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Abstract

There are many biological resources in nature that are essential in relation to health care.
Due to their flexible health benefits documented in various epidemiological studies, there
has been increasing interest in research on flavonoids from plant sources. Since flavonoids
are directly related to human dietary ingredients and health, structure and function
relationships need to be evaluated. Flavonoids bioavailability, metabolism, and biological
activity depends on the composition, total number of hydroxyl groups, and functional group
substitution regarding their nuclear structure. Fruits and vegetables, together with tea and
wine, are the primary dietary sources of flavonoids for humans. This review article primarily
focusses on demarcating the importance of flavonoids which shows many pharmacological
actions by acting as anti-cancer, anti-oxidant, anti-hypertensive and anti-cholinesterase
agents. These flavonoids had shown positive results in treatment of pregnancy induced
disorders. We also tried to discuss few studies which proves the efficiency of flavonoids
to treat COVID-19. They had also been proved to show greater potential in treatment of
Neurodegenerative diseases. Nanomedicine also has a greater part to play in near future as
it helps flavonoids show effective targeted drug delivery.
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Introduction

Flavonoids are polyphenolic phytochemicals present in a variety
of food products and beverages classified into six groups of different
chemical structures and physiological properties. Evidence from
various epidemiological studies support the notion that chronic
flavonoid-rich diets may be associated with a reduced risk of certain
chronic diseases, including cardiovascular, neurodegenerative and
select cancers. In this context, particular attention has been paid to
two subclasses of flavonoids and flavanols.!

Flavonoids consist of a large group of polyphenolic compounds
with a structure of benzo-m-pyrone and are ubiquitous in plants.
Phenyl propanoid pathway synthesizes them. Studies available tend
to show that secondary phenolic metabolites like flavonoids are
responsible for the variety of pharmacological activities. Flavonoids
are phenolic hydroxylated substances and in response to microbial
infection are known to be synthesized by plants. Our activities depend
on the structure.” Flavonoids chemical composition depends on
their structural group, degree of hydroxylation, other substitutes and
conjugations, and degree of polymerization (Figure 1).
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Flavonoids:A vital resource in healthcare and medicine

The potential health benefits arising from the antioxidant activities
of these polyphenolic compounds have sparked recent interest in
these substances. By scavenging free radicals and/or chelating metal
ions, active hydroxyl groups in flavonoids mediate their antioxidant
effects.*> Metal chelation may be crucial in preventing radical
generation that damages target biomolecules. Because of their high
antioxidant potential both in vivo and in vitro systems, flavonoids
are thought to have health-promoting properties as a dietary element.
The ability of flavonoids to activate human enzyme defence systems.
The number of studies indicated protective effects against many
infections.®

Chemistry

Flavonoids are a class of natural compounds that are present in
plants with variable phenolic structures. A new material from oranges
was isolated in 1930. It was thought to be a member of a new class
of vitamins at that time and was referred to as vitamin P. It became
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evident later that this material was a flavonoid (rutin) and more than
4000 varieties of flavonoids have been described so far.” Chemically
flavonoids are based on a skeleton of fifteen carbon composed of
two benzene rings connected by a heterocyclic pyrane chain. The
different classes of flavonoids vary in the degree of oxidation and the
substitution pattern of the C ring, while individual compounds differ
in the pattern of substitution of the A and B rings.®

Flavonoids are known as aglycones, glycosides and derivatives that
are methylated. The basic structure of flavonoids is aglycone. Either
a o-pyrone or its dihydroderivative is a six-member ring condensed
with the benzene chain. The benzenoid substituent’s position
separates the group of flavonoids into flavonoids and isoflavonoids.
At the 3-position, flavonols differ from flavanones by hydroxyl group
and a double bond between C2 and C3. In positions 3, 5, 7, 2, 3', 4’
and 5', flavonoids are often hydroxylated. The alcohol group’s methyl
ethers and acetyl esters are known to occur in nature (Figure 2).%!!
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Figure 2 Chemical structures of various flavonoids.
Identification test for flavonoids

All flavonoids give fluorescence on UV at 254 and 365 nm.
According to the structural types of flavonoids show dark yellow,
green or blue fluorescence, which is intensified and changed by the
use of various spray reagents. Such as
Spray reagents

Fast blue salt reagent (FBS): 0.5 g fast blue salt B is dissolved

Table | Identification tests of flavonoids

in 100ml water (Fast blue B= 3, 3’- dimethoxybiphenyl-4, 4’ -
bisdiazonium-dichloride) it is generally used for detection of Phenolic
compounds.

Natural products-polyethylene glycol reagent (NP/PEG-reagent
or NEU-reagent): It is used for diction of flavonoids and intense
fluorescence is produced in UV - 365 nm. The fluorescence behaviour
is structure dependent (Tablel).

Class or structural types of flavonoids

Name of the flavonoids

Colour of the fluorescence

Quercetin, Myricetin and their glycosides

Flavonols

Kaempferol and their glycosides

Luteolin and their glycosides

Flavonols

Apigenin and their glycosides

Orange-yellow
Yellow-green
Orange

Yellow-green
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General chemical test for flavonoids

Shinoda tests (magnesium+HCI): To the aqueous or alcoholic
solution of the extract, add a piece of magnesium ribbon and few
drops of concentrated hydrochloric acid. A pink or magenta colour
develops which indicates presence of flavonoids.

With NaOH: The extract dissolved in water, filtrate treated with
sodium hydroxide, a yellow colour is observed if flavonoids are
present.

With H,SO,: A drop of concentrated sulphuric acid when added to
the above, the yellow colour disappears.

