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Abstract: Recently, increased attention has been paid to natural sources as raw materials for the
development of new added-value products. Flavonoids are a large family of polyphenols which
include several classes based on their basic structure: flavanones, flavones, isoflavones, flavonols, fla-
vanols, and anthocyanins. They have a multitude of biological properties, such as anti-inflammatory,
antioxidant, antiviral, antimicrobial, anticancer, cardioprotective, and neuroprotective effects. Cur-
rent trends of research and development on flavonoids relate to identification, extraction, isolation,
physico-chemical characterization, and their applications to health benefits. This review presents an
up-to-date survey of the most recent developments in the natural flavonoid classes, the biological
activity of representative flavonoids, current extraction techniques, and perspectives.

Keywords: natural compound; bioactive compounds; flavonoids; biological activity; current
extraction techniques

1. Introduction

In recent years, important research efforts have focused on the exploitation and use
of natural compounds in the production of new products as well as the development of
processes on an industrial scale.

In this respect, flavonoids, a class of natural polyphenolic compounds, have attracted
continuously increasing attention. In addition to their widespread nature, they also ex-
hibit a multitude of biological activities, making them exciting for many scientific fields.
Flavonoids are secondary metabolites of plants that contain a benzo-y-pyrone skeleton
in their structure, being produced by various synthesis pathways, namely the phenyl-
propanoid pathway, the shikimate pathway, and the flavonoid pathway [1-4].

Their physico-chemical parameters, biological activity, and bioavailability are closely
related and conferred based on the chemical structure. Based on the structure of flavonoids
and depending on the change in the main structure, flavonoids can be classified into six
major categories: (i) flavanones, (ii) flavones, (iii) isoflavones, (iv) flavonols, (v) flavanols,
and (vi) anthocyanins [5,6]. Vegetables and fruits are an indispensable natural resource of
flavonoids, but current research has shown that microorganisms, such as fungi and bacteria,
can also produce flavonoids from plant biomass [7].

Recent research has directed on the extraction, isolation, and characterization of these
compounds from different plant families, leading to progression from traditional extraction
methods (e.g., maceration, decoction, percolation, and Soxhlet extraction) to the develop-
ment of modern, environmentally friendly extraction techniques (e.g., microwave-assisted
extraction, ultrasound-assisted extraction, supercritical fluid extraction, pressurized liquid
extraction, matrix solid-phase dispersion, pulsed electric field extraction, and enzyme-
assisted extraction), which could also have industrial applicability in several sectors such
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as the food, pharmaceutical, and cosmetic industries [1,8,9]. The main natural sources of
flavonoids, the possibilities of obtaining them, and the biological activities are summarized
in Figure 1.
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Figure 1. Natural sources of flavonoids, obtaining possibilities, and biological activity [1-4].

2. Biosynthesis of Flavonoids

Flavonoids are secondary metabolites of plants obtained from primary metabolic
precursors and are generated via various biosynthetic pathways.

The shikimate pathway involves several key enzymes and six-step reactions for the
biosynthesis of shikimic acid, starting with the aldol condensation reaction of phospho-
enolpyruvic acid and D-erythrose 4-phosphate [1,4]. Chorismic acid, the end product of
the shikimate pathway, is converted into the amino acid phenylalanine through the action
of prephenate-aminotransferase (PhAT) and arogenate-dehydratase (ADT) enzymes [4].

The phenylpropanoid pathway also plays a major role in the biosynthesis of flavonoids,
starting from the amino acid phenylalanine [1-4]. In the presence of phenylalanine-
ammonia liase (PhAAL), phenylalanine is desaminated to form trans-cinnamic acid [3,4].
Next, under the action of cinnamate-4-hydroxylase (C4L), it converts trans-cinnamic
acid into 4-coumaric acid. It will provide, under the action of 4-coumarate-CoA-ligase
(C4CoAL), the compound 4-coumaroyl-CoA, which plays a crucial role in the biosynthesis
of flavonoids via the phenylpropanoid pathway, the production of the coumarin skeleton,
and the initiation of the flavonoid pathway [1-4]. The condensation reaction between
4-coumaroyl-CoA with three molecules of 3-malonyl-CoA, under the action of the en-
zyme chalcone-synthase, yields 2/ 4,6’ 4-tetrahydroxy chalcone [1-4]. Under the action of
chalcone-flavanone isomerase, this compound is further isomerized in flavanone, initiating
the flavonoid pathway that will produce the different classes of flavonoids.

The shikimate, phenylpropanoid, and flavonoids pathways are summarized in Figure 2.

Flavonoids are derivatives of 2-phenyl-benzo-y-pyrone (2-phenyl-3,4-dihydro-2H-1-
benzopyran-4-one), being included in the large family of natural polyphenolic compounds
with structure type C3-C6-C3 [1]. This basic structure contains, as seen in Figure 2, two
aromatic benzene rings (A and B) connected by the heterocyclic pyrane ring (C) that contains
an oxygen atom. Chalcones, which do not contain that third ring (C), are generally considered
precursors of the different flavonoid classes [2]. Depending on the degree of nucleus oxidation,
the saturation level of the segment C3, and the place of substituents insertion, there are several
classes of flavonoid compounds, mainly classified as flavanones, dihydroflavonols, flavones,



Plants 2023, 12,2732

30f25

isoflavones, flavonols, and anthocyanins [1-4]. Flavonoids are found in plants in free form
(aglycones) or linked to sugars (glycosylated flavonoids) [1-6,10].
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Figure 2. Overview of the main steps of the flavonoid biosynthesis pathway [1-4].

3. Classification and Biological Activity
3.1. Flavanones

Flavanones or 2-arylchroman-4-ones are obtained by the flavonoid pathway, with
isomerization of 2’4’6’ 4-tetrahydroxychalcone, in the presence of chalcone-flavanone
isomerase [1,5,6,10]. Flavanones can be found in different plant families, such as Compositae,
Fabaceae, and Rutaceae.

Depending on the type of plant, flavanones can be isolated from vegetative parts
(rhizomes, stem, leaves, flowers, and fruits) and generative organs (branches, bark, and
roots) [10]. Citrus fruits (especially grapefruit), peppermint, licorice, tomatoes, and associ-
ated aliments (fruit juices and peeled fruits) are a major dietary source of flavanones [6,10].

Flavanones can be found as forms of aglycones or as complexes with O- or
C-glycosides [1-6,10]. Some examples of such compounds are naringenin (aglycon),
naringin (glycoside), hesperitin (aglycon), hesperidin (glycoside), and eriodictyol
(Figure 3) [5,10].

Naringenin, or 5,7-dihydroxy-2-(4-hydroxyphenyl)-chroman-4-one, is a citrus fla-
vanone that has various biological activities and has been studied as a potential biological
compound for the treatment of a variety of diseases. For example, Wei et al. [11,12] found
that naringenin treatment reduced atrial fibrosis in different species of rats with induced
cardiovascular disease. Additionally, Chtourou et al. [11,13] reported that naringenin in
hepatocytes decreases pro-inflammatory cytokines. According to the literature, naringenin
treatment decreased cancer cell proliferation and induced cell apoptosis in breast can-
cer [14-16], prostate cancer [14,15,17], lung cancer [14,15,18], and colon cancer [14,15,19].
Furthermore, Tutunchi et al. [20] have shown that naringenin may be considered a promis-
ing treatment strategy against COVID-19.
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Figure 3. Examples of flavanones.

Hesperidin, or hesperetin-7-O-rutinoside, is used for different biological activities,
such as the treatment of type 2 diabetes; antioxidant, anti-inflammatory, anticancer, and
antiviral effects; biofilm protection; and protection against cardiovascular disorders [21-25].

Eriodictyol, or 2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-2,3-dihydrochromen-4-one,
and its glycoside Eriocitrin were reported in the literature to have a broad spectrum
of biological activities, such as protection against cardiovascular issues; skin protection;
antitumor, antioxidant, and anti-inflammatory activity; and immunomodulatory and hep-
atoprotective effects [26-28].

3.2. Flavones

Flavones, or 2-aryl-4H-chromen-4ones, are synthesized by the dehydrogenation of
flavanones, generating a double bond between positions C-2 and C-3, under the action of a
group of enzymes known as flavone-synthases [1-4].

Depending on their prevalence in nature, most flavones can be found in all parts of
plants, in the form of compounds obtained by methylation, glycosylation, hydroxylation,
acylation, or other modifications [29]. They are the primary pigments in white flowers and
realize the co-pigmentation effect with anthocyanins in blue flowers [29,30].

The most widespread flavones are apigenin, luteolin, chrysin, acacetin, baicalein,
wogonin, and diosmetin (Figure 4) [1,29-31]. Luteolin and apigenin are widespread in
grains, vegetables, and medicinal herbs, being considered the most representative in food
sources [29,30].

Several biological activities of flavones have been reported in the scientific literature,
such as abiotic and biotic protection and anti-inflammatory, antimicrobial, and anticancer
activities [29,31]. For example, Liu R. et al. have shown that in mouse models with induced
amnesia, apigenin ameliorates spatial learning and memory deficits, protects microvessel
integrity, and attenuates neuronal loss [32]. A systemic review has shown the biological
potentials of baicalein and wogonin against ischemia-induced neurotoxicity and damage in
the brain and retina [31,33].
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Figure 4. Examples of flavones.

3.3. Isoflavones

Isoflavones, or 3-aryl-4H-chromen-4ones, are synthesized from flavanones under the ac-
tion of two enzymes: isoflavone-synthase and hydroxy-isoflavanone dehydratase [1—4,34-36].
According to the literature, isoflavones are included in the large group of nutraceuticals [36].
The most common isoflavones are genistein, daidzein, glycitein, and formononetin (Figure 5).

HO HO 0.
O
OH OH
Genistein Daidzein
HO O O HO. O
\O
O O
OH OH
Glycitein Formononetin

Figure 5. Examples of isoflavones.

Soybeans and other leguminous plants are the main sources of isoflavones [37]. Accord-
ing to their molecular structure, isoflavones represent one of the most common categories
of phytoestrogens, are similar in particular to 17-3-estradiol, manifest different biolog-
ical activities—especially fungistatic, antibacterial, antiviral, and antioxidant—prevent
angiogenesis, and exert estrogenic and/or antiestrogenic effects [34,38,39].
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3.4. Flavonols

Flavonols are hydroxylated at position C-3 of ring C by flavonol synthase [1-4].
Quercetin, rutin, myricetin, kaempferol, and morin are some popular flavonols found
in a wide variety of foods (Figure 6).

Myricetin Morin Kaempherol

Figure 6. Examples of flavonols.

A systemic chapter showed the anti-inflammatory efficacy of flavonols against rheuma-
toid arthritis [40]. Quercetin, or 3,3,4,5,7-pentahydroxyflavone, is abundantly found in
nature, being one of the most widely occurring polyphenols. Quercetin protects the body
against oxidative stress by downregulating the level of malondialdehyde and scavenging
several free radicals (e.g., hydrogen peroxide, superoxide, and hydroxyl radicals) [41,42].
Chen et al. [41,43] showed that quercetin increased cell IFN-y expression and decreased
interleukine-4 positive cell expression. Some other studies demonstrated that quercetin
exerts an effect on cancer cells by inducing extrinsic and intrinsic pathways of apoptosis
and autophagy [41,44]. Another research study revealed that quercetin’s antimicrobial ac-
tivity disrupts cell membrane integrity, inhibits nucleic acid synthesis, and inhibits biofilm
formation [45].

Rutin (3,3’ ,4/ ,5,7-pentahydroxyflavone-3-rhamnoside), or vitamin P, is a flavanol gly-
coside derivative of quercetin found in various medicinal plants and food sources. In
a study carried out by Sui et al., rutin was shown to exhibit anti-inflammatory activity
by negatively regulating Rho-related coiled-coil protein kinase signaling by promoting
the expression of cystathionine-f3-synthase and effectively inhibiting the inflammatory
progress of osteoarthritis [46]. Li et al. reported that rutin inhibits ox-LDL-mediated
macrophage inflammation and foam cell generation, which are both associated with au-
tophagy activation [47]. In addition, rutin is known to have anti-atherosclerotic, antiallergic,
anti-inflammatory, and antiviral properties [48,49].

3.5. Flavanols

Flavanols are a subgroup of flavonoids characterized by the absence of a double bond
between the carbon atoms C; and Cj in the (C) ring, while featuring a hydroxyl group (s) in
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C3 or C4. Four types of flavanols have been found in nature: (i) flavan-3-ols, (ii) flavan-4-ols,
(iii) isoflavan-4-ols, and (iv) flavan-3,4-diols [1-4,50]. The most common flavanols are
catechin, epigallocatechin, and afzelechin (Figure 7).

OH
OH
OH 'l"//OH
OH OH
Catechin Epigallocatechin Afzelechin

Figure 7. Examples of flavanols.

