
fphar-09-01094 September 22, 2018 Time: 13:41 # 1

ORIGINAL RESEARCH
published: 25 September 2018
doi: 10.3389/fphar.2018.01094

Edited by:
Concepción Peiró,

Universidad Autónoma de Madrid,
Spain

Reviewed by:
Luciana Venturini Rossoni,

Universidade de São Paulo, Brazil
Barbara Kathryn Kemp-Harper,

Monash University, Australia

*Correspondence:
Carolina Pellegrini

carolina.pellegrini87@gmail.com

Specialty section:
This article was submitted to

Cardiovascular and Smooth Muscle
Pharmacology,

a section of the journal
Frontiers in Pharmacology

Received: 15 March 2018
Accepted: 07 September 2018
Published: 25 September 2018

Citation:
Gentile D, Fornai M, Pellegrini C,

Colucci R, Benvenuti L, Duranti E,
Masi S, Carpi S, Nieri P, Nericcio A,

Garelli F, Virdis A, Pistelli L, Blandizzi C
and Antonioli L (2018) Luteolin

Prevents Cardiometabolic Alterations
and Vascular Dysfunction in Mice

With HFD-Induced Obesity.
Front. Pharmacol. 9:1094.

doi: 10.3389/fphar.2018.01094

Luteolin Prevents Cardiometabolic
Alterations and Vascular Dysfunction
in Mice With HFD-Induced Obesity
Daniela Gentile1, Matteo Fornai1, Carolina Pellegrini1* , Rocchina Colucci2,
Laura Benvenuti1, Emiliano Duranti1, Stefano Masi1, Sara Carpi3, Paola Nieri3,4,
Anna Nericcio2, Francesca Garelli2, Agostino Virdis1, Laura Pistelli4,5, Corrado Blandizzi1

and Luca Antonioli1

1 Department of Clinical and Experimental Medicine, University of Pisa, Pisa, Italy, 2 Department of Pharmaceutical and
Pharmacological Sciences, University of Padova, Padova, Italy, 3 Department of Pharmacy, University of Pisa, Pisa, Italy,
4 Interdepartmental Research Center “Nutraceuticals and Food for Health”, University of Pisa, Pisa, Italy, 5 Department of
Agriculture, Food and Environment, University of Pisa, Pisa, Italy

Purpose: Luteolin exerts beneficial effects against obesity-associated comorbidities,
although its influence on vascular dysfunction remains undetermined. We examined the
effects of luteolin on endothelial dysfunction in a mouse model of diet-induced obesity.

Methods: Standard diet (SD) or high-fat diet (HFD)-fed mice were treated daily with
luteolin intragastrically. After 8 weeks, body and epididymal fat weight, as well as
blood cholesterol, glucose, and triglycerides were evaluated. Endothelium-dependent
relaxations of resistance mesenteric vessels was assessed by a concentration-response
curve to acetylcholine, repeated upon Nw-nitro-L-arginine methylester (L-NAME) or
ascorbic acid infusion to investigate the influence of nitric oxide (NO) availability
and reactive oxygen species (ROS) on endothelial function, respectively. Intravascular
ROS production and TNF levels were measured by dihydroethidium dye and ELISA,
respectively. Endothelial NO synthase (eNOS) and superoxide dismutase 1 (SOD1), as
well as microRNA-214-3p expression were examined by Western blot and RT-PCR
assays, respectively.

Results: HFD animals displayed elevated body weight, epididymal fat weight and
metabolic indexes. Endothelium-dependent relaxation was resistant to L-NAME and
enhanced by ascorbic acid, which restored also the inhibitory effect of L-NAME,
suggesting a ROS-dependent reduction of NO availability in HFD vessels. Moreover,
media-lumen ratio, intravascular superoxide anion and TNF levels were increased,
while vascular eNOS, SOD1, and microRNA-214-3p expression were decreased. In
HFD mice, luteolin counteracted the increase in body and epididymal fat weight, and
metabolic alterations. Luteolin restored vascular endothelial NO availability, normalized
the media-lumen ratio, decreased ROS and TNF levels, and normalized eNOS, SOD1
and microRNA-214-3p expression.

Conclusion: Luteolin prevents systemic metabolic alterations and vascular dysfunction
associated with obesity, likely through antioxidant and anti-inflammatory mechanisms.
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INTRODUCTION

Obesity represents a major public health and economic problem
of global significance that reflects behavioral changes in modern
society, including the greater intake of fat-rich food and sedentary
lifestyle (World Health Organization [WHO] and Global Health
Observatory [GHO], 2014). Obesity is a challenge for global
public health, particularly with regard for its implications
in several chronic diseases, including cardiovascular diseases
(Poirier et al., 2006). Over the last two decades, it has
been increasingly recognized that the excessive accumulation
of adipose tissue exerts remarkable adverse effects on the
vascular system (Poirier et al., 2006; Virdis et al., 2011).
In particular, perivascular adipose tissue (PVAT) can directly
modulate vascular tone through the secretion of a variety of
pro-inflammatory cytokines that in turn give rise to oxidative
stress, thereby impairing vascular function (Elmarakby and
Imig, 2010; Chatterjee et al., 2013; Virdis, 2016; Reho and
Rahmouni, 2017). Of note, endothelial dysfunction, which is
an early manifestation of altered vascular homeostasis due to
exposure to cardiovascular risk factors, is a predictive index of
cardiovascular events in high-risk patients (Lerman and Zeiher,
2005). Indeed, endothelial dysfunction is generally characterized
by an increased level of vascular wall oxidative stress, supported
mainly by reactive oxygen species (ROS). This leads to a greater
NO consumption, resulting ultimately in an impairment of
endothelial-dependent vasorelaxation (Furukawa et al., 2004;
Heistad, 2006; Munzel et al., 2010; Sena et al., 2013). Data from
animal studies have provided compelling evidence that high-fat
diet (HFD) leads to both functional and structural changes in
the vasculature. In particular, HFD-induced obesity has been
reported to alter vascular reactivity (vasoconstriction) and to
increase cardiac mass in mice (Calligaris et al., 2013), along with
an increase in both inflammation and oxidative stress, strongly
implicated in the onset of endothelial dysfunction (Gamez-
Mendez et al., 2015).

Currently, there is a great interest in the therapeutic
potential of curative plants. Their beneficial effects have been
largely attributed to their contents in phenolic compounds,
with particular regard for flavonoid derivatives endowed
with antioxidant and anti-inflammatory properties (Siasos
et al., 2013). Both clinical and animal studies have suggested
that antioxidant-rich diets could protect against free radical
production and oxidative damage, with a consequent prevention
of obesity and related comorbidities (Gentile et al., 2018).

Luteolin, known as 3′,4′,5,7-tetrahydroxyflavone, is one of
the most common polyphenolic flavonoids present in several
medicinal herbs, fruits and vegetables (Lopez-Lazaro, 2009).
Luteolin exerts a variety of pharmacological actions, including
antioxidant, anti-inflammatory, antimicrobial, and anticancer
effects (Lopez-Lazaro, 2009). Previous in vitro and in vivo
investigations documented its beneficial effects on inflammation
and oxidative stress associated with cardiovascular diseases (Qian
et al., 2010; Si et al., 2014; Jia et al., 2015).

Recent data suggested also that this flavonoid reduces hepatic
steatosis and insulin resistance (El-Bassossy et al., 2013; Xu
et al., 2014; Kwon et al., 2015), inhibits cholesterol biosynthesis

(Gebhardt, 2002) and increases endothelial NO synthase (eNOS)
gene expression (Li et al., 2004). However, the effects of luteolin
on obesity-related endothelial dysfunction have not been clarified
yet. Therefore, in this study we investigated the impact of luteolin
on endothelial dysfunction in a mouse model of diet-induced
obesity. Of note, the HFD mouse model is routinely employed
to assess the pathophysiological complications associated with
obesity, such as cardiovascular disorders and, more specifically,
those related to endothelial functions (Rosini et al., 2012). In
this respect, data obtained from these mice have a valuable
translational potential for human settings.

