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We previously reported that genistein, a phytoestrogen, up-regulates endothelial nitric oxide
synthase (eNOS) and prevents hypertension in rats that are independent of estrogen signaling
machinery. However, how genistein regulates eNOS expression is unknown. In the present study,
we show that genistein enhanced eNOS expression and NO synthesis in primary human aortic
endothelial cells. Inhibition of extracellular signal regulated kinase, phosphoinositol-3 kinase, or
protein kinase C did not affect genistein-enhanced eNOS expression and NO synthesis. However,
chemical inhibition of protein kinase A (PKA) or adenoviral transfer of the specific endogenous PKA
inhibitor gene completely abolished PKA activity and genistein-stimulated eNOS expression and
NO production. Accordingly, genistein induced PKA activity and subsequent phosphorylation of
cAMP response element (CRE)-binding protein (CREB) at Ser133. Suppression of CREB by small
interfering RNA transfection abolished genistein-enhanced eNOS expression and NO production.
Consistently, deletion of the CRE site within human eNOS promoter eliminated genistein-stimu-
lated eNOS promoter activity. These findings provide the first evidence to our knowledge that
genistein may play a beneficial role in vascular function through targeting the PKA/CREB/eNOS/NO
signaling pathway. (Endocrinology 153: 3190–3198, 2012)

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. The decline of eNOS
activity and/or expression is directly associated with var-
ious cardiovascular events, including hypertension (1, 2),
atherosclerosis (3), and stroke (4).

Genistein, a soy-derived phytoestrogen, has received
wide attention because of its potential beneficial effects on
various human degenerative diseases, such as cardiovas-
cular disease (CVD). Data from human intervention stud-

ies suggest the beneficial effects of genistein on vascular
motor tone (5, 6), systemic arterial compliance (7), ath-
erosclerosis (8), and markers of cardiovascular risk (9,
10). Several studies have shown that genistein increases
circulating NO levels in postmenopausal women (11) and
animals (12, 13), although the primary source of this in-
creased NO release is not clear. We (14, 15) and others
(16) recently demonstrated that genistein acts directly on
vascular endothelial cells (EC) to enhance eNOS activity
and expression, which consequently increases NO synthe-
sis. Further, data from animal studies showed that
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genistein enhances eNOS expression in spontaneously hy-
pertensive rats (17). Although estrogen has been shown to
regulate eNOS expression both in cultured EC 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 regulatory effect of genistein on
human eNOS expression is not dependent on the estrogen-
related signaling mechanism (15). Therefore, it is still un-
known how genistein regulates eNOS expression.

Recently, we demonstrated that genistein activates
the cAMP signaling pathway that is not related to its
potential estrogenic effect or inhibition of protein ty-
rosine kinase in vascular EC (20). cAMP 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/
protein kinase A (PKA) signaling pathway is mediated
through activation of cAMP response element (CRE)-
binding protein (CREB), a transcriptional factor down-
stream of PKA that mediates cAMP-regulated gene tran-
scription by binding to CRE within the gene promoter
region. Interestingly, recent studies showed that eNOS
gene contains CRE sites within its promoter region (21),
suggesting that eNOS expression may be directly regu-
lated by CREB. Indeed, it has been found that activation
of PKA improved eNOS expression in vivo (22). In the
present study, we tested the hypothesis that genistein reg-
ulates eNOS expression via the PKA/CREB-mediated
mechanism in EC.

Materials and Methods

Materials
Primary human aortic EC (HAEC) and endothelial growth

supplements (EGM2) were purchased from Lonza Walkersville
(Walkersville, MD); M199 media and fetal bovine serum (FBS)
were obtained from Invitrogen (Carlsbad, CA); pGL2-eNOS
promoter-luciferase plasmid (eNOS-Luc) was from Addgene,
Inc. (Cambridge, MA); PKA activity and dual luciferase reporter
assay kits were from Promega (Madison, WI); CREB ShortCut
small interfering RNA (siRNA), scramble sequence of siRNA,
and transfection reagents were from New England Biolabs (Ip-
swich, MA); transfection reagents were obtained from Targeting
System (Santee, CA); nitrite/nitrate fluorometric assay reagents
were purchased from Cayman Chemical (Ann Arbor, MI); an-
tibodies for eNOS, phospho-CREB, CREB, and �-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 HAEC were cultured in M199 medium containing

2% FBS and EGM2 at 37 C in a 5% CO2 and 95% air environ-
ment. The medium was changed every other day until the cells
became confluent. HAEC 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, 23). Mem-
branes were probed with antibody against phospho-CREB or
eNOS. The immunoreactive proteins were detected by chemilu-
minescence. Nitrocellulose membranes were then stripped and
reprobed with CREB or �-actin antibody. The protein bands
were digitally imaged for densitometric quantitation with a soft-
ware program (GeneTools; Synoptics Ltd., Cambridge, UK).
The expression of phospho-CREB and eNOS was normalized to
that of CREB and �-actin, respectively, and expressed as fold
increase over untreated control.

NO measurement
To investigate the effect of genistein on NO release from EC,

confluent HAEC grown in 12-well plates were incubated with
complete medium containing genistein, vehicle (DMSO), or
other agents, with culture medium renewed in the third day from
initial treatment. After treatment, cells were adapted into Hanks’
balanced salts solution (HBSS) [135 mM NaCl, 1.2 mM CaCl2,

1.2 mM MgCl2 1.2, 5 mM KOH, 10 mM HEPES, and 10 mM

glucose (pH 7.4)] supplemented with L-arginine (0.1 mM) for 30
min, followed by stimulation with 10 �M A23187 for 30 min.
Culture supernatants were then collected for NO assay as de-
termined by measuring the sum concentration of NO2

� and
NO3

� as previously described (14). The concentration of NO2
�

and NO3
� was normalized to that of protein in the same sample

and then expressed as fold increase over control.