The biological properties of flavanols have been extensively studied to reveal their anti-
inflammatory, anticancer, antiviral, antimicrobial, and cardioprotective properties [50-52].
The most common sources of flavanols are cocoa and green tea, and there are numerous
studies that have shown that health-promoting effects have been attributed to these natural
compounds [53].

3.6. Anthocyanins

Anthocyanins are the glycosylated forms of the corresponding aglycones named an-
thocyanidins and are formed of a flavylium cation backbone hydroxylated in different
positions under the action of dihydroflavonol-reductase and leucoanthocyanidin dioxy-
genase [1-4,54,55]. They are natural pigments responsible for the color of plants (blue,
red, and purple) and can be found in all plant tissues, including leaves, flowers, and
fruits. The color and stability of anthocyanins are influenced by pH, metal ions, light, and
temperature [54,56]. Anthocyanins became of interest as natural therapeutic compounds
because they have the ability to suppress neuroinflammation and support antioxidant
activity, antimicrobial activity, antitumor activity, and immune function [55,56].

The most common anthocyanins are cyanidin, delphinidin, pelargonidin, petunidin,
and malvidin (Figure 8).

OH

Petunidin Malvidin

Figure 8. Examples of the most common anthocyanins.
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Samarpita et al. showed that cyanidin can be used as a small-molecule drug to treat
patients with rheumatoid arthritis because it suppressed IL-17A, a cytokine found in
the serum and synovial fluid of patients with theumatoid arthritis [57]. Another study
by Wang et al. showed that cyanidin ameliorated CCl4-induced liver injury in mice by
improving the activity of antioxidant enzymes such as SOD and CAT and by decreasing
the level of oxidative products such as TNF-c, IL-3, and IL-6. They also pointed out that
with administration of cyanidin, the protein levels of NF-«B, a regulator of inflammation,
and its downstream genes were significantly reduced [58].

Wu et al. identified the molecular mechanism in which delphinidin inhibited the
viability of HER-2-positive breast cancer cell lines by decreasing the protein expression
level of p-c-Raf, p-MEK1/2, and p-ERK1/2 and regulating the protein expression level
of Bax and Bcl-2 and also inhibited the activation of NF-kB and nuclear translocation of
NE-kB/p65 by inducing phase arrest and apoptosis of G, /M [59]. Kang et al. revealed
that combined treatment by delphinidin with y-ionizing radiation enhanced apoptotic
cell death, activated the JNK/MAPK pathway, and effectively improved antiproliferative
effects by increasing radiation sensitivity in A549 cells (human non-small cell lung cancer)
by upregulation of autophagy after radiation therapy [60].

Cremonini et al. investigated the effects of supplementation with a cyanidin- and
delphinidin-rich extract on postprandial dysmetabolism, inflammation, and redox and
insulin signaling, triggered by the consumption of a high-fat meal. The study revealed that
the extract rich in cyanidin and delphinidin reduced postprandial increases in other markers
of inflammation, such as lipopolysaccharides binding protein plasma concentration and
TNFx levels in peripheral blood mononuclear cells, as well as those of cardiometabolic
outcomes (plasma levels of glucose, triglycerides, and cholesterol) [61].

In Table 1, we summarize some of the most important biological activities of the main
representatives of the six classes of flavonoids.

Table 1. The basic skeleton of the various classes and biological activity of flavonoids.

Classification

Flavonoid Biological Activity References

Flavanones

.

c |

Antifibrinolytic, decreases
pro-inflammatory cytokines in
hepatocytes, antineoplastic
activity (breast cancer, prostate
cancer, lung cancer, and colon
cancer), a promising treatment
strategy against COVID-19, and
therapeutic application in bone
disorders and bone tissue
engineered constructs

Naringenin (5,7-dihydroxy-2-(4-

hydroxyphenyl)-chroman-4-one) [11-20,62,63]

Anti-diabetic, antioxidant,
anti-inflammatory, anticancer,

Hesperitin ((25)-5,7-dihydroxy-2-(3- antiviral, antibiofilm,

hydr(?xy—4—methoxyphenyl)—2,3- antimicrobial, and [21-25,64]
dihydrochromen-4-one) .
cardiovascular
protective activities
Cardiotonic, skin protection,
Eriodictyol (2-(3,4- antitumoral, antioxidant,
dihydroxyphenyl)-5,7-dihydroxy- anti-inflammatory, [26-28]
2,3-dihydrochromen-4-one) immunomodulatory,
and hepatoprotective
Silymarin (3,5,7-trihydroxy-2-[3-(4-
hydroxy-3-methoxyphenyl)-2- - .
(hy droxyme thyl)-2,3— dihy dro-1,4- Antioxidant, anti mﬂammatory, [65]

benzodioxin-6-yl]-2,3-
dihydrochromen-4-one)

and anticancer




Plants 2023, 12, 2732 9 of 25
Table 1. Cont.
Classification Flavonoid Biological Activity References
Apigenin (5,7-dihydroxy-2-(4- .
hydroxyphenyl)-chromen-4-one) Neuroprotective [32]
Neuroprotective,
Baicalein (5,6,7-trihydroxy-2- antiviral activity, possible [31,33,66]
phenyl-4H-chromen-4-one) treatment agent S
against SARS-Cov2
Wogonin
(5,7-dihydroxy-8-methoxy-2- Neuroprotective [31,33]
phenyl-4H-chromen-4-one)
Flavones Luteolin (2-(3,4-dihydroxyphenyl)-  Anti-inflammatory, antiallergy, [67]
Rs 5,7-dihydroxychromen-4-one) and anticancer
R, o @ Neuroprotective, apti-aging, skin
protective,
¢ | Chrysin (5,7-Dihydroxy-2-phenyl- antioxidant,
Ty ’ 4 y-e-pheny. anti-inflammatory, anticancer, [68-71]
4H-chromen-4-one) . .
anti-diabetic,
Rz © vasodilatory effect,
and antihypertensive
Antiproliferative, neuroprotective,
Acacetin (5,7- dihy droxy-2— 4 cardlopfo.tefcltlve, anticancer,
methoxyphenyl)-chromen-4-one) anti-ntlammatory, [72]
anti-inflammatory
diabetic, antimicrobial
Diosmetin Antioxidant, anti-inflammatory,
(5,7-dihydroxy-2-(3-hydroxy-4- anti-apoptotic, and [73]
methoxyphenyl)-chromen-4-one) anticancer properties
Fungistatic, antibacterial,
antiviral, anti-inflammatory,
kidney protective, antioxidant,
Genistein (5,7-dihydroxy-3-(4- prevents angiogenesis, exerts .
hydroxyphenyl)-chromen-4-one) estrogenic and/or antiestrogenic [34,38,39,63,74=77]
effects, and promising therapeutic
application in bone disorders and
bone tissue engineered constructs
Fungistatic, antibacterial,
antiviral, antioxidant, prevents
Isoflavones

Daidzein (7-hydroxy-3-(4-
hydroxyphenyl)-chromen-4-one)

angiogenesis, exerts estrogenic
and/or antiestrogenic effects, and
promising therapeutic application
in bone disorders and bone tissue
engineered constructs

[34,38,39,63,77-79]

Glycitein
(7-hydroxy-3-(4-hydroxyphenyl)-6-
methoxychromen-4-one)

Fungistatic, antibacterial,
antiviral, antioxidant, prevents
angiogenesis, and exerts
estrogenic and/or
antiestrogenic effects

[34,38,39,80,81]

Formononetin (7-hydroxy-3-(4-
methoxyphenyl)-chromen-4-one)

Fungistatic, antibacterial,
antiviral, antioxidant,
anti-inflammatory,
neuroprotective, prevents
angiogenesis, and exerts
estrogenic and/or
antiestrogenic effects

[34,38,39,82-84]
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Table 1. Cont.

Classification

Flavonoid

Biological Activity

References

Flavonols

cons

Quercetin
(3,3,4,5,7-pentahydroxyflavone)

Downregulates malondialdehyde
level and scavenges several free
radicals (e.g., hydrogen peroxide,
superoxide, and hydroxyl
radicals), increases cell IFN-y
expression, decreases
interleukine-4-positive cell
expression, induces extrinsic and
intrinsic pathways of apoptosis
and autophagy, antimicrobial
activity, inhibits biofilm
formation, inhibits nucleic
acid synthesis,
antiviral activity, and possible
treatment against SARS-Cov2

[41-45,66]

Rutin
(3,3 4 5,7-pentahydroxyflavone-3-
rhamnoside)

Anti-inflammatory,
anti-hypolipemiant,
anti-atherosclerotic, antiallergic,
anti-inflammatory, and antiviral

[46-49]

Morin (2-(2,4-dihydroxyphenyl)-
3,5,7-trihydroxychromen-4-one)

Antioxidant,
anti-inflammatory,
anticancer,
anti-diabetic, anti-inflammatory,
antihypertensive, and gastric
protector effects

[85]

Kaempherol (3,5,7-trihydroxy-2-(4-
hydroxyphenyl)-chromen-4-one)

Antioxidant, antimicrobial, and
anti-inflammatory

[86,87]

Myricetin (3,5,7-trihydroxy-2-(3,4,5-
trihydroxyphenyl)-chromen-4-one)

Antioxidant, anti-inflammatory,
anti-diabetic, anti-epileptic,
anti-Alzheimer, anti-apoptotic,
antithrombotic, neuroprotective,
potential therapeutic agent
against COVID-19, and
hepatoprotective effect

[88-90]

OH
(0]
Flavanols
R4
HO,,

Rq ¢ @
@ o R
R3

2

Catechin
(2-(34-dihydroxyphenyl)-3,4-
dihydro-2H-chromene-3,5,7-triol)

Anti-inflammatory, anticancer,
antiviral, antimicrobial, and
protective
cardiovascular properties

[50-53]

Epigallocatechin
(2-(3,4,5-trihydroxyphenyl)-3,4-
dihydro-2H-chromene-3,5,7-triol)

Anti-inflammatory, anticancer,
antiviral, antifungal,
antimicrobial, and protective
cardiovascular properties

[50-53,66]

Afzelechin
(2-(4-hydroxyphenyl)-3,4-dihydro-
2H-chromene-3,5,7-triol)

Anti-inflammatory, anticancer,
antiviral, antimicrobial, and
protective
cardiovascular properties

[50-53]
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Table 1. Cont.
Classification Flavonoid Biological Activity References
Cyanidin (2-(3,4-dihydroxyphenyl)- Immunomodulator and [57,58,61]
chromenylium-3,5,7-triol) anti-inflammatory "
Anti-HER-2 effect, regulates the
protein expression level of Bax
Delphinidin and Bcl-2, inhibits the activation
Anthocyanins (2—(3,4,5-tri}}ydroxypher.1y1)- of NF-kB, induces G2/ M phase [59-61]
= chromenylium-3,5,7-triol) arrest and apoptosis,
4

R3
L O
R o)
x Rs
C
G
R2

OH

pro-apoptotic, anti-proliferative
effects, and anti-inflammatory

Pelargonidin (2-(4-hydroxyphenyl)- Antioxidant and [91-93]
chromenylium-3,5,7-triol) anti-inflammatory
Petunidin (2-(3,4-dihydroxy-5-
methoxyphenyl)-chromenylium-  Antioxidant and anti-MIRI effects [92,93]
3,5,7-triol)
Malvidin (2-(4-hydroxy-3,5- Hypoglycetmlc, htyptc?hpldemlc,
dimethoxyphenyl)-chromenylium- gastroprotective, [94-97]

hepatoprotective, antiadhesive,

3,5,7-triol) and antibiofilm effects

4. Actual Limitations of Extended Utilization of Flavonoids

The actual limitations of the use of flavonoids in medical, pharmaceutical, food, and
cosmetic fields are governed by two major issues: (i) chemical and biophysical properties,
such as low solubility, chemical stability, bioavailability, and pharmacokinetics through
metabolic stability (hepatic, intestinal, and intestinal microflora); (ii) plant production,
such as very low yield of these secondary metabolites of plants relative to biomass and
difficulties regarding the improvement of biosynthesis and complicate isolation, extraction,
and purification methods [98].

One of the main limitations of flavonoids is represented by their pharmacokinetic
properties within the human body (Figure 9).

One of the main concerns regarding flavonoids is their low bioavailability. After oral
administration, a small percentage of flavonoids are absorbed in the upper gastrointestinal
tract (oral cavity) and a significant amount can reach the small intestine and can also
interact with the intestinal microbiota (colon). Others may be metabolized under the action
of liver metabolizing enzymes (cytochrome P450) to generate active metabolites [98-101].

The absorption rate of flavonoids in the human body is different due to the confor-
mation of the molecular structure and pH values. After being absorbed by the intestinal
epithelium, flavonoids are transformed into conjugated metabolites, namely glucuronides,
sulphates, and methylated metabolites, first in the intestine and then in the liver.