MATERIALS AND METHODS

Animals
All experiments were approved by the Ethical Committee
for Animal Experimentation at the University of Pisa and
the Italian Ministry of Health (authorization n◦744/2015-PR).
Animal care and handling were carried out in accordance with
the indications of the European Community Council Directive
2010/63/UE, recognized and adopted by the Italian Government.
Experiments were performed on six-week-old male C57BL/6
mice (20–22 g body weight) purchased from ENVIGO Srl (San
Pietro al Natisone, Italy). Mice were housed for 1 week in
stainless-steel cages in a temperature-controlled (22–24◦C) room
with a 12:12 h light/dark cycle and 50–60% relative humidity.
Mice were allowed access to diets and water ad libitum. At
the end of in vivo procedures, animals were fasted overnight,
anaesthetized using chloral hydrate, and sacrificed by cervical
dislocation. Blood samples (50 µl) were taken by tail incision
and collected in tubes containing heparin to analyze systemic
metabolic parameters. Epididymal adipose tissue was removed
and weighted. Mesenteric vessels were rapidly excised, cleaned
of connective tissue and used for the functional evaluation
of endothelium-dependent and -independent relaxation. Other
portions of mesenteric arteries were stored at−80◦C until needed
for further analysis.

Experimental Procedures
To induce obesity, mice were fed with HFD (60% kcal from
fat, TD 06414) for 8 weeks. Control animals remained on SD
(18% kcal from fat; TD 2018), which was initially administered
to all mice during the first week after their delivery to the
laboratory. HFD provided 18.3% kcal as proteins, 21.4% kcal
as carbohydrates and 60.8% kcal as fat (5.1 kcal/g), whereas
SD provided 24% kcal as proteins, 58% kcal as carbohydrates
and 18% kcal as fat (3.1 kcal/g). Subgroups of mice fed
with SD or HFD were randomly assigned to one of the four
experimental groups (n = 5 per group): (1) SD; (2) SD treated with
luteolin (10 mg/Kg/day); (3) HFD; (4) HFD treated with luteolin
(10 mg/Kg/day). Luteolin (Sigma Chemicals Co., St. Louis, MO,
United States) or its vehicle (0.3% carboxymethylcellulose) was
administered by oral gavage once daily, starting the first day of
HFD administration, and its dose was selected in accordance with
a previous report (Liu et al., 2014). Throughout the experimental
period, changes in body weight were recorded weekly.
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Blood Cholesterol, Triglycerides, and
Glucose Determinations
Total blood cholesterol, triglycerides, and glucose were assayed
using MULTICARE IN (Biochemical Systems International Srl,
Arezzo, Italy) in accordance with the manufacturer’s protocols.

Preparation of Small Mesenteric Arteries
for Functional Experiments
After dissection, the first branch of mesenteric artery was placed
in cold (4◦C) physiological salt solution (PSS) containing (in
mmol/L): NaCl 120, NaHCO3 25, KCl 4.7, KH2PO4 1.18, MgSO4
1.18, CaCl2 2.5, EDTA 0.026, and glucose 5.5, as previously
published (Virdis et al., 2003). A second-order branch of the
mesenteric arterial tree (≈2 mm in length) was dissected and
mounted on 2-glass microcannule in a pressurized myograph,
as previously described (Virdis et al., 2007). Vessels were
equilibrated for 60 min under constant intraluminal pressure
(45 mmHg) in warmed (37◦C) and bubbled (95% air and
5% CO2) PSS, at pH 7.4. Vessels were considered viable and
used if they constricted >70% of their resting lumen diameter
in response to an extraluminal application of high-potassium

solution (125 mmol/L of KCl) containing 100 µmol/L of
noradrenaline (NA).

Vascular Remodeling and Endothelial
Function
Endothelial-dependent and independent vasorelaxation in all
experimental groups (n = 5 each group) were defined
by the vasodilatory response to cumulative concentrations
of Ach (0.001–100 µM) and sodium nitroprusside (0.01–
100 µM), respectively. All experiments were performed in vessels
precontracted with NA (10 µM). To ensure an equal NA-induced
contractility in vessels from SD, SD treated with luteolin, HFD
and HFD treated with luteolin mice, we performed preliminary
experiments to assess the amount of vasoconstriction induced
by increasing NA concentrations (from 1 nM to 100 µM). The
results of these experiments showed that NA 10 µmol/L was able
to elicit similar contractions among different groups (data not
shown), thus such a concentration was selected for functional
experiments.

To evaluate the proportion of endothelial-dependent
vasodilation due to NO availability, concentration-response
curves ACh were constructed after 30 min pre-incubation with

FIGURE 1 | (A) Body weight gain (%) in mice fed with SD, SD plus treatment with luteolin (10 mg/Kg/day), HFD or HFD plus treatment with luteolin (10 mg/Kg/day)
for 8 weeks. Each point represents the mean ± SEM of five animals. aP < 0.05 significant difference vs. SD at the respective week; ∗P < 0.05 significant difference
vs. HFD at the respective week. (B) Epididymal fat weight in mice fed with SD, SD plus treatment with luteolin (10 mg/Kg/day), HFD or HFD plus treatment with
luteolin (10 mg/Kg/day) for 8 weeks. Each column represents the mean ± SEM of five animals. cP < 0.001, significant difference vs. SD; #P < 0.001 significant
difference vs. HFD. Statistics: two-way analysis of variance followed by Newman–Keuls test.
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the NOS inhibitor Nw-nitro-L-arginine methylester [(L-NAME)
100 µM, Sigma Co., St. Louis, MO, United States]. To assess the
influence of ROS on NO availability, concentration-response
curves to ACh were repeated in the presence of the antioxidant
ascorbic acid (100 µM, Sigma, 30-min pre-incubation). Finally,
to estimate whether ROS generation could impair NO-mediated
endothelium-dependent relaxation, ACh was infused during
simultaneous incubation with L-NAME and ascorbic acid.

Vessels were then deactivated by perfusion with Ca2+-free PSS
containing 10 mmol/L EGTA for 30 min. Media thickness and
lumen diameter were measured in three different points from
each small artery to obtain the media-lumen ratio (M/L), with
intraluminal pressure at 45 mmHg (Virdis et al., 2003). Media
cross-sectional area (MCSA) was obtained by subtraction of the
internal from the external cross-sectional areas using external
plus lumen diameters, as previously described (Bruno et al.,
2017).

Detection of Vascular Superoxide Anion
Generation
The in situ production of superoxide anion from 30 mm
frozen mesenteric vessel sections was evaluated at the confocal
microscope by means of the fluorescent dye dihydroethidium
[(DHE), Sigma], as previously described (Virdis et al., 2015).
Three slides per segment were analyzed simultaneously after
incubation with Krebs solution at 37◦C for 30 min. Krebs-HEPES
buffer containing 2 µM DHE was then applied to each section
and evaluated under fluorescence microscopy. In the presence
of superoxide, DHE undergoes oxidation and intercalates in
cell DNA, thus staining the nucleus with red fluorescence
(excitation at 488 nm, emission 610 nm). The percentage of
arterial wall area stained with the red signal was normalized to
the total area examined and quantified using an imaging analysis
software (McBiophotonics Image J; National Institutes of Health,
Bethesda, MD, United States).