Neutral lead acetate test. it gives orange red precipitate with
neutral lead acetate (10% lead acetate in ethanol), confirmed for
flavonoids.

Ferric chloride test: it gives Green colouration for flavonoids.

Lieberman Burchard reagent: To about 2ml of a solution extract
in chloroform in a dry test tube, add 2ml of acetic anhydride and 2-3
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drops of concentrated sulphuric acid. Mix and stand for a few minutes,
Pink colours develop if flavonoids are present.

Structure-activity relationship of flavonoids

The antioxidant activities of flavonoids depend on conjugated
hydroxyl groups of the B and C ring. By using the following
descriptors: AH, (the difference in heat of formation between
flavonoids and their free radicals resulted after hydrogen atom
donation) and HBC (the number of conjugated hydroxyl groups of
the B and C ring).Hydrogen-donation was thought to be the main
mechanism of action of phenolic antioxidants and the difference in
heat of formation between the phenolic antioxidant and its free radical
produced after H-abstraction (AH,), appeared to be a good index for
measuring the scavenging activity of antioxidants (Figure 3).

The effectiveness of AH, can be understood easily, as it represents
the strength of the O-H bond. The lower strength of the O-H bond
corresponds to a higher scavenging activity. Chemical structures,
descriptors and antioxidant activity of some flavones and flavonols.

Flavonoids

Flavonones

Flavanone
Glycoside

Figure 3 Classification of flavonoids.

By using HBC and AH,, the results of this study could be
successfully explained as follows:

Flavonoids with HBC of 0, such as chrysin failed to show any
antioxidant activity because they could not easily donate hydrogen
atoms. Flavonoids with HBC of 1, such as apigenin showed the poor
antioxidant activity, with PFs of 0.99. Flavonoids with HBC of 2, such
as kaempferol showed strong antioxidant activity. The PF value of
kaempferol is 2.49.

Flavonoids with HBC of 3, such as quercetin showed the strongest
antioxidant activity, with PF values of 11.50. The AH, value of
quercetin (20.84 kcal/mol) was less than that of kaempferol (21.29
kcal/mol), apigenin (21.29 kcal/mol) and chrysin (30.92 kcal/mol)
which meant the capacity of H-donating of quercetin was stronger than
that of chrysin, apigenin and kaempferol. As a result, the antioxidant
performance of quercetin was superior.

Polymethoxylated
Flavones

Structure-activity relationship of flavonoids on their
anti-Escherichia coli activity and inhibition of DNA
Gyrase

Flavonoids are potential sources of natural preservatives.
Flavonoid inhibitory activities against DNA gyrase from E. coli were
estimated by DNA supercoiling. Kaempferol exhibited the greatest
antibacterial activity [minimal inhibitory concentration (MIC)=25pg/
mL], Nobiletin showed the lowest activity (MIC=177pg/mL). The
structure-activity relationship analysis suggests that, for a good
inhibitory effect, the hydroxyl group substitution at C5 in the A ring
and C4' in the B ring and the methoxyl group substitution at C3 and
C8 in the A ring are essential. The presence of the hydroxyl group at
C6 in the A ring, C3’ and C5’ in the B ring, and C3 in the C ring and
the methoxyl group at C3’ in the B ring greatly reduced inhibition of
bacteria.
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Pharmacological activities of flavonoids used during
pregnancy

In foods and drinks such as onions, leeks, broccoli, cherry
tomatoes, red wine and tea, flavonols are found. Rutin (quercetin-3-
rhamnosyl glucoside) is a glycoside of flavonol consisting of quercetin
and rutinous disaccharide.'

Rutin was thought to have vasoprotective and anticarcinogenic
activities. For teas, red grapes, red wines, apples and cocoa-based
products, flavanols or flavan-3-ols, including epicatechin and catechin
monomers, are widely consumed. Similar to flavonols, vasoprotective
properties including anti-inflammatory and vasodilatory activities
have been identified in the flavanols."
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The results of epidemiological and intervention studies have been
largely positive in terms of the putative health benefits of flavanols
and flavonols. While there is considerable interest in the potential
health benefits of flavonoid intake, there has not been extensive study
of the potential adverse effects of consuming very large amounts of
these phytochemicals.'*!> Many flavonoids are available as dietary
supplements for purchase, and it is feasible to achieve levels of intake
that significantly exceed what typical diets provide. Because these
substances can have pleiotropic effects and many cellular functions,
including gene expression and cell signalling, have been shown to be
modulated (Figure 4).

i!

Figure 4 General structure of flavonoids.

The existing literature on the physiological implications of
excessive and chronic consumption is minimal, particularly in the
context of these nutrients * pregnancy and developmental toxicity.
Current literature suggests that if the intake of all flavonoids during
pregnancy is beneficial or harmful to developmental processes,

Table 2 Recently discovered and most commonly used flavonoid

there is uncertainty (Table 2).!° Some of these findings come from
studies of impaired fetal development (heart, genitourinary and limb
abnormalities), impaired absorption and other nutrient metabolism,
and chronic lasting effects such as increased risk of early disease onset
(e.g. acute childhood leukemia).
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Table Continued...
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S.No Name of flavonoid

Chemical structure Uses
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While the above research supplemented diets with flavonoid-
rich foods or flavonoid preparations, the effects of chronic intake
of different flavonoids during pregnancy have been examined in
few studies. In a study, a hypothesis briefed that, during pregnancy
and lactation, excessive intake of high amounts of three flavonoids
(epicatechin, catechin, and rutin) would result in adverse fetal and
neonatal development in a mouse model."”

