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ABSTRACT
Cardiovascular diseases (CVD) are the leading cause of morbidity and mortality in the United
States. It is also well recognized that the incidence of CVD is substantially increased in
postmenopausal women due to the loss of estrogen. Experimental and clinical data support
vascular protective effects of estrogen by various mechanisms. However, administration of
estrogen is also associated with an increased incidence of heart disease which limits its
therapeutic potential. Given the demonstrated risks of conventional estrogen therapy, a search
for novel, cost-effective, alternative vasoactive agents for prevention of CVD is of major
importance in the effort to decrease the burden of CVD morbidity. Genistein, a major soy
isoflavone, may be one of those alternative agents because of its selective affinity to estrogen
receptor-beta and various beneficial effects on CVD. However, the mechanism of the
cardioprotective effects of genistein is still unclear. The objectives of this study were (1) to
investigate the effect of genistein on the expression of endothelial nitric oxide synthase
(eNOS) both in vitro and in vivo; (2) to define the mechanism by which genistein regulates
eNOS expression; and, (3) to examine whether genistein protects against tumor necrosis
factor-alpha (TNF-α)-induced apoptosis in human aortic endothelial cells (HAECs). The
results demonstrated that genistein, at physiologically achievable concentrations (1-10 μM) in
individuals consuming soy products, enhanced the expression of eNOS protein and

subsequently elevated nitric oxie (NO) synthesis in both HAECs and human umbilical vein
endothelial cells, concomitant with the increased eNOS mRNA expression (2.6-fold of
control) and eNOS promoter activity, suggesting that genistein activates eNOS transcription.
Furthermore, dietary supplementation of genistein to spontaneously hypertensive rats restored
aortic eNOS levels, improved aortic wall thickness, and alleviated hypertension, confirming
the biological relevance of the in vitro findings. However, the effects of genistein on eNOS
and NO were not mediated by activation of estrogen signaling, mitogen-activated protein
kinase, phosphatidylinositol 3-kinase/Akt kinase, protein kinase C or inhibition of typrosine
kinases, but possibly through activating the cAMP/protein kinase A/cAMP responsive
elemant binding protein pathway. These data suggest that genistein has direct genomic effects
on the vascular wall that are unrelated to its known actions, leading to increase in eNOS
expression and NO synthesis, thereby improving vascular homeostasis.

We also found that genistein (5-10 μM) significantly inhibited TNF-α-induced apoptosis in
HAECs as determined by caspase-3 activation, apoptotic cell detection and DNA laddering.
The anti-apoptotic effect of genistein was associated with an enhanced expression of antiapoptotic Bcl-2 protein and its promoter activity that was ablated by TNF-α. Moreover, this
anti-apoptotic effect of genistein was not mediated by extracellular signal-regulated kinase
1/2, protein kinase A, or estrogen receptor. However, inhibition of p38 mitogen-activated
protein kinase (p38) by SB203580 completely abolished the cytoprotective effect of genistein,
suggesting that genistein acted through the p38-dependent pathway. Accordingly, stimulation
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of HAECs with genistein resulted in rapid and dose-dependent activation of p38. Unlike
TNF-α which specifically activated p38α, genistein selectively induced phosphorylation of
p38β, suggesting that p38β, but not p38α, is essential for the cytoprotective effect of genistein.
These findings provide the evidence that genistein acts as a survival factor for vascular ECs
to protect cells against apoptosis via activation of p38β.

Taken together, the resuls of the present study suggest that genistein can act directly on
vascular ECs, improves endothelium homeostasis by promoting eNOS expression and
endothelial-derived NO synthesis through activating the cAMP/PKA/CREB cascade, and
protects against TNF-α-induced apoptosis via activation of p38 β. These data potentially
provide a basic mechanism underlying the physiological effects of genistein in the
vasculature.
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CHAPER 1
Introduction

Background
Cardiovascular diseases (CVD), including coronary heart disease, heart failure, stroke
and hypertension, are the leading cause of illness and death in the United States, which
accounted for 36.3% of all deaths in 2004, or 1 of every 2.8 deaths in the United States (1).
Indeed, CVD claims more lives each year than cancer, chronic lower respiratory diseases,
accidents and diabetes mellitus combined, and the estimated direct and indirect cost of CVD
for 2007 is $431.8 billion (1).
Previous studies show that women within their reproductive age have lower rate of
CVD than that of age-matched men, but these reduced rate of CVD diminish with the onset of
menopause and even higher in postmenopausal women than in age-matched men (1),
suggesting that estrogen plays a key role in preventing CVD in premenopausal women.
Indeed, experimental studies have shown that natural estrogens, such as 17β-estradiol, can
lower plasma levels of low-density lipoprotein cholesterol and lipoprotein Lp(a), raise plasma
levels of high-density lipoprotein cholesterol (2, 3), and protect blood vessels from
atherosclerotic lesion formation (4). 17 β-estradiol also accelerates endothelial cell recovery
after balloon injury (5) and inhibits vascular smooth muscle cell (VSMCs) proliferation (6).
Therefore, estrogen replacement therapy was used to reduce the high rate of CVD in
postmenopausal women (7). However, the effect of administration of estrogen for
cardioprotection remains controversial (8, 9), and estrogen replacement therapy is further
1

limited by carcinogenic effects in women and feminizing effects in men (10). Therefore, a
search for novel, cost-effective, alternative vasoactive agents for prevention of CVD is of
major importance in the effort to decrease the burden of CVD morbidity.
Isoflavones have drawn wide attention due to their potentially beneficial effects on
some human degenerative diseases in the last decade (11). Genistein, the most abundant
isoflavone in soy, has a number of biological actions. It is a well-known tyrosine kinase
inhibitor at pharmacological dose and is a selective ligand of the estrogen receptor (ER)-β
(12). A wealth of literature shows that isoflavones have beneficial effects on obesity (13, 14),
hormone-dependent cancer (15), osteoporosis (16) and cardiovascular diseases (17).
Epidemiological studies demonstrate that soy isoflavones intake in American postmenopausal
women is inversely associated with cardiovascular disease risk factors (18, 19). Some human
intervention studies suggest a beneficial effect on atherosclerosis (20), markers of
cardiovascular risk (21) vasomotor tone (22), systemic arterial compliance (23), and vascular
endothelial function (24). Data from animals and in vitro studies suggest a protective role of
isoflavones in cardiovascular events (25-33). Furthermore, genistein reduces the size of
infarction and experimental myocardial ischemia-reperfusion injury (34), and improves
endothelial dysfunction induced by oophorectomy in rats (35). Genistein consistently caused
vascular relaxation of aorta, pulmonary and coronary arteries in animals (31, 32, 36-39).
However, the mechanisms of the action of soy isoflavones are still unclear despite efforts to
elucidate them. Therefore, my dissertation research is focused on elucidating the fundamental
role for genistein in the regulation of vascular function.
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Vascular endothelium, a single layer of endothelial cells (ECs) lining the lumenal side
of the vessels, is not only a biological barrier separating circulating blood and peripheral
tissues, but also a form of sensory organ having the ability to monitor, integrate and transduce
blood born signals. Endothelium can speak outward to platelets and leukocytes or inward to
VSMCs, and transduce environmental stimuli such as hormones, cytokines and bacterial
products as well as mechanical forces like fluid shear stress, wall tension and intraluminal
pressure. Endothelium also secrets critical vasoactive factors such as nitric oxide (NO) to
modulate vascular function. Thus, endothelium plays a pivotal role in maintaining normal
vascular function.
Endothelium is a dynamic and interactive element which maintains vascular
homeostasis. Any impairment of the integrity of this continuous single-cell formed layer
causes endothelial dysfunction, which leads to acute and chronic inflammatory process,
immunologic reactions, apoptosis, hyperpermeability and eventually various cardiovascular
events. Various stimuli such as viral infection, bacterial toxins and tumor necrosis factoralpha (TNF-α) impair the integrity of endothelium anatomically (eg, surface blebbing,
intracellular gaps, death) and functionally, leading to increased platelet adherence, intrinsic
coagulation and decreased NO synthesis.
Endothelium-derived NO, synthesized by endothelial NO synthase (eNOS) from amino
acid L-arginine and molecular oxygen, plays a key role in maintaining vascular tone and the
integrity of endothelium. NO suppresses endothelial release of inflammatory cytokines and
expression of adhesion molecules, thereby preventing vascular infiltration of leukocytes. In
addition, NO prevents atherogenesis by inhibition of the proliferation and migration of
3

VSMCs, therefore inhibiting intimal fibrosis and atherosclerosis. Dysregulation of NO has
been proposed as both cause and consequence of the endothelial dysfunction that leads to
CVD. Indeed, many CVD risk factors such as being male (1), advancing age (40), cigarette
smoking (41), high blood pressure (42, 43), diabetes (44), are associated with the reduction of
NO release via decreasing the activity and/or expression of eNOS in human or animals.

Hypotheses
Previous studies have established a role for estrogen in the vascular ECs to enhance
NO synthesis through genomic stimulation of eNOS expression (45), and by ERs-mediated,
non-genomic eNOS activation (46). We recently demonstrated that genistein acutely
stimulates NO production by phosphorylation of eNOS in ECs (47, 48). However, it is
unknown whether genistein has a similar genomic effect on eNOS. Studies have reported that
administration of soy protein improves eNOS expression and subsequently reduces blood
pressure in rats (49). However, other studies demonstrated that the beneficial effect of
genistein on endothelial function is not through enhancing eNOS expression (50). Although
genistein has been shown to enhance eNOS promoter activity in a transformed human ECs
(51), it is not clear whether genistein directly up-regulates eNOS expression in primary ECs
and thereby reduces blood pressure in vivo. In the first project of my study, I tested the
hypothesis that genistein improves eNOS expression and subsequently increases NO
synthesis in primary HAECs and in spontaneously hypertensive rats (SHR), and this
improved NO synthesis is associated with a blood pressure-lowering effect of genistein
in SHR.
4

Recently, we demonstrated that genistein targets the cAMP signaling pathway and
regulates cAMP-regulated gene expression that is not related to its estrogenic effect or
inhibition of protein tyrosine kinase (PTK) in vascular ECs (48). Genistein also has been
shown to increase intracellular accumulation of cAMP in other cells such as pancreatic betacells (52), airway epithelial cells (53) and cardiomyocytes (54), suggesting that genistein
possibly influences a wide spectrum of cAMP-mediated biological activities. Cyclic AMP is
a central signaling molecule in a variety of cellular systems and plays an important role in
maintaining normal vascular function. Activation of PKA by cAMP stimulates the
phosphorylation of cAMP-responsive element binding protein (CREB) at Ser-133 which
subsequently interacts with cAMP-responsive element (CRE, TGACGTCA) or CRE-like
sequences of target genes and therefore regulates gene expression in response to elevated
cAMP (55). Interestingly, recent studies show that activation of PKA improves eNOS
expression in vivo (56), suggesting that eNOS could be regulated by cAMP signaling. Indeed,
recent studies showed that a CRE site is located within eNOS promoter that is involved in the
regulation of eNOS expression (57), suggesting that the eNOS expression may be directly
regulated by CREB. Based on these data, my second project tested the hypothesis that
genistein may regulate the expression of eNOS through the PKA-dependent activation
of CREB.
Endothelial cells apoptosis may be an important factor that initiates the pathogenesis of
aging-associated vascular disease such as atherosclerosis (58) and acute coronary syndrome
(59). Many classic risk factors of CVD such as oxidized LDL (60), aging (61), high
concentration of reactive oxygen species (62) and cytokines such as

TNF-alpha (63)
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stimulate EC apoptosis. Furthermore, TNF-α, a potent inducer of EC apoptosis (64), is
remarkably elevated in diabetic animals or humans with vascular complications (65-67), and
high levels of TNF-α in the blood were associated with a high prevalence of atherosclerosis
in old humans (68), suggesting that this inflammatory cytokine may play an important role in
the process of atherosclerosis. Moreover, increased TNF-α down-regulates the expression of
Bcl-2, one of the major anti-apoptotic proteins in vascular ECs (69). Thus, reducing TNF-αinduced ECs apoptosis may provide an important strategy to prevent CVD. Interestingly,
isoflavones can augments production of NO (47, 48), a well known inhibitor of apoptosis at
low levels. Recent studies demonstrated that genistein protects against TNF-α-induced
apoptosis in osteoblastic cells (70) and homocysteine-induced apoptosis in clonal ECs (71).
Therefore, for the third project of my dissertation, I examined whether genistein
protects against TNF-α-induced apoptosis in HAECs and then further determined the
underlying mechanism.
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CHAPER 2
Literature Review 1

Abstract
Genistein, a natural bioactive compound derived from legumes, has drawn wide
attention during the last decade because of its potentially beneficial effects on some human
degenerative diseases. It has a weak estrogenic effect and is a well-known non-specific
tyrosine kinase inhibitor at pharmacological doses.

Epidemiological studies show that

genistein intake is inversely associated with the risk of cardiovascular diseases. Data from
animal and in vitro studies suggest a protective role of genistein in cardiovascular events.
However, the mechanisms of the genistein action on vascular protective effects are unclear.
Past extensive studies exploring its hypolipidemic effect resulted in contradictory data.
Genistein also is a relatively poor antioxidant. However, genistein protects against proinflammatory factor-induced vascular endothelial barrier dysfunction and inhibits leukocyteendothelium interaction, thereby modulating vascular inflammation, a major event in the
pathogenesis of atherosclerosis. Recent studies found that genistein exerts a novel nongenomic action by targeting on important signaling molecules in vascular endothelial cells
(ECs). Genistein rapidly activates endothelial nitric oxide synthase and production of nitric
oxide in ECs. This genistein effect is novel since it is independent of its known effects, but

1

This chapter has been published by Hongwei Si, Dongmin Liu as "Phytochemical
genistein in the regulation of vascular function: new insights"in Current Medicinal
Chemistry, 2007, 14, 2581-2589, Bentham Science Publishers Ltd.
13

mediated by the cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) cascade.
Further studies demonstrated that genistein directly stimulates the plasma membraneassociated adenylate cyclases, leading to activation of the cAMP signaling pathway. In
addition, genistein activates peroxisome proliferator-activated receptors, ligand-activated
nuclear receptors important to normal vascular function. Furthermore, genistein reduces
reactive oxygen species (ROS) by attenuating the expression of ROS-producing enzymes.
These new findings reveal the novel roles for genistein in the regulation of vascular function
and provide a basis for further investigating its therapeutic potential for inflammatory-related
vascular disease.
Keywords: genistein, endothelial cells, inflammation, cAMP, nitric oxide, peroxisome
proliferator-activated receptor, antioxidant, atherosclerosis.
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INTRODUCTION

The prevalence of cardiac and other vascular diseases rises in the aging population. It
is also well recognized that the incidence of cardiovascular disease is substantially increased
in postmenopausal women due to the loss of estrogen. Clinical studies have demonstrated that
hormone replacement therapy prevents cardiovascular disease in early menopausal women [1,
2], but in postmenopausal women, this vasculoprotective effect of hormone replacement
therapy is not consistent in recent clinical trials [3-7]. Moreover, the use of estrogen as a
cardioprotective agent is further limited by its carcinogenic effects in women and feminizing
effects in men [8]. Thus, there is interest in finding novel alternative agents that may have
beneficial effects on the vasculature without some of the side effects of estrogen.
Isoflavones have received widespread attention over the past decade because of their
preventive potential against some highly prevalent chronic diseases, such as cardiovascular
disease [9], osteoporosis [10, 11] and hormone related cancers [12, 13]. Epidemiological
studies show that soy isoflavone intake in American postmenopausal women is inversely
associated with cardiovascular disease risk factors [14, 15]. Data from animals and in vitro
studies suggest a protective role of isoflavones in cardiovascular events [16-23]. Genistein, a
major isoflavone abundant in soy, has various biological actions including a weak estrogenic
effect by binding to estrogen receptors (ERs) [24] , and inhibition of protein tyrosine kinases
(PTK) [25]. Recent studies demonstrate that genistein has anti-atherogenic effects by
inhibiting the proliferation of vascular smooth muscle cells (VSMCs) [26]. Some human
intervention studies suggest the beneficial effects of genistein on atherosclerosis [27],
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markers of cardiovascular risk [28, 29], vascular motor tone [30, 31], vascular endothelial
function [32], and systemic arterial compliance [33]. In addition, it has been shown that
genistein reduces the size of infarction and experimental myocardial ischemia-reperfusion
injury [34], and improves endothelial dysfunction induced by oophorectomy in rats [35], thus
providing additional evidence for a cardioprotective effect of genistein. In studies with
animal models, genistein consistently caused vascular relaxation of aorta, pulmonary and
coronary arteries [22, 36, 37]. However, the mechanism of genistein action in vasculature is
still not clear. Past studies have extensively explored its hypolipidemic [38], anti-oxidative
[39-44] and the estrogenic effects [45]. While genistein may have both ER-dependent and
independent actions in vasculature, its average effect on plasma lipid profile is neutral [16, 31,
33, 46-49]. The effects of genistein on these aspects related to vascular health have been
reviewed elsewhere [7, 42, 50-55]. This review focuses on the recent studies exploring the
molecular targets for genistein in vasculature which may provide better understanding of the
fundamental roles of genistein in vascular health. Furthermore, the possible relationship of
chemical structure of genistein with its function as a ligand for important molecules in
vascular cells is also discussed.

GENISTEIN IS A SELECTIVE ER-β LIGAND

Genistein consists of two aromatic rings (A and B) linked through a heterocyclic
pyrane ring (C) [56]. The chemical structure of genistein is similar to that of 17β-estradiol
(E2), the endogenous estrogen primarily acting through the ERs in humans. Typically, ER
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ligand comprises two hydroxyl groups separated by a rigid hydrophobic linker region. In
addition, an effective ligand possesses a phenolic hydroxyl group since ligand recognition is
achieved through a combination of specific hydrogen bonds between ligand and the ER. As
shown in Fig. 1, the A and C rings of genistein are similar to the A and B rings of E2, and the
actual distance between the two hydroxyl groups on both molecules is nearly identical. This
structural similarity indicates that genistein could potentially bind to the ERs. Actually,
genistein has long been known to exert estrogenic effect. Indeed, although it is not
completely clear how genistein interacts with the ERs, it is believed that genistein binds to
the ERs through its phenolic hydroxyl group at C4’ which interacts with the Glu-Arg-water
triad in the ERs and also through flavone hydroxyl group at C7 which interacts with the distal
histidine residue at the end of the ERs cavity [57]. Unlike E2 however, which binds to both
ERα and ERβ with nearly equal affinity, genistein shows much higher affinity to ERβ (87%
of E2) than to ERα (4% of E2) [24]. This binding specificity may be due to slight difference
in steroid binding sites of two receptors. In the binding site of ERβ, amino acid residue
Met336/Ile373 is substituted for Leu384/Met421 in ERα [57]. While Met421 (ERα) and
Ile373 (ERβ) are important in determining the ligand binding orientation, residues Leu384
(ERα) and Met336 (ERβ) may be the major determinants for the ligand binding to the ERs.
As observed in the X-ray binding mode, the Met336 residue in the ERβ interferes with the
methyl group of E2 and consequently decreases the affinity of E2 to ERβ [58]. In addition,
the overall pocket size of ERβ-ligand is slightly smaller than that of ERα (390 Å for ERβGenistein vs. 490 Å for ERα-E2). This reduction in size is mainly due to the substitution of
Met336 in ERβ for Leu384 in ERα [59]. These structural and conformational differences
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between two receptors may contribute primarily to the observed differential affinity of
genistein to ERα and ERβ. Furthermore, the hydroxyl group at C5 of genistein significantly
increases its binding selectivity for ERβ though it has no specific interaction with the protein
[59].

This is substantially supported by a recent study demonstrating that daidzein, a

genistein analog and another isoflavone which is only lack of the hydroxyl group at C5
compared to genistein (Fig. 1), essentially has no binding activity to either ERα or ERβ (0.1%
and 0.5% of E2, respectively) [24]. Therefore, genistein is a plant-derived novel selective
ERβ agonist. The structural similarity and difference between genistein and E2 may largely
contribute to the ER-dependent and ER-independent functions of genistein [60-62].
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Fig. (1). Chemical structures of genistein, daidzein, estradiol and ligands of PPARα and
PPARγ.
As genistein has weak estrogenic effect, there is concern about its potential adverse
effects in various estrogen-dependent organs although research evidence is not established
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and the relationship between doses, duration, beneficial or harmful effects are unclear.
Genistein may has minimal uterotrophic effect by preferentially binding to ERβ since the
main ER subtype in the uterus is ERα [63], which may primarily mediate the uterotrophic
effect of estrogen. Indeed, although genistein has been shown to affect development of the
reproductive system and immune functions in experimental animals [64], but no such an
effect has been reported in infants fed infant formula containing this compound or in various
mature animal species fed pharmacological doses of genistein [16, 65-69]. Indeed, the dose of
genistein required to produce an effect on uterus of mice is 10,000-fold higher than that of E2
[69]. A recent study also showed that genistein provides similar vasculoprotective effect as
E2 but has no adverse effect on the reproductive system in peripubertal moneys [16] and rats
[65]. Both ERs are expressed in vascular endothelial and smooth muscle cells [70-72]. While
the role of ERα in estrogen regulation of vascular function has been well established [73, 74],
increasing evidence suggest that ERβ is also important in mediating various vascular
protective effects of estrogen [65, 75-82]. Therefore, genistein may be a novel candidate as
an alternative for estrogen based vasculoprotective drug that can protect vascular systems but
devoid of uterotrophic side effects.