Assay of TNF in Mesenteric Arteries
Tissue TNF levels were measured with enzyme-linked
immunosorbent assay (ELISA) kit (BioSource International,
Camarillo, CA, United States), as previously described (Antonioli
et al., 2010). For this purpose, mesenteric vessels (30 mg), stored
previously at −80◦C, were weighed, thawed, and homogenized
in 300 µl of ice-cold lysis buffer (200 mM NaCl, 5 m MEDTA,
10 mMTris, 10% glycerine, 1 mM phenylmethylsulfonyl
fluoride, 1 mg/ml leupeptin, and 28 mg/ml aprotinin,
pH 7.4), and centrifuged at 13,400g for 20 min. Aliquots
(100 µl) of the supernatants were then used for assay. Tissue
TNF levels were expressed as picogram per milligram of
tissue.

Western Blot Analysis
Samples of mesenteric arteries were homogenized using an
assay lysis buffer (Protease Inhibitor Cocktail Tablet, Roche,
Indianapolis, IN, United States). Homogenates were spun by
centrifugation at 20,000 rpm for 15 min at 4◦C. Supernatants
were then separated from pellets and stored at −80◦C. Protein

FIGURE 2 | (A) Total cholesterol, (B) glucose, and (C) triglycerides in mice fed
with SD, SD plus treatment with luteolin (10 mg/Kg/day), HFD or HFD plus
treatment with luteolin (10 mg/Kg/day) for 8 weeks. Each column represents
the mean ± SEM of five animals. aP < 0.05, bP < 0.01 significant difference
vs. SD; ∗P < 0.05, $P < 0.01 significant difference vs. HFD. Statistics:
two-way analysis of variance followed by Newman–Keuls test.

concentration was determined by the Bradford method
(Protein Assay Kit; Bio-Rad, Hercules, CA, United States).
Equivalent amounts of protein lysates (50 µg) were separated
by 4–10% SDS–PAGE for immunoblotting. After transfer
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FIGURE 3 | Endothelial-dependent relaxations of mesenteric resistance arteries to acetylcholine in mice fed with SD (A), SD plus treatment with luteolin
(10 mg/Kg/day) (B), HFD (C), or HFD plus treatment with luteolin (10 mg/Kg/day) (D) for 8 weeks. Each point represents the mean ± SEM of five animals.
aP < 0.05, bP < 0.01 significant difference vs. saline. Statistics: two-way analysis of variance followed by Newman–Keuls test.

onto a polyvinylidene fluoride membrane, the blots were
blocked and incubated overnight with rabbit anti-eNOS [NOS3
(C20): SC-654; Santa Cruz Biotechnology, Santa Cruz, CA,
United States] or anti-SOD1 antibodies [SOD1: GTX100554;
GeneTex, Irvine, CA, United States]. After repeated washings
with Tris-Buffered saline and Tween 20 buffer, appropriate
secondary peroxidase-conjugated antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA, United States) were added
for 1 h at room temperature. Immunoreactive bands were
then visualized by incubation with chemiluminescent reagents
(Immobilon reagent; Millipore, Billerica, MA, United States)
and examined by Kodak Image Station 440 (Celbio, Milan,
Italy) for signal detection. To ensure equal sample loading,
blots were stripped and reprobed for determination of

β-actin by a specific antibody (P5747; Sigma-Aldrich, Milan,
Italy).

Evaluation of Tissue miR-214-3p
Expression
Total microRNAs were extracted and purified from frozen
mesenteric vessels by using miRNeasy Mini Kit (Qiagen,
Germany). Reverse transcription of the extracted miRNAs
was performed by the miScript Reverse Transcription Kit
(Qiagen, Germany). cDNA was diluted 1:3 in RNase-free
water and then qPCRs were performed in triplicate using
the miScript SYBR-Green PCR kit (Qiagen, Germany) on
the MiniOpticon CFX 48 real-time PCR Detection System
(Bio-Rad, Hercules, CA, United States). MiScript Primer

TABLE 1 | Morphological characteristics and maximal relaxation (%) to acetylcholine ± L-NAME, ascorbic acid or both of mesenteric vessels from the four groups.

Lumen
diameter (µm)

Media thickness
(µm)

Acetylcholine Acetylcholine +

L-NAME
Acetylcholine +

Ascorbic Acid
Acetylcholine +

Ascorbic Acid
+ L-NAME

SD 262.3 ± 3.8 15.7 ± 0.2 97.1 ± 0.5 51.3 ± 0.8 97.4 ± 0.7 47.1 ± 1.6

SD + luteolin 260.4 ± 4.2 15.6 ± 0.4 96.5 ± 0.6 51.0 ± 0.7 96.3 ± 0.4 50.7 ± 0.8

HFD 217.4 ± 4.8∗ 18.5 ± 0.2∗ 53.0 ± 0.2∗ 44.3 ± 1.8 96.7 ± 0.2 52.1 ± 0.5

HFD + luteolin 237.7 ± 15.8 15.4 ± 0.9 80.7 ± 0.7 49.1 ± 0.8 97.5 ± 0.4 50.9 ± 0.3

Data are expressed as mean ± SEM. ∗P < 0.01 vs. other groups Statistics: two-way analysis of variance followed by Newman–Keuls test.
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FIGURE 4 | Media-lumen ratio of mesenteric arteries from mice fed with SD,
SD plus treatment with luteolin (10 mg/Kg/day), HFD or HFD plus treatment
with luteolin (10 mg/Kg/day) for 8 weeks. Each column represents the
mean ± SEM of five animals. cP < 0.001, significant difference vs. SD;
#P < 0.001 significant difference vs. HFD. Statistics: two-way analysis of
variance followed by Newman–Keuls test.

Assays specific for mmu-miR-214-3p (MIMAT0000661),
mmu-SNORD6 and mmu-RNU6 were obtained from Qiagen.
miR-214-3p expression was calculated using Ct method and
normalized to the expression of two housekeeping, SNORD6 and
RNU6.

Statistical Analysis
All data sets were represented as the mean ± standard error
of mean (SEM). Comparisons of results among groups were
carried out by two-way analysis of variance (ANOVA) followed
by Newman–Keuls multiple-comparison post hoc test. A P-value
<0.05 was considered as statistically significant. Maximal
Ach- and sodium nitroprusside-induced relaxant responses
(Emax) were calculated as maximal percentage increments of
lumen diameter. All statistical analyses were performed using
GraphPad Prism, version 5.0 (GraphPad Software Inc., San
Diego, CA, United States).

RESULTS

Body and Epididymal Fat Weight
A significant increase in body weight was observed in HFD
as compared with SD mice (Figure 1A). Luteolin significantly
counteracted the body weight gain in HFD mice (Figure 1A).
In animals fed with SD, luteolin did not modify the pattern of
body weight gain throughout 8 weeks, as compared with control
SD animals (Figure 1A). In HFD mice the weight of epididymal
fat significantly increased as compared to SD animals, and this

FIGURE 5 | (A) Representative dihydroethidium (DHE) staining and (B)
quantitative analysis (bar graph) of the red signal in mesenteric arteries
(magnification ×40) from mice fed with SD, SD plus treatment with luteolin
(10 mg/Kg/day), HFD or HFD plus treatment with luteolin (10 mg/Kg/day) for
8 weeks. Each column represents the mean ± SEM of five animals.
cP < 0.001, significant difference vs. SD; #P < 0.001 significant difference vs.
HFD. Statistics: two-way analysis of variance followed by Newman–Keuls test.

effect too was counteracted by luteolin (Figure 1B). By contrast,
epididymal fat weight did not differ when comparing SD and
luteolin treated-SD mice (Figure 1B).

