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Atherosclerosis is the underlying cause of ischemic heart disease and
stroke and is the leading cause of death worldwide, especially in developed
countries. As an inflammatory disease of arteries in a hyperlipidemic milieu,
expression of adhesion molecules, such as endothelial-leukocyte adhesion
molecule-1 (E-selectin) and intercellular adhesion molecule-1 (ICAM-1), on
endothelial cell surfaces is critical for the initiation and progression of
atherosclerosis. Expression of cellular adhesion molecules has been reported
to be inhibited by quercetin, a dietary flavonoid, but the underlying
mechanisms of quercetin’s effects are still not completely understood. In this

study, we found that lipopolysaccharide (LPS)-induced mRNA and protein
expression of E-selectin and ICAM-1 were inhibited by quercetin in a dosedependent manner in human aortic endothelial cells (HAEC). Levels of
reactive oxygen species (ROS) in HAEC were also significantly reduced by
quercetin treatment. Further study revealed that quercetin treatment time- and
dose-dependently induced nuclear factor erythroid 2-related factor 2 (Nrf2)
activation, increased mRNA and protein levels of heme oxygenase 1 (HO-1),
NAD(P)H: quinone oxidoreductase 1 (NQO1) and glutamate-cysteine ligase
(GCL) catalytic (GCLC) and regulatory (GCLM) subunits. The p38 mitogenactivated protein kinase (p38) inhibitor, SB203580, significantly attenuated
quercetin-induced activation of Nrf2 and expression of antioxidant enzymes.
However, quercetin had no effect on Kelch-like ECH-associated protein 1
(Keap1) protein levels.
In addition to increasing expression of GCL, the rate-limiting enzyme in
glutathione synthesis, quercetin treatment also elevated glutathione
reductase (GR) protein level and enzymatic activity and substantially altered
glutathione status in HAEC. A moderate reduction followed by a complete
recovery of reduced glutathione (GSH) was observed after quercetin
treatment, as well as an up to 50% decline in oxidized glutathione (GSSG),
resulting in an up to 70% increase in the GSH/GSSG ratio. Quercetin also
induced the expression of multidrug resistance protein 1 (MRP1) and
formation of quercetin-glutathione conjugates. Formation and cellular export
of these quercetin-glutathione conjugates, together with induction of GCL and

GR, likely account for the quercetin-induced alterations of glutathione status
in HAEC.
Together, my results suggest that quercetin induces activation of Nrf2
and, subsequently, induction of HO-1, NQO1, GCL, GR and MRP-1, in part,
via activation of p38. Induction of antioxidant enzymes and alterations in
intracellular glutathione status readily explain the antioxidant effects of
quercetin against basal and LPS-induced oxidant formation in HAEC,
whereas the anti-inflammatory effects of quercetin on LPS-induced adhesion
molecule expression are likely due to increased expression of HO-1 and may
occur through antioxidant-independent mechanisms, such as HO-1 mediated
inhibition of the transcription factor activator protein-1 (AP-1).
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CHAPTER 1 -- INTRODUCTION
DEVELOPMENT OF ATHEROSCLEROSIS
The development of atherosclerosis begins with endothelial dysfunction. Under
certain conditions, apolipoprotein B (apo B)-containing lipoproteins (mostly low density
lipoprotein [LDL]) are retained at the inner surface of arteries, usually at arterial
branching points. Those retained apo B-containing lipoproteins are prone to chemical
modifications, including oxidation of the apo B protein, phospholipids and cholesterol
esters [Martha 2006]. The modified apo B-containing lipoproteins stimulate endothelial
cells to express adhesion molecules on their surface. Adhesion molecules like ICAM-1
[Hmama 1999] [Kevil 2001] and E-selectin [Kukreti 1997] mediate the adhesion of blood
monocytes to the aortic endothelial cell surface. Adhering monocytes migrate into the
arterial intima, where they are transformed into resident macrophages that take up
modified LDL. Macrophages further oxidize and take up modified LDL particles in the
intima, and as a result, lipid droplets are deposited inside macrophages, which
eventually become macrophage-foam cells [Libby 2002] [Diaz 1997]. The formation of
foam cells is a critical step in the development of atherosclerosis. Foam cells produce
growth factors that stimulate proliferation and migration of smooth muscle cells.
Apoptosis and necrosis of foam cells cause the accumulation of extracellular lipids
(mostly cholesterol and cholesterol esters) and other cell debris in the intima, which are
major components of the atherosclerotic plaque. Monocytes, macrophages and
stimulated smooth muscle cells also generate extracellular matrix, which contributes to
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the formation of a fibrous cap on the lipid plaque. The fibrous cap may become
destabilized due to degradation of the extracellular matrix in the fibrous cap by
proteinases, causing rupture of the plaque and the formation of a thrombus [Diaz 1997].
The eventual result might be sudden blocking of an artery, causing an ischemic stroke
or heart attack [Libby 2002].
Expression of adhesion molecules on the surface of vascular endothelial cells is
a critical step during the initiation of atherosclerosis, and adhesion molecules like ICAM1 and E-selectin have been discovered to play significant roles in the development of
atherosclerosis. Endothelial ICAM-1 interacts with lymphocyte function-associated
antigen-1 (LFA-1) expressed on the surface of blood monocytes. Interactions between
endothelial E-selectin and CD44, or E-selectin-ligand-1 (ESL-1) on monocytes are
required for monocyte tethering and rolling [van Gils 2009]. Correlations between
elevated expression of ICAM-1 and increased monocyte migration and infiltration have
been discovered in animal and human samples [Scalia 1998] [Poston 1992] [Nakashima
1998] [Johnson 1997]. Decreased levels of ICAM-1 and E-selectin have been reported
to reduce atherosclerotic lesion size in animals [Collins 2000].
Atherosclerosis is an inflammatory disease. Inflammation is involved in all stages
of atherosclerosis and is critical for its initiation [Epstein 2009]. Lipopolysaccharide
(LPS), the active constituent of endotoxin of Gram-negative bacteria, stimulates
inflammatory responses and induces endothelial expression of adhesion molecules
through activation of Nuclear Factor-κB (NF-κB) and/or activator protein 1 (AP-1)
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mediated pathways [Sawa 2008] by binding to the TLR4 receptor on the cell surface.
Upon activation, NF-κB and AP-1 translocate to the nucleus and bind to the promoter of
adhesion molecules, resulting in transcription and expression of the latter [Chen 2004]
[Ledebur 1995]. Accumulating evidence from animal studies has indicated the
significant role of LPS in atherosclerotic lesion development [Ostos 2002] [CuazPe´rolin 2008] [Westerterp 2007] [Gitlin 2009].

REACTIVE OXYGEN SPECIES AND ATHEROSCLEROSIS
Reactive oxygen species (ROS) have been suggested to play a critical role in
atherosclerosis. ROS are generated by several sources, including mitochondria,
NAPDH oxidases (NOX), xanthine oxidase (XO), and nitric oxide synthase (NOS). ROS
do not necessarily result in cellular damage. In healthy tissues, the levels and
compartmentalization of ROS are under the strict control of antioxidant enzymes (e.g.,
superoxide dismutase, catalase, peroxiredoxin), small molecular weight antioxidants
(e.g., vitamin C, vitamin E, glutathione), as well as small redox proteins (e.g.,
thioredoxin). In fact, under normal physiological conditions, ROS play important roles in
cell signaling and are extensively involved in cell proliferation, differentiation, and
apoptosis. However, under certain conditions, abnormally elevated ROS levels are
induced and usually associated with cellular damage and pathophysiological changes.
ROS can react with DNA, cause oxidized base lesions, and may promote
carcinogenesis [Cooke 2003]. ROS may initiate lipid peroxidation, causing oxidative
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damage to lipoproteins and cell membranes. The end-products of lipid peroxidation (e.g.,
malondialdehyde) may form adducts with DNA and exert mutagenic and carcinogenic
effects. ROS can result in the oxidation of protein backbones and amino acid side
chains, as well as protein fragmentation. Protein oxidation has been reported to be
involved in a number of diseases, such as rheumatoid arthritis, Alzheimer’s disease,
amyotrophic lateral sclerosis, and muscular dystrophy [Berlett 1997]. ROS-mediated
oxidative damage of mitochondrial proteins, DNA, and lipids may cause mitochondrial
dysfunction, which has been suggested to be a potential mechanism of aging.
The important role of ROS in mediating endothelial dysfunction, inflammation,
and atherosclerosis has been confirmed by studies over the past decades [Pamukcu
2011] [Tsukimori 2005] [Park 2006] [Costanzo 2003]. Several mechanisms have been
discovered whereby ROS promote pro-atherogenic alterations. As discussed above,
ROS can cause oxidation of LDL, which stimulates expression of adhesion molecules
on the endothelium and, upon uptake by macrophages, promotes the transformation
from macrophages to lipid-loaded foam cells. ROS function as mediators in endothelial
activation and dysfunction induced by various factors, including LPS, obesity, and
several cytokines. [Perticone 2001] [Chun-Jung Huang 2015] [Park 2006] [Pueyo 2000].
ROS are also reported to contribute to adhesion of neutrophils to endothelial cells and
to affect endothelium permeability by causing phosphorylation of certain tyrosine
kinases [Niu 1994] [Bourcier 1997]. Another mechanism by which ROS contribute to the
development of atherosclerosis is to decrease bioavailability of nitric oxide (NO). ROS,
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especially superoxide radicals (O2·-), readily react with NO and cause depletion of the
latter. ROS can cause endothelial nitric oxide synthase (eNOS) uncoupling, which
reduces NO production and at the same time results in increased ROS generation by
uncoupled eNOS [Förstermann 2006].

