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Abstract

Nonalcoholic fatty liver disease (NAFLD) is the most common form of chronic liver disease, affecting almost

one-third of the general population and 75% of obese patients with type 2 diabetes. The aim of this article is
to review the current evidence concerning the role of quercetin, a natural compound and flavonoid, and its
possible therapeutic effects on this modern-day disease. Despite the fact that the exact pathophysiological
mechanisms through which quercetin has a hepatoprotective effect on NAFLD are still not fully elucidated,
this review clearly demonstrates that this flavonoid has potent antioxidative stress action and inhibitory
effects on hepatocyte apoptosis, inflammation, and generation of reactive oxygen species, factors which
are linked to the development of the disease. NAFLD is closely associated with increased dietary fat
consumption, especially in Western countries. The hepatoprotective effect of quercetin against NAFLD
merits serious consideration and further validation by future studies.
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INTRODUCTION

The liver plays an indispensable role in the metabolism of
xenobiotics as a detoxifying organ, in order to maintain
metabolic homeostasis. As a consequence, the liver is quite
often the primary target of certain insults that promote
the dysregulation of its homeostatic mechanisms, leading
to the development of hepatic diseases.!! Nonalcoholic
fatty liver disease (NAFLD) is the most common form
of liver disease in Western countries, accounting for a

global prevalence that may exceed 25%.%
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NAFLD usually coexists with metabolic syndrome features,
such as obesity, type 2 diabetes, and dyslipidemia, and can have
variable severity of liver injury ranging from simple hepatic
steatosis (fatty liver) to nonalcoholic steatohepatitis (NASH),
with the potential development of cirrhosis.”’ NASH can be
distinguished from fatty liver histologically by the presence
of hepatocyte injury (hepatocyte ballooning and cell death),
accompanied by excessive inflammatory infiltration, and
collagen deposition in hepatocytes.F!
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NASH-associated cirrhosis leads to liver decompensation
and failure, which has become the second most common
etiology of liver disease leading to liver transplantation in
Western countries. While NASH cirrhosis is associated
with an increased risk of hepatocellular carcinoma, this
disease entity can occur at the onset of NASH even in the
absence of cirrhosis.”! Thus, NAFLD has an increasing
economic and clinical burden worldwide."” Recently,
the prevailing theory for the development of NASH
has been proposed by Day and James!"l in 1998, under
the theory of “two hits” hypothesis. While the “first
hit” refers to the deposition of free fatty acids (FA) and
triglyceride (TG) in liver cells, the “second hit” applies to
the progression of steatosis to NASH and contributing
factors like oxidative stress, mitochondrial dysfunction,
and production of cytokines, inducing inflammation,
fibrosis, and necrosis.!?

Oxidative stress, which refers to the imbalance between
the production of free radicals (FR) and the antioxidant
defenses, seems to be an important mechanism in
the pathogenesis of NASH. The overproduction of
prooxidants has been linked with deleterious and significant
cell-damage results, such as lipid peroxidation, protein
degradation, and oxidative DNA damage.[” Oxidative
stress is associated with increased release of potentially
harmful cytokines, such as interleukin-6 (IL-6), tumor
necrosis factor-o (TNF-o) and transforming grown

factor-f (TGF-B).

In order to elucidate the pathophysiology and treatment
options for NAFLD, scientists have reviewed the
role of antioxidant supplements, which may help to
maintain the redox homeostasis by direct elimination
of excessive reactive oxygen species (ROS) or
by halting the dysregulation and inactivation of
protecting endogenous antioxidative enzymes.!'*!)
Quercetin (3,3°,4°,5,7-pentahydroxyflavone) (QE), one
of the most common flavonoids in various leafy greens,
tomatoes, berries, fruits, botanicals, and red wine,
has been studied as a potent dietary antioxidant.!'®"!
Emerging scientific evidence has highlighted the role
of QE in reversing and ameliorating the symptoms
of NAFLD via suppression of lipid accumulation
in vivo and in vitro." However, the exact pathway of
its protective role still remains undiscovered, although
a growing body of evidence has proposed possible
signaling pathways, which may be crucial in this
direction."” This article aims to review the current
evidence concerning the role of QE and its possible
therapeutic effects on NAFLD.

