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Preface

Quercetin is a flavonoid prevalent in fruits and vegetables that has been a staple
in human diets for generations. This book provides a comprehensive overview of
quercetin in six sections.

Section 1 highlights key points about the effects of quercetin on human health. It also
addresses quercetin’s many health advantages, including its antiviral, antibacterial,
anti-inflammatory, antioxidant, and anticancer qualities.

Section 2 discusses how vital it is to comprehend quercetin’s pharmacokinetics in
order to evaluate its possible therapeutic uses. Because of its wide spectrum of bio-
logical activity, quercetin is a key pharmacological issue. Quercetin has demonstrated
potential uses in the management and avoidance of several illnesses, such as inflam-
matory disorders, allergies, metabolic problems, and eye diseases.

Section 3 presents the complexity of the molecular pathways of quercetin, which
exhibit variability based on the particular cell type and situation. In addition to its
demonstrated ability to alter the molecular processes and signaling pathways linked
to inflammation, quercetin has been studied for possible anticancer properties. It can
also go through several metabolic processes in the body, such as O-methylation, sulfa-
tion, and glucuronidation, or it can modify molecular events and signaling pathways
involved in cell survival, proliferation, differentiation, angiogenesis, invasion, migra-
tion, and metastasis.

Section 4 explores quercetin’s potential uses in human health and status as an antioxi-
dant. Due to the presence of four hydroxyl groups on the benzo-dihydropyran ring in
its chemical structure, quercetin possesses a potent antioxidant ability. Quercetin can
thus help the body maintain a steady state and eliminate free radicals.

Section 5 presents the possible therapeutic benefits of quercetin as a promising option
for oxidative stress and inflammatory diseases. There is potential for quercetin to
help prevent and treat cancer. Its capacity to cause apoptosis or cell death, prevent
the proliferation of cancer cells, and decrease the chances of developing specific
cancer types have been investigated. Research has been done on quercetin’s antiviral
qualities, which may include preventing the spread of viruses, as well as its possible
advantages in treating metabolic conditions including diabetes and obesity. It might
aid in lowering inflammation, enhancing insulin sensitivity, and controlling glucose
metabolism. The potential therapeutic benefits of quercetin have also been investi-
gated in relation to gastrointestinal issues, skin ailments, arthritic conditions, and
other conditions.

Section 6 outlines studies on quercetin’s potential positive effects on the cardiovascu-
lar system. Supplementing with quercetin has been demonstrated to lower systolic
blood pressure in people with type 2 diabetes, suggesting a possible antihypertensive



impact. In terms of cardioprotection, quercetin has been linked to enhanced endothe-
lial function, which is critical for keeping blood arteries in good condition. Further
research shown that quercetin might have preventive effects on the development of
atherosclerosis. In addition, quercetin has demonstrated advantages in enhancing
heart performance in animal models of post-ischemic damage and pressure overload.

Josko Osredkar

Clinical Institute for Clinical Chemistry and Biochemistry,
University Medical Centre Ljubljana,
Ljubljana, Slovenia
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Chapter1

Introductory Chapter:

Quercetin — Effects on Human
Health

Josko Osredkar

1. Introduction

Quercetin is a flavonoid compound found in a variety of fruits, vegetables, and
grains. It is known for its antioxidant and anti-inflammatory properties and has been
studied extensively for its potential health benefits. The main issues related to quer-
cetin and its effects on human health are antioxidant properties, anti-inflammatory
properties, immune system support, cardiovascular health, allergy relief, cancer
prevention, and brain health.

Strong antioxidant qualities of quercetin have been demonstrated, suggesting that
it may help shield cells from harm brought on by free radicals. This could aid in the
prevention of long-term conditions like cancer, heart disease, and neurological ill-
nesses. Additionally, quercetin possesses anti-inflammatory qualities that may aid in
lowering inflammation all over the body. This could lessen the signs and symptoms of
inflammatory diseases such as inflammatory bowel disease and rheumatoid arthritis.
It has been demonstrated that quercetin supports the immune system by lowering
inflammation and stimulating immune cell function. This might facilitate better
disease recovery and help avoid infections. Quercetin has the potential to enhance
cardiovascular health by mitigating oxidative stress and inflammation, two factors
that increase the risk of heart disease. Additionally, it might lower blood pressure and
enhance blood flow. Due to its demonstrated antihistamine qualities, quercetin may
be able to lessen allergy symptoms like hives, runny nose, and itchy eyes. Quercetin
may have anticancer effects and be able to stop the growth and spread of cancer cells,
according to certain research. Because of its potential neuroprotective qualities,
quercetin may enhance cognitive performance and lower the risk of neurodegenera-
tive illnesses like Parkinson’s and Alzheimer’s [1].

2. Signaling pathways associated with quercetin’s effects on health

Antioxidant defense pathway

The Nrf2 (nuclear factor erythroid 2-related factor 2) signaling pathway
NF-kB (nuclear factor-kappa B) pathway

Apoptotic (cell death) pathways

Insulin signaling pathway

Mitogen-activated protein kinase (MAPK) pathways
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Wnt/f-catenin pathway
AMP-activated protein kinase (AMPK)
Hepatitis C virus (HCV) pathway.

3. Quercetin, as a flavonoid antioxidant

It is well known that quercetin has antioxidant qualities. Antioxidants are sub-
stances that assist in shielding cells against reactive oxygen species (ROS) and free
radicals, which can cause oxidative damage. Cell damage and inflammation are two
health problems that can be attributed to oxidative stress, which is the result of an
imbalance between the body’s capacity to eliminate free radicals and their creation.
Quercetin has the ability to combat free radicals, boost the body’s natural antioxidant
defense, lessen inflammation, guard against chronic illnesses, and support healthy
immune system function.

4. Absorption of quercetin

The absorption of quercetin can be influenced by various substances, both
enhancers and inhibitors. Quercetin is known to have limited bioavailability when
consumed orally, meaning that a significant portion of it may not be efficiently
absorbed into the bloodstream. Substances and factors that can affect the absorption
of quercetin:

Piperine (black pepper extract), vitamin C (ascorbic acid), bromelain (pineapple
enzyme), fats and oils, quercetin glycosides, and heat and cooking are factors that
improve the absorption of quercetin.

5.Impact on biochemical parameters

The possible effects of quercetin on a number of bodily biochemical markers
have been investigated. Quercetin’s antioxidant, anti-inflammatory, and metabolic
regulating qualities are responsible for some of the effects on biochemical outcomes
that have been documented. The biochemical effects of quercetin, along with the
mechanisms underlying them, include blood pressure regulation, glucose and
insulin metabolism, lipid metabolism, antioxidant activity, and anti-inflammatory
actions.

Strong antioxidant quercetin has the ability to counteract free radicals and lessen
oxidative stress. Numerous biochemical effects, including decreased oxidative
damage and improved lipid profile, can result from this antioxidant action. Reactive
oxygen species (ROS) can cause oxidative damage to biological components such as
proteins, lipids, and DNA. Quercetin can help prevent this damage. Lower levels of
oxidative stress indicators in the body may arise from this. One of the main con-
tributors to the development of atherosclerosis is oxidized LDL cholesterol, which
quercetin may help lower levels of. A better lipid profile may result from reducing
oxidized LDL [2].

Because of its anti-inflammatory qualities, quercetin has been shown to lower
inflammatory cytokines and reduce C-reactive protein (CRP). Pro-inflammatory
cytokines like interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a) can

4
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also be produced and released less frequently when quercetin is present. As a result,
systemic inflammation is reduced. CRP is a measure of systemic inflammation, and
some research has linked quercetin consumption to decreased CRP levels [3].

Quercetin may have biochemical effects related to blood pressure control.
Vasodilation—Quercetin can promote the relaxation of blood vessels (vasodilation),
which can lead to improved blood flow and lower blood pressure. Endothelial
function—quercetin may enhance endothelial function by increasing the production
of nitric oxide (NO), a molecule that helps regulate blood vessel tone.

Quercetin may have an effect on biochemical markers associated with glucose and
insulin metabolism. It may improve insulin sensitivity in cells, which may result in
better glucose regulation and lower fasting insulin levels. Additionally, some stud-
ies have shown that quercetin supplementation may lower glycosylated hemoglobin
(HbA1c), along-term indicator of blood glucose control.

Reduced triglycerides are one of the biochemical indicators that reveal how
quercetin affects lipid metabolism. Triglyceride levels can be lowered by querce-
tin, which is beneficial for cardiovascular health. Liver function may be affected
by quercetin’s biochemical activities. Supplementing with quercetin has occasion-
ally been linked to lower liver enzyme levels, indicating possible enhancements to
liver function.

6. Quercetin plays an important role in the treatment of human diseases
through epigenetic mechanisms

Because of its possible application in the management of human illnesses, quer-
cetin has drawn interest from the epigenetics community. The term “epigenetics”
describes modifications to gene expression that can have a major effect on a person’s
health but do not entail changes to the DNA sequence. There are numerous ways that
quercetin is thought to affect epigenetic pathways. Through epigenetic pathways,
quercetin may be useful in treating the following diseases [4-6]:

DNA methylation: quercetin has been studied for its ability to modulate DNA
methylation, an epigenetic modification that involves the addition of methyl groups
to DNA molecules. DNA methylation patterns can influence gene expression.
Quercetin may have demethylating effects on certain genes, potentially leading
to changes in gene expression patterns that are relevant to disease prevention or
treatment.

Histone modification: quercetin may impact histone modifications, such as acety-
lation and methylation. Histones are proteins that help package DNA into a compact
structure. Alterations in histone modifications can affect chromatin structure and
gene accessibility. Quercetin’s influence on histone modifications may lead to changes
in gene expression associated with disease pathways.

MicroRNA regulation: quercetin has been shown to regulate the expression of
microRNAs (miRNAs), small non-coding RNA molecules that play a role in post-
transcriptional gene regulation. Changes in miRNA expression can have epigenetic
effects by modulating the stability and translation of messenger RNAs (mRNAs).
Quercetin’s ability to influence miRNAs may impact disease-related pathways.

Anti-inflammatory effects: quercetin’s epigenetic effects may extend to its anti-
inflammatory properties. Chronic inflammation is a key factor in the development of
many diseases, and quercetin’s ability to modulate inflammatory gene expression may
contribute to its therapeutic potential.
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Antioxidant and DNA repair: by reducing oxidative stress and promoting DNA
repair mechanisms, quercetin may indirectly influence epigenetic stability. Oxidative
stress can lead to epigenetic changes, and quercetin’s antioxidant properties may
mitigate these effects.

Cancer: quercetin has been studied for its potential role in cancer prevention and
treatment. Epigenetic changes, such as DNA methylation and histone modifications,
are common in cancer. Quercetin’s ability to modulate epigenetic mechanisms may
influence cancer-related gene expression and pathways.

7. Antimicrobical activity of quercetin

Quercetin shows antimicrobial activity against a wide range of microorganisms,
including bacteria, viruses, fungi, and parasites. Several mechanisms are involved in
quercetin’s antimicrobial activity:

Disruption of cell membranes
Inhibition of enzyme activity
DNA and RNA interactions
Antioxidant activity

Interference with viral replication
Modulation of immune responses
Biofilm disruption.

The effectiveness of quercetin as an antimicrobial agent can vary depending on
factors such as the specific microorganism, its susceptibility to quercetin, and the
concentration and delivery method of quercetin used. While quercetin shows promise
as a natural antimicrobial compound, more research is needed, including clinical
studies, to better understand its potential clinical applications and optimal use in the
treatment or prevention of microbial infections.

8. Quercetin and cardiovascular diseases

Quercetin has been studied for its potential cardiovascular benefits. Quercetin is
considered a cardiovascular agent due to several potential cardioprotective properties:

Antioxidant activity
Anti-inflammatory effects
Blood pressure regulation
Endothelial function
Cholesterol management
Platelet aggregation inhibition
Nitric oxide production
Cardiometabolic health.

9. Wound healing

Quercetin has been studied for its potential role in wound healing. Its mechanisms
of action in wound healing are complex and multifaceted:
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Anti-inflammatory effects
Antioxidant activity

Collagen synthesis

Angiogenesis promotion

Fibroblast proliferation and migration
Epithelialization

Antimicrobial activity

Scar reduction.

The specific mechanisms underlying quercetin’s effects on wound healing may
vary depending on the type and severity of the wound. Quercetin can be applied topi-
cally to the skin for its antioxidant, anti-inflammatory, and potential UV-protective
properties. To enhance the delivery and effectiveness of topical quercetin applica-
tions, various delivery strategies and formulations can be considered:

Creams and lotions

Gels

Serums

Nanoparticles and liposomes
Microneedling

Transdermal patches

Sprays

Lip balms

Sunscreen formulations.

Quercetin has been studied for its potential to contribute to skin brightening and
improvement of skin complexion. Skin brightening typically refers to the reduction
of hyperpigmentation, such as dark spots, uneven skin tone, and age-related skin
discolorations. Quercetin may be associated with skin brightening:

Antioxidant properties
Anti-inflammatory effects
Inhibition of tyrosinase

Sun damage protection

Collagen production

Reduction of red and brown spots
Antioxidant synergy.

10. Skin cancer

The development of skin cancer, particularly melanoma, is primarily driven by expo-
sure to ultraviolet (UV) radiation from the sun or artificial sources like tanning beds.
UV radiation causes DNA damage in skin cells, leading to mutations that can trigger the
development of skin cancer. Quercetin has been studied for its potential role in protect-
ing against UV-induced skin damage and, to some extent, in mitigating the mechanisms
underlying skin cancer. Quercetin may be connected to the mechanisms of skin cancer:

Antioxidant activity
Anti-inflammatory effects
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DNA repair

Protection against UV-induced immunomodulation
Inhibition of cell proliferation

Melanin production regulation.

Skin cancer prevention primarily involves sun protection measures, such
as wearing sunscreen, protective clothing, and sunglasses, seeking shade, and
avoiding tanning beds. Quercetin-containing supplements or topical products
should be used cautiously and under the guidance of a healthcare professional,
especially in the context of skin cancer prevention or treatment. They should not
be considered a sole substitute for established sun protection practices or medical
treatment.

11. Quercetin in nanoformulations

The use of quercetin in nanoformulations presents both opportunities and chal-
lenges in the quest for improved clinical efficacy and enhanced biological effects.
Nanoformulations of quercetin involve the creation of nanoscale structures (nanopar-
ticles, liposomes, micelles, etc.) to encapsulate or deliver quercetin to target tissues
or cells. While these approaches have shown promise in enhancing the therapeutic
potential of quercetin, they also pose certain challenges.

11.1 Opportunities

Improved bioavailability: quercetin has limited bioavailability when consumed
orally, as it can be rapidly metabolized and excreted. Nanoformulations can protect
quercetin from degradation and enhance its absorption, leading to higher levels in the
bloodstream and target tissues.

Targeted delivery: nanoformulations can be engineered to deliver quercetin
specifically to the intended site of action, such as tumor tissues or inflamed areas.
This targeted delivery can minimize off-target effects and improve therapeutic
outcomes.

Sustained release: some nanoformulations allow for controlled and sustained
release of quercetin over an extended period. This can maintain therapeutic levels of
quercetin in the body and reduce the frequency of dosing.

Combination therapies: quercetin-loaded nanoparticles can be combined with
other drugs or therapeutic agents to create synergistic effects. This approach is
particularly relevant in cancer therapy, where quercetin may enhance the efficacy of
chemotherapy or radiation therapy.

Reduced side effects: by improving the selectivity of quercetin delivery, nano-
formulations may reduce the risk of side effects associated with systemic quercetin
administration.

11.2 Challenges

Complex formulation development: designing effective quercetin nanoformu-
lations can be complex and require expertise in nanotechnology. The choice of
nanocarrier, formulation conditions, and stability considerations must be carefully

addressed.
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Regulatory approval: nanoformulations often face regulatory challenges due to
their unique characteristics. Ensuring their safety and efficacy through rigorous test-
ing and clinical trials can be time-consuming and costly.

Scale-up and manufacturing: scaling up the production of quercetin nanoformu-
lations for commercial use can be challenging and may affect the consistency and
cost-effectiveness of manufacturing.

Biocompatibility: the biocompatibility of nanomaterials used in quercetin nano-
formulations is a critical concern. Ensuring that the materials are safe for use in
humans is essential.

Clinical translation: moving from preclinical studies to clinical trials with nano-
formulations can be a significant hurdle. Demonstrating improved clinical efficacy
compared to conventional quercetin formulations is essential for their acceptance in
clinical practice.

Cost: developing and producing quercetin nanoformulations can be expensive,
which may affect their affordability and accessibility to patients.

12. Quercetin supplementation

Quercetin is generally considered safe when consumed as part of a normal diet.
However, when using quercetin supplements at high doses or in concentrated forms,
there is potential for interactions with medications, including those used for hyper-
tension (high blood pressure) treatment. Some important considerations [7]:

Potentiation of medication effects: quercetin may have vasodilatory effects, which
can relax and widen blood vessels. While this effect might be beneficial in some cases,
it can also potentiate the effects of antihypertensive medications, potentially leading
to excessively low blood pressure (hypotension).

Interaction with blood pressure medications: quercetin might interact with certain
antihypertensive medications, such as calcium channel blockers, ACE inhibitors,
and beta-blockers. Combining quercetin supplements with these medications may
enhance their blood pressure-lowering effects, which could result in hypotension. It is
essential to monitor blood pressure closely in such cases.

Effect on drug metabolism: some studies suggest that quercetin may inhibit cyto-
chrome P450 enzymes, which are involved in drug metabolism. This inhibition could
potentially affect the metabolism and clearance of certain medications, potentially
leading to altered drug levels in the body.

Potential interaction with diuretics: quercetin is found in foods like onions, apples,
and tea, and it has mild diuretic properties. When combined with diuretic medica-
tions, quercetin’s diuretic effects might be additive, potentially leading to an increased
risk of dehydration or electrolyte imbalances.

Individual variability: interactions between quercetin and hypertension medi-
cations can vary among individuals. Some people may be more sensitive to these
interactions than others, and factors such as the specific medication, dosage, and
overall health status can influence the outcome.

13. Conclusion

Quercetin is a flavonoid compound found in various fruits, vegetables, and grains,
known for its antioxidant, anti-inflammatory, and potential therapeutic properties.

9
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13.1 Mode of action

Antioxidant activity: quercetin acts as a potent antioxidant, scavenging free radi-
cals and reducing oxidative stress in the body. This antioxidant activity helps protect
cells and tissues from damage caused by reactive oxygen species (ROS).

Anti-inflammatory effects: quercetin has anti-inflammatory properties that can
help reduce inflammation by inhibiting inflammatory mediators and pathways. It
may modulate the activity of cytokines, enzymes, and transcription factors involved
in the inflammatory response.

Modulation of cellular signaling: quercetin can influence various cellular signaling
pathways involved in processes such as cell proliferation, apoptosis, and gene expres-
sion. These effects may contribute to its therapeutic potential in different diseases.

13.2 Use in different diseases

Cardiovascular health: quercetin has been studied for its potential cardiovascular
benefits, including its ability to improve endothelial function, reduce oxidative stress,
and lower blood pressure and cholesterol levels. It may also help protect against
atherosclerosis and other cardiovascular diseases.

Immune function: quercetin has immunomodulatory effects that may enhance
immune function and reduce inflammation. It has been investigated for its potential
in supporting immune health and combating infections.

Metabolic health: quercetin may have benefits for metabolic health, including its
ability to improve insulin sensitivity, regulate blood glucose levels, and reduce the risk
of obesity-related complications.

Cancer prevention: some studies suggest that quercetin may have anticancer prop-
erties, including its ability to inhibit tumor cell growth, induce apoptosis (cell death)
in cancer cells, and modulate signaling pathways involved in carcinogenesis.

Neurological disorders: quercetin has been investigated for its potential neuro-
protective effects in conditions such as Alzheimer’s disease, Parkinson’s disease, and
stroke. Its antioxidant and anti-inflammatory properties may help protect neurons
from damage and reduce neuroinflammation.

Skin health: quercetin may have benefits for skin health, including its ability to
protect against UV-induced damage, reduce inflammation, and promote wound heal-
ing. It has been studied for its potential in treating conditions such as atopic dermati-
tis, psoriasis, and skin cancer.

13.3 Supplementation

Quercetin supplements are available in various forms, including capsules, tablets,
and powders [6].

Dosages of quercetin supplements can vary depending on the specific product
and intended use. It is essential to follow the manufacturer’s recommended dosage
instructions or consult with a healthcare professional for personalized guidance.

Quercetin supplements are often used as part of a broader approach to health
and wellness, including a balanced diet, regular exercise, and other lifestyle
interventions.

While generally considered safe for most people when taken at recommended dos-
ages, quercetin supplements may interact with certain medications and have potential
side effects in some individuals.
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In summary, quercetin exhibits diverse biological activities and has been investi-
gated for its potential therapeutic benefits in various diseases and health conditions.
While research is ongoing to better understand its mechanisms of action and clinical
applications, quercetin supplementation may offer potential benefits for promoting
overall health and wellness. As with any supplement, it is important to use quercetin
under the guidance of a healthcare professional to ensure safety and efficacy.
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Chapter?2

Unveiling the Potential of
Quercetin: Chemistry, Health
Benetits, Toxicity, and
Cutting-Edge Advances

Mosad A. Ghareeb, Abdallah Z. Zayan, Falah H. Shari
and Ahmed M. Sayed

Abstract

Quercetin, a naturally occurring flavonoid, has gained significant attention
in recent years due to its potential health benefits and versatile applications. This
book chapter explores the chemistry of quercetin, shedding light on its molecu-
lar structure, biosynthesis, and extraction methods. The chapter delves into the
extensive research on the health effects of quercetin, highlighting its antioxidant,
anti-inflammatory, anticancer, neuroprotective, and cardioprotective properties.
Moreover, the potential risks and toxicity associated with quercetin consumption are
thoroughly examined, emphasizing the importance of proper dosage and potential
drug interactions. The chapter concludes by providing an overview of recent advances
in quercetin development, including nanoformulations, targeted delivery systems,
and combination therapies, that hold promise for enhancing its therapeutic efficacy
and bioavailability. This comprehensive exploration of quercetin aims to provide
researchers, scientists, and healthcare professionals with valuable insights into its
multifaceted nature and potential applications in human health.

Keywords: quercetin, flavonoids, health benefits, toxicity, chemistry, antioxidant,
anti-inflammatory, anticancer, neuroprotective, cardioprotective, recent advances

1. Introduction
1.1 Overview of quercetin: Definition and significance

Querecetin is a natural compound belonging to the flavonoids family; it is widely
distributed in the plant kingdom and has been isolated from many edible and non-
edible plants. Quercetin has several pharmacological properties, making it a promis-
ing candidate for many pharmaceutical formulations. Nutritionally, quercetin is a
major component of the human diet. Onions are the main source of quercetin, in
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addition to some other plant species such as apples, buckwheat, grapes, tea, cher-
ries, tomatoes, mangoes, citrus, and plums [1, 2].

From the chemical point of view, quercetin is a plant pigment with a flavonol-type
structure called 3,3,4,5,7-pentahydroxyflavone and 2-(3,4-dihydroxyphenyl)-3,5,7-
trihydroxychromen-4-one) according to IUPAC. It has a molecular formula
(C15H1007) and a molecular weight (302.236 g/mol) [3]. The main structure of the
compound is a 15-carbon skeleton, comprising two benzene rings labeled (A-ring
and B-ring) connected by a 3-carbon heterocyclic ring labeled (C-ring), in addition
to five hydroxyl functional groups [4]. However, the B-ring is considered the main
participant in its potent antioxidant activity because it contains a heavy hydroxylation
pattern that enables the compound to be a strong free radicals scavenger [5].

On the other side, the compound showed a broad spectrum of biological activities
such as anti-SARS-CoV-2, antioxidant, antidiabetic, anticancer, antiarthritic, antiag-
ing, anti-Alzheimer’, antiviral, anti-inflammatory, antimicrobial, anti-allergic, anti-
obesity, cardiovascular, hepatoprotective, neuroprotective, and wound-healing [2].

1.2 Historical context and contemporary interest

First identified in 1854 from its glycosidic form, quercitrin, quercetin—named
after the Latin word “Quercetum” for Oak Forest—has become a significant com-
pound in pharmaceuticals, cosmetics, and food production [6]. It is predominantly
found in a range of health foods and herbal products, with a daily intake ranging
from 5 to 40 mg, reflecting its extensive metabolism in the intestine and liver [7, 8].
Quercetin’s hydrophilic, stable, and bioavailable characteristics are notably enhanced
through glycosylation.

This chapter, “Unveiling the Potential of Quercetin: Chemistry, Health Benefits,
Toxicity, and Cutting-Edge Advances,” explores quercetin’s chemical makeup, thera-
peutic attributes, and the latest research innovations. It highlights quercetin’s role
as a cornerstone in the study of plant-based compounds and their impact on human
health. Acknowledged for its antioxidant, anti-inflammatory, anticancer, neuropro-
tective, and cardioprotective properties, quercetin is a ubiquitous dietary component
vital for both nutrition and therapy.

The narrative details quercetin’s historical progression, its natural synthesis,
extraction methods, and the strides made in understanding its complex therapeutic
utility. It covers quercetin’s chemical structure, emphasizing its distinctive flavonol
skeleton and the impact of its hydroxylation on antioxidant activities.

In addressing health implications, the chapter outlines quercetin’s mechanisms
of action—ranging from disease prevention to managing cardiovascular health,
cancer, diabetes, mental health, and neurodegenerative disorders. It also critically
assesses the safety and potential risks of quercetin, particularly at high doses,
and its interactions with medications, underscoring the importance of cautious
supplementation.

Looking to the future, the chapter delves into innovative delivery systems and
combination therapies that enhance quercetin’s therapeutic potential. It discusses
advances in nanotechnology and targeted delivery that aim to improve solubility and
bioavailability, positioning quercetin at the forefront of scientific exploration and
therapeutic innovation.

Overall, the chapter provides a comprehensive, scholarly examination of quer-
cetin, presenting a balanced view of its benefits and limitations while encouraging
further research and development in medicinal chemistry and phytotherapy. It serves
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as an essential resource for researchers, healthcare professionals, and academicians
interested in the intersection of plant-based compounds and health enhancement.

2. Section 1: Quercetin chemistry
2.1 Chemical structure and properties of quercetin

Flavonoids are a group of naturally occurring polyphenolic secondary metabolites
that are broadly disseminated in the plant kingdom, particularly in fruits, grains, and
vegetables. Flavonoids are also found in the form of aglycones or glycosides. Based on
the diversity in their basic structure (C6-C3-C6) regarding the number and location
of the hydroxyl groups and the oxidation level of the C-ring, flavonoids could be
divided into seven sub-classes namely: flavonols, flavones, isoflavones, anthocyani-
dins, flavanones, flavanols, and chalcones (Figure 1) [9, 10].

Quercetin (3,5,7,3',4’-pentahydroxyflavone) is a flavonol-type structure, with
its IUPAC name verified as [2-(3,4-Dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-
benzopyran-4-one] (Figure 1). The catechol-type B ring is mainly responsible for
most biological activities of the compound; among them are antioxidants [11, 12].

Basically, quercetin occurs in the form of glycosides as well as ethers, sulfates,
acyls, and prenyls. The hydroxylation pattern of quercetin (five hydroxy groups)
is related to the number of derivatives as well as the biological activities of the
compound [13]. Noteworthy, a common location for the glycosylation site is
the hydroxyl group at the C-3 position followed by the C-7 position. Quercetin
3-O-glycosides exist as mono and/or di-glycosides, and the most common sugar

[ Chalcones Flavanols Flavones H Anthocyanidins]

Flavonoids

Flavonols Flavanones

Isoflavones

HO

Figure 1.
Chemical classification of flavonoids.
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moieties are glucose, galactose, rhamnose, xylose, and glucuronic acid. Quercetin
3-O-glycosides include quercetin 3-O-glucoside, quercetin 3-O-xyloside, quercetin
3-O-rhamnoside, quercetin 3-O-glucuronide, and quercetin 3-O-galactoside as
mono-glycosides. In the same context, C-glycosides are likely to occur at the C-6
position [14].

Quercetin is a yellow crystalline solid with a melting point of 316°C and density
equal to 1.80 g/cm’. Moreover, it has a high degree of solubility in organic solvents
such as dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), methanol
(MeOH), and ethanol (EtOH). On the contrary, it is difficult to absorb quercetin in
the body as a hydrophobic compound due to its weak water solubility. The water solu-
bility increases according to the increasing number of sugar moieties in the molecule.
Therefore, scientists have turned to conducting many studies in order to improve its
water solubility and bioavailability, which reflects positively on its pharmacological
properties. Metal chelation is considered one of the methods used to improve its water
solubility and bioavailability. However, the most common quercetin-metal complexes
are copper and iron complexes [15-17].

2.2 Biosynthesis and natural sources

Plants are exposed to some damages from the surrounding environment, such as
UV-radiation and microbial infection, so the process of flavonoids biosynthesis is
considered the first line of defense against these external damages [18]. Flavonoids
can be biosynthesized via the phenylpropanoid metabolic pathway. This pathway
includes a group of enzymes like synthase, isomerases, hydroxylases, and reductases
[19]. The biosynthesis of quercetin involves several steps and some enzyme com-
plexes. Firstly, L-Tyrosine or 4-hydroxyphenylalanine is transformed to p-coumaric
acid via using tyrosine ammonia lyase (TAL), and then p-coumaric acid is trans-
formed into p-coumaroyl-CoA using 4-coumaroyl-CoA ligase (4CL). Subsequently,
p-coumaroyl-CoA reacts with three particles of malonyl-CoA via using chalcone
synthase (CHS) which resulted in the development of naringenin chalcone. After
that, naringenin chalcone is transformed to naringenin using chalconeisomerase
(CHI). Afterward, via using flavanone 3-hydroxylase (F3H) enzyme naringenin
is transformed to dihydrokaempferol. Then, dihydrokaempferol is transformed to
dihydroquercetin by using flavanone 3'-hydroxylase (F3’H) enzyme. Finally, dihy-
droquercetin is transformed into quercetin by using flavonol synthase (FLS) enzyme
(Figure 2) [20].

Quercetin is the most abundant flavonoid, found in fruits, vegetables, and grains.
The compound is widely found in many plant species such as apples, honey, raspber-
ries, onions, red grapes, radish, cherries, pears, tomatoes, coriander, green tea, red
lettuce, fennel, green beans, asparagus, green pepper, sweet potato, citrus, and dill
(Figure 3) [18, 21, 22]. As a result of the diversity of the environmental conditions
and Ayurvedic culture, the sources of quercetin also vary in different regions around
the world [22].

2.3 Methods of extraction and purification

Previous studies indicated that quercetin has been extracted from plant materials
using several extraction approaches, such as conventional solvent extraction,
ultrasound-assisted extraction (UAE), supercritical fluid extraction (SFE), and
microwave-assisted extraction (MAE) [23-26]. Moreover, aqueous mixtures are
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Biosynthesis pathway of quercetin.

among the best solvents used in extracting quercetin from plant materials in an
effective way with sufficient extraction yield, including methanol, ethanol, acetone,
and ethyl acetate [27]. For instance, in a previous study quercetin was extracted
from dry onion peels with a high extraction yield (21%) using hot aqueous mixture
of ethanol (60% ethanol) [28]. Quercetin has been isolated from Huberantha senji-
ana leaf ethyl acetate extract obtained by successive extraction and purified using
conventional column chromatography packed with silica gel [29]. In another study,
column chromatography and HPLC-UV were applied for the isolation and purifica-
tion of quercetin from Rubus fruticosus fruit ethyl acetate extract [30]. Sambandam
et al. (2016) extracted and isolated quercetin from Trigonella foenum-graccum leaf
ethanol extract using maceration and column chromatography, respectively [31].
Also, quercetin has been extracted from Psidium guajava leaf using maceration
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Figure 3.
Some natural sources of quercetin.

by sonication in methanol: water (85:15) as the eluting solvent [32]. From the
methanolic extract of Ginkgo biloba, quercetin has been extracted using solid-phase
extraction (SPE) [33]. Pan and Lii reported the extraction and isolation of quercetin
from Gynostemma pentaphyllum methanol extract using heat-reflux and high-speed
countercurrent chromatography (HSCCC) methods, respectively [34]. Zhang

et al. (2014) reported the extraction and isolation of quercetin from Zanthoxylum
bungeanum 95% ethanol extract using maceration and column chromatography,
respectively [35]. Additionally, quercetin has been extracted from Dendrobium
officinale using the ultrasonic-assisted extraction (UAE) technique [36]. Pilatova

et al. reported the extraction of quercetin from A. praecox extract using the carbon
dioxide expanded liquid method [37].

3. Section 2: health benefits of quercetin
Quercetin has received great attention from scientists and researchers in the field
of medicinal chemistry due to its vital therapeutic benefits and pharmacological

properties. Many previous reports indicated the powerful ability of quercetin to
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Figure 4.
Some pharmacological activities of quercetin.

treat many health disorders such as inflammations, oxidative stress, diabetes, viral,
and microbial infections [38]. It has shown several biological properties such as
antioxidant, antiarthritic, anti-inflammatory, anti-SARS-CoV-2, antiaging, antimi-
crobial, anti-obesity, cardiovascular, hepatoprotective, neuroprotective, anti-allergic,
wound-healing, antiviral, anti-Alzheimer’s, anti-diabetic, and anticancer activities
(Figure 4) [39, 40]. Herein, some pharmacological activities of quercetin are men-
tioned in depth.

3.1 Antioxidant properties and mechanisms

Quercetin is known for its powerful antioxidant activity due to its ability to
remove free radicals and protect cells from the accumulation of such serious spe-
cies inside the body. It also has the ability to diminish the harmful effects resulting
from the phenomenon of oxidative stress as a result of continuous exposure to some
chemicals and pollutants. In addition to its potent free radical scavenging properties,
quercetin has the ability to chelate with some metal ions such as Cu*", Mn**, and Fe**
which increases its bioavailability [11, 41, 42].

Noteworthy, the structural effect of quercetin has a clear impact on its free radical
scavenging activity. From the structure-activity relationship point of view, quercetin
has the optimal structural requirements to achieve strong free radical scavenging
activity including the presence of ortho-dihydroxy groups on the B-ring (catechol
groups), unsaturated double bond between C-2 & C-3 and a carbonyl group (keto
group) at C-4 on the C-ring, hydroxyl groups on the A- and C-rings at C-5 and C-3
positions, respectively, and 4-oxo group on the C-ring (Figure 5). These characteris-
tic structural features led to stabilization of the aroxyl radical (Ar-Oe) in the B-ring
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Figures.
Optimal structural criteria of quercetin for its effective free radical scavenging activity.

via intramolecular H-bonding. Moreover, the planarity of the molecule plays a vital
role in the powerful activity of quercetin as an antioxidant and free radical scavenger
natural agent [43-45].

3.2 Quercetin in disease prevention and management

Numerous previous reports have demonstrated the effective role of quercetin in
disease prevention and management, including cardiovascular, cancer, and diabetes
diseases [5, 38, 39]. Therefore, the higher daily quercetin intake is correlated to a
minimal threat of several diseases.

3.2.1 Cardiovascular health

Previous reports revealed that the intake of quercetin-rich foods led to the pre-
vention of cardiovascular diseases. In the same context, some studies conducted on
experimental animals indicate a decrease in blood pressure after receiving nutritional
supplements containing quercetin, confirming the effect of quercetin as a vasodilator
agent [46]. Taken together, quercetin has the ability to decrease low-density lipopro-
tein as well as cholesterol oxidation and to inhibit endothelial dysfunction in cardio-
vascular diseases [47]. Herein, Figure 6 summarized the cardioprotective effects of
quercetin and its molecular mechanisms involved in cardioprotective management.

Numerous studies showed the cardioprotective role of quercetin using
experimental animal and human models. Rasheed et al. reported the cardioprotective
activity of quercetin and its role in the improvement of myocardial injury resulting
from high-fat diet intake in adult male albino rat model [48]. Furthermore, quercetin
has the ability to relieve endothelial dysfunction in age-related cardiovascular cases
based on its anti-atherosclerotic and anti-hypertensive activities [49]. In another
study, quercetin supplementation at a dose of (250 mg/day) for 2 months led to the
improvement of oxidative stress, blood pressure, left ventricular function, and aero-
bic power in men with hypertension and coronary artery diseases [50]. Additionally,
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The cardioprotective effects of quercetin and its molecular mechanisms.

quercetin could invert posttraumatic cardiac dysfunction via decreasing cardiomyo-
cyte apoptosis across the repression of TNF-a rises, reactive species overproduction,
and Ca”* overburden in cardiomyocytes [51].

3.2.2 Anti-cancer properties

Quercetin is known for its chemopreventive and anti-cancer properties due to its
unique chemical structure, which increases its ability to scavenge free radicals and
enhance its antioxidant activity. Chemotherapy is one of the approaches used to combat
cancerous diseases, in addition to surgery, radiotherapy, immunotherapy, targeted
therapy, and hormone therapy. Noteworthy, quercetin has multiple mechanisms of
action in treating cancer, such as cell cycle arrest, autophagy, potentiates apoptosis,
drug resistance, and prevents angiogenesis and metastasis [52-54]. Quercetin has a long
history in treating various types of cancer such as breast, colorectal, ovarian, blood,
lung, oral, esophageal, bladder, gastric, hepatic and prostate cancers [55, 56]. The
targeted cancers and the possible mechanisms of action are summarized in Figure 7.

3.2.3 Diabetes and metabolic syndrome

Previous reports have shown that the daily intake of quercetin reduces most signs of
metabolic syndrome, including high blood pressure, high blood sugar, insulin resis-
tance, abdominal obesity, and abnormal cholesterol. Additionally, quercetin has the
superior ability to manage type 2 diabetes and its associated dependencies [57-59]. Desai
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The targeted cancers and the possible mechanisms of action.

etal. reported that quercetin treatment for 8 weeks alleviates streptozotocin-induced
diabetic nephropathy in rats by controlling hyperglycemia, dyslipidemia, and down-
regulated inflammatory activators NFkB, IL-6, and Caspase-3 [60]. In another study,
quercetin treatment (70 mg/kg) alleviates diabetic encephalopathy via SIRT1/ER stress
pathway in db/db mice [61]. In the same context, quercetin isolated from Edgeworthia
gavdneri flowers led to amelioration of type 2 diabetes mellitus by inducing insulin
secretion [62]. Also, quercetin at a dose of (0.5 g/kg) led to the reduction of anxiety
and decreasing hyperglycemia-related injury in induced diabetic’s rats [63]. Moreover,
the administration of quercetin at a dose of (15 mg/kg, intraperitoneally) led to the
reduction of fasting blood sugar and malondialdehyde levels in rats with Streptozocin-
induced diabetes [64]. Additionally, Rahmani and his co-workers reported the efficacy
of quercetin (50 mg/kg bw.) to reduce diabetic complications, renal tissue damage, and
renal oxidative stress in Streptozotocin-induced diabetic rats [65].

