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Abstract Apigenin is a naturally occurring plant flavone

with strong anti-oxidant and anti-inflammatory activity.

While the anticancer properties of Apigenin have been

extensively studied, little is known about its effects on

endothelial dysfunction. We investigated the effects of

Apigenin in EAhy926 endothelial cells exposed to TNFa
by evaluating the expression of eNOS and MMP-9, two

key molecules in endothelial dysfunction. MMP-9 activity

was measured by gel zymography. Western blot analysis

was performed to analyze eNOS expression and signal

transduction. Treatment with Apigenin (50 lM) counter-

acted the TNFa-induced expression of eNOS and MMP-9

and the TNFa- triggered activation of Akt, p38MAPK and

JNK signalling suggesting that multiple signalling path-

ways are involved in mediating the protective effects of

Apigenin on endothelial function. To better understand the

molecular mechanisms underlying the protective effects of

Apigenin, we used a pharmacological approach with spe-

cific inhibitors. The use of an Akt inhibitor mimicked the

inhibitory effects of Apigenin on eNOS and MMP-9

expression, suggesting that eNOS and MMP-9 induction by

TNFa depends on Akt activation. The TNFa-induced

expression of MMP-9 was also affected by the JNK

inhibitor SP600125. No effect on eNOS and MMP-9

expression was observed in the presence of the p38MAPK

inhibitor SB203580 or the ERK 1/2 inhibitor PD98059.

Pretreatment with ‘classic’ (ERa and ERb) or ‘non classic’

(GPR30) oestrogen receptor (ER) inhibitors (ICI182,780

and PTX, respectively) counteracted the ability of Apige-

nin to decrease the TNFa-triggered activation of the Akt

pathway. Consistently, the use of both ER inhibitors

reversed the inhibitory effects of Apigenin on the TNFa-

induced expression of eNOS and, to a lesser extent, MMP-

9. We can conclude that Apigenin exerts its inhibitory

effect on the TNFa-induced expression of eNOS and

MMP-9 through the Akt signalling inhibition generated by

ER activation. Oestrogen signalling has been implicated in

protection from cardiovascular disease. Therefore, having

regard to its ability to bind to ERs, Apigenin may be

considered an oestrogen-like molecule to potentially be

used against the onset and progression of vascular diseases

associated with endothelial dysfunction.
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Introduction

The initiation and the progression of cardiovascular disease

are associated with endothelial dysfunction which results in

a dysregulated expression of molecules involved in vascular

tone, inflammation, and remodelling [1]. Many cardiovas-

cular risk factors such as aging, smoking, inflammation,

hyperlipidaemia and hyperglycaemia, contribute to the
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pathogenesis of endothelial dysfunction through the mod-

ulation of TNFa signalling. This inflammatory cytokine

plays a pivotal role in vascular disease development by

directly promoting atherogenesis, vascular remodelling,

inflammation, and oxidative stress [2].

Many studies suggest that a higher intake of polyphe-

nol and flavonoid antioxidant compounds is associated

with a decreased risk of cardiovascular disease [3–5]. It is

known that the flavone Apigenin, abundantly present in

fruits and vegetables, has strong anti-cancer activity. [6].

However considerable evidence suggests that Apigenin

may have a protective effect also in other diseases asso-

ciated with oxidative and inflammatory stress, such as

cardiovascular disorders [7]. The protective role of Api-

genin in vessels includes mainly anti-thrombotic and anti-

inflammatory effects on endothelial and vascular smooth

muscle cells, and platelet and leucocyte adhesion. In

particular, with reference to the deleterious effects of

TNFa on endothelial function, Apigenin inhibits the

TNFa-induced up-regulation of cellular adhesion mole-

cules, LOX-1 and COX-2 in cultured human endothelial

cells and in vivo, suggesting that Apigenin may interfere

with endothelial dysfunction [8–10]. The precise mecha-

nism by which Apigenin improves cell function is unclear.