Total Cholesterol, Triglycerides, and
Glucose Levels
High-fat diet resulted in a significant increase in total
cholesterol, glucose, and triglycerides levels as compared with
SD (Figures 2A–C). Administration of luteolin to HFD mice
prevented partly these metabolic alterations (Figures 2A–C).
No significant differences in these parameters were observed by
comparison of SD and luteolin treated-SD mice at the end of the
study (Figures 2A–C).
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Endothelium-Dependent Vascular
Relaxation and Remodeling
In mesenteric vessels from SD, relaxation to ACh was significantly
attenuated by L-NAME (100 µM), and not affected by ascorbic
acid (100 µM) (Figure 3A). Treatment of SD mice with luteolin
did not modify the patterns of responses to ACh in mesenteric
vessels, in the absence or in the presence of ascorbic acid or
L-NAME (Figure 3B). Mesenteric vessels from HFD mice showed
a reduced vasorelaxation to ACh as compared to SD animals,
and also the inhibitory effect of L-NAME on ACh-induced
relaxation was significantly attenuated as compared to SD
mice. ACh-dependent relaxation in HFD mice was improved
by pre-incubation with ascorbic acid, which restored also the
inhibitory effect of L-NAME (Figure 3C). By contrast, luteolin
enhanced the relaxation to ACh in mesenteric vessels from
HFD mice and restored the inhibitory effect of L-NAME on
ACh-induced relaxation (Figure 3D). Endothelium-independent
maximal relaxation by sodium nitroprusside was similar in all
groups (SD: 96.4 ± 1.6%; SD+luteolin: 97.1 ± 1.1%; HFD:
97.3± 1.2%; HFD+luteolin: 96.7± 1.8%; P = NS).

In keeping with the endothelial function results, media-lumen
ratio was significantly increased in HFD mice. The impact
of HFD on vascular remodeling and endothelial function was
counteracted by luteolin, so that HFD mice supplemented with
luteolin showed an endothelial function and media-lumen ratio
similar to that of SD mice and significantly improved compared
to HFD animals (Table 1 and Figure 4).

Vascular Superoxide Anion Generation
Dihydroethidium assay revealed a significant increase in
superoxide anion production in vessels from HFD mice as
compared with SD controls (Figures 5A,B). While in SD
mice luteolin did not modify superoxide anion generation
(Figures 5A,B), in HFD mice luteolin treatment counteracted
significantly such an increment (Figures 5A,B).

TNF Levels in Mesenteric Arteries
TNF levels in mesenteric vessels from HFD mice were
significantly increased, as compared with SD animals (Figure 6).
Treatment of HFD mice with luteolin decreased TNF levels
toward control values, while the flavonoid did not produce any
significant effect in SD mice (Figure 6).

Vascular eNOS and SOD1 Expression
Endothelial NO synthase expression in mesenteric vessels was
significantly attenuated in HFD mice, as compared with SD
animals (Figure 7). In SD mice, luteolin did not modify the
expression of eNOS (Figure 7). Luteolin administration to HFD
mice restored the levels of vascular eNOS expression (Figure 7).

The expression of SOD1 was significantly reduced in
mesenteric vessels from mice fed with HFD, as compared with
control animals (Figure 8). In animals fed with SD, luteolin did
not modify the expression pattern of SOD1, while in HFD mice
the flavonoid restored SOD1 expression (Figure 8).

FIGURE 6 | TNF levels in mesenteric arteries obtained from mice fed with SD,
SD plus treatment with luteolin (10 mg/Kg/day), HFD or HFD plus treatment
with luteolin (10 mg/Kg/day) for 8 weeks. Each column represents the
mean ± SEM of five animals. aP < 0.05, significant difference vs. SD;
∗P < 0.05, significant difference vs. HFD. Statistics: two-way analysis of
variance followed by Newman–Keuls test.

miR-214-3p Expression
miR-214-3p expression was significantly downregulated in
mesenteric vessels from HFD, as compared to levels found in
SD mice (Figures 9A,B). In SD mice, luteolin did not influence
miR-214-3p in mesenteric vessels (Figures 9A,B). In HFD mice,
luteolin counteracted significantly the decreased expression of
miR-214-3p (Figures 9A,B). These results were confirmed by
normalization vs. the housekeeping genes, SNORD6 and RNU6.

DISCUSSION

This study provides the first experimental evidence that luteolin
is able to prevent weight gain, metabolic alterations, endothelial
dysfunction and vascular remodeling related to HFD-induced
obesity. We show also that the benefits of luteolin on endothelial
function and vascular remodeling are likely mediated by its
anti-oxidant and anti-inflammatory properties, resulting in a
preserved NO availability within the vascular wall. Obesity
is a major risk factor for health, as it is associated with
a significant increase in morbidity, mortality and economic
costs for healthcare systems (Berrington de Gonzalez et al.,
2010). Cardiovascular disease represents the most important
complication associated with obesity and the development of
endothelial dysfunction combined with vascular remodeling are
the earliest manifestations of an altered vascular homeostasis,
involved in the initiation, evolution, and complications of
cardiovascular disorders. Thus, if the results provided by our
study could be translated to humans, luteolin might become
an important tool for treatments aimed at preventing obesity
and its related complications. Of note, besides the beneficial
effects exerted by luteolin on endothelial function, it is likely
that its anti-inflammatory and antioxidant effects could take
a part in the improvement of metabolic syndrome, and
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FIGURE 7 | Western blot analysis of eNOS expression in mesenteric arteries from mice fed with SD, SD plus treatment with luteolin (10 mg/Kg/day), HFD or HFD
plus treatment with luteolin (10 mg/Kg/day) for 8 weeks. The figure displays representative blots and column graph referring to the densitometric analysis of
immunoreactive bands of eNOS normalized to the expression of β-actin. Each column represents the mean ± SEM of five animals. cP < 0.001, significant difference
vs. SD; #P < 0.001 significant difference vs. HFD. Statistics: two-way analysis of variance followed by Newman–Keuls test.

particularly the diabetic condition, associated with HFD, as
also previously reported (Deqiu et al., 2011; Bansal et al.,
2012).

The experimental model of diet-induced obesity has been
shown to be suitable for investigations on the pathophysiology
of complications associated with obesity, such as metabolic
syndrome and cardiovascular disorders and, more specifically,
those related to endothelial function (Rosini et al., 2012).
Furthermore, among the obesogenic diets, HFD contributes
significantly to weight gain, the consequent development of
obesity, and related disorders (Mozaffarian et al., 2011). Our
results are in keeping with previous observations (Antonioli et al.,
2017), confirming that mice fed with HFD for 8 weeks developed
a marked increase in body and epididymal fat weight associated
with an elevation of total cholesterol, triglycerides, and glucose,
thus corroborating further the suitability of this experimental
model.

Interestingly, our results from functional experiments
indicated that mesenteric small arteries from HFD animals
display altered endothelium-dependent relaxations due to a
reduced NO availability. Such a deficiency is likely to depend
on an increased intravascular ROS generation, as documented
by the restored response to ACh after preincubation with
ascorbic acid, and the increased DHE fluorescence in the
vascular wall from HFD as compared to SD mice. In particular,
superoxide anion overproduction has been previously shown
to take a significant part in the development of endothelial
dysfunction, through the reaction with NO and subsequent
production of peroxynitrite (Fukai and Ushio-Fukai, 2011). In
our experiments, we observed that the expression of SOD1, a
key enzyme involved in the neutralization of superoxide anions
(Fukai and Ushio-Fukai, 2011), was significantly decreased in
mesenteric vessels from HFD-fed mice, thus suggesting that
the endothelial dysfunction elicited by HFD could depend
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FIGURE 8 | Western blot analysis of SOD1 expression in mesenteric arteries from mice fed with SD, SD plus treatment with luteolin (10 mg/Kg/day), HFD or HFD
plus treatment with luteolin (10 mg/Kg/day) for 8 weeks. The figure displays representative blots and column graph referring to the densitometric analysis of
immunoreactive bands of SOD1 normalized to the expression of β-actin. Each column represents the mean ± SEM of five animals. aP < 0.05, significant difference
vs. SD; ∗P < 0.05 significant difference vs. HFD. Statistics: two-way analysis of variance followed by Newman–Keuls test.

