
Vol.:(0123456789)1 3

Molecular and Cellular Biochemistry 
https://doi.org/10.1007/s11010-020-04025-w

Protective effects of luteolin on the venous endothelium

Henrique Charlanti Reis Assunção1 · Yan Milen Coelho Cruz1 · Jéssica Silva Bertolino1 · 
Raphael Caio Tamborelli Garcia1 · Liliam Fernandes1 

Received: 10 June 2020 / Accepted: 22 December 2020 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC part of Springer Nature 2021

Abstract
Luteolin is a flavonoid with antioxidant properties already demonstrated in studies related to inflammation, tumor, and car-
diovascular processes; however, there are no available information regarding its antioxidant effects at the venous endothelial 
site. We investigated the effects of luteolin (10, 20, and 50 μmol/L) in cultures of rat venous endothelial cells. Nitric oxide 
(NO) and reactive oxygen species (ROS) were analyzed by fluorimetry; 3-nitrotyrosine (3-NT) residues were evaluated 
by immunofluorescence, and prostacyclin  (PGI2) release was investigated by colorimetry. Intracellular NO levels were 
significantly enhanced after 10 min of luteolin incubation, with a parallel decrease in ROS generation. These results were 
accompanied by a significant reduction in the expression of 3-NT residues and enhanced  PGI2 rates. Therefore, luteolin is 
effective in reducing ROS thereby improving NO availability in venous endothelial cells. Besides, luteolin-induced decrease 
in 3-NT residues may correlate with the enhancement in endothelial  PGI2 bioavailability. These findings suggest the future 
application of this flavonoid as a protective agent by improving endothelial function in several circulatory disorders related 
to venous insufficiency.
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Introduction

Luteolin (3,4,5,7-tetrahydroxyl-flavone) is a flavonoid 
present in numerous herbs, fruits, and vegetables such as 
chamomile, apple, pomegranate, cress, parsley, mint, basil, 
celery, and artichoke leaves. Its use as a food supplement is 
widespread, and its antioxidant properties have been widely 
demonstrated in a series of experimental studies related to 
inflammation, tumor, and cardiovascular processes [1–3].

One of the main proposed mechanism to explain the 
benefits of flavonoids in the control of various pathological 
conditions and specifically in cardiovascular diseases is pre-
cisely their antioxidant action and prevention of endothelial 
nitric oxide (NO) degradation [4, 5]. Interestingly, however, 
the vascular effects of these molecules can be paradoxical. 

Flavonoids can undergo self-oxidation, produce superoxide 
anion  (O2

•−), and destroy NO [6]. The final results and con-
sequences of this ambiguity of effects exerted by flavonoids 
on the vasculature are not yet fully elucidated. In addition, 
specialized articles have reported that more precise informa-
tion regarding flavonoids actions at the endothelial site is 
still lacking [2, 5].

The endothelial cell is strategically located in the blood 
vessel, being an interface between blood and the vascular 
smooth muscle. Several mechanical and biochemical sig-
nals can stimulate the production and release of endothelial-
derived vasoactive substances such as prostacyclin  (PGI2), 
NO, and  O2

•−, which possess endocrine, paracrine, and auto-
crine functions. It is well accepted that the major influence 
of endothelium in regulating vascular functions is directly 
related to its ability in maintaining balanced levels of these 
signaling molecules, therefore modulating vascular wall tone 
and growth, besides interfering with blood coagulation and 
inflammatory responses [7–9].

PGI2 was the first endothelial vasorelaxant mediator 
identified and is the most abundant product of arachidonic 
acid produced by vascular tissues. It is formed by  PGI2 syn-
thase, an enzyme highly expressed in endothelial cells. Once 
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synthesized and released,  PGI2 exerts its effects locally, 
and is quickly converted to an inactive metabolite  (PGF1α) 
through a non-enzymatic process. Among its several prop-
erties,  PGI2 causes vasodilation and inhibits platelet aggre-
gation by activating specific G-protein coupled receptors. 
Generally, its effects involve activation of adenylyl cyclase 
and the subsequent intracellular cAMP enhancement [8, 10].

NO is one of the main mediators produced and secreted 
by the vascular endothelium and it is generated in different 
cell types through the NO synthase (NOS) enzyme. NOS 
catalyzes the oxidation of the L-arginine amino acid into 
L-citrulline and NO, involving a complex reaction that 
requires the presence of the cofactors tetrahydrobiopterin 
 (BH4), flavin mononucleotide, flavin adenine dinucleotide, 
NADPH, and molecular oxygen consumption. Once syn-
thesized, it diffuses into the smooth muscle layer of the 
vessel and stimulates soluble guanylyl cyclase, increasing 
the cytosolic concentration of cGMP and causing vascular 
relaxation. In addition to vasodilation, endothelial NO exerts 
several other effects, such as inhibition of smooth muscle 
cell proliferation, synthesis of extracellular matrix proteins, 
inhibition of platelet and leukocyte adhesion, and facilitation 
of platelet aggregates dissolution [9, 11].

Like the other factors produced by the endothelial cell, 
 O2

•− and other reactive oxygen species (ROS) are pro-
duced in a controlled manner and at low concentrations. 
These signaling molecules participate in the maintenance 
of endothelial function, and play an important role in intra-
cellular processes such as induction of protein expression 
involved in the inflammatory process and cell growth. Base-
line  O2

•− levels are regulated by the balance between the 
rates of its generation and metabolism, regulated in part by 
the activity of the Superoxide Dismutase (SOD) enzyme. 
 O2

•− reacts directly with NO, reducing its bioavailability 
and generating peroxynitrite  (ONOO−), a particularly harm-
ful reactive intermediate.  ONOO− is capable of decaying 
into the hydroxyl radical  (OH•), and there are evidences 
that it can induce a number of cellular modifications includ-
ing nitration of tyrosine residues which are modified in the 
3-position of the phenolic ring through the addition of a nitro 
group  (NO2). 3-nitrotyrosine (3-NT) therefore can be consid-
ered a biomarker for  ONOO− action in a variety of disease 
states and in conditions of cellular damage and oxidative/
nitrosative stress [12, 13].