3.3 Quercetin in mental health and neuroprotection

The neuroprotective properties of quercetin are well-known versus neurotoxins,
neuronal injury, and neurodegenerative diseases [66]. Recently, several studies have
demonstrated the efficacy of quercetin as a possible therapeutic agent in central
nervous system syndromes such anti-depressive, anti-anxiolytic, anti-neuroin-
flammatory, and anti-Huntington [67]. Also, quercetin has received great attention
from researchers in the treatment of neurological and mental disorders, including
ischemia, cognitive impairment, traumatic injury, Alzheimer’s, Parkinson’s, and
Huntington’s complaints [68, 69]. Mehany et al. reported on the efficacy of quercetin
in mending brain injury and cerebral alterations arising from high altitude, low
pressure, and low oxygen through increasing antioxidant enzymes such as SOD, CAT,
and GPx [70]. Regarding Alzheimer’s diseases, quercetin plays a vital neuroprotective
role in this issue by modulating learning, memory, and cognitive tasks [69]. Quercetin
also has a high ability to inhibit neuroinflammatory routes via downregulating pro-
inflammatory cytokines, like NF-kB and iNOS [66].
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4. Section 3: toxicity and safety profile

Quercetin is highly regarded in the scientific community for its robust antioxidant
properties, which play a crucial role in mitigating oxidative stress linked to chronic
diseases such as cardiovascular disorders, diabetes, and cancer [71]. As a scavenger of
free radicals, quercetin effectively combats cellular damage and leverages its anti-
inflammatory capabilities to mitigate chronic inflammation, often associated with
various pathologies [72].

Additionally, quercetin’s anti-carcinogenic traits demonstrate its potential as both a
preventative and therapeutic agent in cancer care: inhibiting cancer cell proliferation,
preventing their invasion, and inducing apoptosis [73]. Yet, despite these benefits, the
safety and toxicity of quercetin warrant careful consideration. While quercetin from
dietary sources is safe, encapsulating the natural balance, supplementation, especially
in high doses, introduces risks, including potential kidney toxicity [74, 75].

Quercetin’s interactions with bodily enzymes and drug transporters also highlight
its profound biological impact but raise concerns about its ability to alter phar-
maceutical metabolism, necessitating cautious use, particularly among those on
medication [76].

The extensive research into quercetin’s bioactive properties, including its antioxi-
dant, anti-inflammatory, and antiviral effects, underscores its potential as a beneficial
dietary supplement. However, the principle that “the dose makes the poison” is
especially relevant when assessing quercetin’s toxicity at high supplementation levels,
which could pose risks such as cytotoxicity and potential mutagenicity under cer-
tain conditions [77-81]. This complex profile calls for a balanced approach to using
quercetin, emphasizing the importance of moderation and professional guidance to
harness its health benefits while avoiding adverse effects.

4.1 Toxicological insights from animal models and human clinical studies

Animal studies have been instrumental in uncovering the potential toxic effects
of quercetin. Rodent models, for instance, have shown that while moderate doses
of quercetin can be beneficial, excessive intake can lead to kidney and liver toxicity,
highlighting the organ-specific vulnerability to quercetin’s cytotoxic effects [82].
These studies serve as a cautionary tale, suggesting that the extrapolation of querce-
tin’s benefits to humans requires a nuanced understanding of dose-dependent toxicity
[83]. Human studies on quercetin supplementation provide valuable insights into its
toxicological profile. While most clinical trials report no significant adverse effects
from quercetin at moderate doses, the variability in individual metabolism and the
potential for drug-nutrient interactions warrant consideration. The impact of quer-
cetin on enzyme systems involved in drug metabolism, particularly the cytochrome
P450 enzymes, poses a risk for altering the pharmacokinetics of concurrently admin-
istered medications, necessitating a cautious approach to supplementation [84].

4.2 Safe dosage and potential side effects

Quercetin, a flavonoid present in many fruits, vegetables, and grains, is celebrated
for its potent antioxidant, anti-inflammatory, and anti-carcinogenic properties [73].
However, while the benefits of quercetin are substantial, careful consideration of
dosage and potential side effects is crucial to maximize its therapeutic value and
minimize risks [85].
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Quercetin’s ability to scavenge free radicals, reduce inflammation, and regulate cell
cycles contributes to its potential to mitigate chronic diseases and protecting against
some cancers. Nevertheless, the principle that “the dose makes the poison” is particu-
larly applicable here, emphasizing the importance of determining a safe dosage [86].

Research indicates that quercetin consumed through the diet is safe and contrib-
utes to lower chronic disease risks. However, supplementation, typically ranging from
500 to 1000 mg per day, exceeds dietary levels and requires careful safety evaluation
[87, 88]. Health experts and regulatory bodies consider short-term supplementation
of up to 1000 mg per day generally safe for most adults, but the safety of long-term
use remains uncertain [89].

Potential side effects of quercetin, even if mild and transient, include headaches
and tingling sensations. More seriously, high doses could impact kidney function,
highlighted by animal studies suggesting possible toxicity [90, 91]. Additionally,
quercetin can interact with enzymes and drug transporters, potentially altering the
effectiveness or safety of other medications. This makes it crucial for those on medi-
cation to consult healthcare providers before starting quercetin supplements [92].

4.3 Interactions with pharmaceuticals and nutrients

The interaction of dietary supplements like quercetin with pharmaceuticals is
crucial, particularly given quercetin’s antioxidant, anti-inflammatory, and anti-carci-
nogenic properties and its rising popularity as a supplement [93, 94]. This flavonoid
can significantly affect the metabolism of drugs, primarily through its influence on
cytochrome P450 (CYP) enzymes like CYP3A4, which metabolizes many common
medications such as statins and certain antidepressants. Inhibiting CYP3A4, quercetin
could increase these drugs’ plasma concentrations, raising potential toxicity risks
[95-97]. Quercetin also affects drug transport mechanisms, notably P-glycoprotein
(P-gp), which controls the efflux of drugs from cells. By inhibiting P-gp, quercetin
might alter the efficacy and safety of drugs that are P-gp substrates, like some che-
motherapeutic agents and immunosuppressants [98, 99]. Beyond pharmaceuticals,
quercetin’s interactions with nutrients are significant. It can enhance the body’s anti-
oxidative defense by synergizing with vitamins C and E, beneficial under oxidative
stress conditions [100]. However, its chelating properties may affect the absorption of
essential minerals like iron and zinc, which could be a concern for those with specific
dietary limitations or marginal mineral status [101, 102].

Given these dynamics, integrating quercetin into therapeutic regimens demands
careful consideration of both its benefits and potential risks, requiring healthcare
professionals to assess individual factors and provide personalized advice to ensure
safe and effective use.

5. Section 4: cutting-edge advances in quercetin research

Quercetin research within nanotechnology is promising due to its potential to
enhance bioavailability and targeted delivery, overcoming traditional limitations like
poor solubility and rapid metabolism [103]. Nanotechnology-based systems aim to
optimize quercetin’s therapeutic use by reducing dosage and minimizing side effects
[104]. Additionally, quercetin is being investigated for its synergistic effects with
other treatments, particularly in cancer therapy, to improve outcomes and reduce
adverse effects by modulating key biological pathways [105, 106].
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Research also extends to neurodegenerative diseases, exploring quercetin’s
antioxidative and anti-inflammatory properties for potential treatments for
Alzheimer’s and Parkinson’s diseases [107]. In sports science, studies focus on
quercetin’s role in reducing inflammation and oxidative stress, potentially enhanc-
ing athletic performance and recovery [108]. Lastly, quercetin’s impact on aging
and longevity is being explored, particularly its effects on cellular mechanisms like
telomerase activity and sirtuins, suggesting its use in promoting healthy aging and
extending lifespan [109, 110].

5.1 Nanotechnology and quercetin delivery systems

Nanotechnology, a pluridisciplinary scientific undertaking, involves formation
and utilization of materials, systems, and devices on the nanometer scale and is
presently undergoing explosive development on numerous fronts [111]. Particularly
in drug delivery, nanotechnology is expected to spark innovation and play a critical
role in several biomedical applications [112]. Pharmaceutical industries have become
progressively concerned in nanotechnological developments due to their wide ben-
efits, for instance, targeted drug delivery, modified release systems, and the aptitude
to develop novel formulations that were previously not possible [113].

Phytopharmacological and phytochemical disciplines have already established the
biological abilities and composition of several herbal products [114]. The majority
of the biologically active components of extracts, such as tannins, terpenoids, and
flavonoids, are highly water insoluble, have large molecular sizes, and exhibit poor
absorption, resulting in loss of bioavailability and efficacy [115]. Several studies
have shown that herbal remedies have good activity in assays in vitro, which are not
reproducible in investigations iz vivo [116, 117]. Quercetin is a promising candidate
for the management of various diseases. However, because of its hydrophobicity,
this flavanol has a relatively low bioavailability, which must be increased to fully
explore its potential [118]. Nanotechnology is an attractive option to overcome this
limitation since it can enhance quercetin bioavailability at the anticipated site and,
subsequently, improve therapeutic capabilities [119]. Numerous studies focus a
great deal of interest on the creation of nanotechnological strategies that attempt to
determine the most effective way to encapsulate and deliver quercetin for various
uses (Figure 8).
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Hllustration of quercetin-delivery nanosystems [111].
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5.2 Polymers

Polymers are striking materials for the pharmaceutical industry. They result from
linking many high MW monomers, forming a large chain structure [120]. Nucleic
acids, pharmaceutical agents, and other bioactive substances can be transported
via polymer nanoparticulate platforms, which are broadly acknowledged as novel
delivery methods [121]. Micelles are colloidal nanoparticles with a nanoscale of less
than 100 nm and a distinct core-shell structure, formed of a hydrophobic core and a
hydrophilic outer layer [122]. Pluronic F88 and P123 were used to create quercetin-
incorporated micelles. The obtained formulation by Patel et al. offered an improved
bioavailability of quercetin, a slower and controlled release pattern, and better ability
to hinder the growth of MCF-7 cancer cells compared to pure quercetin [123]. Qi
etal. proposed a highly promising quercetin nanocarrier through the formation of
polymeric micelles using Soluplus, which is an amphiphilic graft copolymer. Results
obtained from in-vivo studies displayed upgraded ability of quercetin-loaded micelles
to reduce tumor size and decrease adverse effects. Moreover, Soluplus—Quercetin
micelles possess a multi-faceted suppressing effect on angiogenesis, making them
promising systems for the targeted delivery of quercetin in cancer management [124].

Nanoparticles (NPs) can be made of a variety of biomaterials, such as polymers,
lipids, etc. Polymeric nanoparticles have widely attracted the attention of the scien-
tific community [125]. Polymeric NPs are distinguished from other particles because
of their size, ranging from 10 nm to 10 pm, as well as their distinctive physicochemi-
cal characteristics [126]. Numerous bioactive substances can be accommodated
into the inner part or on the outer surface of NPs [127]. pH-sensitive NPs based on
Eudragit® S100 polymer were prepared by Sunoqrot et al. for the targeted delivery
of quercetin to colon cancer. The results of the cytotoxic profile of quercetin incorpo-
rated into NPs on CT26 murine colon cancer cells showed a higher antitumor potency
compared to the free drug [111]. Also, Huang et al. developed an impressive delivery
platform for quercetin utilizing polymeric NPs comprising PEG conjugated with poly-
ethyleneimine (PEI). The results acknowledged that quercetin polymeric PEG-PEI
NPs was able to reduce inflammation and oxidative stress, and limit the renal degra-
dation that happened by acute kidney injury [128].

5.3 Hydrogels

Hydrogels are another class of polymeric systems that may be employed as
quercetin delivery systems [129]. Hydrogels are categorized into natural, synthetic,
as well as hybrids based on their source. Their three-dimensional configuration is
attained by the cross-linking of polymers, which allows absorption of large volumes
of aqueous solutions into their polymeric network [130]. Intriguingly, Mok et al.
presented a quercetin delivery system made of a methoxy poly ethylene glycol-1-
poly alanine polymer to reduce pain and slow the progression of osteoarthritis. The
outcomes of in-vitro release studies established the extended release of quercetin
for about 1 month and the lessening of cartilage degradation attributed to osteo-
arthritis. The reduction was detected either with the free quercetin hydrogel or
with the quercetin-loaded one; however, the presence of quercetin in the formula
was found to offer further protection against the disease [131]. A polymersome is
a complex configuration with a distinctive “pseudo-spherical” shell created by the
self-assembly behavior of amphiphilic block copolymers. Polymersome structure
is able to accommodate hydrophilic substances into the aqueous interior and to
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interact with the lipophilic substances on the exterior membranes [121]. Gomes

et al. developed a research focused on the encapsulation of polyphenols, such as
quercetin into polymersomes. Subsequently, the research results confirmed the
system’s colloidal stability as well as its aptitude to be used as drug delivery system
for polyphenols [132].

5.4 Lipid-based nanoparticles

Lipid-based nanoparticles (NPs), including liposomes and solid lipid
nanoparticles (SLN), are increasingly used for drug delivery due to their high encap-
sulation efficiency and ease of surface modification [133, 134]. Liposomes, mimicking
cellular membranes, consist of hydrophilic and hydrophobic phospholipids that
spontaneously form bilayers in aqueous solutions, influencing their size, charge,
and rigidity [135, 136]. These liposomes are particularly effective in delivering low
molecular weight drugs and genes [134-136] and are biocompatible and minimally
immunogenic [137-140]. Studies have demonstrated liposomes’ ability to encapsulate
and enhance the delivery of quercetin, a therapeutic agent, across various applica-
tions. For example, Liu et al. developed cholesterol-based liposomes for protecting
against UVB-induced skin damage [141], while Shaji et al. and Yuan et al. used lipo-
somal quercetin for liver protection and tumor suppression respectively [142, 143].
Additionally, Wong et al. utilized liposomes to deliver quercetin and vincristine to
treat breast tumors [144].

For brain-related therapies, liposomal quercetin has shown potential in reducing
anxiety and enhancing cognition in animal models [145, 146]. Beyond liposomes,
SLN and nanostructured lipid carriers (NLC) offer benefits like physical stability
and controlled drug release, though they may face issues like lipid recrystallization
[147-150]. Various formulations have been tested to increase quercetin’s bioavail-
ability and efficacy, such as Li et al’s SLN which enhanced gastrointestinal absorption
[151, 152], and Dhawan et al’s neuroprotective SLN that improved memory retention
in a dementia model [153, 154].

5.5 Surfactant-based nanoparticles

Niosomes, nanovesicles made from non-ionic surfactants and lipids such as
cholesterol, self-assemble into bilayers in water, encapsulating drugs effectively
due to their amphiphilic nature [155-160]. Recent studies highlight their use in
delivering the antioxidant quercetin, enhancing its stability and delivery efficiency.
Innovations include hyaluronic acid niosomes for anti-inflammatory effects in
rats [161] and sugar esters-based niosomes for liver protection in rat models [159].
Additionally, quercetin combined with captopril in niosomes showed prolonged
release and significant health benefits [162]. Nanoemulsions, colloidal dispersions
of nanosized particles, demonstrate prolonged drug release and targeted cytotoxic
actions in various formulations [163, 164]. A quercetin-based palm oil nanoemul-
sion showed potential against hepatic cancer cells [165], and other nanoemulsions
improved quercetin bioavailability in diabetic rat models [166]. Inorganic nanopar-
ticles, especially magnetic ones, are promising for targeted quercetin delivery to
tumors, utilizing external magnetic fields [167-169]. Notably, Fe;O, nanoparticles
and SPIONs optimized with functional coatings have shown effective target-
ing and controlled release [170, 171]. Similarly, mesoporous silica nanoparticles
(MSN), known for their stability and high drug load capacity, have shown potential
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in delivering quercetin for cancer therapy and skin penetration enhancement
[172-175]. Cyclodextrins (CDs), cyclic oligosaccharides, offer limited but effective
quercetin encapsulation, potentially increasing its antioxidant effects. Specific
types of CDs have shown varying degrees of effectiveness in cancer and antioxidant
applications [176-180].

5.6 Challenges in quercetin research and application

One of the primary challenges in quercetin’s application lies in its bioavailability
and solubility. Quercetin has poor water solubility, which significantly hampers its
absorption and bioavailability when ingested. This limitation restricts the amount
of quercetin that enters the circulation and reaches the target tissues, thereby
diminishing its therapeutic effectiveness [181, 182]. Researchers are exploring
various strategies, including nanoparticle delivery systems and complexation with
cyclodextrins, to enhance the solubility and bioavailability of quercetin. While these
approaches show promise, they also introduce additional complexity and cost to the
development of quercetin-based therapies [183]. Another challenge is the lack of
standardized dosing guidelines for quercetin supplementation. The optimal dose of
quercetin can vary significantly depending on the condition being treated, the form
of quercetin used (e.g., quercetin dihydrate vs. aglycone), and individual factors
such as age, gender, and metabolic health [184]. Establishing comprehensive dos-
ing guidelines requires extensive clinical trials across diverse populations, a process
that is both time-consuming and costly. Without standardized dosing, the efficacy
and safety of quercetin supplementation remain variable, complicating its clinical
application [185].

Quercetin’s interactions with pharmaceuticals present a significant challenge in its
application. As an inhibitor of several cytochrome P450 enzymes and a modulator of
drug transporters like P-glycoprotein, quercetin can affect the metabolism and effi-
cacy of various medications. This interaction poses risks of adverse effects or reduced
therapeutic effectiveness of drugs, particularly in polypharmacy scenarios common
in chronic disease management. Understanding and mitigating these interactions
requires detailed pharmacokinetic studies and personalized medicine approaches,
adding layers of complexity to quercetin’s clinical use [95].

The long-term safety of quercetin supplementation is yet another area that
necessitates further investigation. While quercetin is generally considered safe when
consumed in amounts typically found in a diet rich in fruits and vegetables, the safety
of higher doses used in supplements over extended periods is less clear. Potential
concerns include kidney toxicity and interactions with hormone-sensitive condi-
tions. Longitudinal studies are crucial to assess the long-term safety of quercetin and
provide clear guidance for its use [186].

5.7 Future directions in quercetin studies

A pivotal area of future research lies in addressing quercetin’s limited bioavailability.
Innovative strategies such as nanotechnology-based delivery systems, liposomal
encapsulation, and complexation with other molecules promise to enhance the
solubility, stability, and tissue targeting of quercetin. Further development and
optimization of these delivery methods are crucial to maximize quercetin’s therapeu-
tic efficacy. Investigations into the pharmacokinetics of these novel formulations will
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provide valuable insights into optimizing dosage and administration routes, paving
the way for more effective quercetin-based therapies [187-189].

While preclinical studies have provided substantial evidence of quercetin’s ben-
eficial effects, there is a pressing need for comprehensive, large-scale clinical trials to
validate these findings in human populations. Future research should focus on diverse
demographic groups, encompassing various ages, genders, and ethnic backgrounds
to ensure the generalizability of results. Clinical trials designed to investigate specific
health outcomes, dosage optimizations, and long-term safety will be instrumental in
establishing quercetin’s role in preventing and treating diseases, as well as in dietary
recommendations and supplement formulations [85, 190, 191]. Understanding the
precise mechanisms through which quercetin exerts its effects remains a significant
challenge. Future studies should delve deeper into the molecular and cellular path-
ways modulated by quercetin, employing cutting-edge techniques such as transcrip-
tomics, proteomics, and metabolomics. Research into the epigenetic modifications
induced by quercetin could uncover novel mechanisms of action and potential
therapeutic targets. This mechanistic insight will not only advance our understanding
of quercetin’s biological activities but also facilitate the identification of synergistic
interactions with other compounds and drugs [192-195]. Given the rising prevalence
of chronic diseases worldwide, quercetin’s potential role in management and preven-
tion strategies warrants further exploration. Future research should aim to elucidate
the efficacy of quercetin supplementation in chronic disease conditions such as
cardiovascular diseases, diabetes, neurodegenerative disorders, and various forms of
cancer. Studies evaluating the impact of quercetin on disease progression, quality of
life, and survival outcomes will be particularly valuable. Additionally, exploring the
preventive aspects of quercetin in at-risk populations could lead to novel strategies
for disease prevention and health promotion [196, 197]. The field of personalized
medicine offers exciting possibilities for tailoring quercetin-based interventions
to individual genetic profiles and health conditions. Future directions in quercetin
research should include investigations into the interplay between genetic variations,
quercetin metabolism, and therapeutic outcomes. This personalized approach could
optimize the benefits of quercetin supplementation, minimize potential adverse
effects, and identify populations that may derive the most significant benefits from
quercetin interventions [105, 198].

Lastly, research into the environmental and agricultural factors affecting quer-
cetin content in foods could enhance our understanding of how to maximize dietary
quercetin intake through food sources. Studies on the effects of soil quality, climate
change, and farming practices on the quercetin concentrations in crops could inform
agricultural guidelines and dietary recommendations, promoting optimal health
through natural dietary sources of quercetin [199].

5.8 Ethical and regulatory considerations

As quercetin—a naturally occurring flavonoid known for its antioxidant and
anti-inflammatory properties—gains popularity, it is crucial to address the ethical
and regulatory aspects that shape its research and usage [200]. This focus is driven by
its increasing application in health-related products and the need for rigorous over-
sight to ensure public safety and scientific integrity [201].

Ethically conducting quercetin research involves safeguarding participant welfare
and rights in clinical trials. This includes adhering to ethical standards like informed
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consent, privacy, and equitable participant selection. Itis essential to communicate
the risks and benefits transparently and to ensure that research findings are reported
accurately, without overstating quercetin’s effects or underreporting its potential risks
[202, 203].

Regulatory oversight is vital for turning quercetin research into safe and effective
treatments. Unlike pharmaceuticals, dietary supplements containing quercetin might
not undergo stringent testing, leading to variability in product quality. Regulatory
bodies need to enforce strict standards for manufacturing, labeling and claims
substantiation to guarantee that health claims are scientifically backed and conveyed
accurately [204-206]. Additionally, the marketing of quercetin supplements should
responsibly reflect the scientific evidence to avoid misleading consumers. Regulators
and ethical bodies must ensure that promotional materials are truthful, helping
consumers make informed decisions and preventing undue reliance on supple-
ments for serious health issues. Strict guidelines and enforcement are essential to
balance promoting quercetin’s health benefits with protecting public and consumer
interests [207, 208].

6. Conclusion

Quercetin, with its robust presence in the plant kingdom, serves as a cornerstone
of the flavonoid family, offering a diverse array of health benefits owing to its potent
antioxidant, anti-inflammatory, and anti-carcinogenic properties. Its molecular
architecture enables a multitude of pharmacological activities, making it a beacon of
hope against chronic diseases such as cardiovascular ailments, diabetes, and various
forms of cancer. The historical and contemporary interest in quercetin underscores
its significance not only as a nutritional component but also as a potential thera-
peutic agent, drawing attention to its integration into pharmaceutical formulations,
cosmetics, and food production. However, the leap from dietary component to
therapeutic agent is bridled with challenges, notably concerning bioavailability,
toxicity, and interaction with pharmaceuticals. Quercetin’s poor solubility and
rapid metabolism have spurred research into innovative delivery systems, includ-
ing nanotechnology-based solutions, which promise to enhance its bioavailability
and therapeutic efficacy. Yet, these advances bring forth regulatory and ethical
considerations, especially regarding dosage standardization and long-term safety.
The potential adverse effects and toxicity associated with high doses of quercetin or
its interaction with drugs underscore the necessity of a prudent approach to supple-
mentation. Ethical and regulatory frameworks must evolve in tandem with scientific
advancements to ensure quercetin’s safe and effective application. The exploration
of quercetin’s interactions with pharmaceuticals and nutrients further highlights the
complexity of its integration into therapeutic regimens, necessitating personalized
medicine approaches to optimize its benefits while minimizing risks. Cutting-edge
research into nanotechnology and targeted delivery systems opens new vistas for
quercetin’s application, promising to overcome the barriers of bioavailability and
offering new strategies for disease prevention and treatment. These innovations,
coupled with a deeper understanding of quercetin’s mechanisms of action and its
impact on chronic diseases, portend a future where quercetin could play a pivotal
role in enhancing human health.

In conclusion, quercetin stands at the crossroads of tradition and innovation,
embodying the promise of natural compounds in advancing human health. As
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research continues to unravel its complexities, a balanced approach—rooted in
scientific rigor, ethical considerations, and regulatory oversight—is essential. By navi-
gating the challenges and harnessing the advances in quercetin research, the scientific
community can unlock its full potential, paving the way for novel therapeutic strate-
gies that capitalize on the synergies between natural compounds and cutting-edge
technology.
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Abstract

Quercetin (QUE) is a primary polyphenol in the flavonoid family. It is categorized
as one of the six subclasses of flavonoid compounds. As an abundant form of flavo-
noid molecules, quercetins are ubiquitously distributed in various dietary plants,
including apples, berries, onions, bananas, tomatoes, and grapes. Furthermore, it is
affordably marketed in the form of dietary supplement tablets. QUE is relatively
lipophilic with low solubility in the water. Withal, QUE glucoside is more water
soluble than the aglycone, and its absorption is limited to sodium-dependent glucose
transporter-1 (SGLT-1); however, glucose transporter-2 (GLUT-2)-dependent
absorption is also a significant contributor. Following absorption, QUE undergoes
extensive metabolism in the liver, generating numerous metabolites. Data on the
bioavailability of QUE differ substantially depending on the methods used for mea-
suring QUE level. Pharmacokinetic interactions of QUE and its metabolites on cyto-
chrome P450 enzymes have been studied extensively, but the results among the
studies were inconsistent, such as weak inhibition toward CYP3A4 and no inhibition
of CYP2D6 activity. Additionally, inhibition affects ATP- (adenosine triphosphate)
binding cassette (ABC). Based on the pharmacokinetics profile, QUE has variable
bioavailability based on the polymorphism of intestinal enzymes and transporters.

Keywords: quercetin, flavonoid, polyphenol, pharmacokinetic, antioxidant

1. Introduction

Quercetin (QUE) (3,3',4',5,7-pentahydroxyflavone) is a naturally occurring plant-
based polyphenolic compound that belongs to the flavonols subclass of flavonoids.
Within the flavonols subclass, other main compounds include isorhamnetin,
myricetin, and kaempferol. Flavonoids, the primary secondary metabolites synthe-
sized by various plants, play essential roles in plant defense and signaling in response
to biological and environmental stressors [1]. Within plant cells, QUE and other
flavonoids typically accumulate in the form of glycosides, the most common forms of
which are QUE-3-glucoside and rutin [2]. Despite its abundance in various fruits and
vegetables, its richest sources are onions, apples, grapes, berries, and tea [2, 3].

In recent years, there has been an increase in research interest in quercetin. QUE is
the most studied phytochemical and an important flavonoid for research [4]. Specif-
ically, a growing body of well-documented evidence suggests numerous therapeutic
and prophylactic roles of QUE in various diseases (e.g., neurodegenerative, infectious,

51 IntechOpen



Quercetin — Effects on Human Health

and cardiovascular) and other bioactive processes (e.g., antimicrobial, antiviral, anti-
oxidants, and antiaging) [5, 6]. Most recently, numerous clinical trials have been
conducted to examine the roles of QUE as an adjunct therapy for the coronavirus
disease 2019 (COVID-19) [7].

Nowadays, QUE is also widely marketed in various pharmaceutical and dietary
supplemental products in the form of capsules, tablets, and liquid drops. Some studies
have examined the effect of incorporating QUE in different food products, for exam-
ple, snack bars and chewing gums. More recently, QUE has been extensively studied
for topical formulation, particularly in the nanocrystalline form, to enhance its dermal
bioavailability [8, 9]. In line with this, it is essential to understand the pharmacoki-
netic properties of QUE in various formulations to determine the optimal dosage and
carrier system that maximizes QUE uptake and its bioavailability [3, 10]. For instance,
chewing bars, lozenges, and gums have certain advantages over traditional capsule
formulations regarding rapid and efficient uptake in the bloodstream due to buccal
absorption, thereby avoiding first-pass metabolism by the liver and intestinal cells. In
this chapter, we will elaborate deeply on the pharmacokinetics properties of quercetin.

2. Dietary aspect of quercetin

QUE is a plant pigment classified as a flavonoid compound with a polyphenol or
pentahydroxyflavone structure (C;sH;00) [11]. Flavonoids are classified into six
classes in relation to their chemical structure, including flavonols, flavanols, flavones,
flavanones, isoflavones, and anthocyanidin [12]. It belongs to the class of flavonols
that cannot be synthesized in the human body. Naturally, it is ubiquitous in plant food
sources (primarily as glycosides) such as onions, apples, citrus fruits, green leafy
vegetables, kale, broccoli grapes, cherries, berries, buckwheat, and green tea. Among
them, onions and apples are the most essential sources of QUE in the human diet.
Likewise, it has been considered a significant bioflavonoid compound in the
human diet and has several benefits for human health [13]. Onions primarily contain
QUE-4-glucoside and QUE-3,4'-diglucoside. On the other hand, apples contain
QUE-3-0O-glucoside, QUE-3-O-galactoside, QUE-3-O-rhamnoside, and
QUE-3-O-rutinoside [14]. The amount of QUE contained in selected foods is
presented in Table 1, and the chemical structure of QUE is illustrated in Figure 1.

Food Source Quercetin Content (mg/100 g)
Capers 233.00
Onions 22.00
Cocoa powder 20.00
Cranberries 14.00
Lingonberries 7.40
Asparagus, cooked 7.61
Blueberries 5.05
Apple, red 4.70
Cherries 2.64
Broccoli, raw 2.51
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Food Source Quercetin Content (mg/100 g)
Apple, Fuji 2.02
Green tea 2.69
Black tea 1.99
Red grapes 1.38
Table 1.

Amount of quercetin in selected foods [15].
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Figure 1.
Chemical structure of quercetin and its metabolites.

In contrast to naturally occurring QUE, mainly in the form of glycoside, dietary
supplements in the marketplace containing QUE are provided as a free form of
quercetin the aglycone [14]. Pharmacologically, QUE has been evaluated for its
antiviral and antibacterial activity, anti-inflammatory effects, antiplatelets, antihy-
pertensive, antitumor, neuroprotective effect, cardioprotective effect,
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gastroprotective effect, natural antihistamine, hepatoprotective, and antiprotozoal
[12, 13, 16]. In Western diets, intake of QUE is between 3 and 40 mg per day as
aglycones equivalent. In “high-end fruits and vegetables consumers,” the intake has
been estimated equal to 250 mg per day [14]. Intended daily doses of QUE as a dietary
supplement are often considerably higher than QUE levels taken from natural dietary
products (i.e., fruits and vegetables). Most commonly, the recommended daily dose of
QUE as a form of dietary supplement (QUE aglycone) is equal to 500 mg (maximum
dose is 1000 mg) [14]. Some manufacturers in some countries recommend daily doses
0f 200 to 1200 mg QUE [17].

Identification of different QUE in any food is possible with different types of
chromatography; some of these bioassays are an excellent choice for the quantitative
and qualitative analysis of various metabolites. By these methods, a group of scientists
has successfully shown the extraction of QUE and other flavonoids in the mulberry
leaf, apples, and onions, which are the potential sources of QUE [18, 19].

3. Absorption of quercetin
3.1 QUE is deglycosylated prior to absorption

Most of the QUE in food plants is bound to a sugar molecule via a beta-glycosidic
link (also known as glycosyl group), and this conjugation is called glycoside. The
factors that mainly affect QUE absorption include the nature of the attached sugar and
the solubility as modified by ethanol, fat, and emulsifiers [20]. Sugar molecules are
released from the glycosides after mastication, digestion, and absorption [13]. Prior to
absorption, QUE glycosides (QUE glucoside, QUE arabinoside, and QUE galactoside)
are deglycosylated to QUE aglycone by lactase phlorizin hydrolase (LPH) and cyto-
solic B-glycosidases (CBG) in the enterocytes brush border [21, 22]. The
deglycosylation of QUE glycosides possesses an essential role in increasing its absorp-
tion in the intestine, increasing its plasma concentration, and improving its bioavail-
ability [23]. It is established that QUE aglycones are more readily absorbed due to
their relatively higher lipophilicity in contrast to their glycoside counterparts, where
the absorption iz vivo is significant through passive diffusion (Figure 2) [24, 25].

As LPH works directly on the intestinal lumen by cleaving polar glycosides, the
released aglycones are then able to passively diffuse across the intestinal wall [22].
However, LPH is not evenly distributed and expressed along the gastrointestinal
tracks (GIT) of mammals, mainly because of region specificity and the postweaning
decline. Considering that the enzyme in the enterocytes brush border is specific for
glucose, QUE glucosides are absorbed more quickly than other glycosides, such as
rutin (QUE-3-O-rutinoside) [26]. Rutin (QUE-3-O-rutinose) is neither the substrate
of LPH nor CBG, which is hardly absorbed in the small intestine and delivered to the
distal part of the GIT, where it is absorbed following degradation by colonic
microbiota [27]. Fascinatingly, in the lower gut, the deglycosylation of rutin (QUE-
3-O-rutinoside) is mediated by CBG secreted by the gut microbiota or microbial
hydrolases (by a-rhamnosidase and p-glucosidase) instead of that by the colonic
epithelium since LPH and CBG expression in the latter is insignificant and low [28].
Hence, the absorption rate and efficiency of rutin are considerably less in contrast to
other glycosides [29, 30]. In light of this, an in vitro study revealed that approximately
60% of QUE rutinoside were degraded to 3,4-dihydroxyphenylacetic acid within
2 hours by the microbiota in the colon, proposing that most QUE rutinoside is initially

54



Pharmacokinetics of Quercetin
DOI: http://dx.doi.org/10.5772 /intechopen.1003172

Small Intestinal Lumen Large Intestinal Lumen
QUEglycosides QUES3-O-B-rutinoside
a-rhamnosidase,
B-glucosidase
QUES-O | id LPH
-O- B-glucasi © - QUEaglycone QUEaglycone

QUE4'"-O- B-glucoside

Colonic
Microbiota
A= 3-HPAA DOPAC
/" Passive
\_Diffusion /
= P o
lj S
(0]
0
UGTs
QUE3-0O- B-glucoside QUE-3-0-Glu : o
QUE4"-O- B-glucoside™ P QUEaglycone musmy- 1\ 7 o ), | FHPAA ( Paraceliular
. Pathway /
Enterocytes Colonocyte
Lamina Propria
v
Portal Vein QUE-3-0-Glu 3-HPAA DOPAC

QUE-7-0-Glu

Figure 2.

Prgzlessing of quercetin glycosides in small intestine and large intestine. 3-HPAA, 3-hydroxyphenylacetic acid;
CBG, p-cytosolic glucosidases; DOPAC, 3,4-dihydroxyphenylacetic acid; Glu, glucuronide; LPH, lactase-phlorizin
hydrolase; MCT, monocarboxylate transporter; MRP2, multiresistance protein 2; QUE, quercetin; and UGT,
uridine-5'-diphosphate glucuronosyl transferases.

deglycosylated to QUE aglycone before its degradation to 3,4-dihydroxyphenylacetic
acid and 3-hydroxyphenylacetic acid [20].

Moreover, QUE-3-glucoside and rutin have been detected in the basolateral mem-
brane monolayer iz vitro, detected and identified in plasma in in-vivo studies. Some
studies also reported that all forms of polyphenols, including intact aglycones, the
original glycosides, and the metabolites, coexist in fecal samples in the colon [28].
Therefore, the absorption mechanism in the gastrointestinal tract, especially querce-
tin, must be revisited.

3.2 Specific membrane transporter mediates QUE absorption

QUE conjugates are challenging to pass via cellular membrane because a lipid
bilayer with high membrane polarity requires a specific transporter to cross the
membrane. QUE is relatively lipophilic with low solubility in the water. However,
QUE glucoside is more water soluble than the aglycone [21]. Additionally, QUE
glucoside is absorbed via sodium-dependent glucose transporter-1 (SGLT-1) but not
with QUE aglycone. Hence, SGLT-1-mediated absorption contributes to a tremendous
amount of the glucoside absorption [21, 31]. Glucose transporter 2 (GLUT-2) also
plays a role [31]. The pathway and site of QUE absorption rely on its chemical
structure. Preclinical studies hypothesize that the glucose moiety utilizes a transporter
to aid its absorption across the intestinal lumen. Previous studies using rat models
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demonstrated that QUE aglycone is absorbed both in the stomach and the intestine,
but the absorption mechanism in the stomach remains unclear.

Regarding the absorption in the intestine, some studies utilizing the caco-2 cell
monolayer revealed that QUE aglycone is absorbed primarily by passive diffusion and
secondarily by organic anion-transporting polypeptides (OATPs) [21, 32]. When fla-
vonols are present in the dietary form of aglycone, they could be partially absorbed in
the stomach relative to their glycoside forms, which are not absorbed. The absorption
of QUE by these two mechanisms is pH dependent, in which in lower pH, QUE
exerts a high affinity as a substrate of OATP-B uptaken into enterocytes via the
OATP-B transporter. While in higher pH, QUE is absorbed through a passive diffusion
mechanism [32].

3.3 Factors influencing quercetin absorption

The absorption of QUE, such as other flavonoids, is considered poor, resulting in
its variably limited bioavailability [29]. QUE absorption is influenced by various
factors, including its glycosylation, preparation, coadministration of dietary compo-
nents along with QUE, and interindividual variability [26, 33]. Preclinical studies
demonstrated that QUE glucoside had a greater bioavailability compared to aglycone,
presumably due to differences in absorption properties [33]. In particular, QUE glu-
cosides are biochemically more hydrophilic than aglycones. Specific transporters also
exclusively facilitate QUE glucoside absorption, including SGLT-1, which contributes
to higher intestinal uptake of glucosides (Figure 2) [33, 34]. The sugar moiety in the
glucosides also enhances its solubility to aid in absorption. Similar studies conducted
in healthy subjects with ileostomy (to avoid the role of losses by colonic bacteria)
demonstrated higher absorption in glucosides from onions than pure aglycone (52 +
15 vs. 24 & 9%) [35]. QUE bioavailability is also better when prepared in cereal bars
than in capsule forms due to the homogenous solid dispersion of QUE with other
components in the cereal, promoting dissolution in the intestinal lumen [36].

Co-ingestion of QUE with other dietary nutrients also affects its absorption. Die-
tary fat enhanced proved the absorption of QUE in a randomized crossover study
among overweight/obese and menopausal subjects, improving its plasma maximum
concentration (Cp,x) and the area under the plasma concentration-time curve (AUC)
over the 24 hours by 45 and 32% compared to fat-free subjects, respectively. Dietary
fats may enhance QUE absorption by micellization in small intestines [37].
Coadministration of QUE with fructooligosaccharides (found naturally in various
plants) also increases its bioavailability in preclinical studies [38]. Piperine (Pip), a
compound responsible for the pungency of black pepper, is also known to enhance
QUE absorption and bioavailability. It improves GIT absorption via multiple mecha-
nisms, including augmenting compound solubility, increasing epithelial cell perme-
ability, and increasing intestinal blood supply. It is also a potent inhibitor of drug
hepatic metabolism, thus enhancing QUE bioavailability [39]. A study examining the
effect of adding pip in QUE-loaded nanosuspensions demonstrated significantly
greater absolute oral bioavailability (23.58% pip-containing nanosuspensions vs. 3.61-
15.55% in other formulations) [40]. Vitamin C may also augment QUE bioavailability
[33]. From the absorption point of view, ascorbic acid, especially at a high dose, may
increase intestinal permeability and stability of QUE molecules to become more solu-
ble in the GIT [41]. However, the evidence demonstrating this effect in humans is
lacking. Similarly, QUE coadministration with bromelain, a crude pineapple extract,
also enhanced QUE’ oral bioavailability by up to 80% [42].
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On the other hand, some dietary companions may decrease QUE bioavailability.
For instance, iron, especially nonheme iron in plant-based foods and various supple-
ments, can bind to QUE and reduce absorption. Similarly, QUE and other flavonoids
also significantly mitigate iron absorption due to the inhibition of basolateral transport
across intestinal epithelial cells [43]. Calcium supplements may also interfere with
QUE absorption despite scarce evidence. The mechanism underlying its inhibitory
effects is theoretical because calcium can form insoluble complexes with QUE in the
GIT, thus reducing its bioavailability. Certain medications may interfere with the
absorption and bioavailability of QUE and will be further discussed in the subsequent
section (see Section 6. Drug Interactions of Quercetin).