also on the reduced ability of vascular tissues to scavenge
superoxide anions. In agreement with our results, recent
reports have documented a marked endothelial dysfunction
associated with a significant vascular pro-oxidant condition
in HFD animals (Ketonen et al., 2010; Heinonen et al., 2014;
Toral et al., 2015), as well as a decreased SOD1 scavenging
activity (Mo et al., 2018). Moreover, evidence from clinical
studies, showing a correlation of obesity with compromised
vascular function, is available also. Romero-Corral et al. (2010)
showed that an 8-week overfeeding period increased visceral
adiposity and resulted in an impairment of endothelial function
in humans. The authors observed, as a proof-of-concept,
that the impairment of endothelial function was reversible
when the visceral fat was reduced by pre-planned caloric
restriction (Romero-Corral et al., 2010). Virdis et al. (2011)
have shown that vessels from obese individuals displayed a
blunted endothelium-dependent relaxation, caused by a reduced

NO availability. Of note, alterations were reversed by either a
superoxide scavenger or a TNF inhibitor, suggesting a key role of
oxidative stress as well as of vascular inflammation (Virdis et al.,
2011). With regard to the latter aspect, our data on TNF levels
in mesenteric arteries from HFD mice confirmed a condition
of obesity-related low-grade inflammation that may lead to an
increase in oxidative stress, thus exerting detrimental effect on
endothelial function.

In view of the pathophysiological role of eNOS in obesity,
whole-body metabolism and vascular function (Sansbury and
Hill, 2014), we evaluated eNOS levels within the vascular
wall. As expected, HFD mice showed a lower eNOS protein
expression as compared to SD mice. However, such a decrease
does not seem to take a significant part in the altered
endothelium-dependent relaxation observed in HFD animals,
since the in vitro antioxidant effect exerted by ascorbic acid
was able per se to restore the vasorelaxant effect of ACh in
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FIGURE 9 | Relative expression of miR-214-3p, normalized vs. the
housekeeping genes SNORD6 (A) or RNU6 (B), in mesenteric vessels from
mice fed with SD, SD plus treatment with luteolin (10 mg/Kg/day), HFD or
HFD plus treatment with luteolin (10 mg/Kg/day). Each column represents the
mean ± SEM of five animals. cP < 0.001, bP < 0.01 significant difference vs.
SD, $P < 0.01 significant difference vs. HFD. Statistics: two-way analysis of
variance followed by Newman–Keuls test.

HFD mice. Thus, these data suggest that, under antioxidant
conditions, the residual level of eNOS expression in HFD vessels
is able to ensure an NO production sufficient to elicit a complete
vasodilation. Nevertheless, the decreased expression of eNOS in
HFD mice could be strongly related to the pathophysiology of
obesity and metabolic function. In support of this concept, it
is documented that eNOS abundance is decreased remarkably
in obese and diabetic humans and rodents, thus suggesting its
central role in regulating body composition (Sansbury and Hill,
2014). Moreover, evidence from an in vivo study showed that an
increased eNOS expression prevented the obesogenic effects of
HFD (Sansbury et al., 2012).

Among the different pathways, which could contribute to
vascular remodeling, we decided to investigate on miRNAs,
since they are increasingly recognized as key regulators of
important cardiac physiological processes, but are implicate
also in the pathological progression of cardiovascular diseases.
The significant downregulation of miR-214-3p, as observed
in mesenteric arterioles from HFD mice, might be important
in mediating the impact of HFD on endothelial function. As
documented by other authors, miR-214 undergoes modulation
under several pathological conditions, and it contributes to
the pathogenesis of various human disorders, including cancer
and cardiovascular diseases (Zhao et al., 2017). Moreover, miR-
214 expression was reported to be decreased in senescent
endothelial cells, in which a lowered eNOS protein level
was documented as well (Rippe et al., 2012). The inverse
correlation between miR-214 and eNOS expression, reported,
by contrast, by Chan et al. (2009) might be related to
the “young” population of endothelial cells. In this regard,
Zhao et al. (2017) had previously suggested that miR-
214 might have opposite effects on “young” vs. “mature”
endothelial cells with regard for angiogenesis (inhibition vs.
promotion).

Endothelial dysfunction, being a functional reversible
alteration, represents an attractive target for prevention strategies
against cardiovascular diseases. Most recent studies on the
management of obesity and related disorders have been focused
on the potential role of plant compounds, with particular
regard for polyphenols. In this context, luteolin, a food-derived
flavonoid natural compound, is particularly attractive. Luteolin
is present in medicinal plants as well as in some vegetables
and spices, and it has received wide attention for its antitumor,
antioxidant, and anti-inflammatory effects as well as its capacity
to improve vascular functions in in vitro studies (Pietta,
2000).

Based on the above considerations, the second part of
the present study was dedicated to investigate the effects of
luteolin in counteracting the endothelial dysfunctions associated
with HFD-induced obesity. Notably, in mice fed with HFD,
luteolin was effective in counteracting the increase in body and
epididymal fat weight, as well as in reducing the elevations of
blood total cholesterol, triglycerides, and glucose. These findings
support previous observations highlighting an ameliorative effect
of luteolin in obese mice in terms of weights of body, liver, white
adipose tissue and elevated plasma lipids (Liu et al., 2014; Kwon
et al., 2015).

Of interest, in our experiments, luteolin was effective also
in mitigating vascular dysfunction. In particular, vessels from
HFD mice treated with luteolin showed an improved relaxation
to ACh, which became sensitive to L-NAME, while ascorbic
acid was no longer able to affect the vascular response to
ACh. The demonstration that, in the presence of luteolin,
L-NAME counteracted the relaxation to ACh, an effect not
exerted under baseline conditions, implies that NO availability
was restored after treatment with this flavonoid. It is worth noting
that, following luteolin administration, the restored inhibiting
effect of L-NAME on ACh was similar to that observed after
acute exposure to ascorbic acid at baseline, thus suggesting an

Frontiers in Pharmacology | www.frontiersin.org 10 September 2018 | Volume 9 | Article 1094

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01094 September 22, 2018 Time: 13:41 # 11

Gentile et al. Luteolin and Obesity-Related Vascular Dysfunction

antioxidant property of luteolin. In our results, this concept
is strengthened also by the luteolin ability of attenuating the
intravascular superoxide excess in HFD mice. Of note, this
antioxidant effect could also derive from the ability of luteolin
to counteract the HFD-induced decrease in SOD1 expression
in mesenteric vessels. Our data are supported by previous
observations, indicating luteolin as a vascular protective agent
that stimulates NO-dependent vascular dilatation by acting on
vascular endothelial cells (Si et al., 2014). Moreover, luteolin was
found to improve the ventricular function and coronary flow
throughout reperfusion, to increase the cardiac tissue viability
and enhance the manganese superoxide dismutase activity in
diabetic rats (Yang et al., 2015), as well as to protect rat
mesenteric arteries from injury by superoxide anion (Ma et al.,
2008).

In our experiments luteolin reduced TNF levels in mesenteric
arteries from HFD mice, thus suggesting an anti-inflammatory
activity. In agreement with our data, the ability of luteolin
in mitigating pro-inflammatory processes has been previously
described in the prevention of TNF-induced vascular
inflammation in both endothelial cells and mice (Jia et al., 2015).
In particular, it was shown that luteolin attenuated vascular
inflammation by suppressing TNF-stimulated expression of
chemokines and adhesion molecules, as well as preventing
the activation of nuclear factor (NF)-κB signaling in both
experimental models (Jia et al., 2015). Moreover, in an another
study, luteolin was found to reduce mRNA expression of
pro-inflammatory cytokines such as TNF and interleukin (IL)-6
in palmitic acid-induced IκB kinase (IKKb)/NF-kB activation in
human umbilical vein endothelial cells (HUVECs) (Deqiu et al.,
2011).