The venous compartment is crucial for the functioning 
of the circulatory system, since venous circulation can store 
about 60–80% of the total blood volume in mammals at rest 
[14]. For this reason, changes in venous tone (promoted by 
neurotransmitters, hormones, or drugs) induce physiological 
consequences similar to those promoted by acute changes in 
blood volume and, thus, can significantly alter cardiac out-
put and all blood circulation. Furthermore, venous endothe-
lium is the first site of inflammatory processes by increasing 

permeability and expressing several proteins involved in 
leukocyte behavior [15]. Nevertheless, studies concerning 
venous endothelial function and endothelial-derived factors 
from veins are still very scarce. To date, very little is known 
about the ability of the venous endothelium in the manage-
ment of redox state.

From these observations, the present study investigated 
the effects of the flavonoid luteolin on the venous endothe-
lium by using immortalized cultures of endothelial cells 
previously obtained from rat vena cava. After luteolin treat-
ment, NO and ROS production was determined by fluorimet-
ric methodologies. In parallel, the presence of 3-NT residues 
was evaluated by immunofluorescence, and the release of 
 PGI2 was analyzed by colorimetry.

Methods

Cell culture and viability

Venous endothelium cultures were generated in our previous 
work where endothelial primary cultures were obtained from 
rat vena cava explants [16]. In this preceding study, we had 
demonstrated that primary cultures of vena cava endothe-
lium achieved the highest number of viable cells at the 6th 
passage. From this moment, cultures entered in senescence, 
which lasted until 8th passage. After this, cellular multi-
plication was recovered, and growth rates were markedly 
increased between the 9th and 10th passages. Then, cultures 
were propagated (15th to 20th passages) and spontaneously 
immortalized. In the present study, these endothelial cells 
were cultivated in Dulbecco’s Modified Eagle’s Medium 
low glucose supplemented with Fetal Bovine Serum (FBS, 
10%) and penicillin (50 U/mL)/streptomycin (50 μg/mL), 
pH 7.4, in a 5%  CO2 incubator (Sheldon Mfg. Inc. USA), at 
37 °C. Cells grew to confluence and propagated in 1:2 ratio 
using TrypLE™ Express Enzyme (Thermo Fisher Scientific, 
USA). Functional assays were performed during semi-con-
fluent stages. All procedures were approved and performed 
in accordance with the guidelines of the Ethics Committee 
of UNIFESP (Protocol no. 2689270319).

In order to evaluate the cell viability after luteolin incuba-
tion, cells were seeded (n = 5/group) in 24-well plates and 
left overnight. Cells were washed in PBS and luteolin (pre-
viously diluted in culture medium) was added at concentra-
tions of 10, 20, or 50 μmol/L. Negative and positive control 
groups were performed by incubating cells with culture 
medium and dimethyl sulfoxide (DMSO, 5%), respectively. 
After 24 h, cells were washed and trypsinized. Then, each 
sample was tested by an automated cell counter (LUNA-
FL™ Logos Biosystems, KOR) equipped with dual fluores-
cence optics, allowing simultaneous quantification of alive 
and dead cells by propidium iodide and acridine orange 
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staining, respectively. Results from this viability test were 
expressed as the percentage of alive cells in each sample.

In another set of experiments, cellular viability was also 
tested by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] (Thermo Fisher Scientifc, USA), 
a colorimetric assay. On the previous day, endothelial cells 
 (104) were seeded in 96-well plates (n = 3/group) in phenol 
red-free culture medium and then incubated for 24 h with 
10, 20, and 50 μmol/L luteolin. The control group (baseline) 
was incubated with the culture medium only. After incuba-
tion period, cultures were washed in PBS and incubated with 
MTT reagent (10 mmol/L/well) for 4 h at 37 °C. Then, a HCl 
[0.01 mol/L]/SDS [0.3 mol/L] solution was added and incu-
bated for another 4 h at 37 °C. Samples were homogenized 
and absorbance was read on a spectrophotometer (Epoch-
Biotek Instruments, USA), at 570 nm. Data were analyzed 
and plotted according to the manufacturer’s protocol. Results 
were expressed in arbitrary units.

Confocal imaging studies for NO and ROS detections

NO production was determined by using the fluorescent 
cell permeable dye 4,5-diaminofluorescein diacetate (DAF-
2DA) (Ex: 485 nm; Em: 538 nm) [17]. ROS production was 
determined in endothelial cells by using the fluorescent cell 
permeable dye dihydroethidine (DHE) (Ex: 490 nm; Em: 
590 nm) [18].

Cells (6 × 104) were seeded (in duplicate) on sterile glass 
coverslips (pre-treated with 1% gelatin) and incubated with 
culture medium for 24 h. On the day of experiment, cells 
were washed with PBS and incubated with 10 μmol/L DAF-
2DA or 10 μmol/L DHE during 30 min, at 37 °C. Cells 
were washed again and incubated with 10, 20, or 50 μmol/L 
luteolin for 10 min, at 37 °C. Basal control groups were 
performed by incubating cells with culture medium. Then, 
cells were washed in PBS and fixed in paraformaldehyde 
(4% PFA) at room temperature for 30 min. Coverslips were 
mounted with Fluoromount™ Aqueous Mounting Medium 
and observed in a confocal microscope (TCS SP2—Leica 
Microsystems, GER). Images were analyzed by densitom-
etry using the ImageJ Image Processing and Analysis™ in 
Java software. Specific software tools were employed in 
order to recognize and demarcate cells individually. Fluo-
rescence intensity quantification was determined by the sum 
of the pixels in relation to the area of each cell. Detection 
of NO and ROS production was determined, at least, in six 
fields of each slice, and fluorescence intensity was expressed 
in arbitrary units.

NO and ROS detection by spectrofluorimetry

Cells (1.5 × 104) were seeded in 96-well microplates and 
left overnight (n = 7–8). Wells were washed in PBS and 

incubated for 10 min (for NO assay) or 24 h (for ROS assay) 
with 10, 20, or 50 μmol/L luteolin at 37 °C, 5%  CO2. Basal 
groups received culture medium, and 600 μmol/L Tempol, a 
SOD mimetic, was used as an antioxidant control (for ROS 
assay). Then, cells were treated with 10 μmol/L DAF-2DA 
or 10 μmol/L DHE for 30 min at 37 °C. At the end of incu-
bation periods, cells were washed and 50 μL of PBS were 
added to each well before reading. Fluorescence was deter-
mined in a microplate reader (Synergy HT/BioTek, USA), 
as previously described [19]. Fluorescence intensity was 
expressed in arbitrary units.