Apigenin shows an estrogenic activity and its effects

appear to be mediated through oestrogen receptor (ER)

binding-dependent and -independent pathways [11, 12]. In

addition to the ‘classic’ receptors ERa and ERb, a novel

G protein-coupled receptor, known as GPR30, has been

described as a ‘non classic’ ER and seems to mediate the

rapid non genomic oestrogen signalling [13]. Recent

evidence has highlighted the regulatory role of ERs for

vascular function. ERs have been implicated in protection

from cardiovascular disease in women, and accordingly

lack of oestrogens is thought to be partly responsible for

accelerated development of atherosclerosis in men and

postmenopausal women [14, 15].

The aim of this study is to investigate the effects of

Apigenin on endothelial cells exposed to TNFa by evalu-

ating the expression of molecules critical for endothelial

function such as endothelial nitric oxide synthase (eNOS)

and matrix metalloproteinase (MMP)-9. Furthermore, we

investigated whether the ‘classic’ and the ‘non classic’ ERs

mediate these effects and the signalling pathway involved

in the vaso-protective action of Apigenin.

Methods

Cell culture condition and treatments

EAhy926 endothelial cells were cultured in Dulbecco’s

modified Eagle’s medium with 10 % foetal calf serum. For

treatment experiments, cells were set in serum-free med-

ium (SFM) for 2 h, treated or not with Apigenin (20 and

50 lM, Sigma-Aldrich, A3145) for 1 h and then with

TNFa (1 ng/ml, Sigma-Aldrich, T6674). In the experi-

ments with ICI 182,780 (10 lM, Sigma-Aldrich, I4409),

Pertussis Toxin (PTX, 4 lg/ml, Sigma-Aldrich, P-7208),

SB203580 (20 lM, Santa Cruz, sc-3533), SP600125

(20 lM, BioMol, BML-EI305R), PD98059 (20 lM, Santa

Cruz, sc-3532), and Akt inhibitor (40 lM, Calbiochem,

124005), cells were pretreated with inhibitors for 1 h. After

24 h, cells were lysed in RIPA buffer (5 mM Tris–HCl pH

7.5, 150 mM NaCl, 1 % NP-40, 0.5 % deoxycholic acid,

0.1 % SDS) and conditioned media (CMs) were collected,

centrifuged to remove cells and debris, and immediately

frozen. For intracellular signalling, confluent cells were

preincubated for 6 h in SFM and treated or not for short

pulses (5–60 min). Cells were lysed in ice-cold lysis buffer

(1 % NP-40, 150 mM NaCl, 50 mM Tris HCl pH 8.0,

5 mM EDTA, 10 mM NaF, 10 mM Na4P2O7, 0.4 mM

Na3VO4).

Cell viability assay

Cell viability was evaluated with CellTiter 96� AQueous

One Solution Cell Proliferation Assay (Promega) according

to the manufacturer’s instructions. In brief, EAhy926 were

treated with different concentrations of Apigenin (20 and

50 lM) and TNFa (1 ng/ml) in SFM. After 24 h, CellTiter

96� Aqueous One Solution Reagent was added directly to

culture wells and MTS tetrazolium was bioreduced by cells

into a coloured formazan product soluble in the culture

medium. The quantity of formazan product formed was

measured by a spectrophotometric plate reader at 490 nm

and was directly proportional to the number of living cells

in culture.

Zymography for MMP-9

Equivalent protein amounts (by BCA methods) from CM

were loaded on SDS-acrylamide gel cast with 0.28 % w/v

gelatine (type A), run at 6–8 �C in a water-cooled box,

rinsed twice for 30 min in 2.5 % Triton X-100, incubated

for 16–18 h at 37 �C in 40 mm Tris–HCl, 0.2 m NaCl,

10 mm CaCl2, stained with 0.2 % Coomassie blue in 50 %

methanol, 10 % acetic acid, and destained in 50 % meth-

anol, 10 % acetic acid.