ANTIOXIDATIVE PROPERTIES OF QUERCETIN
AND ITS THERAPEUTIC IMPLICATIONS

QE belongs to the class of flavonoids, natural products
derived from 2-phenylchromen-4-one. Its potent
antioxidant property is based on its ability to scavenge free
radicals and ROS.”" QE can halt the propagation of lipid
peroxidation, by having the ability to increase glutathione
levels.”!l It is also capable of preventing Ca**-dependent
cell death, whereas its conjugate metabolites may ameliorate
the cell damage caused by smoking.*

This natural compound has been reported to provide
protection against sodium fluoride-induced oxidative stress
and is beneficial for liver and kidney function in rats.*!
Morteover, QE has been shown to increase the endogenous
antioxidant activity, via its significant benefaction to
the total antioxidant capacity.” Its role against sodium
fluoride-induced oxidative stress is correlated with the
cardioprotective properties in rat hearts.” Interestingly
enough, it has been proved to act also as a prooxidant
compound. More specifically, quercetin-quinone (QQ),
a product of its oxidation, has been found to react with
thiols such as glutathione, leading to the loss of the protein
function, the ‘quercetin paradox’.*”!

Numerous studies have reviewed the possible therapeutic
implications of QE. To begin with, a Phase I clinical trial
showed evidence of its antitumor activity.”” Numerous
in vitro studies have consistently reported anticancer
effects of QE in a variety of cancer cell lines.””? Cancer
cells produce excessive quantities of ROS as a result of
abnormalities in intracellular signaling networks, resulting
in oxidative stress; a fact that makes them prone to
prooxidant substances that disrupt redox equilibrium.
The antioxidant and cell-protective properties of QE,
through the interaction of its metabolites with ROS, are
well-known.””! However, in B16F10 melanoma cells and
many other cancer cells, QE shows strong prooxidant
actions (instead of anti-oxidant properties) and raises
cellular levels of ROS to cytotoxic levels. As a result, QE
could be employed to kill cancer cells selectively and could
be therapeutically beneficial P!

In order to explain this paradox, we have to understand the
molecular mechanism underlying the anti-apoptotic and
pro-apoptotic effects of this substance. The interaction of
QE with reduced glutathione (GSH) determines whether
it will have one or the other of the aforementioned
properties. During oxidative stress, QE interacts with
hydrogen peroxide (H202) in the presence of the enzyme
peroxidase to create semiquinone-radicals, which are then

320 Saudi Journal of Gastroenterology | Volume 27 | Issue 6 | November-December 2021



Sotiropoulou, et al.: Quercetin and nonalcoholic fatty liver disease

oxidized to form quercetin—quinone products (QQ).
Strong prooxidant and pro-apoptotic properties of
QQ products trigger apoptosis by reacting with protein
thiols and DNA. Upon reaction with GSH, QQ forms
glutathionylquercetin (GSQ) derivatives, such as 8-GSQ
and 6-GSQ. Interestingly, this reaction is reversible and
allows dissociation of GSQ into GSH and QQ. In the
presence of high GSH levels, QQ reacts with GSH to
form GSQ and QQ again and in this situation QQ does
not accumulate enough to induce apoptosis. However, in
the presence of low levels of GSH, QQ accumulates and
reacts with protein thiols and DNA to induce apoptosis.*”

Depending on the concentration, type of tissue cells, source
of free radicals, and availability of transition metal ions or
alkalis, QE can either reduce or promote ROS formation.
QE functions primarily as an antioxidant and also
antiapoptotic at low concentrations, but at high quantities
it can operate as a prooxidant, producing severe oxidative
stress in cells and ultimately apoptosis and cell death.?”

It was also reported that it can significantly reduce
blood pressure.” Furthermore, QE was found to have
antiaging properties, promoting survival of primary
human fibroblasts (HFL-1), and even a rejuvenating
effect on this kind of cells.””! Additionally, it could also
eliminate senescent endothelial cells. This flavonoid is also
considered antiallergic by inhibiting mast cell secretion,
capable of decreasing the release of molecules such
as tryptase, MCP-1, and 1L-6, potentially beneficial to
asthmatic patients."

One meta-analysis reported that QE has anti-hypertensive
and antiatherogenic effects, preventing endothelial
dysfunction, protecting from myocardium ischemic
disease and stroke.’™ Several studies have assessed the
pro-apoptotic action of QE in cancer cells through
inhibition of PI3K, NF-B, and other kinases.P% Its
anti-cancer effect can also be explained by its capability to
inhibit mTOR activity.P"

Anti-inflammatory effects have also been attributed
to QE through inhibition of production of enzymes
usually induced by inflammation (cyclooxygenase and
lipoxygenase), whereas through mechanisms of
adipogenesis and apoptosis QE also shows anti-obesity
properties.’”) In an animal model with type 2 diabetes
mellitus, the hypoglycemic effects of dietary QE have
been investigated in diabetic mice. Plasma glucose, insulin,
adiponectin and lipid profiles, and lipid peroxidation of
the liver were determined. Plasma glucose levels were
significantly lower not only in the low-QE group but also

in the high-QE group when compared to controls.[*]
Additionally, some studies reported the beneficial role
of QE against ethanol-induced gastric ulcers and
gastroesophageal reflux disease as well as inhibition of
growth of helicobacter pylori*'* Last but not least, QE
was found to have antiviral activity against HIV as well as

against other retroviruses.[**

PATHOPHYSIOLOGY OF NAFLD

NAFLD refers to the presence of greater than 5-10%
lipid content accumulation in the liver, which eventually
leads to increased oxidative stress within the hepatocytes,
reduced oxidation of fatty acids, and increased triglyceride
synthesis and accumulation.*”)

Despite the fact that it resembles histologically
alcohol-induced liver injury, this entity usually refers to
people with minimal or no history of alcohol abuse. The
significant upsurge in the incidence of NAFLD has been
attributed to the increased dietary consumption of high-fat
diets or refined sugars.’*!