4. Bioavailability of quercetin

Bioavailability refers to a ratio between the amount of orally ingested substance
and the amount that is absorbed and completely available to its intended biological
destinations and to exert physiologic activity or storage [44]. For polyphenols, this is
often deemed as the amount detected in plasma. The minimum bioavailability can also
be calculated as a percentage based on the urinary measurement of the compound and
its metabolites [26]. Generally, bioavailability is calculated by measuring QUE deriv-
atives or catabolites in blood or urine [26]. Given that QUE is primarily detected in
several conjugated forms iz vivo, the analytical procedures followed by most authors
are animal and human studies. It is shown that QUE had poor oral bioavailability after
a single oral dose, presumably due to variability in the absorption rates related to
polymorphism of intestinal enzymes and transporters [45]. The bioavailability of
QUE is associated with its bioaccessibility and, thus, solubility in the vehicle for
administration. Crystalline formation at body temperature and the poor solubility of
QUE restrict its bioavailability and bioaccessibility [21]. Likewise, QUE glycosides or
aglycone are effluxed back across the apical membrane into the intestinal lumen
following its enterocyte uptake [46]. Data on the bioavailability of QUE
(glycoside and aglycone) differ substantially between studies depending on the
methods used for measuring QUE level. It also varies between each species. For
instance, in human studies, interindividual variations could be influenced by the
complexity of QUE absorption and metabolism, dietary adaptation, genetic polymor-
phism, body mass index (BMI), the composition of gut microflora, and drug-drug
interactions [26]. The bioavailability of QUE can be improved by ingestion with short-
chain fructooligosaccharide (FOS) or form of cereal bar ingredient rather than in
capsule form [21]. Co-ingestion with dietary lipids increases the intestinal absorption
of quercetin. A previous clinical study by Guo et al. suggested that individual differ-
ences in the level of plasma vitamin C may contribute to intersubject variability in the
bioavailability of QUE [47]. Additionally, some iz vitro studies revealed that the
presence of vitamin C can protect QUE against oxidative degradation [34], yet further
studies are required regarding the role of vitamin C in regulating the bioavailability of
quercetin.

In one clinical study, 35 healthy subjects were randomly assigned to take a desig-
nated dose of QUE capsules of either 50, 100, or 150 mg daily for 2 weeks. The
supplementation significantly raised plasma levels of QUE by 178, 359, and 570% for
each dose of 50, 100, and 150 mg, respectively, compared to baseline status. The AUC
was between 76.1 and 305.8 mmol/min/L (50- and 150-mg dosages, respectively). The
achieved median maximum plasma level was approximately 431 nmol/L after
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360 minutes of ingesting 150 mg of quercetin. Based on this study, daily supplemen-
tation of QUE for 2 weeks dose-dependently raised plasma levels of QUE without
affecting antioxidant status, inflammation, metabolism, and oxidized LDL [17].
Another larger randomized placebo-controlled trial involving 1002 healthy subjects
showed that QUE supplementation in doses of 500 and 1000 mg per day significantly
raised plasma levels of QUE but was highly variable after continuous administration
over 12 weeks. However, the variability was unrelated to the age, gender, BMI, and
lifestyle factors of the subjects [45].

In clinical studies, the extent of QUE absorption can be estimated by multiplying
the C,,.x by plasma volume (on average 3.5 L in a normal 70-kg adult) and dividing by
the administered dose of quercetin. Likewise, scanty amounts of QUE aglycone were
detected in plasma compared to QUE conjugates (glycoside), which could be recov-
ered in plasma after oral ingestion [14]. The pharmacokinetics of intravenous QUE in
cancer patients were studied by Ferry et al. at dose levels of 60-2000 mg/m? [48]. It
was concluded in this study that 945 mg/m? was the safe intravenous dose of querce-
tin. In the same survey, a toxic amount was reported to induce emesis, hypertension,
nephrotoxicity, and decreased serum potassium. Ferry et al. further concluded that
the distribution and elimination half-life (t%2) of intravenous QUE was 0.7-7.8 and
3.8-86 min, respectively, and its clearance and distribution volume was 0.23-0.84 and
3.7 L/m?, respectively [29, 30, 48].

5. Metabolism of quercetin

Recently, hepatic transport processes have been recognized as an essential
determinant of drug disposition. Therefore, unsurprisingly, the characterization of
potential drug candidates’ hepatic transport and biliary excretion properties is
necessary for the drug development process [49]. Basolateral transport systems are
responsible for translocating molecules across the sinusoidal membrane. Conversely,
active canalicular transport systems are responsible for the biliary excretion of drugs
and metabolites [50]. Numerous transport proteins involved in basolateral and canalic-
ular transport have been identified. QUE has been proven to be the substrate of
OATP2B1, OATP1A2, and organic cation transporter-1 (OCT1) in the OATPs-HEK293
cell line. In addition to passive diffusion, OATP2B1, OATP1A2, and OCT1 may also
arbitrate QUE transport and contribute to QUE accumulation in hepatocytes [51].
Moreover, OAT4 on the basolateral membrane of hepatocytes confers an essential role
in the cellular uptake of QUE-3'-sulfate [52]. On the one hand, the primary intestinal
metabolites of quercetin, QUE glucuronides, may be transported primarily by passive
diffusion [53].

QUE metabolism occurs mainly in the gastrointestinal tract. In mouse models,
approximately 93% of QUE aglycone, or the one from hydrolyzed derivatives, is
metabolized in the intestine after absorption. Albeit most QUE is metabolized in the
small intestine, the liver contains all the enzymatic systems that allow its complete
metabolism through reactions of methylation, sulfation, and glucuronide conjugation.
Efficient glucuronidation of QUE takes place in enterocytes by UDP-
glucuronyltransferases (UGT), methylation by catechol-O-methyltransferases
(COMT), and sulfation by sulfotransferases (SULT) [54]. In an attempt to migrate
from the cell to the bloodstream, conjugation has to occur, and conjugated QUE
metabolites are formed. Consequently, QUE aglycone is present in low amounts in
plasma. The two principal metabolites in humans that pass into the blood from the
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enterocyte are QUE-3-O-glucuronide and QUE 3'-O-sulfate, which are transported
from the enterocyte to the liver via the portal vein [55, 56].

QUE and its metabolites will undergo phases I and II metabolism while reaching
the liver, similar to other flavonoids. Phase I metabolism mainly includes oxidation,
reduction, and hydrolysis by facilitating its subsequent metabolism by introducing a
physiological functional group. Hence, it can increase the reactivity of the substrate.
Phase I metabolism is mediated by cytochrome (CYP) 450 (CYP450) and has minimal
effect on overall flavonoid metabolism [57]. However, QUE can affect the substrate
bioavailability of CYPs by activating or inhibiting CYP activity. QUE has been identi-
fied as a competitive inhibitor of CYP2C19, CYP3A4, and CYP2D6 in human liver
microsomes model [58].

QUE and its metabolites undergo further phase II metabolism in the liver following
specific pathways: glucuronidation, sulfation, and methylation. These pathways facil-
itate the excretion of QUE and its metabolites through bile and urine [59]. Glucuro-
nide conjugates are the primary existing forms of QUE in the bloodstream. UGTs
promote the conversion of hydrophobic substrates to hydrophilic glucuronides, which
are vital in reducing the bioactivities of xenobiotics [60]. Sulfation has the primary
role of reducing potential toxicity by adding sulfate groups to xenobiotics. The 3'-OH
is reckoned to be an essential site for the sulfation of quercetin. COMT mediates the
methylation of QUE at 3'-OH or 4'-OH of catechol to generate 3'O-methylquercetin
and 4'OH-methylquercetin [48], respectively. Glucuronide derivatives are the pri-
mary metabolites of QUE in the intestine and liver. QUE-3'-sulfate was also found as
another significant metabolite. The generation of QUE sulfate conjugate shows that
QUE glucuronide conjugates can still be mediated by p-glucuronidase in the liver to
generate QUE aglycone. SULT then metabolizes QUE aglycone to form the
corresponding sulfate [61].

Following metabolism in the liver, the QUE metabolites are secreted into bile and
appear in the feces. Approximately 35% of QUE metabolites were observed in bile,
and metabolites resulting from glucuronidation and sulfation were the predominant
existing forms [62]. As seen in Figure 3, QUE phase II metabolites are the substrates
of breast cancer resistance protein (BCRP) and multiresistance protein 2 (MRP2)
efflux transporter. Specifically, MRP2, located on the apical membrane of hepato-
cytes, facilitates the secretion of QUE glucuronide and QUE 3'-O-sulfate into bile,
leading to a lower bioavailability of QUE metabolites [61]. Synchronously, QUE glu-
curonide and sulfate conjugates secreted into bile and reaching the intestine may then
be reabsorbed and thus enter the portal vein circulation [63]. Nevertheless, no signif-
icant absorption of QUE and its conjugates was identified in mouse models by intra-
venous injection of QUE and its bile into the duodenum, denoting QUE metabolites
that do not possess enterohepatic circulation [64]. Hence, we require further studies
to understand whether enterohepatic circulation can improve the bioavailability of
quercetin.

Additionally, phase II conjugates of QUE in the liver may also be transported to the
circulation through MRPs located on the basolateral membrane of hepatocytes [65].
QUE-3-O-glucuronide, 3'-methylquercetin-3-O-glucuronide, and QUE 3'-O-sulfate
are the main existing forms of QUE in human plasma after oral onions. In plasma,
QUE metabolites bind to albumin primarily via non-covalent bonding, and the
binding ratio is approximately 70-80% distinct in the antioxidant activity between
various QUE conjugates [66]. Contrary to QUE aglycone, the biological activity of
phase II conjugates is reduced, such as methylated QUE with reduced antioxidant
activity [67].
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Thgelfnroce:s of metabolism and transport of QUE and its metabolites in the liver. COMTs, catechol-O-
methyltransferases; Glu, glucuronide; MQUE, methyl quercetin; MRP2, multi-vesistance protein 2; OATPs,
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UGTs, uridine-5'-diphosphate glucuronosyl transferases.

6. Drug interactions of quercetin

A crossover clinical study demonstrated that single-dose and repeated intake (-
short-term) of QUE (1500 mg/day) decreased the Cp,,x and AUCO-oo0 values of
talinolol (substrate of intestinal P-glycoprotein) in human volunteers. The authors
suggested that this occurs due to interaction between quercetin, P-glycoprotein
(efflux), and OATP (uptake) transporters, predominantly by inhibition of talinolol
absorption mediated by OATP [68].

Pharmacokinetic interactions of QUE aglycone and its primary metabolites with
the albumin binding of warfarin were also evaluated iz vitro. A study by Poor et al.
[69] showed that QUE metabolites exhibited high affinity binding to human serum
albumin, and the methylated and sulfated metabolites had similar or even greater
abilities to displace warfarin binding to albumin than the parent compound. On the
other hand, the glucuronide conjugates exhibited lower affinity binding to human
serum albumin; thus, the competition with warfarin was also lower. The researchers
suggested that repeated exposure to large doses of QUE renders significant interaction
with warfarin since the displacement of warfarin from human serum albumin leads to
bleeding, and subsequent serious effects may follow. However, the study showed that
QUE and its metabolites exerted a considerably lower impact on hydroxylation cata-
lyzed by CYP2C9 than warfarin [69].

Contrariwise, a randomized, open-label crossover study by Nguyen et al. [70]
demonstrated that a single oral dose of 1500 mg QUE did not alter midazolam phar-
macokinetics significantly, while one-week supplementation of QUE rendered a trend
to decreased midazolam exposure and reduced the ratio of midazolam - 1'-
hydroxymidazolam AUC._. It indicated that QUE induced a CYP3A4 activity.
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Likewise, the coadministration of QUE and midazolam would not trigger any toxic
adverse effects. However, the therapeutic efficacy of midazolam may be reduced
when administered orally following a short-term high-dose QUE supplementation,
presumably due to elevated CYP3A4-mediated metabolism of the drug [70]. Another
crossover study demonstrated that concomitant short-term intake of QUE (500 mg
three times a day for 1 week) significantly increased the mean plasma concentration of
fexofenadine compared to those of the placebo phase. However, there was a signifi-
cant decrease of 37% in oral clearance of fexofenadine after QUE intake. There was no
difference in the t%2 and renal clearance between the QUE and placebo phases. It

was suggested that inhibition of p-glycoprotein-mediated efflux was involved in this
process [71].

Individuals on therapeutic regimens with narrow therapeutic windows should be
under physician supervision before use. It has been shown that QUE enhances anti-
fungals and antibiotics, particularly those targeting the fluconazole-resistant group of
Candida albicans [72] and Candida tropicalis [73], multidrug-resistant Pseudomonas
aeruginosa [74], amoxicillin-resistant Staphylococcus epidermidis [75], and multidrug-
resistant Escherichia coli [76]. It also competitively inhibits bacterial DNA gyrase;
hence, it is contraindicated to concomitant use with fluoroquinolones (ciprofloxacin,
levofloxacin, moxifloxacin, and ofloxacin) [77].

7. Excretion of quercetin

Apart from the transport and excretion of the metabolized QUE in its
glucuronidated, methylated, and sulfated forms into the bile (Figure 3), a consider-
able amount of its metabolites are transported via the bloodstream into the kidneys.
Furthermore, in addition to exerting its renoprotective effects (e.g., antioxidant, anti-
inflammatory, anti-fibrotic), kidneys would also transport the metabolites into the
renal cells and renal tubules for excretion. Some hydrophilic metabolites from the
bloodstream may go through glomerular filtration, while others are secreted into the
tubule, mainly in the proximal convoluted tubule (PCT) [54, 78].

The transport of QUE to PCT epithelial cells principally occurs in the basolateral
membrane (BLM) and brush border membrane (BBM) [79]. OATs are abundantly
expressed on the BLM of the PCT epithelial cells to facilitate the transport. Signifi-
cantly, QUE 3'-O-sulfate and QUE 3'-O-glucuronide are actively transported into the
PCT cells owing to high affinity for OAT1 and OATS3, respectively (Figure 4) [46].
Contrarily, QUE 3-O-glucuronide and QUE 7-O-glucuronide have poor affinity for
OAT1 and OATS3. On the side of BBM of PCT epithelial cells, MRP2 and BCRP are the
primary transporters responsible for the secretion of glucuronidated QUE, whereas its
sulfated metabolites are transported via MRP2 [46, 61].

QUE and its metabolites are also partially reabsorbed into the tubular cells [78].
QUE aglycone and methyl-quercetin can be passively reabsorbed into the tubular cells
across the BBM, whereas its sulfated and glucuronidated conjugates necessitate active
transporters for reabsorption. The passive influx of aglycone across BBM is thought to
be due to its lipophilic properties, whereas methylated conjugates can be passively
reabsorbed owing to their planar configuration. On the other hand, most hydrophilic
metabolites are less likely to be reabsorbed under physiological circumstances. How-
ever, some transporters for active reabsorption have been identified and may play a
role in active transport across BBM, which include organic anion transporter 4
(OAT#4) for sulfated conjugates and MRP2 and BRCP for glucuronides [80].
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Schematic illustration of the transport and excretion of quercetin by the kidney. BCRP, breast cancer receptor
protein; BLM, basolateral membrane; BMM, brush border membrane; Glu, glucuronide; MQUE, methyl-
quercetin; MRP2, multi-resistance protein 2; OAT, organic anion transporter; OATP, organic anion transport
polypeptide; PCT, proximal convoluted tubule; and QUE, quercetin.

Mullen et al. examined the excreted metabolites of QUE after ingesting lightly
fried onions in healthy human subjects. They concluded that the proportion of
QUE metabolites being excreted in the urine from the dietary intake of QUE is around
4.7% of the total intake (12.9 pmol) [81]. In addition, the profile of metabolites
excreted in urine differed significantly from that of plasma, with twelve urinary
metabolites being detected in the study [54, 81]. QUE diglucuronides contributed to
most of the QUE metabolites in the urine, while other substantial metabolites
include QUE 3'-glucuronide, isorhamnetin-3-glucuronide, and QUE glucuronide sul-
fates (Table 2) [81]. Mullen et al. stipulated that the most probable fate of the
majority of non-excreted metabolites is the conversion to various phenolic acid com-
pounds, most likely 3-hydroxyphenylpropionic acid, 3,4-dihydroxyphenylpropionic
acid, and 3-methoxy-4-hydroyphenylpropionic acid, which were not measured in
the study [81, 82].

There is a considerably large interindividual variation in QUE excretion. Ferry
et al. examined 51 cancer patients in a phase I clinical trial of quercetin, in which the
subjects were administered by a short IV infusion at doses of 60 to 2000 mg/m? of
QUE aglycone. They reported the proportion of the excreted QUE in urine over
24 hours ranged between 0.03-7.6%, implying variability between subjects [48].
Various studies also examined the t¥ of QUE with variable conclusions. Some studies
examining the half-life of orally administered QUE reported a t¥2 ranging between 11
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Metabolites 24-h Urinary Excretion
Mean (nmol) % of total excreted metabolites

QUE Diglucuronide 2223 21%
QUE-3’-Glu 1845 18%
I-3-Glu 1739 17%
QUE Glu Sulfate 1384 13%
MQUE Diglucuronide 1003 10%
QUE-3-Glu 912 9%
[-4'-Glu 700 7%
QUE Glucoside Sulfate 392 4%
QUE Glu Glucoside 163 2%
Total 10,361 100%

QUE, quercetin; Glu, glucuronide; nmol, nanomole; and MQUE, methylquercetin.

Table 2.
Mean and percentage of quercetin metabolites detected in urine at 24 hours, adapted and modified from
Mullen et al. [81].

and 28 hours [27, 81-83]. On the other hand, two studies evaluating the pharmacoki-
netics of IV QUE aglycone concluded the t'2 of 0.7-2.4 hours [48, 84]. There was
consistently significant clearance at 24 hours, and the elimination of QUE was com-
pleted within 48 hours of ingestion. Renal clearance after ingestion of 100-200 mg of
various QUE glycosides was estimated to be 0.7 L/h. In contrast, Moon et al. reported
that renal clearance of 500 mg of QUE aglycone after ingestion was significantly
higher, approximately 3.5 x 10* L/h [3, 29]. The urinary recovery, the proportion of
excreted drugs through the urine unchanged, was estimated to be 1.0 + 0.8%.

Tubular cells, in addition to their efflux and influx properties across different
membranes, also act as metabolic machinery for QUE in the kidney. The biochemical
conversion includes various deconjugation processes of various metabolites to yield
aglycones (e.g., deglucuronidation by p-glucuronidase), followed by instantaneous
glycosylation by p-glycosyltransferase, sulfation by SULTs, glucuronidation by UGTs,
and methylation by COMTs [54].

8. Conclusion and future perspective

QUE is abundant in the human diet and has potential benefits for human health.
Dietary supplement of QUE is available over the counter as a free form of QUE
aglycone. In contrast to naturally occurring QUE contained in fruits and vegetables,
the intended daily doses of QUE supplements are considerably higher, ranging from
500 to 1000 mg. The majority of the absorption of QUE occurs in the small intestine,
and insignificant portions are absorbed in both in the stomach and colon. In the
intestine, the aglycone is primarily absorbed via a passive diffusion mechanism and
secondarily via OATP, whereas the glucosides are achieved via specific transporters.
Following the absorption in the enterocytes, QUE undergoes extensive metabolism in
the liver, resulting in sulfated, glucuronidated, and/or methylated metabolites.
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Based on the pharmacokinetics profile, QUE has poor oral bioavailability after a
single oral dose. The bioavailability of QUE is associated with various factors, includ-
ing its solubility and coadministration of other dietary components. Hence, its for-
mulation to improve absorption rates and reach its optimum plasma level should be
considered important. The effects of coadministration of other dietary supplements,
such as vitamin C and bromelain, should further be investigated in future clinical
studies. It must also be taken into consideration that QUE and its metabolites may
interfere with the pharmacokinetics of some drugs by variably interacting with vari-
ous CYP enzymes; they also inhibit multispecific OATP, ABC, and transporters at
micromolar levels.
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Leveraging a Hypothesis-Generating
Transcriptomics Approach to
Elucidate Molecular Pathways that
Contribute to the Biologic Effects of
Quercetin in the Liver

Nhung Au and Brendan D. Stamper

Abstract

Quercetin is a relatively ubiquitous natural product with reported antioxidant,
anti-inflammatory, antiviral, and anticarcinogenic properties. Using a bioinformatics
approach, differential gene expression analysis was utilized to evaluate quercetin’s
potential to protect and promote hepatocellular health through mining of the
Gene Expression Omnibus (GEO) and subsequent analysis using the Database for
Annotation and Visualization and Integrated Discovery (DAVID). The publicly
available microarray datasets GSE4259 and GSE72081 were analyzed to compare
the effect of quercetin on two different liver-based model systems to generate a
robust set of differentially expressed genes impacted by quercetin exposure. Results
from these analyses identified differentially expressed genes related to calcium
signaling and signal transduction pathways to be the most significantly altered. A
comprehensive literature review following the transcriptome analysis revealed that
quercetin-induced gene expression changes in cell membrane receptors (specifi-
cally, voltage gated calcium channels NS integrins) share a common direct signaling
pathway through extracellular signal-regulated kinase (ERK). Thus, the results from
this bioinformatics study identified potential biomarkers related to quercetin’s effects
on hepatocellular health. Based on quercetin’s ubiquitous use and good safety profile,
future laboratory studies can be directed at validating the observed transcriptional
changes on protein expression and the likelihood for hepatoprotection.

Keywords: quercetin, extracellular signal-regulated kinase, gene expression,
signal transduction, bioinformatics

1. Introduction

Natural products have been used throughout human history for various purposes
due to the ability of their chemical constituents to exhibit various pharmacologic
activities in humans, many of which have proven to be beneficial for treating and
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preventing a broad spectrum of diseases [1]. To this day, natural products continue to
be an excellent reservoir for lead compound development in drug discovery research.
For example, structure-based drug design with a novel nature-based structural
skeleton has been used to improve the pharmacodynamic and pharmacokinetic
characteristics of a natural product [2]. While there is little doubt, natural products
represent a rich diversity of potential drug candidates, challenges such as a lack of
well-designed candidate selecting strategies may hinder progress and limit expansion
in the field. Despite these challenges, there is continued interest in natural products
research from both the public and within the scientific community, which hasled to
the development of new technologies and approaches to increase the likelihood of a
successful line of inquiry into the potential of a given natural product as a future drug
candidate [3, 4].

Quercetin (3,3',4',5,7-pentahydroxy-flavone) is a polyphenolic compound derived
from plant pigments and is a natural product found in many different plant species
such as grapes, berries, cherries, apples, citrus fruit, kale, and black tea [5]. In plants,
quercetin mainly presents as quercetin glycosides, and exhibits different therapeutic
properties, which have been shown to have beneficial effects in treating various
disease states with pathophysiologies related to oxidative stress, inflammation, and
the immune system [6, 7]. While more work needs to be done to elucidate the precise
mechanisms underlying how quercetin exerts its effects on cells, efforts must also
be taken to make quercetin more “druggable”. From a pharmacokinetic perspective,
quercetin struggles with low bioavailability and extensive metabolism [5]. Both
enterohepatic and enteric recycling are thought to contribute to its poor systemic
bioavailability, similar to many other quercetin-like polyphenolic structures [8].
Based on the fact that the liver has the potential to be exposed to greater quercetin
concentrations compared to other systemic organs, quercetin may possess utility in
treating hepatic ailments and promoting hepatocellular health.

Through investigations into how quercetin promotes hepatocellular health,
researchers have identified a variety of hepatic signaling pathways that are altered
following quercetin exposure, such as those associated with antioxidant defense,
MAPKs (mitogen-activated protein kinases), inflammation, apoptosis, autophagy,
insulin, AMPK (AMP-activated protein kinase), p-Catenin signaling, and antiviral
activity [9]. For example, quercetin has been shown to elicit a dose-dependent
protective effect against ethanol-induced oxidative stress in human hepatocytes [10].
This protection was found to occur through MAPK-mediated nuclear Nrf2 (nuclear
factor erythroid 2-related factor 2) translocation and subsequent induction of heme
oxygenase-1 (HO-1). Chronic inflammation also plays a role in various liver disorders
such as non-alcoholic fatty liver disease (NAFLD) and hepatocellular carcinoma.
Research suggests quercetin is capable of reducing liver inflammation and fibrosis
through inhibition of macrophage infiltration and hepatic stellate cell activation [11].
In addition, quercetin’s ability to inhibit NF-kB (nuclear factor-kappa B) signaling
may also be a contributing factor to its anti-inflammatory effects [12]. Quercetin’s
significant effects on NF-kB signaling, MAPK pathways, and the antioxidant response
system have buoyed its popularity as a promising and druggable natural product since
these facotrs are associated with important cellular processes such as proliferation,
differentiation, stress response, inflammation, and apoptosis.

Over the past thirty years, numerous studies have identified other pathways
affected by quercetin exposure, many of which crosstalk with NF-kB, MAPK and
Nrf2. In general, quercetin has been shown to modulate PI3K/Akt (phosphatidylino-
sitol 3-kinase/protein kinase B) signaling, mTOR (mammalian target of rapamycin),
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and AMPK (AMP-activated protein kinase), which in turn influence cellular effects
related to autophagy [13, 14], insulin resistance [15], lipophagy [16], and apoptosis
[17]. Interestingly, quercetin may also have utility as a chemosensitizer [18]. This study
found quercetin capable of reversing multidrug resistance in hepatocellular carci-
noma through the FZD7 (Frizzled-7)/B-catenin signaling, a pathway involved in liver
development and regeneration. Taken together, the growing body of literature cover-
ing quercetin-mediated effects on the liver has shown that quercetin alters numerous
hepatic signaling pathways across a diverse range of model systems and over a wide
variety of treatment conditions; thus, implicating a complex, multifaceted, and
“dirty” mechanism by which quercetin is able to promote hepatocellular health.

In clinical trials, quercetin has shown promise in the treatment and protection
of the liver from injury and damage in various disease states. In patients with beta-
thalassemia, quercetin was coadministered with deferoxamine and demonstrated an
ability to lower alanine aminotransferase (ALT) levels and positively affect liver func-
tion [19]. However, in a separate trial looking at patients with non-alcoholic fatty liver
disease (NAFLD), quercetin showed no significant effect on hepatic function bio-
markers and liver enzymes [20]. Quercetin’s potential for hepatoprotection has also
been investigated for the treatment of chronic hepatitis C infection [21]. While no
changes in ALT levels were observed in this study, a decrease in viral load for 8 of 30
patients taking quercetin was observed. It is also worth noting that across all of these
studies, quercetin displayed a good safety profile [22]. Yet, while some of this clinical
data shows promise and supplementary compelling evidence from animal studies is
encouraging, progress has been slow and the need for more extensive clinical trials is
needed to validate the potential positive effects of quercetin for patients with various
liver conditions [23, 24].

One popular and common method for assessing how a compound might affect
biology is transcriptome analysis. Microarray technology has existed for approxi-
mately forty years and has provided researchers and clinicians an opportunity to
better understand transcriptomic changes at a global level [25]. Observed gene
expression profile changes that can then be applied to curated biochemical pathways
to posit the possible impact on human health and disease. With an ability to analyze
the expression levels of thousands of different loci simultaneously, whole transcrip-
tome microarrays offer an attractive high throughput method for researchers to assess
a complete picture of gene expression in response to a variety of conditions, such
as xenobiotic exposure and disease status. In the early 2000s, the National Center
for Biotechnology Information (NCBI) and the European Bioinformatics Institute
(EBI) established the Gene Expression Omnibus (GEO) [26] and Array Express
[27], respectively to house the plethora of functional genomics data that has been
generated over the past half century. A positive component of these two repositories
is that the data is publicly available and follows a standardized format for inclu-
sion known as minimum information about a microarray experiment (MIAME)

[28]. Free and unfettered access allows objective investigators, unaffiliated with the
original researchers who deposited the data, to probe and analyze these datasets
independently. In many cases, the original depositors of a microarray experiment are
querying their data to ask specific questions. This allows the unaffiliated researcher to
compare data against other deposited datasets to leverage multiple studies across mul-
tiple species utilizing multiple platforms to elucidate biochemical pathways, identify
robust biomarkers, and cultivate potential drug targets. Despite quercetin’s relatively
ubiquitous use as a natural product, there are surprisingly few microarray studies

on its transcriptomic effects in the liver and liver-based models. The following work
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showcases how bioinformatic data repositories and platforms can be used as tools for
hypothesis-generation in the laboratory by using quercetin-induced hepatocellular
effects as an exemplar. Two microarray studies (one from Canada and the other from
the Netherlands), which investigated the effects of quercetin on two different liver
models, were leveraged to identify biomarkers and pathways in the liver that are
impacted following quercetin exposure.

2. Methodology
2.1 Transcriptome database mining

The Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) isan
international public repository that archives and freely distributes microarray, next-
generation sequencing, and other forms of high throughput functional genomics data.
In this study, data from two separate studies investigating the effects of quercetin
exposure were mined from GEO; specifically, GSE4259 [29], a study in C57BL/6 mice
and GSE72081 [30], a study using primary mouse hepatocytes isolated from C57BL/6
mice. Raw gene expression data was downloaded from GEO and imported into
Microsoft Excel for single gene analysis. Transcripts from quercetin-treated samples
were compared against their respective controls to generate log, fold changes, as well
as non-log transformed fold changes and p-values (student T-test). The data was
then filtered using a threshold (p < 0.05) to identify all transcripts with significantly
altered expression. Transcripts from quercetin-treated samples demonstrating a
significant change in expression compared to their respective controls were compiled
and designated as differentially expressed gene sets.

2.2 Bioinformatic pathway analysis

Differentially expressed gene sets were then submitted for analysis using the
Database for Annotation, Visualization and Integrated Discovery (DAVID, https://
david.ncifcrf.gov/) platform. DAVID is a web-accessible tool that provides a compre-
hensive set of functional annotation tools for investigators to understand biological
meaning behind large gene lists. In this study, DAVID was used to conduct pathway
analysis in order to identify Kyoto Encyclopedia of Genes and Genomes pathways
(KEGG:; https://www.genome jp/kegg/pathway.html) impacted by the GEO-identified
differentially expressed gene sets. Only pathways that met a significance cutoff of
(p-value <0.05) using DAVID were reported. Of note, individual genes identified
across multiple pathways were grouped together and dubbed the core gene battery.

3. Hepatic transcriptome changes associated with quercetin exposure
3.1 Conceptualization of a core gene battery

Natural products serve as a great resource for identifying potential drug candi-
dates, and while many possess attractive pharmacodynamic activities, many are also
limited by their pharmacokinetics. Quercetin is no exception to this. Like a double-
edged sword, quercetin has attractive pharmacodynamic properties such as antioxi-
dant, anti-inflammatory, and immune-supportive properties; however, quercetin also
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22 genes found in more than 17 genes found in more than
one pathway (Table 2) one pathway (Table 2)

Figure 1.
Workflow for the identification of differentially expressed genes and enviched biologic pathways across two
quercetin studies.

has poor bioavailability due to extensive metabolism, enterohepatic recirculation,

and enteric recycling. Despite the challenges associated with delivery and retention of
quercetin in the human body, a growing body of literature continues to suggest that
quercetin is capable of offering positive health effects, including hepatoprotection.

In this study, two independent microarray experiments were leveraged to inves-
tigate the effects of quercetin on two different liver models in hopes of identifying
robust biomarkers and mechanisms associated with quercetin exposure. One study
treated male C57BL/6 mice with 7 mg quercetin per mouse for 24 h (GSE4259) [29],
whereas the other utilized primary mouse hepatocytes treated with 200uM quercetin
for 24 h (GSE72081) [30]. Filtering the gene sets from these two studies based on
significance (p < 0.05) resulted in the identification of over 1000 transcripts differen-
tially regulated by quercetin treatment in each study (Figure 1). For the in vivo study,
the 1244 differentially expressed genes were associated with 10 KEGG pathways,
whereas 14 KEGG pathways were found to be enriched from the set of 1451 differen-
tially expressed genes from the in vitro study (Table 1).

Interestingly, pathway analysis using DAVID identified no overlapping pathways
between the two studies (Table 1). In an attempt to uncover commonalities between
the two quercetin studies, a unique approach of identifying genes found in multiple
enriched KEGG pathways was employed. Thus, individual genes identified across
multiple pathways were grouped together and dubbed the core gene battery (Table 2).
Similar to the enriched pathways identified by DAVID, no genes within the core gene
batteries were shared between the two quercetin studies. There are certainly limitations
based on the experimental design of this bioinformatic study that could explain why
identical transcripts were not found between the two independent studies. First, retro-
spective bioinformatic surveys like this are always limited by the data that is accessible.
In this case, only two studies investigating the effects of quercetin on hepatic murine
gene expression were available (one using C57BL/6 mice that was published in 2006
and the other using primary mouse hepatocytes from C57BL/6 mice that was published
in 2016). This limited data posed two significant challenges. First, the two independent
studies were separated by 10 years, and significant improvements in how gene expres-
sion is quantified were made during this time frame. Second, while the same mouse
strain was used in both studies, one performed whole liver analysis, while the other
assayed isolated primary hepatocytes. Differences in how the tissue was prepared for
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Enriched KEGG pathways from GSE4259 [29]

Enriched KEGG pathways from GSE72081 [30]

* Inositol phosphate metabolism

« Dilated cardiomyopathy

* Cysteine and methionine metabolism
* Hypertrophic cardiomyopathy (HCM)

 Arrhythmogenic right ventricular cardiomy-
opathy (ARVC)

* Phosphatidylinositol signaling system

* Primary bile acid biosynthesis

¢ Amino sugar and nucleotide sugar metabolism
* Calcium signaling pathway

¢ Cardiac muscle contraction

¢ NOD-like receptor signaling pathway

* Vasopressin-regulated water reabsorption
« Insulin signaling pathway

* RNA degradation

* Protein processing in endoplasmic reticulum
* Type II diabetes mellitus

¢ Retrograde endocannabinoid signaling

* Lysine degradation

* MAPK signaling pathway

* Adipocytokine signaling pathway

* Adherents junction

* Prolactin signaling pathway

* cAMP signaling pathway

 TNF signaling pathway

Table 1.

Enriched pathways (p-value <0.05) associated with quercetin exposure from two independent studies.

GSE4259 Core gene battery [29]

GSE72081 Core gene battery [30]

Upregulated Downregulated Upregulated Downregulated
ACTB CACNB4 CXCL2 AKT1
CACNA2D3 CACNG2 GRIA4 CACNA1D
CACNB3 ITGA3 MAPK10 GRIA3
ITGA4 ITGB5 MKNK1 IRS2
ITGA7 ITPR2 NFKB1 MAPK3
ITGA9 MAT2A SOCSs2 MAPK12
PIK3C2G MYBPC3 SOCS3 PRKCA
PIP4K2C PIP5K1B TGFB1 SORBS1
PIP5K1A PLCB2 TRAF6
PLCG2 PRKACB
SLC8A1 TGFB2

Table 2.

Core gene batteries associated with quercetin exposure from two independent studies.

analysis can impact effects and lead to divergent results. However, despite the fact that
there was no overlap in biochemical pathways or specific genes between the two stud-
ies, the identification of genes found in multiple enriched pathways through DAVID
revealed that many of the genes within the core gene batteries of each study encoded
for related isoforms (e.g., transforming growth factor-beta) or different subunits of the
same protein (e.g., voltage-gated calcium channels) (Table 2).

From an objective big-picture perspective, the results from this pilot bioinformat-
ics study suggest that quercetin alters the transcription of membrane proteins related
to calcium signaling and specific signal transduction pathways that appear to consis-
tently funnel through the extracellular signal-regulated kinase (ERK) (Figure 2). The
three membrane proteins and one cytokine that were identified from the comparative
microarray study are voltage-gated calcium channels (VGCCs), sodium-calcium
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Figure 2.

Signaling pathways that link membrane proteins, calcium signaling, and ERK with genes identified through
DAVID analysis. Upregulated transcripts that are part of the core gene battery arve boxed in green whereas
downregulated transcripts that ave part of the cove gene battery are boxed in red.

exchange protein (NCX; SLC8A1), integrins, and the cytokine, transforming growth
factor beta 2 (TGFB2), whose general roles are all described in what follows.

3.2 Transcripts within the core gene battery and their convergence on ERK

Calcium signaling plays a crucial role in liver function and survival, and is regu-
lated by changes in the intracellular concentration of calcium, which is highly orga-
nized by time and space. VGCCs play a major role in the regulation of intracellular
calcium, which in turn indirectly activates mitogen-activated protein kinase (MAPK)
signal transduction pathways (e.g., ERK 1/2) [31]. VGCCs are composed of multiple
subunits (alphal, alpha2delta, beta, and gamma), where ion conduction occurs
through the alphal subunit, whereas other subunits play modulatory roles [32, 33].
Like VGCCs, NCX is also capable of regulating intracellular calcium concentration.
While expressed mainly in the heart and brain, little is known regarding its role in the
liver. Mechanistically, NCX has two working modes: (1) forward-mode, which pumps
Ca”* out of the cell in exchange for Na“, and (2) reverse-mode, which brings Ca” into
the cell and pumps Na® out in a concentration-dependent fashion. In reverse-mode,
it has been proposed (through a stepwise process) that NCX plays a critical role in
downstream ERK1/2 phosphorylation in endothelial cells [34]. It’s also worth noting
that the inositol 1,4,5-trisphosphate receptor type 2 (ITPR2), which is expressed in
the endoplasmic reticulum and serves to release calcium to the mitochondria as part
of senescence was identified as part of the downregulated core gene battery as well
(Table 2) [35]. This further implicates the likelihood that quercetin exposure alters
intracellular calcium signaling.

Two additional targets identified by GEO and DAVID as differentially expressed
following quercetin treatment were TGFB and integrins, specifically, TGFB1, TGFB2,
ITGA3, ITGA4, ITGA7, ITGA9, and ITGB5. While these targets have no direct effect on
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calcium flux in or out of the cell, they are both capable of initiating signals leading to
ERK activation. For example, it is well-established that calcium signals mediate tyro-
sine kinase receptor signaling, which in turn activates ERK-mediated signaling; thus,
providing a possible connection between TGFB and ERK [36-38]. And lastly, integrins,
which are heterometric transmembrane cell adhesion proteins, are well-characterized
regulators of cell growth, proliferation, migration, signaling, and cytokine activity.
Integrins are formed by the pairing integrin alpha and beta subunits. There are 18
different a subunits which are capable of combining with eight different f subunits to
form several unique integrin heterodimers [39]. Despite the complexities associated
with integrin dimers, strong evidence exists supporting the fact that integrin-mediated
signaling regulates ERK phosphorylation and subsequent ERK activity [40].

By altering the gene expression of membrane proteins, and potentially their
composition and localization, quercetin has the potential to alter calcium signals
and ERK-mediated signaling in the liver. Perhaps it was foreseeable that the three
membrane proteins and the one cytokine that were highlighted herein from the
comparative microarray study were all capable of modulating ERK activity since it has
well established that growth factors and adhesion signals activate ERK. These effects
align with quercetin’s purported common pharmacodynamic effects that have been
reported in the literature related to cell proliferation, regeneration, and adhesion. A
confounding factor that was challenging to address was the discovery of simultane-
ous up and downregulation of specific subunits of VGCCs and integrins. Making
sense of how the inconsistent, yet significant, regulation of these subunits relates to a
predictive cellular response is challenging because each specific combination of these
variable subunits gives rise to a unique mode of activity.