NRF2 SIGNALING PATHWAY IN ATHEROSCLEROSIS
Nrf2–an important antioxidant response regulator
Nrf2 is a transcription factor that, in humans, is encoded by the NFE2L2 gene.
Nrf2 plays critical roles in cellular defense against oxidative and toxicological stress.
Upon activation, Nrf2 induces expression of many antioxidant and detoxifying enzymes
[Kaspar 2009], among which an important group is the antioxidant enzymes, including
glutathione S-transferase (GST), heme oxygenase-1 (HO-1), NAD(P)H:quinone
oxidoreductase 1 (NQO1), glutathione reductase (GR), glutathione peroxidase (GPx),
and glutamate cysteine ligase (GCL), among others, thereby defending cells from
oxidative damage. Besides its antioxidant function, Nrf2 also plays an important role in
anti-inflammatory responses by inducing the anti-inflammatory enzyme, HO-1 [He 2001]
[Tamion 2007] [Lin 2008], as well as by reducing the expression of pro-inflammatory
cytokines [Khor 2006] and chemokines [Levonen 2007].
The mechanism of Nrf2 activation is still incompletely understood. In the
cytoplasm, Nrf2 is bound by the Kelch-like ECH-associated protein 1 (Keap1). Keap1 is
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an inhibitor of Nrf2, and mediates Cul3-based ubiquitination and subsequent
degradation of Nrf2. When Nrf2 is activated, it is released from Keap1 and translocates
into the nucleus. There, Nrf2 binds to the Antioxidant Response Element (ARE) in the
promoter region of its target genes and induces their expression. ROS and electrophiles
are presumed to modify several cysteine residues on Keap1, and such modification
causes a switch from Nrf2 ubiquitination to ubiquitination and degradation of Keap1
[Niture 2010]. Phosphorylation of serine and threonine residues of Nrf2 also participate
in Nrf2 activation by promoting Nrf2 release from Keap1 and Nrf2 nuclear translocation.
Such phosphorylation has been reported to be catalyzed by protein kinase C (PKC)
[Patel 2008][ Huang 2002] [Bloom 2003], c-Jun N-terminal kinase (JNK), p38 MAP
kinase [Yu 1999] [Zipper 2000], and phosphatidylinositol 3-kinase (PI3K) [Patel 2008].
Although involvement of protein kinases in the induction of Nrf2 and antioxidant
enzymes has been reported in many studies, the roles of specific kinases identified in
those studies are sometimes inconsistent or even contradictory and are highly
dependent on experimental models and on compounds that were used as inducers or
inhibitors. For example, in a study by Chow et al. quercetin-induced HO-1 protein
expression in RAW264.7 cells was markedly suppressed by the extracellular regulatory
kinase (ERK) inhibitor PD98059 but was not affected by the JNK inhibitor SP600125 or
SB203580 [Chow 2005]. In a different study, Ginkgo biloba extract-induced HO-1
expression was inhibited by the p38 inhibitor, SB203580, but not by inhibitors of JNK,
ERK, or PI3K [Chen 2011]. Results of other studies have also implicated protein kinase
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C in the inductive effects of genistein on Nrf2, HO-1, and GCLC in Caco-2 cells [Zhai
2013].
Although accumulating evidence has suggested the anti- inflammatory and antiatherosclerotic functions of Nrf2 [Zakkar 2009], it has also been reported that Nrf2 does
not protect against atherosclerosis and may even promote the development of
atherosclerosis in Nrf2/apolipoprotein E (ApoE) double knock-out mice [Barajas 2011].
Thus, the role of Nrf2 in atherosclerosis is still controversial and requires further
investigation.
Functions of antioxidant enzymes and their involvement in cardiovascular disease
Nrf2 regulates antioxidant responses through inducing the expression of
antioxidant enzymes. Those antioxidant enzymes have been reported to reduce ROS
and attenuate inflammation in vivo and in vitro.
HO-1 degrades heme, generating biliverdin, carbon monoxide, and ferrous iron.
Free heme promotes the generation of free radicals and thus can cause toxicity in
organs, tissues, and cells, resulting in protein aggregation and degradation, DNA
damage, lipid peroxidation, and the generation of cytotoxic lipid peroxides. Mechanisms
whereby HO-1 exerts antioxidant and anti-inflammatory activities have been suggested
by a number of studies. HO-1 breaks down free heme and thus prevents its cytotoxicity.
The product of heme degradation, CO, is reported to mediate anti-inflammatory effects
by inhibiting expression of pro-inflammatory cytokines, while at the same time inducing
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expression of anti-inflammatory cytokines [Otterbein 2000]. HO-1 has been suggested
to have protective effects against atherosclerosis. Induction of HO-1 reduced ROS
generation and inhibited adhesion molecule expression and monocyte adhesion [Youn
2013] [Pullikotil 2012] [Tsai 2013]. Reduction of atherosclerotic lesion size in LDL
receptor-deficient mice and in hyperlipidemic rabbits was observed when HO-1 was
induced [Ishikawa 2001 (Circulation)] [Ishikawa 2001 (Circ Res.)]. Overexpression of
HO-1 in apolipoprotein E-deficient mice resulted in reduced size of lesions [Juan 2001].
On the other hand, deficiency of HO-1 is associated with increased oxidative endothelial
injury, hyperlipidemia, and the formation of plaques in the aorta [Yachie 1999].
NQO1 is an FAD-binding protein that catalyzes the reduction of quinones to
hydroquinones. By passing two electrons from NAD(P)H to quinones simultaneously,
NQO1 avoids the formation of the semiquinone free radical and ROS generated by it.
Studies in the past decade have suggested the role of NQO1 as an antioxidant in
tissues: NQO1 protein is expressed in tissues where protection against oxidative stress
is essential, including vascular endothelium, lung epithelium, retinal pigmented
epithelium, and adipocytes [Ross 2000]; NQO1 was found to prevent oxidative damage
to membrane phospholipids [Ross 2000], and has been reported to protect neuronal
cells by preventing glutamate toxicity caused by oxidative stress [Murphy 1991]. A
protective role of NQO1 against atherosclerosis has also been reported, as it was found
to mediate the protective effects of magnesium lithospermate B, a polyphenolic
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component from Salvia miltiorrhiza, against hyperglycemia-induced vascular damage
and smooth muscle cell activation and migration [Hur 2010].
GCL plays a critical role in regulating intracellular glutathione levels. GCL
catalyzes the rate-limiting step in the de novo synthesis of glutathione, i.e., the ATPdependent synthesis of γ-glutamylcysteine from glutamate and cysteine. The whole
enzyme is composed of two subunits, a ~73 kDa catalytic subunit (GCLC) and a ~31
kDa modifier subunit (GCLM). GCLC is the unit that binds substrates and catalyzes the
ligation between glutamate and cysteine. GCLM regulates the activity of the enzyme by
modulating the binding affinity of GCLC to substrates [Wu 2004]. The intracellular
glutathione concentration is substantially affected by the level and activity of GCL.
Depletion of reduced glutathione (GSH) is induced while GCL activity is inhibited by
buthionine sulfoximine (BSO) or NO [Townsend 2003] [Lu 2000] [Canals2003]. On the
other hand, elevated GSH levels were observed when GCL was induced [Akaboshi
2014] [Callegari 2011]. Protective effects of GCL against oxidative stress have been
discovered in both in vivo and in vitro models [Lim 2015] [Xu 2015]. Recent studies
have suggested the protective role of GCL in cardiovascular disease. A polymorphism
that reduces GCLC promoter activity in human subjects was associated with coronary
endothelial vasomotor dysfunction and myocardial infarction [Koide 2003]. In addition,
GCLM-deficient mice were reported to show increased myocardial ischemia-reperfusion
injury compared with mice having normal GCLM levels [Kobayashi 2010]. In contrast,
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induction of GCL increases GSH levels and reduces hypoxia- and reoxygenationcaused damage to cardiomyocytes from rats [Woo 2008].
GR is another important enzyme involved in maintaining cellular glutathione
levels. It catalyzes the NADPH-dependent regeneration of GSH from oxidized
glutathione (GSSG) [Couto 2016]. Accumulating evidence from recent studies indicates
a correlation between GR and atherosclerosis. Increased expression and/or enzymatic
activity of GR has been suggested to mediate the protective effects of dietary
blueberries or rice protein isolate against atherosclerosis in apolipoprotein E-deficient
mice [Burris 2010] [Wu 2010]. Overexpression of GR has been found to reduce the size
of atherosclerotic lesions in LDL receptor-deficient mice [Qiao 2007].
Glutathione functions as the main intracellular redox buffer that protects cells
from oxidative damage. As oxidative stress has been implicated in atherosclerosis,
cellular glutathione status is presumed to have a substantial effect. When hypoxiachallenged apolipoprotein E-deficient mice were given GSH, their impaired endothelial
function was restored and the size of their atherosclerotic plaques was reduced [Tuleta
2014]. In contrast, the rate of aortic lesion development was increased in apolipoprotein
E-deficient mice that were deficient in GCLM compared with mice with normal GCLM
levels, and the accelerated aortic lesion development was reduced by overexpression of
GCLC, which compensated for the decreased enzyme activity caused by GCLM
deficiency [Callegari 2011].
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HUMAN AORTIC ENDOTHELIAL CELLS AS AN IN VITRO MODEL FOR VASCULAR
INFLAMMATION AND ATHEROSCLEROSIS
The aorta is a major site of the initiation and development of atherosclerosis.
According to the results of the Stroke Prevention: Assessment of Risk in a Community
(SPARC) study, plaque was observed in the aorta in 43.7% of 588 randomly enrolled
patients who had transesophageal echocardiography [Meissner 2004]. During the past
decades, human umbilical vein endothelial cells (HUVEC) have been more commonly
used than HAEC as in vitro model for atherosclerosis studies because of lower cost and
more robust growth. However, these two human primary cells are different in a number
of aspects. HAEC express higher basal levels of ICAM-1 compared with HUVEC, but
upon activation, the ICAM-1 levels in HUVEC increase significantly and are even higher
than those in activated HAEC [Buzby 1994]. Alpha-thrombin treatment increased
proliferation of HUVEC several fold but significantly inhibited the proliferation of HAEC.
On the other hand, migratory responses were induced by thrombin in HAEC but not in
HUVEC [Wang 1997]. Tissue factor activity was also found to be induced by cyclic
mechanical strain in HAEC but not in HUVEC [Silverman 1996]. In HUVEC, cyclic strain
stimulated higher ROS levels and increased antioxidant enzyme activities and
expression of adhesion molecules compared with motion control conditions. Those
oxidative responses were more significantly induced in HAEC by motion control
conditions than by cyclic strain [Sung 2007]. Histamine treatment increased HUVEC
permeability but had no effects on permeability of HAEC [Ikeda 1999]. More importantly,
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moderately and highly oxidized LDL were reported to stimulate expression of adhesion
molecules in HAEC but not in HUVEC [Amberger 1997]. Given the evidence from these
studies on these two different endothelial cell types, HAEC are a better model to mimic
the circumstances of endothelial dysfunction in vivo.

QUERCETIN AS A POTENTIAL ANTIOXIDANT AND ANTI-INFLAMMATORY
COMPOUND
Quercetin is a naturally occurring flavonoid and is widely distributed in fruit and
vegetables, as well as other plant-based diets. Common foods that are rich in quercetin
include capers, onions, shallots, apples, berries, tea, and many nuts and edible leaves.
The dietary intake of quercetin varies around the world. A study involving US health
professionals reported daily quercetin intakes between 14.9 mg and 16.4 mg, mainly
from onions, apples, and tea [Sampson 2002]. The quercetin intake in China ranges
from 4.4 mg/day to about 18 mg/day [Li 2016]. The average daily intake of quercetin is
14.7 mg/day in Spain with tea, beer, wine, and various fruit and vegetables as major
sources [Zamora-Ros 2009].
Quercetin has been reported to inhibit atherosclerosis development in ApoE-/mice by attenuating inflammation and endothelial dysfunction, preventing LDL oxidation
and aggregation, and by inducing expression of heme oxygenase-1 (HO-1) [hayek 1997]
[Loke 2010] [Shen 2013]. The anti-atherosclerotic effects of quercetin have been
attributed to its anti-inflammatory and antioxidant activities and have been supported by
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studies using in vitro and in vivo models. Quercetin has been shown to inhibit LPSstimulated production of tumor necrosis factor α (TNFα) in murine macrophages and to
reduce the level of IL-8 in pulmonary epithelial cells [Manjeet 1999] [Geraets 2007]. In
RAW 264.7 cells, quercetin inhibited expression of TNFα, IL-1β, and IL-6 upon
stimulation by LPS and also suppressed the activation of NF-kB and AP-1 [Endale
2013]. Quercetin has been reported to reduce inflammatory markers in the plasma of
C57BL/6J mice on a high-fat diet [Stewart 2008]. In HAEC, TNFα-induced expression of
the adhesion molecules, E-selectin and ICAM-1, was inhibited by quercetin treatment
[Lotito 2006] [Lotito 2011]. Quercetin also inhibited angiotensin II-induced endothelial
dysfunction and superoxide generation in rat aorta, suggesting its protective role on
vascular endothelium [Sanchez 2007]. In addition, quercetin treatment significantly
reduced the damage caused by oxidative stress in human pigment epithelial cells [Kook
2008]. The antioxidant activity of quercetin is also supported by its inhibitory effects on
oxidative stress markers in inflammatory diseases [Boots 2011].
Several effects of quercetin on important intracellular regulators of inflammatory
and antioxidant responses have been reported. For example, quercetin inhibits NF-κB
nuclear translocation and binding to its target genes in intestinal epithelial cells of mice
[Ruiz 2007], and protects hepatic cells against NF-κB mediated inflammation [Granado
2012]. Inhibition of NF-κB activation by quercetin has also been reported in arthritic rats
[Gardi 2015], and quercetin has been shown to protect against lead-induced
inflammation by inhibiting NF-κB activation in rat kidney [Liu 2012]. In addition to its
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effects on NF-κB, quercetin also has been shown to regulate activation of another
important inflammatory response regulator, AP-1. Quercetin induces AP-1 activation
and promotes apoptosis in human hepatoma cells [Granado-Serrano 2010], while in
breast carcinoma cells, quercetin inhibits the activity of AP-1 [Lin, C. W. 2008],
suggesting a cell-type dependent manner of quercetin’s effects. Induction of Nrf2 by
quercetin has been observed in many different models and is a potential mechanism for
quercetin’s anti-atherosclerotic effects. Quercetin has been reported to induce Nrf2
mRNA and protein levels in human liver carcinoma cell lines [Tanigawa 2007]
[Granado-Serrano 2012] [Weng 2011], rat primary neurons [Arredondo 2010], and rat
liver [Marina 2015]. The detailed mechanisms whereby quercetin induces activation of
Nrf2 are under on-going investigation, and activation of the p38 MAPK kinase has been
suggested to mediate quercetin’s effects on Nrf2 [Granado-Serrano 2012] [Yao 2007].
In fact, a number of studies have supported quercetin’s effects on p38 activation.
Quercetin induces expression of ATP-binding cassette transporter A1 (ABCA1) in
macrophages, and this is attenuated by inhibiting p38 with a chemical inhibitor or small
hairpin RNA (shRNA) [Chang 2012]. In addition, the specific p38 inhibitor, SB203580,
reduces quercetin’s inhibitory effects on ICAM-1 expression in the pulmonary epithelial
cell line A549 [Ying 2009]. p38 activation is also reported to mediate quercetin-induced
HO-1 expression in rat aortic smooth muscle cells [Lin 2004]. As an important
antioxidant enzyme and a target of Nrf2, HO-1 has attracted attention due to its
antioxidant and anti-inflammatory functions [Youn 2013] [Pullikotil 2012] [Tsai 2013].
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Quercetin has been reported to induce expression of HO-1 in RAW264.7 cells [Chow
2005] and in rat aortic smooth muscle cells [Lin 2004], and more interestingly, in
atherosclerotic lesion areas of ApoE-/- mice [Loke 2010], suggesting that HO-1mediates
the effects of quercetin on atherosclerosis.
Despite reports showing that quercetin has anti-inflammatory and antioxidant
activity in a number of different models, such effects and the underlying mechanisms
have not been comprehensively studied in HAEC, which, as stated above, are relevant
to endothelial dysfunction and atherosclerosis in humans.

SUMMARY
Endothelial inflammation and generation of ROS are implicated in the
development of atherosclerosis. The protective functions of Nrf2 and antioxidant
enzymes against oxidative stress and inflammation, and the induction of Nrf2 signaling
pathways by quercetin, have been observed in different models, but the effects of
quercetin on intracellular ROS production and activation of redox-sensitive signaling
pathways in HAEC have not been reported, and, therefore, the underlying mechanisms
remain incompletely understood. In particular, the effects of quercetin on cellular
glutathione status and metabolism in HAEC have never been studied. Herein we
hypothesize that quercetin inhibits LPS-induced adhesion molecule expression in HAEC
by suppressing ROS production through induction of Nrf2 and its down-stream
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antioxidant enzymes, which protect against inflammation and oxidative stress through
different mechanisms, including manipulation of cellular glutathione status. To address
our hypothesis, HAEC were treated with quercetin and adhesion molecule expression,
ROS production, Nrf2/antioxidant enzyme induction, as well as levels of cellular
glutathione and glutathione-related proteins were measured.
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CHAPTER 2 -- QUERCETIN INHIBITS LPS-INDUCED ADHESION MOLECULE
EXPRESSION AND OXIDANT PRODUCTION IN HUMAN AORTIC ENDOTHELIAL
CELLS BY P38-MEDIATED NRF2 ACTIVATION AND ANTIOXIDANT ENZYME
INDUCTION
Chuan Li, Wei-Jian Zhang, and Balz Frei
ABSTRACT
Atherosclerosis, the underlying cause of ischemic heart disease and stroke, is an
inflammatory disease of arteries in a hyperlipidemic milieu. Endothelial expression of
cellular adhesion molecules, such as endothelial-leukocyte adhesion molecule-1 (Eselectin) and intercellular adhesion molecule-1 (ICAM-1), plays a critical role in the
initiation and progression of atherosclerosis. The dietary flavonoid, quercetin, has been
reported to inhibit expression of cellular adhesion molecules, but the underlying
mechanisms are incompletely understood. In this study, we found that quercetin dosedependently (5-20 µM) inhibits lipopolysaccharide (LPS)-induced mRNA and protein
expression of E-selectin and ICAM-1 in human aortic endothelial cells (HAEC).
Incubation of HAEC with quercetin also significantly reduced LPS-induced oxidant
production, but did not inhibit activation of the nuclear factor-kappaB (NF-κB).
Furthermore, quercetin induced activation of the nuclear factor erythroid 2-related factor
2 (Nrf2) and subsequent mRNA and protein expression of the antioxidant enzymes,
heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase 1, and glutamatecysteine ligase. The induction of Nrf2 and antioxidant enzymes was partly inhibited by
the p38 mitogen-activated protein kinase (p38) inhibitor, SB203580. While nuclear
levels of Nrf2 protein significantly increased, Kelch-like ECH-associated protein 1
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(Keap1) levels were not affected by quercetin. Our results suggest that quercetin
induces Nrf2 activation and antioxidant enzyme expression by a mechanism involving,
in part, p38 activation; induction of antioxidant enzymes by quercetin suppresses LPSinduced oxidant production and adhesion molecule expression; and the inhibitory effect
of quercetin on adhesion molecule expression is not due to inhibition of NF-κB
activation, but instead most likely due to antioxidant-independent effects of increased
HO-1 expression.