Diabetes mellitus

Epidemiological studies conducted in the United States and Europe
suggest a protective effect of dietary flavonoids for the development of
Diabetes Mellitus (DM), regardless of confounding factors. European
cohort data suggest a lower incidence of DM among individuals with
higher habitual flavonoid intake. In the United States, cohort findings
hadcorroborate this hypothesis. In a dose-response analysis of a meta-
analysis of prospective studies, Liu et al concluded that the intake of
500 mg/day of flavonoids was associated with a 5% reduction in the
risk of DM.'8

There is a profound transformation in women’s intestinal microbiota
during pregnancy that can interfere with flavonoid absorption and
metabolism. While in vitro and animal models investigations suggest
a potential protective effect of flavonoids on Gestational Diabetes
Mellitus (GDM), no epidemiological studies have been found to
investigate the relationship between the intake of these compounds
during pregnancy with excess weight and GDM. These studies
resulted in an inverse relationship between the consumption of excess
body weight flavonoids and GDM.

Pregnancy induced hypertension

The growing number of cardiovascular disease patients, including
frequently developing hypertension during pregnancy, indicates the
need for innovative strategies for more effective prevention and
treatment. During childbirth, hypertensive conditions are categorized
into 4 groups as per the National High Blood Pressure Education
Program Working Group on High Blood Pressure in Childbirth:
chronic hypertension, preeclampsia, preeclampsia superimposed on
chronic hypertension and gestational hypertension.!*?! This definition
is more precise and is therefore compared to the older but more widely
used Pregnancy-Induced hypertension (PIH).

Because of the reduction of antioxidant capacity, pregnancy-
induced hypertension is a state of extremely increased oxidative stress.
Oxidative stress is a recognized key factor in the pathogenesis of many
diseases, including obstetric complications, as an imbalance between
free radical production and antioxidant protection. Impairment
of placental blood flow, intrauterine fetal hypoxia, and disruption
of oxygen transfer are one of the effects of increased oxidative
stress. PIH is a multisystem disorder that involves not only altered
oxidant-antioxidant homeostasis, but also inflammatory process and
endothelial dysfunction. In addition, during gestation, women are
more likely to experience increased oxidative stress, which can lead
to adverse neonatal outcomes.*

It is suspected that PIH etiology is associated with a systemic
inflammatory response, but there are currently no inflammatory
markers available to predict this disease. Due to unbalanced regulation
of innate and adaptive immune responses, it is suggested that women
show an elevated inflammatory response during pregnancy. It is also
suspected that PIH etiology may be associated with dysregulation of
endogenous defensive pathways. Inflammation is an active process
that is controlled by different mediators which control key cellular
events to restore homeostasis of the tissue.
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Impaired inflammation resolution is likely to play a vital role in
the treatment of chronic inflammatory disorders, and one of these is
known to be PIH. Since pregnancy-induced hypertension, there have
been developments in the understanding of molecular mechanisms
responsible for cellular and tissue-specific processes. In addition
to the aforementioned factors, certain specific mediators have been
identified that play a significant role; PIH is associated with impaired
placenta perfusion, resulting in altered angiogenesis marker secretion.

The main aim of treatment of hypertension in pregnant women
is to prevent complications throughout pregnancy, during childbirth
and postpartum. Much attention is paid to the use of antihypertensive
drugs from across different pharmacological groups.”* Yet, from
pharmacokinetic and pharmacodynamic point of view, we should be
aware of special conditions for drugs use during pregnancy, namely,
the presence of an additional compartment, i.e., the fetalplacental unit.

Drug treatment choices in PIH are limited due to the teratogenic
effects of some antihypertensive drugs, such as ACE inhibitors and
angiotensin II receptor (AT1) antagonists (sartans). Methyldopa is
part of PIH first-line therapy. It is well absorbed and taken per os. This
crosses the placenta and hits concentrations of the fetal serum close
to those in the mother. Upon intravenous administration, the onset of
action is delayed by 1-2 hours and 4-6 hours upon oral administration;
it is successful for 6-12 hours.

In the treatment of PIH, many other classes are used, including beta
blockers such as metoprolol or labetalol, dihydropyridine derivatives
such as nitrendipine or nifedipine, and other vasodilators such as
hydralazine and dihydralazine. Nevertheless, methyldopa remains
a major component of PIH care due to the documented stability of
uteroplacental perfusion and fetalhemodynamics.

Anti-inflammatory effects

A constrictive effect on the fetal duct is considered to have non-
steroidal anti-inflammatory drugs (NSAIDs). There has been a growing
number of cases of fetal ductal constriction not associated with the use
of NSAIDs during pregnancy. Previously, we reported that fetal ductal
constriction was associated with maternal ingestion of polyphenol-
rich beverages during pregnancy and that the discontinuation of these
substances in most cases resulted in echocardiographic improvement.
A variety of foods and drinks, such as herbal teas, grape and orange
derivatives, dark chocolate, fruit, and many others, are rich in
flavonoids and have been eaten freely throughout gestation period.?¢-°

Considering that constriction of ductus arteriosus in utero may
be clinically important in terms of fetal hemodynamic compromise
and the potential for neonatal pulmonary hypertension and that its
known pathogenic mechanism is inhibition of maternal circulating
prostaglandin synthesis in late pregnancy, we hypothesized that
polyphenols or flavonoids commonly consumed in food and beverages
Therefore, in third-trimester fetuses exposed and not exposed to
polyphenol-rich foods (PRFs) and beverages via maternal intake,
in a study ductal flow activity and correct ventricular volume were
compared.

