathways or concurrent inhibition of targets leading to synergistic behavior [82]. In another
study, a combination of QR, naringenin, and pinocembrin showed a synergistic effect in
inhibiting canine distemper virus. The study reported that combining QR, naringenin,
and pinocembrin before viral infection enhanced cell survival and inhibited CDV-NP gene
expression [83]. Chiow et al. reported that a combination of QR and quercitrin at a 1:1
ratio displayed increased inhibition of the virus and lower cell cytotoxicity than using
them individually. The study reported the synergistic antiviral behavior of QR in the
DENV-2 virus [84]. A recent report on COVID-19 recommended several traditional Chinese
medicinal plants/formulations where QR is one of the major constituents of the proposed
formulation. As per the report, 26 herbs cataloged for treating respiratory infections (caused
by viruses) may contain QR in combination with other flavonoids and polyphenols. For
example, Shufeng Jiedu Capsule (SFJDC), a well-known formulation in traditional Chinese
medicine (TCM), contains QR in combination with other polyphenols and flavonoids, such
as rutin, kaempferol, liquiritigenin, liquiritin, resveratrol, emodin, and rhein. SFJDC is one
of the recommended TCM formulations for the treatment of influenza in China [85].

Zhang et al. [6] conducted in silico screening of 125 species of TCM and found that sev-
eral phenolics (QR, kaempferol, and lignin) may inhibit COVID-19 reproduction. Among
the investigated constituents of 121 herbs in a study, luteolin and tetra-O-galloyl-3-d-
glucose inhibited SARS-CoV entry into a host cell [66].

After the screening of thousands of potential antiviral phytoconstituents in a medicinal
plant database, the following were found to be the most promising polyphenols for inhibiting
SARS-CoV-2 3CL virus replication [86]: myricitrin, myricetin 3-O-beta-D-glucopyranoside,
methyl rosmarinate, flavanone-3-O-beta-D-glucopyranoside, 5,7,3',4’-tetrahydroxy-2'-(3,3-
dimethylallyl) isoflavone, (2S)-eriodictyol 7-O-(6"-O-galloyl)-beta-D-glucopyranoside, and
calceolarioside B. A phenolic aloe-emodin compound, isolated from Isatis indigotica root, dose-
dependently inhibited the 3CLpro cleavage activity (ICsy = 366 mM) [87]. Yu et al. found
in vitro that the flavonoids myricetin and scutellarein can inhibit the SARS-CoV helicase
protein [88]. Glycosides of the flavonol kaempferol may be good antiviral agents for 3a
channel proteins of coronaviruses [89].

The geranylated flavonoids tomentins (A, B, C, D, and E), isolated from the Paulownia
tomentosa fruit extract, inhibited the papain-like protease of SARS-CoV [90]. Isobavachal-
cone and psoralidin in Psoralea corylifolia seeds also decrease the SARS-CoV papain-like
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protease activity [91]. Papyriflavonol from Broussonetia papyrifera extract was, in a study,
the most potent inhibitor of papain-like coronavirus cysteine proteases (ICsy = 3.7 uM) [92].

Cinnamomi cortex butanol extract demonstrated anti-SARS-CoV activities through sev-
eral mechanisms due to the yield of different compounds or mixtures. Still, procyanidins
were evaluated as the main constituents with such properties [93]. Unique compounds
found among the green tea polyphenols were epigallocatechin-3-gallate and its lipophilic
derivatives [94]. Fatty acid monoesters of epigallocatechin-3-O-gallate showed an antivi-
ral effect against several viruses, probably due to their affinity for viruses and cellular
membranes [95]. Investigation of the 3CL(Pro) inhibitory effect of extracts from seven dif-
ferent teas revealed that the polyphenol theaflavin-3,3'-digallate possesses this activity [96].
Besides QR, such flavonoids as luteolin, apigenin, kaempferol, amentoflavone, epigallocat-
echin, gallocatechin gallate, and epigallocatechin gallate were found as efficient blockers of
the SARS-CoV 3CLpro enzymatic activity [97]. Ellagic acid proved to be the most potent
3CLpro inhibitor among numerous polyphenols tested by in silico molecular docking
and molecular dynamics supported by in vitro assays [98]. According to Ryu et al. [99],
after the fractionation of the Torreya nucifera leaf extract, a good SARS-CoV 3CL inhibitory
activity was revealed by the biflavone amentoflavone (ICsy = 8.3 pM).