GENISTEIN AND VASCULAR INFLAMMATION

Atherosclerosis is the hardening and thickening of artery walls characterized by the
deposition of atheromatous plaques. Atherosclerotic vascular disease is a major cause of
morbidity and mortality in the industrial world [83]. In experimental studies, dietary
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supplementation of genistein significantly reduced atherosclerosis in various animal models
[84, 85]. It has been demonstrated that genistein also markedly inhibits diet-induced coronary
artery atherosclerosis in nonhuman primates [8]. Further, administration of genistein
significantly prevents thrombotic vessel occlusion [86]. However, the potential mechanisms
of the beneficial effects of genistein on atherosclerosis are still unclear. During the last
decade, extensive studies have focused largely on elucidating the effect of genistein on lipid
profiles because hyperlipidemia contributes to atherosclerosis [87]. However, the results
show that the effect of genistein on plasma lipid profiles, such as low-density lipoprotein and
triglycerol, is essentially neutral [16, 31, 33, 46-49, 88, 89], suggesting that the antiatherogenic effect of genistein is not due to a change in the plasma lipids.
Atherosclerosis is now recognized as a chronic inflammatory process since
inflammation is involved in all stages of atherosclerosis from initiation through progression
and, ultimately, the thrombotic complications of atherosclerosis [38, 90-92]. Vascular
endothelium, which not only serves as a biological barrier separating circulating blood and
peripheral tissues, but also secretes various vasoactive substances, plays a pivotal role in
maintaining normal vascular function. Dysfunction of endothelium, impaired nitric oxide
(NO) production, recruitment of immune cells to activated ECs, increase in endothelial
permeability and subsequent transmigration of immune cells into the vessel wall are key early
events in the development of atherosclerosis [93].

These important pathophysiological

components are mediated by various pro-inflammatory mediators and cell adhesion
molecules secreted by injured ECs such as thrombin, tumor necrosis factor-α (TNF-α),
macrophage chemoattractant protein-1 (MCP-1), vascular cell adhesion molecule-1 (VCAM20

1), and intercellular adhesion molecule-1 (ICAM-1) [94-97]. Emerging evidence indicates
that genistein exerts multifaceted anti-inflammatory effects in vasculature [98-100],
suggesting that genistein may prevent atherosclerosis by suppressing vascular inflammation.
Recent studies have demonstrated that genistein inhibits hyperpermeability of cultured
vascular ECs induced by thrombin [101], an inflammatory mediator produced on the surface
of injured endothelium, causing disturbance of its barrier function [102]. While the biological
relevance of this in vitro study needs to be determined, another study showed that oral
administration of genistein significantly reduced retinal vascular leakage of diabetic rats in a
dose-response fashion [103], suggesting that genistein may prevent inflammation-induced
vascular barrier dysfunction and thereby related vascular disease such as atherosclerosis. It
was also demonstrated that genistein inhibits lipopolysaccharide-stimulated TNF-α
production in a macrophage cell line [104] and TNF-α levels in vivo [105]. Genistein also
dose-dependently inhibits TNF-α-induced MCP-1, ICAM-1 ,VCAM-1 [106-108] and matrix
metalloproteinases (MMPs) [109] secretion both in vitro and in vivo, and the proliferation of
VSMCs from spontaneously hypertensive rats [110].
The underlying mechanisms by which genistein affects TNF-α and adhesion molecules
secretion have yet to be elucidated. However, some recent reports suggest that the inhibitory
effect of genistein on some of these pro-inflammatory molecules may be mediated by NO
since genistein increases NO bioactivity in ECs [101, 111]. As an anti-atherosclerotic
molecule, EC-derived NO protects against atherosclerotic lesion formation by inhibition of
MCP-1 and VCAM-1 expression [112], VSMC proliferation [113], and MMPs activity [114].
In fact, it was recently found that the inhibitory effect of genistein on VCAM-1 is dependent
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on NO production [115]. In obese and diabetic patients [116] and in animals [117] with preatherosclerosis complications, NO bioactivity is impaired in association with elevated TNF-α.
Our unpublished observations demonstrated that genistein dose-dependently restores the
TNF-α-down-regulated endothelial NO synthase (eNOS) expression both in mRNA and
protein levels in human aortic ECs (HAECs). In consistent with these observations, genistein
also has been found to inhibit the interaction of leukocytes and vascular ECs in vitro [118,
119]. However, the biological relevance of this in vitro observation remains to be determined.
The specific chemical structure responsible for the inflammation-suppressing effect of
genistein is not clear. One study showed that the structurally closely related isoflavone
daidzein which differs with genistein only in the substitution of the 5C-hydroxyl group with a
hydrogen (41), failed to inhibit TNF-α production [120], suggesting that the 5 position of the
A ring may be an important component for an anti-inflammatory effect of genistein. However,
other studies demonstrated that daidzein has similar effects as genistein on TNF-α generation
[106, 120, 121]. It has been shown that replacement of 7C-hydroxyl group with a glucose
molecule reverses the inhibitory effect of genistein on TNF-α production [120]. In addition,
substitution of a sulfate for the 4’C- and/or 7C-hydroxyl group similarly ablates the inhibitory
effects of genistein on MCP-1, VCAM-1 and ICAM-1 [122]. These results suggest that these
two hydroxyl groups may be essential for the anti-inflammatory effects of genistein.

GENISTEIN, NO AND THE cAMP SIGNALING
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Endothelial NOS-derived NO plays a critical role in the protection of a variety of vascular
functions including vasorelaxation [123, 124], anti-inflammation [125, 126], antiatherogenesis [127] and inhibition of platelet adhesiveness [128, 129]. Previous studies
establish a role for estrogen in the regulation of vascular function. Estrogen can act directly
on the vascular ECs to enhance NO production through genomic stimulation of eNOS
expression [130] as well as via non-genomic, receptor-mediated elevation of the enzymatic
activity [70]. Similarly, it has been demonstrated that genistein intake can increase circulating
nitrate/nitrite [31] and endothelium-dependent vasodilatation in humans [30, 31]. Previous
studies also indicate that daidzein [131-133] and its metabolite equol [134] augment NO
bioavailability without ER involvement. However, it is still unclear whether increased
nitrate/nitrite by genistein reflects increased NO production or its bioavailability. A more
recent study demonstrated that genistein may regulate vascular function by directly
modulating eNOS, because genistein dose-dependently elevates NO release (Fig. 2A) by
directly phosphorylation of Ser1179-eNOS (Fig. 2B) in bovine aortic endothelial cells
(BAECs) [61]. The rapid activation of eNOS by genistein (10-120 min) is not mediated by
binding to the ERs, but dependent on the protein kinase A (PKA) pathway. Consistent with
the PKA-dependent action of eNOS by genistein, a further study demonstrated that genistein
targets the cAMP signaling pathway in both BAECs and human umbilical vein endothelial
cell (HUVECs) by primarily activating plasma membrane-associated adenylate cyclase
through the non-genomic mechanisms that are not related to its estrogenic effect or inhibition
of PTK (Fig. 3A) [101]. The elevation of cAMP by genistein stimulates PKA activity, which
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genistein (G, 5 µM ), E2 (E2, 10 nM ) or vehicle (C) in the presence or absence of ICI
182,780 (I, 10 µM ), actinomycin D (AT, 10 µM ), or cycloheximide (CX, 10 µM ) was
measured by an EIA kit; B: CREB phosphorylation (P-CREB) and total protein expression in
ECs incubated with genistein (G, 5 µM ) or vehicle (C) in the presence or absence of H89 (H,
10 µM ),or PKI (PKI, 2 µM ) were determined by Western blot (from reference 101). The bar
graphs represent three independent experiments. *, p<0.05 vs. vehicle alone-treated control.

subsequently activates cAMP-responsive element-binding protein (CREB) (Fig. 3B) and
regulates gene expression in vascular ECs [101]. Genistein also has been shown to increase
intracellular accumulation of cAMP in other tissues including pancreatic beta-cells [135],
airway epithelial cells [136] and cardiomyocytes [137], suggesting that genistein possibly
influences a wide spectrum of cAMP-mediated biological activities.
Cyclic AMP is a central signaling molecule in a variety of cellular systems and plays
an important role in maintaining normal vascular function. Activation of the cAMP/PKA
pathway directly phosphorylates multiple residues of eNOS, leading to the rapid activation of
eNOS and NO production in ECs [138, 139]. In addition, the presence of functional cAMPresponsive element sites within the human eNOS promoter [140] suggests that the eNOS
expression may be directly regulated by CREB. Indeed, a recent study demonstrated that
genistein increased the eNOS gene expression in vasculature in rats [141]. This genistein
effect on eNOS may be at the transcriptional level since it promotes the eNOS promoter
activity in a human EC line (EA.hy926) [60]. Our unpublished studies further demonstrated
that genistein increases the eNOS protein and mRNA expression as well as the eNOS
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promoter activity in primary HAECs, confirming above results from transformed vascular
cells and further suggesting a human relevant effect of genistein.

However, it is still

unknown whether genistein can act via the cAMP cascade to regulate eNOS expression in
vasculature.
In addition, activation of the cAMP/PKA signaling inhibits vascular inflammation by
depressing the adhesion of leukocytes to ECs [142] possibly through PKA-mediated CREB
phosphorylation [143]. Furthermore, elevation of intracellular cAMP concentration in ECs
improves barrier function by decreasing intercellular gap formation and endothelial
permeability that result from various inflammatory mediators [144-151]. All these events are
implicated in various pathological conditions such as the development of arteriosclerosis,
suggesting that the cAMP elevating agent genistein may retard the process of some chronic
vascular diseases by targeting the cellular cAMP/PKA pathway. A recent study also suggests
that cAMP-dependent mechanisms may be involved in genistein-induced vascular relaxation
[152]. Collectively, many of these genistein effects are either mediated through the cAMP
signaling or are compatible with the declared action of cAMP, suggesting that the effect of
genistein on the cellular cAMP/PKA cascade may represent a central mechanism and play a
key role in a wide range of vascular protective effects. These findings thus may provide an
explanation for these previously reported versatile actions of genistein observed in animal
and human studies.
In contrast to above observations, a recent study reported that acute exposure of
HUVECs to genistein (0.1 µM, 30 sec-2 min) stimulates activation of eNOS that is
independent

of the ERs but mediated by the extracellular signal-regulated kinase1/2
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(ERK1/2) and phosphatidylinositol 3-kinase/Akt pathways, whereas intracellular cAMP
production is unaffected [134]. This ER-independent, non-genomic activation of eNOS by
genistein is consistent with above results. The discrepancies between these findings are not
clear, which may be due to differences in cell type (HUVEC versus BAEC), species (human
versus bovine) and the duration of genistein treatment (≦2 min versus ≧10 min).
Genistein may also have indirect effect on eNOS activation by modulating those
proteins that regulate eNOS activity. It is documented that eNOS activation is inhibited by
caveolin-1 [153] but stimulated by calmodulin (CaM) [154] and heat shock protein 90
(Hsp90) [155]. Hsp90, eNOS, and caveolin-1 could form a heterotrimeric complex in ECs,
and CaM displaces eNOS from caveolin-1 which facilitates Hsp90 binding to eNOS, thereby
reducing the inhibitory action of caveolin-1 on eNOS [156]. Interestingly, genistein [157, 158]
and daidzein [132, 159] increases CaM expression and reduces caveolin-1 levels in rats,
which are associated with elevated plasma NO [157]. However, these genistein actions may
not be relevant to its acute effect on eNOS activation.

GENISTEIN AND PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR
(PPAR) ACTIVITY

The PPARs are ligand-activated transcription factors and are one of the major
members of nuclear receptor family. Three PPAR isoforms, namely α, β/δ, and γ, have been
identified. While each PPAR has distinct tissue expression pattern [160, 161], both PPARα
and PPARγ are expressed in vascular ECs [162, 163] and VSMCs [164, 165]. The crucial
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roles of PPARs in vascular homeostasis have been reviewed elsewhere [161, 166]. PPARγ
and PPARα are recognized as integral members of pathways that control inflammation [167169]. In the endothelium, ligand-activated PPARs result in an inhibition of cytokinedependent induction of adhesion molecules and subsequent recruitment of immune cells to
ECs [168, 170]. Recent studies showed that genistein inhibits the expression of vascular
adhesion molecules [122] and pro-inflammatory cytokines [171] in ECs and immune cells,
resulting in the inhibition of platelet aggregation and monocyte migration. These results
suggest that genistein may be a potential anti-inflammatory agent.

While the anti-

inflammatory mechanism for genistein is not clear, several lines of evidence show that this
genistein effect may be mediated through PPARγ [172]. A study reported that genistein acts
as a ligand of PPARγ [62] and was later confirmed by several studies showing that genistein
induces both PPARα and PPARγ activity by binding to the ligand-binding domains (LBD)
within the transcriptional factors [173, 174]. Consistently, genistein has been shown to induce
PPARγ-driven reporter gene activity in murine RAW 264.7 cells [175]. Our study also
demonstrated that genistein stimulates the PPARγ promoter activity in BAECs, while its
protein expression is not altered (unpublished observation). In addition, genistein has been
shown to induce gene and protein expression of PPARα and subsequently increase expression
of genes involved in lipid metabolism in hepatocyte cells [175, 176].
It is unclear how genistein interacts with PPARs. Like other nuclear receptors, PPARs
have N-terminal transactivation domains, highly conserved DNA-binding domains, and LBD.
When ligand enters into a pocket in the LBD and subsequently activates the receptor and
forms obligate heterodimers with the 9-cis retinoic acid receptor, the heterodimers then bind
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to the specific PPAR responsive elements within the target gene promoter and, subsequently
regulate the specific gene expression or other signaling pathways [177, 178]. As shown in
Fig.1, the typical ligand of PPARs is composed of a polar head and a hydrophobic tail. The A
ring with its hydroxyl group of genistein mimics the polar head of rosiglitazone, while
genistein’s B ring with its hydroxyl group is similar to the hydrophobic tail of these PPAR
ligands. However, it is largely unknown whether genistein activates PPARs because of these
structural similarities of genistein with typical PPAR ligands. Nevertheless, genistein, as a
ligand of PPARs, may exert multiple protective effects on vasculature.
Reduced NO biosynthesis and elevated endothelin-1 (ET-1) production are the major
characteristics of endothelial dysfunction [179], which is a hallmark of the initiation of agingassociated vascular diseases. Recent studies show that activation of PPARα and PPARγ
significantly increases the production of NO from ECs by stimulation of eNOS activity and
protein expression [180-183]. In addition, both ligands of PPARα and PPARγ inhibit
thrombin-induced ET-1 secretion in ECs [184]. Concisely, numerous studies have indicated
that genistein stimulates the activity and expression of eNOS [61, 131, 141, 185, 186] and
inhibits ET-1 expression [187, 188] in both in vitro and in animals. Consistently, a recent
human study also reported that dietary supplementation of genistein decreased plasma levels
of ET-1 while circulating NO was elevated in postmenopausal women [189]. The effects of
genistein on NO and ET-1 are unlikely mediated through the inhibition of PTK since the
genistein levels used in these studies are much lower than the minimal dose of genistein (≥10
µM) required for inhibiting these enzymes [190, 191]. As described above, genistein could
activate both PPARα and PPARγ [173, 174] and improves PPARα expression [175, 176].
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Taken the regulatory roles of PPARα/γ in NO and ET-1 production as aforementioned, it is
tempting to speculate that genistein may modulate the expression of eNOS and ET-1 and NO
production partially via activation of these transcriptional factors, and subsequently prevents
vascular inflammation. In addition, ample evidence demonstrates that PPARα and PPARγ
modulate vascular inflammation possibly by reducing expression of inflammatory cytokines,
adhesion molecules and extracellular matrix proteases [169] [192] [193]. Therefore, it is
conceivable that the anti-inflammatory effect of genistein in ECs could be partially dependent
on activation of PPARs. Indeed, a recent study showed that genistein inhibits leukocyte-EC
interactions by the PPARγ–mediated pathway in an in vitro stimulated blood flow
environment [98], revealing an additional anti-inflammatory mechanism for genistein in
vasculature.
There is accumulating evidence that reactive oxygen species (ROS)-induced oxidative
stress contributes to vascular inflammation and dysfunction [194-196] through multiple
mechanisms [197-199]. Thus, reduction of ROS becomes one of important strategies to
prevent cardiovascular diseases. While it has been shown that genistein is a relatively poor
ROS scavenger [98, 200, 201], it may reduce superoxide production by suppressing protein
expression of endothelial NAD(P)H oxidase [131, 157, 172, 202], a major source of
superoxide in blood vessels which is implicated in oxidative stress-related vascular diseases
[203-206]. Interestingly, genistein exerts this effect through activation of PPARγ [172],
suggesting that PPARγ is a key upstream molecules that may mediate various vascular
protective effects of genistein.
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CONCLUSIONS

Genistein has been shown to exert beneficial effect on cardiovascular system, although
it only has a limited effect on plasma lipids. As a highly selective agonist of ERβ, genistein
may act on vasculature partially through the ER-dependent mechanisms, given the role for
estrogen in the regulation of vascular function. However, it appears that genistein has ERindependent stimulatory effects on multiple cellular signaling pathways and transcriptional
factors including eNOS, cAMP, ERK1/2, Akt, and PPARα and PPARγ which potentially
offer a wide spectrum of beneficial effects on vasculature and therefore are attractive
molecular targets by which to prevent cardiovascular disease (Fig. 4). These findings from
substantial recent studies provide new insights into the fundamental role of genistein in
vascular health and have initiated important new areas for investigation. Meanwhile, it should
be pointed out that genistein exists primarily as glucuronide and sulfate conjugates in blood
circulation and only a small percentage of genistein (1.59% to 8.42% of total genistein)
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Fig. (4). Scheme summarizing molecular targets for genistein in vasculature and
consequent vasculoprotective effect. Genistein activates the cAMP/PKA cascades, ERK1/2
and Akt and PPARs, which subsequently stimulates NO production by direct activation of
eNOS and/or stimulation of eNOS expression in ECs. Elevated NO inhibits TNF-α, VCAM-1
and MCP-1 expression and VSMCs proliferation. Activation of PPARγ by genistein also
inhibits the expression of NAPDH oxidase, thereby reducing superoxide production.
Consequently, modulation of these molecule events by genistein prevents endothelial
inflammation and atherosclerosis.
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present in free aglycone form in both humans and rodents [207, 208]. Given that achievable
plasma total genistein concentrations in both rodents and humans consuming soy products are
less than 5 µM [209-211]. Results from many in vitro studies were obtained with genistein
aglycone concentrations that are likely beyond those that might be achieved through dietary
genistein intake. Thus, the physiological relevance of these in vitro findings is unclear. While
genistein conjugates in the serum are reported to be biologically active with less potency than
free genistein [212], their vascular effects are unknown. Studies in this area are needed to
identify primary component that is responsible for cardiovascular health benefit of genistein
supplement. Regardless, as a molecule capable of activating multiple intracellular molecules
or related pathways essential for normal vascular function, genistein may offer an unique
structural model and perspective for the design of new analog compounds that can
simultaneously and adequately activate these molecular targets, thereby providing novel
therapeutic approaches to cardiovascular disorders.
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ABBREVIATIONS

BAECs

= Bovine aortic endothelial cells

CaM

= Calmodulin

CREB

= cAMP-responsive element binding protein

E2

= 17β-estradiol

ECs

= Endothelial cells

ERK1/2

= Extracellular signal-regulated kinase 1/2

eNOS

= Endothelial nitric oxide synthase

ERs

= Estrogen receptors

ET-1

= Endothelin-1

HAECs

= Human aortic endothelial cells

Hsp90

= Heat shock protein 90

HUVECs = Human umbilical vein endothelial cells
ICAM-1 = Intercellular adhesion molecule-1
LBD

= Ligand binding domain

MCP-1

= Macrophage chemoattractant protein-1

MMPs

= Matrix metalloproteinases
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NO

= Nitric oxide

PKA

= Protein kinase A

PPARs

= Peroxisome proliferator-activated receptors

PTK

= Protein tyrosine kinase

ROS

= Reactive oxygen species

TNF-α

= Tumor necrosis factor-alpha

VCAM-1 = Vascular cell adhesion molecule-1
VSMCs

= Vascular smooth muscle cells

35

REFERENCES

[1]
[2]
[3]

[4]

[5]
[6]

[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]