Western blotting

Fifty micrograms of proteins from lysates (100 lg for

intracellular signalling) were run on reducing SDS-

acrylamide gels. The samples were electrotransferred to

nitrocellulose, and the membranes were saturated at room
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temperature for 1 h in TTBS (20 mm Tris–HCl pH 7.5,

500 mm NaCl, 0.01 % Tween 20, 5 % non-fat milk).

The membranes were incubated with primary antibody

for 16 h in TTBS, then with horseradish peroxidase-

secondary antibody (Cell Signaling Technology) for 1 h

in TTBS. The bands were visualized by ECL chemilu-

minescence (Millipore). The membranes were stripped

with a denaturing solution (62.5 mM Tris–HCl pH 6.8,

2 % SDS, 100 mM beta-mercaptoethanol) for 20 min at

50 �C, then re-blotted with polyclonal actin. Bands were

quantified by optical densitometry (gel analysis system

GeneGenius, Syngene, Cambridge, UK). The primary

antibodies used were: polyclonal anti-eNOS (Millipore,

07-520, 1:1,000 dilution), polyclonal anti-phospho-

p38MAPK (Cell Signaling Technology, 9211S, 1:400

dilution), polyclonal anti-phospho-Akt (Santa Cruz, sc-

7985, 1:200), polyclonal anti-phospho-ERK1/2 (Biosource,

44-680, 1:1,000), polyclonal anti-phospho-JNK (Santa

Cruz, sc-6254, 1:300), polyclonal anti-actin (Santa Cruz,

sc-1615, 1:1,000 dilution).

Statistical evaluation

Each experiment was repeated three to five times. Data

shown are mean ± SE. The statistical significance of the

results was determined using ANOVA followed by Fisher

test. P \ 0.05 was considered significant.

Results

Effects of Apigenin on endothelial dysfunction induced

by TNFa in EAhy926 endothelial cells

We first performed the MTS test to evaluate cell viability

in the presence of Apigenin. As reported in Fig. 1a, Api-

genin was not cytotoxic for Eahy926 endothelial cells in

the concentrations used in our experiments. Indeed, Api-

genin counteracted the decrease of cell viability induced by

TNFa treatment. We then examined whether Apigenin

modulated the TNFa-induced expression of eNOS and

MMP-9, two key molecules associated with endothelial

dysfunction. As shown in Fig. 1b, Apigenin decreased in a

dose-dependent manner the expression of eNOS induced

by TNFa. Similarly, the expression of MMP-9, strictly

associated with TNFa treatment, was decreased to basal

level by Apigenin (Fig. 1c).

Effects of Apigenin on TNFa-induced activation

of signalling pathways in EAhy926 endothelial cells

Since TNFa stimulation induces the activation of PI3K/Akt,

p38MAPK and JNK, we investigated the effects of Apige-

nin on these signalling pathways. Apigenin pre-treatment

(50 lM) significantly inhibited the TNFa-induced phos-

phorylation of Akt (Fig. 2a), p38MAPK (Fig. 2b) and JNK

Fig. 1 Apigenin reverses the

TNFa-induced expression of

eNOS and MMP-9 in EAhy926.

EAhy926 endothelial cells with

or without Apigenin treatment

were subjected to TNFa for

24 h. a Cell viability quantified

by MTS assay. t0 indicates the

viability of cells prior to

treatment. Data shown are

mean ± SE. b Western blotting

of cell lysates and densitometric

analysis after actin

normalization for eNOS

expression. Actin is shown as

loading control. c Gelatine

zymography of CM and

densitometric analysis for

MMP-9 activity. Results are

shown as fold increase relative

to untreated sample. *P \ 0.05;

**P \ 0.01
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Fig. 2 Apigenin counteracts the TNFa-induced phosphorylation of