It has been observed that seriously ill patients with COVID-19 show pulmonary
inflammation, and the pulmonary inflammation load score is higher in patients with an
advanced stage of COVID-19 than in patients with a mild condition. Thus, reducing
inflammation is a critical target for reducing the severity of COVID-19 [100]. A study by
Heeba et al. demonstrated that a combination of QR and curcumin (both 50 mg/kg) showed
synergistic behavior in reducing inflammation and oxidative stress in a rat model. The
mixture was more effective in reducing inflammatory cytokine TNF-&, MDA (an indication
of lipid peroxidation), and nitric oxide levels. Moreover, the combination increased heme
oxygenase-1 levels and restored the levels of GSH, indicating reduced oxidative stress [101].

10. Quercetin in Combination with Vitamins and Trace Elements

Vitamins are essential for several physiological processes in the system and boost im-
munity. Using vitamins in combination with QR can alleviate the symptoms of COVID-19.
Vitamin C is a potent antioxidant molecule and could be beneficial in reducing the symptoms
of coronavirus. Several recent clinical trials on COVID-19 used vitamin C to treat infected
patients. The RTC NCT04468139 is based on an approach of quadruple therapy including QR,
vitamin C, zinc, and bromelain (https://clinicaltrials.gov/ct2/show /NCT04468139, accessed
on 29 July 2022).

It has been reported that a higher level of intracellular zinc increases intracellular
pH inhibiting SARS-CoV-2's RNA-dependent RNA polymerase, leading to damage to the
virus replication mechanism [102]. QR as zinc ionophore helps increase intracellular zinc
influx. The dietary supplement bromelain (a proteolytic enzyme from the pineapple plant)
has been shown to diminish the expression of ACE2 and TMPRSS2 and to inhibit SARS-
CoV-2 infection in Vero E6 cells [103]. In COVID-19, SARS-CoV-2-induced sepsis leads to
a surge in the levels of proinflammatory cytokines, leading to increased accumulation of
neutrophils in the lungs and further destruction of alveolar capillaries. Vitamin C cannot
only prevent this accumulation, but it also does alveolar fluid.

Moreover, vitamin C prevents vascular injury by inhibiting the formation of neu-
trophil extracellular traps. Vitamin C also averts the common cold and protects against
influenza [104]. Since COVID-19 patients show fever, cough, inflammation, and respiratory
distress, a combination of vitamin C and QR can be useful in treating the disorder because
both are potent antioxidant and anti-inflammatory molecules. Although QR is a ubiquitous
flavonoid, and its dietary intake can be easily enhanced by changing nutritional habits, its
lower absorption rate in the gastrointestinal tract limits its therapeutic effects. Normally,
the absorption rate of QR in the intestine is between 30% and 50%, but a higher half-life
of 25 h can help maintain the plasma levels of QR. It has been observed that vitamin C
increases the absorption rate of QR in the intestine and elevates plasma QR levels [105].
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Vitamin C also reduces flavonol’s oxidative degradation, thus helping maintain higher
plasma levels of flavonoids, such as QR [105]. Vitamin D is a major immunomodulatory
vitamin and controls the immune system. Studies have established that vitamin D prevents
respiratory distress by regulating the activity of the immune system and eliminating viral
pathogens. It downregulates excessive cytokine secretion during viral infection and helps
clear the pathogen [106]. These properties of vitamin D can be beneficial in combination
with QR. In addition, QR shows synergistic behavior with vitamin E and protects against
oxidative damage. The combination of QR and vitamin E reduces free radical damage and
augments cellular defense against ROS [107]. In another observation, QR and vitamin E
combination significantly reduced metal intoxication, particularly towards the nonessential
cadmium [108,109]. Several studies have shown that combining QR and vitamins can
synergistically increase the antioxidant capacity, reduce inflammation, and eliminate viral
pathogens. These properties are beneficial in treating COVID-19, where oxidative stress,
respiratory distress, and inflammation are important symptoms. However, further research
in this direction is needed to explore the appropriate combinations and ratios of QR
and vitamins.