In the present study, luteolin administration to HFD mice
restored the levels of eNOS expression within vascular wall, in
keeping with previous evidence, showing that luteolin prevented
the decrease of eNOS expression induced by palmitic acid in
HUVECs (Deqiu et al., 2011). However, the effects of luteolin
on eNOS expression observed in HFD mice, does not seem to
account significantly for the beneficial effects of the flavonoid
on functional endothelium-dependent relaxation of mesenteric

arteries. Indeed, functional data showed that the relaxation of
mesenteric arteries was not restored by luteolin, while it is
reestablished by ascorbic acid, suggesting an involvement of
oxidative stress. Therefore, the ability of luteolin to increase
eNOS expression could take a significant part in mediating
its anti-obesogenic effects (Sansbury et al., 2012; Sansbury and
Hill, 2014), rather than an active involvement in counteracting
endothelial dysfunction.

Finally, in our experiments, luteolin was able to counteract the
decreased expression of miR-214-3p in mesenteric vessels from
HFD mice, likely due to its ability in regulating the inflammatory
changes induced by HFD. Moreover, our observation supports
the evidence, made by Rippe et al. (2012) that parallel changes
in eNOS and miRNAs expression in endothelial cells can be
involved in vascular dysfunction.

CONCLUSION

The present results suggest that luteolin can prevent systemic
metabolic alterations and vascular dysfunction associated with
obesity, likely through both antioxidant and anti-inflammatory
properties.

AUTHOR CONTRIBUTIONS

CB, MF, LA, RC, DG, LP, PN, AN, FG, and AV contributed to
the experiment design. DG, CP, LB, ED, SM, and SC contributed
to the acquisition and analysis of data. CB, MF, LA, RC, LP,
PN, and AV obtained the funding. DG, MF, LA, and CB wrote
the manuscript. All authors have read and approved the final
manuscript.

FUNDING

The present research program has been supported by the
PRA_2016_20 granted by the University of Pisa.

REFERENCES
Antonioli, L., Fornai, M., Colucci, R., Awwad, O., Ghisu, N., Tuccori, M.,

et al. (2010). The blockade of adenosine deaminase ameliorates chronic
experimental colitis through the recruitment of adenosine A2A and A3
receptors. J. Pharmacol. Exp. Ther. 335, 434–442. doi: 10.1124/jpet.110.
171223

Antonioli, L., Pellegrini, C., Fornai, M., Tirotta, E., Gentile, D., Benvenuti, L., et al.
(2017). Colonic motor dysfunctions in a mouse model of high-fat diet-induced
obesity: an involvement of A(2B) adenosine receptors. Purinergic Signal. 13,
497–510. doi: 10.1007/s11302-017-9577-0

Bansal, P., Paul, P., Mudgal, J., Nayak, P. G., Pannakal, S. T., Priyadarsini, K. I., et al.
(2012). Antidiabetic, antihyperlipidemic and antioxidant effects of the flavonoid
rich fraction of Pilea microphylla (L.) in high fat diet/streptozotocin-induced
diabetes in mice. Exp. Toxicol. Pathol. 64, 651–658. doi: 10.1016/j.etp.2010.
12.009

Berrington de Gonzalez, A., Hartge, P., Cerhan, J. R., Flint, A. J., Hannan, L.,
MacInnis, R. J., et al. (2010). Body-mass index and mortality among 1.46 million
white adults. N. Engl. J. Med. 363, 2211–2219. doi: 10.1056/NEJMoa1000367

Bruno, R. M., Duranti, E., Ippolito, C., Segnani, C., Bernardini, N., Di Candio, G.,
et al. (2017). Different impact of essential hypertension on structural and
functional age-related vascular changes. Hypertension 69, 71–78. doi: 10.1161/
HYPERTENSIONAHA.116.08041

Calligaris, S. D., Lecanda, M., Solis, F., Ezquer, M., Gutiérrez, J., Brandan, E.,
et al. (2013). Mice long-term high-fat diet feeding recapitulates human
cardiovascular alterations: an animal model to study the early phases of
diabetic cardiomyopathy. PLoS One 8:e6093. doi: 10.1371/journal.pone.006
0931

Chan, L. S., Yue, P. Y., Mak, N. K., and Wong, R. N. (2009). Role of microRNA-
214 in ginsenoside-Rg1-induced angiogenesis. Eur. J. Pharm. Sci. 38, 370–377.
doi: 10.1016/j.ejps.2009.08.008

Chatterjee, T. K., Aronow, B. J., Tong, W. S., Manka, D., Tang, Y., Bogdanov, V. Y.,
et al. (2013). Human coronary artery perivascular adipocytes overexpress genes
responsible for regulating vascular morphology, inflammation, and hemostasis.
Physiol. Genomics 45, 697–709. doi: 10.1152/physiolgenomics.00042.2013

Deqiu, Z., Kang, L., Jiali, Y., Baolin, L., and Gaolin, L. (2011). Luteolin inhibits
inflammatory response and improves insulin sensitivity in the endothelium.
Biochimie 93, 506–512. doi: 10.1016/j.biochi.2010.11.002

Frontiers in Pharmacology | www.frontiersin.org 11 September 2018 | Volume 9 | Article 1094

https://doi.org/10.1124/jpet.110.171223
https://doi.org/10.1124/jpet.110.171223
https://doi.org/10.1007/s11302-017-9577-0
https://doi.org/10.1016/j.etp.2010.12.009
https://doi.org/10.1016/j.etp.2010.12.009
https://doi.org/10.1056/NEJMoa1000367
https://doi.org/10.1161/HYPERTENSIONAHA.116.08041
https://doi.org/10.1161/HYPERTENSIONAHA.116.08041
https://doi.org/10.1371/journal.pone.0060931
https://doi.org/10.1371/journal.pone.0060931
https://doi.org/10.1016/j.ejps.2009.08.008
https://doi.org/10.1152/physiolgenomics.00042.2013
https://doi.org/10.1016/j.biochi.2010.11.002
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01094 September 22, 2018 Time: 13:41 # 12

Gentile et al. Luteolin and Obesity-Related Vascular Dysfunction

El-Bassossy, H. M., Abo-Warda, S. M., and Fahmy, A. (2013). Chrysin and luteolin
attenuate diabetes-induced impairment in endothelial-dependent relaxation:
effect on lipid profile, AGEs and NO generation. Phytother. Res. 27, 1678–1684.
doi: 10.1002/ptr.4917

Elmarakby, A. A., and Imig, J. D. (2010). Obesity is the major contributor to
vascular dysfunction and inflammation in high-fat diet hypertensive rats. Clin.
Sci. 118, 291–301. doi: 10.1042/CS20090395

Fukai, T., and Ushio-Fukai, M. (2011). Superoxide dismutases: role in redox
signaling, vascular function, and diseases. Antioxid. Redox Signal. 15,
1583–1606. doi: 10.1089/ars.2011.3999

Furukawa, S., Fujita, T., Shimabukuro, M., Iwaki, M., Yamada, Y., Nakajima, Y.,
et al. (2004). Increased oxidative stress in obesity and its impact on metabolic
syndrome. J. Clin. Invest. 114, 1752–1761. doi: 10.1172/JCI21625

Gamez-Mendez, A. M., Vargas-Robles, H., Ríos, A., and Escalante, B. (2015).
Oxidative stress-dependent coronary endothelial dysfunction in obese mice.
PLoS One 10:e0138609. doi: 10.1371/journal.pone.0138609

Gebhardt, R. (2002). Prevention of taurolithocholate-induced hepatic bile
canalicular distortions by HPLC-characterized extracts of artichoke (Cynara
scolymus) leaves. Planta Med. 68, 776–779. doi: 10.1055/s-2002-34417

Gentile, D., Fornai, M., Pellegrini, C., Colucci, R., Blandizzi, C., and Antonioli, L.
(2018). Dietary flavonoids as a potential intervention to improve redox balance
in obesity and related comorbidities: a review. Nutr. Res. Rev. doi: 10.1017/
S0954422418000082 [Epub ahead of print]