Kannel, W.B.; Hjortland, M.C.; McNamara, P.M.; Gordon, T. Ann. Intern. Med.,
1976, 85, 447.
Joakimsen, O.; Bonaa, K.H.; Stensland-Bugge, E.; Jacobsen, B.K. J. Clin. Epidemiol.,
2000, 53, 525.
Grady, D.; Herrington, D.; Bittner, V.; Blumenthal, R.; Davidson, M.; Hlatky, M.;
Hsia, J.; Hulley, S.; Herd, A.; Khan, S.; Newby, L.K.; Waters, D.; Vittinghoff, E.;
Wenger, N. JAMA, 2002, 288, 49.
Rossouw, J.E.; Anderson, G.L.; Prentice, R.L.; LaCroix, A.Z.; Kooperberg, C.;
Stefanick, M.L.; Jackson, R.D.; Beresford, S.A.; Howard, B.V.; Johnson, K.C.;
Kotchen, J.M.; Ockene, J. JAMA, 2002, 288, 321.
Hulley, S.; Grady, D.; Bush, T.; Furberg, C.; Herrington, D.; Riggs, B.; Vittinghoff, E.
JAMA, 1998, 280, 605.
Anderson, G.L.; Limacher, M.; Assaf, A.R.; Bassford, T.; Beresford, S.A.; Black, H.;
Bonds, D.; Brunner, R.; Brzyski, R.; Caan, B.; Chlebowski, R.; Curb, D.; Gass, M.;
Hays, J.; Heiss, G.; Hendrix, S.; Howard, B.V.; Hsia, J.; Hubbell, A.; Jackson, R.;
Johnson, K.C.; Judd, H.; Kotchen, J.M.; Kuller, L.; LaCroix, A.Z.; Lane, D.; Langer,
R.D.; Lasser, N.; Lewis, C.E.; Manson, J.; Margolis, K.; Ockene, J.; O'Sullivan, M.J.;
Phillips, L.; Prentice, R.L.; Ritenbaugh, C.; Robbins, J.; Rossouw, J.E.; Sarto, G.;
Stefanick, M.L.; Van Horn, L.; Wactawski-Wende, J.; Wallace, R.; WassertheilSmoller, S. JAMA, 2004, 291, 1701.
Sacks, F.M.; Lichtenstein, A.; Van Horn, L.; Harris, W.; Kris-Etherton, P.; Winston,
M. Circulation, 2006, 113, 1034.
Anthony, M.S.; Clarkson, T.B.; Bullock, B.C.; Wagner, J.D. Arterioscler. Thromb.
Vasc. Biol., 1997, 17, 2524.
Cassidy, A.; Griffin, B. Proc. Nutr. Soc., 1999, 58, 193.
Migliaccio, S.; Anderson, J.J. Osteoporos. Int., 2003, 14, 361.
Setchell, K.D.; Lydeking-Olsen, E. Am. J .Clin. Nutr., 2003, 78, 593S.
Sarkar, F.H.; Li, Y. Cancer. Metastasis. Rev., 2002, 21, 265.
Xiang, H.; Schevzov, G.; Gunning, P.; Williams, H.M.; Silink, M. Nutr. Cancer.,
2002, 42, 224.
Goodman-Gruen, D.; Kritz-Silverstein, D. J. Nutr., 2001, 131, 1202.
de Kleijn, M.J.; van der Schouw, Y.T.; Wilson, P.W.; Adlercreutz, H.; Mazur, W.;
Grobbee, D.E.; Jacques, P.F. J. Nutr., 2001, 131, 1826.
Anthony, M.S.; Clarkson, T.B.; Hughes, C.L., Jr.; Morgan, T.M.; Burke, G.L. J.
Nutr., 1996, 126, 43.
Honore, E.K.; Williams, J.K.; Anthony, M.S.; Clarkson, T.B. Fertil. Steril., 1997, 67,
148.
Kapiotis, S.; Hermann, M.; Held, I.; Seelos, C.; Ehringer, H.; Gmeiner, B.M.
Arterioscler. Thromb. Vasc. Biol., 1997, 17, 2868.
Williams, J.K.; Clarkson, T.B. Coronary Artery Dis., 1998, 9, 759.
36

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

[32]

[33]
[34]

[35]

[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]

Yamakoshi, J.; Piskula, M.K.; Izumi, T.; Tobe, K.; Saito, M.; Kataoka, S.; Obata, A.;
Kikuchi, M. J. Nutr., 2000, 130, 1887.
Karamsetty, M.R.; Klinger, J.R.; Hill, N.S. J. Pharmacol. Exp. Ther., 2001, 297, 968.
Nevala, R.; Lassila, M.; Finckenberg, P.; Paukku, K.; Korpela, R.; Vapaatalo, H. Eur.
J. Pharmacol., 2002, 452, 87.
Kondo, K.; Suzuki, Y.; Ikeda, Y.; Umemura, K. Eur. J. Pharmacol., 2002, 455, 53.
Kuiper, G.G.; Lemmen, J.G.; Carlsson, B.; Corton, J.C.; Safe, S.H.; van der Saag,
P.T.; van der Burg, B.; Gustafsson, J.A. Endocrinology, 1998, 139, 4252.
Nakashima, S.; Koike, T.; Nozawa, Y. Mol. Pharmacol., 1991, 39, 475.
Dubey, R.K.; Gillespie, D.G.; Imthurn, B.; Rosselli, M.; Jackson, E.K.; Keller, P.J.
Hypertension, 1999, 33, 177.
Anthony, M.S.; Clarkson, T.B.; Williams, J.K. Am. J .Clin. Nutr., 1998, 68, 1390S.
van der Schouw, Y.T.; de Kleijn, M.J.; Peeters, P.H.; Grobbee, D.E. Nutr. Metab.
Cardiovas., 2000, 10, 154.
Wangen, K.E.; Duncan, A.M.; Xu, X.; Kurzer, M.S. Am. J .Clin. Nutr., 2001, 73, 225.
Walker, H.A.; Dean, T.S.; Sanders, T.A.; Jackson, G.; Ritter, J.M.; Chowienczyk, P.J.
Circulation, 2001, 103, 258.
Squadrito, F.; Altavilla, D.; Morabito, N.; Crisafulli, A.; D'Anna, R.; Corrado, F.;
Ruggeri, P.; Campo, G.M.; Calapai, G.; Caputi, A.P.; Squadrito, G. Atherosclerosis,
2002, 163, 339.
Squadrito, F.; Altavilla, D.; Crisafulli, A.; Saitta, A.; Cucinotta, D.; Morabito, N.;
D'Anna, R.; Corrado, F.; Ruggeri, P.; Frisina, N.; Squadrito, G. Am. J. Med., 2003,
114, 470.
Nestel, P.J.; Yamashita, T.; Sasahara, T.; Pomeroy, S.; Dart, A.; Komesaroff, P.;
Owen, A.; Abbey, M. Arterioscler. Thromb. Vasc. Biol., 1997, 17, 3392.
Deodato, B.; Altavilla, D.; Squadrito, G.; Campo, G.M.; Arlotta, M.; Minutoli, L.;
Saitta, A.; Cucinotta, D.; Calapai, G.; Caputi, A.P.; Miano, M.; Squadrito, F. Br. J.
Pharmacol., 1999, 128, 1683.
Squadrito, F.; Altavilla, D.; Squadrito, G.; Saitta, A.; Cucinotta, D.; Minutoli, L.;
Deodato, B.; Ferlito, M.; Campo, G.M.; Bova, A.; Caputi, A.P. Cardiovasc. Res.,
2000, 45, 454.
Fatehi-Hassanabad, Z.; Parratt, J.R. Eur. J. Pharmacol., 1997, 338, 67.
May, M.J.; Wheeler-Jones, C.P.; Pearson, J.D. Br. J. Pharmacol., 1996, 118, 1761.
Cassidy, A.; Hooper, L. J. Br. Menopause. Soc., 2006, 12, 49.
Exner, M.; Hermann, M.; Hofbauer, R.; Kapiotis, S.; Quehenberger, P.; Speiser, W.;
Held, I.; Gmeiner, B.M. Free. Radic. Res., 2001, 34, 101.
Vega-Lopez, S.; Yeum, K.J.; Lecker, J.L.; Ausman, L.M.; Johnson, E.J.; Devaraj, S.;
Jialal, I.; Lichtenstein, A.H. Am. J .Clin. Nutr., 2005, 81, 43.
Ruiz-Larrea, M.B.; Mohan, A.R.; Paganga, G.; Miller, N.J.; Bolwell, G.P.; RiceEvans, C.A. Free. Radic. Res., 1997, 26, 63.
Williams, R.J.; Spencer, J.P.; Rice-Evans, C. Free. Radic. Biol. Med., 2004, 36, 838.
Rimbach, G.; De Pascual-Teresa, S.; Ewins, B.A.; Matsugo, S.; Uchida, Y.; Minihane,
A.M.; Turner, R.; VafeiAdou, K.; Weinberg, P.D. Xenobiotica, 2003, 33, 913.

37

[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]

Mitchell, J.H.; Gardner, P.T.; McPhail, D.B.; Morrice, P.C.; Collins, A.R.; Duthie,
G.G. Arch. Biochem. Biophys., 1998, 360, 142.
An, J.; Tzagarakis-Foster, C.; Scharschmidt, T.C.; Lomri, N.; Leitman, D.C. J. Biol.
Chem., 2001, 276, 17808.
Clarkson, T.B.; Anthony, M.S.; Williams, J.K.; Honore, E.K.; Cline, J.M. Proc. Soc.
Exp .Biol. Med., 1998, 217, 365.
Washburn, S.; Burke, G.L.; Morgan, T.; Anthony, M. Menopause, 1999, 6, 7.
Hodgson, J.M.; Puddey, I.B.; Beilin, L.J.; Mori, T.A.; Croft, K.D. J. Nutr., 1998, 128,
728.
Simons, L.A.; von Konigsmark, M.; Simons, J.; Celermajer, D.S. Am. J. Cardiol.,
2000, 85, 1297.
Altavilla, D.; Crisafulli, A.; Marini, H.; Esposito, M.; D'Anna, R.; Corrado, F.; Bitto,
A.; Squadrito, F. Curr. Med. Chem. Cardiovasc. Hematol. Agents., 2004, 2, 179.
Park, D.; Huang, T.; Frishman, W.H. Cardiol. Rev., 2005, 13, 13.
Hall, W.L.; Rimbach, G.; Williams, C.M. Nutr. Res. Rev., 2005, 18, 130.
Wiseman, H. Expert. Opin. Investig. Drugs., 2000, 9, 1829.
Mann, G.E.; Rowlands, D.J.; Li, F.Y.; de Winter, P.; Siow, R.C. Cardiovasc. Res.,
2007.
Siow, R.C.; Li, F.Y.; Rowlands, D.J.; de Winter, P.; Mann, G.E. Free. Radic. Biol.
Med., 2007, 42, 909.
Ross, J.A.; Kasum, C.M. Annu. Rev. Nutr., 2002, 22, 19.
Pike, A.C.W.; Brzozowski, A.M.; Hubbard, R.E.; Bonn, T.; thorsell, A.-G.; Engstrom,
O.; Ljunggren, J.; Gustafsson, J.-A.; Carlquist, M. EMBO J., 1999, 18, 4608.
van Hoorn, W.P. J. Med. Chem., 2002, 45, 584.
Wallace, O.B.; Richardson, T.I.; Dodge, J.A. Curr. Top. Med. Chem., 2003, 3, 1663.
Rathel, T.R.; Leikert, J.F.; Vollmar, A.M.; Dirsch, V.M. Br. J. Pharmacol., 2005,
144, 394.
Liu, D.; Homan, L.L.; Dillon, J.S. Endocrinology, 2004, 145, 5532.
Dang, Z.C.; Audinot, V.; Papapoulos, S.E.; Boutin, J.A.; Lowik, C.W. J. Biol. Chem.,
2003, 278, 962.
Kuiper, G.G.; Carlsson, B.; Grandien, K.; Enmark, E.; Haggblad, J.; Nilsson, S.;
Gustafsson, J.A. Endocrinology., 1997, 138, 863.
Chen, A.; Rogan, W.J. Annu. Rev. Nutr., 2004, 24, 33.
Makela, S.; Savolainen, H.; Aavik, E.; Myllarniemi, M.; Strauss, L.; Taskinen, E.;
Gustafsson, J.A.; Hayry, P. Pro. Natl. Acad. Sci. U. S. A.., 1999, 96, 7077.
Michael McClain, R.; Wolz, E.; Davidovich, A.; Pfannkuch, F.; Edwards, J.A.;
Bausch, J. Food. Chem. Toxicol., 2006, 44, 56.
Roberts, D.; Veeramachaneni, D.N.; Schlaff, W.D.; Awoniyi, C.A. Endocr. J., 2000,
13, 281.
Lamartiniere, C.A.; Zhang, J.X.; Cotroneo, M.S. Am. J .Clin. Nutr., 1998, 68, 1400S.
Milligan, S.R.; Balasubramanian, A.V.; Kalita, J.C. Environ. Health. Persp., 1998,
106, 23.
Chen, Z.; Yuhanna, I.S.; Galcheva-Gargova, Z.; Karas, R.H.; Mendelsohn, M.E.;
Shaul, P.W. J. Clin. Invest., 1999, 103, 401.
38

[71]
[72]
[73]
[74]
[75]
[76]
[77]

[78]
[79]
[80]
[81]
[82]
[83]

[84]
[85]
[86]
[87]
[88]
[89]
[90]

[91]
[92]

Kim, H.P.; Lee, J.Y.; Jeong, J.K.; Bae, S.W.; Lee, H.K.; Jo, I. Biochem. Biophys. Res.
Commun., 1999, 263, 257.
Lantin-Hermoso, R.L.; Rosenfeld, C.R.; Yuhanna, I.S.; German, Z.; Chen, Z.; Shaul,
P.W. Am. J. Physiol., 1997, 273, L119.
Pare, G.; Krust, A.; Karas, R.H.; Dupont, S.; Aronovitz, M.; Chambon, P.;
Mendelsohn, M.E. Circ. Res., 2002, 90, 1087.
Cooke, P.S.; Buchanan, D.L.; Lubahn, D.B.; Cunha, G.R. Biol. Reprod., 1998, 59,
470.
Iafrati, M.D.; Karas, R.H.; Aronovitz, M.; Kim, S.; Sullivan, T.R., Jr.; Lubahn, D.B.;
O'Donnell, T.F., Jr.; Korach, K.S.; Mendelsohn, M.E. Nat. Med., 1997, 3, 545.
Aavik, E.; du Toit, D.; Myburgh, E.; Frosen, J.; Hayry, P. Mol. Cell. Endocrinol.,
2001, 182, 91.
Watanabe, T.; Akishita, M.; Nakaoka, T.; Kozaki, K.; Miyahara, Y.; He, H.; Ohike,
Y.; Ogita, T.; Inoue, S.; Muramatsu, M.; Yamashita, N.; Ouchi, Y. Cardiovasc. Res.,
2003, 59, 734.
Muller-Delp, J.M.; Lubahn, D.B.; Nichol, K.E.; Philips, B.J.; Price, E.M.; Curran,
E.M.; Laughlin, M.H. Am. J. Physiol. Heart. Circ. Physiol., 2003, 285, H2150.
Cruz, M.N.; Douglas, G.; Gustafsson, J.A.; Poston, L.; Kublickiene, K. Am. J.
Physiol. Heart. Circ. Physiol., 2006, 290, H823.
Luksha, L.; Poston, L.; Gustafsson, J.A.; Hultenby, K.; Kublickiene, K. J. Physiol.,
2006, 577, 945.
Luksha, L.; Poston, L.; Gustafsson, J.A.; Aghajanova, L.; Kublickiene, K.
Hypertension, 2005, 46, 1163.
Corbacho, A.M.; Eiserich, J.P.; Zuniga, L.A.; Valacchi, G.; Villablanca, A.C.
Endocrinology, 2007, 148, 1403.
Rosamond, W.; Flegal, K.; Friday, G.; Furie, K.; Go, A.; Greenlund, K.; Haase, N.;
Ho, M.; Howard, V.; Kissela, B.; Kittner, S.; Lloyd-Jones, D.; McDermott, M.; Meigs,
J.; Moy, C.; Nichol, G.; O'Donnell, C.J.; Roger, V.; Rumsfeld, J.; Sorlie, P.;
Steinberger, J.; Thom, T.; Wasserthiel-Smoller, S.; Hong, Y. Circulation, 2007, 115,
e69.
Lee, C.S.; Kwon, S.J.; Na, S.Y.; Lim, S.P.; Lee, J.H. J. Korean. Med. Sci., 2004, 19,
656.
Alexandersen, P.; Haarbo, J.; Breinholt, V.; Christiansen, C. Climacteric, 2001, 4,
151.
Kondo, K.; Suzuki, Y.; Ikeda, Y.; Umemura, K. Eur. J. Pharmacol., 2002, 455, 53.
Vitolins, M.Z.; Anthony, M.; Burke, G.L. Curr. Opin. Lipidol., 2001, 12, 433.
Yeung, J.; Yu, T.F. Nutr. J., 2003, 2, 15.
Zhan, S.; Ho, S.C. Am. J. Clin. Nutr., 2005, 81, 397.
Cassidy, A.; Albertazzi, P.; Lise Nielsen, I.; Hall, W.; Williamson, G.; Tetens, I.;
Atkins, S.; Cross, H.; Manios, Y.; Wolk, A.; Steiner, C.; Branca, F. Proc. Nutr. Soc.,
2006, 65, 76.
Lucas, A.R.; Korol, R.; Pepine, C.J. Circulation, 2006, 113, e728.
Kaperonis, E.A.; Liapis, C.D.; Kakisis, J.D.; Dimitroulis, D.; Papavassiliou, V.G. Eur.
J. Vasc. Endovasc. Surg., 2006, 31, 386.
39

[93]
[94]

[95]
[96]
[97]
[98]

[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]

[109]
[110]
[111]
[112]
[113]
[114]
[115]
[116]

Bhattacharya, J.; MBBS; DPhil. Cell signaling in vascular inflammation. Humana
Press: Portland, OR, 2005.
Pearson, T.A.; Mensah, G.A.; Alexander, R.W.; Anderson, J.L.; Cannon, R.O., 3rd;
Criqui, M.; Fadl, Y.Y.; Fortmann, S.P.; Hong, Y.; Myers, G.L.; Rifai, N.; Smith, S.C.,
Jr.; Taubert, K.; Tracy, R.P.; Vinicor, F. Circulation, 2003, 107, 499.
Thompson, S.G.; Kienast, J.; Pyke, S.D.; Haverkate, F.; van de Loo, J.C. N. Engl.
J .Med., 1995, 332, 635.
Danesh, J.; Wheeler, J.G.; Hirschfield, G.M.; Eda, S.; Eiriksdottir, G.; Rumley, A.;
Lowe, G.D.; Pepys, M.B.; Gudnason, V. N. Engl. J. Med., 2004, 350, 1387.
Ridker, P.M.; Hennekens, C.H.; Buring, J.E.; Rifai, N. N. Engl. J. Med., 2000, 342,
836.
Chacko, B.K.; Chandler, R.T.; Mundhekar, A.; Khoo, N.; Pruitt, H.M.; Kucik, D.F.;
Parks, D.A.; Kevil, C.G.; Barnes, S.; Patel, R.P. Am. J. Physiol. Hear.t Circ. Physiol.,
2005, 289, H908.
Marotta, F.; Mao, G.S.; Liu, T.; Chui, D.H.; Lorenzetti, A.; Xiao, Y.; Marandola, P.
Ann. N. Y. Acad. Sci., 2006, 1089, 276.
Asmis, R.; Stevens, J.; Begley, J.G.; Grimes, B.; Van Zant, G.; Fanti, P. Clin.
Nephrol., 2006, 65, 267.
Liu, D.; Jiang, H.; Grange, R.W. Endocrinology, 2005, 146, 1312.
Bogatcheva, N.V.; Garcia, J.G.; Verin, A.D. Biochemistry (Moscow). 2002, 67, 75.
Nakajima, M.; Cooney, M.J.; Tu, A.H.; Chang, K.Y.; Cao, J.; Ando, A.; An, G.J.;
Melia, M.; de Juan, E., Jr. Invest. Ophthalmol. Vis. Sci., 2001, 42, 2110.
Herath, H.M.; Takano-Ishikawa, Y.; Yamaki, K. J. Med. Food., 2003, 6, 365.
Morris, P.E.; Olmstead, L.E.; Howard-Carroll, A.E.; Dickens, G.R.; Goltz, M.L.;
Courtney-Shapiro, C.; Fanti, P. Inflammation, 1999, 23, 231.
Gottstein, N.; Ewins, B.A.; Eccleston, C.; Hubbard, G.P.; Kavanagh, I.C.; Minihane,
A.M.; Weinberg, P.D.; Rimbach, G. Br. J. Nutr., 2003, 89, 607.
Majewska, E.; Paleolog, E.; Baj, Z.; Kralisz, U.; Feldmann, M.; Tchorzewski, H.
Scand. J. Immunol., 1997, 45, 385.
Register, T.C.; Cann, J.A.; Kaplan, J.R.; Williams, J.K.; Adams, M.R.; Morgan, T.M.;
Anthony, M.S.; Blair, R.M.; Wagner, J.D.; Clarkson, T.B. J. Clin. Endocrinol.
Metab., 2005, 90, 1734.
Camp, T.M.; Smiley, L.M.; Hayden, M.R.; Tyagi, S.C. J. Hypertens., 2003, 21, 1719.
Pan, W.; Ikeda, K.; Takebe, M.; Yamori, Y. J. Nutr., 2001, 131, 1154.
Pan, W.; Quarles, L.D.; Song, L.H.; Yu, Y.H.; Jiao, C.; Tang, H.B.; Jiang, C.H.; Deng,
H.W.; Li, Y.J.; Zhou, H.H.; Xiao, Z.S. J. Cell. Biochem., 2005, 94, 307.
Cai, H.; Harrison, D.G. Circ. Res., 2000, 87, 840.
Sato, R.; Hirata, Y. Nippon. Rinsho., 2004, 62 Suppl 9, 496.
Wang, W.; Viappiani, S.; Sawicka, J.; Schulz, R. Br. J. Pharmacol., 2005, 145, 43.
Mukherjee, T.K.; Nathan, L.; Dinh, H.; Reddy, S.T.; Chaudhuri, G. J. Biol. Chem.,
2003, 278, 11746.
Mishima, Y.; Kuyama, A.; Tada, A.; Takahashi, K.; Ishioka, T.; Kibata, M. Diabetes.
Res. Clin. Pract., 2001, 52, 119.