Adenoviral PKA inhibitor gene construct and
infection

Replication-deficient adenovirus containing the complete se-
quence of endogenous PKA inhibitor cDNA (AdPKI) was con-
structed as previously described (24). For determining infection
efficiency, HAEC were exposed to adenovirus at 100-1000 mul-
tiplicities of infection (MOI) per cell in 0.15 ml of serum-free
M199 medium for 1 h at 37 C and then cultured in complete
medium for 24 h. Heat-inactivated AdPKI served as the control.
The infection efficiency was examined by measuring PKA activ-
ity as described below. For eNOS and NO analysis, HAEC were
infected with AdPKI or heat-inactivated AdPKI at 1000 MOI/cell
for 24 h and then treated with 1–10 �M genistein or vehicle for
5 d, followed by eNOS protein expression and NO production
assays.

PKA activity assay
HAEC or AdPKI-infected HAEC treated with genistein or

vehicle were collected in PKA extraction buffer [25 mM Tris-
HCl, 0.5 mM EDTA, 0.5 mM EGTA, 10 mM �-mercaptoethanol,
1 �g/ml leupeptin, 1 �g/ml aprotinin, and 5 mM phenylmethyl-
sulfonyl fluoride (pH 7.4)]. Cytoplasmic proteins were harvested
by sonication and centrifugation. The enzymatic activity of PKA
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in cell extracts was determined by measuring the phosphoryla-
tion 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 fluorescent gels were photographed,
and the amount of substrate phosphorylation was determined by
quantifying the fluorescence intensity of the peptide bands.

Transfection of CREB siRNA
HAEC (60–70% confluence) grown in 12-well plates were

transfected with a heterogeneous mixture of target-specific
CREB siRNA (50 nM) or scramble sequences of siRNA by using
siRNA transfection reagents according to the manufacturers’
protocols. After 24 h of transfection, cells were incubated with
or without genistein for 15 min to determine the phosphoryla-
tion of CREB or for 5 d to examine eNOS expression and NO
generation as described above.

Mutation of CRE in the eNOS promoter
CRE site in the eNOS promoter cloned in eNOS-Luc (25) was

mutated via PCR-based site-directed mutagenesis. Briefly, two
partially overlapping fragments of the eNOS promoter were gen-
erated by PCR. Primer pairs for first fragment were 5�-CGCG
GTACCATCTGATGCTGCCTGTCACC-3� (forward) and
5�-TTCAGCGGCCGCCGCTTCCCGGGGCCG-3� (reverse).
Primer pairs for second fragment were 5�-AAGCGGCGGCCG
CTGAATGACAGGGTG-3� (forward) and 5�-CGCAAGCTTG
TTACTGTGCGTCCACTCTGC-3� (reverse). The eNOS pro-
moter with CRE being mutated into a NotI restriction site was
amplified by a third PCR from these two PCR products using
primer pairs of 5�-CGCGGTACCATCTGATGCTGCCTGTC
ACC-3� (forward) and 5�-CGCAAGCTTGTTACTGTG CGTC
CACTCTGC-3� (reverse). This PCR product was then digested
with the restriction enzymes KpnI and HindIII and cloned into
the pGL2-basic vector (Promega) at the same restriction sites to
generate the eNOS gene promoter construct bearing CRE-spe-
cific mutant (mCRE-eNOS-Luc). Mutation of the CRE and se-
quence of the entire eNOS promoter in this plasmid were vali-
dated by DNA sequencing.

eNOS promoter activity assay
Human eNOS-Luc and mCRE-eNOS-Luc plasmids were am-

plified with competent cells and purified using QIAGEN Maxi
kit according to the manufacturer’s instructions (QIAGEN, Va-
lencia, CA). For transient transfection of the plasmids, HAEC
were grown in 24-well plates until 50–70% confluence. The cells
were then cotransfected with 1.2 �g of eNOS-Luc or mCRE-
eNOS-Luc and 0.5 ng of pRL reporter control plasmid per well
using F-1 transfection reagent for 24 h according to the manu-
facturer’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, normal-
ized to that of pRL in the cell extracts, was determined by using
the dual luciferase reporter assay system as described (23).

Statistical analysis
Data were analyzed with one-way ANOVA using SAS soft-

ware and are expressed as mean � SE of three or four independent

experiments. Treatment differences were subjected to Tukey’s
multiple comparison tests, where P � 0.05 was considered
significant.

Results

Genistein increases eNOS protein expression and
NO production

To initially determine the effects of exposure of HAEC
to genistein on eNOS expression and NO production, con-
fluent HAEC were incubated with various concentrations
of genistein (1–10 �M) for 5 d with culture medium re-
freshed in third day. As shown in Fig. 1A, genistein dose
dependently increased eNOS protein expression, with 10
�M genistein inducing about 60% increase over the con-
trol. We chose this genistein concentration range because
it likely overlaps the genistein levels in plasma and tissues
in humans and animals after dietary ingestion of genistein
(26, 27). To confirm the biological importance of this in-
creased eNOS expression by genistein, we examined NO
production in HAEC treated with genistein or vehicle.
Consistent with eNOS expression pattern, genistein treat-
ment augmented A23187-induced NO release in a con-
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FIG. 1. Genistein (G) enhances eNOS protein expression and NO
production in HAEC. Confluent HAEC were incubated with various
concentrations (1–10 �M) of genistein or vehicle (DMSO) for 5 d. A,
eNOS protein levels in cell extracts were measured by Western blotting
and normalized to �-actin content. B, Nitrite/nitrate (NOx) production
stimulated by ionophore 23187 was measured using a fluorometric
assay kit and normalized to protein content. Values (mean � SE) of
three separate experiments are expressed as fold over vehicle alone-
treated cells. A set of representative images and bar graph (mean � SE)
are shown. *, P � 0.05 vs. vehicle alone-treated cells.
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centration-dependent manner, reaching a maximal level at
10 �M genistein (Fig. 1B).