11. Quercetin-Based Nanopreparations

Nanotechnology is a modern and promising area of science and technology that al-
lows solving several problems in many fields, including medicine. The reduction of the
particle sizes in the nanometer scale enhances their solubility, activity, and bioavailabil-
ity [110,111]. Nanomaterials improve active principles’ physical, chemical, and biological
characteristics [112].

Due to poor bioavailability (low aqueous solubility and permeability) and instability
in physiological media of QR, high doses of this substance are required for administration,
which is the main limitation of its clinical application.

QR-based nanosystems, reducing hydrophobicity and increasing the bioavailability of
the active ingredient, can have promising proficiency as antiviral agents. Several scientific
studies apply various techniques to obtain QR formulations with enhanced bioavailabil-
ity and water solubility [113-119]. A chemically and photostable QR nanosuspension
with a significantly increased dissolution level was obtained by Gao and colleagues [113].
Poly(lactic-co-glycolic acid) nanoparticles loaded with QR were successfully tested on the
human triple-negative breast (MDA-MB-231) and larynx epidermoid carcinoma (HEp-2)
cell lines, revealing potent antiproliferative and cytotoxic effects on cancer cell lines [115].
Encapsulated in solid-liquid, QR exhibited a sustained QR release until 48 h and higher
efficacy in inhibiting MCF-7 human breast cancer cells [118]. QR nanoparticles revealed
activity towards mechanisms involved in amyloid-related diseases [116]. A more soluble
and safe food-grade formulation of QR based on lecithin (quercetin phytosome) was re-
cently developed. In comparison with QR alone, quercetin phytosome showed improved
oral absorption with the detection of 20-fold exceeded QR in the plasma [119]. Several
studies have reported that patients treated with QR phytosome supplementation have
better clinical outcomes than those treated with standard therapy [120].

12. Conclusions

COVID-19 is a severe respiratory disorder caused by SARS-CoV-2. The disease is
highly contagious and spreads quickly in the community through contagion waves. Since
no cure for COVID-19 is available, several scientific groups worldwide have shifted their
focus to finding treatment from natural sources. Natural substances have been found effec-
tive in treating SARS and MERS due to their inhibitory effects on virus entry, absorption,
penetration, and replication. Quercetin, a flavonoid naturally occurring in fruits, vegetables,
tea, medicinal plants, and bee products, is a potent antiviral drug molecule against SARS
and MERS.

Consequently, it has been proposed as possibly useful for the COVID-19 cure. The
potential beneficial effect of quercetin in the treatment of COVID-19 has been evaluated
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in recent case-control clinical studies that found its efficacy in inhibiting SARS-CoV-2.
Quercetin shows multifactor beneficial action against SARS-CoV-2 to counterbalance the
COVID-19 infection (Figure 2).

IMMUNOMODULATORY,
ANTI-INFLAMMATORY AND ANTIOXIDANT ACTION

inhibition or reduction of the expression of several
proinflammatory cytokines (IL-1f, IL-4, IL-5, IL-6, IL-8, IL-13),
and signaling pathways (COX, CRP, MHC, NF-Kb, TNF-q)

SYNERGIC ACTION WITH
Other polyphenols,
spike protein Vitamins C, D, and E,
S " Zinc
& : SARS-CoV-2 ENTRY
ACE2 receptor ? INHIBITION
disruption of the viral QUERCETIN \
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Inhibition of 3CLpro, and RdRp activity
ACE2 receptor Spike protein

Figure 2. Beneficial multifactorial action of quercetin as a preventive, mitigative, and therapeutic
agent of COVID-19 infection.