Liver steatosis is considered the result of an imbalance
between the amount of FA input (uptake and synthesis with
subsequent esterification to T'Gs) and output (oxidation
and secretion). Hepatic FA uptake is correlated with
levels of plasma free fatty acids (FFAs) released from
hydrolysis of adipose tissue TGs, the amount of FFAs
from hydrolysis of lipoproteins, and dietary FFAs.*l De
novo fatty acid synthesis in humans occurs as a result of a
series of reactions that take place in the mitochondria and
the cytosol of liver cells. This procedure depends on several
carriers and enzymes, such as mitochondrial citrate carrier,
acetyl-CoA carboxylase, fatty acid synthase, diacylglycerol,
acyltransferase, and stearoyl-CoA desaturase 1.1 Several
nuclear transcription factors have also been implicated
in this biochemical procedure, such as sterol regulatory
element-binding proteins, carbohydrate-responsive element
binding protein, liver X receptor @, farnesoid X receptor,
and peroxisome proliferator-activated receptors.*!

As mentioned before, liver fatty acid oxidation occurs
primarily within the mitochondria, being transported into
the mitochondrial matrix by a carnitine-dependent enzyme
shuttle. The pivotal role of mitochondrial B-oxidation
encompasses a series of dehydrogenation, hydration, and
cleavage reactions catalyzed by several enzymes.*! The
acyl-CoA molecule is shortened by two carbon units in
every cycle and the final product acetyl-CoA then enters
the Krebs cycle if there is an abundance of oxaloacetate;
otherwise, it can be utilized for the production of ketone
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bodies. FADH2 and NADH, which are produced from
the process of P-oxidation then transfer their electrons
to oxygen through the respiratory chain. An alternative
pathway for fatty acids includes esterification to TGs and

then storage within hepatocytes or secreted into the blood
as VLDL.B"

Liver lipid accumulation in hepatocytes and the development
of steatosis is considered the result of prolonged
positive energy balance (de novo lipogenesis), adipose
tissue dysfunction and insulin resistance mechanisms,
dysregulation of fatty acid oxidation, and mitochondrial
metabolism. The traditional “two-hit” pathophysiological
theory has been lately substituted by the “multiple parallel
hits” hypothesis [Figure 1], which refers to the results
of different parallel hits, linked with insulin resistance,
oxidative stress, cytokines, and microbiota modifications,
along with environmental elements, instead of TG
accumulation as the “first hit”, which in turn is followed
by the “second hit”—which is the result of the action
of molecules like cytokines, bacterial endotoxins, and
mitochondrial dysfunction.!""!l

A growing body of scientific data indicates that structural
and functional alterations in mitochondria inside the
hepatocytes play a pivotal role in the development of
NAFLD. The structural alterations refer to depletion
of mitochondrial DNA, as well as morphological
changes, whereas the functional alterations include a
dysregulation pathway of mitochondrial -oxidation.
The aforementioned alterations seem to result in depletion
of ATP storage and formation of ROS and excessive fat
deposit with deletetious effects.”’! During this procedure,
diminishing levels of NADH and FADH2 are used by
the respiratory chain reactions in order to generate ATP.
Simultaneously, the expression of respiratory proteins

Environmental
elements
Microbiota
modifications ¥
( NAFLD &

NASH

Oxidative stress

7

Proinflammat
oy Insulinresistance
cytokines

Figure 1: Multiple parallel hits hypothesis

is increased in order to compensate for the reduction in
the activity of the respiratory complexes. In accordance
with this hypothesis, an increase in expression of the
uncoupling protein 2 isoform was found in rats with
NAFLD.FY1 ROS, which is produced, initiate oxidative
damage to phospholipids like cardiolipin, which is present
in the inner mitochondrial membrane, playing a crucial
role in mitochondrial function. As cytosolic fatty acids
accumulate due to mitochondrial dysfunction, alternative
pathways atre activated in the peroxisomes (-oxidation)
and microsomes (W-oxidation), leading to an exaggeration
of production of additional ROS.P’!