Genistein-stimulated eNOS expression and NO
production are independent of protein kinase C
(PKC), phosphoinositol-3 kinase (PI3K), or
extracellular signal regulated kinase (ERK)

Previous studies have shown that inhibition of PKC
up-regulates eNOS transcription (26), and pharmacolog-
ical doses of genistein were shown to inhibit PKC activity
in human chronic myeloid leukemia cells (27). We there-
fore tested whether PKC mediates the effect of genistein on

eNOS. Coincubation of the cells with p3115, a specific
PKC inhibitor (28), had no effect on eNOS-derived eNOS
expression (Fig. 2A) and NO production (Fig. 2B) induced
by chronic exposure of HAEC to genistein. It has been
established that PI3K- and ERK-mediated pathways are
two important signaling cascades mediating eNOS acti-
vation by various stimuli in EC (29–32). To elucidate the
intracellular signaling involved in the genomic regulation
of eNOS by genistein, we then examined whether the PI3K
or ERK pathways were involved in genistein-induced
eNOS expression and NO synthesis. Preincubation of
HAEC with the PI3K inhibitor, LY294002, or the ERK
blocker, PD098059, had no effect on either basal or
genistein-induced eNOS expression (Fig. 2, C and E) and
NO production (Fig. 2, D and F). Both LY294002 and
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FIG. 2. The stimulatory effect of genistein (G) on NO production is not
dependent on the PKC, PI3K, or ERK pathway in HAEC. Confluent
HAEC were preincubated with either P3115 (100 �M), a PKC inhibitor
(A and B), LY294002 (LY) (10 �M), the PI3K inhibitor (C and D), or PD
98059 (PD) (10 �M), a ERK inhibitor (E and F), for 30 min followed by
addition of G (10 �M) or vehicle (V) for 5 d. Protein expression of eNOS
in cell extracts was analyzed with Western blotting and normalized to
�-actin content. Values (mean � SE) of three separate experiments are
expressed as fold of control, and a set of representative images and
bar graph (mean � SE) are shown (A, C, and E). Nitrite/nitrate (NOx)
production stimulated by ionophore 23187 was measured and
normalized to protein content (B, D, and F). Values (mean � SE) of
three independent experiments are expressed as fold over control; *,
P � 0.05 vs. vehicle alone-treated cells.
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FIG. 3. Genistein (G)-enhanced eNOS protein expression and NO
production are mediated via activation of the PKA/CREB cascade in
HAEC. A, Different concentrations of AdPKI or heat-inactivated AdPKI
virus (H) were transfected into HAEC for 24 h. Cell lysates were used
to measure PKA activity using a nonradioactive PKA assay kit with
negative (�) and positive (�) controls included. B and C, HAEC
transfected with (�) or without (�) AdPKI were treated in the
presence or absence of G (10 �M) for 5 d. Protein expression of eNOS
in cell extracts was analyzed with Western blotting and normalized to
�-actin content. Values (mean � SE) of three separate experiments are
expressed as fold of control, and a set of representative images and
bar graph (mean � SE) are shown (B). Nitrite/nitrate (NOx) production
stimulated with ionophore 23187 was measured using a fluorometric
assay kit and normalized to protein content. Values (mean � SE) of
three separate experiments were expressed as fold of control (C). D,
Confluent HAEC were serum starved in HBSS buffer for 30 min and
followed by stimulation of various concentrations of G (0, 1, and 10
�M) for 15 min. PKA activity was measured by an assay kit. Values
(mean � SE) of three separate experiments are expressed as fold of
control. *, P � 0.05 vs. vehicle alone-treated cells.
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PD098059 were active, because recent studies from us
(14, 20, 23) and others (33–35) consistently show that
LY294002 and PD098059, respectively, blocked vari-
ous agonist-induced serine/threonine-specific protein
kinase and ERK1/2 phosphorylation and subsequent
biological events in EC, using the same inhibitor con-
centration as in this experiment.

Genistein-enhanced eNOS expression and NO
production are mediated via PKA

Our recent study showed that genistein activates the
cAMP/PKA signaling pathway in EC (20). We then ex-

amined whether genistein stimulates eNOS ex-
pression via activation of PKA. To that end,
HAEC were infected with AdPKI, an adenovi-
rus construct containing the specific endoge-
nous PKA inhibitor gene. As shown in Fig. 3A,
treatment of HAEC with 500-1000 MOI of
AdPKI resulted in up to 95% reduction in PKA
activity compared with that of untreated EC,
whereas infection with heat-inactivated AdPKI
had no significant effect on PKA activation. Ac-
cordingly, infection of HAEC with AdPKI sig-
nificantly attenuated genistein-induced eNOS
expression and NO production (Fig. 3, B and C),
but heat-inactivated AdPKI did not significantly
alter these genistein actions in EC (data not
shown). Taken together, these results suggest
that PKA plays a central role in mediating
genistein-induced eNOS expression. To con-
firm whether genistein induces cellular PKA
activity, HAEC were incubated with various
concentrations of genistein for 15 min. As
shown in Fig. 3D, genistein significantly in-
creased PKA activity in HAEC.