Utilisation of herbal extract during pregnancy

One of the approaches used in complementary and alternative
medicine is the application of herbal products. Recently, several
international studies have been carried out to establish the prevalence
of herbal medicine in pregnancy. Such studies enable us to deduce
that a growing number of women put their own and their unborn
children’s health at risk due to lack of knowledge of phytochemical
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properties or effective use of herbal medicinal products, as well as
lack of communication with healthcare prices.’! There has been a
steady increase in interest in the use of herbal products, but very often
conflicting or contradictory are the guidelines available.

The prevalence of use of herbal medicine in pregnancy ranges from
7% to 55% across different geographic, social and cultural settings
and is distinctive across ethnic groups. Very often, herbal products are
chosen over prescription medicines because people assume that herbs
are healthier for the fetus than modern medicines. Manufacturing
processes of herbal medicinal products are very complex because they
include non-standardized processes such as plant production, sourcing
vegetable raw material from different parts of the world, processing
extracts and producing a product in compliance with local standards
of good manufacturing practice.*?

Many studies of epidemiology and intervention strongly suggested
that consumption of flavonoids had beneficial effects on vascular
health. In various models of vascular disorders, several flavonoids
have been investigated showing their antioxidant properties and
vasodilator activity, as well as anti-inflammatory, antiatherogenic and
antithrombotic effects. Nevertheless, it remains difficult to evaluate
the vascular role of dietary flavonoids due to lack of information about
their bioavailability, biotransformation, or bioaccumulation, especially
during pregnancy. In addition, to measure the antihypertensive effect
of dietary flavonoids, biodynamics in the vascular system during
pregnancy must be taken into account.

Flavonoids—an essential natural resource

Plant flavonoids and their conjugates belong to a large family of
natural polyphenolic phenylpropanoid-derived compounds commonly
found in many varieties of medicinal plants from different families,
such as Asteraceae, Lamiaceae, Rutaceae and Passifloraceae, with an
estimated 10,000 species.*** These are structurally composed of two
main groups: 2-phenylchromans (flavonoids, including flavanones,
flavonols, flavan-3-ols, and anthocyanidins) and3-phenylchromans
(isoflavonoids, including isoflavones, isoflavans, and pterocarpans).
To civilization, flavonoids were extremely important. These were
strongly associated with the health benefits of drinks such as tea and
wine.

Flavonoids have a wide spectrum of biological activity and
have therefore been commonly used for their anti-inflammatory,
antilipidemic,”’ antihyperglycemic,*® antiviral,* hepatoprotective,*
gastric antiulcer, cardioprotective, neuroprotective, antioxidant, and
anticancer effects.*! Several experiments have shown a wide range
of biochemical activities of flavonoids, however their ability to act
as antioxidants is the best-described resource. It is well known that
the antioxidant activity of flavonoids depends on the atomic structure
arrangement of functional groups.

It also synthesizes thromboregulatory molecules and growth factors
and reacts to physical and chemical signals. Endothelium also affects
the hantatic equilibrium between anticoagulation and thrombosis.
Other functions include angiogenesis regulation, wound healing,
smooth proliferation of muscle cells, fibrosis, and inflammation. Thus,
endothelial dysfunction tends to have a complex relationship with
hypertension preceding the development of pathological disorders in
the cardiovascular system, while endothelial function improvements
can lead to lower blood pressure.

The inverse association between dietary flavonoid intake and
chronic degenerative diseases such as cardiovascular diseases (CVD)
has been shown not only by various pharmacological studies but also
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by clinical and epidemiological study. Systematic reviews and meta-
analysis of prospective cohort studies have shown that a high intake
of flavonoids is associated with lower CVD mortality.

Bioavailability of flavonoids

Bioavailability can be characterized as “the rate and degree to
which a drug product absorbs an active moiety or active ingredient
and becomes available at the site of action.” This same concept can
be extended to flavonoids as the rate of absorption and presence at the
site of action is essential for the biological system to be successful 46
Bioavailability of flavonoids is poor and varies between various
subclasses of flavonoids and individual compounds of flavonoids.
For example, onion quercetin absorption is four times greater than
apples or tea absorption. Flavonoids have poorer bioavailability with
complex structures and higher molecular weights. In a clinical study,
quercetin from the ingestion of onion powder demonstrated quicker
absorption, increased plasma levels and improved bioavailability
compared to apple peel powder.

Flavonoids as antioxidants

Both animal and in vitro experiments, flavonoids showed both
antioxidant and prooxidant effects. Because of their ability to
contribute hydrogen atom due to their high reactivity of the hydroxyl
group, flavonoids are able to scavenge free radicals, resulting in less
reactive and stable free radicals. Several flavonoids were found to
scavenge superoxide directly while others were found to scavenge
peroxynitrite, a radical derived highly reactive oxygen. In vitro
flavonoid studies have shown that their antioxidant properties depend
on the structural arrangement of functional groups as well as the total
number and configuration of hydroxyl groups.*”-

The most important determinant of flavonoid ROS scavenging is
the B ring hydroxyl group configuration. Inserting the hydroxy group
in ring A and C, however, has little or no effects on the scavenging
effect of superoxide. Certain structural properties of flavonoids in
the battle against free radicals include the following: the presence
of catechol (orthodihydroxy) in the B ring responsible for electron
delocalization, the presence of hydroxy group at positives 5 (A ring)
and 3 (C ring) responsible for providing the oxo group with hydrogen
bond and the presence of 2,3-double bond in conjunction with a 4-ring.

Indirectly, flavonoids can scavenge free radicals by interacting
with specific antioxidant enzymes such as the phosphate system
of glutathione and nicotinamide adenine dinucleotide. This can be
accomplished through their ability to induce detoxifying enzymes such
as NAD(P)Hquinone oxidoreductase, and S-transferase glutathione,
which are the key enzymes of protection against oxidative stress
and electrophilic toxicants. Hydroxy-functional group flavonoids at
positionC-3 (e.g. quercetin) are more efficient in triggering certain
antioxidant mechanisms and inducing the electrophile-responsive
feature.