40

[117] Picchi, A.; Gao, X.; Belmadani, S.; Potter, B.J.; Focardi, M.; Chilian, W.M.; Zhang, C.
Circ. Res., 2006, 99, 69.
[118] Takahashi, M.; Ikeda, U.; Masuyama, J.; Kitagawa, S.; Kasahara, T.; Shimpo, M.;
Kano, S.; Shimada, K. Cardiovasc. Res., 1996, 32, 422.
[119] Mukherjee, T.K.; Nathan, L.; Dinh, H.; Reddy, S.T.; Chaudhuri, G. J.Biol. Chem.,
2003, 278, 11746.
[120] Wang, J.; Mazza, G. J. Agric. Food. Chem., 2002, 50, 4183.
[121] Nakaya, M.; Tachibana, H.; Yamada, K. Biochem. Pharmacol., 2005, 71, 108.
[122] Rimbach, G.; Weinberg, P.D.; de Pascual-Teresa, S.; Alonso, M.G.; Ewins, B.A.;
Turner, R.; Minihane, A.M.; Botting, N.; Fairley, B.; Matsugo, S.; Uchida, Y.;
Cassidy, A. Biochim. Biophys. Acta., 2004, 1670, 229.
[123] Ignarro, L.J.; Buga, G.M.; Wood, K.S.; Byrns, R.E.; Chaudhuri, G. Proc. Natl. Acad.
Sci. U. S .A., 1987, 84, 9265.
[124] Palmer, R.M.; Ferrige, A.G.; Moncada, S. Nature, 1987, 327, 524.
[125] Yu, J.; Rudic, R.D.; Sessa, W.C. Lab. Invest., 2002, 82, 825.
[126] Kataoka, C.; Egashira, K.; Inoue, S.; Takemoto, M.; Ni, W.; Koyanagi, M.; Kitamoto,
S.; Usui, M.; Kaibuchi, K.; Shimokawa, H.; Takeshita, A. Hypertension., 2002, 39,
245.
[127] Shin, W.S.; Hong, Y.H.; Peng, H.B.; De Caterina, R.; Libby, P.; Liao, J.K. J. Biol.
Chem., 1996, 271, 11317.
[128] Moncada, S.; Palmer, R.M.; Higgs, E.A. Pharmacol. Rev., 1991, 43, 109.
[129] Ignarro, L.J. Annu. Rev. Pharmacol. Toxicol., 1990, 30, 535.
[130] MacRitchie, A.N.; Jun, S.S.; Chen, Z.; German, Z.; Yuhanna, I.S.; Sherman, T.S.;
Shaul, P.W. Circ. Res., 1997, 81, 355.
[131] Vera, R.; Galisteo, M.; Villar, I.C.; Sanchez, M.; Zarzuelo, A.; Perez-Vizcaino, F.;
Duarte, J. J. Pharmacol. Exp. Ther., 2005, 314, 1300.
[132] Sobey, C.G.; Weiler, J.M.; Boujaoude, M.; Woodman, O.L. J. Pharmacol. Exp. Ther.,
2004, 310, 135.
[133] Woodman, O.L.; Missen, M.A.; Boujaoude, M. J. Cardiovasc. Pharmacol., 2004, 44,
155.
[134] Joy, S.; Siow, R.C.; Rowlands, D.J.; Becker, M.; Wyatt, A.W.; Aaronson, P.I.; Coen,
C.W.; Kallo, I.; Jacob, R.; Mann, G.E. J. Biol. Chem., 2006, 281, 27335.
[135] Liu, D.; Zhen, W.; Yang, Z.; Carter, J.D.; Si, H.; Reynolds, K.A. Diabetes, 2006, 55,
1043.
[136] Burvall, K.M.; Palmberg, L.; Larsson, K. Mol. Cell. Biochem., 2002, 240, 131.
[137] Chiang, C.E.; Chen, S.A.; Chang, M.S.; Lin, C.I.; Luk, H.N. Biochem. Biophys. Res.
Commun., 1996, 223, 598.
[138] Boo, Y.C.; Sorescu, G.; Boyd, N.; Shiojima, I.; Walsh, K.; Du, J.; Jo, H. J. Biol.
Chem., 2002, 277, 3388.
[139] Boo, Y.C.; Hwang, J.; Sykes, M.; Michell, B.J.; Kemp, B.E.; Lum, H.; Jo, H. Am. J.
Physiol. Heart . Cir. Physiol., 2002, 283, H1819.
[140] Niwano, K.; Arai, M.; Tomaru, K.; Uchiyama, T.; Ohyama, Y.; Kurabayashi, M.
Circ. Res., 2003, 93, 523.

41

[141] Mahn, K.; Borras, C.; Knock, G.A.; Taylor, P.; Khan, I.Y.; Sugden, D.; Poston, L.;
Ward, J.P.; Sharpe, R.M.; Vina, J.; Aaronson, P.I.; Mann, G.E. FASEB J., 2005, 19,
1755.
[142] Morandini, R.; Ghanem, G.; Portier-Lemarie, A.; Robaye, B.; Renaud, A.;
Boeynaems, J.M. Am. J. Physiol., 1996, 270, H807.
[143] Parry, G.C.; Mackman, N. J. Immunol., 1997, 159, 5450.
[144] Ogawa, S.; Koga, S.; Kuwabara, K.; Brett, J.; Morrow, B.; Morris, S.A.; Bilezikian,
J.P.; Silverstein, S.C.; Stern, D. Am. J. Physiol., 1992, 262, C546.
[145] Westendorp, R.G.; Draijer, R.; Meinders, A.E.; van Hinsbergh, V.W. J. Vasc. Res.,
1994, 31, 42.
[146] Garcia, J.G.; Davis, H.W.; Patterson, C.E. J. Cell. Physiol., 1995, 163, 510.
[147] Patterson, C.E.; Lum, H.; Schaphorst, K.L.; Verin, A.D.; Garcia, J.G. Endothelium,
2000, 7, 287.
[148] Qiao, J.; Huang, F.; Lum, H. Am. J. Physiol. Lung. Cell. Mol. Physiol., 2003, 284,
L972.
[149] Park, S.Y.; Lee, J.H.; Kim, C.D.; Lee, W.S.; Park, W.S.; Han, J.; Kwak, Y.G.; Kim,
K.Y.; Hong, K.W. J. Pharmacol. Exp. Ther., 2006, 317, 1238.
[150] Rahman, A.; Anwar, K.N.; Minhajuddin, M.; Bijli, K.M.; Javaid, K.; True, A.L.;
Malik, A.B. Am. J. Physiol. Lung. Cell. Mol. Physiol., 2004, 287, L1017.
[151] Panettieri, R.A., Jr.; Lazaar, A.L.; Pure, E.; Albelda, S.M. J. Immunol., 1995, 154,
2358.
[152] Satake, N.; Shibata, S. Gen. Pharmacol., 1999, 33, 221.
[153] Feron, O.; Belhassen, L.; Kobzik, L.; Smith, T.W.; Kelly, R.A.; Michel, T. J. Biol.
Chem., 1996, 271, 22810.
[154] Forstermann, U.; Pollock, J.S.; Schmidt, H.H.; Heller, M.; Murad, F. Proc. Natl.
Acad .Sci. U .S. A., 1991, 88, 1788.
[155] Garcia-Cardena, G.; Fan, R.; Shah, V.; Sorrentino, R.; Cirino, G.; Papapetropoulos,
A.; Sessa, W.C. Nature, 1998, 392, 821.
[156] Gratton, J.P.; Fontana, J.; O'Connor, D.S.; Garcia-Cardena, G.; McCabe, T.J.; Sessa,
W.C. J. Biol. Chem., 2000, 275, 22268.
[157] Vera, R.; Sanchez, M.; Galisteo, M.; Villar, I.C.; Jimenez, R.; Zarzuelo, A.; PerezVizcaino, F.; Duarte, J. Clin. Sci. (Lond), 2007, 112, 183.
[158] Tang, Y.B.; Wang, Q.L.; Zhu, B.Y.; Huang, H.L.; Liao, D.F. Sheng Li Xue Bao, 2005,
57, 373.
[159] Koga, S.; Morris, S.; Ogawa, S.; Liao, H.; Bilezikian, J.P.; Chen, G.; Thompson, W.J.;
Ashikaga, T.; Brett, J.; Stern, D.M. Am. J. Physiol., 1995, 268, C1104.
[160] Braissant, O.; Foufelle, F.; Scotto, C.; Dauca, M.; Wahli, W. Endocrinology, 1996,
137, 354.
[161] Marx, N.; Duez, H.; Fruchart, J.C.; Staels, B. Circ. Res., 2004, 94, 1168.
[162] Inoue, I.; Shino, K.; Noji, S.; Awata, T.; Katayama, S. Biochem. Biophys. Res.
Commun., 1998, 246, 370.
[163] Ricote, M.; Huang, J.; Fajas, L.; Li, A.; Welch, J.; Najib, J.; Witztum, J.L.; Auwerx, J.;
Palinski, W.; Glass, C.K. Proc. Natl. Acad. Sci. U. S. A., 1998, 95, 7614.

42

[164] Marx, N.; Schonbeck, U.; Lazar, M.A.; Libby, P.; Plutzky, J. Circ. Res., 1998, 83,
1097.
[165] Marx, N. Curr. Hypertens. Rep., 2002, 4, 71.
[166] Schiffrin, E.L. Am. J. Physiol. Heart. Circ. Physiol., 2005, 288, H1037.
[167] Duez, H.; Fruchart, J.C.; Staels, B. J. Cardiovasc. Risk., 2001, 8, 187.
[168] Marx, N.; Sukhova, G.K.; Collins, T.; Libby, P.; Plutzky, J. Circulation, 1999, 99,
3125.
[169] Marx, N.; Kehrle, B.; Kohlhammer, K.; Grub, M.; Koenig, W.; Hombach, V.; Libby,
P.; Plutzky, J. Circ. Res., 2002, 90, 703.
[170] Wang, N.; Verna, L.; Chen, N.G.; Chen, J.; Li, H.; Forman, B.M.; Stemerman, M.B.
J. Biol. Chem., 2002, 277, 34176.
[171] Verdrengh, M.; Jonsson, I.M.; Holmdahl, R.; Tarkowski, A. Inflamm. Res., 2003, 52,
341.
[172] Xu, J.W.; Ikeda, K.; Yamori, Y. Hypertens. Res., 2004, 27, 675.
[173] Ricketts, M.L.; Moore, D.D.; Banz, W.J.; Mezei, O.; Shay, N.F. J. Nutr. Biochem.,
2005, 16, 321.
[174] Shen, P.; Liu, M.H.; Ng, T.Y.; Chan, Y.H.; Yong, E.L. J. Nutr., 2006, 136, 899.
[175] Mezei, O.; Banz, W.J.; Steger, R.W.; Peluso, M.R.; Winters, T.A.; Shay, N. J. Nutr.,
2003, 133, 1238.
[176] Kim, S.; Shin, H.J.; Kim, S.Y.; Kim, J.H.; Lee, Y.S.; Kim, D.H.; Lee, M.O. Mol. Cell.
Endocrinol., 2004, 220, 51.
[177] Lee, C.H.; Chawla, A.; Urbiztondo, N.; Liao, D.; Boisvert, W.A.; Evans, R.M.;
Curtiss, L.K. Science, 2003, 302, 453.
[178] Xu, H.E.; Stanley, T.B.; Montana, V.G.; Lambert, M.H.; Shearer, B.G.; Cobb, J.E.;
McKee, D.D.; Galardi, C.M.; Plunket, K.D.; Nolte, R.T.; Parks, D.J.; Moore, J.T.;
Kliewer, S.A.; Willson, T.M.; Stimmel, J.B. Nature, 2002, 415, 813.
[179] Potenza, M.A.; Marasciulo, F.L.; Chieppa, D.M.; Brigiani, G.S.; Formoso, G.; Quon,
M.J.; Montagnani, M. Am. J. Physiol. Heart. Circ. Physiol., 2005, 289, H813.
[180] Cho, D.H.; Choi, Y.J.; Jo, S.A.; Jo, I. J. Biol. Chem., 2004, 279, 2499.
[181] Calnek, D.S.; Mazzella, L.; Roser, S.; Roman, J.; Hart, C.M. Arterioscler. Thromb.
Vasc. Biol., 2003, 23, 52.
[182] Goya, K.; Sumitani, S.; Xu, X.; Kitamura, T.; Yamamoto, H.; Kurebayashi, S.; Saito,
H.; Kouhara, H.; Kasayama, S.; Kawase, I. Arterioscler. Thromb. Vasc. Biol., 2004,
24, 658.
[183] Wang, Y.; Wang, Y.; Yang, Q.; Yan, J.T.; Zhao, C.; Cianflone, K.; Wang, D.W.
Atherosclerosis, 2006, 187, 265.
[184] Delerive, P.; Martin-Nizard, F.; Chinetti, G.; Trottein, F.; Fruchart, J.C.; Najib, J.;
Duriez, P.; Staels, B. Circ. Res., 1999, 85, 394.
[185] Knock, G.A.; Mahn, K.; Mann, G.E.; Ward, J.P.; Aaronson, P.I. Free. Radic. Biol.
Med., 2006, 41, 731.
[186] Siriviriyakul, P.; Khemapech, S.; Monsiri, K.; Patumraj, S. Clin. Hemorheol.
Microcirc., 2006, 34, 97.
[187] Weigand, L.; Sylvester, J.T.; Shimoda, L.A. Am. J. Physiol. Lung. Cell. Mol. Physiol.,
2006, 290, L284.
43

[188] Gonzalez-Santiago, L.; Lopez-Ongil, S.; Griera, M.; Rodriguez-Puyol, M.;
Rodriguez-Puyol, D. Kidney. Int., 2002, 62, 537.
[189] Squadrito, F.; Altavilla, D.; Crisafulli, A.; Saitta, A.; Cucinotta, D.; Morabito, N.;
D'Anna, R.; Corrado, F.; Ruggeri, P.; Frisina, N.; Squadrito, G. Am. J. Med., 2003,
114, 470.
[190] Shushan, A.; Ben-Bassat, H.; Mishani, E.; Laufer, N.; Klein, B.Y.; Rojansky, N.
Fertil. Steril., 2007, 87, 127.
[191] Akiyama, T.; Ishida, J.; Nakagawa, S.; Ogawara, H.; Watanabe, S.; Itoh, N.; Shibuya,
M.; Fukami, Y. J. Biol. Chem., 1987, 262, 5592.
[192] Jackson, S.M.; Parhami, F.; Xi, X.P.; Berliner, J.A.; Hsueh, W.A.; Law, R.E.; Demer,
L.L. Arterioscler. Thromb. Vasc. Biol., 1999, 19, 2094.
[193] Marx, N.; Imhof, A.; Froehlich, J.; Siam, L.; Ittner, J.; Wierse, G.; Schmidt, A.; Maerz,
W.; Hombach, V.; Koenig, W. Circulation, 2003, 107, 1954.
[194] Hamilton, C.A.; Brosnan, M.J.; McIntyre, M.; Graham, D.; Dominiczak, A.F.
Hypertension, 2001, 37, 529.
[195] Neri, S.; Signorelli, S.; Pulvirenti, D.; Mauceri, B.; Cilio, D.; Bordonaro, F.; Abate, G.;
Interlandi, D.; Misseri, M.; Ignaccolo, L.; Savastano, M.; Azzolina, R.; Grillo, C.;
Messina, A.; Serra, A.; Tsami, A. Free. Radic. Res., 2006, 40, 615.
[196] Harrison, D.; Griendling, K.K.; Landmesser, U.; Hornig, B.; Drexler, H. Am. J.
Cardiol., 2003, 91, 7A.
[197] Ungvari, Z.; Gupte, S.A.; Recchia, F.A.; Batkai, S.; Pacher, P. Curr. Vasc.
Pharmacol., 2005, 3, 221.
[198] Pacher, P.; Schulz, R.; Liaudet, L.; Szabo, C. Trends. Pharmacol. Sci., 2005, 26, 302.
[199] Francia, P.; delli Gatti, C.; Bachschmid, M.; Martin-Padura, I.; Savoia, C.; Migliaccio,
E.; Pelicci, P.G.; Schiavoni, M.; Luscher, T.F.; Volpe, M.; Cosentino, F. Circulation,
2004, 110, 2889.
[200] Patel, R.P.; Boersma, B.J.; Crawford, J.H.; Hogg, N.; Kirk, M.; Kalyanaraman, B.;
Parks, D.A.; Barnes, S.; Darley-Usmar, V. Free. Radic. Biol. Med., 2001, 31, 1570.
[201] Guo, Q.; Rimbach, G.; Moini, H.; Weber, S.; Packer, L. Toxicology, 2002, 179, 171.
[202] Hwang, J.; Wang, J.; Morazzoni, P.; Hodis, H.N.; Sevanian, A. Free. Radic. Biol.
Med., 2003, 34, 1271.
[203] Munzel, T.; Sayegh, H.; Freeman, B.A.; Tarpey, M.M.; Harrison, D.G. J. Clin.
Invest., 1995, 95, 187.
[204] Guzik, T.J.; Mussa, S.; Gastaldi, D.; Sadowski, J.; Ratnatunga, C.; Pillai, R.; Channon,
K.M. Circulation, 2002, 105, 1656.
[205] Rueckschloss, U.; Galle, J.; Holtz, J.; Zerkowski, H.R.; Morawietz, H. Circulation,
2001, 104, 1767.
[206] Griendling, K.K.; Sorescu, D.; Ushio-Fukai, M. Circ. Res., 2000, 86, 494.
[207] Ju, Y.H.; Allred, C.D.; Allred, K.F.; Karko, K.L.; Doerge, D.R.; Helferich, W.G. J.
Nutr., 2001, 131, 2957.
[208] Setchell, K.D.; Brown, N.M.; Desai, P.; Zimmer-Nechemias, L.; Wolfe, B.E.;
Brashear, W.T.; Kirschner, A.S.; Cassidy, A.; Heubi, J.E. J. Nutr., 2001, 131, 1362S.
[209] Barnes, S. Breast. Cancer. Res. Treat., 1997, 46, 169.

44

[210] Adlercreutz, C.H.; Goldin, B.R.; Gorbach, S.L.; Hockerstedt, K.A.; Watanabe, S.;
Hamalainen, E.K.; Markkanen, M.H.; Makela, T.H.; Wahala, K.T.; Adlercreutz, T. J.
Nutr., 1995, 125, 757S.
[211] Xu, X.; Harris, K.S.; Wang, H.J.; Murphy, P.A.; Hendrich, S. J. Nutr., 1995, 125,
2307.
[212] Zhang, Y.; Song, T.T.; Cunnick, J.E.; Murphy, P.A.; Hendrich, S. J. Nutr., 1999, 129,
399.