Keywords: atherosclerosis, inflammation, oxidant, Nrf2, NF-κB, heme oxygenase-1

INTRODUCTION
Endothelial activation with increased expression of adhesion molecules, such as
endothelial-leukocyte adhesion molecule-1 (E-selectin) and intercellular adhesion
molecule-1 (ICAM-1), is a critical initiating step in atherosclerosis [Libby 2002]. These
cellular adhesion molecules mediate the adhesion of blood monocytes to the aortic
endothelial cell surface and their transmigration into the subendothelial space of the
aortic intima. The role of bacterial or viral infection and inflammation in the initiation and
progression of atherosclerosis is being increasingly recognized [Epstein 2009].
Evidence from animal studies suggests a significant role of lipopolysaccharide (LPS),
the active constituent of endotoxin of Gram-negative bacteria, in atherosclerotic lesion
development [Cuaz-Pérolin 2008] [Westerterp 2007] [Gitlin 2009].
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In addition, oxidative stress due to excessive production of oxidants and reactive
oxygen species (ROS), has been implicated in the pathogenesis of atherosclerosis
[Pamukcu 2011] [Tsukimori 2005] [Park 2006] [Costanzo 2003] [Perticone 2001] [ChunJung Huang 2015] [Pueyo 2000]. In vascular cells, ROS are generated primarily by
constitutively expressed NAD(P)H oxidases [Ago 2011]. While ROS play a critical role in
redox-regulation of normal cellular functions, such as signal transduction, proliferation,
differentiation, and apoptosis, abnormally elevated ROS levels are often associated with
pathophysiological conditions [Dröge 2002] [Bedard 2007] [Forman 2002] [Thannickal
2000] [Zhang 2013]. Many risk factors for cardiovascular disease, such as smoking,
hypercholesterolemia, hypertension, and diabetes, are associated with increased ROS
production [Ting 1997] [Heitzer 1996] [Taddei 1998] [Timimi 1998] [Asano 2012], and
there is ample evidence that oxidative stress is an important causal factor in endothelial
dysfunction, inflammation, and atherosclerosis [Pamukcu 2011] [Tsukimori 2005] [Park
2006] [Costanzo 2003]. For example, ROS mediate endothelial dysfunction induced by
obesity and body fat distribution [Perticone 2001] [Chun-Jung Huang 2015] and promote
neutrophil adhesion to endothelial cells [Niu 1994]. ROS have also been reported to
attenuate the protective effect of NO [Förstermann 2006] and to mediate the activation
of endothelial cells and expression of adhesion molecules induced by LPS or proinflammatory cytokines [Park 2006] [Pueyo 2000].
Certain flavonoids have been reported to suppress oxidative stress and reduce
inflammatory responses in cell culture and in vivo, and to inhibit atherosclerotic lesion
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development in animal models [Pavlica 2010] [Lotito 2006] [Loke 2010]. Of the large
family of flavonoids, quercetin (3,3',4',5,7-pentahydroxyflavone) is one of the most
widely distributed and is commonly found in plant-based diets. We and others have
shown that quercetin inhibits adhesion molecule expression in human aortic endothelial
cells (HAEC), suppresses production of pro-inflammatory cytokines in macrophages,
and improves endothelial function and vessel relaxation in isolated aorta [Lotito 2006]
[Lotito 2011] [Shen 2012] [Chao 2013] [Cho 2003] [Sanchez 2007]. Several underlying
mechanisms for these effects of quercetin have been proposed, including induction of
endothelial nitric oxide synthase and modulation of extracellular matrix composition
[Shen 2012] [Ivanov 2008]. However, the effects of quercetin on intracellular oxidant
production and activation of redox-sensitive signaling pathways in HAEC have not been
reported, and, therefore, the underlying mechanisms remain incompletely understood.
The nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway plays an
important role in cellular defense against oxidative and toxicological stress by
upregulating expression of an array of antioxidant and detoxifying enzymes [Kaspar
2009]. In addition, Nrf2 activation has also been reported to protect against
inflammation. Nrf2 attenuates inflammatory responses by inducing the anti-inflammatory
enzyme, heme oxygenase-1 (HO-1) [He 2001] [Tamion 2007] [Lin 2008] and by
negatively regulating the expression of pro-inflammatory cytokines [Khor 2006] and
chemokines [Levonen 2007].
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The goal of the present study was to gain a deeper understanding of the
mechanisms whereby quercetin exerts its antioxidant and anti-inflammatory effects in
endothelial cells. To this end, we investigated quercetin’s effects on cellular oxidant
production and adhesion molecule expression, activation of the redox-sensitive
transcription factors, nuclear factor-kappaB (NF-κB) and Nrf2, expression of antioxidant
enzymes, and the involvement of specific protein kinases.

MATERIALS AND METHODS
Materials
Quercetin, LPS, and 2’,7’-dichlorofluorescin diacetate (DCFH-DA) were
purchased from Sigma-Aldrich (St. Louis, MO). 3’-O-Methyl-quercetin (isorhamnetin)
and 4’-O-methyl-quercetin (tamarixetin) were obtained from Indofine (Hillsborough, NJ).
Endothelial Cells
Human aortic endothelial cells were obtained from Lonza (Walkersville, MD).
Upon receipt, the cells were seeded in 75-cm2 flasks precoated with 1% bovine gelatin
(Sigma-Aldrich) at a ratio of 1:2 and were grown in EBM basal medium (Lonza)
containing bovine brain extract, ascorbic acid, hydrocortisone, epidermal growth factor,
2% fetal bovine serum (FBS; Sigma-Aldrich), and gentamicin/amphotericin-B at 37°C
under 5% CO2 in a humidified atmosphere. Medium was replaced periodically until cells
reached 80-90% confluence; cells were then detached with 0.05% trypsin-0.02% EDTA
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(Sigma-Aldrich) and sub-cultured in gelatin-precoated 75 cm2 flasks at a 1:3 ratio. Cells
at passage 7 were used for experiments.
Experiments
Human aortic endothelial cells were plated in 1% gelatin-precoated, flat-bottom
96-well plates or 10-cm dishes with Medium 199 (Sigma-Aldrich) supplemented with
20% FBS, 2 mM glutamine, 50 U/ml penicillin, 50 μg/ml streptomycin, and 1 ng/ml
human basic fibroblast growth factor (Roche). The cells were allowed to grow for 3-4
days until they reached confluence. Subsequently, they were incubated with or without
different concentrations (5, 10, or 20 μM) of quercetin for up to 18 h, and then, in some
experiments, were co-incubated for up to 5 h without or with 0.10 µg/ml LPS and the
corresponding concentrations of quercetin. Previous work done in our laboratory had
indicated that 18 h incubation of HAEC with quercetin was required for maximal
inhibition of adhesion molecule expression [Lotito 2006] [Lotito 2011].
Stock solutions of quercetin were freshly prepared by dissolving it in DMSO. The
stock solutions were subsequently diluted with Medium 199 containing 20% FBS. The
final concentrations of DMSO in the medium were ≤0.1%. Appropriate controls with the
vehicle DMSO were included in all experiments. Cell viability was determined with Cell
Proliferation Reagent WST-1 (Roche) according to the manufacturer’s instructions.
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Gene expression of adhesion molecules and antioxidant enzymes
Confluent HAEC in 10-cm dishes were incubated with quercetin or isorhamnetin
for 6-18 h and then, in some experiments, co-incubated with LPS and quercetin for 3 h.
In other experiments, cells were pre-incubated with the p38 mitogen-activated protein
kinase (p38) inhibitor, SB203580 (Sigma-Aldrich), for 1 h before incubation with
quercetin. Total RNA was isolated from HAEC with TRIzol reagent (Life Technologies,
Carlsbad, CA, USA). cDNA was synthesized using a high-capacity cDNA archive kit
(Life Technologies). mRNA levels of E-selectin, ICAM-1, HO-1, NAD(P)H:quinone
oxidoreductase 1 (NQO1), and the modifier and catalytic subunits of glutamate-cysteine
ligase (GCLM and GCLC, respectively) were determined by real-time quantitative
polymerase chain reaction (qPCR) with an ABI Prism 7500 Sequence Detection System
(Life Technologies). Primers and probes used were purchased from Life Technologies
as Assays on Demand, which contained a 20x mixture of PCR primers and TaqMan 6FAM dye-labeled probes. The PCR reactions were performed with TaqMan Universal
PCR Master Mix (Life Technologies). Glyceraldehyde 3-phosphate dehydrogenase or βactin were used as internal control genes, and each gene was quantified relative to the
control gene using standard curves.
Protein expression of adhesion molecules
Confluent HAEC in 96-well plates were incubated with quercetin or isorhamnetin
for 18 h and then co-incubated with LPS and quercetin for 5 h. Protein levels of Eselectin and ICAM-1 on the cellular surface were measured by cell ELISA. After
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experimental treatments, cells were fixed in phosphate-buffered saline (PBS) containing
0.1% glutaraldehyde. Plates were then blocked with 0.1% Tween 20 in PBS containing
5% skim milk at 37°C for 1 h and subsequently incubated with a primary antibody to
either E-selectin or ICAM-1 (R&D Systems, Minneapolis, MN) at 37°C for 2 h.
Thereafter, the plates were incubated with a horseradish peroxidase-linked sheep antimouse IgG secondary antibody (GE Healthcare, Little Chalfont Bucks, UK) at 37°C for 1
h. Expression of E-selectin and ICAM-1 was evaluated by adding o-phenylendiaminehydrochloride (Sigma-Aldrich). Absorbance at 492 nm was recorded in a microplate
reader spectrophotometer (Spectromax 190, Molecular Devices, Sunnyvale, CA).
Intracellular oxidant production
Confluent HAEC in 96-well plates were incubated with quercetin for 18 h, washed
with HBSS buffer, and then incubated with 10 µM DCFH-DA for 20 min. After washing
the cells again, they were incubated with 10 µg/ml LPS in medium containing 0.1% FBS.
Fluorescence was measured immediately after adding LPS and then every hour up to 4
h using a Spectromax Gemini XS multiplate fluorometer (Molecular Devices, Sunnyvale,
CA) with excitation and emission settings of 485 nm and 530 nm, respectively.
Activation of Nrf2, NF-κB, and p38 measured by ELISA
Confluent HAEC in 10-cm dishes were incubated with quercetin for 3-18 h and
then, in some experiments, co-incubated with LPS and quercetin for 3 h. In other
experiments, cells were pre-incubated with SB203580 for 1 h before incubation with
quercetin. Nuclear extracts (Nrf2 and NF-κB) or whole-cell extracts (phosphorylated p38)
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of HAEC were prepared with a cell extraction kit (Active Motif, Carlsbad, CA) according
to the manufacturer’s instructions. NF-κB and Nrf2 DNA-binding activity was measured
with the corresponding TransAM transcription factor ELISA kit (Active Motif, Carlsbad,
CA), following the manufacturer’s instructions. Specificity of the assays was confirmed
by competition with the supplied wild-type or mutant oligonucleotide. Phosphorylated
p38 was measured with a p38 MAPK alpha (pT180/Y182) SimpleStep ELISA Kit
(Abcam, Eugene, OR), following the manufacturer’s instructions.
Activation of Nrf2, protein expression of antioxidant enzymes, and phosphorylation of
p38 measured by immunoblotting
Confluent HAEC in 10-cm dishes were incubated with quercetin for 3h (p38), 6 h
(Nrf2) or 18 h (antioxidant enzymes). In some experiments, cells were pre-incubated
with SB203580 for 1 h before incubation with quercetin. Nuclear and whole-cell extracts
of HAEC were prepared with a cell extraction kit (Active Motif) according to the
manufacturer’s instructions. Equal amounts of protein (20-25 µg) were separated on 8%
or 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gels and then
transferred to Immobilon polyvinylidene difluoride membranes (Millipore, Bedford, MA).
The membranes were blocked in 5% nonfat dry milk in PBS containing 0.1% Tween 20
for 1 h at room temperature and were then incubated overnight at 4°C with specific
primary antibodies to Nrf2 (Santa Cruz Biotechnology, Santa Cruz, CA), HO-1, NQO1,
GCLC, GCLM, p38, phosphorylated p38, Keap1, β-actin (Abcam, Eugene, OR) or lamin
A/C (Cell Signaling Technology, Danvers, MA), followed by incubation at room
temperature for 1 h with a horseradish peroxidase-conjugated secondary antibody
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(Abcam). The membrane was then incubated with the SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific, Eugene, OR) and exposed to
films for visualization.
Statistical analysis
Data were expressed as means ± SEM of at least three independent
experiments each run in triplicate and were analyzed by unpaired student’s t-test or by
factorial analysis of variance (ANOVA) followed by post hoc analysis with the HolmSidak test. Significance was accepted at P<0.05.