4, Conclusions

In summary, the GEO- and DAVID-based results identified cell signaling pathways
that may contribute to how quercetin affects hepatocellular health. These results
highlight how bioinformatic approaches can be leveraged to generate meaning-
ful and testable hypotheses in the laboratory. Next steps should involve validation
through protein expression and activity studies related to calcium signaling. While
the results from this study implicate membrane proteins related to calcium signaling
and potentially ERK, additional efforts should be directed at investigating effects
stemming from quercetin’s structure, such as its chemical ability to redox cycle and its
reported ability to serve as both a direct and indirect antioxidant. This would include
future cytoprotection studies to investigate quercetin’s ability to protect against
known toxins capable of causing oxidative stress. While these cell-based assays are
necessary for validating quercetin as a useful therapeutic agent for hepatoprotection,
the preliminary bioinformatic results from this pilot study have provided intriguing
targets and potential mechanisms related to quercetin’s future as an agent capable of
hepatoprotection. Dissemination of hypothesis-generating results and the identities
of these gene targets and mechanistic pathways, provides a record and a springboard
on which the scientific community can build.
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Chapter 5

Investigating the Antioxidant
Properties of Quercetin

Kate Nyarko

Abstract

The antioxidant properties of quercetin stem from its ability to neutralize reactive
oxygen species (ROS) and counteract oxidative stress, a key contributor to various
chronic diseases. Numerous in vitro studies have demonstrated quercetin’s effectiveness
in scavenging free radicals and protecting cellular structures from oxidative damage.
Beyond its direct antioxidant effects, quercetin also interacts with cellular signaling
pathways, influencing gene expression and modulating enzymatic activities associ-
ated with oxidative stress. In vivo studies, both in animals and human trials, have
provided insights into the bioavailability and physiological impact of quercetin, yet its
significance remains underappreciated. This chapter will focus on the mechanisms by
which quercetin enters circulation, its distribution in tissues, and the subsequent effects
on markers of oxidative stress. Additionally, we will highlight findings from previous
epidemiological studies linking quercetin-rich diets to reduced risk of chronic diseases,
emphasizing the potential translational significance of these antioxidant properties
in real-world health outcomes. In conclusion, this chapter will provide an overview of
quercetin’s antioxidant properties and its potential for therapeutic interventions associ-
ated with chronic diseases.

Keywords: antioxidant, quercetin, flavonoid, oxidative stress, chronic diseases

1. Introduction

Quercetin’s chemical structure, characterized by the presence of multiple hydroxyl
groups, provides it with potent free radical scavenging abilities, making it a key
player in cellular defense against oxidative stress [1]. While there have been various
reports indicating the potential therapeutic benefits of quercetin, its mechanism of
action remains elusive and there is a dearth of clinical data to support its potential
antioxidant properties in humans [2]. Quercetin, belonging to the flavonol subclass
is widely distributed in nature and can be found in various food sources, including
fruits vegetables and beverages. The availability of quercetin in commonly consumed
dietary items has contributed to its accessibility and the growing interest in harnessing
its potential health benefits. The structural arrangement of quercetin includes several
hydroxyls (—OH) groups attached to different positions on the benzene rings, specifi-
cally at C3, C5, C7, C3’, C4', and C5’ [3]. These hydroxyl groups are responsible for
the antioxidant properties of quercetin, making it a potent scavenger of free radicals
in the human body [4]. The conjugation of double bonds in the aromatic rings and the
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presence of hydroxyl groups further create a complex structure that plays a crucial
role in quercetin’s bioactivity and physiological effects. Additionally, the presence of
a glycosyl group linked to the quercetin aglycone can affect its absorption, solubility,
and in vivo effects [5]. Most studies focused on the biological effects of quercetin are
based on in vitro research with quercetin aglycone, which is rarely found in human
plasma [6, 7]. The findings from these studies have yielded inconclusive results
regarding the exact mechanism of action of quercetin aglycone and its derived metab-
olites in humans [8]. Given the insufficient data in this research area, several authors
have emphasized the importance of studying quercetin and their derived metabolites,
considering that these metabolites may be the bioactive forms in the body, requiring
further research to understand their mechanism of action and antioxidant activities
[9-11]. In this study, our aim is to conduct a thorough investigation of the antioxi-
dant capabilities of quercetin and its derivatives, and their impact on human health.
Specifically, we will focus on their cellular signaling pathways, bioavailability, tissue
distribution, and their association with reduced risk of chronic diseases.

2. Antioxidant role of quercetin in scavenging free radicals

Free radicals, including reactive oxygen species and reactive nitrogen species
(RNS), are highly reactive molecules produced naturally during metabolic processes
or by external factors like UV radiation, pollution, and certain chemicals. When pres-
ent in excess, these free radicals can induce oxidative stress to cellular components
such as proteins and lipids, leading to various chronic health conditions including
neurodegenerative and cardiovascular diseases. Quercetin exerts its antioxidative
effects through multiple mechanisms. Firstly, it acts as a direct scavenger of free radi-
cals, neutralizing them and preventing them from causing harm to cellular structures
as shown in Figure 1. Additionally, quercetin enhances the activity of endogenous
antioxidant enzymes such as superoxide dismutase (SOD), catalase, and glutathione
peroxidase, which further contribute to the cellular defense against oxidative stress.

Numerous in vitro and in vivo studies have highlighted the ability of quercetin
to neutralize oxidative stress, making it a promising candidate for mitigating vari-
ous chronic diseases associated with oxidative damage [12-15]. Various studies

Quercetin ¥.OH
HO Hydroxyl groups
OH  scavenges ROS/free
radicals
OH ©
TR (SOD stimulates
ntioxidant enzymes . 2
CAT, GPx) antioxidants

Restores cellular

redox balance Cellular Signaling pathways

(Nrf2-ARE)

Figure 1.
The antioxidant activity of quercetin in scavenging free radicals.
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have evaluated the antioxidant efficacy of quercetin and its derivatives using dif-
ferent assays, including 2,2-diphenyl-1-picrylhydrazyl (DPPH), Ferric Reducing
Antioxidant Power (FRAP), Fe** chelation, and 2,2’-azino-bis (3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS) assays [16, 17]. The antioxidant activity of quercetin
derivatives can be influenced by factors such as the acyl group chain length and the
molar mass of the polymer. While the acylation of quercetin increases its lipophilicity,
this can potentially influence its antioxidant efficacy. According to Oh et al. [18], the
esterification of quercetin with various fatty acyl chlorides resulted in the formation
of different derivatives, including Q-3'-O-monoester, Q-3-O-monoester, Q-7,3'-O-
diester, Q-3',4’-O- diester, Q-3,3'-O-diester, and Q-3,4'-O diester. The lipophilicity
of these derivatives following the esterification process increased as expected. The
results showed that quercetin had the highest activity in getting rid of harmful
radicals compared to its derivatives. Interestingly, superior antioxidant activity was
observed with the short-chain fatty acids derivatives in the ABTS assay, while those
with C3:0, C4:0, C6:0, and C8:0 chains showed better performance in the DPPH
radical scavenging assay.

In a previous study where the impact of nicotine and quercetin treatments on the
viability and antioxidant defense system of HepG2 cell line cultures was investigated,
quercetin showed an antioxidant protective effect by restoring the balance between
free radical production and antioxidant defense systems [19]. The in vitro experi-
mental results showed that quercetin increased the superoxide dismutase activity in
both the control and nicotine treated group. The results were comparable to those
from previous studies [20, 21]. Some studies have shown the ability of quercetin to
combat oxidative stress by modulating glutathione (GSH) levels. For instance, the
supplementation of quercetin in a Western diet increased the GSH/GSSG ratio in
mice liver and mitigated obesity and metabolic syndrome [15]. The concentration of
quercetin did not significantly influence body weight, fat storage, or blood composi-
tion in healthy mice following a standard diet. However, it did decrease oxidative
stress levels, specifically in the liver. A higher quercetin concentration was observed to
further decrease lipid peroxidation markers in various tissues. Additionally, querce-
tin’s capacity to neutralize free radicals can be associated with a decrease in ischemia-
reperfusion injury, achieved through alterations in the endothelial nitric oxide system
[22]. This highlights the potential of quercetin to mitigate oxidative stress and protect
against damage caused by ischemia-reperfusion processes. As an extension to this,
recent research has emphasized quercetin’s role in enhancing mitochondrial function
[23, 24], further contributing to its overall protective effects on chronic and cardio-
vascular health diseases.

2.1 Absorption, distribution and metabolism of quercetin in tissues

The absorption of quercetin is a complex process influenced by several factors.
Dietary intake is the primary source, and its absorption occurs in the small intestine.
Quercetin, in its glycosidic form, undergoes hydrolysis by enzymes in the small
intestine, releasing aglycones that are absorbed through passive diffusion [25].
Glucose transporters (GLUTs) and multidrug resistance-associated proteins (MRPs)
are involved in the active transport of quercetin [26]. The release of aglycones from
quercetin glycosides can be mediated by the lactase phlorizin hydrolase (LPH) in the
small intestines [25]. Various factors impact the absorption of quercetin, including the
food matrix, co-ingestion with other nutrients, and the gut microbiota. The presence
of fats and certain nutrients enhances absorption, while high-fiber diets may reduce

91



Quercetin — Effects on Human Health

bioavailability. The bioavailability of quercetin can be improved when consumed
alongside fatty acids in higher doses. Humans can absorb significant amounts from
food or supplements, with a reported half-life of 11-28 hours. While daily quercetin
intakes range from 3 to 40 mg in Western diets, consumers of fruits and vegetables may
ingest about 250 mg per day. The recommended daily dose of quercetin supplements in
diets should range from 500 to 1000 mg [27]. Additionally, the gut microbiota plays a
crucial role in quercetin metabolism, influencing its absorption and bioactivity [28].

Once absorbed, quercetin is distributed to various tissues through the blood-
stream. The distribution is influenced by its lipophilic nature, allowing it to penetrate
cell membranes. On the other hand, quercetin exhibits a wide tissue distribution,
with higher concentrations found in organs like the lungs, kidneys, and liver. The
ability of quercetin to cross the blood-brain barrier has also raised interest in its
potential neuroprotective effects [29, 30]. In the bloodstream and tissues, it under-
goes extensive metabolism and biotransformation with phase II enzymes, such as
glucuronosyltransferases and sulfotransferases, facilitating its excretion [31]. Special
transporters also play a crucial role in facilitating the absorption and transport of
quercetin and its metabolites. The lipid bilayers of cellular membranes, character-
ized by high polarity, limits the passage of quercetin conjugates where membrane-
related transporters come to play to overcome this barrier. In the intestinal epithelial
cells, numerous transporters are expressed to aid the passage of substrates from the
gastrointestinal tract into the circulatory system [32]. Among these transporters,
sodium-dependent glucose co-transporters (SGLTs) located on the apical membrane
of intestinal epithelial cells play a significant role in the absorption of quercetin and
its glycosides [33]. Specifically, quercetin 4'-p-glucoside and quercetin-3-glucoside
are efficiently absorbed through the involvement of SGLT-1. There is evidence that
the type of sugar linked to quercetin can influence the absorption ratio of quercetin
glycosides in the small intestine [34]. Quercetin circulates in the bloodstream bound
to plasma proteins, such as albumin [35]. The presence of binding proteins can influ-
ence its bioavailability and may impact its physiological effects. Understanding the
binding characteristics of quercetin to plasma proteins is important for optimizing its
delivery and enhancing its therapeutic potential. Further research is also needed to
elucidate the specific mechanisms by which binding proteins interact with quercetin
and how the interaction influences its bioavailability and physiological effects [36].
Furthermore, exploring strategies to enhance the bioavailability of quercetin, such as
encapsulation in delivery systems like Quercetin LipoMicel, may improve its absorp-
tion and increase its circulating levels in the body [37].

2.2 Cellular signaling pathways of quercetin: modulation of enzymatic activities
in oxidative stress

The pathway associated with the nuclear factor erythroid 2-related factor 2 (Nrf2)
is vital for protecting cells from oxidative stress. Quercetin has been shown to acti-
vate the Nrf2 pathway, leading to the upregulation of antioxidant response element
(ARE)-driven genes. This activation enhances the cellular antioxidant defense system,
including the expression of enzymes like heme oxygenase-1 (HO-1) and superoxide
dismutase. Quercetin and its derivative dihydroquercetin have demonstrated the abil-
ity to mitigate cellular damage induced by oxidative stress by activating the Nrf2-ARE
pathway, with the involvement of stress-responsive Extracellular Signal-Regulated
Kinase (ERK) and c-Jun N-terminal Kinase (JNK) signaling pathways, suggesting a
potential neurohormetic role for quercetin as a phytochemical [14, 38, 39].
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For instance, Jia et al. [40] examined the antioxidant effects of quercetin on
diquat-induced oxidative stress in porcine enterocytes. Pretreatment with quercetin
in intestinal porcine epithelial cell line 1 (IPEC-1) cells demonstrated protective
effects by mitigating apoptosis through a caspase-3-dependent mechanism, reducing
ROS production, maintaining mitochondrial function, and preserving tight junction
proteins. The authors proposed that quercetin’s protective role may be linked to the
upregulation of Nrf2 protein levels and the modulation of intracellular glutathione
content, highlighting its potential in regulating redox homeostasis. In a similar
scenario, the activity of quercetin on p38-MAPK and its regulatory effects on the
nuclear transcription factor erythroid-2p45-Nrf2 and the GSH antioxidant defense
system in HepG2 cells was studied. The study showed a concentration-dependent
modulation of p38 and Nrf2 over varying incubation periods, with 50 pM quercetin
concentration [14]. In 2014, Saw and colleagues explored the cancer preventive
properties of three flavonoids—quercetin, kaempferol, and pterostilbene—found
in berries. The research focused on their ability to counteract free radicals using the
DPPH and 2',7'-Dichlorofluorescin diacetate (DCFH-DA) assays. The combination
of all three flavonoids showed a synergistic effect in reducing intracellular ROS levels
by stimulating the activation of ARE and the levels of mRNA and proteins associated
with genes regulated by Nrf2 [38].

There is also evidence that quercetin can modulate enzymatic activities associated
with oxidative stress [41-43]. One example is the inhibition of enzymes involved
in ROS generation, such as NADPH oxidase [44-46]. By downregulating these
enzymes, quercetin contributes to the reduction of intracellular ROS levels, thereby
mitigating oxidative stress. In addition to that, quercetin interacts with key cellular
signaling pathways, including mitogen-activated protein kinase (MAPK) and nuclear
factor-kappa B (NF-kB) [47-49]. By inhibiting these pathways, quercetin plays a
role in attenuating the expression of pro-inflammatory and pro-oxidative genes,
contributing to its overall protective effects against oxidative stress-related damage.
Furthermore, it modulates enzymatic activities involved in inflammatory pathways,
including the inhibition of cyclooxygenase-2 (COX-2) and inducible nitric oxide syn-
thase (iNOS) [50-52]. Quercetin was shown to markedly reduce the mRNA expres-
sion of inflammatory markers such as iNOS, COX-2, and C-reactive protein (CRP) in
Chang Liver cells, demonstrating its anti-inflammatory effects [50].

2.3 Protective role of quercetin on chronic disease risk infection

Quercetin exerts its protective effects through diverse mechanisms. Its ability
to neutralize ROS and free radicals arises from the presence of hydroxyl (—OH)
groups and a catechol-type B-ring in its molecular structure. Additionally, quercetin
activates the Nrf2 pathway, promoting the expression of antioxidant enzymes and
cellular defense mechanisms. The interplay of these mechanism positions quercetin
as a potent defender against oxidative stress-induced damage. Quercetin, known
for its potent antioxidant properties, exhibits cardiovascular protection by reducing
oxidative damage to endothelial cells, lowering blood pressure, and improving lipid
profiles. Oxidative stress arises from an imbalance between ROS production and the
body’s antioxidant defense mechanisms [53, 54]. This imbalance is associated with the
onset and progression of several chronic conditions such as myocardial infarction,
chronic inflammation, aging, and neurodegenerative disorders [55, 56]. Numerous
studies have demonstrated that quercetin exhibits neuroprotective effects and coun-
teracts oxidative stress in vivo. For instance, its neuroprotective effect was shown in
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astudy by Denny et al. [57] who found that the oral administration of quercetin and
fish oil supplement enhanced neuroprotection in rats subjected to chronic exposure
to the insecticide rotenone, which serves as an animal model for Parkinson’s disease.
Since the brain is particularly susceptible to oxidative stress, and a target for the dam-
aging effects of ROS, the antioxidant effects of quercetin against oxidative stress path-
ways and its potential in preventing brain health diseases such as Alzheimer’ disease
(AD) through various pathways, including Nrf2, Paraoxonase-2, JNK, Protein kinase
C, MAPK was discussed by Saikia et al. [58]. The study discussed that quercetin
activates the Nrf2 pathway by increasing the production of protective proteins in AD
brain cells, acting as a natural defense system against oxidative stress. Consequently,
the neuroprotective potential of quercetin against oxidative stress responses was
demonstrated by its interaction with paraoxonase-2-enzyme, JNK pathways and
protein kinase C pathways which plays a role in cell signaling and function. Persistent
activation of glutamate receptors, leading to excitotoxicity, contributes to various
neurological disorders including Alzheimer’ disease, hypoxic-ischemic brain injury,
multiple sclerosis etc. [59]. However, quercetin extracts protect neuronal cells from
excitotoxicity-induced damage through mechanisms involving reduced ROS produc-
tion, preservation of mitochondrial membrane potential, and modulation of multiple
biochemical markers associated with cell death and autophagy [60]. Quercetin has
emerged as a significant component demonstrating acetylcholinesterase (AChE)
inhibitory activity and exerts a positive influence on the expression of nicotinic recep-
tors, thereby augmenting cognitive memory function in Alzheimer’s patients [61-63].

Chronic inflammation is a prevalent contributing factor in various diseases, and
quercetin’s anti-inflammatory properties have been studied in the context of condi-
tions such as rheumatoid arthritis and inflammatory bowel diseases [64]. Previous
studies have suggested that quercetin-rich diets may be associated with a decreased
risk of developing these inflammatory conditions, providing insights into potential
dietary strategies for therapeutic interventions [65-67]. Its anti-inflammatory
properties have been linked to potential cardiovascular benefits. While many studies
suggest potential cardiovascular benefits of quercetin, it is important to note that
research in this area is ongoing, and not all studies have produced consistent results.
Factors such as dosage, bioavailability, and individual variability may influence
quercetin’s effects on cardiovascular health.

Excessive generation of reactive oxygen species resulting in oxidative stress has
been recognized as a significant factor contributing to endothelial dysfunction-
induced hypertension and various cardiovascular diseases [68]. Consequently,
mitigating oxidative stress is considered a practical approach for comprehensive
management of hypertension and other cardiovascular conditions. Several in vivo
studies in animal models that explored the cardioprotective effects of quercetin and
demonstrated its ability to lower blood pressure including those with hypertension,
high-fat high-sucrose diet-induced conditions, nitric oxide deficiency, angiotensin
infusion, and aortic constriction [69-72]. In a 4-week trial involving eighteen Dahl
salt-sensitive rats, the antihypertensive effects of captopril (CAP) and quercetin
(QUE) on the renin-angiotensin-aldosterone system were explored with a specific
focus on renal effects. While the results from this study indicated that quercetin
does not exhibit a significant difference in aldosterone levels, it effectively lowered
blood pressure in the hypertensive rat model, suggesting a potential modulation of
renal function as the underlying mechanism [72]. Hackl et al. [73] investigated the
impact of quercetin on angiotensin-converting enzyme (ACE) activity by assessing
cardiovascular responses to bradykinin and angiotensin I. Quercetin pretreatment,
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administered orally (88.7 umol/kg, 45 min) and intravenously (14.7 umol/kg, 5 min),
significantly enhanced the hypotensive effect of bradykinin (10 nmol/kg, iv.). This
study indicated that quercetin possess an ACE inhibitory activity in vitro similar to
captopril, demonstrating its potential antihypertensive properties.

In contrast to findings in animal studies, human research trials have not conclu-
sively demonstrated consistent results regarding the antioxidant potential of quer-
cetin, even at elevated dosages. Earlier studies by Egert et al. [8] and others [74-76]
demonstrated no impact on plasma oxidized low-density lipoprotein in healthy
individuals or those with pre-hypertension and stage 1 hypertension after quercetin
supplementation. The discrepancy between the antioxidant effects observed in
hypertensive animal models and the equivocal findings in humans may be attributed
to variations in quercetin doses. However, Hertog and his group [77] provided prom-
ising results regarding the epidemiological and in vitro/in vivo antioxidant effects of
flavonoids, supporting their cardioprotective function. Their study provided evi-
dence supporting the strong cardioprotective effects of various flavonoids, including
quercetin. The study showed that men who consumed over 29 mg of flavonols per
day experienced a substantial 68% reduction in the risk of coronary death compared
to those consuming less than 10 mg per day. Although the study did not specifically
explore the link between quercetin intake and blood pressure, the authors noted an
inverse relationship between high-quercetin foods and blood pressure, and flavonol
intake, including quercetin. While these studies conducted in animal models have
indicated a decrease in blood pressure and enhanced antioxidant status with quercetin
administration, the evidence from human trials has not been particularly compelling.
Human studies examining the effects of quercetin on blood pressure and antioxidant
status have not yielded convincing results, indicating the need for additional inves-
tigation and exploration of potential factors that influence the outcomes in human
subjects. The translation of promising animal findings to human contexts requires
careful consideration of various variables that may contribute to the differences
observed in the effects of quercetin on blood pressure and antioxidant status.

Quercetin’s ability to scavenge free radicals and modulate inflammatory pathways
suggests that it may contribute to reducing oxidative stress and inflammation associ-
ated with diabetes, thereby potentially alleviating the risk of diabetic complications.
Quercetin’s potential protective effects on pancreatic beta-cells, responsible for
insulin production, have been extensively investigated [78]. Various studies have
shown that quercetin may protect beta-cells from oxidative stress and apoptosis,
thereby preserving their function. Furthermore, quercetin may stimulate insulin
secretion, contributing to better glycemic control. Additionally, it may inhibit key
enzymes involved in carbohydrate digestion, leading to a more gradual release of
glucose into the bloodstream. Various in vitro studies have focused on the antidia-
betic effects of quercetin in cellular and animal models. For example, the impact of
quercetin on glucose or glibenclamide-induced insulin secretion and its ability to
protect against hydrogen peroxide-induced beta-cell dysfunctions, using the INS-1
beta-cell line was examined. The researchers observed that quercetin enhances insulin
secretion, protects beta-cells from oxidative damage, and implicates the extracellular
signal-regulated kinase (ERK)1/2 pathway [79]. Additionally, quercetin exhibited
concentration-dependent inhibition of alpha-amylase and alpha-glucosidase activi-
ties. These findings suggest that quercetin’s ability to regulate blood glucose levels may
be attributed to its disruption of enzymatic processes and protection of pancreatic
tissues from oxidative damage, as evidenced by the inhibition of carbohydrate-metab-
olizing enzymes and prevention of pancreatic lipid peroxidation [80]. Moreover,
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potential interactions with medications and variations in individual responses should
be considered when assessing the overall safety profile of quercetin for individuals
with diabetes.

3. Conclusions

In conclusion, quercetin, with its powerful antioxidant properties, is crucial
for defending cells against oxidative stress. While much research has focused on its
potential therapeutic benefits, clinical evidence supporting its antioxidant effects
in humans is limited. Understanding the mechanisms of action of quercetin and its
derivatives is crucial, especially considering that these metabolites may be the active
forms in the body. Despite challenges in absorption and bioavailability, quercetin’s
ability to mitigate oxidative damage holds promise for combating various chronic
diseases. Additionally, its activation of the Nrf2 pathway and interaction with signal-
ing pathways further underscores its potential as a neuroprotective agent. Further
research is needed to fully elucidate the mechanisms underlying quercetin’s antioxi-
dant activities including clinical trials to fully elucidate the therapeutic potential and
optimal dosage of quercetin for specific health conditions.
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Chapter 6
Antidiabetic Potential of Quercetin

Priya Mijgar and Uday Deokate

Abstract

Natural flavonoid quercetin is widely distributed in fruits and vegetables.
Quercetin may be therapeutically useful in the treatment and prevention of a variety
of diseases, including cancer, diabetes, and cardiovascular disease, according to
mounting research. The aim of the chapter is to provide information on the antidia-
betic properties of quercetin. According to studies, quercetin regulates whole-body
glucose homeostasis through interacting with a variety of molecular targets in the
liver, pancreas, skeletal muscle, adipose tissue, and small intestine. The pleiotropic
mechanisms of action of quercetin include the reduction of intestinal glucose absorp-
tion, insulin secretory, and insulin-sensitizing actions, as well as enhanced glucose
utilization in peripheral tissues.

Keywords: quercetin, flavonoids, diabetes, gluconeogenesis, glucose absorption,
glucose uptake, insulin resistance, insulin secretion, AMPK

1. Introduction

The prevalence of diabetes mellitus (DM), which has been steadily rising over
time, is a serious issue that affects the entire world. Worldwide, especially in low-
to middle-income nations, the prevalence of DM has been rising. In the previous
30 years, from 108 million in 1980 to 422 million in 2014, the number of persons
with DM has nearly quadrupled, according to a global report from the World Health
Organization (WHO). Over 1.5 million deaths in 2012 were specifically related to
DM, and 2.2 million deaths in 2012 were caused by hyperglycemia. DM is expected
to rank as the sixth leading cause of mortality worldwide by the year 2030 [1]. DM
has also been causing severe organ failure over the years rapidly becoming one of the
noncommunicable diseases, causing a rapid increase in mortality rates [2]. The two
main types of diabetes are insulin-dependent diabetes mellitus (IDDM, type 1) and
noninsulin-dependent diabetes mellitus (NIDDM, type 2), as shown in Figure 1.
Diabetes mellitus type 2 are caused by a complex metabolic disorder in the endocrine
system, which is characterized by hyperglycemia and obstruction in the metabolism
of protein, carbohydrates, and lipid as a result of either impairment or destruc-
tion of insulin action and insulin-secreting pancreatic cells in target tissues. The
insulin-secreting cells in type 11 diabetes, an autoimmune condition, were targeted
and destroyed by regional inflammatory mediators [3, 4]. The most encountered
form of diabetes is NIDDM as it accounts for more than 80% of the total case of
DM hyperglycemia brought on by impaired insulin production or insulin resistance
characterizes diabetes as an endocrine illness. Diabetes is primarily divided into
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Figure 1.
Types of diabetes mellitus.

type I and typeIl, as depicted in Figure 1. Type I diabetes, commonly known as
juvenile diabetes due to its predominance in youngsters, is brought on by flaws in

the pancreatic insulin secretion process. As depicted in Figure 1, type II diabetes
(T2DM) is characterized by insulin resistance, in which insulin binds to its receptor
in the cell membrane without activating the signaling cascade necessary for glucose
metabolism. It leads to pancreatic f-cell failure, insulin resistance, and progressive
hyperglycemia [5]. In addition, chronic hyperglycemia caused by DM has become

a serious problem as it is associated with serious long-term health complications
such as dysfunction and failure of many organs, including nerves, heart, blood
vessels, kidneys, and eyes [6]. One of the many therapeutic approaches that decrease
postprandial hyperglycemia is to inhibit the carbohydrate-hydrolyzing enzyme,
glucosidase, found in the intestine that plays a huge role in facilitating the uptake of
glucose by breaking down carbohydrates before monosaccharide absorption. Alpha-
glucosidase inhibitors also play an important role in reducing the insulin peaks and
postprandial glycemia by delaying the absorption of ingested carbohydrates [7]. In
recent decades, researchers have been focused on developing therapeutic agents or
strategies to address the pathological aspects of the disease. Diabetes is a progressive
disease that requires multiple drugs, frequently in addition to insulin. Unfortunately,
most of the currently used drugs have side effects and some bioflavonoids mechanism
action, as shown in Tables 1 and 2, respectively [8, 9].

The acceleration of population aging, as well as behavioral and socioeconomic
shifts, have made metabolic illnesses a significant public health issue Therefore, the
search for safe and efficient treatment medications is urgent. Physiotherapy has been
valued in diverse traditional cultures, and it is believed that natural products are more
economical and safer than chemical products. In the prevention or/and treatment
of diseases, natural substances derived from fruits, vegetables, or medicinal plants
are frequently used. Flavonoids are a superfamily of phytochemicals that have been
taken from natural plants and are thought to offer therapeutic promise for metabolic
disorders [10]. Quercetin is a crucial flavonoid component that is present in a variety
of edible and therapeutic plants. Due to its excellent potential for the treatment of
metabolic illnesses, quercetin has attracted a lot of interest recently [11]. Numerous
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Therapeutic agent Molecular action Adverse effects
Metformin (Biguanides) AMPK pathway Felling seek, gastrointestinal
disturbances, nausea, vomiting.
Insulin Insulin receptors in muscle, Hypoglycemia, blurred vision, fast
Liver, adipose tissue heartbeat
Thiazolidinediones PPAR-y, GLUT receptors Weight gain, edema, hepatotoxicity
Exenatide Stimulate insulin secretion, Nausea, vomiting, diarrhea

suppress glucagon release

Nateglinide Stimulate insulin secretion Hypoglycemia, weight gain, ear
Repaglinide congestion
Glimepiride, Glipizide, Glyburide Stimulate insulin secretion Hypoglycemia, skin rashes, itching
Sulphonyl ureas (Glibenclamide) SU receptors in beta cell Hypoglycemia, weight gain, skin
reactions
Table1.

Currently used therapeutic agents, their molecular action, and adverse effects.

Flavonoid Mechanism of Action

Quercetin Reduce oxidative stress, inhibit alpha-glucosidase, stimulates glucose uptake in muscle cells via
AMPK pathway, and inhibit advanced glycated end product formation

Kaempferol Protect beta cells and inhibit alpha amylase

Myricetin Promote glycogen synthesis and inhibit alpha amylase

Apigenin Protect beta cells

Luteolin Inhibit alpha amylase and glucosidase

Genistein Stimulate insulin secretion, and inhibit alpha amylase

Epicatechin Protect beta cells

Hesperetin Inhibit alpha glucosidase, stimulate glucose uptake

Rutin stimulate glucose uptake Inhibit alpha glucosidase and reduce oxidative stress
Table 2.

Bioflavonoids and their mechanism of action.

pharmacological effects include hepatoprotective, anti-inflammatory, anticancer,
hypoglycemic, hypolipidemic, and cardiovascular protection. Additionally, it has
been shown in several clinical trials to be advantageous for type 2 diabetes, hyperlip-
idemia, and NAFLD [12].

2. Natural source of quercetin

Quercetin is widely distributed in the roots, leaf, and fruit of many medicinal
plants, including Mangifera indica, Emblica officinalis, Withania somnifera, Cuscuta
veflexa, Santalum album, Curcuma domestica valenton, and Foeniculum vulgare. It is one
of the dietary flavonoids used by humans that is now the most common. Table 3 gives
the amount of quercetin present in food sources [13].
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Food source Quercetininmg/100 g Food source Quercetinin mg/100 g
Spinach 272 Radicchio 32.0
Black tea 2.0 Fennel leaves 49.0
Red grapes 138 Kale 23.0
Capers 233 Cherries 2.7
Onion 22.0 Red apples 4.7
Radish leaves 70.0 Green tea 2.7
Oregano 42.0 Red apples 4.7
Dill 79.0 Green tea 2.7
Chili pepper 326 Cilantro 53.0
Lemon 2.29 Coriander 5.00
Tomato 2.7 Radish 70.37
Coen poppy 26.30 Okra 24.00
Pear 0.59 Plum 2.34
Fig 0.87 Strawberry 1.02
Blueberry 9.92 Blackberry 2.70
Table 3.

Food rich in quercetin.

3. Physicochemical properties of quercetin

The melting point of quercetin is 313-314°C, and it is a bright yellow needle-like
crystal. It has the chemical formula C15H1007 with a molecular mass of 302.23.
Quercetin is also known as 3,3',4’,5,7-pentahydroxyflavone or 3,3',4’,5,7-pentahy-
droxy-2-phenylchromen-4-one. The flavonol subclass of flavonoids includes querce-
tin, which has two aromatic rings (A and B) connected by a three-carbon pyrone ring
(C). Each of the following locations has a hydroxyl group: 3, 3’, 4/, 5, and 7 as shown
in Figure 2. Quercetin is soluble in ethanol, methanol, and ethyl acetate, slightly
soluble in petroleum ether, benzene, ether, and chloroform, and nearly insoluble
in water [14]. It is regarded as having a strong antioxidant effect since its molecular
arrangement is acknowledged as the optimum one for scavenging free radicals and
binding transition metal ions.
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Figure 2.
Quercetin’s chemical structure, with (a, B) and (C) standing in for the benzene and pyrone rings, respectively.
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4. Bioavailability of quercetin

Fruits and vegetables contain glycoconjugates of quercetin. The quantity and
kind of sugar moiety affect the solubility and absorption of glycoconjugates.
Quercetin’s, in vivo metabolism, absorption, and bioavailability, have been thor-
oughly investigated in both human and animal models. About 65-81% of quercetin
aglycone form is hydrolyzed and absorbed in the small intestine. It is then delivered
to the liver via the portal circulation, where it is digested and bound to albumin in
plasma. After 0.7-7 hours of consumption, the plasma level of quercetin reaches its
highest [9]. Unabsorbed quercetin is bio-transformed in the intestine by enzymes
from the gut microbiota through glucuronidation, hydroxylation, methylation, and
sulfonylation. Quercetin is eliminated from humans through their feces or urine.
When quercetin (10 mg/70 kg of body weight) was dissolved in grape juice, veg-
etable homogenate, and white wine, the resulting serum concentrations were 10.8,
25.3, and 12.7 ng/L, respectively [15]. While administration of a 22 mg quercetin
capsule produced a plasma concentration of 109 nmol/L, the bioavailability of
quercetin is also influenced by the food matrix. Quercetin’s bioavailability varies
depending on the pH and temperature of the environment. Additionally, quercetin’s
bioavailability is improved when consumed alongside vitamin C, folate, and other
flavonoids [9].

5. Mechanism of action of quercetin against diabetes
5.1 Effects of quercetin on glycemia

Quercetin is a promising drug target for treating diabetes. Several mechanisms,
including improved insulin sensitivity, promoted glycogen synthesis, and reduced
insulin resistance, have been put up to explain quercetin antihyperglycemic effects.

It enhances glucose metabolism and insulin production, which all work together

to improve the insulin sensitization effect and also quercetin inhibits the enzymes
glucosidase and amylase. In addition, quercetin maintained the mass and functional-
ity of B-cells, hence enhancing the serum insulin effect, and lowered blood glucose in
streptozotocin (STZ)-induced diabetes mice. Quercetin, on the other hand, improved
the B-cells’ ability to secrete insulin and prevented diabetes by reducing oxidative
stress in alloxan-diabetic animal models [10].

Quercetin stimulates the GLUT4 expression and endogenous GLUT4 transloca-
tion by increasing estrogen receptor, subsequently enhancing phosphorylation of
both phosphatidylinositol-3-kinase/Akt (PI3K/Akt) and AMP-activated protein
kinase/Akt (AMPK/AKkt) signal pathways, increasing the glucose uptake in skeletal
muscle cells. Que. acts similarly to rosiglitazone-like drugs such as glycogen phos-
phorylase (GP) and peroxisome proliferator-activated receptor y(PPARy) agonist on
insulin-receptor signaling and glucose transport to increase the utilization of glucose
[16]. Quercetin might considerably raise plasma insulin levels and lower blood glu-
cose levels by preserving the bulk and activity of cells and enhancing serum insulin
action. Additionally, the establishment of the diabetic state in alloxan-diabetic
animal models is based on the death of cells brought on by oxidative stress. It has a
variety of ways to harm beta cells. However, by lowering oxidative stress in diabetic
patients, the quercetin can lessen islet cell failure, improve cell insulin secretion, and
further prevent DM.
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5.2 Mechanisms of quercetin’s hypoglycemic effects
5.2.1 Enhancement of glucose uptake in tissue

In people, quercetin can affect a variety of organs, including the liver, pancreas,
small intestine, and muscles. Skeletal muscles that are responsive to insulin are where
more than 80% of glucose is absorbed by humans. Therefore, a problem with skeletal
muscle glucose absorption might affect the body’s overall glucose balance and eventu-
ally cause type 2 diabetes. In skeletal muscles, quercetin increases adenosine mono-
phosphate kinase (AMPK), which, in turn, stimulates GLUT4 receptors [17]. Through
GLUTH4, which facilitates glucose entry into cells, glucose is processed, which controls
the glucose level. Additionally, quercetin stimulates AMPK activity in hepatocytes
and blocks glucose 6-phosphatase. The main signaling molecules that control cel-
lular GLUT4 expression are AMPK and CaMKII. Exercise is also an effective GLUT4
expression activator, which enhances insulin action and muscle glycogen synthesis
(Figure 3). On the other hand, quercetin administration decreases intestine sodium-
dependent glucose absorption and GLUT2 expression [18]. Quercetin functions
similarly to rosiglitazone as a PPAR gamma agonist in that it influences signal trans-
duction and improves the utilization of glucose through affecting glucose transport
and insulin-receptor signaling [10].

5.2.2 Release of insulin from p-cells

Pancreatic beta cells secrete insulin, which regulates blood glucose levels when
blood sugar levels rise. Reduced viability and functionality of pancreatic cells are
frequently linked to diabetic problems. Quercetin improves glucose metabolism and
insulin secretion, has a superior hypoglycemic impact, and has an insulin-sensitizing
effect by encouraging pancreatic-cell proliferation [19]. In INS-1E (insulin-secreting
rat insulinoma) cells, quercetin may help to increase glucose-stimulated insulin

Quercetin

Pancreases Musclescell Small Intestine Liver Kidney

4 é}
@ —ey
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Stimulate Insulin Secretion Increase Glucose Uptake Reduce Glucose absorption Glucose Uptake Inhibit COX-2 Activity
Enhance Beta cell Regulate AMPK agl a Reduce Glucose absorption
regeneration Enhance GLUT4 Reduce GLUT4
Decrease ROS Decrease ROS

Figure 3.
Mechanism of quercetin as antidiabetic agent.
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secretion and insulin expression. According to a study, quercetin can prevent the mal-
functioning of pancreatic cells brought on by cholesterol, preserving insulin produc-
tion triggered by glucose and glycemic management [19]. By specifically activating
extracellular signal-regulated kinase 1/2 (ERK1/2), quercetin might greatly improve
the insulin secretion of INS-1 pancreatic cells. Moreover, by triggering the intracel-
lular Ca®* signaling system, quercetin dramatically increased the amount of insulin
secreted. Additionally, during an oral glucose tolerance test in diabetic rats, quercetin
considerably raised the insulin sensitivity index at 30 minutes while significantly
lowering the levels of plasma cholesterol, fasting plasma insulin, and postprandial
glucose [20]. Regarding this, the beneficial effects of quercetin on islet cells can be
divided into three categories, namely an increase in insulin secretion, protection of
-cells, and promotion of islet-cell proliferation.