45

CHAPTER 3

Genistein, a soy phytoestrogen, up-regulates the expression of human endothelial nitric
oxide synthase and lowers blood pressure in spontaneously hypertensive rats 2

Abstract

Genistein, a soy phytoestrogen, may improve vascular function but the mechanism of this
effect is unclear. Endothelial-derived nitric oxide (NO) is a key regulator of vascular tone and
atherogenesis. Previous studies have established that estrogen can act directly on vascular
endothelial cells to enhance NO synthesis through genomic stimulation of endothelial nitric
oxide synthase (eNOS) expression. However, it is unknown whether genistein has a similar
effect. We therefore investigated whether genistein directly regulates NO synthesis in
primary human aortic endothelial cells (HAEC) and human umbilical vein endothelial cells
(HUVEC). Genistein, at physiologically achievable concentrations in individuals consuming
soy products, enhanced the expression of eNOS and subsequently elevated NO synthesis in
both HAEC and HUVEC, with 1-10 μmol/L genistein inducing the maximal effects.
However, the effects of genistein on eNOS and NO were not mediated by activation of
estrogen signaling or inhibition of typrosine kinases, two known biological actions of
genistein. Genistein (1-10 μmol/L) increased eNOS gene expression (1.8-2.6-fold of control)
2

This chapter has been submitted to publication by Hongwei Si, Dongmin Liu as
“Genistein, a soy phytoestrogen, up-regulates the expression of human endothelial nitric
oxide synthase and lowers blood pressure in spontaneously hypertensive rats” in
Journal of Nutrition (In press), the American Society for Nutrition.
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and significantly increased eNOS promoter activity of the human eNOS gene in HAEC and
HUVEC, suggesting that genistein activates eNOS transcription. Dietary supplementation of
genistein to spontaneously hypertensive rats restored aortic eNOS levels, improved aortic wall
thickness, and alleviated hypertension, confirming the biological relevance of the in vitro
findings. Our data suggest that genistein has direct genomic effects on the vascular wall that
are unrelated to its known actions, leading to increase in eNOS expression and NO synthesis,
thereby improving hypertension.
KEY WORDS: genistein; nitric oxide synthase; nitric oxide; endothelial cells; blood
pressure, spontaneously hypertensive rats.
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Introduction

The prevalence of cardiac and other vascular diseases rises in aging population. It is also well
recognized that the incidence of cardiovascular disease (CVD)3 is substantially increased in
postmenopausal women due to the loss of estrogen. Experimental and clinical data support
vascular protective effects of estrogen by various mechanisms (1). However, administration
of estrogen is also associated with an increased incidence of heart disease which limits its
therapeutic potential (2). In addition, the use of estrogen as a cardioprotective agent is further
limited by carcinogenic effects in women and feminizing effects in men (3). Given the
demonstrated risks of conventional estrogen therapy, a search for novel, cost-effective,
alternative vasoactive agents for prevention of CVD is of major importance in the effort to
decrease the burden of CVD morbidity.
The soy phytoestrogen genistein has drawn wide attention due to its potential healthy
benefits in preventing chronic diseases such as CVD (4, 5), obesity (6, 7) and osteoporosis (8).
Epidemiological studies show that genistein intake in American postmenopausal women is
inversely associated with CVD risk factors (9, 10), supporting a beneficial role for genistein
administration to aging individuals. Some human intervention studies suggest the beneficial
effects of genistein on atherosclerosis (11), markers of cardiovascular risk (12, 13), vascular
motor tone (14), vascular endothelial function (15), and systemic arterial compliance (16).
Data from animals and in vitro studies also suggest a protective role of genistein in
cardiovascular events (17, 18). However, the mechanism of genistein action in vasculature is
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still not clear, which hinders our further determining the physiological and pharmacological
role of this nutraceutical compound in vascular function. Past studies have extensively
explored its hypolipidemic (19), anti-oxidative (20, 21) and the estrogenic effects (22). While
genistein may have both estrogen receptors (ER)- dependent and independent actions in
vasculature, its average effect on plasma lipid profile is neutral (23). Interestingly, recent
studies have shown that the beneficial effects of genistein on endothelial function in
postmenopausal women can be blocked by NG-monomethyl-L-arginine, the inhibitor of
endothelial nitric oxide synthase (eNOS) (24, 25). Moreover, genistein restores the nitric
oxide (NO)-mediated vascular relaxation in ovariectomized (26) or chronically hypoxic (27)
rats. Furthermore, long-term dietary supplementation of genistein elevates the plasma NO
concentrations and reduces the plasma endothelin-1 levels in healthy postmenopausal women
(15). Given the importance of NO in modulating vascular homeostasis, it is tempting to
propose that genistein exerts vasculoprotective effects by regulating NO levels.
Previous studies have established a role for estrogen in the vascular endothelial cells (EC)
to enhance NO synthesis through genomic stimulation of eNOS expression (28), and by ERsmediated, non-genomic eNOS activation (29). We recently demonstrated that genistein
acutely stimulates NO production by phosphorylation of eNOS via the cAMP/protein kinase
A (PKA) cascade in EC (30, 31). However, it is unknown whether genistein has a similar
genomic effect on eNOS. Studies have reported that administration of soy protein improves
eNOS expression and subsequently reduces blood pressure in rats (32). However, other
studies demonstrated that the beneficial effect of genistein on endothelial function is not
through enhancing eNOS expression (33). Although genistein has been shown to enhance
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eNOS promoter activity in a transformed human EC (34), it is not clear whether genistein
directly up-regulates eNOS expression in primary EC and thereby reduces blood pressure in
vivo. In the present study, we tested whether genistein improves eNOS expression and
subsequently increases NO synthesis in primary human aortic EC (HAEC) and in
spontaneously hypertensive rats (SHR), and whether this is associated with a blood pressurelowering effect of genistein.
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Materials and Methods

Materials. Primary HAEC and endothelial growth factors were purchased from Cambrex
Bioscience (Rockland, ME); primary human umbilical vein endothelial cells (HUVEC) were
obtained from the Cardiovascular Research Cell Culture Core at the University of Iowa;
competent cells for plasmid multiplication, M199 media, fetal bovine serum (FBS) and other
cell culture supplements were obtained from Invitrogen (Carlsbad, CA); eNOS and β-actin
monoclonal antibodies were purchased from Cell Signaling Technology (Beverly, MA); the
superSignal chemiluminescence detection system was obtained from Pierce (Rockford, IL);
nitrocellulose membranes, SYBR green supermix, cDNA synthesis and protein assay kits
were from Bio-Rad (Hercules, CA); human eNOS promoter (-1193/+109) linked to a firefly
luciferase reporter gene was kindly provided by Dr. William Sessa at Yale University;
plasmid purification and RNeasy Mini kits were from Qiagen (Valencia, CA); primers were
synthesized by Integrated DNA Technologies (Coralville, IA); transfection reagents were
obtained from Targeting system (Santee, CA); dual luciferase reporter assay kits were
obtained from Promega (Madison, WI); nitrite/nitrate fluorometric assay reagents were
purchased from Cayman Chemical (Ann Arbor, MI); ICI182,780 was from Tocris (St. Louis,
MO); genistein and

daidzein were purchased from LC Laboratories (Woburn, MA) and

Sigma (St. Louis, MO); 17β-estradiol (E2), protease and phosphatase inhibitor cocktails and
other general chemicals were obtained from Sigma (St. Louis, MO). Stock solutions of
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genistein, daidzein or E2, at 20 mmol/L in dimethylsulfoxide (DMSO), were stored at -80oC
before use.
Cell culture. HAEC were cultured in M199 medium containing 2% FBS and endothelial
growth supplements-EGM2 and HUVEC were cultured in 20% FBS M199 medium at 37oC
in a 5% CO2/95% air environment. The medium was changed every other day until the cells
became confluent. HAEC and HUVEC were passaged by using 0.05% trypsin and passages
4–6 were used in all experiments.

Animals and Diets. 4-wk old male, spontaneously hypertensive rats (SHR) and Wistar-Kyoto
rats (WKY) were purchased from Harlan Inc.(Indianapolis, IN). Rats were housed in a room
maintained on a 12h light/dark cycle under constant temperature (22–25°C) with free access
to food and water. The protocol of this study was reviewed and approved by the Institutional
Animal Care and Use Committee At Virginia Polytechnic Institute and State University.
After an initial acclimation period, SHR were randomly divided into 6 groups and were fed a
basal soy-free AIN-76A diet (35) containing genistein at 0, 0.2, 0.5, or 2.0 g /kg diet for 19
wk. WKY were fed the basal AIN-76A diet for the same period. To determine whether
genistein can improve established hypertension, adult SHR with overt hypertension (20 wk
old) were randomly divided into 2 groups and fed either 0 or 2.0 g genistein /kg diet until
their blood pressure was significantly lowered. Then, both groups of rats were fed the same
basal diets for 6 wk.

Plasma genistein measurements. On the last day of the study, blood samples were drawn 30
min after food intake from the retrobulbar plexus through heparinized capillary tubes. Plasma
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was collected by centrifugation at 16,000 x g for 15 min. An aliquot of 250 μL serum per
sample was used for extraction of genistein using a previously described method (36).
Genistein in the extracted samples was determined by using the HPLC system (Waters2695)
with a Luna Phenyl-hexyl column (5 μ C18 100 R) (36).

Blood pressure, heart rate, body weight, and food intake measurements. Every other week,
rat blood pressure and heart rate were determined after a warming period using the Kent
CODA 2 series computerized non-invasive blood pressure system (Kent Scientific, Litchfield,
CT) as described (37). During these measurements, rats were under 0.8% isoflurane
anesthesia, which had no effect on blood pressure as determined in our preliminary study.
The digital values for the systolic, diastolic blood pressure and heart rate were recorded.
Readings were taken for 20 cycles from each rat with the highest and the lowest values
excluded. To minimize stress-induced variations in blood pressure, all measurements were
taken by the same person in the same peaceful environment. Body weight and feed intake
were recorded weekly throughout the study to determine whether genistein has any effect on
these parameters.

Measurement of aortic wall thickness. The rats were killed using CO2 and segments of
thoracic aorta were fixed in 10% neutral buffered formalin solution for 24 h. Aorta segments
were then embedded in frozen embedding media, cut into 5µm section, and stained with
Verhoeff’s Van Gieson, which specifically stains elastic tissue fibers. Stained sections were
photographed by a computer-operated Olympus BH-2 photomicroscope. The wall thicknesses
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of aorta were measured using Image-pro plus system (Media Cyberretic, Inc.). Ten
measurements were performed for each sample, and the average value was used as the
thickness of the sample.

NO Measurement. To investigate the effect of genistein on NO release in vitro, confluent
cells grown in 12-well plates were treated with genistein, vehicle (DMSO) or other agents in
complete medium, over a range of concentrations and time points, as indicated in the figure
legends. For assays focused on the effect of prolonged incubation with genistein, culture
media were renewed in the third day from the initial treatment. In some experiments, cells
were pretreated with ICI 182,780 (1 μmol/L), a highly specific inhibitor of ERs, for 30 min
before addition of agonists. Following treatment, cells were adapted into Hank’s balanced
salts solution (HBSS; 135 mmol/L NaCl, 1.2 mmol/L CaCl2 , 1.2 mmol/L MgCl2 1.2, 5
mmol/L KOH, 10 mmol/L HEPES, 10 mmol/L glucose, pH 7.4) supplemented with Larginine (0.1 mmol/L) for 30 min, followed by stimulation with 10 μmol/L A23187 for 30
min. Culture supernatants were then collected for NO assay as determined by measuring the
sum concentration of NO2- and NO3- using a fluorometric assay kit following the
manufacturer’s instructions. Briefly, cell supernatants were treated with NO3- reductase for
30 min at room temperature to reduce NO3- to NO2-, which then reacted with 2,3diaminonaphthalene for 10 min to yield the fluorescent product 1(H)-naphthotriazole.
Fluorescence was measured in a fluorescence microplate reader (Bio-Tek, Winooski, VT)
with excitation and emission wavelengths of 365 and 450 nm, respectively. Fluorescence data
were converted into concentrations based on standard curves constructed with NaNO3,
54

normalized to protein concentration of the samples, and then expressed as folds of vehicletreated controls.
Immunoblot analysis. Following experimental treatments, EC or aortic vessels from rats
were harvested in lysis buffer and performed immunoblot analysis as previous described (30,
31) . The tissues were sonicated (EC) or homogenized with a Rotor–stator homogenizer
(aorta) and then centrifuged at 10,000 × g for 5 min. Protein levels of the extracts were
measured using a Bio-Rad assay kit. Equal amounts of protein from cell extracts were
subjected to immunoblot. Membranes were probed with antibody against eNOS. The
immunoreactive proteins were detected by chemiluminescence. Nitrocellulose membranes
were stripped and re-probed with β-actin. The protein bands were digitally imaged for
densitometric quantitation with a software program (Gene tools, Synoptics Ltd. UK). eNOS
protein level was normalized to β-actin expression from the same sample.

Quantitative real-time PCR analysis. Total RNA from genistein- or vehicle-treated HAEC
was isolated using the RNeasy Mini Kit following the manufacturer’s protocol. Then, 0.5 μg
of total RNA from each sample was reverse transcribed to cDNA using the iScript cDNA
synthesis kit. eNOS was amplified on an iCycler IQ real-time quantitative PCR system using
iQ SYBR Green supermix with β-actin as an internal control. A melting curve analysis was
performed on each sample to verify that no non-specific products were synthesized. The
reaction mixtures contained 100 nmol/L primers, 50 ng cDNA, and 12.5µL iQ SYBR Green
supermix (0.2 mmol/L of each dNTP, 25 units/mL iTaq DNA polymerase, SYBR Green I, 10
nmol/L fluorescein, 3 mmol/L MgCl2, 50 mmol/L KCl, and 20 mmol/L Tris-HCl) as
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described previously (38). The primers used in quantitative real-time RT-PCR were eNOS
(forward:

5’-GACATTGAGAG

CGGCTTGTCACCTCCTGG-3’),

CAAAGGGCTGC-3’;
and

β-actin

reverse:
(forward:

5’5’-

CATGCCATCCTGCGTCTGGA-3’, reverse: 3’-CCGTGGCCATCTCTTGCTCG-5’) (39).
The eNOS mRNA level was normalized to that of β-actin, and expressed as folds of control.

eNOS promoter activity assay. A reporter plasmid containing a human eNOS promoter (1193/+109) linked to a firefly luciferase reporter gene (eNOS-Luc) was amplified with
competent cells and purified using Qiagen’s Maxi kit according to the manufacturer’s
instructions. For transient transfection of the plasmids, EC were grown in 24-well plates until
50-70% confluence. The cells were then co-transfected with 1.2 μg of eNOS-Luc and 0.5 ng
of pRL reporter control plasmid per well using F-1 transfection reagent for 24 h according to
the manufacturer’s protocol. The transfected cells were then treated with various
concentrations of genistein or vehicle in phenol-red free M199 medium containing 2% FBS
for 24 h. Treated cells were harvested in reporter lysis reagent. Luciferase activity,
normalized to pRL activity in the cell extracts, was determined by using the dual luciferase
reporter assay system as described (40).

Statistical analysis. Data was analyzed with one-way, or two-way ANOVA where designated,
using the SAS® program. Data are expressed as the mean±SE. For the time course study,
initial values (d1) from vehicle-treated cells were set as the control. Treatment and time point
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differences, as well as interaction between genistein and other agents if significant, were
subjected to Tukey’s multiple comparison tests, where p < 0.05 was considered significant.
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Results

Genistein enhances NO synthesis in HAEC. We first examined whether long-term
exposure of genistein stimulates NO synthesis in HAEC. Genistein significantly stimulated
NO synthesis following 5 d of incubation (Fig. 1A). The effect of genistein was
concentration-dependent, with genistein concentrations of ≥ 1 μmol/L inducing significant
NO production. The time-course study showed that genistein (5 μmol/L)-stimulated NO
production was significantly increased after 3 d of exposure to genistein, with about 1.1 fold
increase at 5 d compared to that at 1 d of incubation with genistein (Fig. 1B).

Genistein-induced NO production is independent of ER and protein tyrosine kinase
(PTK). Genistein has weak estrogenic effects in some tissues by binding to ER (41). In
addition, previous studies have shown that E2 also can stimulate NO production in human EC
(28). However, incubation of the cells with excess amounts of the ER antagonist ICI 182,780
did not block genistein-induced NO release (Table 1). The activity of ICI 182,780 used in this
study was validated through blocking the cytoprotective effect of E2 in our recent study (40).
In addition, while genistein enhanced NO synthesis as expected, chronic exposure of EC to
E2 (10 nmol/L) did not stimulate NO production in HAEC (Table 1). These results suggest
that the effect of genistein on NO production in EC is independent of the estrogen signaling
mechanism.
To evaluate whether genistein enhances NO production through inhibition of PTK, we
compared the effect of genistein with that of daidzein, an analogue of genistein that is
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inactive for PTK inhibition, on NO production. Daidzein was as potent as genistein in
stimulation of NO production (Table 1). However, there was no additive effect between
genistein and daidzein, suggesting that two molecules may act through the same mechanisms
in stimulation of NO production.

Genistein enhances eNOS protein through up-regulating mRNA transcription in HAEC.
Genistein increased eNOS protein levels, with 1 μmol/L genistein inducing a significant
effect, although the maximal effect of genistein on eNOS protein expression was achieved at
10 μmol/L concentration (1.5 fold of control) (Fig.2A). These results are consistent with the
effect of genistein on NO production (Fig. 1A), suggesting that the elevated NO production
by genistein may be attributable to an increase in eNOS protein expression. To investigate
whether genistein elevates eNOS protein level via a transcriptional mechanism, we first
tested whether genistein had an effect on eNOS mRNA expression in HAEC by using
quantitative real-time PCR. Exposure of HAEC to various concentrations of genistein for 5 d,
the same duration used to study genistein-induced eNOS protein expression and NO
production, increased eNOS mRNA levels to 2.6 fold of control at 10 μmol/L genistein (Fig.
2B), consistent with its effect on eNOS protein expression and NO production. This result
suggests that genistein may regulate eNOS expression at the transcriptional level. To confirm
this, HAEC were transfected with a human eNOS promoter-driven reporter gene, followed by
stimulation with genistein. Genistein significantly elevated human eNOS promoter activity to
about 1.8-fold of control at 10 μmol/L (Fig. 2C), consistent with its effect on eNOS

59

expression and NO synthesis. However, E2 (10 nmol/L), which failed to enhance NO
production, also had no effect on the eNOS promoter activity in HAEC (data not shown).

Genistein increases NO production, eNOS protein expression and promoter activity in
HUVEC. To determine whether genistein has a similar effect on another type of EC, we
performed this study with HUVEC. The results demonstrated that genistein as low as 10
nmol/L induced NO production (Fig. 3A) and eNOS expression (Fig. 3B) in HUVEC, with a
maximal effect at 1-10 μmol/L genistein. We further transfected the eNOS promoter-driven
luciferase gene constructs in HUVEC. Genistein stimulated the eNOS promoter activity with
a maximal effect at 1-10 μmol/L in HUVEC (Fig. 3C), confirming a transcriptional effect of
genistein in HAEC.

In vivo effects of genistein. To confirm in vivo the importance of the genomic effects of
genistein on eNOS, we tested whether dietary supplementation of genistein can improve
eNOS expression and reduce blood pressure in SHR, a widely used hypertension animal
model, given that the eNOS/NO signaling is critical for maintaining vascular tone. As
expected, dietary supplementation of genistein significantly elevated plasma genistein levels.
Under our experimental conditions, plasma genistein levels in rats fed 0, 0.2, 0.5, 2.0 g/kg
diet of genistein were 0, 1.20±0.03, 1.90±0.20, 5.05±0.49 μmol/L, respectively, which
overlap the concentrations used in our in vitro studies and attainable plasma levels in humans
(0.74-6.0 μmol/L) following consumption of soy products or isoflavones as dietary
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supplements (42, 43). Genistein treatment significantly reduced both the elevated systolic and
diastolic blood pressures in SHR (Table 2), whereas heart rate was not altered by
dietary supplementation of genistein (data not shown). In addition, we found that dietary
supplementation of genistein for 6 wk lowered blood pressure in adult SHR after the onset of
hypertension. Impressively, this blood pressure-lowering effect of genistein was still
significant at 6 wk after genistein withdrawal from the diet (Fig. 4 A). Genistein had no effect
on body weight and food intake throughout the experimental period (data no shown).
Furthermore, we found that aortic wall thickness was significantly greater in SHR than in
WKY (Fig. 4 B), confirming previous study showing that the higher blood pressure is
associated with the increased aortic wall thickness (44). However, genistein administration
significantly decreased aortic wall thickness in SHR (Fig. 4 B). Previous studies have
reported that eNOS protein expression was significantly reduced in SHR which led to
hypertension in these animals (45, 46). To examine whether genistein has an effect on eNOS
in these animals, as a possible explanation of its blood pressure-lowering effect, we measured
the eNOS protein expression in aortic vessels by Western blotting. Our results showed that
dietary intake of genistein restored eNOS protein content in the vasculature of SHR, with
doses of 0.5-2.0 g/kg diet inducing eNOS expression similar to that in WKY (Fig.4 C),
suggesting that genistein administration likely reduces hypertension via a modulation of
eNOS expression.
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Discussion

Vascular EC, which not only serve as a biological barrier separating circulating blood and
peripheral tissues, but also secrete various vasoactive substances, play a pivotal role in
maintaining normal vascular function. Therefore, a major goal of our study was to determine
whether genistein has a direct effect on vascular EC and thereby provide the molecular
mechanisms by which genistein exerts some beneficial effects on the vasculature. We have
demonstrated that, genistein, at physiologically achievable concentrations, activates eNOS
transcription, leading to eNOS synthesis and NO production in human primary vascular EC.
We further showed that this genistein effect on eNOS is present in vivo, confirming the
biological relevance of the in vitro findings. Endothelium-derived NO is not only a potent
vasodilator but also possesses anti-inflammatory (47), anti-atherogenic (48), anti-thrombotic
(49), and anti-apoptotic (50) properties. Consistent with the key role of NO in vascular
function, dietary administration of genistein lowered blood pressure in hypertensive rats.
Recent studies reported that postmenopausal women taking genistein for 6 months have
increased plasma levels of nitrate and nitrite, the stable metabolites of NO, and enhanced
flow-mediated vasodilation in the forearm (51). Our finding that genistein directly targets EC
to regulate eNOS is therefore important, since it may provide a molecular explanation for
some vascular protective effects observed in animal and human studies (32, 51).
Genistein is considered as a specific ERß agonist since it binds to ERß with an affinity
comparable to that of E2 but has a considerably lower affinity for ERα (52). Studies showed
that E2 may regulate the transcription of eNOS in an ER-dependent manner in these cells (53,
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54). However, our data indicate that genistein regulation of eNOS and NO was independent of
ERs. First, the specific ER antagonist ICI 182,780 did not inhibit the effect of genistein on
eNOS activation. Second, while E2 potentiated the effect of genistein on NO production, it
had no effect on NO and eNOS promoter activity in HAEC. Third, daidzein, an analogue of
genistein that is essentially lack of affinity for ERs (52), also induced an increase in NO
production similar to that caused by genistein in HAEC. Thus, the transcriptional effect of
genistein on eNOS is independent of this classical estrogen signaling mechanism. In line with
our finding, a recent study showed that the effect of genistein on eNOS promoter activity is
not mediated through ERs in transformed vascular cells (34). In addition, accumulating
evidence indicates that genistein exerts various vascular effects that are ER-independent (31,
55). While both ERs are present in vascular EC, the role for ERβ in vascular function remains
to be investigated. Some studies indicated that the effect of E2 on NO is mediated through
ERα but not ERβ (56), providing a possible explanation for an ER-independent effect of
genistein on NO, given that genistein only has about 4% affinity to ERα compared with E2
(52). Recently, an estrogen-related receptor α1 (ERRα1), a member of the steroid/thyroid
hormone receptor superfamily expressed in EC, was reported to up-regulate eNOS promoter
and protein expression in EC that was not related to ERs (57). Interestingly, this ERRα1mediated eNOS expression pattern is similar to that observed in genistein-treated EC. It is
therefore compelling to investigate whether genistein regulates eNOS through this estrogenrelated signaling pathway.
Previous studies established that phosphoinositol-3-kinase/Akt (PI3K/Akt) and ERKmitogen activated protein kinases (ERK/MPAK)-mediated pathways are two important
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signaling cascades mediating eNOS activation by many stimuli in vascular EC (58, 59).
However, activation of these signaling pathways only leads to acute eNOS activation without
an increase in protein expression, suggesting that genistein-induced eNOS expression is
unlikely related to PI3K/Akt or ERK/MAPK activity. Indeed, pharmacological inhibition of
these pathways had no effect on genistein-stimulated eNOS and NO (data not shown). Cyclic
AMP responsive element (CRE) sites are present within neuronal NO synthase (nNOS),
which regulate nNOS gene expression through binding with CRE binding protein (CREB)
(60). A recent study reported that eNOS also contains CRE sites through which the cAMP
signaling regulates eNOS transcription (61). We recently found that genistein directly
activates the cAMP signaling system and regulates CRE-mediated gene expression in
primary vascular EC (31). Our unpublished results showed that genistein dose-dependently
increased CREB phosphorylation in HAEC, which is required to activate transcription of
target genes, and this effect was abolished by H89, an inhibitor of PKA.