The aglycones of flavonoids, with a small molecular structure and high hydrophobicity,
enter through the hepatic portal vein in the liver, where two main metabolic reactions occur:
the oxidation reaction by cytochrome P450 enzymes (Phase I) and the binding reaction
(Phase 1II) [99,100]. Flavonoid glycosides possess higher hydrophilicity and molecular
weight and can only be absorbed after being hydrolyzed to aglycone or phenolic acid by
the intestinal microbiota. There are four main types of cleft rings in the colon: (i) flavones
and flavanones to form C6-C3 phenolic acids; (ii) flavonols to form C6-C2 phenolic acids;
(iii) flavanols to form C6-C3 phenols; (iv) isoflavones to form derivatives of ethylphe-
nols [99,100]. Flavonoid-microbiome interactions may also prove helpful in the treatment
of different diseases [100-104]. Rapid metabolic elimination of flavonoids highlights the
need to develop novel pathways to improve their delivery.
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Figure 9. Limitations in the bioavailability of flavonoids in the human body.

5. Current Extraction Techniques

Selection of the most appropriate method for the extraction of flavonoids from different
plants is often difficult and depends on several factors, such as the stability of the flavonoids,
the nature of the solvents, the amount of extract required, and the appropriate techniques
and equipment used for extraction. However, the most important extraction options can
be classified into three groups: conventional or traditional techniques, reflux and Soxhlet
techniques, and recently developed (modern) techniques (Figure 10).

Modern extraction |Traditional extraction
techniques techniques
Matrix solid-phase

dispersion Maceration,
Percolation,

Pressurized liquid

8 Decoction
extraction < c:\
O.
Pulsed electric fiel N7
extraction |
. \

Enzyme assisted
extraction
Supercritical fluid Reflux and Soxhlet

extraction extraction techniques

Ultrasound assisted
extraction

Microwave assisted
extraction

Figure 10. Main extraction techniques of flavonoids [8,9].
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5.1. Traditional Extraction Techniques

Traditional extraction techniques are most often used over time because they do not
require special equipment and large amounts of product can be obtained.

Maceration is the most common extraction technique, with the disadvantages of a
longer extraction time and lower extraction selectivity and efficiency compared to other
methods [8,9]. Maceration is applied to the extraction of vegetable products containing
active ingredients that are slightly soluble in a temperature-proper solvent. As a working
method, plant products are treated with a specified volume of solvent (e.g., methanol,
ethanol, acetone, or water). They are kept in contact with the solvent for a fixed and
variable time, mainly between 12 h and a few days. After this step, the process is followed
by filtration. Other disadvantages of the maceration process include the use of large
amounts of solvent and the need to purify the extract.

Percolation is more efficient than maceration as an exhaustive extraction technique,
being a continuous process in which the solvent and the plant material flow in opposite
directions and the solvent is constantly replaced by fresh solvent [105].

The decoction extraction technique may not be used to extract thermolabile or volatile
components due to the high processing temperatures and has the disadvantage of many
water-soluble impurities present in the extract [105]. The decoction process is used on plant
products with stronger plant walls, such as rhizomes, roots, and bark.

5.2. Reflux and Soxhlet Extraction Techniques

The Soxhlet extraction technique represents a combination of percolation and macer-
ation methods, where the plant product is positioned in a porous cotton thimble-holder,
being gradually filled with condensed fresh solvent from a distillation flask during the
whole process. Once the level of fresh solvent reaches above the siphon bend, the solvent
flows into the flask through the siphon tube and is repeatedly unloaded back into the distil-
lation flask, carrying the extracted analytes in the bulk liquid until extraction is considered
complete [106]. The Soxhlet technique involves smaller amounts of solvent and a shorter
extraction time compared to traditional extraction techniques, being used only for extracts
that contain thermostable flavonoids.

Reflux extraction is a technique more commonly used compared to percolation and
decoction and represents an extraction process at a constant temperature with repeatable
evaporation and condensation of the solvent [107].

Some reports on such extraction techniques will be reviewed in more detail. Babich et al.
used Soxhlet extraction with methanol to obtain biologically active substances (luteolin-7-
glucoside, acacetin, apigenin-7-O-glucoside, and hesperetin) from G. glabra. The methanol
extracts of G. glabra obtained by the Soxhlet method exhibited the highest antibacte-
rial activity against E. coli, P. aeruginosa, and B. subtilis [108]. In a study carried out by
Nuzul et al., high amounts of total phenolics (107.65 & 0.01 mg GAE/g) and flavonoids
(43.89 = 0.05 mg QE/g) were obtained from Bambusa beecheyana using the Soxhlet method
and methanol as the solvent. Moreover, the extract exhibited strong antioxidant activity
compared to ascorbic acid, with an ICsy value of 40.43 ug/mL [109]. Yuan Ma et al. [110]
used reflux extraction to obtain polyphenols from the shell of Pleioblastus amarus (Keng)
and showed that the best extraction parameters were an ethanol concentration of 75%, a
20:1 liquid to solid ratio, and an extraction time of 2.1 h. Sati et al. showed that reflux extrac-
tion was the most efficient technique for the recovery of flavonoid (quercetin, kaempferol,
and isorhamnetin) glycosides from Ginkgo biloba, as well as for obtaining the highest
antimicrobial and antioxidant activities [86].

5.3. Modern Extraction Techniques

The extraction methods described above have several disadvantages, such as the use of
large amounts of solvent, long processing times, occasional loss of solvents by evaporation,
low selectivity, and the necessity of purifying the extract. To overcome these bottlenecks,
advanced extraction techniques have been developed with many advantages, including
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prevention of pollution, avoidance of the concentration phases of the extract, reduction of
solvent consumption, and the possibility of automation [8,9].

5.3.1. Microwave-Assisted Extraction

Microwave-assisted extraction is a selective technique that uses microwave energy to
heat solvents in contact with a sample to partition analytes from the sample matrix into the
solvent [8,9,111]. It has advantages such as shorter time and a higher extraction rate, fewer
solvent requirements, and lower costs (Figure 11).

= |
Flavonoid

extract
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\ €

Figure 11. Schematic model of the microwave-assisted extraction apparatus.

In a study conducted by Niu et al., microwave-assisted extraction was used to extract
flavonoids from the leaves of Alpinia oxyphylla Miq. The optimal extraction conditions
were determined as follows: 50% ethanol concentration, 1:20 solid-liquid ratio, 70 °C
temperature, cycle index of 3. Under the optimized conditions, the extraction yield of
total flavonoids was 28.24% [112]. Zhao et al. showed the potential of microwave-assisted
extraction to extract epicatechin gallate (GAE) from the fruit of Melastoma sanguineum. The
optimal extraction conditions were 31.33% ethanol and 45 min extraction time at 52.24 °C
and 500 W, resulting in the highest value of total phenolic content of 39.02 £ 0.73 mg
GAE/g dry weight. Furthermore, microwave-assisted extraction significantly reduced the
amount of organic solvent and the extraction time compared to Soxhlet extraction [113].
Choommongkol et al. used microwave-assisted extraction to recover 2’,4’-dihydroxy-
6’-methoxy-3',5’-dimethyl-chalcone, a flavonoid with anticancer activity, from Syzygium
nervosum fruit. Compared to other solvents, ethanol produced the highest flavonoid yield
at 1298 £ 5 pg/g dry weight [114].

5.3.2. Ultrasound-Assisted Extraction

The ultrasound-assisted extraction technique, or sonication, consists of the use of
ultrasound energy in the form of waves and solvents to extract target bioactive compounds
from various plant matrices [8,9,115]. Ultrasound waves generate small vacuum bubbles
in the liquid, resulting in high temperatures and pressures [115]. Ultrasonic power is an
important parameter that affects the extraction yield of flavonoids. Although increasing
the ultrasonic power is obviously beneficial for the extraction yield, it should also be noted
that excessive ultrasonic energy can produce damaging effects on flavonoids (Figure 12).
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Several recent studies reported excellent results using this technique. Pham et al.
developed an efficient ultrasound-assisted procedure for the extraction of flavonoids from
C. hindsii leaves. A maximum total flavonoids content of 23.6 mg QE/g was obtained using
130 W ultrasonic power, 40 °C extraction temperature, 29 min extraction time, and 65%
ethanol concentration [116]. Mai et al. also optimized the ultrasound-assisted extraction
conditions but using the response surface methodology method to extract antioxidants
from ‘Jinfeng’ kiwifruit. Optimal conditions were established as 68% ethanol concentration,
20 mL/g liquid/solid ratio, 30 min extraction time, 42 °C extraction temperature, and 420 W
ultrasonic power. Under these optimal conditions, the ABTS value of the kiwifruit extract
was 18.5% higher compared to that obtained by conventional solvent extraction [117]. Gu-
effai et al. demonstrated that basically the same parameters, extraction time, temperature,
and solvent concentration had a significant impact on the phenolic compounds content
in black cumin defatted extracts. The total phenolic content of the product obtained by
ultrasound-assisted extraction under optimal conditions was significantly higher than that
extracted by the conventional technique [118].

5.3.3. Supercritical Fluid Extraction

Supercritical fluid extraction (SFE) uses fluids in conditions above their thermody-
namic critical point of temperature and pressure. The density of supercritical fluids is
similar to that of liquids; their viscosity is low, resulting in high diffusivity, and these prop-
erties enable supercritical fluids to penetrate more easily into solid compounds [8,9,119].
Although it requires specific and more expensive equipment, SFE is also considered a viable
method, particularly when the extraction process needs higher selectivity (Figure 13).

Constant-Temperature Water Bath

Filter 'I I'
; ; Vent

CO, pump Wet Gas

Meter
Extraction

) vessel Cold trap

CO, cylinder
Figure 13. Schematic model of the supercritical fluid extraction apparatus.

Buelvas-Puello et al. found that SFE can be a suitable extraction method to obtain
flavonoids from mango kernel, which showed consistent antioxidant activity. These extracts
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modified the oxidative stability of edible sunflower oil without adding other antioxidants.
The total flavonoid content was equal to or greater than that obtained by Soxhlet extrac-
tion [120]. Végh et al. developed SFE to coextract sesquiterpene lactones and lipophilic
flavonoids from the leaves of Tanacetum parthenium L. Twelve flavonoid components (in-
cluding apigenin and luteolin) were detected in the extract, and eight additional methylated
flavonoids were identified [121].

5.3.4. Matrix Solid-Phase Dispersion Extraction

The matrix solid-phase dispersion extraction technique consists of three main steps.
An additional solid-phase extraction clean-up step can be carried out by adding a cosorbent
to the bottom of the extraction column or using different external columns [8,122,123]. The
extract was evenly dispersed throughout the extraction column. The critical parameters
were (i) the ratio of sample to solid material, (ii) the choice and composition of the eluent,
and (iii) the type of dispersant material [122]. Mansur et al. developed a method based on
matrix solid-phase dispersion extraction, compared to ultrasound-assisted extraction and
homogenate-assisted extraction, to obtain flavonoids from common buckwheat sprouts and
Tartary buckwheat sprouts. They showed that the main flavonoids of common buckwheat
sprouts were extracted with significantly higher yields using the developed method than
by the other mentioned techniques [124].

5.3.5. Pulsed Electric Field Extraction

The pulsed electric field extraction technique is a modern technique in which a very
short voltage pulse with high electric field strength is applied to a biomaterial located
between two electrodes, causing permeabilization and destruction of cell membranes by
electroporation [8,9,125]. This method is recommended primarily in combination with
other extraction techniques (Figure 14).

Power suply

\ Pulser
Computer < - P
Cooling coil
) — (W
CO, pump =
PEF chamber
N "
Raw product Treated flavonoids

Figure 14. Schematic model of the pulsed electric field extraction apparatus.

Kim et al. determined the optimal extraction conditions of the flavonoid quercetin
from dried onion skin using the pulsed electric field technique as a pretreatment for the
subcritical water extraction method [126]. Manzoor et al. reported that a combination of
pulsed electric field and ultrasound extraction techniques can be an alternative in food
processing industries. The results showed an improvement in the total phenolic content,
the total flavonoid content, and the antioxidant activity of almond extract [127].

5.3.6. Enzyme-Assisted Extraction

Enzyme-assisted extraction is a pretreatment technique that uses specific enzymes
to disrupt the cell wall of the source material to improve extraction yield [8,128]. It can
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be combined with various other techniques to enhance the overall recovery of bioactive
compounds from different biomaterials. Granato et al. used a mixture of pectinases,
cellulases, beta-1-3-glucanases, and pectin lyases to recover anthocyanins and polyphenols
from blackcurrant press cake. The optimal extraction conditions were a solid:solvent ratio
of 1:10 and 1:4 w/v, pH 5.5, while the temperature was chosen according to the type of
enzyme—50 °C for cellulases and 40 °C for pectinases [129]. Amulya et al. optimized the
extraction conditions by using the response surface methodology and central composite
design for the recovery of anthocyanin pigments by enzyme-assisted extraction from
eggplant peel. The best enzyme-assisted extraction parameters were a temperature of
37.32 °C, 5% enzyme concentration, and 1 h extraction time. This extraction technique was
recognized as an effective way to extract bioactive compounds from eggplant peel [130].