Oxidative stress is one of the key mediators of liver
damage and progression to NASH. Again, the imbalance
between the excessive formation of prooxidants (ROS and
reactive nitrogen species) and the counteracting antioxidant
mechanisms show causality with increased oxidative stress
associated with NAFLD.®l In mitochondria, increased ROS
production can damage their membrane. Phospholipids
containing polyunsaturated fatty acids (PUFAs) are a major
component of their membrane and are more prone to
oxidative damage. Consequently, peroxidation of these
mitochondrial structure elements could aggravate impairment
of the activity of the respiratory chain, leading to an
additional decrease in ATP synthesis and increase in levels of
ROSPTPUFA peroxidation seems to be able to reduce VLDL
secretion; a factor that may play a role in TG accumulation in
the liver. PUFA peroxidation also results in the production
of aldehydes, which in turn can dysregulate cellular
homeostasis, affecting nucleotide and protein synthesis,
reducing levels of glutathione, and increasing production
of the proinflammatory cytokine TNF-ot. All these insults
together may cause hepatocyte death, inflammatory changes
within the cells, and liver fibrosis.P”*®

Dysbiosis, which refers to the disruption of the normal
gut microbiota has also been investigated as a key
pathophysiological mechanism for the development
of NAFLD. Changes in SCFA metabolism, increased
intestinal permeability and LPS activation of TLR
and inflammasomes, endogenous ethanol production,
decreased choline availability and TMA (trimethylamine)
production have all been implicated in this pathological
process.’) Human studies have compated gut microbiota
composition between patients with NAFLD, NASH,
NAFLD cirrhosis, and healthy liver as controls in order to
discover gut microbiota or microbiota-related metabolite
signatures.’! Such signatures could be used as non-invasive
diagnostic tools helpful for the management of these
patients, instead of the standard liver biopsy that nowadays
is imperative to assess disease screening or progression.”!)
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QUERCETIN, LIVER DISEASE AND NAFLD

Several studies have been published highlighting the
hepatoprotective role of QE [Table 1]. In a study with
rats that were treated with ethanol, QE proved to be
beneficial on chronic ethanol-induced liver injury. QE
supplementation resulted in an increase in glutathione

content.[*

I Similar studies have investigated the pathway of
alcohol toxicity to be mediated by excessive ROS production
because of ethanol metabolism by alcohol dehydrogenase,
catalase, and especially by CYP2E1, showing that QE may

have a protective role on alcohol-induced liver injury.[>¢4

QE also showed hepatoprotective properties in liver
injury caused by metal toxicity, such as cadmium, lead
acetate, nickel, fluoride, copper, and iron, by affecting
different pathways related to oxidative stress, antioxidants,
apoptosis, mitochondrial dysfunction, DNA fragmentation,
and ROS."%%1 Moreover, medical literature has also
highlighted the liver-protective effects of QE against

pesticides like polychlorinated biphenyl (PCB) in rat liver
cells, chlorpyrifos, lindane, fenvalerate, and diazinon via
pathways involving oxidative stress, inflammation, and
apoptosis.®!l

Furthermore, numerous experimental studies in animal
models have reviewed the beneficial role of QE against
hepatotoxicity from various drugs like streptozotocin,
acetaminophen, and thioacetamide.”* Alleviation of
streptozotocin-induced diabetes in mice by suppression of
blood glucose levels and decreased plasma insulin levels,
facilitating the recovery of cell function in the liver of mice
has been reported.®!

Recent studies evaluated the role of QE as ahepatoprotective
agent against viral hepatitis, finding a significant positive
association with reduced production of infectious HCV
particles via inhibition of heat shock proteins (HSPs).["]
Similarly, Bachmetov ez a/"" reported that QE inhibited