Thus, it is

conceivable that genistein may, at least in part, up-regulate eNOS expression via activation of
cAMP signaling, which is an ongoing area of investigation in this laboratory.
We have shown that dietary administration of genistein reduced the thickness of the wall
of the aorta and improved arterial blood pressure in SHR, a widely used animal model for the
study of human hypertension, as these rats spontaneously develop the metabolic features
similar to the pathogenesis of human hypertension (62). Our study also showed that genistein
had no effect on heart rate, food intake and body weight, suggesting that the beneficial effect
on blood pressure is not due to alteration of these parameters. Our further animal studies
demonstrated that genistein also can improve blood pressure in adult SHR with well64

developed hypertension, suggesting a possibly therapeutic potential of genistein for
hypertension. Remarkably, after 6 weeks of genistein withdrawal, the blood pressure in
genistein-fed SHR was still significantly lower than that in control SHR. Previous studies
demonstrated that eNOS expression is reduced in SHR compared to that of normal rats (45,
63) which was further confirmed in this study. However, dietary supplementation of genistein
restored eNOS levels in aortic vessels isolated from these rats, suggesting that the reduced
eNOS expression contributes to the increased blood pressure in SHR, given the important
role of eNOS in regulating vascular homeostasis. These outcomes are consistent with
previous studies showing that genistein increases eNOS in rat aorta, liver (32) and heart (64).
While it is presently unknown how genistein affects in vivo eNOS expression, the evidence
from our in vitro study suggests that genistein may induce eNOS protein expression by
directly targeting the vascular wall.
Progressive arterial hypertrophy is an important component of vasculature adaptation to
the elevated arterial pressure. It has been found in the present study that the thickness of
arterial wall is significantly greater in SHR than in WKY, consistent with previous
observations (44). However, genistein administration significantly decreased aortic wall
thickness in SHR. Recent studies showed that genistein inhibits the proliferation of vascular
smooth muscle cells (VSMC) isolated from SHR, suggesting that genistein may have a direct
effect on VSMC in vessel wall, though this effect was obtained only at pharmacological
doses of genistein (65). It has been established that eNOS-derived NO inhibits VSMC cell
growth (66), and our in vitro and in vivo data indicated that genistein has a direct genomic
effect on eNOS expression, it is therefore intriguing to speculate that a secondary action
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whereby genistein enhances eNOS may contribute to the overall inhibitory effect of genistein
on VSMC growth, and thereby improves blood pressure. This aspect however, needs further
investigation.
In summary, this study demonstrates for the first time to our knowledge, that genistein
can enhance eNOS gene transcription and protein synthesis in primary human vascular EC,
leading to NO production. Dietary genistein administration stimulated eNOS expression,
improved vessel wall thickening, and alleviated hypertension in SHR, confirming the
biological relevance of the in vitro findings. These findings potentially provide a basic
mechanism underlying the physiological effects of genistein in the vasculature.
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cardiovascular disease; DMSO, dimethylsulfoxide; E2, 17β-estradiol; EC, endothelial cells;
eNOS, endothelial nitric oxide synthase; ERK/MAPK, ERK-mitogen activated protein kinase;
ERRα1, estrogen-related receptor α1; ER, estrogen receptors; FBS, fetal bovine serum;
HAEC, human aortic endothelial cells; HBSS, Hank’s balanced salts solution; HUVEC,
human umbilical vein endothelial cells; nNOS, neuronal nitric oxide synthase; NO, nitric
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oxide; PI3K/AKT, phosphoinositol-3 kinase/AKT; PKA, protein kinase A; PTK, protein
tyrosine kinase; SHR, spontaneously hypertensive rats; VSMC, vascular smooth muscle cells;
WKY, Wistar-Kyoto rats.

Tables
TABLE 1 Genistein-stimulated NO production is independent of ER and PTK in HAEC 1
Treatments

1

2-Way ANOVA, P values

C

G

X2

G+X

G

X

G+X

I

1±0.0b

1.80±0.11a

1.14±0.03b

1.72±0.14a

0.0003

0.5673

0.0004

E2

1±0.0 b

1.77±0.17 a

0.95±0.08 b

2.31±0.21 a

0.0021

0.995

0.0001

D

1±0.0 b

1.73±0.16 a

1.67±0.18 a

1.74±0.08 a

0.0016

0.0009

0.0009

NO production in confluent HAEC stimulated with vehicle (C) or genistein (G, 5 μmol/L)

in the presence or absence of ICI 182,780 (I, 1 μmol/L), 17β-estrodial (E2, 10 nmol/L), or
daidzein (D, 5 μmol/L) for 5 d. Values are mean±SE from four separate experiments and
expressed as fold of the control. Means without a common letter differ, P<0.05.
2

X=I, E2 or D.

TABLE 2 Dietary supplementation of genistein lowered blood pressure in SHR1
WKY

SHR

Genistein, g/kg

0

0

Systolic, mmHg

146.4±4.7c

217.1±3.9a 200.8±3.2b

Diastolic, mmHg

97.6±2.6d

155.1±3.3a 149.8±2.4a,b 142.4±2.7b,c 140.4±4.0c

0.2

0.5

2

196.0±5.6b

188.1±3.9b
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1

Blood pressure in rats fed a basal or genistein diet for 19 wk. Values are means ± SE, n=8

rats. Means without a common letter differ. P<0.05.
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FIGURE 1 NO production in confluent HAEC incubated with various concentrations (0.0110 μmol/L) of genistein or vehicle (DMSO) for 5 d (A), or with 5 μmol/L genistein for
different times (B).

Nitrite/nitrate (NOx) secreted was measured and at baseline was

0.074±0.003 μmol/L. Values are mean±SE from four separate experiments and expressed as
fold of the control. Bars without a common letter differ, P<0.05.
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FIGURE 2 A. eNOS protein (A) or mRNA (B) expression normalized to β-actin content in
HAEC treated with various concentrations of genistein or vehicle for 5 d; C. eNOS promoter
activity in transfected HAEC stimulated with genistein or vehicle for 24 h. Values are
mean±SE from three separate experiments and expressed as fold of the control. Means
without a common letter differ, P<0.05.
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FIGURE 3 NO production in the supernatants (A) and eNOS protein expression normalized
to β-actin content (B) in HUVEC treated with genistein or vehicle for 48 h. C. eNOS
promoter activity in transfected HUVEC stimulated with genistein or vehicle for 24h. Values
are mean±SE from four separate experiments and expressed as fold of the control. Means
without a common letter differ, P<0.05.
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Abstract
We previously reported that genistein, a phytoestrogen, up-regulates endothelial nitric
oxide synthase (eNOS) expression and consequently improves nitric oxide (NO) release in
human vascular endothelial cells (ECs), an effect that is not related to its potential estrogenic
action. In the present study, we further investigated the underlying mechanism by which
genistein modulates eNOS expression in vascular ECs. Genistein enhanced protein
expression of eNOS and subsequently elevated NO synthesis in human aortic ECs (HAEC).
Inhibition of the mitogen-activated protein kinase, phosphatidylinositol 3-OH kinase/Akt
kinase or protein kinase C had no effect on the enhanced NO synthesis by genistein.
However, adenoviral transfer of the specific endogenous PKA inhibitor gene completely
abolished PKA activity and the genistein-stimulated eNOS expression and NO production,
suggesting that genistein acts through a PKA-dependent pathway. Furthermore, genistein
dose-dependently augmented PKA activity and subsequently activated the phosphorylation of
CREB at ser-133. These findings provide the first evidence that genistein induces eNOS
protein expression specifically via the activation of the PKA/CREB-mediated mechanism that
is not dependent on its potential estrogenic effect in vascular ECs. These data, along with our
previous findings, reveal an important signaling pathway in vascular ECs that is activated by
genistein and suggest that this plant-derived compound may play a beneficial role in vascular
function through targeting the cAMP/PKA/CREB/eNOS/NO signaling.
Key Words: genistein; eNOS; cAMP; protein kinase A; protein kinase inhibitor;
endothelial cells; CREB.
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Introduction
Endothelial-derived nitric oxide (NO), synthesized by endothelial NO synthase (eNOS)
from amino acid L-arginine and molecular oxygen, plays a pivotal role in maintaining
vascular homeostasis. Attenuation of the activity and/or expression of eNOS are directly
associated with various cardiovascular events, including hypertension (1, 2), atherosclerosis
(3) and stroke (4).
Genistein, a major soy isoflavone, has received wide attention because of its potential
beneficial effects on various human degenerative diseases such as cardiovascular disease.
Data from human intervention studies suggest the beneficial effects of genistein on vascular
motor tone (5, 6), systemic arterial compliance (7) atherosclerosis (8) and markers of
cardiovascular risk (9, 10). Accumulating studies show that genistein increases circulating
NO levels in healthy postmenopausal women (11) and animals (12, 13), although the primary
source of this increased NO release in these in vivo studies is not clear. We (14, 15) and
others (16) recently demonstrated that genistein may act directly on vascular endothelial cells
(ECs) to enhance eNOS activity and expression which consequently induces NO synthesis
and release. Further, data from our animal studies showed that genistein enhanced eNOS
expression in spontaneously hypertensive rats, consistent with findings in a previous study
(17). While estrogen has been shown to regulate eNOS expression both in cultured ECs and
in vivo (18, 19) and genistein has weak estrogenic effect which was presumed in many
previous studies as a mechanism that mediate various genistein effect, our recent studies
provided evidence that the genistein effect on human eNOS expression is not dependent on
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the estrogen-related signaling mechanism (15). Therefore, how genistein regulates eNOS and
NO is unknown.
Recently, we demonstrated that genistein targets the cAMP signaling pathway and
regulates cAMP-regulated gene expression that is not related to its estrogenic effect or
inhibition of protein tyrosine kinase (PTK) in vascular ECs (20). Genistein also has been
shown to increase intracellular accumulation of cAMP in other tissues including pancreatic
beta-cells (21), airway epithelial cells (22) and cardiomyocytes (23), suggesting that genistein
possibly influences a wide spectrum of cAMP-mediated biological activities. Cyclic AMP is
a central signaling molecule in a variety of cellular systems and plays an important role in
maintaining normal vascular function. Various important biological events elicited by the
cAMP/PKA signaling is mediated through activation of cAMP-responsive element binding
protein (CREB), a transcriptional factor primarily mediating cAMP-regulated gene
transcription by binding to cAMP responsive element (CRE) within the genes. Interestingly,
recent studies showed that eNOS gene contains CRE sites within its promoter region,
suggesting that eNOS expression may be directly regulated by CREB (24). Actually, it has
been found that activation of PKA improved eNOS expression in vivo (25). In the present
study, we tested the hypothesis that genistein may regulate eNOS expression through the
PKA-dependent activation of CREB in ECs. We found that genistein improves eNOS
expression through a mechanism that is not related to protein kinase C (PKC),
phosphatidylionsitol-3 kinase (PI3K) or extracellular signal-regulated kinases in human aortic
endothelial cells (HAECs). However, genistein stimulates PKA activity and subsequently
activates the phosphorylation of CREB in HAECs. We further provided evidence through
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molecular intervention studies that induction of eNOS expression by genistein is dependent
on activation of PKA.
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Material and Methods
Materials

Primary human aortic endothelial cells (HAEC) and endothelial growth

supplements (EGM2) were purchased from Cambrex Bioscience (Rockland, ME); M199
media was obtained from Invitrogen (Carlsbad, CA); PepTag® assay for non-radioactive
detection of cAMP-dependent protein kinase A was from Promega (Madison, WI); antibodies
for eNOS, phospho-CREB, CREB and β-actin were from Cell Signaling Technology
(Beverly, MA); nitrocellulose membranes and protein assay kits were from Bio-Rad
(Hercules, CA); genistein, protease and phosphatase inhibitor cocktails, H89, P3115,
PD98059, LY294002 and other general chemicals were from Sigma (St. Louis, MO). Stock
solutions of genistein, at 20 mM in dimethylsulfoxide (DMSO), were stored at -80◦C before
use.
.
Cell culture Primary HAECs were cultured in M199 medium containing 2% FBS and
endothelial growth supplements-EGM2 at 37◦C in a 5% CO2/95% air environment. The
medium was changed every other day until the cells became confluent. HAECs were
passaged after 0.05% trypsin treatment and passages 4–6 were used in all experiments.

Western blot analysis Equal amounts of protein from cell extracts were subjected to Western
blot analysis as described previously (20, 26). Membranes were probed with antibody against
phospho-CREB or eNOS. The immunoreactive proteins were detected by chemiluminescence.
Nitrocellulose membranes were stripped and reprobed with CREB or β-actin in the case of
phospho-CREB or eNOS. The protein bands were digitally imaged for densitometric
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quantitation with a software program (Gene tools, Synoptics Ltd. UK). eNOS and phosphoCREB expression was normalized to that of β-actin and CREB respectively from the same
sample, and expressed as folds of vehicle-treated controls.

NO Measurement To investigate the effect of genistein on NO release in vitro, confluent
cells grown in 12-well plates were treated with genistein, vehicle (DMSO) or other agents in
complete medium, over a range of concentrations and time points, as indicated in the figure
legends. For assays focused on the effect of prolonged incubation with genistein, culture
media were renewed in the third day from the initial treatment. Following treatment, cells
were adapted into Hank’s balanced salts solution (HBSS; 135 mM NaCl, 1.2 mM CaCl2 , 1.2
mM MgCl2 1.2, 5 mM KOH, 10 mM HEPES, 10 mM glucose, pH 7.4) supplemented with Larginine (0.1 mM) for 30 min, followed by stimulation with 10 μM A23187 for 30 min.
Culture supernatants were then collected for NO assay as determined by measuring the sum
concentration of NO2- and NO3- as we previously described (14). Fluorescence data were
converted into concentrations based on standard curves constructed with NaNO3, normalized
to protein concentration of the samples, and then expressed as folds of vehicle-treated
controls.

Adenoviral PKA inhibitor gene construct and infection Replication-deficient adenovirus
containing the complete sequence of endogenous PKA inhibitor cDNA (AdPKI) was
constructed as originally described by Lum et al. (27). For determining infection efficiency,
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HAECs were exposed to adenovirus at 100-1000 multiplicities of infection (MOI) per cell in
0.15 ml of serum-free M199 medium for 1h at 37 oC and then cultured in complete medium
for 24 h at 37 oC. Heat-inactivated AdPKI (65◦C overnight) served as the control. After
infection, the cells were collected for PKA activity assay as described below. For eNOS and
NO analysis, HAECs were infected with AdPKI or heat-inactivated AdPKI at 1000
MOI/cells for 24 h, and then treated with 1-10 µM genistein or vehicle for 5 d, followed by
eNOS and NO assays.

PKA activity assay HAECs or AdPKI-infected HAECs treated with genistein or vehicle
(DMSO) were collected in PKA extraction buffer [25mM Tris-HCl, 0.5mM EDTA, 0.5mM
EGTA, 10mM β-mercaptoethanol, 1μg/ml leupeptin,1μg/ml aprotinin and 5 mM PMSF, pH
7.4]. Cytoplasmic proteins were harvested by sonication and centrifugation. The enzymatic
activity of PKA in cell extracts was determined by measuring the phosphorylation of
kemptide as previously described (20). Phosphorylated kemptide was separated from
unphosphorylated substrate on a 0.8% agarose gel by electrophoresis and visualized under
UV light using an AlphaImager imaging system (Alpha Innotech Co., San Leandro, CA). The
images of the fluorescent gels were photographed, and the amount of substrate
phosphorylation was determined by quantifying the fluorescence intensity of the peptide
bands.
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Statistical analysis Data was analyzed with one-way ANOVA using SAS® program and
expressed as mean±standard error (SE). Treatment differences were subjected to Tukey’s
multiple comparison tests, where p < 0.05 was considered significant.
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Results
Genistein improves eNOS protein expression and NO production To initially determine the
effects of chronic exposure of HAECs to genistein on eNOS expression and NO synthesis,
confluent HAECs were incubated with various concentrations of genistein (1-10 μM) for 5 d
with culture medium refreshed in third d. As shown in Fig. 1 A, genistein dose-dependently
increased eNOS protein expression, with 10 μM genistein inducing about 60% increase over
the control. To confirm the biological importance of this increased eNOS expression by
genistein, we evaluated A23187-induced NO production in HAECs treated with genistein or
vehicle. Consistent with the eNOS expression pattern, genistein stimulated NO release in a
concentration-dependent manner, reaching a maximal level at 10 μM genistein (Fig. 1B).

Genistein-stimulated NO production is independent of PKC, PI3K or ERK1/2 Previous
studies have determined that inhibition of PKC up-regulates eNOS transcription (28) and
pharmacological doses of genistein could inhibit PKC activity in human chronic myeloid
leukemia cells (29). We therefore tested whether PKC mediates the effect of genistein on
eNOS. Co-incubation of the cells with p3115, a specific PKC inhibitor, had no effect on
eNOS-derived NO production induced by chronic exposure of HAECs to genistein (Fig. 2 C).
It have been established that PI3K/Akt and ERK/MAPK-mediated pathways are two
important signaling cascades mediating eNOS activation by various stimuli in ECs (30-33).
To elucidate the intracellular signaling involved in the genomic regulation of eNOS by
genistein, we then examined whether the PI3K/Akt or ERK1/2 pathways were involved in
genistein-induced NO synthesis.

Pre-incubation of HAECs with the PI3K inhibitor,
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LY294002, or the ERK/MAPK blocker, PD098059, had no effect on either basal or
genistein-induced NO production (Fig. 2A & 2B).

Genistein-enhanced eNOS expression and NO production are mediated by PKA There is
evidence that the eNOS promoter contains CRE sites, and activation of CREB
phosphorylation can stimulate eNOS expression in ECs (34). Our recent study showed that
genistein activates cAMP signaling in ECs (20). We thus hypothesized that genistein may
augments eNOS expression via activation of the PKA/CREB pathway. To that end, HAECs
were infected with AdPKI, an adenovirus construct containing the specific endogenous PKA
inhibitor gene. As shown in Fig. 3 A, treatment of cultured HAECs with 500-1000 MOI of
AdPKI resulted in an up to 95 % reduction in PKA activity compared with that of untreated
ECs, whereas infection with heat-inactivated AdPKI had no significant effect on PKA
activation. Accordingly, infection of HAECs with AdPKI significantly attenuated genisteininduced eNOS expression and NO production (Fig. 3 B& C), whereas heat-inactivated
AdPKI was inactive (data not shown). Taken together, these results indicate that activation of
the cAMP/PKA cascade is necessary and sufficient for genistein-induced eNOS expression in
HAECs, suggesting a central role for the cAMP/PKA signaling in mediating the genomic
effect of genistein on eNOS expression.