Quercetin showed inhibitory effects on several stages of the viral life cycle, from entry
to replication. In particular, quercetin could directly bind the glycoprotein spike and inhibit
the activity of ACE2, thus disrupting the viral-host recognition interface and preventing
the SARS-CoV-2 entry. Quercetin can alter the expression of several human genes encod-
ing protein targets of SARS-CoV-2, thus potentially interfering with the functions of the
viral proteins in human cells. Quercetin inhibits viral replication by interfering with the
activity of 3-chymotrypsin-like protease (3CLpro), papain-like protease (PLpro), and RNA-
dependent RNA polymerase (RdRp). Moreover, quercetin possesses a wide spectrum of
antioxidant, anti-inflammatory, and immunomodulation actions contributing to mitigating
the disease consequences.

Besides quercetin, several phenolic compounds are prospective for treating COVID-19
infection. The efficacy of quercetin can be amplified with the synergism with these polyphe-
nols and with the beneficial action of vitamins C, D, and E and zinc. Several clinical trials
related to the monotherapy of quercetin and their compositions, including zinc, vitamin C,
curcumin, vitamin D3, and drugs such as hydroxychloroquine, azithromycin, masitinib,
and ivermectin, have been launched. Among the available results, the confirmation of the
efficacy of some combinations tested for the prevention of COVID-19 is evident [121].

However, large well-designed RCTs of quercetin-based compositions are still needed to
identify an effective COVID-19 treatment, considering the emerging SARS-CoV-2 variants.
Further research will need to improve the bioavailability and solubility of quercetin and its
drug combinations to improve the absorption rate.

Nanopreparations appear to be among the most promising solutions.
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Abstract: Pinocembrin is one of the well-known compounds in the group of flavonoids. The pharma-
cological activities of pinocembrin in association with wound-healing activities have been reported.
However, its effects on the aspect of cellular interaction underlying growth and survival are still
unidentified in human keratinocytes. Our previous study reported that Boesenbergia rotunda potently
stimulated survival and proliferation of a human keratinocyte cell line (HaCaT). On the basis that
pinocembrin is revealed to be one of the major constituents of this plant, we aimed to define the
survival- and proliferation-enhancing effects of this compound at the cellular level. Results from
the current study confirmed that pinocembrin induced an increase in HaCaT cell number. At the
signaling perspective, we identified that pinocembrin significantly triggered ERK1/2 and Akt acti-
vation. The stimulating effects of pinocembrin were clearly inhibited by MEK and PI3K inhibitors
authenticating that proliferation- and survival-promoting activities of pinocembrin were mainly acted
on these two signaling cascades. Altogether, we successfully identified that pinocembrin functions to
induce keratinocyte proliferation and survival, at least by provoking MAPK and PI3K pathways. Our
study encourages the fact that pinocembrin is one of the interesting natural flavonoid compounds to
be developed as a wound closure-promoting agent.

Keywords: flavonoids; pinocembrin; wound healing; keratinocyte; regenerative medicine