3‑NT detection by immunofluorescence

Cells  (105) were seeded (in duplicate) on sterile glass cov-
erslips (13 mm) pre-treated with 1% gelatin distributed in 
12-well microplates and left overnight. Then, cells were 
washed in PBS and incubated with 10, 20, or 50 μmol/L 
luteolin for 10 min, at 37 °C. Coverslips were washed in 
PBS and fixed with 4% PFA at room temperature. Cells 
were then permeabilized with 1% Nonidet P40 and blocked 
with 1% bovine serum albumin (BSA) in PBS, for 30 min. 
Samples were incubated overnight at 4 °C with primary 
rabbit antibody anti-nitrotyrosine (#A-21285, Invitrogen), 
1:50 dilution. Protein staining was detected using second-
ary antibody bovine anti-rabbit IgG-Texas Red conjugated 
(sc-2365, Santa Cruz Biotech), during 60 min, at room tem-
perature, 1:100 dilution. Control assays were performed in 
coverslips incubated only with 1% BSA followed with sec-
ondary antibody. The cell nucleus was counterstained with 
4′,6-diamidino-2-phenylindole (DAPI) at 1:400 dilution 
for 5 min at 37 °C. Coverslips were mounted with Fluoro-
mount™ Aqueous Mounting Medium and observed in a con-
focal microscope (TCS SP2—Leica Microsystems, GER) by 
using appropriate wavelengths for Texas Red stain detection. 
Obtained images were analyzed by densitometry using the 
ImageJ Image Processing and Analysis in Java™ software. 
Images were acquired in at least five to six fields, covering 
an average of 120 cells evaluated in each group. Fluores-
cence intensity was expressed in arbitrary units.

Determination of  PGI2 levels by enzyme 
immunoassay

The levels of  PGI2 (measured as its metabolite 6-keto-
PGF1α) were determined by enzyme immunoassay kits 
(Cayman Chemical Co., USA). Cells (7 × 104) were seeded 
in 48-well plates containing culture medium, placed in 
the  CO2 incubator, and left overnight (n = 5). Cultures 
were washed in PBS and incubated with phenol red-free 
culture medium in the presence or absence of 10, 20, or 
50 μmol/L luteolin for 24 h, 37 °C, 5%  CO2. Medium was 
collected and dilutions of supernatants were incubated 
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with the conjugated eicosanoid-acetylcholinesterase, as 
well as with the specific antiserum in 96-well plates pre-
coated with anti-rabbit IgG antibodies. After overnight 
incubation at 4 °C, plates were washed and the enzyme 
substrate (Ellman’s reagent) was added for 60–120 min at 
25 °C. The optical density of the samples was determined 
at 560 nm in a microplate reader (Epoch-Biotek Instru-
ments Inc., USA).  PGI2 concentration was calculated from 
the standard curve, as described by the manufacture’s pro-
tocol. Data were normalized by basal values and expressed 
as arbitrary units.

Statistical analysis

Results were presented as the means ± standard error 
mean (SEM). Data were analyzed by ANOVA followed 
by Tukey–Kramer test. P values <0.05 were considered 
to be statistically significant.

Drugs and reagents

Luteolin was purchased from Cayman Chemical; DAPI, 
DMSO, Fluoromount Aqueous Mounting Medium from 
Sigma-Aldrich, DAF-2DA and Tempol from Enzo Life Sci-
ences and DHE from Polyscience. FBS (South American) 
was provided by Thermo Fisher Sci. Materials and solu-
tions for cellular cultivation and all other reagents were from 
Thermo Fisher Sci.

Results

Cell culture and viability

Immortalized cultures of rat venous endothelial cells pre-
sented a “cobblestone” morphology pattern at confluence 
(Fig. 1). When exposed for 24 h to several concentrations 
of luteolin these cells presented high viability in all tested 
groups. By using an automated cell counter, no differences in 
the percentage number of alive cells were detected, with val-
ues (%) of 90.3 ± 3.9 for basal (untreated) group, 89.4 ± 2.4 
for 10 μmol/L luteolin, 84.9 ± 4.3 for 20 μmol/L luteolin, 
and 84.8 ± 4.6 for 50 μmol/L luteolin (Fig. 2a). These results 
were confirmed by MTT assay, were no significant altera-
tions in cell viability, and were found among tested groups 
(Fig. 2b). Positive control with DMSO 5% decreased cellular 
viability in about 40% (not shown).

NO production

Confocal microscopy experiments showed a consistent basal 
NO production in cells pre-treated with 10 μmol/L DAF-
2DA (Fig. 3a, basal group). After incubation with 10, 20, 

Fig. 1  Representative images of venous endothelial cells in cultures 
at semiconfluence (a) and confluence (b) stages, observed by optical 
microscopy (100×)

(A) (B)

Fig. 2  Cellular viability after 24 h of incubation with luteolin. Data were obtained by an automated cell counter (n = 5) (a), and MTT method 
(n = 3) (b). Values represent mean ± SEM
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and 50 μmol/L luteolin, a significant enhancement of NO 
release was observed, with no differences among luteolin 
treated groups. Representative images and fluorescence 
intensity are demonstrated in Fig. 3.

When intracellular NO levels were measured a microplate 
reader, a significant increase was observed in cells incubated 
with 50 μmol/L luteolin, with no detectable effect for the 
lower concentrations tested. Results are shown in Fig. 4.

ROS production

Confocal microscopy experiments were performed in cells 
pre-treated with the fluorescent dye 10 μmol/L DHE. The 
original image was cropped and the color pattern was 
changed so that it could be recognized by the ImageJ soft-
ware. After being processed, the pattern recognition tool 
was applied and each cell was selected individually for later 
fluorescence quantification. Quantitative analysis was based 
in the fluorescence intensity determined by the sum of the 
pixels in relation to the area of each cell (Fig. 5a). At rest-
ing conditions, the venous endothelium exhibited signifi-
cant fluorescence intensity, as represented in Fig. 5b (basal 

Fig. 3  NO detection by confo-
cal microscopy in venous 
endothelial cells pre-treated 
with 10 μmol/L DAF-2DA and 
incubated with luteolin (Lut) 
for 10 min. (a) Representative 
images (200×) and (b) fluores-
cence intensity determined by 
densitometry. Values represent 
mean ± SEM (n = 6) *P < 0.05 
vs basal

Fig. 4  NO detection by spectrofluorimetry in alive venous endothe-
lial cells pre-treated with 10 μmol/L DAF-2DA and incubated with 
luteolin for 10 min. Values represent mean ± SEM (n = 7) *P < 0.05 
vs basal
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group). Luteolin incubation for 10 min was highly effective 
in reducing ROS production. This effect was observed for 
all luteolin-tested concentrations, with no differences among 
exposed groups (Fig. 5c).