Table 1: In vivo studies involving quercetin and NAFLD

Author Year Animal model Mechanism of Effects Mechanism of action
induced NAFLD
Yang et al.l®”! 2019 C57BLKS/])/ diabetic vs control  reduction in liver swelling, antioxidation, antiinflammatory effect and
Lepdb/Lepdb mice normalization of liver enzymes, improved lipid metabolism via activating
(db/db) mice and reduced hyperglycemia FXR1/TGR5 signaling pathways
Liu et al.t%] 2018 C57BL/) HFD alleviated hepatic steatosis enhancing frataxin-mediated PINK1/
Parkin-dependent mitophagy
Zhu et al.l*” 2018 Sprague-Dawley HFD alleviated hepatic steatosis hepatic VLDL assembly and lipophagy
rats are the main targets of quercetin against
NAFLD via the IRE1a/XBP 1s pathway
Porras et al.l®! 2017  mice HFD Improved gut microbial balance reverted gut microbiota imbalance and
and related gut-liver axis related endotoxemia-mediated TLR-4
activation pathway induction
Shimizu et al.¢”! 2015 Caco-2 cells - alleviated hepatic steatosis mRNA levels of apolipoprotein B
downregulated
Pisonero-Vaquero 2015 Mice methionine-choline- alleviated hepatic steatosis phosphatidylinositol 3-kinase (PI3K)/AKT
et al.l’® deficient (MCD) pathway modulation
diet
Surapaneni et al.’" 2014 Rats HFD alleviated hepatic steatosis reducing the levels of CYP2E1
Ying et al.t®! 2013  Gerbils HFD decreased levels TC, TG, LDL-C,  reduced levels of pro-inflammatory
ALT, AST cytokines TNF-o and IL-6
Jung et al.’% 2013 C57BL/6) mice HFD reduction in liver weight and downregulated lipid metabolism-related
amount of triacylglycerols and genes Fnta, Pon1, Pparg, Aldh1b1, Apoa4,
lipid droplet Abcg5, Gpam, Acaca, Cd36, Fdft1 and Fasn
Li et al.73 2013 HepG2 cells - alleviated hepatic steatosis suppression of lipogenesis gene expression
levels of SREBP-1c and FAS
Panchal et al.”4 2012 rats HFD attenuated liver steatosis down-regulation of NF-kB, up-regulation of
Nrf2, increased expression of CPT1a
Marcolin et al.® 2012 C57BL/6) mice methionine-choline- lower degree of liver steatosis, reduced proinflammatory and profibrotic
deficient (MCD) reduction in oxidative stress gene expression and oxidative stress
diet
Kobori et al.”®! 2011 C56BL/6) mice HFD Improved TG levels, thiobarbituric expression of hepatic genes related
acid-reactive substances, to steatosis, such as peroxisome
glutathione levels and proliferator-activated receptor y and sterol
peroxisome proliferator-activated regulatory element-binding protein-1c
receptor a expression normalized
Kobori et al.’”! 2009 mice STZ-induced increase in blood glucose levels, inhibition of Cdkn1a expression
diabetic mice improved plasma insulin levels
Casaschi et a/.l"! 2002 human intestinal - alleviated hepatic steatosis inhibitor of intestinal apolipoprotein B

cell-line CaCo-2

secretion
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HCV RNA replication. Cheng es all'? reported the
antiviral action of QE against HBV transfection in
HepG2.2.15 cell lines that were incubated with QE. QE
was linked to significant reductions of hepatitis B surface
antigen (HBsAg), hepatitis B e antigen (HBeAg), and HBV
DNA levels.[™

As we have previously mentioned, the protective role of
QE has been assessed in numerous experimental models
against liver steatosis and NAFLD. Several pathways have
been implicated, highlighting the complexity of QE’ action
in cellular function and physiology. Vidyashankar ez a/l"
carried out an 7 vitro study with HepG2 cells rendered
steatosis by incubation with oleic acid. They reported
that inflammatory cytokines TNF-ot and I1L.-8 levels were
significantly increased after oleic acid administration.
Inhibition of glucose uptake and cell proliferation was
also evident. QE was found to be capable of ameliorating
insulin resistance, which is a major feature of NAFLD.
Moreover, fat accumulation was decreased and cell
proliferation was increased, while inhibition of IL.-8 and
TNF-alpha levels with increased cellular glutathione were
noted. Hence, the authors concluded that QE effectively
reversed NAFLD symptoms by decreased triacylglycerol
accumulation, insulin resistance, inflammatory cytokine
secretion, and increased cellular antioxidants.[™

Several in vivo studies in animal models have also been
conducted lately, trying to elucidate the exact mechanism
of action of QE in fatty liver disease | Table 1]. Ying e al.
€ tried to investigate hepatoprotective effects of QE in
NASH gerbils induced by a high-fat diet (HFD). The gerbils
were fed with HFD for 28 days to induce NASH. From
day 15 to 28, the treated drugs were given daily to each
animal. The study results showed that oral administration
of QE at doses of 30-60 mg/kg to hypetlipidemic rats
for 14 days was highly effective in decreasing the levels of
serum total cholesterol (TC), TG, low-density lipoprotein
cholesterol (LDL-C), alanine aminotransferase (ALT), and
aspartate aminotransferase (AST). It was concluded that
QE could decrease lipid accumulation in the hepatocytes,
and reduce serum levels of pro-inflammatory cytokines
TNF-o and 1L-6 via regulating the expressions of Sirtl,
NF-kB p65 and iNOS.1

Additionally, Kobori ¢ 4/l fed normal and
streptozotocin (STZ) -induced diabetic mice with diets
containing QE and compared the patterns of hepatic
gene expression in these groups of mice using a DNA
microarray. Diets containing QE lowered the STZ-induced
increase in blood glucose levels and improved plasma
insulin levels. Gene set enrichment analysis (GSEA) and