Genistein activates the PKA/CREB cascade We further demonstrated that genistein
significantly augmented PKA activity and increased CREB phosphorylation at ser-133 in
HAECs (Fig. 4A & B) in a dose-dependent manner, a pattern that is consistent with the
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increased eNOS protein expression by genistein. To further confirm that activation of CREB
by genistein is PKA-dependent, the cells were pre-incubated with PKA inhibitor H89 (10 μM)
for 30 min, followed by addition of genistein. We found that genistein-stimulated CREB
phosphorylation was completely abolished by H89 (Fig. 4C), suggesting that CREB lies
downstream of PKA in genistein-induced signaling which may ultimately mediate genisteinstimulated eNOS expression in ECs.
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Discussion
Cardiovascular diseases (CVD) are the leading cause of morbidity and mortality in the
United States (35). Many CVD risk factors such as being male (35), aging (36), cigarette
smoking (37), high blood pressure (38, 39), and diabetes (40), are associated with reduced
NO release due to decreased activity and/or expression of eNOS in both humans and animals,
suggesting that eNOS plays a central role in the pathogenesis of CVD. In addition, eNOS
expression was significantly decreased in ovariectomized and fertile rats (41), consistent with
the finding that pre-menopausal women have lower incidence rate of CVD and hypertension
than that of age-matched men, but this reduced CVD rate diminishes with the onset of
menopause and even higher in postmenopausal women than in men (35), suggesting a
vascular protective effect of estrogen. Indeed, estrogen replacement therapy appears to reduce
the risk of cardiovascular disease (42) and increase the circulating NO (43) in
postmenopausal women, confirming that estrogen is cardioprotective at least in part, through
promoting endothelium-derived NO synthesis. Therefore, maintenance of functional eNOS is
of importance in the prevention and therapy for CVD. However, administration of estrogen is
associated with an increased incidence of heart disease (44). In addition, estrogen has
potential carcinogenic effects in women and feminizing effects in men (45). These side
effects limit its use as a cardio-protective agent. Therefore, a search for safe, alternative
eNOS-promotive agents for prevention of CVD is of major importance in the effort to
decrease the burden of CVD morbidity.
While eNOS is a constitutive enzyme, its expression can be regulated by a variety of
factors. For instance, fluid flow (46), vascular endothelial growth factor (47), insulin (48) and
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hydrogen peroxide (49) up-regulate eNOS expression, whereas tumor necrosis factor-alpha
(50), hypoxia (51), endotoxins (52) and other CVD risk factors down-regulate eNOS
transcription. We therefore hypothesized that genistein up-regulates eNOS expression
through increasing gene transcription in ECs. We found that genistein, at low concentrations
(1-10 μM), enhanced the expression of eNOS protein and subsequently elevated NO
synthesis in HAECs, consistent with our recent findings that genistein enhanced eNOS
promoter activity (15, 16) and mRNA expression (15), suggesting that genistein enhances NO
synthesis via transcriptional up-regulation of eNOS in ECs.
Previous studies showed that estrogen can act directly on vascular ECs to enhance NO
production through both genomic stimulation of eNOS expression (53) and membrane
receptor-mediated, non-genomic stimulation of the enzymatic activity (54). However, we
have determined that genistein up-regulates eNOS via the ER- and PTK-independent
mechanisms (15), which promoted us to investigate other potential pathways that mediate this
genistein effect. Previous study showed that PKC phosphorylates eNOS at Thr497 which
subsequently suppresses eNOS activity in bovine aortic ECs (BAECs) (55). In addition,
inhibition of PKC increases eNOS mRNA and protein expression and subsequently elevates
NO synthesis in BAECs (28), although the mechanism of this action is not clear. However,
inhibition of PKC had no effect on basal or genistein-stimulated NO release, suggesting that
this genistein effect is not related to PKC in HAECs. Indeed, as to our knowledge, there is no
published data so far showing an effect of genistein on PKC activity in ECs. Genistein was
reported to affect Akt and ERK1/2 MAP kinase activities which can modulate eNOS activity
and NO production (31). In our present study however, genistein-induced eNOS expression
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and NO release were not related to PI3K/Akt or ERK1/2 activity. Actually, these kinases may
primarily regulate the acute eNOS activation in response to extracellular stimuli such as
steroids (56), growth factors (57) and shear stress (58).
We found that adenoviral transfer of endogenous PKA inhibitor gene abrogated
genistein-stimulated eNOS protein expression and subsequent NO production. AdPKI is
highly specific and efficient because it could completely block the PKA activity in HAECs,
whereas heat-inactivated AdPKI had no significant effect on PKA activity, suggesting that
genistein enhances eNOS expression and NO production through activation of PKA. Indeed,
we recently indicated that genistein activates the cAMP signaling system and subsequently
regulates cAMP-mediated gene expression in ECs (14). In our present study, we
demonstrated that genistein enhanced PKA activity in HAECs, further confirming that
genistein activates the classic cAMP/PKA pathway in ECs. However, it is still unknown how
activation of PKA by genistein regulates eNOS.
Endothelial NOS promoter contains several regulatory elements including shear
stress-responsive element, estrogen-responsive element and activator protein-1 binding site
which modulate eNOS gene transcription in response to respective stimuli (50, 59, 60). In
addition to these mechanisms that regulates eNOS expression, a recent study found that
eNOS gene contains functional cAMP responsive elements (CRE) that also positively
regulates eNOS gene trasncription (24), consistent with other recent findings that activation
of cAMP signaling stimulated eNOS expression in ECs (61, 62). These results suggest that
the cAMP/PKA/CREB cascade plays a role in regulating eNOS expression. Our further
studies demonstrated that genistein rapidly activated PKA-dependent phosphorylation of
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CREB at ser-133 in HAECs. While not determined, it is reasonably speculated that genistein
may regulates eNOS through activation of PKA-dependent CREB, given that the
phosphorylation of CREB at ser-133 is necessary for its binding to CRE to regulate gene
transcription (63), and that eNOS promoter contains CRE sites. However, studies showed that
the catalytic subunit of PKA can activate CREB-binding protein (CREB-BP), a CREB
coactivator that is required for CREB to regulate gene transcription (64). In addition, there is
literature providing evidence that eNOS and the catalytic subunit of PKA are colocalized in
the restricted intracellular locations in ECs (65), suggesting a direct interaction between PKA
and eNOS. Therefore, it is possible that genistein may regulate eNOS by simultaneously
acting on multiple targets which include PKA, CREB and CREB-BP. Therefore, further
studies are needed to determine whether CREB indeed is the distal signal molecule that
primarily mediates the genistein effect on eNOS.
In summary, genistein has various biological actions. We have demonstrated here for
the first time to our knowledge that genistein enhances the expression of eNOS and
subsequently increases NO synthesis via the cAMP/PKA/CREB pathway in primary human
ECs. These findings add new information to the functional repertoire of this food-derived
small molecule and form the basis for further evaluating its potential in preventing or treating
cardiovascular disease. Future studies therefore will be aimed at determining if
PKA/CREB/eNOS/NO signaling elicited by genistein in vitro is physiologically relevant in
vivo.
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FIG.1 Genistein enhances eNOS protein expression and NO production in HAECs. Confluent
HAECs were incubated with various concentrations (1-10 µM) of genistein or vehicle
(DMSO) for 5 d. A. eNOS protein level in cell extracts was analyzed with Western blotting
and normalized to β-actin content. Values (mean±SE) were expressed as fold increase over
control derived from four separate experiments, a set of representative graphs and bar graph
(mean±SE) were shown. *, P<0.05 vs. vehicle-alone treated control. B. Nitrite/nitrate (NOx)
production stimulated by ionophore 23187 was measured using a fluorometric assay kit and
normalized to protein content. Values (mean±SE) were expressed as fold of the control
derived from four separate experiments. *, P<0.05 vs. vehicle-alone treated cells.
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FIG.2 The promotive effect of genistein on NO production is not dependent on PI3K, ERK1/2
and PKC pathways in HAECs. Confluent HAECs were pre-incubated with either LY294002
(LY; 10 μM), the PI3K inhibitor (A), PD 98059 (PD; 10 μM), a ERK inhibitor (B) or P3115
(P; 20 μM), a PKC inhibitor (C) for 30 min followed by addition of genistein (G; 10 μM) for
5 d. Nitrite/nitrate (NOx) production stimulated with ionophore 23187 was measured using a
fluorometric assay kit and normalized to protein content. Values (mean±SE) were expressed
as fold of the control derived from four separate experiments, *, P<0.05 vs. vehicle-alone
treated control.
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FIG.3 PKA mediates genistein-enhanced eNOS protein expression and NO production in
HAECs. A. Different concentration and heat-inactivated AdPKI virus were transfected into
HAEC for 24 h. Cell lysate were used to measure PKA activity using a non-adioactive
cAMP-dependent protein kinase A PepTag® assay. B& C. AdPKI transfected HAECs were
treated in the presence or absence of genistein (G; 10 μM) for 5 d. eNOS protein in cell
extracts was analyzed with Western blotting and normalized to β-actin content. Values
(mean±SE) were expressed as fold of control derived from four separate experiments, a set of
representative graphs and bar graph (mean±SE) were shown. *, P<0.05 vs. vehicle-alone
treated control (B). Nitrite/nitrate (NOx) production stimulated with ionophore 23187 was
measured using a fluorometric assay kit and normalized to protein content. Values (mean±SE)
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were expressed as fold of control derived from four separate experiments, *, P<0.05 vs.
vehicle-alone treated control (C).
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FIG.4 Genistein activates PKA/CREB cascade. Confluent HAECs were serum-starved in
HBSS buffer for 30min and followed by stimulation of various concentration of genistein (G;
0.01-10 μM) for 15 min. PKA activity (A) and CREB phosphorylation ( B & C) were
measured using a non-radioactive cAMP-dependent protein kinase A PepTag® assay and
Western blot respectively. C. H89, a specific inhibitor of PKA was pre-incubated for 30 min
before genistein stimulation. After normalizing with total PKA or CREB, values (mean±SE)
were expressed as fold of control derived from three separate experiments, *, P<0.05 vs.
vehicle-alone treated control.
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CHAPTER 5
Isoflavone genistein protects human vascular endothelial cells against tumor necrosis
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Abstract
Isoflavone genistein may have beneficial effects on vascular function, but the mechanism
is unclear. In the present study, we investigated whether genistein protects vascular
endothelial cells (ECs) against apoptosis induced by tumor necrosis factor-α (TNF-α), a proinflammatory cytokine associated with the pathogenesis of atherosclerosis. We show that
genistein significantly inhibited TNF-α-induced apoptosis in human aortic endothelial cells
(HAECs) as determined by caspase-3 activation, 7-amino actinomycin D staining, in situ
apoptotic cell detection and DNA laddering. This effect was dose-dependent and maximal at
5-10 µM concentrations. The anti-apoptotic effect of genistein was associated with an
enhanced expression of anti-apoptotic Bcl-2 protein and its promoter activity that was ablated
by TNF-α.

Inhibition of extracellular signal-regulated kinase 1/2, protein kinase A, or

estrogen receptor had no effect on the cytoprotective effect of genistein. However, inhibition
of p38 mitogen activated protein kinase (p38) by SB203580 completely abolished the
cytoprotective effect of genistein, suggesting that genistein acted through the p38-dependent
pathway. Accordingly, stimulation of HAECs with genistein resulted in rapid and dosedependent activation of p38. Unlike TNF-α which specifically activated p38α, genistein
selectively induced phosphorylation of p38β, suggesting that p38β, but not p38α, is essential
for the cytoprotective effect of genistein. These findings provide the evidence that genistein
acts as a survival factor for vascular EC to protect cells against apoptosis via activation of
p38β. Preservation of the functional integrity of the endothelial monolayer may represent an
important mechanism by which genistein exerts its vasculoprotective effect.
Key Words: genistein; apoptosis; caspase-3; Bcl-2; endothelial cells; p38.
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Introduction
Bioactive compound genistein, one of the major isoflavones in soy and red clover, has
various biological actions including a weak estrogenic effect (1) by binding to estrogen
receptors (ERs) (2), and inhibition of protein tyrosine kinases (PTKs) at pharmacological
doses (3). The potential effects of isoflavones on human vascular health have been
extensively investigated during the past ten years. While the effects of an isoflavone mixture
on human vascular health may be controversial (4-9), recent human studies have shown that
dietary supplementation of genistein alone has a significantly beneficial effect on
atherosclerosis (10), markers of cardiovascular risk (11, 12), vascular motor tone (13, 14),
vascular endothelial function (15), and systemic arterial compliance (16). Data from animal
and in vitro studies also consistently suggest a protective role of genistein in cardiovascular
events (17-23). It also has been shown that genistein reduces the size of infarction and
experimental myocardial ischemia-reperfusion injury (24), and improves endothelial
dysfunction induced by oophorectomy in rats (25), providing consistent evidence for a
cardioprotective effect of genistein. However, the mechanism of genistein action in
vasculature is still not clear.
Past studies have extensively explored its hypolipidemic (26), anti-oxidative (27, 28)
and the estrogenic effects (29), which all play a potential role in initiation of atherosclerosis
(30-32). While genistein may have both ER-dependent and independent actions in
vasculature, its average effect on plasma lipid profile is neutral (16, 33). In addition, genistein
is not a physiologically effective antioxidant or scavenger of reactive oxygen species (34, 35),
although it has been reported to exhibit antioxidant activity in aqueous phase systems (36, 37)
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and prevent LDL oxidation at pharmacological doses (38, 39). Recently, we (40, 41) and
others (42) demonstrated a direct action of genistein on vascular endothelial cells (ECs) in
vitro and in vivo to modulate vascular function through a mechanism independent of ERs.
The vascular endothelial monolayer, which separates circulating blood and peripheral
tissues, plays a pivotal role in maintaining normal vascular function. Endothelial injury or
loss of ECs due to aging-apoptosis contributes to the development of aging-associated
vascular diseases such as arteriosclerosis (43) and acute coronary syndrome (44), which is
enhanced by circulating inflammatory cells and other risk factors such as tumor necrosis
factor-α (TNF-α). A recent study demonstrated that genistein protects against TNF-α-induced
apoptosis in osteoblastic cells (45). However, it is unknown if genistein exerts a similar effect
on ECs. In the present study, we first examined whether genistein protects human aortic ECs
(HAECs) from TNF-α-induced apoptosis. We then defined the cellular mechanism
underlying this genistein action. We report the novel observation that genistein protects
HAECs from TNF-α-induced apoptosis. This cytoprotective effect of genistein is reversed by
inhibition of p38 mitogen-activated protein kinase (p38). Specifically, genistein induces the
activation of p38β, which may underline the ability of genistein to rescue ECs from TNF-αinduced apoptosis.
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Material and Methods

Materials

Primary human aortic endothelial cells (HAECs) and endothelial growth supplements
(EGM2) were purchased from Cambrex Bioscience (Rockland, ME); M199 media, caspase-3
assay kits and competent cells for plasmid trasnformation were from Invitrogen (Carlsbad,
CA); antibodies against p38 , phospho-p38 (Thr180/Tyr182), p38α, p38β, Bcl-2 and β-actin
were from Cell Signaling Technology (Beverly, MA); supersignal chemiluminescence
detection system and Protein A beads were from Pierce (Rockford, IL); nitrocellulose
membranes and protein assay kits were from Bio-Rad (Hercules, CA); Bcl-2 promoter-driven
luciferase (Bcl-2-Luc) reporter construct was a kind gift from Dr. Linda M. Boxer, Stanford
University, Stanford, CA); plasmid purification kit was from Qiagen (Valencia, CA);
transfection reagents were from Targeting System (Santee, CA); dual luciferase reporter
assay kits were from Promega (Madison, WI); terminal deoxynucleotidyltransferase dUTP
nick-end labeling (TUNEL) and apoptotic DNA ladder kits were from Roche Applied
Science (Indianapolis, IN); ICI182,780 was from Tocris (St. Louis, MO); genistein, TNF-α,
SB203580, H89, PD098059, LY294002, protease and phosphatase inhibitor cocktails, 7amino actinomycin D (7-AAD) and other general chemicals were from Sigma (St. Louis,
MO); stock solutions of genistein, at 20 mM in dimethylsulfoxide (DMSO), were stored at 80°C before use.

Cell culture
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Primary HAECs were cultured in M199 medium containing 2% FBS and endothelial
growth supplements-EGM2 at 37°C in a 5% CO2/95% air environment. The medium was
changed every other day until the cells became confluent. HAECs were passaged by using
0.05% trypsin treatment and passages 4–6 were used in all experiments.

Cell apoptosis assay
Confluent HAECs cultured in 12-well plates or on chamber slides were treated with
TNF-α (20 ng/ml) in the presence or absence of genistein (0.1-10 μM) for 48 h. Apoptotic
cells were counted using flow cytometry as described (46) with minor modification. Briefly,
treated HAECs were suspended using 0.05% trypsin-EDTA and washed by centrifugation
using phosphate buffered saline (PBS) at 2,000 ×g for 4 min at 4°C. The cells were then
incubated in PBS containing 20 μg/ml of 7-AAD at 4°C for 20 min. After washed once with
PBS, cells were suspended in 200 μl of PBS and applied to a FACS Calibur flow cytometer
(BD, CA) to detect apoptotic cells based on the loss of membrane permeability. Data were
analyzed using a CellQuest software (BD, CA). For in situ detection of apoptotic cells, cells
were fixed with 4% (wt/vol) paraformaldehyde in PBS (pH 7.4) at room temperature for 1 h,
and then permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate solution on ice for 5
min. The apoptotic cells were detected using TUNEL techniques as described (47). For DNA
laddering assay, treated HAECs were harvested into lysis buffer. DNA was isolated using an
apoptotic DNA ladder kit following the manufacturer’s protocol. DNA fragmentation was
detected by standard agarose gel electrophoresis.
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Caspase-3 Activity Assay
Cytosolic enzymatic activity of caspase-3 was measured essentially as described in
the manufacturer’s protocol. The caspase-3 activity in the cell lysates was normalized to the
cellular protein concentration and expressed as fold of the control.

Immunoprecipitation
HAECs were harvested into lysis buffer (20 mM Tris/HCl, 150 mM NaCl, 1 mM
EDTA,1 mM EGTA, 1% Triton X-100, 2.5 mM Na4P2O7, 1 mM glycerolphosphate, and
1Mm Na3VO4, pH 7.4) supplemented with protease (1:500) and phosphatase (1:100) inhibitor
cocktails, and cell extracts were collected by centrifugation at 12,000 ×g for 10 min at 4°C.
An aliquot of supernatant (100 μg protein) was incubated with p38α or p38β monoclonal
antibody (1:200) with gentle mixing at 4°C. 12 h later, 80 μl of washed protein A beads was
added to each sample and the mixture was incubated at 4°C for 2 h. The immunoprecipitates
were collected following centrifugation at 12,000 ×g for 3 min and sequentially washed three
times in lysis buffer and once in water. The final pellets were resuspended and boiled in
SDS-PAGE sample buffer at 95°C for Western blotting as described below.

Western blot analysis
Equal amounts of proteins from cell extracts were subjected to Western blot analysis
as described previously (28, 29). Membranes were probed with antibody against phospho-p38
or Bcl-2. The immunoreactive proteins were detected by chemiluminescence. Nitrocellulose
membranes were then stripped and reprobed with p38 or β-actin. The protein bands were
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digitally imaged for densitometric quantitation with a software program (Gene tools,
Synoptics Ltd. UK). Phospho-p38 and Bcl-2 expression was normalized to that of p38 and βactin, respectively, from the same sample.

Promoter activity assay
Bcl-2-Luc reporter plasmids were amplified with competent cells and purified using
Qiagen’s Maxi kit. For transient transfection of the plasmids, HAECs were grown in 24-well
plates until 70% confluence. The cells were then co-transfected with 1.2 μg of Bcl-2-Luc and
0.5 ng of pRL control plasmid per well using F-1 transfection reagent for 24 h according to
the manufacturer’s protocol. The transfected cells were then treated with various
concentrations of genistein or vehicle in the presence or absence of TNF-α (20 ng/ml) in
phenol-red free M199 medium containing 2% FBS for 24 h. Cells were harvested in reporter
lysis reagent. Luciferase activity, normalized to pRL activity in the cell extracts, was
determined by using the dual luciferase reporter assay system.

Statistical analysis
Data was analyzed with one-way ANOVA using SAS® program and expressed as
mean±standard error (SE). Treatment differences were subjected to a Tukey’s multiple
comparison test, where p < 0.05 was considered significantly different.
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Results

The effect of genistein on EC apoptosis
To determine whether genistein is a ECs survival factor, we first incubated HAECs
with TNF-α (20 ng/ml) in the presence or absence of different concentrations of genistein for
48 h, and then detected apoptotic cells with flow cytometry using the fluorescent DNAbinding agent 7-AAD which monitors the loss of membrane integrity during apoptosis (48).
As shown in Fig. 1 A & 1B, genistein dose-dependently attenuated TNF-α-induced apoptosis,
with 10 µM inducing the maximal effect. We further evaluated the anti-apoptotic effect of
genistein by directly assessing the percentage of apoptotic cells using TUNEL assay.
Consistent with the result observed by 7-AAD staining, addition of genistein (10 μM)
reduced the percentage of TNF-α-induced apoptotic cells from 33.0% to 15.7% (Fig. 1C, 1D).
To further confirm the anti-apoptotic effect of genistein, we performed electrophoretic
analysis of DNA fragmentation, a key feature of cell undergoing apoptosis. As shown in Fig
1E, genistein ameliorated TNF-α-induced DNA fragmentation in HAECs.