Flavonoids have demonstrated the ability to chelate iron and
copper, thus eliminating a causal factor in free radical formation. A
number of oxidizing agents (such as acrolein) that affected the release
ofiron in its redox state in the erythrocyte membrane found quercetin
to prevent oxidative cellular injury. The binding site for trace metal
in the flavonoid structure, according to a review, is the group of
3-hydroxyl and 4-oxo in the C ring, catechol moiety in the B ring, and
4-oxo0 and5-hydroxyl groups in the A and C ring. Because of its ability
to chelate cupric cation, the main contributor of the metal chelation is
the catechol moiety in the B ring.
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Flavonoids have the ability to block superoxide-generating
enzymes such as xanthine oxidases and protein kinase C. Also,
flavonoids have been shown to be effective cyclooxygenase,
microsomal succin-oxidase, lipoxygenase, and NADH oxidase
inhibitors. Based on the structural structure of flavonoids, luteolin was
found to be the most potent inhibitor of xanthine oxidase, a member of
the subclass flavone, which eventually led to a reduction in oxidative
cell injury.

Certain antioxidant properties of flavonoids include: increased
uric acid levels, mitigation of nitric oxide oxidative stress, reduction
of a-tocopheryl radicals, and alteration of low molecular antioxidant
prooxidant properties. Flavonoids in edible plants and fruits are also
known to have protective effects against oxidative stress primarily by
preventing intracellular ROS formation.’'>3 It is interesting to note that
scientific research now focuses on the use of natural food supplements
to avoid many of these disorders. However, several studies on the
antioxidant effects of flavonoids in cancer, cardiovascular diseases,
and neurodegeneration have been conducted.

Role of flavonoids in vasculo-endothelial function

Endothelial dysfunction is a major event in pre-eclampsia,
cardiovascular disease, and cancer pathogenesis. Healthy endothelial
cells facilitate vascular repairs and increase the invasion of trophoblasts
by maintaining vascular homeostasis and vascular tone control.
Through managing the output of vasodilators such as nitric oxide, this
maintenance is done. Dietary flavonoids increase the level of nitric
oxide that enhances endothelial function by increasing endogenous
nitric oxide production and decreasing its breakdown. Human clinical
trials have shown that in acute and short-term action, flavonoids
improve endothelial functions.**” Improving endothelial dependent
and nitric oxide dependent vasodilation has been suggested as one of
the possible mechanisms for involving flavonoids in endothelial and
vascular function. The endothelial function change may also lead to
lower blood pressure.

Role of flavonoids in glucose and lipid metabolism

In order to maintain various physiological, homeostatic and
cellular processes in the human body, lipids and glucose are essential
macromolecules required. In pathogenesis of several diseases
including obesity, cardiovascular diseases, diabetes and inflammation,
dysfunction in lipid, lipoprotein and glucose metabolism has been
associated. It has been found that citrus flavonoids (especially
naringin) exhibit lipid-lowering properties in humans by significantly
reducing levels of plasma triglyceride and apolipoprotein B in
hypertriglyceridemic patients.

In a clinical trial involving hypercholesterolemic patients, citrus
flavonoid (naringin) was found to significantly decrease plasma low
density lipoprotein (LDL). For human subjects, the lipid reduction
mechanism of citrus flavonoids has been fully established. Other
research, however, had an inhibitory effect on the reductase and
acyl CoA of hepatic HMG-CoA (3-hydroxy-3methyl-glutaryl-
coenzymeA).Cholesterol lowering effects of flavonoids were probably
due to their direct binding to or due to interaction with receptors of
oestrogen. >

Flavonoids as anti-cholinesterase activity

Acetylcholinesterase (AChE) is a crucial enzyme in the central
nervous system and its inhibition leads to increased rates of neural
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acetylcholine, one of the treatments for mild to moderate AD
symptomatic relief. Therefore, cholinesterase inhibition is one of
the central focus of drug development in the fight against AD. For
their anticholinesterase activity, a number of flavonoids have been
identified. Studies conducted on various flavonoids such as quercetin,
rutin, kaempferol 3-O-p-D-galactoside and macluraxanthone in vitro
have shown that quercetin and macluraxanthone have a concentration-
dependent ability to inhibit AChE and butyrylcholinsterase (BChE).
Macluraxanthone was found to be the most active and common
inhibitor of both enzymes with an inhibitory concentration of 50
percent (IC50) of 8.47 and 29.8uM respectively. The kinetic enzyme
studies showed that quercetin competitively inhibited both enzymes,
while macluraxanthone was non-competitiveagainstAChE and
competitive against BChE. Molecular docking tests of these two
compounds were performed at active sites of both enzymes to gain
insight into the intermolecular interactions. The docking studies
have shown that macluraxanthone binds to both enzymes much more
strongly than quercetin. The docking experiments have shown that
macluraxanthone binds to both enzymes much more strongly than
quercetin.®!63

Mechanism of flavonoids

Nearly any group of flavonoids will act as antioxidants. Flavones
and catechins have been reported to be the most effective flavonoids
to protect the body from reactive oxygen species. The damage caused
by free radicals and reactive oxygen species, which are created during
normal oxygen metabolism or triggered by exogenous damage,
continues to threaten body cells and tissues. The mechanisms and
sequence of events that interfere with cellular functions by free radicals
are not fully understood, but one of the most important events appears
to be lipid peroxidation, resulting in damage to the cell membrane.®-%