2

quantitative RT-PCR analysis showed that the QE diets
had a suppressive effect on the STZ-induced elevation
of expression of cyclin-dependent kinase inhibitor
p21(WAF1/Cipl) (Cdknla). The authors concluded that
dietary QE might improve liver functions by enabling
the recovery of cell proliferation through the inhibition
of Cdknla expression.”” In another study by the same
group,®™ C56BL/6] mice were fed for 20 weeks on
AIN93G (control) or a Western diet high in fat, cholesterol,
and sucrose, both with or without 0.05% QE. They found
that TG levels in plasma, thiobarbituric acid-reactive
substances (oxidative stress marker) and glutathione
levels, and peroxisome proliferator-activated receptor O
expression in livers of mice fed with the western diet
were all improved after 8 weeks of feeding with QE. The
expression of hepatic genes related to steatoses, such as
peroxisome proliferator-activated receptor Y and sterol
regulatory element-binding protein-1c, was also normalized

by QE.#

Panchal ¢ a/® used a model of steatosis induced by
high-fat feeding and reported attenuated liver steatosis in
rats treated for 8 weeks with QE at a dose of approximately
50 mg/kg body weight per day. The authors concluded
that this was related to the down-regulation of NF-kB, a
transcriptional factor that stimulates inflammation, and
the up-regulation of Nrf2, one of the major defense
systems against stress-related injury. Furthermore, QE
treatment correlated with increased expression of CPT-1a,
a regulator of fatty acid oxidation, in the liver and the
heart.® Jung ef al.*” reported a reduction in liver weight
due to a decrease in the number of triacylglycerols and
lipid droplets in C57BL/6] mice fed with a high-fat diet
supplemented with 0.025% of QE for 8 weeks. To further
investigate how QE may reduce obesity, they analyzed lipid
metabolism-related genes in the liver. QE supplementation
was correlated with altered expression profiles of several
lipid metabolism-related genes, including Fruza, Pont, Pparg,
Aldh1b1, Apoat, Abeg5, Gpanr, Acaca, Cd36, Fdft1, and Fasn,
relative to those in HFD control mice. All these genes were
downregulated in QE-fed mice.

Marcolin et al®™ investigated whether QE protects from
steatosis and limits the expression of proinflammatory
and fibrogenic genes in C57BL/6] mice with NASH
induced by feeding a methionine-choline-deficient (MCD)
diet. A lower degree of liver steatosis and reduction in
oxidative stress was noted in mice treated with QE.
Interestingly enough, proinflammatory and profibrotic
gene expression were also reduced. Yang ¢ a/* in
their study with male C57BLKS/J background, Lepdb/
Lepdb (db/ db) and non-diabetic control Lepdb/m (db/ )
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mice showed that QE treatment was linked with a
reduction in liver swelling, normalization of liver enzymes,
and reduced hyperglycemia and lipid accumulation in the
liver of db/db mice. They also highlighted the role of
QE in ameliorating type 2 diabetes-induced NAFLD
through antioxidation, anti-inflammatory, and improved
lipid metabolism via activating FXR1/TGRS5 signaling
pathways.

An alternative pathway was noted by Liu e @/ in a study

with adult male C57BL/] mice, which were fed a high-fat
diet with QE (100 mg kg body weight), and controls
without QE, for 10 weeks. They concluded that QE
alleviates hepatic steatosis by enhancing frataxin-mediated
PINK1/Parkin-dependent mitophagy, highlighting a
promising preventive strategy and mechanism for NAFLD

by QE.

Zhu et al studied male Sprague-Dawley rats fed with
HFD, and HepG2 cells stimulated with the free fatty acid,
treated with QE to explore the effect of signaling pathways
on very-low-density lipoprotein (VLDL) assembly and
lipophagy. They demonstrated that hepatic VLDL assembly
and lipophagy are the main targets of QE against NAFLD via
the IRE1a/XBP1s pathway.”? Gut microbiota involvement
in obesity, metabolic syndrome, and the progression of
NAFLD have recently been thoroughly investigated. One
of the actions of QE may be the ability to modulate the
intestinal microbiota composition, which could play a key
role as a novel therapeutic modality in NAFLD.P” Porras
et al®¥ investigated benefits of experimental treatment
with QE on gut microbial balance and related gut-liver axis
activation in a nutritional animal mice model of NAFLD
associated with obesity. As they have shown, QE reverted
gut microbiota imbalance and related endotoxemia-mediated
TLR-4 pathway induction, with subsequent inhibition of
inflammatory response and blockage of lipid metabolism
gene expression deregulation.l*®!