RESULTS
Quercetin and isorhamnetin inhibit LPS-induced adhesion molecule gene transcription
To investigate whether quercetin and its metabolites can inhibit adhesion
molecule expression induced by LPS, HAEC were incubated with 5, 10, or 20 μM
quercetin or 3’-O-methyl-quercetin (isorhamnetin) for 18 h and then co-incubated with
0.1 μg/ml LPS and the same concentrations of each compound for 3 h. Transcription of
E-selectin and ICAM-1 genes was evaluated by real-time qPCR. LPS treatment strongly
upregulated mRNA levels of E-selectin and ICAM-1 compared to control cells incubated
without LPS and with or without 20 μM quercetin (Fig. 1a, b). Quercetin treatment dosedependently inhibited LPS-induced increases of adhesion molecule mRNA levels:
ICAM-1 message was significantly reduced by quercetin at all concentrations tested
(Fig. 1b), and E-selectin mRNA levels were significantly lowered by 10 and 20 μM
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quercetin (Fig. 1a). Isorhamnetin had a negligible inhibitory effect on LPS-induced
adhesion molecule gene transcription (Fig. 1c, d). Only ICAM-1 levels were significantly
reduced by isorhamnetin at 20 µM, while no significant inhibition was observed for Eselectin.
During and after incubations, cells were examined with an inverted optical
microscope. No noticeable morphological alterations were observed with any of the
treatments. In addition, none of the concentrations of quercetin and isorhamnetin used
in this study significantly reduced cell viability (data not shown).
Quercetin and isorhamnetin inhibit LPS-induced adhesion molecule protein expression
To investigate whether quercetin and isorhamnetin inhibit LPS-induced
upregulation of adhesion molecule protein levels, HAEC were incubated as described
above, except that cells were co-incubated with 0.1 μg/ml LPS for 5 h instead of 3 h.
After incubation, E-selectin and ICAM-1 protein levels on were determined by cellELISA. Both quercetin and isorhamnetin dose-dependently inhibited LPS-induced Eselectin and ICAM-1 protein expression (Fig. 2). All results were statistically significant
with the exception of the inhibition of E-selectin expression by 5 and 10 µM quercetin
(Fig. 2a). Both quercetin and isorhamnetin more strongly reduced ICAM-1 than Eselectin protein levels, with >85% inhibition of ICAM-1 expression observed at 20 µM
quercetin (Fig. 2b). In contrast to isorhamnetin, another methylated derivative of
quercetin, 4’-O-methyl-quercetin (tamarixetin), at all concentrations tested (5–20 µM)
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did not significantly reduce LPS-induced adhesion molecule expression (data not
shown).
The inhibitory effects of quercetin on protein expression of E-selectin and ICAM-1
(Fig. 2a, b) were consistent with its effects on the mRNA levels of these adhesion
molecules (Fig. 1a, b). Although isorhamnetin showed similar or even stronger inhibitory
effects than quercetin on protein expression of ICAM-1 and E-selectin (Fig. 2c, d),
respectively, isorhamnetin did not significantly, dose-dependently suppress mRNA
levels of either adhesion molecule (Fig. 1c, d). This seeming inconsistency suggests
that isorhamnetin reduced E-selectin and ICAM-1 protein levels mainly by posttranscriptional mechanisms.
Quercetin inhibits LPS-induced intracellular ROS production
Oxidative stress has been reported to be an important factor in inducing
adhesion molecule expression and inflammation [Pueyo 2000] [De Mattia 1998]
[Kunsch 1999]. Hence, we assessed the effect of quercetin on intracellular oxidant
levels, using DCFH-DA as a fluorescence probe. HAEC were incubated with 5, 10, or
20 µM quercetin for 18 h and then for 20 min with DCFH-DA. Subsequently,
extracellular DCFH-DA was washed off, medium containing LPS was added, and DCFH
fluorescence was measured.
LPS significantly increased intracellular oxidant production compared to
unstimulated cells (Fig. 3). Quercetin significantly decreased LPS-induced oxidant
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formation at all concentrations tested. After 4 h of LPS stimulation, 20 µM quercetin
inhibited total oxidant generation by about 40% compared to cells treated with LPS in
the absence of quercetin; 10 µM quercetin reduced oxidant by a similar extent as 20 µM,
whereas 5 µM quercetin caused less, but still significant reduction of oxidant levels.
Quercetin at 20 µM also significantly reduced basal levels of oxidant in HAEC (Fig. 3).
Quercetin does not inhibit LPS-induced NF-κB activation
The transcription factor, NF-κB, is critically involved in the regulation of many proinflammatory genes, such as cytokines, chemokines, and cellular adhesion molecules
[Lakshminarayanan 1997] [Chen 2004]. To investigate whether the inhibitory effect of
quercetin on adhesion molecule expression is mediated by NF-κB, HAEC were
incubated with 20 µM quercetin for 18 h and then further incubated for 3 h with LPS.
Nuclear extracts were prepared and NF-κB DNA binding activity was measured by
ELISA. While LPS strongly increased nuclear levels and DNA binding activity of NF-κB,
quercetin treatment did not inhibit LPS-induced NF-κB activation, and in fact appeared
to further enhance it (Fig. 4). These results suggest that the inhibition of adhesion
molecule expression by quercetin is not due to suppression of NF-κB activation, and
that alternative pathways are involved.
Quercetin induces Nrf2 activation
Nrf2 is a transcription factor activated by intracellular oxidative and electrophilic
stress that protects cells from excessive oxidants (ROS) and other electrophiles by
coordinating the expression of many genes encoding antioxidant and detoxification
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enzymes [Kaspar 2009]. To investigate whether quercetin can induce Nrf2 activation,
HAEC were incubated with 20 µM quercetin, and nuclear Nrf2 levels were measured by
ELISA and Western blotting. As shown in Fig. 5a, quercetin induced Nrf2 DNA-binding
activity in a time-dependent manner. The highest level of Nrf2 activity was seen at 6 h,
then it gradually decreased and returned to baseline after 18 h of incubation.
Induction of Nrf2 by quercetin was also confirmed by immunoblotting. HAEC
were treated for 6 h with 20 µM quercetin and then the nuclear fraction was extracted
and probed with an antibody specific to Nrf2. Quercetin treatment caused a significant
increase in Nrf2 protein levels in the nuclear extracts, suggesting Nrf2 nuclear
translocation upon quercetin treatment (Fig. 5b).
To determine whether quercetin induces Nrf2 activity in LPS-stimulated cells,
HAEC were incubated with 20 µM quercetin for 18 h and then further incubated for 3 h
with LPS. Cells treated with quercetin and LPS exhibited a two-fold increase in nuclear
Nrf2 levels, as assessed by cell ELISA, while LPS alone had no significant effect on
Nrf2 levels (Fig. 5a). These results show that quercetin induces Nrf2 activation in both
quiescent and LPS-stimulated cells.
Quercetin induces antioxidant enzyme gene transcription
To assess the effect of quercetin on the expression of antioxidant enzymes
[Tanigawa 2007] [Anwar 2005] [Huang 2013], HAEC were treated for 18 h with 5, 10, or
20 µM quercetin, and mRNA levels of antioxidant enzymes were determined by real-
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time qPCR. Compared to control, HO-1 was strongly induced by quercetin in a doseand time-dependent manner (Fig. 6a, b). In contrast, induction of NQO-1 was less
pronounced (Fig. 6a). Significant increases in HO-1 message levels were observed at 6,
12, and 18 h of incubation (Fig. 6b), whereas NQO-1 increased at 12 h and then
declined at 18 h (Fig. 6b). mRNA levels of the modulatory and catalytic subunits of
glutamate-cysteine ligase (GCLM and GCLC, respectively) were also induced by
quercetin treatment (data not shown). Effects of quercetin on HO-1 and NQO-1 protein
expression were determined by immunoblotting, and significant induction of both
proteins was observed after incubation of HAEC for 18 h with 20 µM quercetin (Fig. 6c).
To determine if LPS affects the ability of quercetin to induce antioxidant enzymes,
HAEC were treated with 5, 10, or 20 µM quercetin for 18 h followed by incubation with
LPS for 3 h. LPS treatment alone did not affect mRNA levels of NQO-1 and HO-1 (Fig.
6d). In contrast, quercetin significantly and dose-dependently increased mRNA levels of
both HO-1 and NQO-1 in LPS-treated cells (Fig. 6d), similar to the results seen in the
absence of LPS (Fig. 6a).
Quercetin induces p38 activation
Several mitogen-activated protein kinase signaling pathways have been reported
to be involved in Nrf2 activation and the induction of antioxidant enzymes [Chen 2011]
[Kang 2005]. We assessed the role of p38 in quercetin-induced Nrf2 activation and
subsequent antioxidant enzyme induction in HAEC by incubating cells with SB203580,
a specific p38 inhibitor. Cells were treated with 15 µM SB203580 for 1 h, followed by
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incubation for up to 12 h with 20 µM quercetin. We found that SB203580 treatment
partially inhibited quercetin-induced Nrf2 activation, as measured by ELISA (Fig. 7a)
and immunoblotting (Fig. 7b). In parallel, SB203580 also attenuated quercetin-induced
gene transcription of HO-1 and NQO-1 (Fig. 7c). Similar inhibitory effects on quercetininduced antioxidant enzyme expression were not observed with the PKC inhibitor,
rottlerin, or the JNK inhibitor, SP600125 (data not shown). These results suggest that
p38 is involved in Nrf2 activation and subsequent antioxidant enzyme induction by
quercetin.
To obtain further evidence for the involvement of p38, we assessed the effect of
quercetin on the phosphorylation of p38. Incubation of HAEC for 3 h with 20 µM
quercetin significantly increased phosphorylation of p38, as measured either by ELISA
(Fig. 7d) or immunoblotting (Fig. 7e). These findings suggest that quercetin induces
Nrf2 activation and antioxidant enzyme transcription, in part, via activation of p38.
Quercetin does not affect Keap1 protein levels
Keap1 is an important regulator of Nrf2 activation in the cytoplasm, where it binds
Nrf2 and causes its rapid polyubiquitilation by the Cul3-based E3 ligase complex and
subsequent degradation by the proteasome. Only when Nrf2 is released from Keap1
can it translocate to the nucleus and induce transcription of its target genes. To gain
insights into the mechanism of Nrf2 activation by quercetin, Keap1 protein levels in
HAEC were determined by immunoblotting. Neither 3 nor 6 h of incubation of HAEC
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with quercetin had any effect on cellular Keap1 levels (Fig. 8), suggesting that
alternative mechanisms are involved in Nrf2 activation by quercetin.