Akt, p38 MAPK and JNK signalling in EAhy926. EAhy926

endothelial cells with or without Apigenin treatment were subjected

to TNFa for 5, 10, 20, 40 and 60 min. Western blotting of cell lysates

and densitometric analysis after actin normalization for Akt (a), p38

MAPK (b), JNK (c) and ERK1/2 (d). Results are shown as fold

increase relative to t0. Actin is shown as loading control. e Western

blotting of cell lysates and densitometric analysis after actin

normalization for eNOS expression after treatment with Akt inhibitor,

SB203580, SP600125 and PD98059. Actin is shown as loading

control. f Gelatine zymography of CM and densitometric analysis for

MMP-9 activity after treatment with Akt inhibitor, SB203580,

SP600125 and PD98059. Results are shown as fold increase relative

to untreated sample. *P \ 0.05; **P \ 0.01
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(Fig 2c). Cells treated with TNFa alone showed a slight but

significant induction of ERK1/2 activation, while cells

treated with Apigenin showed a further increase in ERK1/2

phosphorylation (Fig. 2d). To determine whether Akt,

p38MAPK, and/or JNK could be involved in the induction

of eNOS and MMP-9 by TNFa, we used their respective

inhibitors [Akt inhibitor, p38MAPK inhibitor (SB203580)

and JNK inhibitor (SP600125)] prior to TNFa treatment.

Inhibition of Akt by its inhibitor led to a reduction of the

TNFa-induced expression of eNOS, while SB203580 and

SP600125 had no significant effect (Fig. 2e). Indeed, only a

slight effect on MMP-9 expression was detected after

treatment with Akt inhibitor and SP600125 (Fig. 2f).

Treatment with the ERK1/2 inhibitor did not affect the

ability of Apigenin to counteract the induction of eNOS and

MMP-9 expression by TNFa (Fig. 2e, f), suggesting that the

effect of Apigenin on the TNFa-induced expression of

eNOS and MMP-9 did not depend on ERK1/2 phosphory-

lation. In conclusion, these data show that eNOS induction

by TNFa is mediated by Akt activation. The signalling

pathway regulating MMP-9 expression is more complex,

due to the involvement of Akt and JNK activation.

Involvement of ERs in the inhibitory effect of Apigenin

on TNFa-induced eNOS and MMP-9 expression

in EAhy926 endothelial cells

It was next investigated whether the ‘classic’ (ERa and

ERb) and/or the ‘non classic’ (GPR30) ERs could mediate

the inhibitory effects of Apigenin on the TNFa induction of

eNOS and MMP-9 expression. For this purpose, we used a

pharmacological approach that included the ERa e ERb
antagonist ICI182,780 and PTX, a potent inhibitor of the G

protein-coupled receptor GPR30. As shown in Fig. 3a, the

inhibitory effect of Apigenin on the TNFa-induced

expression of eNOS was significantly counteracted by

ICI182,780 and only partially by PTX treatment. More-

over, the inhibitory effect of Apigenin on the TNFa-

induced expression of MMP-9 was slightly reversed by

both ICI182,780 and PTX pre-treatment (Fig. 3b). Our data

indicate that both ‘classic’ (ERa and ERb) and ‘non clas-

sic’ (GPR30) ERs mediate the inhibitory effect of Apigenin

on the TNFa-induced expression of eNOS and MMP-9.

ERs mediate the inhibitory effect of Apigenin

on TNFa-induced eNOS and MMP-9 expression

through the inactivation of the Akt signalling pathway

To explore whether ERs mediated the inhibitory effect of

Apigenin on the TNFa-induced expression of eNOS and

MMP-9 through the modulation of the Akt pathway, we

evaluated the phosphorylation pattern of Akt after pre-

treatment with ER inhibitors ICI182,780 and PTX. As

shown in Fig. 4, treatment with ICI182,780 and PTX

reversed the effect of Apigenin on the TNFa-triggered

activation of Akt. Our results indicate that ERs mediate the

inhibitory effects of Apigenin on TNFa-induced eNOS and

MMP-9 expression through the inactivation of the Akt

signalling pathway.

Discussion

TNFa is associated with endothelial dysfunction and

development of vascular disease. Many recent works have

focused on the ability of polyphenols and flavones to

Fig. 3 ER inhibitors reverse the inhibitory effect of Apigenin on the

TNFa-induced expression of eNOS and MMP-9 in EAhy926.