In addition to image studies, ROS production was also 
investigated by spectrofluorimetry. In this case, cells were 
incubated with luteolin for 24 h, and the fluorescent dye 
DHE was applied 30 min before fluorescence measure. As 
demonstrated in Fig. 6, ROS production was significantly 
reduced by 10, 20, and 50 μmol/L luteolin. Values found for 

luteolin were similar to those observed for the SOD mimetic 
Tempol. Results are represented in Fig. 6.

Tyrosine residues nitration

The presence of 3-NT was studied by immunofluorescence. 
As demonstrated in Fig. 7, incubation of venous endothelial 
cells with 10, 20, or 50 μmol/L luteolin for 10 min signifi-
cantly decreased the fluorescence staining in comparison to 
the basal values.

Fig. 5  ROS detection by 
confocal microscopy in venous 
endothelial cells pre-treated 
with 10 μmol/L DHE and 
incubated with luteolin (Lut) 
for 10 min. (a) Image process-
ing for analysis (400×); (b) 
representative images of basal 
and treated groups (200×), and 
(c) fluorescence intensity deter-
mined by densitometry. Values 
represent mean ± SEM (n = 6) 
*P < 0.05 vs basal
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PGI2 levels

After 24 h of incubation, 50 μmol/L luteolin induced a sig-
nificant increase in  PGI2 levels detected in the supernatants 

of venous endothelial cells. The same effect was not 
observed for lower concentrations of the flavonoid. Results 
are shown in Fig. 8.

Discussion

Endothelial cells possess an extensive and complex bio-
chemical network involved in both pro- and antioxidant spe-
cies generation. Unbalanced cellular redox state accounts for 
important and deleterious consequences in the whole circu-
latory system, altering blood pressure, cell proliferation, and 
inflammatory responses, among other effects.

Various plant polyphenols have been recognized as redox 
active molecules [5]. Luteolin is a natural antioxidant with 
less pro-oxidant potential than the flavonol quercetin, the 
best studied flavonoid, but apparently with a better safety 
profile. It displays excellent radical scavenging and cyto-
protective properties, especially when tested in complex 
biological systems [20]. It also possesses specific effects in 
the cardiovascular system, such as blood pressure decrease, 
cardiac remodeling reduction, and proliferation and migra-
tion inhibition in vascular smooth muscle cells [21, 22]. In 

Fig. 6  ROS detection by spectrofluorimetry in alive venous endothe-
lial cells pre-treated with 10 μmol/L DHE and with luteolin for 24 h. 
Values represent mean ± SEM (n = 8) *P < 0.05 vs basal

Fig. 7  Expression of 3-NT 
in venous endothelial cells 
detected by immunofluores-
cence. Representative images 
of cells at basal state and after 
incubation with 50 μmol/L 
luteolin, observed by confocal 
microscopy (200×); 3-NT resi-
dues were stained in red (Texas 
Red) and nucleus counterstained 
in blue (DAPI); arrows indicate 
positive staining (a). Fluores-
cence intensity was determined 
by densitometry (b). Values 
represent mean ± SEM (n = 5–7 
fields) *P < 0.05 vs basal. 
(Color figure online)
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arterial beds preparations, luteolin evokes dose-dependent 
vasorelaxation, but the dependence of the endothelium in 
this effect is still debatable [23–25]. Despites this uncer-
tainty, luteolin appears to increase the production of NO 
and prevent ROS generation [25–27]. It can also improve 
endothelial function in cultured cells submitted to high glu-
cose levels [28], attenuate diabetes-induced impairment in 
endothelial-dependent relaxation [29], and prevent systemic 
metabolic and vascular alterations associated with obesity 
[30]. Taken together, these data point to important effects 
of luteolin in the whole circulatory system by preventing 
oxidative stress and vascular injury. In order to provide a 
better understanding about luteolin actions at the endothelial 
site, the present study investigated its ability in modulating 
venous endothelial redox state by using immortalized cul-
tures of rat venous endothelial cells.

Firstly, we analyzed luteolin cytotoxicity by two different 
methodologies. In both, exposure of venous endothelial cell 
cultures to 10, 20, and 50 μmol/L of luteolin for 24 h had 
no effect on cell viability; therefore, these concentrations 
were chosen for all further experiments. These results are in 
agreement with the previous findings in human endothelial 
cell lines [4, 31], however, luteolin safety levels at endothe-
lium are still highly controversial. Similar concentrations of 
luteolin exhibited significant cytotoxicity in human umbili-
cal vein endothelial cells after 48 h of incubation [28] with 
a  LC50 value of 57 μmol/L [32]. These conflicting results 
reveal that luteolin cytotoxicity might be further elucidated, 
thereby making it possible to determine the appropriate 
therapeutic dosages.

In our experiments, NO production was assessed by DAF-
2DA, a cell permeable fluorescent dye specific for NO detec-
tion. Once inside the cells, DAF-2DA is hydrolyzed by cyto-
solic esterases thus releasing DAF-2. The reaction between 
DAF-2 and NO yields the corresponding stable bright 

green-fluorescent 4,5-diaminofluorescein triazole (DAF-
2T). Incubation of resting venous endothelial cells with 
micromolar concentrations of luteolin resulted in significant 
enhancement of intracellular fluorescence, which correlates 
with NO production. This result corroborates previous find-
ings obtained indirectly by measuring the NO metabolites 
nitrite/nitrate in human endothelial cell lines pre-treated with 
luteolin [25, 28, 33]; however, to our knowledge, this is the 
first direct evidence of the intracellular endothelial NO pro-
duction after luteolin treatment.

In a second step of our study, the probe DHE was used 
to verify the presumed antioxidant effect of luteolin in 
the venous endothelium. Endothelial cells are perme-
able to DHE, which is converted to the fluorescent prod-
ucts 2-hydroxyethidium (2-E+OH) and ethidium  (E+). The 
first one is produced solely in the presence of  O2

•−, so that 
2-E+OH detection is a marker of  O2

•− among many other 
ROS. In parallel,  E+ identification comprehends the total 
oxidant generation, including  OH• and  ONOO− [34, 35]. 
Since both compounds (2-E+OH and  E+) are fluorescent, the 
methodologies employed by our group (confocal microscopy 
and fluorometric detection) had limitations because they did 
not distinguish the effect of luteolin over amounts of each 
component of pro-oxidant signaling cascade  (O2

•−,  OH•, 
and  ONOO−). Nonetheless, these results clearly indicate that 
micromolar concentrations of luteolin are competent to pro-
mote both early (10 min) and late (24 h) antioxidant effects 
in resting venous endothelial cells.