5.2.3 Insulin resistance

Insulin resistance (IR) is the term used to describe the decline in insulin’s
effectiveness in promoting glucose uptake and utilization, which ultimately results
in hyperglycemia. High levels of fatty acids and glucose promote an excessive
buildup of ROS, which can damage cells and lead to insulin resistance in peripheral
metabolic tissues [10]. In other studies, it was discovered that long-term hyper-
glycemia decreased the binding of the insulin receptor and the substrate (IRS-1),
increased the expression of inducible nitric oxide synthase while decreasing endo-
thelial nitric oxide synthase, and ultimately caused insulin resistance in diabetic
rats. Quercetin’s effects on glycemic control postulated a number of pathways to
account for the advantageous effects of this polyphenol. Inducible nitric oxide
synthase expression was raised as a result of the anti-oxidative protective activity
on the pancreatic islets of endothelial nitric oxide synthase, which, in turn, caused
insulin resistance in diabetic rats. These advantageous effects of quercetin may be
attained by decreasing the buildup of cyclic adenosine phosphoric acid (cAMP) and
the input of free fatty acids, activating protein kinase A (PKA), maintaining cyclic
nucleotide-dependent phosphodiesterase 3B (PDE3B), and increasing two acyl
glycerol (DAG) [21].

5.2.4 Alpha-glucosidase inhibition to decrease glucose absorption

One of the therapeutic methods is to suppress the carbohydrate hydrolyzing
enzymes, amylases and glucosidase, in the human digestive system in order to delay
the absorption of glucose [22]. Consequently, finding glucosidase inhibitors in plants
has become a very important endeavor. The intestinal GLUT2 enzyme is severely
inhibited by quercetin, which lowers the absorption of glucose [23]. According to
numerous reports, quercetin inhibits yeast glucosidases more potently than acarbose.
Inhibiting amylase and glucosidases may, therefore, be useful in lowering blood
glucose levels after consuming a diet high in mixed carbohydrates. To find out the
quercetin and its glycoside derivatives’ inhibitory effects on rat intestine glucosidases
in an in vitro experiment. The findings revealed that quercetin had a high ORAC
value, reduced glucosidase activity, and may have physiological benefits for the treat-
ment of diabetes despite the need for additional in vivo research. Diabetes patients
experience hyperglycemia following a meal as a result of elevated glucosidase and
amylase activity. Inhibiting amylase and glucosidases may, therefore, be useful in
lowering blood glucose levels following the administration of a mixed carbohydrate
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diet. In conclusion, reducing insulin resistance, influencing glucose metabolism, and
safeguarding islet cells all contribute to the mechanism of quercetin hypoglycemic
activity (Figure 3) [24].

6. Effects of quercetin on diabetic complications
6.1 Effect on diabetic liver disorders

The term “nonalcoholic fatty liver disease” (NAFLD) refers to a clinic pathological
syndrome with excessive intracellular fat deposition that is linked to metabolic ill-
nesses such as hyperlipidemia, insulin resistance, and type 2 diabetes [25]. A growing
body of research indicates a clear connection between diabetes and the emergence of
liver problems. Diabetes has been linked to an increase in CYP2E1 in the liver, and the
suppression of the enzyme primarily protects the liver from oxidative damage. It was
discovered that STZ-induced diabetes in rats resulted in hyperglycemia, body weight
loss, altered hepatocyte ultrastructure, elevated protein levels, and enhanced CYP2E1
activity in the liver [26]. In STZ-induced diabetic rats, the impact of quercetin on liver
apoptosis was examined. The findings demonstrated that 15 mg/kg (IP) quercetin
had a strong protective effect against liver cell damage by lowering the number of
apoptotic cells; hence, quercetin can be a useful drug for the treatment of diabetes in
rats. On experimentally developed diabetic rats, quercetin produced hepatoprotective
effects via the anti-apoptosis action. Since oxidative stress is improved and hepato-
cyte apoptosis is inhibited, differing doses of quercetin may be effective in avoiding
diabetic liver damage in part because of these effects [25, 27].

6.2 Effect on diabetic retinopathy

The involved mechanisms in diabetes-induced diabetic retinopathy mainly include
oxidative stress, inflammation, neurodegeneration, and damaged retinal vasculature.
Diabetes-related alterations to the retina were significantly prevented by quercetin
therapy [28]. Notably, the protective effect of quercetin was significantly reduced
by concomitant HO-1 inhibition. These findings suggest that HO-1 is essential for
quercetin’s ability to protect the nervous system in DR. Quercetin inhibited high
glucose-induced cell proliferation by reducing vascular endothelial growth factor
(VEGF) production, according to an in vitro experiment using human retinal endo-
thelial cells. Quercetin also had a neuroprotective effect against diabetic retinopathy
[29]. Inhibition of the HMGB1/TLR4/NF-B/NLRP3 inflammation/IL-1/IL-18 axis,
suppression of VEGF and sICAM-1 secretion, and encouragement of BDNF secretion
via HO-1 overexpression make up the underlying mechanism. Quercetin protects
against neuronal damage in diabetic retina, perhaps by increasing levels of neuro-
trophic factors and preventing neuronal death. In order to stop neurodegeneration in
DR, quercetin may, therefore, be an appropriate therapeutic agent [30].

6.3 Effect on diabetic nephropathy

One of the main microvascular consequences of diabetes, diabetic nephropathy
(DN), is marked by high incidence, low diagnosis rate, lengthy duration, expensive
treatment, and high rates of disability and fatality. End-stage renal failure may result
from mesangial enlargement and thickening of basement membranes, which cause
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pathological alterations such as glomerulosclerosis, interstitial fibrosis, and tubular
atrophy [31]. Numerous factors, including abnormalities in lipid synthesis, oxida-
tive stress, changes in renal hemodynamics, and signaling pathways for polyol and
mitogen-activated protein kinase, all have a role in the outcome and progression of
DN. Through the inhibition of protein kinase C (PKC) activity, downregulation of
TGF-1 expression, reduction of extracellular matrix production, and delay of renal
hypertrophy, quercetin may help the kidney shape that has been affected by hyper-
glycemia. In addition, quercetin can slow the onset of diabetic nephropathy, prevent
degenerative alterations to the kidneys, and enhance glycolipid metabolism in type

2 diabetic rats [32]. Increased insulin resistance and high blood glucose levels have
been associated to the release of pro-inflammatory mediators such as IL-1, IL-6, IL-8,
IL-4, TNF-, and histamine in brown adipose tissue (Figure 3). These mediators are
inhibited by quercetin, which also reduces oxidative stress. Quercetin decreases blood
glucose reabsorption by lowering DPP-IV and cyclooxygenase-2 (COX-2) activities
in the kidneys (Figure 3). Quercetin prevented renal development in diabetic rats
with kidney disease by stimulating AMPK phosphorylation and decreasing sterol
regulatory element binding protein (SREBP)-1c in the kidney [33]. This decreased
the tissue dyslipidemia caused by lipid deposits. Quercetin might reduce the oxidative
damage brought on by diabetes in the kidney tissues. Additionally, several investiga-
tions revealed that diabetic rats with kidney dysfunction had high lipid accumula-
tion. In experimental type 1 diabetic rats, quercetin prevented renal progression by
phosphorylating the 5’ adenosine monophosphate (AMP)-activated protein kinase
(AMPK) and suppressing sterol regulatory element binding protein (SREBP)-1c in
the kidney [32]. This reduced the tissue dyslipidemia condition. As a result, quercetin
may 1 day be used as a clinical therapy intervention to stop DM’s neurodegenerative
consequences.

6.4 Effect on diabetic reproductive disorders

Male diabetic patients frequently experience clinical issues with diabetes-induced
reproductive dysfunction, which negatively impacts their sexual lives and ability to
conceive. Within five to ten years of the disease’s beginning, the reproductive func-
tion declined in the majority of diabetic patients. The positive effects of quercetin on
diabetes-induced reproductive dysfunction processes, such as sexual dysfunction,
testicular dysfunction, or infertility, have been demonstrated in animal trials, but the
underlying mechanisms are still unknown [33]. In adult male STZ-induced diabetic
SD rats, a recent study examined the effects of quercetin on male sexual behavior and
sperm quantity. According to additional research, treating damaged rat testes with an
appropriate dosage of quercetin led to a considerable rise in the testis and epididymis
weights, SOD activity, and levels of sexual hormones. On the impaired reproductive
system of diabetics, quercetin has protective properties [34, 35]. Part of the protective
impact of quercetin on sexual behavior, testicular cell damage, and spermatogenic
damage brought on by diabetes can be attributed to anti-oxidation, cell proliferation,
and anti-apoptosis.

6.5 Effect on diabetic neurodegenerative and neuroprotective disease

According to prior studies, chronic hyperglycemia, oxidative stress, and cholinergic
dysfunction are three simple ways to cause diabetic neurodegenerative diseases,
which primarily include cognitive and memory deficits, Alzheimer’s disease (AD),
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stroke, and Parkinson’s disease [10]. These diseases are a result of changes in the cen-
tral nervous system. Numerous research on animals has demonstrated the therapeutic
effects of antidiabetics, antioxidants, and acetylcholine esterase (AChE) inhibitors
on diabetic neurodegenerative disorders, particularly memory loss and cognitive
dysfunction. In many iz vitro and in vivo scenarios, quercetin exhibits neuroprotec-
tive or increased neurogenesis effects; however, the underlying processes are still not
completely understood [36]. In the neurological system, quercetin can guard against
neuronal loss or injury brought on by glutamate excitotoxicity, I/R A peptide, and
other neurotoxic stimuli. Quercetin significantly reduced cerebral blood flow (CBF)
and blood glucose levels, avoided memory loss, enhanced antioxidant enzyme activ-
ity, and mitigated abnormalities of the cholinergic system, as well as the consumption
of brain energy. Diets high in quercetin should be promoted in order to ward off
diabetic vascular and neurological disorders [37]. According to research, people with
diabetes, particularly type 2 diabetes, frequently have reduced levels of BDNF, which
may be a factor in the disease’s cognitive deficits and other consequences. BDNF is
well known for its ability to protect the brain. It encourages the development of new
neurons and supports the survival and functionality of existing ones. In the context
of diabetes, maintaining appropriate BDNF levels may be crucial for shielding nerve
cells from harm brought on by oxidative stress and high blood sugar levels [38].
Quercetin supplementation may raise BDNF levels, which may help with cognitive
function and memory, both of which can be affected by diabetes-related diseases,
such diabetic neuropathy. Furthermore, a western blot study revealed that quercetin
enhanced the levels of brain-derived neurotrophic factor (BDNF), nerve growth
factor (NGF), postsynaptic density 93 (PSD93), and postsynaptic density 95 (PSD95)
in the brain of db/db mice. The pro-inflammatory cytokines IL-1 and IL-18, as well
as NLRP3, ASC, and cleaved Caspase-1, were all expressed less, while SIRT1 was
expressed more in response to quercetin. It also enhanced the protein expression of
SIRT1 and lowered the expression of NLRP3 inflammation-related proteins. The pres-
ent findings suggest that the SIRT1/NLRP3 pathway may be an important mechanism
underlying quercetin’s neuroprotective action against DE [39].

6.6 Quercetin and other diabetic complication

One of the most challenging types of pain to manage is diabetic neuropathic
pain, a significant micro-vascular consequence of diabetes mellitus (DM). There
are not many reports on the use of quercetin to treat diabetic neuropathic pain. The
antinociceptive effects of quercetin in normal mice and animals with diabetes caused
by STZ. Diabetes patients frequently experience depression, which impairs glucose
control and raises the risk of diabetic complications. Clinical care for diabetics has
come to be seen as increasingly dependent on the accurate diagnosis and treatment
of concomitant depression [40]. Malignant diabetic cardiomyopathy has a high inci-
dence and fatality rate. This type of cardiomyopathy causes hypertension and coro-
nary artery disease and is linked to mitochondrion abnormalities, hyperinsulinemia,
insulin resistance, and endoplasmic reticulum modifications. Chronic hyperglycemia
causes oxidative stress, which, in turn, causes issues with the central nervous system
and may cause neurodegenerative diseases including Parkinson’s and Alzheimer.
Recent research has demonstrated that quercetin treatment alleviated memory
impairment and decreased brain energy metabolism in rats with STZ-induced
memory impairment by lowering ATP content in a dose-dependent manner [41].
The risk of macrovascular consequences, such as hypertension, cardiomyopathy, and
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coronary artery disorders, is increased by persistent insulin resistance and hyper-
glycemia. Quercetin, with or without glibenclamide, was observed to lessen cardio-
myopathy-related damage in STZ-induced rats in a dose-dependent manner. Recent
research has shown that quercetin enhanced cardioprotection in STZ-induced mice
by boosting endothelial cell receptors and nitric oxide generation. Another investiga-
tion including type 2 diabetes women found quercetin supplements to significantly
lower systolic blood pressure. Quercetin may be an effective preventative measure
against cardiovascular problems in diabetics; however, more thorough investigation
and research are needed [41].

7. Conclusion and future Prospect

A common natural flavonol substance is quercetin. It can be obtained from com-
mon fruits and vegetables, as well as some common medicinal plants. The pharmaco-
logical effects and molecular mechanisms of quercetin in the management of diabetes
were thoroughly reviewed in this chapter. Future preclinical and clinical research on
quercetin may benefit from using the material as a resource.

Quercetin has a wide range of pharmacological activities, including actions that
are antihyperglycemic, according to studies. It helps reduce hyperlipidemia and
hyperglycemia. Through a number of molecular mechanisms, including AMPK,
which controls GLUT4 expression in adipose tissue and muscles, quercetin lowers
blood glucose levels, increases glucose tolerance, and improves pancreatic beta-cell
function. Quercetin has been demonstrated to enhance pancreatic-cell proliferation,
insulin sensitivity, glucose metabolism, and insulin production in diabetic animal
models. Quercetin has been found to be quite important in the management of dia-
betes because of its many advantages. Numerous investigations are being conducted
to ascertain whether quercetin has the potential to become a future antidiabetic drug.
These would provide a safer alternative to the present synthetic medications on the
market, which have negative side effects. To learn more about the benefits of querce-
tin on reducing blood glucose levels and boosting insulin release in T2DM, including
the molecular basis of these actions, additional research—from animal models to
human trials—is necessary.

In conclusion, more research is needed to determine the precise mechanism of
QE on various disorders. QE may be used to successfully prevent some of the clinical
consequences of diabetes according to the findings reported in the current review.
Future research will focus on QE’s involvement in the management of diabetes and its
negative effects.
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Chapter7

Quercetin: A Potential Drug
Candidate for Inflammatory Bowel
Disease

Mingrui Li and Yun Gao

Abstract

Over the past decades, the incidence rate of inflammatory bowel disease (IBD)
has significantly risen all over the world. Most of the patients with IBD suffer from
severe symptoms and complications. Being an autoimmune disease, recent research
indicates that certain factors, such as environmental changes, disturbances in intesti-
nal microbiota, abnormal immune responses, and genetic susceptibility, play a role in
the pathogenesis of IBD. Nevertheless, the precise cause of IBD remains ambiguous.
Therefore, there is no known cure for IBD. Moreover, traditional medications have
troublesome side effects. For these reasons, some phytochemicals with more tolerance
and less adverse effects capture the interest of medical scientists. Flavonoid, a natural
anti-inflammatory compound, has recently been validated for its efficacy in IBD
treatment. Among the extensive flavonoid family, comprising over 5000 members,
quercetin has emerged as a promising drug candidate for treating IBD, supported
by substantial preclinical evidence. Currently, quercetin participates in regulating
IBD through several pathways, such as antioxidant properties, improvement of the
intestinal barrier, modulation of the microbiota, immune response, and regulation of
the enteroendocrine system in the gut. In brief, quercetin, a natural compound with
anti-inflammatory activity, demonstrates a huge potential as a candidate drug for IBD
treatment.

Keywords: flavonoid, quercetin, phytochemical, therapy, inflammatory bowel disease

1. Introduction

Inflammatory bowel disease (IBD) encompasses Crohn’s disease (CD), ulcerative
colitis (UC), as well as IBD unclassified (IBDU). IBD is a set of chronic or recurrent
inflammatory conditions, mainly affecting the small and large intestine [1]. The
most observed symptoms of IBD are abdominal pain, unexplained fever, fatigue,
diarrhea, and loss of appetite, as well as weight loss [2]. UC manifests as persistent
inflammation predominantly in the colon, whereas CD exhibits localized inflam-
mation across the entire gastrointestinal tract. Furthermore, inflammation in UC is
restricted to one layer, namely the colonic mucosa. Contrastingly, CD can affect two
or multiple layers of the intestinal wall [3]. Presently, the global prevalence of IBD is
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on the rise. Projections suggest that the population afflicted with IBD in the Western
world could surpass 10 million by 2030 [4]. In addition, the prevalence of IBD in Asia
has significantly increased, leading to substantial economic burdens on individuals
and societies [5]. To date, studies have shown that its pathogenesis is associated with
environmental factors, immunity, microbiota, and genetics. However, the etiology

of IBD is still a mystery [6]. Therefore, IBD is not possible to cure. At present, IBD
treatment involves drug therapy and surgery. The medications have troublesome side
effects with long-term use. In contrast, surgery does not cure CD, and the benefits are
usually temporary [7].

Quercetin is a member of the flavonoid family, widely distributed in plants.
Quercetin (>99.5%) has been granted Generally Recognized As Safe (GRAS)
status by the U.S. Food and Drug Administration (FDA) and is permitted for
incorporation into established food additives in Japan and Korea. For the past few
years, the medicinal significance of quercetin has increasingly garnered attention.
Like other flavonoids, quercetin possesses antioxidant, anti-tumor, anti-diabetic,
anti-hypertensive, and anti-depressant properties [8, 9]. Recent studies suggest
that several pathways of quercetin participate in the regulation of IBD, comprising
antioxidant properties, maintenance of the intestinal barrier, modulation of the
microbiota, immune response, and regulation of the enteroendocrine system in the
gut [10, 11]. However, these research findings are predominantly based on pre-
clinical evidence. Therefore, the specific mechanisms need further investigation
in the human body. In conclusion, the chapter is mainly aimed to illuminate the
therapeutic potential of quercetin in IBD treatment.

2. The pathogenesis of IBD

Recent research suggests that the pathogenesis of IBD, as illustrated in Figure 1, is
mainly associated with four factors, namely environmental factors, gut microbiota,
and genetic susceptibility, as well as excess immunity [6]. Regarding environmental
influences, it has been reported that a diet abundant in fruits and vegetables has a
positive correlation with a reduced morbidity of Crohn’s disease [12]. Conversely, the
consumption of fast food high in sugar and fat may trigger the initiation of IBD [13].
Additionally, factors such as smoking, medication, oxidative stress, and psychological
stress may impact the development of IBD [14-16].

Furthermore, several studies have demonstrated significant distinctions in the gut
microbiota between individuals with IBD and healthy counterparts. The microbiota
in IBD patients exhibits altered composition, reduced levels of protective bacteria,
and increased presence of pathogenic bacteria, as well as disrupted microbial balance.
These observed changes may play a role in the progression of IBD [17-19].

The intestinal immune system consists of both innate and adaptive immunity.
Among them, innate immunity encompasses the protective barrier function of the
intestinal mucosa, antibacterial proteins, gastric acid, and immune cells, as well as
innate cytokines and molecules. In contrast, adaptive immunity (T and B cells) is
pathogen-specific and is typically activated when the response of the innate immune
system to a pathogen is ineffective [20]. Regulating the immune response to the intes-
tinal microbiota is crucial for maintaining a delicate equilibrium between defensive
inflammation and immune tolerance. Any disturbance to this equilibrium can lead to
abnormal immunity, ultimately initiating the development of IBD [21].
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Figure 1.
Possible factors leading to IBD development.

Genetic susceptibility has also occurred in individuals with IBD [22]. Immune
regulation and epithelial barrier function are crucial steps for keeping intestinal stabil-
ity, as revealed by the investigation of genes and genetic loci associated with IBD. An
impairment of the epithelial barrier can enable the invasion of microbes, subsequently
recognized by the innate immune system. This recognition triggers various responses,
including tolerogenic, inflammatory, and restorative responses. These responses are
partly mediated by the secretion of extracellular mediators, attracting T or B cells [23].
Nonetheless, the exact pathogenesis of IBD is still uncertain so far [6].

3. Current diagnosis and treatment of IBD
3.1 Diagnosis procedure

Consistent or recrudescent bloody diarrhea, accompanied by abdominal pain and
frequent defecation should raise suspicion of IBD, particularly in the case of young

patients. To confirm a diagnosis of IBD, an array of tests and procedures is imperative
for patients.
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Laboratory tests of blood and stool typically serve as the initial diagnostic step.
Biomarkers, comprising proteins identified in blood and stool, are integral components
of these tests and play a crucial role in inflammation detection. Monitoring specific bio-
marker levels over time is valuable in optimizing therapeutic interventions and ensuring
effective control of inflammation. C-reactive protein (CRP) and erythrocyte sedimenta-
tion rate (ESR) are blood biomarkers utilized to discern the presence of inflammation
in the body. Concurrently, calprotectin and lactoferrin, both proteins found in stool,
serve as fecal biomarkers indicative of gastrointestinal inflammation [24]. Moreover,
the assessment of fecal calprotectin and lactoferrin proves valuable in monitoring the
activity of IBD and predicting the probability of an impending clinical relapse [25].

To further validate an IBD diagnosis, the operation of endoscopy is necessary,
which can facilitate the visual examination of the presence and localization of
inflammation, as well as the assessment of its severity, and collect tissue samples
via biopsies. Moreover, endoscopic procedures can monitor the therapeutic efficacy.
Endoscopies used in IBD diagnosis encompass colonoscopy, upper GI endoscopy,
sigmoidoscopy, pouchoscopy, and video capsule endoscopy [24].

Conventional endoscopy faces limitations in accessing approximately two-thirds
of the small intestine except for capsule endoscopy. Based on it, various radiologic
examinations and diagnostic imaging modalities are employed to assess these seg-
ments of the intestines, as well as to appraise the integrity of the bowel wall and
adjacent areas external to the bowel. These imaging procedures encompass X-rays,
barium contrast studies, computed tomography scanning (CT scan), and magnetic
resonance imaging (MRI) [24].

3.2 Treatment

IBD is hardly possibly cured because its etiology remains elusive. Therefore, the
main objective of treating IBD is to decrease inflammation level and alleviate the
signs and symptoms experienced by patients. In best cases, this may lead not only to
relieve symptoms but also to reduce risks of complications (tissue fibrosis, stenosis,
fistulas, and colon cancer). Typically, the treatment of IBD includes both medication
and surgical interventions.

IBD drug therapy primarily encompasses anti-inflammatory drugs, immune sys-
tem suppressors, biologics, antibiotics, and other medications, as well as nutritional
support. Anti-inflammatory drugs often constitute the initial approach in the treat-
ment of IBD, particularly for cases characterized by mild to moderate severity. This
category encompasses aminosalicylates (mesalamine, balsalazide, olsalazine) and
corticosteroids. Immune system suppressors involve mercaptopurine, methotrexate,
azathioprine, and some oral “small molecules” (tofacitinib, upadacitinib, and ozani-
mod). These drugs can inhibit the immune response, which discharges inflammation-
inducing chemicals into the human body. Once released, these chemicals can cause
the impairment of the digestive tract. Biologics are an emerging category of therapy,
which are targeted at neutralizing proteins causing inflammation in the body. The
current products on the market include infliximab, adalimumab, golimumab, certoli-
zumab, vedolizumab, and ustekinumab, as well as risankizumab. Antibiotics may be
utilized in conjunction with other medications when infection is a concern in cases of
perianal Crohn’s disease. Beyond inflammation control, certain medications, such as
anti-diarrheal medications and pain relievers, may alleviate the signs and symptoms
of IBD. Additionally, under conditions of compromised nutrient absorption or severe
weight loss, vitamins and nutritional supplements are indispensable.
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Surgery is the last option when all conservative treatments cannot ameliorate the
signs and symptoms of IBD, which involve changes in diet and lifestyle and drug
therapy as well as alternative medicine. Notwithstanding, the side effects of surgery
bring great inconvenience and burden to patients with UC. Moreover, surgery does
not cure CD, and the benefits are usually temporary [7].

4. The association between the intake of dietary quercetin and IBD

As of now, there is no direct evidence supporting the mitigation of IBD through
dietary quercetin consumption. However, flavonoid intake plays a positive role in
alleviating IBD [26, 27]. Because quercetin belongs to the flavonoid family, the intake
of dietary quercetin has been indirectly associated with the amelioration of IBD.
Currently, several studies have focused on the impacts of flavonoid consumption on
healthy individuals and IBD patients. For instance, Bai et al. reported that the mean
total flavonoid intake by U.S. adults was 344.83 + 9.13 mg/day [28]. Kélbel et al. inves-
tigated the correlation between the consumption of dietary flavonoids and the overall
severity of IBD. They found that in the average Western diet, the total daily intake of
flavonoids typically falls within the range of 200-1000 mg/day, but it decreases to
144 mg/day in individuals with IBD. In addition, a low dietary flavonoid intake has a
positive correlation with severe IBD [27]. Furthermore, a randomized trial demon-
strated that adhering to the Mediterranean diet, abundant in flavonoids, enhanced
clinical scores and reduced inflammatory markers among children and adolescents
with mild to moderate active IBD were observed [26].

5. Mechanisms of quercetin regulating IBD

Galsanov et al. reported the potential of quercitrin (a glycoside form of quercetin)
as an agent to ameliorate intestinal inflammation in 1976 [29]. Following this dis-
covery, other flavonoids have gradually been recognized for their anti-inflammatory
properties in IBD. Notably, quercetin stands out as the first identified flavonoid
capable of mitigating intestinal inflammation. Currently, several pathways of quer-
cetin regulating IBD have been identified. As depicted in Figure 2, these include
antioxidant activity, preservation of the epithelial barrier, the regulation of microbi-
ota, and immune system in the gut, as well as the modulation of the enteroendocrine
system (Figure 2).

5.1 Antioxidant property

Oxidative stress is recognized as a factor that exacerbate symptoms of IBD, such
as diarrhea and abdominal pain. In addition, it contributes to the development of
IBD [30]. In this process, reactive nitrogen species (RNS) and reactive oxygen species
(ROS) have emerged as crucial contributors to the pathogenesis of IBD [31]. Recent
research has revealed high levels of RNS and ROS in the inflamed intestine [32]. In
IBD patients, excessive mononuclear cells and neutrophils aggregate in the inflamed
intestinal tissue followed by increased myeloperoxidase (MPO) level and activated
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system, result-
ing in the overproduction of superoxide and hypochlorous acid, which have direct
cytotoxicity to the affected tissue [33]. Additionally, this pathway also generates a
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Figure 2.

Mfchanisms of quercetin regulating IBD: (1) Antioxidant activity. (2) Preservation of the impaired epithelial
barrier. (3) Shaping the intestinal microbiota. (4) Immunomodulatory function. (5) Modulation of the
enteroendocrine system (RNS-reactive nitrogen species, ROS-reactive oxygen species, MPO-myeloperoxidase,
NADPH-nicotinamide adenine dinucleotide phosphate, NO-nitric oxide, iNOS-inducible nitric oxide synthase,
Tjs-tight junctions, EEH-enteroendocrine hormones, EEC-enteroendocrine cell).

considerable number of pro-inflammatory factors [34]. Nonetheless, quercetin can
significantly decrease MPO levels and inhibit ROS overproduction in colitis models,
thereby blocking the following tissue damage [30, 35]. In normal physiological
circumstances, a small amount of nitric oxide (NO) provides protection against
inflammatory injury. On the contrary, in the inflammatory state, the overexpression
of inducible nitric oxide synthase (iNOS) results in excessive NO production, causing
an overproduction of peroxynitrites and followed by intestinal destruction under the
action of superoxide anions [36]. Recent studies have shown that quercetin can curb
the expression of iNOS, leading to a noticeable decrease in NO production [37, 38].
Therefore, quercetin can decrease the NO-induced enterotoxicity.

5.2 Preserving epithelial barrier

The epithelial barrier in the gut is an essential interface, dividing the external
environment and the host tissue and playing a vital role in maintaining intestinal
homeostasis [39]. While the loss of the epithelial barrier is a common event in the
development of IBD, preserving the integrity of the intestinal epithelial barrier is
a critical step in preventing the progression of IBD [40]. Studies have shown that
quercetin may have a beneficial effect on the epithelial barrier [41]. For instance,
Riemschneider et al. established murine colitis models induced by dextran sulfate
sodium (DSS) and found that oral administration of quercetin restored the loss of
epithelial integrity by the induction of tight junction proteins [42].
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5.3 Shaping microbiota

The dysbiosis of gut microbiota is a vital participant in the development of IBD,
characterized by diminished biodiversity, reduced stability, and an elevated pres-
ence of Proteobacteria, including Bilophila and Enterobacteriaceae, as well as certain
segments of Bacteroidetes [43]. Similarly, dysbiosis can induce inflammation in the
intestine by disrupting host homeostasis [44]. Recent studies have demonstrated
that dietary quercetin has the potential to protect against IBD by improving intes-
tinal dysbiosis. For instance, Lin et al. utilized dietary quercetin to treat Citrobacter
rodentium-infected mice and observed a significant reduction in the inflammatory
level of colitis induced by Citrobacter rodentium. Additionally, quercetin was found
to enhance the populations of Bacteroides, Bifidobacterium, Lactobacillus, and
Clostridia while reducing those of Fusobacterium and Enterococcus. Thus, the amelio-
ration of colitis in mice is probably attributed to the quercetin’s ability to modulate
the gut microbiota [45]. In addition, Zhu et al. observed a reduced Firmicutes
population and an increased Proteobacteria population in DSS-induced colitis mice.
Quercetin was found to restore these changes, thereby affecting the outcomes of
microbiota-associated disorders [35].

5.4 Immunomodulatory function

IBD is closely associated with the aberrant response of the intestinal immune
system, which contains the innate immune system comprising dendritic cells,
macrophages, and neutrophils, as well as the adaptive immune system including T
lymphocytes and B lymphocytes. Quercetin is able to diminish the infiltration of
macrophages, neutrophils, and Th17 cells, concurrently promoting an increase in
Treg cell proportions [42]. In the lipopolysaccharide (LPS)-stimulated macrophages,
quercetin was found to inhibit the mRNA expression of key proinflammatory cyto-
kines, namely tumor necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1p), and
interleukin-6 (IL-6), primarily by interfering with the mitogen-activated protein
kinase (MAPK) and nuclear factor-kB (NF-kB) pathways [46]. Lin et al. further
elucidated the anti-inflammatory properties of quercetin, revealing its ability to
suppress the production of IL-17, TNF-«, and IL-6 (proinflammatory cytokines)
while simultaneously boosting the release of IL-10 (anti-inflammatory cytokine)
in colon tissues [45]. Specifically, quercetin suppresses TNF-a and IL-6 production
by modulating the miR-369-3p/C/EBP-p axis in dendritic cells, thereby showing its
anti-inflammatory properties [47]. This consistent effect is also observed in intestinal
epithelial cells, wherein the restraint on C/EBP-f signaling by quercetin explains its
protective activity against IL-6 production induced by the heat shock response in the
intestinal mucosa [48].

5.5 The modulation of the enteroendocrine system

Currently, there is a lack of evidence supporting the enteroendocrine regulation
of quercetin in IBD. However, flavonoids have potential protective effects against IBD
through the enteroendocrine pathway [11]. Accordingly, we conclude that quercetin
may also protect against IBD via enteroendocrine regulation.

The mechanisms of flavonoids regulating the enteroendocrine system are as
follows: flavonoids can stimulate the secretion of cholecystokinin (CCK), ghrelin,
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glucagon-like peptide (GLP-1), and glucagon-like peptide (GLP-2) [49-52]. GLP-
1/2; exhibit considerable potential in treating IBD due to their ability to promote the
restoration of the impaired epithelial barrier; regulate T lymphocyte differentiation
and function; and modulate innate immune cells, such as macrophages and dendritic
cells [53-56]. Ghrelin has also been shown to mitigate intestinal inflammation in
colitis mice [57]. In addition, CCK has demonstrated anti-inflammatory effects [58].
For these reasons, it can be inferred that flavonoids exhibit therapeutic effects on IBD
through the enteroendocrine approach.

6. Clinical application of quercetin in IBD

Bioavailability is defined as “the speed and degree to which the active component
of a drug is absorbed and become accessible at the site of action”, which are crucial
factors affecting the efficacy of bioactive compounds in organisms. Similar to other
flavonoids, quercetin demonstrates low bioavailability, thereby contributing to
reduced efficacy in vivo [59]. Accordingly, the clinical application of quercetin in
IBD is unsatisfactory. It has been reported that the bioavailability can be affected by
several factors, including glycosylation, molecular weight, and metabolic conversion,
as well as interaction with colonic microbiota [60]. Instability, poor absorption and
solubility, rapid metabolism, and systemic elimination may result from the above
confounding factors, which cause low bioavailability of quercetin and other flavo-
noids. Consequently, their delivery efficiency and therapeutic efficacy in vivo are
significantly decreased.

To enhance the in vivo bioavailability of quercetin, researchers have directed
their attention toward optimizing various metabolic processes associated with
bioavailability, such as augmenting intestinal absorption [61], improving metabolic
stability [62], and modifying the site of absorption [63], among others. In recent
years, nano-delivery systems have been utilized for quercetin to accomplish the
above objective [64, 65]. For instance, Wang et al. formulated novel quercetin-
loaded nanoparticles (NPs) using sodium alginate and N-succinyl chitosan. Their
findings indicate that these NPs show enhanced therapeutic efficacy in alleviating
DSS-induced colitis in mice, compared with free quercetin [66]. In addition, Jing
et al. developed a colon-targeted quercetin delivery system, of which the pectin/Ca
microspheres were prepared and then crosslinked with oligochitosan. The thera-
peutic outcomes observed in vivo study indicated that these quercetin microspheres
could alleviate symptoms of colitis and preserve both the colon length and the
intestinal barrier integrity [67].

2+

7. Conclusions

Quercetin is a common flavonol belonging to the flavonoid family. The current
preclinical studies show that quercetin has the potential to protect against IBD. The
underlying mechanisms include antioxidant activity, improving the intestinal epi-
thelial barrier, modulating the intestinal microbiota, immunomodulatory function,
and regulating the enteroendocrine system. Unfortunately, the clinical application
of quercetin in IBD is unsatisfactory due to its low bioavailability. In the future, the
design of novel material will contribute to improving the bioavailability of quercetin,
thereby promoting its therapeutical effect on IBD.
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Abstract

Gastrointestinal (GI) cancers were included in the top 10 most common cancers in
2020. Future incidences are expected to rise due to the varying risk factors and
aetiologies. With high incidences and mortality rates, current cancer treatments fail to
reduce mortality and morbidity in GI cancer patients. A large part of cancer research
has been geared towards targeted and personalized medicine, although effective, it
may not be the most cost-friendly and feasible option to treat patients from varying
socioeconomic backgrounds. Hence, natural compounds may present as an attractive
alternative treatment in the management of GI cancers. Quercetin is a well-known
flavonoid compound, found in almost all fruits and vegetables. It has also been widely
studied for its anticancer properties, such as anti-oxidative, anti-inflammatory, anti-
proliferative and anti-angiogenic properties. In this chapter, the authors discuss the
potential of quercetin in treating GI cancers, which includes the biosafety and toxicity
of quercetin, applications of quercetin in common GI cancers, such as gastric, hepatic,
colorectal, pancreatic and oesophageal cancers, along with the corresponding molec-
ular mechanisms. The authors also present evidences of quercetin as an adjuvant
therapeutic agent with other anticancer drugs.

Keywords: gastrointestinal cancers, quercetin, natural products, cancer treatment,
molecular mechanism

1. Introduction

Gastrointestinal (GI) cancers constitute a formidable health challenge globally,
exhibit varying prevalence, epidemiological patterns and mortality rates. Colorectal
cancer, with an estimated 1.9 million new cases in 2020, ranks among the most
prevalent type of cancer, particularly in developed nations, which is largely influenced
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by lifestyle factors [1]. Gastric cancer accounts for 1.1 million new cases annually and
displays diverse epidemiology linked to regional variations and risk factors such as
Helicobacter pylori infection and poor dietary practices [2]. Liver cancer, which was
responsible for over 830,000 new cases, is notably prevalent in East Asia and sub-
Saharan Africa, primarily associated with chronic hepatitis B and C infections [3].
Oesophageal cancer, with approximately 604,000 new cases reported in 2020,
exhibits distinct geographic disparities, emphasizing the impact of local risk factors
[3]. High mortality rates characterize GI cancers collectively, with liver cancer rank-
ing as the third leading cause of cancer-related deaths globally [3]. These statistics
highlight the urgency of evidence-based interventions and targeted research initia-
tives to address the complex interplay of factors contributing to the prevalence and
mortality rates of GI cancers.

The journey towards identifying novel therapeutic strategies for GI cancers begins
with understanding current treatments’ shortcomings. Despite advancements in med-
ical science, such as surgical interventions, chemotherapy and targeted therapies,
current treatment modalities have not yielded a substantial reduction in mortality and
morbidity associated with these malignancies [4]. One glaring example is colorectal
cancer, a prevalent GI malignancy that continues to exert a significant toll on global
health. Despite extensive research and therapeutic interventions, colorectal cancer
remains a leading cause of cancer-related deaths worldwide [5].

The limitations of existing treatments highlight the pressing need for innovative
and more effective therapeutic strategies. Responding to this imperative, attention has
turned towards natural compounds with potential therapeutic benefits [6]. One com-
pound that has emerged in the spotlight is quercetin, a polyphenolic flavonoid abun-
dantly found in fruits, vegetables and certain beverages [7]. Quercetin has garnered
attention not only for its antioxidant and anti-inflammatory properties but also for its
intriguing anticancer potential, making it a subject of intense scientific investigation
[8]. Extensive preclinical research has explored the potential of quercetin in inhibiting
the growth of cancer cells, inducing apoptosis and suppressing the development of
new blood vessels that support tumour growth [9]. Importantly, quercetin has been
reported to enhance the efficacy of conventional chemotherapy agents when com-
bined, potentially overcoming resistance mechanisms [10].

The appeal of quercetin lies not only in its anticancer properties but also in its
favourable safety profile. Unlike some conventional cancer treatments associated with
significant toxicities, quercetin has demonstrated low toxicity in various preclinical
and clinical studies [11]. This characteristic is particularly crucial in cancer treatment
where minimizing adverse effects on normal tissues is paramount for improving
patients’ quality of life during and after therapy [11]. In addition to its direct effects
on cancer cells, quercetin has been investigated for its potential to modulate the
tumour microenvironment, which plays a critical role in cancer progression. Inter-
ventions that can modify this milieu hold promise for disrupting the supportive
conditions for tumour growth and metastasis [12]. Quercetin’s ability to influence the
tumour microenvironment further expands its potential therapeutic impact. Its
molecular structure, depicted in Figure 1, lays the foundation for understanding its
multifaceted interactions within biological systems. Its chemical composition contrib-
utes to its ability to modulate cellular pathways, making it an intriguing candidate for
cancer therapy [13].

This chapter aims to comprehensively review and analyse the preclinical thera-
peutic effects of quercetin against GI cancers, shedding light on its potential as a
therapeutic agent. We seek to provide a thorough overview of quercetin’s biosafety
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Figure 1.
Chemical structure of quercetin.

and toxicity profiles, ensuring a nuanced understanding of its safety considerations,
essential for assessing its potential as a therapeutic agent. Then, exploring quercetin’s
pharmacokinetics will elucidate its journey from laboratory studies to potential clini-
cal applications. Understanding the pharmacokinetics of quercetin is crucial, and this
section will encompass iz vitro and in vivo studies, providing a holistic perspective on
its absorption, distribution, metabolism and excretion. Finally, the core of the chapter
details the preclinical therapeutic effects and molecular mechanisms underlying quer-
cetin’s efficacy against GI cancers, namely gastric, liver, colorectal, pancreatic and
oesophageal cancers. Each cancer type is comprehensively examined in iz vitro and

in vivo studies, emphasizing key findings related to cell viability, proliferation, migra-
tion/invasion, chemoresistance, angiogenesis and other relevant parameters. Through
this detailed analysis, it aims to provide a comprehensive resource for researchers,
clinicians and policymakers interested in the potential therapeutic role of quercetin in
the management of GI cancers.