Table 2 summarizes some of the most recent reports for the extraction of important
flavonoids from plants using modern extraction techniques.

Table 2. Summary of recent reports on modern extraction techniques of flavonoids.

Extraction Technique Target Flavonoids References
Microwave-assisted extraction (MAE) Flavonol, catechins [113,131]
Flavonols (isoquercitrin, quercetin) [132-134]
Ultrasound-assisted extraction (UAE) Anthocyanins [135]
Flavones (methoxyflavones) [136]
Flavanone (pinocembrin) [137]
Superecritical fluid extraction (SFE) Flavonol (galangin) [138]
Flavones [121,139]
Pulsed electric field extraction (PEFE) Flavanones [140]
Enzyme-assisted extraction (EAE) Anlgﬁ(i,cgr?gns [][2194;3(1);34451]
UAE + deep eutectic solvents Flavanones, flavonols [145,146]
UAE + butylene Glycol Flavonols (catechins) [147]
MAE + deep eutectic solvents fllavones (trifolin, i.soquerceti.n, kaempfe.rol), [148]
avonols (astragalin, quercetin, hyperoside)
UAE + EAE Anthocyanins [149]
MAE + ionic liquids Flavones [150]

6. Outlook and Perspectives

Flavonoids are important secondary metabolites produced by plants and microorgan-
isms with several biological activities. Awareness of the biological properties of flavonoids
has triggered increasing interest in flavonoids” uses in medical, pharmaceutical, cosmetic,
food, and/or nutraceutical industrial processes. Current trends in research and develop-
ment activities on flavonoids relate to the identification, extraction, new functions, and
applications of flavonoids for health benefits. Molecular docking, combined extraction
methods, and inclusion of flavonoids in various delivery systems are also used to obtain
larger amounts of flavonoids, higher solubility, and stability, allowing the development of
new industrial manufacturing technologies.

One of the main limitations blocking the broader use of flavonoids is their low bioavail-
ability and solubility, poor absorption, and rapid metabolism. One of the future solutions to
address these flavonoid limitations is the widespread use and development of nanotechnology.

Nanotechnology offers opportunities in all areas of scientific research, such as medical
chemistry, medicine, and pharmaceutical science. The properties of nanoparticles, such
as their small size and high surface, make them the best approach in the medical and
pharmaceutical fields. They are able to improve the effectiveness of products extracted
from plants, increase the yield of secondary plant metabolites relative to biomass, reduce
adverse effects, and increase bioavailability.

Nano-vesicle systems (e.g., liposome and ethosome), micro- and nanoparticles, solid
lipid nanoparticles, nanostructured lipid carriers, nanomicelles, and cyclodextrins, and
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Figure 15. Inclusion possibilities of flavonoids in various delivery nanosystems.

For example, a recent review by Manocha et al. focused on nanonutraceuticals with
enhanced bioavailability, solubility, stability, improved encapsulation, and sustained and
targeted delivery with enhanced therapeutic activity. Nanotechnology has the potential
to increase the stability and control of encapsulated flavonoids and non-supplements
against natural changes, and nanoparticles offer promising potential as nutraceutical
transporters [154].

Another study discusses the unique properties of nanomicelles for efficient delivery
and improved bioavailability of various nutrients, such as flavonoids. Nanomicelles have
several advantages due to their size and structural composition, increase the stability of
drugs, protect them against elimination by the mononuclear phagocyte system, and lead to
prolonged blood circulation [155].

A study by Sysak et al. revealed multiple synthesis possibilities for flavonoid—-metal
nanoparticle conjugates (e.g., silver nanoparticles and gold nanoparticles) and hybrids
(metal oxide nanoparticles), also reviewing their characterization, biological properties,
and medical applications [156].

The applications of nanotechnology for the targeted delivery of flavonoids to improve
their bioavailability are beyond doubt. However, until now, such flavonoid delivery
systems have been largely replicated in vitro and to a lesser extent in human models. In the
near future, clinical trials could greatly contribute to improving the effectiveness and safety
of using flavonoids as new treatment methods for human diseases, as well as to further the
development of the medical and pharmaceutical fields.

The development of the production of flavonoids and their use for medical purposes
will certainly be connected with overcoming the actual drawbacks and ensuring an optimal
path from improved biosynthesis in plants (or engineered microorganisms) to extraction,
clinical trial, and therapeutic use. At present, each of these aspects shows promising
perspectives, but a consistent research effort is still needed to change the actual status of
flavonoids from mostly dietary supplements to authorized drugs.
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Abbreviations

The following abbreviations are used in this manuscript:

ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

ADT Arogenate-dehydratase

C4CoAL  4-coumarate-coenzymeA-ligase
C4L Cinnamate-4-hydroxylase

CoA Coenzyme A

GAE Gallic acid equivalent

1G5 Half maximal inhibitory concentration
IEN Interferon

LDL Low-density lipoprotein

PhAAL  Phenylalanine-ammonia lipase

PhAT Prephenate-amino-transferase

QE Quercetin equivalents

TE Trolox equivalent antioxidant capacity

References

1. Dias, M.C,; Pinto, D.C.G.A; Silva, A.M.S. Plant Flavonoids: Chemical Characteristics and Biological Activity. Molecules 2021,
26, 5377. [CrossRef] [PubMed]

2. Nabavi, SM.; Samec, D.; Tomczyk, M.; Milella, L.; Russo, D.; Habtemariam, S.; Suntar, I; Rastrelli, L.; Daglia, M.; Xiao, J.; et al. Flavonoid
biosynthetic pathways in plants: Versatile targets for metabolic engineering. Biotechnol. Adv. 2020, 38, 107316. [CrossRef] [PubMed]

3.  Rehan, M. Biosynthesis of Diverse Class Flavonoids via Shikimate and Phenylpropanoid Pathway. In Bioactive Compounds;
Zepka, L.Q., Nascimento, T.C.D., Jacob-Lopes, E., Eds.; IntechOpen: Rijeka, Croatia, 2021; p. Ch. 6.

4. Tariq, H,; Asif, S.; Andleeb, A.; Hano, C.; Abbasi, B.H. Flavonoid Production: Current Trends in Plant Metabolic Engineering and
De Novo Microbial Production. Metabolites 2023, 13, 124. [CrossRef]

5. Pietta, P; Minoggio, M.; Bramati, L. Plant Polyphenols: Structure, Occurrence and Bioactivity. In Studies in Natural Products
Chemistry; Rahman, A.-u., Ed.; Elsevier: Amsterdam, The Netherlands, 2003; Volume 28, pp. 257-312.

6.  Brahmachari, G. Naturally Occurring Flavanones: An Overview. Nat. Prod. Commun. 2008, 3, 1934578X0800300820. [CrossRef]

7. Okoye, C.O,; Jiang, H.; Wu, Y,; Li, X,; Gao, L.; Wang, Y.; Jiang, J. Bacterial biosynthesis of flavonoids: Overview, current
biotechnology applications, challenges, and prospects. J. Cell. Physiol. 2023. early view. [CrossRef]

8.  Tzanova, M.; Atanasov, V.; Yaneva, Z.; Ivanova, D.; Dinev, T. Selectivity of Current Extraction Techniques for Flavonoids from
Plant Materials. Processes 2020, 8, 1222. [CrossRef]

9.  Chavez-Gonzalez, M.L.; Sepulveda, L.; Verma, D.K,; Luna-Garcia, H.A.; Rodriguez-Durén, L.V,; llina, A.; Aguilar, C.N. Conven-
tional and Emerging Extraction Processes of Flavonoids. Processes 2020, 8, 434. [CrossRef]

10. Mukherjee, PK. Chapter 7—Bioactive Phytocomponents and Their Analysis. In Quality Control and Evaluation of Herbal Drugs;
Mukherjee, PK., Ed.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 237-328.

11. Zeng, W,; Jin, L.; Zhang, F; Zhang, C.; Liang, W. Naringenin as a potential immunomodulator in therapeutics. Pharmacol. Res.
2018, 135, 122-126. [CrossRef]

12. Wei, W; Rao, F; Liu, F; Xue, Y.; Deng, C.; Wang, Z.; Zhu, J.; Yang, H.; Li, X.; Zhang, M.; et al. Involvement of Smad3 pathway in
atrial fibrosis induced by elevated hydrostatic pressure. J. Cell. Physiol. 2018, 233, 4981-4989. [CrossRef]

13. Chtourou, Y.; Fetoui, H.; Jemai, R.; Ben Slima, A.; Makni, M.; Gdoura, R. Naringenin reduces cholesterol-induced hepatic
inflammation in rats by modulating matrix metalloproteinases-2, 9 via inhibition of nuclear factor kB pathway. Eur. |. Pharmacol.
2015, 746, 96-105. [CrossRef]

14. Motallebi, M.; Bhia, M.; Rajani, H.F.; Bhia, I.; Tabarraei, H.; Mohammadkhani, N.; Pereira-Silva, M.; Kasaii, M.S.; Nouri-Majd, S.;

Mueller, A.-L.; et al. Naringenin: A potential flavonoid phytochemical for cancer therapy. Life Sci. 2022, 305, 120752. [CrossRef]
[PubMed]


https://doi.org/10.3390/molecules26175377
https://www.ncbi.nlm.nih.gov/pubmed/34500810
https://doi.org/10.1016/j.biotechadv.2018.11.005
https://www.ncbi.nlm.nih.gov/pubmed/30458225
https://doi.org/10.3390/metabo13010124
https://doi.org/10.1177/1934578X0800300820
https://doi.org/10.1002/jcp.31006
https://doi.org/10.3390/pr8101222
https://doi.org/10.3390/pr8040434
https://doi.org/10.1016/j.phrs.2018.08.002
https://doi.org/10.1002/jcp.26337
https://doi.org/10.1016/j.ejphar.2014.10.027
https://doi.org/10.1016/j.lfs.2022.120752
https://www.ncbi.nlm.nih.gov/pubmed/35779626

Plants 2023, 12, 2732 20 of 25

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

Stabrauskiene, J.; Kopustinskiene, D.M.; Lazauskas, R.; Bernatoniene, J. Naringin and Naringenin: Their Mechanisms of Action
and the Potential Anticancer Activities. Biomedicines 2022, 10, 1686. [CrossRef] [PubMed]

Harmon, A.W,; Patel, YM. Naringenin inhibits glucose uptake in MCF-7 breast cancer cells: A mechanism for impaired cellular
proliferation. Breast Cancer Res. Treat. 2004, 85, 103-110. [CrossRef] [PubMed]

Gumushan Aktas, H.; Akgun, T. Naringenin inhibits prostate cancer metastasis by blocking voltage-gated sodium channels.
Biomed. Pharmacother. 2018, 106, 770-775. [CrossRef]

Shi, X.; Luo, X.; Chen, T.; Guo, W.; Liang, C.; Tang, S.; Mo, J. Naringenin inhibits migration, invasion, induces apoptosis in human
lung cancer cells and arrests tumour progression in vitro. J. Cell. Mol. Med. 2021, 25, 2563-2571. [CrossRef]

Song, HM.; Park, G.H.; Eo, H].; Lee, ]JW,; Kim, M.K,; Lee, ].R.; Lee, M.H.; Koo, ].S.; Jeong, ].B. Anti-Proliferative Effect of
Naringenin through p38-Dependent Downregulation of Cyclin D1 in Human Colorectal Cancer Cells. Biomol. Ther. 2015, 23,
339-344. [CrossRef]

Tutunchi, H.; Naeini, F.; Ostadrahimi, A.; Hosseinzadeh-Attar, M.]. Naringenin, a flavanone with antiviral and anti-inflammatory
effects: A promising treatment strategy against COVID-19. Phytother. Res. 2020, 34, 3137-3147. [CrossRef]

Pyrzynska, K. Hesperidin: A Review on Extraction Methods, Stability and Biological Activities. Nutrients 2022, 14, 2387.
[CrossRef]

Syahputra, R.A.; Harahap, U.; Dalimunthe, A.; Nasution, M.P,; Satria, D. The Role of Flavonoids as a Cardioprotective Strategy
against Doxorubicin-Induced Cardiotoxicity: A Review. Molecules 2022, 27, 1320. [CrossRef]

Aruoma, O.I; Landes, B.; Ramful-Baboolall, D.; Bourdon, E.; Neergheen-Bhujun, V.; Wagner, K.-H.; Bahorun, T. Functional
benefits of citrus fruits in the management of diabetes. Prev. Med. 2012, 54, S12-516. [CrossRef]

Shamsudin, N.F,; Ahmed, Q.U.; Mahmood, S.; Ali Shah, S.A.; Khatib, A.; Mukhtar, S.; Alsharif, M.A.; Parveen, H.; Zakaria, Z.A.
Antibacterial Effects of Flavonoids and Their Structure-Activity Relationship Study: A Comparative Interpretation. Molecules
2022, 27,1149. [CrossRef]