Besides, the present study revealed for the first time the 
effect of luteolin in reducing protein nitration in endothelial 
cells. Tyrosine residue nitration is a covalent post-transla-
tional modification derived from the reaction of proteins 
with nitrating agents [12], leading to important alterations 
and loss of function of enzymes and other signaling pro-
teins. Therefore, tyrosine nitration is a convenient marker 
of reactive nitrogen-centered oxidants being produced, and 
it is important to highlight that  ONOO− produced from NO/
O2

•− reaction is the most likely source of 3-NT in vivo [36].
Previous studies have shown that, at vasculature, tyrosine 

nitration of  PGI2 synthase can account for several patho-
logical processes, including endothelial dysfunction and ath-
erosclerosis [37–39]. Our results showed significant effects 
of luteolin in reducing 3-NT, accompanied by an increase 
in  PGI2 levels in venous endothelial cells. Accordingly, 
increases in  PGI2 synthesis have already been reported in 
cultured human aortic endothelial cells and in plasma of 
healthy adult subjects after treatment with pomegranate 
juice, a luteolin-rich beverage [40]. Taken together, these 
data may indicate a possible correlation between the antioxi-
dant effects of luteolin and the prevention of  PGI2 synthase 
nitration, enhancing  PGI2 levels in the vasculature.

The importance of endothelium in modulating circulatory 
functions was firstly evidenced by Furchgott and Zawadzki 

Fig. 8  PGI2 levels measurements in the supernatant of cultured 
venous endothelial cells determined by enzyme immunoassay. Values 
represent mean ± SEM (n = 5) *P < 0.05 vs basal
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in 1980 [41], and represented a major impetus for other dis-
coveries, opening frontiers for a number of studies in the 
vascular physiology field. More recently, the development 
of molecular and biochemical tools has allowed a deeper 
understanding about the role of each endothelial-derived 
factor as well as the redox state in vascular homeostasis. 
However, most of these new findings are related to arte-
rial functions with focus on peripheral resistance and blood 
pressure regulation, while little is known about the venous 
endothelium. Importantly, in spite of the role of endothelium 
in modulating venous tonus and blood distribution, venous 
endothelium-derived mediators also influence the blood 
physiology that is contained in the venous bed.

In several vascular conditions associated with arterial dis-
ease and endothelium dysfunction, the venous endothelium 
appears to be either altered. For example, in hypertensive 
subjects, the impairment in endothelium-dependent vaso-
dilation is present in both arterial and venous circuits [42]. 
Besides, clinical observations have associated the venous 
thromboembolism with arterial thrombosis, a condition with 
straight relation to endothelial dysfunction [43].

One of the most commented practical significance of 
venous endothelium is how it can decisively affect the evo-
lution of vein grafts implanted in situations of coronary 
artery disease. Vein graft failure in the coronary artery 
bypass grafting correlates with vascular inflammation, 
intimal hyperplasia, and accelerated atherosclerosis [44]. 
The bioavailability of NO and  PGI2 is fundamental to the 
maintenance of vascular tone of these vein grafts, as well 
as the regulation of vascular smooth muscle cell prolifera-
tion, migration, and contractility. Endothelial cells are highly 
sensitive to their mechanical environment, for example, the 
degree of fluid shear stress on their plasma membrane, the 
stretch due to vessel distension, and the stiffness of the extra-
cellular matrix to which they are attached. Upon acute high 
shear stress insult following immediate implantation into the 
arterial circulation, venous endothelial cells activate several 
inflammatory acute mechanisms. Following, there is activa-
tion of a more prolonged (chronic) inflammatory response, 
including increased ROS generation and expression of adhe-
sion molecules, cytokines, and chemokines. Late stage of 
graft failure is characterized by the prolonged development 
of superimposed atherosclerosis on the vessel wall and 
occurs in approximately 50–60% of grafts within 10 years 
[45]. There is a consensus that the endothelial dysfunction 
characterized by reduced NO and  PGI2 availability, accom-
panied by elevated rates of  O2

•− and  ONOO− are responsible 
for producing a highly atherogenic environment which is 
directly involved in vascular smooth muscle proliferation 
and vein graft failure [15].

In addition, altered venous endothelial function 
appears to be associated with chronic venous disease. 

Inf lammatory responses activated by dysfunctional 
endothelial cells can contribute to venular degeneration 
and venous insufficiency, leading to improper blood return 
from the lower extremities to the heart, and accounting 
for a range of clinical presentations including tortuous, 
distended veins in lower extremities, increasing skin pig-
mentation, and in severe cases, ulceration of the affected 
skin. Patients with varicose veins exhibit increased syn-
thesis of endothelial-derived pro-inflammatory molecules 
and reduced vasodilation in response to acetylcholine, an 
endothelium-dependent mediator [46]. In view of this, 
authors have suggested that further clinical studies should 
consider the valid usefulness of antioxidants for the pre-
vention and treatment of venous insufficiency [47].

In summary, the venous endothelium plays a central 
role in vascular physiology. However, to our knowledge, it 
is still an unexplored site since few and inconclusive stud-
ies have pointed to differences in endothelial NO and ROS 
production between veins and arteries [42, 48]. Indeed, the 
capacity of the venous endothelial cell in the management 
of its redox state might be decisive in several vascular situ-
ations. In view of this, the major contribution of our study 
is the demonstration that luteolin is effective in reducing 
ROS thereby improving NO availability in cultured venous 
endothelial cells. Furthermore, these results also suggest 
that luteolin-induced decrease in 3-NT residues may cor-
relate with the enhancement in endothelial  PGI2 bioavaila-
bility. These findings suggest the future application of this 
flavonoid as a protective agent by improving endothelial 
function in several circulatory disorders related to venous 
insufficiency.

Acknowledgements The authors are grateful to Wilson Dias Segura 
for technical assistance. This study was supported by grants from 
Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) 
(2017/22028-5; 2017/21834-8), Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior (CAPES), and Conselho Nacional de Desen-
volvimento Científico e Tecnológico (CNPq).