Surapaneni ¢z al" concluded that QE as a powerful
antioxidant, offered protection to the liver against NASH
by reducing the levels of CYP2EI1, thereby, reducing
CYP2E1 mediated oxidative stress. It was also reported that
QE reduced obesity-induced hepatosteatosis by enhancing
mitochondrial oxidative metabolism via heme oxygenase-1,
stimulating hepatic mitochondrial oxidative metabolism by
inducing HO-1 via the Nrf-2 pathway.”"!

QE is an abundant flavonoid in the plant kingdom with
antioxidant, anti-inflammatory, and immunomodulatory
activity.”!! Casaschi ez a/. ") examined the effects of QE, on
TAG and apolipoprotein B secretion in a human intestinal

cell-line CaCo-2, demonstrating that this flavonoid may be
a potent inhibitor of intestinal apolipoprotein B secretion
and that reduced lipid availability and lipidation in the
lipoprotein assembly step are the suppression pathways
of apolipoprotein B-containing lipoprotein secretion by
QE in CaCo-2 cells.

Similarly, Shimizu ef 4/ found that mRNA levels of
apolipoprotein B are downregulated in the presence of
QE driven by the enforced expression of C/EBPP in
Caco-2 cells. The endoplasmic reticulum is necessary for
the formation of lipid droplets within the hepatocytes and
VLDL formation in liver steatosis. Emerging scientific data
has highlighted the effects of QE on reducing endoplasmic
reticulum stress through phosphoinositide 3-kinase
and nuclear factor-kappa B (NF- kB)."” Motreover, Liu
et al” indicated that HFD induced NAFLD is usually
accompanied by oxidized low-density lipoprotein (ox-LDL)
deposited in the liver, which QE supplementation for
24 weeks may ameliorate.P’!

Wang ez al” have reported that inhibition of hepatic
thioredoxin-interacting protein by QE and allopurinol may
be responsible for the reduction in lipid accumulation under
hyperglycemic conditions, whereas Li ez a/™! reported the
ability of QE to improve insulin resistance and hepatic
lipid accumulation by suppressing two lipogenesis gene
expression levels of SREBP-1c¢ and FAS. Adiponectin is
an important adipokine secreted specifically by adipocytes
with a protective role in hepatocytes, and QE may offer
maximum protection against NASH by significantly
increasing its levels.”™! Vaquero ¢ all"" assessed the
effect of QE on gene expression deregulation involved
in the development of NAFLD, as well as the possible
implication of phosphatidylinositol 3-kinase (PI3K)/AKT
pathway modulation, reporting that QE may ameliorate
dysregulation of lipid metabolism genes via this pathway.
Vascular endothelial growth factor (VEGF) has been
found to play an important role in the development of
liver fibrosis and liver neoplasms and may be inhibited by
QE, as studied by Surapaneni ¢# a/.”!

To the bestof ourknowledge, thereis alimited number of clinical
studies regarding the therapeutic effect of QE on NAFLD.
The effects of QE on blood biochemical markers and pro
and antiinflammatory cytokines in patients with NAFLD were
studied by Prysyazhnyuk and Voloshyn.” The levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), and
glutamate aminotransferase (GAT) were measured after
2 weeks of QE combined with basic therapy. The enzymes
alanine aminotransferase (ALT) and gamma-glutamyl
transferase (GGT) were found to be significantly reduced
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by 37.2 percent, 50.4 percent, and 89.9 percent, respectively.
In addition, the levels of TC, TG, and TNF- substantially
decreased by 16.7%, 33.3 percent, and 39.8%, respectively.
These findings show that QE may have medicinal potential
therapeutic value for NAFLD."

As previously highlighted, oxidative stress plays a key role
in the development of NAFLD and can also potentiate red
blood cell (RBC) damage and death. A recent randomized,
double-blind, placebo-controlled trial assessed the effects
of QE supplementation on hematological parameters in
NAFLD patients. In particular, 90 patients were given
QE or placebo capsules as a supplement for 12 weeks.
In comparison to the placebo group, the QE therapy
group showed a significant rise in RBC levels, while the
mean corpuscular volume, ferritin, and mean corpuscular
hemoglobin levels dropped.” As previously stated, current
clinical trials reveal QFE to be beneficial to some biomarkers
linked to NAFLD. Clinical research on the effects of QE
in NAFLD, on the other hand, is limited. In addition, the
number of patients enrolled in these studies is limited. As
a result, further high-quality clinical trials are needed to
better understand QE’s efficacy on NAFLD in a variety
of patient groups.

A limiting factor for approval of large-scale clinical studies
might be the potential pro-apoptotic carcinogenic effect
of QE, although the relatively high intake of QE in the
normal diet today, as well as the widely applied use of QE
supplements, have not addressed this problem. Despite the
fact that 7z vitro toxicology studies have shown QE to be
mutagenic and two 7z vivo animal studies have shown QE
to be carcinogenic, many other animal investigations have
failed to show an increased tumor incidence in response
to QE treatment.”””