1. Introduction

Wound healing is an indispensable protective mechanism for both humans and an-
imals. It consists of different crucial steps controlled by different stages composed of
coagulation/hemostasis stage, inflammation stage, proliferation stage, and wound remod-
eling stage [1,2]. These phases are not individual but partly overlap on a sequence by
hemostasis, inflammation, proliferation, and remodeling phase, respectively [3]. After a
wound has occurred, coagulation cascade and platelet are activated by injured endothelial
cells, and the next event is the generation of acute inflammation of the surrounding tissues
for eliminating the pathogen [4]. Importantly, the proliferation step truly requires prolifera-
tion of surrounding cells which are activated by many growth factors including vascular
endothelial growth factor (VEGEF), platelet-derived growth factor (PDGF), and epidermal
growth factor (EGF). The final phase called “wound remodeling period” is the longest
phase which focuses on organization, degradation, and synthesis of the extracellular matrix
in the dermis layer of the skin [5-7]. Natural delays in healing processes may occur in older
individuals [8]. All phases of the healing process are affected, making cell proliferation,
remodeling, and collagen synthesis to occur at a lesser degree. Moreover, in comparison to
children and young adults, the elderly may have complications from certain diseases that
greatly hamper the healing process [9]. Therefore, besides recently available healing thera-
pies, discovery of novel active agents and special treatments that can effectively accelerate
wound healing to the maximal level would be beneficial for the elderly to prevent possible
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complications such as septicemia. Considering this fact, natural compounds including
flavonoids have emerged as interesting agents for enhancing wound healing.

Pinocembrin (PC) is one of the primary flavonoid compounds that is found in many
plants belonging to different families, as Boesenbergia rotunda (Zingiberaceae) [10,11], and it
has been previously reported that pinocembrin has many pharmacological effects including
anti-inflammatory and anti-microbial effects, anti-aging activities, and wound-healing
properties [12-16]. Regarding the wound-healing properties, our previous research found
that Boesenbergia rotunda (BR), which is a plant in Zingiberaceae family [17], can promote
keratinocyte cell proliferation via activating MAPK and PI3K pathways [18]. Additionally,
it was found that Boesenbergia rotunda ethanolic extract contains pinocembrin as one of its
major compounds [19]. Possibly, pinocembrin may be the responsible constituent of BR that
stimulates proliferation of human keratinocytes. However, the wound healing-promoting
activities of pinocembrin in keratinocytes has not been fully elucidated; especially in the
view of specific activation of growth and survival pathways. On this basis, the major aims
of this research are to determine the function of PC on keratinocyte proliferation and to
monitor the expression and activation status of important kinase markers in the MAPK
signal transduction pathway (ERK 1/2, pERK1/2) and PI3K/Akt signal transduction
pathway (pAkt and Akt) in response to PC treatment.

Our study provided an insight into how an active compound, pinocembrin, functions
at the cellular level for enhancing proliferation and survival which are crucial events for
wound healing. This new understanding may guide for the possibility to develop this com-
pound as an alternative wound healing-accelerating drug, especially for patients who have
complications of diseases and are irresponsive to currently available standard treatments.

2. Results
2.1. Pinocembrin Affects the Viability of Human Keratinocytes

To investigate proliferation-enhancing effects of pinocembrin, we first performed
cytotoxicity of pinocembrin in HaCaT cells which are immortalized human keratinocytes.
Results demonstrated that 500 uM was the only concentration of pinocembrin which
significantly reduced the viability of HaCaT cells. Interestingly, pinocembrin at the range
be-tween 15.6 and 125 uM presented a dramatic increase in cell viability/cell proliferation,
with a maximal peak at 62.5 uM where the cell viability of HaCaT cells was approximately
140% in comparison to that of the untreated cells (100%) (Figure 1). Human keratinocytes
treated with DMSO (as a vehicle control) at all concentrations did not show any change in
cell viability.