DISCUSSION
In the present study, we found that quercetin exerts antioxidant and antiinflammatory effects in HAEC that may be relevant to the inhibition of atherogenesis in
humans. In our experiments, we used the aglycone (or “free”) form of quercetin and
showed dose-dependent effects in the concentration range of 5-20 µM. Naturally
occurring quercetin in plants exists in the form of glycosides, which are ubiquitously
contained in fruits and vegetables, particularly onions, apples, kale, and broccoli
[Michael 1992]. In the small intestine, quercetin glycosides are absorbed into intestinal
epithelial cells, where they are hydrolyzed and the remaining quercetin aglycone is
glucuronidated or sulfated. Those metabolites of quercetin are released into the blood
stream and then may be further metabolized in the liver by sulfate transferase and
catechol O-methyl transferase.
Therefore, quercetin detected in plasma is mostly in conjugated forms under
normal physiological conditions, and quercetin aglycone is only found in the submicromolar concentration range [Rechner 2002] [Soleas 2001] [Mullen 2006]. In tissues,
however, quercetin aglycone can be the predominant form [Bieger 2008] [Zhang 2010].
Both monocytes and macrophages can release β-glucuronidase [Ferreri 1986] [Zeya
1979], which catalyzes the deglucuronidation of quercetin glucuronides, producing
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quercetin aglycone [Bartholomé 2010]. In the initial stages of atherosclerosis,
monocytes are recruited to the arterial wall and subsequently mature into resident
macrophages. It has been reported that β-glucuronidase activity increases in human
atherosclerotic aortas [Miller 1969] and in the aorta of rabbits in the early stages of
experimental atherosclerosis [Mrhova1963]. LPS-induced inflammation also has been
shown to significantly increase deconjugation of quercetin-3-O-glucuronide by
macrophages, which is essential for quercetin’s anti-inflammatory effects [Ishisaka
2013]. In LPS-challenged rats, the aglycone:monoglucoronide ratio of luteolin, which
has a structure similar to quercetin, increases from 0.23 to 0.78 [Shimoi 2001].
We observed antioxidant and anti-inflammatory effects of quercetin at
concentrations as low as 5 µM. Total quercetin (conjugated and aglycone) concentration
in human plasma can reach 3.95 µM after consuming shallot dry skin [Wiczkowski 2008].
Dietary supplementation with quercetin may result in even higher plasma levels. If the
majority of the quercetin is converted to its aglycone form at the site of inflammation and
endothelial dysfunction, i.e., in the subendothelial space of the arterial intima, the local
tissue concentration of quercetin aglycone may well reach levels comparable to the
concentrations used in this study.
To better understand the mechanism(s) by which quercetin exerts its antioxidant
and anti-inflammatory effects in HAEC, we investigated whether the strong inhibitory
effect of quercetin on LPS-induced adhesion molecule expression, in particular ICAM-1,
was associated with decreased oxidant production and NF-κB activation. While we
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found that oxidant production was strongly inhibited by quercetin, NF-κB activation was
not inhibited, as we reported previously using tumor necrosis factor alpha (TNFα) [Lotito
2006]. Transcription of ICAM-1 is under the control not only of NF-κB, but also activator
protein 1 (AP-1) [Lakshminarayanan 1997] [Chen 2004], with both transcription factors
being involved in ICAM-1 induction by LPS [Sawa 2008]. However, NF-κB and AP-1 are
differentially induced [Lakshminarayanan 1997] [Meyer 1993] [Pinkus 1996]. For
example, the matrix metalloproteinase-9 gene has binding sites for both NF-κB and AP1 in its promoter; however, its induction by 12-O-tetradecanoylphorbol-13-acetate is
only dependent on AP-1 but not NF-κB [Lin CW 2008]. Furthermore, the flavan-3-ol,
epigallocatechin gallate (EGCG), inhibits AP-1 induction by TNFα but does not affect
TNFα-induced DNA binding of NF-κB [Zheng 2010]. In human umbilical vein endothelial
cells, induction of ICAM-1 expression by H2O2, a critical oxidant in cell signaling, occurs
through the AP-1/Ets elements in the promoter region of the ICAM-1 gene, not through
the activity of NF-κB, which mediates induction of ICAM-1 by TNFα [Roebuck 1995]. In
fact, activation of AP-1 by ROS is well established [Lin CW 2008] [Roebuck 1995]. In
addition, some flavonoids, including quercitrin and quercetin, have been reported to
inhibit the activity of AP-1 [Lin CW 2008] [Ding 2010].
In the present study, we further observed that quercetin induced transcription of
HO-1 and NQO1, two antioxidant enzymes known to reduce ROS production and
attenuate inflammation in vitro and in vivo. For example, induction of HO-1 reduces
ROS generation and inhibits adhesion molecule expression and monocyte adhesion in
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cultured cells [Youn 2013] [Pullikotil 2012] [Tsai 2013], and NQO1 protects against
oxidative stress in animal models and tissue culture [Gaikwad 2001] [Lee 2003].
Interestingly, HO-1 also inhibits AP-1 nuclear translocation and DNA-binding activity
[Yeh 2009] [Yasui 2007]. As mentioned above, TNFα-induced AP-1 DNA-binding
activity is inhibited by EGCG; this effect of EGCG appears to be mediated by HO-1, and
bilirubin is involved in the action of HO-1 on AP-1 [Zheng 2010]. In addition, HO-1 and
bilirubin attenuate endothelial activation induced by TNFα or oxidized low-density
lipoprotein [Kawamura 2005]. In our study, HO-1 was strongly induced by quercetin,
which suggests a possible mechanism for the inhibitory effect of quercetin on ICAM-1
expression involving AP-1 (Fig. 9).
Numerous studies have shown that protein kinases are involved in the induction
of Nrf2 and antioxidant enzymes. Depending on the models and inhibitors used, results
of those studies are sometimes inconsistent or even contradictory. The extracellular
regulatory kinase inhibitor, PD98059, inhibits quercetin-induced HO-1 protein
expression in RAW264.7 cells, but the c-Jun N-terminal kinases (JNKs) inhibitor,
SP600125, or the p38 inhibitor, SB203580, does not show any effect [Chow 2005]. In a
different study, SB203580, rather than SP600125, PD98059, or the phosphoinositide 3kinase inhibitor, LY294002, represses HO-1 accumulation induced by Ginkgo biloba
extract [Chen 2011]. Protein kinase C also has been reported to mediate the induction
of Nrf2 and HO-1 by genistein in Caco-2 cells [Zhai 2013]. In the present study, the p38
inhibitor, SB203580, inhibited the induction of Nrf2 and antioxidant enzymes
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significantly but not completely, which suggests that other protein kinases or protein
kinase-independent pathways may be involved in quercetin’s effects on Nrf2 activation
and antioxidant enzyme induction.
Our findings are summarized in Fig. 9. Quercetin induces Nrf2 via activation of
p38. The partial inhibition of quercetin-induced Nrf2 activation by SB203580 suggests
alternative mechanisms for Nrf2 activation by quercetin. Activation of Nrf2 results in
gene transcription and protein expression of antioxidant enzymes, which reduce excess
oxidant levels stimulated by LPS through the Toll-like receptor 4 pathway. Induction of
HO-1 can inhibit AP-1 activity, which may be responsible for the inhibition of adhesion
molecule expression by quercetin, rather than inhibition of NF-kB activation.

CONCLUSION
In the present study, we found that LPS-stimulated adhesion molecule expression and
oxidant formation in HAEC are strongly inhibited by quercetin. Quercetin induces
expression of HO-1, NQO1, and GCL by activating Nrf2, which is partially dependent on
p38. The antioxidant effect of quercetin against basal and LPS-induced oxidant
formation in HAEC is readily explained by the induction of antioxidant enzymes,
whereas the anti-inflammatory effect of quercetin on LPS-induced adhesion molecule
expression is likely due to increased expression of HO-1 and may occur through
antioxidant-independent mechanisms.
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Figure 1. Quercetin and isorhamnetin inhibit LPS-induced adhesion molecule
gene transcription. Human aortic endothelial cells were incubated for 18 h without or
with the indicated concentrations of either quercetin (a, b) or isorhamnetin (3’-O-methylquercetin) (c, d), and then were co-incubated for 3 h without or with 0.1 µg/ml LPS and
either compound. mRNA levels of E-selectin (a, c) and ICAM-1 (b, d) were measured by
real-time PCR. *Denotes significant difference from LPS-stimulated cells, P<0.05.
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Figure 2. Quercetin and isorhamnetin inhibit LPS-induced adhesion molecule
protein expression. Human aortic endothelial cells were incubated for 18 h without or
with the indicated concentrations of either quercetin (a, b) or isorhamnetin (3’-O-methylquercetin) (c, d), and then were co-incubated for 5 h without or with 0.1 µg/ml LPS and
either compound. Protein levels of E-selectin (a, c) and ICAM-1 (b, d) were measured
by cell-ELISA. *Denotes significant difference from LPS-stimulated cells, P<0.05.
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Figure 3. Quercetin inhibits LPS-induced intracellular oxidant production. Human
aortic endothelial cells were incubated for 18 h without (Control, LPS) or with the
indicated concentrations of quercetin (Que). The cells were then washed and incubated
for 20 min with 10 μM DCFH-DA. Subsequently, cells were washed again and 10 μg/ml
LPS in medium containing 0.1% FBS or LPS-free medium containing 0.1% FBS was
added. Fluorescence was measured immediately after adding LPS and every hour up to
4 h. *Denotes significant difference from LPS-stimulated cells, P<0.05; #denotes
significant difference from control cells, P<0.05.
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endothelial cells were incubated for 18 h without (Control) or with 20 µM quercetin (Que)
and then co-incubated for 3 h without or with 0.1 µg/ml LPS (LPS) and 20 µM quercetin
(LPS+Que). Nuclear proteins were extracted and NF-κB was measured by ELISA.
Results marked with different letters differ significantly, P<0.05.
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Figure 5. Quercetin induces Nrf2 activation. Human aortic endothelial cells were
incubated without (Control) or with 20 µM quercetin (Que) for the indicated time periods;
or were incubated for 18 h without quercetin and then incubated for 3 h with 0.1 µg/ml
LPS (LPS); or were incubated for 18 h with 20 µM quercetin and then co-incubated for 3
h with 0.1 µg/ml LPS and 20 µM quercetin (LPS+Que) (a). Nuclear proteins were
extracted and Nrf2 was measured by ELISA. Further, HAEC were incubated for 6 h
without (Con) or with 20 µM quercetin (Que). Nuclear proteins were extracted and Nrf2
was measured by immunoblotting (b). *Denotes significant difference from Control,
P<0.05; #denotes significant difference from LPS-stimulated cells, P<0.05.
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Figure 6. Quercetin induces antioxidant enzyme gene transcription. Human aortic
endothelial cells were incubated for 18 h without (Control) or with the indicated
concentrations of quercetin (Que) (a); or were incubated with 20 µM quercetin for the
indicated time periods (b); or were incubated for 18 h without (Control, LPS) or with the
indicated concentrations of quercetin (Que) and then co-incubated for 3 h without or
with 0.1 µg/ml LPS and quercetin (c). mRNA levels of HO-1 and NQO-1 were measured
by real-time PCR. Further, HAEC were incubated for 18 h without (Con) or with 20 µM
quercetin (Que), and protein levels of HO-1 and NQO-1 were determined by
immunoblotting (d). *Denotes significant difference from control cells (a) or 0 h (b) or
LPS-stimulated cells (c), P<0.05.
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Figure 7. Quercetin induces p38 activation. Human aortic endothelial cells were
incubated for 1 h without (Con) or with 15 µM of the p38 inhibitor, SB203580 (SB), and
then were incubated without or with 20 µM quercetin (Que) for 6 h (a, b) or 12 h (c).
Nuclear proteins were extracted and Nrf2 was measured by ELISA (a) or
immunoblotting (b); or mRNA levels of HO-1 and NQO-1 were measured by real-time
PCR (c). Further, HAEC were incubated for 3 h without (Con) or with 20 µM quercetin
(Que), and phosphorylated p38 (p-p38) in whole cell extracts was measured by ELISA
(d) or immunoblotting (e). Results marked with different letters differ significantly,
P<0.05 (a, c). *Denotes significant difference from control cells (d).
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Figure 8. Quercetin does not affect Keap1 protein levels. Human aortic endothelial
cells were incubated for 3 or 6 h without (Con) or with 20 µM quercetin (Que), and
Keap1 protein levels in whole cell extracts were measured by immunoblotting.
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Figure 9. Scheme summarizing the antioxidant and anti-inflammatory effects of
quercetin in human aortic endothelial cells. Quercetin induces Nrf2 nuclear
translocation and DNA binding activity via activation (phosphorylation) of p38. Since the
p38 inhibitor, SB203580, did not completely suppress Nrf2 activation by quercetin, (an)
alternative pathway(s) may be involved. Activation of Nrf2 results in gene transcription
and protein expression of the antioxidant enzymes, HO-1, NQO1, and GCL, which in
turn inhibit LPS-induced formation of oxidants (ROS) via the TLR4 pathway. Induction of
HO-1 may inhibit AP-1 activity and adhesion molecule expression by (an) antioxidantindependent mechanism(s). In contrast, quercetin did not inhibit LPS-induced NF-κB
activation. Solid lines: based on our data presented in this paper; dashed lines: based
on previously reported data [Yao 2007] [Lakshminarayanan 1997] [Chen 2004] [Yeh
2009] [Yasui Y 2007] [Pocock 2003] [Park 2006] [Lin 2008] [Roebuck 1995].
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CHAPTER 3 -- THE ROLE OF GLUTATHIONE OXIDATION, CONJUGATION, AND
EXPORT IN THE ANTIOXIDANT EFFECT OF QUERCETIN IN HUMAN AORTIC
ENDOTHELIAL CELLS
Chuan Li, Wei-Jian Zhang, Jaewoo Choi and Balz Frei
ABSTRACT
Endothelial dysfunction due to vascular inflammation and oxidative stress critically
contributes to the etiology of atherosclerosis. The intracellular reduction-oxidation
(redox) environment plays a key role in regulating endothelial cell function and is
intimately linked to cellular thiol status, including and foremost glutathione (GSH). In the
present study we investigated whether and how the dietary flavonoid, quercetin, affects
GSH status of human aortic endothelial cells (HAEC) and their response to oxidative
stress. We found that treating cells with buthionine sulfoximine to deplete cellular GSH
levels significantly reduced the capacity of quercetin to inhibit lipopolysaccharide (LPS)induced oxidant production. Furthermore, incubation of HAEC with quercetin caused a
transient decrease and then full recovery of cellular GSH concentrations. The initial
decline in GSH was not accompanied by a corresponding increase in glutathione
disulfide (GSSG). To the contrary, GSSG levels, which were less than 0.5% of GSH
levels at baseline (0.26 ± 0.01 vs. 64.7 ± 1.9 nmol/mg protein, respectively), decreased
by about 25% during incubation with quercetin. As a result, the GSH:GSSG ratio
increased by about 70%, from 253 ± 7 to 372 ± 23. These quercetin-induced changes in
GSH and GSSG levels were not affected by treating HAEC with 500 µM ascorbic acid
phosphate for 24 h to increase intracellular ascorbate levels. Incubation of HAEC with
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quercetin also led to the appearance of extracellular quercetin-glutathione conjugates,
which was paralleled by upregulation of the multidrug resistance protein 1 (MRP1).
Furthermore, quercetin slightly but significantly increased mRNA and protein levels of
glutamate-cysteine ligase catalytic (GCLC) and modifier (GCLM) subunits. Glutathione
reductase (GR) mRNA levels and enzyme activity also increased. Taken together, our
results suggest that quercetin causes loss of GSH in HAEC, not because of oxidation
but most likely due to formation and cellular export of quercetin-glutathione conjugates
and export of glutathione itself. Induction by quercetin of antioxidant enzymes, including
GCL and GR, subsequently restores GSH levels, thereby suppressing LPS-induced
oxidant production. Antioxidant enzyme induction and changes in cellular glutathione
status may contribute to the inhibition of atherogenesis by quercetin observed in animal
models of human atherosclerosis.