Pursuing novel and effective therapeutic strategies for GI cancers is imperative,
given the persistent challenges associated with current treatments. With its multifac-
eted properties and promising preclinical data, quercetin represents a beacon of hope
in the quest for innovative cancer therapies. As research advances and clinical trials
progress, the true potential of quercetin in reshaping the landscape of GI cancer
treatment may unfold, offering new avenues for improving patient outcomes and
addressing the unmet needs in cancer care.

2. Biosafety and toxicity profiles of quercetin

Quercetin possesses a variety of pharmacological activities, and for further medical
application, it is important to evaluate its biosafety and toxicity profiles in experi-
mental and clinical studies. With oral administration to mice and rats, quercetin
consistently did not induce any significant changes in several mutagenicity/
genotoxicity endpoints, such as micronuclei, chromosomal aberrations, sister chro-
matid exchange, unscheduled DNA synthesis and alkali-labile DNA damage in
somatic cells [14]. Furthermore, based on the Ames test and combined iz vivo micro-
nucleus and comet assay, there was no induction of iz vivo genotoxic potential or
indication of any oxidative DNA damage, suggesting the absence of mutagenicity and
genotoxicity potential of the isoquercitrin-y-cyclodextrin (IQC-yCD) inclusion com-
plex in rat liver tissues [15].
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On the other hand, a clinical study [16] indicated that total sperm motility was
significantly inhibited following exposure to 100, 200 and 400 uM quercetin for 6 and
12 hours in a dose-dependent manner, as compared to the controls (p < 0.05),
suggesting that quercetin inhibits sperm functions. Another clinical study showed that
extra quercetin consumption was able to lower blood pressure in adult hypertensive
patients after receiving quercetin at dosages ranging from 162 to 1095 mg/day for a
period of 7 days to 6 weeks [17]. A study also indicated that, after 1 week of treatment,
16 patients of the quercetin-treated group tested negative for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), of which 12 patients had all their symptoms
diminished; in the control group, two patients tested negative and four patients had
their symptoms partially improved. These findings suggest that quercetin significantly
shortens the timing of molecular test conversion from positive to negative (p < 0.05),
at the same time reducing symptom severity and negative predictors of COVID-19
[18]. Moreover, it was observed that disease biomarkers, including lactate dehydro-
genase (LDH) (—35.5%), ferritin (—40%), C-reactive protein (CRP) (—54.8%) and D-
dimer (—11.9%), were reduced, indicating SARS-CoV-2 viral clearance. According to
a study on patients with chronic obstructive pulmonary disease (COPD) who had
mild-to-severe lung disease and a first second of forced expiration (FVE1) ranging
between >35% and <80%, no patients experienced any drug-related severe adverse
events after supplemented with quercetin at 500, 1000 or 2000 mg/day in a dose-
escalation manner for 1 week [19], suggesting that quercetin was safely tolerated up to
2000 mg/day, as assessed by lung function and blood profile. These studies provided
sufficient data on quercetin biosafety and tolerance in patients while effectively
administering therapeutic effects.

3. Pharmacokinetics of quercetin

Quercetin exhibits established pharmacokinetic characteristics in both laboratory
animals and humans. The previous research finding suggested that unmodified quer-
cetin material has limited bioavailability when administered orally, restricting its
practical application in clinical settings. For example, quercetin is consumed in the
glycoside form, with glycosyl groups being liberated during chewing, digestion and
absorption. Subsequently, the enzymes known as -glycosidases transform quercetin
glycosides into aglycone in the intestines, prior to their absorption into enterocytes
[20, 21]. Prior research has also indicated the involvement of oral and intestinal
microorganisms in this enzymatic hydrolysis. Since quercetin is a lipophilic substance,
it is thought to be able to pass through intestinal membranes by simple diffusion. In
general, this absorption is preferable to those of its glycoside counterparts that enter
the intestines unaltered [20, 21].

As of now, the bioavailability of quercetin glycosides has been investigated in
several human studies. For example, a previous clinical study reported pharmacoki-
netic characteristics of corvitin (quercetin) in healthy participants. The study shows
that the primary metabolites of quercetin are its methoxy derivatives, specifically
isorhamnetin and tamarixetin, together with their conjugates of glucurone and
sulfatide. About 20% of quercetin dosages are subject to metabolic changes in
20 minutes, free quercetin conjugates by 33% and isorhamnetin by 70% in 20—

30 minutes. Corvitin is eliminated with urine as conjugates of quercetin and
isorhamnetin, with an average maximal clearance rate of 1.39 mg/h occurring
1.63 hours after drug administration [22]. Hollman et al. reported that patients with
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ileostomy exhibited a higher absorption percentage of quercetin glycosides from
onions compared to the pure aglycone form [23].

On the other hand, Mansour et al. reported that individuals who had eaten an
onion-containing lunch had ileostomy fluid that included considerable levels of agly-
cone. A significant amount of quercetin aglycone and a small amount of quercetin
glycosides were found in the fluid. One conceivable reason is that -glycosidase
enzymes hydrolyse quercetin glycosides, converting them to aglycone. Most of these
enzymes are found in the GI tract, where the enzymes are then absorbed [24].
Another study looked at the excretion of quercetin metabolites in young people after
eating gently fried onions. It was determined that the fraction of quercetin interme-
diates discharged in urine following dietary quercetin consumption is approximately
4.7% of the whole intake, which is 12.9 mol. The makeup of metabolites excreted in
urine differed significantly from that of plasma. The majority of the quercetin inter-
mediates in the urine were quercetin glucuronide sulphates, quercetin diglucuronides,
with additional significant metabolites including isorhamnetin-3-glucuronide and
quercetin 3'-glucuronide [25].

Moreover, a study reported the pharmacokinetic characteristics of intravenous
administration of quercetin in cancer patients at dosages ranging from 60 to 2000 mg/
m’. The researchers determined that the safe amount of quercetin was 945 mg/m?, but
the hazardous level was reported to produce nephrotoxicity, hypertension, vomiting
and a drop in blood potassium. Intravenous quercetin was discovered to have the
following half-lives: 3.8-86 minutes for its elimination half-life and 0.7-7.8 minutes
for its distribution; 0.23-0.84 L/min/m? for its clearance and 3.7 L/m? for its distribu-
tion volume [26]. Following that, experimental research conducted on rabbits showed
that the oral and parenteral treatment of quercetin along with pectin enhanced GI
absorption by about 11 times and bioavailability by about 10 times compared to
quercetin alone. According to the study, quercetin’s pharmacokinetic characteristics
and solubility are improved when combined with pectin for medicinal purposes [20].
Subsequent research conducted by Salehi et al. revealed quercetin’s pharmacokinetic
properties, indicating that its Ty, and Cy,.x were 0.7 £ 0.3 hour and 2.3 &+ 1.5 pg/ml,
respectively, at a dose of up to 200 mg [8].

4. Preclinical therapeutic effects and associated molecular mechanisms
of quercetin against gastrointestinal cancers

Gastrointestinal (GI) cancers refer to cancers occurring in the GI tract, including
liver and pancreatic cancers. The most common types of GI cancers are colorectal,
gastric, liver, oesophageal and pancreatic cancers [27]. According to a report in 2020, GI
cancers were among the top 10 most common cancers occurring worldwide. Colorectal
cancer ranks 3rd in occurrences and 2nd in mortality, gastric and liver cancers ranked
5th in incidences, while oesophageal cancers ranked 7th in incidences [3].

Gastric cancers arise from malignancies of the stomach; there are two classifica-
tions of gastric cancers depending on the topographical subsite of the tumour, which
are cardia and non-cardia gastric cancers, referring to the upper stomach and the
lower stomach, respectively [3, 27]. Both of these subtypes present with different risk
factors, carcinogenesis and epidemiology. For example, non-cardia gastric cancers are
primarily attributed to H. pylori infections [28, 29]. Cardia gastric cancers, on the
other hand, have similar risk factors as that of oesophageal adenocarcinoma
(gastroesophageal reflux disease and obesity) [27].
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Liver cancers were reported to be more prevalent in men than in women, with
rates of both incidences and mortality being two and three times higher in men than in
women [3]. Several more common types of liver cancers include hepatocellular carci-
noma (HCC) and intrahepatic cholangiocarcinoma (ICC). Common risk factors of
HCC include Hepatitis B virus (HBV) and Hepatitis C virus (HCV) infections, afla-
toxins, heavy alcohol intake, obesity, type 2 diabetes and use of tobacco [3, 27].
Meanwhile, incidences of ICC have been linked to primary sclerosing cholangitis
(PSC), liver fluke infections, fibropolycystic liver disease and biliary stones [27, 30].

Colorectal cancer was observed to be one of the most common cancers in inci-
dences, ranking 3rd overall, with 2nd in terms of mortality. One observed trend in
colorectal cancer is the shift in socioeconomic development, with incidence rates
higher in transitioned countries than transitioning countries [3]. Changes in lifestyle,
such as increased meat consumption, reduced physical activity and excess body
weight, may be among the risk factors for colorectal cancer [31]. Other risk factors
include increased alcohol intake, heavy tobacco use and increased consumption of
processed or red meats [3].

Pancreatic cancer was reported to be the 7th leading cause of cancer death in males
and females, largely due to its poor prognosis. Incidence rates were up to 4- to 5-fold
higher in developed countries, with the highest incidences recorded in Europe, North
America and Australia/New Zealand [3]. Risk factors of pancreatic cancer include
obesity, diabetes and heavy alcohol consumption [27].

Oesophageal cancer ranks 7th in terms of incidence and 6th in mortality world-
wide. The most common subtypes of oesophageal cancer are oesophageal squamous
cell carcinoma (ESCC) and oesophageal adenocarcinoma (EAC). The geographical
distribution of the subtypes may signify the corresponding risk factors associated with
the type of cancer. ESCC was more prevalent in Eastern Asia (largely in China),
Southern Africa and Eastern Africa. Possible risk factors may include nutritional
deficiencies and exposure to nitrosamines [32]. However, other risk factors include
heavy tobacco and alcohol use. While EAC was reported to be more prevalent in
Western countries. Incidences in high-income countries were attributed to excess
body weight and incidences of gastroesophageal reflux disorder [3].

With the common occurrence of GI cancers, developing new strategies to combat
and manage GI cancers can be advantageous. Using natural products in medicine has
also been a well-known strategy in drug discovery. Examples of common natural
products in cancer treatment are taxanes, vinca alkaloids and anthracyclines [33].
Quercetin is a flavonoid found in most fruits and vegetables, possibly one of the most
common dietary flavonols [34]. Quercetin can exert antioxidant effects at low doses,
which provide a chemopreventive effect, yet also exert a pro-oxidant effect at higher
doses, providing a chemotherapeutic effect [35].

4.1 Gastric cancer

Quercetin’s chemopreventive effects, demonstrated in both iz vitro and in vivo
models, make it a flavonoid with great potential in oncology. The effects of quercetin
are biphasic and dose-dependent. Quercetin exhibits chemopreventive effects when
present in low concentrations, owing to its antioxidant properties. However, when
found in high concentrations, quercetin serves as a pro-oxidant and might potentially
induce chemotherapeutic effects [35]. Quercetin’s anticancer properties stem from its
capacity to modify cyclins, pro-apoptotic, phosphatidylinositol 3-kinase (PI3K)/pro-
tein kinase B (Akt) and mitogen-activated protein kinase (MAPK) molecular
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Figure 2.
Signalling pathway in gastric cancer.

pathways, thereby reducing proliferation, inducing apoptosis, causing cell cycle arrest
and inhibiting mitotic processes. Figure 2 shows signalling pathways in gastric cancer,
which are commonly targeted by therapeutic intervention. Quercetin’s anticancer
effects on gastric cancer have been the subject of numerous studies, which will be
covered in detail in this section.

Zeng et al. conducted a bioinformatics analysis to assess the impact of quercetin
on gastric cancer. The study aimed to discover the specific targets of quercetin in
NCI-N87 gastric cancer cells exposed to this compound. The researchers exposed
human gastric cancer cells (NCI-N87) to a concentration of 15 pM quercetin for
48 hours, using dimethyl sulphoxide (DMSO) as a control. The HiSeq 2500 DNA
sequence data were utilized to compare differentially expressed genes (DEGs)
between groups. A sophisticated technique was employed to evaluate the protein-
protein interaction (PPI) network. The regulatory network of transcription factors
(TFs)-DEGs was determined using Cytoscape. The DEGs identified in the study were
Fos proto-oncogene (FOS, degree = 12), aryl hydrocarbon receptor (AHR,
degree = 12), Jun proto-oncogene (JUN, degree = 11) and cytochrome P450 family
1 subfamily A member 1 (CYP1A1, degree = 11). These DEGs showed significant
associations with other proteins in the protein-protein interaction (PPI) network,
particularly with proteins having higher degrees. The expression levels of Early
growth response 1 (EGR1), FOS like 1 (FOSL1), FOS and JUN were elevated among
the five TFs-DEGs, while AHR was downregulated. The Wnt signalling pathway
exhibited an abundance of FOSL1, JUN and Wnt family member 7B (WNT7B).
CYP1A1 exhibited a strong association with AHR in the PPI network. Thus, quercetin
may have specifically affected FOS, AHR, JUN, CYP1A1, EGR1, FOSL1 and WNT7B
in gastric cancer [36].

Apart from that, quercetin has also been investigated in combination studies. In a
study conducted by Lei et al., the effectiveness of a combination of quercetin and
irinotecan in mitigating the spread of gastric cancer was examined. This investigation
was done by assessing the expression of genes and proteins [37]. This study compared
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the effects on B-catenin expression, cell viability and apoptosis of low-dose SN-38
(irinotecan metabolite) in combination with quercetin and high-dose SN-38 alone. In
addition, the effects of quercetin and low-dose irinotecan on gastric cancer metastasis
were examined using iz vivo xenograft animal models and iz vitro investigations. The
results showed that the human gastric adenocarcinoma (AGS) cells treated with a
combination of quercetin and a low dose of SN-38 exhibited reduced levels of the
p-catenin protein compared to the treatment with quercetin alone. The expression of
integrin f6 (ITG-p6) and Twist-1 genes which are two markers of epithelial-
mesenchymal transition (EMT), as well as the expression of cyclooxygenase-2
(COX-2) gene, was shown to be higher in cells treated with a high dose of irinotecan
compared to cells treated with combination therapy. Following combination therapy,
the AGS mouse model exhibited a notable decrease in VEGF-A (vascular endothelial
growth factor A), VEGF-receptor 2 (VEGFR-2) and the proportion of Tek tyrosine-
protein kinase receptor (Tie2)-expressing monocytes (TEMs). According to the
results, the effectiveness of irinotecan in treating gastric cancer (GC) could be
enhanced by combining it with quercetin [37].

A distinct investigation was conducted to assess the mechanism and impact of
quercetin on the spread of gastric cancer. Additionally, the study aimed to determine
if the involvement of urokinase plasminogen activator and urokinase plasminogen
receptor (uPA/uPAR) played a role in this process [38]. The purpose of the study was
to determine whether quercetin could have an impact on the uPA/uPAR system,
which is crucial to gastric cancer metastasis. Precancerous tissues’ uPA and uPAR
activity levels were measured, and the results were compared to the migration and
invasion patterns of various gastric cancer cell lines [37]. According to the data, uPA
and uPAR activities in precancerous tissues were lower than those in gastric cancer
cells, and there was a correlation between uPAR expression and gastric cancer cell line
migration and invasion. After gastric cancer BGC823 and AGS cells were treated with
quercetin (10 pM for 72 hours), uPA and uPAR protein expression levels were
decreased along with migration and invasion. The combination of quercetin and uPAR
knockdown reduced in matrix metalloproteinase-9 (MMP-9) and matrix
metalloproteinase-2 (MMP-2) activities, effectively inhibiting p21-activated kinase 1
(Pak1)-LIM kinase 1 (Limk1)-cofilin signalling. Treatment with quercetin suppressed
the activation of adenosine monophosphate (AMP)-activated protein kinase o
(AMPKa), nuclear factor-kappa B (NF-kB), extracellular signal-regulated kinase 1/2
(ERK1/2) and protein kinase C-delta (PKC-8), decreasing uPA and uPAR expression.
Ultimately, quercetin can potentially turn out to be an emerging factor in the treat-
ment of gastric cancer, effectively diminishing metastasis and invasion [38].

Furthermore, in vitro experiments were conducted to investigate the ability of
quercetin to promote cell death, specifically in human gastric cancer cells. These
experiments also examined the impact of quercetin on apoptosis and gene expression.
Analysis of their results demonstrated that quercetin can trigger apoptosis in GC cells
and modulate gene expression [39]. According to flow cytometry, quercetin exacer-
bated AGS cells to undergo apoptosis, reduced certain protein levels that prevented
the mitochondrial membrane from being intact and elevated reactive oxygen species
(ROS). By using Western blotting, it was possible to observe that quercetin increased
the levels of pro-apoptotic proteins like B-cell lymphoma protein 2 (Bcl-2)-associated
X protein (Bax), Bcl-2-associated death promoter (Bad) and Bcl-2-interacting
domain death agonist (Bid) while decreasing the levels of anti-apoptotic proteins
like Bcl-x (B-cell lymphoma x protein), B-cell lymphoma 2 (Bcl-2) and myeloid cell
leukaemia-1 (Mcl-1). Moreover, quercetin elicited diverse impacts on gene expression.
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For example, quercetin reduced the levels of KDELC2F (KDEL [Lys-Asp-Glu-Leu]
containing 2), vascular endothelial growth factor B (VEGF-B) and cyclin-dependent
kinase 10 (CDK10) while increasing the levels of tumour protein p53-induced nuclear
protein 1 (TP53INP1), tumour necrosis factor receptor superfamily member 10D
(TNFRSF10D) and JUN-B. Eventually, their research demonstrated the molecular
process, gene expression and signalling pathway entailed in quercetin’s capacity to
cause human gastric cancer cells to undergo apoptosis [39].

The impact of anti-proliferative drugs (doxorubicin (DOX) and quercetin) and
small interfering RNA (si-RNA) directed against CDC20 (cell division cycle protein
20 homolog) on GC was assessed by Hemati et al. The researchers examined the use of
niosome-encapsulated delivery vehicles to deliver si-RNA and medicines. It was dis-
covered that the administration of si-RNA, together with anticancer medications,
resulted in the suppression of CDC20 expression, hence enhancing the effectiveness
of gastric cancer treatment [40]. In order to enhance the loading capacity and
improve the physicochemical properties of si-RNA, the researchers altered the
amount of cationic lipid in cationic PEGylated niosomes. Quercetin, DOX and anti-
CDC20 si-RNA were incorporated into the co-delivery system. The system was then
evaluated for its physicochemical qualities, controlled release, thermosensitivity, rates
of apoptosis and gene silencing efficacy. Interestingly, the data showed that the co-
delivery system, intended explicitly for loading si-RNA, had a suitable and significant
positive charge for delivering drugs. In addition, the researchers demonstrated a
thermosensitive drug release pattern that effectively suppressed CDC20 expression,

Gastrointestinal Preclinical model Anticancer mode Molecular mechanism Reference
cancer (in vitrolin vivo)
Gastric cancer In vitro (NCI-N87  Anti-proliferative EGR1, FOS-1, FOS and JUN [36]

cells) effects expression levels were

elevated while AHR was
downregulated.

In vitro (AGS cells) Inhibition on cell The combination of [37]
and in vivo viability, anti- quercetin and a low dose of
apoptosis and anti- SN-38 reduced f-catenin
proliferation of gastric protein levels in AGS cells
cancer metastasis compared to quercetin
alone.
In vitro (BGC823  Anti-proliferation of  Inhibition of uPA, uPAR [38]
AGS cells) gastric cancer and downstream target
metastasis expression
In vitro (AGS cells) Apoptosis induction Apoptosis induction via [39]

ROS increased the levels of
pro-apoptotic proteins
(Bax, Bad and Bid),
decreasing the levels of
anti-apoptotic proteins
(Bcl-x, Bcl-2 and Mcl-1)

In vitro (AGS cells) Inhibition on gastric ~ Suppression of CDC20 by ~ [40]
cancer cell growth si-RNA which inhibited
cancer cell growth

Table 1.
Summary of the latest study on the therapeutic effect of quercetin in gastric cancer.
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surpassing the individual delivery of either si-RNA or the drug alone. Additionally,
their approach efficiently suppressed the proliferation of gastric cancer cells. Their
findings indicated that PEGylated niosomes containing both CDC20 si-RNA and
anticancer medicines could serve as an innovative approach for treating gastric cancer
[40]. A few studies on quercetin’s therapeutic effects in gastric cancer are listed in
Table 1.

4.2 Liver cancer

Fruits, vegetables and plants all contain quercetin having anti-inflammatory, anti-
cancer and antioxidant qualities. Its advantageous properties, including
hepatoprotective benefits against liver diseases, have been established in various
human illnesses. Hepatocellular carcinoma (HCC) is a primary liver tumour with a
high death rate and a delayed diagnosis, which makes it a promising target for
research on quercetin effects. HCC is the most prevalent type of primary liver cancer
and the sixth most often occurring tumour globally, making it the fourth most deadly
neoplasm [41]. Hepatitis C and B virus (HCV and HBV, respectively) and other
aetiological agents cause liver damage that leads to the development of HCC through
the phases of liver fibrosis and cirrhosis, which can take years or even decades to
manifest. Due to its intricate aetiology and molecular heterogeneity, curative therapy
for liver cancer is met with challenges [41, 42]. In the first-line scenario for advanced
liver cancer, systemic treatment is employed in these instances, employing the two
tyrosine kinase inhibitors (TKIs) that are currently available: lenvatinib and
sorafenib [43]. After prolonged treatment, liver cancer cells can become resistant to
sorafenib, regardless of its efficacy [42], where several TKIs (regorafenib and
cabozantinib) and monoclonal antibody have been approved by the FDA for HCC
previously treated with sorafenib. Several studies have examined the anticancer ben-
efits of natural substances against liver cancers, such as resveratrol, curcumin and
melatonin, to reduce the toxicity and adverse responses brought on by these chemo-
therapeutic drugs [44].

According to Yamada et al. [45], myricetin and quercetin can block the protein
kinase B (AKT) signalling axis, which may subsequently impede HuH7 cell migration
driven by transforming growth factor-a (TGF-a) and hepatocyte growth factor
(HGF). The study examined how quercetin affected HuH7 cancer cells’ migration in
response to TGF-a or HGF. In a dose-dependent manner, quercetin significantly
impeded HuH7 cell migration induced by both TGF-a and HGF. Moreover, myricetin,
an additional flavonol molecule, significantly inhibited the migration of cancer cells.
TGF-a- and HGF-mediated receptor autophosphorylation was unaffected by
myricetin or quercetin. Furthermore, quercetin did not affect the TGF-a- or HGF-
induced activation of p38 MAPK. However, the growth factors-mediated AKT phos-
phorylation was inhibited by myricetin and quercetin. Through inhibiting the AKT
signalling pathway but not p38 MAPK, their study demonstrated that quercetin might
reduce growth factor-driven cell migration of liver cancer [45].

Quercetin can reduce phosphorylation of ERK1/2 and limit proteasome activity, as
demonstrated by Ding et al. Proteasome chymotrypsin-like activity rose in response to
increasing ERK1/2 activity, while proteasome chymotrypsin-like activity decreased in
response to increased MEK1 (mitogen-activated protein kinase kinase 1) activity. The
administration of quercetin reduced the amount of proteasome p subunits expressed.
According to Ding et al., their investigation demonstrated that the proteasome p sub-
units’ expression may be modulated by the MEK1/ERK1/2 signalling pathway,
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resulting in a decrease in the proteasome’s chymotrypsin-like activity [46]. HepG2
cells continued to exhibit steady levels of caspase and trypsin-like protease activity as
well as elevated c-Jun N-terminal kinase (JNK) and p38 MAPK activity and reduced
phosphorylation of ERK1/2. The inhibition of the JNK and p38 MAPK signalling
pathways may not repair the reduced proteasome activity caused by quercetin.
Proteasome chymotrypsin-like activity increased or decreased depending on whether
MEK1 was upregulated or downregulated. MEK1/ERK1/2 inhibition and quercetin
treatment decreased the expression of the proteasome’s § subunits [46].

Quercetin targets apoptosis by upregulating Bax, caspase-3 and p21 and
downregulating Akt, polo-like kinase 1 (PLK-1), cyclin-B1, cyclin-A, cell division
control 2 (CDC-2), cyclin-dependent kinase 2 (CDK-2) and Bcl-2. It has been
observed to decrease signal transducer and activator of transcription 3 (STAT-3)
activation and promote STAT-3 protein degradation in liver cancer cells. Numerous
studies have demonstrated quercetin’s anticancer properties, suggesting a possible role
for the compound in chemoprevention. When quercetin was combined with other
anticancer substances, it demonstrated synergistic benefits. Research has demon-
strated that quercetin and 5-fluorouracil (5-FU) work synergistically in liver cancer
cell lines. Compared to quercetin treatment alone, this combination resulted in
increased growth inhibition in some cell lines [47]. Another research found that the
anti-inflammatory, proliferative and angiogenesis-related genes TNF-a, VEGF, P53
and NF-xB were all downregulated by quercetin, either alone or in combination with
sorafenib, the first medication licensed to treat advanced liver cancer. Treatment with
sorafenib plus quercetin resulted in cell cycle arrest, apoptosis and necrosis, in addi-
tion to a considerable inhibition of liver tumour growth [48]. Research on the syner-
gistic antitumour effects of quercetin and oncolytic adenovirus in liver cancer cells
suggests that quercetin might enhance oncolytic adenovirus ZD55-TRAIL (tumour
necrosis factor-related apoptosis-inducing ligand)-mediated growth inhibition and
death in liver cancer cells. Iz vitro and in vivo antiliver cancer experiments have
demonstrated the potential of quercetin combination therapy [49].
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Figure 3.
Diagram of the mechanism of quercetin in the treatment of liver fibrosis. Source: Adapted from Ref. [50].

147



Quercetin — Effects on Human Health

These findings point to a distinct anti-proliferative and pro-apoptotic action of
quercetin in liver cancer as well as a possible regulating function for the tumour cell
cycle progression that requires more research. Through the modification of several
cellular processes and signalling pathways, this flavonoid appears to have
antitumoural efficaciousness; nevertheless, more research is necessary to fully under-
stand its mechanisms of action against liver cancer. In addition to the emerging usage
of quercetin derivatives with anticancer efficaciousness, emerging tactics of combi-
nation and drug-delivery systems may enhance such features of cancer inhibition and
expand treatment choices for patients with liver cancer [44]. Figure 3 illustrates the

Gastrointestinal Preclinical model = Anticancer mode Molecular mechanism Reference
cancer (in vitrolin vivo)
Liver cancer In vitro (SMMC- Inhibition of cell Inhibition of Akt/mTOR, [51]
7721, BEL-7402 liver proliferation reduced glucose uptake and
cancer cells, LO2 lactate production, reduced p-
normal liver cells) Akt/Akt and p-mTOR/mTOR
rates, increased cell growth
inhibition
In vitro (SMMC- Cell growth Akt/mTOR inhibition and [52]
7721 and HepG2 inhibition, MAPK activation lead to
liver cancer cells autophagy increase in LC3A/LC3B-II and
LO2 normal liver induction, Beclin1 protein levels and
cells) apoptosis decrease in p62 protein
induction expression, increase in the
percentage of apoptotic cells
Invitro (BEL-7402  Chemosensitizing FZD7/p-catenin inhibition, [53]
cells, multidrug- effect towards 5- reduction in ABCB1, ABCC1
resistant cell line FU and ABCC2 expression, as
BEL/5-FU) well as inhibition of ABCC2
function
In vitro (HepG2 Apoptosis MEK1/ERK1/2 inhibition, [46]
cells) induction increased levels of cleaved
caspase-3, cleaved PARP and
Bax proteins, reduced levels
of Bcl-2 protein
In vitro (SMMC- Decrease of cell Quercetin combined with [49]
7721, HepG2 and proliferation, ZD55-TRAIL inhibited NF-xB
HuH7 cell lines) apoptosis which increased apoptotic
induction activity (nuclear
fragmentation, chromatin
condensation) as well as
apoptotic markers
In vitro (HepG2 Reduced cell Synergistic activity of [54]
cells) viability sorafenib and quercetin, with
reduced ICsg of both drugs
and increased uptake of both
drugs
In vivo (Nude mice ~ Tumour growth Quercetin 100 mg/kg was [51]

subcutaneously inhibition orally administered, reduced
injected with LM3 in tumour volume, increased
cells) necrosis and TUNEL-positive

cells
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Gastrointestinal Preclinical model = Anticancer mode Molecular mechanism Reference
cancer (in vitrolin vivo)
In vivo (SMMC- Quercetin 50 mg/kg [51]
7721 xenograft administered via
mouse model) intraperitoneal injection,
reduction in tumour size,
HK2 and Ki67 protein
expression and p-Akt and p-
mTOR protein levels
observed
In vivo (Nude mice  Suppression of Quercetin 60 mg/kg [52]
subcutaneously tumour growth, administered orally,
injected with apoptosis and reduction in tumour weight
SMMC-7221 cells) autophagy and volume observed, as well
induction as apoptotic markers
(increased Bax, cleaved
caspase-3, reduced Bcl-2
protein expression)
In vivo (MHCC97H  Suppression of Quercetin encapsulation [55]
xenograft mouse tumour growth (PLGA-loaded gold-quercetin
model) and progression,  nanoparticles) 30, 40 and
apoptosis 50 mg/kg via intraperitoneal
induction injection causes inhibition of
AP-2B/hTERT, p50/NF-kB/
COX-2, Akt/ERK1/2
pathways, reduced tumour
weight and volume and
increased apoptotic activity
observed
In vivo (Mice Inhibition of Quercetin combined with [56]
subcutaneously tumour growth dasatinib 50 mg/kg of
injected with HuH7 quercetin with 5 mg/kg of
cells) dasatinib administered orally
halted tumour progression
Table 2

Basic characteristics of in vitro and in vivo studies using quercetin in liver cancer.

common mechanistic pathways of quercetin. A few research on quercetin’s therapeu-
tic benefits in liver cancer are listed in Table 2.

4.3 Colorectal cancer

Quercetin has garnered significant interest in its ability to prevent and combat
colorectal cancer [57]. Numerous research have examined these effects both in
laboratory settings (in vitro) [57-60] and in living organisms (in vivo) [61-64].
This section will provide a concise overview of the anticancer effects of quercetin,
followed by a summary of its potential as a novel therapeutic agent for treating

colorectal cancer.

Evaluations have been conducted on the role of quercetin in apoptosis, hyperpro-
liferation and inflammation, as well as its mechanism in 1,2-dimethylhydrazine
(DMH)-induced carcinogenicity and tumour multiplicity [65]. Rats were orally given
quercetin at doses of 25 or 50 mg/kg body weight and subcutaneously injected with
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20 mg/kg body weight of DMH for 15 weeks. Afterwards, the rats were euthanized.
The DMH generates reactive oxygen species (specifically superoxide) through the
process of membrane lipid peroxidation, leading to a disruption in redox equilibrium.
DMH also reduces the amount of antioxidants in tissues. The DMH-induced intestinal
carcinogenicity led to an increase in proliferative and inflammatory variables due to a
low Bax/Bcl-2 ratio and dysregulation of apoptosis. Pretreatment with quercetin mit-
igated the deleterious effects of DMH, such as maintaining the activity of detoxifying
enzymes and decreasing proliferation as well as early indicators (such as mucin
depletion and goblet cell disintegration) in the colonic tissue. Quercetin controlled the
expression of -catenin and adenomatous polyposis coli (APC), decreasing in the
occurrence and number of tumours. The histology findings confirm the beneficial
effect of quercetin in mitigating the pathogenic changes generated by DMH [65].

A prior investigation similarly assessed the impact of daily intake of
microencapsulated probiotics either alone or in conjunction with microencapsulated
quercetin to prevent colorectal cancer. The researchers utilized ApcMin/+ mice which
exhibit spontaneous intestinal adenomas and cancer. The researchers evaluated
changes in tissue structure, intestinal bleeding, fat accumulation, respiratory quotient,
body weight and energy usage. In addition, gene expression related to the Wnt
signalling pathway was assessed [66]. ApcMin/+ mice were given Bifidobacterium
bifidum (Bf) and Lactobacillus gasseri (Lg) probiotic strains, with a concentration of
10 [57] colony-forming units (CFU)/100 g of food or a combination of both probiotic
strains together with microencapsulated quercetin at a dosage of 15 mg/100 g of food,
for 73 days. Subsequently, energy metabolism, alterations in organ and body weight,
histology of colon tissue, composition of intestinal microbiota and gene expression
related to the Wnt signalling system were also assessed. The data showed that the
microencapsulated supplement, consisting of probiotics and quercetin, effectively
inhibited the advancement of colorectal cancer in ApcMin/+ mice [66].

Furthermore, an investigation conducted by Liu and Zhi in 2021 employed a rat
model to create constipation, a recognized risk factor for colorectal issues, by provid-
ing loperamide. Subsequently, the impact of quercetin on constipation induced by
loperamide was examined. The data indicated that administration of quercetin at
doses of 25 and 50 mg/kg in rats resulted in an elevation in intestinal transit rate, as
well as an increase in the concentration of short-chain fatty acids and levels of gastrin,
motilin and substance P. Besides, quercetin enhanced the motility of the intestines and
decreased the levels of somatostatin. The levels of aquaporin 3 (AQP3), transient
receptor potential vanilloid 1 (TRPV1), glial cell line-derived neurotrophic factor
(GDNF), enteric nerve-related factors, nitric oxide (NO) synthase, stem cell factor
(SCF) and its receptor c-Kit were measured using Western blotting and reverse
transcription-quantitative polymerase chain reaction (RT-qPCR). Quercetin adminis-
tration was discovered to decrease loperamide-induced constipation by enhancing the
levels of interstitial cells of Cajal indicators, such as stem cell factor, its receptor c-Kit
and AQP3. Ultimately, their findings demonstrated that quercetin exhibited a
safeguarding impact against loperamide-induced constipation, hence potentially mit-
igating the likelihood of developing colorectal cancer [67].

The antiangiogenic and anticancer effects of quercetin and luteolin on colon cancer
cells (HT29) were assessed by Erdogan et al. in comparison with the conventional
chemotherapy drug 5-FU and a combination of 5-FU and luteolin or quercetin. An
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay, fluores-
cence microscopy, human VEGF ELISA (enzyme-linked immunosorbent assay),
Western blotting and qRT-PCR were employed. Their method of evaluating the
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effects was Western blotting on the following genes: mTOR, Akt protein, PTEN, p53,
Bax, Bcl-2 and P38. The MTT assay assessed cell viability, and ELISA was utilized to
ascertain how the treatment affected angiogenesis. Fluorescence microscopy was
employed to identify HT-29 cell apoptosis. Eight times as much apoptosis was induced
in cells treated with quercetin and 5-FU as in cells treated with luteolin and 5-FU, and
10 times more in cells treated with the combination. The VEGF level exhibited a
notable decrease in cells subjected to a combination treatment of quercetin or luteolin
along with 5-FU. The researchers discovered that quercetin and luteolin can govern
programmed cell death (apoptosis) in HT-29 cells. Additionally, it was observed that
combination therapy decreased the expression of anti-apoptotic proteins, such as Bcl-
2, mTOR and Akt genes, as compared to the control group. The groups treated with 5-
FU and quercetin exhibited a more rapid rise in the expression of P53, P38, MPK and
PTEN genes compared to those treated with 5-FU and luteolin. To summarize, the
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Figure 4.
Signalling transduction pathway in colorectal cancer that being modulated by therapeutic approaches of quercetin.
Source: Adaptation by Ref. [69] under creative common license. https://creativecommons.ovg/licenses/by/4.0/
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combined use of luteolin and quercetin can enhance the anticancer properties of 5-FU
and mitigate its harmful side effects in colorectal cancer [68]. Figure 4 shows signal-

ling transduction pathways in colon commonly modulated by quercetin.

Gastrointestinal Preclinical model Anticancer mode Molecular mechanism Reference

cancer (in vitrolin vivo)

Colorectal cancer In vivo (rat) Anti-apoptotic, Quercetin reduced tumour [65]
anti- occurrence and number by
hyperproliferation  controlling p-catenin and APC

expression. Histology
confirmed quercetin’s
beneficial effect in reducing
DMH-induced pathogenic
changes.
In vivo (ApcMin/+ — Probiotics and quercetin- [66]
mice) containing microencapsulated
supplementation successfully
prevented colorectal cancer in
ApcMin/+ mice from
progressing via alteration of
Whnt signalling
In vivo (rat) — Results showed that quercetin  [67]
had a protective effect against
constipation brought on by
loperamide, which may lessen
the risk of colorectal cancer by
increasing intestinal transit rate
and motility and reducing
somatostatin levels
In vitro Anti-angiogenic Treatment with 5-FU and [68]
(HT-29 cells) and anti-apoptotic quercetin increased expression
levels of P53, P38, MPK and
PTEN genes
In vitro Anti-proliferation, Halted cell division at G1 phase [69]
(HCT-116 Cells) inhibition on cell
cycle and
suppression of
growth
In vivo Apoptosis, anti- Induced apoptosis, anti- [63]
angiogenesis and  angiogenesis and anti-
anti-proliferation  proliferation via EGFR, Akt,
Cdkl, cyclin B and VEGF
alteration
In vitro Apoptosis and Apoptosis induction via TNF-a  [71]
(Caco-2 cells) antioxidant and TNF-R1 alteration
In vitro Apoptosis Apoptosis induction via KRAS, [72]
(DLD-1 cells) JNK and caspase-3 alteration
In vitro Lipid peroxidation Inhibition of lipid peroxidation [73]

(Caco-2 cells)

via Nrf-2 and Prx-6 protein

Table 3
Summary on the latest studies on the therapeutic effect of quercetin in colorectal cancer.
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Al-Ghamdi et al. examined the mechanism and impact of a 200 mg dosage of
quercetin and a 150 mg dose of EGCG (epigallocatechin gallate) at different ratios on
the stimulation of programmed cell death and suppression of growth in the human
colorectal cell line HCT-116 [70]. Quercetin suppressed cell proliferation, halted the
cell cycle, induced annexin V and decreased clonogenicity. The lowest dose of the
investigated medicines suppressed colony development. Moreover, a substantial rise
in annexin V was observed at 150 mg of quercetin and 100 mg of EGCG. The
combination therapy resulted in the cessation of cell division at the G1 phase. Ulti-
mately, the combination of EGCG and quercetin holds promise as a potent combina-
tion of chemotherapy in the future. However, further investigations are necessary to
determine the appropriate dosage and potential adverse reactions [70]. Table 3 lists
some studies on the therapeutic effect of quercetin in colorectal cancer.

4.4 Pancreatic cancer

The plant-derived medication presents a compelling option for treating cancer.
Quercetin has been demonstrated that quercetin modulates several dysregulated sig-
nalling pathways, including those linked to autophagy and apoptosis, in order to
achieve its anticancer effects through a variety of methods. In particular, quercetin
inhibits multiple signalling pathways, including NF-«B, P53, Wnt/f-catenin, MAPK,
janus kinase/signal transducer and activator of transcription (JAK/STAT) and the
Hedgehog pathway, to achieve its anticancer actions. Numerous intracellular signal-
ling molecules, including tumour necrosis factor-a (TNF-a), Bax, Bcl-2, caspases and
VEGF, are interfered by quercetin.