Double-blinded randomized clinical trials looking into the
usage of flavonoids like the QE in NAFLD are imperative.
The heterogeneity of the NAFLD patient population must
be carefully considered when developing and analyzing
clinical research. The optimal effective dosage, their molecular
mechanism of action, their bioavailability, and safety, must
be addressed before their use in a large cohort of patients.

DISCUSSION

NAFLD currently represents the most common type
of chronic liver disease having increasing morbidity and
mortality due to the potential for the development of
detrimental liver complications, such as cirrhosis and
hepatocellular carcinoma.l'" Elucidation of the molecular
mechanisms leading to lipid accumulation, mitochondrial

dysfunction, and increased oxidative stress within the
hepatocytes is still in progress, aiming to facilitate the
development of specific interventions for the prevention

of liver steatosis.!'""!

Under normal circumstances, the liver is capable of
maintaining the balance between fat input and output by
regulatory mechanisms involving the amount of lipids from
dietary sources, de novo lipogenesis, uptake of FFA from
the adipose tissue, and VLDL formation and secretion. In
case of disruption of this homeostatic pathway, excessive
accumulation of TG in liver cells occurs, thus developing
hepatic steatosis.""”” Multiple factors have been implicated
in liver fibrosis, such as the recruitment of inflammatory
cells including platelets, neutrophils, macrophages, NK
cells, lymphocytes, which may produce fibrogenic cytokines
like I1.-13, TNF-a, TGFP and PDGF, as well as ROS.!!%!
It was found that activation of NF-kB in hepatic stellate
cells aggravates TGFf signaling, consequently promoting
the development of liver fibrosis. Neutrophils within
hepatocytes can produce ROS by NADPH oxidases and
release specific enzymes, which can induce necrotic liver
cell degeneration, whereas platelets release PDGL, a strong
mitogen for hepatic stellate cells."" Additionally, oxidative
stress plays a pivotal role in the development of liver
steatosis by activating the same cells and releasing ROS,
which in turn can activate Kupffer cells for the production
of inflammatory cytokines.""!

The use of dietary compounds such as flavonoids and
carotenoids has been investigated as alternative treatment
strategies for various liver diseases and dysfunctions. QE
is one of these components which has shown promising
results as a substance with several therapeutic qualities
against various diseases. Its antioxidant, antiinflammatory
and antitumor effects may reflect the potential role of this
natural compound in clinical practice in the forthcoming
years."" Interestingly enough, Hanasaki 7 a/!""" reported
that QE is probably the most effective free radical
scavenger in the flavonoid family. By incorporating four
hydroxyl groups on the benzo-dihydropyran ring of its
polyphenol, QE shows significant antioxidant capacity,
and capability of eliminating free radicals produced in the
human body, in order to maintain homeostasis.

In oxidative stress, there is a state in which free radicals
are constantly produced, accumulated, and removed,
resulting in the aggregation of oxidation derivatives and
free fatty acids; a situation that in turn results in fatty
degeneration of hepatocytes. Antioxidant characteristics
of QE are therefore responsible for its well-known
hepatoprotective agent in the prevention of liver steatosis
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Figure 2: Quercetin mediates the key pathological events in the procession of NAFLD

and NAFLD [Figure 2]. Interestingly enough, as previously
mentioned, QE may also exert proapoptotic and prooxidant
properties, depending on the concentration, and interaction
with various types of tissue cells. However, based on
existing data, its action on NAFLD remains antioxidant
and antiapoptotic.!'™

Currently, diet modification is recommended as the
primary treatment of this disease, and more specifically to
minimize consumption in high-fat, saturated and trans-fatty
acids, and fructose. On the other side, increased uptake
of long-chain n-3 fatty acids, and monounsaturated fatty
acids is advised.”! As far as pharmacological therapy is
concerned, guidelines of the European Association for
the Study of the Liver (EASL), the European Association
for the Study of Diabetes (EASD), and the European
Association for the Study of Obesity (EASO) suggest the
positive effects of pioglitazone in patients without type 2
diabetes mellitus, and pioglitazone in diabetic patients
or vitamin E or their combination for the treatment of
NASH.!'"

Despite the fact that the pathophysiological mechanisms
of the hepatoprotective role of QE are still not fully
understood, this review clearly demonstrates that this
flavonoid has potent antioxidative stress action and
inhibitory effects on hepatocyte apoptosis, inflammation,
and generation of ROS. Thus, the role of QE deserves
serious consideration and further validation by future
studies. Since the included scientific data in this review
is derived from the data of animal studies or 7n vitro
studies, additional studies in humans are imperative in
both healthy individuals and patients, in order to come to

robust conclusions. Needless to say, a better understanding
of bioavailability and profile of dose-related toxicity is
warranted to fully assess the QE activity on NAFLD.
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