Genistein-stimulated eNOS expression
and NO production are mediated via
CREB

There is evidence that the eNOS promoter
contains CRE sites, and activation of CREB
phosphorylation stimulates eNOS expression
in EC (36). To determine the role of CREB in
mediating genistein effect on eNOS expres-
sion, we first investigated whether increased
activation of PKA by genistein yields higher
CREB phosphorylation. To that end, we per-
formed Western blottings using a phospho-
CREB antibody that only recognizes CREB
when phosphorylated at Ser133. As shown in
Fig. 4A, genistein increased CREB phosphor-
ylation at Ser133 in HAEC in a dose-dependent
manner, a pattern that is consistent with the

increased eNOS protein expression induced by genistein.
Pretreatment of cells with PKA inhibitor H89 completely
abolished the CREB phosphorylation stimulated in the
presence of genistein (Fig. 4B), suggesting that PKA me-
diates the genistein-stimulated phosphorylation of CREB.
Next, we examined whether genistein induction of eNOS
expression and NO production is mediated by CREB. To
that end, we used siRNA to abolish the expression of
CREB in HAEC. Transfection of HAEC with CREB
siRNA reduced CREB protein expression by 97% com-
pared with that in control cells (Fig. 4C). As a result, ab-
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FIG. 4. Genistein (G)-stimulated eNOS expression and NO production are mediated
via CREB. A and B, Confluent HAEC were incubated in HBSS buffer (A) or
preincubated with H89 in HBSS buffer (B) for 30 min followed by the addition of
various concentrations of G (0.01–10 �M) for 15 min. CREB phosphorylation was
measured by Western blotting. C–E, CREB siRNA or scramble sequence of siRNA was
transfected into HAEC for 24 h. Cells were then treated with G (0, 1, and 10 �M) for
15 min in HBSS buffer for determining CREB phosphorylation and expression (C) or
5 d in EGM2 medium for determining eNOS protein expression (D) and NO
production (E) as described in Materials and Methods. Values (mean � SE) of three
separate experiments are expressed as fold over control; *, P � 0.05 vs. vehicle
alone-treated control.
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lation of CREB expression blocked the effects of genistein
on CREB activation in HAEC (Fig. 4C), whereas the
scramble sequence of siRNA did not affect CREB expres-
sion and activation (Fig. 4C). Accordingly, disruption of
CREB expression with siRNA blunted the effects of
genistein on eNOS expression (Fig. 4D) and NO produc-
tion (Fig. 4E), suggesting that genistein-induced eNOS ex-
pression and NO production are mediated by activation of
CREB.

Genistein induction of eNOS expression is
mediated through CRE in its promoter

To further investigate whether the CRE sites within the
eNOS promoter were required for genistein-induced
eNOS expression in HAEC, we mutated CRE in the eNOS
promoter and then performed transient transfection as-
says in HAEC. As shown in Fig. 5, genistein-induced
eNOS promoter activity was abolished by mutation of
CRE. This result suggests that CRE plays a critical role in
genistein-stimulated increases in eNOS expression.

Discussion

CVD are the leading cause of morbidity and mortality in
the United States (37), and the critical role of eNOS in
maintenance of cardiovascular health has been well es-
tablished (1–4). However, eNOS expression was signifi-
cantly decreased in ovariectomized and fertile rats (38),
consistent with the finding that premenopausal women
have lower incidence rate of CVD than that of age-
matched men, but this reduced CVD rate diminishes with
the onset of menopause and becomes even higher in post-
menopausal women than that in men (37), suggesting a
vascular protective effect of estrogen. Indeed, estrogen re-

placement therapy appears to reduce the risk of CVD (39)
and increase the circulating NO (40) in postmenopausal
women, confirming that estrogen is cardioprotective, and
this beneficial effect is at least partially mediated through
promoting endothelium-derived NO synthesis (41). How-
ever, administration of estrogen has potential carcino-
genic effects in women and feminizing effects in men (42).
These side effects limit its use as a cardio-protective agent.
Therefore, search for safe, alternative eNOS-promoting
agents for prevention of CVD is of major importance in the
effort to decrease the burden of CVD morbidity and mor-
tality. Genistein, a well-known phytoestrogen with much
higher affinity to estrogen receptor-� (43), may be a novel
candidateasanalternative to estrogen-basedvascularpro-
tective agent. We (14, 15) and others (16) have previously
shown that genistein up-regulates eNOS expression and
NO production. However, how genistein regulates eNOS
expression is still unknown.

Previous studies showed that estrogen can act directly
on vascular EC to enhance NO production through both
genomic stimulation of eNOS expression (44) and mem-
brane receptor-mediated, nongenomic activation of the
enzymatic activity (45). Although we previously found
that genistein can also stimulate NO synthesis through
rapid nongenomic activation of eNOS and genomic stim-
ulation of its expression in EC (14, 15), these effects are
independent of the estrogen receptor-dependent mecha-
nisms, which promoted us to investigate other potential
pathways that mediate genistein actions in vascular EC. It
was showed that PKC phosphorylates eNOS at Thr497,
which subsequently suppresses eNOS activity in bovine
aortic EC (46). In addition, inhibition of PKC increase
eNOS mRNA and protein expression and subsequently
elevates NO synthesis in EC (26), although the mechanism
of this action is not clear. However, we found that inhi-
bition of PKC had no effect on basal or genistein-stimu-
lated NO release, suggesting that the regulatory effect of
genistein on eNOS is not related to PKC in HAEC.
Genistein in high doses was reported to affect PI3K and
ERK activities, which can modulate eNOS activity and
NO production (30). In the present study, however, we
found that genistein-induced eNOS expression and NO
release were not mediated by the PI3K or ERK pathway.