2.2. Effects of Pinocembrin on Accelerating Scratch Wound Closure of Human
Keratinocyte Monolayer

From the MTT results demonstrating that pinocembrin from 15.6 to 62.5 uM could
increase the viability of human keratinocytes, it is reasonable that this increased cell
viability may also promote healing of keratinocyte monolayer. Therefore, we evaluated
wound closure-accelerating effects of pinocembrin on human keratinocyte monolayer by
choosing the highest concentration at 62.5 uM. Phase-contrast micrographs demonstrated
that pinocembrin significantly accelerated the cellular wound healing over time (0, 3, 6, 24,
and 48 h), compared to the DMSO vehicle control group (Figure 2).
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Figure 1. Cytotoxicity effects of pinocembrin on HaCaT cells determined by MTT assay. Human
keratinocytes treated with different doses of pinocembrin for 48 h in serum-free media. Data were
shown as percent cell viability /proliferation with mean £ SD. * p < 0.05 as compared with the
un-treated group (UT).
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Figure 2. Effects of pinocembrin on accelerating closure of scratch wound of human keratinocyte
monolayers. (A) Phase-contrast microscopy (10x magnification) of scratch wound-healing assay at
various captured times (0 h, 3 h, 6 h, 24 h, and 48 h) in HaCaT treated with 62.5 uM pinocembrin;
(B) Percent closure of the scratch wounded areas of human keratinocyte monolayer over the course
of 48 h. Data were analyzed from three individual replicates and presented as mean =+ SD. * p < 0.05
as compared with the DMSO control.
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2.3. Pinocembrin Induces Proliferation and Increases the Size of HaCaT Colonies

To explore the role of pinocembrin in activating human keratinocyte proliferation,
we seeded HaCaT cells at low density, treated the cells with 62.5 uM pinocembrin, and
visualized the changes in colony size over 48 h. As presented in Figure 3A, pinocembrin
clearly stimulated an increase in colony size of HaCaT cells over the course of 48 h while
the growing colony pattern of the DMSO control group was similar to that of the untreated
group. To test the hypothesis that pinocembrin may stimulate keratinocyte proliferation,
we directly counted the number of cells. Results demonstrated that at the 0 h time point,
the number and distribution of the keratinocytes were seen to be similar to those of the
control group and pinocembrin group. Obviously, pinocembrin at 62.5 uM significantly
induced an increase in cell number of keratinocytes at 24 h and 48 h when compared with
the untreated group and DMSO-treated group (Figure 3B).
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Figure 3. Effects of pinocembrin on human keratinocyte proliferation. (A) Phase-contrast observation
of HaCaT cells treated with pinocembrin at 62.5 uM at 0, 24, and 48 h (10x magnification) compared
with the untreated group and the DMSO control group; (B) Direct cell counting for number of human
keratinocytes treated with pinocembrin at 62.5 tM and at 0, 24, and 48 h. Data from three experiments
were analyzed and presented as mean & SD. * p < 0.05 (compared to the untreated group, UT).

2.4. Effects of Pinocembrin on the Signaling Pathways Regulating Keratinocyte Proliferation

The MAPK and PI3K/ Akt cascades are one of the most important cellular pathways for
growth and survival of all type of cells including human keratinocytes. To inspect the effects
of pinocembrin on these signaling cascades in human keratinocytes, the phosphorylation
status of crucial cellular kinases (ERK1/2 and Akt) was monitored and measured upon
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treatment with pinocembrin at various time points (0-24 h). Results demonstrated that
pinocembrin could rapidly activate phosphorylation of ERK1/2 protein within 2 min after
pinocembrin addition. The signal intensity rapidly increased over time before it declined
after 15 min (Figure 4A,B). The phosphorylation status of Akt was slightly delayed since a
clear phosphorylation signal started to be seen 5 min post pinocembrin treatment, increased
over time, and was stable for 1 h before it declined (Figure 4A,C). Noticeably, pinocembrin
did not affect the expression of both ERK1/2 and Akt kinases.
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Figure 4. Effects of pinocembrin on MAPK and PI3K/ Akt signaling pathways. (A) The activation
status evaluated by the level of phosphorylation of ERK1/2 and Akt in the lysates of cells treated with
62.5 uM of pinocembrin at various time points; (B) Densitometric analysis of phosphorylated ERK1/2
in cells treated with pinocembrin at each time point; (C) Densitometric analysis of phosphorylated
Akt in cells treated with pinocembrin at each time point. The total protein expression of each kinase
was detected and used for normalization. Data from three experiments were analyzed and presented
as mean £ SD. * p < 0.05 (compared to the 0 min group).