Author contributions H.C.R.A.: Conceptualization; Methodology; 
Investigation. Y.M.C.C.: Conceptualization; Methodology; Investiga-
tion. J.S.B.: Conceptualization; Methodology; Investigation. R.C.T.G.: 
Conceptualization; Visualization; Funding acquisition. L.F.: Writ-
ing—Review & Editing; Supervision; Project administration; Fund-
ing acquisition.

Funding This study was supported by grants from Fundação de 
Amparo à Pesquisa do Estado de São Paulo (FAPESP) (2017/22028-
5; 2017/21834-8), Coordenação de Aperfeiçoamento de Pessoal de 
Nível Superior (CAPES), and Conselho Nacional de Desenvolvimento 
Científico e Tecnológico (CNPq).

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.



 Molecular and Cellular Biochemistry

1 3

Ethical approval All procedures were approved and performed in 
accordance with the guidelines of the Ethics Committee of UNIFESP 
(Protocol No. 2689270319).

References

 1. Nabavi SF, Braidy N, Gortzi O et al (2015) Luteolin as an anti-
inflammatory and neuroprotective agent: a brief review. Brain Res 
Bull 119:1–11. https ://doi.org/10.1016/j.brain resbu ll.2015.09.002

 2. Luo Y, Shang P, Li D (2017) Luteolin: a flavonoid that has multi-
ple cardio-protective effects and its molecular mechanisms. Front 
Pharmacol 8:1–10. https ://doi.org/10.3389/fphar .2017.00692 

 3. Cordaro M, Cuzzocrea S, Crupi R (2020) An update of palmi-
toylethanolamide and luteolin effects in preclinical and clinical 
studies of neuroinflammatory events. Antioxidants 9:216. https ://
doi.org/10.3390/antio x9030 216

 4. Yi L, Chen CY, Jin X et al (2012) Differential suppression of 
intracellular reactive oxygen species-mediated signaling path-
way in vascular endothelial cells by several subclasses of flavo-
noids. Biochimie 94:2035–2044. https ://doi.org/10.1016/j.bioch 
i.2012.05.027

 5. Duarte J, Francisco V, Perez-Vizcaino F (2014) Modulation of 
nitric oxide by flavonoids. Food Funct 5:1653–1668. https ://doi.
org/10.1039/c4fo0 0144c 

 6. López-López G, Moreno L, Cogolludo A et al (2004) Nitric oxide 
(NO) scavenging and NO protecting effects of quercetin and their 
biological significance in vascular smooth muscle. Mol Pharmacol 
65:851–859. https ://doi.org/10.1124/mol.65.4.851

 7. Versari D, Daghini E, Virdis A et  al (2009) Endothelium-
dependent contractions and endothelial dysfunction in human 
hypertension. Br J Pharmacol 157:527–536. https ://doi.org/10.1
111/j.1476-5381.2009.00240 .x

 8. Félétou M, Huang Y, Vanhoutte PM (2011) Endothelium-
mediated control of vascular tone: COX-1 and COX-2 prod-
ucts. Br J Pharmacol 164:894–912. https ://doi.org/10.111
1/j.1476-5381.2011.01276 .x

 9. Vanhoutte PM, Zhao Y, Xu A, Leung SWS (2016) Thirty years 
of saying NO. Circ Res 119:375–396. https ://doi.org/10.1161/
CIRCR ESAHA .116.30653 1

 10. Tang EHC, Vanhoutte PM (2008) Gene expression changes of 
prostanoid synthases in endothelial cells and prostanoid receptors 
in vascular smooth muscle cells caused by aging and hyperten-
sion. Physiol Genomics 32:409–418. https ://doi.org/10.1152/physi 
olgen omics .00136 .2007

 11. Feletou M, Tang EHC, Vanhoutte PM (2008) Nitric oxide the 
gatekeeper of endothelial vasomotor control. Front Biosci 
13:4198–4217. https ://doi.org/10.2741/3000

 12. Ischiropoulos H (2009) Protein tyrosine nitration—an update. 
Arch Biochem Biophys 484:117–121. https ://doi.org/10.1016/j.
abb.2008.10.034

 13. Forman HJ, Ursini F, Maiorino M (2014) An overview of mecha-
nisms of redox signaling. J Mol Cell Cardiol 73:2–9. https ://doi.
org/10.1016/j.yjmcc .2014.01.018

 14. Rothe CF (1993) Mean circulatory filling pressure: its mean-
ing and measurement. J Appl Physiol 74:499–509. https ://doi.
org/10.1152/jappl .1993.74.2.499

 15. Ward AO, Caputo M, Angelini GD et al (2017) Activation and 
inflammation of the venous endothelium in vein graft disease. 
Atherosclerosis 265:266–274. https ://doi.org/10.1016/j.ather oscle 
rosis .2017.08.023

 16. Trindade MR, Assunção HCR, Torres TC et al (2018) Venous 
endothelium reactivity to angiotensin II: a study in primary 

endothelial cultures of rat vena cava and portal vein. Exp Cell 
Res 362:188–194. https ://doi.org/10.1016/j.yexcr .2017.11.016

 17. Nakatsubo N, Kojima H, Kikuchi K et al (1998) Direct evi-
dence of nitric oxide production from bovine aortic endothe-
lial cells using new fluorescence indicators: diaminofluores-
ceins. FEBS Lett 427:263–266. https ://doi.org/10.1016/S0014 
-5793(98)00440 -2

 18. Bindokas VP, Jordán J, Lee CC, Miller RJ (1996) Superox-
ide production in rat hippocampal neurons: selective imag-
ing with hydroethidine. J Neurosci 16:1324–1336. https ://doi.
org/10.1523/jneur osci.16-04-01324 .1996

 19. Pueyo ME, Gonzalez W, Nicoletti A et al (2000) Angiotensin 
II stimulates endothelial vascular cell adhesion molecule-1 via 
nuclear factor-κB activation induced by intracellular oxidative 
stress. Arterioscler Thromb Vasc Biol 20:645–651. https ://doi.
org/10.1161/01.ATV.20.3.645

 20. Seelinger G, Merfort I, Schempp CM (2008) Anti-oxidant, anti-
inflammatory and anti-allergic activities of luteolin. Planta Med 
74:1667–1677. https ://doi.org/10.1055/s-0028-10883 14

 21. Nakayama A, Morita H, Nakao T et al (2015) A food-derived 
flavonoid luteolin protects against angiotensin II-induced car-
diac remodeling. PLoS One 10:1–15. https ://doi.org/10.1371/
journ al.pone.01371 06