Man, M.-Q.; Yang, B.; Elias, PM. Benefits of Hesperidin for Cutaneous Functions. Evid. Based Complement. Altern. Med. 2019,
2019, 2676307. [CrossRef] [PubMed]

Deng, Z.; Hassan, S.; Rafiq, M.; Li, H.; He, Y.; Cai, Y.; Kang, X.; Liu, Z.; Yan, T. Pharmacological Activity of Eriodictyol: The Major
Natural Polyphenolic Flavanone. Evid. Based Complement. Altern. Med. 2020, 2020, 6681352. [CrossRef] [PubMed]

Yao, L.; Liu, W.; Bashir, M.; Nisar, M.E,; Wan, C.C. Eriocitrin: A review of pharmacological effects. Biomed Pharm. 2022, 154, 113563.
[CrossRef]

Li, W,; Du, Q.; Li, X;; Zheng, X.; Lv, E; Xi, X.; Huang, G.; Yang, J.; Liu, S. Eriodictyol Inhibits Proliferation, Metastasis and Induces
Apoptosis of Glioma Cells via PI3K/Akt/NF-«kB Signaling Pathway. Front. Pharmacol. 2020, 11, 114. [CrossRef] [PubMed]
Jiang, N.; Doseff, A.I; Grotewold, E. Flavones: From Biosynthesis to Health Benefits. Plants 2016, 5, 27. [CrossRef] [PubMed]
Hostetler, G.L.; Ralston, R.A.; Schwartz, S.J. Flavones: Food Sources, Bioavailability, Metabolism, and Bioactivity. Adv. Nutr. 2017,
8,423-435. [CrossRef]

Catarino, M.; Alves-Silva, J.; Pereira, O.; Cardoso, S. Antioxidant Capacities of Flavones and Benefits in Oxidative-Stress Related
Diseases. Curr. Top. Med. Chem. 2014, 15, 105-119. [CrossRef]

Liu, R.; Zhang, T,; Yang, H.; Lan, X,; Ying, J.; Du, G. The Flavonoid Apigenin Protects Brain Neurovascular Coupling against
Amyloid-p 25-35-Induced Toxicity in Mice. . Alzheimer’s Dis. 2011, 24, 85-100. [CrossRef]

Pan, L.; Cho, K.-S.;Yi, I; To, C.-H.; Chen, D.F; Do, C.-W. Baicalein, Baicalin, and Wogonin: Protective Effects against Ischemia-
Induced Neurodegeneration in the Brain and Retina. Oxidative Med. Cell. Longev. 2021, 2021, 8377362. [CrossRef]

Ktizova, L.; Dadakova, K.; Kasparovska, J.; Kasparovsky, T. Isoflavones. Molecules 2019, 24, 1076. [CrossRef] [PubMed]

Sohn, S.I; Pandian, S.; Oh, Y.J.; Kang, H.J.; Cho, W.S.; Cho, Y.S. Metabolic Engineering of Isoflavones: An Updated Overview.
Front. Plant Sci. 2021, 12, 670103. [CrossRef] [PubMed]

Alshehri, M.M.; Sharifi-Rad, ].; Herrera-Bravo, J.; Jara, E.L; Salazar, L.A.; Kregiel, D.; Uprety, Y,; Akram, M., Igbal, M,;
Martorell, M.; et al. Therapeutic Potential of Isoflavones with an Emphasis on Daidzein. Oxidative Med. Cell. Longev. 2021,
2021, 6331630. [CrossRef]

Barnes, S. The Biochemistry, Chemistry and Physiology of the Isoflavones in Soybeans and their Food Products. Lymphat. Res.
Biol. 2010, 8, 89-98. [CrossRef] [PubMed]

Dakora, F.D.; Phillips, D.A. Diverse functions of isoflavonoids in legumes transcend anti-microbial definitions of phytoalexins.
Physiol. Mol. Plant Pathol. 1996, 49, 1-20. [CrossRef]

Kurzer, M.S.; Xu, X. Dietary phytoestrogens. Annu. Rev. Nutr. 1997, 17, 353-381. [CrossRef] [PubMed]

Mahalanobish, S.; Saha, S.; Dutta, S.; Ghosh, S.; Sil, P.C. Chapter 3—Anti-inflammatory efficacy of some potentially bioactive
natural products against rheumatoid arthritis. In Discovery and Development of Anti-Inflammatory Agents from Natural Products,
Brahmachari, G., Ed.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 61-100.

Deepika; Maurya, P.K. Health Benefits of Quercetin in Age-Related Diseases. Molecules 2022, 27, 2498. [CrossRef]

Xu, D.;; Hu, M.-].; Wang, Y.-Q.; Cui, Y.-L. Antioxidant Activities of Quercetin and Its Complexes for Medicinal Application.
Molecules 2019, 24, 1123. [CrossRef]

Chen, S,; Jiang, H.; Wu, X; Fang, J. Therapeutic Effects of Quercetin on Inflammation, Obesity, and Type 2 Diabetes. Mediat.
Inflamm. 2016, 2016, 9340637. [CrossRef]


https://doi.org/10.3390/biomedicines10071686
https://www.ncbi.nlm.nih.gov/pubmed/35884991
https://doi.org/10.1023/B:BREA.0000025397.56192.e2
https://www.ncbi.nlm.nih.gov/pubmed/15111768
https://doi.org/10.1016/j.biopha.2018.07.008
https://doi.org/10.1111/jcmm.16226
https://doi.org/10.4062/biomolther.2015.024
https://doi.org/10.1002/ptr.6781
https://doi.org/10.3390/nu14122387
https://doi.org/10.3390/molecules27041320
https://doi.org/10.1016/j.ypmed.2012.02.012
https://doi.org/10.3390/molecules27041149
https://doi.org/10.1155/2019/2676307
https://www.ncbi.nlm.nih.gov/pubmed/31061668
https://doi.org/10.1155/2020/6681352
https://www.ncbi.nlm.nih.gov/pubmed/33414838
https://doi.org/10.1016/j.biopha.2022.113563
https://doi.org/10.3389/fphar.2020.00114
https://www.ncbi.nlm.nih.gov/pubmed/32158391
https://doi.org/10.3390/plants5020027
https://www.ncbi.nlm.nih.gov/pubmed/27338492
https://doi.org/10.3945/an.116.012948
https://doi.org/10.2174/1568026615666141209144506
https://doi.org/10.3233/JAD-2010-101593
https://doi.org/10.1155/2021/8377362
https://doi.org/10.3390/molecules24061076
https://www.ncbi.nlm.nih.gov/pubmed/30893792
https://doi.org/10.3389/fpls.2021.670103
https://www.ncbi.nlm.nih.gov/pubmed/34163508
https://doi.org/10.1155/2021/6331630
https://doi.org/10.1089/lrb.2009.0030
https://www.ncbi.nlm.nih.gov/pubmed/20235891
https://doi.org/10.1006/pmpp.1996.0035
https://doi.org/10.1146/annurev.nutr.17.1.353
https://www.ncbi.nlm.nih.gov/pubmed/9240932
https://doi.org/10.3390/molecules27082498
https://doi.org/10.3390/molecules24061123
https://doi.org/10.1155/2016/9340637

Plants 2023, 12, 2732 21 of 25

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Wang, Z.-X.; Ma, ].; Li, X.-Y.; Wu, Y,; Shi, H.; Chen, Y,; Lu, G.; Shen, H.-M.; Lu, G.-D.; Zhou, J. Quercetin induces p53-independent
cancer cell death through lysosome activation by the transcription factor EB and Reactive Oxygen Species-dependent ferroptosis.
Br. J. Pharmacol. 2021, 178, 1133-1148. [CrossRef]

Nguyen, T.L.; Bhattacharya, D. Antimicrobial Activity of Quercetin: An Approach to Its Mechanistic Principle. Molecules 2022, 27, 2494.
[CrossRef]

Sui, C.; Wu, Y.; Zhang, R.; Zhang, T.; Zhang, Y.; Xi, J.; Ding, Y.; Wen, J.; Hu, Y. Rutin Inhibits the Progression of Osteoarthritis
Through CBS-Mediated RhoA /ROCK Signaling. DNA Cell Biol. 2022, 41, 617-630. [CrossRef] [PubMed]

Li, B.; Ji, Y;; Yi, C.; Wang, X,; Liu, C.; Wang, C.; Lu, X.; Xu, X.; Wang, X. Rutin Inhibits Ox-LDL-Mediated Macrophage Inflammation
and Foam Cell Formation by Inducing Autophagy and Modulating PI3K/ATK Signaling. Molecules 2022, 27, 4201. [CrossRef]
[PubMed]

Li, Y;; Qin, R;; Yan, H.; Wang, F; Huang, S.; Zhang, Y.; Zhong, M.; Zhang, W.; Wang, Z. Inhibition of vascular smooth muscle cells
premature senescence with rutin attenuates and stabilizes diabetic atherosclerosis. . Nutr. Biochem. 2018, 51, 91-98. [CrossRef]
Negahdari, R.; Bohlouli, S.; Sharifi, S.; Maleki Dizaj, S.; Rahbar Saadat, Y.; Khezri, K,; Jafari, S.; Ahmadian, E.; Gorbani Jahandizi, N.;
Raeesi, S. Therapeutic benefits of rutin and its nanoformulations. Phytother. Res. 2021, 35, 1719-1738. [CrossRef]

Luo, Y;; Jian, Y,; Liu, Y;; Jiang, S.; Muhammad, D.; Wang, W. Flavanols from Nature: A Phytochemistry and Biological Activity
Review. Molecules 2022, 27, 719. [CrossRef]

Al-Dashti, Y.A.; Holt, R.R.; Stebbins, C.L.; Keen, C.L.; Hackman, R.M. Dietary Flavanols: A Review of Select Effects on Vascular
Function, Blood Pressure, and Exercise Performance. J. Am. Coll. Nutr. 2018, 37, 553-567. [CrossRef]

Martin, M.A.; Ramos, S. Impact of Dietary Flavanols on Microbiota, Immunity and Inflammation in Metabolic Diseases. Nutrients
2021, 13, 850. [CrossRef] [PubMed]

Martin, M.A.; Ramos, S. Impact of cocoa flavanols on human health. Food Chem. Toxicol. 2021, 151, 112121. [CrossRef]

Mattioli, R.; Francioso, A.; Mosca, L.; Silva, P. Anthocyanins: A Comprehensive Review of Their Chemical Properties and Health
Effects on Cardiovascular and Neurodegenerative Diseases. Molecules 2020, 25, 3809. [CrossRef]

Smeriglio, A.; Barreca, D.; Bellocco, E.; Trombetta, D. Chemistry, Pharmacology and Health Benefits of Anthocyanins. Phytother.
Res. 2016, 30, 1265-1286. [CrossRef]

Yang, S.; Wang, C.; Li, X.; Wu, C.; Liu, C.; Xue, Z.; Kou, X. Investigation on the biological activity of anthocyanins and polyphenols
in blueberry. J. Food Sci. 2021, 86, 614—627. [CrossRef] [PubMed]

Samarpita, S.; Rasool, M. Cyanidin attenuates IL-17A cytokine signaling mediated monocyte migration and differentiation into
mature osteoclasts in rheumatoid arthritis. Cytokine 2021, 142, 155502. [CrossRef] [PubMed]

Wang, B.; Cui, S.; Mao, B.; Zhang, Q.; Tian, F.; Zhao, ].; Tang, X.; Chen, W. Cyanidin Alleviated CCl4-Induced Acute Liver Injury
by Regulating the Nrf2 and NF-«B Signaling Pathways. Antioxidants 2022, 11, 2383. [CrossRef]

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-kB and MAPK signaling pathways. Oncol. Lett. 2021, 22, 832.
[CrossRef]

Kang, S.H.; Bak, D.-H.; Chung, B.Y.; Bai, H.-W.; Kang, B.S. Delphinidin enhances radio-therapeutic effects via autophagy induction
and JNK/MAPK pathway activation in non-small cell lung cancer. Korean J. Physiol. Pharm. 2020, 24, 413—422. [CrossRef]
Cremonini, E.; Daveri, E.; Iglesias, D.E.; Kang, J.; Wang, Z.; Gray, R.; Mastaloudis, A.; Kay, C.D.; Hester, S.N.; Wood, S.M.; et al. A
randomized placebo-controlled cross-over study on the effects of anthocyanins on inflammatory and metabolic responses to a
high-fat meal in healthy subjects. Redox Biol. 2022, 51, 102273. [CrossRef]

Testai, L.; Piragine, E.; Piano, L; Flori, L.; Da Pozzo, E.; Miragliotta, V.; Pirone, A.; Citi, V.; Di Cesare Mannelli, L.; Brogi, S.; et al. The
Citrus Flavonoid Naringenin Protects the Myocardium from Ageing-Dependent Dysfunction: Potential Role of SIRT1. Oxidative Med.
Cell. Longev. 2020, 2020, 4650207. [CrossRef] [PubMed]