Numerous cancer types, including breast, prostate, ovarian, lung, colon, hepato-
cellular, lymphoma and pancreatic cancer, have been researched in relation to quer-
cetin’s anticancer properties. Nevertheless, most current research on quercetin’s
anticancer effects focus on cancer in laboratory animals.

According to a recent study on the impact of quercetin on pancreatic cancer,
quercetin treatment altered the expression of 105 miRNAs, including the lethal-7 (let-
7), miR-194, miR-103, miR-29, miR-125 and miR-106 families. These miRNAs are
essential for inhibiting cell death and promoting invasion, proliferation and metasta-
sis. Among these, let-7c is one of the most significant miRNAs. This miRNA controls
Notch inhibitor Numbl, a downstream target of let-7c, following transcription. By
intensifying its hostility towards Notch, the Numbl stops the spread of cancer [74].

Quercetin is one of the natural plant extracts that have various important biologi-
cal antitumour properties. Besides, quercetin has been shown to exert its anticancer
properties by targeting noncoding RNAs (ncRNAs) that include long non-coding RNA
(IncRNA) and microRNA (miRNA), which have been linked to the development of
cancer. It inhibits the proliferation of cancer cells, encourages cell death and increases
susceptibility to chemotherapy drugs by controlling the production of ncRNAs, which
in turn influences the expression of genes and proteins involved in the signalling
cascade. These provide insight into the molecular relationship between quercetin and
non-coding RNAs, which may be useful in using quercetin as a therapeutic adjuvant.
When combined, quercetin is a naturally occurring substance that may have an
anticancer impact when used as a cancer adjuvant [9].

Quercetin specifically causes death in pancreatic cancer cells to have an anticancer
impact. Still, new research also suggests that quercetin modifies many signal transduc-
tion pathways to slow down the growth of cancer. Quercetin may prevent EMT, invasion
and metastasis by suppressing the expression of the N-cadherin, MMP-9 and STAT-3
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signalling pathways. Through its inhibitory influence on Receptor for Advanced
Glycation Endproducts (RAGE) expression, quercetin increases the chemosensitivity of
pancreatic cancer cells to gemcitabine (GEM). Meanwhile, it is a desirable agent for the
treatment of cancer due to its broad accessibility, effectiveness and low toxicity when
compared to other investigated substances. Recently, quercetin has been made available
and used as a potentially effective medication to treat a variety of malignancies, either by
itself or in conjunction with other chemotherapeutic drugs [75].

Guo et al. employed various methods such as a nude mice tumour formation test,
migration, proliferation and invasion as well as real-time cell analysis, to assess the
effects of quercetin on pancreatic ductal adenocarcinoma (PDA). The development
and spread of tumours as well as the iz vivo and in vitro flow cytometry investigation
of Sonic hedgehog (SHH) signalling in pancreatic cancer cells and colony formation
was examined [76]. Through the downregulation of c-Myc, quercetin demonstrated
anticancer efficacy by inhibiting pancreatic growth. Quercetin inhibited migration
and invasion by lowering transforming growth factor f1 (TGF-p1) levels and
suppressing the epithelial-mesenchymal transition (EMT). Through the mitochondrial
and death receptor pathways, quercetin caused apoptosis. In an investigation
conducted on naked mice, quercetin therapy decreased the number of metastases.
Quercetin’s therapeutic actions on PDA are connected to Gli2 (GLI Family Zinc Finger
2) but not Glil (GLI Family Zinc Finger 1), which entails the modulation of SHH
activity. Recombinant Shh protein was used to boost SHH activity, reversing querce-
tin’s effects on pancreatic cancer cells’ proliferation, migration and invasion. Further-
more, by upregulating Zeb2 and Snaill expression, Shh may trigger TGF-p1/Smad2/3
signalling and induce EMT, partially reversing the inhibition of cancer cell migration
and invasion that quercetin mediated. According to these results, quercetin may be
utilized to treat PDA by preventing pancreatic cancer cells’ invasion, migration and
metastasis as well as by causing apoptosis by blocking the SHH and TGF-f1/Smad
signalling pathways [77].

Hassan et al. assessed the effectiveness of quercetin in conjunction with well-
known medications such as gemcitabine (GEM) and doxorubicin (DOX) against
human pancreatic cancer cells and hepatic cancer cells, respectively. The investigation
revealed that quercetin combined anticancer medications produced superior out-
comes than single-drug therapy. Up to 60% of the cells in two-dimensional (2D) and
three-dimensional (3D) cultures were dead, with single-drug treatment only exerting
<20% apoptosis [78]. A more thorough analysis showed that quercetin downregulated
hypoxia-inducible factor (HIF)-1a and raised p53 regulator levels, which led to p53-
mediated apoptosis. The impact of quercetin on hypoxia and drug efflux pump func-
tion was also assessed by investigating the functions of HIF-1a and multidrug trans-
porters (such as multidrug resistance (MDR)) activity [78]. The investigation revealed
that quercetin could reduce multidrug resistance mutation 1 (MDR-1) efflux activity,
exerting similar inhibitory effects as verapamil, the positive control used in the study.
Hence, quercetin might be used with GEM or DOX against multidrug-resistant
malignancies in the pancreas and liver, respectively [78].

In another investigation, Liu et al. assessed quercetin’s effects and mode of action
on pancreatic cancer cells resistant to GEM. Two cell lines from hepatocellular and
pancreatic cancers were used in this investigation. Liver cancer cell lines used were
HepG2 and Huh-7, whereas BxPC-3 and PANC-1 were the pancreatic cancer cell lines.
Quercetin was reported to have a cytotoxic effect on HepG2 and PANC-1 (GEM-
resistant) using a proliferation test and a pro-apoptotic effect on HepG2 and PANC-1,
according to a flow cytometry analysis. Western blotting results showed that
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quercetin caused apoptosis by upregulating p53 protein and downregulating cyclin-
D1. Additionally, it resulted in S phase cell cycle arrest. Ultimately, the findings
demonstrated that quercetin can be used with established anticancer medications to
treat GEM-resistant liver and pancreatic cancer [79].

Hoca et al. investigated the effects of quercetin and resveratrol on the epithelial-
mesenchymal transition (EMT) in CD133-positive and CD133-negative pancreatic
cancer cells [80]. After separating the CD133+ cancer stem cells from PANC-1 cells
using the MiniMACS technique, quercetin and resveratrol were added in varying
amounts to the three cell variants: CD133+, CD133— and PANC-1. The investigation
employed MTT test and immunocytochemistry with antibodies against vimentin,
TNF-a, actin alpha 2 (ACTA-2), N-cadherin and interleukin-1p (IL-1B). The intensity
of N-cadherin, ACTA-2 and IL-1p staining was lower in the quercetin-treated cells
compared to CD133 + cells treated with resveratrol. Hence, quercetin is effective in
significantly reducing N-cadherin expression, preventing EMT which leads to
metastasis [80].

In another investigation by Serri et al., gemcitabine and quercetin combination
showed synergistic activity, particularly in inhibiting the migration of cancer cells.
The study employs hyaluronic acid-coated nanoparticles (PPHA NPs) carrying GEM
and quercetin [81]. The nanoparticle carriers were able to improve drug delivery,
thereby improving cytotoxicity and cellular uptake; it was also mentioned that the
PPHA NPs improved the anti-inflammatory properties of quercetin, observed by a

Gastrointestinal Preclinical Anticancer Molecular mechanism Reference
cancer model (in vitro/ mode
in vivo)
Pancreatic cancer In vivo and Inhibition of EMT suppression by reducing [76]
in vitro (PANC-1  metastasis TGF-f1 level, inhibition of
and Patu8988) growth, invasion and migration of
cells, apoptosis of cancer cells by
antagonizing TGF-f/Smad and
SHH signalling pathways
In vitro (Mia- Synergism Reduced IL-6 and IL-8 [81]
PaCa-2 and between expressions and enhanced
PANC-1) gemcitabine and  cytotoxicity against Mia-PaCa-2
quercetin and PANC-1 cell lines
In vitro (PANC-1) Inhibition of Reduced immunoreactivities, [82]
metastasis such as ACTA-2, IL-1f and N-
cadherin, increased TNF-a and
vimentin, prevention of EMT
In vivo and Halting tumour Improved effects of BET [83]
in vitro (PDAC)  progression inhibitors at suppressing tumour
development and reduced
hnRNPA1 in vivo
In vitro (MIA Apoptosis Quercetin showed a RAGE [84]
Paca-2, BxPC-3, induction, silencing like effect that
AsPC-1, HPAC  autophagy, attenuates RAGE expression to
and PANC-1)  chemosensitizing accelerate apoptosis, autophagy
effect and chemosensitivity of MIA
Paca-2°EMR cells

Table 4
Anticancer effects of quercetin against pancreatic cancer.
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reduction in interleukin (IL) levels in pancreatic ductal adenocarcinoma cell lines
Mia-PaCa-2 and PANC-1 [81].

A few research on quercetin’s potential therapeutic benefits for pancreatic cancer
are included in Table 4.

4.5 Oesophageal cancer

Yue Liu et al. evaluated the effects of quercetin on the angiogenesis and migration
of oesophageal cancer cells, in addition to the underlying mechanism [85]. In their
study, human oesophageal cancer cells (Ecal09) received 5 or 10 pg/ml of quercetin.
A scratch wound healing assay evaluated cell migration and invasion was examined
using a transwell assay, and a colony formation assay was conducted. Human umbil-
ical vein vascular endothelial cells (CRL-1730) were inoculated in Ecal09 conditioned
medium, and the effects of quercetin were measured by tube formation and wound
healing assays. Western blotting measured MMP-2, MMP-9 and VEGF-A protein
expression levels. Quercetin (10 pg/ml) decreased colony formation in Ecal09 cells;
however, no difference was observed between the control group and the 5 pg/ml
quercetin group. The group treated with 10 pg/ml quercetin showed reduced cell
migration and invasion, while 5 pg/ml only suppressed invasion. Tube formation
ability and endothelial cell migration were inhibited in cells incubated in Ecal109
conditioned medium. The group treated with 10 pg/ml quercetin showed reduced
MMP-2, MMP-9 and VEGF-A expression levels [85].

Interesting study by Li et al. involving Yishen Qutong Granules (YSQTG) in
traditional Chinese medicine showed that quercetin (the main component of YSQTQ)
could inhibit proliferation, invasion and clonal formation of oesophageal carcinoma
cell lines [86]. Compared with the control group, quercetin at different concentrations
of 50, 100, 150 and 200 pmol/L inhibited the proliferation of KYSE30 and KYSE150
cells at 24, 48 and 72 hours. Further study on the effects of quercetin on the formation
of cell clonal ability showed that the number of clones formed in KYSE30 cells in the
control and 50 and 100 pmol/L quercetin groups was 346 £ 7, 203 &= 10 and 132 £ 5,
respectively, while the number of clones formed in KYSE150 cells in the control and
50 and 100 pmol/L quercetin groups was 470 & 13, 364 & 5 and 225 =+ 15, respectively,
the difference was statistically significant (p < 0.05). Molecular docking of quercetin
and NF-kB was carried out and it was found that the binding energy of quercetin and
NF-kB was —5.82 kcal/mol, indicating that small molecular compounds such as quer-
cetin could directly bind to NF-«B stably. The specific binding of quercetin to NF-xB
was confirmed, and the regulatory relationship of quercetin to NF-kB protein was also
detected. The results showed that 50 and 100 pmol/L quercetin intervention groups
could significantly reduce the level of NF-xB protein in KYSE150 cells (p < 0.01),
suggesting that quercetin can inhibit the proliferation of oesophageal cancer cells in a
concentration-dependent manner and directly target the key protein of NF-«B [86].

According to a study by Wang et al., quercetin treatment significantly slowed
down the proliferation of oesophageal cancer cells by increasing the rate of apoptosis
shown in the flow cytometry detection test (p < 0.05). Moreover, quercetin induced
the expression of gene controlling Bax protein while suppressing the expression of
Bcl-2 protein, further confirming its apoptosis-inducing effects on oesophageal cancer
cells [87]. Combined with the results of MTT assays, it was shown that the treatment
of quercetin substantially impaired the survival of oesophageal cancer cells (p
< 0.05). The transwell assay showed that quercetin also inhibited the invasive capac-
ity of oesophageal cancer cells, as evidenced by substantially fewer oesophageal cancer

156



Preclinical Therapeutic Effects of Quercetin on Gastrointestinal Cancers
DOI: http://dx.doi.org/10.5772 /intechopen.1004556

Gastrointestinal Preclinical model Anticancer Molecular mechanism Reference
cancer (in vitrolin vivo) mode
Oesophageal In vitro Inhibition of Reduction levels of MMP-2, [85]
cancer (Eca109 cells) invasion and MMP-9 and VEGF-A

angiogenesis

In vitro (of KYSE30  Inhibition of affect the metabolic pathway, [86]
and KYSE150 cells)  proliferation, MAPK signalling pathway and

invasion and nuclear factor-kappa B (NF-kB)
clonal signalling pathway
formation
In vitro (KYSE510 Induction of Inducing miR-1-3p level and [87]
and TE-7 cells) apoptosis suppressing TAGLN?2 level

Table 5

Molecular mechanisms of quercetin on oesophageal cancer.

cells with quercetin treatments penetrating the membrane in the transwell chamber
(p < 0.05) compared to normal oesophageal cancer cells. However, regarding the
migration of oesophageal cancer cells detected by scratch assays, neither treatment of
quercetin nor treatment of cisplatin showed significant impacts demonstrated by a
similar closure rate, implying that the quercetin treatment majorly influences the
invasion ability of cancer cells but had little effect on the migration. At the molecular
level, the expression of miR-1-3p was induced (p < 0.05), while the expression of
transgelin 2 (TAGLN2) was suppressed by quercetin (p < 0.05). Moreover, the anti-
oesophageal cancer effects of quercetin were blocked by miR-1-3p inhibition (p

< 0.05), which was represented by the restored growth and invasion of oesophageal
cancer cells, demonstrating that quercetin exerted inhibitory effects on oesophageal
cancer cells by inducing miR-1-3p [87]. Table 5 summarizes the molecular mecha-
nisms of quercetin in oesophageal cancer.

5. Conclusion and future perspectives

The use of quercetin in anticancer management has been proved to have a plethora
of applications. Based on the above-mentioned evidences, quercetin makes a promis-
ing anticancer agent by targeting cancer cell proliferation, metastasis, angiogenesis
and apoptosis directly on cancers of the GI tract. Furthermore, quercetin also prevents
cancer progression by exerting chemopreventive effects via anti-oxidative properties.
Various in vitro and in vivo studies have been cited to highlight the capabilities of
quercetin in exerting anticancer effects, which include apoptosis induction via ROS
activation, caspase-3 activation and downstream gene alteration. Quercetin also tar-
gets various molecular targets commonly involved in cancer, such as Akt, MAPK,
epidermal growth factor receptor (EGFR), NF-kB and TNF-a, which abrogate onco-
genic signalling. The safety profile of quercetin has also been described to be well
tolerable in patients, with good bioavailability in glycoside form. Furthermore, quer-
cetin has also shown great potential to be used in combination with other antineo-
plastic drugs, such as 5-FU, gemcitabine and doxorubicin, in combating cancer
progression due to the synergism demonstrated. Hence, adjuvant therapy using quer-
cetin can be a promising look into the near future, as it can improve drug efficiency
and targeting as well as reduce adverse effects caused by high doses of anticancer
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drugs. Other fields of study that are worth looking into include interactions of quer-
cetin with ncRNAs such as miRNA and IncRNA, as these fields are still left largely
unexplored. These goals can be achieved with further mechanistic and safety studies,
as well as taking the step further to include research on other cancers such as cancers
of the central nervous system (CNS) and clinical studies in patients.
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Chapter 9

Quercetin: A Flavonoid with
Diverse Chemo Preventive
Properties against Cancer

Mohammed 1. Rushdi

Abstract

Quercetin, an exceptional and extraordinary flavonoid possessing bioactive
properties, presents a plethora of benefits for the promotion of good health. The
anti-tumor characteristics of quercetin have been well-documented in various in vitro
and in vivo investigations, encompassing a wide range of cell lines and animal models.
Quercetin, through the activation of caspase-3 and inhibition of the phosphorylation
of Akt, mTOR, and ERK, as well as the reduction of p-catenin and stabilization of
HIF-1a, augments apoptosis and autophagy in cancer. Additionally, quercetin curbs
cancer cell metastasis by decreasing MMP and VEGF secretion. Significantly, the
potent cytotoxicity of quercetin against cancer cells is accompanied by minimal or no
adverse effects or harm to healthy cells.

Keywords: quercetin, flavonol, cytotoxicity, antiproliferative, anti-tumor, signaling
pathway, non-coding RNAs

1. Introduction

As the second greatest cause of death worldwide, cancer is a complicated ill-
ness [1]. In actuality, the survival rate for cancer patients is still quite low despite
advancements in diagnostic and treatment protocols, which include surgery, radia-
tion, chemotherapy, and target and gene therapy [2]. The recurrence of cancer after
months or years due to metastases—the spread of cancer cells from a primary lesion
to distant sites—is most likely the true cause of the high cancer death rate [3]. The
cancer and metastatic treatments that are now on the market usually cause substan-
tial levels of toxicity and are linked to a variety of side effects that are frequently
unanticipated and unexplained [4]. Therefore, it is highly recommended to develop
new and more effective cancer treatment and metastasis prevention measures [5].
Phytochemicals are among the current class of therapeutic agents for cancer because
of their low toxicity and capacity to target numerous cell signaling such as VEGF
[6]. Quercetin, derived from quercetum (oak woodland) and called after Quercus,
has been used since 1857. It is abundant in plants such as apples, berries, brassica
vegetables, capers, grapes, onions, spring onions, tea, and tomatoes, as well as many
seeds, nuts, flowers, bark, and leaves. However, quercetin is found in medicinal
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plants such as Ginkgo biloba, Hypericum perforatum, and elderberry and is mostly
obtained from onions, apples, and tea. The molecule of quercetin has a ketocar-
bonyl group, and the oxygen atom on the first carbon is basic and can form salts
with strong acids. It has four active groups in its molecular structure: a dihydroxy
group between the A ring, o-dihydroxy group B, C ring C2, C3 double bond, and
4-carbonyl. The presence of a phenolic hydroxyl group and double bonds confers
significant antioxidant action on quercetin. Its antioxidant and anti-inflammatory
qualities have been linked to the prevention and treatment of cardiovascular disease
and cancer. Furthermore, in vivo and in vitro investigations have revealed that
quercetin has antibacterial activity and efficiently inhibits biofilm formation by
blocking the expression of associated genes, antitumor activity, antiangiogenic
activity, and so on. Furthermore, quercetin has a role [7]. Quercetin has numerous
anti-inflammatory, antioxidant, and anticancer properties. Quercetin has been
shown in both in vivo and in vitro studies to have anti-tumor actions by modify-

ing cell cycle progression, reducing cell proliferation, inducing apoptosis, limiting
angiogenesis and metastatic progression, and influencing autophagy. This study
outlines the data regarding quercetin pharmacological potential and inhibition of
malignancies, arguing that it should be investigated as a therapeutic agent against

a variety of cancers [8]. The metabolite of quercetin, known as quercetin-3-gluc-
uronide (Q3G), is one of the flavonoid classes present in fruits, vegetables, and
medicinal plants. Due to its quick conjugation with glucuronic acid upon absorption
from the small intestine, Q3G is also the main quercetin conjugate in human plasma,
where quercetin is either missing or undetectable. Even though research has shown
quercetin to have anti-viral, anti-microbial, anti-thrombotic, anti-carcinogenic, and
neuroprotective properties, due to its short biological half-life, low water solubil-
ity, and chemical instability, it has poor bioavailability, which limits its usefulness
in the food and pharmaceutical industries. Better than the previously listed, most
quercetin in food and its metabolites are linked to a sugar molecule; this can boost
bioavailability since sugar molecules are more soluble in water [9].

2. Therapeutic activity of quercetin in cancer

Numerous disorders have demonstrated the substantial positive effects of
quercetin. More and more scientists are focusing on quercetin’s potential as a tumor
treatment because, at appropriate dosages, it does not appear to have any harmful
side effects on normal cells. Quercetin significantly prevents the cell cycle, promotes
apoptosis, and inhibits angiogenesis and metastasis in vitro, as demonstrated by some
studies that have confirmed its ability to exert anti-tumor functions in a variety of
mechanisms. These results have been confirmed in both in vitro and in vivo models
of various tumors, with encouraging outcomes. According to the findings of in vivo
research, quercetin at the chosen dosage effectively inhibits the growth of xenograft
tumor models [8]. Moreover, quercetin has undergone clinical trials; these have
revealed no toxicity or adverse effects on the general public [10]. Quercetin’s capacity
to reduce inflammation and lower the incidence of prostate cancer has been shown in
clinical research [11, 12]. Phase I clinical trials demonstrated quercetin’s anticancer
efficacy and verified the drug’s safety when administered intravenously. Quercetin-
based clinical trials have demonstrated its ability to reduce blood pressure and
improve anemia [13].
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3. Invitro studies
3.1 Effect of quercetin on the cell cycle of cancer cells

The four main phases of the cell cycle are G1 (pre-DNA synthesis), S (DNA
synthesis phase), G2 (late DNA synthesis phase), and M (mitotic phase). Cyclin,
cyclin-dependent kinases (CDKs), and cyclin-dependent kinase inhibitors (CKI) are
primarily responsible for controlling the cell cycle. The regulatory pathway of the pRb
network primarily controls the cell cycle (Figure 1) [15].

Cyclin binds to its corresponding CDK to create a complex that phosphorylates
Rb and releases cAbl and E2F. E2F then reaches the nucleus to encourage the transi-
tion from the G1 phase to the S phase for cell-autonomous division. INK4 (which
includes p15, p16, p18, and p19) is one type of CKI that competes with cyclin D1 for
binding to CDK4/CDK®6, which blocks the development of the cell cycle and phos-
phorylating Rb [16]. Consuming quercetin may be important for controlling the cell
cycle, promoting apoptosis, and preventing metastasis. Moreover, quercetin inhibits
the growth of colon cancer cells by modifying the expression of the anti-aging
genes SIRT-6 and Klotho. Numerous molecular targets that may actively regulate
cell proliferation, apoptosis, and cellular senescence were identified by the miRNA
expression profile and functional enrichment analysis. Apart from the control of
aging-associated miRNA and anti-aging protein activities like SIRT-6 and Klotho,
telomerase activity suppression resulting in telomere length reduction established an
intriguing path for the development of future colon cancer treatments. Therefore,

a combination therapy combining quercetin and epigenetic modifiers in addition

to currently available chemotherapeutic medications may assist in controlling the
course of colon cancer and minimize its side effects [17]. To control cell cycle divi-
sion, p53 primarily regulates another significant route that stimulates the expression
of p21, GADDA4S5, and Bax [18]. On the other hand, aberrant cyclin expression has
been linked to aberrant cell cycle activity and unchecked tumor cell multiplication
in research on tumor development. Quercetin has been demonstrated to induce

cell cycle arrest at G2/M in human leukemia U937 cells. Cyclin D, E, and E2F levels
decreased in tandem with the buildup of G2/M, while cyclin B levels significantly
increased [19-22]. Comparable outcomes were also observed in ovarian cancer
(SKOV3), where the cell was halted in the S and G2/M phases, and there was a
decrease in cyclin D1 [23]. Furthermore, quercetin can alter the GO/G1 phase of
HOS osteosarcoma cells and 232B4 chronic lymphocytic leukemia cells [24, 25].
Numerous research investigations have also examined the impact of quercetin on
p53-related pathways and the advancement of malignant cell cycles. According to
the study, quercetin can raise ER pressure, which in turn encourages p53’s release.
This inhibition of p53, CDK2, cyclin A, and cyclin B activity leads to the arrest of
MCF-7 breast cancer cells at the S phase [26-29]. Quercetin caused MDA-MB-453
cells in a different study team’s investigation of the breast cancer cell line to enter the
G2/M phase arrest. Additionally, they discovered a noteworthy rise in p53 expression
in their investigation [30, 31]. Quercetin can also impact the advancement of the

cell cycle in other ways. A specific dose of quercetin-6-C-beta-d-glucopyranoside
administration causes cell cycle arrest at the GO/G1 phase in the prostate cancer cell
lines PC-3 and DU-145. Down-regulation of cyclin E and D, increased expression

of p21 and p27, and protein expression of PNCA and CDK2 may be linked to this
occurrence [32, 33]. Additionally, researchers discovered that 7-O-Geranylquercetin,
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Figure 1.
How quercetin affects the cell cycle process by modulating several signaling molecules ( ‘/downregulution and
*upregulation by quercetin) [14]. Copyright Elsevier (2023).

anovel O-alkylated derivative of quercetin, could stop the G2/M cell cycle of
MGC-803 and SGC-7901 gastric cancer cell lines [34, 35]. In YD10B and YD38 OSCC
cells, quercetin reduced cell viability and caused G1 cell cycle arrest. Furthermore,
quercetin significantly upregulated the expression of a CDK inhibitor while down-
regulating the expression of proteins that promote cell cycle progression. In both
kinds of OSCC cells, quercetin also markedly and dose-dependently boosted the
number of annexin-V-positive cells. Because of quercetin apoptotic potential, PARP
was cleaved, which activated the p38 MAPK-signaling pathway [21].
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3.2 Effect of quercetin on apoptosis of cancer cells

The mechanism by which living organisms eliminate diseased or unnecessary
cells from their bodies is widely recognized as apoptosis, or the process of cellular
demise. It primarily encompasses two distinct apoptotic pathways, namely the
extrinsic (also referred to as death receptor) and intrinsic (also known as mitochon-
drial) pathways (Figure 2) [36].

The extrinsic pathway is initiated by TRAILR and FAS death receptors, which
collectively activate a cascade of proteases, including caspase-3, -6, -7, -8, -9, and -10,
ultimately leading to cell death. On the other hand, the intrinsic pathway is trig-
gered by the liberation of cytochrome c (cyt c) from the mitochondria. It is widely
acknowledged that tumor cells possess the ability to evade death and proceed with
tumor formation. Hence, the induction of apoptosis in tumor cells has become a
significant breakthrough in the realm of anticancer therapy [37]. Quercetin has
been shown to influence the apoptotic pathway and cause tumor cells to die. It has

Death ligand-receptor
Quercetin

Caspase 8 |

-

% OV K ] " e

DNA TD\IA
repairing  IrAgmentatio

(CCaspase=9 D«%—( Pro-caspasciol])

((CaspaseT ) <5 Pro-casnag[ D
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Figure 2.
Quercetin impact on the different apoptotic pathways (quercetin ‘/downregulatwn and “overexpression,
respectively) [14]. Copyright Elsevier (2023).

171



Quercetin — Effects on Human Health

been demonstrated that a suitable dosage of quercetin increases the expression of
pro-apoptotic proteins and lowers the expression of anti-apoptotic proteins. A375SM
melanoma cells [38], A2780S ovarian cancer cells, and HL-60 acute myeloid leukemia
cells can all undergo apoptosis when treated with quercetin [39]. Cancer stem cells are
essential to the disease’s development. It has recently been established that quercetin
can cause gastric cancer stem cells to undergo apoptosis [35, 40, 41]. Quercetin
promotes the production of Bax and Bad during the intrinsic apoptotic pathway and
downregulates the anti-apoptotic proteins Bcl-XL, Bcl-2, and Mcl-1. It also activates
caspase-3, -8, and -9. Quercetin concurrently promoted cytochrome c release.
Quercetin downregulated Akt, PLK-1, cyclin-B1, cyclin-A, CDC-2, CDK-2, and Bcl-2
while upregulating Bax, caspase-3, and p21. Furthermore, it has been observed to
decrease STAT3 activation and promote STAT?3 protein degradation in liver cancer
cells [42]. Quercetin glycosides also have pro-apoptotic effects. Quercetin glycosides
inhibited the expression of proteins linked to apoptosis and produced ROS and cyt ¢
more quickly, all of which eventually caused cancer cells to undergo apoptosis [34]. In
HepG2 cells, quercetin glycosides can also trigger caspase-3-induced apoptosis [43].

3.3 Effect of quercetin on angiogenesis and metastasis of cancer cells

The process of forming new capillaries is known as angiogenesis, and it is aided by
endostatin, adhesion molecules, growth factors, and other substances. Physiological
angiogenesis is linked to the development of the reproductive system and the healing
of injuries. Tumor growth and metastasis are impacted by dysregulated angiogenesis,
which is intimately linked to neoplastic disorders [44]. The intricate process of tumor
angiogenesis involves the interaction of tumor cells with endothelial cells. VEGF,
or vascular endothelial growth factor, is crucial for priming. A crucial molecule
for endothelial cell growth and survival, VEGF can enhance vascular permeability,
induce a signaling pathway that is dependent on the VEGF receptor 2 (VEGFR2),
induce extravasation of plasma fibrin, and cause tumor angiogenesis. By prevent-
ing the formation of new blood vessels, quercetin can also have anti-tumor effects.
Quercetin inhibits the expression of the downstream regulatory factor AKT, targets
the VEGFR-2-mediated angiogenesis pathway in prostate and breast malignancies,
and limits tumor growth (Figure 3) [45].

Additionally, quercetin can boost the effectiveness of anticancer medications and
reduce the angiogenesis of drug-resistant cells [46]. Angiogenesis is the first step in
the spread of most malignant cancers. The greater metastatic potential and lower
survival rate of malignant tumors are correlated with the number of tumor micro-
vessels. Neovascularization gives tumor cells food and a place to hide from the body. A
sequence of circulating pathways is followed by tumor cells to infiltrate and establish
secondary malignancies [47]. The process of epithelial-to-mesenchymal transition
(EMT) is crucial for the spread of cancer. E-cadherin, MUC1, and other epithelial-type
proteins are downregulated throughout the EMT process, while mesenchymal markers
including N-cadherin, Vimentin, Snail, and others are acquired [48]. In several malig-
nancies, quercetin can prevent EMT by upregulating the expression of E-cadherin and
downregulating the N-cadherin, Vimentin, and Snail protein family. Furthermore,
zinc-dependent extracellular matrix (ECM) remodeling de-endopeptidase family
members known as matrix metalloproteinases (MMPs) are involved in various stages
of cancer. Research has demonstrated that MMPs play a major role in the invasion and
metastasis of cancer [49]. Quercetin can prevent tumor cell invasion and migration in
both head and neck squamous cell carcinoma and colorectal cancer [50]. Quercetin
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Figure 3.
Quercetin regulates the pathways involved in angiogenesis, autophagy, and metastasis (show quercetin respective
effects on \/downregulation and * overexpression) [14]. Copyright Elsevier (2023).

blocks the Snail-dependent AKT activation pathway, which prevents lung cancer
cells from invasively growing and metastasizing. N-cadherin, vimentin, ADAMO9,
and MMP-related protein expression were all markedly downregulated, whereas
E-cadherin expression was markedly upregulated following quercetin administration
[51-53]. Researchers employed TGF-f1 to generate EMT in cancer cells in colorectal
cancer cell lines. To prevent EMT, quercetin administration can suppress Twistl and
control the expression of E-cadherin [54]. In PANC-1 and PATU-8988 pancreatic
cancer cells, quercetin can reduce the expression of MMP2 and MMP7, which are
intimately linked to the EMT process. It was also noted by researchers that quercetin
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can reverse the malignant progression brought on by IL-6 and prevent pancreatic
cancer cells from invasively spreading by blocking the STAT3 signaling pathway [55].
By preventing c-Met’s activation and the subsequent activation of Gabl, FAK, and PAK,
quercetin can prevent HGF-induced melanoma cell migration [56]. Moreover, quer-
cetin glycosides can prevent cancer from spreading. It can block the ERK1/2 and FAK
pathways as well as reduce the migratory viability of pancreatic cancer cells [57].

3.4 Effect of quercetin on autophagy of cancer cells

Under conditions of starvation and energy deficit, autophagy is the process by
which cells generate new macromolecules and ATP through a sequence of processes,
thereby maintaining the cells’ regular metabolism and ability to survive. One impor-
tant stage of autophagy is the production of autophagosomes, which is dependent on
the ATG1/ULK complex’s positive regulator, which is made up of ATG1, ATG13, and
ATG17. Subsequently, the class II PI3K complex is triggered, and the elongation of
autophagic membranes is promoted by the ATG5-12 conjugate with 16. This leads to
the formation of the autophagosome marker LC3II [58, 59]. Research has shown that
autophagy plays a key role in the development of some tumor disorders and that many
tumor cells have altered autophagic activity. Autophagy was once believed to be an
inhibitor of tumor formation in the field of oncology; however, additional research
indicates that autophagy may facilitate the evolution of tumors [60]. Autophagic
vacuoles and acidic vesicular organelles (AVOs) were generated upon treating gastric
cancer cell lines with quercetin. LC3I was transformed to LC3II, which was then
attracted to autophagosomes to activate autophagy genes and start the protective
autophagy progression in gastric cancer cells. Quercetin has a protective autophagous
impact on gastric cancer cells by blocking AKT-mTOR signaling and increasing the
expression of HIF-a [61]. Quercetin-treated glioblastoma and colon cancer cell lines
also exhibited the accumulation of LC3II and the creation of AVOs, confirming quer-
cetin stimulation of tumor cell protective autophagy [62, 63]. Nonetheless, quercetin
suppression of proliferation and encouragement of apoptosis can both be enhanced
by pretreatment with the autophagy inhibitor chloroquine [61].

3.5 Effects of quercetin on the transcription factors

Transcriptional factors are known to have key roles in tumor initiation and
development, and their significance in connecting chronic inflammation to various
cancers is well-established, even when it comes to distinct molecular targets [64].
Transcription is a highly regulated process in normal cells, and it is essential for nor-
mal cellular processes like differentiation and proliferation [65]. Conversely, signaling
proteins that regulate distinct transcription factors are often dysfunctional in malig-
nant cells and are thought to be the primary source of some oncogenic conversions
in the function of these proteins, such as aberrant cell division and proliferation,
anti-apoptosis, invasion, angiogenesis, metastasis, and resistance to chemotherapy
and radiation [66]. Quercetin, like most phytochemicals, has been shown in numer-
ous studies to target various cancer-associated molecules and pathways, including
EGEFR (epithelial growth factor receptor), ERK (extracellular signal-regulated
kinase), MAPK (mitogen-activated protein kinase), NF-kB (nuclear factor kappa-
light-chain-enhancer of activated B cells), STAT (signal transducer and activator of
transcription), TGF-p (transforming growth factor-beta 1), TNF (tumor necrosis
factor), Wnt/B-catenin (wingless-type MMTYV integration site family), and so on.
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Quercetin can be considered a promising anticancer agent [67]. Numerous studies
have shown that dysregulation of various oncogenic transcription factors, including
NF-xB, Wnt, Notch, MAPK, PI3K, and TGF, occurs in various cancer types, resulting
in the induction, proliferation, and development of tumor cells. Consequently, these
transcription molecules may be used to target malignancy.

3.5.1 Effects of quercetin on NF-xB

A transcription factor called NF-kB regulates the expression of several proteins
involved in the control of important physiological processes, including angiogenesis
(VEGF), apoptosis (Bcl-xL, cIAP1/2, FLICE, survivin, and XIAP), cell invasion
(MMP-2, MMP-9, intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
protein-1 (ICAM-1), inflammation (interleukin-6 (IL-6), IL-1p, cyclooxygenase-2
(COX-2) and tumor necrosis factor (TNF)), metastasis (C-X-C chemokine receptor
type-4 (CXCR)-4, TWIST), and proliferation (cyclin D1 and MYC) [68]. RelA (p65),
RelB, c-Rel, NF-kB1/p105, and NF-kB2/p100 are the five primary transcription factors
that make up NF-«B. These transcription factors are primarily inactive in the cyto-
plasm of most cells, but they can be triggered by a variety of substances, including
growth factors, ROS, cytokines (IL-1p), and oncogenic stress [69, 70]. The stimulant
parameters stated above activate the IKK complex’s inhibitors, which are made up of
three initial parts: IKK1/IKKa, IKK2/IKKf, and NEMO (NF-kB essential modifier)/
IKKy. NF-kB activity is then regulated as a result [71]. When the IKK complex is acti-
vated, the IxB inhibitor proteins are phosphorylated, which leads to their destruction.
Additionally, NF-kB signaling is activated to target gene expression [72]. The major
signaling route that modulates NF-xB activation is PI3K/AKT. Quercetin (40 pM)
treatment of PC-3 cell lines lacking p53 was shown to dramatically activate the PI3K/
AKT pathway, leading to the phosphorylation of several molecules, including AKT
(p-Thr308 and Ser473) and NF-xB-p105/p50 (p-Ser893) [22, 73-76].

3.5.2 Effects of quercetin on tyvosine kinase signaling

Two signaling pathways that contribute to the development of cancer include
growth factor signaling and receptor tyrosine kinase (RTK) signaling. The human
genome contains around 100 growth factors, of which approximately 90 genes encode
proteins with tyrosine kinase activity. Furthermore, 58 of the 90 genes that make up
the RTK are categorized into 20 distinct subfamilies. RTKs are cell surface receptors
that control cell homeostasis; any malfunction can lead to a variety of clinical diseases.
Five of the twenty groups listed— EGFR/ErbB, insulin receptors, PDGFR, FGFR,
VEGFR, and CCK—are implicated in the initiation and spread of cancer [77]. RTKs
are divided into three separate structural sections: the cytoplasmic, transmembrane,
and extracellular regions. The extracellular portion of every cancer-related RTK is
glycosylated, and the N-terminal region has many disulfide bonds. RTKs’ extracellular
portion possesses the ability to bind to ligands, perhaps causing TRK dimerization.
RTKs are typically auto phosphorylated by trans-phosphorylating their kinase por-
tion, which activates the cytoplasmic kinase portion of the protein and stabilizes by
attaching to a dimeric ligand. The cytoplasmic portion consists of the juxtamembrane
and C-terminal domains. The second one has tyrosine kinase, which catalyzes the
phosphorylation of the receptor [78]. By reducing the expression of ErbB receptors,
quercetin inhibited the growth and survival of prostate cancer cells that were andro-
gen-dependent and -independent. In a 2005 study on colon cancer cell lines, it was
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shown that quercetin (0-100 uM) reduced the expression of ErbB2, ErbB3, and AKT
signaling cascades in HT-29 cells, which in turn increased apoptosis [79, 80].

3.5.3 Effects of quercetin on Wat signaling pathway

Nineteen genes in the human genome encode Wnt proteins, which control some
human developmental events, such as cell division, death, migration, polarity, and
destiny [14, 81]. The frizzled (FZD) receptors on Wnts—secreted glycoproteins
rich in cysteines—identify them. LRP5 (LDL receptor-related proteins) or LRP6
are examples of phosphorylatable co-receptors that are necessary for the activation
of FZDs, a class of seven transmembrane component surface cell receptors. These
processes result in the complexation of FZDs with the cytoplasmic phosphor-
protein disheveled (DVL). There are three known DVLs in humans: f-catenin,
DVL1, and DVL2 [82]. A kind of basic Wnt, the Wnt/p-catenin pathway regulates
several processes, including morphogenesis, embryogenesis, and the proliferation
or differentiation of stem cells. Adenomatous polyposis coli (APC), a cytoplasmic
multi-protein complex, destabilizes f-catenin to induce it to dissociate in the protea-
somal processes in the absence of any stimuli. The Wnt pathway was inhibited by
low intracellular concentrations of p-catenin through the transcription factor family
TCF/LEF (T cell factor/lymphoid enhancer factor). f-catenin interaction with Wnt
receptors is followed by suppressed subsequences of phosphorylation and degrada-
tion. Under these circumstances, the cytoplasmic presence of free B-catenin and its
translocation into the nucleus cause the transcription of TCF/LEF-related genes,
either stimulating or inhibiting apoptosis [83]. Treatment of prostate cancer (PC-3)
cell lines with quercetin (0-60 pM) has been reported to upregulate E-cadherin
and decrease TGF-p-triggered production of N-cadherin, Slug, Snail, Twist, and
vimentin. Furthermore, quercetin decreased the development of prostate cancer by
downregulating the two major Wnt signaling components, f-catenin and cyclin D1.
This suggests that quercetin controlled the Wnt signaling axis and TGF-p-triggered
EMT. Using A375 melanoma cells as a model, additionally, quercetin stimulated
apoptosis in A375 cell lines by declining the regulation of Bcl-2 and activating
caspase 3/7 via PARP cleavage [84].