It has been shown that the cAMP/PKA signaling pathway
is involved in regulating eNOS gene transcription (47). We
recently found that genistein activates the cAMP signaling
system in EC (14), suggesting that cAMP/PKA signaling may
be involved in genistein-enhanced eNOS expression. We
confirmed this hypothesis by demonstrating that genistein
increases PKA activity and that genistein-increased eNOS
protein expression and NO production in HAEC are com-
pletely blocked by adenoviral transfer of endogenous PKA
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FIG. 5. Genistein (G) induction of eNOS expression is dependent on
CRE site in the eNOS promoter. 50–70% confluent HAEC were
transfected with mCRE-eNOS or wild-type eNOS promoter plasmids.
Twenty-four hours later, cells were treated in the presence or absence
of G (1 and 10 �M) for 1 d. The promoter activity of eNOS was
measured by a dual luciferase reporter assay system. Values (mean �
SE) of three separate experiments are expressed as fold over control; *,
P � 0.05 vs. vehicle alone-treated cells.
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inhibitor gene, which is highly specific and efficient, because
it completelyblockedPKAactivity,whereasheat-inactivated
AdPKI had no significant effect on PKA activity. Thus, the
present results provide direct evidence that genistein up-reg-
ulation of eNOS expression is through a PKA-mediated
mechanism.

eNOS promoter contains several regulatory elements,
including shear stress-responsive element, estrogen-re-
sponsive element, and activator protein-1 binding site,
which modulate eNOS gene transcription in response to
respective stimuli (48–50). In addition to these mecha-
nisms that regulate eNOS expression, a recent study found
that eNOS gene contains functional CRE that also posi-
tively regulates eNOS gene transcription (21). In the clas-
sic cAMP/PKA/CREB-mediated gene transcription pro-
cess, cAMP-activated PKA translocates from cytoplasm
into nuclear, where it phosphorylates CREB on Ser133.
Phosphrylated CREB then binds to CRE of specific gene
and therefore initiates gene transcription (51). Our further
studies demonstrate that genistein rapidly activates PKA-
dependent phosphorylation of CREB at Ser133 in HAEC.
This result suggests that genistein may regulate eNOS
through activation of PKA-dependent CREB, given that
the phosphorylation of CREB at Ser133 is necessary for its
binding to CRE to regulate gene transcription (52), and
that eNOS promoter contains CRE sites (21). Indeed, we
found that siRNA disruption of CREB expression abol-
ished genistein-induced eNOS expression and NO pro-
duction. Furthermore, genistein-increased eNOS pro-
moter activity was eliminated after mutation of CRE
within the eNOS promoter, suggesting that CREB medi-
ates genistein effect on eNOS expression through its bind-
ing CRE site within the eNOS promoter. Although data
from these complementary experiments provide evidence
that genistein regulation of eNOS is mediated by CREB, it
should be noted that near depletion of CREB only reduced
basal eNOS expression and NO production by less than
50%. In addition to CREB, there are other transcriptional
factors, such as activator protein-1, that also positively
regulate eNOS expression (48–50, 53). In addition, es-
trogen can up-regulate eNOS transcription through estro-
gen-responsive element in the eNOS promoter (54). In the
present study, we did not use estrogen-stripped FBS, which
typically contains 192 pg/ml estrogen (55), a dose that is
capable of stimulating eNOS expression in EC. Therefore,
it is conceivable that knockdown of CREB cannot com-
pletely abolish basal eNOS transcription, given those al-
ternative regulatory mechanisms.

We recently discovered that genistein activated cAMP/
PKA signaling by stimulating adenylate cyclase (AC) ac-
tivity EC (14). However, how AC is activated by genistein
is presently unknown. AC is commonly linked to G pro-

tein-coupled receptor (GPR) (56, 57). Interestingly, it was
shown that genistein can bind to an orphan plasma mem-
brane receptor GPR30 in cancer cells (58). Although the
physiological role of GPR30 is still unclear, it was shown
that GPR30 is coupled to G�s to stimulate AC in cancer
cells (56). It has been shown that GPR30 is also expressed
in vascular EC (59). Therefore, there is the possibility that
genistein activates cAMP signaling system via GPR30-me-
diated mechanisms, an aspect that is currently under in-
vestigation in our laboratory.

In summary, we show in this study, for the first time to
our knowledge, that genistein promotes eNOS expression
and NO production through the cAMP/PKA/CREB/CRE
pathway in primary human vascular EC. 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 CVD.
Future studies therefore will be aimed at determining
genistein if PKA/CREB/eNOS/NO signaling elicited by
genistein in vitro is physiologically relevant in vivo.

Acknowledgments

Address all correspondence and requests for reprints to: Dong-
min Liu, Ph.D., Department of Human Nutrition, Foods, and
Exercise, Virginia Tech, Blacksburg, Virginia 24061. E-mail:
doliu@vt.edu.

This work was supported by National Center for Comple-
mentary and Alternative Medicine of National Institutes of
Health Grants 1R21AT002739, 1R21AT004694-01, and
1R21AT004694S1 (to D.L.) and by the American Heart Asso-
ciation Mid-Atlantic Affiliate (D.L.).

Disclosure Summary: The authors have nothing to disclose.