Zhang, J.; Liu, Z.; Luo, Y.; Li, X,; Huang, G.; Chen, H.; Li, A.; Qin, S. The Role of Flavonoids in the Osteogenic Differentiation of
Mesenchymal Stem Cells. Front. Pharmacol. 2022, 13, 849513. [CrossRef]

Pandey, P; Khan, F. A mechanistic review of the anticancer potential of hesperidin, a natural flavonoid from citrus fruits. Nutr.
Res. 2021, 92, 21-31. [CrossRef]

Koushki, M.; Farrokhi Yekta, R.; Amiri-Dashatan, N. Critical review of therapeutic potential of silymarin in cancer: A bioactive
polyphenolic flavonoid. J. Funct. Foods 2023, 104, 105502. [CrossRef]

Khazeei Tabari, M.A; Iranpanah, A.; Bahramsoltani, R.; Rahimi, R. Flavonoids as Promising Antiviral Agents against SARS-CoV-2
Infection: A Mechanistic Review. Molecules 2021, 26, 3900. [CrossRef]

Imran, M.; Rauf, A.; Abu-Izneid, T.; Nadeem, M.; Shariati, M.A.; Khan, I.A.; Imran, A.; Orhan, L.E.; Rizwan, M.; Atif, M.; et al.
Luteolin, a flavonoid, as an anticancer agent: A review. Biomed. Pharmacother. 2019, 112, 108612. [CrossRef]

Shang, J.; Jiao, ].; Yan, M.; Wang, J.; Li, Q.; Shabuerjiang, L.; Lu, Y,; Song, Q.; Bi, L.; Huang, G.; et al. Chrysin protects against
cerebral ischemia-reperfusion injury in hippocampus via restraining oxidative stress and transition elements. Biomed. Pharmacother.
2023, 161, 114534. [CrossRef] [PubMed]

Islam, M.M.; Nagaraja, S.; Hafsa, N.E.; Meravanige, G.; Asdaq, S.M.B.; Anwer, M.K. Polyphenol chrysin for management of skin
disorders: Current status and future opportunities. J. King Saud Univ. Sci. 2022, 34, 102026. [CrossRef]

Khalid, A.; Naseem, I. Antidiabetic and antiglycating potential of chrysin is enhanced after nano formulation: An in vitro
approach. J. Mol. Struct. 2022, 1261, 132906. [CrossRef]


https://doi.org/10.1111/bph.15350
https://doi.org/10.3390/molecules27082494
https://doi.org/10.1089/dna.2021.1182
https://www.ncbi.nlm.nih.gov/pubmed/35588172
https://doi.org/10.3390/molecules27134201
https://www.ncbi.nlm.nih.gov/pubmed/35807447
https://doi.org/10.1016/j.jnutbio.2017.09.012
https://doi.org/10.1002/ptr.6904
https://doi.org/10.3390/molecules27030719
https://doi.org/10.1080/07315724.2018.1451788
https://doi.org/10.3390/nu13030850
https://www.ncbi.nlm.nih.gov/pubmed/33807621
https://doi.org/10.1016/j.fct.2021.112121
https://doi.org/10.3390/molecules25173809
https://doi.org/10.1002/ptr.5642
https://doi.org/10.1111/1750-3841.15598
https://www.ncbi.nlm.nih.gov/pubmed/33462807
https://doi.org/10.1016/j.cyto.2021.155502
https://www.ncbi.nlm.nih.gov/pubmed/33810944
https://doi.org/10.3390/antiox11122383
https://doi.org/10.3892/ol.2021.13093
https://doi.org/10.4196/kjpp.2020.24.5.413
https://doi.org/10.1016/j.redox.2022.102273
https://doi.org/10.1155/2020/4650207
https://www.ncbi.nlm.nih.gov/pubmed/32047577
https://doi.org/10.3389/fphar.2022.849513
https://doi.org/10.1016/j.nutres.2021.05.011
https://doi.org/10.1016/j.jff.2023.105502
https://doi.org/10.3390/molecules26133900
https://doi.org/10.1016/j.biopha.2019.108612
https://doi.org/10.1016/j.biopha.2023.114534
https://www.ncbi.nlm.nih.gov/pubmed/36933376
https://doi.org/10.1016/j.jksus.2022.102026
https://doi.org/10.1016/j.molstruc.2022.132906

Plants 2023, 12, 2732 22 of 25

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Tew, W.Y,; Tan, C.S,; Yan, C.S.; Loh, HW.; Wen, X.; Wei, X.; Yam, M.F. Evaluation of vasodilatory effect and antihypertensive effect
of chrysin through in vitro and sub-chronic in vivo study. Biomed. Pharmacother. 2023, 157, 114020. [CrossRef]

Semwal, R.B.; Semwal, D.K.; Combrinck, S.; Trill, J.; Gibbons, S.; Viljoen, A. Acacetin—A simple flavone exhibiting diverse
pharmacological activities. Phytochem. Lett. 2019, 32, 56-65. [CrossRef]

Ding, H.; Ding, H.; Mu, P; Lu, X.; Xu, Z. Diosmetin inhibits subchondral bone loss and indirectly protects cartilage in a
surgically-induced osteoarthritis mouse model. Chem. Biol. Interact. 2023, 370, 110311. [CrossRef] [PubMed]

Peng, Q.; Li, Y,; Shang, J.; Huang, H.; Zhang, Y.; Ding, Y.; Liang, Y.; Xie, Z.; Chen, C. Effects of Genistein on Common Kidney
Diseases. Nutrients 2022, 14, 3768. [CrossRef] [PubMed]

Wu, Z,; Liu, L. The protective activity of genistein against bone and cartilage diseases. Front. Pharmacol. 2022, 13, 1016981.
[CrossRef]

Goh, Y.X; Jalil, J.; Lam, KW,; Husain, K.; Premakumar, C.M. Genistein: A Review on its Anti-Inflammatory Properties. Front.
Pharmacol. 2022, 13, 820969. [CrossRef]

Preethi Soundarya, S.; Sanjay, V.; Haritha Menon, A.; Dhivya, S.; Selvamurugan, N. Effects of flavonoids incorporated biological
macromolecules based scaffolds in bone tissue engineering. Int. J. Biol. Macromol. 2018, 110, 74-87. [CrossRef]

Xie, K.; Li, Y.; He, G.; Zhao, X.; Chen, D.; Yu, B.; Luo, Y.; Mao, X.; Huang, Z.; Yu, |.; et al. Daidzein supplementation improved
fecundity in sows via modulation of ovarian oxidative stress and inflammation. J. Nutr. Biochem. 2022, 110, 109145. [CrossRef]
[PubMed]

Singh, S.; Grewal, S.; Sharma, N.; Behl, T.; Gupta, S.; Anwer, M.K.; Vargas-De-La-Cruz, C.; Mohan, S.; Bungau, S.G.; Bumbu, A.
Unveiling the Pharmacological and Nanotechnological Facets of Daidzein: Present State-of-the-Art and Future Perspectives.
Molecules 2023, 28, 1765. [CrossRef] [PubMed]

Yang, S.-E.; Lien, J.-C.; Tsai, C.-W.; Wu, C.-R. Therapeutic Potential and Mechanisms of Novel Simple O-Substituted Isoflavones
against Cerebral Ischemia Reperfusion. Int. . Mol. Sci. 2022, 23, 10394. [CrossRef] [PubMed]

Xiang, T.; Jin, W. Mechanism of Glycitein in the Treatment of Colon Cancer Based on Network Pharmacology and Molecular
Docking. Lifestyle Genom. 2022, 16, 1-10. [CrossRef]

Geng, L.-M.; Jiang, ].-G. The neuroprotective effects of formononetin: Signaling pathways and molecular targets. J. Funct. Foods
2022, 88, 104911. [CrossRef]

Fu, H.; Li, M,; Huan, Y.; Wang, X.; Tao, M; Jiang, T.; Xie, H.; Wujisiguleng; Gegentana; He, Y. Formononetin Inhibits Microglial
Inflammatory Response and Contributes to Spinal Cord Injury Repair by Targeting the EGFR/MAPK Pathway. Immunol. Investig.
2023, 52, 399-414. [CrossRef] [PubMed]

Ma, X.; Wang, J. Formononetin: A Pathway to Protect Neurons. Front. Integr. Neurosci. 2022, 16, 908378. [CrossRef]

Balaga, VK.R.; Pradhan, A.; Thapa, R.; Patel, N.; Mishra, R.; Singla, N. Morin: A Comprehensive Review on Its Versatile Biological
Activity and Associated Therapeutic Potential in Treating Cancers. Pharmacol. Res. Mod. Chin. Med. 2023, 7, 100264. [CrossRef]
Sati, P.; Dhyani, P; Bhatt, I.D.; Pandey, A. Ginkgo biloba flavonoid glycosides in antimicrobial perspective with reference to
extraction method. J. Tradit. Complement. Med. 2019, 9, 15-23. [CrossRef] [PubMed]

Sayed, A.M.E.; Omar, FA.; Emam, M.M.A -A ; Farag, M.A. UPLC-MS/MS and GC-MS based metabolites profiling of Moringa
oleifera seed with its anti- Helicobacter pylori and anti-inflammatory activities. Nat. Prod. Res. 2022, 36, 6433-6438. [CrossRef]
[PubMed]

Gu, L.; Li, Z.; Zhang, X.; Chen, M.; Zhang, X. Identification of MAP Kinase Kinase 3 as a protein target of myricetin in non-small
cell lung cancer cells. Biomed. Pharmacother. 2023, 161, 114460. [CrossRef]

Pan, H.; He,J.; Yang, Z.; Yao, X.; Zhang, H.; Li, R.; Xiao, Y.; Zhao, C,; Jiang, H.; Liu, Y.; et al. Myricetin possesses the potency against
SARS-CoV-2 infection through blocking viral-entry facilitators and suppressing inflammation in rats and mice. Phytomedicine
2023, 116, 154858. [CrossRef]

Rostami, A.; Baluchnejadmojarad, T., Roghani, M. Hepatoprotective Effect of Myricetin following Lipopolysaccha-
ride/DGalactosamine: Involvement of Autophagy and Sirtuin 1. Curr. Mol. Pharmacol. 2023, 16, 419-433. [CrossRef]

Zeng, Z.; Li, H.; Luo, C.; Hu, W,; Weng, T.-j.; Shuang, F. Pelargonidin ameliorates inflammatory response and cartilage
degeneration in osteoarthritis via suppressing the NF-«B pathway. Arch. Biochem. Biophys. 2023, 743, 109668. [CrossRef]

Rajan, V.K; Ragi, C.; Muraleedharan, K. A computational exploration into the structure, antioxidant capacity, toxicity and
drug-like activity of the anthocyanidin “Petunidin”. Heliyon 2019, 5, e02115. [CrossRef]

Cai, X,; Yang, C.; Shao, L.; Zhu, H.; Wang, Y.; Huang, X.; Wang, S.; Hong, L. Targeting NOX 4 by petunidin improves
anoxia/reoxygenation-induced myocardium injury. Eur. J. Pharmacol. 2020, 888, 173414. [CrossRef]

Herrera-Balandrano, D.D.; Chai, Z.; Hutabarat, R.P; Beta, T.; Feng, ].; Ma, K.; Li, D.; Huang, W. Hypoglycemic and hypolipidemic
effects of blueberry anthocyanins by AMPK activation: In vitro and in vivo studies. Redox Biol. 2021, 46, 102100. [CrossRef]
Fan, H.; Cui, J.; Liu, E; Zhang, W.; Yang, H.; He, N.; Dong, Z.; Dong, ]. Malvidin protects against lipopolysaccharide-induced
acute liver injury in mice via regulating N1f2 and NLRP3 pathways and suppressing apoptosis and autophagy. Eur. ]. Pharmacol.
2022, 933, 175252. [CrossRef]