Keywords: quercetin, glutathione, endothelial cells, oxidative stress

INTRODUCTION
Activation of the vascular endothelium leading to increased cellular adhesion
molecule expression and monocyte recruitment to the arterial wall are critical initializing
steps in the development of atherosclerosis. Reactive oxygen species (ROS) have been
shown to be involved in induction of endothelial dysfunction and vascular inflammation
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in various animal models of human atherosclerosis [Pamukcu 2011] [Park 2006]
[Costanzo 2003]. ROS induce endothelial injury [Tsukimori 2005], mediate obesityrelated endothelial dysfunction [Perticone 2001] [Chun-Jung Huang, 2015], and are
involved in endothelial activation and adhesion molecule expression upon exposure of
endothelial cells to lipopolysaccharide (LPS) or angiotensin II [Park 2006] [Pueyo 2000].
ROS also exert pro-atherogenic effects by depleting NO and limiting its protective
effects [Förstermann 2006].
Glutathione (GSH) is an important intracellular, small-molecule antioxidant and
detoxifying agent. Its relatively high concentration in cells [Smith 2002] makes GSH the
main intracellular redox buffer to protect cells from oxidants originating intra- and
extracellularly. As an oxidative stress-related disease, atherosclerosis is substantially
affected by glutathione status. For example, intraperitoneal injection of GSH to
apolipoprotein E-deficient mice reversed impairment of endothelial function induced by
hypoxia and reduced the size of atherosclerotic plaques [Tuleta 2014]. Deficiency in the
modifier subunit (GCLM) of glutamate-cysteine ligase (GCL) increased the rate of aortic
lesion development in apolipoprotein E-deficient mice, which was reduced by
overexpression of the catalytic subunit of GCL (GCLC) [Callegari 2011].
GCL catalyzes the synthesis of γ-glutamylcysteine from glutamate and cysteine,
which is the rate-limiting step in the de novo synthesis of GSH. The GCLC subunit binds
glutamate and cysteine and catalyzes their ligation, while GCLM regulates the binding
affinity of GCLC to its substrates [Wu 2004]. Inhibition of GCL activity by buthionine
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sulfoximine (BSO) or nitric oxide (NO) results in cellular GSH depletion [Townsend 2003]
[Lu 2000] [Canals2003]. On the other hand, induction of GCL is associated with an
increase in GSH levels [Akaboshi 2014] [Callegari 2011]. In addition to GCL, glutathione
reductase (GR), which regenerates GSH from glutathione disulfide (GSSG), is also
essential for maintaining cellular GSH levels [Couto 2016].
Interestingly, the dietary flavonoid, quercetin (3,3',4',5,7-pentahydroxyflavone),
has been shown to induce GR levels and activity in animals and tissue culture [Duarte
2002] [Granado-Serrano 2012] [Rodgers 1998]. However, in other studies, inhibition of
GR activity by quercetin has been reported [Masayoshi 1993]. We previously described
the antioxidant and anti-inflammatory effects of quercetin in human aortic endothelial
cells (HAEC), but whether GSH plays a role in these effects of quercetin is unknown.
Reports on intracellular GSH concentrations in HAEC are limited, as are studies on the
effects of quercetin on GSH levels in endothelial cells.
Therefore, in the present study, we hypothesized that cellular GSH plays a
critical role in mediating the antioxidant effects of quercetin in endothelial cells, and
investigated the effects of incubating HAEC with quercetin on GSH oxidation,
conjugation, and cellular export, as well as the induction of the GSH-regulating enzymes,
GCL and GR.
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MATERIALS AND METHODS
Materials
Quercetin, GSH and GSSG, tyrosinase (EC 1.14.18.1) (from mushroom),
lipopolysaccharide (LPS), and 2’,7’-dichlorofluorescin diacetate (DCFH-DA) were
purchased from Sigma-Aldrich (St. Louis, MO). All the other chemicals were of the
highest grade available from Sigma-Aldrich.
Synthesis and purification of quercetin-glutathione conjugates
Quercetin-glutathione conjugates were prepared according to methods reported
by Awad et al. [Awad 2002]. GSH was dissolved in phosphate-buffered saline pH 7.6
(final concentration, 1 mM). 100 U/ml tyrosinase and 150 µM quercetin (100 mM stock
solution in DMSO) were added and the solution was incubated at 37 °C for 8 min and
then freeze-dried and extracted with a mixture of 1:1:1 ethanol, methanol and water.
Following centrifugation of the solution at 12,000 × g for 5 min, the supernatant was
analyzed by liquid chromatography-mass spectrometry (LC-MS).
To purify the quercetin-glutathione conjugates, the solution was loaded onto an
Alltech high-capacity C18 reversed-phase extract-clean column (Grace, Columbia,
Maryland, USA). The column was then washed with 200 ml water. The quercetinglutathione conjugates were eluted with 80 ml 10% acetonitrile in water. Purity of
quercetin-glutathione conjugates in 10% acetonitrile was confirmed by HPLC with a
Dionex AD20 absorbance detector. The acetonitrile solution containing the conjugates
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was then freeze-dried, weighed, and reconstituted with 1:1:1 ethanol, methanol and
water to make a 7 mM standard solution.
Endothelial cells
Human aortic endothelial cells were obtained from Lonza (Walkersville, MD).
Upon receipt, the cells were seeded in 75-cm2 flasks precoated with 1% bovine gelatin
(Sigma-Aldrich) at a ratio of 1:2 and were grown in EBM basal medium (Lonza)
containing bovine brain extract, ascorbic acid, hydrocortisone, epidermal growth factor,
2% fetal bovine serum (FBS; Sigma-Aldrich), and gentamicin/amphotericin-B at 37°C
under 5% CO2 in a humidified atmosphere. Medium was replaced periodically until cells
reached 80-90% confluence; cells were then detached with 0.05% trypsin-0.02% EDTA
(Sigma-Aldrich) and sub-cultured in gelatin-precoated 75 cm2 flasks at a 1:3 ratio. Cells
at passage 7 were used for experiments.
Experiments
Human aortic endothelial cells at passage 7 were plated in 1% gelatin-precoated
96-well plates or 10-cm dishes with Medium 199 (Sigma-Aldrich) supplemented with
20% FBS (Sigma-Aldrich), 2 mM glutamine, 50 U/ml penicillin, 50 μg/ml streptomycin,
and 1 ng/ml human basic fibroblast growth factor (Roche). The cells were then allowed
to grow for 3-4 days until they reached confluence.
Confluent HAEC were incubated without or with different concentrations (5, 10,
or 20 μM) of quercetin for up to 18 h [Lotito 2011]. Quercetin was added from stock
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solutions freshly prepared in DMSO and diluted with Medium 199 containing 20% FBS.
The final concentrations of DMSO in the medium were ≤0.1%. Appropriate controls with
the vehicle DMSO were included in all experiments.
In some experiments, HAEC grown in 10-cm dishes were pre-incubated without
or with 15 µM of the p38 inhibitor, SB203580 (Sigma-Aldrich) for 1 h before the addition
of quercetin and incubation for up to 18 hr. In other experiments, HAEC were preincubated with 500 µM ascorbic acid phosphate for 24 h before adding quercetin or coincubated with 500 µM buthionine sulfoximine (BSO) and 20 μM quercetin for 18 h.
Real-time quantitative polymerase chain reaction
Total RNA was isolated from HAEC with TRIzol reagent (Life Technologies,
Carlsbad, CA). cDNA was synthesized using a high-capacity cDNA archive kit (Life
technologies). mRNA levels of GCLC, GCLM, and GR were determined by real-time
qPCR with an ABI Prism 7500 Sequence Detection System (Life Technologies).
Primers and probes used were purchased from Life technologies as Assays on Demand,
which contained a 20x mixture of PCR primers and TaqMan 6-FAM dye-labeled probes.
The PCR reactions were set up with TaqMan Universal PCR Master Mix (Life
Technologies). β-Actin was used as internal control gene. A standard curve of β-actin
and a standard curve of each target gene were constructed to quantify the level of the
target genes relative to the control gene.
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Immunoblotting
Whole cell extracts of HAEC were prepared with a cell extraction kit (Active Motif,
Carlsbad, CA) according to the manufacturer’s instructions. Equal amounts of protein
(20-25 µg) were separated on 8% or 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis gels and then transferred to Immobilon polyvinylidene difluoride
membranes (Millipore, Bedford, MA). The membranes were blocked in 5% nonfat dry
milk in phosphate-buffered saline containing 0.1% Tween 20 for 1 h at room
temperature and then incubated overnight at 4°C with specific primary antibodies to
GCLC, GCLM, GR, multidrug resistance protein 1 (MRP1), or β-actin (Abcam, Eugene,
OR) followed by incubation for 1 h at room temperature with a horseradish peroxidase–
conjugated secondary antibody (Abcam). The membrane was then incubated with the
SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Eugene,
OR) and exposed to films for visualization.
HPLC analysis of intracellular glutathione
Following incubations, HAEC were harvested with trypsin-EDTA (Sigma-Aldrich),
and 1 mM bathophenanthrolinedisulonic acid (BPDS)/10% perchloric acid (PCA) was
added to the cell suspension. The samples were then centrifuged for 3 min at 15,000 x
g. The cell pellet was used for total protein measurement. To 250 µl supernatant, 50 µl
100 mM iodoacetic acid (IAA)/0.2 mM m-cresol purple and 250 µl KOH (2.0 M)-KHCO3
(2.4 M) were sequentially added. After 1 h incubation in the dark at room temperature,
500 µl 1% 1-fluoro-2,4-dinitrobenzene (FDNB) was added and the mixture was
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incubated in the dark for 1 h at room temperature and then overnight at 4 °C. After
incubation, the sample was centrifuged at 15,000 rpm and the supernatant was used for
HPLC analysis.
HPLC analysis was performed with a Shimadzu liquid chromatography system. A
Thermo Scientific APS-2 Hypersil column (250 x 4.6 mm, 5 µm) was used. The column
was eluted at 1.0 ml/min with mobile 80% phase A (80% methanol in water) and 20%
mobile phase B (0.5 M sodium acetate in 80 % methanol) for 8 min, followed by a linear
gradient from 20% mobile phase B to 99% mobile phase B in 20 min. The percentage of
mobile phase B was kept for 5 min and then a linear gradient from 99% to 20% mobile
phase B in 2 min was used. The percentage of mobile B was kept at 20% for another 7
min. The injection volume was 80 µl. Derivatized GSH and GSSG were detected with a
Shimadzu SPD-10Avp detector at 365 nm. For quantification, standard curves were
constructed by running GSH and GSSG standards together with the samples.
LC-MS analysis of quercetin-glutathione conjugates
Following incubations, HAEC were washed and then extracted with a mixture of
1:1:1 ethanol, methanol and water. The medium was freeze-dried and extracted with the
same mixture. Samples were then centrifuged at 12,000 × g for 5 min. The supernatant
was stored at -80 oC until analysis. To quantify quercetin-glutathione conjugates,
standard was synthesized and purified as described above. Sample separation was
carried out using a Shimadzu HPLC system (Columbia, MD) with an Agilent Porshell
120 EC-C8 column (2.1 × 50 mm, 2. 7 µm) coupled with a Sciex API 3000 triple
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quadrupole mass spectrometer with a TurboIon Spray source operated with mass
analyzer set at unit resolution in negative ion mode (LC-MS/MS, Sciex API 3000, Foster
City, CA). The sample was separated using a gradient with mobile phase A containing
water with 0.1% formic acid and mobile phase B containing acetonitrile with 0.1% formic
acid. The sample was eluted with a linear gradient from 5% mobile phase B to 10%
mobile phase B in 5 min, then a linear gradient from 10% to 12% mobile phase B in 3
min and then a gradient from 12% to 15% mobile phase B. This was followed by
another linear gradient from 15% to 55% mobile phase B in 3 min and a gradient from
55% to 90% mobile phase B in 2 min. The percentage of mobile phase B was kept for 1
min and then a linear gradient from 90% to 5% mobile phase B in 1 min was used and
maintained for 3 min to re-equilibrate the column. The flow rate was 0.3 mL/min and the
injection volume was 3 µL. Mass spectrometer source parameters were as follows: the
Nebulizer, curtain, and collision (CAD) gas parameters were set at 11, 9, and 5 psi,
respectively. Source temperature was at 400 oC. All gases were high purity nitrogen
supplied by a custom liquid nitrogen system (Polar Cryogenics, Portland, OR). The
ionizing voltage was -4000 V, and the declustering, focusing, entrance, and exit
potentials were -50, -220, -10, and -12 V, respectively. A standard curve was
constructed using purified quercetin-glutathione conjugate and multiple reaction
monitoring (MRM) to quantify the conjugates in samples.
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Intracellular oxidant production
Intracellular production of reactive oxygen species (ROS) was measured using
2’,7’-dichlorofluorescein diacetate (DCFH-DA). Following incubations, HAEC in 96-well
plates were washed with HBSS buffer, and then incubated with 10 µM DCFH-DA for 20
min. After washing the cells again, they were incubated with 10 µg/ml LPS in medium
containing 0.1% FBS. Fluorescence was measured immediately after adding LPS and
then every hour up to 4 h using a Spectromax Gemini XS multiplate fluorometer
(Molecular Devices, Sunnyvale, CA) with excitation and emission settings of 485 nm
and 530 nm, respectively.
Determination of GR activity
GR activity of HAEC extracts was determined with a method based on reduction
of GSSG by NADPH using a GR assay kit (Abcam, Eugene, OR, USA). Measurements
were performed according to manufacturer’s instructions. Briefly, HAEC protein extracts
were mixed with GSSG, NADPH and 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB). GR
reduces GSSG to GSH. GSH reacts with DTNB and produces 2-nitro-5-thiobenzoate
anion (TNB2-), which is determined by measuring absorption at 405 nm.
Cell viability
Cell viability was determined with Cell Proliferation Reagent WST-1 (SigmaAldrich) according to the manufacturer’s instructions.
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Statistical analysis
Data are expressed as means ± SEM of at least three independent experiments
run in triplicate. Data were analyzed by factorial analysis of variance (ANOVA) or
unpaired student’s t-test. Significance was accepted at P<0.05.