References

1. Huang PL, Huang Z, Mashimo H, Bloch KD, Moskowitz MA, Be-
van JA, Fishman MC 1995 Hypertension in mice lacking the gene for
endothelial nitric oxide synthase. Nature 377:239–242

2. Lake-Bruse KD, Faraci FM, Shesely EG, Maeda N, Sigmund CD,
Heistad DD 1999 Gene transfer of endothelial nitric oxide synthase
(eNOS) in eNOS-deficient mice. Am J Physiol 277:H770–H776

3. Hayashi T, Sumi D, Juliet PA, Matsui-Hirai H, Asai-Tanaka Y,
Kano H, Fukatsu A, Tsunekawa T, Miyazaki A, Iguchi A, Ignarro
LJ 2004 Gene transfer of endothelial NO synthase, but not eNOS
plus inducible NOS, regressed atherosclerosis in rabbits. Cardiovasc
Res 61:339–351

4. Nasreen S, Nabika T, Shibata H, Moriyama H, Yamashita K,
Masuda J, Kobayashi S 2002 T-786C polymorphism in endothelial
NO synthase gene affects cerebral circulation in smokers: possible
gene-environmental interaction. Arterioscler Thromb Vasc Biol 22:
605–610

5. Walker HA, Dean TS, Sanders TA, Jackson G, Ritter JM, Chowie-
nczyk PJ 2001 The phytoestrogen genistein produces acute nitric

3196 Si et al. Genistein and eNOS Regulation Endocrinology, July 2012, 153(7):3190–3198

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 07 July 2014. at 12:34 For personal use only. No other uses without permission. . All rights reserved.



oxide-dependent dilation of human forearm vasculature with sim-
ilar potency to 17ss-estradiol. Circulation 103:258–262

6. Squadrito F, Altavilla D, Morabito N, Crisafulli A, D’Anna R, Cor-
rado F, Ruggeri P, Campo GM, Calapai G, Caputi AP, Squadrito G
2002 The effect of the phytoestrogen genistein on plasma nitric ox-
ide concentrations, endothelin-1 levels and endothelium dependent
vasodilation in postmenopausal women. Atherosclerosis 163:339–
347

7. Nestel PJ, Yamashita T, Sasahara T, Pomeroy S, Dart A, Komesaroff
P, Owen A, Abbey M 1997 Soy isoflavones improve systemic arterial
compliance but not plasma lipids in menopausal and perimeno-
pausal women. Arterioscler Thromb Vasc Biol 17:3392–3398

8. Anthony MS, Clarkson TB, Williams JK 1998 Effects of soy isofla-
vones on atherosclerosis: potential mechanisms. Am J Clin Nutr
68:1390S–1393S

9. Van der Schouw YT, de Kleijn MJ, Peeters PH, Grobbee DE 2000
Phyto-oestrogens and cardiovascular disease risk. Nutr Meta Car-
diovasc Dis 10:154–167

10. Wangen KE, Duncan AM, Xu X, Kurzer MS 2001 Soy isoflavones
improve plasma lipids in normocholesterolemic and mildly hyper-
cholesterolemic postmenopausal women. Am J Clin Nutr 73:225–
231

11. Squadrito F, Altavilla D, Crisafulli A, Saitta A, Cucinotta D, Mora-
bito N, D’Anna R, Corrado F, Ruggeri P, Frisina N, Squadrito G
2003 Effect of genistein on endothelial function in postmenopausal
women: a randomized, double-blind, controlled study. Am J Med
114:470–476

12. Catania MA, Crupi A, Firenzuoli F, Parisi A, Sturiale A, Squadrito
F, Caputi AP, Calapai G 2002 Oral administration of a soy extract
improves endothelial dysfunction in ovariectomized rats. Planta
Med 68:1142–1144

13. Honoré EK, Williams JK, Anthony MS, Clarkson TB 1997 Soy
isoflavones enhance coronary vascular reactivity in atherosclerotic
female macaques. Fertil Steril 67:148–154

14. Liu D, Homan LL, Dillon JS 2004 Genistein acutely stimulates nitric
oxide synthesis in vascular endothelial cells by a cyclic adenosine
5�-monophosphate-dependent mechanism. Endocrinology 145:
5532–5539

15. Si H, Liu D 2008 Genistein, a soy phytoestrogen, up-regulates the
expression of human endothelial nitric oxide synthase and lowers
blood pressure in spontaneously hypertensive rats. J Nutr 138:297–
304

16. Räthel TR, Leikert JF, Vollmar AM, Dirsch VM 2005 The soy iso-
flavone genistein induces a late but sustained activation of the en-
dothelial nitric oxide-synthase system in vitro. Br J Pharmacol 144:
394–399

17. Mahn K, Borrás C, Knock GA, Taylor P, Khan IY, Sugden D, Poston
L, Ward JP, Sharpe RM, Viña J, Aaronson PI, Mann GE 2005 Di-
etary soy isoflavone induced increases in antioxidant and eNOS gene
expression lead to improved endothelial function and reduced blood
pressure in vivo. FASEB J 19:1755–1757

18. Sieck GC 2001 Genome and hormones: an integrated approach to
gender differences in physiology. J Appl Physiol 91:1485–1486

19. Chambliss KL, Shaul PW 2002 Estrogen modulation of endothelial
nitric oxide synthase. Endocr Rev 23:665–686

20. Liu D, Jiang H, Grange RW 2005 Genistein activates the 3�,5�-cyclic
adenosine monophosphate signaling pathway in vascular endothe-
lial cells and protects endothelial barrier function. Endocrinology
146:1312–1320