Silva, S.; Costa, E.M.; Machado, M.; Morais, R.; Calhau, C.; Pintado, M. Antiadhesive and Antibiofilm Effect of Malvidin-3-
Glucoside and Malvidin-3-Glucoside/Neochlorogenic Acid Mixtures upon Staphylococcus. Metabolites 2022, 12, 1062. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.biopha.2022.114020
https://doi.org/10.1016/j.phytol.2019.04.021
https://doi.org/10.1016/j.cbi.2022.110311
https://www.ncbi.nlm.nih.gov/pubmed/36563736
https://doi.org/10.3390/nu14183768
https://www.ncbi.nlm.nih.gov/pubmed/36145144
https://doi.org/10.3389/fphar.2022.1016981
https://doi.org/10.3389/fphar.2022.820969
https://doi.org/10.1016/j.ijbiomac.2017.09.014
https://doi.org/10.1016/j.jnutbio.2022.109145
https://www.ncbi.nlm.nih.gov/pubmed/36049671
https://doi.org/10.3390/molecules28041765
https://www.ncbi.nlm.nih.gov/pubmed/36838751
https://doi.org/10.3390/ijms231810394
https://www.ncbi.nlm.nih.gov/pubmed/36142301
https://doi.org/10.1159/000527124
https://doi.org/10.1016/j.jff.2021.104911
https://doi.org/10.1080/08820139.2023.2183135
https://www.ncbi.nlm.nih.gov/pubmed/36975047
https://doi.org/10.3389/fnint.2022.908378
https://doi.org/10.1016/j.prmcm.2023.100264
https://doi.org/10.1016/j.jtcme.2017.10.003
https://www.ncbi.nlm.nih.gov/pubmed/30671362
https://doi.org/10.1080/14786419.2022.2037088
https://www.ncbi.nlm.nih.gov/pubmed/35133224
https://doi.org/10.1016/j.biopha.2023.114460
https://doi.org/10.1016/j.phymed.2023.154858
https://doi.org/10.2174/1874467215666220614101721
https://doi.org/10.1016/j.abb.2023.109668
https://doi.org/10.1016/j.heliyon.2019.e02115
https://doi.org/10.1016/j.ejphar.2020.173414
https://doi.org/10.1016/j.redox.2021.102100
https://doi.org/10.1016/j.ejphar.2022.175252
https://doi.org/10.3390/metabo12111062
https://www.ncbi.nlm.nih.gov/pubmed/36355145

Plants 2023, 12, 2732 23 of 25

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Zarricueta, M.L.; Fagundes, F.L.; Pereira, Q.C.; Pantaleado, S.Q.; Santos, R.D. Relationship between Hormonal Modulation and
Gastroprotective Activity of Malvidin and Cyanidin Chloride: In Vivo and In Silico Approach. Pharmaceutics 2022, 14, 565.
[CrossRef] [PubMed]

Sajid, M.; Channakesavula, C.N.; Stone, S.R.; Kaur, P. Synthetic Biology towards Improved Flavonoid Pharmacokinetics.
Biomolecules 2021, 11, 754. [CrossRef]

Hollman, P.C.H. Absorption, Bioavailability, and Metabolism of Flavonoids. Pharm. Biol. 2004, 42, 74-83. [CrossRef]

Chen, L.; Cao, H.; Huang, Q.; Xiao, J.; Teng, H. Absorption, metabolism and bioavailability of flavonoids: A review. Crit. Rev.
Food Sci. Nutr. 2022, 62, 7730-7742. [CrossRef]

Cassidy, A.; Minihane, A.-M. The role of metabolism (and the microbiome) in defining the clinical efficacy of dietary flavonoids1.
Am. ]. Clin. Nutr. 2017, 105, 10-22. [CrossRef]

Li, M.; Zheng, Y.; Zhao, J.; Liu, M,; Shu, X; Li, Q.; Wang, Y.; Zhou, Y. Polyphenol Mechanisms against Gastric Cancer and Their
Interactions with Gut Microbiota: A Review. Curr. Oncol. 2022, 29, 5247-5261. [CrossRef]

Al-Ishaq, R.K,; Liskova, A.; Kubatka, P; Biisselberg, D. Enzymatic Metabolism of Flavonoids by Gut Microbiota and Its Impact on
Gastrointestinal Cancer. Cancers 2021, 13, 3934. [CrossRef]

Murota, K.; Nakamura, Y.; Uehara, M. Flavonoid metabolism: The interaction of metabolites and gut microbiota. Biosci. Biotechnol.
Biochem. 2018, 82, 600-610. [CrossRef]

Mukherjee, PX. Chapter 6—Extraction and Other Downstream Procedures for Evaluation of Herbal Drugs. In Quality Control and
Evaluation of Herbal Drugs; Mukherjee, PK., Ed.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 195-236.

Zhang, Q.-W.; Lin, L.-G.; Ye, W.-C. Techniques for extraction and isolation of natural products: A comprehensive review. Chin.
Med. 2018, 13, 20. [CrossRef]

Chua, L.S; Latiff, N.A.; Mohamad, M. Reflux extraction and cleanup process by column chromatography for high yield of
andrographolide enriched extract. J. Appl. Res. Med. Aromat. Plants 2016, 3, 64-70. [CrossRef]

Babich, O.; Ivanova, S.; Ulrikh, E.; Popov, A.; Larina, V.; Frolov, A.; Prosekov, A. Study of the Chemical Composition and
Biologically Active Properties of Glycyrrhiza glabra Extracts. Life 2022, 12, 1772. [CrossRef]

Nuzul, M.I; Jong, V.Y; Koo, L.E; Chan, T.H.; Ang, C.H.; Idris, J.; Husen, R.; Wong, S.W. Effects of Extraction Methods on Phenolic
Content in the Young Bamboo Culm Extracts of Bambusa beecheyana Munro. Molecules 2022, 27, 2359. [CrossRef] [PubMed]
Ma, Y,; Meng, A.; Liu, P; Chen, Y,; Yuan, A,; Dai, Y.; Ye, K.; Yang, Y.; Wang, Y.; Li, Z. Reflux Extraction Optimization and
Antioxidant Activity of Phenolic Compounds from Pleioblastus amarus (Keng) Shell. Molecules 2022, 27, 362. [CrossRef] [PubMed]
Bagade, S.B.; Patil, M. Recent Advances in Microwave Assisted Extraction of Bioactive Compounds from Complex Herbal
Samples: A Review. Crit. Rev. Anal. Chem. 2021, 51, 138-149. [CrossRef] [PubMed]

Niu, Q.; Gao, Y.; Liu, P. Optimization of microwave-assisted extraction, antioxidant capacity, and characterization of total
flavonoids from the leaves of Alpinia oxyphylla Miq. Prep. Biochem. Biotechnol. 2020, 50, 82-90. [CrossRef]

Zhao, C.-N.; Zhang, J.-J.; Li, Y.; Meng, X.; Li, H.-B. Microwave-Assisted Extraction of Phenolic Compounds from Melastoma
sanguineum Fruit: Optimization and Identification. Molecules 2018, 23, 2498. [CrossRef]

Choommongkol, V.; Punturee, K.; Klumphu, P; Rattanaburi, P.; Meepowpan, P,; Suttiarporn, P. Microwave-Assisted Extraction of
Anticancer Flavonoid, 2/,4’-Dihydroxy-6'-methoxy-3',5'-dimethyl Chalcone (DMC), Rich Extract from Syzygium nervosum Fruits.
Molecules 2022, 27, 1397. [CrossRef]

Weggler, B.A.; Gruber, B.; Teehan, P,; Jaramillo, R.; Dorman, FL. Chapter 5—Inlets and sampling. In Separation Science and
Technology; Snow, N.H., Ed.; Academic Press: Cambridge, MA, USA, 2020; Volume 12, pp. 141-203.

Pham, D.-C.; Nguyen, H.-C.; Nguyen, T.-H.L.; Ho, H.-L.; Trinh, T.-K.; Riyaphan, J.; Weng, C.-FE. Optimization of Ultrasound-
Assisted Extraction of Flavonoids from Celastrus hindsii Leaves Using Response Surface Methodology and Evaluation of Their
Antioxidant and Antitumor Activities. BioMed Res. Int. 2020, 2020, 3497107. [CrossRef]

Mai, Y.-H.; Zhuang, Q.-G.; Li, Q.-H.; Du, K.; Wu, D.-T; Li, H.-B.; Xia, Y.; Zhu, F.; Gan, R.-Y. Ultrasound-Assisted Extraction,
Identification, and Quantification of Antioxidants from 'Jinfeng’ Kiwifruit. Foods 2022, 11, 827. [CrossRef]

Gueffai, A.; Gonzalez-Serrano, D.J.; Christodoulou, M.C.; Orellana-Palacios, ].C.; Ortega, M.L.S.; Ouldmoumna, A.; Kiari, FEZ;
Ioannou, G.D.; Kapnissi-Christodoulou, C.P.; Moreno, A.; et al. Phenolics from Defatted Black Cumin Seeds (Nigella sativa L.):
Ultrasound-Assisted Extraction Optimization, Comparison, and Antioxidant Activity. Biomolecules 2022, 12, 1311. [CrossRef]
[PubMed]

Abhari, K.; Mousavi Khaneghah, A. Chapter Two—Alternative extraction techniques to obtain, isolate and purify proteins and
bioactive from aquaculture and by-products. In Advances in Food and Nutrition Research; Lorenzo, ]. M., Barba, F]J., Eds.; Academic
Press: Cambridge, MA, USA, 2020; Volume 92, pp. 35-52.

Buelvas-Puello, L.M.; Franco-Arnedo, G.; Martinez-Correa, H.A.; Ballesteros-Vivas, D.; Sanchez-Camargo, A.D,;
Miranda-Lasprilla, D.; Narvaez-Cuenca, C.-E.; Parada-Alfonso, F. Supercritical Fluid Extraction of Phenolic Compounds from
Mango (Mangifera indica L.) Seed Kernels and Their Application as an Antioxidant in an Edible Oil. Molecules 2021, 26, 7516.
[CrossRef] [PubMed]

Végh, K.; Riethmiiller, E.; Hosszu, L.; Darcsi, A.; Miiller, J.; Alberti, A.; Téth, A.; Béni, S.; Koénczol, A.; Balogh, G.T.; et al. Three
newly identified lipophilic flavonoids in Tanacetum parthenium supercritical fluid extract penetrating the Blood-Brain Barrier. J.
Pharm. Biomed. Anal. 2018, 149, 488-493. [CrossRef] [PubMed]


https://doi.org/10.3390/pharmaceutics14030565
https://www.ncbi.nlm.nih.gov/pubmed/35335941
https://doi.org/10.3390/biom11050754
https://doi.org/10.3109/13880200490893492
https://doi.org/10.1080/10408398.2021.1917508
https://doi.org/10.3945/ajcn.116.136051
https://doi.org/10.3390/curroncol29080417
https://doi.org/10.3390/cancers13163934
https://doi.org/10.1080/09168451.2018.1444467
https://doi.org/10.1186/s13020-018-0177-x
https://doi.org/10.1016/j.jarmap.2016.01.004
https://doi.org/10.3390/life12111772
https://doi.org/10.3390/molecules27072359
https://www.ncbi.nlm.nih.gov/pubmed/35408756
https://doi.org/10.3390/molecules27020362
https://www.ncbi.nlm.nih.gov/pubmed/35056677
https://doi.org/10.1080/10408347.2019.1686966
https://www.ncbi.nlm.nih.gov/pubmed/31729248
https://doi.org/10.1080/10826068.2019.1663535
https://doi.org/10.3390/molecules23102498
https://doi.org/10.3390/molecules27041397
https://doi.org/10.1155/2020/3497107
https://doi.org/10.3390/foods11060827
https://doi.org/10.3390/biom12091311
https://www.ncbi.nlm.nih.gov/pubmed/36139150
https://doi.org/10.3390/molecules26247516
https://www.ncbi.nlm.nih.gov/pubmed/34946598
https://doi.org/10.1016/j.jpba.2017.11.029
https://www.ncbi.nlm.nih.gov/pubmed/29182998

Plants 2023, 12, 2732 24 of 25

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Capriotti, A.L.; Cavaliere, C.; Foglia, P.; Samperi, R.; Stampachiacchiere, S.; Ventura, S.; Lagana, A. Recent advances and
developments in matrix solid-phase dispersion. TrAC Trends Anal. Chem. 2015, 71, 186-193. [CrossRef]

Barker, S.A. Matrix solid phase dispersion (MSPD). J. Biochem. Biophys. Methods 2007, 70, 151-162. [CrossRef]

Mansur, A.R.; Kim, K.J.; Kim, D.-B.; Yoo, M.; Jang, HW.; Kim, D.-O.; Nam, T.G. Matrix solid-phase dispersion extraction method
for HPLC determination of flavonoids from buckwheat sprouts. LWT 2020, 133, 110121. [CrossRef]

Carullo, D.; Pataro, G.; Donsi, E; Ferrari, G. Pulsed Electric Fields-Assisted Extraction of Valuable Compounds from Arthrospira
Platensis: Effect of Pulse Polarity and Mild Heating. Front. Bioeng. Biotechnol. 2020, 8, 551272. [CrossRef]

Kim, H.-S.; Ko, M.-].; Park, C.-H.; Chung, M.-S. Application of Pulsed Electric Field as a Pre-Treatment for Subcritical Water
Extraction of Quercetin from Onion Skin. Foods 2022, 11, 1069. [CrossRef] [PubMed]

Manzoor, M.F; Zeng, X.-A.; Rahaman, A.; Siddeeg, A.; Aadil, RM.; Ahmed, Z.; Li, ].; Niu, D. Combined impact of pulsed electric
field and ultrasound on bioactive compounds and FT-IR analysis of almond extract. J. Food Sci. Technol. 2019, 56, 2355-2364.
[CrossRef]

Marathe, S.J.; Jadhav, S.B.; Bankar, S.B.; Singhal, R.S. Enzyme-Assisted Extraction of Bioactives. In Food Bioactives: Extraction and
Biotechnology Applications; Puri, M., Ed.; Springer International Publishing: Cham, Switzerland, 2017; pp. 171-201.