Heinonen, I., Rinne, P., Ruohonen, S. T., Ruohonen, S., Ahotupa, M., and
Savontaus, E. (2014). The effects of equal caloric high fat and western diet on
metabolic syndrome, oxidative stress and vascular endothelial function in mice.
Acta. Physiol. 211, 515–527. doi: 10.1111/apha.12253

Heistad, D. H. (2006). Oxidative stress and vascular disease: 2005 Duff lecture.
Arterioscler. Thromb. Vasc. Biol. 26, 689–695. doi: 10.1161/01.ATV.0000203525.
62147.28

Jia, Z., Nallasamy, P., Liu, D., Shah, H., Li, J. Z., Chitrakar, R., et al. (2015).
Luteolin protects against vascular inflammation in mice and TNF-alpha-
induced monocyte adhesion to endothelial cells via suppressing IKBα/NF-κB
signaling pathway. J. Nutr. Biochem. 26, 293–302. doi: 10.1016/j.jnutbio.2014.
11.008

Ketonen, J., Pilvi, T., and Mervaala, E. (2010). Caloric restriction reverses high-
fat diet-induced endothelial dysfunction and vascular superoxide production in
C57Bl/6 mice. Heart Vessels 25, 254–262. doi: 10.1007/s00380-009-1182-x

Kwon, E. Y., Jung, U. J., Park, T., Yun, J. W., and Choi, M. S. (2015). Luteolin
attenuates hepatic steatosis and insulin resistance through the interplay between
the liver and adipose tissue in mice with diet-induced obesity. Diabetes Metab.
Res. Rev. 64, 1658–1669. doi: 10.2337/db14-0631

Lerman, A., and Zeiher, A. M. (2005). Endothelial function: cardiac events.
Circulation 111, 363–368. doi: 10.1161/01.CIR.0000153339.27064.14

Li, H., Xia, N., Brausch, I., Yao, Y., and Förstermann, U. (2004). Flavonoids
from artichoke (Cynara scolymus L.) up-regulate endothelial-type nitric-oxide
synthase gene expression in human endothelial cells. J. Pharmacol. Exp. Ther.
310, 926–932. doi: 10.1124/jpet.104.066639

Liu, Y., Fu, X., Lan, N., Li, S., Zhang, J., and Wang, S. (2014). Luteolin protects
against high fat diet-induced cognitive deficits in obese mice. Behav. Brain Res.
267, 178–188. doi: 10.1016/j.bbr.2014.02.040

Lopez-Lazaro, M. (2009). Distribution and Biological Activities of the Flavonoid
Luteolin. Mini Rev. Med. Chem. 9, 31–59. doi: 10.2174/138955709787001712

Ma, X., Li, Y. F., Gao, Q., Ye, Z. G., Lu, X. J., Wang, H. P., et al. (2008). Inhibition
of superoxide anion-mediated impairment of endothelium by treatment with
luteolin and apigenin in rat mesenteric artery. Life Sci. 83, 110–117. doi: 10.
1016/j.lfs.2008.05.010

Mo, J., Yang, R., Li, F., Zhang, X., He, B., Zhang, Y., et al. (2018). Scutellarin
protects against vascular endothelial dysfunction and prevents atherosclerosis
via antioxidation. Phytomedicine 42, 66–74. doi: 10.1016/j.phymed.2018.03.021

Mozaffarian, D., Hao, T., Rimm, E. B., Willett, W. C., and Hu, F. B. (2011). Changes
in diet and lifestyle and long-term weight gain in women and men. N. Engl. J.
Med. 364, 2392–2404. doi: 10.1056/NEJMoa1014296

Munzel, T., Gori, T., Bruno, R. M., and Taddei, S. (2010). Is oxidative stress
a therapeutic target in cardiovascular disease? Eur. Heart. J. 31, 2741–2748.
doi: 10.1093/eurheartj/ehq396

Pietta, P. G. (2000). Flavonoids as antioxidants. J. Nat. Prod. 63, 1035–1042.
doi: 10.1021/np9904509

Poirier, P., Giles, T. D., Bray, G. A., Hong, Y., Stern, J. S., Pi-Sunyer, F. X., et al.
(2006). Obesity and cardiovascular disease: pathophysiology, evaluation, and
effect of weight loss. Arterioscler. Thromb. Vasc. Biol. 26, 968–976. doi: 10.1161/
01.ATV.0000216787.85457.f3

Qian, L. B., Wang, H. P., Chen, Y., Chen, F. X., Ma, Y. Y., Bruce, I. C., et al.
(2010). Luteolin reduces high glucose-mediated impairment of endothelium-
dependent relaxation in rat aorta by reducing oxidative stress. Pharmacol. Res.
61, 281–287. doi: 10.1016/j.phrs.2009.10.004

Reho, J. J., and Rahmouni, K. (2017). Oxidative and inflammatory signals in
obesity-associated vascular abnormalities. Clin. Sci. 131, 1689–1700. doi: 10.
1042/CS20170219

Rippe, C., Blimline, M., Magerko, K. A., Lawson, B. R., La Rocca, T. J., Donato,
A. J., et al. (2012). MicroRNA changes in human arterial endothelial cells with
senescence: relation to apoptosis, eNOS and inflammation. Exp. Gerontol. 47,
45–51. doi: 10.1016/j.exger.2011.10.004

Romero-Corral, A., Sert-Kuniyoshi, F. H., Sierra-Johnson, J., Orban, M., Gami, A.,
Davison, D., et al. (2010). Modest visceral fat gain causes endothelial
dysfunction in healthy humans. J. Am. Coll. Cardiol. 56, 662–666. doi: 10.1016/
j.jacc.2010.03.063

Rosini, T. C., Silva, A. S., and Moraes, C. D. (2012). Diet-induced obesity: rodent
model for the study of obesity-related disorders. Rev. Assoc. Med. Bras. 58,
383–387. doi: 10.1590/S0104-42302012000300021

Sansbury, B. E., Cummins, T. D., Tang, Y., Hellmann, J., Holden, C. R., Harbeson,
M. A., et al. (2012). Overexpression of endothelial nitric oxide synthase
prevents diet-induced obesity and regulates adipocyte phenotype.Circ. Res. 111,
1176–1189. doi: 10.1161/CIRCRESAHA.112.266395

Sansbury, B. E., and Hill, B. G. (2014). Anti-obesogenic role of endothelial nitric
oxide synthase. Vitam. Horm. 96, 323–346. doi: 10.1016/B978-0-12-800254-4.
00013-1

Sena, C. M., Pereira, A. M., and Seiça, R. (2013). Endothelial dysfunction - a major
mediator of diabetic vascular disease. Biochim. Biophys. Acta 1832, 2216–2231.
doi: 10.1016/j.bbadis.2013.08.006

Si, H., Wyeth, R. P., and Liu, D. (2014). The flavonoid luteolin induces nitric
oxide production and arterial relaxation. Eur. J. Nutr. 53, 269–275. doi: 10.1007/
s00394-013-0525-7

Siasos, G., Tousoulis, D., Tsigkou, V., Kokkou, E., Oikonomou, E., Vavuranakis, M.,
et al. (2013). Flavonoids in atherosclerosis: an overview of their mechanisms
of action. Curr. Med. Chem. 20, 2641–2660. doi: 10.2174/092986731132021
0003

Toral, M., Gómez-Guzmán, M., Jiménez, R., Romero, M., Zarzuelo, M. J.,
Utrilla, M. P., et al. (2015). Chronic peroxisome proliferator-activated
receptorβ/δ agonist GW0742 prevents hypertension, vascular inflammatory
and oxidative status, and endothelial dysfunction in diet-induced
obesity. J. Hypertens. 33, 1831–1844. doi: 10.1097/HJH.000000000000
0634