Such cell damage causes a change in the cell’s net charge,
increasing the osmotic pressure, causing swelling and eventually
death of the cell. Free radicals may attract different inflammatory
mediators, leading to a general inflammatory response and damage to
the tissue. Living organisms have developed a number of successful
mechanisms to defend themselves from reactive oxygen species. The
body’s antioxidant defense mechanisms include enzymes such as
superoxide dismutase, catalase, and glutathione peroxidase, as well
as non-enzymic equivalents such as glutathione, ascorbic acid, and
a-tocopherol.®’

The increased production during injury of reactive oxygen species
results in endogenous scavenging compounds being consumed
and depleted. The endogenous scavenging compounds may have
an additive effect on flavonoids. The theoretical order of affinity
between flavonoids and amino acid residues tends to have significant
implications in the theoretical predictions of flavonoid-protein
interactions as a high-quality approach to understanding flavonoids
‘ biological activity.

Radical scavenging

In various ways, flavonoids can avoid injury caused by free radicals,
and one way is to scavenge free radicals directly. Radical oxidization
of flavonoids results in a more stable, less reactive radical. In other
words, by reacting with the radical’s reactive element, flavonoids
stabilize the reactive oxygen species. As explained in the following
equation as given by Korkina & Afanasev, radicals are made inactive
due to the high reactivity of the hydroxyl group of flavonoids.®*"
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Flavonoid (OH) + r(O) + RH
Flavonoids to treat neurodegenerative disorders

Recent studies on various plant metabolites have shown that
flavonoids can play a key role in the brain’s enzyme and receptor
systems, with significant effects on the central nervous system, such
as neurodegeneration protection associated with AD and Parkinson’s
disease.”""™ Flavonoids can inhibit enzymes as there are several reports
of inhibitory enzymes in preventive neurodegenerative diseases
such as aldose reductase, XO, phosphodiesterase, Ca2 + ATPase,
lipoxygenase, and COX. A significant amount of work has been done
to look for appropriate and experimental flavonoids for medicinal use
in AD using the molecular docking technique.

Most of them had more potent anti-AChE inhibitory activities
than rivastigmine, an AD drug. It was also reported that the isoflavone
skeleton would be a promising structural basis for the development of
novel inhibitors of AChE. A number of flavonoids were tested using
molecular docking studies to lower Alzheimer’s production of Ap.
It has been stated that a strong correlation exists between flavonoids
and mechanism-related inhibitions of NF-nB. When working on the
molecular docking of flavones as BACE-1 inhibitors, flavonoids have
been found to inhibit BACE-1 activity by flavonoid interactions with
the catalytic center BACE-1.7

Applications and functions of flavonoids

Plants produce a wide variety of organic compounds, the vast
majority of which do not appear to be directly involved in growth
and development. Traditionally referred to as secondary metabolites
(flavonoids), these substances are often distributed differently within
the plant kingdom among small taxonomic groups. The flavonoids are
known as alkaloids, terpenoids and phenolics in different classes. In
the human body, flavonoids perform a variety of defensive roles. Most
flavonoids have developed as bioactive compounds that interact with
nucleic acid or proteins and have pharmacological and antimicrobial
or insecticidal properties.”®80

Therefore, flavonoids are of use in medicine as therapeutics and
in agriculture as pesticides at the same time. In vitro technology has
provided new insight into the ability of plant cell tissue culture to
generate the same useful chemical compounds as the parent plant’s.
The development of methods for flavonoid processing in plant tissue
culture has flourished beyond expectations. Plant tissue cultivation is
an aseptic technique whereby proper management of nutrients, crop
conditions and supply of phyto-hormone which allow the required
quality and quantity of plants and metabolites to be produced.®!

It is possible to obtain output of the desired compounds at levels
comparable to that of the plant with the culture of differentiated cells.®
Flavonoids are related to a wide range of health-promoting effects.
In a number of nutraceutical, biomedical, medical and cosmetic
uses, they are an indispensable part. This is due to their antioxidant,
anti-inflammatory, anti-mutagenic and anti-carcinogenic properties
combined with their ability to modulate the key function of cellular
enzymes.®

In plants, flavonoids act as antioxidants, antimicrobials,
photoreceptors, visual attractors, repellents for feeding and light
screening. Several studies have suggested that there are biological
functions of flavonoids, including anti-allergenic, antiviral, anti-
inflammatory and vasodilating acts. Much interest, however, has
been devoted to flavonoids’ antioxidant activity due to their ability to
suppress free radical formation and scavenge free radicals.®*
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Over recent years, the ability of flavonoids to act as antioxidants
over vitro has been the subject of several studies and important
structure-activity relationships have been identified with antioxidant
activity.®

A number of studies have been performed on antioxidant properties
in relation to various flavonoids, and these studies have stressed that
flavonoids can be used as potential drugs to prevent oxidative stress.
Antioxidants are compounds that protect cells against the reactive
oxygen species’ oxidative effect and result in oxidative stress due
to the compromised balance between these reactive oxygen species
and antioxidants. Oxidative stress can result in cellular damage that
is associated with various health conditions such as diabetes, cancer,
CVD, neurodegenerative disorders, and ageing.%

Antioxidants interact with radical-producing processes and increase
endogenous antioxidant activity, preventing these free radicals from
damage to cells. Flavonoids have been shown to be highly effective
in preventing lipid peroxidation, and lipid peroxidation, along with
aging, is responsible for various diseases such as atherosclerosis,
diabetes, hepatotoxicity and inflammation. Research has shown that
quercetin helps inhibit the peroxidation of lipids. Besides quercetin,
there are other flavonoids including myricetin, quercetrin and rutin
that help inhibit superoxide radical’s growth.*’

Flavonoids have also been known for their antimicrobial activity,
and many researchers have isolated and identified flavonoid structures
that have antimicrobial, antiviral and antibacterial properties. Most
flavonoids are now used widely in the fields of nutrition, food safety
and health because of this product. Flavonoids including quercetin,
naringin, hesperetin, and catechin have variable antiviral activity.®*
We impact the replication and invasion of some viruses of RNA and
DNA. Quercetine and apigenin are among the most widely studied
flavonoids believed to have antibacterial efficacy.