EAhy926 endothelial cells were pre-treated with ICI 182,780 or

PTX and then subjected to Apigenin and/or TNFa for 24 h. a Western

blotting of cell lysates and densitometric analysis after actin

normalization for eNOS expression. Actin is shown as loading

control. b Gelatine zymography of CM and densitometric analysis for

MMP-9 activity. Results are shown as fold increase relative to

untreated sample. *P \ 0.05; **P \ 0.01
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improve endothelial function and to influence several

markers of cardiovascular risk. Apigenin is a flavone with

anti-inflammatory and anti-oxidant properties. It has been

suggested that Apigenin may be protective in vascular

disorders, although more research needs to be conducted in

this regard. For this purpose, in this study we examined the

effects of Apigenin on endothelial dysfunction induced by

TNFa. The major finding of this study is that Apigenin may

interfere with endothelial dysfunction by inhibiting the

TNFa-induced expression of eNOS and MMP-9 through a

mechanism involving the engagement of both ‘classic’ and

‘non classic’ ERs and the consequent inhibition of Akt

signalling.

Some aspects regarding the role of Apigenin in con-

trasting the deleterious effect of TNFa on endothelial cells

still have to be investigated. Other reports showed that Ap-

igenin mitigates the expression of adhesion molecules,

COX-2 and LOX-1 induced by TNFa treatment, suggesting

a key role of Apigenin in counteracting endothelial dys-

function [8–10]. Our data confirm this hypothesis and indi-

cate that Apigenin counteracts two other key markers of

endothelial dysfunction such as MMP-9 and eNOS. MMP-9

is responsible for many complications in vascular diseases,

such as vessel wall degradation and angiogenesis [16–18].

Furthermore eNOS is implicated in the regulation of vas-

cular homeostasis and exerts a protective role in the vascular

system. However, it has been reported that in the presence of

TNFa this positive effect of eNOS on the endothelium is

reversed. TNFa selectively transforms eNOS from a nitric

oxide (NO)-generating enzyme to an O2
�- generating enzyme

by reducing L-arginine availability to eNOS [19]. TNFa also

dramatically increases the level of reactive oxygen species

(ROS) by activation of NADPH oxidase activity [20]. The

dual activation of the superoxide- and nitric oxide-generat-

ing systems provided a favourable environment for protein

nitration inducing cytotoxic effects in endothelial cells and

connective tissue destruction that are strongly associated

with many vascular diseases [21, 22]. Therefore, the

induction of eNOS expression after exposure to TNFa
represents a futile compensatory mechanism due to a sig-

nificant decrease in NO bioavailability coupled with dra-

matic increases in the levels of ROS that further neutralize

NO. Therefore, our data indicate that Apigenin plays a

protective role in the pathogenesis of TNFa-induced endo-

thelial dysfunction by preventing the deleterious activation

of pro-oxidant and proteolytic mechanisms responsible for

vascular disease progression.

The precise mechanism by which Apigenin improves

endothelial function is unclear. In other cell types, Apige-

nin effects appear to be mediated through ER binding-

dependent and -independent mechanisms involving differ-

ent signalling pathways [11, 12, 23, 24].

We here report that pre-treatment with Apigenin sig-

nificantly inhibited the TNFa-triggered activation of Akt,

p38MAPK and JNK in endothelial cells. The ability of

Apigenin to modulate the activation of Akt, p38MAPK and

JNK has already been reported in cancer cells expressing

constitutively activated forms of these molecules or after

induction by various growth factors [10, 25–27].