Virdis, A. (2016). Endothelial dysfunction in obesity: role of inflammation.
High Blood Press. Cardiovasc. Prev. 23, 83–85. doi: 10.1007/s40292-016-
0133-8

Virdis, A., Colucci, R., Fornai, M., Duranti, E., Giannarelli, C., Bernardini, N., et al.
(2007). Cyclooxygenase-1 is involved in endothelial dysfunction of mesenteric
small arteries from angiotensin II-infused mice. Hypertension 49, 679–686.
doi: 10.1161/01.HYP.0000253085.56217.11

Virdis, A., Duranti, E., Rossi, C., Dell’Agnello, U., Santini, E., Anselmino, M.,
et al. (2015). Tumour necrosis factor-alpha participates on the endothelin-
1/nitric oxide imbalance in small arteries from obese patients: role of
perivascular adipose tissue. Eur. Heart J. 36, 784–794. doi: 10.1093/eurheartj/
ehu072

Virdis, A., Iglarz, M., Neves, M. F., Amiri, F., Touyz, R. M., Rozen, R., et al.
(2003). Effect of hyperhomocysteinemia and hypertension on endothelial
function in methylenetetrahydrofolate reductase-deficient mice. Arterioscler.
Thromb. Vasc. Biol. 23, 1352–1357. doi: 10.1161/01.ATV.0000083297.
47245.DA

Virdis, A., Santini, F., Colucci, R., Duranti, E., Salvetti, G., Rugani, I., et al. (2011).
Vascular generation of tumor necrosis factor-α reduces nitric oxide availability
in small arteries from visceral fat of obese patients. J. Am. Coll. Cardiol. 58,
238–247. doi: 10.1016/j.jacc.2011.01.050

World Health Organization [WHO] and Global Health Observatory [GHO]
(2014). Available at: http://www.who.int/gho/ncd/risk_factors/overweight/en/

Frontiers in Pharmacology | www.frontiersin.org 12 September 2018 | Volume 9 | Article 1094

https://doi.org/10.1002/ptr.4917
https://doi.org/10.1042/CS20090395
https://doi.org/10.1089/ars.2011.3999
https://doi.org/10.1172/JCI21625
https://doi.org/10.1371/journal.pone.0138609
https://doi.org/10.1055/s-2002-34417
https://doi.org/10.1017/S0954422418000082
https://doi.org/10.1017/S0954422418000082
https://doi.org/10.1111/apha.12253
https://doi.org/10.1161/01.ATV.0000203525.62147.28
https://doi.org/10.1161/01.ATV.0000203525.62147.28
https://doi.org/10.1016/j.jnutbio.2014.11.008
https://doi.org/10.1016/j.jnutbio.2014.11.008
https://doi.org/10.1007/s00380-009-1182-x
https://doi.org/10.2337/db14-0631
https://doi.org/10.1161/01.CIR.0000153339.27064.14
https://doi.org/10.1124/jpet.104.066639
https://doi.org/10.1016/j.bbr.2014.02.040
https://doi.org/10.2174/138955709787001712
https://doi.org/10.1016/j.lfs.2008.05.010
https://doi.org/10.1016/j.lfs.2008.05.010
https://doi.org/10.1016/j.phymed.2018.03.021
https://doi.org/10.1056/NEJMoa1014296
https://doi.org/10.1093/eurheartj/ehq396
https://doi.org/10.1021/np9904509
https://doi.org/10.1161/01.ATV.0000216787.85457.f3
https://doi.org/10.1161/01.ATV.0000216787.85457.f3
https://doi.org/10.1016/j.phrs.2009.10.004
https://doi.org/10.1042/CS20170219
https://doi.org/10.1042/CS20170219
https://doi.org/10.1016/j.exger.2011.10.004
https://doi.org/10.1016/j.jacc.2010.03.063
https://doi.org/10.1016/j.jacc.2010.03.063
https://doi.org/10.1590/S0104-42302012000300021
https://doi.org/10.1161/CIRCRESAHA.112.266395
https://doi.org/10.1016/B978-0-12-800254-4.00013-1
https://doi.org/10.1016/B978-0-12-800254-4.00013-1
https://doi.org/10.1016/j.bbadis.2013.08.006
https://doi.org/10.1007/s00394-013-0525-7
https://doi.org/10.1007/s00394-013-0525-7
https://doi.org/10.2174/0929867311320210003
https://doi.org/10.2174/0929867311320210003
https://doi.org/10.1097/HJH.0000000000000634
https://doi.org/10.1097/HJH.0000000000000634
https://doi.org/10.1007/s40292-016-0133-8
https://doi.org/10.1007/s40292-016-0133-8
https://doi.org/10.1161/01.HYP.0000253085.56217.11
https://doi.org/10.1093/eurheartj/ehu072
https://doi.org/10.1093/eurheartj/ehu072
https://doi.org/10.1161/01.ATV.0000083297.47245.DA
https://doi.org/10.1161/01.ATV.0000083297.47245.DA
https://doi.org/10.1016/j.jacc.2011.01.050
http://www.who.int/gho/ncd/risk_factors/overweight/en/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-01094 September 22, 2018 Time: 13:41 # 13

Gentile et al. Luteolin and Obesity-Related Vascular Dysfunction

Xu, N., Zhang, L., Dong, J., Zhang, X., Chen, Y. G., Bao, B., et al. (2014). Low-
dose diet supplement of a natural flavonoid, luteolin, ameliorates diet-induced
obesity and insulin resistance in mice. Mol. Nutr. Food Res. 58, 1258–1268.
doi: 10.1002/mnfr.201300830

Yang, J. T., Qian, L. B., Zhang, F. J., Wang, J., Ai, H., Tang, L. H., et al.
(2015). Cardioprotective effects of luteolin on ischemia/reperfusion injury in
diabetic rats are modulated by eNOS and the mitochondrial permeability
transition pathway. J. Cardiovasc. Pharmacol. 65, 349–356. doi: 10.1097/FJC.
0000000000000202

Zhao, Y., Ponnusamy, M., Zhang, L., Zhang, Y., Liu, C., Yu, W., et al. (2017). The
role of miR-214 in cardiovascular diseases. Eur. J. Pharmacol. 816, 138–145.
doi: 10.1016/j.ejphar.2017.08.009

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Gentile, Fornai, Pellegrini, Colucci, Benvenuti, Duranti, Masi,
Carpi, Nieri, Nericcio, Garelli, Virdis, Pistelli, Blandizzi and Antonioli. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org 13 September 2018 | Volume 9 | Article 1094

https://doi.org/10.1002/mnfr.201300830
https://doi.org/10.1097/FJC.0000000000000202
https://doi.org/10.1097/FJC.0000000000000202
https://doi.org/10.1016/j.ejphar.2017.08.009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Luteolin Prevents Cardiometabolic Alterations and Vascular Dysfunction in Mice With HFD-Induced Obesity
	Introduction
	Materials And Methods
	Animals
	Experimental Procedures
	Blood Cholesterol, Triglycerides, and Glucose Determinations
	Preparation of Small Mesenteric Arteries for Functional Experiments
	Vascular Remodeling and Endothelial Function
	Detection of Vascular Superoxide Anion Generation
	Assay of TNF in Mesenteric Arteries
	Western Blot Analysis
	Evaluation of Tissue miR-214-3p Expression
	Statistical Analysis

	Results
	Body and Epididymal Fat Weight
	Total Cholesterol, Triglycerides, and Glucose Levels
	Endothelium-Dependent Vascular Relaxation and Remodeling
	Vascular Superoxide Anion Generation
	TNF Levels in Mesenteric Arteries
	Vascular eNOS and SOD1 Expression
	miR-214-3p Expression

	Discussion
	Conclusion
	Author Contributions
	Funding
	References