Many flavonoids are hormone-like and have a resemblance to
steroid hormones, particularly with oestrogen. In fruits and vegetables,
tea, red wine and cereals, these flavonoids are present. Hormone-like
steroids are well known for their protection from various chronic
diseases, especially oestrogen, which has neuroprotective effects on
the brain. A variety of flavonoids have been tested in clinical trials,
such as genistein, daidzein and equol, to determine their oestrogenic
effect. The studies have established their ability to treat various chronic
diseases such as cancer, cardiovascular disorders and osteoporosis.

Utilisation of nanomedicine in varied applications of
flavonoids

Applying nanotechnologies to cancer therapy may increase the
solubility and/or bioavailability of natural or synthetic bioactive
compounds and provide other potential benefits in cancer therapy,
including selective targeting. Various studies tried to analyze in
vivo research on nanoparticles (NPs) anti-cancer activity obtained
from flavonoids extracted from food.”” A total of 60 studies have
been reported from a systematic search. Most experiments included
epigallocatechin-3-O-gallate flavanol and quercetin flavonol in both
delivery and co-delivery systems (with anti-cancer drugs).

In addition, several studies have studied the effects of other
flavonoids, including anthocyanins aglycones anthocyanidins,
flavanones, flavones, and isoflavonoids. In both xenografts and
chemical-induced animal models of cancerogenesis, NPs inhibited
tumor growth. Encapsulation increased Dbioavailability and/or
decreased toxicity for both flavonoidsand/or co-delivered drugs such
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as doxorubicin, docetaxel, paclitaxel, honokiol and vincristine. In
addition, in molecular guided nanosystems, flavonoids have been
successfully applied.”*

Lifestyle factors, such as changes in dietary intake, are generally
known to be closely related to the incidence of cancer.”**® Population
and laboratory studies have collected evidence supporting a positive
relationship between dietary consumption of fruit and vegetables and
reduced risk of different cancers. The positive correlation between
flavonoid intake and cancer incidence has been demonstrated in
several in vitro and in vivo studies in addition to various clinical trials
and meta-analyses.**"1%?

Although the underlying chemopreventive and chemotherapeutic
mechanisms are needed to be elucidated, flavonoids have been
thoroughly investigated as to how they modulate various key elements
in cellular signal transduction pathways and their effect on cell fate
determination processes.!**"'% Most dietary flavonoids not only inhibit
the growth of tumor cells but also promote cell differentiation by
quenching oxidative stress and inflammatory response.

Cancer therapy has become a multidisciplinary challenge requiring
close collaboration between physicians, molecular biologists,
scientists of materials and biomedical engineers.!°1% Chemotherapy’s
basic purpose is to improve patients’ survival time and quality of life.
Conventional chemotherapeutic agents are not clearly administered
in the body and due to the severe side effects in the vital organs, the
effective dose of chemotherapeutic agents within a solid tumor is not
readily available.!”

Through changing the pharmacokinetic parameters and reducing
systemic toxicity, nanotechnologies often offer the possibility of
re-entering many drugs on the market, including poorly soluble
agents, highly toxic agents and bioactive macromolecules that were
previously unable to be used. Indeed, advances in nanomedicine in
cancer therapy have rapidly become clinical practice.!'*!!! Some novel
formulations based on nanotechnology such as polyethylene glycol
(PEG) ylated-liposomal doxorubicin (Doxil), liposomal daunorubicin
(DaunoXome), liposomal cytarabine (DepoCyt) and albumin-
bound particle paclitaxel (Abraxane) reportedly demonstrated the
effectiveness of this new class of agents.

Numerous studies illustrated the details of the flavonoids involved
in the synthesis of MNPs and their biomedical effectiveness. Recently,
a study found that the total flavonoids present in the Alternanthera
tenella and Coriandrum sativum leaf extracts were largely involved
in AgNPs synthesis; and demonstrated antiacne, antidandruff,
and anti-breast cancer activity against Propionibacterium acnes,
Malasseziafurfur, and human breast adenocarcinoma cells.

Zuas et al reported that the five water-soluble flavonoids present
in Myrmecodiapendan extract were primarily responsible for the Ag+
to AgNP reduction process. Dalbergia spinosa leaf extract flavonoids
could be adsorbed to the metal surface by interacting with carbonyl
groups or electrons and exhibiting increased anti-inflammatory
and antibacterial activities (against Bacillus subtilis, Pseudomonas
aeruginosa, Staphylococcus aureus, and Escherichia coli)

Raghunandan et al noticed that AuNPs derived extract of flavonoids
functionalized clove buds showed anticancer activity against various
cancer cells. Aromal and Philip conducted AuNPs synthesis using the
seed extract Trigonella foenumgraecum and concluded that flavonoids
are powerful reduction agents for chloroauric acid (HAuCl,). The
flavonoids in the Ranunculus muricatus aqueous extract interact
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with metal ions through covalent co-ordinate bonding for Au/TiO2
nanocomposite formation, and further inhibit effectively organisms
like S. aureus and E. coli.