 22. Su J, Xu HT, Yu JJ et al (2015) Luteolin ameliorates hyper-
tensive vascular remodeling through inhibiting the prolifera-
tion and migration of vascular smooth muscle cells. Evidence-
Based Complementary Altern Med 2015:364876. https ://doi.
org/10.1155/2015/36487 6

 23. Kamkaew N, Paracha TU, Ingkaninan K et al (2019) Vasodila-
tory effects and mechanisms of action of bacopa monnieri active 
compounds on rat mesenteric arteries. Molecules 24:1–11. https 
://doi.org/10.3390/molec ules2 41222 43

 24. Jiang H, Xia Q, Wang X et al (2005) Luteolin induces vasore-
laxion in rat thoracic aorta via calcium and potassium channels. 
Pharmazie 60:444–447

 25. Si H, Wyeth RP, Liu D (2014) The flavonoid luteolin induces 
nitric oxide production and arterial relaxation. Eur J Nutr 
53:269–275. https ://doi.org/10.1007/s0039 4-013-0525-7

 26. Wu J, Xu X, Li Y et al (2014) Quercetin, luteolin and epigallo-
catechin gallate alleviate TXNIP and NLRP3-mediated inflam-
mation and apoptosis with regulation of AMPK in endothelial 
cells. Eur J Pharmacol 745:59–68. https ://doi.org/10.1016/j.
ejpha r.2014.09.046

 27. Ou HC, Pandey S, Hung MY et al (2019) Luteolin: a natural 
flavonoid enhances the survival of HUVECs against oxidative 
stress by modulating AMPK/PKC pathway. Am J Chin Med 
47:541–557. https ://doi.org/10.1142/S0192 415X1 95002 89

 28. Abbasi N, Akhavan MM, Rahbar-Roshandel N, Shafiei M 
(2014) The effects of low and high concentrations of luteolin on 
cultured human endothelial cells under normal and glucotoxic 
conditions: involvement of integrin-linked kinase and cyclooxy-
genase-2. Phytother Res 28:1301–1307. https ://doi.org/10.1002/
ptr.5128

 29. El-Bassossy HM, Abo-Warda SM, Fahmy A (2013) Chrysin 
and luteolin attenuate diabetes-induced impairment in endothe-
lial-dependent relaxation: effect on lipid profile, AGEs and NO 
generation. Phyther Res 27:1678–1684. https ://doi.org/10.1002/
ptr.4917

 30. Gentile D, Fornai M, Pellegrini C et al (2018) Luteolin prevents 
cardiometabolic alterations and vascular dysfunction in mice 
with HFD-induced obesity. Front Pharmacol 9:1–13. https ://doi.
org/10.3389/fphar .2018.01094 

 31. Zhu M, Chen D, Li D et al (2013) Luteolin inhibits angiotensin 
II-induced human umbilical vein endothelial cell proliferation and 
migration through downregulation of src and Akt phosphoryla-
tion. Circ J 77:772–779. https ://doi.org/10.1253/circj .CJ-12-0310

https://doi.org/10.1016/j.brainresbull.2015.09.002
https://doi.org/10.3389/fphar.2017.00692
https://doi.org/10.3390/antiox9030216
https://doi.org/10.3390/antiox9030216
https://doi.org/10.1016/j.biochi.2012.05.027
https://doi.org/10.1016/j.biochi.2012.05.027
https://doi.org/10.1039/c4fo00144c
https://doi.org/10.1039/c4fo00144c
https://doi.org/10.1124/mol.65.4.851
https://doi.org/10.1111/j.1476-5381.2009.00240.x
https://doi.org/10.1111/j.1476-5381.2009.00240.x
https://doi.org/10.1111/j.1476-5381.2011.01276.x
https://doi.org/10.1111/j.1476-5381.2011.01276.x
https://doi.org/10.1161/CIRCRESAHA.116.306531
https://doi.org/10.1161/CIRCRESAHA.116.306531
https://doi.org/10.1152/physiolgenomics.00136.2007
https://doi.org/10.1152/physiolgenomics.00136.2007
https://doi.org/10.2741/3000
https://doi.org/10.1016/j.abb.2008.10.034
https://doi.org/10.1016/j.abb.2008.10.034
https://doi.org/10.1016/j.yjmcc.2014.01.018
https://doi.org/10.1016/j.yjmcc.2014.01.018
https://doi.org/10.1152/jappl.1993.74.2.499
https://doi.org/10.1152/jappl.1993.74.2.499
https://doi.org/10.1016/j.atherosclerosis.2017.08.023
https://doi.org/10.1016/j.atherosclerosis.2017.08.023
https://doi.org/10.1016/j.yexcr.2017.11.016
https://doi.org/10.1016/S0014-5793(98)00440-2
https://doi.org/10.1016/S0014-5793(98)00440-2
https://doi.org/10.1523/jneurosci.16-04-01324.1996
https://doi.org/10.1523/jneurosci.16-04-01324.1996
https://doi.org/10.1161/01.ATV.20.3.645
https://doi.org/10.1161/01.ATV.20.3.645
https://doi.org/10.1055/s-0028-1088314
https://doi.org/10.1371/journal.pone.0137106
https://doi.org/10.1371/journal.pone.0137106
https://doi.org/10.1155/2015/364876
https://doi.org/10.1155/2015/364876
https://doi.org/10.3390/molecules24122243
https://doi.org/10.3390/molecules24122243
https://doi.org/10.1007/s00394-013-0525-7
https://doi.org/10.1016/j.ejphar.2014.09.046
https://doi.org/10.1016/j.ejphar.2014.09.046
https://doi.org/10.1142/S0192415X19500289
https://doi.org/10.1002/ptr.5128
https://doi.org/10.1002/ptr.5128
https://doi.org/10.1002/ptr.4917
https://doi.org/10.1002/ptr.4917
https://doi.org/10.3389/fphar.2018.01094
https://doi.org/10.3389/fphar.2018.01094
https://doi.org/10.1253/circj.CJ-12-0310


Molecular and Cellular Biochemistry 

1 3

 32. Matsuo M, Sasaki N, Saga K, Kaneko T (2005) Cytotoxicity of 
flavonoids toward cultured normal human cells. Biol Pharm Bull 
28:253–259. https ://doi.org/10.1248/bpb.28.253