21. Niwano K, Arai M, Tomaru K, Uchiyama T, Ohyama Y,
Kurabayashi M 2003 Transcriptional stimulation of the eNOS gene
by the stable prostacyclin analogue beraprost is mediated through
cAMP-responsive element in vascular endothelial cells: close link
between PGI2 signal and NO pathways. Circ Res 93:523–530

22. Shah DI, Singh M 2006 Activation of protein kinase A improves
vascular endothelial dysfunction. Endothelium 13:267–277

23. Liu D, Si H, Reynolds KA, Zhen W, Jia Z, Dillon JS 2007 Dehydro-

epiandrosterone protects vascular endothelial cells against apoptosis
through a G�i protein-dependent activation of phosphatidylinositol
3-kinase/Akt and regulation of antiapoptotic Bcl-2 expression. Endo-
crinology 148:3068–3076

24. Lum H, Jaffe HA, Schulz IT, Masood A, RayChaudhury A, Green
RD 1999 Expression of PKA inhibitor (PKI) gene abolishes cAMP-
mediated protection to endothelial barrier dysfunction. Am J
Physiol 277:C580–C588

25. Arnet UA, McMillan A, Dinerman JL, Ballermann B, Lowenstein CJ
1996 Regulation of endothelial nitric-oxide synthase during hyp-
oxia. J Biol Chem 271:15069–15073

26. Ohara Y, Sayegh HS, Yamin JJ, Harrison DG 1995 Regulation of
endothelial constitutive nitric oxide synthase by protein kinase C.
Hypertension 25:415–420

27. Osada H, Magae J, Watanabe C, Isono K 1988 Rapid screening
method for inhibitors of protein kinase C. J Antibiot 41:925–931

28. Eichholtz T, de Bont DB, de Widt J, Liskamp RM, Ploegh HL 1993
A myristoylated pseudosubstrate peptide, a novel protein kinase C
inhibitor. J Biol Chem 268:1982–1986

29. Cale JM, Bird IM 2006 Inhibition of MEK/ERK1/2 signalling alters
endothelial nitric oxide synthase activity in an agonist-dependent
manner. Biochem J 398:279–288

30. Joy S, Siow RC, Rowlands DJ, Becker M, Wyatt AW, Aaronson PI,
Coen CW, Kallo I, Jacob R, Mann GE 2006 The isoflavone equol
mediates rapid vascular relaxation: Ca2�-independent activation
of endothelial nitric-oxide synthase/Hsp90 involving ERK1/2 and
Akt phosphorylation in human endothelial cells. J Biol Chem 281:
27335–27345

31. Gallis B, Corthals GL, Goodlett DR, Ueba H, Kim F, Presnell SR,
Figeys D, Harrison DG, Berk BC, Aebersold R, Corson MA 1999
Identification of flow-dependent endothelial nitric-oxide synthase
phosphorylation sites by mass spectrometry and regulation of phos-
phorylation and nitric oxide production by the phosphatidylinositol
3-kinase inhibitor LY294002. J Biol Chem 274:30101–30108

32. Kim EJ, Shin HK, Park JH 2005 Genistein inhibits insulin-like
growth factor-I receptor signaling in HT-29 human colon cancer
cells: a possible mechanism of the growth inhibitory effect of
Genistein. J Med Food 8:431–438

33. Vlahos CJ, Matter WF, Hui KY, Brown RF 1994 A specific inhibitor
of phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-
1-benzopyran-4-one (LY294002). J Biol Chem 269:5241–5248

34. Dudley DT, Pang L, Decker SJ, Bridges AJ, Saltiel AR 1995 A syn-
thetic inhibitor of the mitogen-activated protein kinase cascade.
Proc Natl Acad Sci USA 92:7686–7689

35. d’Anglemont de Tassigny A, Berdeaux A, Souktani R, Henry P,
Ghaleh B 2008 The volume-sensitive chloride channel inhibitors
prevent both contractile dysfunction and apoptosis induced by
doxorubicin through PI3kinase, Akt and Erk 1/2. Eur J Heart Fail
10:39–46

36. Niwano K, Arai M, Koitabashi N, Hara S, Watanabe A, Sekiguchi
K, Tanaka T, Iso T, Kurabayashi M 2006 Competitive binding of
CREB and ATF2 to cAMP/ATF responsive element regulates eNOS
gene expression in endothelial cells. Arterioscler Thromb Vasc Biol
26:1036–1042

37. Roger VL, Go AS, Lloyd-Jones DM, Adams RJ, Berry JD, Brown
TM, Carnethon MR, Dai S, de Simone G, Ford ES, Fox CS, Fullerton
HJ, Gillespie C, Greenlund KJ, Hailpern SM, Heit JA, Ho PM, How-
ard VJ, Kissela BM, Kittner SJ, Lackland DT, Lichtman JH, Lisabeth
LD, Makuc DM, Marcus GM, Marelli A, Matchar DB, McDermott
MM, Meigs JB, Moy CS, Mozaffarian D, Mussolino ME, Nichol G,
Paynter NP, Rosamond WD, Sorlie PD, Stafford RS, Turan TN,
Turner MB, Wong ND, Wylie-Rosett J 2011 Heart disease and
stroke statistics—2011 update: a report from the American heart
association. Circulation 123:e18–e209

38. Simoncini T, Varone G, Fornari L, Mannella P, Luisi M, Labrie F,
Genazzani AR 2002 Genomic and nongenomic mechanisms of nitric
oxide synthesis induction in human endothelial cells by a fourth-

Endocrinology, July 2012, 153(7):3190–3198 endo.endojournals.org 3197

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 07 July 2014. at 12:34 For personal use only. No other uses without permission. . All rights reserved.