Apigenin is reportedly found to be a bioflavonoid citrus which has
antioxidant, anti-inflammatory, and anticancer activity. Kasthuri et
al synthesized AuNPs and AgNPs using apiine (apigenin glycoside),
which was extracted from Lawsoniainermis and expected to be an
effective nano-drug for cancer treatment. Baicalein is the major
bioactive flavanoid in the treatment of methicillin-resistant S.
aureus, which has remarkable synergetic effects with tetracycline
and b-lactams. In addition, it has been reported that baicalein
attenuates the quorum sensing-controlled virulence factors including
the formation of biofilms in P. aeruginosa. Rajkumari et al reported
AuNPs mediated on baicalein synthesis and confirmed their enhanced
antibiofilm activity against opportunistic pathogen, P. aeruginosa in
comparison to baicalein.

Dihydromyricetine (DMY), is a flavonol type. It has multiple
biological effects including hypoglycemic activity, antioxidant, and
antibacterial. Guo et al synthesized AuNPs using DMY without
adding any surfactants, capping agents or templates external to
them. Moreover, the experimental approach suggests that the AuNPs
synthesis mediated by flavonoids is simple, rapid, cost-effective and
reproducible. Genistein, an isoflavonoid which occurs naturally, has
both anticancer and antiangiogenic properties. Stolarczyk et al recently
observed that genistein reduces Au** to spherical Au’ nanocrystallite.

Flavonoids and its role in treatment of COVID-19

Coronaviruses (CoVs) are an etiologic agent of serious infections
in both humans and animals, which can cause disorder not only in
the respiratory tract, but also in the digestive tract and in the system.
Previous CoV studies have reported that CoVs may infect certain
animal species, including mammals, avian species and reptiles. The
new CoV strain was identified at the end of 2019, initially named
2019-nCoV, and emerged during an outbreak in Wuhan, China.
Coronaviruses (CoVs) are an etiologic agent of serious infections
in both humans and animals, which can cause disorder not only in
the respiratory tract, but also in the digestive tract and in the system.
Previous CoV studies have reported that CoVs may infect certain
animal species, including mammals, avian species and reptiles. The
new CoV strain was identified at the end of 2019, initially named
2019-nCoV, and emerged during an outbreak in Wuhan, China. Liu
et al (2020) successfully crystallized the main protease (M) of
COVID-19, which is a potential drug target.

Other reported antiviral treatments for human pathogenic CoVs
include nucleoside analogs, neuraminidase inhibitors, remdesivir,
umifenovir (arbidol), tenofovir disoproxil (TDF) and lamivudine
(3TC). A separate investigation conducted by Xu et al. (2020) indicated
that, of the 4 drugs tested (nelfinavir, pitavastatin, perampanel, and
praziquantel), nelfinavir was identified as the best potential inhibitor
of COVID-19 Mpro based on the binding of free energy calculations
using generalized Born molecular mechanics and surface area solution
(MM / GBSA) model and solvent interactions.

At present, COVID-19 has emerged in the human population, in
China, and is a potential threat to global health worldwide. However,
there is currently no approved drug for the treatment of the disease.
The drugs currently available for treatment with COVID-19 primarily
act on the main protease (M"). In a study, they attempted to examine
a number of medicinal herbal compounds that could be used to inhibit
the pathway of infection with COVID-19. Nelfinavir, lopinavir,
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kaempferol, quercetin, luteolin-7-glucoside, demethoxycurcumin,
naringenin, apigenin-7-glucoside, oleuropein, curcumin, catechin
and epicatechin-gallate had the lowest binding energy and inhibition
constants.

The affinity of kaempferol bonds is higher compared to other
compounds. Therefore, this study suggested that nelfinavir and
lopinavir may represent potential treatment options, and kaempferol,
quercetin, luteolin-7-glucoside, demethoxycurcumin, naringenin,
apigenin-7-glucoside, oleuropein, curcumin, catechin and epicatechin-
gallate were the most recommended compounds found in medicinal
plants that could act as potential inhibitors of COVID-19 Mre.
However, further research is needed to investigate the potential uses
of medicinal plants containing these compounds.

Futuristic role of flavonoids

Over the past 10 years, flavonoids have been given a lot of
coverage in the literature and a number of possible beneficial effects
have been elucidated. In vitro and in silico experiments, however, a
number of studies were carried out. More studies are therefore needed
in order to enhance the utility of flavonoids in the diet for better
human health. Due to the heterogeneity of the different molecular
structures and the scarcity of bioavailability data, flavonoid analysis is
complex. In addition, there are inadequate methods available to assess
in vivo oxidative damage and it is still difficult to measure objective
endpoints.”! Better analytical techniques are needed to enable more
data to be collected on absorption and excretion. In particular, data on
the long-term effects of chronic consumption of flavonoids are sparse.
Numerous reports also highlighted the need for molecular docking
studies to identify potential flavonoid molecules for their use in the
treatment of various health system disorders. An important area of
future research is the interaction of flavonoids with receptor molecules
during the treatment of acute and chronic diseases.

Conclusion

Flavonoids are considered to be one of the most vital compounds
which had proved to show anti-diabetic, anti-cancerous, anti-oxidant,
anti-inflammatory and also in treatment of Neurodegenerative
disorders. There are various applications like nanoparticle mediated
delivery of flavonoids to decimate tumor cells. There are also studies
which proved that flavonoids aid in treating pregnancy induced
hypertension. Recently, there are also reports which proved that
flavonoids show anti-cholinesterase activity. Flavonoids still shows
great potential in further research which would prove beneficial in
curing heinous diseases in future.
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