 33. Yi L, Jin X, Chen CY et al (2011) Chemical structures of 4-oxo-
flavonoids in relation to inhibition of oxidized low-density lipo-
protein (LDL)-induced vascular endothelial dysfunction. Int J Mol 
Sci 12:5471–5489. https ://doi.org/10.3390/ijms1 20954 71

 34. Fernandes DC, Wosniak J, Pescatore LA et al (2006) Analysis 
of DHE-derived oxidation products by HPLC in the assessment 
of superoxide production and NADPH oxidase activity in vas-
cular systems. AJP Cell Physiol 292:C413–C422. https ://doi.
org/10.1152/ajpce ll.00188 .2006

 35. Nazarewicz RR, Bikineyeva A, Dikalov SI (2013) Rapid and spe-
cific measurements of superoxide using fluorescence spectros-
copy. J Biomol Screen 18:498–503. https ://doi.org/10.1177/10870 
57112 46876 5

 36. Tarpey MM, Beckman JS, Ischiropoulos H et al (1995) Perox-
ynitrite stimulates vascular smooth muscle cell cyclic GMP syn-
thesis. FEBS Lett 364:314–318. https ://doi.org/10.1016/0014-
5793(95)00413 -4

 37. Zou MH, Ullrich V (1996) Peroxynitrite formed by simultane-
ous generation of nitric oxide and superoxide selectively inhibits 
bovine aortic prostacyclin synthase. FEBS Lett 382:101–104. 
https ://doi.org/10.1016/0014-5793(96)00160 -3

 38. Zou M, Martin C, Ullrich V (1997) Tyrosine nitration as a 
mechanism of selective inactivation of prostacyclin synthase by 
peroxynitrite. Biol Chem 378:707–713. https ://doi.org/10.1515/
bchm.1997.378.7.707

 39. Zou MH (2007) Peroxynitrite and protein tyrosine nitration of 
prostacyclin synthase. Prostaglandins Other Lipid Mediators 
82:119–127. https ://doi.org/10.1016/j.prost aglan dins.2006.05.005

 40. Polagruto JA, Schramm DD, Wang-Polagruto JF et al (2003) 
Effects of flavonoid-rich beverages on prostacyclin synthesis 
in humans and human aortic endothelial cells: association with 
ex vivo platelet function. J Med Food 6:301–308. https ://doi.
org/10.1089/10966 20037 72519 840

 41. Furchgott RF, Zawadzki JV (1980) The obligatory role of endothe-
lial cells in the relaxation of arterial smooth muscle by acetylcho-
line. Nature 288:373–376. https ://doi.org/10.1038/28837 3a0

 42. Rubira MC, Consolim-Colombo FM, Rabelo ER et al (2007) 
Venous or arterial endothelium evaluation for early cardiovascular 
dysfunction in hypertensive patients? J Clin Hypertens (Green-
wich) 9:859–865. https ://doi.org/10.1111/j.1524-6175.2007.06643 
.x

 43. Gresele P, Momi S, Migliacci R (2010) Endothelium, venous 
thromboembolism and ischaemic cardiovascular events. Thromb 
Haemost 103:56–61. https ://doi.org/10.1160/TH09-08-0562

 44. Newby AC, Zaltsman AB (2000) Molecular mechanisms 
in intimal hyperplasia. J Pathol 190:300–309. https ://doi.
org/10.1002/(SICI)1096-9896(20000 2)190:3<300::AID-PATH5 
96>3.0.CO;2-I

 45. Sabik JF (2011) Understanding saphenous vein graft patency. 
Circulation 124:273–275. https ://doi.org/10.1161/CIRCU LATIO 
NAHA.111.03984 2

 46. Pocock ES, Alsaigh T, Mazor R, Schmid-Schönbein GW (2014) 
Cellular and molecular basis of venous insufficiency. Vasc Cell 
6:1–8. https ://doi.org/10.1186/s1322 1-014-0024-5

 47. Horecka A, Biernacka J, Hordyjewska A et al (2018) Antioxi-
dative mechanism in the course of varicose veins. Phlebology 
33:464–469. https ://doi.org/10.1177/02683 55517 72105 5

 48. Szasz T, Thakali K, Fink GD, Watts SW (2007) A comparison 
of arteries and veins in oxidative stress: producers, destroyers, 
function, and disease. Exp Biol Med 232:27–37. https ://doi.
org/10.3181/00379 727-207-23200 27

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1248/bpb.28.253
https://doi.org/10.3390/ijms12095471
https://doi.org/10.1152/ajpcell.00188.2006
https://doi.org/10.1152/ajpcell.00188.2006
https://doi.org/10.1177/1087057112468765
https://doi.org/10.1177/1087057112468765
https://doi.org/10.1016/0014-5793(95)00413-4
https://doi.org/10.1016/0014-5793(95)00413-4
https://doi.org/10.1016/0014-5793(96)00160-3
https://doi.org/10.1515/bchm.1997.378.7.707
https://doi.org/10.1515/bchm.1997.378.7.707
https://doi.org/10.1016/j.prostaglandins.2006.05.005
https://doi.org/10.1089/109662003772519840
https://doi.org/10.1089/109662003772519840
https://doi.org/10.1038/288373a0
https://doi.org/10.1111/j.1524-6175.2007.06643.x
https://doi.org/10.1111/j.1524-6175.2007.06643.x
https://doi.org/10.1160/TH09-08-0562
https://doi.org/10.1002/(SICI)1096-9896(200002)190:3<300::AID-PATH596>3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9896(200002)190:3<300::AID-PATH596>3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9896(200002)190:3<300::AID-PATH596>3.0.CO;2-I
https://doi.org/10.1161/CIRCULATIONAHA.111.039842
https://doi.org/10.1161/CIRCULATIONAHA.111.039842
https://doi.org/10.1186/s13221-014-0024-5
https://doi.org/10.1177/0268355517721055
https://doi.org/10.3181/00379727-207-2320027
https://doi.org/10.3181/00379727-207-2320027

	Protective effects of luteolin on the venous endothelium
	Abstract
	Introduction
	Methods
	Cell culture and viability
	Confocal imaging studies for NO and ROS detections
	NO and ROS detection by spectrofluorimetry
	3-NT detection by immunofluorescence
	Determination of PGI2 levels by enzyme immunoassay
	Statistical analysis
	Drugs and reagents


	Results
	Cell culture and viability
	NO production
	ROS production
	Tyrosine residues nitration
	PGI2 levels

	Discussion
	Acknowledgements 
	References