RESULTS
GSH is involved in the antioxidant effect of quercetin against LPS-induced oxidant
production
To investigate whether GSH is involved in the antioxidant effect of quercetin, BSO
was used to inhibit GCL and deplete intracellular GSH levels [Díaz-Hung 2014] [Busu
2014] [Vargas 2012]. HAEC were incubated with quercetin alone or quercetin and BSO
for 18 h, and then stimulated with LPS. Oxidant production was measured by DCFH-DA
fluorescence. Intracellular oxidant production was significantly increased by LPS,
compared to unstimulated control cells (Fig. 10). The increase in DCFH fluorescence by
LPS was completely suppressed by quercetin. However, in the presence of BSO, the
inhibitory effect of quercetin on oxidant production was significantly reduced, suggesting
that GSH, in part, mediates the antioxidant effect of quercetin in HAEC.
Quercetin affects cellular glutathione status
To investigate the effect of quercetin treatment on intracellular GSH status,
HAEC were incubated with quercetin for different time periods, and the concentrations
of GSH and GSSG were determined by HPLC with spectrophotometric detection. We
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found that GSH levels decreased by about 20% from 64.7±1.9 to 52.0±4.0 nmol/mg
protein during the first 3 hours of incubation with quercetin; were constant for the next 3
hours; and then gradually increased to reach initial levels after 18 hours of incubation
(Fig. 11a). GSSG levels, which were less than 0.5% of GSH levels at baseline (0.26 ±
0.01 nmol/mg protein), decreased by about 50% during the first 6 hours of incubation
with quercetin; and then slightly increased after 12 and 18 h, but remained significantly
lower than baseline GSSG levels (Fig. 11b). As a result of the very low cellular GSSG
levels, the GSH:GSSG ratio was very high at baseline (253 ± 27), indicative of a highly
reducing intracellular redox environment in HAEC. The GSH:GSSG ratio further
increased during incubation with quercetin (Fig. 11c); this increase was mainly due to
the decrease in GSSG, which was most pronounced at 6 hours of incubation (Fig. 11b),
coinciding with the highest GSH:GSSG ratio (Fig. 11c).
The observation that GSSG levels did not increase, but rather decreased, upon
incubation of HAEC with quercetin suggests that the observed decrease in GSH was
not due to oxidation. To further investigate this notion, HAEC were treated with ascorbic
acid phosphate (AAP) before incubation with quercetin. We have shown previously that
HAEC are depleted of ascorbic acid under standard cell culture conditions but can be
enriched with ascorbate upon incubation with AAP; this, in turn, decreases background
levels of ROS [Smith 2002]. Incubation of HAEC with AAP successfully increased
intracellular ascorbate concentrations from non-detectable levels (detection limit ≥2
pmol/mg protein) to 1.9±0.08 nmol/mg protein, as assessed by HPLC analysis (data not
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shown). However, pre-incubation with AAP did not prevent the loss of GSH and GSSG
caused by quercetin treatment, both after 6 and 12 hours of incubation (Fig. 11d, e).
These results are consistent with the notion that the quercetin-induced loss of GSH (Fig.
11a) is not due to oxidation, suggesting alternative mechanisms.
Formation of quercetin-glutathione conjugates
Quercetin, like all flavonoids, are metabolized by humans as xenobiotics, and
conjugation to GSH is an important reaction for cellular detoxification and disposal of
xenobiotics [Lundgren 1990]. Quercetin-glutathione conjugates have been found in
several cell types upon incubation with quercetin [Omar 2014] [Spencer 2003], but have
never been identified in endothelial cells. To investigate whether quercetin-glutathione
conjugates are formed in HAEC during quercetin treatment, cells were incubated with
20 µM quercetin for 12 h. Glutathionyl conjugates of quercetin in cell extracts and in the
culture medium were identified by LC-MS, using synthetic quercetin-glutathione
conjugates as standard. The [M-H]- ion of the quercetin-glutathione conjugates was
detected at m/z 606.10. For the purified quercetin-glutathione conjugate standard, a
peak appeared at 7.93 min retention time in the extracted ion chromatogram (XIC) of
m/z 606.10 (Fig. 12a). According to the fragmentation patterns of its QTOF-MS/MS
spectra (Fig. 12b), the fragment ion (m/z 333.1) of m/z 606.10 was chosen to be the XIC
of glutathionyl quercetin. A corresponding peak in the XIC (m/z 606) of the culture
medium of quercetin-treated HAEC was observed at 7.91 min (Fig. 12c), which
presented the same QTOF-MS/MS spectra as the synthesized glutathionyl quercetin
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standard (Fig. 12b). Therefore, the existence of the quercetin-glutathione conjugate in
the culture medium of quercetin-treated cells was confirmed. The specific position of the
glutathionyl group on quercetin was not determined (Fig. 12b), but previous reports
suggest that GSH reacts with quercetin at the 6 or 8-position [Awad 2002] [Boersma
2000]. TOF-MS/MS spectrum representing the quercetin-glutathione conjugate was not
detected in culture medium of HAEC that had not been treated with quercetin (Fig. 12d).
In addition, no quercetin-glutathione conjugates were detected in HAEC extracts, fresh
culture medium, or in culture medium to which quercetin had been added (data not
shown). These data suggest that quercetin-glutathione conjugates are formed in HAEC
upon incubation with quercetin, and rapidly excreted from the cells into the extracellular
medium.
To quantify the quercetin-glutathione conjugates released by HAEC, a standard
curve was constructed with purified standards (Fig. 12e) and the concentration of
conjugates in the medium was calculated. The quercetin-glutathione conjugates were
detected in the medium of quercetin-treated HAEC at an average concentration of 9.4 ±
1.1 nM, which corresponds to 0.21 ± 0.03 nmol/mg protein of HAEC, but were not
detectable in the medium of HAEC incubated without quercetin. The LC-MS analysis
conclusively showed that quercetin-glutathione conjugates are formed by HAEC during
quercetin treatment and rapidly excreted from the cells. Quercetin treatment caused
GSH levels in HAEC to drop by about 12.7 nmol/mg protein (Fig. 11a); hence, the
amount of quercetin-glutathione conjugates detected in the medium only accounts for
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about 1.7% of the decrease in intracellular GSH levels. However, quercetin-conjugates
are not stable, with a half-life of only minutes in aqueous solution [Boots 2005]. It is,
therefore, likely that a substantial portion of the quercetin-conjugates degraded during
incubation and sample work up, and was not detected by our LC-MS method.
Quercetin induces MRP1 expression
The multidrug resistance protein 1 (MRP1) is an ATP-binding cassette
transporter on membranes known to be involved in cross-membrane cellular export of
glutathione and glutathione conjugates [Leslie 2005] [Haimeur 2004] [Conseil 2005]
[Peklak-Scott 2005] [Minich 2006] [Mueller 2005]. To investigate whether MRP1 is
involved in the effect of quercetin on cellular glutathione status, HAEC were incubated
with 20 µM quercetin for up to 18 h, and MRP1 protein expression was determined by
immunoblotting. Quercetin induced significant increases in MRP1 protein levels at both
6 and 18 h (Fig. 13a, b). The results suggest that MRP1-mediated efflux plays a role in
quercetin-induced alterations of GSH and GSSG levels as well as export of quercetinglutathione conjugates.
Quercetin induces GCLC, GCLM, and GR expression
GCL catalyzes the formation of γ-glutamylcysteine from cysteine and glutamate,
which is the rate-limiting step of glutathione synthesis. GR reduces GSSG to GSH,
which is one of the two major mechanisms by which intracellular GSSG levels decline,
with the other being GSSG efflux via MRP1 [Cole 2014]. To investigate whether GCL
and GR are involved in quercetin’s effects on cellular GSH and GSSG levels, mRNA
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and protein levels of GCLC, GCLM, and GR in quercetin-treated HAEC were
determined. Incubation for 18 h with quercetin dose-dependently induced mRNA levels
of GLCM and GR. Quercetin (5 µM and 20 µM) significantly increased mRNA levels of
GCLC, but no obvious dose-dependency was observed (Fig. 14a).
We have previously shown that quercetin induces the antioxidant enzymes,
heme oxygenase 1 and NAD(P)H:quinone oxidoreductase 1, in HAEC through a
mechanism involving activation of p38 mitogen-activated protein kinase (p38) and the
transcription factor, Nrf2. To investigate the of p38 in mediating quercetin’s induction of
GCL, HAEC were pre-incubated with 15 µM SB203580, a specific p38 inhibitor, for 1 h,
and then were incubated for another 12 h with 20 µM quercetin. SB203580 significantly
inhibited quercetin-induced GCLC and GCLM mRNA expression (Fig. 14b), suggesting
that quercetin may induce GCLC/GCLM through p38. These results are consistent with
previous reports on the involvement of p38 in regulating antioxidant enzyme expression
[Chen 2011] [Kang 2005].
The protein levels of GCLC, GCLM and GR in quercetin treated HAEC were
determined by immunoblotting. Incubation of HAEC with 20 µM quercetin for 6 h caused
a significant increase in GCLM protein levels, while it had no effect on GCLC or GR
protein levels (Fig. 15a, b, c, d). When incubated with quercetin for 18 h, all of these
three proteins were significantly induced (Fig. 15e, f, g, h). Those results demonstrate
that the two critical enzymes involved in glutathione metabolism, GCL and GR, are
induced in HAEC by quercetin.
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To examine whether GR enzyme activity also increased, HAEC were treated with
or without quercetin and GR activity was assessed. A shown in Figure 16, extracts of
cells treated with 20 µM quercetin for 18 h presented higher GR activity compared with
non-treated cells (Fig. 16). These results suggest that induction of GR contributes to the
decline in intracellular GSSG levels induced by quercetin.

DISCUSSION
In the present study, quercetin treatment of HAEC initially caused a significant
decrease in intracellular concentrations of GSH and GSSG. Subsequently, the GSH
level gradually increased and returned to baseline levels after 18 h of incubation, while
the GSSG level remained significantly lower than baseline. The intracellular levels of the
enzymes responsible for de novo synthesis of GSH (GCLC and GCLM) and
regeneration of GSH from GSSG (GR) were either unaffected or even increased by
quercetin treatment at 6 h, suggesting that the decrease in GSH levels may not be a
result of decreased GSH synthesis or regeneration.
Quercetin may generate reactive oxygen species through spontaneous
autoxidation, thereby contributing to a more oxidizing intracellular environment
[Robaszkiewicz 2007]. This may cause increased consumption of GSH, one of the most
important intracellular antioxidants. Treatment of HAEC with ascorbic acid phosphate
has been reported to increase levels of intracellular ascorbate, reduce ROS levels, and
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make the intracellular redox environment more reducing [Smith 2002], thereby
protecting cells against ROS-induced glutathione depletion [Jenner 2002]. However, in
our study, pre-treatment of HAEC with ascorbic acid phosphate did not attenuate the
effects of quercetin on GSH levels, suggesting the decrease of GSH by quercetin is not
through prooxidative effects of quercetin. In addition, quercetin treatment caused
intracellular GSH levels to decrease by about 13 nmol/mg protein, while GSSG levels
were detected in the sub-nanomolar range and did not increase, but in fact decreased
during incubation of HAEC with quercetin. These results also suggest that oxidation of
GSH to GSSG does not account for the observed decrease in GSH levels.
Formation of glutathionyl conjugates might be an alternative explanation for the
quercetin-induced decrease in GSH levels. As a xenobiotic, it is not surprising that
quercetin undergoes glutathione conjugation, along with other reactions as part of the
cellular detoxification mechanism [Omar 2014] [Spencer 2003]. We identified the
existence of quercetin-glutathione conjugates by LC/MS in culture medium of quercetintreated HAEC. The amount of glutathionyl quercetin was small compared with the
decrease of GSH caused by quercetin. Glutathionyl quercetin is not stable in aqueous
solutions and its half-life is reported to be only 2 minutes [Boots 2005]. The stability of
glutathionyl quercetin in the culture medium of our experiments is not known, but if the
conjugates degraded at similar rates as reported [Boots 2005], it is likely that a
substantial portion of the conjugates in the medium degraded and thus would not be
detected in our LC-MS assays. In such a situation, the actual amount of glutathionyl
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quercetin formed during incubation would account for a higher portion of the decrease in
GSH. No glutathionyl quercetin was detected in quercetin-treated HAEC cell extracts,
suggesting that upon formation, the quercetin-glutathione conjugates were rapidly
excreted from the cells. Hence, for the first of time, we detected and quantified the
formation of quercetin-glutathione conjugates in endothelial cells. However, due to the
limited amount detected, it remains to be further investigated whether the formation of
glutathione conjugates plays a major role in the effect quercetin on intracellular GSH
levels in HAEC.
Another mechanism that results in a decrease in intracellular GSH level is
glutathione efflux. The ATP-binding cassette transporter MRP1 is reported to mediate
cross-membrane export of GSH, GSSG as well as glutathione conjugates [Leslie 2005]
[Haimeur 2004] [Conseil 2005] [Peklak-Scott 2005] [Minich 2006] [Mueller 2005]. This
membrane-bound efflux transporter has been reported to transport GSH across plasma
membranes [Leslie 2003] and export GSSG from HAEC [Mueller 2005] and brain
astrocytes [Minich 2006]. Interestingly, quercetin and other flavonoids have been shown
to enhance MRP1-mediated transport of GSH across cell membranes [Leslie 2003].
Grape antioxidant dietary fiber, a natural product rich in polyphenols, significantly
reduced GSSG levels in rat proximal colonic mucosa, likely through GSSG efflux
[López-Oliva 2010]. In addition, MRP1 is known to export glutathione conjugates of
endogenous and xenobiotic metabolites [Keppler 1998] [Cole 2006], which may explain
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the phenomenon that the quercetin-glutathione conjugates were detected exclusively in
the culture medium.
In our study, 6 h incubation with quercetin significantly induced MRP1 expression
in HAEC, which may contribute to the decreased intracellular GSH level by mediating
GSH efflux. In addition, neither GR nor GCLM was induced at 6 h, suggesting GSH
generation from GSSG reduction or de novo synthesis were not markedly increased.
Thus, the quercetin-induced decrease in GSH at 6 h of incubation may result from a
combination of quercetin-glutathione conjugation and MRP1-mediated efflux of GSH,
GSSG, and the quercetin-glutathione conjugates.
During later periods of quercetin incubation, the GSH level in HAEC gradually
recovered and was completely restored at 18 h of incubation. While MRP1 was still
induced, expression of GCLC, GCLM and GR, as well as the enzymatic activity of GR,
were all significantly increased. According to our measurements (data not shown),
quercetin is unstable in aqueous solution and almost completely degrades within 18 h,
which is consistent with prior reports [Zhang 2010]. Therefore, less quercetin would be
available to conjugate GSH. Altogether, these mechanisms contribute to the recovery of
GSH levels in HAEC after prolonged incubation.
In addition to its effects on GSH, quercetin treatment also resulted in significant
reduction of GSSG concentrations in HAEC after 6, 12 and 18 h of incubation. Induction
of GR by quercetin has been reported in other cell culture models and in animals
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[Duarte 2002] [Coldiron 2002] [Granado-Serrano 2012] [Erden 2000] [Ikizler 2007]. GR
reduces GSSG back to GSH by using reducing equivalents from NADPH, and as a
result GSSG is consumed. However, GR was not induced by quercetin at 6 h of
incubation, and significant induction of GR protein level and activity was observed only
at 18 h of quercetin treatment. These results suggest that GR may be responsible for
the reduction of GSSG at 18 h, but not at 6 h. As mentioned above, MRP1 is able to
mediate GSSG efflux and was induced in HAEC at both 6 h and 18 h. Thus, induction of
MRP1 could account for the decrease in GSSG at 6 h, while the decrease in GSSG at
18 h is a combined effect of GR and MRP1.
In our study, the LPS-induced production of ROS in HAEC was significantly
reduced by quercetin. As mentioned above, quercetin is not stable in an aqueous
environment. Our LS-MS assays did not detect intracellular quercetin in HAEC extracts
(data not shown). In addition, at the end of the incubation period with quercetin, the
cells were washed; therefore, any extracellular quercetin remaining would have been
removed. Therefore, the reduction of ROS levels by quercetin was not due to
scavenging of ROS by quercetin, but instead must have been the result of quercetininduced cellular mechanisms. The effects of quercetin were inhibited by BSO,
suggesting a significant part of quercetin’s antioxidant effects was mediated by GSH.
The GSH level at 18 h was not significantly increased compared with 0 h; however, by
the end of 18 h incubation with quercetin, the cells presented a higher GSH/GSSG ratio,
higher protein levels of GCL and GR, and higher GR activity. The increased
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GSH/GSSG ratio results in a more negative half-cell reduction potential, which
contributes to a more reducing intracellular environment and makes cells more resistant
to oxidative stress [Schafer 2001]. Furthermore, as the rate limiting enzyme in GSH de
novo synthesis, increased GCL enzyme levels should increase GSH production by cells.
On the other hand, increased GR activity should promote reconstitution of GSH from
GSSG. Altogether, induction of these two proteins, GCL and GR, might promote
HAEC’s ability to generate more GSH upon LPS challenge and, as a consequence,
reduce ROS levels.
The effects of quercetin treatment on cellular glutathione status in HAEC are
summarized in Fig. 17. GSH level is reduced during first 6 h of quercetin treatment,
possibly due to a combination of quercetin-glutathione conjugation and export by MRP1,
but is restored later (18 h) as a result of quercetin-induced GCL and GR expression.
GSSG level is reduced throughout the time course of quercetin treatment, which results
from GR catalyzed GSSG reduction and MRP1 mediated GSSG efflux. Such processes
together result in an increased intracellular GSH/GSSG ratio.