3.5.4 Effects of quercetin on Notch signaling

The notch pathway, like the Wnt-f catenin cascade, controls multiple develop-
mental pathways and defines the kind of stem cell differentiation. DLS (delta-serrate-
Lag2) recognizes and activates Notch receptors as part of the notch pathway. After
interacting with DLL (delta-like ligands) and JAG (jagged) DLS ligands, notch recep-
tors become active [85]. Quercetin-ionizing radiation (IR) treatment of colon cancer
stem cells (CSCs) had more anticancer effects than either IR or QU treatment alone.
In xenograft mice-produced human colon cancer, quercetin-IR co-treatment (20 pM
and 5 Gy, respectively) dramatically reduced CSC indicators and downregulated the
expression of Notch-1 signaling molecules. Furthermore, in both DLD-1 and HT-29
cell lines, this co-treatment reduced the regulation of all five y-secretase complex
protein moieties (APH1, nicastrin, PEN2, presenilin-1, and presenilin-2). According
to a different study, exposing breast cancer cell lines, such as MDA-MB-231, MCF-7,
and T47D, to Quercetin-3-methyl ether (0-20 pM) decreased Notch-1 expression,
which in turn prevented the EZH2 (enhancer of zeste homolog 2) pathway and PI3K
and AKT phosphorylation, which in turn caused apoptosis [86].
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3.5.5 Effects of quercetin on MAPK signaling

Differentiation, growth, migration, proliferation, apoptosis, and other cellular
functions are all regulated by the mitogen-activated protein kinase (MAPK) pathway.
Humans have been found to have six different types of MAPKs: ERK1/2, ERK3/4,
ERKS5, ERK7/8, JNK 1/2/3, and isoforms of p38 a/b/g (ERK6)/d [87]. MAPKs are
thought to operate downstream of many membrane receptors, including the family
of EGF receptors. Different MAPKs that primarily operate as transcription factors of
genes are activated, and this regulates DNA replication, cell cycle progression, and
division in addition to inflammatory and stress responses [88]. Quercetin (20 pM)
treatment of MDA-MB-231 cells increased Foxo3a expression through pJNK/JNK
upregulation, which in turn triggered cell cycle arrest and apoptosis [89].

3.5.6 Effects of quercetin on PI3K

The serine/threonine kinase group includes phosphatidylinositol 3-kinases (PI3Ks),
which are triggered when growth factors interact with TRK. RTKs are phosphorylated at
the tyrosine residue upon ligand binding. Through an adaptor protein, the phosphotyro-
sine can interact with PI3K directly or indirectly. Like MAPKs, PI3K activates a number
of downstream kinases that significantly impact cell survival after activation [90].
Quercetin (0-200 pM) was found to promote apoptosis in leukemia cells by decreas-
ing AKT phosphorylation and reducing the expression of PI3K and Bcl-2 proteins in
an HL-60 cell research. Consequently, it reduced the viability and multiplication of
leukemia cells. In an additional investigation, administering quercetin (0-200 pM)
to DBTRG-05 and U-251 glioma cells resulted in a decrease in AKT protein levels.
Additionally, quercetin Qu increased the effectiveness of temozolomide compared to
conventional chemotherapy methods by blocking the PI3K/AKT signaling axis [91, 92].

3.5.7 Effects of quercetin on transforming growth factor-beta

The TGF-p family consists of around 40 members, which include Nodal, Activin,
TGF-p, and bone morphogenetic proteins (BMGPs). TGF-p molecules are membrane
proteins that carry out a variety of signaling functions from the cell membrane to the
nucleus. This route encourages cell cycle arrest in the early stages of carcinogenesis,
but as tumors grow, it also causes angiogenesis, invasion, and metastatic processes.
Apart from SMAD-4, which plays a crucial role in modifying TGF-p’s action, other
signaling cascades that affect this one include MAPK, PI3K/AKT, and Wnt/p-catenin
[93, 94]. The study conducted on colon cancer (SW-480 cells) showed that Qu
(0-100 pM) inhibited TGF-p1-promoted EMT by upregulating E-cadherin through
the downregulation of Twistl. Increased SHH expression in pancreatic cancer cells
triggered the TGF-p1/Smad2/3 signaling pathway, which in turn promoted Snail and
Zeb2 levels and EMT [94, 95].

3.6 Effects of quercetin on non-coding RNAs
3.6.1 Effects of quercetin on micro-RNAs (miRNAs)
Numerous studies have shown that one of the primary causes of breast cancer inci-

dence is miRNA malfunction [96, 97]. Through the overexpression of p53, quercetin
increased the expression of miR-34a, which in turn inhibited the function of SIRT1
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(silent information regulator 1). As a result, increased p53 acetylation encouraged
P53 stability and p53-associated apoptosis. Class III nuclear acetylase SIRT1 regulates
multiple genomic processes through transcription factors and histone modifica-

tion. It has been discovered that SIRT1 deacetylates a critical lysine residue, which
dysregulates p53. Furthermore, miR-34a can inhibit SIRT1s mRNA by attaching to its
3’ UTR region [98, 99]. Quercetin may successfully stop the growth and invasion of
lung cancer by targeting miRNAs. The expression of miRNAs in lung cancer cases was
influenced by a quercetin-rich diet; the most notable miRNAs were oncogene miR-
NAs, such as the miR-17 and miR-146 families, and tumor suppressor miRNAs, such
as the let-7 and miR-26 families. Integral membrane proteins of the claudin family
regulate the functioning of tight junctions (TJs), and several cancer types have been
linked to T] malfunction [100]. A study conducted on lung adenocarcinoma A549
cell lines showed that quercetin (2.5-100 pM) promoted the expression of miR-16 in
a time- and dose-dependent manner. This, in turn, reduced the stability of claudin-2
mRNA and slowed the growth of lung adenocarcinoma [101].

3.6.2 Effects of quercetin on long non-coding RNAs (Inc-RNAs) and civcular RNAs
(circ-RNAs)

It has been revealed that in NSCLC cells, miR-34a-5p downregulates IncRNA-
SNHG7 (small nuclear RNA host gene 7), while IncRNA-SNHG7 regulation increased.
Quercetin (0-100 pM) downregulated SNHG7, which led to the upregulation of
miR-34a-5p. Therefore, quercetin inhibited the proliferation, viability, invasion,
and migration of NSCLC cells by targeting quercetin/SNHG7/miR-34a-5p. One of
the characteristics of prostate cancer is elevated expression of the IncRNA MALAT1.
Research demonstrated that by modifying the regulation of EMT, PI3K/AKT, and
apoptosis-associated molecules, quercetin (0-50 pM) reduced the expression of
MALAT1, suppressing proliferation, growth, migration, and invasion in PC-3 cells
[102]. Another family of single-strand, non-coding RNAs, known as circular RNAs
(circRNAs), are produced from back-spliced exons of mRNAs and antisense RNAs.
Because of their covalently closed structures, circRNAs are immune to RNAse R’s
breakdown. Applying Qu (0-200 pM) to HCT-116 colon cancer cells inhibited cell
division by encouraging apoptosis. Thus, compared to untreated cells, quercetin-
treated HCT-116 cells had differently regulated 240 IncRNA, 131 circRNA, 83
miRNA, and 1415 mRNA, according to the whole transcription sequencing technique.
Furthermore, it was discovered that Quercetin inhibited leucine a-2-glycoprotein-1
(LRG1) regulation in HCT-116 cells to achieve its anticancer effects. Subsequent
research revealed that Qu reduced the expression of LRG1 by downregulating the
IncRNAs in a competitive manner. A different study using HeLa cancer cells showed
that quercetin (0-50 pM) changed the regulation of approximately 10 miRNAs, 1
IncRNA (MALAT1), and 71 circRNAs [103].

3.7 In vivo studies

It has been demonstrated that quercetin inhibits the growth of several malignancies
in different xenograft models. After receiving quercetin treatment, the tumor volume
was drastically reduced, and the survival rate of animal models bearing tumors was
greatly elevated. The encouragement of apoptosis and suppression of proliferation,
angiogenesis, and metastasis are examples of how quercetin inhibits these processes
in xenograft animal models [8]. In the models of breast cancer and leukemia cell
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xenograft, the inhibition of the AKT/mTOR pathway by varying doses of quercetin can
induce apoptosis and impact the cell cycle [104]. Moreover, the effects of quercetin on
tumor growth can be observed in vivo through the promotion of graft angiogenesis and
metastasis. One of the earlier discovered anti-angiogenic factors, Thrombospondin-1
(TSP-1), has been found to inhibit tumor growth. A recent investigation has revealed
that quercetin can upregulate the expression of TSP-1, leading to the inhibition of
tumor growth in a prostate cancer model using mice [105]. Additionally, ina BALB/c
mice model of breast cancer, Zhao et al. discovered that the administration of 34 mg/
kg of quercetin can inhibit angiogenesis by targeting the calcineurin/NFAT pathway
[106]. In vivo experiments have further substantiated the inhibitory impact of querce-
tin on the metastasis of tumors. Following the administration of 50 mg/kg quercetin,
the incidence of colorectal lung metastasis was notably diminished [68]. The adminis-
tration of quercetin has also been observed to deter epithelial-mesenchymal transition
(EMT) by influencing the EGFR signaling pathway and curtailing the expression of
VEGF [107]. Moreover, the suppressive effect of quercetin on the growth of allogeneic
tumors has been identified in tumor cell models, including lung cancer and pancreatic
cancer. Furthermore, quercetin exhibits the ability to synergize with other com-
pounds in imparting anti-tumor activity [108]. For instance, the co-encapsulation of
vincristine and quercetin within liposomal agents enhances the therapeutic efficacy

of breast cancer treatment [109]. It was shown that the injection of MCF-7 cells into
female BALB/c nude mice resulted in a decrease in the expression of VEGF, VEGFR,
and NFATc3 in the tumor tissue under Qu (34 mg/kg/day) treatment. These findings
revealed that quercetin targeted calcineurin to decrease angiogenesis in the MCF-7 cells
of xenograft mice [106]. Additionally, it has been observed that quercetin (0-100 uM)
decreased VEGFR expression in retinoblastoma cells (Y79) in a dose-dependent man-
ner, indicating its anti-angiogenic effect [110].

4. Conclusions and perspectives

Quercetin, a kind of polyphenolic flavonoid, has anticancer properties. It has been
demonstrated that quercetin exerts its anticancer effects by modulation of many
dysregulated signaling pathways, including apoptosis and autophagy. Quercetin can
stop the metastatic cascade at its start. It prevents extracellular matrix breakdown,
tumor-associated angiogenesis, and Epithelial-mesenchymal transition. Except for
a very small number of human clinical investigations that are not related to cancer,
most quercetin-recognized properties have only been studied in vitro or in animal
models. Furthermore, quercetin has not yet been the subject of any clinical trials as
a cancer treatment. Quercetin displays anticancer actions via regulating multiple
signaling pathways such as PI3K/AKT, NF-B, P53, Wnt/—catenin, MAPK, JAK/STAT,
and Hedgehog. Quercetin inhibits many intracellular signaling molecules, including
TNF-, Bax, Bcl-2, caspases, and VEGF. Quercetin has been researched for its antican-
cer properties in a variety of cancers, including breast cancer, prostate cancer, ovarian
cancer, lung cancer, colon cancer, hepatocellular carcinoma, lymphoma, and pancre-
atic cancer. However, most new quercetin anticancer research is focused on cancer in
humans. Quercetin has negligible adverse effects and negligible toxicity on normal
cells while inducing death in malignant cells via both the intrinsic pathway and
receptor-mediated extrinsic route by targeting various cellular signals. Furthermore,
quercetin is an effective adjuvant to flavonoids, such as quercetin related-glycosylated
derivatives, in addition to being able to overcome drug resistance.
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Chapter 10

Quercetin as a Possible
Cardiovascular Agent

Marvek Pytliak and Viliam Vanik

Abstract

Diseases of the cardiovascular system are among the most common causes of
morbidity and mortality in the adult population in developed countries. In addition
to the possibilities of pharmacological treatment, the positive (and negative) influ-
ence of diet and its components is well documented in many cardiovascular diseases.
Atherosclerosis is one of the main causes of chronic cardiovascular diseases. It is a
chronic inflammatory disease of the vascular wall associated with disorders of lipid
metabolism, endothelial dysfunction, migration, and proliferation of smooth muscle
cells of the vascular media, oxidative stress, and many other mechanisms. Reactive
oxygen species (ROS) contribute to the pathogenesis of many cardiovascular diseases.
An imbalance between the formation of ROS and the ability of antioxidant systems
to eliminate them leads to oxidative stress. Inhibition of ROS generation and function
is thought to be a potential therapy to attenuate the extent of various cardiovascular
diseases. The results of several studies indicate that the cardioprotective effect of
quercetin could be related to its antioxidant properties. In the presented chapter,
we will discuss the possible effects of quercetin on the prevention and treatment of
various mechanisms supporting atherogenesis and thus the development of cardio-
vascular diseases.

Keywords: quercetin, prevention, antiischemic activity, cardiovascular disease,
oxidative stress, free radicals

1. Introduction

The most common cause of death in the world is cardiovascular diseases (CVDs).
It is estimated that about 17.9 million people worldwide die of cardiovascular diseases
every year. In recent decades, CVDs have been the primary cause of death in devel-
oped countries, but currently, developing countries are rapidly approaching them
[1]. The basic pathology of atherosclerotic blood vessel involvement results in the
development of coronary artery diseases, peripheral vascular diseases, cerebrovas-
cular diseases, and subsequent development of complications of these diseases. The
main risk factors for the development and progression of atherosclerosis are relatively
well known. For didactic reasons, atherosclerosis risk factors can be divided into
influenceable and uninfluenceable. Uninfluenceable factors include, for example,
male gender, age, and positive family history. Influenceable factors include arterial
hypertension, lipid metabolism disorders, smoking, diabetes, abdominal obesity,
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lack of physical activity, and many other factors that can be influenced by non-phar-
macological procedures or pharmacologically [2]. The preventive measures within
the framework of cardiovascular diseases focus precisely on influencing those risk
factors, either by non-pharmacological or pharmacological approaches. Flavonoids
have recently been the subject of considerable interest by many experts due to their
wide range of possible benefits. Due to their wide distribution in nature and their
general availability, they have become the subject of many studies aimed at prevent-
ing and treating cardiovascular diseases [3]. In 1998, the first randomized clinical
trial that investigated the effect of quercetin on cardiovascular health in healthy
subjects was conducted [4]. One of the problems and a possible explanation for the
inconsistent results of clinical trials with quercetin is its low bioavailability. This is
mainly influenced by its low solubility in the gastrointestinal tract and rapid biodeg-
radation into inactive metabolites. Moreover, there is probably a high inter-individual
variability in the absorption of quercetin, glucosidase activity as well as variations in
the performance of metabolic enzymes, which leads to different results even when
using the same doses and forms of quercetin [5]. The increasing amount of evidence
in favor of positive cardiovascular effects has supported the clinical relevance of
modified dosage forms of quercetin using different carriers, such as nanoparticles and
microemulsions, in the following years.

2. Pathogenesis of atherosclerosis—influence of oxidative stress

The development of individual stages of atherosclerosis is caused by many
molecular and cellular events at each level—from an early lesion of fatty streaks to
a highly dangerous plaque prone to rupture. As mentioned above, the production
of ROS such as superoxide anion, hydrogen peroxide, lipid peroxides, and per-
oxynitrite and their dominance over antioxidant systems leads to oxidative stress,
which, together with endothelial dysfunction, is one of the important processes
in the initiation and progression of atherosclerosis. Dietary antioxidants (natural
free radical scavengers) and enzymes, e.g., glutathione peroxidase, can inactivate
various species of ROS. Therefore, the low concentrations of these substances act
as proatherosclerotic factors [6, 7]. High levels of oxidative stress are mediated
by many factors, including abnormal sodium metabolism control in the kidneys,
increased activity of angiotensin II, and smoking also occurs in conditions such as
hypertension. Reactive oxygen species are produced by multiple enzyme systems
found throughout the whole vascular system. Important sources of vascular ROS
include the mitochondrial electron transport chain. NADPH oxidases (NOX),
xanthine oxidase, and endothelial nitric oxide synthase (eNOS) [8]. All of the
above enzymes catalyze the transfer of electrons from their respective substrates
to oxygen molecules, reducing oxygen molecules. Basal production of ROS is
essential to ensure signaling and cellular homeostasis. The increased concentra-
tions of ROS can be beneficial in some cases, particularly in the oxidative burst
of macrophages that is required to eliminate pathogens. Oxidative stress occurs
when there is an excess of ROS, whether due to their increased formation and/or
a decrease in antioxidant capacity. Increased levels of ROS in the subendothelial
space cause oxidation of LDL (low density lipoproteins) particles. This is one of
the first steps toward atherosclerosis [9]. Monocytes entering the subendothelial
space transform themselves into macrophages, which are then transformed into
foam cells under the influence of oxidized cholesterol-rich LDL particles. At the
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same time, the process of low-grade chronic inflammation is activated. Many
cytokines, including interleukin-1 (IL-1), interferon-y (IFN-y), tumor necrosis
factor-p (TNF-p), and angiotensin II, as well as several chemokines (monocyte
chemoattractant protein-1—MCP 1, interleukin-8—IL-8, CXC cytokines and
eotaxin) increase the expression of adhesion molecules such as vascular cell
adhesion molecule-1 (VCAM-1), P- and E-selectin. Increased activity of adhesion
molecules attracts inflammatory and immune cells from the bloodstream (includ-
ing monocytes, T and B lymphocytes, leukocytes, and mast cells) [10]. Leukocytes
bound to adhesion molecules also enter the subendothelial space. At the same time,
smooth muscle cells migrate from the intima to the medium and their prolifera-
tion and collagen secretion with the formation of an atherosclerotic plaque. These
processes are mainly induced by growth factors such as platelet-derived growth
factor (PDGF) and transforming growth factor p (TGF-f). These lesions develop
through remodeling and neovascularization, which can consequently cause CVD
events [11]. The critical component of atherogenesis is dysfunctional endothelium
characterized by endothelial leakage, increased production of ROS, secretion of
proinflammatory cytokines, increased expression of surface adhesion markers, and
decreased production of nitric oxide (NO) [12]. Endothelial dysfunction increases
the risk of LDL passing into subendothelial space, where LDL can be oxidated with
the participation of ROS. Due to the constitutive expression of eNOS, endothelial
cells are the main source of NO. On the other hand, they are also important sources
of superoxide and peroxynitrite due to the uncoupling of eNOS in response to BH4
depletion [13]. As showed by Ponnuswamy et al., eNOS deficiency in ApoE—/—
mice reduces superoxide production, which indicates that eNOS uncoupling occurs
during atherosclerosis [14]. Thus, the endothelium is both a source and a target of
ROS. Oxidative stress supports endothelium in a proinflammatory state, which is
essential for atherosclerosis. Supplementation with hydrogen peroxide increases
the expression of the granule membrane protein, which facilitates the binding of
neutrophils to the surface of endothelial cells [15]. Excess ROS and oxidative stress
also induce NFkB, which promotes the expression of adhesion molecules such as
ICAM-1, VCAM-1, and E-selectin, and cytokines such as TNF-a, as mentioned
above [16].

3. The effect of quercetin on atherosclerosis

Quercetin and quercetin glycosides act as strong antioxidants by scavenging free
radicals, causing oxidative stress through their phenolic hydroxyls. It seems that the
basic mechanism of the antiatherosclerotic effects of quercetin and its glycosides
is an indirect antioxidant activity. It is likely that these compounds are involved in
modulating the expression and activity of enzymes responsible for the regulation of
oxidative stress. They also reduce the inflammatory response to various insults by
suppressing the production of proinflammatory substances (e.g., several enzymes
and cytokines) [17, 18].

Possible mechanisms of anti-inflammatory action of phenolic compounds include:

* Inhibition of the NF«B signaling pathway. This inhibition leads to downregula-
tion of gene expression of proinflammatory enzymes, e.g., inducible NOS
(iNOS), cyclooxygenase-2 (COX-2), and 5-lipoxygenase (5-LOX), and proin-
flammatory cytokines (IL-1p, IL-6, TNF-a) [19].
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* Reduction of monocyte adhesion to endothelial cells by suppressing the expres-
sion of E-selectin, MCP-1, ICAM-1, and VCAM-1 [20].

* Reduction of endothelial oxidative stress by inhibition of ROS production
dependent on NOX.

* Increasing the levels of the endothelial antiatherosclerotic factor NO by accelera-
tion of eNOS phosphorylation via mechanisms dependent on AMPK (AMP-
activated protein kinase).

* Elevation of eNOS expression by activation of Nrf2 E2 (nuclear factor erythroid
2-related factor 2) pathway [21].

* Suppression of vascular smooth muscle cells (VSMC) migration by inhibition of
platelet-derived growth factor signaling molecules, such as phosphoinositide-
3-kinase (PI3K).

* Suppression of VSMC growth by inducing apoptosis via P38 mitogen-activated
protein kinase and p53 signaling pathways activation [22, 23].

A recently published systematic meta-analysis of 16 RCTs (randomized controlled
trials) published between 2007 and 2017 focused on the effects of quercetin on the
lipid profile in subjects with metabolic syndrome. The authors of the meta-analysis
report that quercetin led to significant reductions in total and LDL cholesterol without
affecting triglyceride levels. Unfortunately, daily doses and treatment durations used
in the trials varied considerably. Treatment duration varied from 3 to 12 weeks, and
daily doses from 3.12 to 3000 mg [24]. Another meta-analysis of 9 RCTs conducted
in overweight and obese patients confirmed that quercetin supplementation could
significantly reduce LDL cholesterol levels at doses >250 mg per day and at a total
dose >14,000 mg (i.e., at least 56 days of quercetin administration) [25]. It is assumed
that quercetin also interferes in the activity of matrix metalloproteinases (MMPs). In
the studies using molecular modeling techniques, cultured endothelial cells, murine
macrophage cells, and in hypertensive rats, quercetin downregulated the expression of
MMP-1, MMP-2, and MMP-9. This is the effect that translates into the prevention of
plaque instability [26-28]. Quercetin was found to have an antiaggregatory effect on
rat platelet-rich plasma depending on the concentration [29]. A synergistic increase in
the antiplatelet effect was noted when quercetin was added to aspirin [30]. In addition,
isorhamnetin and tamarixetin, two methylated metabolites of quercetin, have been
shown to inhibit platelet aggregation and thrombus formation iz vitro via effects on
activation processes such as integrin activation, granule secretion, and intracellular
Ca”* mobilization. Their antithrombotic effect was confirmed in mouse cremaster
arterioles with laser-induced thrombi [31]. Quercetin significantly increases cyclic
adenosine monophosphate (AMP) levels and inhibits arachidonic acid and adenosine
diphosphate (ADP)-induced platelet aggregation, in human platelets [32].

4. The effect of quercetin on hypertension

The most common cardiovascular disease present in 1.28 billion adults worldwide
is hypertension. Hypertension is a recognized risk factor for the development of
atherosclerosis and other cardiovascular diseases. It is estimated that almost 50%
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of adults with hypertension are not aware of the elevated blood pressure. There are
only 20-30% of treated people for hypertension that are under the control [33].
Bioflavonoids, especially quercetin, one of the most important of these, can find their
place in the prevention and treatment of hypertension due to their anti-inflammatory
potential, as recent findings suggest [34]. There are many mechanisms of hyperten-
sion. All of them result in endothelial dysfunction. In addition, oxidative stress
accompanied by ROS contributes to this dysfunction. Consequently, this dysfunction
disconnects the endothelial nitric oxide synthase (eNOS) which leads to a reduction
of the bioavailability of nitric oxide (NO). NO is an endogenous relaxing factor that
regulates vascular tone as well as vascular and cardiac remodelation. Decreased NO
levels are associated with hypoxia and the progression of cardiovascular diseases in
patients with pre-existing vascular dysfunction [35]. The contribution to vasodilata-
tion of healthy individuals is ambiguous. It is assumed that the protective effect of
quercetin on endothelial dysfunction is related to its antihypertensive effect. The
scavenging activity of quercetin against ROS helps this effect and reduces endo-
plasmic stress. In vitro study from Lin et al. demonstrated that 20 pmol of quercetin
reduced intracellular ROS levels in endothelial cells of mesenteric arteries isolated
from hypertensive and normotensive animals [36]. Quercetin can improve vascular
function via the activated protein kinase (AMPK) pathway inducing activation of
eNOS and, thus, NO production, as ex vivo endothelial function studies have shown
[37]. Both in vitro studies conducted by Pereira et al. [38] and Lin et al. [36] con-
firmed the involvement of quercetin-induced autophagy, which leads to improved
endothelial cell quality and increased NO production. Long-term administration of
quercetin in an animal study induced progressive reduction of SBP (systolic blood
pressure) in spontaneously hypertensive rats (SHR). This effect reached statistical
significance after the first week of treatment, while in a group of Wistar Kyoto rats,
no changes were observed. After 5 weeks of treatment, direct measurements of blood
pressure in conscious rats showed that quercetin treatment on SHR induced a signifi-
cant reduction in systolic (—18%), diastolic (—23%), and mean (—21%) arterial blood
pressure. Quercetin also significantly reduced the heart rate (—12%) in these rats
[39]. Besides that, administration of quercetin appears to correlate with a reduction in
oxidative stress in the aortas of 2K1C rats. However, its effect on systolic blood pres-
sure (SBP) values in 2K1C rats is controversial. A dose-dependent decrease in SHR
was observed, with a high dose of quercetin (>7 mg/kg) required to achieve a signifi-
cant decrease (p < 0.05) in both systolic (SBP) and diastolic blood pressure (DBP)
[38]. The results of another animal study, where rats were fed a high-salt content diet
(0.8% NaCl) during 12 weeks, showed, as expected, an increase in systolic, diastolic,
pulse, and mean arterial blood pressure. Chronic salt overload also led to an increase
in lipid peroxidation and a decrease in the activity of antioxidant enzymes. Treatment
with rutin and quercetin for almost 2 weeks resulted in a remarkable reversal of

these indicators when compared with animals that continued only on a high-salt diet
(no treatment group). A high-salt content diet also led to a significant increase in
concentrations of urea, creatinine, glucose, triacylglycerols, total cholesterol, and
low-density lipoproteins. The effect of a high-salt diet on the observed parameters
was partially reduced by the administration of rutin or quercetin, while the reference
drug nitrendipine showed a smaller effect than these two flavonoids. The results of
this study confirm the role of rutin and quercetin as relatively potent antihyperten-
sives and antioxidants [40]. In several iz vitro and in vivo studies, quercetin has been
shown to inhibit angiotensin-converting enzyme (ACE) by binding a zinc molecule
to the active site of the ACE. Blocking the active site of the enzyme slows down the
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conversion of angiotensin I to angiotensin II. This effect is probably related to the
chemical structure of flavonoids, mainly the presence of a 30-40 catechol group on
the B ring and a double bond and a ketone group on the C ring [41, 42].

On the other hand, the study by Carlstrom et al. did not demonstrate the effect of
a diet supplemented with quercetin on the development of arterial hypertension and
its complications (e.g., vascular dysfunction and remodeling, hypertrophy of the left
ventricular myocardium) in spontaneously hypertensive rats. However, they attrib-
uted this discrepancy to the route of administration [43].

Egert et al. found that quercetin in humans led to a significant reduction in systolic
blood pressure in all obese and hypertensive participants [44]. On the other hand,
Edwards et al. reported that quercetin had no significant effect on blood pressure in
prehypertensive patients. Significant reduction in systolic and diastolic blood pressure
was shown only in case of patients with stage 1 hypertension [45]. A meta-analysis
of data from nine treatment arms of RCTs showed a significant reduction in SBP and
DBP after quercetin supplementation. The effect of quercetin probably also depends
on the length of its administration. A decrease in both SBD and DBP at the borderline
of statistical significance was demonstrated in studies lasting >8 weeks, while no sig-
nificant effect on blood pressure was found in studies in which quercetin was admin-
istered for less than 8 weeks. When the studies were categorized by dose of quercetin,
there were significant reductions in systolic BP in RCTs with doses >500 mg/day and
lack of significant effect at doses <500 mg/day. Adjusted indirect comparison did not
suggest any significant difference between either of the doses [46].

5. Quercetin and dyslipidemia

Quercetin supplementation significantly reduced levels of plasmatic triglycerides
at doses above 50 mg/day, as pointed out in the recent meta-analysis by Sahebkar
et al. [47]. However, the available evidence from the 5 RCTs included in this meta-
analysis showed a non-significant relationship between quercetin supplementation
and other lipid metabolism parameters (total cholesterol, LDL, HDL) [47]. Another
systematic review of 9 RCTs described by Guo et al. showed no statistically significant
changes in plasma lipids with quercetin supplementation, with the exception of the
administration of higher doses of quercetin (more than 250 mg/day) to overweight
and obese subjects, in whom it might lower LDL cholesterol [25]. Some other
researchers supported the beneficial effects of quercetin in patients with dyslipidemia
and metabolic syndrome, when used as add-on therapy. Mazza et al. demonstrated
improved plasmatic levels of triglycerides and LDL in hypertensive and dyslipid-
emic patients with statin intolerance when receiving quercetin in combination with
ezetimibe [48]. Quercetin supplementation significantly reduced plasma levels of
total cholesterol, LDL, and CRP in patients with metabolic syndrome, as a recent
meta-analysis of 16 RCTs has shown [24]. In animal studies, serum triglycerides and
total cholesterol levels decreased after quercetin consumption, but this effect was
observed only in animals with higher blood lipid concentrations. Quercetin had a
beneficial effect on plasma lipid profile in db/db mice [49]. In a study in Western diet-
fed mice, Kobori et al. found that quercetin reduced the expression of peroxisome
proliferator-activated receptor-a (PPAR-a) and sterol regulatory element-binding
protein-1c (SREBP-1c) in the liver, leading to a decrease in triacylglycerol synthesis
[50]. Quercetin appears to reduce acetyl-CoA carboxylase (ACC) activity and de novo
synthesis of fatty acids and triglycerides in rat hepatocytes. This mechanism could
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explain the documented effect of quercetin on reducing the concentration of triacyl-
glycerols. Thus, quercetin may improve dyslipidemia through multiple mechanisms,
particularly by regulating the expression of PPAR-a, SREBP-1c, and ACC [51].

In addition, quercetin showed a protective effect against high-cholesterol diet-
induced cardiac diastolic dysfunction in hyperglycemic rats. This effect is probably
caused by the hindrance of cholesterol accumulation and the reduction of ATP, which
prevents the change in the expression of PGC-1a, UCP2, and PPARy receptors [52].

In vitro study by Sun et al. in human THP-1-derived macrophage cells showed that
quercetin causes cholesterol efflux, reducing foam cell formation. This potentially
slows down the development and progression of atherosclerosis. This effect of quer-
cetin appears to be mediated by up-regulation of the cholesterol transporter ABCA1
and the transcription factor PPARy [53]. Cui et al. reported the same findings after an
8-week-long treatment of apolipoprotein E-deficient atherosclerotic mice with quer-
cetin [54]. Several studies have shown that quercetin can prevent the overexpression
of genes for ICAM-1 and MCP-1 and thereby inhibit cell migration in atherosclerotic
plaques, reducing the risk of stroke [55]. Liang et al. underlined the importance of
developing new delivery systems that are able to increase the solubility of quercetin in
their studies in cell lines iz vitro and in an animal model in vivo [56].

6. Quercetin and dysrhythmias

The energy requirements for sustained electrical and contractile activity of the heart
muscle are from more than 90% saturated with cellular adenosine triphosphate (ATP),
which is produced by mitochondrial oxidative phosphorylation. Reactive oxygen species
are widely present in human cells and, among other things, act as active factors in infor-
mation transfer and cell apoptosis. As already mentioned, ROS are mainly produced in
the mitochondrial electron transport chain (ETC), xanthine oxidase, NADPH oxidase
(NOX), and nitric oxide synthase (NOS) [57]. Their excess, which can have a harmful
effect, is then eliminated by enzymes such as superoxide dismutase (SOD), catalase, etc.
An excess of ROS causes mitochondrial oxidative stress, which negatively affects cardiac
excitability, mainly by worsening the function of sodium, potassium, calcium channels,
and transporters. This potentially leads to structural and electrical remodeling of the
heart with the possible occurrence of various types of arrhythmias [58, 59]. In response
to various types of damage, the heart responds adaptively by cardiac remodeling, which
is characterized by compensatory maladaptive cardiomyocyte hypertrophy and collagen
production with fibrosis formation. Accumulation of the extracellular matrix (EMC)
in the myocardium increases the stiffness of the ventricles and impairs relaxation and
contraction of the heart. This process, known as cardiac fibrosis, is known to be the
underlying pathological basis of various heart diseases. The three main components of
arrhythmogenesis and arrhythmia maintenance are:

* substrates,
* triggers,
¢ and facilitators.

There is ample evidence that fibrosis is one of the main substrates for the devel-
opment and maintenance of arrhythmias. It is proven that fibrosis can contribute
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to the development and maintenance of arrhythmias by several mechanisms, pri-
marily through direct electrophysiological mechanisms, as well as indirect cellular
mechanisms [60, 61].

Fibrosis can be divided into four different patterns: compact, interstitial, patchy,
and diffuse. Of these four types, patchy and interstitial fibrosis in particular can
disrupt the electrical connections between cardiomyocytes, causing discontinuous or
“zig-zag” conduction that induces arrhythmias. In addition to discontinuous “zig-
zag” conduction, cardiac fibrosis may induce other electrophysiological abnormalities
through the heterocellular electrical coupling of myofibroblasts and cardiomyocytes,
contributing to the development of arrhythmias [62]. Quercetin can positively
influence arrhythmias mainly through its effect on cardiac ion channels, improving
calcium homeostasis, affecting gap junctions and mitochondrial channels, inhibiting
mitochondrial oxidative stress and suppressing cardiac fibrosis, inflammation, modu-
lation of autophagy and apoptosis, as well as improving ischemia/reperfusion injury
and gut microbiota [63]. Quercetin also regulates or even directly inhibits critical sig-
naling pathways and key molecules involved in the pathomechanism of arrhythmias,
such as TGF-p/Smad, NF-xB and PI3K/AKT and others [64]. In summary, it appears
that quercetin can prevent and treat arrhythmias by affecting multiple targets, direc-
tions, and pathways in arrhythmogenesis. This may have great potential and clinical
application value in the future. Nevertheless, there are some objective limitations of
the current research and many questions remain to be resolved.

7. Quercetin in diabetes mellitus

Diabetes mellitus is best defined as a group of endocrine diseases characterized by
hyperglycemia as a result of defective insulin secretion or insulin resistance. Insulin
signaling has been well defined at the molecular level, but the exact reason for insulin
resistance in tissues (especially skeletal muscle), adipose tissue, or liver has not yet
been precisely elucidated. Imbalance between ROS and antioxidant defense systems
leading to oxidative stress is evident in T2DM pathogenesis [65]. In addition, ROS
directly damages mitochondrial DNA, lipids, and proteins and stimulates mitophagy
[66]. Mitochondrial dysfunction reduces the catabolism of metabolic substrates,
leading to the accumulation of lipid metabolites that contribute to the development
of insulin resistance in skeletal muscles, adipocytes, and liver [67]. Hyperglycemia
has a harmful effect on the mitochondrial oxygen consumption rate in pancreatic beta
cells. That worsens glucose-responsive insulin secretion and stimulates apoptosis.
Mitochondrial-targeted ROS-scavenging antioxidants have been shown to reduce lipid
peroxidation and improve disease status in animal models of several diseases, includ-
ing neurodegenerative diseases, diabetic kidney damage, hypertension, Parkinson’s
disease, and cardiovascular diseases [68]. Excessive accumulation of lipid metabolites
inside cells also activates the serine kinase pathway, leading to reduced insulin stimu-
lation and decreased hepatic glucose uptake. Reduced quantity and activity of insulin
receptors, serine/threonine hyperphosphorylation of the insulin receptor substrate
IRS-1, reduced activity of PI3K, Akt kinase, and PTP1B, and defective expression of
GLUT#4 have been reported among patients with T2DM [69].

Numerous in vitro and prospective animal and clinical studies provide significant
evidence that bioflavonoids can be considered as potential agents for the prevention
and treatment of diabetes and its complications. Studies conducted on streptozotocin
(STZ) induced diabetes rats and type 2 diabetic rats revealed that quercetin can lower
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blood glucose levels and improve glucose tolerance [70, 71]. Quercetin has also been
shown to activate adenosine monophosphate-activated protein kinase (AMPK) in rat
liver, which reduces glucose synthesis primarily through the downregulation of gly-
cogen isoenzymes such as phosphoenolpyruvate carboxylase (PEPCK) and glucose-
6-phosphatase (G6Pase) [72]. By promoting GLUT4 translocation to cell membranes
in mouse skeletal muscle cells, quercetin increases glucose re-uptake. These findings
suggest that quercetin may be involved in the regulation of glucose metabolism,
increasing glycolysis, and decreasing gluconeogenesis [73].

8. Conclusion

Quercetin is one of the most potent and widespread biologically active flavonoids
found in fruits and vegetables. Flavonoids are special chemicals in plants called phy-
tonutrients and have a wide range of health benefits. Diet plays a vital role in reducing
the risk of cardiovascular diseases such as heart disease and stroke. Because fruits
and vegetables contain flavonoids, eating more of them can reduce the risk of these
diseases. As mentioned above, quercetin can improve a wide range of cardiovascular
diseases and many risk factors for their development.

In doses commonly found in food, quercetin is unlikely to interact with drugs
used for various diseases. The question is whether it affects the effect of other drugs
in supranormal doses when supplemented. As mentioned above, quercetin has
vasodilating effects. Although this effect may be beneficial in some cases, it may also
potentiate the effects of antihypertensive drugs, potentially leading to unwanted
hypotension. Quercetin can thus interact with various antihypertensives, such as ACE
inhibitors, calcium channel blockers, and beta blockers. Quercetin is found in foods
such as onions, apples, and tea and has mild diuretic properties. Thus, when com-
bined with diuretics, the diuretic effects of quercetin may be additive, leading to an
increased risk of dehydration or electrolyte imbalance [74, 75]. Therefore, monitoring
blood pressure and some biochemical parameters is important when administering
quercetin preparations and antihypertensives simultaneously. In addition, some stud-
ies suggest that quercetin can inhibit enzymes of the cytochrome P450 system, which,
among other things, are involved in drug metabolism. This inhibition could poten-
tially affect the metabolism and clearance of some drugs and thus lead to changes in
the levels of these drugs in the body [76, 77].

However, regardless of its mechanism of action, we still need to confirm the
cardiovascular risk-reducing effect of quercetin in humans and its potential pharma-
cological interactions in larger randomized clinical trials.
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