Moreover, using a pharmacological approach that

included ER inhibitors ICI182,780 and PTX, we here

demonstrate the involvement of ERs in mediating the

inhibitory effects of Apigenin on the TNFa-induced

expression of eNOS and MMP-9. In particular, the expres-

sion of eNOS is strongly regulated by Apigenin through the

engagement of the ‘classic’ ERs and, to a lesser extent, of a

G protein-coupled receptor, presumably GPR30. The

experiments with ER inhibitors also indicate that the acti-

vation of ERs by Apigenin leads to a rapid non-genomic

response which provides for an efficient inhibition of the

Fig. 4 ER inhibitors reverse the inhibitory effect of Apigenin on the

TNFa-induced phosphorylation of Akt. Western blotting and densi-

tometric analysis after actin normalization for Akt phosphorylation

after 20 (a) and 40 (b) min in lysates from endothelial cells pre-

treated with ICI 182,780 or PTX and then subjected to Apigenin and/

or TNFa. Actin is shown as loading control. Results are shown as fold

increase relative to sample treated with TNFa. *P \ 0.05
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Akt signalling pathway activated by TNFa. It is known that

Akt is one of the pathways involved in the activation of

eNOS by TNFa through the involvement of neutral Sphin-

gomyelinase2 [28]. Accordingly, our data indicate that

eNOS induction by TNFa depends on Akt activation.

Therefore, the ability of Apigenin to inhibit Akt activation

through ER engagement leads to the reduction of the TNFa-

induced expression of eNOS in EAhy926 cells. Conversely,

our data indicate that p38MAPK and JNK inactivation by

Apigenin is not involved in eNOS regulation. Interestingly,

SB203580 inhibitor increases eNOS expression. This

increase may be explained by the ability of SB203580 to

enhance eNOS promoter activity [29]. Further experiments

should be performed to study extensively the role of

p38MAPK activation in eNOS expression. However, we can

argue that the maintenance of p-38MAPK activation beyond

a threshold level is necessary for the expression of a phys-

iological and protective level of eNOS. If p38MAPK

phosphorylation falls below this level, such as after treat-

ment with SB203580, the expression of eNOS may increase

dangerously in a pro-oxidant environment. Apigenin prob-

ably lowers p38MAPK phosphorylation induced by TNFa
to a level that has no effect on eNOS expression. Consis-

tently, our data indicate that in our model the TNFa-induced

expression of eNOS depends solely on Akt phosphorylation.

Further studies should be conducted to fully elucidate

the molecular mechanisms underlying the inhibitory effects

of Apigenin on the induction of MMP-9 expression by

TNFa. Our data suggest that these effects are mediated by

the modulation of multiple signalling pathways. As indi-

cated by the experiments with inhibitors, the engagement

of ERs and the consequent inactivation of Akt signalling by

Apigenin mediate only in part the decrease of the TNFa-

induced expression of MMP-9. Clearly, this mechanism is

not exclusive. Our results indicate that the modulation of

MMP-9 expression by Apigenin partially depends also on

JNK signalling. Such evidence leads us to hypothesize that

Apigenin may use receptors other than ERs and different

signalling pathways, as confirmed in the literature by

findings on the biological effects mediated by Apigenin in

cells lacking ERs [30]. To support this hypothesis, we here

show that Apigenin modulates p38MAPK and ERK1/2

phosphorylation, but treatment with their inhibitors did not

affect the expression of eNOS and MMP-9. However, we

cannot exclude that Apigenin affects the expression and the

activity of other molecules involved in the TNFa-induced

endothelial dysfunction through p38MAPK and ERK1/2

modulation here described.

In conclusion, this study shows that Apigenin plays a

protective role against endothelial dysfunction induced by

TNFa. Our data clarified that Apigenin modulates multiple

signalling pathways. Among these, the inhibition of Akt

signalling through ER engagement plays a central role in

reversing the TNFa-induced expression of eNOS and

MMP-9. Both ‘classic’ ERs and GPR30 mediate the vaso-

protective action of Apigenin, although to different extents.

ERs have been implicated in protection from cardiovascular

disease in women, and accordingly lack of oestrogen sig-

nalling is thought to be in part responsible for accelerated

development of atherosclerosis in men and postmenopausal

women [14, 15]. Therefore, having regard to its ability to

bind to ERs, Apigenin may be considered an oestrogen-like

molecule to potentially be used against the onset and pro-

gression of vascular diseases associated with endothelial

dysfunction.
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