Genistein reduces TNF-α-increased caspase-3 activity
The caspase proteins are critical components responsible for apoptosis (49) and
caspase-3 is one of the key proteases involved in the convergence of disparate apoptotic
signaling pathways. Paralleling with the increased cell apoptosis, exposure of HAECs to
TNF-α for 9 h increased the cellular caspase-3 activity to 1.5 fold of the control in HAECs
(Fig. 2). However, co-incubation of HAECs with genistein (5-10 µM) significantly reduced
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TNF-α-induced caspase-3 activity (Fig. 2).

Genistein reverses TNF-α-impaired Bcl-2 expression
It is well recognized that Bcl-2 plays an important protective role in cell viability. To
elucidate the mechanism underlying cytoprotective effect of genistein on ECs, we first
determined whether genistein could enhance the expression of the anti-apoptotic protein Bcl2. As shown in Fig. 3A, exposure of HAECs to TNF-α for 48 h suppressed Bcl-2 protein
level by 38% compared to that of the control. However, addition of genistein reversed the
TNF-α-impaired Bcl-2 protein expression to a level similar to that of the control. Furthermore,
genistein directly increased Bcl-2 promoter activity, as determined by a Bcl-2 promoterdriven luciferase reporter assay (Fig. 3B), indicating that genistein may directly regulate Bcl2 expression at the transcriptional level.

The anti-apoptotic effect of genistein is independent of ERs, the extracellular signalregulated kinase (ERK1/2) or protein kinase A (PKA) pathways
As genistein has weak estrogenic effects in some tissues by binding to ERs (29), and
17β-estradiol has been shown to protect ECs from apoptosis through an ER-dependent
mechanism (50, 51), we examined whether ERs are involved in the cytoprotective effect of
genistein. Our results demonstrated that ICI 182,780 (10 μM), the highly specific inhibitor of
ER, did not ablate the inhibitive effect of genistein on caspase-3 activity (Fig. 4A). Both PKA
(52, 53) and ERK1/2 (54) are reported to be involved in preventing EC apoptosis, and
previous studies have shown that genistein stimulates the activity of PKA and ERK1/2 in ECs
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(41, 55). Therefore, we investigated whether the anti-apoptotic effect of genistein is mediated
through these pathways. The results showed that incubation of HAECs with the PKA
inhibitor, H89 (Fig.4B), or the ERK1/2 pathway blocker, PD98059 (10 μM) (Fig. 4C), had no
effect on the inhibitory effect of genistein on caspase-3 activity. Both H89 and PD098059
were active, since H89 completely inhibited PKA activity and subsequent CREB activation
by genistein, and PD098059 blocked genistein-induced ERK1/2 phosphorylation (data not
shown), using the same inhibitor concentration as in our experimental studies.

The anti-apoptotic effect of genistein on HAECs is mediated by p38β
Previous studies showed that p38 mediates the anti-apoptotic effect of heme
oxygenase-1 in ECs (56) and genistein can activate p38 in mammary epithelial cells (57). We
therefore examined whether p38 is involved in the anti-apoptotic effect of genistein. As
shown in Fig. 5, SB203580 (40 μM), a specific inhibitor of p38, abolished the inhibitory
effect of genistein on caspase-3 activity in HAECs. Incubation of HAECs with genistein
induced a rapid increase in p38 phosphorylation (Fig. 6A), a magnitude that was about 42%
of that evoked by TNF-α (Fig.6B). Previous studies demonstrated that p38α, one of four p38
isoforms (58), is a pre-apoptotic molecule in ECs (56), whereas activation of p38β exerts an
anti-apoptotic effect (59, 60). Data from immunoprecipitatation assay showed that genistein
stimulated the phosphorylation of p38β but simultaneously inhibited p38α activation. On the
contrary, TNF-α remarkably activated p38α but had no significant effect on the
phosphorylation of p38β (Fig.6 C, 6D), suggesting that genistein and TNF-α have a
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differential effect on p38α and p38β. Therefore, it is likely that that genistein protects EC
against TNF-α-stimulated apoptosis by selective activation of p38β.
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Discussion
Vascular endothelium, a single layer of ECs lining the lumenal side of the vessels, is
not only a selective permeable barrier providing a continuous nonthrombogenic lining for the
vascular system, but also a form of sensory organ having the ability to monitor, integrate and
transduce blood born signals. ECs injury and subsequent apoptosis is a key event in the
pathogenesis of various vascular diseases such as diabetes-caused atherosclerosis (61, 62).
TNF-α, a proinflammatory cytokine, is remarkably elevated in the plasma and artery both in
animals and humans with vascular complications (63-65). It is believed that TNF-α is
critically involved in the pathogenesis of atherosclerosis. Indeed, high levels of TNF-α can
induce EC apoptosis (64), which disrupts endothelial integrity and leads to cardiovascular
disease (66). Isoflavone genistein may exert beneficial effects on vasculature which are
always explained by its presumably hypolipidemic, weak estrogenic and antioxidantive
effects, although the results are controversial. Therefore, the cellular and molecular
mechanisms underlying the vascular effects of genistein are still unclear. In the present study,
we found an important cellular effect for genistein and defined a novel signaling pathway
mediating this genistein action, which may explain some of its beneficial vascular effects.
We show for the first time to our knowledge that genistein protects against TNF-α-induced
apoptosis in HAECs by selective activation of p38 β. The activity of genistein was
independent of the ER-mediated signaling and was not inhibited by PKA and ERK1/2
blockade.
Genistein has been studied for its possible beneficial effects on cancer prevention as it
can induce tumor cell apoptosis at pharmacological doses (30-100 μM) (67, 68). However,
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our current data shows that genistein is survival factor for human ECs when used at relatively
lower concentrations (5-10 μM). This result is in line with recent studies demonstrating that
genistein (2.5 μM) can inhibit homocysteine- and oxidized LDL-induced apoptosis in
transformed ECs (69, 70). Genistein is a well-known inhibitor of PTK, and is often used to
study PTK-mediated signaling events. However, this cytoprotective effect of genistein on
ECs is unlikely related to its effect on PTK because the concentrations of genistein required
for effective inhibition of PTK are no less than 100 µM (71, 72). It was reported that total
circulating genistein levels in humans and animals consuming soy products or isoflavone
supplements are between 0.74-6.0 μM, and that the genistein concentrations in tissues may be
even higher (73-75). Therefore, the genistein concentrations that produced biological effects
observed in this study (5-10 μM) overlap those attainable in the plasma and tissues in humans
following dietary supplementation. However, it must be noted that genistein primarily exists
as glucuronide conjugates with reportedly free genistein accounting for only 5-26% of total
genistein present in plasma in humans (76), while genistein conjugates in the serum are
reported to be lesser biologically active than free genistein (77), they may serve as excellent
sources of biologically active genistein in circulation and within target tissues. Regardless, it
is intriguing to speculate as to whether beneficial effects of genistein on EC survival could be
realized in hostile environment such as diabetes where plasma TNF-α level is dramatically
elevated (64). It would probably not be necessary to achieve concentrations that high in
plasma in order to observe a beneficial effect because the anti-apoptotic effect of genistein on
ECs is chronic and could be cumulative. In deed, administration of genistein has been found
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to reduce apoptosis of myocytes and attenuate myocardial ischemia/reperfusion injury in
rabbits (78).
Bcl-2 is a well-known anti-apoptotic protein and studies showed that the expression of
Bcl-2 is down-regulated by TNF-α in ECs, which is concomitant with the TNF-α-induced
apoptosis (79). Therefore, overexpression of Bcl-2 has been shown to protect ECs against
TNF-α-induced apoptosis (80). In consistent with the protective effect of genistein on TNF-αinduced apoptosis, our studies showed that genistein could restore Bcl-2 protein expression
ablated by exposure to TNF-α in HAECs. While it is unclear how genistein regulates Bcl-2
expression, it is clear from our data that genistein enhanced Bcl-2 promoter activity,
suggesting that genistein may have a direct effect on Bcl-2 transcription, an effect that need
further investigation.
While genistein has well-known weak estrogenic effect by binding to the ERs and
17β-estradiol has been reported to protect ECs against stimuli-induced apoptosis that is
mediated by the ER-dependent mechanisms (50), the novel protective effect of genistein on
TNF-α-induced apoptosis in ECs is not dependent on the ER-mediated pathway. First, ICI
182,780, a highly specific ER inhibitor, did not block the inhibitory effect of genistein on
capsase-3 activity in HAECs. It is unlikely that the inability of this agent to block the effect
of genistein on apoptosis is due to a lack of efficacy, because we previously reported that, at
the same concentration used, ICI 182, 780 completely abolished the 17β-estradiol-induced
endothelial nitric oxide synthase activity in ECs (40). Second, daidzein, a genistein analogue
that is essentially lack of affinity to the ERs, also protected ECs against TNF-α-induced
apoptosis as observed in osteoblastic cells (45). In addition, previous studies demonstrated
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that genistein activates ERK1/2 and PKA in ECs (41, 55), which play important roles in
promoting ECs survival (54, 55). However, the cytoprotective effect of genistein was not
related to ERK1/2 or PKA. While neither ERK1/2 nor PKA mediate the genistein effects on
cell apoptosis, their potential role in other genistein-induced vascular effects deserves further
study.
In the present study, we showed that the cytopreventive effect of genistein on TNF-αinduced apoptosis was abolished by SB203580, a specific inhibitor of p38α and p38β that has
been widely used in investigation of the biological functions involving the p38 kinase
signaling pathway. While p38α is the most widely expressed isoform of p38 family, both
p38α and p38β are equally expressed in vascular ECs (58). We further demonstrated that
genistein activated the phosphorylation of p38 over the same concentration range as its effect
on apoptosis. Interestedly, exposure of HAECs to TNF-α elicited much more pronounced
increase in p38 activity. A wealth of literature exists showing both pro-apoptotic and antiapoptotic effect of p38 depending on cell-types and stimuli (81, 82). Studies show that p38α
and p38β exerts different biological actions. Activation of p38α has been shown to induce
apoptosis in ECs (56), L929 fibroblasts (83), myocytes (84) and HeLa cells (59), whereas
p38β actually promotes survival of these cells (56, 59, 83, 84). In addition, cardiomyocytes
and fibroblasts derived from p38α deficient mice are less susceptible to undergo apoptosis
(85), suggesting that p38α is a pro-apoptotic molecule both in vitro and in vivo. These data
suggest that p38α and p38β have antagonistic effects in controlling cellular apoptosis and
therefore the balance between these two kinases may decide the cell survival or apoptosis. In
an effort to define the roles of p38 isoforms in genistein effect, we initially determined
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whether genistein and TNF-α may have differential effects on p38α and p38β activation in
ECs. We found that genistein selectively activated p38β whereas TNF-α predominantly
induced p38α activity in HAECs, suggesting that p38β may mediate the cytoprotective effect
of genistein in ECs. Taken these results together, it is reasonable to suggest that genistein
protects against TNF-α-induced apoptosis via promoting p38β activity in ECs.
In conclusion, we provide data showing that genistein can inhibit apoptosis in human
vascular ECs exposed to TNF-α, an inflammatory cytokine involved in the pathogenesis of
various vascular diseases, suggesting that genistein may act as a survival factor in an
inflammatory environment for these cells. We further demonstrated that the cytoprotective
effects of genistein were ER-, ERK1/2- and PKA-independent but were mediated through the
p38β signaling pathway, thereby defining a novel mechanism of this genistein action in
vascular ECs. These findings potentially provide a basic mechanism underlying some of the
vasculoprotective effects of genistein.

Acknowledgments
This work was supported by grants from the American Heart Association Mid-Atlantic
Affiliate (to D. Liu), the National Center for Complementary and Alternative Medicine of the
National Institute of Health (R21AT002739 to D. Liu) and the John Lee Pratt Fellowship (H. Si)
from Virginia Polytechnic Institute and State University.

120

Abbreviations:

7-AAD, 7-amino actinomycin D; CREB, cAMP-responsive element binding protein;
DMSO, dimethylsulfoxide; E2, 17β-estradiol; EC, endothelial cells; ER, estrogen receptors;
ERK1/2, extracellular signal-regulated kinase ½; FBS, fetal bovine serum; HAECs, human
aortic endothelial cells; LDL, low density lipoprotein; p38, p38 mitogen-activated protein
kinase; p38α, p38 mitogen-activated protein kinase alpha; p38β, p38 mitogen-activated
protein kinase belta; PBS, phosphate-buffered saline; PKA, protein kinase A; PTK, protein
tyrosine

kinase;

TNF-α,

tumor

necrosis

factor-alpha;

TUNEL,

terminal

deoxynucleotidyltransferase dUTP nick-end labeling.

121

Figures

101

102

103 104

T+G5

100

101

M1

M2

102

103 104

T

100
M1

100

101

102

M2

103 104

T+G10

100

101

M1

M2

102

103 104

C
C

T

T+G

80

Apoptotic cells (%)

100

M2

B

*

60

*

40
20

0
T: 20 ng/ml
G: μM

0

+
0

+ +
0.1 1

+
5

+
10

D
Apoptotic cells (%)

M1

0 20 40 60 80 100

C

0 20 40 60 80 100

0 20 40 60 80 100

0 20 40 60 80 100

A

40
30
20

*

10
0
C

T

T+G

E

+

C

T

T+G

FIG.1 Genistein protects against TNF-α-induced apoptosis in HAECs. A, B. Confluent
HAECs were treated with or without TNF-α (T, 20 ng/ml) in the presence or absence of and
various concentrations of genistein (G, 0-10 μM) for 48 h, and apoptotic cells were stained
with 7-ADD and determined using flow cytometry. A representative image and bar graph
(mean±SE) of four independent experiments were shown. *, P < 0.05 vs. TNF-α-alone treated
cells. C, D. HAECs cultured on chamber slideswere incubated with or without TNF-α (T, 20
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ng/ml) in the presence or absence of genistein (G, 10 μM) for 48 h. Apoptotic cells were
detected using TUNEL method. A representative image and bar graph (mean±SE) from three
independent experiments were shown. *, P < 0.05 vs. TNF-α- alone treated cells. E. HAECs
grown in 6-well plates were treated as stated in C and D. Genomic DNA was extracted and
DNA fragmentation was detected by gel electrophoresis, a representative image from three
was shown.
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FIG.2 Genistein inhibits TNF-α-induced caspase-3 activity in HAECs. Confluent HAECs
were exposed to TNF-α (T, 20 ng/ml) withor without various concentrations of genistein (G,
0-10 μM) for 9 h, and cells were collected to measure caspase-3 activity using an assay kit.
Data are means±SE derived from four separate experiments and expressed as folds of control.
*, P<0.05 vs. TNF-α alone-treated cells.
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FIG.3 Genistein restores TNF-α-inhibited Bcl-2 protein expression and promoter activity in
ECs. A. Confluent HAECs were treated with or without TNF-α (T, 20 ng/ml) in the presence
or absence of various concentrations of genistein (G, 1-10 μM) for 48 h. The Bcl-2 level in
the cell extracts were measured by Western blot and normalized to β-actin content. B.
HAECs were co-transfected with Bcl-2 promoter-driven reporter constructs and pRL-CMV
plasmids. Cells were then treated with or without TNF-α (T, 20 ng/ml) in the presence or
absence of various concentrations of genistein (G, 1-10 μM) for 24 h. Bcl-2 promoter activity
in the cell lysates was measured using a dual-luciferase kit. Values are mean±SE obtained
from three separate experiments and expressed as folds of control. *, P<0.05 vs. TNF-α-alone
treated cells.
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FIG.4 The inhibitory effect of genistein on TNF-α-induced caspase-3 activity is not dependent
on ER, PKA and ERK1/2 pathways. HAECs were pre-incubated with ICI 182780 (ICI; 10
μM), PD 98059 (P; 10 μM), or H89 (H; 1 μM) for 30 min followed by addition of TNF-α (T;
20 ng/ml) with or without genistein (G; 5 μM) for 9 h, caspase-3 activity in the cell lysates
was measured using an assay kit. The experiment was repeated four times and data
(means±SE) were expressed as folds of control. *, P<0.05 vs. TNF-α alone-treated cells.
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FIG.5 The inhibitory effect of genistein on TNF-α-induced caspase-3 activity is mediated by
p38 pathway. HAECs were pre-incubated with SB203580 (S; 40 μM), a P38 inhibitor for 30
min followed by addition of TNF-α (T; 20 ng/ml) with or without genistein (G; 5 μM) for 9 h,
caspase-3 activity in the cell lysates was measured. The experiment was repeated four times
and data (means±SE) were expressed as folds of control. *, P<0.05 vs. TNF-α alone-treated
cells.
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FIG.6 Genistein activates p38β phosphorylation while inhibits p38α phosphorylation in
HAECs A. HAECs were incubated with various concentrations of genistein (G; 0.01-10 μM)
for 15 min. B. HAECs were incubated with , with either genistein (G; 5 μM), TNF-α (T; 20
ng/ml) or vehicle (C) for 15 min. The phosphorylation of p38 was detected by Western blot
using a phospho-specific p38 antibody, normalized to total p38. C, D. HAECs treatd with
genistein (G; 5μM), TNF-α (T; 20 ng/ml) or vehicle (C) were lysed and immunoprecipitated
with p38α or p38β antibody, followed by measuring the phosphorylation of p38 using
Western blot. The experiment was repeated three times and data (means±SE) were expressed
as folds of control. *, P<0.05, and ** p<0.01 vs. vehicle alone-treated control.
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CHAPTER 6

Conlusions and recommendations for future research

Conclusions

Genistein has been shown to exert beneficial effect on cardiovascular system, although
it only has a limited effect on plasma lipids. As a highly selective agonist of ERβ, genistein
may act on vasculature partially through the ER-dependent mechanisms, given the role for
estrogen in the regulation of vascular function. However, it appears that genistein has ERindependent stimulatory effects on multiple cellular signaling pathways and transcriptional
factors including eNOS, cAMP, ERK1/2, Akt and PPARs, which potentially offer a wide
spectrum of beneficial effects on vasculature and therefore are attractive molecular targets by
which to prevent cardiovascular disease. However, the mechanism of genistein action in
vasculature is still not clear. In the present study, we demonstrated for the first time to our
knowledge, that genistein can enhance eNOS gene transcription and protein synthesis in
primary human vascular EC, leading to NO production. Dietary genistein administration
stimulated eNOS expression, improved vessel wall thickening, and alleviated hypertension in
SHR, confirming the biological relevance of the in vitro findings. Our results further
indicated that genistein-enhanced eNOS expression and NO synthesis in primary human ECs
are mediated by cAMP/PKA/CREB pathway. We also provide data showing that genistein
can inhibit apoptosis in human vascular ECs exposed to TNF-α, an inflammatory cytokine
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involved in the pathogenesis of various vascular diseases, suggesting that genistein may act
as a survival factor in an inflammatory environment for these cells. We further demonstrated
that the cytoprotective effects of genistein were ER-, ERK1/2- and PKA-independent but
were mediated through the p38β signaling pathway, thereby defining a novel mechanism of
this genistein action in vascular ECs. These findings add new information to the functional
repertoire of this food-derived small molecule and form the basis for further evaluating its
potential in preventing or treating cardiovascular disease.

Future research recommendations
1

Determine the role that CREB plays in genistein-enhanced eNOS expression.
Although the highly specific PKA inhibitor blocked the genistein-stimulated eNOS
expression and NO synthesis in our current study, and CREB is located downstream
of PKA signaling, further studies are still needed to determine whether CREB plays a
role in genistein signaling to eNOS. Regarding this, pharmacological or molecular
intervention studies such as transfection of siRNA of CREB or dominant-negative
CREB constructs can be employed to address this question.

2

Investigate whether genistein can reverse impaired eNOS expression by TNF-α in
ECs. TNF-α negatively regulates eNOS expression by inhibiting eNOS promoter
activity (1) and lowering its mRNA stability (2). It is interesting to test whether
genistein could restore TNF-α-reduced eNOS expression in ECs.
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3

Examine whether genistein protects against TNF-α-induced apoptosis in vivo.
Endothelial integrity is modulated by a variety of factors and EC apoptosis is a
complex process in vivo. Although genistein inhibits TNF-α-induced ECs apoptosis in
vitro, it is not clear whether administration of genistein offers the same protective
effect on ECs in vivo, which is an ongoing project in this laboratory.

4

Determine the mechanism by which genistein protects against EC apoptosis. Low
level NO is well recognized as an antiapoptotic molecule, and genistein can enhance
both eNOS-derived NO synthesis and p38 activity in ECs as

aforementioned,

combining that p38 mediates eNOS-derived NO synthesis regulation (3), it is
conceivable to test whether the protective effect of genistein on TNF-α-induced
apoptosis is directly mediated by promoting p38/eNOS/NO cascade.
5

Investigate the antiapoptotic effects of other polyphenols such as resveratrol and
catechins. Both resveratrol and catechins have been demonstrated to activate p38 β
and induces eNOS/NO signaling (3-6). Based on the results from my research which
show that genistein protects against EC apoptosis through activation of p38β, it is
very interesting to evaluate whether these polyphenols provide similar protective
effect on ECs.
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