CONCLUSION
Our results suggest quercetin affects glutathione status in HAEC. Quercetin
caused a temporary and moderate decrease and then full recovery of GSH
concentrations in HAEC, and such effects may involve conjugation of glutathione by
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quercetin. On the other hand, quercetin significantly reduced intracellular GSSG levels
and thus increased GSH/GSSG ratio. Such increases, together with quercetin-induced
GCL and GR, could provide HAEC stronger defenses against oxidants and reduce LPSstimulated oxidant production.
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Figure 10. GSH is involved in the antioxidant effect of quercetin against LPSinduced oxidant production. HAEC were incubated without (Control, LPS) or with 20
μM quercetin (LPS+Que) and 500 μM BSO (LPS+Que+BSO) for 18h and then were
washed with HBSS and incubated with 10 μM DCFH-DA for 20 min. After incubation,
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LPS was added. Fluorescence was measured immediately after adding LPS and every
hour up to 4 h. *Denotes significant change from LPS stimulated cells (10 µg/ml LPS),
P<0.05; #denotes significant change from quercetin pre-incubated and LPS stimulated
cells (20 µM Que + LPS), P<0.05.
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Figure 11. Quercetin affects cellular glutathione status. HAEC were incubated with
20 μM quercetin for the indicated time periods (a, b, c), or were pre-incubated without
(Control, Que) or with 500 μM AAP for 24 h and treated without or with quercetin
(AAP+Que) for 6 h or 12 h (d, e). GSH (a, d) and GSSG (b, e) levels were determined
by HPLC, and the GSH/GSSG ratio for each incubation period were calculated (c).
*Denotes significant change from 0 h, P<0.05 (a, b, c). Results marked with a different
letter differ significantly, P<0.05 (d, e).
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Figure 12. Mass spectra of quercetin-glutathione conjugates. HAEC were
incubated with 20 µM quercetin for 12 h. Glutathionyl conjugates of quercetin in cell
extracts and in the culture medium were identified by LC-MS, using synthetic quercetinglutathione conjugates as standard. Synthetic GSH-quercetin standard (a) and reaction
product from culture medium of HAEC treated with quercetin (c) were analyzed by
multiple reaction monitoring (MRM) HPLC. The quercetin-glutathione conjugates (m/z
606.1) were identified by high accuracy QTOF-MS/MS in negative ion mode (b). The
XIC of specific m/z=606.1 value representing quercetin-glutathione conjugate was not
detected in cell culture media of HAEC not treated by quercetin (d). A standard curve of
quercetin-glutathione conjugates was built using synthesized and purified quercetinglutathione conjugates (e) and formation of quercetin-glutathione conjugates by HAEC
during quercetin treatment was quantified (f).cps.: counts per second.
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Figure 13. Quercetin induces MRP1 expression. HAEC were incubated for 6 (a) or
18 h (b) without (Con) or with 20 µM quercetin (Que). MRP1 protein levels in whole cell
extracts were measured by immunoblotting and were quantitatively analyzed. *Denotes
significant change from Control, P<0.05.
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Figure 14. Quercetin induces GCLC, GCLM and GR gene transcription. HAEC were
incubated for 18 h without (Control) or with the indicated concentrations of quercetin
(Que) (a), or incubated for 1 h without (Con) or with 15 µM of the p38 inhibitor,
SB203580 (SB), and then were incubated without or with 20 µM quercetin (Que) for 12
h (b). mRNA levels of GCLC, GCLM and GR were measured by real-time qPCR.
*Denotes significant change from Control, P<0.05 (a). Results marked with different
letters differ significantly, P<0.05 (b).
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Figure 15. Quercetin induces GCLC, GCLM and GR protein expression. HAEC
were incubated for 6 h (a) or 18 h (e) without (Con) or with 20 µM quercetin (Que).
Protein levels of GCLC, GCLM and GR were determined by immunoblotting and were
quantitatively analyzed (b, c, d, f, g, h). *Denotes significant change from control (Con),
P<0.05.
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Figure 16. Quercetin induces GR activity. HAEC were treated without (Control) or
without 20 µM quercetin for 18 h. GR activity in cell extracts was determined with a
method based on the reduction of GSSG by NADPH using a GR assay kit (Abcam).
Reaction buffer was also used instead of cell extracts in the assay (Blank). *Denotes
significant difference from Control, P<0.05.
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Figure 17. Scheme summarizing the effects of quercetin on glutathione status in
human aortic endothelial cells. Quercetin induces expression of MRP1 in HAEC at 6
and 18 h of incubation and expression of GCL (GCLC, GCLM) and GR at 18 h of
incubation. The intracellular GSH level is first reduced due to quercetin conjugation and
MRP1-mediated efflux, and then is restored as a result of GCL and GR induction. The
intracellular GSSG level is reduced first by MRP1 mediated export and then by the
combined effects of MRP1 and GR. Those mechanisms together increase the
intracellular GSH/GSSG ratio in HAEC and provide protection against excess oxidants
(ROS). GS-Que: quercetin-glutathione conjugates.
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CHAPTER 4 -- CONCLUSION
In the present study, we found that quercetin dose-dependently (5 to 20 µM)
inhibits LPS-induced expression of ICAM-1 and E-selectin at both mRNA and protein
levels in HAEC. Quercetin also inhibited the LPS-stimulated increase in cellular oxidant
production in HAEC. The nuclear protein level and DNA-binding activity of the
transcription factor Nrf2 were significantly increased by 20 µM quercetin treatment. As
targets of Nrf2 regulation, mRNA and protein levels of HO-1, NQO-1, GCLC, GCLM and
GR, as well as enzymatic activity of GR were also induced by quercetin treatment.
These antioxidant enzymes reduce ROS levels and protect cells from oxidative stress
through different pathways.
GSH is one of the most important intracellular antioxidants, and GCLC, GCLM,
GR and MRP1 are important proteins that are involved in the regulation of intracellular
glutathione status. In the presence of BSO, a specific GCL inhibitor that depletes
intracellular GSH, the inhibiting effects of quercetin on LPS-induced ROS formation
were significantly attenuated, which supports the role of GSH in quercetin’s antioxidant
effects. Indeed, quercetin caused a decrease followed by a full recovery of GSH levels
in HAEC, while reducing levels of GSSG significantly, thus resulting in a marked
increase in the GSH/GSSG ratio. The effects of quercetin on intracellular glutathione
status can be explained by GCL-catalyzed de novo synthesis of GSH, GR-catalyzed
GSH regeneration from GSSH, formation of quercetin-glutathione conjugates, as well as
MRP1-mediated efflux of quercetin-glutathione conjugates, and possibly GSH and
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GSSG. Manipulation of glutathione status partially explains quercetin’s effects on ROS
levels in HAEC.
To determine the mechanism whereby quercetin induces Nrf2 activation and
antioxidant enzyme expression, we investigated the involvement of the protein kinase
p38. The p38 specific inhibitor, SB203580, significantly attenuated quercetin-induced
Nrf2 nuclear accumulation and transcription of HO-1, NQO-1, GCLC and GCLM. In
addition, quercetin treatment resulted in p38 protein phosphorylation, suggesting that
p38 mediated the activation of the Nrf2-antioxidant enzyme pathway by quercetin.
Given that the p38 inhibitor did not completely inhibit quercetin’s induction of Nrf2 and
antioxidant enzymes, there might be mediators/pathways other than p38 that account
for quercetin’s effects. Since Keap1 is a critical regulator of Nrf2 activity, we determined
Keap1 protein levels in HAEC after quercetin treatment. Despite significant induction of
Nrf2, quercetin did not show any effects on intracellular Keap1 levels, which suggests
that quercetin activated Nrf2 in a Keap1-independent manner.
Previous reports on quercetin's effects on intracellular ROS, activation of the Nrf2
signaling pathway, and cellular glutathione status and metabolism in HAEC are limited
or lacking. Our work contributes to the understanding of the anti-inflammatory and
antioxidant effects of quercetin in human endothelial cells and the underlying
mechanisms, and supports the anti-atherosclerotic effects of quercetin observed in
animal models of human atherosclerosis. We comprehensively assessed quercetin's
effects on glutathione status and glutathione-regulating proteins in HAEC, and, for the
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first time, identified and quantified the production of quercetin-glutathione conjugates by
endothelial cells.
Further work is required to completely understand the mechanisms by which
quercetin inhibits inflammation and oxidative stress in HAEC. Although correlations
between ROS, endothelial inflammation and dysfunction, and atherosclerosis have
been suggested in different models by previous studies, more work is needed to
establish a definite cause-and-effect relationship between cellular ROS production and
inflammation in HAEC. The incomplete inhibition of quercetin-induced Nrf2 activation
and antioxidant enzyme expression by the p38 inhibitor indicates that alternative
mechanisms account for quercetin’s effects, and those unknown mechanisms await
identification. In addition, the roles of HO-1 and NQO-1 in reducing oxidant levels in
HAEC and the underlying mechanisms are not completely understood, and the specific
mechanisms by which quercetin activates Nrf2 independent of Keap-1 are not yet
identified. The potential role of AP-1 in mediating quercetin’s anti-inflammatory effects
also needs to be identified. In addition to in vitro studies in cell culture, in vivo studies
are needed to further investigate the antioxidant and anti-inflammatory effects of
quercetin in animal models of human atherosclerosis, such as ApoE-/- mice.
In summary, in the present study we found that quercetin inhibits LPS-stimulated
adhesion molecule expression and ROS formation in HAEC. Quercetin induces
transcription of HO-1, NQO-1, GCLC and GCLM by activating Nrf2 through pathways
that are partially dependent on p38 and independent of Keap1. Inhibition of both basal
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and LPS-induced oxidant production in HAEC can be explained by increased
expression of HO-1 and NQO-1, as well as by quercetin-induced alterations of
glutathione status through GCL, GR and MRP1 induction and the formation of
quercetin-glutathione conjugates. Induction of antioxidant enzymes and suppression of
ROS formation may explain, in part, the inhibitory effects of quercetin on endothelial
adhesion molecule expression. For the first time, the effects of quercetin on intracellular
ROS production and activation of Nrf2/antioxidant enzymes and the underlying
mechanisms were comprehensively studied in HAEC, a relevant model of endothelial
activation and inflammation in human arteries. Also, for the first time, quercetin-caused
alterations of glutathione status and glutathione regulating proteins in HAEC were
comprehensively investigated. Finally, we identified and quantified the formation of
quercetin-glutathione conjugates in an endothelial cell type, which has never been
reported before. Our study contributes to the understanding of the mechanisms of the
antioxidant and anti-inflammatory effects of quercetin in human vascular endothelial
cells, which has important implications for the inhibition of endothelial dysfunction and
atherosclerosis in humans.
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