Granato, D.; Fidelis, M.; Haapakoski, M.; dos Santos Lima, A.; Viil, J.; Hellstrom, J.; Ratsep, R.; Kaldmée, H.; Bleive, U;
Azevedo, L.; et al. Enzyme-assisted extraction of anthocyanins and other phenolic compounds from blackcurrant (Ribes nigrum
L.) press cake: From processing to bioactivities. Food Chem. 2022, 391, 133240. [CrossRef] [PubMed]

Amulya, PR.; ul Islam, R. Optimization of enzyme-assisted extraction of anthocyanins from eggplant (Solanum melongena L.) peel.
Food Chem. X 2023, 18, 100643. [CrossRef] [PubMed]

Weremfo, A.; Adulley, F.; Adarkwah-Yiadom, M. Simultaneous Optimization of Microwave-Assisted Extraction of Phenolic
Compounds and Antioxidant Activity of Avocado (Persea americana Mill.) Seeds Using Response Surface Methodology. J. Anal.
Methods Chem. 2020, 2020, 7541927. [CrossRef] [PubMed]

Gil, K.A; Joki¢, S.; Cikos, A.-M.; Banozi¢, M.; Jakovljevi¢ Kova¢, M.; Fais, A.; Tuberoso, C.I. Comparison of Different Green
Extraction Techniques Used for the Extraction of Targeted Flavonoids from Edible Feijoa (Acca sellowiana (O.Berg) Burret) Flowers.
Plants 2023, 12, 1461. [CrossRef] [PubMed]

Wang, P; Tian, B.; Ge, Z.; Feng, J.; Wang, J.; Yang, K.; Sun, P.; Cai, M. Ultrasound and deep eutectic solvent as green extraction
technology for recovery of phenolic compounds from Dendrobium officinale leaves. Process Biochem. 2023, 128, 1-11. [CrossRef]
Park, N.; Cho, S.-D.; Chang, M.-S.; Kim, G.-H. Optimization of the ultrasound-assisted extraction of flavonoids and the antioxidant
activity of Ruby S apple peel using the response surface method. Food Sci. Biotechnol. 2022, 31, 1667-1678. [CrossRef]

Liu, Y;; Zhao, Y.; Zhuo, Y; Li, Y,; Meng, J.; Wang, Y.; Li, H. Ultrasound-Assisted Extraction of Anthocyanins from Malus ‘Royalty’
Fruits: Optimization, Separation, and Antitumor Activity. Molecules 2022, 27, 4299. [CrossRef]

Krongrawa, W.; Limmatvapirat, S.; Saibua, S.; Limmatvapirat, C. Optimization of Ultrasound-Assisted Extraction of Yields and
Total Methoxyflavone Contents from Kaempferia parviflora Rhizomes. Molecules 2022, 27, 4162. [CrossRef]

Arias, J.; Mejia, J.; Cordoba, Y.; Martinez, J.R.; Stashenko, E.; del Valle, ].M. Optimization of flavonoids extraction from Lippia
graveolens and Lippia origanoides chemotypes with ethanol-modified supercritical CO, after steam distillation. Ind. Crops Prod.
2020, 146, 112170. [CrossRef]

Arias, J.; Mufioz, F; Mejia, J.; Kumar, A.; Villa, A.L.; Martinez, ].R.; Stashenko, E.E. Simultaneous extraction with two phases
(modified supercritical CO, and CO,-expanded liquid) to enhance sustainable extraction/isolation of pinocembrin from Lippia
origanoides (Verbenaceae). Adv. Sample Prep. 2023, 6, 100059. [CrossRef]

Long, T; Lv, X.; Xu, Y,; Yang, G.; Xu, L.-Y,; Li, S. Supercritical fluid CO, extraction of three polymethoxyflavones from Citri
reticulatae pericarpium and subsequent preparative separation by continuous high-speed counter-current chromatography. J.
Chromatogr. B 2019, 1124, 284-289. [CrossRef] [PubMed]

Luengo, E.; Alvarez, L; Raso, J. Improving the pressing extraction of polyphenols of orange peel by pulsed electric fields. Innov.
Food Sci. Emerg. Technol. 2013, 17, 79-84. [CrossRef]

Shen, M,; Liu, K,; Liang, Y.; Liu, G.; Sang, J.; Li, C. Extraction optimization and purification of anthocyanins from Lycium
ruthenicum Murr. and evaluation of tyrosinase inhibitory activity of the anthocyanins. . Food Sci. 2020, 85, 696-706. [CrossRef]
[PubMed]

Fu, Y.-J.; Liu, W,; Zu, Y.-G.; Tong, M.-H.; Li, S.-M.; Yan, M.-M,; Efferth, T.; Luo, H. Enzyme assisted extraction of luteolin and
apigenin from pigeonpea [Cajanuscajan (L.) Millsp.] leaves. Food Chem. 2008, 111, 508-512. [CrossRef]

Huynh, N.T.; Smagghe, G.; Gonzales, G.B.; Van Camp, J.; Raes, K. Enzyme-Assisted Extraction Enhancing the Phenolic Release
from Cauliflower (Brassica oleracea L. var. botrytis) Outer Leaves. J. Agric. Food Chem. 2014, 62, 7468-7476. [CrossRef]

Ma, X.-D.; Zhang, X.-G.; Guo, S.-].; Ma, G.-Y,; Liu, W.-].; Wang, N.; Feng, M.; Su, Y. Application of enzyme-assisted extraction of
baicalin from Scutellaria baicalensis Georgi. Prep. Biochem. Biotechnol. 2021, 51, 241-251. [CrossRef]

Bernal-Millan, M.D.; Carrasco-Portugal, M.D.; Heredia, J.B.; Bastidas-Bastidas, P.D.; Gutiérrez-Grijalva, E.P.; Leén-Félix, J.;
Angulo-Escalante, M.A. Green Extracts and UPLC-TQS-MS/MS Profiling of Flavonoids from Mexican Oregano (Lippia graveolens)
Using Natural Deep Eutectic Solvents/Ultrasound-Assisted and Supercritical Fluids. Plants 2023, 12, 1692. [CrossRef]

Li, F; Xiao, L.; Lin, X,; Dai, ].; Hou, J.; Wang, L. Deep Eutectic Solvents-Based Ultrasound-Assisted Extraction of Antioxidants
from Kudingcha (llex kudingcha C.J. Tseng): Process Optimization and Comparison with Other Methods. Foods 2023, 12, 1872.
[CrossRef]


https://doi.org/10.1016/j.trac.2015.03.012
https://doi.org/10.1016/j.jbbm.2006.06.005
https://doi.org/10.1016/j.lwt.2020.110121
https://doi.org/10.3389/fbioe.2020.551272
https://doi.org/10.3390/foods11081069
https://www.ncbi.nlm.nih.gov/pubmed/35454657
https://doi.org/10.1007/s13197-019-03627-7
https://doi.org/10.1016/j.foodchem.2022.133240
https://www.ncbi.nlm.nih.gov/pubmed/35617760
https://doi.org/10.1016/j.fochx.2023.100643
https://www.ncbi.nlm.nih.gov/pubmed/36968313
https://doi.org/10.1155/2020/7541927
https://www.ncbi.nlm.nih.gov/pubmed/32879748
https://doi.org/10.3390/plants12071461
https://www.ncbi.nlm.nih.gov/pubmed/37050087
https://doi.org/10.1016/j.procbio.2023.02.018
https://doi.org/10.1007/s10068-022-01150-8
https://doi.org/10.3390/molecules27134299
https://doi.org/10.3390/molecules27134162
https://doi.org/10.1016/j.indcrop.2020.112170
https://doi.org/10.1016/j.sampre.2023.100059
https://doi.org/10.1016/j.jchromb.2019.06.001
https://www.ncbi.nlm.nih.gov/pubmed/31254782
https://doi.org/10.1016/j.ifset.2012.10.005
https://doi.org/10.1111/1750-3841.15037
https://www.ncbi.nlm.nih.gov/pubmed/32043592
https://doi.org/10.1016/j.foodchem.2008.04.003
https://doi.org/10.1021/jf502543c
https://doi.org/10.1080/10826068.2020.1808791
https://doi.org/10.3390/plants12081692
https://doi.org/10.3390/foods12091872

Plants 2023, 12, 2732 25 of 25

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Myo, H.; Yaowiwat, N.; Pongkorpsakol, P.; Aonbangkhen, C.; Khat-udomkiri, N. Butylene Glycol Used as a Sustainable Solvent
for Extracting Bioactive Compounds from Camellia sinensis Flowers with Ultrasound-Assisted Extraction. ACS Omega 2023, 8,
4976-4987. [CrossRef]

Wang, W.; Xiao, 5.-Q.; Li, L.-Y.; Gai, Q.-Y. Deep Eutectic Solvent-Based Microwave-Assisted Extraction for the Extraction of Seven
Main Flavonoids from Ribes mandshuricum (Maxim.) Kom. Leaves. Separations 2023, 10, 191. [CrossRef]

Wang, F.; Zhang, S.; Deng, G.; Xu, K.; Xu, H.; Liu, J. Extracting Total Anthocyanin from Purple Sweet Potato Using an Effective
Ultrasound-Assisted Compound Enzymatic Extraction Technology. Molecules 2022, 27, 4344. [CrossRef] [PubMed]

Li, D.; Sun, C.; Yang, J.; Ma, X,; Jiang, Y.; Qiu, S.; Wang, G. Ionic Liquid-Microwave-Based Extraction of Biflavonoids from
Selaginella sinensis. Molecules 2019, 24, 2507. [CrossRef] [PubMed]

Dobrzynska, M.; Napierala, M.; Florek, E. Flavonoid Nanoparticles: A Promising Approach for Cancer Therapy. Biomolecules
2020, 10, 1268. [CrossRef] [PubMed]

Maity, S.; Acharyya, A.; Sankar Chakraborti, A. Flavonoid-based polymeric nanoparticles: A promising approach for cancer and
diabetes treatment. Eur. Polym. J. 2022, 177, 111455. [CrossRef]

Ranjbar, S.; Emamjomeh, A.; Sharifi, F.; Zarepour, A.; Aghaabbasi, K.; Dehshahri, A.; Sepahvand, A.M.; Zarrabi, A.; Beyzaei, H.;
Zahedi, M.M.; et al. Lipid-Based Delivery Systems for Flavonoids and Flavonolignans: Liposomes, Nanoemulsions, and Solid
Lipid Nanoparticles. Pharmaceutics 2023, 15, 1944. [CrossRef]

Manocha, S.; Dhiman, S.; Grewal, A.S.; Guarve, K. Nanotechnology: An approach to overcome bioavailability challenges of
nutraceuticals. J. Drug Deliv. Sci. Technol. 2022, 72, 103418. [CrossRef]

Li, L,; Zeng, Y,; Chen, M.; Liu, G. Application of Nanomicelles in Enhancing Bioavailability and Biological Efficacy of Bioactive
Nutrients. Polymers 2022, 14, 3278. [CrossRef]

Sysak, S.; Czarczynska-Goslinska, B.; Szyk, P.; Koczorowski, T.; Mlynarczyk, D.T.; Szczolko, W.; Lesyk, R.; Goslinski, T. Metal
Nanoparticle-Flavonoid Connections: Synthesis, Physicochemical and Biological Properties, as Well as Potential Applications in
Medicine. Nanomaterials 2023, 13, 1531. [CrossRef]

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


https://doi.org/10.1021/acsomega.2c07481
https://doi.org/10.3390/separations10030191
https://doi.org/10.3390/molecules27144344
https://www.ncbi.nlm.nih.gov/pubmed/35889219
https://doi.org/10.3390/molecules24132507
https://www.ncbi.nlm.nih.gov/pubmed/31324010
https://doi.org/10.3390/biom10091268
https://www.ncbi.nlm.nih.gov/pubmed/32887473
https://doi.org/10.1016/j.eurpolymj.2022.111455
https://doi.org/10.3390/pharmaceutics15071944
https://doi.org/10.1016/j.jddst.2022.103418
https://doi.org/10.3390/polym14163278
https://doi.org/10.3390/nano13091531

	Introduction 
	Biosynthesis of Flavonoids 
	Classification and Biological Activity 
	Flavanones 
	Flavones 
	Isoflavones 
	Flavonols 
	Flavanols 
	Anthocyanins 

	Actual Limitations of Extended Utilization of Flavonoids 
	Current Extraction Techniques 
	Traditional Extraction Techniques 
	Reflux and Soxhlet Extraction Techniques 
	Modern Extraction Techniques 
	Microwave-Assisted Extraction 
	Ultrasound-Assisted Extraction 
	Supercritical Fluid Extraction 
	Matrix Solid-Phase Dispersion Extraction 
	Pulsed Electric Field Extraction 
	Enzyme-Assisted Extraction 


	Outlook and Perspectives 
	References