generation selective estrogen receptor modulator. Endocrinology
143:2052–2061

39. Stampfer MJ, Colditz GA 1991 Estrogen replacement therapy and
coronary heart disease: a quantitative assessment of the epidemio-
logic evidence. Prev Med 20:47–63

40. Rosselli M, Imthurn B, Keller PJ, Jackson EK, Dubey RK 1995
Circulating nitric oxide (nitrite/nitrate) levels in postmenopausal
women substituted with 17 �-estradiol and norethisterone acetate.
A two-year follow-up study. Hypertension 25:848–853

41. Yang S, Bae L, Zhang L 2000 Estrogen increases eNOS and NOx
release in human coronary artery endothelium. J Cardiovasc Phar-
macol 36:242–247

42. Dubey RK, Gillespie DG, Imthurn B, Rosselli M, Jackson EK, Keller
PJ 1999 Phytoestrogens inhibit growth and MAP kinase activity in
human aortic smooth muscle cells. Hypertension 33:177–182

43. Si H, Liu D 2007 Phytochemical genistein in the regulation of vas-
cular function: new insights. Curr Med Chem 14:2581–2589

44. MacRitchie AN, Jun SS, Chen Z, German Z, Yuhanna IS, Sherman
TS, Shaul PW 1997 Estrogen upregulates endothelial nitric oxide
synthase gene expression in fetal pulmonary artery endothelium.
Circ Res 81:355–362

45. Chen Z, Yuhanna IS, Galcheva-Gargova Z, Karas RH, Mendelsohn
ME, Shaul PW 1999 Estrogen receptor � mediates the nongenomic
activation of endothelial nitric oxide synthase by estrogen. J Clin
Invest 103:401–406

46. Matsubara M, Hayashi N, Jing T, Titani K 2003 Regulation of
endothelial nitric oxide synthase by protein kinase C. J Biochem
133:773–781

47. Rashid G, Bernheim J, Green J, Benchetrit S 2007 Parathyroid hor-
mone stimulates the endothelial nitric oxide synthase through pro-
tein kinase A and C pathways. Nephrol Dial Transplant 22:2831–
2837

48. Nishida K, Harrison DG, Navas JP, Fisher AA, Dockery SP, Ue-
matsu M, Nerem RM, Alexander RW, Murphy TJ 1992 Molecular
cloning and characterization of the constitutive bovine aortic endo-
thelial cell nitric oxide synthase. J Clin Invest 90:2092–2096

49. Marsden PA, Heng HH, Scherer SW, Stewart RJ, Hall AV, Shi XM,
Tsui LC, Schappert KT 1993 Structure and chromosomal localiza-

tion of the human constitutive endothelial nitric oxide synthase
gene. J Biol Chem 268:17478–17488

50. Sessa WC, Harrison JK, Barber CM, Zeng D, Durieux ME,
D’Angelo DD, Lynch KR, Peach MJ 1992 Molecular cloning and
expression of a cDNA encoding endothelial cell nitric oxide syn-
thase. J Biol Chem 267:15274–15276

51. Sands WA, Palmer TM 2008 Regulating gene transcription in re-
sponse to cyclic AMP elevation. Cell Signal 20:460–466

52. Walker WH, Fucci L, Habener JF 1995 Expression of the gene en-
coding transcription factor cyclic adenosine 3�,5�-monophosphate
(cAMP) response element-binding protein (CREB): regulation by
follicle-stimulating hormone-induced cAMP signaling in primary
rat Sertoli cells. Endocrinology 136:3534–3545

53. Govers R, Rabelink TJ 2001 Cellular regulation of endothelial nitric
oxide synthase. Am J Physiol Renal Physiol 280:F193–F206

54. Kakui K, Itoh H, Sagawa N, Yura S, Korita D, Takemura M, Miy-
amaoto Y, Saito Y, Nakao K, Fujii S 2004 Augmented endothelial
nitric oxide synthase (eNOS) protein expression in human pregnant
myometrium: possible involvement of eNOS promoter activation by
estrogen via both estrogen receptor (ER)� and ER�. Mol Hum Re-
prod 10:115–122

55. Greiner M, Zimmermann R 2010 Real-time analysis of LNCaP cell
growth in different media. Biochemica 1:14–15

56. Filardo EJ, Quinn JA, Frackelton Jr AR, Bland KI 2002 Estrogen
action via the G protein-coupled receptor, GPR30: stimulation of
adenylyl cyclase and cAMP-mediated attenuation of the epidermal
growth factor receptor-to-MAPK signaling axis. Mol Endocrinol
16:70–84

57. Ghahremani MH, Cheng P, Lembo PM, Albert PR 1999 Distinct
roles for G�i2, G�i3, and G�� in modulation offorskolin- or Gs-
mediated cAMP accumulation and calcium mobilization by dopa-
mine D2S receptors. J Biol Chem 274:9238–9245

58. Thomas P, Dong J 2006 Binding and activation of the seven-trans-
membrane estrogen receptor GPR30 by environmental estrogens: a
potential novel mechanism of endocrine disruption. J Steroid
Biochem Mol Biol 102:175–179

59. Broughton BR, Miller AA, Sobey CG 2010 Endothelium-dependent
relaxation by G protein-coupled receptor 30 agonists in rat carotid
arteries. Am J Physiol Heart Circ Physiol 298:H1055–H1061

3198 Si et al. Genistein and eNOS Regulation Endocrinology, July 2012, 153(7):3190–3198

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 07 July 2014. at 12:34 For personal use only. No other uses without permission. . All rights reserved.