Moreover, we performed Western blotting to confirm the kinase-activating effects of
pinocembrin at varied concentrations (15.6, 31.3, and 62.5 tM), and data clearly demon-
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strated that the phosphorylation form of the two kinases was significantly elevated when
the dose of pinocembrin was increased without affecting the total protein level (Figure 5A).
Quantification of immunoreactive signals demonstrated that after 15 min of pinocembrin
treatment, phosphorylation of ERK1/2 and Akt was approximately 2-fold, 2.5- fold, and 3-
fold for cells treated with pinocembrin at 15.6, 31.3, and 62.5 uM, respectively (Figure 5B,C).
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Figure 5. Concentration-dependent effects of pinocembrin on ERK1/2 and Akt activation. (A) West-
ern blotting for ERK1/2 and Akt phosphorylation in HaCaT cells incubated with pinocembrin at 15.6,
31.3, or 62.5 uM for 15 min; (B) Densitometric analysis of phosphorylated ERK1/2 in lysates of cells
treated with varied concentrations of pinocembrin; (C) Densitometric analysis of phosphorylated Akt
in lysates of cells treated with varied concentrations of pinocembrin. Data from three experiments
were analyzed and presented as mean + SD. * p < 0.05 (compared to the control group, UT).

Concomitantly, immunofluorescence analysis for the phosphorylation form of ERK1/2
(Figure 6A(d—f)) and Akt (Figure 6B(d—f)) definitively verified that pinocembrin rapidly
induced the activation of these two kinases in individual cells compared to those cells
treated with DMSO (Figure 6A(a—c),B(a—)).

2.5. Inhibitors That Specifically Inhibit MEK and PI3K Completely Block ERK1/2 and Akt
Activation and HaCaT Cell Proliferation Induced by Pinocembrin

Specific inhibitors which included U0126 (MEK inhibitor) and LY294002 (a PI3K in-
hibitor) were used to confirm whether pinocembrin specifically activates MAPK and PI3K
transduction pathways. Western blot results confirmed that when U0126 was used, com-
plete inhibition of ERK1/2 but not Akt was seen in keratinocytes treated with pinocembrin
alone. Likewise, when LY294002 was applied, the phosphorylation of Akt but not ERK1/2
was blocked (Figure 7). Apparently, when both U0126 and LY294002 were applied to
keratinocytes, no phosphorylation signal of ERK1/2 and Akt was detected (Figure 7).

Scratch wound healing was performed as a functional test to verify the results obtained
from the experiments where the inhibitors were included. As anticipated, U0126 could
suppress keratinocyte monolayer closure accelerating effects of PC over the course of 48
h. In addition, LY294002-treated group demonstrated a similar pattern of scratch healing
inhibition. Doubtlessly, keratinocyte monolayer treated with pinocembrin with the presence
of both U0126 and LY294002 exhibited the slowest rate of wound closure (Figure 8). These
results show that pinocembrin induces keratinocyte proliferation mainly through activating
MAPK and PI3K/ Akt kinases.
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Figure 6. Inmunofluorescence study determining ERK1/2 and Akt activation in cells treated with
pinocembrin (62.5 uM). (A) Phosphorylated ERK1/2 (pERK1/2) (green); (B) Phosphorylated Akt
(pAkt) (green). HaCaT cells were counterstained with DAPI to detect the nuclei (blue). Pictures were
captured by a fluorescent microscope at 100 x magnification.
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Figure 7. Western blot analysis detecting pERK1/2 and pAkt after incubation with pinocembrin
at various concentrations (15.6, 31.3, and 62.5 uM) for 15 min in combination with U0126 and
LY294002 which are specific inhibitors of MAPK and PI3K signaling. Data are obtained from three
individual experiments.
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